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HEMATOPOIESIS AND STEM CELLS

Sensing of the microbiota by NOD1 in mesenchymal stromal cells
regulates murine hematopoiesis
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The microbiota is known to influence the generation of hematopoietic progenitors,
although the pathways underlying this process are still poorly understood. NOD1 and

e NOD1 ligand administration
restores hematopoietic
precursor pools in germ-free
mice to the levels seen in
specific pathogen-free animals.

* NOD1 ligand—NOD1 signaling
promotes steady-state
hematopoiesis indirectly
through the induction of
cytokines by MSCs.

NOD2 are intracellular sensors for both Gram-positive and Gram-negative bacteria, but
their role in steady-state hematopoiesis has never been characterized. We observed that
stimulation with NOD1 or NOD2 ligand had no effect on the survival/proliferation of
hematopoietic precursors. Nonetheless, NOD1, but not NOD2, ligand induced expression
of multiple hematopoietic cytokines (interleukin-7 [IL-7], FIt3L, stem cell factor [SCF],
ThPO, and IL-6) from bone marrow mesenchymal stromal cells (MSCs) in vitro. Moreover,
in vivo administration of NOD1 ligand to germ-free mice restored the numbers of
hematopoietic stem cells and precursors in bone marrow as well as serum concentrations
of IL-7, FIt3L, SCF, and ThPO to the levels displayed by specific pathogen-free control
animals. Based on these findings, we propose that NOD1 signaling in MSCs serves as an
important pathway underlying the requirement for microbiota in the maintenance of
steady-state hematopoiesis. This function is distinct from that triggered by lipopolysac-
charide in both its broad effects on multiple progenitors and specific targeting of MSCs as cytokine producing intermediates. (Blood.

2017;129(2):171-176)

Introduction

Although experiments in germ-free (GF) mice have revealed that the
sensing of secreted products or metabolites from commensal bacteria
contributes to peripheral immune responses,' ™ relatively little is known
about how the microbiota regulates hematopoiesis in the bone marrow
(BM) compartment.” Two previous studies indicated that basal
stimulation by gut microbiota regulates granulopoiesis in GF mice to
promote generation of a “pool-in-reserve” of myeloid cells within
the BM.®” Although the microbiota ligand(s) involved were not
identified, the work of Balmer et al implicated the NF-«kB signaling
pathway downstream of MyD88 in this process.® Indeed, different
Toll-like receptor (TLR) ligands induce hematopoietic stem cell
(HSC) cycling, expansion of HSC and progenitor populations, as well
as promote a shift toward myeloid differentiation.° Nevertheless,
naive Myd88_/_, TRIF_/_, or Myd88_/_TRIF_/_ mice, which are
unable to respond to bacterial components via TLR, do not display
significant changes in hematopoietic cell composition,'® suggesting
that other bacterial sensors may be more important in or contribute to
the influence of the microbiota on steady-state hematopoiesis. Here,
we focused on the possible role of the NOD family of pathogen
recognition receptors. NOD1 and NOD?2 are involved in intracellular
sensing of pathogenic and commensal bacteria through recognition of
2 distinct peptidoglycan components (meso-diaminopimelic acid or

muramyl dipeptide), which in contrast to lipopolysaccharide (LPS),
are derived from cell walls of both Gram-positive and Gram-negative
bacteria.'' However, although NOD2 expression is limited primarily
to myeloid cells, NOD1 is widely expressed in multiple cell lineages,
making its possible contribution to hematopoiesis more likely."'

Study design
Animals

NODI1 ™ mice'? were kindly provided by Dr. Mazier Divangahi (McGill University).
NOD2™~,"* specific pathogen—free (SPF), and GF C57BL/6 mice were obtained
from Taconic Farms. All mice were housed at American Association for the
Accreditation of Laboratory Animal Care—accredited SPF facilities at the National
Institute of Allergy and Infectious Diseases (NIAID) in accordance with animal study
proposals approved by the Institute’s Animal Care and Use Committee. GF C57BL/6
mice were bred and maintained at the NIAID gnotobiotic animal facility.

FACS analysis and cell sorting

Cells stained with the antibodies (supplemental Table 1, available on the Blood
Web site) were analyzed or sorted using a fluorescence-activated cell sorting
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Figure 1. NOD1L administration restores numbers of HSPCs in GF mice to the levels observed in SPF mice. (A) Levels of HSC, MPP, and CLP in SPF vs GF mice.
Each symbol indicates the absolute number of LSK or CLP in BM from individual SPF (n = 6) and GF mice (n = 11). The horizontal bars represent the mean values for each
group. (B) Serum levels of NOD1 or NOD?2 ligand in naive SPF and GF mice. Bars represent the mean + standard error of the mean (SEM) of the values obtained in the
reporter gene assay used (n = 8 per group). (C) Levels of Nod? and Nod2 mRNA expression in indicated in BM HSPC populations isolated from WT, NOD1~/~, or NOD2~/~
mice (n = 10). BMMd¢ from WT animals were included as positive controls. Bars represent the mean = standard deviation (SD) of triplicate values of Nod1 or Nod2 expression
levels relative to the Rplp2 housekeeping gene. (D) NOD1 ligand levels in GF mice (n = 5-9) given either synthetic NOD1 ligand (C12-iE-DAP, 100 .g) or phosphate-buffered
saline by gavage every 2 or 3 days for 2 weeks. (E-F) HSPC populations in GF mice after gavage with NOD1 ligand (C12-iE-DAP, 100 ng) as noted before. (E) The
representative dot plots shown were gated on lineage™® and IL-7Ra"®? (upper panels) or IL-7Ra™ (lower panels) cells, respectively. (F) Absolute numbers of LT-HSC, ST-
HSC, MPP, CLP, and CMP in SPF mice, GF mice, and GF mice treated with NOD1 ligand. The symbols represent the cell numbers for the individual animals in each group
(n = 7-12). The bars represent the means = SEM of these values. *P < .05; **P < .01; ***P < .001 denote the statistical significance of the differences in group means. The
data shown in (A), (B), (D), and (F) are pooled from 2 to 3 independently performed experiments, whereas the values shown in (C) are from an experiment representative of 2

performed.
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Figure 2.
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(FACS) LSR 1I or FACS Aria (BD Biosciences), respectively, and the gating
strategy shown (supplemental Figure 1814

Generation of mesenchymal stromal cells

Mesenchymal stromal cells (MSCs) were prepared by culturing whole BM cells
using a MesenCult proliferation kit with Mesenpure (Stem Cell Technologies).
When confluent, cells were harvested and separated into CD45 " macrophages
(BMMd¢) and CD45™# mesenchymal stromal cells (MSC) by AutoMACS
(Milteny Biotec).

Quantitative polymerase chain reaction analysis

Total RNA was isolated using RNeasy (QIAGEN). Reverse transcription was
carried out with Superscript II RT (Invitrogen) and gene expression analysis
performed using SYBER Green-base real-time quantitative polymerase chain
reaction, with the primers indicated (supplemental Table 2).

Detection of NOD1 and NOD2 ligand in serum

These molecules were quantitated with a bioassay using human embryonic
kidney cells stably transfected with an NF-k B—inducible reporter construct plus
mouse NOD1 or NOD2 (InvivoGen) and standard curves constructed with
different concentrations of C12-iE-DAP or MDP (InvivoGen).

Data analysis

The statistical significance of differences between paired groups was analyzed by
Student ¢ test or, in the case of multiple groups, by one-way analysis of variance
with Dunnett’s multiple comparison tests.

Results and discussion

To evaluate the effects of the microbiota on the major hematopoietic
precursors in BM, we compared the absolute number and phenotype of
hematopoietic stem and precursor cells (HSPCs) in BM from GF and
conventional SPF mice. GF animals displayed a reduced number of
HSCs, multipotential progenitors (MPPs), and common lymphoid
progenitors (CLPs) (Figure 1A), demonstrating that the microbiota
regulates not only the numbers of granulocyte precursors but also the
size of the entire pool of HSPCs in BM.® As expected, sera from GF
mice displayed significantly lower levels of NOD1 and NOD2 ligands
than did sera from SPF mice (Figure 1B).

When measured by quantitative polymerase chain reaction,
HSCs, MPPs, CLPs, and common myeloid progenitors (CMPs)
displayed significant levels of NODI1 but not NOD2 mRNA
(Figure 1C). Therefore, we chose to treat GF mice with NOD1 ligand
by peroral gavage, resulting in a systemic elevation in its concentration
(Figure 1D)."> Importantly, this treatment augmented the number of
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long-term (LT)-HSCs, short-term (ST)-HSCs, MPP, GMPs, and CLPs
inthe BM of NOD1 ligand-treated GF mice to levels indistinguishable
from those observed in BM from SPF animals (Figure 1E-F) without
increasing serum levels of proinflammatory cytokines (data not shown).
These results demonstrated that NODI1 ligand positively regulates
the absolute number of HSPCs in BM. Moreover, NOD1 ~'~ but not
NOD2 ™"~ mice displayed reduced numbers of HSPCs supporting
the involvement of NODI signaling in steady-state hematopoiesis
(supplemental Figure 2).

The influence of the microbiota on hematopoiesis in BM may result
from a direct effect on HSPCs or occur indirectly through their detection
by niche supporting cells.'® To test whether NOD1 ligand stimulation
directly affects expansion of HSPCs, we sort-purified HSCs, MPPs,
and CLPs from the BM of wild-type (WT) mice and cultured them
in the presence of NODI ligand. We found that NOD1 ligand
alone failed to stimulate significant proliferation of HSCs, MPPs,
or CLPs, or to enhance cytokine-induced expansion of the same
cells (Figure 2A). We further tested the capacity of NOD1 ligand to
promote differentiation of myeloid cells from either Lineage"®
Sca-1"c-kit" (LSK) cells, CMPs, or CLPs. In contrast to LPS,
NOD1 ligand stimulation failed to promote the generation of either
myeloid cell type (supplemental Figure 3A-C).

In addition to hematopoietic cells, BM consists of various
nonhematopoietic cell types that form the BM niche and not only
provide a structural scaffold but also play an important role in regulating
the proliferation and differentiation rates of HSC required for optimal
hematopoiesis.'” The latter functions are performed primarily by MSCs
that produce a wide variety of cytokines, many of which also have arole
in steady-state homeostasis.'®'? To examine whether NOD1 stimula-
tion affects the function of MSCs in HSC regulation, we generated
MSCs from BM cells of WT or NOD1 /" mice (supplemental
Figure 4A).%°

We found that both in vitro cultured and ex vivo isolated MSCs
selectively express only NOD1, whereas cultured CD45 *Md displayed
both NOD1 and NOD2 mRNAs (Figure 2B and supplemental
Figure 4B). We next stimulated culture-derived MSCs with NOD1
ligand or LPS. Interestingly, NOD1 ligand, but not LPS, stimulation
increased NOD1 mRNA expression (Figure 2C). In the same ex-
periment, mRNA expression for various cytokines critical for
maintenance of HSPCs was also evaluated (Figure 2D). As previously
reported,?"** LPS stimulation induced IL-6 and tumor necrosis factor
(TNF)-a mRNA expression, but little or none of the other cytokine
mRNAs assayed. In contrast, NOD1 stimulation under the same
conditions induced IL-3, IL-7, FIt3L, SCF, and ThPO in addition to
IL-6 and TNF-ao mRNA expression. As expected, none of the cytokine
mRNAs was induced by NODI ligand in NOD1 ™'~ MSCs or WT
CD45"M¢ (supplemental Figure 5A,C). Stimulation with NOD2

Figure 2. NOD1 ligand stimulation of MSCs induces secretion of cytokines that promote proliferation of HSPCs. (A) FACS-purified HSC, MPP, and CLP were cultured
for 48 hours in the presence of NOD1 (10 pg/mL) or NOD2 (10 pg/mL) ligand alone or in combination with SCF (10 ng/mL), FIt3L (10 ng/mL), or ThPO (10 ng/mL) in the case
of HSC and MPP, and with IL-7 (10 ng/mL) and FIt3L in the case of CLP. [*H]-thymidine was added during the last 16 hours of culture. Bars represent mean + SD of thymidine
incorporation for triplicate cultures. N.D., not determined. (B) Expression of Nod1 and Nod2 mRNA in cultured CD45"°9 MSC and CD45" Md from WT, NOD1~/~, or NOD2 ™/~
mice. Bars represent mean + SD of triplicate values of Nod1 and Nod2 expression relative to RPLP2 expression. (C) MSCs generated from WT or NOD1~/~ mice were
stimulated with NOD1 ligand (C12-iE-DAP, 10 wg/mL) or LPS (10 pg/mL) and 72 hours later harvested for RNA extraction. Bars represent mean + SD of triplicate
measurements of Nod1 relative to Rplp2 expression for each stimulus. (D) Expression of mRNA for IL-3, IL-6, IL-7, SCF, Thpo, and Fit3L in WT MSCs treated with NOD1
ligand (10 pg/mL) or LPS (10 wg/mL). Bars represent the means * SD of triplicate values of mRNA expression relative to Hprt for each cytokine. (E-F) Sorted LSK (2 x 10%
well), HSC (2 x 10%well), CLP (2 x 10%/well), or CMP (4 x 10%well) from WT mice were stimulated for 48 hours with the culture supernatants harvested from WT (WT CS) or
NOD1~/~ (KO CS) MSC cultures treated with NOD1 ligand (10 pg/mL) for 72 hours (E). [*H]-thymidine (0.5 wCi/well, New England Nuclear Corp., sp act: 2 Ci/mmol) was
added at 48 hours and the incorporated radioactivity measured 16 hours later. Bars represent the mean = SD of the values from triplicate cultures. The data shown in (A-E)
are from 1 representative out of 3 experiments performed. (F) Serum levels of IL-7, SCF, ThPO, and FIt3L in GF mice after gavage with NOD1 ligand. The concentrations of
IL-7, FIt3L, ThPO, and SCF in culture supernatants or serum were measured by Quantikine ELISA kit (R&D systems). Bars represent the mean + SEM of the ELISA values
obtained from the individual SPF, GF, and NOD1 ligand-treated GF mice shown in Figure 1F and pooled from 2 independently performed replicate experiments. *P < .05;
**P < .01; ***P < .001.
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ligand failed to induce cytokine responses in MSCs, while triggering
IL-6 secretion by CD45"Md (supplemental Figure 5B,D). These
results revealed a unique property of NOD1 ligand stimulation in
triggering production of multiple hematopoietic cytokines in MSC.
NODI1 ligand stimulation enhanced IL-6 production by LPS-
stimulated MSCs (supplemental Figure 6), supporting the concept
that TLR4 and NOD1 signaling pathways act independently and
mediate distinct outcomes.

To test the hypothesis that NODI1-stimulated MSCs produce
cytokines, which in turn are responsible for inducing HSPC pro-
liferation, we set up a bioassay with FACS-purified LSK, CLP, and
CMP cultured in the presence of supernatants obtained from either
WT or NOD1 '~ MSCs stimulated with NOD1 ligand. The culture
supernatants from WT, but not NOD1~/~, MSCs induced significant
proliferation of all 3 HSPC populations tested (Figure 2E), demon-
strating that NOD1 ligand stimulation induces the production of
cytokines from MSCs needed for supporting the maintenance of
HSPCs. Antibody neutralization experiments implicated IL-6, SCF,
FIt3L, and IL-7 in the proliferation of MPPs, CMPs, and CLPs
induced by supernatants from NOD1 ligand—stimulated MSCs
with different cytokines or combinations of cytokines playing
distinct roles depending on the target cell population (supplemental
Figure 7).

To confirm that NOD1 ligand from microbiota affects production
of hematopoietic cytokines in vivo, we measured the amount of these
cytokines in the sera of SPF mice, GF mice, and GF animals treated with
NOD1 ligand. Although serum levels of IL-3 and IL-6 were un-
detectable in all 3 groups, the amounts of IL-7, Flt3L, SCF, and ThPO
were significantly lower in sera from GF mice compared with SPF
animals (Figure 2F). Importantly, oral treatment of GF mice with
NODI ligand restored serum levels of IL-7, FIt3L, SCF, and ThPO
to the same levels observed in SPF mice. These findings demonstrated
that NOD1 ligand administration to GF mice induces systemic increase
in hematopoietic cytokines, which in turn may contribute to the
expansion of HSPC pools and the maintenance of steady-state
hematopoiesis.

Because of the wide tissue distribution of NODI, its stimulation
may have many different outcomes depending on the cell type trig-
gered. In contrast, TLR4 signaling is most often associated with
production of a common set of pro-inflammatory cytokines such as
IL-6 or TNF-a.. Based on the results presented here, LPS or NOD1
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ligand—stimulated BM MSC:s are both likely to promote hematopoiesis
(supplemental Figure 8). LPS as a potent inducer of IL-6 favors
myelopoiesis, whereas NODI ligand augments the numbers of all
HSPCs. Nevertheless, the partial effects of either MyD88'® or NOD1
deficiency (supplemental Figure 2) on hematopoiesis in steady state
suggest that in the presence of the microbiota, these pathways can
have redundant functions. Future studies of the relative importance
and interaction of these 2 innate recognition pathways could lead to
novel therapeutic approaches for the treatment of hematopoietic
disorders.

Acknowledgments

The authors thank Lara Mittereder, Sara Hieny, and Sandy Oland for
their excellent technical assistance; Calvin Eigsti for performing
FACS sorting; the NIAID Gnotobiotic Animal Facility staff, in
particular Dana Trageser-Cesler, Cesar Acevedo, and Jess LeGrand,
for invaluable help in maintaining GF animals; and Mazier
Divangahi (McGill University) for providing the NOD1 ™/~ mice
used in this study.

This work was supported by the Intramural Research Program of
the National Institute of Allergy and Infectious Diseases, National
Institutes of Health, and by a fellowship from the Uehara Memorial
Foundation (C.1.).

Authorship

Contribution: C.I., D.J., and A.S. designed the study; C.I., D.J., and
N.B. performed experiments; N.B. and Y.B. provided GF mice and
advice on their use; C.I. and D.J. analyzed the data and performed the
statistics; and C.I, D.J., and A.S. wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

ORCID profiles: D.J., 0000-0001-7360-1809.

Correspondence: Dragana Jankovic, BG33 RM 1W10A3, 33
North Dr, Bethesda, MD 20814; e-mail: djankovic @niaid.nih.gov.

1. Maslowski KM, Vieira AT, Ng A, et al. Regulation

of inflammatory responses by gut microbiota and
chemoattractant receptor GPR43. Nature. 2009;

granulopoiesis via MyD88/TICAM signaling.
J Immunol. 2014;193(10):5273-5283.

inflammatory disease. Immunity. 2014;41(6):
898-908.

° 7. Khosravi A, Yéfiez A, Price JG, et al. Gut 12. Girardin SE, Boneca IG, Carneiro LA, et al. Nod1
461(7268):1282-1286. microbiota promote hematopoiesis to control detects a unique muropeptide from gram-negative
2. Mazmanian SK, Liu CH, Tzianabos AO, Kasper bacterial infection. Cell Host Microbe. 2014;15(3): bacterial peptidoglycan. Science. 2003;
DL. An immunomodulatory molecule of symbiotic 374-381. 300(5625):1584-1587.
bacteria directs maturation of the host immune 8. Nagai Y, Garrett KP, Ohta S, et al. Toll-like 13. Pauleau AL, Murray PJ. Role of nod2 in the
system. Cell. 2005;122(1):107-118. receptors on hematopoietic progenitor cells response of macrophages to toll-like receptor
3. ShiC, Jia T, Mendez-Ferrer S, et al. Bone marrow stimulate innate immune system replenishment. agonists. Mol Cell Biol. 2003;23(21):7531-7539.
mesenchymall sterp and progenitor ce!ls |ndyce Immunity. 2006;24(6):801-812. 14. Baldridge MT, King KY, Boles NC, Weksberg DC,
monocyte emigration in response to circulating 9. Takizawa H, Regoes RR, Boddupalli CS, Goodell MA. Quiescent haematopoietic stem cells
toll-like receptor ligands. /mmunity. 2011;34(4): Bonhoeffer S, Manz MG. Dynamic variation in are activated by IFN-gamma in response to
590-601. cycling of hematopoietic stem cells in steady state chronic infection. Nature. 2010;465(7299):
4. Trompette A, Gollwitzer ES, Yadava K, et al. Gut and inflammation. J Exp Med. 2011;208(2): 793-797.
microbiota metabolism of dietary fiber influences 273-284. 15. Clarke TB, Davis KM, Lysenko ES, Zhou AY, Yu
allergic airway disease and hematopoiesis. Nat 10. Scumpia PO, Kelly-Scumpia KM, Delano MJ, Y, Weiser JN. Recognition of peptidoglycan from
Med. 2014;20(2):159-166. et al. Cutting edge: bacterial infection induces the microbiota by Nod1 enhances systemic innate
5. Manzo VE, Bhatt AS. The human microbiome in hematopoietic stem and progenitor cell expansion immunity. Nat Med. 2010;16(2):228-231.
hematopoiesis and hematologic disorders. Blood. in the absence of TLR signaling. J Immunol. 2010; 16. King KY, Goodell MA. Inflammatory modulation of
2015;126(3):311-318. 184(5):2247-2251. HSCs: viewing the HSC as a foundation for the
6. Balmer ML, Schirch CM, Saito VY, et al. 11. Caruso R, Warner N, Inohara N, Nufiez G. NOD1 immune response. Nat Rev Immunol. 2011;

Microbiota-derived compounds drive steady-state

and NOD2: signaling, host defense, and

11(10):685-692.

20 aunr g0 uo 3senb Aq jpd'zi.€2,P00IA/Z0E00Y L/ L LL/2/6T | /sPd-Bloe/po0|qAU"suoleDlgndyse//:diy woly papeojumoq


http://orcid.org/0000-0001-7360-1809
mailto:djankovic@niaid.nih.gov

176

IWAMURA et al

Morrison SJ, Scadden DT. The bone marrow
niche for haematopoietic stem cells. Nature. 2014;
505(7483):327-334.

Anthony BA, Link DC. Regulation of
hematopoietic stem cells by bone marrow stromal
cells. Trends Immunol. 2014;35(1):32-37.

Garcia-Garcia A, de Castillejo CL, Méndez-Ferrer

S. BMSCs and hematopoiesis. Immunol Lett.
2015;168(2):129-135.

BLOOD, 12 JANUARY 2017 + VOLUME 129, NUMBER 2

20. Schirch CM, Riether C, Ochsenbein AF.

21.

Cytotoxic CD8+ T cells stimulate

hematopoietic progenitors by promoting

cytokine release from bone marrow
mesenchymal stromal cells. Cell Stem Cell. 2014;
14(4):460-472.

Taki M, Tsuboi |, Harada T, et al.
Lipopolysaccharide reciprocally alters the stromal
cell-regulated positive and negative balance

22.

between myelopoiesis and B lymphopoiesis in
C57BL/6 mice. Biol Pharm Bull. 2014;37(12):
1872-1881.

Ziegler P, Boettcher S, Takizawa H, Manz MG,
Brimmendorf TH. LPS-stimulated human

bone marrow stroma cells support myeloid

cell development and progenitor cell
maintenance. Ann Hematol. 2016;95(2):
173-178.

20 aunr g0 uo 3senb Aq jpd'zi.€2,P00IA/Z0E00Y L/ L LL/2/6T | /sPd-Bloe/po0|qAU"suoleDlgndyse//:diy woly papeojumoq



