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Abstract: Cytokines secreted by individual immune cells regulate tissue regeneration and allow 
communication between various cell types. Cytokines bind to cognate receptors and trigger the healing 
process. Determining the orchestration of cytokine interactions with their receptors on their cellular targets is 
essential to fully understand the process of inflammation and tissue regeneration. To this end, we have 
investigated the interactions of Interleukin-4 cytokine (IL-4)/Interleukin-4 cytokine receptor (IL-4R) and 
Interleukin-10 cytokine (IL-10)/Interleukin-10 cytokine receptor (IL-10R) using in situ Proximity Ligation 
Assays in a regenerative model of skin, muscle and lung tissues in the mini-pig. The pattern of protein-protein 
interactions was distinct for the two cytokines. IL-4 bound predominantly to receptors on macrophages and 
endothelial cells around the blood vessels while the target cells of IL-10 were mainly receptors on muscle cells. 
Our results show that in situ studies of cytokine-receptor interactions can provide unravel the fine details of 
the mechanism of action of cytokines. 
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1. Introduction 

The understanding of the mechanisms of inflammation and tissue regeneration after wounding 
(irradiation, traumatic injury, and infection) is of great scientific and clinical interest. Immune cells 
form heterogeneous cell populations that acquire functional specialization in response to changes in 
the microenvironment [1–3]. Immune cells have long been known to induce inflammation and 
coordinate the efficient repair of damaged tissues [4–6]. However, the molecular and cellular 
mechanisms by which they exert their effects remain incompletely understood. If regeneration is not 
coordinated, fibrosis can occur [7,8]. Therefore, studying immune cell communication using different 
biological, molecular, and cellular approaches is important for the development of therapeutic 
strategies to repair tissues.  

Cytokines secreted by immune cells have been shown to enhance tissue regeneration. Cytokines 
can be pro- or anti-inflammatory cytokines. Pro-inflammatory cytokines (IL-1β, TNF, and IFN-γ) 
promote the progression of inflammation in the early stages of inflammation. In contrast, anti-
inflammatory cytokines (IL-4, IL-10, and IL-13) play a role in inhibiting inflammatory processes and 
promoting tissue regeneration.[9,10] IL-4, discovered in 1981, is a secreted cytokine [11,12]. CD4 T-
cells, basophils, eosinophils, mast cells, NK T- and innate lymphoid cells 2 (ILC2) are the main IL-4 
producers (Figure 1, Table 1) [13–19].  
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Figure 1. IL-4 and IL-10 cytokines are secreted by immune cells and their specific receptors. A 
schematic drawing of cells secreting IL-4 (red) or IL-10 (blue) and cells expressing the IL-4R and IL-
10R. 

Cytokine receptor-bearing cells respond to cytokines. The IL-4R is ubiquitously expressed and 
has been detected at the surface of B cells, T cells, mast cells, eosinophils, basophils, monocytes, 
macrophages, and non-lymphohematopoietic cells (fibroblasts, endothelial cells, airway epithelial 
cells, smooth muscle cells, and keratinocytes) (Figure 1, Table 1).[19–22] IL-13, also binds to the IL-4R 
and triggers a different signaling pathway [20]. 

Table 1. Expression of the IL-4 and IL-10 and their specific receptors. IL-4 in red, IL-10 in blue. 

Expression  IL-4 IL-10 

  Cytokine 
Recepto

r 
Cytokin

e 
Recepto

r 

Granulocyte  + + + + 

T cell  + + + + 

Mast cell  + + + + 

Macrophage  + + + + 
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Monocyte  - + + + 

B cell  - + + + 

DC cell   - + + + 

NK cell  - + + + 

ILC2  + - - - 

Endothelial 
cell 

 - + - + 

Fibroblast  - + - - 

Muscle cell  - + - - 

IL-10 was discovered 30 years ago by Fiorentino and colleagues (1989) [23]. They showed that 
IL-10 was secreted by T-helper Th2 cell clones and inhibited cytokine production by Th1 cells [23]. 
IL-10 was also found to be secreted by CD4 and CD8 T cells, B cells,[24] macrophages, monocytes, 
dendritic cells (DC), neutrophils, mast cells, eosinophils and natural killer cells (Figure 1, Table 1) 
[25–28]. In addition, some non-hematopoietic cells, epithelial cells, and tumor cells could also 
produce IL-10 [29]. IL-10 is a multifunctional cytokine; its main function is to suppress inflammatory 
responses. In addition, it regulates the function of monocytes, macrophages, B cells, NK cells, 
cytotoxic and helper T cells, mast cells, granulocytes, dendritic cells, keratinocyte,s and endothelial 
cells (Figure 1; Table 1) [25–28,30]. IL-10 is recognized by its cytokine-specific receptor [31]. 

Studies have also shown that cytokines act in coordination ensuring the effectiveness of tissue 
regeneration. Although the mechanism of action of cytokines is not fully unraveled, cytokines are 
known to act by binding to their cognate receptors (Figure 1). The activation of cells is regulated by 
the interaction of the receptors with cytokines [32]. Therefore, in animals and other organisms, the 
localization of cytokines in situ is not sufficient to understand the different steps of inflammation and 
tissue regeneration.  

A special type of immune cell is the macrophage and more particularly tissue-resident 
macrophage, which, in addition to playing a role in homeostasis play an important role in the 
regeneration processes by continuously monitoring internal and external signals [33]. The other large 
group of macrophages that is located in the injured area is monocyte-derived macrophages [34]. Both 
tissue-resident and monocyte-derived macrophages can evolve into different phenotypes depending 
on their mode of activation [35]. This polarization is influenced in vitro by several cytokines (Figure 
2A). In 1992, Gordon and coworkers demonstrated that IL-4 initiated M2 macrophage polarization of 
peritoneal macrophages, in contrast to IFN-γ which polarized them into M1 macrophages [36–38]. In 
1995, IL-13 was identified as the cytokine that shares some functionality with IL-4 [39]. Over the years, 
other M2 macrophage activating factors were described (IL-4/IL-13 for M2a, IL-1R agonists/Toll-like 
receptor for M2b, IL-10 for M2c, and IL-6 for M2d) [9]. However, the mechanism of polarization in 

vivo is not well understood (Figure 2B) [40]. M1 macrophages and M2 macrophages have distinct 
roles in tissue regeneration [41]. M1 macrophages produce pro-inflammatory cytokines involved in 
tissue clearing to remove pathogens through phagocytosis, which would otherwise maintain 
inflammation [42]. The tissue regeneration phase is characterized by the change in phenotype of M1 
macrophages into M2 macrophages that increase in number by producing anti-inflammatory 
cytokines, such as IL-10 and TGF-β [43]. M2 polarization of macrophages up-regulate the expression 
of the mannose receptor (CD206) [36,37]. In situ, the differentiation between tissue-resident and 
M2/M2-like macrophages is quite complicated because both express the CD206 marker [3,44]. 
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Figure 2. Macrophage activation and classification. In vitro and in vivo macrophage polarization 
depending on the activation pathway. M0: non-activated macrophage. 

Several methods already exist to study protein-protein interactions in vivo with advantages and 
limitations: i) yeast two-hybrid systems are often used to identify protein-protein interactions in vivo 
[45]. However, the post-transcriptional modifications of some proteins may differ in yeast from those 
of animal cells, even if it is a eukaryote system. Moreover, it is not adapted to detect receptor-binding 
proteins. Therefore, protein-protein interactions observed by such methods may differ from the 
actual in situ interactions; ii) Forster resonance energy transfer (FRET) to study in situ analysis of 
protein-protein interactions [46]. However, this technique is somewhat cumbersome due to the 
autofluorescence in the cells; iii) Bimolecular fluorescence complementation (BiFC) is a very efficient 
technique but requires chimeric protein for analysis [47]; iv) Therefore, we were interested in a new 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2023                   doi:10.20944/preprints202304.0741.v1

https://doi.org/10.20944/preprints202304.0741.v1


 5 

 

innovative method, the proximity ligation assay (PLA) that allows the detection in situ of specific 
interaction events within protein complexes. In this technique, a couple of designed antibodies (each 
antibody is conjugated to oligonucleotides) bind in situ to two target proteins, suspected to interact 
with each other [48–52]. The oligonucleotides through a polymerase-mediated rolling circle reaction 
can be amplified and labeled with a fluorophore. The resulting fluorescence confirms the interaction 
between two proteins of interest. The advantage of the PLA method is the higher sensitivity and 
specificity compared with the FRET technic [32]. Although PLA has many advantages, one of its 
major disadvantages is its dependence on enzymes, which makes the method expensive and imposes 
requirements on enzyme storage and stability.  

Our work aims to investigate the in situ interaction of two key anti-inflammatory cytokines (IL-
4 and IL-10) and their receptors during tissue regeneration using a proximity ligation assay (PLA). 
Currently, little information is available on mammalian M2 macrophages, other than rodents and 
humans. The pig has proved to be an excellent model for understanding human macrophages, as 
tissue regeneration in the pig is very close to that in humans [53–55]. Therefore, three inflammatory 
pig models were studied to determine whether the observed interactions were general or wound-
specific: skin tissue from an injured ear, infected lung, and irradiated skeletal muscle tissue, 
respectively. The challenging detection of the cytokine-receptor interaction in situ was a success that 
could provide new insights into cellular activation during tissue regeneration. 

2. Materials and Methods 

2.1. Tissue samples 

This study was approved by the French Army Animal Ethics Committee (N°2011/22.1). All pigs 
were treated in compliance with the European legislation (dir 2010/63/EU) implemented into French 
law (decree 2013-118) regulating animal experimentation. Three kinds of tissues were selected: i) 
Skeletal muscle tissue from mini-pigs irradiated locally in the lumbar region with 60 cobalt sources 
at a dose rate of 0.6Gy/min up to 50Gy in the entry area. The irradiated muscles were harvested on 
day 76 after irradiation [56]; ii) lung tissue was collected from an animal with several signs of lower 
respiratory tract infection; iii) 2 days after the injury, skin tissue was collected from the ear that 
received a small voluntary cut. 

2.2. Histological Staining 

Histological staining was performed as described in [57]. Hematoxylin, phloxine, and saffron 
(HPS) staining were performed as follows: sections were embedded in 40 s 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 phloxine (15,926, Merck, Darmstadt, Germany) buffer (0.5 g phloxine 
in 100 ml distilled water), 1 min in water, 2 min in 70% ethanol, 30 s in 95% ethanol, 1 min in 100% 
ethanol and 1 min in 100% ethanol. The samples were put in saffron buffer for 10 minutes (6 g saffron 
(S8381, Sigma, Lezennes, France) in 200 ml absolute ethanol) and rinsed with absolute ethanol. 
Finally, the nuclei were dyed blue, the cytoplasm pink, and the tissue conjunctive orange. 

2.3. Immunolabeling 

Two types of immunolabeling were performed, one by enzymatic reaction (horseradish 
peroxidase) and the other by fluorescence detection. For both methods, muscle, skin, and lung tissues 
were harvested immediately after sacrifice and immersed in a fixative solution ANTIGENFIX (P0014, 
DiaPath, Martinengo, Italy) for 24 hours at 4 °C. After three washes with PBS (phosphate-buffered 
saline without Ca and Mg, GAUPBS0001, Eurobio, Les Ulis, France), samples were embedded in 
paraffin (39602004, Paraplast plus, Leica, Stuttgart, Germany). Sections of 5 μm were cut from the 
samples using a microtome (HistoCore, MulticutR, Leica, Stuttgart, Germany). The deparaffinization 
was carried out by successive 5 min washes (twice in 100% xylene, two times in 100% ethanol, two 
times in 95% ethanol, then in water). To restore the antigenicity of the proteins, sections were 
incubated with 10 mM citrate (pH:6.0) (AP0533-500, L-Recovery, Aptum, Boulogne-Billancourt, 
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France) in a steam oven for 15 min. After three washes in PBS, the sections were permeabilized for 15 
min with 0.5% (v/v) Triton X100 (112298, Merck, Darmstadt, Germany) buffered with PBS. After three 
washes with PBS, non-specific binding was blocked with Emerald Antibody Diluent (936B-08, Sigma, 
Lezennes, France) for 1 hour. Then, sections were incubated overnight at 4°C with the primary 
antibody as follows: the primary goat anti-CD206 (C20) (sc-34577, Santa Cruz Bio. , Heidelberg, 
Germany) at 1:500 dilution; primary rabbit anti-IL-4R  (ab203398, Abcam, Amsterdam, Netherlands) 
at 1:200 dilution; primary mouse anti-IL-4 (ab239508, Abcam, Amsterdam, Netherlands) at 1:500 
dilution; primary rabbit anti-IL-10R (ab225530, Abcam, Amsterdam, Netherlands) at 1:500  dilution, 
and primary mouse anti-IL-10 (ab25075, Abcam, Amsterdam, Netherlands) at 1:200 dilution. The 
sections were washed three times in PBS for 10 minutes.  

In one part, sections for enzymatic immunolabeling were treated with a 10-fold dilution of H2O2 
(H1009, Sigma-Aldrich, Lezennes, France) for 20 min to inhibit endogenous hydrogen peroxidase. 
After three PBS washes, the slides were incubated with ready-to-use anti-Goat IgG horseradish 
peroxidase reagent (ImmPRESS MP-7405, Eurobio, Les Ulis, France) and counterstained with 3,3'-
diaminobenzidine (DAB) (SK-4100, Eurobio, Les Ulis, France) and hematoxylin. Horseradish 
peroxidase oxidizes DAB, turning it brown and detectable, thus allowing the detection of 
macrophages. Labeling was detected with a DM6000 epifluorescence microscope (Leica, Stuttgart, 
Germany) equipped with a monochrome and color digital camera. 

In a second part, sections for fluorescent immunolabeling were incubated with a 1:1000 dilution 
of Alexa Fluor 488 (A-21206, Thermo Scientific, Villebon sur Yvette, France) anti-rabbit secondary 
antibody and a 1:1000 dilution of Alexa Fluor 568 (ab175704, Abcam, Amsterdam, Netherlands) anti-
goat secondary antibody for 2 hours at room temperature. Finally, tissue sections were washed three 
times in PBS for 10 min and subsequently mounted with Fluoroshield mounting medium 
supplemented with DAPI (ab104139, Abcam, Amsterdam, Netherlands). Fluorescence was detected 
with a confocal microscope (LSM700, Zeiss, Dresden, Germany). 

2.4. Proximity ligation assay (PLA) 

The sections were fixed, antigen retrieved and permeabilized as described in the 
immunolabeling section. To detect protein-protein interactions, the Duolink® in situ red starter kit 
Mouse/Rabbit (DUO92101-1KT, Sigma-Aldrich, Lezennes, France) was used according to the 
company's recommendations. Briefly, the samples were blocked with Duolink® blocking solution for 
60 min at 37 °C. Then, sections were incubated overnight at 4°C with the primary antibody as follows: 
primary rabbit anti-IL-4R (ab203398, Abcam, Amsterdam, Netherlands) at 1:200 dilution; primary 
mouse anti-IL-4 (ab239508, Abcam, Amsterdam, Netherlands) at 1:500 dilution; primary rabbit anti-
IL-10R (ab225530, Abcam, Amsterdam, Netherlands) at 1:500 dilution, and primary mouse anti-IL-10 
(ab25075, Abcam, Amsterdam, Netherlands) at 1:200 dilution.  Primary antibodies were diluted with 
Duolink® antibody diluent. The sections were washed three times in wash buffer A for 10 minutes. 
The secondary antibodies used are bound to DNA oligonucleotides. These antibodies are called PLA 
probes. One of the two probes is PLUS (+) and the other is MINUS (-). The sections were then 
incubated with Duolink® plus and minus PLA probes for 60 min at 37°C. DNA oligonucleotides 
linked to the secondary antibody were ligated for 30 min at 37°C (Duolink® ligase) into circular DNA 
using hybridizing connector oligonucleotides. The sections were washed three times for 5 minutes in 
wash buffer A at room temperature. The circular DNA was amplified by Duolink® polymerase at 37 
°C for 100 min. Finally, tissue sections were washed two times in wash buffer B for 10 min and 
subsequently mounted with Duolink® mounting medium supplemented with DAPI. 

2.4. Quantification and statistical analysis 

Quantitative studies were based on random immunofluorescence assays, analyzing 3 times 1000 
cells in different tissues.  

All statistical calculations were performed with a one-way analysis of variances (ANOVA) using 
GraphPad PrismVersion 4.0 [58]. Post-test comparisons, performed only if p<0.05, were made using 
Bonferroni's Multiple Comparison Test. Chi 2. 
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3. Results 

3.1. Tissue wounds induce endothelial cell activation and immune cell infiltration  

Rodents are commonly used as animal models to study tissue regeneration, but little information 
is available for other animal models. Interestingly, tissue regeneration in humans is more similar to 
that in pigs than it is to that in rodents [53–55,59]. Therefore three tissues from a pig animal model 
were selected to perform this study (skin, lung, and muscle) and histological staining was used to 
characterize the morphology (Figure 3). 

 
Figure 3. Macroscopic morphology of tissues. Histologic HPS staining was performed on (A,B) skin 
(C,D) lung and (E,F) muscle sections in (A,C,E) healthy-tissue and (B,D,F) wounded-tissue. Scale bar 
= 50 μm. Thin arrow: granulocyte; thick arrow: macrophage; star: lumen of the blood vessel. 

Strong endothelial cell activation and intense immune cell infiltration were observed in the 
wounded tissues (Figure 3B,D,F) compared to healthy tissues (Figure 3A,C,E). The infiltration was 
mainly localized around blood vessels (Figure 3B,D,F). In the skin and lungs, many granulocytes 
were observed in the lumen of the vessels (Figure 3B,D). In contrast, no granulocytes were observed 
in the lumen of the vessels or other parts of the wounded-muscle tissue (Figure 3). 
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3.2. Tissue damage results in the accumulation of M2 macrophages around the blood vessel 

As histological staining only assumes the presence of macrophages based on cell morphology, 
immunolabeling with macrophage-specific antibodies is required for their identification. 

First, the CD206 marker, highly expressed by the M2 phenotype of macrophages in injured 
tissues, was used to check the activation of M2 macrophages (Figure 4). The specificity of the anti-
CD206 antibody was validated by the lack of signal obtained in the negative control (Figure 
4A,C,E,G,I,K). 

 

Figure 4. Identification of tissue-resident and M2-like macrophages in situ. (B, D, F, H, J, L) 
Immunolabeling with CD206 of the (A-D) skin of the (E-H) lung and the (I-L) muscle sections. 
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(A,B,E,F,I,J) Healthy-tissue. (C,D,G,H,K,L) Wounded-tissue. (A,C,E,G,I,K) Negative controls of the 
immunolabeling. (B,D,F,H,J,L) Anti-CD206 (brown color) labeling the tissue-resident and M2-like 
macrophages. Nuclear staining with hematoxylin (blue color). Scale bar = 100 μm. White arrow: 
Tissue-resident macrophage; red arrow: M2-like macrophage. 

Since immunolabeling does not allow distinction of macrophage types, cells expressing the 
CD206 marker in healthy tissues were assumed as tissue-specific or tissue-resident macrophages, 
which are always present but not activated (Figure 4B,F,J) [33,34,60]. Indeed, in healthy tissue, 
macrophage polarization does not occur (Figure 4B,F,J). However, the expression of CD206 in treated 
tissue may label M2-like macrophages which are highly activated during regeneration (Figure 
4D,H,L). 

Overall, damaged tissue generates a higher activation of macrophages compared to healthy 
tissue, as there are more CD206-positive (CD206+) cells in damaged tissue than in healthy tissue. This 
is particularly evident around blood vessels. In addition, the sphericity of the endothelial cell nuclei 
showed that the tissues have been exposed to inflammation and the endothelial cells have been 
activated (Figure 4D,H,L). 

3.3. Tissue injury activates IL-4R expression on the surface of macrophages 

Recently, the IL-4 cytokine has been the focus of attention because of its key role in tissue 
regeneration [61]. Under in vitro conditions, IL-4 cytokine can be used to polarize M2a macrophages 
from monocytes [62]. In a second step, we examined whether tissue injury activates IL-4R expression 
on the surface of macrophages under in vivo conditions. For this experiment, the CD206/IL-4R co-
localization was investigated in the skin, muscle, and lung wounded tissues, with the CD206 marker 
labeled in red, the IL-4R labeled in green, and the nuclei labeled in blue. The co-localization of both 
IL-4R and CD206 proteins was studied by immunofluorescence to obtain double labeling on the same 
tissue sample. In the absence of a primary antibody (negative control), no expression of these markers 
was observed (Figure S1). 

In the skin sample, (Figure 5A,B), mainly two types of cells were observed, macrophages 
(CD206+/IL-4R+ cells) (thin arrow) and endothelial cells (CD206-/IL-4R+ cells) (arrowhead) 
expressing the IL-4R in the internal surface of the blood vessel. 

For the muscle sections, similar observations could be made (Figure 5E,F), with slightly higher 
levels of M2-like macrophages than in the skin sample. 

Similarly, significant levels of macrophages expressing IL-4R protein (Figure 5I,J) were 
identified in the wounded lung. In the lumen of the blood vessels, immune cells showed strong IL-
4R expression but were CD206 negative (Figure 5K). No granulocytes were observed since the latter 
does not express the IL-4R. 

In summary, the three different injured tissues showed a very similar pattern. Indeed, there were 
significantly more M2-like macrophages expressing the IL-4R (CD206+/IL-4R+) in wounded-tissue 
(6.3% (skin); 11.4% (muscle); 9.1% (lung)) than in healthy tissues (1.6% (skin); 0.5% (muscle); 1.8% 
(lung) (Figure 5C,D,G,H,L,M)). Concomitantly, the number of M2-like macrophages without IL-4R 
(CD206+/IL-4R-) was significantly reduced (2.6% (skin); 7% (muscle); 2.5% (lung)) in wounded tissues 
compared to healthy tissues (8.5% (skin); 8.5% (muscle); 6% (lung)) (Figure 5C,D,G,H,L,M). Since M2-
like macrophages express the IL-4R upon injury, it can be assumed that they are the main targets of 
the IL-4 cytokine. Moreover, other target cells were also identified during regeneration since an 
increase in CD206-/IL-4R+ cells was detected in wounded tissues (10.5% (skin); 5% (muscle); 5.8% 
(lung)) compared to the healthy tissue (7.7% (skin); 1.4% (muscle); 3.4% (lung) (Figure 5A,E,I). 
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Figure 5. Identification of IL-4R+ and CD206+ cells in situ. (A,B) Immunolabeling of both IL-4R and 
CD206 in the skin, (E,F) the muscle, and (I-K) the lung sections. (A,E,I) Healthy-tissue. (B,F,J,K) 
Wounded-tissue. (C,D) Quantitative analysis of both IL-4R+ and CD206+ cells in the skin; (G,H) the 
muscle and (L,M) the lung. Quantitative analysis based on random examination of 3 sets of 1,000 cells 
per condition. Anti-IL-4R (Alexa488, green fluorescence) and Anti-CD206 (Alexa568, red 
fluorescence) labeling the tissue-resident and M2-like macrophages. Nuclear staining with DAPI 
(blue fluorescence). Scale bar = 50 μm. Arrowhead: endothelial cell; thin arrow: macrophage and thick 
arrow: IL-4R+ cell. ** p < 0.01, * p < 0.5, ns = not significant, compared to healthy-tissue. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2023                   doi:10.20944/preprints202304.0741.v1

https://doi.org/10.20944/preprints202304.0741.v1


 11 

 

3.4. Injury in muscle tissue displayed high IL-10R expression  

IL-10 has been shown to play a key role in tissue regeneration by activating M2 macrophages 
and downregulating the production of pro-inflammatory cytokines. In the next experiment, we 
investigated the IL-10R expression on the surface of macrophages in vivo. The co-localization of IL-
10R and CD206 proteins was studied by immunofluorescence (Figure 6), CD206/IL-10R co-
localization, labeling the CD206 marker in red, the IL-10R in green and the nuclei in blue. In the 
absence of a primary antibody (negative control), no expression of these markers was observed 
(Figure S2). The number of IL-10R-expressing M2-like macrophages (CD206+/IL-10R+) was increased 
in wounded tissues (1.4% (skin); 11.3% (muscle)) compared to healthy tissues (0.2% (skin); 0.2% 
(muscle)) (Figure 6 C,D,G,H,M,N).  

 

Figure 6. Identification of IL-10R+ and CD206+ cells in situ. (A,B) Immunolabeling of both IL-10R and 
CD206 in the skin, (E,F) the lung, and (I-L) the muscle sections. (L) identical to the K image, including 
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the autofluorescence of muscle cells. (A,E,I) Healthy-tissue. (B,F,J,K,L) Wounded-tissue. (C,D) 
Quantitative analysis of the IL-10R+ and CD206+ cells in the skin; (G,H) the  lung and (M,N) the 
muscle. Quantitative analysis based on random examination of 3 sets of 1000 cells per condition. Anti-
IL-10R (Alexa488, green fluorescence) and Anti-CD206 (Alexa568, red fluorescence) labeling the 
tissue-resident and M2-like macrophages. Nuclear staining with DAPI (blue fluorescence). Scale bar 
= 50 μm. Arrowhead: endothelial cell; thin arrow: macrophage and thick arrow: IL-10R+ cell. ** p < 
0.01, * p < 0.5, ns = not significant, compared to healthy-tissue. 

The number of M2-like macrophages without IL-10R (CD206+/IL-4R-) was reduced (7.7% (skin); 
6.1% (muscle); 4.8% (lung)) in wounded tissues compared to healthy tissues (8.1% (skin); 7% (muscle); 
6% (lung) (Figure 6C,D,G,H,M,N)). Moreover, other target cells were also present during 
regeneration as an increase in the number of CD206-/IL-10R+ cells was observed in damaged tissue 
(4.1% (skin); 11.5% (muscle); 1.9% (lung)) compared to healthy tissues, respectively (2.1% (skin); 0.1% 
(muscle); 0.1% (lung) (Figure 6C,D,G,H,M,N)).In addition, regenerating muscle cells showed intense 
IL-10R expression (Figure 6K,L). 

3.5. Granulocytes show high IL-4 expression 

The co-localization between IL-4 and IL-4R was studied in skin, lung, and muscle tissues (Figure 
7 and Figure S3). IL-4 is labeled in red, its receptor in green and the nuclei are labeled in blue (Figure 
7 and Figure S3). In the absence of a primary antibody (negative control), no expression of these 
markers was observed (Figure S4). 

For the skin tissue, (Figures 7A,B), two types of IL-4+ cells were identified (IL-4+ cells): i) 
granulocytes (thin arrow), expressing a high level of IL-4 in the cytoplasm; ii) cells detected around 
the vessel, expressing both IL-4 and IL-4R. Because cytokines can simultaneously be secreted and 
activate the same cell, it was more difficult to recognize IL-4-secreting cells than IL-4-targeted cells 
(Figure 7A,B). 

Regarding the lung (Figures 7C,D), granulocytes and IL-4+/IL-4R+ cells were detected, but in 
lower levels compared to the skin. All around the lumen of the blood vessels (labeled with a star) 
were cells expressing IL-4. For the muscle section (Figures 7E,F), the co-localization of IL-4 and IL-4R 
was very intense only around the vessel. 
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Figure 7. Identification of IL-4R+ and IL-4+cells in situ. (A,B) Immunolabeling of both IL-4R and IL-4 
in the wounded skin, (C,D) the lung, and (E,F) the muscle sections. (B,D,F) Expanded view: high 
magnification image of the area within the red rectangle in A,C, and E respectively. Anti-IL-4R 
(Alexa488, green fluorescence) and Anti-IL-4 (Alexa568, red fluorescence). Nuclear staining with 
DAPI (blue fluorescence). Scale bar = 20 μm. Star: lumen of the blood vessel, thin arrow: IL-4+ 
granulocyte, and thick arrow: IL-4R+/ IL-4+ cell. 

3.6. Expression of IL-10 cytokine in different tissues 

The co-localization between the IL-10 cytokine and the IL-10R was confirmed (Figure 8 and 
Figure S5). In the absence of a primary antibody (negative control), no expression of these markers 
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was observed (Figure S6). In skin and lung tissues (Figures 8A-D), two types of cells were observed: 
IL-10R+ cells (thin arrow) and some IL-10+ cells (thick arrow)  
Nevertheless, no co-localization of the two labels was observed. Granulocytes (arrowhead) in the 
lumen of the vessel did not express either IL-10 cytokine or IL-10R (Figure 8C). 

In the muscle sample, several cells around the regenerating muscle were found to be IL-10R+ 
and IL-10+ positive (Figures 8E,F). However, since cytokines are secreted it is difficult to determine 
which cells are sources and which are targets of cytokines. Only protein-protein (cytokine-cytokine 
receptor) interactions can answer this question. 

 

Figure 8. Identification of IL-10R+ and IL-10+ cells in situ. (A,B) Immunolabeling of both anti-IL-10R 
and IL-10 antibodies in the wounded skin, (C,D) the lung, and (E,F) the muscle sections. (B,D) 
Expanded view: high magnification image of the area within the red rectangle in A,C respectively. (F) 
identical to the E image, including the autofluorescence of muscle cells. Anti-IL-10R (Alexa488, green 
fluorescence) and Anti-IL-10 (Alexa568, red fluorescence). Nuclear staining with DAPI (blue 
fluorescence). Scale bar = 20 μm. Star: lumen of the blood vessel, arrowhead: granulocyte in the blood 
vessel, thin arrow: IL-10R+ cell, and thick arrow: IL-10+ cell. 
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3.7. IL-4/IL-4R and IL-10/IL-10R interaction in situ 

Immunostaining is useful to specifically detect proteins while reliable indications regarding 
protein-protein interactions could be effectively studied by proximity ligation assays in order to 
identify, via the identified interaction, the target cells involved. 

Interactions between the IL-4 cytokine and its respective receptor IL-4R (Figure 9 and Figure S7) 
and similar IL-10/IL-10R interactions (Figure 10 and Figure S8) were studied in the different sections. 
In the absence of a primary antibody (negative control), no protein-protein interaction was observed 
(Figure S9). In samples from healthy animals, cytokine-receptor interactions were detected in a few 
cells (Figure S7,8). In contrast, in wounded tissues, cytokine-receptor interactions were enhanced 
with very distinct patterns for the two cytokines (Figure 9,10). The interaction of IL-4/IL-4R was 
mainly activated around the vasculature (Figure 9) whereas the activation of IL-10/IL-10R was more 
localized to muscle cells (Figure 10E,F). Few granulocytes were observed in the vessel lumen without 
signs of interactions between the two proteins (Figure 9D). Some other immune cells showing a 
positive IL-4/IL-4R interaction were also observed in the lumen (Figure 9D). Similar results were also 
observed in the skin (data not shown). 
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Figure 9. Interaction between IL-4 and IL-4R in situ. (A,B) Proximity Ligation Assay with anti-IL-4 
and anti-IL-4R antibodies in the wounded skin, (C,D) the wounded lung, and (E,F) the wounded 
muscle. (B,F) Expanded view: high magnification image of the area within the red rectangle in A,E. 
Alexa568, yellow fluorescence, labeling the interaction between IL-4 and IL-4R. Nuclear staining with 
DAPI (blue fluorescence). Scale bar = 20 μm. Star: lumen of the blood vessel, thin arrow: Proximity 
Ligation Assay IL-4R+/IL-4+ cells, thick arrow: granulocyte. 

 

Figure 10. Interaction between IL-10 and IL-10R in situ. (A,B) Proximity Ligation Assay with anti-IL-
10R and anti-IL-10 in the wounded skin (C,D) the wounded lung and (E,F) the wounded muscle. 
(B,D) Expanded view: high magnification image of the area within the red rectangle in A,C. Alexa568, 
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yellow fluorescence, labeling the interaction between IL-10 and IL-10R. Nuclear staining with DAPI 
(blue fluorescence). Scale bar = 20 μm. Star: lumen of the blood vessel, thin arrow: Proximity Ligation 
Assay IL-10R/IL-10+ cells, thick arrow: muscle fiber. 

4. Discussion 

Macrophages play an important role in tissue development, homeostasis, and wound healing. 
Several phenotypes of macrophages were identified and each of them plays a distinct role during the 
tissue regeneration process through the expression of a panel of cytokines, [44,59,63,64] which have 
diverse roles in each process [43,59,62]. However, the mechanisms of communication between the 
immune effectors and the macrophages during tissue regeneration are still poorly understood in vivo. 
Indeed, in vitro observations could not be readily transposed to in vivo conditions because in vivo 
mechanisms are more complex [42]. 

In vitro, the addition of IL-10 to muscle cell cultures can enhance the percentage of myogenin-
expressing cells and improve cell fusion [65]. Injection of both anti-inflammatory cytokines (IL-4 and 
IL-10) into injured tissue can significantly enhance wound healing in different tissues [26,66–68]. In 
addition, M2c macrophages express a high level of both IL-4 and IL-10, suggesting they play a 
significant role in promoting muscle regeneration.[8,37] In vivo, intramuscular injection of IL-10 DNA 
is effective in suppressing inflammation by inhibiting the production of proinflammatory cytokines 
[69–71]. In addition, IL-10 can promote myocardial cell regeneration [72] and skeletal muscle cell 
healing.[73] Myocytes are capable of co-expressing IL-10 and IL-10R, but this interaction has not yet 
been experimentally demonstrated under in situ conditions [74]. However, it should also be 
mentioned that these two cytokines can have a negative effect on tissue regeneration, depending on 
where, when, and in which animal model they were injected, making their use in therapeutic 
treatment difficult [21,75]. To make progress in this area, of a deeper understanding of the IL-4 and 
IL-10 cytokine-receptor interaction is needed. Cytokine therapy is an intensively developing field and 
exciting new advances in understanding the mechanism of action of these cytokines are expected in 
the future [76]. 

In our work, we aimed to address this question. Granulocytes are known to be a source of IL-4 
[77]. We show that granulocytes in the skin and lungs are the primary IL-4 producers. Rare 
granulocytes were identified in muscle tissue, as this tissue was collected 76 days after irradiation. In 
these tissues, IL-4 production was mainly localized around the vasculature. For IL-10, many IL-10+ 
cells were identified in skin, lung, and muscle sections. No IL-10 expression was detected in 
granulocytes. Identifying cells expressing both IL-4 and IL-10 will be a task in the future.  

The expression of cytokine receptors was also analyzed in healthy tissues (skin, lung, and 
muscle), IL-4R and IL-10R were weakly but ubiquitously present in different cell types, similar to the 
findings reported in the literature [78,79]. However, in the different regenerating tissues (regardless 
of the source of injury), the expression of both receptors  
was intensely increased at the surface of macrophages. These results suggest that similarly to the in 

vitro results, the activity of these two cytokines is essential for the polarization of macrophages in vivo 
(Figure 2). In the future, to verify whether the cytokine-receptor interactions also occur in 
macrophage cells, combined protein-protein interaction with the CD206 immunolabeling of 
macrophages could be performed. It would also be interesting to detect which subtypes of 
macrophages are most involved in polarization. As classical  
immunolabelling is not able to distinguish M2 macrophage subtypes in situ, future work will focus 
on the identification of macrophage subtypes by in situ hybridization [42]. 

In addition to macrophages, the induction of receptor expression was also observed in other cells 
and the two receptors showed different patterns. The IL-4R was most intense in endothelial cells in 
addition to macrophages, while the IL-10R was most intense in regenerating muscle. The immune 
system is regulated by cells that produce IL-4 and IL-10 and by cells that respond to IL-4 or IL-10. We 
are only at the beginning of learning how cytokine/cytokine receptor relationships translate into 
tissue regeneration. Therefore, it is very important to analyze the interaction of cytokines/cytokine 
receptors using protein-protein interactions. Cytokine/receptor PLA results demonstrated that IL-4 
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in particular showed cytokine/receptor interaction around blood vessels and in the epithelial cells. 
Once the inflammation has subsided, new tissue formation must begin, for which fibroblasts and 
endothelial cells are essential, along with macrophages [80,81]. Fibroblasts are involved in tissue 
remodeling and endothelial cells are responsible for the formation of new vascular networks [80,81]. 
During the wound-healing process, there is continuous communication between macrophages, 
fibroblasts, and endothelial cells [82]. If there is any failure in the communication needed for tissue 
regeneration, regeneration fails. This study suggests that endothelial cells are activated 
simultaneously with macrophages, as simultaneous activation of the IL-4R on the surface of both cells 
was observed. Furthermore, endothelial cells showed intense IL-4 cytokine/receptor interactions 
during skin, lung, and muscle regeneration (Figure 11, Table 2). The interaction between IL-13 and 
IL-4R will be analyzed in the future. This is a cytokine that is also able to bind to IL-4R [20,39]. 
Different cytokines can induce different pathways and the analysis of both cytokine/receptor 
interactions could be very important for a better understanding of tissue regeneration. 

 
Figure 11. In situ identification of both IL-4 and IL-10 cytokine-receptor interactions during tissue 
regeneration. A schema to resume cytokine, receptor, and interactionswas  identified in this study. 
IL-4 in red, IL-10 in blue. Detected interactions are in yellow. 

Using PLA, we have shown that the primary targets of the IL-10 are regenerating muscle cells, 
contrary to the activation observed for IL-4. In the skin and lungs, IL-10 activation was very low 
whereas, a very high level of activation was observed in regenerating muscle cells. 

5. Conclusions 

In summary, we can conclude that: 
1. Using immunolabeling, M2-like macrophages were identified in regenerating tissues. 
2. Cut-infection-irradiation injuries induced the expression of IL-4 and IL-10 receptors in M2-

like macrophages in all three tissues. 
3. Cytokine receptor induction was not limited to macrophages, as other cells also showed 

receptor induction. 
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4. The two different cytokine receptors showed different localization. IL-4R expression was 
mainly expressed in endothelial cells and localized around the vasculature. IL-10R expression was 
particularly intense in the regenerating irradiated muscle cells. 

5. The PLA method provided valuable information for a better understanding of tissue 
regeneration. Using this technique, we have shown that IL-4 can interact with its receptor around the 
vasculature and IL-10 interacts with its receptor in regenerating muscle. 

6. Granulocytes do not have an IL-4 cytokine/receptor interaction, suggesting that these cells are 
not targest but are a source of cytokine. 

These results validate that the strategy implemented to detect those interactions in situ is 
functional.  

Table 2. Cytokine-receptor interaction for both IL-4 and IL-10 was identified in situ. (A) expression 
and (B) interaction during tissue regeneration. IL-4 in red, IL-10 in blue. *: was not identified in muscle 
tissue, because only a few granulocytes could be detected; ND: not determined. 

A 

Expression IL-4 IL-10 

Skin/lung/muscle Cytokine Receptor Cytokine Receptor 

Granulocyte +* - - - 

Macrophage ND + ND + 

Endothelial cell - + - - 

Regenerating muscle cell - - - + 

Uncharacterized cell + + - - 

Uncharacterized cell - - + + 

B 

Cytokine/Receptor Interaction IL-4/IL-4R IL-10/IL-10R 

Endothelial cell + - 

Regenerating muscle cell - + 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1. Identification of IL-4R+ and CD206+ cells in situ. (A,B) Immunolabeling with 
anti-IL-4R and anti-CD206 antibodies of the skin, (C,D) the muscle, and (E,F) the lung sections. (A,C,E) Healthy-
tissue. (B,D,F) Wounded-tissue. (A) Negative control of Figure 5A; (B) Negative control of Figure 5B; (C) 
Negative control of Figure 5E; (D) Negative control of Figure 5F; (E) Negative control of Figure 5I; (F) Negative 
control of Figure 5J,K. Anti-IL-4R (Alexa488, green fluorescence) and Anti-CD206 (Alexa568, red fluorescence) 
labeling the M2-like macrophages. Nuclear staining with DAPI (blue fluorescence). Scale bar = 50 μm. Figure S2. 
Identification of IL-10R+ and CD206+ cells in situ. (A,B) Immunolabeling of both anti-IL-10R and anti-CD206 
antibodies of the skin, (C,D) the lung, and (E,F) the muscle sections. (A,C,E) Healthy-tissue. (B,D,F) Wounded-
tissue. (A) Negative control of Figure 6A; (B) Negative control of Figure 6B; (C) Negative control of Figure 6E; 
(D) Negative control of Figure 6F; (E) Negative control of Figure 6I; (F) Negative control of Figure 6J-L. Anti-IL-
10R (Alexa488, green fluorescence) and Anti-CD206 (Alexa568, red fluorescence) labeling the tissue-resident and 
M2-like macrophages. Nuclear staining with DAPI (blue fluorescence). Scale bar = 50 μm. Figure S3. 
Identification of IL-4R+ and IL-4+ cells in situ. (A,B) Immunolabeling of both anti-IL-4R and IL-4 antibodies in 
the healthy skin, (C,D) the lung, and (E,F)  the muscle sections. (B,D,F) Expanded view: high magnification 
image of the area within the red rectangle in A,C,E. Anti-IL-4R (Alexa488, green fluorescence) and Anti-IL-4 
(Alexa568, red fluorescence). Nuclear staining with DAPI (blue fluorescence). Scale bar = 20 μm. Arrowhead: IL-
4R+ cells. Figure S4. Identification of IL-4R+ and IL-4+ cells in situ. (A,B) Immunolabeling of both anti-IL-4R and 
IL-4 antibodies in the skin, (C,D) the lung, and (E,F) the muscle sections. (A,C,E) Healthy-tissue. (B,D,F) 
Wounded-tissue. (A) Negative control of Figure S3A,B; (B) Negative control of Figure 7A,B; (C) Negative control 
of Figure S3C,D; (D) Negative control of Figure 7C,D; (E) Negative control of Figure S3E,F; (F) Negative control 
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of Figure 7E,F. Anti-IL-4R (Alexa488, green fluorescence) and Anti-IL-4 (Alexa568, red fluorescence). Nuclear 
staining with DAPI (blue fluorescence). Scale bar = 20 μm. Figure S5. Identification of IL-10R+ and IL-10+ cells in 

situ. (A,B) Immunolabeling of both anti-IL-10R and IL-10 antibodies in the healthy skin, (C,D) the lun,g and (E,F) 
the muscle sections. (B,D,F) Expanded view: high magnification image of the area within the red rectangle in 
A,C,E. Anti-IL-10R (Alexa488, green fluorescence) and Anti-IL-10 (Alexa568, red fluorescence). Nuclear staining 
with DAPI (blue fluorescence). Scale bar = 20 μm. Thin arrow: IL-10R+ cell. Figure S6. Identification of IL-10R+ 
and IL-10+ cells in situ. (A,B) Immunolabeling with anti-IL-10R and IL-10 antibodies in the skin, (C,D) the lun,g 
and (E,F) the muscle sections. (A,C,E) Healthy-tissue. (B,D,F) Wounded-tissue. (A) Negative control of Figure 
S5A,B; (B) Negative control of Figure 8A,B; (C) Negative control of Figure S5C,D; (D) Negative control of Figure 
8C,D; (E) Negative control of Figure S5E,F; (F) Negative control of Figure 8E,F. Anti-IL-10R (Alexa488, green 
fluorescence) and Anti-IL-10 (Alexa568, red fluorescence). Nuclear staining with DAPI (blue fluorescence). Scale 
bar = 20 μm. Figure S7. Interaction between IL-4 and IL-4 IL-4R in situ. (A,B) Proximity Ligation Assay with anti-
IL-4R and anti-IL-4 antibodies in the healthy skin, (C,D) the healthy lun,g and (E,F) the healthy muscle. (B,D,F) 
Expanded view: high magnification image of the area within the red rectangle in A,C,E. Alexa568, yellow 
fluorescence, labeling the interaction between IL-4 and IL-4R. Nuclear staining with DAPI (blue fluorescence). 
Scale bar = 20 μm. Arrow: Proximity Ligation Assay IL-4R/IL-4 positive cells. Figure S8. Interaction between IL-
10 and IL-10R in situ. (A,B) Proximity Ligation Assay with anti-IL-10R and anti-IL-10 in the healthy skin, (C,D) 
the healthy lun,g and (E,F) the healthy muscle. (B,D,F) Expanded view: high magnification image of the area 
within the red rectangle in A,C,E. Alexa568, yellow fluorescence, labeling the interaction between IL-10 and IL-
10R. Nuclear staining with DAPI (blue fluorescence). Scale bar = 20 μm. Arrow: Proximity Ligation Assay IL-
10R+/IL-10+ cells. Figure S9. Interaction between IL-4/IL-4R and IL-10/IL-10R in situ. (A,B) Proximity Ligation 
Assay with anti-IL-4 and anti-IL-4R; anti-IL-10 and anti-IL-10R antibodies in the skin, (C,D) the lun,g and (E,F) 
the muscle  sections. (A,C,E) Healthy-tissue. (B,D,F) Wounded-tissue. (A) Negative control of Figure S7A,B and 
S8A,B; (B) Negative control of Figure 9A,B and 10A,B; (C) Negative control of Figure S7C,D and S8C,D; (D) 
Negative control of Figure 9C,D and 10C,D; (E) Negative control of Figure S7E,F and S8E,F; (F) Negative control 
of Figure 9E,F and 10E,F. Alexa568, yellow fluorescence, labeling the interaction between IL-4 and IL-4R; IL-10 
and IL-10R. Nuclear staining with DAPI (blue fluorescence). Scale bar = 20 μm. 
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