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FMS-Like Tyrosine Kinase 3 Ligand Treatment of Mice Aggravates
Acute Lung Injury in Response to Streptococcus pneumoniae: Role
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FMS-like tyrosine kinase-3 ligand (FIt3L) is a dendritic cell (DC) growth and differentiation factor with potential in antitumor
therapies and antibacterial immunization strategies. However, the effect of systemic FIt3L treatment on lung-protective immu-
nity against bacterial infection is incompletely defined. Here, we examined the impact of deficient (in FIt3L knockout [KO]
mice), normal (in wild-type [WT] mice), or increased FIt3L availability (in WT mice pretreated with FIt3L for 3, 5, or 7 days) on
lung DC subset profiles and lung-protective immunity against the major lung-tropic pathogen, Streptococcus pneumoniae. Al-
though in Flt3L-deficient mice the numbers of DCs positive for CD11b (CD11bP°* DCs) and for CD103 (CD103"°° DCs) were
diminished, lung permeability, a marker of injury, was unaltered in response to S. pneumoniae. In contrast, WT mice pretreated
with FIt3L particularly responded with increased numbers of CD11b?*® DCs and with less pronounced numbers of CD1037°*
DCs and impaired bacterial clearance and with increased lung permeability following S. pneumoniae challenge. Notably, infec-
tion of Flt3L-pretreated mice with S. pneumoniae lacking the pore-forming toxin, pneumolysin (PLY), resulted in substantially
less lung CD11bP°° DCs activation and reduced lung permeability. Collectively, this study establishes that FIt3L treatment en-
hances the accumulation of proinflammatory activated lung CD11b"°® DCs which contribute to acute lung injury in response to

PLY released by S. pneumoniae.

MS-like tyrosine kinase-3 ligand (FIt3L) is a hematopoietic

growth factor promoting the proliferation, differentiation,
and survival of progenitor cells in the bone marrow (33, 43). FIt3L
treatment of mice has been shown to promote immune reconsti-
tution after myeloablative chemotherapy and bone marrow trans-
plantation (7). Systemic administration of human FIt3L to mice
results in the strong mobilization and expansion of myeloid den-
dritic cell (DC) subsets in lymphoid and nonlymphoid tissues,
including the lung (36, 37). In the past few years, FIt3L has been
used in immunization strategies aimed at preventing airborne
bacterial infections. For example, FIt3L administration, when
used in murine vaccination studies, enhances mucosal immunity
against Streptococcus pneumoniae and improves protective immu-
nity against Mycobacterium tuberculosis (24, 48). Moreover, in
preclinical cancer models, FIt3L administration expands DC pop-
ulations and supports the generation of a specific antitumor re-
sponse in mice, resulting in tumor regression (2, 34). In addition,
several clinical studies conducted in patients with multiple types
of cancer, including breast, lung, or metastatic colon cancer, dem-
onstrated that FIt3L markedly increases DC mobilization, provid-
ing opportunities for FIt3L use in antitumor immunotherapies
(11, 13, 40). Given the expanding therapeutic potential of FIt3L, it
is imperative to understand the effects of Flt3L-induced DC mo-
bilization on the host response to infection or injury in all tissues
including the lung.

Resident lung DCs are strategically located between the alveo-
lar epithelium and lung vascular endothelium, where they form a
dense network of sentinel cells specialized to sample inhaled
pathogens and apathogenic particles (23). In the murine lung, two
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primary subsets of the classical migratory myeloid DC popula-
tions exist: (i) DCs positive for CD11b (CD11b?** DCs), which are
those with cell surface antigen expression of high levels of CD11b
and expression of major histocompatibility complex class II
(MHC-II) and the absence of CD103 expression (CD1 1bhish
MHCIIP** CD103" cells), and (ii) CD1037°° DCs, defined by cell
surface antigen expression of low levels of CD11b and expression
of MHC-II and CD103 (CD11b™" MHCIIP** CD103P** cells) (18,
46). Current knowledge reveals that lung CD1037°* DCs are crit-
ically dependent on Flt3L for their differentiation from bone mar-
row-derived pre-DCs. In contrast, additional cytokines including
granulocyte-macrophage colony-stimulating factor (GM-CSF)
support the growth and differentiation of lung CD11b"** DCs,
which are more heterogeneous and can include an additional pop-
ulation of nonresident CD11b"*® DCs derived from circulating
blood monocytes in response to lung inflammation or infection
(29, 41). An increasing amount of data reveals that CD11bP** DCs
and CD103P°° DCs differ in function. For example, CD11b?** DCs
respond to lipopolysaccharide (LPS)-induced lung inflammation
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with potent chemokine production (3), whereas CD103?P°* DCs
are involved in viral antigen transport to draining lymph nodes and
induce CD8 T cell proliferation during influenza virus infection (22).
Also, CD103P*® DCs, but not CD11bP** DCs, were found to play a
major role in uptake of apoptotic cells in the lungs of mice, thereby
contributing to the reestablishment of lung homeostasis (8).

However, despite these advances, our understanding of the
functional differences between lung CD11b"** DCs and CD1037*
DCs remains limited. Although some studies suggest that DCs
may enhance immunity against microbes or tumors, our prior
data suggest that augmenting lung DC numbers may impair bac-
terial clearance and promote lung injury. Specifically, we previ-
ously showed that systemic pretreatment of mice with FIt3L se-
verely aggravated the lung inflammatory response to bacterial
infection, which was characterized by decreased bacterial clear-
ance and increased lung barrier dysfunction in mice (49, 53).
Moreover, other groups have reported controversial data showing
that FIt3L treatment of mice either impaired protective immunity
against intracellular pathogens (1, 49, 53) or improved resistance
against Pseudomonas aeruginosa in a mouse model of burn wound
infection (4). However, neither our previous study nor reports
from other groups addressed the effect of FIt3L treatment of mice
on the accumulation and activation profiles of lung CD11bP** DC
versus CD103P°° DC subsets and their possible roles as proinflam-
matory effectors during bacterial infections.

In the current study, we examined the impact of deficient, nor-
mal, and increased Flt3L availability on numbers and activation
phenotypes of lung CD11bP** DC and CD103"** DC subsets, and
we further explored the contribution of the pneumococcal viru-
lence factor, pneumolysin (PLY), to lung DC subset activation,
lung permeability, and bacterial clearance.

MATERIALS AND METHODS

Mice. Wild-type (WT) C57BL/6N mice were purchased from Charles
River (Sulzfeld, Germany). FIt3L knockout (KO) mice (C57BL/6-
ﬂtSL””H’"") (39) and respective C57BL/6N control mice were obtained
from Taconic (Germantown, NY). Inducible nitric oxide (iNOS) KO
mice (B6.129P2-NOS2""%/T) (28) and corresponding C57BL/6] WT
controls were purchased from Jackson Laboratories (Sacramento, CA).
Mice were kept under conventional conditions with free access to food
and water and were used in all experiments at 8 to 12 weeks of age, ac-
cording to the guidelines of the Institutional Animal Care and Use Com-
mittee of Hannover Medical School. Animal experiments were approved
by our local government authorities.

Culture and quantification of S. pneumoniae bacteria. We used a
PLY-producing clinical isolate of capsular group 19 S. pneumoniae strain
EF3030 (6). In selected experiments, an otherwise isogenic PLY-deficient
derivate of serotype 19 S. pneumoniae strain EF3030 (EF3030APLY) (19,
51) was employed. Bacteria were grown in Todd-Hewitt broth (Oxoid,
Basingstoke, United Kingdom) supplemented with 20% fetal calf serum
(FCS) (PAA Laboratories, Pasching, Austria) to mid-log phase. Aliquots
were snap-frozen in liquid nitrogen and stored at —80°C. For quantifica-
tion, serial dilutions of S. pneumoniae were plated on sheep blood agar
plates (BD Biosciences, Heidelberg, Germany) and incubated at 37°C in
5% CO, for 18 h, followed by determination of the numbers of CFU, as
described previously (20, 53).

Application of FIt3L or iNOS inhibitor 1400W and infection of mice
with S. pneumoniae. Mice were either pretreated with subcutaneous (s.c.)
injections of FIt3L (10 pg/mouse) or vehicle (phosphate-buffered saline
[PBS]) (PAA Laboratories) supplemented with 0.1% human serum albu-
min (Behring, Marburg, Germany) for 3, 5, or 7 consecutive days. For
infection experiments, Flt3L KO mice or FIt3L-pretreated WT mice or
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respective control WT mice were anesthetized with xylazine (5 mg/kg of
body weight) (Bayer, Leverkusen, Germany) and ketamine (75 mg/kg)
(Albrecht, Aulendorf, Germany) and then orotracheally (o.t.) intubated
with a 29-gauge Abbocath catheter (Abbott, Wiesbaden, Germany),
which was inserted into the trachea under visual control with transillumi-
nation of the neck region (17, 21). Mice received o.t. instillations of 107
CFU of S. pneumoniae in a volume of 50 pl of PBS. Mock-infected mice
received applications of PBS only. Subsequently, mice were brought back
to their cages with free access to food and water. In selected experiments,
FIt3L-pretreated mice received intraperitoneal (i.p.) injections of iNOS
inhibitor 1400W (Cayman Chemical, Ann Arbor, MI) (5 mg/kg of body
weight, dissolved in dimethyl sulfoxide [DMSO; Roth, Karlsruhe, Ger-
many]) or vehicle (PBS-DMSO), starting at 1 h prior to infection, with
subsequent applications every 12 h until the mice were euthanized at the
time points designated in the figures (12).

Determination of bacterial loads in bronchoalveolar lavage (BAL)
fluid and lung tissue. At various time points postinfection, S. pneu-
moniae-infected F1t3L KO mice, FIt3L-pretreated WT mice, and WT con-
trol mice were euthanized with an overdose of isoflurane (Baxter, Unter-
schleissheim, Germany), and bacterial loads in both BAL fluid and lung
tissue homogenates collected from the same mice were determined as
outlined previously in detail (17, 47, 53). Briefly, the trachea was cannu-
lated with a shortened 20-gauge needle, and 300-p.l aliquots of ice-cold
sterile PBS supplemented with EDTA (Versen; Biochrom, Berlin, Ger-
many) was instilled and aspirated until a first BAL fluid volume of 1.5 ml
was obtained. Subsequently, an additional BAL fluid volume of 4.5 ml was
collected by rinsing the lung with 500-pl aliquots of PBS-EDTA. After
collection of BAL fluids, individual lung lobes were removed, dissected,
and homogenized in 2 ml of Hanks’ balanced salt solution (HBSS) with-
out supplements (PAA Laboratories) using a tissue homogenizer (IKA
T18; IKA, Staufen, Germany) and then filtered through 100-pwm-pore-
size cell strainers (BD Biosciences). Bacterial loads in BAL fluids and lung
tissue homogenates were determined by plating 100 wl of the respective
aliquots in 10-fold serial dilutions on sheep blood agar plates (BD Biosci-
ences), followed by incubation of the plates at 37°C in 5% CO, for 18 h
and subsequent determination of total CFU counts.

Determination of neutrophils in BAL fluids. For quantification of
neutrophils in BAL fluids, BAL fluid samples (whole-lung washes) were
centrifuged (400 X g at 4°C for 9 min), and resulting cell pellets were
resuspended in RPMI 1640 medium (PAA Laboratories)—10% FCS. Alve-
olar-recruited neutrophils were quantified in Pappenheim-stained cyto-
centrifuge preparations according to their staining patterns and morpho-
logical criteria, including cell size and nuclear shape, and absolute
leukocyte numbers were calculated by multiplication of the respective
values by total BAL fluid cell counts.

Determination of lung permeability. Analysis of lung permeability in
various experimental groups of mice (infected or uninfected FIt3L KO
mice, FIt3L-pretreated WT mice, or the respective control WT mice) was
done as described recently in detail (20, 53). The lung permeability index
is defined as the ratio of fluorescence signals of undiluted BAL fluid sam-
ples relative to fluorescence signals of 1/100 diluted serum samples.

Purification of CD11c-positive cells from lung tissue and immuno-
phenotypic analysis of lung DC subsets. Lungs from mice of the various
experimental groups outlined above were subjected to BAL followed by
perfusion of the lungs via the right ventricle with HBSS until lung lobes
were visually free of blood. Lung lobes were removed in a manner to avoid
contaminations with lymphatic tissue or conducting airways; the lobes
were cut into small pieces and incubated in digestion solution consisting
of RPMI medium supplemented with collagenase A (5 mg/ml) and DNase
I (1 mg/ml) (both from Roche, IN) for 90 min at 37°C. The digested tissue
was then filtered through a 40-pwm-pore-size cell strainer (BD Biosci-
ences), and digestion was stopped by adding RPMI medium—-10% FCS
(44, 45, 53). Next, CD11c-positive leukocytes, including CD11bP** DC
and CD103P°* lung DC subsets, were purified from digested tissue by
using a CD11c magnetic bead cell sorting (MACS) purification kit (Milte-
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nyi Biotec, Bergisch Gladbach, Germany) following the instructions of the
manufacturer. Briefly, cells were centrifuged at 300 X g for 10 min at 4°C,
and the pellet was resuspended in MACS buffer. After centrifugation, cells
were incubated with 10 pl of anti-CD11c antibody-conjugated magnetic
beads/107 cells (Miltenyi Biotec) for 15 min at 4°C. Following incubation,
cells were washed and then passed over a MACS magnetic separation
(MS) column to separate the CD11c-positive cells (~90% purity). Puri-
fied lung CD11c-positive cells were further subjected to flow cytometric
immuno-phenotypic analysis of lung DC subsets. After cells were blocked
with Octagam (Octapharm, Langenfeld, Germany), they were stained for
20 min at 4°C with appropriately diluted fluorochrome-conjugated
monoclonal antibodies with specificities for the following cell surface
molecules: phycoerythrin (PE)-Cy7-conjugated anti-CD11b, PE-Cy5.5-
conjugated anti-CD11c, PE-conjugated anti-MHC class II (all obtained
from BD Biosciences), and allophycocyanin (APC)-conjugated anti-
CD103 antibodies (eBioscience, San Diego, CA). Subsequently, cells were
washed twice in PBS—0.1% bovine serum albumin—0.02% Na-azide and
centrifuged at 300 X g for 3 min at 4°C. Immuno-phenotypic analysis of
lung CD11c-positive cells was performed on a FACSCanto flow cytometer
(BD Biosciences). The identification of CD11bP°® and CD103”°° DCs was
performed according to their forward scatter (FSC) area/side scatter
(SSC) area characteristics and their low-green autofluorescence proper-
ties, in conjunction with their CD11cP°* CD1 1b"8d MHCIIP®® CD103"8
(CD11bP* DCs) or CD11¢™ CD11b'°% MHCIIP®® CD103P° (CD103P°
DCs) immuno-phenotypic profiles. Data analysis and postacquisition com-
pensation of spectral overlaps between the fluorescence channels were per-
formed using FACSDiva software (BD Biosciences). For determination of
total cell numbers, percentages of DC subsets were multiplied by the respec-
tive total cell counts of purified CD11c-positive cells (18, 45, 53).

Flow sorting of lung DC subsets. High-speed cell sorting of lung
CD11bP?* DC and CD103P°* DC subsets for subsequent real-time reverse
transcription-PCR (RT-PCR) and Western blot analysis was performed
with appropriately stained lung CD11c-positive cell preparations, as de-
scribed above. Sorting was performed on a high-speed FACSAria II flow
cytometer (BD Biosciences), which was prepared for aseptic sorting ac-
cording to the manufacturer’s instructions. CD11bP°* DC and CD103P°*°
DC subsets were gated as outlined above. After appropriate gating and
compensation setting, cells were sorted with an 85-pm nozzle at a flow
rate of ~10,000 particles per second. The complete sorting process was
performed at a constant temperature of 4°C. Resort analysis of sorted cells
revealed sort purities of >98% (44, 45).

Total cellular RNA isolation, cDNA synthesis, and real-time RT-
PCR. Total cellular RNA was isolated from flow-sorted lung CD11bP*®
DCs and CD103P*° DCs from Flt3L-pretreated, mock-infected, or S.
pneumoniae-infected mice using an RNeasy Micro Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. One hundred
nanograms of total cellular RNA was used for cDNA synthesis. Quantita-
tive real-time RT-PCR was performed on an ABI 7300 Real-Time PCR
System (PE Applied Biosystems, Warrington, United Kingdom) using
SYBR green (Eurogentec, Seraing, Belgium) for semiquantitative assess-
ment of gene expression profiles, as described recently (44, 45). PCR
primers for quantification of B-actin (NM_007393.3), Toll-like receptor 2
(TLR2) (NM_011905.3), TLR4 (NM_021297), macrophage inflamma-
tory protein 2 (MIP-2) (NM_009140), tumor necrosis factor alpha
(TNF-a) (M13049), Fas ligand (FasL; NM_001205243.1), and iNOS
(NM_010927.3) were designed with Primer Express software (PE Applied
Biosystems), based on gene sequence data retrieved from GenBank, and
utilized at a concentration of 0.4 WM. For normalization, 3-actin was used
as a housekeeping gene, and mean fold changes were calculated using the
27AACT (where Cy is threshold cycle) method (31). All samples were
tested in duplicate. One no-template control was included per amplifica-
tion run.

Western blot analysis. Flow-sorted lung CD11b"** DCs were sub-
jected to Western blot analysis of iNOS and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein expression. Briefly, CD11b"® DCs
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from lung tissue of vehicle- or Flt3L-pretreated mice infected with S.
pneumoniae were transferred to ice-cold lysis buffer containing protease
inhibitors (100 l per 1 X 10°to 2 X 10° cells). Cell lysates were incubated
on ice for 30 min, followed by centrifugation (25 min at 11,000 X g) and
collection of the supernatants. Protein concentrations were determined
using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific,
Waltham, MA), according to the manufacturer’s instructions. Equal pro-
tein amounts of cell lysates (20 ng) were loaded onto a 12.5% SDS poly-
acrylamide gel (Criterion; Bio-Rad, Hercules, CA) for electrophoresis.
Using semidry-blotting technology, separated proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica,
MA), and nonspecific antibody binding was blocked by incubation of
membranes in 5% milk powder for 1 h. After being washed, membranes
were incubated with appropriately diluted rabbit anti-mouse iNOS anti-
body (Cell Signaling Technologies, Danvers, MA) or rabbit anti-mouse
GAPDH antibody (Cell Signaling Technologies), following incubation
with peroxidase-conjugated donkey anti-rabbit polyclonal IgG(H+L)
(Jackson ImmunoResearch Laboratories, Suffolk, United Kingdom). Ex-
pression of immunogenic proteins was determined by adding Lumigen
detection reagent (GE Healthcare, Buckinghamshire, United Kingdom)
and enhanced chemiluminescence (ECL) signals were evaluated using a
Vilber/Lourmat Chemi-Smart 5000 analyzer (Vilber/Lourmat, Eberhard-
zell, Germany) (45).

Quantification of nitric oxide in lung homogenate. Nitric oxide
(NO) release in lung tissue of Flt3L-pretreated and S. pneumoniae-in-
fected mice and control mice was assessed by using a nitric oxide quanti-
fication kit (Active Motif, Rixensart, Belgium), following the instructions
of the manufacturer. Briefly, lungs were perfused as described above and
homogenized in 1 ml of PBS. Supernatants of lung homogenates were
filtered through a 10-kDa micropore filter (Amicon Ultra; Millipore) to
remove high-molecular-weight proteins. Subsequently, samples were
placed in a 96-well microtiter plate, and nitrate reductase and cofactors
were added to convert nitrate to nitrite. Nitrite concentrations were as-
sayed using Griess reagent. Photometric measurements were performed
using a spectrophotometer (Versa; Molecular Devices, Sunnyvale, CA)
operating at 540-nm absorbance and 620-nm reference wavelengths.

Statistics. The data are shown as means = standard errors of the
means (SEM). Comparisons between two or more groups were per-
formed using a Mann-Whitney U Test or Kruskal-Wallis H test, respec-
tively. Significant differences between the groups were analyzed using
SPSS Statistics (IBM, Armonk, NY). Significant differences between
groups were assumed with P values of <0.05.

RESULTS

Effect of FIt3L on the accumulation of CD11b"** and CD103"°*
DC subsets in the lungs of uninfected mice. In initial experi-
ments, we characterized CD11b"** DC and CD103** DC subset
profiles in the lungs of WT mice, FIt3L KO mice, and WT mice
pretreated with FIt3L for 3, 5, and 7 consecutive days. As shown in
Fig. 1A, flow cytometric immuno-phenotypic analysis of CD11c-
positive cells isolated from lung parenchymal tissue of WT mice
revealed two distinct subsets of low-green autofluorescent lung
DC populations (population 4 [P4] and P5), defined by their dif-
ferential CD11b and CD103 cell surface expression levels. Cells of
P4 were found to be CD11¢”** CD11b"8" MHCIIP*® CD103"%,
thus identifying these cells as CD11bP** DCs. Cells in P5 exhibited
a CD11cP* MHCIIP** CD103"&" CD11b'" antigen expression
profile, thus representing CD103"°* DCs, consistent with recent
reports (18, 46). High-green autofluorescent cells shown in the
dot plots in Fig. 1A to C represent lung macrophages (53). The
CD11b"* DC subset was also detected in lung tissue of FIt3L KO
mice and WT mice pretreated with FIt3L (Fig. 1B and C, P4). In
contrast, CD103"°° DCs were nearly undetectable in the lungs of
FIt3L KO mice, consistent with recent reports (15), but were easily
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FIG 1 Determination of CD11bP°* and CD103"°* DC subsets in the lungs of uninfected FIt3L KO mice and Flt3L-treated WT mice. Lungs of WT mice, FIt3L KO
mice, and Flt3L-treated WT mice (10 g of FIt3L s.c./mouse) were subjected to BAL followed by MACS purification of CD11c-positive cells from lung tissue
digests. (A to C) Representative flow cytometry dot plots showing the gating strategy for identification of lung CD11b"** and CD103"°* DCs in WT mice (A), FIt3L
KO mice (B), and WT mice treated with Flt3L for 5 consecutive days (C). Cells were gated according to their FSC versus SSC characteristics (P1) followed by
hierarchical subgating according to their FSC versus low-green autofluorescence properties (P2), followed by subgating of the cells according to their CD11b
versus CD11c (P3) and MHCII versus CD103 characteristics (P4, CD11bP® DCs; P5, CD103P°* DCs). (D to G) Fluorescence-activated cell sorting-based
quantification of total numbers of lung CD11b"°* DCs (D and E) and lung CD1037°* DCs (F and G) in mice of the designated experimental groups, as indicated.
Values are shown as means = SEM (n = 3 to 9 mice per time point). *, P < 0.05; **, P < 0.01 (compared with untreated WT mice). FITC, fluorescein

isothiocyanate.

detectable in the lungs of Flt3L-treated WT mice (Fig. 1C, P5).
Quantification of lung CD11b?** DCs and CD103P°° DCs in the
lungs of mice of the various experimental groups showed that
under baseline conditions, Flt3L KO mice exhibited an ~3-fold
reduction in the numbers of lung CD11b"** DCs compared with
levels in WT mice (Fig. 1D), whereas WT mice treated with FIt3L
had significantly increased numbers of lung CD11b"** DCs as
early as 3 days posttreatment, with a further increase by days 5 and
7 of FIt3L pretreatment, compared to untreated control mice (Fig.
1E, d 0). FIt3L KO mice displayed a marked reduction in CD103?°*
DCs relative to WT mice, whereas treatment of WT mice with
FlIt3L for 7 days did not increase numbers of lung CD1037** DCs
(Fig. 1F and G).

Effect of pneumococcal infection on lung DC subset accumu-
lation in FIt3L KO mice and WT mice pretreated with FIt3L.
Based on these initial findings, we next investigated the effect of
intratracheal infection with S. pneumoniae in mice in which num-
bers of lung DCs were either decreased (FIt3L KO mice), normal
(WT mice), or increased (WT mice pretreated with FIt3L for 3, 5,
or 7 days). Our results show that the numbers of lung CD11bP*
DCs increased postinfection in both WT mice and FIt3L KO mice
(Fig. 2A); note that numbers of CD11bP** DCs were about 3-fold
lower in FIt3L KO mice than in WT mice. In contrast to CD11b"**
DCs, the subset of CD103P°* DCs did not expand postinfection in
WT mice, and only a minor increase was observed in the lungs of
infected FIt3L KO mice (Fig. 2B). In WT mice with increased
numbers of lung DCs due to pretreatment with FIt3L for 3, 5, or 7
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days, we observed a substantially additional accumulation of lung
CD11b"* DCs and, albeit much less pronounced, of lung
CD103P°* DCs after infection with S. pneumoniae (relative to in-
fected vehicle-treated mice) (Fig. 2C to H).

Effect of FIt3L deficiency or pretreatment of mice with FIt3L
on lung protective immunity against S. pneumoniae. We next
examined what effect the observed differences in lung DC subset
recruitment profiles observed in FIt3L KO mice versus Flt3L-pre-
treated WT mice would have on lung protective immunity against
pneumococcal challenge. As shown in Fig. 3A, Flt3L KO mice
demonstrated slightly but significantly increased bacterial loads in
their lungs relative to control mice which were not due to reduced
alveolar neutrophil recruitment in the FIt3L KO mice (Fig. 3B).
Notably, clearance of S. pneumoniae from the lungs of WT mice
pretreated with FIt3L for 5 or 7 days (but not 3 days) was signifi-
cantly impaired (Fig. 3C, E, and G), even though the numbers of
recruited alveolar neutrophils were equivalent to those of similarly
infected WT mice that received vehicle pretreatment only (Fig.
3D, F, and H). Overall, in all treatment groups we observed mor-
tality rates of <10% with no significant differences noted between
groups, and within the observation period of 4 days, more than
90% of the mice were not able to completely clear pneumococci
from their lungs (data not shown).

Infection-induced lung leakage is increased in WT mice pre-
treated with FIt3L but not in FIt3L KO mice. Next, we examined
whether alterations in DC numbers prior to infection altered
lung leakage, a marker of lung injury, following pulmonary
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FIG 2 Recruitment kinetics of lung CD11b"°* DCs and lung CD103P°° DCs in
Flt3L KO mice and FIt3L-pretreated WT mice challenged with S. pneumoniae.
WT mice (white bars), FIt3L KO mice (A and B, gray bars), and WT mice
pretreated with FIt3L for 3 days (C and D), 5 days (E and F), or 7 days (G and
H, black bars) were left uninfected (day 0) or were infected intratracheally with
S. pneumoniae. At the indicated time points, mice were euthanized, and
CD11c-positive cells collected from lung parenchymal tissue digests were sub-
jected to immuno-phenotypic characterization of DC subset profiles. Data are
presented as means = SEM (n = 3 to 11 mice per time point and treatment
group). Significance compared to WT mice is shown as follows: *, P < 0.05; **,
P <0.01;***, P<0.001. Significance compared to uninfected mice is shown as
follows: ©, P < 0.05; **, P < 0.01. d, day.

Days post-infection

challenge with S. pneumoniae. Results demonstrate that despite
diminished numbers of lung DCs at baseline and postinfection,
the degree of lung leakage in FIt3L KO mice was similar to that
of WT mice both under baseline conditions and in response to
pneumococcal infection (Fig. 4A). In contrast, in WT mice
with enhanced numbers of lung DCs due to pretreatment with
Flt3L for either 3, 5, or 7 days, infection with S. pneumoniae
resulted in increased lung leakage relative to similarly infected,
vehicle-treated WT mice (Fig. 4B to D). These data illustrate
that even slightly increased lung DC counts (WT mice treated
with FIt3L for just 3 days) were sufficient to cause lung barrier
dysfunction in mice after bacterial challenge, whereas reduced
lung DC counts, as observed in FIt3L KO mice, did not result in
lung leakage after pneumococcal challenge.
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FIG 3 Bacterial loads in lung tissue of FIt3L KO mice and Flt3L-pretreated WT
mice challenged with S. pneumoniae. Mice of the designated experimental
group were infected with S. pneumoniae and then subjected to analysis of
bacterial loads in their lungs. (A and B) Bacterial loads and respective BAL fluid
neutrophil counts in untreated (0 h) or S. pneumoniae-infected WT mice and
FIt3L KO mice, as indicated. (C to H) Bacterial loads and respective BAL fluid
neutrophil counts in vehicle-treated, S. pneumoniae-infected WT mice or WT
mice pretreated with FIt3L (10 pg/mouse; black bars) for 3 days (C and D), 5
days (E and F), or 7 days (G and H), as indicated. Note that the lung CFU data
are pooled from CFU data determined in lung tissue homogenates and respec-
tive BAL fluid supernatants from the same mice. The data are presented as
means * SEM (n = 4 to 10 mice per time point and treatment group). *, P <
0.05; ***, P < 0.001 (both, compared with S. pneumoniae-infected control
mice); * ", P<0.001 relative to the respective uninfected mice (day zero time
points).

Days post-infection

Infection of Flt3L-pretreated mice with S. pneumoniae re-
sults in drastically increased iNOS gene expression in lung
CD11b?*® DCs. To assess a possible role for lung CD11bP** DC
versus CD103P°° DC subsets as effector cells in acute lung injury
developing in S. pneumoniae-infected Flt3L-pretreated mice,
CD11bP?* DCs and CD103"°* DCs were flow sorted and then sub-
jected to real-time RT-PCR analysis of selected genes with rele-
vance to the pathobiology of pneumococcal lung infection. As
shown in Fig. 5A, pneumococcal challenge of Flt3L-pretreated
mice resulted in enhanced expression of TLR4 mRNA (~3-fold)
and, albeit less pronounced, of TLR2 mRNA (particularly in
CD11b"** DCs but not CD103P** DCs) relative to Flt3L-pre-
treated, mock-infected mice. Gene expression of MIP-2, a chemo-
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FIG 4 Lung permeability of FIt3L KO mice and Flt3L-pretreated WT mice
infected with S. pneumoniae. WT mice (white bars), FIt3L KO mice (A, gray
bars), or WT mice pretreated with FIt3L for 3 days (B), 5 days (C), or 7 days (D)
with FIt3L (black bars) were either left uninfected (d 0) or were infected with S.
pneumoniae for various time intervals, as indicated. One hour before sacrifice,
mice received intravenous injection of FITC-labeled human albumin (1 mg/
mouse), fluorescence measurement of lung permeability changes was per-
formed as outlined in Materials and Methods. Lung permeability values are
given in arbitrary units (AU). Data are shown as means = SEM (n = 3 to 10
mice per time point and experimental group). Significant increases compared
to vehicle-treated, S. pneumoniae-infected WT mice are shown as follows: *,
P <0.05;** P < 0.01; *** P < 0.001. Significance with uninfected mice at day
zero is shown as follows: ©, P < 0.05; 7, P < 0.01.

kine known to play a role in neutrophil recruitment, was higher in
CD11bP*® DCs at day 1 of infection than in CD103P°® DCs,
whereas TNF-a mRNA levels were similar in the two lung DC
subsets (Fig. 5B). Examination of the expression of the apoptosis-
inducing TNF superfamily member FasL gene in CD11b"** DCs
versus CD103"°° DCs revealed that FasL mRNA was barely detect-
able in both DC subsets (Fig. 5C).

Our analysis of iINOS gene expression demonstrated that iINOS
mRNA levels were markedly increased in lung CD11b"** DCs but
not CD103P** DCs of Flt3L-pretreated, S. prneumoniae-infected
mice (compared to mock-infected mice), with ~13,000-fold and
~3,500-fold increased iNOS mRNA levels in CD11bP** DCs ob-
served on days 1 and 3 after pneumococcal challenge (Fig. 5D). To
confirm our mRNA data, we demonstrated that CD11b"*° DCs of
Flt3L-treated, S. pneumoniae-infected mice expressed increased
iNOS protein levels (Fig. 5E) and that mice had evidence of in-
creased NO release in their lungs, which was not observed in un-
infected mice treated only with FIt3L or in S. pneumoniae-infected
WT mice (Fig. 5F). Collectively, these data show that Flt3L-elic-
ited CD11b"* DCs, but not CD103"* DCs, display a proinflam-
matory phenotype following pulmonary infection with S. pneu-
moniae and suggest that CD11b"* DCs may be important
contributors to the increased lung injury we observed in Flt3L-
pretreated mice infected with S. preumoniae.

iNOS deficiency does not protect Flt3L-treated mice from S.
pneumoniae-induced acute lung injury. Various studies in mice
and humans have suggested that iINOS-dependent NO release by
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lung inflammatory cells not only promotes bacterial clearance but
may also contribute to acute lung injury (9, 27, 50, 54). Based on
our observation that FIt3L pretreatment of mice induced in-
creased iNOS protein expression in lung CD11bP** DCs and NO
production in lung tissue after pneumococcal challenge, we next
questioned whether iNOS deficiency would ameliorate acute lung
injury in Flt3L-pretreated mice infected with S. pneumoniae. As
shown in Fig. 6A, iNOS deficiency resulted in only a slight, but
nonsignificantly reduced, lung leakage in Flt3L-pretreated, S.
pneumoniae-infected mice. At the same time, numbers of BAL
fluid neutrophils were not different between groups (data not
shown), thereby arguing against a major impact of neutrophil-
derived NO on the observed lung leakage in these mice. Similarly,
iNOS deficiency also did not affect their overall lung bacterial
clearance capacity (Fig. 6B), and, again, administration of the se-
lective iNOS inhibitor, 1400W, to infected Flt3L-pretreated mice
did not improve lung permeability (relative to similarly infected
and FIt3L-pretreated WT mice), despite the normalization of NO
levels (Fig. 6D and 6C to E). Collectively, these results largely
exclude a major role for NO produced by lung CD11bP** DCs in
the lung leakage we observed in Flt3L-treated mice challenged
with S. pneumoniae.

Impact of pneumococcal PLY on acute lung injury in FIt3L-
pretreated mice infected with S. pneumoniae. Lung CD11b"**
DCs of Flt3L-pretreated mice displayed increased TLR4 gene ex-
pression following pneumococcal challenge, and TLR4 is a well-
known receptor for the major pneumococcal virulence factor PLY
(51). Therefore, we next examined the role of PLY on DC activa-
tion and the development of lung injury in Flt3L-pretreated mice
by utilizing an isogenic PLY-deficient serotype 19 S. pneumoniae
strain (EF3030APLY). Real-time RT-PCR analysis revealed that
flow-sorted lung CD11b"“* DCs from Flt3L-treated mice infected
with PLY-deficient S. pneumoniae demonstrated significantly re-
duced expression of TLR4 and iNOS mRNA relative to lung
CD11b"** DCs of FIt3L-pretreated mice infected with WT S. prneu-
moniae (Fig. 7A). This decreased activation of lung CD11bP°* DCs
was accompanied by substantially reduced lung permeability and
improved lung bacterial clearance in these mice relative to FIt3L-
pretreated mice infected with PLY-producing S. pneumoniae (Fig.
7Band C). Of note, PLY expression by S. pneumoniae had no effect
on total DC accumulation in the lungs of Flt3L-pretreated mice
(datanotshown). Collectively, these data demonstrate that patho-
gen-derived virulence factors such as PLY rather than host-de-
rived factors such as iNOS had a major impact on the outcome of
pneumococcal infection in Flt3L-pretreated mice.

DISCUSSION

In the current study, we examined the impact of deficient (FIt3L
KO), normal (WT), or increased Flt3L availability (WT mice pre-
treated with FIt3L) on lung DC subset profiles and lung-protective
immunity against the major lung-tropic pathogen, S. pneumoniae.
Flt3L-deficient mice exhibited strongly reduced numbers of lung
CD11b"** DCs and an even greater reduction in CD103** DCs
but did not respond with increased lung permeability to infection
with S. pneumoniae. In contrast, short-term treatment of WT mice
with FIt3L for just 3 days was sufficient to perturb lung innate
immunity against S. prneumoniae. Importantly, particularly lung
CD11bP** DCs but not CD103"°* DCs from Flt3L-treated, S. pneu-
moniae-infected mice responded to infection with proinflamma-
tory gene activation, including iNOS. At the same time, elevated
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FIG 5 Expression profiles in lung DC subsets and lung NO levels in FIt3L-pretreated mice infected with S. pneumoniae. (A to D) WT mice were pretreated with
FIt3L for 5 consecutive days followed by mock infection (50 l of PBS intratracheally) or S. pneumoniae. At days 1 and 3 postinfection, lung CD11bP°* and
CD103P° DCs were purified by high-speed cell sorting and subjected to real-time RT-PCR analysis as outlined in Materials and Methods. (A to D) Fold change
in mRNA levels of TLR2 and TLR4 (A), MIP-2 and TNF-a (B), FasL (C), and iNOS (D) in lung CD11bP** DCs versus lung CD103P°° DCs of S. pneumoniae-
infected WT mice pretreated with FIt3L for 5 days relative to values of mock-infected WT mice pretreated with FIt3L for 5 days. (E) Representative Western blot
analysis of iNOS protein expression in flow-sorted CD11bP** DCs purified from lungs of vehicle- or Flt3L-pretreated (5 days) WT mice infected with S.
pneumoniae for 3 days. (F) WT mice were pretreated with vehicle or FIt3L for 5 days prior to mock infection (50 wl of PBS) or infection with S. pneumoniae for
3 days, followed by determination of nitrite/nitrate levels using Griess reagent. In panels A to D and F, data are presented as means = SEM (n = 4 to 6 mice per
time point and experimental group). ¥, P < 0.05 compared to CD103"°* DCs (A to D). (E) Equal amounts of protein (20 pg) were loaded onto the gel, and
GAPDH protein expression was analyzed as a control for similar protein loading of the gel. Bone marrow-derived DCs stimulated with LPS for 6 h were used as
positive controls for iNOS (52). For one Western blot analysis, protein collected from sorted CD11b?* DCs of n = 8 mice was pooled. (F) Significant increases
compared to vehicle-pretreated, S. pneumoniae (S. pn.)-infected mice (**, P < 0.01) and relative to Flt3L-pretreated, mock-infected mice (", P < 0.01) are

indicated.

levels of NO were found in lung tissue of FIt3L-treated mice in-
fected with S. pneumoniae, suggesting that lung CD11bP°* DCs are
an important source of NO in this model. However, neither dele-
tion nor pharmacologic inhibition of NO ameliorated lung barrier
dysfunction in Flt3L-treated mice after pneumococcal challenge.
Rather, the pneumococcal virulence factor PLY was identified to
contribute to increased lung leakage observed in Flt3L-pretreated,
infected mice. Collectively, we believe that within the reported
complex host-pathogen interaction, FIt3L treatment resulting in
increased lung DC accumulation makes the host more vulnerable
to pathogen-derived virulence factors such as PLY, which itself
was observed in the current study to exert a major effect on acute
lung injury in Flt3L-pretreated mice challenged with S. pneu-
moniae. These data are of clinical relevance in view of safety con-
siderations for Flt3L-based immunization strategies or immuno-
modulatory therapies in patients undergoing myeloablative
chemotherapies.

The developmental pathways of lung DC subsets from bone
marrow progenitors are still incompletely defined. Under the con-
trol of FIt3L, DCs are presumed to differentiate from a macro-
phage and DC precursor (MDP) in the bone marrow, which gives
rise to a common DC precursor (CDP) and to circulating blood
monocytes (10, 30). The CDP further gives rise to pre-DCs, which
migrate from the bone marrow through the blood into nonlym-
phoid tissue to generate CD103"°* DCs, at least in the steady state,
and this process appears to be dependent on Flt3L. Nonlymphoid
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tissue CD11bP** DCs are more heterogeneous (15). In the current
study, we found that in FIt3L KO mice, lung CD103"°* DCs were
nearly absent both under baseline conditions and following infec-
tion with S. pneumoniae. These findings support an essential role
for FIt3L in maintaining lung CD103P°° DC pool sizes under base-
line and inflammatory conditions. In the same FIt3L KO mice,
numbers of CD11bP** DCs were reduced by approximately 50% in
the lungs at baseline and following infection, thus confirming the
dependence of this DC subset on both FIt3L and other develop-
mental cytokines (15, 25).

Our experimental approach provided us the opportunity to
study the numbers of CD11bP** DCs and CD103"** DCs in mice in
which DC numbers were normal (WT mice), decreased (FIt3L KO
mice), or increased in stepwise fashion by the administration of
FIt3L for 3, 5, or 7 days. Our results show that repetitive treatment
of WT mice with FIt3L led to a stepwise accumulation of the two
myeloid lung DC subsets under baseline conditions, which was
enhanced further after pneumococcal challenge. We observed that
the diminished numbers of both CD11bP** DCs and CD103"°*
DCs in FIt3L KO mice were associated with diminished bacterial
clearance following pneumococcal infection compared to WT
mice with normal lung DC distribution profiles. These findings
demonstrate that lung DCs are indispensable for innate immune
responses to S. pneumoniae. Importantly, despite increased lung
bacterial loads, FIt3L KO mice did not develop increased lung
leakage relative to S. pneumoniae-infected WT mice, suggesting
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FIG 6 Effect of deletion or inhibition of iNOS on lung permeability and
bacterial loads in FIt3L-pretreated and S. pneumoniae-infected mice. (A and B)
Wild-type mice and iNOS KO mice were pretreated with FIt3L for 5 days and
were infected with S. pneumoniae for 3 days. Mice were treated with FITC-
labeled human albumin (1 mg/mouse, intravenously). After 1 h, lung perme-
ability changes were determined (A), and values are shown in arbitrary units
(AU). Bacterial loads in the lungs of mice of the respective experimental
groups are shown in panel B. The CFU data are pooled from CFU data deter-
mined in lung tissue homogenates and respective BAL fluid supernatants from
the same mice. (C to E) WT mice pretreated with vehicle or FIt3L for 5 days
were infected with S. pneumoniae for 3 days in the absence (—) or presence (+)
of the specific iNOS inhibitor 1400W (applied at 5 mg/kg, i.p.), as indicated.
Panel C shows nitrite and nitrate levels in lung tissue homogenates of perfused
lungs of mice of the indicated experimental groups. One hour before sacrifice,
mice were injected intravenously with FITC-labeled human albumin (1 mg/
mouse) for fluorometric analysis of lung permeability (D), and values are
depicted in arbitrary units (AU). Bacterial loads in the lungs of mice were
determined as indicated (E). The lung CFU data are pooled from CFU data
determined in lung tissue homogenates and respective BAL fluid supernatants
from the same mice. Values are depicted as means = SEM (n = 4 to 14 mice per
experimental group and time point). Asterisks indicate a significant increase
(¥, P <0.05; ***, P < 0.001) relative to vehicle-treated, S. pneumoniae-infected
mice in panels A and B. In panels C to E, significant differences compared to S.
pneumoniae-infected vehicle-treated mice are indicated as follows: *, P < 0.05;
**, P < 0.01. A significant difference relative to FIt3L-pretreated S. pneu-
moniae-infected mice receiving vehicle only is indicated in panel C
(+,P<0.05).

that a decrease in lung DC pool sizes favors lung resistance against
S. pneumoniae-induced lung leakage.

Conversely, expansion of the lung DC pool following pretreat-
ment of WT mice with FIt3L for just 3 or 5 days was sufficient to
increase lung permeability in mice in response to S. pneumoniae.
Numbers of alveolar recruited neutrophils were similar in FIt3L-
pretreated and untreated, S. pneumoniae-infected WT mice, rul-
ing out a major impact of corecruited neutrophils on the observed
changes in lung leakage and injury. These findings refine our pre-
vious observations (53) by showing that even short-term treat-
ment of mice with FIt3L for just 3 days is sufficient to perturb lung
protective immunity against inhaled bacterial pathogens. These
findings have important safety implications for therapeutic inter-
ventions involving the use of FIt3L as an immunomodulatory
agent in the treatment of human diseases.
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FIG 7 Gene expression profiles of lung CD11b** DCs and lung permeability
and bacterial loads in FIt3L-pretreated mice infected with PLY-deficient S.
pneumoniae. (A) WT mice were pretreated with FIt3L for 5 days followed by
mock infection (50 pl of PBS o.t.) or infection with PLY-competent or PLY-
deficient S. pneumoniae. At days 1 and 3 postinfection, lung CD11b"** DCs
were purified by high-speed cell sorting and analyzed by real-time RT-PCR as
outlined in Materials and Methods. Fold changes of TLR4 and iNOS mRNA
levels were calculated in lung CD11bP°® DCs from FIt3L-pretreated mice in-
fected with S. pneumoniae (S. pn. WT) and lung CD11bP°* DCs from FIt3L-
pretreated mice infected with PLY-deficient S. pneumoniae (S. pn. APLY),
relative to FIt3L-treated, mock-infected mice. Lung permeability changes (B)
and lung bacterial loads (C) were determined in WT mice pretreated with
vehicle or FIt3L for 5 days followed by infection with S. pneumoniae (white
bars) or PLY-deficient S. pneumoniae (black bars) for 3 days. Lung permeabil-
ity values are shown in arbitrary units (AU). CFU data are pooled from CFU
data determined in lung tissue homogenates and respective BAL fluids from
the same mice. Data are presented as means = SEM (n = 3 to 10 mice per
group and time point). In panel A, significant decrease (*, P < 0.05) relative to
CD11bP** DCs from Flt3L-treated mice infected with S. pneumoniae at the
respective time point is indicated. Significant differences relative to FIt3L-
treated mice infected with S. pneumoniae (*, P < 0.05; **, P < 0.01) and
significant increases relative to vehicle-treated mice infected with S. pneu-
moniae (++, P < 0.01) are indicated in panels B and C.

By employing high-speed cell sorting in conjunction with real-
time PCR approaches, we are the first to report major differences
in inflammatory activation profiles between CD11b"** DCs and
CD103P° DCs isolated from the lungs of Flt3L-pretreated, S.
pneumoniae-infected mice. We found that lung CD11b"** DCs,
but not CD103"** DCs, exhibited a robust proinflammatory acti-
vation profile in response to pneumococcal challenge, including
increased mRNA levels for the important pattern recognition re-
ceptors TLR2 and TLR4 as well as the neutrophil chemoattractant
MIP-2. We further identified a major induction of iNOS mRNA
and protein in lung CD11bP** DCs, but not CD103?°* DCs, ac-
companied by substantially increased NO levels in lung tissue of
Flt3L-pretreated mice infected with S. pneumoniae. Notably, in-
creased iNOS activity and NO are known to be important inflam-
matory mediators in the pathogenesis of acute lung injury (9, 27,
50, 54), and iNOS-producing DCs have been shown to actively
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contribute to tissue damage and immune pathology during infec-
tion with various types of pathogens, such as parasites or influenza
virus (16, 29). Our data suggest that the overall increased lung NO
levels in Flt3L-treated, S. pneumoniae-infected mice are the result
of increased accumulation and inflammatory activation of iNOS-
producing CD11b"** DCs in lung tissue of these mice. However,
neither iNOS deletion nor pharmacologic blockade in infected
Flt3L-pretreated mice had a detrimental effect on bacterial clear-
ance, nor did it reduce the amount of lung leakage observed in
these mice, thus ruling out a major impact of Flt3L-induced NO to
mediate lung barrier dysfunction in mice.

Despite similarly increased lung DC numbers, Flt3L-treated
mice infected with PLY-deficient pneumococci exhibited signifi-
cantly reduced lung permeability and bacterial loads in their lungs
compared to Flt3L-treated mice infected with PLY-competent S.
pneumoniae. These results provide compelling evidence that in
DC-enriched mice, pathogen-associated molecular patterns such
as PLY released by S. pneumoniae are central to the induction of
lung permeability changes. At higher lytic concentrations, PLY
directly causes tissue damage by means of its transmembrane
pore-forming properties (14, 26, 38, 42). In this regard, a recent
study identified protein kinase C-a and arginase 1 as important
mediators to contribute to PLY-induced pulmonary endothelial
dysfunction (32). Thus, a direct cytolytic effect of PLY represents
one possible mechanism by which S. pneumoniae may have caused
lung leakage in Flt3L-treated mice. However, besides its cytolytic
activity, PLY is also known to act as a pathogen-associated molec-
ular pattern (5, 35). Since TLR4 is a receptor for PLY and since
PLY-deficient S. pneumoniae failed to induce TLR4 gene expres-
sion in lung CD11bP** DCs of Flt3L-treated mice, which at the
same time lacked increased lung permeability, the PLY-dependent
lung leakage observed in the current model may, at least in part, be
mediated by engagement of TLR4 expressed by CD11b"** DCs.
Future studies aiming to specifically ablate CD11b"** DCs while
leaving other important lung CD11b-expressing leukocyte subsets
unaffected are needed to further unravel the role of lung CD11b"**
DCs in lung barrier dysfunction in Flt3L-treated mice.

Collectively, this study provides a comprehensive analysis of
the effect of FIt3L deficiency or Flt3L pretreatment on the accu-
mulation and inflammatory activation of lung CD11b"** and
CD1037% DC subsets under baseline conditions and after infec-
tion with PLY-competent and -deficient S. pneumoniae. The data
provided may be important for safety considerations involving
hematopoietic growth factor applications as immunomodulatory
strategies in humans.
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