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Deficiency in Fpr2 results in reduced numbers of
Lin"cKit"Scal™ myeloid progenitor cells
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The Lin~c-Kit* Sca-1" cell population in the bone marrow
(BM) serves as the direct precursor for differentiation of mye-
loid cells. In this study, we report that deficiency in Fpr2, a G
protein— coupled chemoattractant receptor in mice, is associ-
ated with reduced BM nucleated cells, including CD31*Ly6C*
(granulocytes and monocytes), CD317/Ly6C™* (granuloid
cells), and CD31~/Ly6Che" (predominantly monocytes) cells. In
particular, the number of Lin~c-Kit*Sca-1" (LKS) cells was
reduced in Fpr2~/~ mouse BM. This was supported by observa-
tions of the reduced incorporation of intraperitoneally injected
bromodeoxyuridine by cells in the c-Kit* population from
Fpr2~/~ mouse BM. Purified c-Kit" cells from Fpr2~/~ mice
showed reduced expansion when cultured iz vitro with stem cell
factor (SCF). SCF/c-Kit-mediated phosphorylation of P38,
STAT1, Akt (Thr-308), and Akt (Ser-473) was also significantly
reduced in c-Kit" cells from Fpr2~/~ mice. Furthermore, Fpr2
agonists enhanced SCF-induced proliferation of c-Kit* cells.
Colony-forming unit assays revealed that CFU- granulocyte—
macrophage formation of BM cells from Fpr2~/~ mice was sig-
nificantly reduced. After heat-inactivated bacterial stimulation
in the airway, the expansion of c-kit* Sca-1* cells in BM
and recruitment of Ly6G* cells to the lungs and CD11b*
Ly6C*TNFa* cells to the spleen of Fpr2~/~ mice was signifi-
cantly reduced. These results demonstrate an important role for
Fpr2 in the development of myeloid lineage precursors in mouse
BM.
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Hematopoietic stem cells (HSCs)? are able to self-renew and
generate all lineages of the hematopoietic system (1). In the
mouse model, they are enriched in a population that does not
express markers of mature hematopoietic cells (i.e. lineage-nega-
tive (Lin ™) cells) and expresses Scal and c-kit (Lin~c-Kit " Sca-1"
(LKS) cells) (2, 3). The interaction of the receptor tyrosine kinase
c-kit with its ligand stem cell factor (SCF) sustains HSC survival,
proliferation, adhesion, homing, activation, and multipotent dif-
ferentiation (4—6). Thus, c-kit expression is also the phenotypic
hallmark of HSCs and early hematopoietic progenitors (3, 7, 8).

Accumulating evidence has shown that hematopoietic activ-
ity in BM is altered during bacterial infection toward produc-
tion of granulocytes, which is critical for enhancing host
defense (9-12). In response to bacterial infection, BM genera-
tion of granulocytes or polymorphonuclear leukocytes (PMNs)
from their precursors is accelerated to constitute the first line of
phagocytic defense in the systemic circulation (13). By investi-
gating the hematopoietic precursor cell response to bacterial
infection, the Lin"c-Kit"Sca-1" cell population in BM was
found to constitute a key component of the host defense
response to bacteremia (13). The BM Lin~ c-Kit"Sca-1* cell
population is rapidly expanded following Escherichia coli bac-
teremia, and these cells in the expanded marrow Lin c-
Kit"Sca-1" cell pool are functionally activated for CFU-GM
formation. Moreover, mobilization of Lin~c-kit*Sca-1" cells
into the circulation was significantly enhanced from 12 to 48 h
after initiation of bacteremia (13).

2 The abbreviations used are: HSC, hematopoietic stem cell; SCF, stem cell
factor; M, bone marrow; PMN, polymorphonuclear leukocyte; CFU, colony-
forming unit; GM, granulocyte-macrophage; fMLF, formyl-methionyl-leu-
cyl-phenylalanine; FPR, formylpeptide receptor; DC, dendritic cell; KLS,
c-Kit+Lin-Sca-1+ cells; CRAMP, cathelin-related antimicrobial peptide;
i.p., intraperitoneal(ly); BrdU, bromodeoxyuridine; BFU-E, burst-forming
unit erythroid; GEMM, granulocyte, erythrocyte, monocyte, and mega-
karyocyte; JAK, Janus kinase; TNF, tumor necrosis factor; PI3K, phosphati-
dylinositol 3-kinase; JNK, c-Jun N-terminal kinase; PE, phosphatidylethanol-
amine; Ab, antibody; CFSE, carboxyfluorescein succinimidyl ester; PE,
phycoerythrin; BMC, bone marrow cell; ACK, ammonium-chloride-
potassium.
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Formylpeptide receptors (FPRs) belong to the G protein—
coupled receptor (GPCR) family and are increasingly recog-
nized as important mediators in inflammatory and immune
responses (14, 15). The human FPRs consists of three members:
FPR1, FPR2, and FPR3 (14, 15). FPR1 is a high-affinity receptor
for the bacterial and mitochondrial formylpeptides and medi-
ates phagocyte chemotaxis and activation. FPR1 also mediates
the leukocyte chemotactic activity of a host-derived neutrophil
granule protein, cathepsin G (16). In vivo, FPR1 plays a role in
host defense against infection by Listeria monocytogenes, as
shown by evidence obtained with mice deficient in the FPR1
homolog Fprl (17). FPR2 and its mouse counterpart Fpr2 are
low-affinity receptors for bacterial formylmethionine-leucyl-
phenylalanine (fMLF), but they interact with a greater number
of endogenous chemotactic agonist peptides released during
inflammatory and immune responses (15). Similar to Fprl,
Fpr2 plays an essential role in mouse resistance against Listeria
infection (17, 18). FPR2 and Fpr2 have been reported to also
recognize the N-terminal peptides of Annexin I (Anx-Al) that
trigger anti-inflammatory responses (19, 20). FPR3 in humans
recognizes a chemotactic peptide fragment derived from heme-
binding protein that chemoattracts dendritic cells (DCs) (21).
In mice, Fpr2 is likely a receptor that functions as human FPR2
and FPR3 (17, 22).

Recently, FPR2 (Fpr2) has been implicated in a number of
pathophysiological processes, including severely reduced aller-
gic airway inflammation in Fpr2 ™/~ mice (23). This is associ-
ated with a significant reduction in the recruitment of Ly6C™/
CD11c™ inflammatory DCs into the bronchiolar regions, which
is mediated by an endogenous Fpr2 ligand, CRAMP (24). We
also found that the autocrine interaction between Fpr2 and
CRAMP promotes normal DC maturation in response to Toll-
like receptor (TLR) agonists (25). In addition, FPR2 in mice
(Fpr2) promotes M1 macrophage polarization and antitumor
host responses (26). These results suggest that Fpr2, in addition
to mediating leukocyte chemotaxis, may also participate in the
fundamental process of myeloid cell development. We there-
fore investigated the capacity of Fpr2 and its ligands to affect
the c-kit/SCF-mediated generation and expansion of Lin™ c-
Kit*Sca-17" cells. We also investigated the expansion of Lin " c-
Kit*Sca-17" cells and accumulation of Ly6G™ cells in the lungs
and CD11b*"Ly6C " TNFa™ cells in the spleen after the airway
was stimulated with killed L. monocytogenes. Here we report
defective generation of Lin~c-Kit"Sca-1* cells and CFU-GM
formation in the BM of Fpr2~/~ mice and an additive effect of
Fpr2 agonists and SCF in inducing the proliferation of c-Kit™
cells. The expansion of Lin~c-Kit"Sca-1* cells in the BM and
accumulation of Ly6G™ cells in the lungs and CD11b™"
Ly6C" TNFa™" cells in the spleen of Fpr2 '~ mice were signif-
icantly reduced after acute inflammatory stimulation in the
airway.

Results

Reduction of BM nucleated cells and myeloid progenitors in
Fpr2='~ mice

We first examined the number of BM nucleated cells in mice
and found that the total number of both populations from
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Fpr2~/~ mice at the age of 3 and 6 weeks was significantly
reduced compared with WT littermates (Fig. 1, A and B). As
shown in Fig. 1, C and D, the BM contains six morphologically
and phenotypically distinct cell subsets based on ER-MP12/
CD31 and ER-MP20/Ly-6C expression (23). Fpr2 deficiency
was associated with reduced myeloid progenitor cells in the
BM, including CD31"/Ly6C™ (granulocytes and monocytes),
CD31 /Ly6C"&" (predominantly monocytes), and CD31~/
Ly6C™* (granuloid cells) populations (Fig. 1D and Fig. S1, A and
B). These results suggest a potentially important role of Fpr2 in
normal myelopoiesis.

Reduced KLS HSC in Fpr2~'~ mouse BM

HSCs expressing the SCF receptor c-Kit can self-renew and
generate all lineages of the hematopoietic system (1). Because
mutations in genes for SCF or c¢-Kit result in impaired HSC
self-renewal and differentiation (24, 25), we examined the state
of the KLS HSC-enriched population in the BM. The propor-
tion of the KLS population in 3-week-old (Fig. 2, A and B),
6-week-old (Fig. 2, C and D), and 8-week-old (Fig. 2, E and F)
Fpr2 ™/~ mouse BM was significantly reduced, as measured by
flow cytometry. The reduction was confirmed by immunobhis-
tology results showing that c-Kit* and Sca-17 cells in Fpr2 =/~
mouse BM were diminished (Fig. 3A4).

Reduced proliferation of Fpr2~'~ mouse c-Kit™ cells

To verify that the reduced number of c-Kit " cells in Fpr2 =/~
mouse BM was due to decreased proliferation of the popula-
tion, we i.p. injected BrdU into mice and analyzed BrdU-labeled
c-Kit" cells from mouse BM 24 h later. We found that there was
reduced expansion of the c-Kit™ population from BM of
Fpr2~/~ mice compared with WT littermates (Fig. 3, B and C).

Lin~ c-kit "Sca-17 cells isolated from mice exhibited a signif-
icant increase in CFU activity when cultured on Methocult GF
M3434 after stimulation with E. coli. This increase in CFU for-
mation resulted essentially from an increase in CFU-GM
(including CFU-G and CFU-M) activity of these cells (13). We
assayed CFU formation with BM cells isolated from Fpr2 ™/~
and WT mice and found that CFU-GM formation was signifi-
cantly reduced in BM cells from Fpr2~/~ mice compared with
WT mouse cells (Fig. 4, A and B). The change of BFU-E and
CFU-GEMM was not statistically significant (Fig. 4, A and B).
These results suggest that Fpr2 is required for the proliferation
of Lin"c-kit"Sca-1" cells.

In vitro, SCF-induced proliferation of c-Kit™ cells isolated
from Fpr2 '~ mouse BM was significantly reduced compared
with the cells from WT littermates (Fig. 4C). In addition, SCF
potently stimulated the proliferation of c-Kit* cells from WT
mouse BM (Fig. 4D) at different time points tested. In contrast,
SCF failed to stimulate the proliferation of c-Kit™ cells isolated
from Fpr2~/~ mouse BM (Fig. 4E). These results suggest that
Fpr2 is required for SCF signaling in the proliferation of Lin™ c-
kit"Sca-1" cells via stimulation of c-Kit.

Fpr2 agonists enhance the activity of SCF on c-Kit™ cell
proliferation

The unexpected consequence of Fpr2 deficiency on c-Kit"
myeloid progenitor cell expansion motivated us to examine the
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Figure 1. Reduction of BM nucleated cells and progenitor subpopulations in Fpr2~'~mice. A and B, reduction of the total number of BM nucleated cells
in Fpr2~/~ mice. BMCs from the femora of male mice at the age of 3 or 6 weeks (WK) were obtained and counted. A, the mean number of BMCs from two femora
of each male mouse at the age of 3 weeks.n = 11-13 mice/group. *, p < 0.05. B, the number of BMCs from two femora of each male mouse at the age of 6 weeks.
n = 9-10 mice/group. *, p < 0.05. C and D, reduction of BM progenitor cells in Fpr2 ™/~ mice. BMCs from male mice at the age of 3 weeks were preincubated
in FACS buffer with anti-mouse CD16/32 mAb for 20 min at 4 °C to eliminate nonspecific Ab binding to Fcyll/IlIR. The cells were then stained with anti-mouse

Ly6C-PE and CD31-FITC Abs and analyzed b)l FACS. C, two-color FACS analysis of CD31 and Ly6C expression by total BM cells. D, six phenotypically distinct

subpopulations in the BM of WT and Fpr2
independent experiments.

function of Fpr2 on c-Kit™ myeloid progenitor cells. c-Kit™
myeloid progenitor cells from WT mice expressed Fpr2 mRNA
(Fig. 5A). More than 90% of Lin~c-Kit™ cells expressed Fpr2
(Fig. S2A) on the cell surface (Fig. S2B), and these cells migrated
in response to the Fpr2 ligand MMK-1 (22) (Fig. 5B). We then
examined the capacity of Fpr2 ligands to promote SCF-induced
proliferation of c-Kit™ cells. Many Fpr2 ligands, including
fMLF, W-p, and Anx-A1, enhanced the capacity of SCF to stim-
ulate the proliferation of c-Kit* cells from WT mice (Fig. 5C)
despite their inability to directly stimulate c-Kit™ cell prolifer-
ation (data not shown). Fpr2 agonists failed to enhance the
stimulatory activity of SCF on c-Kit™ cells from Fpr2~/~ mice
(Fig. 5D). Another Fpr2 ligand, MMK-1, also enhanced SCF-
mediated proliferation of c-Kit™ cells from WT mouse BM. The
effect of MMK-1 was attenuated by the Fpr2 antagonist WRW4
(Fig. S3A). In contrast, MMK-1 failed to enhance SCF-medi-
ated proliferation of c-Kit* cells from BM of Fpr2~/~ mice.
(Fig. S3B). We also found that combination of Fpr2 ligands
(W-peptide and fMLF) with SCF improved the survival of BM
nucleated cells (data not shown). It is interesting to note that
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mice. ¥, p < 0.05, significantly reduced cell number in the BM of Fpr2 ™/~ mice. n = 4 mice/group with three

the expression of the prototype Fpr, Fprl, was reduced in
Lin~ c-Kit" cells from Fpr2~/~ mouse BM compared with WT
mouse cells, suggesting that Fpr2 deficiency impairs the expres-
sion of Fprl (Fig. S4, A—C). The reason for this impairment is
under further investigation. SCF improved the responses of
c-Kit* cells and neutrophils to the Fpr2 ligand MMK-1 (Fig. S5,
A and B) and fMLF (Fig. S6, A and B). These results indicate that
the cooperation of Fpr2 and SCF plays an important role in
maintaining the normal function of c-Kit* myeloid progenitor
cells.

Reduction of P38, STAT1, Akt (Thr-308), and Akt (Ser-473)
phosphorylation induced by SCF in Fpr2~"~ mouse c-Kit* cells

SCF/c-Kit signals through phosphatidylinositol 3-kinase
(PI3K)/Akt, which regulates gene transcription, proliferation,
survival, and metabolic homeostasis of c-Kit™" cells (26). Acti-
vation of PI3K results in the phosphorylation of the serine—
threonine kinase Akt, an important mediator of cell growth,
survival, and migration. We thus measured the phosphoryla-
tion of P38, STAT1, Akt (Thr-308), and Akt (Ser-473) in c-Kit™
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Figure 2. Reduced number of Lin~c-Kit*Sca-1* cells in BM of Fpr2=/~ mice. BMCs from male mice at the age of 3, 6, or 8 weeks were stained with
anti-mouse Sca-1-PE, c-Kit-FITC, and Lin-PerCP Abs and analyzed by FACS. A and B, cumulative results for Lin~c-Kit*Sca-1" cells in the BM of mice at the age
of 3 weeks. Cand D, cumulative results for Lin~c-Kit "Sca-1" cells in the BM of mice at the age of 6 weeks. E and F, cumulative results for Lin~ c-Kit " Sca-1" cells

in the BM of mice at the age of 8 weeks. Results are expressed as the mean = S.E. *, p

< 0.05; **, p < 0.01. n = 4-6 mice/group with three independent

experiments. FSC, forward-scattered light; SSC, side-scattered light; FSC-H, FSC- height; SSC-H, SSC- height.

cells from Fpr2~/~ mice in response to SCF. Compared with
c-Kit" cells from WT mice, the percentage of cells with P38,
STAT1, and Akt phosphorylation was reduced in Fpr2 /"~ mice
after stimulation with SCF (Fig. 6, A and B), although mean
fluorescence intensity (MFI) shown by cells from Fpr2 '~ mice
was not significantly different compared with cells from WT
mice (data not shown). The Fpr2 antagonist WRW4 reduced
SCF-induced phosphorylation of p38 in c-Kit™ cells and neu-
trophils (Fig. S7A). The JAK3 inhibitor CP-690550 and the
JAK2 inhibitor AG-490 attenuated SCF-induced cell prolifera-
tion, indicating that JAK-STAT signaling pathway mediates
SCF-induced c-Kit* cell proliferation (Fig. 7B). The Fpr2
antagonist WRW4 also attenuated the phosphorylation of
STAT1 in Lin"c-Kit™ cells induced by SCF (Fig. S7C). These
results, combined with our previous observation that both
c-Kit™ cell proliferation (Fig. 4C) and STAT1 phosphorylation
(Fig. 6) were reduced in Fpr2~/~ mice, indicate the require-
ment of Fpr2 for normal signaling of SCF in c¢-Kit" HSCs in
mouse BM.

Reduced accumulation of Gr-1* cells in the lung and
CD11b*Ly6C* TNFa™* cells in the spleen of Fpr2~'~ mice
after stimulation with heat-inactivated bacteria

During bacterial infection, granulopoiesis becomes predom-
inant, with inhibition of other lineage (lymphoid and erythroid)
development in the BM (9, 10, 27), and the granulocytes (neu-

SASBMB

trophils or PMNs) egress from the BM to the blood and then to
inflamed tissue to constitute the first line of defense. To exam-
ine the role of Fpr2 in the expansion of granulocyte—
macrophage progenitors, we investigated the accumulation of
Ly6G™ cells (PMNs) in the lung and CD11b"Ly6C* TNFa™
cells (inflammatory monocytes or TipDCs) in the spleen of
Fpr2 /" mice after stimulation with heat-inactivated bacteria.
We found that Ly6G™ neutrophils recruited into the inflamed
airway were significantly reduced in Fpr2~/~ mice compared
with WT mice (Fig. 7, A and B). The infiltration of
CD11b"Ly6C*TNFa™ inflammatory monocytes to the spleen
was also significantly diminished in Fpr2™/~ mice compared
with WT mice (Fig. 7, C and D). These results indicate that the
capacity of migration of inflammatory cells from the blood to
damaged tissue is impaired in Fpr2~/~ mice.

Reduced proliferation of Lin~c-Kit* Sca-1" cells in the BM of
Fpr2='~ mice after stimulation with heat-inactivated bacteria

Hematopoiesis in normal hosts is tightly regulated to main-
tain daily blood cell turnover among different lineages (1, 28).
After bacterial infection, cells in the Lin ~c-Kit *Sca-1" pool are
rapidly expanded in the BM and are activated for granulopoie-
sis (27). Our previous studies showed that Fpr2 plays an impor-
tant role in mediating neutrophil migration from the blood to
inflamed tissues in bacterial infection and skin wounds (18, 29).
To examine the relationship between Lin~ c-Kit"Sca-1" cells
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Figure 3. Reduced proliferation of c-Kit* or Sca-1" cells in BM of Fpr2~/~ mice. A, immunohistochemical staining for c-Kit* or Sca-1* cells in BM. Femur
sections from mice at the age of 3 weeks were stained for c-Kit or Sca-1. Original magnification, X400. Parts of c-Kit " or Sca-1" cells are denoted by arrows. H&E,
hematoxylin and eosin. Band C, c-Kit* cell proliferation in BM. Mice were i.p. injected with 1 ml of BrdU (1 mg/ml). BM was harvested after 24 h, and BrdU™ cells
were detected by incubation with biotin-conjugated anti-BrdU mAb, followed by streptavidin-FITC and anti-mouse c-Kit-PE Ab. B, representative frequency of
BrdU™ cells in the c-Kit™ cell population. C, cumulative results for BrdU™ cells in the c-Kit* cell population. Results are expressed as the mean = S.E.n = 3
mice/group with three independent experiments. *, p < 0.05. FSC-H, forward-scattered light-height; SSC-H, side-scattered light-height.

and inflammatory cells, we investigated the responses of Lin ™ c-
Kit"Sca-1" cells in the BM of Fpr2~/~ mice after stimulation
with heat-inactivated bacteria. We found that the percentage of
c-Kit"Sca-1" cells in the BM of WT mice was significantly
higher compared with Fpr2~/~ mice (Fig. 7, E and F). In con-
trast, the -fold increase of c-Kit*Sca-1" cells in the BM of
Fpr2~/~ mice was significantly lower compared with WT mice
after stimulation with heat-inactivated bacteria (Fig. 7G). We
thus conclude that the reduced accumulation of neutrophils in
the airway and inflammatory monocytes in the spleen after
stimulation with heat-inactivated bacteria is a result of reduced
expansion of Lin~c-Kit*Sca-1" cells in the BM and their
reduced capacity to accumulate at inflamed tissues.

Reduced maturation of neutrophils in Fpr2~'~ mice

Multiple factors may affect the recruitment of neutrophils to
inflamed tissues, including granulopoiesis and differentiation.
Because granulocytes are derived from Lin~c-kit*Sca-1" BM
cells, we hypothesized that Fpr2 may also affect the maturation
of neutrophils in addition to the number of progenitor cells. We
found that the CD11b"Ly6G™ cell population was significantly
reduced in the BM of Fpr2 /"~ mice compared with WT mice
(Fig. S8A), and the number of neutrophils recruited into the
peritoneal cavity was significantly reduced in Fpr2~/~ mice
compared with WT mice after i.p. injection with casein (Fig.
S8B) (30). Furthermore, the expression of the chemokine
receptor CXCR2 was reduced in casein-induced neutrophils
from FprZ_/ " mice, and these cells also showed reduced migra-
tion in response to the CXCR2 ligand CXCL2 (Fig. S8, Cand D).
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These results indicate that Fpr2 deficiency not only diminishes
the number of Lin " c-kit " Sca-1" progenitor cells but also gran-
ulocyte maturation.

Discussion

Fpr2 was originally identified as a chemoattractant receptor
that interacts with a variety of pathogen- and host-derived che-
motactic ligands to mediate myeloid cell chemotaxis (15, 25, 26,
31, 32, 34, 35). Recently, Fpr2 has been implicated in more fun-
damental processes, including DC differentiation (25, 36) and
homeostasis of the colon epithelial layer (34). Fpr2 and its pro-
totype variant Fprl promote osteoblast differentiation (37).
Also, Fprl and Fpr2 expressed by mesenchymal stem cells pro-
mote cell adhesion, migration, and homing to injured tissue for
repair (38). In this study, the CD317/Ly6C™ (granulocytes and
monocytes), CD31~/Ly6C"" (predominantly monocytes),
and CD31~ /Ly6C™ (granuloid cells) populations were reduced
in Fpr2~/~ mouse BM but with an increase in the CD31~/Ly6 "~
cell (erythroid cell) population. It has been reported that signif-
icant expansion of granulocytes and monocytes inhibits other
lineage (such as erythroid) development (9, 11, 12). It is there-
fore not surprising that the BM erythroid population was
increased with a reduction in granulocyte and monocyte pop-
ulations in Fpr2~/~ mice. We also demonstrated that Fpr2 is
required for SCF/c-Kit-mediated Lin~c-Kit" Sca-1" cell pro-
liferation, as shown by the capacity of Fpr2 ligands to enhance
SCF/c-Kit signaling in WT mouse cells with significantly
reduced expansion of Lin~c-Kit" Sca-1" cells in the BM of Fpr2
deficient mice.
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Figure 4. Reduced CFU-GM formation and proliferation of c-Kit ™ cellsinduced by SCF in Fpr2~/~ mice. A and B, CFU assays. BM cells from WT and Fpr2~/~
mice were treated with the EasySep® mouse hematopoietic progenitor cell enrichment mixture. The enriched cells were cultured in MethoCult® M3434
medium. BFU-E, CFU-GM, and CFU-GEMM were scored, and representative photographs were taken on day 14. A, representative photographs for CFU-GEMM,
BFU-E, and CFU-GM from WT and Fpr2~/~ mouse BM. Scale bars = 30 um. B, cumulative results for CFU-GEMM, BFU-E, and CFU-GM from WT and Fpr2 ™/~ mice.
C-E, BM cells were harvested, and c-Kit™ cells were isolated by incubation with anti-mouse c-Kit-FITC Ab, followed by anti-FITC MicroBeads (Miltenyi Biotec).
cKit™ cells were then triple-seeded in 96-well plates in 100 ul of RPMI 1640 (5 X 10%/ml) in the presence or absence of SCF (10 ng/ml). alamarBlue was added
(10 ul/well) for measurement at 570 nm and 600 nm at the indicated time points. C, c-Kit™ cell proliferation stimulated by SCF. *, p < 0.05. D, proliferation of
cKit™ cells from WT mice in the presence or absence of SCF (10 ng/ml). *, p < 0.05. E, the proliferation of c-Kit™ cells from Fpr2 =/~ mice in the presence or
absence of SCF (10 ng/ml). *, p < 0.05. c-Kit™* cells isolated from 10 mice/group were pooled with three independent experiments.

SCF is a potent hematopoietic growth factor in humans and
mice (39—41). In combination with some cytokines, SCF syn-
ergistically enhances the proliferation, differentiation, and sur-
vival of hematopoietic cells, a process critical for adequate lin-
eage expansion and development (42-52). For example, the
chemokine SDF-1 (CXCL12) is constitutively produced by BM
stromal cells. Its receptor, CXCR4, is expressed by CD34™"
hematopoietic cells, including primitive progenitor cells. How-
ever, SDF-1 (CXCL12) alone was not able to stimulate quies-
cent cells without co-stimulation by SCF and other cytokines
(52). SCF/c-Kit and Epo/Epo-R function as key switches for
erythropoiesis. SCF/c-Kit are essential for the proliferation and
differentiation of BFU-Es to CFU-Es, and Epo/Epo-R promote
the survival, proliferation, and terminal differentiation of
CFU-Es. SCF synergizes with Epo in regulating the prolifera-
tion, differentiation, and apoptosis of erythroid progenitors
(53). We found that c-Kit™ HSC cells express Fpr2, but ligands
alone did not stimulate c-Kit™ cell proliferation. Instead, Fpr2
ligands significantly enhanced SCF/c-Kit signaling in HSC cells.
Therefore, Fpr2 is of considerable importance as a regulator of
hematopoiesis in synergy with SCF for BM cells.

Cytokine synergy with SCF in enhancing HSC cell prolife-
ration involves diverse mechanisms. For example, SDF-1
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(CXCL12) may transiently desensitize HSCs and protect the
cells from damage by the chemotherapeutic agent fluorouracil
(5-FU). Alternatively, SDF-1 (CXCL12) may trigger quiescent
HSCs to express other cytokine receptors, such as IL-6R,
IL-12R, or c-Kit. In fact, SCF was reported to increase the che-
motaxis response of HSCs to SDF-1 (CXCL12) (52). SCF and
G-CSF also show synergism on HSC cell cycle distribution with
a marked shortening of the duration of G,/G, by substantially
decreasing the expression of cdki p27*?-!. Consequently, the
loss of p27""P~! facilitates cell proliferation (54). In this study,
we found that the phosphorylation of P38, STAT1, Akt (Thr-
308), and Akt (Ser-473) of c-Kit™ cells from Fpr2~/~ mouse
BM was significantly reduced after stimulation with SCF
compared with cells from WT mice. PI3K mediates SCEF-
induced proliferation of BM-derived mast cells by activating
the pathways of the small GTP-binding proteins Racl and
JNK (55). Therefore, SCF-induced JNK phosphorylation and
cell proliferation were down-regulated in PI3K ™/~ BM-de-
rived mast cells (56). PI3K was also required for the survival
and proliferation of early myeloid cells in the BM (57). In this
regard, Fpr2 may play a role in promoting SCF-induced sig-
naling and HSC proliferation through PI3K, an issue cur-
rently under further investigation.

J. Biol. Chem. (2018) 293(35) 13452-13463 13457



Fpr2 and c-Kit/SCF-mediated myelopoiesis

¢ 6
RT-PCR - =~
o g s
) K} S 4 peg
% cKit cels & £ 3
bp = 1 2 3 Z §_2 E
2 - — — — =
= [
g — — — — [ECUNCHE O

B [ Medium D
5. IRMMK- (10°M) g 6 &5
* g 24
2 g 4 5 3
_ =3 e
2y o 2 gZ
= =
80 80
Fpr2-- WT o ~ S QN
P FLELx Fesx
S 2 « & RS 2 . &
= * & X * & T
&8 & & &
A s % g

Figure 5. Fpr2 expression by c-Kit* cells and enhancement of SCF-induced proliferation of c-Kit* cells. A, For2 mRNA expression in c-Kit" cells.n = 3
mice/group. B, the migration of c-Kit™ cells in response to the Fpr2 ligand MMK-1. c-Kit* cells from 10 mice/group were used, and the experiments were
performed three times. *, p < 0.05. C and D, synergism between Fpr2 agonists and SCF in stimulating c-Kit " cell proliferation. BM nucleated cells from WT or
Fpr2~/~ mice were labeled with CFSE (10 M) and then divided into five groups: control (IgG), SCF (100 ng/ml), SCF (100 ng/ml) + fMLF (10~ m), SCF (100 ng/ml) +
W-peptide (W-p, 10~ m), and SCF (100 ng/ml) + Anx-A1 (20 ug/ml). The cells were cultured at 37 °C for 72 h and then analyzed by FACS. C, the proliferation of
c-Kit™ cells from WT mice. Left panel, the percentage of c-Kit *CFSE ™ cells from WT mice. Right panel, the number of c-Kit"CFSE™ cells from WT mice. *, p < 0.05;
significantly increased cell number in the presence of Fpr2 agonists compared with SCF alone. D, the proliferation of c-Kit™ cells from Fpr2 =/~ mice. Left panel,
the percentage of c-Kit"CFSE™ cells from Fpr2~/~ mice. Right panel, the number of c-Kit"CFSE™ cells from Fpr2~/~ mice. c-Kit™ cells isolated from 10
mice/group were pooled for experiments, which were performed three times.

Similar to Fpr2 ligands fMLF, W-peptide, Anx-Al, and
MMK-1, cathelin-related antimicrobial peptide (CRAMP),
which is an endogenous ligand for Fpr2, did not directly stim-
ulate c-Kit™ cell proliferation but, rather, enhanced the capac-
ity of SCF to stimulate the proliferation of c-Kit™ cells from WT
mouse BM. However, our previous studies showed that the
Fpr2 ligands fMLF, MMK-1, and CRAMP directly stimulated
the proliferation of normal colon epithelial cells and cancer cell
lines (34, 58). Therefore, the response of hematopoietic cells
appears different compared with epithelial cells. This was dem-
onstrated by the failure of CRAMP to directly stimulate DC
maturation, but it increased the sensibility of immature DCs
to lipopolysaccharide-stimulated maturation (25). Therefore,
Fpr2 function may depend on cell type. Further study of the
involvement of Fpr2 and its endogenous ligands in hematopoi-
esis by synergy with cytokines should be useful for the potential
development of novel therapeutic agents for hematopoietic
defects.

Experimental procedures
Animals

The generation of Fpr2 ™/~ mice was described previously
(31). Mice used in the experiments were 3—8 weeks old and
both male and female. They were allowed free access to stan-
dard laboratory chow and tap water. All animals were housed in
an air-conditioned room with controlled temperature (22 °C),
humidity (65-70%), and day/night cycle (12:12 h light:dark).
Animal care was provided in accordance with the procedures
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outlined in the Guide for Care and Use of Laboratory Animals
(National Research Council, 1996). Animal studies were
approved by the Animal Care and Use Committee of the NCI-
Frederick, National Institutes of Health.

Reagents

FITC-, phycoerythrin (PE)-, and PerCP-Cy5.5— conjugated,
affinity-purified rat IgG anti-mouse mAbs against CD16/32,
Ly6C, CD31, Sca-1, and c-Kit and PerCP-conjugated antibodies
(Abs) indicating the lineage-positive phenotype (CD4, NK,
CDS8, B220, CD11b, and Gr-1) were from eBiosciences (San
Diego, CA). Alexa Fluor 488 — conjugated anti-mouse phospho-
P38, -JNK, -ERK1/2, -STAT1, -AKT (Thr-308), and -AKT (Ser-
473) antibodies were from Cell Signaling Technology (Beverly,
MA). SCF was from PeproTech (Rocky Hill, NJ). The Fpr2 ago-
nist peptides MMK-1 and W-peptide (WKYMVm, W-pep)
were synthesized at the Department of Biochemistry, Colorado
State University (Fort Collins, CO) (33). Anti-FITC Micro-
Beads were from Miltenyi Biotec Inc. (Auburn CA). alamar-
Blue® was from Invitrogen. Bromodeoxyuridine (BrdU) was
from Pharmingen, and the carboxyfluorescein succinimidyl
ester (CFSE) Cell Division Tracker Kit was from Biolegend (San
Diego, CA).

Isolation and purification of c-Kit™ mouse BMCs

BMCs from 3- and 6-week-old male mice were obtained by
flushing femora with PBS as described previously (25). Red cells
were lysed with ACK lysing buffer (Cambrex Bio Science). The
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performed three times. *, p < 0.05. FSC-H, forward-scattered light-height.

number of nucleated cells from two femora per mouse was cal-
culated. For purification of c-Kit ™ cells, nucleated cells isolated
from BM were incubated with anti-mouse c-Kit—FITC anti-
body, followed by anti-FITC MicroBeads (Miltenyi Biotec)
according to the instruction manual of the manufacturer.

Flow cytometry

The phenotype of murine cells was examined by immuno-
staining, followed by flow cytometry analysis on a FACSCalibur
(BD Biosciences) with CellQuest software. Single-cell suspen-
sion was prepared in FACS buffer. Rat CD16/32 was used to
block murine Fc receptors. Staining was performed at 4 °C for
30 min. Murine BM cells were triple-stained with PerCP-con-
jugated antibodies, indicating a lineage-positive phenotype
(CD4, NK, CD8, B220, CD11b, or Gr-1), together with anti Sca-
1-FITC and anti c-Kit-PE antibodies to determine the levels
of c-Kit*/Lin"/Sca-1" stem cell-enriched populations. The
number of ¢-Kit*/Lin~/Sca-1" cells in one femur was counted
using flow cytometry. In some experiments, progenitor cells
were double-stained with FITC-conjugated anti-mouse Ly6C
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and PE-conjugated anti-mouse CD31 antibodies. For detection
of c-Kit* cell proliferation in vivo, the nucleated cells were
stained with anti-mouse c-Kit—FITC and anti-PE- conjugated
BrdU (BioLegend) antibodies. To measure c-Kit™ cell prolifer-
ation in vitro, the cells were stained with anti-mouse c-Kit—PE.
Cell surface c-Kit expression and labeled CFSE were analyzed
with flow cytometry.

Chemotaxis assays

Chemotaxis of c-Kit™ cells was measured with 48-well
microchambers and polycarbonate filters (5-um pore size)
(NeuroProbe, Cabin John, MD) as described previously (32).
Results are expressed as the mean * S.E. of the chemotaxis
index, representing the -fold increase in the number of
migrated cells in response to chemoattractants over spontane-
ous cell migration (to control medium).

RT-PCR

The expression of Fpr2 mRNA in c-Kit™ cells was examined
by RT-PCR with primers as follows: 5'-GTGTCCCCTGAAT-
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Figure 7. Reduced recruitment of myeloid cells and diminished expansion of Lin~c-Kit™ Sca-1* cells in Fpr2~/~ mice after stimulation with heat-
inactivated bacteria. Mice were intranasally administered 100 ul of heat-inactivated Listeria (5 X 10° CFU/ml of PBS) and then euthanized after 24 h to harvest
the lungs, spleens, and BM cells. A and B, cumulative results for the frequency of Ly6G" neutrophils isolated from lung tissue. ***, p < 0.001; significantly
reduced frequency of the cells in Fpr2™/~ mouse lungs. Results are expressed as the mean + S.E. n = 3 mice/group. C and D, cumulative results for the
frequency of CD11b*Ly6C " TNFa™ monocytes in the spleen. *, p < 0.05; significantly reduced frequency of CD11b"Ly6C " TNFa* monocytes in Fpr2 =/~
mouse spleens. E and F, cumulative results for the frequency of c-Kit*Sca-1" cells in BM. ***, p < 0.001; significantly reduced frequency of the cells in BM of
Fpr2~/~ mice. ¥, p < 0.05; significantly reduced expansion of c-Kit*Sca-1" cells in BM of Fpr2™/~ mice. Results are expressed as the mean = SE.n = 4
mice/group with three experiments performed. SSC-H, side-scattered light-height.

CTGGAAA-3' (sense) and 5'-TAATTCAGGTGCTGTGG-
GTG-3' (antisense), which yield a 290-bp product. Mouse
B-actin primers were 5'-TGTGATGGTGGGAATGGGTGAG-
3’ (sense) and 5'-TTTGATGTCACGCACGATTTCC-3'
(antisense), which yield a 514-bp product. The RT-PCR was
performed as described previously (19). All PCR products were
resolved by 1.5% agarose gel electrophoresis and visualized with
ethidium bromide staining.

Immunohistology

Femora from mice at the age of 3 weeks were fixed in forma-
lin for 24 h. After decalcification, the femora, embedded in par-
affin, were sectioned (5 wm) and stained with hematoxylin and
eosin. For immunohistological examination, the sections were
stained with anti-mouse c-Kit or Sca-1 antibodies, followed by a
biotinylated anti-Ig secondary Ab (BD Biosciences) and
streptavidin— horseradish peroxidase/diaminobenzidine (DAB)
with hematoxylin counterstaining (Surgipath, Richmond, IL).

Detection of c-Kit* cell proliferation in vivo

Mice were i.p. injected with 1 ml BrdU (1 mg). After 24 h,
bone marrow was harvested, and the incorporation of BrdU was
detected by incubation with biotin anti-BrdU mAb, followed by
streptavidin-FITC and anti-mouse c-Kit—PE Ab for analysis by
FACS.

Assay for c-Kit™ cell proliferation in vitro

c-Kit" cells were isolated from BM by incubation with anti-
mouse c-Kit—FITC antibody, followed by anti-FITC MicroBeads
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(Miltenyi Biotec). c-Kit™ cells were seeded in 96-well plates
with 100 ul of RPMI 1640, 10% fetal calf serum (5 X 10*/ml) in
the presence or absence of SCF (10 ng/ml). alamarBlue (Invit-
rogen) was added to the wells (10 ul/well). Absorbance was
recorded at 570 nm and 600 nm at the indicated time points.
The following equation was used to calculate cell percentage:
% = [(eOX)A2AA1 — (eOX)A1AA2/(eRED)AIA’A2 —
(eRED)A2A’A1] X 100, where A1 = 570, A2 = 600; (eOX)A2 =
117,216; (eOX)A1 = 80,586; (eRED)A1 = 155,677; (eRED)A2 =
14,652; A1, absorbance reading from the test well; AA2,
absorbance reading from the test well; A’A2, absorbance read-
ing from the negative control well; A’A1, absorbance reading
from the negative control well.

Measurement of the effect of Fpr2 agonists on SCF-induced
proliferation of cKit™ cells in vitro

BM nucleated cells labeled with CFSE were divided into five
groups: a, IgG2b group; b, SCF group; ¢, SCF plus fMLF group;
d, SCF plus W-peptide group; and e, SCF plus Anx-A1l group.
The cells were cultured at 37 °C for 72 h and analyzed by FACS.

CFU assay

CFU assays of freshly isolated bone marrow were performed
using MethoCult™ (Stemcell Technologies, Inc., Seattle, WA).
Briefly, nucleated cells were treated with biotinylated antibod-
ies (CD5, CD11b, CD19, CD45R, 7-4, Ly-6G/C (Gr-1), and
TER119) (Stemcell Technologies, Seattle, WA). EasySep®
mouse progenitor magnetic microparticles were added to seg-
regate unwanted cells. The cell suspension was mixed gently

SASBMB



with M3434 medium and dispensed into 35-mm culture dishes
that were placed in a 100-mm Petri dish and incubated at 37 °C,
5% CO,, and 95% humidity for 14 days. Burst-forming unit
erythroid (early erythroid precursors (BFU-E)), granulocyte—
macrophage (CFU-GM), and multipotential progenitor (gran-
ulocyte, erythrocyte, monocyte, and megakaryocyte (CFU-
GEMM)) were scored, and representative photographs were
taken on day 14.

Stimulation with heat-inactivated listeria

Listeria strain EGD was cultured in brain—heart infusion
broth and stored in 30% glycerol at —80 °C at a concentration of
5 X 10® CFU/ml. Heat-inactivated Listeria were prepared by
incubating the bacteria at 60 °C for 1 h. For airway stimulation,
male mice were intranasally given with 100 ul of Listeria sus-
pension (5 X 10® CFU/ml). 24 h later, mice were euthanized by
CO, inhalation. The mouse lung, spleen, and bone marrow
were harvested. Lung was digested with triple enzyme mixture
solution (10X stock solution: 1 g of collagenase, 100 mg of
hyaluronidase, and 20,000 units of DNase in 100 ml of Hanks’
balanced salt solution) and treated with ammonium-
chloride—potassium (ACK) lysing buffer (Cambrex) to remove
erythrocytes. The cell suspension from spleen and bone mar-
row was treated with ACK to remove erythrocytes. Lung cells
and red cell-free blood leukocytes were preincubated in buffer
(PBS with 1% fetal calf serum, 5 mm EDTA, and 0.1% NaNj,)
containing anti-CD16/32 mAb for 20 min at 4 °C to eliminate
nonspecific binding of the mAb to the FcyII/IIIR, followed by
anti-mouse Ly6G (lung cells), anti-mouse CD11b, Ly6C (spleen
cells), and anti-mouse C-kit, Sca-1 (BM cells) antibodies for 30
min at4 °C. For intracellular staining, the spleen cells were then
fixed and permeabilized with BD Cytofix/Cytoperm, resus-
pended in BD Perm/Wash buffer, and stained with fluoro-
chrome-conjugated anti-TNFa Abs or appropriate negative
control Abs. Cell suspension was analyzed with flow cytometry.

Statistical analysis

All experiments were performed at least three times. Repre-
sentative and reproducible results are shown. Statistical analy-
sis was performed with the Prism software (GraphPad Soft-
ware, La Jolla, CA). Values are expressed as the means * S.E.
The significance of the differences between testing and control
groups was assessed by Student’s ¢ test or one-way analysis of
variance where appropriate. p < 0.05 was considered statisti-
cally significant.
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