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Abstract

Influenza A Virus (IAV), Staphylococcus aureus (staphylococ-
ci), and Streptococcus pneumoniae (pneumococci) are lead-
ing viral and bacterial causes of pneumonia. Dendritic cells
(DCs) are present in the lower respiratory tract. They are
characterized by low expression of co-stimulatory mole-
cules, including CD80 and CD86 and high capacity of antigen
uptake. Subsequently, DCs upregulate co-stimulatory sig-
nals and cytokine secretion to effectively induce T-cell prim-
ing. Here, we investigated these processes in response to
bacterial and viral single as well as coinfections using human
monocyte-derived (mo)DCs. Irrespective of single or coin-
fections, moDCs matured in response to AV and/or staphy-
lococcal infections, secreted a wide range of cytokines, and
activated CD4*, CD8" as well as double-negative T cells. In
contrast, pneumococcal single and coinfections impaired
moDC maturation, which was characterized by low expres-
sion of CD80 and CD86, downregulated expression of CD40,
and a mild cytokine release resulting in abrogated CD4* T-
cell activation. These actions were attributed to the choles-
terol-dependent cytotoxin pneumolysin (Ply). Infections

with a ply-deficient mutant resulted in restored moDC matu-
ration and exclusive CD4" T-cell activation. These findings
show that Ply has important immunomodulatory functions,
supporting further investigations in specific modalities of

Ply-DC interplay. ©2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

The human respiratory tract is constantly exposed to
a variety of environmental stimuli. Most of these stimuli
are harmless. However, in case of encountering bacterial
or viral pathogens, an immediate immune reaction is cru-
cial for clearing the infection. This task is fulfilled by den-
dritic cells (DCs) among other cell types of myeloid lin-
eage, one of the most efficient antigen-presenting cells
(APCs) [1-3]. DCs exist in two distinct functional stages;
immature and mature DCs. Immature DCs act as senti-
nels specialized in antigen uptake, facilitated by receptor-
mediated endocytosis [4-6] and/or micropinocytosis [7],
and antigen processing. Subsequently, DCs migrate from
peripheral tissues to secondary lymphoid organs and un-
dergo a maturation process. During this process, their
ability to ingest additional antigens decreases. However,
mature DCs are characterized by an increased production
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of cytokines and expression of (co-)stimulatory surface
molecules, including major histocompatibility complex
(MHC) class I and II as well as the cluster of differentia-
tion (CD)80, CD86, and CD40 [3, 8].

Both CD80 and CD86 are closely related B7 receptors,
which interact with the co-stimulatory receptor CD28
and the inhibitory cytotoxic T-lymphocyte-associated
protein 4 on T cells [9]. A full T-cell activation is achieved
via three different signals. First, the T-cell receptor inter-
acts with the peptide-loaded MHCI and MHCII mole-
cules on DCs. In a second step, B7 receptors interact with
co-receptors on T cells. Finally, mature DCs release cyto-
kines that shape the T-cell differentiation into distinct T
helper cell subsets [3, 8, 10, 11]. During activation, T cells
rapidly upregulate the expression of CD69, a known leu-
kocyte activation marker [12]. In addition to B7 recep-
tors, DCs express CD40, which is a transmembrane gly-
coprotein surface receptor. CD40 binds to CD40 Ligand
on T cells resulting in a more effective activation of DCs
by maintaining the expression of MHCII and additional
upregulation of CD80 and CD86 [13].

One of the major causes of human respiratory tract
infections is influenza A virus (IAV) [14]. Furthermore,
Staphylococcus aureus (staphylococci) and Streptococcus
pneumoniae (pneumococci), which are frequent coloniz-
ers of the upper respiratory tract, can cause severe respi-
ratory diseases such as pneumonia, including communi-
ty-acquired pneumonia (CAP) [15-19]. Studies on influ-
enza pandemics have shown that IAV has the potential to
synergize with these two Gram-positive pathogens. The
so-called coinfections are characterized by an increased
disease severity and higher mortality rates [20]. DCs are
widely distributed throughout the human body and are
localized in lymphoid as well as nonlymphoid tissues in-
cluding mucosal surfaces of the respiratory tract. There-
fore, DCs are of great importance in initiating an effective
immune response against these three pathogens.

Staphylococci as well as pneumococci express a wide
range of virulence factors including cytolysins. They lyse
a variety of host cells in order to evade human immune
response. Major cytolysins produced by S. aureus are
a-hemolysin and the leukocidins Panton-Valentin leuco-
cidin, LukAB, LukED, HIgAB, and HIgCB. Particularly,
LukAB was shown to target human DCs via CD11b re-
sulting in decreased activation of naive T cells [21]. The
pneumococcal pore-forming toxin pneumolysin (Ply) is
a cholesterol-dependent cytolysin that forms ring-like
pores in human cells and induces apoptosis [22]. At sub-
lytic concentrations, Ply modulates the immune response
by tempering with phagocytosis [23] or directly damag-
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ing immune effector cells [24]. It was shown that Ply in-
hibits the expression of co-stimulatory molecules on hu-
man DCs [25]. Furthermore, the mannose receptor C
type 1 (MRC-1, CD206) was identified as a receptor for
Ply. Ply-binding to MRC-1 inhibits toll-like receptor
(TLR) signaling and production of pro-inflammatory cy-
tokines by upregulation of suppressor of cytokine signal-
ling 1 (SOCS1) [26].

In this study, we investigated the impact of IAV, S. au-
reus, and S. pneumoniae single as well as coinfections on
monocytes-derived (mo)DC maturation and subsequent
T-cell response. We show that irrespective of infection
type, S. aureus and IAV activate moDCs. In contrast,
pneumococcal infections result in impaired moDC matu-
ration and consequently in an abrogated response by
CD4" T cells. This suppressive effect is mediated by Ply.

Materials and Methods

Bacterial and Viral Strains

S. pneumoniae TIGR4Acps and TIGR4AcpsAply mutant strains
were generated as described previously [27]. Pneumococci were
grown on blood agar plates (Oxoid) overnight and cultivated to
mid-log phase (optical density 600 nm, 0.35-0.40) in Todd-Hewitt
broth (Carl Roth) supplemented with 0.5% (w/v) yeast extract
(Carl Roth) at 37°C and 5% CO,. S. aureus strain LUG2012 was
grown overnight at 37°C in casein hydrolysate and yeast extract
medium with agitation [28]. Influenza virus A/Bavaria/74/2009
(HIN1) was propagated as described previously [29].

Isolation of Human Monocytes and PBMCs and moDC

Generation

Human monocytes were isolated from buffy coats using CD14
S-pluriBead antihuman beads (PluriSelect) according to manufac-
turer’s instructions. The moDCs were generated by culturing
monocytes for 5 days in RPMI1640 (Cytivia) medium supple-
mented with 10% (v/v) heat inactivated fetal calf serum (FCS; Sig-
ma-Aldrich, St. Louis, MO, USA), 89 ng x mL™! GM-CSF and 22
ng x mL™! interleukin (IL)-4 (both Immunotools). Medium was
exchanged on day 3.

PBMCs were isolated from buffy coats via Lymphoprep den-
sity gradient centrifugation (Stemcell Technologies, Vancouver,
BC, Canada). PBMCs were stored in FCS containing 10% (v/v)
DMSO at —170°C until further analyses.

DC Infections and CoCulture with PBMCs

All infections were performed in RPMI1640 complete media. 1
x 10° monocyte-derived DCs (moDCs) were infected with HIN1
at a multiplicity of infection 0.1 for 24 h [30]. To warrant compa-
rable initial bacterial infection rates, moDCs were infected at mul-
tiplicity of infection 10 for 3 h with pneumococci and 1 h with
staphylococci. Next, the media was removed, and extracellular
bacteria were killed by addition of RPMI1640 containing antibiot-
ics (S. aureus: 400 pg x mL™! gentamicin/2 pg x mL™! lysostaphin
(both Sigma-Aldrich); S. pneumoniae: 100 pug x mL™"' gentami-
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cin/100 pg x mL™! streptomycin/100 IU x mL™! penicillin G (Hy-
clone). Coinfections combined viral and subsequent bacterial in-
fection as described above. After infection, the moDCs were either
directly prepared for flow cytometry or 1 x 10° PBMCs (ratio of
10:1 based on uninfected control) were added for 3 day of cocul-
ture with subsequent flow cytometry analysis. For assessing intra-
cellular bacterial survival kinetics, 2 x 10> moDCs were infected as
described above. After addition of antibiotics, the cells were
washed, lysed, and intracellular bacteria plated on blood agar
plates (Oxoid, Basingstoke, UK).

Flow Cytometry

Dead cells were labeled using the Zombie Aqua Fixable Viabil-
ity Kit (BioLegend, San Diego, CA, USA). Unspecific binding of
immunoglobulins was blocked by using Human TruStain FcX (Bi-
oLegend) according to the manufacturer’s instructions. Incuba-
tions of cells with titrated amounts of monoclonal antibodies were
carried out for 30 min at 4°C in the dark. Cells were washed be-
tween each staining step and fixed using the Cyto-Fast Fix/Perm
Buffer Set (BioLegend). Antibodies and clones directed against the
following markers were used (target, clone, fluorochrome, all Bio-
Legend): CD209 (9E9A8, APC), CD40 (5C3, Alexa Fluor700),
CD80 (2D10, BV711), CD86 (BU63, PE/Cyanine7), MHCI
(W6/32, Pacific Blue), MHCII (1243, FITC), CD3 (HIT3a, PerCP/
Cyanine5.5), CD4 (SK3, KIRAVIA Blue 520), CD8 (QA18A37,
PE), and CD69 (FN50, APC/Cyanine7). The respective gating
strategies are shown in online supplementary Figure 1 (for all on-
linesuppl. material, see www.karger.com/doi/10.1159/000522339).
Data were acquired using a FACSArialll flow cytometer and FACS
DIVA 8.0 Software (both BD Biosciences, San Jose, CA, USA) and
analyzed using FCS Express 7 Software (De Novo Software).

Cytokine Measurements

Cytokine concentrations of infection supernatants were mea-
sured via LEGENDPIex human inflammation panel (13-plex) kit
(BioLegend) according to the manufacturer’s instructions. Data
were acquired with a FACSAria III flow cytometer using FACS
DIVA Software (both BD Bioscience) and analyzed using LEG-
ENDPlex software (BioLegend).

Viral Quantification

To quantify viral load in DCs, total RNA was isolated using the
RiboPure RNA purification kit (Ambion, Austin, TX, USA) ac-
cording to manufacturer’s instructions. cDNA synthesis was per-
formed using superscript first-strand synthesis system for RT-PCR
(Invitrogen, Waltham, MA, USA). Quantitative RT-PCR amplifi-
cation was performed with the SYBR GreenER Kit (BioRad, Her-
cules, MA, USA). The levels of B-Actin transcription were used for
normalization. The following primers were used: nucleoprotein
(NP) NP-for, 5'-TTCCACAAGAGGGGT -3'; NP-rev, 5'-TCC-
GTCCTTCACTGTTCC-3'; h-betaAct-for: 5'-CTCTTCCAGC-
CTTCCTTCCT-3'; h-betaAct-rev, 5'-AGCACTGTGTTGGCGT-
ACAG-3".

Statistics

Statistical significance of differences was determined using the
Kruskal-Wallis test with Dunn’s multiple comparison posttest.
Statistics were performed using GraphPad Prism version 8. A p
value less than 0.05 was considered significant.

Pneumolysin Impairs DC Maturation

Results

Impaired moDC Maturation in Response to

Pneumococcal Infections

To investigate moDC maturation status in response to
different infections, single infections of moDCs with
HINL,S. pneumoniae TIGR4Acps, and S. aureus LUG2012
or viral-bacterial coinfections were performed. First, viral
replication in moDC was quantified. Irrespective of the
infection type, approximately equal levels of NP RNA
were detected in moDCs (online suppl. Fig. 2a). Next, the
numbers of intracellular bacteria were determined over a
period of up to 24 h. In contrast to pneumococci, staphy-
lococci can persist in phagocytic cells. Our analyses con-
firmed this general observation. Although reduced num-
bers of both, LUG2012 and TIGR4Acps were recovered
from moDCs over time (Fig. 1a, b), viable staphylococci
were also found within the cells at t,4 ;,. No difference in
bacterial CFU was seen between single and coinfections
(Fig. 1a, b).

Next, DC maturation was assessed via flow cytometry.
Frequencies of CD40, CD80, CD86, MHCI, and MHCII
positive cells as well as the expression level of these mol-
ecules were analyzed 24 h post infections (Fig. 1c-i and
online suppl. Fig. 2). In general, mainly IAV and staphy-
lococci-driven signatures were noted. HIN1 and
LUG2012, alone or in combination, did not harm moDCs
(Fig. 1d). Furthermore, HIN1 and LUG2012 single as
well as coinfections resulted in increased frequencies of
CD80"and CD86* moDC:s (Fig. e, ). In addition, elevat-
ed expression levels of CD86 and MHCII were noted in
response to these infections (online suppl. Fig. 2b and
Fig. 1i). However, CD40, CD80, and MHCI expression
remained unaffected (Fig. 1 and online suppl. Fig. 2). In
contrast, mnoDC maturation was impaired in response to
TIGR4Acps infections. Irrespective of the infection type,
up to40% of moDCs werekilled by pneumococci (Fig. 1d).
The expression levels of the majority of analyzed mole-
cules as well as frequencies of cells expressing these mol-
ecules remained at the level of the uninfected control
(Fig. 1 and online suppl. Fig 2). In contrast, reduced CD40
expression by moDCs was observed in all pneumococcal
infections (Fig. 1g).

Mature moDCs produce cytokines to influence the
subsequent adaptive immune response [11]. Therefore,
multiple inflammatory cytokines were measured in su-
pernatants of infected moDCs. Overall, elevated levels of
cytokine secretion, except for interleukin (IL)-17A, were
noted in response to the majority of infections. However,
significantly higher concentrations of cytokines, especial-
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Fig. 2. Cytokine secretion by moDC in response to infections. Cy-
tokine secretion of infected moDCs was measured via a multiplex
assay (n = 10). The heat map represents the fold change of cytokine
concentration in relation to the uninfected control (a). Original
data are displayed in online supplementary Figure 3 and (b-e).
The concentrations of IL-6 (b), IL-23 (c), IL-12p70 (d) and IL-10

Fig. 1. DC maturation is impaired in pneumococcal infections.
Single and coinfections of moDCs with IAV (MOI 0.1), S. aureus
LUG2012 (MOI 10), and S. pneumoniae TIGR4Acps (MOI 10)
were performed. Extracellular staphylococci and pneumococci
were killed by substituting the media with antibiotics. Viable in-
tracellular staphylococci (a) and pneumococci (b) were deter-
mined at indicated time points (n > 5). MoDC viability (d) and
phenotype (c, e-i) were evaluated via flow cytometry (n > 7). Rep-
resentative histograms for each marker are shown in (c). The mat-

Pneumolysin Impairs DC Maturation

(e) was measured in supernatants of (un)infected moDCs. The
data in (b-e) are displayed as box plots. Each dot represents one
independent experiment with cells from one donor (n = 10). The
level of significance was determined using the Kruskal-Wallis test
with Dunn’s posttest.

uration process was evaluated assessing the frequencies of CD80*
(e) and CD86" (f) cells as well as expression of CD40 (g), MHCI
(h) and MHCII (i). Horizontal lines in (a, b) denote the median
value with range. The data in (d-i) are displayed as box plots. Each
dot represents one independent experiment with cells from one
donor. The level of significance was determined using the Kruskal-
Wallis test with Dunn’s posttest. FMO, fluorescence minus one;
MF]I, mean fluorescence intensity; MOI, multiplicity of infection.
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ly interferon (IFN)-y, tumor necrosis factor (TNF)-a, IL-
6, and IL-23, were measured mainly in infections involv-
ing staphylococci (Fig 2, online suppl. Fig. 3). Since the
used HINT1 strain is of mild infectivity [31], no major cy-
tokine secretion by moDCs was observed. Only IL-13 and
IFN-a2 were detected in higher levels in response to the
single viral infection as compared to uninfected controls
(online suppl. Fig. 3e). Notably, minor alterations in cy-
tokine secretion were detected in infections involving
pneumococci. TNF-a, IFNs, and IL-23 were elevated in
these infections, while the others remained mostly at the
level of the uninfected control (Fig. 2 and online suppl.
Fig. 3).

Pneumococci-Infected moDCs Activate CD8" and

Double-Negative T Cells but Fail to Activate CD4* T

Cells

Surface molecule expression and cytokine secretion
analyses indicated that moDCs mature in response to
staphylococcal infections, while this process is partially
inhibited in pneumococcal infections. Since DCs are cru-
cial for orchestrating a specific T-cell response, we exam-
ined the capacity of infected moDCs to activate human T
cells. Infected human moDCs were cocultured with au-
tologous PBMCs for 3 d and T-cell activation as well as
cytokine secretion were measured. Activation of T cells
was defined by the expansion of CD69* cell populations
and/or increased expression of this molecule. These anal-
yses revealed that HIN1 infected moDC (single and coin-
fected) activated CD8"* and double-negative (DN) T cells
(Fig. 3). Staphylococci-infected moDCs activated all three
T-cell subsets (CD4*, CD8", DN; Fig. 3). In contrast, co-
culture of single pneumococci-infected moDCs with
PBMC:s did not result in expansion of CD69" expressing
T cells (Fig. 3). However, higher expression of CD69 in
CD8" and DN T cells was noted (Fig. 3). Furthermore,
cytokines were measured in supernatants of the cocul-
tures. Overall, coincubations of infected moDCs with
PBMC:s resulted in increased secretion of all measured
cytokines as compared to the moDCs alone (Fig. 3j). Spe-
cifically, IFN-a2 and IL-10 release were high in single vi-

Fig. 3. T-cell activation after cocultures with infected moDCs. In-
fected moDCs were cocultured with autologous PBMCs for 3 days
and T cells were analyzed via flow cytometry (n > 8). The activation
of CD4" (a-c), CD8* (d-f), and DN (g-i) T cells was evaluated
based on the expansion (b, e, h) and/or expression of CD69 (g, f,
i). Representative histograms are shown in (a, d, g). j Cytokine se-
cretion of PBMCs cocultured with infected moDCs. The heat map

Pneumolysin Impairs DC Maturation

ral infections (online suppl. Fig. 4b, g). Staphylococci-in-
fected moDCs caused significant secretion of all analyzed
cytokines (Fig. 3 and online suppl. Fig. 4). This was also
true for all pneumococcal infections, except for secretion
of IL-17A (Fig. 3 and online suppl. Fig. 4).

Ply Is Responsible for Diminished moDC Maturation

and Consequently Impaired Activation of CD4* T

Cells

Our analyses show that irrespective of single or coin-
fections, pneumococci inhibit moDC maturation and
subsequent T-cell response. Ply was previously shown to
bind to MRC-1, leading to suppressed pro-inflammatory
cytokine secretion and TLR-signaling in human DCs
[26]. To determine whether Ply inhibits maturation of
moDCs, a series of proof-of-concept single pneumococ-
cal infections was performed. Therefore, moDCs were in-
fected with TIGR4Acps and the corresponding
TIGR4AcpsAply strain. Both TIGR4AcpsAply and its pa-
rental TIGR4Acps strain showed comparable survival ki-
netics within moDCs (online suppl. Fig. 5a). Further-
more, no differences in moDC viability were noted. Both
infections resulted in approximately 40% cell death
(Fig. 4b). However, infection of moDCs with the ply-de-
ficient strain resulted in expansion of CD80" and CD86"
cells as well as in increased expression of CD86, CD40,
and MHCII as compared to the uninfected or TIGR4Acps-
infected moDCs (Fig. 4 and online suppl. Fig. 5).
TIGR4Acps infections confirmed the previously observed
suppressive moDC phenotype (Fig. 4 and online suppl.
Fig.5). In addition, cytokine secretion in response to both
infections was analyzed. Again, only a mild cytokine se-
cretion was noted in response to TIGR4Acps infections
(Fig. 4h and online suppl. Fig. 6). In contrast,
TIGR4AcpsAply infections of moDCs resulted in in-
creased release of all analyzed cytokines (Fig. 4h and on-
line suppl. Fig. 6). Particularly, IL-12p70, which directs
Thl differentiation, was exclusively released in response
to TIGR4AcpsAply infections (Fig. 4h and online suppl.
Fig. 6i).

represents the fold change of cytokine concentration in relation to
the uninfected control (n > 8). Original data are displayed in online
supplementary Figure 4. The data in (b, ¢, e, f, h, i) are displayed
as box plots. Each dot represents one independent experiment
with cells from one donor. The level of significance was deter-
mined using the Kruskal-Wallis test with Dunn’s posttest. FMO,
Fluorescence minus one; MFI, mean fluorescence intensity.
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Fig. 4. Ply impairs moDC maturation and cytokine secretion.
MoDCs were infected with TIGR4Acps or the corresponding ply-
deficient mutant (TIGR4AcpsAply) at MOI 10. Extracellular pneu-
mococci were killed by substituting the media with antibiotics.
MoDC viability (b) and phenotype (c-g) were evaluated via flow
cytometry (n 2 10). Representative histograms for each marker are
shown in (a). The maturation process was evaluated assessing the
frequencies of CD80" (c) cells as well as expression of CD86 (d),
CD40 (e), MHCI (f), and MHCII (g). h Supernatants were col-

J Innate Immun 2022;14:569-580
DOI: 10.1159/000522339

576

lected and cytokine concentration was measured. The heat map
represents the fold change of cytokine concentration in relation to
the uninfected control. Original data are displayed in online sup-
plementary Figure 6. The data in (b-g) are displayed as box plots.
Each dot represents one independent experiment with cells from
one donor (n > 10). The level of significance was determined using
Kruskal-Wallis test with Dunn’s posttest. FMO, Fluorescence mi-
nus one; MFI, mean fluorescence intensity; MOI, multiplicity of
infection.

Paulikat/Tolken/Jachmann/Burchhardt/
Hammerschmidt/Siemens



CD3*CD4*CD8" CD3*CD4CD8* CD3*CD4CD8"
J\ FMO /\ FMO /\ FMO
k2] J\ uninfected 2 Jk\ uninfected 2 ./\"\ uninfected
c c [ =
= =2 =
o o o
(& / TIGR4Acps © TIGR4Acps © j\/\ TIGR4Acps
/ TIGR4Acpsaply /k\ TIGR4AcpsAply TIGR4AcpsAply
a T T T Cc T T T e T T T
CD69-APC/CyT7 CD69-APC/Cy7 CDB69-APC/Cy7
1000 p=0.0486 100003  p=0.0486 100003 p=0.0140
] ) el
E .T_ E ﬁ -
£ - B2 E £ 2
s 5 = — = = -
2 g 2 1000—: & 3 1000—: e
o o o ] a 3 %
3] o ] @ = © ]
100 T T 100 T T T 100 T T T
TIGR4Acps - + - TIGR4Acps - + - TIGR4Acps - + -
TIGR4AcpsAply - - + TIGR4AcpsAply - - + TIGR4AcpsAply - - +
b d f
IL-1p IFN-¢2 IFN-y  TNF-¢c MCP-1 IL-6 IL-10  IL-12p70 IL-17A IL-18 IL-23 IL-33
uninfected
TIGR4Acps
TIGR4ACpsAply
o [ T N o --ro-
0 200 400 600 800 1000

Fig. 5. T-cell activation in response to cocultivation with moDCs
infected with ply-deficient mutant strain. Infected moDCs were
cocultured with PBMCs for 3 days and PBMCs were analysed via
flow cytometry (n = 5). The activation of CD4* (a, b), CD8" (¢, d),
and DN (e, f) T cells was evaluated based on the expression of
CD69 (b, d, f). Representative histograms are shown in (a, ¢, e). g
Cytokine secretion of PBMCs cocultured with infected DCs was
measured via a multiplex assay. The heat map represents the fold

Next, infected moDCs were cocultured with autolo-
gous PBMCs and T-cell activation as well as the cytokine
release was determined. Again, TIGR4Acps infected
moDCs activated CD8" and DN T cells (Fig. 5a-f, online
suppl. Fig. 7). In contrast, TIGR4AcpsAply infected
moDCs activated CD4" T cells as shown by increased ex-
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change of cytokine concentration in relation to the uninfected
control. Original data are displayed in online supplementary Fig-
ure 8. The data in (b, d, f) are displayed as box plots. Each dot rep-
resents one independent experiment with cells from one donor (n
=5). The level of significance was determined using Kruskal-Wal-
lis test with Dunn’s posttest. FMO, fluorescence minus one; MFI,
mean fluorescence intensity.

pression of CD69 (Fig. 5a, b, online suppl. Fig. 7). Analysis
ofcytokinereleaseincoculturesshowedno TIGR4AcpsAply
specific signatures (Fig. 5 and online suppl. Fig. S8). How-
ever, particularly IFN-y, monocyte chemoattractant pro-
tein-1, and IL-6 were detected in high amounts in both
infectious conditions (Fig. 5 and online suppl. Fig. 8).
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Discussion/Conclusion

DCs are of great importance in initiating an immune
response against respiratory pathogens, including S.
aureus, S. pneumoniae, and IAV. They detect specific
components of the pathogens, which leads to a matura-
tion process. This process is characterized by an upreg-
ulation of (co-)stimulatory molecules in order to pro-
vide the important signals for activation of naive T cells
as well as secretion of the polarizing cytokines. Here, we
show that S. aureus as well as IAV infections of moDCs
induce a maturation process and subsequent specific T-
cell activation. In contrast, pneumococcal infections re-
sult in an impaired moDC maturation and a moderate
cytokine response. Subsequently, pneumococci-infect-
ed moDCs failed to activate CD4" T cells. These im-
mune cell responses were attributed to Ply. Infections
of moDCs with Ply-deficient pneumococci restored the
maturation process in moDCs resulting in activation of
CD4* T cells.

IAV is a major cause for respiratory tract infections
and the development of CAP [14]. It was observed that
certain IAV strains have the ability to impair DC matura-
tion, especially the expression of co-stimulatory receptors
CD80 and CD86 [32, 33]. Although an HIN1 strain from
the 2009 pandemic was used, our results contradict previ-
ous observations. The influenza virus A/Bavaria/74/2009
induced moDC maturation resulting in activation of
CD8*and DN T cells. However, since this strain is of mild
infectivity [31], the detected response was overall weak. S.
aureus persistently colonizes the upper respiratory tract
of approx. 30% of the population and in general, staphy-
lococci are potent trigger of DC maturation and subse-
quent T-cell activation [34]. Staphylococcal virulence fac-
tors that interfere with DCs are LukAB and phenol solu-
ble modulins, among others [21, 35, 36]. Berends et al.
[21] have shown that LukAB potently kills human DCs
resulting in reduced activation of CD4* T cells. However,
S. aureus used in this study remained silent within moDCs
without major effects on the cell viability. Moreover, a
clear maturation process and subsequent CD4* T-cell ac-
tivation was noted. In contrast, pneumococci, which also
frequently colonize the upper respiratory tract and are the
major cause of bacterial CAP [37-39], completely im-
paired moDC maturation and CD4* T-cell activation in
a Ply-dependent manner. Littmann et al. [25] have al-
ready demonstrated Ply-mediated suppression of CD80
and CD86 expression on human DCs by a yet unknown
mechanism. Here, we show that CD40 expression on
moDC is also affected by Ply.
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Activated CD4+ T cells differentiate into different T
helper subsets. This process is mainly shaped by cytokines
secreted by DCs [11]. Thl cells provide protection from
intracellular pathogens, including viruses and invading
bacteria. IL-12 and IL-27 induce Th1 polarization leading
to an additional production of IL-12, TNFa, and IFNy
[40-42]. While staphylococcal as well as Ply-deficient
pneumococcal infections induced moDC maturation and
IL-12p70 release, single and coinfections with Ply-ex-
pressing TIGR4Acps pneumococci and IAV did not.
These results are partially in line with previous studies.
Spelmink et al. reported that IAV itself does not induces
IL-12p70 but markedly upregulates TLR3 expression in
moDCs. The subsequent phagocytosis and processing of
pneumococci result in TLR3-dependent sensing of pneu-
mococcal RNA, which is a key signal to drive IL-12p70
production and secretion [43, 44]. However, the men-
tioned study solely focused on RNA-mediated effects.
Later, it was demonstrated that Ply binds to MRC-1 on
DCs, which in turn results in upregulation of SOCS1 and
ultimately leads to suppressed cytokine production and
secretion [26]. Furthermore, IL-12p70 production is en-
hanced by CD40 (moDCs) and CD40 Ligand (T cells) in-
teraction [45]. Our data show that pneumococcal infec-
tions result in downregulation of CD40 on moDCs po-
tentially leading to reduced Th1 polarization of T cells.
However, coculture of pneumococci-infected moDCs
with PBMCs resulted in increased secretion of IL-12p70,
TNFa, and IFNY. Of note, (i) PBMCs were used in cocul-
ture experiments, which might mask true pneumococci-
mediated effects through e.g., interaction of monocytes
with T cells and (ii) a higher ratio of PBMCs:moDCs was
present in pneumococcal infections due to the cytotoxic
events toward moDCs, which might result in enhanced
secretion of mentioned cytokines.

Th17 polarization of CD4" T cells is another important
defense mechanism against extracellular pathogens. The
Th17 differentiation requires IL-6 and IL-23, while Th17
cells themselves produce IL-17 and IL-22 [41, 42]. It was
shown that Th17 cells are of great importance for bacte-
rial clearance at mucosal surfaces [40] and play an impor-
tant role in protection against pneumococcal coloniza-
tion in mice [46,47]. While staphylococci-infected moDC
released high amounts of the mentioned key cytokines
and induced IL-17A release in coculture, this was not the
case in pneumococcal infections. A recently published
study showed that Th17 polarization positively correlates
with high expression of CD40 on human DCs [48]. Al-
though infections of moDCs with Ply-deficient pneumo-
cocci led to an upregulation of CD40 and elevated release
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of IL-6 and IL-23, IL-17A production was again abrogat-
ed in coculture experiments. Whether pneumococci pos-
sess the ability to suppress Th17 polarization warrants
further studies.

Of note, bacteria-infected moDCs activated CD8* and
DN T cells. DCs are able to internalize, process, and pres-
ent exogenous antigens via MHC class I, a process termed
cross-presentation, which is particularly important for
activation of CD8" T cells [49]. A recent study demon-
strated that MRC-1 is involved in enhanced cross-presen-
tation activity of DCs through antigen localization in ear-
ly endosomes [50]. Since it is known that Ply binds to
MRC-1, we can only speculate that this interaction with-
in moDCs might lead to enhanced cross-presentation
and consequent activation of CD8* T cells in pneumococ-
cal infections. This fact is further supported by the obser-
vation that CD8" T cells were activated by TIGR4Acps-
infected moDCs. This process was abrogated in infec-
tions with Ply-deficient mutant.

In conclusion, infections of moDC with IAV and/or S.
aureus induced maturation and subsequent activation of
all types of T cells. In contrast, pneumococcal infections
blocked these processes through Ply-mediated suppres-
sion of co-stimulatory receptors CD40, DC80, and CD86.
Particularly, CD4* T-cell activation was completely abro-
gated. These effects were reversed by the use of Ply-defi-
cient strain. Further studies to determine a more detailed
role for pneumococci-DC interplay and their subsequent
interaction with T cells are warranted.
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