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Abstract

Background: Resident macrophages (Mg) originating from yolk sac Mg and/or foetal monocytes colonise tissues/
organs during embryonic development. They persist into adulthood by self-renewal at a steady state, independent
of adult monocyte inputs, except for those in the intestines and dermis. Thus, many resident Mg can be
propagated in vitro under optimal conditions; however, there are no specific in vitro culture methods available for
the propagation of resident Mg from diverse tissues/organs.

Results: We provided a simple method for propagating resident Mg derived from the liver, spleen, lung, and brain
of ICR male mice by co-culture and subculture along with the propagation of other stromal cells of the respective
organs in standard culture media and successfully demonstrated the propagation of resident Mg colonising these
organs. We also proposed a simple method for segregating Mg from stromal cells according to their adhesive
property on bacteriological Petri dishes, which enabled the collection of more than 97.6% of the resident Mg from
each organ. Expression analyses of conventional Mg markers by flow cytometry showed similar expression patterns
among the Mg collected from the organs.

Conclusion: This is the first study to clearly provide a practical M@ propagation method applicable to resident Mg

the use of resident Mg of diverse tissues and organs.

Microglia

of diverse tissues and organs. Thus, this novel practical Mg propagation method can offer broad applications for
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Background

Macrophages (Mg) are heterogeneous and multifunc-
tional cells that are indispensable for the development
and regeneration of tissues and organs, and also assist in
the removal of pathogens invading the body. In adults,
Mo are largely divided into two types: (1) resident Mg,
which colonise tissues/organs at a steady state and per-
form tissue/organ-specific functions to maintain tissue
homeostasis, and (2) recruited Mg or bone-marrow de-
rived Mg, which differentiate from circulating mono-
cytes in the blood infiltrating lesions in response to
damage of tissues/organs. Resident Mg in adults were
previously considered to originate from the bone
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marrow-derived monocytes that are gradually replaced
by monocyte-derived Mo, which undergo tissue/organ-
specific differentiation. Thus, resident Mo were regarded
as the terminally differentiated cells that did not prolifer-
ate locally in colonising tissues in a steady state. How-
ever, evidence accumulated in the past decade has
provided new insight into the origins of resident Mg, re-
vealing that Mg in the yolk sac and/or foetal monocytes
in the liver migrate to diverse tissues/organs during em-
bryonic development, colonise, and undergo tissue/
organ-specific differentiation into resident Mg locally.
Moreover, most resident Mg persist into adulthood by
self-maintenance of local proliferation processes in a
steady state, independent of any input from bone
marrow-derived monocytes, except for those colonising
the intestines and dermis [1-5]. Furthermore, the cyto-
kines that promote the self-renewing proliferation of
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resident Mg in the steady state have been identified, in-
cluding colony stimulating factor 1 (CSF-1) for Kupffer
cells, red pulp Mg, and other resident Mg; colony stimu-
lating factor 2 (CSF-2) for alveolar Mg; and interleukin
(IL)-34 for microglia [1, 5-7]. These findings suggest
that most resident Mg have the capacity to proliferate
in vitro under suitable conditions, which opens up the
possibility of obtaining a large number of resident Mea
for a variety of research applications, including those
currently utilising adult monocyte-derived Mo.

In vitro methods are now well established for the col-
lection of monocytes from the blood, bone marrow, and
spleen; their temporary propagation and differentiation
into Mg; and the activation/polarisation of adult
monocyte-derived Mg. Standardised experimental guide-
lines for activation of classical (M1) and alternative (M2)
monocyte-derived Mg states have also been developed
[8], as these polarisations are key responses and factors
that determine lesion development, progression, and re-
gression in diverse diseases [9, 10]. Moreover, isolation
methods have been established for resident Mg from
several organs such as the brain (microglia), liver (Kupf-
fer cells), and lung (alveolar Mg). It is also now possible
to culture and temporarily proliferate a few of these resi-
dent Mg from the respective organs, including microglia
[11-13] and Kupffer cells [14]. Specifically, proliferated
microglia and Kupffer cells appear as low-adhesive
round cells in primary co-culture with organ-specific
stromal cells and can thus be collected as floating cells
by relatively simple physical separation methods such as
shaking or tapping. However, the total number of cells
that can be obtained with these methods is limited
owing to their inadequate proliferation and separation in
primary culture. Thus, ex vivo methods are still primar-
ily used for studies of both resident and recruited Mg,
such as those aiming to examine their behaviours in le-
sions, including Mg polarisations. However, it is difficult
to clearly distinguish between resident and recruited Me
in lesions because they share common molecular
markers [15, 16]. Hence, an improved in vitro method is
needed to advance research on the specific behaviours of
resident Mg in diverse tissues/organs in response to
various cytokines and molecules produced by pathogens
such as lipopolysaccharide (LPS).

Guilliams and Scott [7] recently proposed that resident
Mo nourished under suitable niches have self-renewal
properties and can undergo organ-specific differenti-
ation. Therefore, we hypothesised that resident Mg in a
certain organ could be propagated along alongside the
propagation of niche-forming cells residing in the re-
spective organ. This could overcome the current limita-
tion of the subculture of resident Mg that tend to
adhere to the culture treatment, requiring harsh treat-
ment conditions. Toward this end, we developed a
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simple propagation method that can be commonly ap-
plied to resident Mg. In brief, the method involves
propagation of Mg in co-culture with other stromal cells
of specific organs/tissues, followed by subculture and
isolation on the basis of their adhesive property to bac-
teriological Petri dishes using a standard culture
medium. To the best of our knowledge, this is the first
report of a method for propagating several resident Mg
by subculture. Using the proposed method, we were able
to propagate specific Mg derived from the adult mouse
liver, spleen, and lung, as well as those derived from the
pubertal mouse brain in quantities sufficient to be used
in a variety of research applications.

Results
Propagation behaviour of co-cultured resident
macrophages
Mg derived from the mouse liver, spleen, lung, and brain
showed high propagation when co-cultured with stromal
cells of the respective organs in standard culture media
[Dulbecco’s modified Eagle’s medium (DMEM) for the
liver, spleen, and lung, and DMEM/F12 for the brain] in-
cluding 10% foetal bovine serum (FBS) without any add-
itional growth factors for Mg such as CSE-1 and CSF-2.
By changing the culture media every 4—6 days, primary
stromal cells, including Mg, reached over-confluence
usually within 2—-3 weeks for liver, spleen, and lung cells,
and within 3—4 weeks for brain cells. The over-confluent
cells formed a multi-layered structure on a standard tis-
sue culture dish. The cells were then subcultured until
reaching over-confluence again, which occurred within a
similar period of time. The cells were considered to be
Mo (designated as cMpg) according to observations of
their propagation behaviours by microscopy, which were
similar among the cells cultured from the four organs
(Fig. la—d). Within ten days after seeding, there were
three morphological types of cMg apparent on the dish:
flat cells with a few long processes adhering to large
stromal cells, elongated cells with a few long processes
adhering directly to the dish surface in a relatively low
cell density area, and round or fusiform cells in a densely
populated area on the dish surface (Fig. 1b, ¢). Two to
three weeks after the subculture, when stromal cells be-
came over-confluent, there were two morphological
types of cMg observed in multi-layered cells: round,
small cells located in the top layer, adhering to stromal
cells forming the middle cell layer; and fusiform cells
with a few long processes adhering directly to the dish
surface, in which the stromal cells forming the middle
cell layer unexpectedly detached from the dish surface
(Fig. 1a, d).

Mo and stromal cells in co-culture derived from the
liver, spleen, and lung that were subcultured for more
than eight passages propagated and became over-
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Fig. 1 Propagation of liver, spleen, lung, and brain Mg in co-culture and subculture with their respective stromal cells in tissue culture dishes and
their segregation using bacteriological Petri dishes. a: Liver cells after passage 2, 21 days after seeding in a tissue culture dish. b: Spleen cells after
passage 8, 8 days after seeding in a tissue culture dish. ¢: Lung cells after passage 2, 8 days after seeding in a tissue culture dish. d: Primary brain
cells 28 days after seeding (left panel) and brain cells after passage 1, 23 days after seeding (right panel) in a tissue culture dish. e-h: Liver, spleen,
lung, and brain Mg in bacteriological Petri dishes. M@ selectively adhered to the dish surface and non-adherent cells formed cell aggregates. Cell
aggregates were removed by washing with conditioned medium except for the left panel of F. e: Liver Mg segregated from liver stromal cells
after passage 3 of subculture. f: Spleen Mg segregated from spleen stromal cells after passage 5 of subculture. g: Lung M@ segregated from lung
stromal cells after passage 3 of subculture. h: Brain Mg segregated from brain stromal cells after passage 1 of subculture
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confluent as observed for the primary cells, whereas cells
from the brain showed a remarkable decrease in propa-
gation after more than three passages. The over-
confluent co-cultured cells were subcultured or frozen at
a cell dilution ratio of 1:3 for the liver, spleen, and lung
and at 1:2 for the brain. The thawed and cultured frozen
cells were treated to the same cultivating condition. Fro-
zen cells from the liver, spleen, and lung propagated
similar to the unfrozen cells, whereas those from the
brain propagated slowly and were therefore not suitable
for Mg propagation.

Macrophage segregation by adhesion to the
bacteriological Petri dish
The Mg were separated from the other stromal cells in
co-culture according to their adhesive property to bac-
teriological Petri dishes, in which only the Mg should
adhere to the dish. Within a few days of seeding co-
cultured over-confluent cells, small round cells with a
few processes, i.e. Mg adhering to the dish surface, were
observed; cells of other shapes rarely adhered to the
dish, and cell aggregates floating in the media were also
evident (Fig. 1e—h). These cell aggregates were easily re-
moved by washing with conditioned media. The cell
density of Mg was almost unchanged, with or without
cell aggregates, in the dishes when culture continued for
several days. We usually collected more than 1.5 x 10°
adherent cells per 10-cmo bacteriological Petri dish.
Phagocytosis of fluorescent beads was evaluated to
precisely determine the percentage of Mg in the col-
lected segregated cells. During incubation, almost all of
the cells segregated from the liver, spleen, lung, and
brain stromal cells phagocytosed the fluorescent beads
(Fig. 2a). Most of the cells had numerous beads in their
cytoplasm, and the cytoplasm of some cells was com-
pletely filled with beads. This demonstrated that the Mg
propagated in co-culture possess a high phagocytic
property. The bead-positive and negative cells were
counted to estimate the percentage of Mg in the segre-
gated cells. We defined cells phagocytosing more than
two beads as bead-positive cells and counted more than
700 cells per sample. Overall, these cells comprised more
than 98.8% Mg from the liver, spleen, and brain as well
as more than 97.6% Mg from the lung (Fig. 2b). Thus,
Mo segregation according to their property of adhesion
to the bacteriological Petri dish represents a simple
method to purify Mg from stromal cells from various or-
gans in co-culture.

Expression profiles of macrophage markers by flow
cytometry

The identity of the Mg segregated from subcultured
liver, spleen, lung, and brain stromal cells was further
confirmed based on the expression of Mg markers using
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flow cytometry: integrin aM subunit (CD11b), integrin aX
subunit (CD11c), scavenger receptor class D (CD68),
CD86 (B7-2), CSF-1R (CD115), CSE-2R (CD116), Siglec-
1 (CD169), C-X-C chemokine receptor type 4 (CD184),
and C-type mannose receptor 1 (CD206), EGEF-like
module-containing mucin-like hormone receptor-like 1
(F4/80), and major histocompatibility complex class II
(MHC 1II). The liver, spleen, lung, and brain Mg consisted
of a single population based on histograms of the marker
expression distribution (Figs. 3, 4, 5, 6): all histograms
showed a single peak except for those of CDllc,
which included both CD1lc-positive and -negative
fractions. Moreover, the respective Mo showed similar
expression patterns of these molecules, and the pat-
terns were quite similar between the liver and spleen
Mg. As a whole, all Mg showed high expression of
CD11b, CD68, CD169, and CD206; substantial or
high expression of CD86, CD115, CD184, and F4/80,
except for faint expression of CD86, CD115, and
CD184 in the brain Mg; and faint or almost negative
expression of CD116 and MHC II. These expression
analyses clearly confirmed that the cells segregated
from the co-culture of all four organs were Mg.

M1/M2 polarisation induction of macrophages

We further examined whether polarisation of the segre-
gated Mg to classical M1 and alternative M2 Mo oc-
curred in response to stimulation with cytokines and the
Toll-like receptor ligand. We used the spleen Mg as a
representative of the four Mg. The combination of LPS
and interferon-y (IFN-y) was used as an inducer for M1
polarisation, and IL-4 was used as an inducer for M2 po-
larisation as previously reported for monocyte-derived
Mo [8, 17]. We also employed CD11c and CD86 as M1
polarisation markers, and CD206 as an M2 polarisation
marker as well as CD11b as a control pan-Mg marker
according to previous reports [18, 19].

Flattened and/or elongated Mg frequently appeared on
the bacteriological Petri dish after treatment with LPS
plus IFN-y for 24 h, while thin elongated Mg (with few
long processes) occupied the dish after treatment with IL-
4 (Fig. 7a). Flow cytometry revealed that LPS plus IFN-y
clearly upregulated CD86 expression, while IL-4 clearly
upregulated CD11lc and CD206 expression (Fig. 7b).
These findings indicated that the propagated spleen Mg
responded to the typical M1 and M2 polarisation in-
ducers. Moreover, the polarisation properties likely differ
between spleen and monocyte-derived Mg because
CD11c is used as an M1 polarisation marker [18, 19]. Fur-
ther, the cell adhesion capacity of the spleen Mg most
likely increased in response to the M2 inducers because
CDl11c is an integrin X subunit, which together with the
32 subunit binds to integrin ligands such as ICAM-1, fi-
brinogen, and collagen [20].
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Fig. 2 Mg content (%) in cells segregated by adhesion to bacteriological Petri dishes assessed by the phagocytosis of fluorescent beads. Cells
adherent to the Petri dish were incubated with fluorescent beads, with an average diameter of 1.0 um, for 2 h and then fixed. Phase-contrast
images and green fluorescence images of the same fields were captured. a: Representative fluorescence images merged with phase-contrast
images showing fluorescent beads phagocytosed by liver, spleen, lung, and brain Mg propagated by co-culture and subculture. b: More than 700
cells per sample were calculated, and the percentage of Mg in each organ (liver, spleen, lung, brain) derived from more than four mice was
determined from more than four independent experiments. Bar graphs showing the percent content of Mg as the mean + SD (liver, 98.8 + 0.4;

spleen, 99.2 +£0.9; Lung, 97.6 + 1.3; brain 988 +0.7)

Discussion

We successfully propagated Mo collected from the
mouse liver, spleen, lung, and brain after co-culture with
stromal cells of the respective organs followed by sub-
culture in standard culture media without any additional
growth factors. These Mg were isolated from stromal
cells according to their adhesive property to bacterio-
logical Petri dishes. These propagated Mo were con-
firmed to be resident Mg since the organs they were
obtained from were first perfused with Hanks’ balanced
salt solution (HBSS) including heparin to remove as

much blood as possible so as to avoid contamination of
blood monocytes in the cultures. Indeed, the four propa-
gated Mo clearly expressed the general resident Mg
marker F4/80, which is usually expressed at relatively
high levels in resident Mg with reduced levels in adult
monocyte-derived Mg [5]. The propagated liver Mg
were likely derived from Kupffer cells because no other
resident Mg colonise the liver at such a large population.
The spleen Mg were likely red pulp Mo because F4/80 is
a marker for red pulp Mg but not for other resident Mg
(i.e. marginal zone Mg, metallophilic Mg, tingible Mg)
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Fig. 3 Representative histograms from flow cytometric analyses, showing the expression of CD11b, CD11¢, CD68, CD86, CD115, CD116, CD169,
CD184, CD206, F4/80, and MHC Il as M@ markers in the liver M@ propagated in co-culture and by subculture (blue histogram, specific antibody;
grey histogram, isotype control). Cell suspensions were pre-treated with the anti-mouse CD16/32 antibody and then treated with the
fluorochrome-labelled test antibody or the same amount of fluorochrome-labelled isotype control antibody. All molecules are clearly expressed
except for CD116 and MHC II. Histograms show a single peak except for those of CD11c, in which CD11c-positive and -negative fractions appear

in the spleen [15, 21]. Alveolar Mg are shown to be F4/
80'°%* and CD11b /" cells, while lung interstitial Mo
are shown to be F4/80" and CD11b* cells [15, 22, 23].
We removed the alveolar Mg from the lung by broncho-
alveolar lavage before collecting cells for Mo propaga-
tion, and the lung Mg were clearly F4/80- and CD11b-
positive. A recent study by genetic lineage tracing re-
vealed that lung interstitial Mo were derived from both
foetal Mg in the yolk sac and adult monocytes differenti-
ated in the bone marrow [24]. Very recently, it has also
been shown that lung interstitial Mg derived from the
bone marrow were slowly replaced by adult monocytes
[25]. Thus, the propagated lung Mg were possibly lung
interstitial Mg derived from foetal Mg. Although we
used the brain tissue after removing the meninges to
prevent contamination by meningeal Mg, we could not
conclusively define the brain Mg as microglia based on

the Mo marker expression patterns observed in flow cy-
tometric analysis. The markers used in the present study
[15, 26, 27] have been employed for identification of
microglia, while brain Mg such as microglia and perivas-
cular Mg commonly express these Mg markers. Most
previous studies have regarded brain Mg appearing as
small round cells in the top cell layer in primary co-
culture as microglia based on expression of the general
Mo markers [13, 28, 29] as shown in the present study.
Recently niche signals and the signal-dependent tran-
scription factors nourishing resident Mg of embryonic
origin including Kupffer cells, red pulp Mg, alveolar Mg,
and microglia have been revealed [30]. Thus further
studies examining the expression of the transcription
factors can elucidate detailed properties of the propa-
gated liver, spleen, lung and brain Mg, and possibly de-
termine the origin of these cells.
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Fig. 4 Representative histograms from flow cytometric analyses, showing the expression of CD11b, CD11¢, CD68, CD86, CD115, CD116, CD169,
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The successful propagation of four different Mo
in vitro may further indirectly demonstrate the local
proliferation property of resident Mg by self-renewal at
steady state in vivo. Moreover, we found that all four
Mo did not substantially propagate in bacteriological
Petri dishes during the isolation process, where most of
the Mg did not come into contact with cell aggregates
consisting of stromal cells. This indicates that stromal
cells of the respective organs might be indispensable for
proliferation of the resident Mg, and that contact of the
stromal cells with the resident Mg is possibly related to
the production of cytokines such as CSF-1 and CSEF-2,
which promote the proliferation of resident Mg. This
presumption is partly supported by the flow cytometry
results. CSF-1 receptor (CD115) was clearly expressed in
the liver, spleen, and lung Mg, but weakly/faintly
expressed in the brain Mg, whereas CSF-2 receptor
(CD116) expression was faint in the liver and brain.

Further in vitro studies are required to examine the rela-
tion of contact of the stromal cells with the Mg to the
production of those cytokines promoting the Mg prolif-
eration. We speculated that co-cultures of Mg with
organ-specific stromal cells likely mimic the niches for
resident Mg in vivo, except for the co-culture of the
brain cells since the propagation of brain Me clearly de-
creased in the subculture after more than three passages.
Stromal cells of the respective organs might exert an in-
fluence on the expression patterns of the Mg markers,
as observed by flow cytometry, which were subtly differ-
ent among the liver, spleen, lung, and brain Mg. These
effects and the specific mechanism can be elucidated in
further studies examining the effects on Mg expression
properties by co-culture of resident Mo of respective or-
gans with stromal cells of different origins. Moreover,
co-culture with nerve cells is likely necessary for sus-
tained propagation of the brain Mg in the subculture
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Fig. 5 Representative histograms from flow cytometric analyses, showing the expression of CD11b, CD11¢, CD68, CD86, CD115, CD116, CD169,
CD184, CD206, F4/80, and MHC Il as M@ markers in the lung M@ propagated in co-culture and by subculture (blue histogram, specific antibody;
grey histogram, isotype control). All molecules are clearly expressed except for CD116, MHC Il, and CD11¢, whose histogram includes a small
positive and a large negative fraction

beyond three passages, because nerve cells are a source
of IL-34, which is a ligand for the CSF-1 receptor [31].

Conclusions

To the best of our knowledge, this is the first study to
demonstrate the propagation of resident Mo colonising
the spleen and lung. Moreover, resident Mg colonising
the liver and brain have not previously been successfully
propagated by subculture. Thus, this is the first study to
clearly provide a practical Mg propagation method ap-
plicable to resident Mg of diverse tissues and organs. Re-
cent studies have reported the potential use of Me
transplantation for the treatment of certain diseases
[32—-34]. For example, precursor origin cells such as yolk
sac Mo and foetal monocytes, as well as mature resident
Mo collected from certain organs efficiently colonised
the corresponding organ after transplantation, while the
mature resident Mg collected from other organs did not

[34]. Thus, it is expected that resident Mo propagated by
the present method can be applied to generate a suffi-
cient quantity of cells as useful sources of transplant-
ation to their corresponding organs in order to treat
diseases.

Methods

Co-culture of macrophages with stromal cells obtained
from the liver, spleen, lung, and brain

Stromal cells from the respective organs were harvested
from specific-pathogen-free ICR male mice. The mice
obtained from Japan SLC, Inc. (Hamamatsu, Japan) had
been maintained under a standard housing condition in
clean-grade environment on a 12-h light-dark cycle, and
fed with standard diet and water ad libitum. In total, 18
mice were used. The animal experimentation protocol
was approved by the Animal Research Committee of the
Osaka Prefecture University. All experiments were
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Fig. 6 Representative histograms from flow cytometric analyses, showing the expression of CD11b, CD11c, CD68, CD86, CD115, CD116,
CD169, CD184, CD206, F4/80, and MHC Il as M@ markers in the brain Mg propagated in co-culture and by subculture (blue histogram,
specific antibody; grey histogram, isotype control). CD11b, CD11¢, CD68, CD169, CD206, and F4/80s are clearly expressed, while CD86,
CD115, and CD116 are faintly expressed. Histograms show a single peak except for those of CD11¢, in which CD11c-positive and
-negative fractions appear

performed in accordance with relevant guidelines and
regulations of the Osaka Prefecture University.

Mice were sacrificed with an overdose of pentobarbital
injected intraperitoneally (150 mg/kg body weight; Som-
nopentyl, Kyoritsu Seiyaku, Tokyo, Japan), and then in-
tracardially perfused with Ca/Mg-free HBSS (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 50 U/
mL heparin (Mochida Pharmaceutical, Tokyo, Japan) to
remove the blood. The liver, lung, and spleen from 8-
week-old mice and the brain from 4-week-old mice were
aseptically dissected and immediately dipped in ice-cold
HBSS. The gallbladder from the liver, adipose tissues
around the splenic and pulmonary hilum from the
spleen and lung, respectively, and the meninges, brain-
stem, and cerebellum from the brain were then removed.
The lung was also cleared of alveolar cells, including
alveolar Mg, by bronchoalveolar lavage. A 23-gauge

intravenous catheter was inserted into the trachea, and
1.6 mL HBSS was injected and immediately withdrawn a
few times. Half to about one-third of the whole liver as
well as the whole spleen, lung, and cerebrum was
minced with a razor blade into approximately 1-mm?
pieces and transferred to 15-mL conical tubes containing
cell dispersion enzyme solution: 12mL of 0.5 mg/mL
Collagenase Type IV (Sigma-Aldrich) for liver tissues;
7.5mL and 10mL of 0.5 mg/mL Collagenase Type IA
(Sigma-Aldrich) for spleen and lung tissues, respectively;
and 10 mL of 1.0 mg/mL dispase (Thermo Fisher Scien-
tific, Waltham, MA, USA) for brain tissues in 20 mM
HEPES (Dojindo, Kumamoto, Japan)-buffered HBSS
containing 1 mM CaCl,. The tissues were then digested
at 37 °C for 40—60 min under gentle stirring at 120 rpm
with one change of the digestion solution until tissue
pieces were no longer visible. After washing with HBSS,
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cell/tissue suspensions were further dispersed by pipet-
ting. The suspensions were sedimented at 100xg for 5
min (Model 2410, Kubota, Tokyo, Japan) and resus-
pended in HBSS to remove cell debris. Cells/tissues
from half to one third of the whole liver, spleen, lung,
and cerebrum per mouse were plated on three, one,
three, and two 10cm ¢ tissue culture dishes (AGC
Techno Glass, Haibara, Japan), respectively. The dishes
were coated for 2.5h at 37 °C with or without collagen
(Nitta Gelatin, Yao, Japan) in HBSS at 1.6 ug protein/
cm? for the liver, spleen, and lung cells and with poly-
L-ornithine (Sigma-Aldrich) in HBSS at 1.9 ug protein/
cm? for the brain cells. Coated dishes were used for pri-
mary brain cell culture and in some cases for primary
liver, spleen, and lung cell culture, but not for subcul-
ture. Cells were cultured in 12 mL DMEM (Sigma-Al-
drich) containing 10% FBS (Sigma-Aldrich), 100 U/mL
penicillin, and 100 pg/mL streptomycin (pen/strep;

Sigma-Aldrich) (DMEM-FBS) for the liver, spleen, and
lung as well as 12 mL DMEM/Ham’s nutrient mixture
F-12 containing 10% FBS and pen/strep (DMEM/F12-
FBS) for the brain. Cells were maintained in a humidi-
fied 5% CO,/95% air incubator at 37 °C. The medium
was changed after a few hours and again after 1day to
remove non-adherent cells and cell debris, and there-
after every 4—6 days until dishes were covered by multi-
layered cells composed of Mg and other stromal cells
such as fibroblasts or astrocytes. Over-confluent cells
were detached by 0.1% trypsin/1 mM EDTA in HBSS at
37°C for 10-15min followed by pipetting. Subse-
quently, cells at a dilution ratio of 1:3 for the liver,
spleen, and lung and at 1:2 for the brain were subcul-
tured or frozen at —80°C in a cell suspension with
Bambanker (Nippon Genetics, Tokyo) as a cryopreser-
vative and maintained in the same medium until they
became over-confluent again.
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Separation of macrophages from stromal cells in co-
culture

Co-cultured, over-confluent cells obtained from the liver
and lung up to five passages, from the spleen up to eight
passages, and from the brain up to two passages were
used for separation of Mg. Cells harvested from a 10-
cme tissue culture dish at over-confluence were seeded
in a 10-cmg bacteriological Petri dish (As One, Osaka,
Japan) containing 10 mL. DMEM-FBS. After one to a few
days, when the Mg selectively adhered onto the dish sur-
face and stromal cells formed aggregates floating in the
medium, the cells were washed with conditioned media
to remove cell aggregates. The adherent cells were then
detached by 5mL of 5mM EDTA in 10 mM HEPES-
buffered HBSS (HEPES-HBSS) at 37 °C for 10-15 min
followed by pipetting. The cell suspension was passed
through a cell strainer (BD Falcon, Franklin Lakes, NJ,
USA) to remove cell aggregates, sedimented at 220xg for
5min, suspended in phosphate-buffered saline (PBS)
containing 1% bovine serum albumin (BSA; Sigma-
Aldrich), 2mM EDTA, and 0.01% NaN;3; (BSA/EDTA-
PBS), and the number of cells was calculated and used
in experiments.

Phagocytosis analysis with fluorescent beads

Cells (2.5 x 10°/0.5 mL. DMEM-FBS) were placed in a 5-
mL tube that was siliconised (Fuji-Rika Industries,
Osaka, Japan) according to the manufacturer’s protocol
to prevent adhesion to the tube wall. After addition of
1.0 uL fluorescent yellow-green-conjugated latex beads
(mean diameter, 1.0 um; Sigma-Aldrich), the cells were
incubated at 37 °C for 2 h with gentle shaking at 18 rpm
on a seesaw-type shaker (Wave SI slim; Taitec, Koshi-
gaya, Japan), washed three times with HBSS, and plated
on a 3.5-cmg glass-bottom dish (AGC Techno Glass)
with 1.5 mL DMEM-FBS for ~2h until almost all cells
adhered to the surface. After fixation with 10% formalin
(Kanto Chemical, Tokyo, Japan) in PBS for more than
10 min at room temperature (RT: 22-28°C), phase-
contrast and green fluorescence images of the same
fields were captured using a 10x and 20x objective lens
(IX71; Olympus, Tokyo, Japan). Cells engulfing more
than two latex beads were denoted as Mg. We
counted more than 700 cells per sample, and the per-
cent of Mg in each organ was calculated from inde-
pendent experiments (four mice and four experiments
for the liver, spleen, and lung cells; six mice and six
experiments for the brain cells). Statistical analyses
were performed with the statistical software package
Statcel (OMS Publishing Inc., Tokorozawa, Japan) im-
plemented in Excel. Data are presented as means *
SD, and differences between groups were evaluated
with unpaired ¢-tests. P values less than 0.05 were
considered significant.
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Flow cytometry

Flow cytometry was used to determine the expression of
Mg markers (CD11b, CDIllc, CD68, CD86, CD115,
CD116, CD169, CD184, CD206, F4/80, and MHC 1I) in
cells segregated using bacteriological Petri dishes accord-
ing to the method of Mukai et al. [35] with some modifi-
cations. Cells were prepared at a concentration of 1 x
10° cells/mL in BSA/EDTA-PBS and fixed in 5% forma-
lin in BSA/JEDTA-PBS for 20 min at RT. After washing
with BSA/EDTA-PBS, the cells were permeabilised in
0.2% saponin (Nacalai Tesque, Kyoto, Japan) in BSA/
EDTA-PBS for 5min at RT. To avoid non-specific Fc-
gamma receptor-mediated binding of fluorochrome-
conjugated antibodies, cell suspensions (~ 2.0 x 10° cells/
50 uL) were pre-treated with 0.5pg of anti-mouse
CD16/32 antibody (rat IgG2b; Tonbo Biosciences, San
Diego, CA, USA) for 10 min at RT. To the 50 pL cell
suspension, we added 0.5pg FITC-conjugated anti-
CD11b antibody (rat IgG2b; Tonbo), 0.25ug APC-
conjugated anti-CD11c antibody (hamster IgG; Tonbo),
0.15 pg FITC-conjugated anti-CD68 antibody (rat IgG2a;
Miltenyi Biotec, Bergisch Gladbach, Germany), 0.125 pg
FITC-conjugated anti-CD86 antibody (rat IgG2a;
Tonbo), 0.5pg FITC-conjugated anti-CD115 antibody
(rat 1gG2a; Tonbo), 0.1 pg APC-conjugated anti-CD116
antibody (rat IgG2a; R&D Systems, Minneapolis, MN,
USA), 0.15 pg APC-conjugated anti-CD169 antibody (re-
combinant human IgGl; Miltenyi), 0.15pg FITC-
conjugated anti-CD184 antibody (recombinant human
IgG1; Miltenyi), 0.25ug APC-conjugated anti-CD206
antibody (rat IgG2b; Thermo Fisher Scientific, Wal-
tham, MA, USA), 0.5pug APC-conjugated anti-F4/80
antibody (rat IgG2a; Tonbo), and 0.25pg APC-
conjugated anti-MHC II antibody (rat IgG2b; Tonbo)
according to the manufacturer’s instructions, followed
by incubation for 10 min at RT. After washing, 20,000
or 30,000 cells were analysed for their expression
characteristics using a flow cytometer (S3 Cell Sorter;
Bio-Rad Laboratories, Hercules, CA, USA). As con-
trols, we used cell suspensions that were pre-treated
with the anti-mouse CD16/32 antibody and then
treated with the same fluorochrome-labelled isotype
control antibody of the same amount as the test anti-
body. Expression of marker molecules was determined
from more than three independent experiments in
cells propagated from each organ derived from more
than three mice (four mice and four experiments for
the liver, spleen, and brain Mg; three mice and three
or four experiments for the lung Mg).

M1/M2 polarisation by LPS plus IFN-y and IL-4

Flow cytometry was also used to examine M1 and M2
polarisation in the spleen Mg as described above. The
cells (8 x 10°) were plated on a 10-cmg bacteriological



Ogawa et al. BMC Immunology (2019) 20:34

Petri dish with 10mL DMEM-FBS. After 1day of
seeding, we added 20 ng/mL LPS (Sigma-Aldrich) plus
50 ng/mL IFN-y (PeproTech, Rocky Hill, NJ, USA), 10 ng/
mL IL-4 (Tonbo), or vehicle (HBSS) to the dish; 24 h later,
the cells were detached by 5 mM EDTA. Cell suspensions
(~2.0x 10° cells/50 uL) pre-treated with 0.5 ug of anti-
mouse CD16/32 antibody were incubated with a mixture
of 0.5pg of FITC-conjugated anti-CD11b antibody and
0.25ug of APC-conjugated anti-CD11lc antibody, or
0.125 ug of FITC-conjugated anti-CD86 antibody and
0.25 pg of APC-conjugated anti-CD206 antibody.

Abbreviations

CSF-1: Colony stimulating factor 1; CSF-2: Colony stimulating factor 2;
DMEM: Dulbecco’s modified Eagle’s medium; F12: Ham's nutrient mixture F-
12; FBS: Foetal bovine serum; HBSS: Hanks’ balanced salt solution; IFN-

y: Interferon-y; LPS: Lipopolysaccharide; MHC II: Major histocompatibility
complex class Il; Ma: Macrophages; PBS: Phosphate-buffered saline; pen/
strep: penicillin and streptomycin; RT: Room temperature

Acknowledgements
The authors thank Mr. Shingo Nishino for technical assistance with the
culture of spleen cells.

Author contributions

KO designed the study; KO, MT, AH, and MS performed the experiments; KO
analysed the data; KO wrote the paper. All authors have read and approved
the final manuscript.

Funding

This work was supported by a Grant-in-Aid for Scientific Research from the
Japan Society for the Promotion of Science (to KO; No. 15 K07769,
K19K06406). The funder had no role in study design, data collection and ana-
lysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
All data generated and analysed during this study are included in this
published article.

Ethics approval and consent to participate

This study does not involve human participants, human data, or human
tissues. The animal experimentation protocol was approved by the Animal
Research Committee of the Osaka Prefecture University. All experiments
were performed in accordance with relevant guidelines and regulations of
the Osaka Prefecture University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 30 June 2019 Accepted: 4 September 2019
Published online: 18 September 2019

References

1. Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue
macrophages. Immunity. 2014;41:21-35. https//doi.org/10.1016/j.immuni.
2014.06.013.

2. Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny and
homeostasis. Immunity. 2016;44:439-49. https.//doi.org/10.1016/j.immuni.
2016.02.024.

3. Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-
resident macrophages self-maintain locally throughout adult life with
minimal contribution from circulating monocytes. Immunity. 2013;38:792—-
804. https;//doi.org/10.1016/j.immuni.2013.04.004.

22.

23.

24.

25.

Page 12 of 13

Sheng J, Rued! C, Karjalainen K. Most Tissue-resident macrophages except
microglia are derived from fetal hematopoietic stem cells. Immunity. 2015;
43:382-93. https://doi.org/10.1016/jimmuni.2015.07.016.

Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated
macrophages. Science. 2013;342:1242974. https://doi.org/10.1126/science.
1242974.

Becher B, Tugues S, Greter M. GM-CSF: From growth factor to central
mediator of tissue inflammation. Immunity. 2016;45:963-73. https://doi.org/
10.1016/j.immuni.2016.10.026.

Guilliams M, Scott CL. Does niche competition determine the origin of
tissue-resident macrophages? Nat Rev Immunol. 2017;17:451-60. https://doi.
0rg/10.1038/nri.2017.42.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity. 2014;41:14-20. https://doi.org/10.1016/jimmuni.2014.
06.008.

Gordon S, Martinez FO. Alternative activation of macrophages: mechanism
and functions. Immunity. 2010;32:593-604. https://doi.org/10.1016/jimmuni.
2010.05.007.

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014;6:13. https://doi.org/
10.12703/P6-13. eCollection 2014.

Rustenhoven J, Park Tl, Schweder P, Scotter J, Correia J, Smith AM, et al.
Isolation of highly enriched primary human microglia for functional studies.
Sci Rep. 2016;6:19371. https;//doi.org/10.1038/srep19371.

Timmerman R, Burm SM, Bajramovic JJ. An overview of in vitro methods to
study microglia. Front Cell Neurosci. 2018;12:242. https://doi.org/10.3389/
fncel.2018.00242. eCollection 2018.

Yu AC, Neil SE, Quandt JA. High yield primary microglial cultures using
granulocyte macrophage-colony stimulating factor from embryonic murine
cerebral cortical tissue. J Neuroimmunol. 2017;307:53-62. https://doi.org/10.
1016/}jneurcim.2017.03.018.

Kitani H, Takenouchi T, Sato M, Yoshioka M, Yamanaka N. A novel isolation
method for macrophage-like cells from mixed primary cultures of adult rat
liver cells. J Immunol Methods. 2010;360:47-55. https;//doi.org/10.1016/jjim.
2010.06.004.

Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages. Nat
Immunol. 2013;14:986-95. https://doi.org/10.1038/ni.2705.

Gordon S, Pluddemann A, Martinez EF. Macrophage heterogeneity in
tissues: phenotypic diversity and functions. Immunol Rev. 2014;262:36-55.
https://doi.org/10.1111/imr.12223.

Mia S, Warnecke A, Zhang XM, Malmstrom V, Harris RA. An optimized
protocol for human M2 macrophages using M-CSF and IL-4/IL-10/TGF-beta
yields a dominant immunosuppressive phenotype. Scand J Immunol. 2014;
79:305-14. https://doi.org/10.1111/5ji.12162.

Al Dubayee MS, Alayed H, Aimansour R, Algaoud N, Alnamlah R, Obeid D,
et al. Differential expression of human peripheral mononuclear cells
phenotype markers in type 2 diabetic patients and type 2 diabetic patients
on metformin. Front Endocrinol (Lausanne). 2018;9:537. https://doi.org/10.
3389/fendo.2018.00537. eCollection 2018.

Jin X, Yao T, Zhou Z, Zhu J, Zhang S, Hu W, et al. Advanced glycation end
products enhance macrophages polarization into m1 phenotype through
activating RAGE/NF-kappaB pathway. Biomed Res Int. 2015;2015:732450.
https.//doi.org/10.1155/2015/732450.

Takada Y, Ye X, Simon S. The integrins. Genome Biol. 2007,8:215.

Kurotaki D, Uede T, Tamura T. Functions and development of red pulp
macrophages. Microbiol Immunol. 2015;59:55-62. https;//doi.org/10.1111/
1348-0421.12228.

Liegeois M, Legrand C, Desmet CJ, Marichal T, Bureau F. The
interstitial macrophage: A long-neglected piece in the puzzle of lung
immunity. Cell Immunol. 2018;330:91-6. https://doi.org/10.1016/j.
cellimm.2018.02.001.

Schyns J, Bureau F, Marichal T. Lung interstitial macrophages. Past, present,
and future. J Immunol Res. 2018;2018:5160794. https://doi.org/10.1155/2018/
5160794. eCollection 2018.

Tan SY, Krasnow MA. Developmental origin of lung macrophage diversity.
Dev 2016;143:1318-27. https://doi.org/10.1242/dev.129122.

Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two distinct
interstitial macrophage populations coexist across tissues in specific
subtissular niches. Sci. 2019.363:eaau0964. https.//doi.org/10.1126/science.
aau0964.


https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1016/j.immuni.2013.04.004
https://doi.org/10.1016/j.immuni.2015.07.016
https://doi.org/10.1126/science.1242974
https://doi.org/10.1126/science.1242974
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1038/nri.2017.42
https://doi.org/10.1038/nri.2017.42
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.12703/P6-13
https://doi.org/10.12703/P6-13
https://doi.org/10.1038/srep19371
https://doi.org/10.3389/fncel.2018.00242
https://doi.org/10.3389/fncel.2018.00242
https://doi.org/10.1016/j.jneuroim.2017.03.018
https://doi.org/10.1016/j.jneuroim.2017.03.018
https://doi.org/10.1016/j.jim.2010.06.004
https://doi.org/10.1016/j.jim.2010.06.004
https://doi.org/10.1038/ni.2705
https://doi.org/10.1111/imr.12223
https://doi.org/10.1111/sji.12162
https://doi.org/10.3389/fendo.2018.00537
https://doi.org/10.3389/fendo.2018.00537
https://doi.org/10.1155/2015/732450
https://doi.org/10.1111/1348-0421.12228
https://doi.org/10.1111/1348-0421.12228
https://doi.org/10.1016/j.cellimm.2018.02.001
https://doi.org/10.1016/j.cellimm.2018.02.001
https://doi.org/10.1155/2018/5160794
https://doi.org/10.1155/2018/5160794
https://doi.org/10.1242/dev.129122
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/science.aau0964

Ogawa et al. BMC Immunology

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2019) 20:34

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms
modulating the phenotype of macrophages and microglia. Front Immunol.
2017,8:1520. https://doi.org/10.3389/fimmu.2017.01520. eCollection 2017.
Prinz M, Ery D, Hagemeyer N. Ontogeny and homeostasis of CNS myeloid
cells. Nat. Immunol. 2017;18:385-92. https://doi.org/10.1038/ni.3703.

Lin L, Desai R, Wang X, Lo EH, Xing C. Characteristics of primary rat
microglia isolated from mixed cultures using two different methods. J
Neuroinflammation 2017;14:101. https.//doi.org/10.1186/512974-017-0877-7.
Moussaud S, Draheim HJ. A new method to isolate microglia from adult

mice and culture them for an extended period of time. J Neurosci Methods.

2010;187:243-53. https://doi.org/10.1016/jjneumeth.2010.01.017.

TJonck W, Guilliams M, Bonnardel J: Niche signals and transcription factors
involved in tissue-resident macrophage development. Cell Immunol. 2018;
330:43-53. https;//doi.org/10.1016/j.cellimm.2018.02.005.

Chitu V, Gokhan S, Nandi S, Mehler MF, Stanley ER. Emerging roles for CSF-1
receptor and its ligands in the nervous system. Trends Neurosci. 2016;39:
378-93. https;//doi.org/10.1016/j.tins.2016.03.005.

Merlin S, Bhargava KK, Ranaldo G, Zanolini D, Palestro CJ, Santambrogio L,
et al. Kupffer cell transplantation in mice for elucidating monocyte/
macrophage biology and for potential in cell or gene therapy. Am J Pathol.
2016;186:539-51. https;//doi.org/10.1016/jajpath.2015.11.002.

Suzuki T, Arumugam P, Sakagami T, Lachmann N, Chalk C, Sallese A, et al.
Pulmonary macrophage transplantation therapy. Nature. 2014;514:450-4.
https://doi.org/10.1038/nature13807.

van de Laar L, Saelens W, De Prijck S, Martens L, Scott CL, Van Isterdael G,
et al. Yolk sac macrophages, fetal liver, and adult monocytes can colonize
an empty niche and develop into functional tissue-resident macrophages.
Immunity. 2016;44:755-68. https://doi.org/10.1016/j.immuni.2016.02.017.
Mukai M, Suruga N, Saeki N, Ogawa K. EphA receptors and ephrin-a ligands
are upregulated by monocytic differentiation/maturation and promote cell
adhesion and protrusion formation in HL60 monocytes. BMC Cell Biol.
2017;18:28. https.//doi.org/10.1186/512860-017-0144-x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fimmu.2017.01520
https://doi.org/10.1038/ni.3703
https://doi.org/10.1186/s12974-017-0877-7
https://doi.org/10.1016/j.jneumeth.2010.01.017
https://doi.org/10.1016/j.cellimm.2018.02.005
https://doi.org/10.1016/j.tins.2016.03.005
https://doi.org/10.1016/j.ajpath.2015.11.002
https://doi.org/10.1038/nature13807
https://doi.org/10.1016/j.immuni.2016.02.017
https://doi.org/10.1186/s12860-017-0144-x

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Propagation behaviour of co-cultured resident macrophages
	Macrophage segregation by adhesion to the bacteriological Petri dish
	Expression profiles of macrophage markers by flow cytometry
	M1/M2 polarisation induction of macrophages

	Discussion
	Conclusions
	Methods
	Co-culture of macrophages with stromal cells obtained from the liver, spleen, lung, and brain
	Separation of macrophages from stromal cells in co-culture
	Phagocytosis analysis with fluorescent beads
	Flow cytometry
	M1/M2 polarisation by LPS plus IFN-γ and IL-4
	Abbreviations

	Acknowledgements
	Author contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

