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Abstract

Macrophages have well-characterized roles in skeletal muscle repair and regeneration. Relatively
little is known regarding the role of resident macrophages in skeletal muscle homeostasis,
extracellular matrix remodeling, growth, metabolism and adaptation to various stimuli including
exercise and training. Despite speculation into macrophage contributions during these processes,
studies characterizing macrophages in non-injured muscle are limited and methods used to
identify macrophages vary. A standardized method for the identification of human resident skeletal
muscle macrophages will aide in the characterization of these immune cells and allow for the
comparison of results across studies. Here, we present an immunohistochemistry (IHC) protocol,
validated by flow cytometry, to distinctly identify resident human skeletal muscle macrophage
populations. We show that CD11b and CD206 double IHC effectively identifies macrophages in
human skeletal muscle. Furthermore, the majority of macrophages in non-injured human skeletal
muscle show a ‘mixed” M1/M2 phenotype, expressing CD11b, CD14, CD68, CD86 and CD206.
A relatively small population of CD11b+/CD206- macrophages are present in resting skeletal
muscle. Changes in the relative abundance of this population may reflect important changes in the
skeletal muscle environment. CD11b and CD206 IHC in muscle also reveals distinct
morphological features of macrophages that may be related to the functional status of these cells.

"For correspondence: kate.kosmac@uky.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosmac et al.

Keywords

Page 2

Skeletal muscle; Macrophages; Immune cells; Immunohistochemistry; CD68; CD11b; CD206;
Flow cytometry

Background

Macrophages are pleotropic immune cells capable of adapting to changes in the local
microenvironment. Over the last several years, research has shown that macrophage
phenotype is dynamic, existing on a continuum (Mosser and Edwards, 2008, Italiani and
Boraschi, 2014, Martinez and Gordon, 2014). However, to date macrophage populations
continue to be described using the restrictive M1 and M2 classifications. It is commonly
accepted that these designations are an oversimplification of macrophage phenotype and
represent opposite extremes of a continuum (Mosser and Edwards, 2008; Gordon et al.,
2014; Italiani and Boraschi, 2014; Martinez and Gordon, 2014; Murray et al., 2014). M1
macrophages are classically activated, have pro-inflammatory functions and are involved in
host responses to pathogens and tissue injury. M2 macrophages are alternatively activated,
exhibit anti-inflammatory functions and are involved in wound healing and tissue repair. In
addition to the functional definition of M1 and M2, cell surface markers have been identified
to distinguish between these populations. Surface markers associated with M1 macrophages
include CD40, CD64 and the co-stimulatory molecules CD80/CD86 (Lolmede et al., 2009;
Ambarus et al., 2012), whereas M2 macrophages have been shown to express high levels of
CD163, CD206 and galactose receptors (Lolmede et al.,, 2009; Ambarus et al., 2012; Roszer,
2015).

From tissue to tissue, macrophage populations are heterogeneous adopting different
functional roles depending on the local environment (Gordon et al., 2014; Italiani and
Boraschi, 2014). This, coupled with the macrophage continuum, has led to inconsistencies
with regard to identification and nomenclature across fields and across species (Murray et
al., 2014). Skeletal muscle macrophages have primarily been studied in rodent models of
injury, where the M1 versus M2 macrophage classification has proven useful (Smith et a/.,
2008; Chazaud et al., 2009; Tidball and Villalta, 2010, Kharraz et al., 2013; Novak and Koh,
2013; Saclier et al., 2013b; Rigamonti ef al., 2014; Tidball ef al., 2014; Wang et al., 2014;
Sciorati et al., 2016; Varga et al., 2016; Mackey and Kjaer, 2017). The skeletal muscle
response to injury is characterized by highly orchestrated temporal processes. Initially, M1
macrophages phagocytize damaged skeletal muscle fibers and debris, followed by M2
macrophage-facilitated repair and regeneration (Chazaud et a/., 2009; Tidball and Villalta,
2010; Kharraz et al., 2013; Saclier et al., 2013a; Tidball et al., 2014; Sciorati et al., 2016).
Recent work nicely details fiber repair in human skeletal muscle /n vivo, showing the
presence of macrophages, using a pan-macrophage intracellular marker (CD68+), in
regenerating zones along injured fibers (Mackey and Kjaer, 2017). Direct interaction
between macrophages and satellite cells (Dumont and Frenette, 2013; Ceafalan et al,, 2017;
Du et al., 2017; Wehling-Henricks et al., 2018), and defects in skeletal muscle regeneration
in the absence of macrophage participation (Arnold et a/., 2007; Melton et al., 2016),
highlight the necessity of these cells for skeletal muscle repair. /n vitro, M1 macrophages
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promote skeletal muscle cell proliferation and M2 macrophages promote differentiation,
suggesting that macrophages may play a role in skeletal muscle growth adaptations, as well
as repair (Arnold et al., 2007; Saclier et al., 2013b).

Skeletal muscle is a highly adaptable tissue, able to respond to a wide range of external
stimuli, such as exercise, inactivity, hormones and nutritional signals. In contrast to the
clearly defined, strongly polarizing responses elicited by acute skeletal muscle injury, the
role of tissue resident macrophages during less polarizing processes, such as responses to the
aforementioned stimuli, is relatively unknown. Under non-damaging exercise conditions,
animal studies report an increase in macrophage populations following aerobic and
resistance exercise, linked to both metabolic and growth adaptations (DiPasquale et al.,
2007; Ikeda et al., 2013). However, the mechanisms by which macrophages in skeletal
muscle influence training adaptations remain to be explored. It has also been reported that
resident human skeletal muscle macrophage abundance is affected by aging, obesity and
diabetes (Przybyla et al., 2006; Hong et al., 2009; Varma et al., 2009; Tam et al., 2012; Fink
et al., 2014; Reidy et al., 2017); however, the inconsistent use of macrophage markers across
studies has made the interpretation of these findings difficult. Further, the applicability of the
distinctive M1/M2 markers of polarized macrophages to tissue resident macrophages is
unclear, as surface markers may not be mutually exclusive on resident macrophages under
non-polarizing conditions (Italiani and Boraschi, 2014). Thus, there is a need in the field for
a standardized, validated method for identifying and quantifying macrophages in human
skeletal muscle. Establishing a simple and reproducible protocol for studying muscle
macrophages will aide in the characterization of their role in muscle adaptations to various
stimuli, independent of injury.

Although results from studies of skeletal muscle macrophages in animal models are
informative, these studies often use macrophage markers that are not directly translatable for
use in humans. Even when human homologs do exist, the same surface markers in mouse
and rat skeletal muscles often identify different populations in human skeletal muscles,
complicating the extrapolation of findings from rodent models to human studies (Murray et
al., 2014). For example, CD68 is used as a pan-macrophage marker in humans and an M1
marker in mice. There is a need in the field for a standardized, validated method for
identifying and quantifying macrophages in human skeletal muscle. Taking into account the
limited mass of frozen muscle tissue available for analyses from human skeletal muscle
biopsies (normally in the range of 100 mg), an immunohistochemical method is the most
feasible approach to identifying and quantifying human skeletal muscle macrophage
populations.

A variety of markers have been used to characterize human macrophages by flow cytometry.
The most detailed studies have been performed utilizing peripheral blood mononuclear cells
(PBMCs), artificially polarized to an M1 or M2 phenotype (Martinez et al., 2006; Ambarus
et al., 2012; Igbal, 2015). These /n vitro studies characterize the expression of various
marker combinations on M1 and M2 macrophages and provide a good starting point for
choosing markers to identify macrophage populations in frozen human skeletal muscle
tissue. CD14 has been identified as a monocyte marker, expressed mainly by macrophages
but also neutrophils and dendritic cells (Table 1). In blood, CD14 co-staining with CD16 is
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used to stratify monocytes into three subsets: classical (CD14++/CD16-), intermediate
(CD14++/CD16+) and non-classical (CD14+/CD16++) (Sprangers et al., 2016; Boyette et
al., 2017). 1t is thought that classical monocytes give rise to tissue macrophages under
homeostatic conditions; however, during an inflammatory insult all monocyte populations
differentiate into macrophages (ltaliani and Boraschi, 2014; Sprangers et al., 2016). In
tissue, CD16 is predominantly used to identify NK cells, but is also expressed on
neutrophils, granulocytes, dendritic cells and some macrophage populations (Table 1).
CD11b is a commonly used marker and is expressed on subsets of lymphocytes and
monocytes, these include natural killer (NK) cells, granulocytes and macrophages (Table 1).
CD68 is expressed by cells in the monocyte lineage, including macrophages, and is the most
commonly used macrophage marker in human skeletal muscle tissue (Table 1) (Stupka et al.,
2001; Beaton et al., 2002; Peterson et al., 2003; Crameri et al., 2004; Przybyla et al., 2006;
Crameri et al., 2007; Mahoney et al., 2008; Mikkelsen et al., 2009; Varma et al., 2009;
Paulsen et al., 2010a; Paulsen et al., 2010b; MacNeil ef al., 2011; Tam et al., 2012;
Chistiakov et al., 2017; Mackey and Kjaer, 2017; Reidy et al., 2017). CD68 is a member of
the lysosomal/endosomal-associated membrane glycoprotein (LAMP) family of proteins,
which are mainly associated with the endosomal/lysosomal compartment. Though largely
intracellular, CD68 can traffic to the cell surface. Of note, other cell types have been
reported to express CD68, including hematopoietic cells, fibroblasts and endothelial cells
(Table 1) (Kunisch et al., 2004; Gottfried et al., 2008; Paulsen et al., 2013; Chistiakov et al.,
2017). CD206, the mannose receptor, is a well-accepted macrophage marker in skeletal
muscle and is widely used to identify M2 macrophage subsets (Lolmede et a/., 2009;
Ambarus et al., 2012; Italiani and Boraschi, 2014; Roszer, 2015), although CD206
expression by other cell types (including satellite cells) has been reported (Table 1) (Jansen
and Pavlath, 2006). M2 macrophages also express CD163 (Table 1) (Lolmede et a/., 2009;
Ambarus et al., 2012; Roszer, 2015). CD80 and CD86 are co-stimulatory molecules
expressed by antigen presenting cells upon activation and have been used to identify M1
macrophage populations (Table 1) (Mosser and Edwards, 2008; Lolmede et a/., 2009;
Ambarus et al., 2012). Using three grams of discarded human hamstring muscle from
patients undergoing anterior cruciate ligament (ACL) reconstruction surgery, we isolated and
labeled mononuclear cells with antibodies against some of the markers described above
(CD11b, CD14, CD16, CD86 and CD206) and performed multichannel flow cytometry. Due
to the intracellular expression of CD68, we were not able to include CD68 in flow cytometry
analyses. Mononuclear cells from skeletal muscle did not express CD16, but co-expressed
the other 4 markers tested (Figures 1A-1E). Thus, human skeletal muscle macrophages have
a ‘mixed’ phenotype, co-expressing both M1 (CD86) and M2 (CD206) cell surface markers
(Figure 1D).

Using these 4 cell surface antibodies against CD11b, CD14, CD86 and CD206 that label
skeletal muscle resident macrophages, we sought to develop a simple and reproducible
immunohistochemical method for identification of macrophages in fresh frozen human
skeletal muscle sections. CD68 is a commonly used pan-macrophage marker in human
skeletal muscle. However, CD68 expression is predominantly intracellular, requiring
permeabilization steps to perform immunohistochemistry (IHC). These permeabilization
steps lead to inconsistent results and compromise staining with additional antibodies for cell
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surface markers. The cell surface localization of CD11b results in better morphological
definition of macrophages and more consistent staining across samples than intracellular
CD68 staining. Moreover, CD11b can readily be combined with CD206 and other cell
surface markers for IHC. For these reasons, we compared CD11b and CD68 staining, and
found CD11b to be comparable to CD68 as a pan-macrophage marker in human skeletal
muscle (Figures 2A-2E; CD11b and CD68 antibodies cannot be used to label sections
simultaneously for technical reasons, see General Note 12). Furthermore, distinct
morphological features of muscle macrophages that may be related to functional status was
revealed through CD11b and CD206 double IHC (Figures 8A-8C) (Durafourt et al., 2012;
McWhorter et al., 2013). We describe here a detailed method for combined IHC using
CD11b and CD206 antibodies on frozen human skeletal muscle sections. We also describe
in detail our approach to quantifying macrophage subsets in non-injured skeletal muscle. We
find the majority of human muscle macrophages are CD11b+/CD206+, whereas a small
subset are CD11b+/CD206- (Figures 4A-4C). We were unable to obtain IHC results with
antibodies against M1 cell surface markers (CD80 or CD86). Of note, anti-CD163 works
well on frozen human skeletal muscle and can be used in place of CD11b and in
combination with CD206 with this protocol (see General Note 13). Moreover, combining
Pax7 (a satellite cell marker) IHC with CD206 shows very little co-expression, supporting
the conclusion that CD206 co-localizes with CD11b in human skeletal muscle and is a valid
macrophage marker. This protocol allows reproducible quantification of the relative
abundance of CD11b+/CD206+ and CD11b+/CD206—- macrophage populations in human
skeletal muscle, which can be extended to human skeletal muscle adaptations, aging and
disease, enabling comparison of results across studies, across labs and across diverse human
populations.

Materials and Reagents

1. Pipette tips:
101-1,000 pl (USA Scientific, TipOne, catalog number: 1122-1832)
0.1-10 pl (USA Scientific, TipOne, catalog number: 1120-3812)

2. Gloves (VWR, catalog number: 82026-424)

3. Nalgene Dewar (for liquid nitrogen) (Sigma-Aldrich, catalog number: F9401)

4. Tri-Pour Polypropylene beaker (for cooling isopentane in liquid nitrogen)
(VWR, catalog number: 89011-786)

Manufacturer; MEDEGEN MEDICAL PRODUCTS, catalog number:
PB5935-400.

5. MX35 Ultra Low-Profile blades for cryotomy (Thermo Fisher Scientific, catalog
number: 3053835)

6. Superfrost Plus slides (Fisher Scientific, catalog number: 12-550-15)
7. Shandon Single Cytoslides (Thermo Fisher Scientific, catalog number: 5991056)

8. Shandon Single Cytofunnel (Thermo Fisher Scientific, catalog number:
5991040)
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ImmEdge PAP pen (Vector Laboratories, catalog number: H-4000)

1.5 ml microcentrifuge tubes (USA Scientific, catalog number: 1615-5599)
15 ml conical tube (VWR, catalog number: 89039-666)

24 x 50 mm, No. 1 coverglass (VWR, catalog number: 48393-081)
Kimwipes (KCWW, Kimberly-Clark, catalog number: 34120)

Cork stoppers for making muscle mounts (Fisher Scientific, catalog number:
07-782J)

PTFE (Teflon) coated stainless steel spatula (Fisher Scientific, catalog number:
21-401-50A)

Manufacturer: Saint-Gobain Performance Plastics, catalog number: D1069292.

#10 curved blade disposable scalpel (Sklar Surgical Instruments, catalog number:
06-3310)

Dumont #7 curved forceps (Fine Science Tools, catalog number: 11270-20)
Cryo Tongs (Thermo Fisher Scientific, catalog number: 4000388)

Tragacanth gum, powder (Sigma-Aldrich, catalog number: G1128-500G)

Fisher O.C.T compound (Fisher Scientific, catalog number: 23-730-571)
Isopentane (2-methylbutane) (Merck, catalog number: MX0760-1)

Liquid nitrogen (Scott Gross, catalog number: SG #347)

Dry ice (Scott Gross, no catalog number available)

Ice cold acetone, stored at =20 °C (Fisher Scientific, catalog number: A18-4)
Streptavidin/Biotin blocking kit (Vector Laboratories, catalog number: SP-2002)
2.5% normal horse serum (NHS) (Vector Laboratories, catalog number: S-2012)

50% 1x PBS (see 21 and Recipes)/50% glycerol mounting medium (glycerol -
VWR, catalog number: BDH1172-1LP) or Vectashield (\Vector Laboratories,
catalog number: H-1000)

Antibodies for IHC, dilutions made with 2.5% normal horse serum or PBS
(Table 2)

IMmMPRESS-AP Anti-Mouse 1gG (alkaline phosphatase) polymer detection kit
(Vector Laboratories, catalog number: MP-5402)

ImmPACT Vector Red Alkaline Phosphatase (AP) Substrate (Vector
Laboratories, catalog number: SK-5105)

Antibodies for multichannel flow cytometry (Table 3)

LIVE/DEAD Fixable Blue Dead Cell Stain Kit, for UV excitation (Thermo
Fisher Scientific, catalog number: L34961) (Table 3)
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UltraComp eBeads Compensation Beads (Thermo Fisher Scientific, catalog
number; 01-2222-41)
Polyurethane ice bucket (Fisher Scientific, catalog number: 02-591-45)
1x phosphate-buffered saline (PBS) (see Recipes)
a. Deionized (DI) water
b. Sodium Chloride (NaCl) (VWR, catalog number: 97061-266)

c. Disodium hydrogen phosphate heptahydrate (Na,HPO,4-7H,0) (VWR,
catalog number: 200007-704)

Manufacturer: Acros Organic, catalog number: 206515000.

d. Potassium phosphate monobasic (KHoPO,4) (Aldon, catalog number:
PP0730-500GR)

e. Sodium hydroxide 10 N (NaOH) (VWR, catalog number: BDH7247-1)
f. Hydrochloric acid, 6 N (HCI) (VWR, catalog number: 97064-758)

30% Hydrogen peroxide, ACS, Stabilized (VWR, catalog number: BDH7690-1)
(see Recipes)

DAPI for staining cell nuclei (4”,6-diamidino-2-phenylindole) (Thermo Fisher
Scientific, Molecular Probes™, catalog number: D1306) (see Recipes)

Rabbit polyclonal anti-Laminin (Sigma-Aldrich, catalog number: L9393). Use at
a dilution of 1:100 in 2.5% NHS

Epifluorescent microscope with automated stage (ZEISS, model: Axio Imager
M1)

Cryostat (Thermo Fisher Scientific, model: HM525 NX)
P1000 pipetman (Gilson, catalog number: F123602)
P10 pipetman (Gilson, catalog number: F144802)

P2 pipetman (Gilson, catalog number: F144801)

Glass Coplin jars (VWR, catalog number:; 470175-194)
Manufacturer: VARIETY GLASS, catalog number: 674.

Humidifying slide chamber (10 slide staining tray with black lid) (Electron
Microscopy Sciences, catalog number: 71396-B)

Variable speed 2D rocker, 14 x 12 work surface (USA Scientific, catalog
number: 2527-2000)

4 °C refrigerator (Fisher Scientific, model: Isotemp Value Lab, catalog number:
17LREEFSA)
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-80 °C freezer (Thermo Fisher Scientific, model: Revco® Elite Plus)
Class 1l Type A/B3 Biological safety cabinet (NuAire)

LSR 11 flow cytometer equipped with a 355 nm, 405 nm and 488 nm lasers (BD
Biosciences)

Shandon Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific, catalog number:
A78300003)

Image capture software (Zeiss, Zen blue)
Image processing software with an event count tool (Zeiss, Zen blue or Zen lite)
Prism7 or equivalent graphing software (GraphPad)

FlowJo v10 (FlowJo)

A. Multichannel flow cytometry validation of immunohistochemistry (IHC)
macrophage markers

1.

Approximately 3 g of human skeletal muscle tissue is cleaned from a patient’s
hamstring tendon that is being utilized for ACL reconstruction surgery
(performed in the operating room by trained medical personnel).

Place skeletal muscle tissue in an ice bucket, on ice for transport back to the
laboratory, then place inside a UV sterilized biosafety cabinet and perform all
possible remaining steps inside the biosafety cabinet.

Split the skeletal muscle specimen into multiple chunks as needed (1-2 g each)
to allow for optimal tissue digestion.

Isolate skeletal muscle mononuclear cells according to the established protocol
referenced here (Liu et al., 2015).

After obtaining a single cell suspension, centrifuge at 500 x g (rcf) (relative
centrifugal force or g-force) for 5 min at 4 °C with gentle braking to pellet cells.

Wash the cell pellet by resuspending with 1 ml sterile (autoclaved) 1x PBS, at
this step, cell suspensions from multiple muscle chunks can be recombined back
into one sample if desired.

Repeat Step A5 to pellet cells and resuspend in 500 pl of fluorophore-conjugated
antibody cocktail (Table 3).

Mix well by pipetting up and down 6-8 times and incubate at 4 °C in the dark for
1h.

Centrifuge at 500 x g (rcf) for 5 min at 4 °C with gentle braking to pellet cells,
then resuspend in sterile 1x PBS to wash.
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10.  Repeat Step A9 for a second wash then resuspend cell pellet in 1 ml sterile 1x
PBS for FACS.

11.  Store in an ice bucket, on ice until fluorescence-activated cell sorting (FACS).

a. Incubate 1 drop of UltraComp eBeads Compensation Beads with each
individual antibody and follow the manufacturer’s protocol to set single
channel compensation parameters for each fluorophore-conjugated
antibody.

b. An unstained sample of cell suspension should always be run to
determine the location of negative cell populations (Liu ef a/., 2015).

C. Determine the dead cells by LIVE/DEAD Fixable blue staining and
exclude them from analyses by gating on live cells only.

d. Set a gate excluding doublets (Liu ef a/., 2015) using the forward scatter
height (y-axis) and forward scatter area (x-axis).

e. Isotype control antibodies in the appropriate fluorophores are used as a
control to ensure antibody staining specificity (Table 3).

12.  FACS sort CD11b+/CD14+ cells for immunocytochemistry (ICC) and collect
into 1x PBS.

13.  Following the sort, pellet cells by centrifugation at 500 x g for 5 min at 4 °C and
resuspend in 600 pl of 1x PBS.

14.  Load 200 pl of cell suspension into a Shandon Single Cytofunnel and centrifuge
with a Shandon Cytospin 4 at 1,000 revolutions per minute (RPM) for 3 min to
place cells onto Shandon Single Cytoslides.

15.  Use PAP pen to trace the circle printed on the slide indicating where the sample
is located and allow slides to air dry on the bench at room temperature (RT) for
30 min.

16.  Follow Steps C8-C22 of the CD11b/CD206 double IHC protocol below,
replacing the primary antibody against CD11b with anti-CD68 (Step C20c) at a
1:100 dilution (Table 2).

17.  Following overnight (ON) incubation with primary anti-CD68 antibody and
washes, incubate cells with InmPRESS-AP, anti-mouse 1gG (alkaline
phosphatase) polymer detection kit for 1 h at RT, rocking (Table 2).

18.  Discard ImmPRESS-AP reagent and wash cells by pipetting 1x PBS into PAP
pen circle, then rock for 5 min at RT. Repeat wash 3 more times for a total of 4
washes.

19.  Visualize CD68+ staining by adding alkaline phosphatase substrate using the
ImmPACT Vector Red kit according to the manufacturer’s protocol (Table 2).

a. Staining intensity can be monitored using a standard light microscope
to determine the optimal amount of staining time; 10-20 min was found
to be sufficient.
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b. Staining will be both chromogenic (appearing red) and fluorescent
(visible using a TRITC filter cube).

Repeat Step A18 (above) to wash and coverslip using 50% 1x PBS/50%
glycerol.

Image or store for up to a month at 4 °C in the dark (Figure 2).

B. Preparing IHC mounts from a Bergstrom needle human skeletal muscle
biopsy (Tarnopolsky et al., 2011; Shanely et al., 2014)—Note: This method is
optional for preparing human skeletal muscle IHC mounts.

1.

10.

11.

Mix tragacanth gum powder and O.C.T compound with a Teflon coated spatula
at a ratio of 1 part tragacanth gum powder to 1.5 parts O.C.T to make a thick
paste (mounting medium).

Apply mounting medium to cork and mold into a donut shape, leaving a hole in
the center where the muscle specimen will be placed (Figure 3A).

Following the skeletal muscle biopsy, remove the tissue from the Bergstrom
needle and quickly identify skeletal muscle pieces free of fat and connective
tissue.

Gently separate individual pieces, choosing the largest intact pieces for IHC
(~0.5-0.75 cm in length and 50-100 mg of total tissue).

Trim any fat, connective tissue or accessory skeletal muscle fragments with a
scalpel to clean the sample.

Lay each skeletal muscle piece for IHC side by side lengthwise, with the edges
on one end aligned (this will become the top of the IHC mount) and trim the
other end with a #10 curved blade scalpel to align (bottom of IHC mount)
(Figure 3B).

Using fine-tipped forceps and the Teflon spatula, gently roll the skeletal muscle
pieces together into a solid cylindrical shape (muscle cylinder).

Roll the muscle cylinder onto the tip of the spatula so that the bottom (the edge
you trimmed) is aligned with the tip of the spatula.

Stand the muscle cylinder/spatula up so that skeletal muscle fibers are now
running perpendicular to bench and the untrimmed, aligned edge (top) is facing
up.

Gently place the muscle cylinder into the center of the mounting medium donut,
against one side of the donut and use forceps to push the muscle cylinder off of
the spatula. Remove the spatula. The muscle cylinder is now perpendicular to the
surface of the cork with the bottom, trimmed end on the cork and the long axis of
the skeletal muscle fibers sticking up (Figure 3C).

Using the spatula, work the mounting medium in to completely enclose the
skeletal muscle specimen, closing gaps and leaving no air pockets between the
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muscle cylinder and the mounting medium (this protects the muscle specimen
from freeze damage).

Sculpt the top of the mounting medium so that it is flush with the top of the
skeletal muscle specimen.

Rapidly freeze the IHC mount by placing into liquid nitrogen cooled isopentane
for 2 min.

a. Isopentane should be a slushy consistency, with solid just beginning to
form.
b. The cork side of the mount should be facing up and the skeletal muscle

specimen facing down, completely submerged in the cooled isopentane.

Once frozen, use tongs to remove the IHC mount from the cooled isopentane and
place on dry ice to rest for 5 min.

The final IHC mount is now ready to be stored at —80 °C until you are ready to
section (Figures 3D-3E).

C. Skeletal Muscle Sectioning and CD11b/CD206 Double IHC protocol

1.

5.

Pull IHC mount from -80 °C freezer and transport to the cryostat in a Styrofoam
cooler on dry ice. Set the chamber temperature in the cryostat to =25 °C and
place the IHC mount into the cryostat chamber.

Adhere the IHC mount to a chuck by covering the top of the chuck with O.C.T
Compound, setting the cork into the O.C.T using forceps and allowing the O.C.T
to harden by freezing.

Allow the IHC mount to acclimate to the temperature of the chamber for 1 h
prior to sectioning. The chamber temperature may need to be adjusted for each
sample in order to achieve flat sections with the greatest number of fibers in
Cross-section.

Cross-section frozen muscle mounts with the cryostat stage angle between 8° and
10°.

a. The stage angle may also need adjusted for some samples; however, this
is less common and stage angles outside of this range are not
recommended.

b. Sample should be adjusted so the top of the mount is perpendicular to

the blade when sectioning. In order to obtain cross-sectional fibers,
small adjustments in the angle of the chuck/mount may need to be
made. Once adjustments are made, quality sections should be cut
containing at least 100 muscle fibers and no more than 20%
longitudinal fibers.

Using the anti-roll plate to keep sections from curling, cut frozen sections at 7
um and pick up onto charged Superfrost Plus slides.
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Allow sections to dry on the benchtop at RT, then circle samples to be stained
using an ImmEdge PAP pen.
Allow PAP pen to dry for an additional 20-30 min.

Fix sections at =20 °C for 3 min by submerging slides in a Coplin jar containing
ice cold acetone. Acetone should be stored at —20 °C to maintain temperature.

Quickly dab slide edges onto a paper towel to drain excess acetone and transfer
to a Coplin jar filled with 1x PBS at RT.

Rock the slides in 1x PBS for 5 min; repeat wash step two more times for a total
of three washes.

Remove slides from Coplin jar, gently flick to remove excess 1x PBS, wipe the
back of the slide with a paper towel and place into a humidifying slide chamber
containing approximately 1.5 cm of water in the reservoir.

Block endogenous peroxidases by pipetting 3% hydrogen peroxide onto the
sections and allow to incubate, rocking at RT for 8 min.

Gently dump the hydrogen peroxide onto a paper towel to discard, replace with
1x PBS and rock for 5 min at RT.

Repeat Step C13 two more times for a total of three washes.

Dump excess 1x PBS onto a paper towel, flick slide, wipe the back with a paper
towel and place back in the slide chamber.

Perform Streptavidin/Biotin blocking using the kit per the manufacturer’s
instructions, carrying out all incubations in the humidifying slide chamber:

a. Incubate sections with Streptavidin blocking solution for 15 min at RT.
b. Wash briefly: two times, 2 min with 1x PBS.
c. Incubate sections with Biotin blocking solution for 15 min at RT.

Remove biotin blocking solution and replace with 1x PBS and incubate for 5
min, at RT, rocking. Repeat this wash with 1x PBS a total of three times.

Dump 1x PBS onto a paper towel, flick slide to remove excess 1x PBS, wipe the
back of the slide with a paper towel and return to the slide chamber.

Add enough volume of 2.5% normal horse serum (NHS) to completely cover the
sections and rock at 4 °C, overnight.

Remove 2.5% NHS, gently dab PAP pen with a kimwipe to re-establish
hydrophobic barrier, add the primary antibody for CD11b, diluted 1:100 in 2.5%
NHS, and return to the rocker at 4 °C overnight.

a. To ensure the specificity of the primary antibody against CD11b, an
isotype specific control should also be prepared by adding purified
mouse 1gG1, « to a section at the same concentration as the primary
antibody against CD11b (0.1 mg/ml). The isotype control listed in
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Table 2 has a concentration of 0.5 mg/ml and should be diluted 1:500 in
2.5% NHS and incubated overnight at 4 °C, rocking (Figure 4A).

b. To determine signal produced by background staining of the tissue
specimen, a no primary antibody control should be included. Prepare
the no primary antibody control by covering the section in 2.5% NHS
alone (omitting any antibody) and incubating overnight at 4 °C, rocking
(Figure 4B).

c. For identification of macrophages using CD68, substitute anti-CD68

primary antibody, diluted 1:100, for primary antibody against CD11b in
this step (Table 2) (Figure 2A).

d. For identification of specific M2 macrophage populations, substitute
anti-CD163 primary antibody, diluted 1:50, for anti-CD11b primary
antibody in this step and continue with the staining protocol as written
(Table 2).

e. For identification of satellite cell populations, anti-Pax7 antibody,
diluted 1:100, should be substituted for primary antibody against
CD11b at this step (Table 2).

Remove primary antibody from sections and wash (as outlined in Step C17
above) four times, 5 min with 1x PBS, rocking at RT.

Dump excess 1x PBS onto a paper towel, flick to remove remaining 1x PBS,
wipe the back of the slide with a paper towel, return to the slide chamber.

Add the biotinylated goat anti-mouse 1gG1, diluted 1:1,000 in 2.5% NHS, and
incubate by rocking for 90 min at RT.

Remove the biotinylated antibody from the sections and repeat the wash in Steps
C21 and C22.

Add the SA-HRP, diluted 1:500 in 1x PBS, and incubate for 60 min, rocking at
RT.

Remove the SA-HRP from the sections and wash three times, 5 min with 1x
PBS, rocking at RT.

After the third wash, repeat Step C22 then add TSA 488, diluted 1:500 in 1x
PBS, and incubate for 20 min, rocking at RT.

Remove the TSA 488 and repeat the washes in Step C26.

Repeat Steps C15-C18 to block the streptavidin and biotin used to label CD11b
and prevent false co-staining.

Add enough volume of 2.5% NHS to completely cover the sections and rock at
RT for at least 60 min (sections can be left in 2.5% NHS longer if desired).

Remove 2.5% NHS, gently dab the PAP pen with a Kimwipe to re-establish the
hydrophobic barrier, add the primary antibody for CD2086, diluted 1:200 in 2.5%
NHS, then return the slide chamber to the rocker at 4 °C overnight.
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To determine signal produced by background staining of the tissue specimen, a
no primary antibody control should be included at this step also. Prepare the no
primary antibody control by covering the section in 2.5% NHS alone (omitting
any antibody) and incubating overnight at 4 °C, rocking (Figure 4C).

Remove CD206 antibody from sections and repeat Steps C21 and C22 to wash.

Add biotinylated rabbit anti-goat 1gG, diluted 1:500 in 2.5% NHS, and incubate
for 90 min at RT, rocking.

Remove the biotin from the sections and wash four times, 5 min with 1x PBS,
rocking at RT.

Add the SA-594, diluted 1:200 in 1x PBS, and incubate for 60 min, rocking at
RT.

Remove the SA-594 from the sections and wash three times, 5 min with 1x PBS,
rocking at RT.

Incubate sections with DAPI, diluted 1:10,000 in 1x PBS, for 10 min at RT,
rocking.

Remove DAPI from the sections and wash three times, 5 min with 1x PBS.

Dump excess 1x PBS onto a paper towel and add enough volume of PBS/
Glycerol or Vectashield mounting medium to cover the sections (20-50 pl/slide).

Gently lower coverslip onto the slide, avoiding the formation of bubbles under
the coverslip. Allow the mounting medium to spread by leaving the slides laying
coverslip up for 5-10 min.

Drain excess mounting medium from slides by standing vertical on a paper towel
for 5 min.

Image muscle sections or store slides at 4 °C protected from light until ready to
image. Staining will last for several months if slides are stored properly at 4 °C,
in the dark.

Quantification of skeletal muscle fiber number and macrophage abundance

1.

General guidelines for skeletal muscle macrophage analysis

a. Sections to be analyzed for macrophage numbers should contain at least
50-100 skeletal muscle fibers.

b. Non-specific staining is common around the edges of skeletal muscle
sections; therefore, exclude the edges when counting macrophages.

c. Do not include longitudinal skeletal muscle fibers in the area to be
counted,; this skews the number of macrophages/fiber.

d. Avreas containing blood patches, edema or fibrosis will sometimes be
observed in damaged tissues (Figure 5B). These areas are usually filled
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with macrophages and shouldn’t be included in the same analysis as
macrophages located in between skeletal muscle fibers (Figure 5A).
Whether these macrophages should be quantified depends on the aim of
the study.

2. Adjust the image display in any channel so that the background staining is
visible and individual skeletal muscle fibers can be distinguished (Figures 6A—

6B).

3. Manually count the number of total skeletal muscle fibers within the region of
interest using the “event” tool in Zen image capture software to demarcate
individual skeletal muscle fibers (Figures 6C-6D).

4. Adjust the image display so that CD11b+ macrophages (green) and DAPI+ cell
nuclei (blue) can be clearly observed and cell shape/morphology is distinct
(Figures 7A-7B).

a.

Isotype-specific staining controls for antibody specificity should be
used to help determine the appropriate display adjustment for
identifying true positive staining (Figure 5A).

No primary antibody staining controls for non-specific binding of
antibodies/amplification reagents can be used to aid in determining
background tissue staining and display adjustment for counting (Figures
4B-4C).

5. Using DAPI as a cell marker, manually identify and count the total number of
CD11b+ macrophages located near DAPI (further explanation in the
Macrophage Counting Notes section below) (Figure 7C).

a.

Skeletal muscle macrophages are morphologically heterogeneous
(Figures 8A-8D). For macrophage counting, we do not discriminate
between different morphological groups (/.e., all CD11b+/CD206+
macrophages are counted together regardless of morphology) (see
General Note 4).

If DAPI is not present near the staining, we do not count the staining as
a positive event, even if the morphology seems apparent.

Staining must be large enough in size to represent a cellular structure
(at least the same size as an intact nucleus, > 5 um) — small dots/patches
are usually just non-specific staining of cellular debris by the secondary
antibody:.

In patches where individual macrophages cannot be distinguished,
manually count each DAPI+ nucleus that touches macrophage staining
(Figures 9A-9D).

6. After counting total CD11b* macrophages, go back and manually count the
number of these macrophages that also express CD206.

Bio Protoc. Author manuscript; available in PMC 2018 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosmac et al.

Notes

Page 16

a. CD11b+/CD206+ macrophages are the mixed M1/M2 skeletal muscle
macrophage population.

b. CD11b+/CD206- macrophages may represent the M1 population.

To determine the number of M1 macrophages, subtract the number of CD11b+/

CD206+ macrophages from the total number of macrophages expressing CD11b
+. This gives you the number of macrophages only expressing CD11b+ (CD11b
+/CD206-).

For final numbers, divide each macrophage count by the total number of fibers in
the region counted.

A. General Notes

1.

Collection of skeletal muscle biopsies was carried out in accordance with the
Declaration of Helsinki. Skeletal muscle biopsies from three separate studies
conducted at the University of Kentucky, the University of Alabama at
Birmingham and the Geriatric Research Education and Clinical Center, Central
Arkansas Veterans Healthcare System were used in this protocol. Subjects at the
University of Kentucky provided their written informed consent from protocols
approved by the Institutional Review Board and the University of Kentucky.
Details regarding subject consent and protocol approval for the other two studies
are outlined in the following publications: (Dennis et a/., 2015; Long et al.,
2017).

We have used this protocol to identify macrophage populations in subjects
ranging from age 19 to 83 and spanning a wide range of activity levels. We have
found the percentage of total CD11b+ macrophages that co-express CD206
(~82%) remains relatively consistent across demographics; however, the
abundance (number/fiber) and phenotype may be affected by age, obesity and/or
exercise.

We acknowledge that surface marker expression is not sufficient to infer function
and further analyses should be employed to determine functional characteristics
of macrophage populations.

Skeletal muscle macrophages display heterogeneous morphology; however, we
do not currently include macrophage morphology as a variable in our analyses
(Figure 8). Though morphology alone is likely not enough to distinguish
macrophage populations, we believe macrophage morphology may be an
important and telling variable for some studies and may provide further insight
into macrophage phenotype beyond surface marker expression alone.

Post sectioning drying time depends on the size of the sample, but 3-4 h are
usually sufficient for skeletal muscle biopsies. Following drying, slides can be
stored at —20 °C if staining will be done at a later time.
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If samples were stored at —20 °C, slides should be allowed to warm to RT for
15-20 min prior to acetone fixation.

Batch controls should be included if multiple sets of staining will be done at
different time points within a single study and should include at least one control
and one experimental sample.

For all reagents pipetted onto the slide, use enough volume to cover the sections
and fill the area you created with the PAP pen, usually between 200 and 500 pl/
slide.

During the incubation with 3% hydrogen peroxide, you may see bubbles form on
the section indicating that the peroxide is working; a lack of bubbling will not
affect the staining outcome but is indicative of poor tissue quality.

Following Step C26, slides can be coverslipped with PBS/Glycerol and staining
can be checked prior to moving forward with the protocol. Incubate slides in a
Coplin jar with 1x PBS to remove the coverslips (they will fall off), wash 2 or 3
times with 1x PBS and continue with Step C27.

Draining slides post coverslip:

a. Slides should be drained enough that mounting medium is no longer
leaking from under the coverslip and the coverslip tightly adheres to the
slide.

b. Take care not to over-drain the slides; this will lead to the formation of
air pockets underneath the coverslip.

c. For long-term storage, slides can be mounted with Vectashield
mounting medium.

d. Slides can be sealed by painting the edges of the coverslip with nail
polish to prevent the formation of air pockets underneath the coverslip
over time.

Both CD11b and CD68 antibodies are a mouse 1gG1 isotype and both require
amplification using Superboost Tyramide signal amplification reagents. For these
reasons, co-staining of CD11b and CD68 is not possible (false positive double
staining occurred).

This protocol can be adapted to identify a subset of CD206+ macrophages
expressing CD163 by substituting CD163 primary antibody (see Table 1) in
place of CD11b primary antibody and following the remaining protocol as
written.

Primary antibody for Pax7 (see Table 1) can be substituted for CD11b primary
antibody to label satellite cells; the remaining protocol steps are the same (Figure
10).
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B. Macrophage Counting Notes

1. Image capture should be adjusted properly for easy identification of
macrophages.

a. Exposure times should be set so that macrophage and nuclear
morphology is clear and discernable and background staining is as
minimally visible as possible.

b. Images should be acquired with a 20x objective or higher
magnification.

c. For stitched images:

i Section boundaries are easiest to set using DAPI staining to
find the edges of the tissue section.

ii. Focus points are best set using the FITC channel (CD11b
staining), to ensure that macrophages are in focus with clear
morphology.

2. Staining must be located near DAPI (within 5 um), but does not have to be
directly on top of DAPI staining. If the morphology is a macrophage and it is
close but not touching DAPI, we will count the event as a macrophage (Figure
7).

3. We have found that CD163+ macrophages make-up a subset of total CD206+
macrophages. Thus, if quantifying these populations, CD206+ macrophages
should be counted as the ‘parent” macrophage population (similar to CD11b

above).

4, Establishing a set of counting parameters prior to analyzing data sets is helpful
when quantifying macrophages and also helps minimize variance between
counters.

5. Choose a handful of images as a ‘guide’ counting set and use these images to set

up guidelines for how macrophages will be identified and to train new counters.

a. It is important to stay consistent between images, groups and studies
with regard to the identification of macrophages.

b. Within one data set it is better to have the same blinded counter to
analyze the entire data set due to variation between counters.

c. We have found that although absolute numbers vary between counters,
overall trends with regard to increases or decreases in the abundance of
macrophage populations remain consistent if basic guidelines are
outlined and followed.

Recipes
1. 1x PBS (10 mM, pH 7.4)

a.  Mix 69.68 g NaCl, 17.36 g Na,HPO4-7H,0, 2.08 g KH,PO,
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b. Stir to dissolve in DI water

C. Dilute 10 N NaOH 1:5 with DI water to make a 2 N solution; dilute 6 N
HCI 1:3 with DI water to make a 2 N solution

d. Adjust pH of 1x PBS with 2 N NaOH or HCI
e. Bring to a final volume of 8 L
f. 1x PBS can be kept at RT for up to 3 months
2. 3% hydrogen peroxide
Dilute 30% hydrogen peroxide 1:10 in 1x PBS
3. DAPI for staining cell nuclei
a. Prepare a 5 mg/ml stock solution by diluting in 1x PBS
b. Aliquot and store at =20 °C

C. A working dilution of 1:10,000 in 1x PBS is used for labeling nuclei

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flow cytometry from discarded human hamstring muscle showing co-expression of

both M1 and M2 macrophage markers

Mononuclear cells isolated from human skeletal muscle express A. Both pan-monocyte
markers CD11b and CD14; B. Both the M2 macrophage marker, CD206, and the pan
marker, CD11b; C. Both the M1 marker, CD86, and the pan marker CD11b; D. Both the M2
marker, CD206, and the M1 marker, CD86; E. Overlay of CD206+/CD86+ populations from
panel D onto CD14/CD11b flow plot shown in panel A. This overlay shows that CD206+/
CDB86+ macrophages (denoted in dark blue) also express the pan-monocyte markers CD11b
and CD14. Red boxes indicate cells that are double positive for the markers shown.
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Figure 2. Validating CD11b as a pan-macrophage, cell surface marker in human skeletal muscle
A. Representative image showing IHC for the pan, intracellular macrophage marker, CD68

(green), with DAPI stained cell nuclei (blue) in human vastus lateralis muscle. Scale bar =
50 pum. B. Correlation of CD11b+ and CD68+ macrophage numbers, identified by IHC on
consecutive sections from vastus lateralis muscle, n = 44 muscle samples analyzed. Pvalue
determined by Pearson’s correlation, r = Pearson’s correlation coefficient. C. CD14+/CD11b
+ mononuclear cells (shown in Figure 1, panel A) were isolated by fluorescence-activated
cell sorting (FACS) and stained for CD68. Positive staining is both chromogenic (red when
imaged with transmitted light, bright field, BF) and fluorescent (pseudocolored pink, FL).
Left image: CD68 BF; positive staining is red. Right: CD68 FL, positive staining is pink.
Cell nuclei were labeled with DAPI (blue). D-E. High magnification images showing a
CD68- event (D) and CD68+ cell (E) from panel C. CD68- events were small (< 10 um)
and did not appear to be monocytes/macrophages. CD68- structures appeared to stain with
DAPI, suggesting that this may be cellular debris (cell nucleus without cytoplasm). Scale
bars = 10 pm.

Bio Protoc. Author manuscript; available in PMC 2018 August 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kosmac et al.

Page 26

A Make mounting donut B Orient muscle pieces lengthwise

Side View Top View

Figure 3. Preparing IHC mounts from human skeletal muscle
A. Representative image illustrating the donut, made from a mixture of Tragacanth powder

and O.C.T. (mounting medium), described under Procedure B Step 2. B. Representative
image and illustration depicting the lengthwise orientation of muscle pieces to be mounted
for sectioning. C. Representative image showing the placement of a muscle cylinder into the
donut made of mounting medium. Yellow arrow serves to illustrate that the muscle is
positioned so that it is against one side/wall of the donut. D. Representative images of the
finished IHC muscle mount (just prior to freezing); side view (left) and top view (right).
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Figure 4. Immunohistochemical controls validating the specificity of CD11b and CD206 staining.
Representative images of staining controls

A) No primary antibody for CD206, B) Isotype control antibody for CD11b and C) No
primary antibody for either CD11b or CD206. CD11b (green), CD206 (red) and cell nuclei/
DAPI (blue). Scale bars = 100 um. All images were acquired on serial sections from the
same sample with a 20x objective using the same exposure settings. The same display
adjustment was applied across all images. A. Images showing a lack of CD206 staining
when the primary antibody for CD206 is not applied to the sections. This control shows the
specificity of the CD206 antibody; staining is not a product of cross reactivity with reagents
used to amplify CD11b or due to non-specific tissue staining. B. Lack of CD11b+ staining
when an isotype control antibody is applied. Similar to panel A, this control shows the
specificity of the CD11b antibody since the isotype-matched control does not produce non-
specific staining. Additionally, this control shows that CD206 staining does not result from
cross reactivity to CD11b reagents since no CD11b staining is present but CD206+ cells are
clearly identified. C. Images show very low non-specific background staining of skeletal
muscle tissue sections from the use of amplification reagents; thus positive macrophage
staining can clearly be distinguished from tissue background.
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Figure 5. Resident macrophages largely co-express CD11b and CD206 in human vastus lateralis
muscle

A. Representative images showing macrophage staining: CD11b (green), CD206 (red) and
DAPI (cell nuclei, blue). The majority of macrophages are positive for both CD11b and
CD206; however, CD11b+/CD206— macrophages can be observed (white arrows). Scale
bars = 100 pm. B. Muscle section from the vastus lateralis showing a CD11b+/CD206+
(yellow arrow) and two CD11b+/CD206- (white arrows) monocytes. Notice in the larger
field of view (at right) the CD11b+/CD206— monocytes are located in a patch of blood at the
edge of the muscle section, validating CD206 as a reliable marker of tissue resident
macrophages in human skeletal muscle. The patch of blood can be identified by its dried,
cracked appearance and high red background signal (border between blood patch and
muscle fibers in the section denoted with a dashed line). The gray X is marking an area with
green background signal produced by a bubble underneath the section (further outlined in
Figure S1). Scale bars = 50 um. C. Bar graph quantification showing the number of total
macrophages (all CD11b+) and CD11b+/CD206+ macrophages per 100 skeletal muscle
fibers. Sixty-five muscle biopsies from the vastus lateralis were analyzed. Each dot
represents macrophage counts from a single subject/section with overlap between Total
CD11b+ and CD11b+/CD206+ groups, illustrating that the majority of macrophages (Total
CD11b+) also express CD206 (CD11b+/CD206+). In skeletal muscle samples
approximately 82% of the total macrophage population co-express CD11b and CD206.

Bio Protoc. Author manuscript; available in PMC 2018 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosmac et al.

Page 29

>

Raw Image

B
.
Q
2
7
2
T
<
>
&
Q|
2
a8
C

Fiber Copnt

O

Outlines

Figure 6. Image adjustment and counting of skeletal muscle fiber number within a cross-section
A. Original image, prior to manipulation of the display settings; B. The same image

following adjustment of the display to increase the visible background staining, allowing for
the identification and counting of skeletal muscle fibers; C. Count of individual muscle
fibers, denoted by yellow Xs; D. Fibers were manually outlined to help demarcate individual
skeletal muscle fiber borders (white) along with the fiber count from panel C (yellow Xs).
A-D) CD11b (green), CD206 (red), cell nuclei/DAPI (blue). Scale bars = 100 pm.
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Figure 7. Identifying and quantifying macrophages within a skeletal muscle cross-section
A. Representative image of macrophage staining in human vastus lateralis: CD11b (green),

CD206 (red) and cell nuclei/DAPI (blue). B. Display adjustment of the images in panel A
showing enough tissue background staining to clearly identify macrophages from non-
specific tissue staining. C. Macrophage count, demarcated with colored Xs: all CD11b+
(green Xs), all CD206+ (red Xs), CD11b+/CD206+ macrophages are marked with both a
green and red X. White arrows indicate areas that appear to have positive staining and are
near DAPI, but were not counted due to size and/or lack of distinct morphological features
determinant of a cellular structure. Other areas were not counted due to a lack of DAPI
staining (yellow arrows). Scale bars = 100 pm.
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Figure 8. Distinct skeletal muscle macrophage morphologies
A. Representative image from the vastus lateralis muscle showing a macrophage with classic

morphology. Described in other tissues, the outstretched processes of resting macrophages
are thought to surveil the local environment (Olah et al,, 2011; Durafourt et al., 2012). B. A
CD11b+/CD206+ macrophage (top) stretching out toward a second CD11b+/CD206—
macrophage (bottom). C. Round or amoeboid shaped macrophage. In other tissues, this
morphology is thought to be indicative of activation and the production of inflammatory
cytokines (Olah et al., 2011; Durafourt et al., 2012). A—C) Scale bars = 20 pm. D.
Macrophages surround a damaged skeletal muscle fiber (indicated by the presence of central
nuclei). Scale bars = 50 um. A—D) Images were acquired as Z stacks using a 40x objective
and cropped to enlarge. CD11b (green), CD206 (red), cell nuclei/DAPI (blue).
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Figure 9. Counting macrophages when individual cells cluster together
A. Representative image showing an area of macrophage staining with multiple nuclei where

individual macrophages cannot be distinguished. B. The image in panel A, with outlines
demarcating DAPI+ nuclei touching areas of positive macrophage staining. C. Panel B
images including Xs marking each nucleus counted as positive macrophage staining. D.
Original image from panel A showing the Xs in panel C marking macrophage counts
without the outlines demarcating positive nuclei. A-D) CD11b (green), CD206 (red) and
cell nuclei/DAPI (blue). Scale bars = 50 pum.
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Figure 10. Skeletal muscle stem cells (satellite cells) can weakly express CD206 but are easily
distinguished from macrophages

A. Representative image from human vastus lateralis showing a Pax7+ satellite cell (green,
B), a CD206+ macrophage (red, C) and a Pax7+/CD206"eeK satellite cell (D). Cell nuclei
are stained with DAPI (blue). Scale bars = 100 pm. B-D. Higher magnification of the boxes
from panel A. Note the overexposure of CD206 macrophage staining (C) when the intensity
is adjusted so that CD206 expression in satellite cells is visible (D). Images acquired as Z
stacks with a 40x objective. Scale bars = 20 ym. E. High magnification images from human
vastus lateralis muscle showing a CD206+ muscle macrophage (red) in close proximity to a
Pax7+ satellite cell (green). Cell nuclei are stained with DAPI and skeletal muscle fiber
borders are stained with Laminin (both in blue). Images were acquired as Z stacks with a
100x oil objective. Scale bars = 20 pm.
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Overview of monocyte and macrophage markers

Page 34

Marker Synonyms Tissue cell populations Monocyte/macrophage subset Notes
CD11b CR3, C3biR, B cells, dendritic cells, Pan-macrophage
Integrin alphaM, granulocytes, macrophages,
ITGAM, Mac-1, monocytes, NK cellsand T
Mol cells
*CD14 Monocyte B cells, dendritic cells, Pan-monocyte *Co-expression with CD16
differentiation granulocytes, macrophages identifies monocyte subsets
antigen CD14, and monocytes
LPS receptor
*CD16 FcyRINA B cells, macrophages, CD14++/CD16- - classical
monocytes, neutrophils, NK CD14++/CD16+ - intermediate
cells T cells CD14+/CD16++ - non- classical
CD68 gp110, LAMP4, B cells, dendritic cells, Pan-macrophage Intracellular expression
Macrosialin, endothelial cells, fibroblasts,
SCARD1 granulocytes, hematopoietic
stem cells (LT), macrophages,
monocytes, NK cells and T
cells
CD80 B7,B7-1,B7.1 B cells, dendritic cells, M1 Co-stimulatory with CD86
BB1, CD28LG, macrophages, monocytes and
CD28LG1, LAB7 | Tcells
CD86 B7-2, B7.2, B70, B cells, dendritic cells, M1
CD28LG2, macrophages, monocytes and
LAB72 T cells
CD163 D11, D1 B cells, macrophages and M2c Identifies a subset of CD206+
1C163A, GHI/61, | monocytes macrophages in skeletal
M130, MM130, muscle
RM3/1, SCARI1
CD206 CLEC13D, Dendritic cells, certain skin M2 In rare instances, Pax7+
mannose cells, endothelial cells, skeletal muscle satellite cells
receptor, MMR, macrophages and monocytes co-express CD206
MRC1
Markers in non-injured human skeletal muscle
CD11b+/CD206- | M1-like macrophages FC - Also expresses CD14
CD11b+/CD206+ | M2-like macrophages FC - Also express CD14 and
CD86
CD163+/CD206+ | M2c macrophages

FC = multichannel flow cytometry analysis
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