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Pulmonary Immunostimulation with MALP-2 in Influenza Virus-
Infected Mice Increases Survival after Pneumococcal Superinfection
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Pulmonary infection with influenza virus is frequently complicated by bacterial superinfection, with Streptococcus pneumoniae
being the most prevalent causal pathogen and hence often associated with high morbidity and mortality rates. Local immuno-
suppression due to pulmonary influenza virus infection has been identified as a major cause of the pathogenesis of secondary
bacterial lung infection. Thus, specific local stimulation of the pulmonary innate immune system in subjects with influenza virus
infection might improve the host defense against secondary bacterial pathogens. In the present study, we examined the effect of
pulmonary immunostimulation with Toll-like receptor 2 (TLR-2)-stimulating macrophage-activating lipopeptide 2 (MALP-2) in
influenza A virus (IAV)-infected mice on the course of subsequent pneumococcal superinfection. Female C57BL/6N mice in-
fected with IAV were treated with MALP-2 on day 5 and challenged with S. pneumoniae on day 6. Intratracheal MALP-2 applica-
tion increased proinflammatory cytokine and chemokine release and enhanced the recruitment of leukocytes, mainly neutro-
phils, into the alveolar space of IAV-infected mice, without detectable systemic side effects. Local pulmonary instillation of
MALP-2 in IAV-infected mice 24 h before transnasal pneumococcal infection considerably reduced the bacterial number in the
lung tissue without inducing exaggerated inflammation. The pulmonary viral load was not altered by MALP-2. Clinically,
MALP-2 treatment of IAV-infected mice increased survival rates and reduced hypothermia and body weight loss after pneumo-
coccal superinfection compared to those of untreated coinfected mice. In conclusion, local immunostimulation with MALP-2 in
influenza virus-infected mice improved pulmonary bacterial elimination and increased survival after subsequent pneumococcal

superinfection.

neumonia is a significant cause of morbidity and the fourth

leading cause of death worldwide (http://www.who.int/
mediacentre/factsheets/fs310/en/), with Streptococcus pneumoniae
being the most prevalent causative agent identified in lower respi-
ratory tract infections (1, 2). The risk of pneumonia is greatly
enhanced in specific pathological situations with an impaired pul-
monary host defense, including long-term ventilation (3), stroke-
induced immune depression (4, 5), sepsis-associated immune pa-
ralysis (6), and viral lung infections (7). In particular, pulmonary
infections with seasonal circulating (8) or pandemic (9) influenza
viruses are frequently complicated by bacterial superinfection, re-
sulting in a severe pneumonia often associated with high mortality
rates. S. pneumoniae is one of the most common bacterial patho-
gens of severe postinfluenza bacterial pneumonia (8).

Influenza viruses have been reported to impair the pulmonary
host defense against bacteria via different mechanisms, thus pro-
moting secondary bacterial infections. Bacterial adherence was
shown to be facilitated by influenza virus-induced cytolysis and
apoptosis (10, 11) and by upregulation of platelet-activating fac-
tor receptor expression in pulmonary epithelial cells (12). Influ-
enza virus-induced type I interferons (IFNs) attenuated neutro-
phil recruitment and activation in murine lungs by impairing the
production of neutrophil chemoattractants, thereby sensitizing
the host to secondary bacterial pneumonia (13, 14). Moreover,
infection with influenza virus decreased phagocytosis and intra-
cellular reactive oxygen species generation in neutrophils (15),
and IFN-a/B (type I) (16) and IFN-y (type II) (17) mediated
reduced bacterial clearance by macrophages. In addition, the anti-
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inflammatory cytokine interleukin-10 (IL-10) has been reported
to be an important mediator of the immunosuppressive state dur-
ing pulmonary influenza virus infection (18). Importantly, recent
experimental studies suggested that local treatment with recom-
binant granulocyte-macrophage colony-stimulating factor (GM-
CSF) (19) or its intrinsic overexpression (20) improves the anti-
bacterial defense in influenza virus-infected mice by increasing
the antimicrobial capacity of phagocytic cells. Thus, therapeutic
strategies aimed at compensating the locally compromised im-
mune responses and reestablishing the early antibacterial innate
host defense during pulmonary influenza virus infection may be
promising.

The recognition of highly conserved pathogen-associated mo-
lecular patterns (PAMPs) of bacteria invading the respiratory tract

Received 22 July 2015 Returned for modification 11 August 2015
Accepted 8 September 2015

Accepted manuscript posted online 14 September 2015

Citation Reppe K, Raduinzel P, Dietert K, Tschernig T, Wolff T, Hammerschmidt S,
Gruber AD, Suttorp N, Witzenrath M. 2015. Pulmonary immunostimulation with
MALP-2 in influenza virus-infected mice increases survival after pneumococcal
superinfection. Infect Immun 83:4617-4629. doi:10.1128/1A1.00948-15.

Editor: L. Pirofski
Address correspondence to Martin Witzenrath, martin.witzenrath@charite.de.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAL.00948-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

iai.asm.org 4617


http://orcid.org/0000-0002-6382-6681
http://www.who.int/mediacentre/factsheets/fs310/en/
http://www.who.int/mediacentre/factsheets/fs310/en/
http://dx.doi.org/10.1128/IAI.00948-15
http://dx.doi.org/10.1128/IAI.00948-15
http://dx.doi.org/10.1128/IAI.00948-15
http://iai.asm.org

Reppe et al.

by pattern recognition receptors of local host cells, including Toll-
like receptors (TLRs), is a crucial step in host defense during in-
fection and leads to the induction of local and systemic inflamma-
tory responses (21). Preactivation of TLRs by bacterial lysates (22,
23) or specific TLR agonists (24, 25) in naive lungs has been re-
ported to stimulate a protective pulmonary innate immune re-
sponse in various experimental models.

In pneumococcal infection, TLR-2 activation induces an early
innate immune response (26) and enhances pneumococcal clear-
ance (27). In a previous study using a murine model of pneumo-
coccal pneumonia (28), we demonstrated that local delivery of the
chemically synthesized TLR-2/6 agonist macrophage-activating
lipopeptide of 2 kDa (MALP-2) (29, 30), which was originally
derived from Mycoplasma fermentans (31), evoked an upregula-
tion of TLR-2 expression in pulmonary cells and induced the re-
lease of proinflammatory mediators and leukocyte recruitment
into the naive lung. Moreover, pulmonary MALP-2 pretreatment
increased the local host defense and survival in mice with pneu-
mococcal pneumonia (28).

In the present study, it was hypothesized that pulmonary treat-
ment with MALP-2 may also increase the pulmonary innate im-
mune response in influenza virus-infected mice and improve the
pulmonary host defense against S. prneumoniae superinfection.
Therefore, influenza A virus (IAV)-infected mice were treated by
intratracheal MALP-2 instillation 24 h prior to pneumococcal in-
fection. The pulmonary inflammatory response to MALP-2 in in-
fluenza virus-infected lungs, as well as the course of combined
influenza and pneumococcal pneumonia, was examined with re-
spect to survival, inflammatory response, pathological lung alter-
ations, and pathogen clearance.

MATERIALS AND METHODS

Animals. Female C57BL/6N mice (8 to 9 weeks, 18 to 20 g; Charles River,
Sulzfeld, Germany), housed under specific-pathogen-free conditions,
were used in all experiments. All animal procedures were approved by
local institutional (Charité-Universititsmedizin Berlin) and governmen-
tal (Landesamt fiir Gesundheit und Soziales Berlin; approval ID G 0044/
11) authorities. Animal housing and experimental procedures complied
with the Federation of European Laboratory Animal Science Associations
(FELASA) guidelines and recommendations for the care and use of labo-
ratory animals.

Infection with influenza A virus. Influenza A/PR/8/34 virus (HINT;
PR8) was grown in the allantoic cavity of 11-day-old embryonated
chicken eggs. Mice were transnasally infected with 10> PFU PRS in 50 wl
sterile phosphate-buffered saline (PBS) under inhaled isoflurane anesthe-
sia (Forene; Abbott, Wiesbaden, Germany). Control mice received sterile
PBS. All mice were monitored at 12-h intervals throughout the experi-
ment to assess appearance, behavior, grooming, respiration, body weight,
and rectal temperature (BAT-12 microprobe thermometer; Physitemp
Instruments, Clifton, NJ).

Treatment with MALP-2. MALP-2 was synthesized and purified as
described previously (29), dissolved in 30% 2-propanol-water (1 mg/ml),
and diluted in 0.9% saline solution for application. Five days after IAV
infection, the mice were anesthetized intraperitoneally (i.p.) with ket-
amine (80 mg/kg of body weight) (Ketavet; Pfizer, Berlin, Germany) and
xylazine (25 mg/kg) (Rompun; Bayer, Leverkusen, Germany). After trans-
oral tracheal intubation (32), MALP-2 (0.5 g in 30 wl) was instilled
intratracheally (i.t.). Solvent-treated mice received 30 pl of saline-diluted
2-propanol (0.15 pl 2-propanol in 30 wl saline) .

Transnasal infection with S. pneumoniae. Streptococcus pneumoniae
(serotype 3, strain NCTC7978) was cultured as described previously (33)
and resuspended in sterile PBS. Mice were anesthetized i.p. with ketamine
and xylazine and transnasally inoculated with 10> CFU S. pneumoniae in
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TABLE 1 Lung scoring parameters

Parameter Scale/score range
Total lung area affected 1-100%
Bronchitis 0-4
Peribronchial inflammation 0-4
Interstitial inflammation 0-4
Intra-alveolar inflammation 0-4
Alveolar necrosis 0-4
Bronchial necrosis 0-4
Alveolar edema 0-4
Perivascular edema 0-4
Infiltration by neutrophils 04
Infiltration by macrophages 04
Infiltration by lymphocytes 04

20 w1 PBS 6 days after viral infection. Control mice received 20 pl of sterile
PBS transnasally.

Dissection and sampling. At the indicated time points, mice were
anesthetized with ketamine (160 mg/kg) and xylazine (75 mg/kg), trache-
otomized, and ventilated as previously described (34). After hepariniza-
tion, blood was drawn from the vena cava caudalis. Lungs were flushed
with sterile 0.9% saline via the pulmonary artery and dissected. To analyze
leukocytes and cytokines, bronchoalveolar lavage (BAL) was performed
twice, using 800 il PBS containing a protease inhibitor each time (Roche,
Mannheim, Germany).

Leukocyte quantification and differentiation in BALF and blood.
Total BAL fluid (BALF) leukocytes were quantified by use of a Neu-
bauer hemocytometer cell counting chamber and differentiated by
flow cytometric analysis (FACSCalibur; BD Biosciences, Heidelberg,
Germany), using forward versus side scatter characteristics and stain-
ing with CD45-peridinin chlorophyll protein (PerCP) (clone 30-F11;
BD Biosciences), GR-1-phycoerythrin (PE) (clone RB6-8C5; BD Bio-
sciences), and F4-80—allophycocyanin (APC) (clone BM8; Invitrogen,
Karlsruhe, Germany). Total blood leukocytes were counted by flow
cytometric analysis using BD TruCOUNT tubes and differentiated
using forward versus side scatter characteristics and staining with
CD45-PerCP and GR-1-PE.

Quantification of cytokine levels in BALF. Cytokines (IL-1{, tumor
necrosis factor alpha [TNF-a], IEN-y, IL-10, keratinocyte chemoattrac-
tant [KC], monocyte chemoattractant protein 1 [MCP-1], RANTES [reg-
ulated upon activation, normal T cell expressed and secreted], and mac-
rophage inflammatory protein 2 [MIP-2]) were measured from BALF
supernatant according to the manufacturer’s instructions, using a multi-
plex cytokine assay (Bioplex; Bio-Rad, Hercules, CA).

Survival studies. Influenza virus-infected mice were treated intratra-
cheally with MALP-2 or solvent 5 days after infection, as described above.
For evaluation of survival after pneumococcal superinfection, IAV-in-
fected mice were transnasally inoculated with S. pneumoniae 24 h after
treatment. Disease severity was monitored at 12-h intervals, as described
above, for 10 days after viral infection. Mice were euthanized when they
reached at least one of the predefined criteria (body temperature of
<30°C, body weight loss of 20%, cumbersome breathing, and accelerated
breathing in combination with staggering, pain, or paleness) by exsangui-
nation via the caudal vena cava after i.p. injection of ketamine (160 mg/kg
body weight) and xylazine (75 mg/kg).

Histopathology and immunohistochemistry. For histopathological
analysis, anesthetized mice were sacrificed on day 7, and lungs were re-
moved after the trachea was ligated to prevent alveolar collapse, as de-
scribed previously (34). The lungs were immersion fixed in formalin,
embedded in paraffin, cut into 2-pm-thick sections, and stained with
hematoxylin and eosin. Three evenly distributed sections per lung were
scored microscopically for specified lung inflammation parameters
(Table 1) to assess the dissemination and quality of pathological altera-
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FIG 1 MALP-2 increased leukocyte recruitment and cytokine release in IAV-infected lungs. Mice were treated intratracheally with 0.5 g MALP-2 or solvent 5
days after infection with 102 PFU IAV PR8 or sham infection with PBS. At 6 days postinfection, BAL was performed, and BALF leukocytes (A) and cytokines (B)
were quantified. Dotted lines indicate the lower limit of the cytokine assay working range and are missing if all values were within the working range. b.t., values
below the threshold. Values are given as means plus SEM (1 = 6 to 8 [A] or 5 to 8 [B] for each group). *, P < 0.05; **, P < 0.01 (for the indicated comparisons).
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FIG 2 Pulmonary MALP-2 stimulation did not affect the systemic leukocyte response and clinical parameters in IAV-infected mice. Mice were intratracheally
treated with 0.5 g MALP-2 or solvent 5 days after infection with 10> PFU IAV or sham infection with PBS. (A) At 6 days postinfection, blood leukocytes were
analyzed by flow cytometry. Values are given as means plus SEM (n = 5 to 7 for each group). ##, P < 0.01 versus the corresponding sham-infected group. (B)
Survival and body weight loss were monitored for 10 days after IAV infection. Body weight values are given as means plus SEM (n = 10 for MALP-2 group and

9 for solvent group).

tions (35-38). For immunohistochemical detection of IAV and S. pneu-
moniae, lung sections were processed as described previously (39) and
incubated with purified goat anti-IAV (1:4,000) (OBT155; Serotec) or
rabbit anti-S. pneumoniae (1:2,000) (40) antibody at 4°C overnight. Incu-
bation with an immunopurified, irrelevant rabbit or goat antibody at a
similar dilution served as a negative control. Subsequently, slides were
incubated with an alkaline phosphatase-conjugated horse anti-goat (1:
1,000) (AP-9500; Vector, Burlingame, CA) or goat anti-rabbit (1:500)
(AP-1000; Vector, Burlingame, CA) secondary antibody for 30 min at
room temperature. The alkaline chromogen triamino-tritolyl-methane-
chloride (Neufuchsin) was used as a phosphatase substrate for color de-
velopment. The slides were counterstained with hematoxylin, dehydrated
through increasing concentrations of ethanol, cleared in xylene, and cov-
ered with coverslips.

Viral load in lungs. For standard plaque assay, whole lungs were each
homogenized in 2 ml ice-cold PBS™ ™ (with CaCl, and MgCl,; Biochrom,
Berlin, Germany), and supernatants were deep-frozen. Madin-Darby ca-
nine kidney (MDCK) cells were grown in 12-well plates with minimum
essential medium (MEM) (with Earle’s salts and L-glutamine; PAA, Pas-
ching, Austria) supplemented with 10% fetal calf serum (FCS) (PAA), 2
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mM L-glutamine (Invitrogen), and antibiotics at 37°C and 5% CO, to
about 90% confluence. Lung supernatants were gently thawed on ice and
serially diluted in PBS™* with 0.2% bovine serum albumin (BSA) (PAA).
MDCK cells were washed with PBS (Dulbecco’s; PAA) and infected in
duplicate with 150-pl samples in 10-fold dilutions for 45 min. Cell culture
supernatants were replaced by MEM (Gibco, Life Technologies, Paisley,
United Kingdom) supplemented with 0.2% BSA, 0.05% NaHCOj;, 0.01%
dextran, 1 pg/ml trypsin (tosylsulfonyl phenylalanyl chloromethyl ketone
[TPCK]-treated trypsin; Sigma, Taufkirchen, Germany), and 1.25% Avi-
cel RC/CL microcrystalline cellulose (FMC BioPolymer, Philadelphia,
PA). Plates were incubated for 72 h (37°C, 5% CO,). Afterwards, cells
were washed, fixed in formalin, and stained with 0.1% crystal violet (Roth,
Karlsruhe, Germany). The number of PFU per milliliter was calculated
from the counted plaques.

Bacterial burdens in lungs and blood. Lungs were homogenized by
passage through a cell strainer (100 wm; BD Biosciences). Serial dilutions of
lung homogenates and blood were plated on Columbia agar with 5% sheep
blood and incubated at 37°C under 5% CO, for 24 h to count the CFU.

Data analysis. Data are expressed as means and standard errors of the
means (SEM) or as individual data and means (in scatterplots). One-way
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FIG 3 Pulmonary MALP-2 treatment of IAV-infected mice improved sur-
vival after pneumococcal superinfection. Mice infected with 10> PEU TAV were
treated with 0.5 wg MALP-2 or solvent on day 5. Secondary infection with 10*
CFU S. pneumoniae (S.pn.) was performed on day 6. (A) Survival was moni-
tored every 12 h for 10 days after IAV infection. (B) Body weight loss within the
first 24 h of secondary pneumococcal infection and body temperature were
measured on day 7. Values are given as means plus SEM (n = 10 for MALP-2
group and 9 for solvent group). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (versus
the corresponding solvent-treated group).

analysis of variance (ANOVA) followed by Dunn’s post hoc test for mul-
tiple comparisons, two-way ANOVA for comparison of continuously
measured data between groups, and the two-tailed Mann-Whitney U test
for comparison of two experimental groups were performed by using
GraphPad Prism 4.02 software. Statistical analysis of cytokine levels was
applied to experimental groups whose values were all detected within the
working range. Kaplan-Meier survival curves were analyzed by the log
rank test. P values of <0.05 were considered to be significant.

RESULTS

The TLR-2 agonist MALP-2 increased leukocyte recruitment
and cytokine release in IAV-infected murine lungs. Leukocytes
and cytokines in BALF samples taken 6 days after IAV infection
were quantified to investigate the local inflammatory response in
IAV-infected murine lungs after MALP-2 treatment (Fig. 1A and
B). In comparison with solvent-treated mice, MALP-2 treatment
of sham-infected mice evoked an increase in total leukocyte num-
bers within 24 h after application, with neutrophils mainly con-
tributing to this increase (Fig. 1A). Furthermore, MALP-2 treat-
ment induced the release of IL-1B, KC, and MIP-2 into the
bronchoalveolar space of uninfected mice, whereas levels of
TNF-a, IFN-y, MCP-1, RANTES, and IL-10 remained unchanged
(Fig. 1B). As expected, IAV infection resulted in pulmonary leu-
kocyte recruitment and proinflammatory cytokine and chemo-
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kine release 6 days after infection. Interestingly, MALP-2 induced
further significant accumulations of neutrophils and macro-
phages in IAV-infected lungs (Fig. 1A) and increased pulmonary
production of IL-13 and—by trend—TNF-a, RANTES, and
MIP-2, whereas the levels of the other analyzed cytokines were
almost unchanged (Fig. 1B).

MALP-2 treatment did not affect the systemic leukocyte re-
sponse and clinical parameters of IAV-infected mice. To assess
potential systemic effects of pulmonary MALP-2 treatment, blood
leukocytes (Fig. 2A) and systemic IL-6 levels (see Fig. S1A in the
supplemental material) were quantified. Six days after IAV infec-
tion, neutrophil numbers and IL-6 levels were highly increased in
the blood of solvent-treated mice, while IAV infection did not
affect the numbers of macrophages and lymphocytes (Fig. 2A).
Notably, the numbers of neutrophils, macrophages, and lympho-
cytes in the blood, as well as plasma IL-6 levels, were unaltered
after pulmonary MALP-2 treatment in both uninfected and in-
fected mice.

In the current study, transnasal application of IAV (100 PFU)
resulted in clinically apparent pneumonia with an 80% lethality
(Fig. 2B) and with a significant reduction of body weight up to day
8 postinfection (P < 0.0001). However, pulmonary MALP-2 stim-
ulation had no significant effect on survival rates and clinical pa-
rameters (Fig. 2B; see Fig. S1B). Statistical evaluation of body
weights beyond day 8 postinfection failed due to high pneumonia-
induced dropout rates.

Pulmonary MALP-2 treatment of IAV-infected mice im-
proved survival after pneumococcal superinfection. To investi-
gate the effect of MALP-2 on the clinical outcome of pneumococ-
cal superinfection in IAV pneumonia, mice were treated with
MALP-2 or solvent 5 days after IAV infection and challenged with
S. pneumoniae on day 6. Survival of MALP-2-treated, IAV- and S.
pneumoniae-coinfected mice was significantly improved com-
pared to that of solvent-treated coinfected mice (Fig. 3A). Fur-
thermore, MALP-2 considerably reduced the loss of body weight
and protected mice from hypothermia within the first 24 h after
secondary pneumococcal infection (Fig. 3B), whereas no effect on
the overall course of body weight was detected up to day 8 (see Fig.
S2 in the supplemental material). Pneumonia-induced dropouts
precluded the statistical analysis of body weights beyond day 8 (2
days post-S. pneumoniae infection).

MALP-2 modulated the innate immune response in IAV-in-
fected mice without increasing pulmonary inflammation after
subsequent pneumococcal superinfection. Leukocytes and cyto-
kines in BALF samples taken at 7 days postinfection were quanti-
fied to investigate the effect of MALP-2 treatment on the local
inflammatory response in IAV-infected mice after secondary
pneumococcal infection (Fig. 4A and B). IAV infection induced
neutrophil (P < 0.01), macrophage (P < 0.05), and lymphocyte
(P < 0.05) infiltration into the bronchoalveolar space (Fig. 4A)
and elevated levels of TNF-«, IFN-v, IL-10, KC, MCP-1, RAN-
TES, and MIP-2 (Fig. 4B) at 7 days postinfection. Interestingly,
after secondary infection with S. pneumoniae, no further increase
in leukocyte populations and cytokine levels was observed com-
pared to the levels in mice solely infected with IAV (Fig. 4A and B).
Compared to the case in solvent-treated mice, pulmonary
MALP-2 treatment evoked an increase in the number of neutro-
phils in BALF and increased the release of IL-13, MIP-2, and—by
trend—TNF-a into the bronchoalveolar space 7 days after IAV
infection. MALP-2 stimulation of IAV-infected mice prior to sec-
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ondary pneumococcal challenge did not alter leukocyte recruit-
ment but decreased IL-10, IFN-y, and KC levels by trend, whereas
all other investigated cytokines were only moderately altered com-
pared to those in solvent-treated coinfected mice (Fig. 4A and B).
In the blood, leukocyte numbers and plasma IL-6 levels were un-
affected by pulmonary MALP-2 treatment prior to secondary bac-
terial infection (see Fig. S3A and B in the supplemental material).

MALP-2 altered neutrophil accumulation in IAV-induced
bronchointerstitial pneumonia without aggravating suppura-
tive bronchopneumonia after secondary pneumococcal infec-
tion. The dissemination and quality of pathological lung altera-
tions were assessed by histopathological analysis. IAV-infected
lungs at 7 days postinfection (Fig. 5A and C) showed mild to
moderate, multifocal, acutely necrosuppurative bronchointersti-
tial pneumonia, with accumulations of neutrophils and macro-
phages mainly at interstitial sites and within bronchi and alveoli.
MALP-2 treatment further increased the number of neutrophils
within the bronchi and alveoli of IAV-infected lungs (Fig. 5B and
D). Secondary pneumococcal infection after IAV infection re-
sulted in suppurative bronchopneumonia without detectable
morphological differences between solvent-treated and MALP-2-
treated coinfected lungs (Fig. 5E and F). Histopathological analy-
sis of lungs from sham-infected and solvent-treated mice showed
minimal to mild, multifocal interstitial infiltration predominantly
by macrophages and a few neutrophils, probably resulting from
repeated application of sterile sham fluid (Fig. 5G). The total lung
area affected by inflammation was determined by semiquantita-
tive microscopic analysis (Fig. 5H; see Fig. S4 in the supplemental
material). IAV-induced pathological alterations extended, on av-
erage, to 12.5% of lung tissue, whereas secondary pneumococcal
infections did not induce further significant dissemination. Fur-
thermore, MALP-2 did not affect the expansion of lung lesions in
either IAV-infected or coinfected lungs.

Dissemination of IAV in murine lungs remained unaltered
by MALP-2. To examine the effect of MALP-2 on the dissemina-
tion of IAV in murine lungs, separate sets of lung sections were
immunostained using anti-IAV antibody (Fig. 6A to E). In murine
lungs with or without secondary pneumococcal infection, IAV
was mainly detected in the bronchial compartment, predomi-
nantly allocated to epithelial cells, as well as in the alveolar com-
partment, predominantly in alveolar macrophages (Fig. 6A and
C). MALP-2 treatment had no effect on viral distribution within
the lungs of mice after IAV monoinfection (Fig. 6B) or secondary
pneumococcal infection (Fig. 6D). No immunostaining was de-
tected in sham-infected, solvent-treated control lungs (Fig. 6E).
Furthermore, in the virus plaque assay, no difference in pulmo-
nary viral load was detected between MALP-2-treated and sol-
vent-treated mice infected with S. pneumoniae after IAV infection
(Fig. 6F).

MALP-2 reduced lung bacterial loads after secondary pneu-
mococcal infection. To analyze the effect of MALP-2 on the dis-
semination of S. pneumoniae in murine lungs, immunolabeling of
S. pneumoniae was performed on lung sections of IAV-infected
mice treated with MALP-2 or solvent and challenged by secondary
pneumococcal infection (Fig. 7A to E). In 50% of solvent-treated
coinfected mice, pneumococci were observed within bronchi and
alveolar spaces (Fig. 7A and C). In contrast, no bacteria were de-
tected in bronchi and alveolar spaces of MALP-2-treated mice
infected with IAV and S. pneumoniae (Fig. 7B and D). No immu-
nostaining was detected in sham-infected and solvent-treated
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control lungs (Fig. 7E). Quantification of CFU from lung tissue
after flushing of the pulmonary vascular bed revealed that pulmo-
nary bacterial loads were considerably reduced in MALP-2-
treated mice compared to those in solvent-treated mice after sec-
ondary pneumococcal infection (Fig. 7F). However, bacteremia
after secondary pneumococcal infection was detected in only 2 of
11 solvent-treated mice and none of 10 MALP-2-treated mice.
Thus, the impact of MALP-2 treatment on the development of
bacteremia was not assessable in the current study (see Fig. S5 in
the supplemental material).

DISCUSSION

Commonly used antiviral therapy fails to reverse the impairment
of the antibacterial host defense during pulmonary influenza virus
infection. Local pulmonary immunostimulation may provide a
therapeutic perspective to improve innate immunity and there-
fore the outcome of subsequent bacterial infection.

In this in vivo study, we showed that pulmonary immunos-
timulation by a single intratracheal application of the specific
TLR-2/6 agonist MALP-2 increased the release of the proinflam-
matory cytokine IL-1B and enhanced the recruitment of neutro-
phils and macrophages into the airways of IAV-infected mice,
without detectable systemic or clinical side effects. Consequently,
preventive immunostimulation prior to pneumococcal superin-
fection resulted in enhanced pulmonary bacterial clearance and
improved the survival of mice with murine influenza virus pneu-
monia and subsequent pneumococcal infection.

Consistent with our previous study (28), pulmonary treatment
of uninfected mice with MALP-2 stimulated the release of proin-
flammatory cytokines and chemokines. MALP-2 is known to spe-
cifically activate the receptor heterodimer TLR-2/6 (29, 30),
followed by MyD88-mediated activation of nuclear factor kB
(NF-kB)-dependent gene expression (41). The resultant TLR-2-
mediated leukocyte recruitment into the bronchoalveolar space
was shown to reach its maximum 24 h after application, followed
by a decrease within 2 days (28). Specific TLR-mediated immuno-
stimulation was also demonstrated in previous studies to increase
the innate immune response and resistance to lethal influenza
virus monoinfection in vivo. However, treatment was initiated
prior to infection (42, 43) or no later than 24 h after infection (44),
although a highly increased susceptibility to secondary pneumo-
coccal invasion associated with impaired bacterial clearance (19)
and high mortality rates (45) was detected between days 5 and 7
after influenza virus infection. Notably, in the present study, pul-
monary TLR-mediated immunostimulation with MALP-2 effec-
tively increased the level of proinflammatory IL-18 and subse-
quent immigration of leukocytes, particularly neutrophils and
macrophages, into murine airways even 6 days after IAV infection,
despite an ongoing antiviral host defense. Consistently, increased
numbers of neutrophils within bronchi and alveoli, in addition to
virus-induced bronchointerstitial tissue alterations, were detected
by histological analysis. The stimulatory effect of MALP-2 was
confined to the lungs, as indicated by unaffected blood leukocytes,
plasma IL-6 levels, and clinical parameters. The absence of such
systemic side effects is consistent with the findings of a previously
published in vivo safety report which showed that treatment of
mice with an aerosolized TLR-9 agonist combined with a TLR-2/6
agonist was well tolerated (46). Pulmonary MALP-2 treatment of
IAV-infected mice, however, had no protective impact on the
course of IAV monoinfection.
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FIG 5 MALP-2 altered neutrophil accumulation in IAV-induced bronchointerstitial pneumonia without aggravating suppurative bronchopneumonia after
secondary pneumococcal infection. Mice infected with 10> PFU IAV were treated with 0.5 pug MALP-2 or solvent on day 5 and challenged with 10> CFU S.
pneumoniae or sham infected with PBS on day 6. Lungs were harvested on day 7, and formalin-fixed and paraffin-embedded sections were prepared and stained
with hematoxylin and eosin for histopathological analyses. (A to D) IAV infection induced bronchointerstitial pneumonia, accompanied by numerous neutro-
phils within bronchi and alveolar spaces after MALP-2 stimulation (D; black arrowheads). (E and F) Secondary pneumococcal infection resulted in suppurative
bronchopneumonia in lungs of both solvent-treated and MALP-2-treated IAV-infected mice. (G) Lung sections from sham-infected and solvent-treated mice
served as a negative control. Representative images are shown (n = 3 or 4 for each group). (H) Total lung areas affected by inflammation. Values are given as
means plus SEM (n = 3 or 4 for each group).
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FIG 6 The pulmonary IAV load remained unaltered by MALP-2 stimulation. Mice infected with 10> PFU IAV were treated with 0.5 g MALP-2 or solvent on
day 5 and challenged with 10°> CFU S. pneumoniae or PBS on day 6. Seven days after IAV infection, lung sections were prepared, and immunohistochemistry for
TAV (red staining) was performed. IAV was observed mainly within bronchi and in alveolar macrophages (black arrowheads) of lungs from both solvent (A and
C)-and MALP-2 (B and D)-treated mice. (E) Lung sections from sham-infected and solvent-treated mice served as a negative control. Representative images are
shown (n = 3 or 4). (F) Lung viral loads after secondary bacterial infection were determined on day 7. Values are given as individual data and means (n = 11).
The dotted line indicates the lower detection limit.

To investigate the effects of pulmonary TLR-2-mediated im-  ary invading bacteria, followed by secondary pneumococcal infec-
munostimulation on the course of pneumococcal superinfection,  tion 24 h later, when the highest leukocyte recruitment due to
IAV-infected mice were intratracheally treated with MALP-2 5 MALP-2 was suggested (28). Notably, MALP-2-treated mice
days after infection, in a state of increased susceptibility to second- ~ showed significantly improved survival compared to solvent-
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FIG 7 MALP-2 reduced the pulmonary bacterial load after secondary pneumococcal infection. Mice infected with 10> PFU IAV were treated with 0.5 g
MALP-2 or solvent on day 5 and challenged with 10° CFU S. pneumoniae on day 6. (A to E) Bacteria were detected by immunohistochemistry with an anti-S.
pneumoniae antibody (red staining) on day 7. Pneumococci were observed within bronchi and alveolar spaces (black arrowheads) in 50% of lungs from
solvent-treated infected mice (A and C), but not in lung tissue from MALP-2-stimulated infected mice (B and D). (E) Lung sections from sham-infected and
solvent-treated mice served as a negative control. Representative images are shown (n = 4). (F) Lung bacterial loads after secondary pneumococcal infection were
determined on day 7. Values are given as individual data and means (n = 10). The dotted line indicates the lower detection limit. *, P < 0.05 versus solvent-treated
group.

treated mice suffering from combined IAV and S. pneumoniae number of macrophages and neutrophils and improving effector
pneumonia. Likewise, pulmonary overexpression of GM-CSF  cell function within the airways before and after secondary bacte-
protected mice from fatal secondary Staphylococcus aureus pneu-  rial infection (20). However, TLR-2 has been described to enhance
monia after sublethal influenza virus infection by increasing the  inflammation and virus replication in specific models of viral in-
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fection (47, 48). Extensive TLR-2 stimulation by bacterial compo-
nents may induce abundant neutrophil recruitment in influenza
virus-infected murine lungs and may contribute to exaggerated
immunopathology despite adequate antibacterial therapy (49).
Furthermore, another study provided evidence that innate im-
mune cells reaching the influenza virus-infected lung potentially
induce a chemokine-driven explosive feed-forward circuit leading
to excessive neutrophil-mediated inflammatory damage and a le-
thal outcome of influenza pneumonia (50). This suggests the
possibility that TLR-2/6-mediated immunostimulation with
MALP-2 may initiate protective antibacterial innate immune re-
sponses at the expense of an aggravated virus-induced pathology.
However, in our study, we did not observe excessive cytokine re-
lease or a further increase of neutrophil influx provoked by
MALP-2 treatment in influenza virus-infected mice, as indicated
by neutrophil numbers and proinflammatory cytokine levels on
day 6 (Fig. 1B) compared to those on day 7 (Fig. 4B; see Fig. S6 in
the supplemental material). Moreover, MALP-2 specifically acti-
vates TLR-2/6 and therefore induces a more selective innate im-
mune response than bacterial lysates stimulating numerous pat-
tern recognition receptors. Thus, we suppose that local MALP-2
treatment of influenza virus-infected mice counterbalances the
impaired antibacterial defense without aggravating influenza pa-
thology.

Seki et al. reported higher intrapulmonary levels of inflamma-
tory cytokines and larger airway leukocyte numbers for mice suc-
cessively infected with influenza virus and S. pneumoniae than
those for viral monoinfection, which contributed to the progres-
sive pathology of combined pneumonia (51). Note that the cur-
rent in vivo study demonstrated that MALP-2 treatment improved
the innate immune response of IAV-infected lungs without in-
ducing exaggerated pulmonary inflammation or systemic side ef-
fects after bacterial superinfection. In IAV-infected murine lungs,
the secondary pneumococcal challenge induced suppurative
bronchopneumonic lung alterations, as commonly described
(45); however, levels of proinflammatory mediators and the num-
ber of leukocytes, which were elevated by the previous IAV infec-
tion, remained unaltered. Interestingly, MALP-2 treatment prior
to bacterial superinfection decreased the airway levels of IL-10,
IFN-v, and KC in BALF by trend, whereas the levels of all other
investigated cytokines and chemokines, as well as the total leuko-
cyte number and the extent of lung pathology, were unaffected
compared to those in solvent-treated coinfected mice.

IL-10 and IFN-y have been described as being involved in im-
paired immune responses, mediating increased susceptibility to
invading bacteria in murine models of primary pneumococcal
pneumonia (52) and Klebsiella pneumoniae lung infection (53).
Anti-IL-10 treatment before secondary pneumococcal infection
resulted in reduced bacterial outgrowth in lungs and prolonged
survival of mice with postinfluenza pneumonia (18). Further-
more, neutralization of IFN-v in influenza virus-infected lungs,
which has been reported to inhibit bacterial phagocytosis, consid-
erably decreased bacterial susceptibility and improved survival of
mice with murine secondary pneumococcal pneumonia (17).
Thus, the reductions of IL-10 and, at least in part, [IFN-y evoked by
MALP-2 may have contributed to an improved pulmonary host
defense against pneumococcal superinfection.

Immune priming by intranasal administration of recombinant
GM-CSF (19) or systemic treatment with specific TLR-4-activat-
ing monoclonal antibodies (54) decreased lung bacterial counts of
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influenza virus-infected mice after pneumococcal superinfection;
however, immunostimulation was performed early (24 h before
or concurrently with influenza virus infection, respectively). In
the current study, pulmonary immune stimulation with MALP-2
5 days after IAV infection (24 h before pneumococcal challenge)
also resulted in decreased lung bacterial loads 24 h after bacterial
infection. Moreover, specific TLR-mediated immunostimulation
prior to or shortly after experimental influenza virus monoinfec-
tion has been shown to reduce the viral titer (43, 44). However,
MALP-2 treatment performed on day 5 after [AV infection had no
effect on viral load or viral distribution in the murine lung tissue.
These findings suggest that the improved innate immune response
of IAV-infected lungs by MALP-2 enhanced bacterial elimination
without affecting the antiviral host defense. Moreover, the re-
duced bacterial outgrowth in lungs of MALP-2-treated IAV-in-
fected mice presumably provided an attenuated proinflammatory
stimulus, thereby contributing to decreased production of cyto-
kines, such as KC and (probably) IFN-.

Besides stimulating leukocyte recruitment, TLR-2-mediated
immunostimulation has been described as producing an overall
improvement in antibacterial activity of phagocytic cells (55, 56)
and pulmonary epithelial cells (25), which may counteract the
attenuation of bacterium-driven antimicrobial peptide expres-
sion by IAV (57). Furthermore, vy T cells and Th17 cells, which
participate in bacterial clearance by IL-17A production (58, 59),
may represent promising cellular targets for future mechanistic
studies. In the IAV-infected lungs, MALP-2 significantly elevated
the levels of IL-13, which has been described to rescue the induc-
tion of IL-17 in IAV- and S. aureus-coinfected mice (60). How-
ever, the precise mechanisms mediating the protective effect of
MALP-2 on pneumococcal superinfection remain elusive. More-
over, the current work was limited by focusing on MALP-2 treat-
ment prior to pneumococcal superinfection and should be ex-
tended in future studies to test the ability of MALP-2 to prevent
disease when administered after the infection.

In summary, we found an improved pulmonary innate im-
mune response in IAV-infected mice after local application of a
synthetic TLR-2/6 agonist, resulting in an adequate host defense
against subsequent pneumococcal lung infection and a markedly
improved survival of combined influenza virus/pneumococcal
pneumonia. Thus, our experimental data suggest that pulmonary
immunostimulation may provide a future perspective for patients
with pandemic or seasonal influenza to prevent bacterial lung in-
fections.

ACKNOWLEDGMENTS

This work was supported in part by the German Research Foundation,
Collaborative Research Centre SFB-TR 84 (grants C3 and C6 to M.W.,
grant Z1b to A.D.G., grants Bl and Z2 to N.S., and grant B2 to T.W.), and
by the German Ministry for Education and Research (CAPSyS; grant TP2
to N.S. and grant TP4 to M.W.).

We thank Peter Miihlradt for kindly providing MALP-2. The excellent
technical assistance of Maria Spelling, Katharina Hellwig, and Alexandra
Harder and helpful discussions with Birgitt Gutbier are greatly appreci-
ated. We thank Jasmin Lienau and Ann Sother for editing the manuscript.

Parts of this work will be included in the doctoral thesis of Peter
Radiinzel.

REFERENCES

1. File TM, Jr. 2003. Community-acquired pneumonia. Lancet 362:1991—
2001. http://dx.doi.org/10.1016/50140-6736(03)15021-0.

iai.asm.org 4627


http://dx.doi.org/10.1016/S0140-6736(03)15021-0
http://iai.asm.org

Reppe et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

4628

. van der Poll T, Opal SM. 2009. Pathogenesis, treatment, and prevention

of pneumococcal pneumonia. Lancet 374:1543-1556. http://dx.doi.org
/10.1016/S0140-6736(09)61114-4.

. Lorente L, Blot S, Rello J. 2007. Evidence on measures for the prevention

of ventilator-associated pneumonia. Eur Respir J 30:1193-1207. http://dx
.doi.org/10.1183/09031936.00048507.

. Prass K, Meisel C, Hoflich C, Braun J, Halle E, Wolf T, Ruscher K,

Victorov IV, Priller J, Dirnagl U, Volk H-D, Meisel A. 2003. Stroke-
induced immunodeficiency promotes spontaneous bacterial infections
and is mediated by sympathetic activation reversal by poststroke T helper
cell type 1-like immunostimulation. ] Exp Med 198:725-736. http://dx
.doi.org/10.1084/jem.20021098.

. Vogelgesang A, Becker K], Dressel A. 2014. Immunological conse-

quences of ischemic stroke. Acta Neurol Scand 129:1-12. http://dx.doi
.org/10.1111/ane.12165.

. Pugin J. 2007. Immunostimulation is a rational therapeutic strategy in

sepsis. Novartis Found Symp 280:21-27.

. Hament JM, Kimpen JL, Fleer A, Wolfs TF. 1999. Respiratory viral

infection predisposing for bacterial disease: a concise review. FEMS Im-
munol Med Microbiol 26:189-195. http://dx.doi.org/10.1111/j.1574
-695X.1999.tb01389.x.

. Metersky ML, Masterton RG, Lode H, File TM, Jr, Babinchak T. 2012.

Epidemiology, microbiology, and treatment considerations for bacterial
pneumonia complicating influenza. Int J Infect Dis 16:e321—e331. http:
//dx.doi.org/10.1016/].ijid.2012.01.003.

. Morens DM, Taubenberger JK, Fauci AS. 2008. Predominant role of

bacterial pneumonia as a cause of death in pandemic influenza: implica-
tions for pandemic influenza preparedness. J Infect Dis 198:962-970. http:
//dx.doi.org/10.1086/591708.

Julkunen I, Melén K, Nyqvist M, Pirhonen J, Sareneva T, Ma-
tikainen S. 2000. Inflammatory responses in influenza A virus infec-
tion. Vaccine 19(Suppl 1):S32-S37. http://dx.doi.org/10.1016/50264
-410X(00)00275-9.

Hinshaw VS, Olsen CW, Dybdahl-Sissoko N, Evans D. 1994. Apoptosis:
a mechanism of cell killing by influenza A and B viruses. ] Virol 68:3667—
3673.

van der Sluijs KF, van Elden LJR, Nijhuis M, Schuurman R, Florquin S,
Shimizu T, Ishii S, Jansen HM, Lutter R, van der Poll T. 2006. Involve-
ment of the platelet-activating factor receptor in host defense against
Streptococcus pneumoniae during postinfluenza pneumonia. Am J
Physiol Lung Cell Mol Physiol 290:1L194-L199.

Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, Liu SY, Belperio
JA, Cheng G, Deng JC. 2009. Type I IFNs mediate development of
postinfluenza bacterial pneumonia in mice. J Clin Invest 119:1910-1920.
http://dx.doi.org/10.1172/JCI35412.

Cao J, Wang D, Xu F, Gong Y, Wang H, Song Z, Li D, Zhang H, Li D,
Zhang L, Xia Y, Xu H, Lai X, Lin S, Zhang X, Ren G, Dai Y, Yin Y. 2014.
Activation of IL-27 signalling promotes development of postinfluenza
pneumococcal pneumonia. EMBO Mol Med 6:120-140. http://dx.doi.org
/10.1002/emmm.201302890.

McNamee LA, Harmsen AG. 2006. Both influenza-induced neutrophil
dysfunction and neutrophil-independent mechanisms contribute to in-
creased susceptibility to a secondary Streptococcus pneumoniae infection.
Infect Immun 74:6707—6721. http://dx.doi.org/10.1128/IA1.00789-06.
Nakamura S, Davis KM, Weiser JN. 2011. Synergistic stimulation of type
I interferons during influenza virus coinfection promotes Streptococcus
pneumoniae colonization in mice. J Clin Invest 121:3657-3665. http://dx
.doi.org/10.1172/JCI57762.

Sun K, Metzger DW. 2008. Inhibition of pulmonary antibacterial defense
by interferon-gamma during recovery from influenza infection. Nat Med
14:558 -564. http://dx.doi.org/10.1038/nm1765.

van der Sluijs KF, van Elden LJR, Nijhuis M, Schuurman R, Pater JM,
Florquin S, Goldman M, Jansen HM, Lutter R, van der Poll T. 2004.
IL-10 is an important mediator of the enhanced susceptibility to pneumo-
coccal pneumonia after influenza infection. ] Immunol 172:7603-7609.
http://dx.doi.org/10.4049/jimmunol.172.12.7603.

Ghoneim HE, Thomas PG, McCullers JA. 2013. Depletion of alveolar
macrophages during influenza infection facilitates bacterial superinfec-
tions. ] Immunol 191:1250-1259. http://dx.doi.org/10.4049/jimmunol
.1300014.

Subramaniam R, Barnes PF, Fletcher K, Boggaram V, Hillberry Z,
Neuenschwander P, Shams H. 2014. Protecting against post-influenza
bacterial pneumonia by increasing phagocyte recruitment and ROS pro-

iai.asm.org

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Infection and Immunity

duction. J Infect Dis 209:1827-1836. http://dx.doi.org/10.1093/infdis
/jit830.

Medzhitov R. 2007. Recognition of microorganisms and activation of the
immune response. Nature 449:819—-826. http://dx.doi.org/10.1038
/nature06246.

Evans SE, Scott BL, Clement CG, Larson DT, Kontoyiannis D, Lewis
RE, LaSala PR, Pawlik J, Peterson JW, Chopra AK, Klimpel G, Bowden
G, Hook M, Xu Y, Tuvim M]J, Dickey BF. 2010. Stimulated innate
resistance of lung epithelium protects mice broadly against bacteria and
fungi. Am J Respir Cell Mol Biol 42:40-50. http://dx.doi.org/10.1165
/rcmb.2008-02600C.

Tuvim M]J, Evans SE, Clement CG, Dickey BF, Gilbert BE. 2009.
Augmented lung inflammation protects against influenza A pneumonia.
PLoS One 4:e4176. http://dx.doi.org/10.1371/journal.pone.0004176.
Kerber-Momot T, Leemhuis D, Lithrmann A, Munder A, Tiimmler B,
Pabst R, Tschernig T. 2010. Beneficial effects of TLR-2/6 ligation in
pulmonary bacterial infection and immunization with Pseudomonas
aeruginosa. Inflammation 33:58-64. http://dx.doi.org/10.1007/s10753
-009-9158-7.

Duggan JM, You D, Cleaver JO, Larson DT, Garza RJ, Guzmén
Pruneda FA, Tuvim MJ, Zhang J, Dickey BF, Evans SE. 2011. Synergistic
interactions of TLR2/6 and TLR9 induce a high level of resistance to lung
infection in mice. ] Immunol 186:5916-5926. http://dx.doi.org/10.4049
/jimmunol.1002122.

Knapp S, Wieland CW, van’t Veer C, Takeuchi O, Akira S, Florquin S,
van der Poll T. 2004. Toll-like receptor 2 plays a role in the early inflam-
matory response to murine pneumococcal pneumonia but does not con-
tribute to antibacterial defense. ] Immunol 172:3132-3138. http://dx.doi
.org/10.4049/jimmunol.172.5.3132.

Letiembre M, Echchannaoui H, Bachmann P, Ferracin F, Nieto C,
Espinosa M, Landmann R. 2005. Toll-like receptor 2 deficiency delays
pneumococcal phagocytosis and impairs oxidative killing by granulocytes.
Infect Immun 73:8397—8401. http://dx.doi.org/10.1128/IA1.73.12.8397
-8401.2005.

Reppe K, Tschernig T, Lithrmann A, van Laak V, Grote K, Zemlin MV,
Gutbier B, Miiller HC, Kursar M, Schiitte H, Rosseau S, Pabst R,
Suttorp N, Witzenrath M. 2009. Immunostimulation with macrophage-
activating lipopeptide-2 increased survival in murine pneumonia. Am J
Respir Cell Mol Biol 40:474—481. http://dx.doi.org/10.1165/rcmb.2008
-00710C.

Takeuchi O, Kaufmann A, Grote K, Kawai T, Hoshino K, Morr M,
Miihlradt PF, Akira S. 2000. Cutting edge: preferentially the R-stereoiso-
mer of the mycoplasmal lipopeptide macrophage-activating lipopeptide-2
activates immune cells through a Toll-like receptor 2- and MyD88-
dependent signaling pathway. ] Immunol 164:554-557. http://dx.doi.org
/10.4049/jimmunol.164.2.554.

Takeuchi O, Kawai T, Miihlradt PF, Morr M, Radolf JD, Zychlinsky A,
Takeda K, Akira S. 2001. Discrimination of bacterial lipoproteins by
Toll-like receptor 6. Int Immunol 13:933-940. http://dx.doi.org/10.1093
/intimm/13.7.933.

Miihlradt PF, Kiess M, Meyer H, Siissmuth R, Jung G. 1997. Isolation,
structure elucidation, and synthesis of a macrophage stimulatory lipopep-
tide from Mycoplasma fermentans acting at picomolar concentration. J
Exp Med 185:1951-1958. http://dx.doi.org/10.1084/jem.185.11.1951.
Costa DL, Lehmann JR, Harold WM, Drew RT. 1986. Transoral tracheal
intubation of rodents using a fiberoptic laryngoscope. Lab Anim Sci 36:
256-261.

Schmeck B, Zahlten J, Moog K, van Laak V, Huber S, Hocke AC,
Opitz B, Hoffmann E, Kracht M, Zerrahn J, Hammerschmidt S,
Rosseau S, Suttorp N, Hippenstiel S. 2004. Streptococcus pneu-
moniae-induced p38 MAPK-dependent phosphorylation of RelA at
the interleukin-8 promotor. J Biol Chem 279:53241-53247. http://dx
.doi.org/10.1074/jbc.M313702200.

Dames C, Akyuz L, Reppe K, Tabeling C, Dietert K, Kershaw O, Gruber
AD, Meisel C, Meisel A, Witzenrath M, Engel O. 2014. Miniaturized
bronchoscopy enables unilateral investigation, application, and sampling
in mice. Am J Respir Cell Mol Biol 51:730—-737. http://dx.doi.org/10.1165
/rcmb.2014-0052MA.

Dietert K, Reppe K, Mundhenk L, Witzenrath M, Gruber AD. 2014.
mCLCA3 modulates IL-17 and CXCL-1 induction and leukocyte recruit-
ment in murine Staphylococcus aureus pneumonia. PLoS One 9:e102606.
http://dx.doi.org/10.1371/journal.pone.0102606.

Gibson-Corley KN, Olivier AK, Meyerholz DK. 2013. Principles for valid

December 2015 Volume 83 Number 12


http://dx.doi.org/10.1016/S0140-6736(09)61114-4
http://dx.doi.org/10.1016/S0140-6736(09)61114-4
http://dx.doi.org/10.1183/09031936.00048507
http://dx.doi.org/10.1183/09031936.00048507
http://dx.doi.org/10.1084/jem.20021098
http://dx.doi.org/10.1084/jem.20021098
http://dx.doi.org/10.1111/ane.12165
http://dx.doi.org/10.1111/ane.12165
http://dx.doi.org/10.1111/j.1574-695X.1999.tb01389.x
http://dx.doi.org/10.1111/j.1574-695X.1999.tb01389.x
http://dx.doi.org/10.1016/j.ijid.2012.01.003
http://dx.doi.org/10.1016/j.ijid.2012.01.003
http://dx.doi.org/10.1086/591708
http://dx.doi.org/10.1086/591708
http://dx.doi.org/10.1016/S0264-410X(00)00275-9
http://dx.doi.org/10.1016/S0264-410X(00)00275-9
http://dx.doi.org/10.1172/JCI35412
http://dx.doi.org/10.1002/emmm.201302890
http://dx.doi.org/10.1002/emmm.201302890
http://dx.doi.org/10.1128/IAI.00789-06
http://dx.doi.org/10.1172/JCI57762
http://dx.doi.org/10.1172/JCI57762
http://dx.doi.org/10.1038/nm1765
http://dx.doi.org/10.4049/jimmunol.172.12.7603
http://dx.doi.org/10.4049/jimmunol.1300014
http://dx.doi.org/10.4049/jimmunol.1300014
http://dx.doi.org/10.1093/infdis/jit830
http://dx.doi.org/10.1093/infdis/jit830
http://dx.doi.org/10.1038/nature06246
http://dx.doi.org/10.1038/nature06246
http://dx.doi.org/10.1165/rcmb.2008-0260OC
http://dx.doi.org/10.1165/rcmb.2008-0260OC
http://dx.doi.org/10.1371/journal.pone.0004176
http://dx.doi.org/10.1007/s10753-009-9158-7
http://dx.doi.org/10.1007/s10753-009-9158-7
http://dx.doi.org/10.4049/jimmunol.1002122
http://dx.doi.org/10.4049/jimmunol.1002122
http://dx.doi.org/10.4049/jimmunol.172.5.3132
http://dx.doi.org/10.4049/jimmunol.172.5.3132
http://dx.doi.org/10.1128/IAI.73.12.8397-8401.2005
http://dx.doi.org/10.1128/IAI.73.12.8397-8401.2005
http://dx.doi.org/10.1165/rcmb.2008-0071OC
http://dx.doi.org/10.1165/rcmb.2008-0071OC
http://dx.doi.org/10.4049/jimmunol.164.2.554
http://dx.doi.org/10.4049/jimmunol.164.2.554
http://dx.doi.org/10.1093/intimm/13.7.933
http://dx.doi.org/10.1093/intimm/13.7.933
http://dx.doi.org/10.1084/jem.185.11.1951
http://dx.doi.org/10.1074/jbc.M313702200
http://dx.doi.org/10.1074/jbc.M313702200
http://dx.doi.org/10.1165/rcmb.2014-0052MA
http://dx.doi.org/10.1165/rcmb.2014-0052MA
http://dx.doi.org/10.1371/journal.pone.0102606
http://iai.asm.org

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

December 2015 Volume 83 Number 12

histopathologic scoring in research. Vet Pathol 50:1007-1015. http://dx
.doi.org/10.1177/0300985813485099.

Klopfleisch R. 2013. Multiparametric and semiquantitative scoring sys-
tems for the evaluation of mouse model histopathology—a systematic
review. BMC Vet Res 9:123. http://dx.doi.org/10.1186/1746-6148-9-123.
Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay MA,
Slutsky AS, Kuebler WM, Acute Lung Injury in Animals Study Group.
2011. An official American Thoracic Society workshop report: features
and measurements of experimental acute lung injury in animals. Am ]
Respir Cell Mol Biol 44:725-738. http://dx.doi.org/10.1165/rcmb.2009
-0210ST.

Leverkoehne I, Gruber AD. 2002. The murine mCLCA3 (alias gob-5)
protein is located in the mucin granule membranes of intestinal, respira-
tory, and uterine goblet cells. ] Histochem Cytochem 50:829—838. http:
//dx.doi.org/10.1177/002215540205000609.

Rennemeier C, Hammerschmidt S, Niemann S, Inamura S, Zahringer
U, Kehrel BE. 2007. Thrombospondin-1 promotes cellular adherence of
gram-positive pathogens via recognition of peptidoglycan. FASEB J 21:
3118-3132. http://dx.doi.org/10.1096/1].06-7992com.

O’Neill LAJ, Bowie AG. 2007. The family of five: TIR-domain-containing
adaptors in Toll-like receptor signalling. Nat Rev Immunol 7:353-364.
http://dx.doi.org/10.1038/nri2079.

Wong JP, Christopher ME, Viswanathan S, Karpoff N, Dai X, Das D,
Sun LQ, Wang M, Salazar AM. 2009. Activation of Toll-like receptor
signaling pathway for protection against influenza virus infection. Vaccine
27:3481-3483. http://dx.doi.org/10.1016/j.vaccine.2009.01.048.

Tan ACL, Mifsud EJ, Zeng W, Edenborough K, McVernon J, Brown LE,
Jackson DC. 2012. Intranasal administration of the TLR2 agonist
Pam2Cys provides rapid protection against influenza in mice. Mol Pharm
9:2710-2718. http://dx.doi.org/10.1021/mp300257x.

Tuvim M]J, Gilbert BE, Dickey BF, Evans SE. 2012. Synergistic TLR2/6
and TLRY activation protects mice against lethal influenza pneumonia.
PLoS One 7:30596. http://dx.doi.org/10.1371/journal.pone.0030596.
McCullers JA, Rehg JE. 2002. Lethal synergism between influenza virus
and Streptococcus pneumoniae: characterization of a mouse model and
the role of platelet-activating factor receptor. J Infect Dis 186:341-350.
http://dx.doi.org/10.1086/341462.

Alfaro VY, Goldblatt DL, Valverde GR, Munsell MF, Quinton LJ,
Walker AK, Dantzer R, Varadhachary A, Scott BL, Evans SE, Tuvim
M], Dickey BF. 2014. Safety, tolerability, and biomarkers of the treatment
of mice with aerosolized Toll-like receptor ligands. Front Pharmacol 5:8.
http://dx.doi.org/10.3389/fphar.2014.00008.

Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, Golenbock
DT, Finberg RW. 2003. Human cytomegalovirus activates inflammatory
cytokine responses via CD14 and Toll-like receptor 2. J Virol 77:4588—
4596. http://dx.doi.org/10.1128/JV1.77.8.4588-4596.2003.

Heggelund L, Muller F, Lien E, Yndestad A, Ueland T, Kristiansen KI,
Espevik T, Aukrust P, Froland SS. 2004. Increased expression of Toll-like
receptor 2 on monocytes in HIV infection: possible roles in inflammation
and viral replication. Clin Infect Dis 39:264-269. http://dx.doi.org/10
.1086/421780.

Karlstrom A, Heston SM, Boyd KL, Tuomanen EI, McCullers JA. 2011.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Infection and Immunity

Superinfection Prophylaxis with MALP-2 in Influenza

Toll-like receptor 2 mediates fatal immunopathology in mice during treat-
ment of secondary pneumococcal pneumonia following influenza. J Infect
Dis 204:1358-1366. http://dx.doi.org/10.1093/infdis/jir522.

Brandes M, Klauschen F, Kuchen S, Germain Ronald N. 2013. A systems
analysis identifies a feedforward inflammatory circuit leading to lethal
influenza infection. Cell 154:197-212. http://dx.doi.org/10.1016/j.cell
.2013.06.013.

Seki M, Yanagihara K, Higashiyama Y, Fukuda Y, Kaneko Y, Ohno H,
Miyazaki Y, Hirakata Y, Tomono K, Kadota ], Tashiro T, Kohno S.
2004. Immunokinetics in severe pneumonia due to influenza virus and
bacteria coinfection in mice. Eur Respir ] 24:143—149. http://dx.doi.org/10
.1183/09031936.04.00126103.

van der Poll T, Marchant A, Keogh CV, Goldman M, Lowry SF.
1996. Interleukin-10 impairs host defense in murine pneumococcal
pneumonia. J Infect Dis 174:994-1000. http://dx.doi.org/10.1093
/infdis/174.5.994.

Greenberger MJ, Strieter RM, Kunkel SL, Danforth JM, Goodman RE,
Standiford TJ. 1995. Neutralization of IL-10 increases survival in a mu-
rine model of Klebsiella pneumoniae. ] Immunol 155:722-729.

Tanaka A, Nakamura S, Seki M, Fukudome K, Iwanaga N, Imamura Y,
Miyazaki T, Izumikawa K, Kakeya H, Yanagihara K, Kohno S. 2013.
Toll-like receptor 4 agonistic antibody promotes innate immunity against
severe pneumonia induced by coinfection with influenza virus and Strep-
tococcus pneumoniae. Clin Vaccine Immunol 20:977-985. http://dx.doi
.org/10.1128/CV1.00010-13.

Wilde I, Lotz S, Engelmann D, Starke A, van Zandbergen G, Solbach W,
Laskay T. 2007. Direct stimulatory effects of the TLR2/6 ligand bacterial
lipopeptide MALP-2 on neutrophil granulocytes. Med Microbiol Immu-
nol 196:61-71. http://dx.doi.org/10.1007/s00430-006-0027-9.

Morr M, Takeuchi O, Akira S, Simon MM, Mubhlradt PF. 2002. Differ-
ential recognition of structural details of bacterial lipopeptides by Toll-like
receptors. Eur ] Immunol 32:3337-3347. http://dx.doi.org/10.1002/1521
-4141(2002012)32:12<<3337::AID-IMMU3337>3.0.CO;2-1.

Robinson KM, McHugh KJ, Mandalapu S, Clay ME, Lee B, Scheller EV,
Enelow RI, Chan YR, Kolls JK, Alcorn JF. 2014. Influenza A virus
exacerbates Staphylococcus aureus pneumonia in mice by attenuating an-
timicrobial peptide production. J Infect Dis 209:865—875. http://dx.doi
.org/10.1093/infdis/jit527.

Li W, Moltedo B, Moran TM. 2012. Type I interferon induction during
influenza virus infection increases susceptibility to secondary Streptococ-
cus pneumoniae infection by negative regulation of y& T cells. J Virol
86:12304-12312. http://dx.doi.org/10.1128/JV1.01269-12.

Kudva A, Scheller EV, Robinson KM, Crowe CR, Choi SM, Slight SR,
Khader SA, Dubin PJ, Enelow RI, Kolls JK, Alcorn JF. 2011. Influenza
A inhibits Th17-mediated host defense against bacterial pneumonia in
mice. ] Immunol 186:1666—1674. http://dx.doi.org/10.4049/jimmunol
.1002194.

Robinson KM, Choi SM, McHugh KJ, Mandalapu S, Enelow RI, Kolls
JK, Alcorn JF. 2013. Influenza A exacerbates Staphylococcus aureus
pneumonia by attenuating IL-18 production in mice. ] Immunol 191:
5153-5159. http://dx.doi.org/10.4049/jimmunol.1301237.

iai.asm.org 4629


http://dx.doi.org/10.1177/0300985813485099
http://dx.doi.org/10.1177/0300985813485099
http://dx.doi.org/10.1186/1746-6148-9-123
http://dx.doi.org/10.1165/rcmb.2009-0210ST
http://dx.doi.org/10.1165/rcmb.2009-0210ST
http://dx.doi.org/10.1177/002215540205000609
http://dx.doi.org/10.1177/002215540205000609
http://dx.doi.org/10.1096/fj.06-7992com
http://dx.doi.org/10.1038/nri2079
http://dx.doi.org/10.1016/j.vaccine.2009.01.048
http://dx.doi.org/10.1021/mp300257x
http://dx.doi.org/10.1371/journal.pone.0030596
http://dx.doi.org/10.1086/341462
http://dx.doi.org/10.3389/fphar.2014.00008
http://dx.doi.org/10.1128/JVI.77.8.4588-4596.2003
http://dx.doi.org/10.1086/421780
http://dx.doi.org/10.1086/421780
http://dx.doi.org/10.1093/infdis/jir522
http://dx.doi.org/10.1016/j.cell.2013.06.013
http://dx.doi.org/10.1016/j.cell.2013.06.013
http://dx.doi.org/10.1183/09031936.04.00126103
http://dx.doi.org/10.1183/09031936.04.00126103
http://dx.doi.org/10.1093/infdis/174.5.994
http://dx.doi.org/10.1093/infdis/174.5.994
http://dx.doi.org/10.1128/CVI.00010-13
http://dx.doi.org/10.1128/CVI.00010-13
http://dx.doi.org/10.1007/s00430-006-0027-9
http://dx.doi.org/10.1002/1521-4141(2002012)32:12%3C3337::AID-IMMU3337%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1521-4141(2002012)32:12%3C3337::AID-IMMU3337%3E3.0.CO;2-I
http://dx.doi.org/10.1093/infdis/jit527
http://dx.doi.org/10.1093/infdis/jit527
http://dx.doi.org/10.1128/JVI.01269-12
http://dx.doi.org/10.4049/jimmunol.1002194
http://dx.doi.org/10.4049/jimmunol.1002194
http://dx.doi.org/10.4049/jimmunol.1301237
http://iai.asm.org

	Pulmonary Immunostimulation with MALP-2 in Influenza Virus-Infected Mice Increases Survival after Pneumococcal Superinfection
	MATERIALS AND METHODS
	Animals.
	Infection with influenza A virus.
	Treatment with MALP-2.
	Transnasal infection with S. pneumoniae.
	Dissection and sampling.
	Leukocyte quantification and differentiation in BALF and blood.
	Quantification of cytokine levels in BALF.
	Survival studies.
	Histopathology and immunohistochemistry.
	Viral load in lungs.
	Bacterial burdens in lungs and blood.
	Data analysis.

	RESULTS
	The TLR-2 agonist MALP-2 increased leukocyte recruitment and cytokine release in IAV-infected murine lungs.
	MALP-2 treatment did not affect the systemic leukocyte response and clinical parameters of IAV-infected mice.
	Pulmonary MALP-2 treatment of IAV-infected mice improved survival after pneumococcal superinfection.
	MALP-2 modulated the innate immune response in IAV-infected mice without increasing pulmonary inflammation after subsequent pneumococcal superinfection.
	MALP-2 altered neutrophil accumulation in IAV-induced bronchointerstitial pneumonia without aggravating suppurative bronchopneumonia after secondary pneumococcal infection.
	Dissemination of IAV in murine lungs remained unaltered by MALP-2.
	MALP-2 reduced lung bacterial loads after secondary pneumococcal infection.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


