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Introduction

Summary

Haematopoiesis is crucial for immunity because it results in the produc-
tion of leucocytes. Bacterial and viral infections alter leucocyte production
by promoting granulopoiesis or lymphopoiesis. Recent studies suggest
that changes in leucocyte production may be caused by the effects of
inflammatory responses on the differentiation of haematopoietic progeni-
tors in the bone marrow. We investigated the mechanisms through which
infection regulates the formation of bone marrow-derived dendritic cells
(BMDC:s) in vitro. We mimicked infection by stimulating developing cells
with molecules associated with bacteria and viruses and with inactivated
influenza viruses. We showed that toll-like receptor (TLR) ligands act as
modulators of haematopoiesis, and that signalling through different TLRs
results in differing effects on the production of BMDCs. We demonstrated
that ligands for TLR3 and influenza viruses reduce the production of
BMDCs, resulting in increased neutrophil numbers, and that ligands for
TLR4 and TLRY drive the production of plasmacytoid dendritic cells. Fur-
thermore, there are distinct signalling mechanisms involved in these
effects. Signalling pathways triggered by TLR4 and TLRY involve MyD88
and are partially mediated by the cytokine tumour necrosis factor-a
(TNF-a). Mechanisms activated by TLR3 were Tir-domain-containing
adaptor-inducing interferon dependent. Haematopoietic
induced by inactivated influenza viruses was associated with the activation

modulation

of an antiviral pathway mediated by type-1 interferons.

Keywords: dendritic cells; flow cytometry/fluorescence-activated cell sorter
(FACS); haematopoiesis; toll receptors/toll-like receptors

poiesis in vivo; this bias towards granulopoiesis is generated
by inflammation-induced tumour necrosis factor (TNF)-o

Toll-like receptors (TLRs) are a family of pattern recogni-
tion receptors (PRRs) which are involved in the recogni-
tion of pathogen-related molecular patterns (PAMPs)
associated with bacteria, viruses and fungi. Although the
importance of TLRs for innate and adaptive immunity has
been well documented, recent studies have suggested that
they may also have a role in tissue homeostasis. Rakoff-
Nahoum et al' demonstrated that signalling through
TLR4 plays a role in the maintenance of epithelial homeo-
stasis in the gut. They found that commensal bacteria are
recognized by TLRs under normal steady-state conditions
and that this interaction plays a role in maintaining gut
epithelial cells and protecting the epithelium from injury.
Inflammation has been shown to alter leucocyte produc-
tion by reducing lymphopoiesis and promoting granulo-

initiating a reduction in the level of chemokines such as
CXCL12.>® Borrow et al.* demonstrated that influenza
virus infection leads to a depletion of early B-lineage cells
in the bone marrow. This depletion was mediated by a TNF
receptor (TNFR)-dependent mechanism and involved the
cytokines TNF-a and lymphotoxin (LT)-o. Taken together,
these data show that infection and inflammation can influ-
ence the production of haematopoietic cells in vivo.

On ligand binding, TLRs initiate signalling cascades that
result ultimately in the production of cytokines and
chemokines. These signalling cascades are mediated by the
adaptor molecules MyD88 (all TLRs excluding TLR3)®
and Tir-domain-containing adaptor-inducing interferon
(TRIF) (TLR3 and TLR4).° Although most studies have
focussed on their expression on immune cells, TLRs are
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widely distributed and have been shown to be expressed
on haematopoietic progenitor cells’ and their ligation has
been demonstrated to influence haematopoiesis.®

More recently it has also been suggested that TLRs may
have a role to play in directing haematopoiesis at the pro-
genitor cell level. TLRs have been shown to be expressed on
haematopoietic stem cells (HSCs) and early progenitors in
the bone marrow. Stimulation with ligands for TLR2 and
TLR4 induced proliferation and increased the production
of mature progeny.” Furthermore, stimulation of granulo-
cyte/monocyte progenitor (GMP) and common myeloid
progenitor (CMP) cultures with lipopolysaccharide (LPS)
resulted in a loss of dependence on the growth factors mac-
rophage colony-stimulating factor (M-CSF) and granulo-
cyte—macrophage colony-stimulating factor (GM-CSF) for
cell survival and differentiation in vitro. Ligands for TLR2
and TLR4 thus appear to act on haemopoietic progenitor
cells to bias haemopoiesis towards monocyte and macro-
phage production. McGettrick and O’Neill® reviewed this
role for TLRs in haematopoiesis, suggesting that TLRs can
supply initiation, survival and proliferation cues in a way
similar to that of endogenous cytokines.

The cytokine TNF-o is a potential product of TLR
signalling and has been found to affect the generation of
dendritic cells (DCs) from haematopoietic progenitors in
the bone marrow. Studies have shown that TNF-c, along
with GM-CSF, is involved in the in vitro differentiation of
CD34" cells into cells displaying a DC phenotype,” while
interleukin (IL)-6 has been shown to suppress monocyte
differentiation into DCs and to promote the development
of macrophages.'’ In addition there are also reports that
IL-6, in conjunction with GM-CSF or Flt-3,'' can initiate
in vivo DC differentiation from CD34" progenitors. Type-
1 interferons (IFN-of) are produced following TLR sig-
nalling initiated by viral PAMPs and in response to viral
infection, and there is also evidence to suggest that IFN-
of is involved in the generation and maturation of DCs.
The capacity of type 1 IFNs to induce DC maturation has
been well documented; they have been shown to increase
the capacity of DCs to stimulate T lymphocytes through
the upregulated expression of specific costimulatory mole-
cules, including CD86.">"'* Reports have also suggested
that DCs generated in vifro from monocyte precursors
display enhanced maturation and function in response to
IFN-o. Santini et al.'* showed that treatment of mono-
cytes with IFN-o led to the rapid acquisition of high lev-
els of CD40, CD80 and CD86, whereas Radvanyi et alB?
demonstrated that the addition of IFN-« to cultures of
human peripheral blood mononuclear cells cultured with
GM-CSF and TNF-o greatly increased the expression of
CD86 on developing DCs.

The hypothesis of this study was that TLR-mediated
signalling initiated by bacterial and viral products would
lead to changes in mature leucocyte production from
murine bone marrow in vitro. To examine this hypothesis

we investigated the effect of TLR ligands (representing
bacterial and viral PAMPs) and inactivated influenza
viruses on the production of bone marrow-derived den-
dritic cells (BMDCs) in vitro.

Materials and methods

Animals

BALB/c mice were bred and maintained in the animal
facility at the University of Liverpool. C57Bl/6 mice were
purchased from Banting and Kingman Universal Ltd
(North Humberside, UK) and maintained in the animal
facility at the University of Liverpool. 129Ev mice and
type 1 IEN receptor (IFNAR)-deficient mice on the 129
background were originally purchased from Banting and
Kingman Universal Ltd and bred and maintained in the
specific pathogen-free unit at the Institute for Animal
Health (Compton, UK). Bone marrow was supplied by
Dr P. Borrow. MyD88~'~ mice on a C57Bl/6 background,
TRIF~ mice and their TRIF™" littermates were made
available by Prof. R. K. Grencis (Faculty of Life Sciences,
University of Manchester) with the generous permission
of Prof. S. Akira (Department of Host Defense, Osaka
University). All mice were used at > 8 weeks of age. All
animal studies were carried out in accordance with local
and UK Home Office regulations for animal care and use.

Media and reagents

RPMI-1640 medium (Sigma, Gillingham, UK) supple-
mented with 2 mm r-glutamine, 100 U/ml of penicillin,
100 U/ml of streptomycin, 5 x 107> M 2-mercaptoethanol
and 5% (v/v) fetal calf serum (Biosera, Ringmer, UK) was
used throughout these experiments. Medium from P3-X63
cells transfected with the murine GM-CSF vector was used
as a source of GM-CSF. The medium was titrated for
potency to induce DC generation from murine bone mar-
row. The cells were originally made by Dr Brigitta Stockin-
ger (Division of Molecular Immunology, National Institute
for Medical Research) and were a gift from Prof. David
Gray (Institute of Immunology and Infection, The Univer-
sity of Edinburgh). LPS from Escherichia coli, Poly 1 and
Poly I:C were purchased from Sigma, and cytosine—phos-
phate—guanosine (CpG) oligodeoxynucleotide (ODN) 1826
was purchased from MWG (London, UK). Influenza
viruses Jap (A/Jap/1/57), PR8 (A/Puerto Rico/8/34) and the
recombinant virus X31 (A/Aichi/2/68 x A/Puerto Rico/8/
34), grown in the allantoic cavity of hen eggs, were a gift
from Dr B. Thomas (Sir William Dunn School of Pathol-
ogy, University of Oxford). Viruses were inactivated by
exposure for 3-min to ultraviolet (UV) light from a 60 W
source at a distance of 20 cm and treated with polymyxin-
B (Sigma) to eliminate possible contamination with LPS.
CpG ODN, LPS, Jap, X31 and PR8 were used at 1 ug/ml in
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all experiments; Poly I and Poly I:C were used at 25 pg/ml.
These doses were selected as they have been shown to be
effective at eliciting an innate immune response in vitro.
Recombinant TNF-o was purchased from Hycult Biotech-
nology (Eindhoven, Netherlands) and neutralizing anti-
body to TNF-o was purchased from Sigma. Recombinant
TNF-o was used at a concentration of 5 ng/ml. Monoclonal
antibody (mADb) to TNF-o was titrated for potency in neu-
tralizing recombinant TNF-o and subsequently used at a
concentration of 20 ug/ml.

Cell culture

Bone marrow was harvested from mouse femurs by flush-
ing through with complete RPMI medium and the cells
were treated with 1 ml of 0-83% NH,CI for 3 min to lyse
the red blood cells. The cell suspension was plated out at
5 % 10° cells/ml (1 ml/well) in the wells of 24-well plates,
in RPMI-1640 medium containing 20% (v/v) GM-CSF.
Cultures were stimulated with Poly I, Poly I:C, LPS, CpG
ODN, Jap, X31 or PRS, as indicated above, and incubated
at 37° for 6 days. Experiments over a time course from 6
to 9 days were initially undertaken, and a culture period
of 6 days was selected because the cultures demonstrated
an effect that was not increased over longer time-periods
of culture.

Flow cytometry

Surface antigen staining was performed using either
directly conjugated mAb or biotinylated mAb followed by
staining with phycoerythrin (PE) or Cy-chrome-conju-
gated streptavidin (both from BD Biosciences Pharmin-
gen, Oxford, UK). The following antibody conjugates
were used: mouse CD11c—PE or CD11c-biotin, Grl-fluo-
rescein isothiocyanate (FITC) or Grl-PE (Caltag, Buck-
ingham, UK), B220-allophycocyanin (APC), CD19-biotin
(BD Biosciences Pharmingen) and PDCA-biotin (Miltenyi
Bergisch Gladbach, Germany), and a mAb to major histo-
compatibility complex class II (MHCII) (KB6, a gift from
Dr M. Parkhouse, Department of Infection and Immu-
nity, Instituto Gulbenkian de Ciencia) was purified and
coupled to FITC using standard methods. Fluores-
cence was analysed using a FACSCalibur flow cytometer
(Becton Dickinson, Oxford, UK).

Morphological analysis

Cells were stained with haematoxylin and eosin, and mor-
phological analysis was performed under a light micro-
scope at 400X magnification. Cells were counted in five
fields of view and the numbers of different cell types were
assessed. Neutrophil-like cells were defined as cells with
cytoplasm that stained neutral pink and a multilobed
nucleus. Cells containing a large oval nucleus surrounded

Innate immune stimuli modulate DC production

by a voluminous cytoplasm were classed as monocytes,
and cells containing a large, dark nucleus, with little or no
cytoplasm, were classed as lymphoid. Photographs were
taken at 200x magnification using a Canon Powershot G3
mounted onto a Nikon TMS-F inverted microscope.

Results

Influenza A viruses and TLR ligands reduce generation
of bone marrow-derived dendritic cells in vitro

To examine the effects of TLR ligands (representing bacte-
rial and viral PAMPs) and inactivated influenza viruses on
the generation of BMDCs, BALB/c bone marrow was
cultured in the presence of GM-CSF, with or without the
inactivated influenza A viruses Jap (H2N2), X31 (H3N1),
or PR8 (HIN1), the TLR3 ligands Poly I and Poly I:C, the
TLR4 ligand LPS or the TLRY ligand CpG ODN. The pro-
duction of BMDCs was determined by assessing the sur-
face expression of CD11c and MHCII by flow cytometry.
The results (Fig. 1a) showed that the addition of influenza
virus to BMDC-generating cultures resulted in a marked
reduction in the proportion of cells expressing the
expected CD11c" /MHCII' phenotype. The addition of
ligands for TLR3, TLR4 and TLR9 (Fig. 1b) also resulted
in reduced production of cells of this phenotype. Analysis
of cell numbers (Fig. 1c) revealed that cultures treated
with LPS or CpG ODN had a greater number of total cells
present after 6 days than were present in control cultures.
By contrast, cultures to which Poly I or Poly I:C had been
added showed reduced cell numbers. The increase in cell
numbers induced by LPS and CpG ODN could mainly be
attributed to a significant increase in the number of cells
expressing a CD11¢"®/MHCII™ phenotype (Fig. 1c), while
the number of these cells present in cultures stimulated
with influenza virus, Poly I or Poly I:C was reduced in
comparison to unstimulated cultures (Fig. 1c). Therefore,
we suggest that the reduction in cell numbers observed in
response to influenza virus, Poly I or Poly I:C was caused
by reduced BMDC production, whereas the increased cell
number observed in response to LPS or CpG ODN was
caused by the production of cells other than BMDCs.

Influenza A viruses and TLR ligands induce
production of different cell types

To characterize the cells generated in response to stimula-
tion of bone marrow cultures with influenza viruses or TLR
ligands, bone marrow cells were cultured in the presence of
GM-CSF, with or without stimulation, for 6 days and the
cellular morphology was assessed by staining cells with hae-
matoxylin and eosin. Differential counts were performed to
assess the cell populations present. The results presented in
Fig. 2 show that cells grown in the presence of GM-CSF
alone were predominantly (50-60%) large cells displaying
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Figure 1. Influenza viruses and bacterial and viral ligands reduce the production of bone marrow-derived dendritic cells (DCs). BALB/c bone
marrow cells (5 x 10> cells) were cultured with granulocyte-macrophage colony-stimulating factor (GM-CSF), with or without (a) Jap, X31 or
PR8 or (b) Poly I, Poly I:C, lipopolysaccharide (LPS) or cytosine—phosphate-guanosine (CpG) oligodeoxynucleotide (ODN) for 6 days. Surface
markers were analysed by flow cytometry. The results are based on data for 10 000 gated events. The numbers shown in the density plots indicate
the percentage of cells falling into two defined regions representing CD11c" major histocompatibility complex class I (MHCII)" cells (upper
right) or CD11¢"° MHCIT® cells (lower left). The data shown are the representative results of three similar experiments. (c) Cell numbers were
determined by counting on a Neubauer haemocytometer. The counts represent the mean values of triplicate wells for three similar experiments.

*P < 0-05, **P < 0-001 and ***P < 0-0001, determined using the Student’s t-test, with respect to Nil.

the described morphology of DCs. The proportion of cells
of this type was clearly reduced with all tested stimuli.
However, the predominant cell types produced depended
on the nature of the added stimulus. In cultures treated
with influenza viruses, Poly I or Poly I:C there was a mar-
ked increase in the number of cells with a neutrophil-like
morphology (Fig. 2a). Conversely, in the presence of LPS
or CpG ODN, most of the cells generated displayed a lym-
phoid morphology (Fig. 2b). Differential counts (Fig. 2c)
clearly showed this change in the type of cells generated.

LPS and CpG ODN induce the production of
plasmacytoid DCs in vitro

The lymphoid appearance of cells generated in cultures
containing LPS or CpG ODN suggested that they could
belong to the B lineage, or might possibly be plasmacy-
toid DCs (pDCs). To explore the possibility of these cells
belonging to the B lineage, we analysed the expression of
the B-lineage marker CD19. The resulting data (Fig. 2d)
showed that CD19 was not expressed by the cells gener-
ated under these conditions, excluding the possibility that
they belong to the B-cell lineage.

516

pDCs are reported to have a morphology similar to that
of lymphocytes and have been found to have a CD11c"/
CD11b™/MHCII'*/B220*/Gr1* phenotype.> We therefore
examined the expression of these markers using flow
cytometry. The data (Fig. 2e) showed that, as described
above, cells generated in cultures containing LPS or CpG
ODN predominantly express low levels of CDllc and
MHCII. However, they were found to express both B220
and Grl, markers not expressed by cells generated in
untreated cultures. Cells from LPS- and CpG ODN-con-
taining cultures were also analysed for the expression of
the pDC marker PDCA. The majority of cells displaying
the CD11d°/MHCII™ phenotype also expressed PDCA
(Fig. 2f). Taken together, these data suggest that under the
influence of LPS and CpG ODN, progenitor cells preferen-
tially differentiate towards the production of pDC and
away from producing conventional DCs (cDCs).

MyD88 and TRIF are differentially required to
modulate changes in BMDC production

Because we had shown that TLR ligands were able to
modulate the differentiation of DCs from murine bone
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Figure 2. Influenza viruses and bacterial and
viral agents induce the production of different
cell types. BALB/c bone marrow cells (5 x 10°
cells) were cultured for 6 days with granulo-
cyte-macrophage  colony-stimulating factor
(GM-CSF) in the presence or absence of (a)
Jap, X31, PR8, or the toll-like receptor 3
(TLR3) ligands Poly I or Poly I:C and (b) lipo-
polysaccharide (LPS) or cytosine-phosphate—
guanosine (CpG) oligodeoxynucleotide (ODN).
Cells were spun and fixed onto slides and then
stained with haematoxylin and eosin. Photo-
graphs were taken using a Nikon light micro-
scope at 200X magnification. Data shown are
representative of three experiments. (c) Cell
numbers were assessed under a Nikon light
microscope at 400x magnification. Data shown
represent the average cell counts from five
fields of view for three similar experiments.
**P < 0-001 and ***P < 0-0001, determined
using the Student’s t-test with respect to Nil.
(d) BALB/c bone marrow cells (5 x 10° cells)
were cultured for 6 days with GM-CSF in the
presence or absence of LPS or CpG ODN.
CD19 expression was analysed by flow cytome-
try. Histograms represent unstimulated cul-
tures (shaded histograms) and stimulated
cultures (white histograms). Data shown are
representative of two experiments. (e) CDl1lc,
major histocompatibility complex class II
(MHCII), Grl and B220 expression was analy-
sed by flow cytometry. Cells were gated to low
expression of CDIllc and MHCII and the
expression of Grl and B220 in this population
was assessed. ***P < 0-0001, determined using
the Student’s t-test with respect to Nil. (f)
CDl1l¢, MHCII and PDCA expression was
analysed using flow cytometry. Cells were gated
to low expression of CDI1lc and MHCII and
the expression of PDCA in this population was
assessed. Results are based on 10 000 gated
events. The data shown are representative of
two similar experiments. **P < 0-001 and
P < 0-0001, determined using the Student’s
t-test with respect to Nil.
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marrow in vitro, it seemed likely that signalling via TLRs
would be implicated in these effects. It is well known that,
with the exception of TLR3, TLRs use the adaptor
molecule MyD88 to initiate signalling cascades;’ it was
therefore important to establish whether MyD88 was
required for the induction of changes in haematopoiesis
observed in vitro. To assess this, bone marrow from
MyD88"* and MyD88™'~ mice was cultured in the pres-
ence of GM-CSF, with or without LPS or the influenza
viruses Jap, X31 or PR8. The production of BMDC was
determined by assessing the surface expression of CDI11c
and MHCII using flow cytometry. The results (Fig. 3a)
show that the presence of LPS and the influenza viruses
reduced the production of BMDCs in cultures of
MyD88"* bone marrow, as observed previously for
BALB/c bone marrow cells. The same reduction in BMDC
production was observed when bone marrow cells from
MyD88™'~ mice were stimulated with influenza viruses.
By contrast, when MyD88~ bone marrow cells were
stimulated with LPS, a large proportion of cells expressed
a CD11¢*/MHCII" phenotype.

Signalling via TLR3 is known to involve a second adap-
tor molecule, TRIF, and TLR4 signalling can also involve
this adaptor.® The involvement of TRIF in the modula-
tion of BMDC production was therefore investigated. To
achieve this, bone marrow from TRIF-deficient mice and
their wild-type littermates was cultured in the presence of
GM-CSF, with or without Poly I, Poly I.C, LPS, CpG
ODN, Jap, X31 or PRS8, and the generation of CD11c"/
MHCII" BMDCs was monitored. The results (Fig. 3b)
demonstrate that treatment of TRIF"" bone marrow cul-
tures with these agents resulted in a dramatic reduction
in the production of CDI11c"/MHCII" BMDCs, as
observed for BALB/c bone marrow cells. A similar reduc-
tion in BMDC production was observed when TRIF™/~
bone marrow cultures were stimulated with CpG ODN or
influenza viruses, indicating that signalling induced by
these ligands was independent of TRIF. However, when
bone marrow from TRIF™~ mice was cultured with LPS,
a reduction in the number of BMDCs was observed,
although this was less pronounced than that observed in
TRIF”* bone marrow cultures under similar conditions,
suggesting that the effects of LPS were partially dependent
on TRIF. By contrast, when TRIF-deficient bone marrow
cultures were treated with Poly I or Poly I:C, CD11c"/
MHCII" BMDC production was at a level consistent with
that observed in unstimulated cultures.

CpG ODN is a ligand for TLR9 and therefore was not
expected to signal through TRIF because TLRY signals
exclusively via the MyD88-dependent pathway. As dis-
cussed above, TLR4, for which LPS is a ligand, utilizes
either MyD88 or TRIF as adaptor molecules. In this case
it appeared that the observed effects were diminished by
deletion of either MyD88 or TRIF, but that the effect of
MyD88 deletion was more marked. From this data it was
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Figure 3. Effects on bone marrow-derived dendritic cells (BMDC)
production are differentially dependent on MyD88 and Tir-domain-
containing adaptor-inducing interferon (TRIF). (a) MyDSS”Jr and
MyD88’/’ bone marrow cells (5 x 10 cells) were cultured for 6 days
with granulocyte-macrophage colony-stimulating factor (GM-CSF) in
the presence of lipopolysaccharide (LPS), Jap, X31 or PRS.
P < 0:0001, determined using the Student’s t-test. (b) TRIF*'* and
TRIF~ bone marrow cells (5 x 10°) were cultured for 6 days with
GM-CSF in the presence or absence of Poly I, Poly I:C, LPS, cytosine—
phosphate—guanosine (CpG) oligodeoxynucleotide (ODN), Jap, X31
or PR8. Surface markers were analysed by flow cytometry. The results
are based on data for 10 000 gated events. The data shown are repre-
sentative of two similar experiments. *P < 0-05, **P < 0-001 and
***P < 0-0001, determined using the Student’s ¢-test.

concluded that signalling through both the MyD88-
dependent and the MyD88-independent/TRIF-dependent
pathways could initiate changes in lineage commitment in
developing haematopoietic cells in vitro, which was
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dependent on the inducing ligand. The data from experi-
ments involving influenza viruses demonstrated that,
although they have been shown to activate MyD88-depen-
dent signalling in B lymphocytes, in this instance their
effects were mediated by a mechanism that was not
dependent on either MyD88 or TRIF.

LPS requires TLR4 to induce changes in
haematopoiesis

As the above evidence demonstrated that the effects of
LPS on BMDC generation were dependent, in part, on
both MyD88 and TRIF, and LPS has been shown to be a
ligand for TLR4,'® which interacts with both adaptors, it
was important to directly confirm the role of TLR4 in
modulating the effects of LPS on BMDC production
in vitro. To assess this, bone marrow cells from C57Bl/6
(TLR4"") and TLR4™'~ mice were cultured in the pres-
ence of GM-CSF, with or without Poly I, Poly I:C, LPS
or CpG, for 6 days. The production of BMDCs was
assessed by monitoring the surface expression of CD11c
and MHCII.

The results (Fig. 4) confirm a requirement for TLR4 in
signalling initiated by LPS. Stimulation of TLR4™" bone
marrow cultures with Poly I, Poly I:C, LPS or CpG
resulted in a striking reduction in the production of
CDI11c"/MHCII* BMDC, similar to that observed in
BALB/c bone marrow cultures. A similar reduction in
BMDC production was observed in cultures of TLR4-
deficient bone marrow containing Poly I, Poly L:C or
CpG. By contrast, TLR4-deficient bone marrow cultures
containing LPS displayed a level of BMDC production
comparable to that observed in unstimulated cultures.

This evidence supports the previous findings that
MyD88 and TRIF are involved in signalling downstream
from LPS and confirms a role for TLR4 in regulating
changes in BMDC production.

Influenza viruses activate a type 1 IFN response to
induce changes in BMDC production

Type A influenza viruses have been shown to be strong
inducers of type 1 IFNs,'” which are a major component
of the antiviral response, inducing an antiviral state in
uninfected cells'®. Tt therefore seemed possible that the
effects seen in our experiments in response to influenza A
viruses could be mediated by type 1 IFNs. To investigate
this we first examined the effects of influenza viruses on
the generation of BMDCs in cultures of bone marrow
cells from IFNAR™~ and IFNAR"" mice in the presence
of GM-CSF. Cultures containing IFNAR"'* bone marrow
cells displayed reduced CD11c¢*/MHCII* BMDC produc-
tion in response to the addition of Jap, X31 or PR8 virus
(Fig. 5a), as observed previously in BALB/c bone marrow
cultures. By contrast, when IFNAR™~ bone marrow cells
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Figure 4. Lipopolysaccharide (LPS) requires toll-like receptor 4
(TLR4) to modulate the production of bone marrow-derived den-
dritic cells (BMDC). TLR4™* and TLR4™~ bone marrow cells
(5% 10° cells) were cultured for 6 days with granulocyte-macro-
phage colony-stimulating factor (GM-CSF) in the presence or
absence of Poly I, Poly I:C, LPS or cytosine-phosphate—guanosine
(CpG) oligodeoxynucleotide (ODN). Surface markers were analysed
by flow cytometry. The results are based on data for 10 000 gated
events. The data shown are representative of two similar experi-
ments. ¥**P < 0-0001, determined using the Student’s #-test.

were cultured with influenza viruses, the proportion of
CD11c"/MHCII" BMDCs generated was similar to that
observed in untreated cultures, suggesting that the IFNAR
was required to mediate these effects.

To further investigate the role of type 1 IFN, BALB/c
bone marrow was cultured in the presence of GM-CSF,
with or without Jap or recombinant IFN-o. The data
(Fig. 5b) demonstrated that cultures treated with IFN-o
showed a reduction in BMDC production similar to that
observed in cultures stimulated with Jap virus. We next
examined the effects of neutralizing IFN. Cultures were
treated with IFN-o in the presence or absence of neutral-
izing antibody to IFN-o. The results (Fig. 5c) showed that
in the presence of neutralizing antibody the effects of
IFN-o. were negated and CD11c¢*/MHCII" BMDC pro-
duction was restored to levels corresponding to those
observed in unstimulated cultures. To investigate whether
the effects of influenza virus were mediated by IFN-a,
cultures were treated with the Jap virus in the presence or
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absence of neutralizing anti-IFN-« (Fig. 5d). The addition
of antibody clearly reversed the effects induced by the
virus.

Taken together, this evidence clearly demonstrates a
role for type 1 IFN, signalling through the IFNAR, in
mediating responses to influenza viruses that lead to the
observed changes in BMDC generation.

520

Student’s #-test with respect to Jap.

Signalling to induce changes in BMDC production in
response to LPS and CpG ODN is partially
dependent on TNF-a

As described above, ligands for TLRs 3, 4 and 9 were
shown to initiate changes in haematopoiesis, inducing a
marked reduction in BMDC production. In many cells
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the cytokine TNF-u is produced in response to MyD88-
dependent TLR signalling and this cytokine has also been
shown to inhibit haematopoiesis'®. To examine a possible
role for TNF in mediating the observed effects, recombi-
nant TNF-a was added to bone marrow cultures contain-
ing GM-CSF. The results (Fig. 6a) show that the addition
of TNF-a led to a reduction in the production of
CD11c"/MHCIT" BMDC similar to that observed in cul-
tures stimulated with influenza viruses or TLR ligands.
The addition of a neutralizing antibody, anti-TNF-o
(Fig. 6b), restored the production of CD1lc'/MHCII"
BMDCs, confirming that TNF-o was responsible and that
the antibody could abolish its effects. To assess whether
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TNF-a was mediating the effects of LPS and CpG ODN,
bone marrow cells were cultured with GM-CSF and these
stimuli in the presence or absence of the neutralizing
antibody, anti-TNF-o. The resulting data (Fig. 6¢) showed
that anti-TNF-oo had no effect on the modulation of
BMDC production by LPS or CpG ODN. Data compiled
from cell numbers (Fig. 6d) revealed that although there
was little change in the proportion of cells displaying a
CDI11¢"/MHCII" phenotype, anti-TNF-o did appear to
suppress the increase in cell number usually observed to
occur in response to LPS and CpG ODN. To address the
possibility that TNF-o production was sufficient to neu-
tralize the effects of antibody added at the onset of
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cultures, bone marrow cells were cultured with GM-CSF
in the presence or absence of LPS or CpG, and anti-TNF-
o was added daily throughout the culture period. The
data obtained (Fig. S1) were essentially identical to those
shown in Fig. 6¢ when anti-TNF-o¢ was added on day 0
only. Therefore, although TNF-o was capable of modulat-
ing BMDC production, it did not appear to be directly
involved in the changes induced by ligands for TLR4 or
TLRY, suggesting that other molecules were likely to be
responsible.

Discussion

The aim of the present study was to investigate whether
bacterial and viral products are able to affect the genera-
tion of DCs from BM in vitro. Our data suggested that
inactivated influenza A viruses and the TLR3 ligands Poly
I and Poly I:C reduce cellular proliferation in the cultures
and cause a diminution in BMDC production. These data
complement and extend those of previous studies, which
suggest that Poly I:C inhibits granulocyte colony forma-
tion by bone marrow cells in vivo.**

Viral infections result in the secretion of type 1 IFNs
(IFN-af), which are crucial mediators of the antiviral
response, and there is evidence to suggest that IFN-off
inhibits the in vitro differentiation of DC from CD14"
precursors.”’ Experiments with IFNAR-deficient bone
marrow cells have shown that the IFNAR is required to
modulate the changes in BMDC production induced by
culture with influenza viruses. This role was confirmed by
observations showing that recombinant IFN-o was able to
replicate the effects, and neutralizing antibody to IFN-u«
was able to block them. These data are supported by
other studies demonstrating an inhibitory effect of IFN-
off on DC differentiation from monocyte-derived precur-
sors,”! and by evidence which suggests that type 1 IFNs
are cytotoxic for granulocytic progenitor cells in vitro.*”
More recently, transient suppression of haematopoiesis in
vivo has been shown to be caused by high levels of IFN-
af. Taken together, this evidence suggests that IFN-of
inhibits the differentiation of haematopoietic progenitors
in a way that leads to reduced BMDC production.

In vivo infection with influenza virus induces a tran-
sient, but significant, loss of bone marrow B-lineage
cells.** A similar reduction in bone marrow B-lineage cells
was observed during acute infection with lymphocytic
choriomeningitis virus (LCMV) in mice.* This bone mar-
row B-cell depletion accompanying acute influenza infec-
tion was found to be mediated by a mechanism involving
TNF-o and LT-o. Interestingly, bone marrow B-cell
depletion following infection with LCMV or influenza
virus does not appear to be mediated by IFN-af.*
This contrasts with our data which show that in vitro
BMDC depletion in response to influenza virus is IFN-of}
dependent, suggesting that there are differences in the

signalling pathways activated in BMDC and bone marrow
B-precursor cells following the recognition of influenza
virus.

Although it is well documented that LPS and CpG ODN
are potent activators of DCs in vitro and in vivo, their abil-
ity to modulate the development of DCs from immature
precursors is relatively unknown. Studies have demon-
strated that developing haematopoietic cells express
TLRs”?* and therefore would be expected to be sensitive to
stimulation with their ligands. Our experiments indicate
that the presence of TLR4 or TLRY ligands (LPS and CpG
ODN, respectively) during the generation of BMDCs in the
presence of GM-CSF inhibits the differentiation of cells
with the phenotype of BMDCs. This is in agreement with
other studies which show that LPS or CpG ODN inhibit in
vitro differentiation of DCs.***® Bartz et al.*® demon-
strated that the generation of myeloid DCs from murine
bone marrow was impaired by stimulation with LPS or
CpG ODN. The cells generated exhibited reduced expres-
sion of CD11c and MHCII and a reduced ability to activate
T lymphocytes. In humans, LPS stimulation has been
shown to influence both early and late monocyte differenti-
ation by blocking their ability to differentiate into DCs in
vitro.”> The addition of LPS to cultures of monocytes con-
taining GM-CSF and IL-4 reduced the cell yields, altered
the morphology and phenotype of the cells generated, and
compromised their capacity to present antigen.””*® We did
not explore the antigen-presentation function of the cells
generated, but their phenotype, CD11c'°/MHCII'®, suggests
a reduced antigen-presentation capacity because of the cru-
cial role of MHCII in this process. Taken together, these
findings confirm the inhibitory effects of LPS and CpG
ODN stimulation during DC generation.

Our experiments indicate that TLR stimulation during
the development of BMDCs in vitro inhibited the differ-
entiation of CD11c¢*/MHCII" cells while simultaneously
enhancing the production of CD11c/MHCII® cells.
Experiments with knockout mice revealed that TLR4
(data not shown) and MyD88 were required to generate
both of these effects. TLR4 and MyD88 have been shown
to be expressed by developing haematopoietic cells,” and
this study demonstrated that MyD88-dependent signalling
promoted myeloid lineage differentiation from HSC-
enriched cultures stimulated with LPS in serum-free, stro-
mal cell-free conditions. The differentiation potential of
lymphoid progenitors has also been shown to be influ-
enced by TLR9 ligation in a MyD88-dependent manner,*’
and CpG ODN-induced inhibition of BMDC production
is known to require TLR9.?®

Although signalling via TLRs on granulocyte and
macrophage progenitors has been shown to obviate the
need for growth and differentiation factors to direct the
differentiation of haematopoietic cells in vitro’ it was
likely that the effects we observed were mediated by
cytokines produced in response to TLR stimulation. This
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suggestion is supported by several reports which indicate
that cytokines provide differentiation cues for developing
haematopoietic cells.’*® Tumour necrosis factors have
been shown to inhibit haematopoiesis in vitro.'"*>*7° We
therefore investigated the role of TNF-o in modulating
BMDC production. The data presented here show that
although recombinant TNF-o was able to replicate the
effects observed in response to LPS or CpG ODN, anti-
body to TNF-o was unable to reverse the effect of these
ligands. However, anti-TNF-a did appear to suppress the
proliferation of CD11¢'°/MHCII" cells that was observed
in response to LPS or CpG ODN. TNF-« has previously
been shown to reduce colony formation in bone marrow
cultures containing stem cell factor and GM-CSF,*® and
the suppressive effects of TNF-o. on colony formation do
not appear to be mediated by monocytes or T lympho-
cytes, both of which have been implicated in the regula-
tion of granulopoiesis.”” However, TNF-o has also been
demonstrated to provide positive cues for haematopoie-
sis in vivo.”®” Recombinant TNF-o stimulates the pro-
duction of G-CSF and GM-CSF by fibroblasts,”® and
TNF-a enhances the proliferative effects of IL-3 and
GM-CSF on CD34" haematopoietic progenitor cells.”
This proliferative effect was revealed to be short term;
after initial proliferation, TNF-o inhibited the in vivo
differentiation of granulocytic cells while driving the
development of maturing monocytic cells.**  More
recently, Welner et al. 2 demonstrated that reduced in
vivo B-cell production from lymphoid precursors in
response to TLRY ligation was suppressed by TNF-o,
while DC production observed under the same condi-
tions was independent of TNF-o. Taken together, this
evidence suggests that although TNF-o can affect the
generation of BMDCs, other growth and differentiation
factors may be required to generate all the effects
observed in this study.

A major finding of the current study was the genera-
tion of CD11c"°/MHCII*/B220*/Gr1" cells in bone mar-
row cultures containing GM-CSF and stimulated with
LPS or CpG ODN. These cells displayed a lymphoid
morphology and also expressed PDCA, a marker thought
only to be expressed on pDCs.*' This is in contrast to
the results of a previous study,”® which showed that cells
generated in response to LPS or CpG ODN in the pres-
ence of GM-CF in vivo displayed increased phagocytic
capacity. However, another study” demonstrated that
lymphoid precursors generated pDCs and cDCs in
response to in vivo stimulation with CpG ODN, suggest-
ing that CpG ODN can provide differentiation cues that
enhance the production of pDCs, in agreement with our
findings.

Several cytokines have been shown to differentially
promote the growth and differentiation of DC subsets.
GM-CSF supports the differentiation of myeloid DCs
from early haematopoietic progenitors and monocytes,

Innate immune stimuli modulate DC production

whereas the FMS-like tyrosine kinase 3 ligand (FIt3L) is
an essential factor for promoting the development of
both human and murine ¢cDCs and pDCs. Mice treated
with murine Flt3L display a bias towards in vivo genera-
tion of pDCs and CD8" cDCs,*** whereas the treat-
ment of mice with GM-CSF enhances the in vivo
production of CD8 cDCs.*> Although both GM-CSF
and FIt3L play a crucial role in the development of
cDCs, only Flt3 is required for the development of
pDCs, and GM-CSF promotes the development of ¢DCs
at the expense of Flt3L-mediated pDC development in
vivo and in vitro.***> GM-CSF requires signal transducer
and activator of transcription 5 (STAT5) to suppress
Flt-3-driven pDC development.*® STAT5 activation by
GM-CSF promptly reduces the expression of essential
pDC-related genes in lin~ FIt3" haematopoietic progeni-
tor cell cultures in the presence of FIt3L.*° By contrast,
STAT3 has been shown to be essential for the prolifera-
tion of bone marrow progenitors in response to FIt3L,*
and pDC and ¢DC numbers were shown to be reduced
in STAT3-deficient mice. However, STAT3 was not
shown to be required for the commitment or develop-
ment of pDCs, because STAT3-deficient pDCs responded
to CpG ODN by producing IFN-o, a characteristic of
differentiated pDCs. Taken together, these data reveal a
suppressive role for STAT5 and a proliferative role for
STATS3 in regulating the production of pDCs. Further to
this, studies have demonstrated that TLR9 ligation by
CpG ODN diminished STAT5 activation by IL-7,%° and
LPS stimulation led to increased STAT3 activity in
human immature monocyte-derived DCs.”” We therefore
suggest that the mechanism driving pDC generation at
the expense of BMDCs in response to stimulation with
LPS or CpG ODN involves reduced GM-CSF-mediated
signalling as a result of decreased STAT5 activity. As
FIt3L has been shown to be produced by human bone
marrow stromal cells,” we also suggest that FIt3L is
secreted in response to the stimuli and that the signal
provided by FIt3L is boosted by increased STAT3 activ-
ity. This hypothesis could be tested by culturing bone
marrow cells with GM-CSF in the presence or absence
of LPS or CpG ODN and assessing the Flt3L-dependent
production and phosphorylation of STAT3 and STATS,
and these experiments are under way.
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Supporting information

Additional Supporting information may be found in the
online version of this article:

Figure S1. Daily addition of TNF-a does not reverse

the effects of LPS or CpG on BMDC production. BALB/c
bone marrow cells (5 x 10°) were cultured for 6 days with
GM-CSF in the presence or absence of LPS or CpG ODN
in the presence or absence of daily additions of 20 mg/ml

anti-TNFo for 6 days. Surface markers were analysed by
flow cytometry. Results are based on data for 10 000
gated events. Data shown are representative of two similar
experiments..

Please note: Wiley-Blackwell are not responsible for the

content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 131, 513-524



