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Hematopoietic stem/progenitor cells (HSPC) are characterized by their unique capacities

of self-renewal and multi-differentiation potential. This second property makes them

able to adapt their differentiation profile depending on the local environment they reach.

Taking advantage of an animal model of peritonitis, induced by injection of the TLR-2

ligand, zymosan, we sought to study the relationship between bone marrow-derived

hematopoietic stem/progenitor cells (BM-HSPCs) and innate lymphoid cells (ILCs)

regarding their emergence and differentiation at the site of inflammation. Our results

demonstrate that the strength of the inflammatory signals affects the capacity of

BM-derived HSPCs to migrate and give rise in situ to ILCs. Both low- and high-dose

of zymosan injections trigger the appearance of mature ILCs in the peritoneal cavity

where the inflammation occurs. Herein, we show that only in low-dose injected mice, the

recovered ILCs are dependent on an in situ differentiation of BM-derived HSPCs and/or

ILC2 precursors (ILC2P) wherein high-dose, the stronger inflammatory environment

seems to be able to induce the emergence of ILCs independently of BM-derived HSPCs.

We suggest that a relationship between HSPCs and ILCs seems to be affected by the

strength of the inflammatory stimuli opening new perspectives in the manipulation of

these early hematopoietic cells.
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INTRODUCTION

Innate lymphoid cells (ILCs) arise from fetal progenitors or from common lymphoid progenitors
(CLP) within the bone marrow. During the late stages of the fetal development, fetal hematopoietic
lymphoid progenitors from the bone marrow migrate and populate different tissues giving rise
to lymphoid structures (1–3). ILCs have been subdivided into three groups on the basis of
development, function, patterns of cytokine production and expression of transcription factors (4,
5). Regarding group 1, the ILCs display a Th1-like cytokine signature, producing large amounts of
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IFN-γ and TNF-α and, are positive for the expression of T-bet (6,
7). In contrast, group 2 ILCs secrete Th2-related cytokines such
as IL-4, IL-5, and IL-13 together with up-regulated expression of
the transcription factor Gata-3 (4, 8–10). Group 3 ILCs produce
pro-inflammatory cytokines including IL-17, IL-21, IL-22, and
GM-CSF and, express the transcription factor RORgt (11–13).
ILC1 and ILC3, but not ILC2, express retinoic acid and CCR7
homing receptors that are also expressed by activated T cells.
Upon activation, these receptors guide the migration of activated
T cells to non-lymphoid tissues (14). In contrast, ILC2s use
homing receptors, in common with myeloid and certain innate
cells (14).

Using a model of sterile inflammatory peritonitis, induced
by intraperitoneal injection of zymosan, a toll-like receptor
2 (TLR2) ligand, we compared the consequence of induction
by high- or low-dose zymosan treatment upon the nature,
origin, and abundance of various immune cell types from the
peritoneal cavity at 24 h (15, 16). Knowing that hematopoietic
stem/progenitor cells (HSPCs) migrate to inflamed tissues (17),
we investigated whether mature ILCs migrate directly to the
inflammatory site or BM-HSPCs differentiate in situ into ILCs.
To further analyze the influence of the strength of inflammation
and the potential for therapeutic intervention, we analyzed
the impact of treatment with alpha-1 anti-trypsin (AAT), a
potent anti-inflammatory protein (18) in the low- and high-dose
zymosan-induced peritonitis model at 24 h.

RESULTS

Intraperitoneal Injection of High- or
Low-Dose of Zymosan, a TLR2 Ligand,
Regulates the Presence and Phenotype of
ILCs in the Peritoneal Cavity
We injected C57BL/6J mice i.p with low (0.1 mg/ml) or
high (10 mg/ml) doses of zymosan or PBS (Control) and
the peritoneal exudate was harvested at 24 h. Both doses
of zymosan induce sterile inflammation in the peritoneal
cavity. The intraperitoneal cells were stained for CD45,
Lineage markers (anti-CD3, anti-Ly-6G/Ly-6C, anti-
CD11b, anti-B220/CD45R, and anti-Ter-119), CD127, and
CD90. Consistent with the participation of ILCs in sterile
inflammation (19), cells with a CD45+Lineage−CD127+CD90+

phenotype were identified in the zymosan-treated, but not
in PBS-injected mice (Figure 1A). There was no significant
difference in both frequency (percentage) and total cell
number of ILCs between the two groups of zymosan-treated
mice (Figure 1B,C). Additionally, ILCs were negative for
the expression of Nkp46 (an NK cell type with some
characteristics shared by group 3 ILCs) and all ILCs were
Sca-1+ (Figure 1D).

HSPCs Are Attracted to High- and
Low-Dose TLR2-Stimulated Sterile
Inflammatory Sites
It has been previously shown that bone marrow-derived
HSPCs are attracted to the inflammatory environment of

thioglycollate-induced peritonitis (20) and syngeneic or
allogeneic organ or cell transplants (17). In the zymosan-
induced model of sterile peritonitis, we examined whether
the migration of HSPCs to the peritoneal cavity is dependent
on the strength of the inflammatory stimulus. We probed for
the presence of HSPCs in C57BL6/J mice injected i.p either
with low- or high-dose of zymosan or PBS (control) 24 h
post-injection. Intraperitoneal cells were stained with the
anti-lineage cocktail, the hematopoietic cell lineage CD45
marker and stem cell markers such as CD117 (c-kit), Sca-1
and CD34. In both low- and high-dose of zymosan, but not in
PBS-treated mice, a population of CD45+Lineage−ckit+Sca-
1+CD34− cells was recovered (Figure 2A). Although a similar
percentage of HSPCs cells was noted in both low- and high-dose
treated mice (Figure 2B), the total number of cells in mice
injected with high-dose of zymosan was significantly higher
(Figure 2C).

Different Requirements for HSPCs in the
Appearance of ILCs Within Sites of Sterile
Inflammation, in Response to a Low- or
High-Dose of Zymosan
In thioglycollate-induced inflammation, HSPCs migrate to the
peritoneum in a CCR2-dependent manner (20). After confirming
in our study that bone marrow-derived HSPCs express CCR2
(Supplementary Figures 1A,B), we subsequently investigated
whether homing of HSPCs to the peritoneal cavity in response
to zymosan is also CCR2 dependent. For these experiments we
used CCR2 KO mice in our low- and high-dose zymosan model.
As shown in Supplementary Figure 2, zymosan at either dose
was less efficient in inducing the appearance of HSPCs in the
peritoneum of CCR2 KO mice compared to WT ones. Then, we
asked whether attenuated migration of HSPCs in CCR2 KOmice
with peritonitis had an impact on the emergence of peritoneal
ILCs. CCR2 KO mice were injected i.p either with low- or high-
dose of zymosan, and 24 h post-injection, cells in the peritoneal
fluid were stained for targets of the Lineage cocktail, CD45, and
CD127. Only the high-dose of zymosan induced the emergence
of a significant population of CD45+Lineage−CD127+ ILCs in
the peritoneal cavity in the absence of HSPCs (Figures 3A,B).
The appearance of mature ILCs in the peritoneal cavity of
zymosan-injected mice might result of in situ differentiation
of innate lymphoid progenitor cells derived from the bone
marrow, which might respond only to high-dose inflammatory
signals. Since high-dose treatment favors mostly the emergence
of ILCs of type 2, based on the expression of Gata-3 and IL-
5 (Supplementary Figure 3), we sought to investigate whether
high-dose treatment of zymosan induces more efficiently than
low-dose, the appearance of bone marrow-derived precursors
of innate lymphoid cells type 2 (ILC2P) (21). Wild-type (WT)
C57BL/6J mice were injected intraperitoneally either with
low- or high-dose of zymosan and cells in the peritoneal
cavity were stained for Lineage markers, CD45, CD127, CD90,
CD25, and KLRG1 for identification of ILC2Ps. As shown
in Figure 3C, both high- and low-dose treatments induce the
emergence of a Lineage−CD45+CD127+CD25+Sca1+KLRG1−
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FIGURE 1 | Phenotypic analysis of innate lymphoid cells recovered from the peritoneal cavity of zymosan-injected mice, 24 h post-injection. (A) Cells from the

peritoneum of mice injected with PBS 1X (controls) or low (0.1 mg/ml) or high (10 mg/ml) dose of zymosan were recovered 24 h post-injection. Cells were stained for

CD45, Lineage, CD90, and CD127. One representative flow cytometry analysis is shown from 5 different independent experiments (n = 5). (B) Significant increase in

the frequency (percentage) of total ILCs (CD45+Lin−CD90+CD127+) cells emerged in the peritoneal cavity of zymosan-, but not in PBS-injected mice was observed

(n = 5) (C) No significant difference observed on the total cell number of ILCs between low- and high-dose treated mice (n = 5), (D) ILCs recovered from the

peritoneal cavity of both low- and high-dose of zymosan-treated mice were stained for additional markers including Sca-1 and Nkp46 and their expression level is

shown (n = 4). **p < 0.005.

population, which corresponds to BM-derived precursor cells
of ILC type 2, but not with the same intensity. Specifically,
the frequency of cells expressing a CD25+Sca-1+ phenotype
is significantly higher in the high-dose of zymosan treatment
(Figures 3C,E,F). Additional markers such as ST2 and IL17RB
have been also shown to identify specifically type 2 ILCs (10,
22–24). In our experimental setting, KLRG1+ ILCs recovered
from the peritoneal cavity of zymosan-injected mice, were all
positive for the expression of ST2 but negative for IL17RB
(Supplementary Figure 4A). In order to test the dependence
of these cells on HSPCs, CCR2 KO (C57BL/6J) mice were
injected with high- and low-dose of zymosan and cells were
stained for markers characterizing the progenitors of ILC2P
and mature ILC2. The low-dose injection was unable to trigger
the emergence of any of these populations where the high-
dose treatment resulted in the appearance of both populations,
suggesting that there might be a different dependence on HSPCs
regarding the migration of ILCs to the site of inflammation
(Figure 3D).

BM-Derived Hematopoietic Stem Cells
Differentiate in situ Into Innate-Like
Lymphoid Cells in an Inflammatory
Environment Induced by Low-Dose of
Zymosan
To confirm our previous results suggesting that HSPCs derived
from the bone marrow are needed to induce the emergence
of ILCs in the peritoneal cavity of low-dose zymosan-injected
mice, we performed adoptive transfer experiments. BM-HSPCs
were magnetically selected based on the positive expression of
c-kit (CD117) and then electronically sorted according to their
expression of Lineage and Sca-1. The “LSK” cells (Lineage−

c-kit+ Sca-1+) cells were derived from congenic CD45.1 B6
mice and injected intraperitoneally into CD45.2 C57BL/6J mice
4 h post-injection of low-dose of zymosan (Figure 4A). Total
cells were recovered from the peritoneal cavity of the recipient
mice 24 h post-injection and were stained for markers of
several types of immune cells including T cells (CD3e), B cells
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FIGURE 2 | Zymosan induces the emergence of bone marrow-derived hematopoietic stem/progenitor cells to the site of inflammation. WT C57BL/6 mice were

injected with high- or low-dose of zymosan and after 24 h cells in the peritoneal cavity were harvested and used for FACS analysis. (A) Cells from the peritoneal cavity

of zymosan-injected mice were stained for CD45, Lineage, CD117 (c-kit), Sca-1, and CD34. Intraperitoneal injection of zymosan induces the emergence of a

population of CD45+Lineage−c-kit+Sca-1+CD34− cells, a phenotype corresponding to early hematopoietic stem/progenitor cells. One representative flow cytometry

analysis is shown from 3 independent experiments (n = 3). (B,C) In both low- and high-dose of treatment, a significant increase of the percentage of the recovered

HSPCs has noticed whereas the absolute total number of HSPCs in high-dose zymosan is higher compared to low-dose treated mice (n = 3). **p < 0.005, *p < 0.05.

(CD19), dendritic cells (CD11c), macrophages (F4/80, CD11b)
and markers of innate lymphoid cells (Lineage, CD127, and Sca-
1). The congenic markers CD45.1 and CD45.2 were used to
track exclusively our injected population. As expected, we show
that the injected HSPCs as early as in 24 h they differentiate
primarily in myeloid cells such as CD11b+ and CD11c+ subsets.
The differentiation profile does not include any mature T cells or
macrophages and only very few CD19+ B cells. Interestingly, we
found that in the inflammatory environment induced by the low-
dose injection of zymosan, HSPCs were capable of differentiating
into a population of innate-like lymphoid cells since a population
being negative for Lineage and positive for CD127 and Sca-1,
could be recovered 24 h post-injection (Figure 4B).

Pharmacological Manipulation With an
Anti-inflammatory Agent Influences the
Migration and Numbers of Infiltrated ILCs
at the Site of Inflammation
Next, we sought to investigate whether a transient pharmacologic
manipulation with alpha-1 anti-trypsin (AAT), an acute phase
anti-inflammatory protein (25–27) can influence the presence,
abundance, and phenotype of the recovered ILCs from the

site of inflammation. Mice were injected i.p with low- or
high-dose of zymosan and 15min later they received an i.p
injection with alpha-1 antitrypsin, a protein with well-known
anti-inflammatory activity. The peritoneal fluid of the injected
mice was analyzed 24 h post-injection (Figure 5A). Cells were
stained for CD45, Lineage, CD127, and CD90, and found that
AAT treatment reduced the appearance of ILCs at the site of
inflammation (Figures 5B,C). Regarding the appearance of ILC2
in the peritoneum, we found that cells with a phenotype of ILC2P
could still appear in the peritoneal cavity of high-dose zymosan-
treated mice where, interestingly the emergence of the more
mature BM-derived ILC2 has been lost (Figures 5D,E).

DISCUSSION

ILCs represent a recently discovered population of innate
immune cells with some similarities to mature activated T
lymphocytes. The development, function, and role of ILCs
in health and disease have received considerable attention
in both acute and chronic inflammatory conditions (28).
Recent developments in the field suggest a strong role for
ILCs in epithelial tissue homeostasis and clearance of viral
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FIGURE 3 | ILCs and ILC2P cells emerge to the site of inflammation independently of HSPCs in response to high-dose of zymosan treatment. WT or CCR2 KO mice

were injected with 0,1mg (low dose) or 10mg (high dose) of zymosan and 24 h later peritoneal cells were harvested, stained for markers identifying both mature ILCs

and progenitor cells of type 2 ILCs. (A) CCR2 KO mice where bone marrow-derived HSPCs are unable to migrate to the site of sterile inflammation, were injected

either with a low- or high-dose of zymosan. Twenty-four hours post-injection, cells were recovered from the peritoneum of injected mice and stained for Lineage

markers, CD45 and CD127. One representative experiment of flow cytometry analysis is shown from 4 independent experiments (n = 4) (B) Statistical analysis of the

frequency of Lineage−CD127+ cells recovered from the peritoneal cavity of zymosan-injected mice (CCR2 KO recipients). The same experimental process as

described in (A) was used to investigate the emergence of bone marrow-derived progenitor cells for type 2 innate lymphoid cells in WT mice treated either with a low-

or high-dose of zymosan. (C) Cells were stained for CD45, Lineage markers, CD127, CD25, Sca-1, and KLRG-1 (n = 4). (D) Intraperitoneal cells were recovered from

the peritoneal cavity of both high- and low-dose treated CCR2 KO mice and stained for markers of ILC2 and ILC2P as described in (B). One representative

experiment is shown (n = 4). (E) Statistical analysis of the frequency of CD25+Sca-1+ cells gated previously in CD45+Lineage−CD127+ cells of both WT and CCR2

KO mice injected either with PBS (control) or low- and high-dose of zymosan (n = 4). (F) Statistical analysis of the frequency of Sca-1+KLRG1+ and Sca-1+KLRG1−

cells from mice injected either with PBS or low- and high-dose zymosan both in WT and CCR2 KO mice (n = 4). *p < 0.05.

infections, but the specific mechanism(s) involved are poorly
understood (29, 30). In the present study, we sought to
elucidate whether the strength of an inflammatory stimulus
can determine the origins and differentiation of ILCs and
subsets thereof as well as of HSPCs at the site of inflammation.
However, identification of immature Lineage− cells displaying
characteristics of ILCs could be tricky due to a huge sensitivity
in the gating strategy and should always be done with extreme
caution.

Lineage reporter mice might be one option to detect and
identify these immature cell populations. In our study, we have
been very strict in identifying the Lineage− cells, in order to avoid
any mixture with more mature cells; nevertheless, there are still
limitations of a definitive interpretation since it does not include

target against Singlec, which stains for additional immune cell
populations.

Both HSPCs and ILCs are locally present in the model of
sterile peritonitis induced by i.p injection of the TLR2 agonist,
zymosan. Injection of WT C57BL/6J mice with either low- or
high-dose of zymosan induces the emergence of a population
of mature ILCs (Lineage−CD45+CD127+CD90+) within the
peritoneal cavity at 24 h post-injection.

We found that in WT zymosan-injected mice, the mature
ILCs recovered from the peritoneal cavity, belong to the group
2 of ILCs since they express Gata-3 along with up-regulated
levels of IL-5, a cytokine secreted mostly by this type of ILCs.
In further support of the type 2 nature of recovered ILCs
was the expression of ST2. ST2 belongs to the IL1R receptor
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FIGURE 4 | Intraperitoneal injection of BM-derived HSPCs contributes to the emergence of innate lymphoid-like cells in the peritoneal cavity of low-dose

zymosan-injected mice. (A) Total bone marrow cells from congenic CD45.1 mice underwent magnetic and electronic cell separation in order to get pure

hematopoietic stem cells (LSK). First, cells were selected based on the positive expression of CD117 (c-kit) and then stained for Lineage and Sca-1. A population of

Lineage−c-kit+Sca-1+ was finally electronically sorted out. (B) CD45.2 C57BL/6J mice were injected intraperitoneally with a low-dose of zymosan and 4 h later the

same recipients got 30,000 of LSK cells (i.p injection). Twenty-four hours post-injection, cells were recovered from the peritoneal cavity of injected mice and stained for

several markers of mature immune cells (including CD3e, CD19, CD11b, F4/80, CD11c, and Ly6c) or markers for innate lymphoid-like cells such as Lineage, Sca-1

and CD127. (One representative experiment is shown from 3 independent ones).

family and IL-33 is its specific ligand. ST2+ mature ILC2
have been previously found in several tissues such as skin and
lung, showing the importance of IL-33 response (31, 32). In
our experiments, recovered ILCs have been positive for the
expression of ST2, but not for IL17RB, suggesting differential
requirements for IL-33 and IL-25 in this particular inflammatory
environment.

To our knowledge, this is the first study, which focuses on the
appearance of ILCs in the peritoneal cavity under inflammatory
conditions, which raises the question whether the presence of
ILCs is dependent uponmigration of bone marrow-HSPCs to the
site of inflammation.

Si et al. (20) demonstrated in the thioglycollate-induced
sterile peritonitis model, that migration of HSPCs from the
bone marrow to the site of inflammation is dependent upon
chemokine receptor CCR2. In our experiments using CCR2 KO
mice as recipients, the frequency of HSPCs in the peritoneal
cavity of zymosan-injected mice is much lower compared to WT
mice, validating these previously published results. However, the

impact of CCR2 on the presence of ILCs has not been previously
investigated.

Interestingly, in the absence of CCR2, a low-dose of
zymosan was unable to induce the emergence of mature
CD45+Lineage−CD127+ ILCs in the peritoneal cavity; that was
not the case when a high-dose of zymosan was used. Taken
together, these results suggest an involvement of HSPCs in the
emergence of mature ILCs under certain conditions, since the
presence of HSPCs was diminished in the peritoneal cavity of
zymosan-injected CCR2 KO mice.

In our experimental setting, a high-dose treatment of zymosan
could induce efficiently the emergence of mature ILCs regardless
of the presence of BM-derived HSPCs, raising the possibility
of alternative sources giving rise to mature ILCs at the site of
inflammation. One such candidate that we further investigated
in the present study could be bone marrow-derived ILC
progenitors.

Except for the emergence of mature ILCs, we demonstrated
that bone marrow-derived progenitor cells of type 2 could be also
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FIGURE 5 | Treatment with Alpha-1-Antitrypsin inhibits the emergence of total ILCs in the peritoneal cavity of zymosan-injected mice. (A) C57BL/6J mice were

injected intraperitoneally with low- or high-dose of zymosan and AAT treatment 15min later. Peritoneal fluid from both zymosan-treated and PBS-injected (control)

mice was purified and stained for markers of ILCs such as CD45, Lineage, CD127, and CD90. One representative flow cytometry analysis is shown from 4

independent experiments (n = 4). (B) Cells were stained for Lineage, CD127, CD25, Sca-1, and KLRG-1 in order to identify bone marrow-derived ILC2 and ILC2P

cells (n = 4). (C) Statistical analysis of the frequency of Lineage−CD127+CD90+ cells (n = 4). (D) Flow cytometry gating strategy for ILC2 and their progenitor cells

(ILC2P) in both mice injected with low- and high-dose of zymosan after treatment with AAT (n = 4). (E) Statistical analysis for the frequency of Sca-1+CD25+ cells

within CD45+Lineage− cells (n = 4). **p < 0.005.

recovered from the peritoneal fluid of mice treated with either
a high- or low-dose of zymosan, though in a dose-dependent
manner. In low-dose treatment, the expression levels of cells
displaying a phenotype of CD45+Lineage−CD127+CD25+Sca-
1+ are much lower compared to the high-dose treatment.
This might be explained by the fact that the need for
specializing immune cells to emerge, participate, and fight
against the inflammatory stimulus is different in the two
conditions. The intensity of the inflammatory signals seems
to affect differently both the emergence of HSCPs and
progenitor cells of type 2 of ILCs. Interestingly, we see
that bone marrow-derived ILC2 do not express CCR2 so
we suggest that CCR2 might be involved indirectly in
the emergence of progenitor cells of ILCs at the site of
inflammation.

In CCR2 KO mice, a low-dose zymosan injection was unable
to induce the emergence of progenitor cells suggesting that
HSPCsmight play a role either in the trajectory of ILC2P from the
bonemarrow to the site of inflammation, or in situ differentiation

into ILC2P. In contrast, when CCR2 KO mice are treated with a
high-dose of zymosan, regardless the presence of HSPCs, both
mature ILCs and precursors of ILC2 were recovered. Thus, the
emergence of ILCs into the high-dose of zymosan, induced
by a hyper-inflammatory stimulus, is an HSPC-independent
process. In order to support further our evidence that the
ILCs emerged in the peritoneal cavity of low-dose zymosan are
dependent on BM-derived HSPCs, we performed an adoptive
transfer of bone marrow-derived HSPCs and studied their
differentiation potential in response to zymosan. Our results
indicate that this inflammatory environment allowed HSPCs
to differentiate primarily into myeloid cells. Interestingly, we
found that they were also able to give rise to innate-like
lymphoid cells since a population of Lineage−CD127+Sca-1+

cells could also be recovered. Ideally, to avoid competition
between host and injected HSPCs, CCR2 KO mice as recipient
mice should have been used. Additionally, a BM-chimera might
be useful as well to study into more depth HSPCs dependence of
ILCs.
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To further elucidate the importance of the inflammatory
environment per se for the attraction of mature ILCs, an anti-
inflammatory drug was used. Treatment of mice with alpha-1
anti-trypsin (AAT) 15min after injection of either low- or high-
dose of zymosan, led to the blockade of the migration of HSPCs
into the peritoneal cavity resulting in a loss of even mature ILCs
in mice injected with the low-dose of zymosan. Contrary, in
mice injected with high-dose, progenitor cells of type 2 of ILCs
could be still recovered, but not mature ILC2 cells, suggesting
that the single injection of AAT is insufficient to stop the
strong inflammatory responses induced by hyper-inflammatory
stimuli.

Taken together, the above experiments suggest that
manipulation of early hematopoietic cells might open new
perspectives on how we can prevent or stop inflammatory
responses.

MATERIALS AND METHODS

Mice
Mice are housed in individually ventilated cages at the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC)-accredited, specific-pathogen-free
BIDMC CLS animal facility. Mouse use and care are according
to the guidelines established by the Animal Care Committee
at Beth Israel Deaconess Medical Center. C57BL/6J (CD45.2
and/or CD45.2) wild-type and CCR2 Knock-out mice were
purchased from the Jackson Laboratory (Bar Harbor, ME).
Female mice between 8 and 12 weeks of age used for the
studies.

Isolation of Bone Marrow Cells
Bone Marrow cells were flushed from the tibia and femur with
HyClone RPM1-1640 Medium supplemented with 2.05mM L-
Glutamine and 10% FCS. Cells were filtered through a nylon
screen (70mm) to obtain a single-cell suspension. Red blood
cells were depleted with ACK lysis buffer (150mMNH4Cl, 1mM
KHCO3, 0.1mM EDTA).

Extraction of RNA and qRT-PCR
Extraction of RNA from sorted cells was performed with
use of Qiagen Rneasy Mini Kit following manufacturer
instructions. Quantitative real-time PCR (qRT-PCR) was
performed to detect mRNA expression for gata-3 and il-5
(TaqMan). The primers used for qRT-PCR are shown in
Table 1.

TABLE 1 | Primers used for qPCR experiments.

Protein TaqMan Assay ID

IL-5 Mmoo439646_m1

Gata-3 Mmoo484683_m1

Zymosan-Induced Peritonitis
Peritonitis was induced by an i.p injection of zymosan
(Zymosan A, Sigma) into wild-type (WT) and CCR2 KO
mice as described. Peritoneal cells were collected 24 h later
by flushing the peritoneal cavity with 3ml of PBS 1X for
three times. After red blood cell lysis, peritoneal cells were
washed with staining buffer (PBS 2% FCS), and 3 × 106

cells were incubated with anti-mouse CD16/CD32 for 30min
to block Fc receptors. After washing, the peritoneal cells
were incubated with antibodies for several lineage markers,
as described above, for 30min. Cells were washed twice with
staining buffer and analyzed by flow cytometry, as described
above.

Alpha-1-Antitrypsin
Aralast (α-proteinase inhibitor, human; Shire Plc), an AAT
product obtained from human blood, is a concentrate of
this serum serine-protease inhibitor. Mice were injected
i.p with 60 mg/kg of AAT 15min after the zymosan
injection.

Facs Analysis and Cell Separation/Sorting
The following monoclonal antibodies were used: Anti-Lineage,
a cocktail containing a concentration optimized mix of the
following antibodies: CD3e, Ly6G/Ly6c, CD11b, CD45R/B220,
TER-119 (BioLegend, San Diego, CA). Monoclonal Antibodies
against CD117 (c-kit), Sca-1, CD127 (IL7R), CD45, KLRG-
1, CD25, CD90, CD34, ST2, IL17RB, CCR2, T-bet, Gata-3,
and RORgt were purchased from BioLegend. Live/Dead Yellow
Fixable Stain, Fixable Viability Dye eFluor 780 or DAPI were
utilized to assess viability. Data acquisition and/or cell sorting was
performed on a special-order 5-laser BD LSRII flow cytometer,
Beckman Coulter Gallios, or BD FACSAria or Aria II instrument.
Purity after sorting was routinely >95%. The analysis was
performed using FlowJo software. Mean fluorescence intensities
(MFIs) were calculated using the geometric mean of the
appropriate fluorescence channel in FlowJo. Expansion Indices
were determined using the embedded FlowJo algorithm. For
the magnetic separation of hematopoietic stem cells, we used
the EasySep mouse CD117 (c-kit) positive selection kit from
StemCell Technologies (18757) and we followed the protocol
provided by the company.

Intracellular Staining Process
Intracellular staining for the expression of transcription factors
was performed with the use of a kit from eBioscience
(Foxp3/Transcription factor staining buffer set). Cells underwent
fixation and permeabilization following the protocol provided by
the company.

Statistics
Statistical analyses were performed with Prism software
(GraphPad, La Jolla, CA). Means of two groups were compared
by an unpaired t-test. Means of three or more groups were
compared using a one-way ANOVA with Bonferroni’s
post-test. All error bars are ±S.D Values of p < 0.05 were
deemed statistically significant.

Frontiers in Immunology | www.frontiersin.org 8 September 2018 | Volume 9 | Article 2007

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Korniotis et al. HSPCs Dependence of ILCs in Sterile Inflammation

ETHICS STATEMENT

This study was carried out in accordance with the principles
and recommendations of the Institutional Animal Care and Use
Committee (IACUC) of Beth Israel Deaconess Medical Center.
This institution’s Institutional Animal Care and Use Committee
reviewed and approved the protocol on May 5, 2017 (RN-150D).

AUTHOR CONTRIBUTIONS

SK designed and performed the experiments, interpreted the
data, and wrote the manuscript. TBT, PK, ET, LM, LSL and EK
performed experiments and analyzed data. TBS andMKdesigned
the project. EK, TBS and MK provided critical review of the data
and manuscript.

FUNDING

This work was supported by NIH UO1 AI102427, ADA 1-13-BS-
096 (MK) and R21TR001753 (EK).

ACKNOWLEDGMENTS

We would like to thank the Flow Cytometry facility of BIDMC
for the critical assistance and help.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02007/full#supplementary-material

REFERENCES

1. Guo X, Liang Y, Zhang Y, Lasorella A, Kee BL, Fu YX. et al. Innate lymphoid

cells control early colonization resistance against intestinal pathogens through

ID2-dependent regulation of the microbiota. Immunity (2015) 42:731–43.

doi: 10.1016/j.immuni.2015.03.012

2. Seehus CR, Aliahmad P, de la Torre B, Iliev ID, Spurka L, Funari VA, et al. The

development of innate lymphoid cells requires TOX-dependent generation of

a common innate lymphoid cell progenitor.Nat Immunol. (2015) 16:599–608.

doi: 10.1038/ni.3168

3. Yang Q, Li F, Harly C, Xing S, Ye L, Xia X, et al. TCF-1 upregulation identifies

early innate lymphoid progenitors in the bone marrow. Nat Immunol. (2015)

16:1044–50. doi: 10.1038/ni.3248

4. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate

lymphoid cells–a proposal for uniform nomenclature. Nat Rev Immunol.

(2013) 13:145–9. doi: 10.1038/nri3365

5. Zhong C, Zhu J. Transcriptional regulators dictate innate lymphoid cell fates.

Protein Cell (2017) 8:242–54. doi: 10.1007/s13238-017-0369-7

6. Powell N,Walker AW, Stolarczyk E, Canavan JB, GökmenMR,Marks E, et al.

The transcription factor T-bet regulates intestinal inflammation mediated by

interleukin-7 receptor+ innate lymphoid cells. Immunity (2012) 37:674–84

doi: 10.1016/j.immuni.2012.09.008

7. Zhang J, Marotel M, Fauteux-Daniel S, Mathieu AL, Viel S, Marçais A, et al. T-

bet and Eomes govern differentiation and function of mouse and human NK

cells and ILC1. Eur J Immunol. (2018) 48:738–50. doi: 10.1002/eji.201747299

8. Moro K, Yamada T, TanabeM, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate

production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+)

lymphoid cells. Nature (2010) 463:540–4. doi: 10.1038/nature08636

9. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al.

Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc

Natl Acad Sci USA. (2010) 107:11489–94. doi: 10.1073/pnas.1003988107

10. Hoyler T, Klose CS, Souabni A, Turqueti-Neves A, Pfeifer D, Rawlins

EL, et al. The transcription factor GATA-3 controls cell fate and

maintenance of type 2 innate lymphoid cells. Immunity (2012) 37:634–48.

doi: 10.1016/j.immuni.2012.06.020

11. Luci C, Reynders A, Ivanov II, Cognet C, Chiche L, Chasson L, et al.

Influence of the transcription factor RORgammat on the development of

NKp46+ cell populations in gut and skin. Nat Immunol. (2009) 10:75–82.

doi: 10.1038/ni.1681

12. Sanos SL, Bui VL,Mortha A, Oberle K, Heners C, Johner C, et al. RORgammat

and commensal microflora are required for the differentiation of mucosal

interleukin 22-producing NKp46+ cells. Nat Immunol. (2009) 10:83–91.

doi: 10.1038/ni.1684

13. Romera-Hernandez M, Aparicio-Domingo P, Cupedo T. Damage control:

Rorgt+ innate lymphoid cells in tissue regeneration. Curr Opini Immunol.

(2013) 25:156–60. doi: 10.1016/j.coi.2013.01.007

14. Kim MH, Taparowsky EJ, Kim CH. Retinoic acid differentially regulates

the migration of innate lymphoid cell subsets to the gut. Immunity (2015)

43:107–19. doi: 10.1016/j.immuni.2015.06.009

15. Newson J, Stables M, Karra E, Arce-Vargas F, Quezada S, Motwani M, et al.

Resolution of acute inflammation bridges the gap between innate and adaptive

immunity. Blood (2014) 124:1748–64. doi: 10.1182/blood-2014-03-562710

16. Fullerton JN, Gilroy DW. Resolution of inflammation: a new therapeutic

frontier. Nat Rev Drug Discov. (2016) 15:551–67. doi: 10.1038/nrd.2016.39

17. Fan Z, Enjoji K, Tigges JC, Toxavidis V, Tchipashivili V, Gong W, et al.

Bone marrow-derived hematopoietic stem and progenitor cells infiltrate

allogeneic and syngeneic transplants. Am J Transplant. (2014) 14:2869–73.

doi: 10.1111/ajt.12931

18. Stockley RA. Alpha1-antitrypsin review. Clin Chest Med. (2014) 35:39–50.

doi: 10.1016/j.ccm.2013.10.001

19. Russell SE, Walsh P. T. (2012). Sterile inflammation - do innate lymphoid cell

subsets play a role? Front Immunol. 3:246. doi: 10.3389/fimmu.2012.00246

20. Si Y, Tsou CL, Croft K, Charo IF. CCR2 mediates hematopoietic stem and

progenitor cell trafficking to sites of inflammation inmice. J Clin Invest. (2010)

120:1192–203. doi: 10.1172/JCI40310

21. Ishizuka IE, Constantinides MG, Gudjonson H, Bendelac A. The innate

lymphoid cell precursor. Annu Rev Immunol. (2016). 34:299–316.

doi: 10.1146/annurev-immunol-041015-055549

22. Huang Y, Guo L, Qiu J, Chen X, Hu-Li J, Siebenlist U, et al. IL-25-responsive,

lineage-negative KLRG1hi cells are multipotential inflammatory type 2 innate

lymphoid cells. Nat Immunol. (2015) 16:161–9. doi: 10.1038/ni.3078

23. Spooner CJ, Lesch J, Yan D, Khan AA, Abbas A, Ramirez-Carrozzi V, et al.

Specification of type 2 innate lymphocytes by the transcriptional determinant

Gfi1. Nat Immunol. (2013) 14:1229–36. doi: 10.1038/ni.2743

24. Feterowski C, Novotny A, Kaiser-Moore S, Mühlradt PF, Rossmann-Bloeck T,

Rump M, et al. Attenuated pathogenesis of polymicrobial peritonitis in mice

after TLR2 agonist pre-treatment involves ST2 up-regulation. Int Immunol.

(2005) 17:1035–46. doi: 10.1093/intimm/dxh282

25. Guttman O, Baranovski BM, Schuster R, Kaner Z, Freixo-Lima GS, Bahar N,

et al. Acute-phase protein alpha1-anti-trypsin: diverting injurious innate and

adaptive immune responses from non-authentic threats. Clin Exp Immunol.

(2015) 179:161–72. doi: 10.1111/cei.12476

26. Koulmanda M, Bhasin M, Fan Z, Hanidziar D, Goel N, Putheti P, et al.

Alpha 1-antitrypsin reduces inflammation and enhances mouse pancreatic

islet transplant survival. Proc Natl Acad Sci USA. (2012) 109:15443–8.

doi: 10.1073/pnas.1018366109

27. Berger M, Liu M, Uknis ME, Koulmanda M. Alpha-1-antitrypsin in cell

and organ transplantation. Am J Transpl. (2018) 18:1589–95 doi: 10.1111/ajt.

14756

28. Mohammadi H, Sharafkandi N, Hemmatzadeh M, Azizi G, Karimi M, Jadidi-

Niaragh F, et al. The role of innate lymphoid cells in health and disease. J Cell

Physiol. (2018) 233:4512–29. doi: 10.1002/jcp.26250

Frontiers in Immunology | www.frontiersin.org 9 September 2018 | Volume 9 | Article 2007

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02007/full#supplementary-material
https://doi.org/10.1016/j.immuni.2015.03.012
https://doi.org/10.1038/ni.3168
https://doi.org/10.1038/ni.3248
https://doi.org/10.1038/nri3365
https://doi.org/10.1007/s13238-017-0369-7
https://doi.org/10.1016/j.immuni.2012.09.008
https://doi.org/10.1002/eji.201747299
https://doi.org/10.1038/nature08636
https://doi.org/10.1073/pnas.1003988107
https://doi.org/10.1016/j.immuni.2012.06.020
https://doi.org/10.1038/ni.1681
https://doi.org/10.1038/ni.1684
https://doi.org/10.1016/j.coi.2013.01.007
https://doi.org/10.1016/j.immuni.2015.06.009
https://doi.org/10.1182/blood-2014-03-562710
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.1111/ajt.12931
https://doi.org/10.1016/j.ccm.2013.10.001
https://doi.org/10.3389/fimmu.2012.00246
https://doi.org/10.1172/JCI40310
https://doi.org/10.1146/annurev-immunol-041015-055549
https://doi.org/10.1038/ni.3078
https://doi.org/10.1038/ni.2743
https://doi.org/10.1093/intimm/dxh282
https://doi.org/10.1111/cei.12476
https://doi.org/10.1073/pnas.1018366109
https://doi.org/10.1111/ajt.14756
https://doi.org/10.1002/jcp.26250
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Korniotis et al. HSPCs Dependence of ILCs in Sterile Inflammation

29. Ignacio A, Breda CNS, Camara NOS. Innate lymphoid cells in

tissue homeostasis and disease. World J Hepatol. (2017) 9:979–89.

doi: 10.4254/wjh.v9.i23.979

30. Fuchs A. ILC1s in tissue inflammation and infection. Front Immunol. (2016).

7:104. doi: 10.3389/fimmu.2016.00104

31. Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang

X et al. A role for IL-25 and IL-33-driven type-2 innate lymphoid cells

in atopic dermatitis. J Exp Med. (2013) 210:2939. doi: 10.1084/jem.201

30351

32. Li BWS, Stadhouders R, de Bruijn MJW, Lukkes M, Beerens

DMJM, Brem MD, et al. Group 2 innate lymphoid cells

exhibit a dynamic phenotype in allergic airway inflammation.

Front Immunol. (2017) 8:1684. doi: 10.3389/fimmu.2017.

01684

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer, RKR declared a shared affiliation, with no collaboration, with

the authors to the handling Editor.

Copyright © 2018 Korniotis, Thornley, Kyriazis, Theodorou, Ma, Li, Kokkotou,

Strom and Koulmanda. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 10 September 2018 | Volume 9 | Article 2007

https://doi.org/10.4254/wjh.v9.i23.979
https://doi.org/10.3389/fimmu.2016.00104
https://doi.org/10.1084/jem.20130351
https://doi.org/10.3389/fimmu.2017.01684
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Hematopoietic Stem/Progenitor Cell Dependent Participation of Innate Lymphoid Cells in Low-Intensity Sterile Inflammation
	Introduction
	Results
	Intraperitoneal Injection of High- or Low-Dose of Zymosan, a TLR2 Ligand, Regulates the Presence and Phenotype of ILCs in the Peritoneal Cavity
	HSPCs Are Attracted to High- and Low-Dose TLR2-Stimulated Sterile Inflammatory Sites
	Different Requirements for HSPCs in the Appearance of ILCs Within Sites of Sterile Inflammation, in Response to a Low- or High-Dose of Zymosan
	BM-Derived Hematopoietic Stem Cells Differentiate in situ Into Innate-Like Lymphoid Cells in an Inflammatory Environment Induced by Low-Dose of Zymosan
	Pharmacological Manipulation With an Anti-inflammatory Agent Influences the Migration and Numbers of Infiltrated ILCs at the Site of Inflammation

	Discussion
	Materials and Methods
	Mice
	Isolation of Bone Marrow Cells
	Extraction of RNA and qRT-PCR
	Zymosan-Induced Peritonitis
	Alpha-1-Antitrypsin
	Facs Analysis and Cell Separation/Sorting
	Intracellular Staining Process
	Statistics

	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


