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Abstract: Biomaterial use is a promising approach to facilitate wound healing of the bone tissue.
Biomaterials induce the formation of membrane capsules and the recruitment of different types
of macrophages. Macrophages are immune cells that produce diverse combinations of cytokines
playing an important role in bone healing and regeneration, but the exact mechanism remains to be
studied. Our work aimed to identify in vivo macrophages in the Masquelet induced membrane in a
rat model. Most of the macrophages in the damaged area were M2-like, with smaller numbers of
M1-like macrophages. In addition, high expression of IL-1β and IL-6 cytokines were detected in the
membrane region by RT-qPCR. Using an innovative combination of two hybridization techniques (in
situ hybridization and in situ hybridization chain reaction (in situ HCR)), M2b-like macrophages were
identified for the first time in cryosections of non-decalcified bone. Our work has also demonstrated
that microspectroscopical analysis is essential for macrophage characterization, as it allows the
discrimination of fluorescence and autofluorescence. Finally, this work has revealed the limitations
of immunolabelling and the potential of in situ HCR to provide valuable information for in vivo
characterization of macrophages.

Keywords: macrophages; hybridization chain reaction (HCR); cryosection; bone; cytokines; Masquelet
induced membrane

1. Introduction

Macrophages have an essential role both in osteoblast-mediated bone formation [1]
and in osteoclast development [2,3], but the detailed function of these cells is not yet fully
understood. In addition, the cytokines and other soluble factors secreted by macrophages
can induce bone formation in vitro and in vivo [1,4–8].

For a long time, in vitro cultures were used to study the phenotypic characteriza-
tion of macrophages as a model to control the extracellular environment [9–11]. In vitro
macrophages can be classified into two families: (i) M1 macrophages and (ii) M2
macrophages. The M1 family expresses pro-inflammatory cytokines, such as tumor necro-
sis factor (TNF), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-12 (IL-12),
interleukin-15 (IL-15), interleukin-18 (IL-18), interleukin-23 (IL-23), and interleukin-28
(IL-28) mediating inflammation. The M2 family expresses anti-inflammatory cytokines,
such as interleukin-10 (IL-10), interleukin-1β receptor antagonist (IL-1RA), transforming
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growth factor-beta (TGF-β) and proangiogenic cytokines (vascular endothelial growth
factor (VEGF) that resolve inflammation and also modulate the extracellular matrix (ECM).
In vitro studies have shown that the M2 family characterization is more complex and
can be subdivided into four subtypes: M2a, M2b, M2c, and M2d [12–16]. Each subtype
expresses a distinctive panel of cytokines and plays a different role in tissue regeneration
(Figure 1) [17–23]. Surprisingly, M2b and M2d macrophages also express pro-inflammatory
cytokines including TNF, IL-1β, IL-6, or IL-12 [16,24]. This division is not perfect because
specific (nontypical) macrophages do not belong to either group but play an important
immunoregulatory role. An in vitro approach does not allow the study of other immune
cells and their respective secreted cytokines normally present at the site of the regeneration.
Indeed, the host response in vivo is more complex highlighting the difficulty to deduce
in vivo results from in vitro observations. The knowledge of macrophage phenotypes
under in vivo conditions is still poorly understood and further investigations are essential,
especially in our case, to study macrophage involvement during bone regeneration. Ac-
cordingly, in vivo macrophages are named M1-like and M2-like macrophages or resolving
macrophages (Figure 1) [23,25–30].

Figure 1. Macrophage polarization subtypes; different cytokine expressions and functions of the
macrophage populations in vitro and in vivo.

An additional category of macrophages called “Tissue-resident macrophages” is
thought to participate in bone repair. Contained in almost all tissues, they are called
‘osteomacs’ when localized in the bone [1,2,31,32].

Biomaterial-based therapy is a useful method to improve bone regeneration; how-
ever, its underlying repair mechanism is not yet elucidated [33–40]. About 30 years ago,
the French surgeon Alain-Charles Masquelet developed a new technique to repair bone
defects called the Masquelet induced membrane [41]. The surgeon places a fixator along
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the bone and completes its missing parts with a biomaterial, an inert polymer that has
been engineered for interacting with biological systems, usually polymethylmethacrylate
(PMMA). Later on, a membrane called the Masquelet induced membrane will be generated
all around the biomaterial as an immune reaction against a foreign body. It is essential for
further bone regeneration [41–43]. In the literature, biomaterials are described to induce
the appearance of the macrophages at the bone injury site [1,7,31,32,44–46].

One approach to characterize macrophages is the identification of their expressed
cytokines. Different techniques, such as Northern blot, qPCR, microarray, flow cytometry
analysis, and next-generation deep sequencing methods can be used. These methods only
provide a result from a mixture of different cell types. In addition, measuring the expression
level of the cytokines is not sufficient; the localization of the cytokine-expressing cells in
the tissue should also be determined [47].

To localize the cytokine-expressing cells in the tissue, different methods are available:
(i) expression of reporter constructs, but the limitation of this technique is the requirement of
a transgenic animal; (ii) classical immunostaining techniques using antibodies against mark-
ers to detect specific proteins of the macrophages. However, since cytokines are generally
secreted, it is difficult to determine exactly which cells produce this protein or peptide [48].
This technique can only distinguish between M1-like and M2-like macrophages. However,
it is not appropriate for identifying M2-like subtypes, as there is currently no cell surface
marker available to distinguish between the different subtypes; and (iii) in situ hybridiza-
tion is one of the most convincing methods to identify the cytokine-expressing cells because
it is based on messenger RNA (mRNA) detection of the targeted genes [47].

In the present study, the cryosections of non-decalcified rat femur surrounded by mus-
cle were investigated by immunostaining, in situ hybridization, and in situ HCR to identify
phenotypes of macrophages involved in bone regeneration. In these challenging condi-
tions, expression of CD68, CD163, IL-1β, IL-6 and β-actin genes was successfully detected
resulting for the first time in the identification and localization of M2b-like macrophages
in vivo in the bone of rats during bone regeneration.

2. Materials and Methods
2.1. Rat Animal Model

All experiments were approved by the IRBA Institutional Animal Care and Use
Committee (protocol 65 DEF_IGSSA_SP). Surgeries were carried out in an accredited animal
facility. Eight-week-old (200 g average weight) male Sprague Dawley rats (Charles River
Laboratories, Freiburg, Germany) were housed individually in cages in a temperature and
light-controlled environment with food and provided water ad libitum. Before collecting
femurs with muscles, animals were euthanized at 12 weeks old with an overdose of sodium
pentobarbital (150 mg/kg) administrated intraperitoneally.

2.2. Embedding and Cryosectioning of the Entire Femur (Bone and Muscle Together) of the Rat

Embedding and cryosectioning methods were performed as described in [49]. RNase-
free instruments, materials, and buffers were used to collect bone samples. After euthanasia
of the rat, the whole femur was cleaned rapidly, and a part of the muscles around the
bone was kept. The femur was placed at the bottom of the embedding mold and covered
with cryomount medium (CM) (00890-EX, HistoLab, Askim, Norway). Samples were
snap-frozen with 2-methyl butane cooled in liquid nitrogen to obtain a block.

2.3. Histological Staining

Histological staining was performed as described in [49]. Hematoxylin and phloxin
(HP) staining was performed as follows: the sections were incubated in several successive
baths: 40 s in a hemalum (11,487, Merck, Darmstadt, Germany) buffer (0.2 g hemalum, 5 g
aluminum potassium sulfate in 100 mL distilled water), 3 min in water, 30 s in a phloxin
(15,926, Merck, Darmstadt, Germany) buffer (0.5 g phloxin in 100 mL distilled water), 1 min
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in water, 2 min in 70% ethanol, 30 s in 95% ethanol, 1 min in 100% ethanol, and 1 min in
100% ethanol. In the end, nuclei were colored in blue and cytoplasm in pink.

2.4. Immunofluorescence

Sections of the rat femur were fixed in 4% (w/v) paraformaldehyde (PFA (P6148, Sigma,
Lezennes, France) in PBS (phosphate-buffered saline without Ca and Mg, GAUPBS0001,
Eurobio, Les Ulis, France). After three washes in PBS, the sections were permeabilized
for 15 min with 0.5% (v/v) Triton X100 buffered with PBS. The non-specific binding sites
were blocked with Emerald Antibody Diluent (936B-08, Sigma, Lezennes, France) for 1 h
at room temperature. Then, sections were incubated overnight at 4 ◦C with the primary
rabbit anti-CD68 (ab125212, Abcam, Amsterdam, The Netherlands) antibody at 1:1000 di
lution; the primary goat anti-CD206 (C20) (sc-34577, Santa Cruz Bio., Heidelberg, Germany)
antibody at 1:1000 dilution; the primary rabbit anti-CD163 (ab182422, Abcam, Amsterdam,
The Netherlands) antibody at 1:500 dilution; and the primary rabbit anti-Iba1 (ab178846,
Abcam, Amsterdam, The Netherlands) antibody at 1:200 dilution. Then, the sections were
washed in PBS and incubated with the secondary anti-rabbit Alexa Fluor 488 (A-21206,
Thermo Scientific, Waltham, MA, USA) antibody at 1:500 dilution and the secondary
anti-goat Alexa Fluor 568 (ab175704, Abcam, Amsterdam, The Netherlands) antibody
at 1:500 dilution for 2 h at room temperature. Finally, sections were washed in PBS for
20 min and mounted using a Fluoroshield mounting medium with DAPI (ab104139, Abcam,
Amsterdam, The Netherlands). The fluorescence was detected using an epifluorescence
microscope DM6000 (Leica, Schönwaldeglien, Germany) equipped with monochrome and
color digital cameras.

2.5. RT-qPCR

Frozen femur samples were homogenized in liquid nitrogen. Total RNA was then
isolated using an RNeasy Fibrous Tissue mini kit (HB-0485, Qiagen, Courtaboeuf, France)
according to the m anufacturer’s recommendations. RNA extracts were recovered with
20 µL RNase-free water. Reverse transcription (RT) was performed with oligo-dT primers
following the instructions of the Sensiscript transcription kit (205211, Qiagen, Courtaboeuf,
France); cDNA synthesis was carried out for 1 h at 37 ◦C using 50 ng of RNA with 10 µM
oligod(T) primers, RNase inhibitor (2 IU), and Sensiscript reverse transcriptase.

Real-time qPCR was carried out in a 20 µL final volume using LC480 SybrGreen I
Mastermix (Roche Applied Science, Mannheim, Germany) using 0.25 µL of cDNA. Oligos
designed for RT-qPCR experiments are listed in Table S1.

2.6. In Situ DIG Hybridization

In situ hybridization methods were performed as described in [49]. Oligos designed
for in situ hybridization experiments are listed in Table S2.

Digoxigenin (DIG)-labeled cRNA probes were used for in situ hybridization. Briefly,
the tissues were fixed in 4% (w/v) in PBS/paraformaldehyde (PBS, w/o Ca and Mg,
GAUPBS0001, Eurobio, Les Ulis, France; PFA, P6148, Sigma, Lezennes, France) for 30 min
and then treated with 100% methanol for 15 min and air-dried. The sections were pre-
hybridized for 2 h at 45 ◦C in a pre-hybridization buffer (50% formamide (GHYFOR0402,
Eurobio, Les Ulis, France), 0.5× sodium ch loride citrate (SSC) (GHYSSC007, Eurobio, Les
Ulis, France) buffer, 50 µg mL−1 heparin (H3393, Sigma, Lezennes, France), 100 µg mL−1

transfer RNA, and 0.1% (v/v) Tween 20 (822184, Merck, Darmstadt, Germany). Finally, the
sections were incubated overnight at 45 ◦C with the RNA probes (2 µL probe in 200 µL hy-
bridization buffer (50% formamide, 100 µg mL−1 transfer RNA, 7.5% (v/v) Tween 20, 8.5%
NaCl, 20% dextran sulfate (GHYDEX000T, Eurobio, Les Ulis, France), and 2.5× Denhardt’s
Solution (50× stock, D2532, Sigma, Lezennes, France)), which were previously denaturized
for 2 min at 80 ◦C in the hybridization buffer. Non-specific hybrids were dissociated with
the following washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, 2 h in 2× SSC + 50%
formamide at 45 ◦C, 5 min in NTE (0.5 M NaCl, 10 mM Tris pH 8, 1 mM EDTA) at 45 ◦C,
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30 min in NTE + 10 mg mL−1 Rnase A (10109169001, Roche, Boulogne-Billancourt, France)
at 37 ◦C, 1 h in 2× SSC + 50% formamide at 45 ◦C, 2 min in 0.1× SSC at 45 ◦C, and finally
15 min in PBS at RT.

Immunodetection of the DIG-labeled probes was performed using an anti-DIG an-
tibody coupled to alkaline phosphatase as described by the manufacturer (11093274910,
Roche, Boulogne-Billancourt, France). Afterward, the sections were incubated for 1–2 days
in a buffer containing 337 µL BCIP (5-Bromo-4-chloro-3-indolyl-phosphate) and 225 µL NBT
(Nitroblue tetrazolium chloride) in a 50 mL solution (100 mM Tris pH 9.5, 100 mM NaCl and
50 mM MgCl2) until a blue precipitate adhering to the sections were formed. The DIG sec-
tions were observed with an epifluorescence microscope DM6000 (Leica, Schönwaldeglien,
Germany) equipped with monochrome and color digital cameras, while the HCR sections
were observed with a confocal microscope (LSM700, Zeiss, Dresden, Germany).

2.7. In Situ HCR Hybridization

In situ hybridization methods were performed as described in [49]. Oligos designed
for in situ hybridization experiments are listed in Table S2.

The HCR protocol of Choi and colleagues (2014, 2016, 2018, 2020) was performed with
some modifications as described below to enhance mRNA localization in the femur of the
rat [50–53].

The sections were pre-hybridized for 10 min at RT in a hybridization buffer (50%
formamide, 5× SSC, 9 mM citric acid pH 6, 50 µg mL−1 heparin, 1× Denhardt’s Solution,
0.1% (v/v) Tween 20 and 10% dextran-sulfate). Previously, the hybridization probes (2 pmol
per slide) were denatured for 2 min at 80 ◦C. Finally, the sections were incubated in a
hybridization buffer together with probes overnight at 45 ◦C. Nonspecific hybrids were
dissociated with the following washes: 30 min in 0.1× SSC + 0.5% SDS at 45 ◦C, followed
by 2 h in 2× SSC + 50% formamide at 45 ◦C, then 2 min in 0.1× SSC at 45 ◦C, and finally
15 min in PBS at RT.

Sections were first incubated for 2 h at RT with an amplification buffer (5× SSC,
0.1% (v/v) Tween 20, 10% dextran-sulfate, and 100 µg mL−1 salmon sperm ADN) and
subsequently for 12 to 16 h with the DNA hairpins marked with a fluorophore (Alexa
Fluor488) (diluted in amplification buffer as previously described). The hairpins were
previously heated at 95 ◦C for 90 s and cooled to RT for 30 min. The sections were then
washed 2× 30 min in 5× SSCT (5× SSC and 1% (v/v) Tween 20) and 5 min with 5× SSC
without Tween at RT.

2.8. Microspectroscopical Analysis

For spectroscopic analysis, an LSM 780 (Carl Zeiss, Jena, Germany) confocal micro-
scope was used to acquire a lambda stack of 10 nm wavebands between 425 nm and 625 nm.
Then, Zen Black software (Carl Zeiss, Jena, Germany) built-in plugin was used to perform
linear unmixing using the automatic component extraction algorithm. It was possible to
extract Alexa 488 spectrum, and the second spectrum was considered the sum of all other
sources of endogenous fluorescence (autofluorescence).

2.9. Quantification of HIS by ImageJ

To quantify the percentage of the marked region on in situ hybridization slides, each
slide was acquired with the Hamamatsu Nanozoomer S60 at 20x (Tokyo, Japan). On the
virtual slide, three regions of interest (ROI) were drawn in the immediate neighborhood of
the biomaterial; three others were done away from it (internal negative control). Each zone
was analyzed using the Fiji software. The ratio between the surface of the marked region
and the surface of the entire ROI was computed after color deconvolution and thresholding
(using the MaxEntropy algorithm).

Statistical analyses were performed with a t-test.
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3. Results
3.1. Detection of Immune Cell Accumulation around Biomaterial

It was shown that biomaterial triggered the recruitment of macrophages at the site
of the bone wound and enhanced wound healing [1,7,32,54]. Rat femur was operated on
with biomaterial (with the Masquelet induced membrane technique), and three weeks later
the whole bone together with femur and biomaterial was harvested. The non-operated
femur from the second leg of this rat was used as a control (called non-operated femur).
The Masquelet induced membrane technique consists of two different operative phases. In
the first operation, a fixator was placed around the bone, and the missing bone fragments
were filled with biomaterial. Three weeks after surgery, a Masquelet induced membrane
was formed around the biomaterial. Three weeks later, during the second operation, the
biomaterial was removed, but the Masquelet induced membrane remained, and the bio-
material was replaced with a bone graft. To examine the architecture and the regeneration
region of the bone, cryosections of femurs were analyzed by Hematoxylin and phloxin (HP)
histological coloration (Figure 2). The control femur was used as a reference to observe
bone and muscle in their native structure (Figure 2A). In the operated femur, the Masquelet
induced membrane, the regenerated region close to the Masquelet induced membrane,
and the biomaterial were observed (Figure 2B). Some immune cells were identified by
their structure at higher microscope magnification in the regeneration region (Figure 2C),
hypothesized as macrophages.

Figure 2. Histologic and microscopic analysis of rat femur: (A–C) histologic analysis of the fe-
murs; histopathological image of (A) non-operated; and (B) operated femurs of rats stained with
hematoxylin and phloxin; (C) expanded view: high magnification image of the area within the
red rectangle in image (B); (D,E) identification of macrophages M1 and M2 in the operated femur;
anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear staining with
DAPI (blue fluorescence).

In situ visualization of macrophages is quite problematic. The cluster of differenti-
ation (CD) CD68 protein is one of the most common monocytes/macrophages marker
proteins [55], but in other mononuclear phagocyte cells and non-hematopoietic cells (mes-
enchymal stem cells, fibroblast, endothelial, and tumor cells) weak expression can be
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detected [56]. Other markers such as CD206 and CD163 mostly recognize M2 macrophages,
but CD206 protein is also expressed in satellite and CD163 protein in dendritic cells [56,57].
In situ identification of human and mouse M2 macrophages can be performed by double
immunolabeling with CD206 or CD163 together with CD68 antibodies (Table 1) [47,58].

Table 1. Cell phenotypes.

CD68 CD206 CD163 Iba1

M1-like macrophages + − − +

M2-like macrophages + + + +

Satellite cells − + − −

The same region was examined by the traditional immunostaining method (with
anti-CD68 and anti-CD206 antibodies) to detect if M1-like or M2-like macrophages were
localized in the regeneration region (Table 1). We observed M1-like macrophages expressing
CD68 protein only and M2-like macrophages expressing both CD68 and CD206 proteins
(Figure 2D). In the absence of a primary antibody (negative control), no expression of these
markers was detected (Figure 2E).

To go further in our investigation, immunostaining was performed on both the non-
operated femur and the operated femur (Figure 3) in large sections (2 mm × 1.2 mm). Using
bright field microscopy, the non-operated femur showed a representative architecture of the
bone (Figure 3A) and an absence of fluorescence signal (Figure 3B). In the operated femur,
the three expected regions (the regeneration region, the Masquelet induced membrane,
and surrounding muscle) were observed (Figure 3C). Using CD68 and CD206 immunos-
taining, both M1-like and M2-like macrophages were detected (Figure 3D). However, the
M1-like and M2-like macrophage repartition differed among the three zones (Figure 3E–G).
A similar amount of M1-like and M2-like macrophages were observed in the regenerat-
ing region (Figure 3E) compared to the interface (between the regeneration region and
Masquelet induced membrane) region, where mostly M1-like macrophages (Figure 3F) and
a predominantly M2-like macrophage population were detected (Figure 3G).

Another widely accepted macrophage marker is the ionized calcium-binding adaptor
molecule 1 (Iba1) (Table 1) [59–61]. Labeling with the anti-Iba1 antibody together with the
anti-CD206 antibody showed very similar results (Figure S1). The only difference that has
been detected is that fewer M1-like macrophages have been detected by Iba1 labeling in
the interface region than with CD68 labeling. This result suggests that single CD68 positive
cells include other cells than macrophages that have not yet been identified.

In summary, both M1-like and M2-like macrophages were identified in the injured
region of the operated femur. After quantification of 1000 cells, 16.55% (CD68/CD206)
and 17.5% (Iba1/CD206) were identified as M2-like macrophages compared to 6.17%
(CD68/CD206) and 4.1% (Iba1/CD206) of M1-like macrophages (Table 2). To confirm this
result, immunostaining with an anti-CD163 antibody was performed because this protein
is also expressed by M2-like macrophages [16]. Next, the CD163 and CD206 co-labeling
was performed to identify the M2-like macrophages and satellite cells in the same pictures
(Figure S2). In this condition, 21.6% of M2-like macrophages were identified (Figure 4A and
Table 1), while no expression of the protein was detected in the negative control (Figure 4B).

Table 2. Quantification of M1-like and M2-like macrophages in the regeneration region of the operated
femur (quantitative analysis, based on random examination of 1000 cells in each of the conditions).

M1-like Macrophages M2-like Macrophages

CD68/CD206 6.2% 16.6%

Iba1/CD206 4.1% 17.5%

CD163 / 21.6%
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Figure 3. Identification of M1-like and M2-like macrophages in the rat femurs: (A,B) immuno-
labeling with anti-CD68 and CD206 antibodies of the non-operated; and (C–G) operated femurs;
bright-field image together with immunolabeling of the non-operated (A) and operated (C) femurs;
(E–G) expanded view: high magnification image of the area within the red rectangle in image C;
anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear staining with
DAPI (blue fluorescence); thin arrow: M1-like macrophages; thick arrow: M2-like macrophages.
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Figure 4. Identification of M2-like macrophages in the operated femur: (A) immunolabeling of the
operated femur with anti-CD163; (B) negative control of the immunolabeling; anti-CD163 (Alexa488,
turquoise fluorescence), labeling the M2 macrophages; nuclear staining with DAPI (blue fluorescence).

3.2. Detection of Macrophages in Other Regions

Previously we showed the capacity to detect macrophages using immunostaining in a
non-decalcified cryo-fixed bone in the regeneration region (region 1). We further examined
whether the different regions of the femur far from the injury region contained macrophages
with phenotypic differences. In this context, three other regions were investigated: the
muscle far from the bone or the wound (region 2), the periosteum (region 3), and the bone
(region 4) (Figures 5 and S3). No difference between operated and non-operated femur tis-
sues were observed (Figure 5). In region 2, no macrophages were present; only satellite cells
could be detected (Figure 5B,C). In region 3, both M1-like and M2-like macrophages were
detected close to osteoclasts, as it is multinucleated cells expressing CD68 (Figure 5D,E).
In region 4, several cells expressing CD68 protein were detected. This result seemed to
be coherent as macrophages were also localized in the bone marrow. Surprisingly, cells
expressing only the CD206 protein were also detected (Figure 5F,G). This result requires
further examination. No expression of both CD68 and CD206 markers was detected in the
negative control (Figure S3).

3.3. Detection of Macrophages Based on Their Autofluorescence Feature

It is well known that bone tissue has strong autofluorescence [62,63]. This makes it
rather difficult to analyze the operated tissue with immunolabeling (using fluorophore-
labeled antibody) because there was an abundant autofluorescence in the regenerating
region (Figure 6). Autofluorescence may appear from structural proteins, such as collagen
and elastin, but other endogenous fluorophores, such as Flavin-type molecules, are also
often localized in cells [64,65]. In particular, immune cells, such as macrophages and
granulocytes contain a large amount of phagosome/phagolysosome in their cytosol [66].
Sections of the operated femur tissues had relatively intense (excitation with 488 nm
(Figure 6A–D,F) and excitation with 568 nm (Figure 6B–D,F)) autofluorescences exclusively
in the cells with endosome-like structure (Figure 6E,G). The sections of the operated
femur were subjected to different treatments, TrueVIEW Autofluorescence Quenching Kit,
Blue Evans, or Black Soudan, to get rid of endogenous fluorescence (data not shown).
Unfortunately, the endogen fluorescence was resistant to all treatments used so far.
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Figure 5. Identification of M1-like and M2-like macrophages in the rat femurs: (A) presentation of the
different regions of the femurs; (B,D,F) operated; and (C,E,G) non-operated femurs labeled with anti-
CD68 and anti-CD206 antibodies; anti-CD68 (Alexa488, turquoise fluorescence), labeling the M1 and
M2 macrophages; anti-CD206 (Alexa568, red fluorescence) labeling the M2 macrophages and satellite
cells; nuclear staining with DAPI (blue fluorescence); thin arrow: satellite cells; arrowhead: osteoclast.
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Figure 6. Observation of the autofluorescence in the operated rat femur: (A) detected autofluorescence
after excitation with light (488 wavelengths, turquoise fluorescence); (B) detected autofluorescence
after excitation with light (568 wavelengths, red fluorescence); (C) nuclear staining with DAPI (blue
fluorescence); (D) merged image; (E) bright-field image; (F) expanded view: high magnification
image of the area within the red rectangle in image (D); (G) expanded view: high magnification
image of the area within the red rectangle in image (E).

3.4. Investigation of Macrophage Fluorescence by Microspectroscopic Analysis

As the endogen fluorescence was very strong in the bone tissue, further investigation
was needed for macrophage characterization. Turquoise fluorescence was detected in
macrophages, but the autofluorescence prevented any conclusion as both specific fluores-
cence (coming from the immune signal) and autofluorescence were detected in a mixed
signal (Figure 7A). Microspectroscopical analysis in situ facilitates the differentiation be-
tween specific fluorescence and autofluorescence. The ratio between the intensity of specific
fluorescence and autofluorescence should be higher than three to conclude that the aut-
ofluorescence is not disturbing. This technique was applied to excited signals at 488 nm
to separate them from their characteristic emission spectra. The emission spectrum of
specific fluorescence reached a maximum at 520 nm, whereas the emission spectrum of
autofluorescence peaked at approximately 550 nm (Figure 7B). The intensity of the specific
CD68 fluorescence was approximately the same as the intensity of the autofluorescence
(Figure 7B). Using this technique, two subtracted images were extracted from Figure 7C: the
autofluorescence signal (Figure 7D) and the specific CD68 fluorescence of the macrophages
(Figure 7E). In the resulting image, we can distinguish autofluorescence from the CD68
specific signal in cells (Figure 7E).
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Figure 7. Identification of the in situ autofluorescence by microspectroscopy analysis. In the oper-
ated femur, macrophages were labeled with anti-CD68 antibody. Tissues were excited at 488 nm.
(A) Emission of the autofluorescence and the antigen-specific fluorescence (Alexa Fluor 488) with
turquoise fluorescence. (B) Microspectroscopycal analysis of Alexa Fluor 488 emission (turquoise
line) and autofluorescence (red line). (C) Separation of autofluorescence emission (red fluorescence)
and antigen-specific fluorescence (Alexa Fluor 488) (turquoise fluorescence). (D) Emission of the aut-
ofluorescence (red fluorescence). (E) Emission of the antigen-specific fluorescence (Alexa Fluor 488)
(turquoise fluorescence). Nuclear staining with DAPI (blue fluorescence). Fine arrow: macrophages.

3.5. Detection of IL-1β and IL-6 Cytokines in the Operated Femur

The presence of M1-like and mostly M2-like macrophages was shown earlier in the
wounded bone tissue with immunofluorescence techniques. The next step was to determine
the M2-like macrophages based on their cytokine expressions. Each subtype of M2-like
macrophages (M2a, M2b, M2c, or M2d) secretes a different panel of cytokines. The next
step was to identify the types of cytokines produced in the operated femur using RT-qPCR.
All three markers showed higher expression in the operated femur (2.2 times more CD68,
1.61 times more CD163, and 2.29 times more CD206 mRNA) (Figure 8). Among the tested
genes, two cytokines showed much higher expression, IL-1β (6.89 times more) and IL-6
(4.44 times more), in the operated femur compared to the non-operated femur (Figure 8).
The only M2 macrophage that produces these two cytokines is the M2b macrophage
(Figure 1). The in situ DIG technique is a commonly used, non-radioactive IHS method
because it is very sensitive, but it has the limitation that it only allows analysis of a single
gene in a sample.
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Figure 8. Expression of the different marker genes and cytokines in the operated femur; qRT-PCR
analysis of the different gene expressions. This result is the average of three measurements.

3.6. Identification of Macrophage Phenotype Using Both I DIG and In Situ HCR Techniques

In situ HCR was chosen to further characterize the macrophages. The advantage of
this technique is that it is more sensitive than FISH, and unlike in situ DIG, it allows the
identification of several genes at once. Our next question was whether we could detect M2b-
like macrophages in situ using this technique in the operated rat bone. Since cytokines are
usually secreted [48,67], immunostaining is not suitable to distinguish between different
subtypes. Indeed, it is quite challenging to identify which cells produce the secreted
protein. For this reason, an in situ hybridization technique was used to reveal the subtypes
of M2-like macrophages as it allows the detection of the mRNA coding for those cytokines.

For the first time, in situ hybridization with a digoxigenin-labeled cRNA probe (in situ
DIG) was used because the labeling remains stable, and it is an advantage to examine the
labeling architecture. This technique is the most widely used non-radioactive ISH method
because it is very sensitive, unfortunately, only one mRNA per section can be detected [68].
The expression of β-actin, IL-1β, IL-6, CD68, and CD163 genes was identified (Figure 9).
The β-actin was used as a positive control (Figure 9A). In the absence of a specific probe,
no expression was observed (Figure 9B). The mRNA expression of CD68, CD163, IL-1β,
and IL-6 genes (Figure 9C–F) was detected around the biomaterial. Both CD68 (Figure 9C)
and IL-1β mRNA expression (Figure 9D) was very intense. The CD163 (Figure 9E) and
IL-6 (Figure 9F) mRNA expressions were much weaker, but a higher magnification showed
a clear labeling (Figure 9G,H). In addition, β-actin, CD68, CD163, IL-1β, and IL-6 signals
were quantified in the operated femur. Upregulation of these genes was detected in the
Masquelet induced membrane region.

The same labeling was performed on the non-operated femur sections. In the non-
operated section, abundant expression of the β-actin mRNA was detected (Figure S4A), and
in the negative control (Figure S4B), expression was not observed. The CD68 (Figure S4C)
and IL-1β mRNA (Figure S4D) expressions were intense in the bone marrow, but no
expression in the other part of the femur was detected. No expression was found with a
small magnification of the CD163 (Figure S4E) and IL-6 (Figure S4F) mRNA. The CD163
expression was detectable only with higher magnification in the periosteum (Figure S4G).
IL-6 mRNA was present in the bone marrow (Figure S4H).
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Figure 9. In situ hybridization in the operated rat femur: (A) expression of β-actin mRNA (positive
control); (B) negative control; (C) CD68 mRNA; (D) IL-1β mRNA; (E) CD163 mRNA; (F) IL-6 mRNA;
(G) expanded view: high magnification image of the area within the red rectangle in image (E);
(H) expanded view: high magnification image of the area within the red rectangle in image (F);
(I) the stained area of the picture was quantitatively analyzed using ImageJ. The Masquelet induced
membrane region was compared with the control region (C) (n = 3). ** p < 0.01, * p < 0.5, ns = not
significant, compared to control region.

Because co-labeling was not possible with the in situ DIG technique, in situ hybridiza-
tion coupled with hybridization-chain-reaction detection (in situ HCR) was performed
on cryosections of the bone. Indeed, three different mRNA expressions were co-detected,
taking into account the rapid loss of signal of fluorophores within two weeks after labeling.
Using the in situ DIG method, a high expression of IL-1β and IL-6 was detected in the
regenerating bone. To examine whether M2-like macrophages were expressing these two
cytokines, in situ HCR was performed with CD163, IL-1β, and IL-6 probes altogether
(Figure 10A). Macrophages co-expressing the three signals were identified in the regen-
erated region of the operated femur, while no expression was detected in the negative
control (Figure 10B). By random examination of the fluorescence of 100 cells labeled with a
CD163 probe, the percentage of the M2b-like macrophages was approximately 68% of the
M2-like macrophages.
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Figure 10. Identification of the M2b-like macrophages in the operated femur by in situ hybridiza-
tion combined with hybridization-chain-reaction detection (in situ HCR): (A) in situ hybridization
combined with hybridization-chain-reaction detection (in situ HCR); (B) negative control: Probe-IL-6
(Alexa488, turquoise fluorescence), Probe-IL-1β (Alexa546, red fluorescence), Probe-CD163 (Alexa647,
yellow fluorescence), nuclear staining with DAPI (blue fluorescence).
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4. Discussion

Bone and muscle tissues constantly interact with each other by secreting cytokines
and other soluble factors [69]. Analysis of cytokine expressions during bone regeneration
is very important for developing new therapeutic approaches. We aimed to analyze the
different macrophage-specific cytokine expressions during bone regeneration in the sections
of the entire femur surrounded by muscle. Before sectioning, the tissues must be fixed and
embedded in paraffin. In our case, paraffin embedding was not possible because the muscle
significantly slowed down (around 5 weeks) the decalcifying solution (ethylene diamine
tetra acetic acid (EDTA)) from penetration and did not allow the use of ISH techniques in
these sections (data not shown) due to the mRNA degradation. To avoid this problem, an
improved version of the CryoJane tape transfer system was developed in our laboratory to
obtain the cryosections of the entire femur surrounded by muscle, which was suitable for
ISH techniques [49].

The role of macrophages in tissue development, homeostasis, and wound healing is
essential [17,19,21,22,37–39]. Bone regeneration is a very complex process. The continuous
interaction between bone-forming cells and macrophages is essential for successful bone
healing [1,70,71]. However, their role in bone regeneration remains poorly understood.
Subsequently, a deeper understanding of their involvement after an injury is essential to
developing new therapeutic strategies for bone repair. A broad spectrum of biomaterials,
differing in their structure, porosity, composition, and chemistry, is used as therapeutic
strategies for tissue repair. It is known from in vitro studies that macrophage polarization
remains biomaterial dependent. Data in the literature suggest that the host response in
the in vivo condition is more complex which limits the interpretation of in vivo results
compared to in vitro observations [72–74]. Previously, it was speculated that M1 and M2
macrophages subsequently participate in a different stage of bone regeneration [1,75–77].
Three weeks after lesion/surgery, both M1-like and M2-like types of macrophages were
detected in the injured bone tissue. Mostly M2-like macrophages were identified, while few
but detectable M1-like macrophages were observed. Our results suggest that bone regener-
ation is a complex process, and in contrast to our expectation, it requires the continuous
presence of two types of macrophages. Several publications suggested that macrophages
exert their effects on bone regeneration through secreted cytokines [1,8,36,38]. Vi and col-
laborators (2015) demonstrated that even the conditioned medium of the macrophages was
able to activate the “mineral deposition and bone formations” [8].

Macrophage subtypes produce diverse cytokines at different stages of regeneration.
Identification of cytokine-expressing cells by immunolabeling is quite complicated because
these proteins and peptides are secreted, making it very difficult to determine which
cells have produced them. In this work, we demonstrated the possibility to identify
macrophages in bone after the detection of cytokines expressed by macrophages with in
situ hybridization coupled with in situ HCR detection methods. This tool allows in situ
characterization of macrophages during bone regeneration, which was not possible earlier.
Fluorescence in situ hybridization (FISH) appeared in the 1980s [78–80]. The advantage of
this method compared with in situ DIG was that the expression of several mRNAs could
be analyzed in the same section [47,81]. However, it was only suitable for detecting highly
expressing mRNA. Unfortunately, the expression of cytokines is usually low. The in situ
HCR [49–53] method is a promising new method to study gene expression in bone tissues.
This technique allows the detection of multiple mRNAs also in the same section and is
suitable for the visualization of mRNA with low expression.

Other groups exhibited that at the bone damage location, M1 macrophages secreted
pro-inflammatory cytokines (TNF, IL-1β, and IL6) and induced the recruitment of the
mesenchymal stem cells (MSC) and other progenitor cells at the local site. Cytokine
expression was investigated in the operated and non-operated tissues by qPCR and in
situ DIG methods. Interestingly, very high expression of IL-6 and IL-1β was detected
by qPCR, and in situ DIG showed that these two cytokines were localized around the
biomaterial. M1-like and M2-like macrophages were present in regenerating bone although
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the M2-like macrophages were more abundant. The M2b macrophages are the only M2-like
macrophages that co-secrete these two cytokines. We found that the in situ HCR method is
a good compromise in macrophage identification and allows in situ determination of the
presence of the M2b-like macrophages.

5. Conclusions

In summary, at least five observations were highlighted: (1) There was a significant
difference between non-operated and operated bone tissues. With immunostaining, in the
operated bone tissue we observed mostly M2-like macrophages with smaller quantities
of M1-like macrophages. No macrophages were found in the non-operated bone tissue.
(2) The localization of the macrophages was limited to the wounded area. (3) The operated
tissue showed a strong IL-1β and IL-6 cytokine expression as measured by RT-qPCR
detection. (4) In addition, the in situ HCR method has been proved useful as it allows
selectively exploring the RNA expressions of the cytokines and macrophage markers in
the cells of the wounded bone tissue. With this technique, it was possible to identify the
in vivo M2b-like macrophages in the wounded bone tissue. (5) It was pointed out that
microspectroscopical analysis is very important in macrophage characterization because it
can differentiate between fluorescence and autofluorescence.

Finally, this work highlighted the limits of immunostaining and the interest in in situ
HCR method providing valuable information for in vivo macrophage characterization.
This technique is an important approach for analyzing the biological mechanism of bone
regeneration and offers a new perspective in the field of regenerative medicine.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10061385/s1. Figure S1: Identification of M1-like and M2-like
macrophages in the rat femurs; (A–D) immunolabeling with anti-Iba1 and CD206 antibodies of the
operated femurs; (B–D) expanded view: high magnification image of the area within the red rectangle
in image A; anti-Iba1 (Alexa488, turquoise fluorescence), labeling the M1 and M2 macrophages;
anti-CD206 (Alexa568, red fluorescence) labeling the M2 macrophages and satellite cells; nuclear
staining with DAPI (blue fluorescence); thin arrow: M1-like macrophages; thick arrow: M2-like
macrophages. Figure S2: Identification of M2-like macrophages and satellite cells in the rat femurs:
(A) immunolabeling with anti-CD163 and CD206 antibodies of the operated femurs; (B) negative
control; anti-CD163 (Alexa488, turquoise fluorescence), labeling the M2-like macrophages; anti-CD206
(Alexa568, red fluorescence) labeling the M2-like macrophages and satellite cells; nuclear staining
with DAPI (blue fluorescence); thin arrow: M2-like macrophages; thick arrow: satellite cells. Figure S3:
Identification of macrophages M1-like and M2-like in the femurs of the rat; (A) negative control of
Figure 4B; (B) negative control of Figure 4C; (C) negative control of Figure 4D; (D) negative control of
Figure 4E; (E) negative control of Figure 4F; (F) negative control of Figure 4G; anti-CD68 (Alexa488,
turquoise fluorescence) labeling the M1-like and M2-like macrophages.; anti-CD206 (Alexa568, red
fluorescence) labeling the M2-like macrophages and satellite cells; nuclear staining with DAPI (blue
fluorescence). Figure S4: In situ hybridization in the non-operated femur of the rat; (A) expres-
sion of β-actin mRNA (positive control); (B) negative control; (C) CD68 mRNA; (D) IL-1β mRNA;
(E) CD163 mRNA; (F) IL-6 mRNA; (G) expanded view: high magnification image of the area within
the red rectangle in image E; (H) expanded view: high magnification image of the area within the red
rectangle in image F. Table S1: Oligos used for RT-qPCR: FW (forward primer); RV (reverse primer).
Table S2. Oligos are used for in situ hybridization experiments: T3 (T3 promoter); T7 (T7 promoter);
FW (forward primer); and RV (reverse primer).
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16. Rőszer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediat. Inflamm.
2015, 2015, 816460. [CrossRef]

17. Abdelaziz, M.H.; Abdelwahab, S.F.; Wan, J.; Cai, W.; Huixuan, W.; Jianjun, C.; Kumar, K.D.; Vasudevan, A.; Sadek, A.; Su, Z.; et al.
Alternatively Activated Macrophages; a Double-Edged Sword in Allergic Asthma. J. Transl. Med. 2020, 18, 58. [CrossRef]

18. Locati, M.; Curtale, G.; Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu. Rev. Pathol. 2020,
15, 123–147. [CrossRef]

19. Arora, S.; Dev, K.; Agarwal, B.; Das, P.; Syed, M.A. Macrophages: Their Role, Activation and Polarization in Pulmonary Diseases.
Immunobiology 2018, 223, 383–396. [CrossRef]

20. Huang, X.; Xiu, H.; Zhang, S.; Zhang, G. The Role of Macrophages in the Pathogenesis of ALI/ARDS. Mediat. Inflamm. 2018,
2018, 1264913. [CrossRef]

21. Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541–566. [CrossRef]
22. Van den Bossche, J.; O’Neill, L.A.; Menon, D. Macrophage Immunometabolism: Where Are We (Going)? Trends Immunol. 2017, 38,

395–406. [CrossRef]
23. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage Biology in Development, Homeostasis and Disease. Nature 2013, 496, 445–455.

[CrossRef]

http://doi.org/10.1016/j.biomaterials.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29329642
http://doi.org/10.3389/fimmu.2021.778078
http://www.ncbi.nlm.nih.gov/pubmed/34925351
http://doi.org/10.3390/life10090207
http://www.ncbi.nlm.nih.gov/pubmed/32947946
http://doi.org/10.1186/s13287-016-0300-9
http://doi.org/10.1177/0192623317735316
http://doi.org/10.1007/s12016-015-8519-2
http://doi.org/10.1016/j.semcdb.2016.08.009
http://doi.org/10.1002/jbmr.2422
http://doi.org/10.1016/bs.mie.2019.10.005
http://doi.org/10.3389/fimmu.2019.01084
http://doi.org/10.1016/j.intimp.2014.08.002
http://doi.org/10.2741/2692
http://doi.org/10.1038/nri2448
http://doi.org/10.1016/j.it.2004.09.015
http://doi.org/10.1074/jbc.M111.327031
http://doi.org/10.1155/2015/816460
http://doi.org/10.1186/s12967-020-02251-w
http://doi.org/10.1146/annurev-pathmechdis-012418-012718
http://doi.org/10.1016/j.imbio.2017.11.001
http://doi.org/10.1155/2018/1264913
http://doi.org/10.1146/annurev-physiol-022516-034339
http://doi.org/10.1016/j.it.2017.03.001
http://doi.org/10.1038/nature12034


Biomedicines 2022, 10, 1385 19 of 20

24. Wang, L.-X.; Zhang, S.-X.; Wu, H.-J.; Rong, X.-L.; Guo, J. M2b Macrophage Polarization and Its Roles in Diseases. J. Leukoc. Biol.
2019, 106, 345–358. [CrossRef]

25. Minutti, C.M.; Knipper, J.A.; Allen, J.E.; Zaiss, D.M.W. Tissue-Specific Contribution of Macrophages to Wound Healing. Semin.
Cell Dev. Biol. 2017, 61, 3–11. [CrossRef]

26. Viniegra, A.; Goldberg, H.; Çil, Ç.; Fine, N.; Sheikh, Z.; Galli, M.; Freire, M.; Wang, Y.; Van Dyke, T.E.; Glogauer, M.; et al.
Resolving Macrophages Counter Osteolysis by Anabolic Actions on Bone Cells. J. Dent. Res. 2018, 97, 1160–1169. [CrossRef]

27. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.-A.; Mardani, F.; Seifi, B.; Mohammadi, A.;
Afshari, J.T.; Sahebkar, A. Macrophage Plasticity, Polarization, and Function in Health and Disease. J. Cell Physiol. 2018, 233,
6425–6440. [CrossRef]

28. Selders, G.S.; Fetz, A.E.; Radic, M.Z.; Bowlin, G.L. An Overview of the Role of Neutrophils in Innate Immunity, Inflammation and
Host-Biomaterial Integration. Regen. Biomater. 2017, 4, 55–68. [CrossRef]

29. Mantovani, A. Wandering Pathways in the Regulation of Innate Immunity and Inflammation. J. Autoimmun. 2017, 85, 1–5.
[CrossRef]

30. Snyder, R.J.; Lantis, J.; Kirsner, R.S.; Shah, V.; Molyneaux, M.; Carter, M.J. Macrophages: A Review of Their Role in Wound
Healing and Their Therapeutic Use. Wound Repair Regen. 2016, 24, 613–629. [CrossRef]

31. Batoon, L.; Millard, S.M.; Wullschleger, M.E.; Preda, C.; Wu, A.C.-K.; Kaur, S.; Tseng, H.-W.; Hume, D.A.; Levesque, J.-P.;
Raggatt, L.J.; et al. CD169+ Macrophages Are Critical for Osteoblast Maintenance and Promote Intramembranous and Endochon-
dral Ossification during Bone Repair. Biomaterials 2019, 196, 51–66. [CrossRef] [PubMed]

32. Miron, R.J.; Bosshardt, D.D. OsteoMacs: Key Players around Bone Biomaterials. Biomaterials 2016, 82, 1–19. [CrossRef] [PubMed]
33. Tan, B.; Tang, Q.; Zhong, Y.; Wei, Y.; He, L.; Wu, Y.; Wu, J.; Liao, J. Biomaterial-Based Strategies for Maxillofacial Tumour Therapy

and Bone Defect Regeneration. Int. J. Oral. Sci. 2021, 13, 9. [CrossRef] [PubMed]
34. Lebaudy, E.; Fournel, S.; Lavalle, P.; Vrana, N.E.; Gribova, V. Recent Advances in Antiinflammatory Material Design. Adv. Healthc.

Mater. 2021, 10, e2001373. [CrossRef]
35. Witherel, C.E.; Abebayehu, D.; Barker, T.H.; Spiller, K.L. Macrophage and Fibroblast Interactions in Biomaterial-Mediated Fibrosis.

Adv. Healthc. Mater. 2019, 8, e1801451. [CrossRef]
36. Sadtler, K.; Sommerfeld, S.D.; Wolf, M.T.; Wang, X.; Majumdar, S.; Chung, L.; Kelkar, D.S.; Pandey, A.; Elisseeff, J.H. Proteomic

Composition and Immunomodulatory Properties of Urinary Bladder Matrix Scaffolds in Homeostasis and Injury. Semin. Immunol.
2017, 29, 14–23. [CrossRef]

37. Klopfleisch, R. Macrophage Reaction against Biomaterials in the Mouse Model-Phenotypes, Functions and Markers. Acta Biomater.
2016, 43, 3–13. [CrossRef]

38. Boersema, G.S.A.; Grotenhuis, N.; Bayon, Y.; Lange, J.F.; Bastiaansen-Jenniskens, Y.M. The Effect of Biomaterials Used for Tissue
Regeneration Purposes on Polarization of Macrophages. Biores. Open Access 2016, 5, 6–14. [CrossRef]

39. Ogle, M.E.; Segar, C.E.; Sridhar, S.; Botchwey, E.A. Monocytes and Macrophages in Tissue Repair: Implications for Immunoregen-
erative Biomaterial Design. Exp. Biol. Med. 2016, 241, 1084–1097. [CrossRef]

40. Huffman, L.K.; Harris, J.G.; Suk, M. Using the Bi-Masquelet Technique and Reamer-Irrigator-Aspirator for Post-Traumatic Foot
Reconstruction. Foot Ankle Int. 2009, 30, 895–899. [CrossRef]

41. Masquelet, A.C. Free Vascularized Corticoperiosteal Grafts. Plast. Reconstr. Surg. 1991, 88, 1106. [CrossRef]
42. Masquelet, A.C. Induced Membrane Technique: Pearls and Pitfalls. J. Orthop. Trauma 2017, 31 (Suppl. 5), S36–S38. [CrossRef]
43. Masquelet, A.C. The Induced Membrane Technique. Orthop. Traumatol. Surg. Res. 2020, 106, 785–787. [CrossRef]
44. Muñoz, J.; Akhavan, N.S.; Mullins, A.P.; Arjmandi, B.H. Macrophage Polarization and Osteoporosis: A Review. Nutrients 2020,

12, 2999. [CrossRef]
45. Eggold, J.T.; Rankin, E.B. Erythropoiesis, EPO, Macrophages, and Bone. Bone 2019, 119, 36–41. [CrossRef]
46. Michalski, M.N.; McCauley, L.K. Macrophages and Skeletal Health. Pharmacol. Ther. 2017, 174, 43–54. [CrossRef]
47. Nikovics, K.; Favier, A.-L. Macrophage Identification in Situ. Biomedicines 2021, 9, 1393. [CrossRef]
48. Nikovics, K.; Morin, H.; Riccobono, D.; Bendahmane, A.; Favier, A. Hybridization-chain-reaction Is a Relevant Method for in Situ

Detection of M2d-like Macrophages in a Mini-pig Model. FASEB J. 2020, 34, 15675–15686. [CrossRef]
49. Nikovics, K.; Castellarin, C.; Holy, X.; Durand, M.; Morin, H.; Bendahmane, A.; Favier, A. In Situ Gene Expression in Native

Cryofixed Bone Tissue. Biomedicines 2022, 10, 484–498. [CrossRef]
50. Choi, H.M.T.; Beck, V.A.; Pierce, N.A. Next-Generation in Situ Hybridization Chain Reaction: Higher Gain, Lower Cost, Greater

Durability. ACS Nano 2014, 8, 4284–4294. [CrossRef]
51. Choi, H.M.T.; Calvert, C.R.; Husain, N.; Huss, D.; Barsi, J.C.; Deverman, B.E.; Hunter, R.C.; Kato, M.; Lee, S.M.; Abelin, A.C.T.;

et al. Mapping a Multiplexed Zoo of MRNA Expression. Development 2016, 143, 3632–3637. [CrossRef]
52. Choi, H.M.T.; Schwarzkopf, M.; Fornace, M.E.; Acharya, A.; Artavanis, G.; Stegmaier, J.; Cunha, A.; Pierce, N.A. Third-Generation

in Situ Hybridization Chain Reaction: Multiplexed, Quantitative, Sensitive, Versatile, Robust. Development 2018, 145, dev165753.
[CrossRef]

53. Choi, H.M.T.; Schwarzkopf, M.; Pierce, N.A. Multiplexed Quantitative in Situ Hybridization with Subcellular or Single-Molecule
Resolution Within Whole-Mount Vertebrate Embryos: QHCR and DHCR Imaging (v3.0). Methods Mol. Biol. 2020, 2148, 159–178.
[CrossRef]

http://doi.org/10.1002/JLB.3RU1018-378RR
http://doi.org/10.1016/j.semcdb.2016.08.006
http://doi.org/10.1177/0022034518777973
http://doi.org/10.1002/jcp.26429
http://doi.org/10.1093/rb/rbw041
http://doi.org/10.1016/j.jaut.2017.10.007
http://doi.org/10.1111/wrr.12444
http://doi.org/10.1016/j.biomaterials.2017.10.033
http://www.ncbi.nlm.nih.gov/pubmed/29107337
http://doi.org/10.1016/j.biomaterials.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26735169
http://doi.org/10.1038/s41368-021-00113-9
http://www.ncbi.nlm.nih.gov/pubmed/33727527
http://doi.org/10.1002/adhm.202001373
http://doi.org/10.1002/adhm.201801451
http://doi.org/10.1016/j.smim.2017.05.002
http://doi.org/10.1016/j.actbio.2016.07.003
http://doi.org/10.1089/biores.2015.0041
http://doi.org/10.1177/1535370216650293
http://doi.org/10.3113/FAI.2009.0895
http://doi.org/10.1097/00006534-199112000-00033
http://doi.org/10.1097/BOT.0000000000000979
http://doi.org/10.1016/j.otsr.2020.06.001
http://doi.org/10.3390/nu12102999
http://doi.org/10.1016/j.bone.2018.03.014
http://doi.org/10.1016/j.pharmthera.2017.02.017
http://doi.org/10.3390/biomedicines9101393
http://doi.org/10.1096/fj.202001496R
http://doi.org/10.3390/biomedicines10020484
http://doi.org/10.1021/nn405717p
http://doi.org/10.1242/dev.140137
http://doi.org/10.1242/dev.165753
http://doi.org/10.1007/978-1-0716-0623-0_10


Biomedicines 2022, 10, 1385 20 of 20

54. Song, S.H.; Kim, J.E.; Lee, Y.J.; Kwak, M.H.; Sung, G.Y.; Kwon, S.H.; Son, H.J.; Lee, H.S.; Jung, Y.J.; Hwang, D.Y. Cellulose Film
Regenerated from Styela Clava Tunics Have Biodegradability, Toxicity and Biocompatibility in the Skin of SD Rats. J. Mater. Sci.
Mater. Med. 2014, 25, 1519–1530. [CrossRef]

55. Betjes, M.G.; Haks, M.C.; Tuk, C.W.; Beelen, R.H. Monoclonal Antibody EBM11 (Anti-CD68) Discriminates between Dendritic
Cells and Macrophages after Short-Term Culture. Immunobiology 1991, 183, 79–87. [CrossRef]

56. Chistiakov, D.A.; Killingsworth, M.C.; Myasoedova, V.A.; Orekhov, A.N.; Bobryshev, Y.V. CD68/Macrosialin: Not Just a
Histochemical Marker. Lab. Investig. 2017, 97, 4–13. [CrossRef]

57. Kosmac, K.; Peck, B.D.; Walton, R.G.; Mula, J.; Kern, P.A.; Bamman, M.M.; Dennis, R.A.; Jacobs, C.A.; Lattermann, C.;
Johnson, D.L.; et al. Immunohistochemical Identification of Human Skeletal Muscle Macrophages. Bio-Protoc. 2018, 8, e2883.
[CrossRef]

58. Tidball, J.G.; Villalta, S.A. Regulatory Interactions between Muscle and the Immune System during Muscle Regeneration. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1173–R1187. [CrossRef]

59. Fujimori, M.; Kimura, Y.; Ueshima, E.; Dupuy, D.E.; Adusumilli, P.S.; Solomon, S.B.; Srimathveeravalli, G. Lung Ablation
with Irreversible Electroporation Promotes Immune Cell Infiltration by Sparing Extracellular Matrix Proteins and Vasculature:
Implications for Immunotherapy. Bioelectricity 2021, 3, 204–214. [CrossRef]

60. Zhang, X.; Thompkins-Johns, A.; Ziober, A.; Zhang, P.J.; Furth, E.E. Hepatic Macrophage Types Cluster with Disease Etiology in
Chronic Liver Disease and Differ Compared to Normal Liver: Implications for Their Biologic and Diagnostic Role. Int. J. Surg.
Pathol. 2022. [CrossRef]

61. Oh, T.; Do, D.T.; Vo, H.V.; Kwon, H.-I.; Lee, S.-C.; Kim, M.H.; Nguyen, D.T.T.; Le, Q.T.V.; Tran, T.M.; Nguyen, T.T.; et al. The
Isolation and Replication of African Swine Fever Virus in Primary Renal-Derived Swine Macrophages. Front. Vet. Sci. 2021,
8, 645456. [CrossRef] [PubMed]

62. Fauch, L.; Palander, A.; Dekker, H.; Schulten, E.A.; Koistinen, A.; Kullaa, A.; Keinänen, M. Narrowband-Autofluorescence
Imaging for Bone Analysis. Biomed. Opt. Express 2019, 10, 2367–2382. [CrossRef] [PubMed]

63. Capasso, L.; D’Anastasio, R.; Guarnieri, S.; Viciano, J.; Mariggiò, M. Bone Natural Autofluorescence and Confocal Laser Scanning
Microscopy: Preliminary Results of a Novel Useful Tool to Distinguish between Forensic and Ancient Human Skeletal Remains.
Forensic. Sci. Int. 2017, 272, 87–96. [CrossRef] [PubMed]

64. Monici, M. Cell and Tissue Autofluorescence Research and Diagnostic Applications. Biotechnol. Annu. Rev. 2005, 11, 227–256.
[CrossRef] [PubMed]

65. Vedeswari In Vivo Autofluorescence Characteristics of Pre- and Post-Treated Oral Submucous Fibrosis: A Pilot Study-PubMed.
Available online: https://pubmed.ncbi.nlm.nih.gov/19884705/ (accessed on 17 February 2021).

66. Weiss, G.; Schaible, U.E. Macrophage Defense Mechanisms against Intracellular Bacteria. Immunol. Rev. 2015, 264, 182–203.
[CrossRef]

67. Altan-Bonnet, G.; Mukherjee, R. Cytokine-Mediated Communication: A Quantitative Appraisal of Immune Complexity. Nat. Rev.
Immunol. 2019, 19, 205–217. [CrossRef]

68. Chu, Y.-H.; Hardin, H.; Zhang, R.; Guo, Z.; Lloyd, R.V. In Situ Hybridization: Introduction to Techniques, Applications and
Pitfalls in the Performance and Interpretation of Assays. Semin. Diagn. Pathol. 2019, 36, 336–341. [CrossRef]

69. Herrmann, M.; Engelke, K.; Ebert, R.; Müller-Deubert, S.; Rudert, M.; Ziouti, F.; Jundt, F.; Felsenberg, D.; Jakob, F. Interactions
between Muscle and Bone-Where Physics Meets Biology. Biomolecules 2020, 10, 432. [CrossRef]

70. Sandberg, O.H.; Tätting, L.; Bernhardsson, M.E.; Aspenberg, P. Temporal Role of Macrophages in Cancellous Bone Healing. Bone
2017, 101, 129–133. [CrossRef]

71. Jablonská, E.; Horkavcová, D.; Rohanová, D.; Brauer, D.S. A Review of in Vitro Cell Culture Testing Methods for Bioactive Glasses
and Other Biomaterials for Hard Tissue Regeneration. J. Mater. Chem. B 2020, 8, 10941–10953. [CrossRef]

72. Bonnardel, J.; Guilliams, M. Developmental Control of Macrophage Function. Curr. Opin. Immunol. 2018, 50, 64–74. [CrossRef]
73. Eme-Scolan, E.; Dando, S.J. Tools and Approaches for Studying Microglia In Vivo. Front. Immunol. 2020, 11, 583647. [CrossRef]
74. Sica, A.; Mantovani, A. Macrophage Plasticity and Polarization: In Vivo Veritas. J. Clin. Investig. 2012, 122, 787–795. [CrossRef]
75. Loi, F.; Córdova, L.A.; Pajarinen, J.; Lin, T.; Yao, Z.; Goodman, S.B. Inflammation, Fracture and Bone Repair. Bone 2016, 86,

119–130. [CrossRef]
76. Nich, C.; Takakubo, Y.; Pajarinen, J.; Ainola, M.; Salem, A.; Sillat, T.; Rao, A.J.; Raska, M.; Tamaki, Y.; Takagi, M.; et al.

Macrophages-Key Cells in the Response to Wear Debris from Joint Replacements. J. Biomed. Mater. Res. A 2013, 101, 3033–3045.
[CrossRef]

77. Claes, L.; Recknagel, S.; Ignatius, A. Fracture Healing under Healthy and Inflammatory Conditions. Nat. Rev. Rheumatol. 2012, 8,
133–143. [CrossRef]

78. Bauman, J.G.; Wiegant, J.; Borst, P.; van Duijn, P. A New Method for Fluorescence Microscopical Localization of Specific DNA
Sequences by in Situ Hybridization of Fluorochromelabelled RNA. Exp. Cell Res. 1980, 128, 485–490. [CrossRef]

79. Bayani, J.; Squire, J.A. Fluorescence in Situ Hybridization (FISH). Curr. Protoc. Cell Biol. 2004, 23, 22–24. [CrossRef]
80. Bayani, J.; Squire, J.A. Comparative Genomic Hybridization. Curr. Protoc. Cell Biol. 2005, 25, 22–26. [CrossRef]
81. Pothos, A.; Plastira, K.; Plastiras, A.; Vlachodimitropoulos, D.; Goutas, N.; Angelopoulou, R. Comparison of Chromogenic in Situ

Hybridisation with Fluorescence in Situ Hybridisation and Immunohistochemistry for the Assessment of Her-2/Neu Oncogene
in Archival Material of Breast Carcinoma. Acta Histochem. Cytochem. 2008, 41, 59–64. [CrossRef]

http://doi.org/10.1007/s10856-014-5182-8
http://doi.org/10.1016/S0171-2985(11)80187-7
http://doi.org/10.1038/labinvest.2016.116
http://doi.org/10.21769/BioProtoc.2883
http://doi.org/10.1152/ajpregu.00735.2009
http://doi.org/10.1089/bioe.2021.0014
http://doi.org/10.1177/10668969221099630
http://doi.org/10.3389/fvets.2021.645456
http://www.ncbi.nlm.nih.gov/pubmed/33816588
http://doi.org/10.1364/BOE.10.002367
http://www.ncbi.nlm.nih.gov/pubmed/31149377
http://doi.org/10.1016/j.forsciint.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28129584
http://doi.org/10.1016/S1387-2656(05)11007-2
http://www.ncbi.nlm.nih.gov/pubmed/16216779
https://pubmed.ncbi.nlm.nih.gov/19884705/
http://doi.org/10.1111/imr.12266
http://doi.org/10.1038/s41577-019-0131-x
http://doi.org/10.1053/j.semdp.2019.06.004
http://doi.org/10.3390/biom10030432
http://doi.org/10.1016/j.bone.2017.04.004
http://doi.org/10.1039/D0TB01493A
http://doi.org/10.1016/j.coi.2017.12.001
http://doi.org/10.3389/fimmu.2020.583647
http://doi.org/10.1172/JCI59643
http://doi.org/10.1016/j.bone.2016.02.020
http://doi.org/10.1002/jbm.a.34599
http://doi.org/10.1038/nrrheum.2012.1
http://doi.org/10.1016/0014-4827(80)90087-7
http://doi.org/10.1002/0471143030.cb2204s23
http://doi.org/10.1002/0471143030.cb2206s25
http://doi.org/10.1267/ahc.07029

	Introduction 
	Materials and Methods 
	Rat Animal Model 
	Embedding and Cryosectioning of the Entire Femur (Bone and Muscle Together) of the Rat 
	Histological Staining 
	Immunofluorescence 
	RT-qPCR 
	In Situ DIG Hybridization 
	In Situ HCR Hybridization 
	Microspectroscopical Analysis 
	Quantification of HIS by ImageJ 

	Results 
	Detection of Immune Cell Accumulation around Biomaterial 
	Detection of Macrophages in Other Regions 
	Detection of Macrophages Based on Their Autofluorescence Feature 
	Investigation of Macrophage Fluorescence by Microspectroscopic Analysis 
	Detection of IL-1 and IL-6 Cytokines in the Operated Femur 
	Identification of Macrophage Phenotype Using Both I DIG and In Situ HCR Techniques 

	Discussion 
	Conclusions 
	References

