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Modulation of Dendritic Cell Differentiation in the Bone
Marrow Mediates Sustained Immunosuppression after
Polymicrobial Sepsis

Eva Pastille,* Sonja Didovic,*' Daniela Brauckmann,* Meenakshi Rani,*”

Hemant Agrawal,’ F. Ulrich Schade,* Yang Zhang,” and Stefanie B. Flohé*

Murine polymicrobial sepsis is associated with a sustained reduction of dendritic cell (DC) numbers in lymphoid organs and with
a dysfunction of DC that is considered to mediate the chronic susceptibility of post-septic mice to secondary infections. We inves-
tigated whether polymicrobial sepsis triggered an altered de novo formation and/or differentiation of DC in the bone marrow. BrdU
labeling experiments indicated that polymicrobial sepsis did not affect the formation of splenic DC. DC that differentiated from
bone marrow (bone marrow-derived DC [BMDC]) of post-septic mice released enhanced levels of IL-10 but did not show an altered
phenotype in comparison with BMDC from sham mice. Adoptive transfer experiments of BMDC into naive mice revealed that
BMDC from post-septic mice impaired Thl priming but not Th cell expansion and suppressed the innate immune defense mech-
anisms against Pseudomonas bacteria in the lung. Accordingly, BMDC from post-septic mice inhibited the release of IFN-y from
NK cells that are critical for the protection against Pseudomonas. Additionally, sepsis was associated with a loss of resident DC in
the bone marrow. Depletion of resident DC from bone marrow of sham mice led to the differentiation of BMDC that were
impaired in Th1 priming similar to BMDC from post-septic mice. Thus, in response to polymicrobial sepsis, DC precursor cells in
the bone marrow developed into regulatory DC that impaired Thl priming and NK cell activity and mediated immunosuppres-
sion. The absence of resident DC in the bone marrow after sepsis might have contributed to the modulation of DC differ-

entiation. The Journal of Immunology, 2011, 186: 977-986.

sepsis, is paralleled by the development of immunosup-
pression that facilitates the expansion of microbes and
may lead to multiorgan failure due to persistent or secondary
infections (1). Despite advances in modern intensive care medi-
cine, sepsis remains the most frequent cause of death on intensive
care units (2).
Conventional dendritic cells (DC) are the most potent APCs
due to their high expression of MHC molecules. Microbial agents

T he host response to systemic bacterial infection, termed
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stimulate DC for an increased expression of costimulatory mole-
cules like CD40 and CD86, a process termed maturation (3).
Stimulated DC secrete a distinct pattern of cytokines that is decisive
for the type of subsequent Th cell differentiation and, thus, are
critical for the link between the innate and the adaptive immune
response. The heterodimeric cytokine IL-12 promotes the polari-
zation of naive Th cells toward Th1 that is required for immunity
against bacterial infections, whereas IL-10 counteracts Thl prim-
ing but favors the development of regulatory T (Tr) cells (4, 5).

DC in the spleen consist of three subtypes (CD4"CD8™, CD4~
CD8", or CD4 CD8") are continuously replaced with a t,,, of 2
to 3 d (6). DC originate from precursor cells in the bone marrow
and share in part the developmental pathway with the monocyte/
macrophage lineage. The mechanisms underlying the lineage
development of the different subsets of DC are not completely
understood. Diverse progenitor cells and transcription factors are
involved in the development of the respective DC lineage in the
bone marrow and are decisive for the function of differentiated DC
that populate peripheral tissues (reviewed in Refs. 7, 8). Under
inflammatory conditions, monocytes may serve as precursors for
DC (9). Moreover, the function of finally differentiated DC may
be modulated by the local cytokine milieu (e.g., in the presence of
IL-10), DC show an impaired capacity to release IL-12 and to
induce Thl priming (10-12).

We have previously shown that during the acute phase of severe
sepsis, splenic DC rapidly increase the expression of the costim-
ulatory molecules CD40 and CD86 and simultaneously acquire an
impaired capacity to release IL-12 in response to bacterial stimuli
like immunostimulatory bacterial oligonucleotides (CpG). Instead,
splenic DC from septic mice secrete elevated levels of IL-10 (13).
This altered responsiveness of DC from septic mice to bacterial
stimuli is shortly termed DC dysfunction.
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During disease progression, the disappearance of the CD4"
CDS8 " subpopulation of splenic DC causes a strong reduction of
the total DC number not only in the spleen but also in other
lymphoid organs (13, 14). The percentage of DC in the spleen
remains reduced for several weeks (15). Whether this DC number
diminution is caused by an impaired de novo formation of DC
from progenitors in the bone marrow is unknown.

The dysfunction of splenic DC during acute sepsis develops
into a chronic dysfunction that is maintained even after resolu-
tion of the primary infection and is associated with an impaired
capacity of DC to drive an effective Thl response (15, 16). Pre-
vious studies have shown that post-septic mice can be rescued
from lethal secondary infections by a treatment with DC from
naive mice (16-18). These findings led to the assumption that the
enhanced susceptibility of post-septic mice to secondary infec-
tions is mediated by the chronic dysfunction of DC. However, the
following questions remained unclear: 1) is the long-lasting re-
duction of the DC numbers in lymphoid organs after sepsis (15)
mediated by an defective de novo formation of DC from pro-
genitors in the bone marrow? 2) Does the DC dysfunction origi-
nate from an altered differentiation program in the bone marrow
or further downstream by the local cytokine milieu in the organ
that is populated by newly differentiated DC? 3) Are de novo-
differentiated DC from septic mice alone sufficient to mediate
immunosuppression? In the current study, we addressed these
three questions using the cecal ligation and puncture (CLP),
a well-established murine model for human polymicrobial sepsis.

Materials and Methods
Animals

Wild-type BALB/c mice (6-12-wk-old females; Harlan Winkelmann,
Borchen, Germany) and DO11.10 mice transgenic for the OVA3;3 330
specific TCR (6-12-wk-old females, originally obtained from The Jackson
Laboratory and bred in our own animal facility) were used for the ex-
periments. All mice were housed under specific pathogen-free conditions
and had access to standard rodent food and water ad libitum. The animal
experiments were performed according to the regulations approved by the
local ethic committee.

Cecal ligation and puncture

Polymicrobial sepsis was induced through CLP as described previously (13)
with minor modifications. Briefly, mice were anesthetized, and after a
midline laparotomy, the cecum was exposed and ligated by 50%. A 27-
gauge needle was used to puncture the cecum once, and a small amount of
cecum content was extruded. The cecum was then replaced into the ab-
dominal cavity, and the incision was closed with two layers. Sham mice
were treated identically except for the ligation and puncture of the gut. All
mice were resuscitated by an i.p. injection of 1 ml sterile saline. The mice
did not receive any antibiotics. Under these conditions, all CLP mice
showed signs of severe illness within 24 h after induction of sepsis, and
20% of these mice died within the first 2 d after the operation but not
thereafter. Where indicated, each mouse received 2 mg BrdU (Sigma-
Aldrich, Taufkirchen, Germany) in PBS i.p. 2 h before surgery and 1 mg
BrdU as daily dose until sacrifice.

Preparation and culture of splenic DC and lymph node cells

The culture medium (CM) was very low endotoxin medium VLE RPMI
1640 (Biochrom, Berlin, Germany) supplemented with 10% FCS (Bio-
chrom), 10 mM HEPES (Biochrom), 2 mM glutamine, 0.06 mg/ml peni-
cillin, 0.02 mg/ml gentamicin, and 0.05 mM 2-ME (all from Sigma-
Aldrich). Medium for the culture of lymph node cells contained 1%
mouse serum (PAA Laboratories, Pasching, Austria) instead of FCS.
Single-cell suspensions of spleens were prepared using collagenase
digestion as described previously (13). RBCs were lysed through treat-
ment with ammonium chloride. Splenic DC were purified from freshly
isolated total spleen cells using CD11c microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany) and MACS as described previously (13).
A part of the isolated cells was stained with fluorescent Ab against
CDl 1c that is characteristic for DC or with an isotype control Ab. The

percentage of CDI11c* cells was determined by means of FACS (see
below). More than 75% of the cells were positive for CD11c. DC were
cultured in the presence of 0.3 ng/ml murine rtGM-CSF (R&D Systems,
Wiesbaden, Germany) as a survival factor and were either stimulated or
not with 5 pg/ml synthetic phosphorothioated 1668 CpG Oligonucleo-
tides (Qiagen, Cologne, Germany) (19). After 18 h, supernatants were
harvested. Lymph nodes were meshed through a cell strainer, and single
cells were washed.

Generation of bone marrow-derived DC, culture, and T cell
activation in vivo

Bone marrow cells were prepared by flushing tibiae and femurs with CM,
and RBCs were lysed using ammonium chloride. CD11c* cells were de-
pleted from bone marrow cells using CD11c microbeads (Miltenyi Biotec)
and MACS. Bone marrow-derived DC (BMDC) were generated as de-
scribed (20). Briefly, bone marrow cells (2 X 10° cells per culture plate)
were cultured in CM containing 20 ng/ml GM-CSF. After 7 d days, non-
adherent BMDC were harvested. The total activity of the bone marrow per
mouse to generate DC was calculated as (number of CD11c* cells/plate) X
(bone marrow cells/mouse)/2.

BMDC were cultured with 5 pg/ml CpG and 100 pwg/ml OVA protein
(Sigma-Aldrich) for 7 h (termed OVA-loaded BMDC hereafter). Where
indicated, FITC-labeled OVA (Molecular Probes, Goettingen, Germany)
was used. After 7 h, supernatants were harvested. OVA-loaded BMDC
were washed and transferred into fresh culture plates. After additional 20 h
culture in the presence or absence of 2.5 wg/ml CD40L (R&D Systems),
the supernatants were harvested. All cultures were set up in triplicates.

For T cell activation in vivo, OVA-specific CD4" T cells were purified
from spleens of naive DO11.10 mice using the CD4™ T cell isolation Kit
(Miltenyi Biotec) according to the manufacturer’s instructions. T cells (5
X 10° each) were injected i.v. into the tail veins of naive recipient mice 24
h prior to the s.c. application of 0.5 X 10° OVA-loaded BMDC per hint
footpad. Where indicated, 50 pg anti-IL-10 Ab (clone JES5-2AS; Bio-
XCell, West Lebanon, NH) or isotype control Ab (BioXCell) per mouse
were injected i.v. 2 h after application of the OVA-loaded BMDC. Seven
days later, popliteal lymph node cells were isolated, and triplicate cultures
were set up with or without 1 pwg/ml OVA peptide (pOVA; aa 323-339,
AnaSpec, San Jose, CA) or 100 pg/ml OVA protein for 3 d.

In vivo tracking of BMDC

BMDC were incubated with 0.5 uM CFSE (Molecular Probes) for 12 min
at 37°C, washed, and further incubated for 30 min in CM prior to loading
with OVA as described above. Cells were washed twice, and 0.5 X 10°
CFSE-labeled OVA-loaded BMDC were injected s.c. into each hind
footpad of naive recipient mice. Twenty-four hours later, popliteal lymph
node cells were isolated.

Flow cytometry

Cells were incubated with total mouse IgG (100 pg/ml; Sigma-Aldrich) and
with Abs (from BD Biosciences, Heidelberg, Germany or eBioscience, San
Diego, CA) against CD11c, CD11b, CD80, CD86, CD40, CD4, CD8a,
MHC class I, MHC class II, CD3g, Gr-1, CD49b, Ly6G, CD45R/B220,
CD45RB, CD69, or OVA3,3_330-specific TCR (Caltag Laboratories, Bur-
lingame, CA) as indicated. For intracellular staining, freshly prepared
lymph node cells were incubated for 4-6 h with monensin (0.66 wl/ml;
GolgiStop, BD Biosciences). After surface staining of CD11c, cells were
fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences) before
addition of Abs against IL-12p40. Appropriate isotype controls were used
for all stainings.

Incorporated BrdU was detected using the BrdU flow cytometry de-
tection Kit (BD Biosciences) according to the manufacturer’s instructions.
Briefly, spleen cells from BrdU-treated mice were stained with Abs against
CDl1c and CD4 or with CD11c and CD11b (CD11b is only expressed on
CD4" and CD4~ CD8™ DC but not on CD8* lymphoid DC) and were fixed
and permeabilized. After treatment with DNAse I, the BrdU incorporation
was detected using anti-BrdU Abs. Isotype control Abs were used to set the
threshold for BrdU" cells. Flow cytometry and analyses were performed
using a FACSCalibur and CellQuest Pro software (both from BD Bio-
sciences), respectively. The absolute number of BrdU* DC per mouse was
calculated as: number of spleen cells per mouse X (percent CD11c™ cells
among total spleen cells) X (percent BrdU" cells among gated CD11c¢*
cells). BrdU* DC were gated, and the percentage of the DC subtypes was
determined according to the CD4 and CD11b expression. The percentage
of CD8" DC was calculated as: 100 — percent CD11b* cells. The per-
centage of CD4 CD8~ DC was calculated as: percent CD11b* DC —
percent CD4* DC.
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Infection with Pseudomonas aeruginosa and preparation of
lung leukocytes

P. aeruginosa (strain ATCC 27853, American Type Culture Collection)
were plated overnight on tryptic soy agar plates at 37°C. After resus-
pension in tryptic soy broth (TSB), bacteria were grown for 1 h. Bacteria
were harvested during the logarithmic growth phase by pelleting and
resuspension in fresh TSB. Prior to infection, bacteria were washed twice
in RPMI 1640. Mice were intranasally infected with 5 X 10® CFU P.
aeruginosa. In case of naive mice, P. aeruginosa bacteria were applied
together with 10° BMDC in a total volume of 20 1. After 24 h, lungs were
removed and homogenized in 1 ml PBS. Homogenates were cleared from
debris prior to the protein quantification. For the determination of the
bacterial load, homogenates were lysed for 10 min with saponin (5 mg/ml)
to release intracellular bacteria. Serial dilutions were cultured on TSB agar
plates for 18 h, and the colonies were counted. To obtain single-cell sus-
pensions, lungs were perfused with PBS 4 h postinfection and digested
using Collagenase P (2 mg/ml, 45 min, 37°C; Roche, Grenzach-Wyhlen,
Germany).

ELISA

The content of cytokines was quantified using ELISA for IL-10, IFN-y,
IL-2 (all DuoSet; R&D Systems), IL-6 (BioSource International), or IL-
12 (Ready-SET-Go; eBioscience) as recommended by the manufacturers.

Coculture of NK cells and BMDC

For coculture experiments, NK cells were isolated from the spleens of naive
mice using the Pan NK Cell Isolation Kit (Miltenyi Biotec) according to
the manufacturer’s instructions. Cell purity was usually >85% as verified
by FACS staining. One hundred thousand NK cells were cultured with 1.25
X 10* BMDC in a volume of 150 wl/well (96-well round-bottom plate)
medium supplemented with 5 ng/ml rIL-2 (R&D Systems). NK cells and
BMDC alone served as controls. The cells were either stimulated or not
with UV-irradiated and heat-inactivated (at 65°C for 1 h) P. aeruginosa
bacteria equivalent to 5 X 10® CFU. After 24 h, the supernatant was
harvested for cytokine determination.

Statistics

Statistical analyses were performed using GraphPad Prism 4.0 (GraphPad).
Data show the mean and the bar graphs additionally show the SD. Data on
lung cytokines were normalized to the mean value of sham mice for each
experiment and tested for equal variances prior to further analyses. Dif-
ferences between sham and CLP groups were tested using the paired or
unpaired Student ¢ test as indicated in the figure legends. Data obtained
from multiple groups were tested using one-way ANOVA followed by
Newman-Keuls post test. Data on the bacterial load are presented as scatter
plot including the median and were tested using the nonparametric Mann—
Whitney U test. A p value < 0.05 was considered to be significant.

Results

Number and phenotype of splenic DC during acute infection
and recovery

Previous studies on post-septic DC dysfunction used a CLP pro-
tocol that induced sepsis in combination with an antibiotic treat-
ment (16-18). Because antibiotics are considered to modulate
bone marrow cells (21) and therefore might interfere with our
studies on DC development, we set up a CLP protocol that in-
duced a less severe sepsis and that, therefore, was independent
from an antibiotic treatment. Twenty-four hours after CLP, a
time point that mirrors the acute phase of sepsis, bacteria were
present in the peritoneal cavity, spleens, lungs, bone marrow, and
blood due to systemic dissemination of the microbes (Supple-
mental Fig. 1). By day 4 after CLP, no bacteria could be recovered
from these compartments, indicating that the infection was con-
tained at that time point (Supplemental Fig. 1). Therefore, this
time point of 4 d after CLP was selected to address the post-septic
phase.

Next, it had to be confirmed that this model of a less severe
sepsis induced DC dysfunction and DC loss similar to the model
of severe sepsis as previously reported (13—15, 22). Therefore, the
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phenotype of DC in the spleen during the acute and post-septic
phase was determined by 24 h or 4 d, respectively, after sham or
CLP operation. The absolute number of DC in the spleen (gated as
CD11c" cells; Fig. 1A) was reduced by 50% in comparison with the
DC number in sham mice, both at 24 h and 4 d after CLP (Fig. 1B).

During the acute phase of sepsis but not postsepsis, DC expressed
higher levels of the costimulatory molecules CD86 and CD40 than
the DC isolated from sham mice (Fig. 1C). Previous experiments
have shown that among several TLR agonists CpG was the most
potent agent to induce IL-12 secretion from splenic DC of BALB/c
mice (data not shown). Therefore, we used CpG to address the
cytokine release from splenic DC. Upon stimulation with CpG,
purified splenic DC harvested from mice 4 d after CLP released
much higher levels of IL-10 and less IL-12 than the DC extracted
from sham mice (Fig. 1D) and similarly increased the expression of
CD86 and CD40 (Supplemental Fig. 2). The loss of CD11¢™ DC in
septic mice was mainly due to a diminished subpopulation of CD4"
CD8  DC at both time points (Fig. 1E).

To determine the susceptibility to P. aeruginosa-induced pneu-
monia after the less severe sepsis, mice were infected with P.
aeruginosa 4 d after sham or CLP operation. CLP mice that were
not infected with P. aeruginosa served as controls. Twenty-four
hours later, the bacterial load in the lungs was quantified. CLP
mice contained much more bacteria in the lung after P. aeruginosa
infection than sham mice (Fig. 1F). The lungs of CLP mice that
had not been infected with P. aeruginosa were free of bacteria
(Fig. 1F). Thus, a less severe sepsis induces DC dysfunction and
an enhanced susceptibility to P. aeruginosa as previously observed
for severe sepsis.

De novo formation of DC in the spleen

The persistent reduction of the DC number in the spleen of post-
septic mice might indicate a defective de novo formation of DC
from the hematopoietic compartment during sepsis. To investigate
this possibility, mice were treated with BrdU that was incorpo-
rated into the DNA during replication, and the content of BrdU™*
DC in the spleen, indicating recently divided cells, was deter-
mined 4 d after sham or CLP operation. The percentage of BrdU™*
cells among gated CD11¢" DC in CLP mice increased 2-fold in
comparison with DC from sham mice (Fig. 2A4). However, with
regard to the absolute number of BrdU™ DC per spleen, sham and
CLP mice did not differ (Fig. 2B). The analyses of the subtype
distribution of BrdU* DC revealed that much less newly generated
DC from CLP mice belonged to the CD4™ subtype in comparison
with DC from sham mice (Fig. 2C). Instead, there was an in-
creased formation of CD4~CD8™ DC in CLP mice. CD8" DC
were generated to a similar degree in sham and CLP mice (Fig.
2C). Thus, sepsis does not inhibit the appearance of newly gen-
erated DC in the spleen but rather affects the formation of distinct
DC subsets.

Cellular composition of the bone marrow during recovery from
sepsis

To investigate whether the less severe sepsis was associated with
changes in the bone marrow, the cellular composition of bone
marrow 4 d after sham or CLP operation was determined. The bone
marrow of CLP mice contained significantly less cells than the
bone marrow from sham mice (Fig. 3A). The populations of
T lymphocytes as well as those of DC (for gating, see Supplemen-
tal Fig. 3) were diminished (Fig. 3B). The remaining T cells dis-
played an activated phenotype according to the enhanced expres-
sion of the early activation marker CD69 (Fig. 3C). The number of
NK cells remained unchanged (Fig. 3B). Thus, post-septic mice
displayed an altered cellular composition of the bone marrow.
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FIGURE 1. DC dysfunction and susceptibility to secondary infections during and after a less severe sepsis. Twenty-four hours or 4 d after sham or CLP
operation, total spleen cells were prepared and stained with Abs against CD11c in combination with CD4 and CD8 or with CD40 and CD86 and analyzed
by means of flow cytometry. Isotype Abs were used as control. A, Gating strategy of conventional CD11c¢™ DC. B, Absolute number of CD11c" DC per
spleen. Data show mean + SD of n = 3 to 4 mice per group and are representative of at least three experiments. C, Mean fluorescence intensity of CD40 and
CD86 expression on CD11c™ DC. Data show mean + SD of n = 3 to 4 mice per group and are representative of at least three experiments. D, DC purified
from total spleen cells were stimulated with or without CpG, and IL-10 and IL-12 were determined in the supernatants. Data show mean + SD from
triplicate cultures. Data are representative for two experiments with n = 3 to 4 mice per group. E, Distribution of CD11c" DC according to CD4 and CD8
expression. Numbers indicate the percentage of CD4"CD8~ DC. F, Bacterial load in the lung of sham and CLP mice. Four days after sham or CLP
operation, the mice were intranasally infected with P. aeruginosa (Pa). The bacterial load was determined 24 h later. CLP mice without Pa infection served
as control. *p < 0.05; **p < 0.01; ***p < 0.001 CLP versus sham as tested using an unpaired Student ¢ test. n.d., not detected.

mice (Fig. 4C). BMDC from sham and CLP mice did not differ in
their expression of MHC and costimulatory molecules or subtype
specific markers, like Gr-1 or CD45RB, and did not express CD4
or CD8 (Fig. 4D).

We investigated the cytokine secretion pattern and T cell-
stimulatory capacity of BMDC upon stimulation with CpG in
analogy to the analyses of splenic DC. BMDC from sham and CLP

Phenotype and function of BMDC from post-septic mice

To analyze DC differentiation from bone marrow of sham and CLP
mice under comparable conditions, BMDC were generated from
bone marrow cells 4 d after the operation through in vitro culture
with GM-CSF that is considered to reflect the differentiation of DC
under inflammatory conditions (8). Bone marrow cells from post-

septic mice showed an increased proliferative capacity (Fig. 44)
and generated a higher number of CDI11c* cells (Fig. 4B) in
comparison with bone marrow cells from sham mice within 7 d of
culture. However, due to the reduced bone marrow cell number in
CLP mice, the total activity of the bone marrow per mouse to
generate CD11c™ cells was comparable between sham and CLP

mice were loaded with OVA and were cultured with or without CpG
for 7 h. Thereafter, one part of nonadherent cells was used for
T cell activation in vivo (see below). The other part was transferred
to fresh culture plates without further stimuli, and the culture was
continued in the absence or presence of CD40L to mimic T cell
contact in vitro. Uptake of FITC-labeled OVA was comparable
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FIGURE 2. De novo formation of DC in the spleen. Mice received BrdU
and underwent sham or CLP operation. After 4 d, total spleen cells were
prepared and stained against CD1lc, BrdU, and CD4 or CDIll1b. A,
Numbers indicate the percentage of BrdU* cells among gated CD11c"
cells. B, Total number of BrdU* CD11c™ DC per spleen. C, Percentage of
the diverse DC subtypes among newly generated BrdU*CD11c" DC in the
spleen. CD8" DC were identified as CD11b~ DC. The percentage of CD4 ™~
CD8™ DC was calculated as the difference of CD4* DC and CD11b™ DC.
Data show mean + SD of n = 3 mice per group and are representative for
three experiments. Statistical differences were tested using an unpaired
Student ¢ test. **p < 0.01.

between BMDC from sham and CLP mice (Fig. 4E). During loading
with OVA, CpG-stimulated BMDC generated from bone marrow
of CLP mice (CLP-BMDC) released enhanced levels of IL-10 but
similar amounts of IL-12 and IL-6 in comparison with BMDC
from bone marrow of sham mice (Sham-BMDC; Fig. 4F). In the
absence of CpG, BMDC from both groups released only low or
undetectable levels of these cytokines (data not shown). After
transfer to fresh culture plates, the superiority of CLP-BMDC to
Sham-BMDC in IL-10 production persisted and was even en-
hanced upon ligation of CD40 (Fig. 4G). The secretion of IL-6 did
not differ between BMDC of both groups (Fig. 4G). IL-12 levels in
supernatants after transfer of BMDC to fresh culture plates were be-
low the detection limit (data not shown). In comparison with other
TLR ligands, CpG induced the most striking difference in IL-10
secretion between Sham- and CLP-BMDC (Supplemental Fig. 4).

For the assessment of their Th cell-stimulatory capacity, OVA-
loaded BMDC were injected s.c. into the hind footpads of naive
mice that had previously received OVA-specific CD4" Th cells.
BMDC were labeled with CFSE to track BMDC after injection and
to determine their expression of the IL-12 subunit p40 representa-
tive for the IL-12 heterodimer ex vivo. Twenty-four hours after in-
jection, CFSE* BMDC of either group could be detected in the lymph
nodes to a similar extent (Fig. 5A, 5B). In comparison with CFSE*
BMDC from sham mice, CFSE* BMDC from CLP mice expressed
equally high levels of CD86 (Fig. 5C) but less IL-12p40 (Fig. 5D).

Seven days after injection of BMDC, the lymph node cells were
restimulated with OVA to address the OVA-specific T cell-derived
levels of IFN-y and IL-2 in the supernatants. The lymph node
cells contained an equal percentage of OVA-specific CD4™ Th cells
irrespective of whether the BMDC originated from sham or from
septic mice (Fig. SE). Likewise, the OVA-specific Th cells sim-
ilarly expressed the T cell activation markers CD25 and CD69
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izontal lines indicate the mean values of n = 12 experiments. B, Absolute
number of T cells (CD3"CD49b CDI11c ), NK cells (CD3 CDllc™
CD49b™), and resident DC (MHC class IT*CD11¢™™) in total bone marrow
(BM) per mouse tibiae and femurs. Data show mean + SD of n =4 (for T and
NK cells) or 8 (for DC) experiments. C, Expression of CD69 on T cells.
##%p < 0.001 CLP versus sham as tested using a paired Student 7 test.

independent from the source of BMDC (data not shown). Lymph
node cells from mice that had received CLP-BMDC released
strongly reduced levels of the Thl cytokine IFN-y upon restim-
ulation with OVA peptide or with OVA protein in comparison with
cells from mice that had been treated with Sham-BMDC (Fig. 5F).
To address the role of IL-10 during BMDC-mediated Th cell
priming, anti-IL-10 or isotype control Ab were applied 2 h after
application of OVA-loaded BMDC. In comparison with the treat-
ment with the isotype control Ab, the neutralization of IL-10 led to
a remarkably increased IFN-y secretion from restimulated lymph
node cells of mice that had received CLP-BMDC (Fig. 5G). The
secretion of IL-2 from restimulated lymph node cells did not differ
between both groups (Fig. 5F). Neither Th2 cytokines (IL-4, IL-5,
IL-13) nor the Tr cell-associated cytokine IL-10 were detectable in
supernatants of the restimulated lymph node cells from either group
(data not shown). Thus, CLP-BMDC and Sham-BMDC display
a similar phenotype but an altered function as CLP-BMDC strongly
release IL-10 and are impaired in Th1 priming.

Transfer of immunosuppression through BMDC from
post-septic mice

To investigate whether DC that differentiated from bone marrow of
post-septic mice transferred an enhanced risk for P. aeruginosa
infection, Sham-BMDC or CLP-BMDC were injected intranasally
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FIGURE 4. Phenotype of BMDC. Four days after
sham or CLP operation, bone marrow cells were
isolated and cultured for 7 d in the presence of GM-
CSE. On day 7, BMDC were harvested. A, Total
number of cells per culture plate. B, Number of
CDI11c* cells per culture plate. C, Activity of the
total bone marrow to generate CD11c* cells. Data
show single values or mean + SD of n = 14 ex-
periments with 3 to 4 mice per group. Statistical
differences were tested using paired Student ¢ test.
D, Expression of diverse surface markers on gated
CDI11c* BMDC from sham (gray shaded area) and
CLP (bolt black line) mice. The broken lines show
the isotype control stainings from sham cells that
were comparable to the isotype stainings of CLP
cells. E, BMDC were cultured with or without
FITC-labeled OVA for 7 h. Cells were stained for
CDllc, and the fluorescence intensity in FL-1 rep-
resenting OVA uptake was determined. The solid
gray and the broken black line indicate FL-1 in-
tensity of BMDC from sham and CLP mice, re-
spectively, in the absence of OVA. Arrows indicate
histograms of OVA-treated BMDC. F and G, BMDC
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into naive mice along with viable P. aeruginosa. Twenty-four hours
later, the bacterial load and cytokine levels in the lung were de-
termined. Mice that had received CLP-BMDC contained a higher
bacterial load in the lung than Sham-BMDC-treated mice (Fig.
6A). The higher bacterial load in the lung after application of CLP-
BMDC was associated with a decreased expression of IL-12 and
IFN-vy (Fig. 6B). The content of TNF-a and IL-10 in the lung did
not differ significantly between the two groups (data not shown).

Granulocytes and NK cells play a major role in the defense
against P. aeruginosa (23, 24). The number of granulocytes and
NK cells in the lung of naive mice (for gating, see Fig. 6C, 6F)
was determined 4 h postinfection with P. aeruginosa in the
presence of Sham-BMDC or CLP-BMDC. The number of Ly6G*
granulocytes clearly increased postinfection independent of the
presence of Sham-BMDC (Fig. 6D). When the bacteria were ap-
plied together with CLP-BMDC, the increase in the number of
granulocytes was less prominent (Fig. 6D). The expression of
CDl11b that mirrors the maturation status of granulocytes was
reduced in the lung postinfection in comparison with resident
granulocytes in the naive lung but did not differ between the
BMDC-treated or untreated groups (Fig. 6F).

The number of NK cells in the lung of naive mice did not
change postinfection with P. aeruginosa in the absence or pre-
sence of Sham-BMDC or CLP-BMDC (Fig. 6G) and thus does not

CpG

explain the reduced IFN-vy production in the lung that was associ-
ated with CLP-BMDC application. Therefore, BMDC were tested
for their capacity to modulate the NK cell-derived IFN-y secretion
in vitro. Sham-BMDC or CLP-BMDC were cocultured with naive
NK cells and stimulated with UV-irradiated P. aeruginosa. NK
cells and BMDC alone served as controls. After 24 h, the content
of IFN-y in the supernatant was determined. Sham-BMDC and
CLP-BMDC alone did not secrete any IFN-v (data not shown). No
IFN-vy was detected in any culture in the absence of P. aeruginosa
(Fig. 6H). NK cells alone released prominent levels of IFN-y upon
stimulation with P. aeruginosa (Fig. 6H). However, in the pres-
ence of CLP-BMDC, P. aeruginosa-stimulated NK cells released
less IFN-v than in the presence of Sham-BMDC (Fig. 6H). Taken
together, BMDC from post-septic mice transfer enhanced suscep-
tibility to lung infection to naive mice and suppress the IFN-y pro-
duction from NK cells.

CDIIc* cells in the bone marrow modulate DC differentiation

The striking alteration of the cellular composition of the bone
marrow during sepsis (Fig. 3B) might be involved in the diverse
DC differentiation in sham and septic mice. We investigated
whether DC themselves might modulate the differentiation of new
DC in the bone marrow. Therefore, BMDC were generated from
bone marrow cells that had been previously depleted from CD11c*
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FIGURE 5. Activity of BMDC in Th cell stimulation. Four days after
sham or CLP operation, BMDC were generated from bone marrow cells
through culture with GM-CSE. A-C, On day 7, BMDC were labeled with
CFSE, loaded with OVA for 7 h in the presence of CpG, and injected into
the hind footpads of naive mice. After 24 h, cells from draining lymph
nodes were isolated, pooled, and stained against CD11c. A, Representative
dot plot of lymph node cells. The region shows CFSE*CD11c* cells rep-
resenting the injected BMDC. B, Absolute number of CFSE*CD11c* cells
in the lymph nodes. Data show mean + range of two experiments with 3 to
4 mice per group. C, Lymph node cells were stained against CD11c and
CD86. Dot plots show the expression of CD11c and CD86 on gated CFSE*
cells and are representative for two experiments. D, Lymph node cells were
cultured in the presence of monensin immediately after preparation and
were stained against CD11c and intracellular IL-12p40. CFSE*CD11c¢*
cells were gated, and the percentage of IL-12p40* cells was determined.
Data show mean + range of two experiments. E and F, OVA-loaded BMDC
were injected into naive mice that had received OVA-specific T cells from
DO11.10 mice previously. E, After 7 d, lymph node cells were isolated and
stained against the OVA-specific TCR (KJ1-26) and CD4. Numbers in the
dot plot depict the percentage of CD4*KJ1-26" cells among total lymph
node cells. Lymph node cells in the absence of antigenic stimulation
contained <0.05% of KJ1-26* T cells (not shown). F, Lymph node cells
were restimulated with OVA protein or pOVA for 3 d, and the content of
IFN-vy and IL-2 was determined in the supernatants. Data show mean + SD
of triplicate cultures of one experiment that is representative for at least
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cells (BMDC-CD11c¢ ™) (Fig. 7A). Prior depletion of CD11c" cells
from bone marrow had no effect on the percentage of differenti-
ated CD11¢*MHC class IT"* BMDC on day 7 of culture (Fig. 7B).

Upon loading with OVA and stimulation with CpG, BMDC-
CDl1lc™ from sham mice but not from CLP mice secreted more
IL-10 than BMDC generated from total bone marrow (Fig. 7C).
BMDC-CDl1l1c  from both groups secreted less IL-6 than BMDC
generated from the respective total bone marrow (Fig. 7D).

OVA-loaded BMDC-CD11c™ from sham and septic mice
equally induced the expansion of OVA-specific Th cells in pop-
liteal lymph nodes after s.c. injection into the footpad (data not
shown) of naive mice. After the application of BMDC-CD11c ™
from sham mice, restimulated lymph node cells released less IFN-
v than lymph node cells that were obtained after application of
Sham-BMDC. In contrast, prior depletion of CD11c* cells from
the bone marrow of CLP mice did not further reduce the IFN-y
production of restimulated lymph node cells (Fig. 7E). Thus,
BMDC generated from CD11c-depleted bone marrow from sham
mice displayed an altered cytokine secretion pattern and a reduced
extent of Thl priming.

Discussion

The dysfunction of DC that develops during polymicrobial sepsis
is considered to mediate an enhanced susceptibility to secondary
infections. To our knowledge, we show for the first time that sepsis
modulates the differentiation of DC in the bone marrow. Upon
adoptive transfer, DC that had developed from the bone marrow
of post-septic mice inhibited Th cell polarization and NK cell
function in naive mice. Accordingly, DC from post-septic mice
transferred an enhanced susceptibility to P. aeruginosa to naive
mice. We provide evidence that the altered DC differentiation
during sepsis might originate from changes in the content of
CD11c" cells in the bone marrow.

We show in this paper that during sublethal sepsis DC initi-
ally underwent maturation (indicated by the upregulation of CD40
and CD86) and acquired long-lasting dysfunction (characterized
by the shift of the IL-12/IL-10 balance toward IL-10). In parallel,
the CD4*CD8~ DC subpopulation in the spleen was selectively
lost. Moreover, the sublethal sepsis enhanced the risk for second-
ary infections (Fig. 1F) that could be restored through applica-
tion of naive DC (25).

The mechanisms underlying the sustained reduction of the
number of splenic DC in post-septic mice have not been in-
vestigated so far. Such mechanisms might include apoptosis of DC
as reported for severe sepsis (14, 26) and/or an impaired de novo
formation of DC from the bone marrow as known from viral
infections (27). We show in this study that in the spleen of post-
septic mice, newly generated DC appeared to the same extent as in
sham mice (Fig. 2B). This observation argues against an impaired
de novo formation of DC in post-septic mice but rather indicates
that there exists a balance between the appearance of new DC and
an ongoing loss of old DC that underwent irreversible maturation
during the acute phase of sepsis (Fig. 1C). A striking difference
between newly generated DC of sham and CLP mice was that

four experiments with similar results. Statistical differences between sham
and CLP were tested using an unpaired Student ¢ test. G, OVA-loaded
BMDC and OVA-specific T cells were administered into naive mice as
described above. Additionally, all mice received anti—IL-10 or isotype
control Ab 2 h after the BMDC injection. The production of IFN-y was
determined in supernatants of restimulated lymph node cells. Statistical
differences between the anti-IL-10 Ab- and the corresponding isotype
control Ab-treated groups were tested using the ANOVA followed by the
Newman-Keuls multiple comparison test. **p < 0.01; ***p < 0.001.
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FIGURE 6. Transfer of immunosuppression through CLP-BMDC. P. aeruginosa bacteria were applied intranasally into naive mice together with BMDC
generated from sham or CLP mice 4 d after the operation. A and B, After 24 h, lung tissue was homogenized. A, Content of bacteria per lung of individual mice
from one out of two experiments. Horizontal lines indicate the median value. Significant difference was tested using Mann—Whitney U test. B, Relative ex-
pression of IFN-y/mg protein and IL-12/mg protein in lung homogenates of individual mice. The mean value of the sham group was used to normalize all values
of the corresponding experiment. Data represent pooled data of two experiments with n = 3 to 4 per group. Horizontal lines indicate the mean value of normalized
data. Significant difference was tested using an unpaired Student ¢ test. Absolute values of sham mice ranged between 16 and 47 pg/mg protein for IL-12 and
between 13 and 30 pg/mg protein for IFN-y. C—G, Naive mice were intranasally infected with P. aeruginosa alone or together with BMDC from sham or CLP
mice. Untreated mice served as control. Four hours after the infection, the lung was perfused with PBS, and single cells were prepared, stained for Ly6G, CD11b,
CD49b, CD11b, CD3, and analyzed flow cytometrically. C, Dot plot showing the gating of Ly6G* granulocytes. D, Absolute number of granulocytes per lung.
E, Mean fluorescence intensity of CD11b on gated granulocytes. F, Dot plot showing the gating of CD49b*CD3 ™ NK cells. G, Absolute number of NK cells per
lung. Numbers in the dot plots indicate the percentage of gated cells. Data are representative for two experiments with n = 3 to 4 mice per group. Statistical
differences were tested using an unpaired Student ¢ test. H, CLP-BMDC suppress NK cell function. Naive NK cells were cultured alone (hatched bars) or in the
presence of Sham-BMDC (gray bars) or CLP-BMDC (black bars) and were either stimulated or not with inactivated P. aeruginosa bacteria (Pa). After 24 h, the

content of IFN-y was determined in the supernatants. Statistical differences were tested using the ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001.

~30% of the newly generated DC from CLP mice were CD4
CD8™ and correspondingly less DC were CD4" (Fig. 2C). The
formation of CD8* DC was not affected during the sublethal
sepsis (Fig. 2C). Thus, the predominance of the CD4 CD8  DC
subtype that develops during sepsis is caused by an expansion of
this subset and is not only the consequence of a selective loss of
the CD4"CD8™ DC subpopulation (13).

Sepsis did not change the de novo formation of DC as shown
in vivo (Fig. 2B) and in vitro (Fig. 4C) but altered the function of
newly differentiated DC. In vitro-generated BMDC from septic
mice resembled splenic DC in vivo with regard to impaired Th1
priming (Fig. 5F), increased 1L-10 production (Fig. 4F, 4G), and
maturation in response to stimulation with CpG (Supplemental Fig.
5). Despite identical culture conditions, isolated bone marrow cells
from sham and CLP mice gave rise to BMDC that remarkably
differed in function. Therefore, we assume that the sepsis-induced
development of DC dysfunction originates in the cells of the he-
matopoietic compartment. Pene et al. (17) recently reported that
BMDC generated from post-septic C57BL/6 mice in comparison
with BMDC from sham mice weakly expressed MHC class II and
costimulatory molecules and were impaired in IL-12 secretion,
whereas the formation of IL-10 remained unchanged. These data
are in striking contrast to our findings generated with cells from
BALB/c mice as well as from C57BL/6 mice (data not shown) and
therefore cannot be explained with the use of different mouse
strains. Rather the diversity in the culture conditions during BMDC
differentiation between our study that used the original protocol of

Lutz et al. (20) and the study from Pene et al. (17) may have led to
the contrasting phenotype of the BMDC.

We show in this paper that Ag-loaded CLP-BMDC were sup-
pressed in their capacity to prime a Th1 response when transferred
to naive mice. Sham-BMDC and CLP-BMDC did not differ in
their phenotype regarding the uptake of Ag (Fig. 4E), the ex-
pression of MHC class II and of costimulatory molecules (Fig. 4D,
5C, Supplemental Fig. 5), their migration into the draining lymph
nodes (Fig. 5B), and the induction of Ag-specific Th cell expan-
sion upon adoptive transfer into naive recipients (Fig. SE). These
findings indicate that the failure of CLP-BMDC to induce Thl
priming was not caused by an inadequate expression of molecules
that are required for Th cell activation. IL-10 possesses regula-
tory function (5) and is released by CLP-BMDC at prominent lev-
els especially upon ligation of CD40 that mimics the interaction
with T cells (Fig. 4G). Unlike splenic DC from septic mice, CLP-
BMDC were not suppressed in their capacity to release IL-12
in vitro but showed a reduced expression of IL-12p40 when they
appeared in the lymph nodes after adoptive transfer into naive
mice (Fig. 5D). This observation suggests that CLP-BMDC re-
ceive additional signals in the lymphoid organ (e.g., through in-
teraction with other cell types and/or through epigenetic regu-
lation) (15) that might result in a reduced IL-12 release from CLP-
BMDC at the site of T cell priming. The neutralization of IL-10
during T cell activation in vivo led to an increased IFN-y release
from OVA-specific T cells especially in mice that had received
CLP-BMDC (Fig. 5G). This finding indicates the involvement of
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IL-10 in CLP-BMDC-mediated suppression of Thl priming. We
assume that CLP-BMDC are functional in inducing Th cell
activation/proliferation as shown by the expansion of Ag-specific
CD4" Th cells and intact IL-2 secretion (Fig. 5E, 5F). However,
considering the concomitant lack of Th2 cytokines or IL-10 se-
cretion from restimulated Th cells, CLP-BMDC do not provide
signals that support the polarization of Th cells toward Th1, Th2,
or Tr cells.

Adoptive transfer of CLP-BMDC into naive mice did not only
prevent Thl priming but further had a negative impact on the host
response to P. aeruginosa infection in the lung (Fig. 6A) of naive
mice. Previous experiments have shown that the bacterial load in
the lungs of naive mice postinfection with P. aeruginosa was in-
dependent from simultaneously applied Sham-BMDC (data not
shown), indicating that Sham-BMDC do not improve the clearance
of bacteria through mechanisms that might lack in CLP-BMDC.
Granulocytes and NK cells are required for an effective defense
against P. aeruginosa infection in the lung (23, 24) and, thus, might
be target cells of the CLP-BMDC-mediated suppression of the
immune response against P. aeruginosa. However, the finding that
CLP-BMDC did not significantly alter the number or the maturation
state of recruited granulocytes in the lung (Fig. 6D, 6F) argues ag-
ainst a negative effect of CLP-BMDC on granulocyte recruitment.

NK cells represent the major source of IFN-v in the lung upon P.
aeruginosa infection (23), and protective immunity against these
microbes is associated with the expression of IL-12 and IFN-y
(28, 29). The reduced level of IFN-y in the lung of naive mice
after transfer of CLP-BMDC (Fig. 6B) equals the disturbed IFN-y
production in the lung of P. aeruginosa-infected post-septic mice
(28, 30). This observation points to a role of NK cells in the
CLP-BMDC-mediated immunosuppression. Indeed, we found that
CLP-BMDC inhibited the P. aeruginosa-induced IFN-vy secretion
from NK cells (Fig. 6H), whereas the number of NK cells in the
lung was not affected (Fig. 6G). Therefore, we assume that CLP-
BMDC prevent the appropriate function of NK cells in the lung
and consequently enhance the susceptibility of naive mice to P.
aeruginosa. Considering the CLP-BMDC-mediated inhibition of
Th1 priming and NK cell activation, CLP-BMDC might represent
a novel type of regulatory DC (Fig. 4D) that does not equal the
phenotype of already known CD45RB*™MHC class II'CD11c'"
regulatory DC (31-33).

Diverse mediators (e.g., IFN-y, IFN-a, IL-10) when present
during DC differentiation modulate the function and phenotype of
developing DC (32, 34, 35). We did not observe any change in DC
characteristics when BMDC were differentiated from naive bone
marrow in the presence of conditioned media from bone marrow
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cells of post-septic mice (unpublished observation). Thus, soluble
factors released from bone marrow cells do not seem to be re-
sponsible for the altered differentiation of DC in post-septic mice.
Rather, the altered cellular composition of the bone marrow after
sepsis (Fig. 3B) as shown by reduced numbers of T cells and DC
might influence the differentiation of DC through so far unknown
mechanisms. Although the T lymphocyte number showed a strik-
ing reduction, we did not detect any influence of T cells from
sham or CLP mice on DC differentiation (data not shown). In-
stead, we identified a novel function of CD11c™ cells in the bone
marrow of sham mice as the presence of these cells during the
7 d culture of bone marrow cells favored the differentiation of
BMDC toward a Thl-promoting phenotype. In the absence of
CDl11c" cells, bone marrow cells from sham mice gave rise to
BMDC that resembled BMDC generated from bone marrow of
CLP mice in terms of an increased IL-10 secretion (Fig. 7C) and
a reduced capacity for Thl priming (Fig. 7E). There exist several
CD11c" cell types in the bone marrow like conventional DC or
plasmacytoid DC, and it remains to be elucidated which of these
subtypes dictates the developmental program of DC differentia-
tion. DC have been described to promote the formation of meg-
acaryocytes and platelets from bone marrow stem cells through
soluble and cell contact-dependent factors (36). The novel func-
tion of CD11c* cells in the bone marrow that we describe in this
paper implies that resident DC might control the differentiation of
cells of their own lineage in the bone marrow. Consequently, the
loss of such CD11c" cells from bone marrow as it occurs during
sepsis might result in the formation of dysfunctional DC.

We conclude that after sepsis, DC with aberrant function are
generated in the bone marrow and repopulate lymphoid and non-
lymphoid tissues. Due to their regulatory activity, these DC suppress
the function of Th cells and NK cells and thereby impair the de-
velopment of effective immune responses against bacterial infections.
The consequences may be persistent infections and/or enhanced
susceptibility to secondary infections as observed in patients and
rodents after sepsis (1). Thus, normalization of DC differentiation
from precursor cells in the bone marrow might be a promising ap-
proach to prevent sustained immunosuppression after sepsis.
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