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Abstract

The receptor tyrosine kinase cKit and its ligand stem cell factor are essential for mast cells (MC)
development and survival. Strains with mutations affecting the Kit gene display a profound MC
deficiency in all tissues and have been extensively used to investigate the role of MC in both
physiologic and pathologic conditions. However, these mice present a variety of abnormalities
in other immune cell populations that can affect the interpretation of MC-related responses.
C57BL/6 KitWsh are characterized by an aberrant extramedullary myelopoiesis and systemic
neutrophilia. MC deficiency in Kit" mice can be selectively repaired by engraftment with in
vitro-differentiated MC to validate MC-specific functions. Nevertheless, the impact of MC recon-
stitution on other immune populations has never been evaluated in detail. Here, we specifically
investigated the neutrophil compartment in primary and secondary lymphoid organs of C57BL/6
KitW-sh mice before and after MC reconstitution. We found that, albeit not apparently affecting
neutrophils phenotype or maturation, MC reconstitution of Kit"-s" mice restored the number of
neutrophils at a level similar to that of wild-type C57BL/6 mice. In vitro and ex vivo experiments
indicated that MC can influence neutrophil clearance by increasing macrophages’ phagocytic
activity. Furthermore, the G-CSF/IL-17 axis was also influenced by the presence or absence of MC
in Kit"-sh mice. These data suggest that MC play a role in the control of neutrophil homeostasis
and that this aspect should be taken into account in the interpretation of results obtained using

KitW-sh mice.
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melanocytes, neutrophils, interstitial cells of Cajal, and intraepithelial
78T lymphocytes.23 Kit"’W-V mice are also anemic, sterile, and prone

Mast cells (MC) express the tyrosine kinase receptor cKit (CD117) at
all stages of maturation and require the cKit ligand, stem cell factor
(SCF), for their survival, maturation, and differentiation. Therefore,
mice bearing mutations in the cKit gene have been extensively used
in the past years to model MC deficiency. The Kit"W mutation
results in impaired tyrosine kinase activity of the cKit receptor,
consequently leading to severe MC deficiency.! However, defective

cKit signaling causes alterations in several other cell types, including

Abbreviations: BMMC, bone marrow-derived mast cells; CFSE, carboxyfluorescein diacetate
succinimidyl ester; KitW-sh/W-sh ;tW-sh. MC mast cells; SCF, stem cell factor; WT, wild-type
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to dermatitis and gastric disorders.#® For such reasons, their use
has been limited in favor of KitWsh/W-sh “sash” mice (Kit"-sh mice).
The W-sh mutation is an inversion in chromosome 5, including the
regulatory elements critical to control the expression of the cKit gene
in MC.8 KitWsh mice are therefore MC deficient and display fewer
abnormalities compared with Kit"’W-V mice. Indeed, despite having
defects in melanocytes and interstitial cells of Cajal, Kit"-sh mice are
fertile, not anemic”? and not susceptible to gastric disorders.1° Also,
the frequencies of the majority of mature immune cell populations
are not affected.’® However, Kit"=" mice evidence splenomegaly

and expanded frequencies of megakaryocyte and myeloid cells
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populations, including neutrophils.!l  Aberrant extramedullary
myelopoiesis characterized by the accumulation of CD11b* cells
expressing intermediate and high levels of Ly6G has also been
described in these mice.12

All these abnormalities must be taken into account when analyzing
experiments performed in Kit"sh mice, especially when focusing on
innate immune responses. Indeed, both MC and neutrophils are critical
for properly mounting acute inflammatory reactions in several disease
settings. Importantly, it has been reported in murine models that MC

13-15 3nd

can influence neutrophils recruitment during inflammation
can modulate their effector functions.1é This interaction is lacking in
KitW=h mice; therefore, inflammatory responses might be altered not
only as a consequence of MC deficiency “per se,” but also in relation to
the aberrant neutrophilia that characterizes these mice.

MC deficiency in Kit¥sh mice can be selectively repaired by adop-
tive transfer of bone marrow-derived in vitro-cultured MC (BMMC).10
This approach has been used to specifically validate the biological func-
tions of MC. However, to the best of our knowledge, the impact of MC
reconstitution in the control of neutrophils frequency and homeostasis
in Kit"-sh mice has never been addressed. Indeed, as the cKit receptor
is expressed by hematopoietic stem cells, neutrophils’ alterations may
be a direct result of the genetic mutation in Kit"-s" mice, but it cannot
be excluded that MC can directly influence their numbers and home-
ostasis. These two hypotheses are herein investigated.

2 | MATERIALS AND METHODS

2.1 | Mice

C57BL/6 mice and MC-deficient C57BL/6 KitW-sh/W-sh (KitW-sh) were
purchased from The Jackson Laboratory. Mice were maintained under
pathogen-free conditions at the animal facility of Fondazione IRCCS
Istituto Nazionale dei Tumori. All animal experiments were performed
in accordance with the animal care and use committees of the insti-
tutes, and in accordance with the Italian Law (D.lgs 26/2014).

Single-cell suspensions of bone marrow and spleen were obtained
by mechanical dissociation of organs through 70-mm-pore-size nylon
filters. Red blood cells in spleen and blood samples were lysed with
ACK lysing buffer (Lonza). Peritoneal cells were obtained injecting cold
PBS supplemented with 3% FBS in the peritoneal cavity and dislodging
any attached cell by massaging the peritoneum.

2.2 | Immunohistochemistry

Murine spleens were fixed in formalin and embedded in paraffin. Sec-
tions (5 um) were stained with H&E (BioOptica) and evaluated by a
pathologist. Slides were analyzed under an Axioscope A1 microscope

equipped with Axiocam 503 Color camera (Zeiss).

2.3 | FACS analysis

Phenotype analysis by flow cytometry was performed on freshly iso-

lated and on cultured cells after washing in buffer containing 2%

BSA. Cell suspensions were incubated 10 minutes with FcR blocker
(eBioscience), labeled for 15 minutes at 4°C with fluorochrome-
conjugated monoclonal antibodies or appropriate isotype controls (all
from eBioscience or BioLegend). The following anti-mouse mAbs were
used: anti-FceRI (PE), anti-CD117 (FITC), anti-CD11b (APC o FITC),
anti-CD62L (PE), anti-CXCR2 (PE), anti-CXCR4 (PeCy5), anti-F4/80
(FITC), anti-Ly6G (BV421), anti-Ly6C (BV605), anti-IA/E (BV510), anti-
MerTK (PE), and anti-Tim4 (APC).

For intracellular staining of Ly6G, cells were stained for surface
markers, fixed with 2% PFA, and permeabilized with saponin (0.5% in
PBS), before incubation with the desired antibody.

Samples were analyzed using FACSCalibur (BD Biosciences) and BD
LSRII Fortessa (BD Biosciences) instruments and analyzed with the
FlowJo software.

2.4 | Generation of BMMC and reconstitution
of MC-deficient mice

Primary cultures of BMMC were obtained from the bone marrow
of 6-week-old C57BL/6 mice. In vitro differentiation was induced by
adding 20 ng/mL of IL-3 and SCF (PeproTech) in the culture medium
for 5 weeks. The purity of BMMC was evaluated by flow cytome-
try as a percentage of FceRI and cKit-positive cells and was usually
more than 96%.

A total of 5 x 106 BMMC were injected i.p. into 8-week-old KitW-sh
mice to reconstitute the MC population (Rec Kit"=") and used after
4 weeks together with age-matched C57BL/6 and KitWsh mice. MC
reconstitution was confirmed by flow cytometry evaluating double-

positive staining for FceRIl and cKit markers on peritoneal cells.

2.5 | lIsolation of neutrophils and macrophages

Neutrophils were obtained from the bone marrow of 6-week-old
C57BL/6 or Kit"sh mice by positive selection magnetic cell separa-
tion using the Miltenyi Biotec anti-Ly6G-magnetic microbeads Kit (Mil-
tenyi Biotec). Purity was evaluated by analyzing by flow cytometry the
expression of the Ly6G (D1A8 clone) and CD11b surface markers. Cells
were at least 97% double positive.

Peritoneal macrophages were obtained from peritoneal lavage of
6-week-old C57BL/6 mice using the Peritoneal Macrophage Isolation

Kit (Miltenyi Biotec), following manufacturers’ instruction.

2.6 | Neutrophil cell death assay

Ly6G* neutrophils were cultured in DMEM with 10% FBS or induced
to apoptosis by culturing them in media without serum. To investi-
gate cell survival capacity, cells were collected at different time points,

stained with Pl and Annexin V, and analyzed by flow cytometry.

2.7 | Invitro phagocytosis assay

Ly6G™* cells isolated from bone marrow of C57BL/6 mice were sus-
pended at 2 x 10% cell/mL in 10% RPMI, labeled for 10 minutes with
2.5 umol/L APC-conjugated CFSE, washed twice and then incubated
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in RPMI without serum for 20 hours at 37°C in 5% CO, to induce
cell apoptosis. CFSE-labeled Ly6G™ cells were added for 30 minutes
to peritoneal macrophages at a 10:1 ratio in the presence or absence
of cytochalasin D 1 gmol/L (inhibitor of phagocytosis). Flow cytome-
try was used to quantify percentages of F4/80-labeled macrophages
that had engulfed CFSE-labeled cells. The percentage of phagocytosis
was calculated based on the percentage of double-positive cells (corre-
sponding to the percentage of binding and uptake) and by subtracting
the percentage of double-positive cells in the presence of cytochalasin
D (corresponding to the percentage of binding).

In some experiments, equal numbers of BMMC and macrophages
were preincubated for 2 hours. Then, 10-fold numbers of CFSE-labeled
Ly6GT cells were added, and phagocytosis assay was conducted in the
presence or absence of cytochalasin D as described.

2.8 | ELISA assays

The amount of B cell activation factor (BAFF) and IL-6 released by neu-
trophils in response to LPS stimulation was assessed after 24 hours of
cell stimulation using the specific BAFF ELISA assay (Boster Biological
Technology, Ltd) and the IL-6 ELISA assay (eBioscience) following man-
ufacturer’s indications.

The serum levels of cytokines were evaluated by specific ELISA Kit
assays. ELISA for SCF and G-CSF were from RayBiotech; TNF-a, IL-17,

and IL-22 ELISA Kit assays were from eBioscience.

2.9 | Datahandling and statistical analysis

Results are presented as mean + SEM and data analysis was performed
with the Prism GraphPad Software. For comparisons between two
groups, the two-tailed unpaired and paired Student t tests were used.
When multiple comparisons were necessary, data were analyzed with
the one-way ANOVA test, and the Bonferroni correction was used as
post hoc analysis. In all tests, P values < 0.05 were considered statisti-
cally significant.

3 | RESULTS

3.1 | Mast cell reconstitution reduces the frequency
of myeloid cells in Kit"-s" mice

It is well known that, beyond MC deficiency, KitWsh mice show
increased myelopoiesis in steady-state conditions compared with MC-
competent wild-type (WT) mice.1%12 To analyze whether Kit¥-sh mice
engraftment with in vitro-cultured bone marrow-derived MC (BMMC)
could restore the frequency of myeloid cells, BMMC obtained from WT
C57BL/6 mice were intraperitoneally transferred into Kit"=h mice.
Four weeks after MC reconstitution, we investigated by flow cytome-
try the frequency of CD11b* cells in bone marrow, spleen, and periph-
eral blood of C57BL/6 (B6), Kit"sh and reconstituted Kit"-sh (Rec
Kit"-sh) mice (Fig. 1). Consistent with previous reports,111217 the rel-
ative frequency (Figs. 1A and B) and absolute numbers (Fig. 1C) of

CD11b* myeloid cells were increased in the spleen (middle panel) and

JOURNAL OF
JLB LEUKOCYTE
BIOLOGY

peripheral blood (lower panel), but not in the bone marrow (upper
panel), of Kit"=" mice as compared with WT C57BL/6 counterparts.
After MC reconstitution, the frequency and numbers of CD11b* cells
inthe spleen and peripheral blood of Rec Kit"sh mice decreased signif-
icantly, reaching almost the levels observed in C56BL/6 mice (Figs. 1A-
C). The decrease of CD11b* cells in Rec Kit"h mice was not accom-
panied by changes in the morphology of the spleens, which still exhib-
ited the gross (Fig. 1D) and microscopic (Fig. 1E) abnormalities typical
of Kit"sh mice.1! Indeed, spleens of both Kit"sh and Rec KitWsh mice
showed enlargement of the red pulp and increase of megakaryocyte
and myeloid elements.

3.2 | BMMC reconstitution of Kit"-sh mice reduces
the number of neutrophils

Previous reports highlighted that the abnormal myelopoiesis in Kit"-sh
mice was mainly due to the expansion of cells expressing Ly6G
within the CD11b* compartment.1%12 |n particular, Nigrovic et al.
found in Kit%sh mice an increased frequency of neutrophils, identi-
fied using an anti Gr1 antibody able to recognize both Ly6G and Ly6C
epitopes.!! Further investigation by Michel et al. showed an accumu-
lation of both CD11b*/Ly6G'"/Ly6C'o% and CD11b*/Ly6GHi/Ly6Clow
subpopulations in the spleen of Kit"sh mice.l2 Based on these
pieces of evidence, we adopted the same gating strategy as used
by Michel et al. to investigate if the percentages and absolute
numbers of CD11b*/Ly6G!"t/Ly6C'o" and CD11b*/Ly6GHi/Ly6Clow
cells were recovered to steady-state levels in Kit"-s" mice following
MC reconstitution.

The frequencies of these populations within CD11b* cells did
not change between the analyzed groups of mice in the blood com-
partment (Figs. 2A and B), whereas in the spleen we observed, as
expected,!? an increase in the frequency of CD11b*/Ly6G!"t/LyéClow
among CD11b™ cells (Figs. 2D-E). Remarkably, the analysis of absolute
cell counts highlighted an accumulation of CD11b*/Ly6GHi/LyéClow
in the blood and spleen of Kit"sh mice that returned to normal lev-
els after MC reconstitution (Figs. 2C and F). Reconstitution with MC
also reduced, but not normalized to WT levels, the total number of
CD11b*/Ly6G'Mt/Ly6C'oW in the spleen (Fig. 2F). We did not find any
significant difference in the frequencies and counts of these two sub-
populations in the bone marrow of C57BL/6, Kit"sh, and Rec Kit"-sh
mice (Supplemental Fig. S1A).

High expression of Ly6G on CD11b* cells likely identifies
neutrophils.18 For deeper characterization of neutrophils-associated
maturation and trafficking molecules, we analyzed by flow cytom-
etry the expression of CD11b, CXCR2, CD62L, and CXCR4 on
CD11b*/Ly6GHi/Ly6C'*" from bone marrow, spleen, and periph-
eral blood of C57BL/6, KitWsh and Rec Kit"sh mice. We did not
detect any difference in the expression of the investigated markers
in CD11b*/Ly6GHi/Ly6C!°% from the bone marrow (Supplemental
Fig. S1B). However, we observed a reduction of CD11b and CXCR2
expression in cells obtained from the peripheral blood and spleen of
KitWsh mice when compared with those obtained from control mice.

MC reconstitution of Kit"-sh mice did not affect the expression levels
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FIGURE 1 Numbers of CD11b™ cells are modified in Kit-deficient mice and recover after MC reconstitution. Representative flow cytometry
plots (A), percentages (B), and absolute numbers (C) of CD11b™* cells in bone marrow (BM), blood, and spleen of B6, Kit"-sh, and KitW-sh mice recon-
stituted with in vitro-derived BMMC (Rec KitWsh). Percentages are depicted as values from individual mice; bar indicates mean + SEM. ANOVA
followed by Bonferroni correction; *P < 0.05, **P < 0.005, ***P < 0.001 (B6, n = 14, KitW-sh; n = 16; Rec Kit"h, n = 16). (D) Quantitation of spleen
weight from B6, Kit"-sh and Rec Kit"sh mice (B6, n = 6, KitWsh n = 7; Rec KitWsh n = 6: E). H&E staining of B6, Kit"¥s" and Rec Kit"h spleens at
different magnifications (from left: x100, x200, x400, and further magnification of areas included in black rectangles). Red circles highlight areas
of abnormal red pulp expansion. Arrowheads show megakariocytes (white) or monocytic and granulocytic elements (black)

of these markers in both splenic and circulating neutrophils (Fig. 2G).
On the contrary, we did not detect any differences in the relative
mean fluorescence intensities of CD62L and CXCR4 on splenic either
peripheral blood Ly6GHi/Ly6C!o% cells among the three groups of
animals. These results indicate that neutrophils in the periphery of
KitW-sh have an immature phenotype, regardless of MC reconstitution.

Altogether, our results suggested that MC reconstitution can
reverse the neutrophilia observed in Kit"sh without affecting neu-
trophil maturation status. Such evidence suggests that MC can

directly or indirectly control neutrophils number, whereas their

immature phenotype is likely merely due to an intrinsic defect
associated with the cKit mutation rather than due to MC deficiency, as
previously suggested.12

3.3 | Neutrophils from WT and Kit"-sh mice are
equally responsive

We next sought to determine whether neutrophils from Kit"=h mice
had also functional defects. CD11b*/Ly6G™* cells were purified from
the bone marrow of C57BL/6 and KitWs" mice (Supplemental Fig. $2).
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FIGURE 2 Counts and phenotype of neutrophils are different in WT, Kit"=h, and reconstituted Kit"-s" mice Representative flow cytometry

plots (A, D), percentages (B, E), and absolute numbers (C, F) of Ly6C and Ly6

G cells within CD11b™ cells (gated as in Fig. 1) obtained from the blood

and spleen of B6, Kit"sh and Rec Kit"-s" mice. (G) Surface expression of CD11b, CXCR2, CD62L, and CXCR4 of Ly6C'*"/Ly6Gh cells, gated as in
A. Histogram reports relative fluorescence intensity (RFI), measured as a ratio of mean fluorescence intensity between the sample and a control

sample stained with the appropriate isotype antibody. ANOVA followed by
KitW-sh: n = 16; rec Kit"Wsh, n = 16)

Giemsa staining did not show significant differences in the morphology
of neutrophils from the two strains (Fig. 3A). We then cultured purified
neutrophils in complete media or under the apoptotic condition, mod-
eled by 0% of serum. No significant differences in the number of viable
and dead cells were noted in both culture settings (Fig. 3B), suggesting
that survival capacities of neutrophils from WT and Kit"¥-h mice are
similar. Moreover, stimulation with LPS induced comparable upregula-
tion of CD11b (Fig. 3C) and downregulation of CD62L (Fig. 3D), as well
as the comparable release of IL-6 (Fig. 3E) and BAFF (Fig. 3F) in neu-
trophils from both Kit"=sh and C57BL/6 mice. Therefore, neutrophils
from WT and Kit"W-h mice are similarly functional.

3.4 | The presence of MC influences
the G-CSF/IL-17 axis

Data collected so far highlighted differences in the frequency
and maturation of neutrophils in the secondary lymphoid organs
of Kit"sh mice. Moreover, reconstitution experiments suggested
that MC could directly influence the number of neutrophils in

steady-state conditions.

Bonferroni correction; *P < 0.05, **P < 0.005, ***P < 0.001 (B6 n = 14,

To understand the mechanisms involved in the MC-dependent
control of neutrophils numbers, we first investigated the levels of
cytokines involved in myelopoiesis and myeloid cell differentiation in
the sera of C57BL/6, KitW-sh, and Rec KitWsh mice. G-CSF is the major
driver of neutrophil proliferation and acts in a complex network with
other cytokines, such as IL-17, IL-22, and TNF-qa, to regulate neu-
trophil numbers.1? The lack of MC was associated with higher levels
of SCF, TNF-q, and IL-22 in the sera of Kit"sh mice with respect to
C57BL/6 animals, but reconstitution did not change them. On the con-
trary, serum levels of G-CSF and IL-17 were increased in Kit"¥-h mice
and returned to physiologic levels after MC reconstitution (Fig. 4), sug-
gesting that MC can be important in controlling the levels of cytokines

regulating myelopoiesis.

3.5 | MC enhance the ability of macrophages to clear
neutrophils in vitro

To find additional mechanisms responsible for neutrophilia in KitWsh

mice, we asked whether MC could regulate the route of clear-

20-22

ance of neutrophils. As MC have phagocytic activity, we first
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FIGURE 3 Bone marrow-derived neutrophils from Kit"sh mice are
active. (A) Giemsa staining of Ly6G™* cells freshly purified from bone
marrow of Bé and Kit"h mice. (B) Frequency of viable (Pl-negative,
annexin V-negative) Ly6G™ cells purified from bone marrow and cul-
tured in media with 10% or 0% FBS for 6, 24, 30, 48, 54, and 72 hours.
Expression of CD11b (C) and of CD62L (D), or secretion of IL-6 (E) and
BAFF (F) by Ly6G* cells obtained from B6 and Kit"sh mice and stimu-
lated or not with LPS for 30 minutes. Data are representative of three
independent experiments. Paired Student t test; **P < 0.005

hypothesized that they could directly phagocyte neutrophils. There-
fore, we performed time-lapse analyses, following for 30 minutes
cocultures between BMMC and viable or apoptotic CFSE-labeled
Ly6GT cells, purified from the bone marrow of WT mice (Supplemen-
tal Fig. S3A), and quantified the engulfment of fluorescent cells by flow
cytometry (Supplemental Fig. S3B). We observed MC-dynamic mem-
brane ruffling with the concomitant rapid recruitment of neutrophils
in close proximity to MC (Supplemental Fig. S3A). However, the level
of neutrophils phagocytosis by MC was very low and even lower in the
case of apoptotic neutrophils (Supplemental Fig. S3B).

Because the low capacity of neutrophil uptake by MC excluded their
direct role in neutrophils clearance, we investigated if MC could influ-
ence the turnover of neutrophils by affecting the activity of specialized
phagocytic cells. As macrophages are the most important scavengers

23 \ve first tested the capacity of macrophages

of neutrophils in vivo,
from both C57BL/6 and Kit"h mice of clearing neutrophils ex vivo.
As shown in Fig. 5A, peritoneal macrophages isolated from C57BL/6

or Kit"sh mice similarly phagocytized apoptotic CFSE-labeled neu-
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FIGURE 4 Hematopoietic and proinflammatory cytokines are
altered in KitWsh mice. Levels of SCF, G-CSF, TNF-a, IL-17, and
IL-22 measured by specific ELISA assays on sera of B6, Kit"sh, and
Rec Kit¥sh. ANOVA followed by Bonferroni correction; *P < 0.05,
**P < 0.005 (B6, n = 14, KitWsh: n = 16; Rec Kit"sh n = 16)

trophils within 30 minutes of coculture (Fig. 5A). Phagocytic activ-
ity of C57BL/6 macrophages was also comparable against neutrophils
purified from either WT or Kit"h mice (Fig. 5B). However, when
BMMC were added in cocultures with macrophages and Ly6G™ cells,
the numbers of CFSE-positive macrophages increased significantly
(Figs. 5A and B), suggesting that, at least in vitro, MC have the potential
to enhance neutrophil clearance by macrophages. This effect was neu-
trophil specific, as macrophage phagocytosis of apoptotic B cells was
unaltered by the presence or absence of MC in the coculture (Fig. 5C).

The MC-dependent increase of macrophages phagocytic capacity
was corroborated by flow cytometry analysis of specific surface mark-
ers known to play crucial roles in the phagocytosis process. Even if
the presence of MC in the culture did not affect the levels of CD11c,
MerTK, and CD206 on peritoneal macrophages, it increased their
expression of Tim4 (Fig. 5D), a phosphatidylserine receptor essential
for the maintenance of phagocytosis of macrophages.2*

3.6 | Neutrophil clearance by macrophages is altered
in KitW-sh mice after MC reconstitution

The above-described capability of MC to increase macrophages phago-
cytosis in vitro suggested the possibility that in MC-deficient Kit"-sh
mice, macrophages could have a defect in neutrophil clearance. There-
fore, we compared the capacity of macrophages with phagocytize neu-
trophils in C57BL/6, Kit"h and Rec Kit"¥sh mice in vivo. First of
all, to exclude that the accumulation of neutrophils in Kit"sh mice

was due to diminished numbers of tissue-resident macrophages, we
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coculture with MC. Data are representative of at least three independent experiments. Paired Student t test; **, P < 0.005

determined the percentages and absolute numbers of these cells in all
three groups of mice. No differences were detected in the frequen-
cies of CD11b*/F480*/MHCII*/Ly6G~ macrophages in the bone mar-
row (Fig. 6A), whereas we observed a slight increase in the number
of splenic CD11b* F480*/MHCII*/Ly6G~ macrophages in Kit"-s" and
Rec Kit"sh mice (Fig. 6B). Nevertheless, macrophages from both bone
marrow and spleen of Rec Kit"sh mice expressed the highest levels of
Tim4 (Fig. 6C).

We then assessed the level of neutrophil clearance by macrophages
in vivo by measuring the intracellular expression of the neutrophil-
specific marker Ly6G in macrophages isolated from the bone marrow
and spleen of C57BL/6, Kit"=h and Rec Kit"sh mice (Fig. 7). This
technique is used to quantify the numbers of macrophages that had
engulfed neutrophils in tissues under steady-state conditions.2> Given
the need to evaluate intracellular positivity for Ly6G, macrophages
were gated as CD11b*/F480*/Ly6C~/MHCH! (Supplemental Fig. 54).
To be certain of not including Ly6G™ cells within the gate, the same
samples were in parallel analyzed for surface expression of Ly6G
and were found negative (Supplemental Fig. S5). Flow cytometry

analysis revealed a significant decrease in the percentages of Ly6G

intracellular expressionin CD11b*/F480*/Ly6C~ macrophages recov-
ered from the bone marrow of Kit"s" mice as compared with WT mice
(Figs. 7A-B), thus indicating a reduced capacity to ingest neutrophils in
the absence of MC. Of note, Ly6G intracellular expression was restored
to the level of WT mice in macrophages isolated from the bone marrow
of Rec KitWh mice (Fig. 7B). Even if we noted no differences in intracel-
lular Ly6G expression in splenic macrophages from both C57BL/6and
KitWsh mice, this was significantly increased when macrophages were
analyzed from the spleen of Rec Kit"h mice (Figs. 7C-D).

Altogether, these data highlight a role for MC in influencing the abil-
ity of macrophages to clear neutrophils, a mechanism that can partly
account for the neutrophilia observed in MC-deficient Kit"s" mice and
its reversion following MC reconstitution.

4 | DISCUSSION

Mice with abnormalities affecting the cKit gene show a profound
MC deficiency and therefore have been extensively used to ana-
lyze the role of MC in several biological settings. However, both the
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KitWW-V and KitW=sh models are characterized by several other pheno-
typic abnormalities that may account for differences in the biological
responses in both steady-state and pathologic conditions. It is not sur-
prising that the continuous discovery of MC-unrelated abnormalities
in Kit-mutant mice incites criticism and leads investigators to search
for alternative Kit-independent animal models to study MC effector
functions. However, a “gold-standard” mouse model with a selective
and complete MC deficiency and absence of unrelated alterations is
still lacking. Most of the Kit-independent models harbor a Cre recom-
binase under the control of MC-specific genes (i.e., Mcpt5, Cpa3, and
FceRIB).2 These mice can be constitutively depleted of MC (as in
the case of Cpa3Cre, Cpa3-Cre Mcl1fl/fl, and Mcpt5-Cre R-DTA) or
deletion can be induced by the injection of diphtheria toxin (Mcpt5-
Cre, iDTR, and RMB mice).2728 |n contrast to Kit-mutant mice, these

MC-deficient animals show fewer hematological abnormalities but

present other limitations including incomplete or selective MC deple-
tion (i.e., mucosal rather than connective MCs), absolute or transient
reduction in basophil numbers or functionality, and possible defects in
other immune cells that again may affect interpretation of results.26
Of note, although a number of in vivo MC functions have been con-
firmed in these newer Kit-independent MC-deficient mice, discordant
results have also emerged suggesting a redundant or absent role for
MC in models of arthritis, experimental autoimmune encephalomyeli-
tis, or cutaneous contact hypersensitivity (reviewed in ref.26). There-
fore, the choice of the suitable MC-deficient mouse model for in
vivo experiments must take into account strain-specific advantages
and defects.

The C57BL/6 KitW-sWW-sh (KitW-sh strain), commonly used by sev-
eral research groups, is characterized by splenomegaly and aber-

rant extramedullary myelopoiesis, resulting in the accumulation of
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immature myeloid cells and neutrophils.}? Considering the capabil-
ity of MC to coordinate the trafficking of neutrophils in response to
several inflammatory and infectious conditions,14-1¢ it is crucial to
keep in mind these defects in the myeloid compartment when inter-
preting results obtained with Kit"sh mice. The possibility of selec-
tively reverting MC deficiency in these mice through the adoptive
transfer of in vitro-differentiated MC has been widely used as an
experimental approach to validate their function and exclude the
contributions of other Kit-dependent cell lineages. However, to the
best of our knowledge, it has not been previously formally addressed
whether the defects in the myeloid compartment of KitW-s" mice can
be reverted by MC reconstitution, or are irreversible. Indeed, due to
the early expression of cKit in hematopoietic stem cells, its mutation
can affect not only SCF-dependent MC differentiation and maturation
but also other hematopoietic lineages. In a recent study, a single-cell
transcriptional profile of bone marrow-derived hematopoietic stem
cells and progenitor cells from a Kit-mutant W41/W41 mouse (charac-
terized by a missense mutation in the kinase domain of the Kit coding
sequence that causes a partial loss of protein function??) revealed that
impaired cKit signaling exerts global effects on hematopoietic lineages
with reduced MC and basophil progenitor cluster and a concomitant
increase of neutrophil progenitors.2?

Nevertheless, albeit this evidence suggests that the increased fre-
quency of circulating and splenic neutrophils observed in KitWsh
mice could be directly related to a defect in the cKit-SCF signaling,
here we show that the levels of CD11b*/Ly6GHi/Ly6C'*% neutrophils
return similar to the ones observed in WT mice after MC reconsti-
tution. These results unravel a previously unreported role of MC in
the regulation of homeostatic levels of neutrophils. We describe two
mechanisms by which MC engraftment might directly or indirectly
restore the frequency of neutrophils in Kit"-h mice to levels simi-
lar to the ones observed in WT mice: (i) reduction of systemic lev-
els of G-CSF and IL-17 and (ii) enhancement of macrophage-mediated
neutrophil phagocytosis.

In steady state, the frequency of circulating neutrophils is tightly
controlled by the coordinated regulation of granulopoiesis and mobi-
lization from the bone marrow and by the clearance of senescent
neutrophils. G-CSF is a master neutrophil-mobilizing cytokine and a
major regulator of neutrophil homeostasis!? acting in a coordinate
with other cytokines, including IL-23 and IL-17. Here, we found that G-
CSF and IL-17 levels are constitutively elevated in the sera of KitW-sh
mice compared with age-matched WT controls, a finding consistent
with a condition of exacerbated myelopoiesis, and reduced following
MC reconstitution.

In addition, we observed that bone marrow and splenic
macrophages increase the uptake of neutrophils after MC recon-
stitution, an observation corroborated by in vitro data. After MC
reconstitution of Kit"=sh mice, macrophages display increased expres-
sion of molecules known to play a significant role in phagocytosis
such as MerTK and Tim4.24 Though the identification of a mechanism
behind this effect was out of the scope of this article, it appears
to be specific for neutrophils as we did not find differences in the
phagocytosis of B cells by macrophages in the presence of MC, at least
invitro.

Of note, as previously reported,1? the accumulation of neutrophils
is observed in the spleen and blood, but not in the bone marrow, of
KitW-sh mice. However, phagocytosis of macrophages in the bone mar-
row is reduced in Kit"=h mice and is restored to WT levels after MC
reconstitution, whereas in the spleen of reconstituted Kit"=" mice, it
is even higher than in WT. To explain this apparent discrepancy, we

hypothesize two possible scenarios:

(i) In homeostatic conditions, MCs can regulate the rate of neu-
trophils clearance by sustaining macrophage activity mainly in
the bone marrow, and not in the periphery. Therefore, in the
bone marrow of KitW-" mice, defective neutrophil phagocytosis by
macrophages, as a consequence of MCs absence, might result in
further recirculation and accumulation of neutrophils in the spleen
and blood. This eventuality has been suggested a few years ago3©
and could also be supported by the reduced levels of CXCR2 found
in neutrophils from KitW-h and Rec KitW-sh mice;

(i) In Kit"sh mice, the defects in the cKit gene lead to extramedullary
hematopoiesis responsible for the accumulation of immature
progenitors and myeloid subpopulation in the spleen, whereas
the bone marrow is not affected.1?2 MC reconstitution increases
phagocytic activity of macrophages against Ly6GHi cells both in
the spleen and bone marrow of Kit"sh mice, likely compensating
for the abnormal extramedullary production of neutrophils in the
periphery of KitWsh mice!? and restoring their numbers to WT
levels. On the other hand, CD11b*/Ly6G'"t/Ly6CloW cells, which
are also continuously produced as a consequence of the c-Kit
defects, cannot be normalized after reconstitution. In addition, the
increased engulfment of neutrophils can also explain the reduced
production of G-CSF in Rec KitW=h  at levels even lower than those
in WT mice. In fact, it has been described that after phagocyto-
sis of neutrophils, macrophages can reduce their production of IL-
23, a key promoter of IL-17 expression by y§ or unconventional
af T cells, this latter cytokine a positive regulator of G-CSF lev-
els. The activation of this negative feedback on granulopoiesis via
the “IL-23-IL-17-G-CSF axis” 31 may further counterbalance the
cKit intrinsic exacerbated myelopoiesis observed in Kit"sh mice

by reduced neutrophil mobilization.32

The synergistic contribution of MC and macrophages in the control
of immune responses has been previously studied mainly in the con-
text of inflammation, such as cardiovascular and metabolic diseases33
and infections.34 In a recent report, it was shown that MC, through
the release of IL-4, reduce the capacity of peritoneal macrophages
to promote bacterial clearance by inhibiting phagocytosis in a sepsis
model.3° This is apparently in contrast with our findings demonstrating
that macrophage phagocytosis of neutrophils is improved in the pres-
ence of MC, but conversely suggests that different pathways and/or
inflammatory versus homeostatic signals may differentially regulate
MC modulation of macrophage functions. The importance of an MC-
macrophage axis in regulating neutrophil homeostasis has never been
addressed, and further studies are required to understand the signif-
icance of this result beyond our observations in Kit"h mice. Never-

theless, data from different MC-deficient mouse strains suggest that
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this could be a conserved mechanism. In fact, a modest but significant
increase in the number of splenic neutrophils has been reported in
MC-deficient Cpa3-Cre; Mcl-1fIfl*27 but not in other Kit-independent
mouse models of MC deficiency, such as the Cre-Master Cpa3Cre/+,
neither in Mcpt5-Cre iDTR.3> Considering that incomplete or selec-
tive MC depletion can occur in these strains, the issue deserves
further investigation.

Interestingly, the fact that MC reconstitution cannot revert neu-
trophils’ immature status, characterized by low levels of CD11b and
CXCR2, suggests that the limited maturation of circulating neutrophils
in KitW=sh mice is intrinsically linked to the W-sh mutation, as previ-
ously suggested.12 Also, MC reconstitution did not completely restore
the number of splenic CD11b*/Ly6G!"t/Ly6C'°W cells. The finding that
these immature myeloid populations persist after MC reconstitution
should be taken into account when utilizing the Kit"¥s" mouse strain.

In conclusion, our analysis clarifies the effect of MC reconstitu-
tion in the regulation of the neutrophil compartment in Kit¥-sh mice.
Although the mechanisms remain to be clarified, our data suggest that
MC reconstitution can affect both the main cytokine axis involved in
the control of granulopoiesis and efferocytosis responsible for neu-
trophil homeostasis in vivo. We also uncover a previously undescribed
potential role for MC in controlling neutrophil clearance in homeo-
static conditions by prompting the phagocytic ability of macrophages.
Further studies will be required to determine how the MC-macrophage
axis can regulate neutrophil numbers and function in physiologic and

pathologic conditions.

AUTHORSHIP

E.J. and FD.: acquisition and analysis of data, drafting of the
manuscript; RM., C.D.S., FV, and V.C.: technical support; L.D., C.T., and
P.S.: technical support and interpretation of data. M.P.C. and C.P.: study
design and obtained funding. B.F.: study supervision, acquisition and
analysis of data, drafting of the manuscript. E.J. and F.D. share first
authorship of this article.

ACKNOWLEDGMENTS

We thank lvano Arioli, Mariella Parenza, and Renata Ferri for tech-
nical assistance. This work was supported by Associazione ltaliana
per la Ricerca sul Cancro (Investigator Grant N.18425 to M.P.C. and
N.15561 to C.P), Progetti di Ricerca di Interesse Nazionale (PRIN)
under grant 2015YYKPNN_003 to C.P, and Associazione Italiana Mas-
tocitosi under grant 10754 to C.P.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

REFERENCES

1. Kitamura Y, Go S, Hatanaka K. Decrease of mast cells in W/Wv
mice and their increase by bone marrow transplantation. Blood.
1978;52:447-452.

2. Puddington L, Olson S, Lefrancois L. Interactions between stem cell
factor and c-Kit are required for intestinal immune system homeosta-
sis. Immunity. 1994;1:733-739.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

JOURNAL OF
JLB LEUKOCYTE 643
BIOLOGY

. Nakano T, Waki N, Asai H, Kitamura Y. Different repopulation pro-

file between erythroid and nonerythroid progenitor cells in geneti-
cally anemic W/Wv mice after bone marrow transplantation. Blood.
1989;74:1552-1556.

. Galli SJ, Arizono N, Murakami T, Dvorak AM, Fox JG. Development

of large numbers of mast cells at sites of idiopathic chronic dermati-
tis in genetically mast cell-deficient WBB6F 1-W/Wv mice. Blood. ;69:
1661-1666.

. Kitamura Y, Yokoyama M, Matsuda H, Shimada M. Coincidental

development of forestomach papilloma and prepyloric ulcer in non-
treated mutant mice of W/Wv and SI/SId genotypes. Cancer Res.
1980;40:3392-3397.

. Shimada M, Kitamura Y, Yokoyama M, et al. Spontaneous stom-

ach ulcer in genetically mast-cell depleted W/Wv mice. Nature.
1980;283:662-674.

. Nagle DL, Kozak CA, Mano H, Chapman VM, Bucan M. Physical map-

ping of the Tec and Gabrb1 loci reveals that the Wsh mutation on
mouse chromosome 5 is associated with an inversion. Hum Mol Genet.
1995;4:2073-2079.

. Berrozpe G, Agosti V, Tucker C, Blanpain C, Manova K, Besmer P. A

distant upstream locus control region is critical for expression of the
Kit receptor gene in mast cells. Mol Cell Biol. 2006;26:5850-5860.

. Tono T, Tsujimura T, Koshimizu U, et al. c-Kit Gene was not transcribed

in cultured mast cells of mast cell-deficient Wsh/Wsh mice that have
a normal number of erythrocytes and a normal c-Kit coding region.
Blood. 1992;80:1448-1453.

Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY, Galli
SJ. Mast cell-deficient W-sash c-Kit mutant Kit W-sh/W-sh mice
as a model for investigating mast cell biology in vivo. Am J Pathol.
2005;167:835-848.

Nigrovic PA, Gray DH, Jones T, et al. Genetic inversion in mast cell-
deficient (Wsh) mice interrupts corin and manifests as hematopoietic
and cardiac aberrancy. Am J Pathol. 2008;173:1693-1701.

Michel A, Schuler A, Friedrich P, et al. Mast cell-deficient Kit(W-sh)
“Sash” mutant mice display aberrant myelopoiesis leading to the accu-
mulation of splenocytes that act as myeloid-derived suppressor cells.
JImmunol. 2013;190:5534-5544.

De Filippo K, Dudeck A, Hasenberg M, et al. Mast cell and macrophage
chemokines CXCL1/CXCL2 control the early stage of neutrophil
recruitment during tissue inflammation. Blood. 2013;121:4930-4937.

Enoksson M, Moller-Westerberg C, Wicher G, et al. Intraperitoneal
influx of neutrophils in response to IL-33 is mast cell-dependent. Blood.
2013;121:530-536.

Wezel A, Lagraauw HM, van der Velden D, et al. Mast cells medi-
ate neutrophil recruitment during atherosclerotic plaque progression.
Atherosclerosis. 2015;241:289-296.

Doener F, Michel A, Reuter S, et al. Mast cell-derived mediators
promote murine neutrophil effector functions. Int Immunol. 2013;25:
553-561.

Zhou JS, Xing W, Friend DS, Austen KF, Katz HR. Mast cell deficiency in
Kit(W-sh) mice does not impair antibody-mediated arthritis. J Exp Med.
2007;204:2797-2802.

Scapini P, Cassatella M. Social networking of human neutrophils within
the immune system. Blood. 2014;124:710-719.

. Bugl S, Wirths S, Miller MR, Radsak MP, Kopp HG. Current

insights into neutrophil homeostasis. Ann N Y Acad Sci. 2012;1266:
171-178.

Malaviya R, Twesten NJ, Ross EA, Abraham SN, Pfeifer JD. Mast cells
process bacterial Ags through a phagocytic route for class | MHC
presentation to T cells. J Immunol. 1996;156:1490-1496.



644

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

JACHETTIET AL.

JOURNAL OF

JLB LEUKOCYTE
BIOLOGY

Sharma P, Puri N. A new role for mast cells as scavengers for clear-

ance of erythrocytes damaged due to oxidative stress. Immunol Lett.
2018;199:23-35.

Pinke KH, Lima HG, Cunha FQ, Lara VS. Mast cells phagocyte Candida
albicans and produce nitric oxide by mechanisms involving TLR2 and
Dectin-1. Immunobiology. 2016;221:220-222.

Gordy C, Pua H, Sempowski GD, He YW. Regulation of steady-state
neutrophil homeostasis by macrophages. Blood. 2011;117:618-629.

Nishi C, Toda S, Segawa K, Nagata S. Tim4- and MerTK-mediated
engulfment of apoptotic cells by mouse resident peritoneal
macrophages. Mol Cell Biol. 2014;34:1512-1520.

Dalli J, Jones CP, Cavalcanti DM, Farsky SH, Perretti M, Rankin SM.
Annexin A1l regulates neutrophil clearance by macrophages in the
mouse bone marrow. FASEB J. 2012;26:387-396.

Reber LL, Marichal T, Galli SJ. New models for analyzing mast cell func-
tions in vivo. Trends Immunol. 2012;33:613-625.

Lilla JN, Chen CC, Mukai K, et al. Reduced mast cell and basophil
numbers and function in Cpa3-Cre; Mcl-1fl/fl mice. Blood. 2011;118:
6930-6938.

Dahdah A, Gautier G, Attout T, et al. Mast cells aggravate sep-
sis by inhibiting peritoneal macrophage phagocytosis. J Clin Invest.
2014;124:4577-4588.

Dahlin JS, Hamey FK, Pijuan-Sala B, et al. A single-cell hematopoietic
landscape resolves 8 lineage trajectories and defects in Kit mutant
mice. Blood. 2018;131:e1-e11.

Suratt BT, Young SK, Lieber J, Nick JA, Henson PM, Worthen GS. Neu-
trophil maturation and activation determine anatomic site of clearance
from circulation. Am J Physiol Lung Cell Mol Physio. 2001;281:L913-21.

31

32.

33.

34.

35.

Wirths S, Bugl S, Kopp HG. Neutrophil homeostasis and its regulation
by danger signaling. Blood. 2014;123:3563-3566.

Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis
of apoptotic neutrophils regulates granulopoiesis via IL-23 and IL-17.
Immunity. 2005;22:285-294.

JM1 X, GP Sh. Emerging role of mast cells and macrophages
in cardiovascular and metabolic diseases. Endocr Rev. 2012;33:
71-108.

Chu YT, Wan SW, Anderson R, Lin YS. Mast cell-macrophage dynam-
ics in modulation of dengue virus infection in skin. Immunology.
2015;146:163-172.

Feyerabend TB, Weiser A, Tietz A, et al. Cre-mediated cell abla-

tion contests mast cell contribution in models of antibody- and
T cell-mediated autoimmunity. Immunity. 2011;35:832-844.

SUPPORTING INFORMATION

Additional information may be found online in the Supporting Informa-

tion section at the end of the article.

How to cite this article: Jachetti E, D'Inca F, Danelli L,
et al. Mast cells regulate neutrophil homeostasis by influenc-
ing macrophage clearance activity. J Leukoc Biol. 2019;105:633-

644. https://doi.org/10.1002/JLB.4HI1018-390R



https://doi.org/10.1002/JLB.4HI1018-390R

