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Abstract
While neutrophil production in emergency states has been extensively studied, regulation of

neutrophil homeostasis in the steady-state remained incompletely understood. We have

shown that innate immune receptor toll-like receptor (TLR)4 and downstream TIR-domain-

containing adapter-inducing interferon-b (TRIF) are indispensable for the generation of a

granulocyte-colony stimulating factor (G-CSF)-dependent regulatory feedback loop upon

antibody-induced neutropenia. These findings demonstrated that steady-state granulopoi-

esis is a demand-driven process, which may rely on differential triggering of innate immune

receptors by microbial cell wall constituents such as lipopolysaccharide. Herein, we pre-

sent further evidence on underlying mechanisms: oral intake of highly endotoxic lipopoly-

saccharide, but not TLR-antagonistic lipopolysaccharide derived from Rhodobacter

sphaeroides, induces hematopoietic stem and progenitor cell fate decisions toward the

neutrophil lineage independent of G-CSF. TLR4 has been identified as the indispensable

sensor for oral lipopolysaccharide-modulated steady-state granulopoiesis. These results have important implications: food lipo-

polysaccharide content or the composition of the gastrointestinal microbiome may be strongly underrated as determinants of

peripheral blood neutrophil levels. Both neutrophilia and neutropenia are associated with drastically worse outcomes in epide-

miological studies of the general population as well as in diseased states.
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Introduction

While neutrophil production in emergency states has been
extensively studied, regulation of neutrophil homeostasis
in the steady-state remained incompletely understood. We
have shown that innate immune receptors TLR4/TLR2
are indispensable for the generation of a granulocyte

colony-stimulating factor (G-CSF)-dependent regulatory
feedback loop upon antibody-induced neutropenia.1

These findings demonstrated that steady-state granulopoi-
esis is a demand-driven process, which may rely on differ-
ential triggering of innate immune receptors by microbial
cell wall constituents such as lipopolysaccharide (LPS). The
fact that even germ-free kept mice, which are free from
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commensal microbiotas are able to generate feedback-
granulopoiesis suggests that even small amounts of LPS
as a contaminant in autoclaved chow may be sufficient to
maintain permanent positive signals.2 Importantly, LPS
derived from different bacterial strains is known to display
different endotoxic potentials due to varying strength of
interaction with innate immune receptors.3 Therefore, we
hypothesized that oral intake of LPS-structures may mod-
ulate feedback granulopoiesis and added endotoxins to the
drinking water of mice. Surprisingly, addition of endotox-
ins to the drinking water of mice is not only active as a
modulator of feedback granulopoiesis upon antibody-
induced neutropenia, but sufficient to induce hematopoiet-
ic stem/progenitor cell fate decisions in the marrow.

Materials and methods

Experimental animals and ethical statement

C57BL/6J, B6(Cg)-Tlr4tm1.1Karp/J (TLR4fl/fl), B6.Cg-Tg(Tek-
cre)1Ywa/J (Tie2cre/þ), B6.Cg-Tg(Nes-cre)1Kln/J
(Nestincre/þ) and B6.Cg-Tg(Vav1-icre)A2Kio/J (Vavcre/þ)
mice were obtained from The Jackson Laboratory. B6(Cg)-
Tlr4tm1.2Karp/J (TLR4�/�)mice were provided by M. Radsak
(Johannes Gutenberg University Medical Centre, Mainz,
Germany). All mouse strains were bred and maintained
under specific-pathogen-free conditions in the animal facil-
ity of the University of Tuebingen. For experimental stud-
ies, age and sex-matched littermates were used for the
control and experimental groups following. Animal experi-
ments were performed with the authorization of the
Institutional Animal Care and Use Committee of the
University of Tuebingen according to German federal and
state regulations following the ARRIVE guidelines.4

In vivo administration of mAbs and LPS

For in vivo treatment with LPS, drinking water was supple-
mented with high endotoxic LPS (LPS-hi) (E. coli JM83,
kindly provided by Dr Frick, Tuebingen) and TLR4 antag-
onistic LPS (LPS-RS) (Rhodobacter sphaeroides, InvivoGen)
(both 5 mg/L) which was replaced twice a week. To
induce neutropenia, mice were injected i.p. with 1.25 mg
of an a-Ly6G mAb (clone 1A8, BioXCell) or vehicle control
every 48 hours for a total of eight days. For depletion of G-
CSF, mice were treated i.p. with 10 mg per day of an a-G-CSF
mAb (clone MAB414, R&D Systems) or vehicle control for
three days. PBS was used as vehicle control in all cases.

Flow cytometric analysis of peripheral blood and bone
marrow cells

Retro-orbital blood was collected and differential blood
counts were obtained using an automated Bayer Advia
120 MultiSpecies Analyzer (Bayer HealthCare). Bone
marrow cells were harvested from femora and tibiae. For
flow cytometric analysis (FACS-Canto II, BD Bioscience),
erythrocytes were lysed with red blood cell lysis buffer
(0.150 mM NH4Cl, 0.1 mM EDTA, 0.150 mM KHCO3) for
10 min on ice. Cells were stained for flow cytometric anal-
ysis to identify myeloid cells, hematopoietic stem, and

progenitor cells. Antibodies were purchased from
eBioscience (Thermo): CD34 (clone RAM34), Sca-1
(clone D7), Ly6G/Gr-1 (clone 1A8), CD3 (clone
eBio500A2), CD45 (clone 30-F11), Ter119 (clone Ter-119),
CD11b (clone M1/70), CD31 (clone 390), c-kit (clone 2B8),
Ly6C/G (clone RB6-8C5), CD16/32 (clone 2.4G2), and
CD127 (clone A7R34). CD3 (clone 145-2C11), CD11b (clone
M1/70), B220 (clone RA3-6B2), and Ter119 (clone Ter-119)
were used as mouse lineage panel (BD Pharmingen). Data
analysis was performed using FlowJo software (FlowJo
LCC).

Cytokine ELISA

Protein plasma levels of G-CSF were measured using Duo
Set ELISA kits (R&D Systems) according to the manufac-
turer’s recommendations.

Statistics

For statistical analysis, GraphPad Prism 8.1.0 (GraphPad
Software) was used. Mean values and standard error of
the mean (SEM) are shown. Normal distribution was cal-
culated with the Shapiro–Wilk test. The 95% confidence
level was used and P-values were calculated with a two-
tailed Student�s t-test in the case of normally distributed
data. Significance of not normally distributed data was cal-
culated with a two-tailed Mann–Whitney test. An unpaired
analysis of variance (ANOVA) was used to analyze the
differences among group means. P-value of <0.05 (*) was
used as cut-off for significance.

Results and discussion

The regulation of neutrophil homeostasis under steady-state
conditions as well as emergency granulopoiesis are both a
precisely tuned demand-driven process to provide immedi-
ate and effective innate immune responses to pathogens and
danger signals. For example, bloodstream lipopolysacchar-
ides fromGram negative bacteria are potent drivers of emer-
gency granulopoiesis being an adequate response to control
disseminated infection and sepsis. Boettcher et al.5 have
shown previously that LPS promotes G-CSF release from
endothelial cells resulting in a robust expansion of
granulocyte-macrophage progenitors (GMPs). In contrast,
regulation of steady-state granulopoiesis is poorly under-
stood. In particular, the role of commensal bacteria and
their endotoxins demands further investigation. Balmer
et al.6 established a TLR-dependent cross-talk between the
intestinal microbiome and efficient granulopoiesis using
serum transfer experiments and MyD88�/� TICAM1�/�

mice. Furthermore, the observation that a feed-back signal
can be induced in germ-free mice upon depletion of neutro-
phils led to the hypothesis that low levels of LPS, e.g., from
autoclaved chow could be a sufficient stimulus.1

Consequently, steady release and fluctuations of LPS from
intestinal bacteria influence steady-state granulopoiesis
having implications for clinical practice. Recent data suggest
that gut decontamination by antibiotics is associated with
prolonged aplasia after stem cell transplantation.7 This
observation is supported by preclinical models where

M€arklin et al. Oral LPS regulates TLR4-dependent granulopoiesis 1255
...............................................................................................................................................................



intestinal bacteria promote granulocyte recovery and
improve pathogen clearance after chemotherapy.8

Moreover, recent data fromWeaver et al.9 indicate that chron-
ic stimulation through commensal bacteria seems to be
required to induce efficient and sustained emergency gran-
ulopoiesis after repeated TLR signaling. In the present study,
we administered oral LPS to investigate the impact of intes-
tinal endotoxin fluctuations on steady-state granulopoiesis

and studied the role of pattern-recognition receptor TLR4
in various bone marrow compartments.

To avoid possible internal bleedings and infections and
therefore to specifically simulate steady-state conditions,
we supplemented the drinking water of C57BL/6 mice
with TLR4 agonistic LPS of Enterobacteriaceae (LPS high
endotoxic, LPS-hi)10 or TLR4 antagonistic LPS of
Rhodobacteraceae (LPS-RS)10,11 and analyzed the peripheral

Figure 1. Oral intake of LPS induces feedback-granulopoiesis independent of G-CSF. (a–d) C57BL/6 mice were treated for 11 days with LPS-hi or LPS-RS in the

drinking water (both 5 mg/L). (a) Blood was obtained at d11 and analyzed by flow cytometry. Neutrophil numbers were calculated according to the white blood count

obtained with an Advia blood analyzer (n¼ 3 per group). (b) G-CSF levels in the sera of LPS-hi (n¼ 3), LPS-RS (n¼ 7) or untreated mice (n¼ 6) were analyzed at d11 by

ELISA. (c–d) On d3 of the experiment, mice were additionally treated with an aLy-6G mAb (1A8, 1.25 mg/mouse i.p.) or vehicle control every 48 h and the bone marrow

was analyzed at d11 by flow cytometry. (c) Exemplary hierarchical gating scheme of GMPs (CD16/32þCD34þ), CMPs (CD16/32loCD34þ), andMEPs (CD16/32�CD34�)
within the Lin�c-kitþSca-1� population and LSKs (Lin�c-kitþSca-1þ) of untreated mice receiving vehicle control or aLy-6G mAb. (d) On d11, bone marrow progenitor

cells were analyzed in mice treated with LPS-hi (n¼ 3), LPS-RS (n¼ 4) or untreated controls (n¼ 3) by flow cytometry. (e–f) C57BL/6 mice were treated for three days

with LPS-hi (5 mg/L) in the drinking water or left untreated. In addition, aG-CSF mAb (10 mg/mouse every 24 h i.p.) was injected to deplete G-CSF and mice were

analyzed at d3. (e) G-CSF levels in the sera were analyzed by ELISA (n¼ 4 per group). (f) Bone marrow (n¼ 3 per group) was analyzed for LSK, GMP, CMP and MEP

populations by flow cytometry.
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Figure 2. Oral LPS is sensitized by TLR4 signalling. (a–b) TLR4�/� mice were treated for 11 days with LPS-hi (5 mg/L) in the drinking water or left untreated. On d3 of

the experiment, mice were additionally treated with an aLy-6G mAb (1A8, 1.25 mg/mouse i.p.) or vehicle control every 48 h and the bone marrow was analyzed at d11

by flow cytometry. (a) Blood was obtained at d11 and analyzed by flow cytometry. Neutrophil numbers were calculated according to the white blood count obtained

with an Advia blood analyzer (n¼ 7 per group). (b) On d11, bone marrow progenitor cells were analyzed in mice treated with LPS-hi (n¼ 3) and untreated controls (n¼ 5)

by flow cytometry. (c–e) Mice of different conditional TLR4 knockout strains were treated with an aLy-6G mAb (1A8, 1.25 mg/mouse i.p.) or vehicle control every 48

h and analyzed at d8. (c) Bone marrow of TLR4fl/fl and TLR4fl/flVavcre mice was analyzed for progenitor cell populations (n¼ 8 per group) by flow cytometry (left) and G-

CSF levels in the sera were measured by ELISA (n¼ 10 per group) (right). (d) Bone marrow of TLR4fl/fl and TLR4fl/flTie2cre mice was analyzed for progenitor cell

populations (n¼ 4 per group) by flow cytometry (left) and G-CSF levels in the sera were measured by ELISA (n¼ 4 per group) (right). (e) Bone marrow of TLR4fl/fl (Ctrl.

n¼5; aLy-6G n¼ 4) and TLR4fl/flNescre (n¼ 5 per group) mice was analyzed for progenitor cell populations by flow cytometry (left) and G-CSF levels in the sera of

TLR4fl/fl (Ctrl. n¼ 4; aLy-6G n¼3) and TLR4fl/flNescre (n¼ 5 per group) mice were measured by ELISA (right).
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neutrophil counts as well as G-CSF levels in the sera. While
mice treated with LPS-hi showed a significant increase of
neutrophils compared to untreated mice, the cohort treated
with LPS-RS was comparable to the controls (Figure 1(a)).
G-CSF levels showed no relevant changes upon stimulation
with both LPS structures (Figure 1(b)). Since regulation of
granulopoiesis was shown to be G-CSF-dependent, we fur-
ther induced neutropenia in LPS-challenged mice by inject-
ing a neutrophil-depleting aLy-6G antibody as previously
described and analyzed the bonemarrow for hematopoietic
stem cells (HCS) and progenitor cell populations (HPC).1

Interestingly, the administration of LPS-RS is sufficient to
inhibit the neutrophil homeostatic feedback loop induced
by antibody-induced neutropenia, while LPS-hi treated
mice showed increased Lin–Sca-1þc-kitþ hematopoietic
stem cells (LSK) and granulocyte-monocyte progenitors
(GMP) populations and decreased megakaryocyte-
erythroid progenitors (MEP) and commonmyeloid progen-
itors (CMP) as untreated controls (Figure 1(c) and (d)).
These results suggest a LPS-dependent feedback
granulopoiesis.

G-CSF is a main driver of emergency granulopoiesis in
infectious diseases and inflammatory conditions.5,12 G-CSF
is also routinely administered to shorten neutropenia after
chemotherapy or to mobilize hematopoietic stem cells for
apheresis. In contrast, G-CSF-deficient mice are also capa-
ble of mobilizing granulocytes and combat infections indi-
cating redundant signaling pathways ensuring reliable and
adequate immune responses towards pathogens.13,14

However, the role of G-CSF for steady-state granulopoiesis
is rather poorly defined. To investigate whether the regula-
tion of oral LPS is G-CSF-dependent, we first depleted G-
CSF by administration of an aG-CSF mAb and progenitor
cell populations in the bone marrow were assessed.
Successful G-CSF depletion in the sera was confirmed by
ELISA (Figure 1(e)); however, no alterations were observed
in any progenitor cell population of the experimental
groups (Figure 1(f)) suggesting a G-CSF-independent feed-
back loop. This is supported by our observation that G-CSF
levels are not affected upon oral LPS challenge or use of
oral LPS antagonists.

The inhibition of feedback-granulopoiesis by TLR4
antagonistic LPS-RS suggests a TLR4-dependent sensor
for neutrophil regulation through oral LPS. To proof this
hypothesis, we performed the antibody-induced neutrope-
nia model in TLR4�/� mice. We could not detect a neutro-
phil increase or changes in HSC or HPC populations upon
LPS-hi treatment, indicating a TLR4-dependent mechanism
for oral intake of LPS (Figure 2(a) and (b)). Takizawa et al.15

demonstrated that dormant hematopoietic stem cells
directly sense LPS through TLR4 signaling which induces
proliferation and differentiation in a murine model of infec-
tion. To further elucidate the location of a TLR4-dependent
sensor to regulate feedback-granulopoiesis, we used differ-
ent conditional TLR4 knockout strains. First, we used the
Vav-cre strain for specific deletion of TLR4 in the hemato-
poietic linage. Comparing these results with littermate con-
trols harboring an intact TLR4 expression, the feedback
loop stimulated by neutrophil depletion with aLy-6G was
induced with respect to increased LSK and GMP in the

bone marrow as well as elevated G-CSF levels in the sera
(Figure 2(c)). Endothelial cell deletion of TLR4with Tie2-cre
mice (Figure 2(d)) and deletion of TLR4 in mesenchymal
stromal cells with Nestin-cre mice (Figure 2(e)) showed the
same results compared to the hematopoietic Vav-cre mice.
These results clearly demonstrate the independency of
hematopoietic, endothelial, and mesenchymal stromal
cells for oral LPS-driven feedback granulopoiesis. This sug-
gests that the TLR4 sensor for intestinal LPS is not located
in the bone marrow. We can only speculate that other tis-
sues might be part of this feed-back loop. For instance, oral
LPS is transported to the liver by the portal vein and
encounters hepatocytes that are known to respond directly
through TLR4 and MyD88 signaling.16 Hepatocytes might
produce IL-6 known to stimulate granulopoiesis.14,17

In summary, we provide evidence that oral endotoxins
are important regulators of steady-state granulopoiesis
independent of G-CSF. Hematopoiesis is skewed towards
GMPs and TLR4 sensing is required to maintain an ade-
quate neutrophil homeostasis. Our results provide new
mechanistic insights into the crosstalk between commensal
bacteria and the immune system and highlight the impor-
tance of an intact intestinal microbiome for granulopoiesis
and pathogen defense.
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