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Resident macrophages exist in a variety of tissues, including tendon, and play context-
specific roles in their tissue of residence. In this study, we define the spatiotemporal
distribution and phenotypic profile of tendon resident macrophages and their crosstalk
with neighboring tendon fibroblasts and the extracellular matrix (ECM) during murine
tendon development, growth, and homeostasis. Fluorescent imaging of cryosections
revealed that F4/80* tendon resident macrophages reside adjacent to Collal-CFP* Scx-
GFP* fibroblasts within the tendon fascicle from embryonic development (E15.5) into
adulthood (P56). Through flow cytometry and gPCR, we found that these tendon
resident macrophages express several well-known macrophage markers, including
Adgrel (F4/80), Mrcl (CD206), Lyvel, and Folr2, but not Ly-6C, and express the
Csflr-EGFP  ("MacGreen”) reporter. The proportion of Csflr-EGFP*  resident
macrophages in relation to the total cell number increases markedly during early
postnatal growth, while the density of macrophages per mm? remains constant
during this same time frame. Interestingly, proliferation of resident macrophages is
higher than adjacent fibroblasts, which likely contributes to this increase in macrophage
proportion. The expression profile of tendon resident macrophages also changes with
age, with increased pro-inflammatory and anti-inflammatory cytokine expression in
P56 compared to P14 macrophages. In addition, the expression profile of limb tendon
resident macrophages diverges from that of tail tendon resident macrophages,
suggesting differential phenotypes across anatomically and functionally different
tendons. As macrophages are known to communicate with adjacent fibroblasts in
other tissues, we conducted ligand-receptor analysis and found potential two-way
signaling between tendon fibroblasts and resident macrophages. Tendon fibroblasts
express high levels of Csfl, which encodes macrophage colony stimulating factor
(M-CSF) that acts on the CSF1 receptor (CSF1R) on macrophages. Importantly, Csflr-
expressing resident macrophages preferentially localize to Csfl-expressing fibroblasts,
supporting the “nurturing scaffold” model for tendon macrophage patterning. Lastly, we
found that tendon resident macrophages express high levels of ECM-related genes,
including Mrcl (mannose receptor), Lyvel (hyaluronan receptor), Lairl (type | collagen
receptor), Ctss (elastase), and Mmpl3 (collagenase), and internalize DQ Collagen in
explant cultures. Overall, our study provides insights into the potential roles of tendon
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resident macrophages in regulating fibroblast phenotype and the ECM during tendon

growth.
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1 Introduction

Tissue resident macrophages play key roles in the development and
function of various tissues (Lee and Ginhoux, 2022). Most resident
macrophages found across tissues in adulthood are embryonically
derived. The first wave of macrophages originates at murine
embryonic day 8.5 (E8.5) from yolk sac-derived erythromyeloid
precursors and share a common transcriptional program that diverges
with time in their respective tissues of residence (Hoeffel et al., 2015; Mass
etal,, 2016). The second wave of embryonic macrophages is derived from
fetal liver monocytes at E10.5 (Gomez Perdiguero et al., 2015; Bleriot et al.,
2020). From approximately E17.5 onwards, bone marrow-derived
monocytes give rise to subsets of certain resident macrophage
populations (e.g., cardiac resident macrophages, intestinal resident
macrophages) as well as macrophages that are recruited to sites of
inflammation and injury (Theret et al, 2019; Dick et al, 2022).
Resident macrophages influence tissue development and function
through secretion of chemokines, growth factors, and other cytokines
that act on receptors on neighboring cells (Wynn et al., 2013; Lee and
Ginhoux, 2022). Resident macrophages also directly remodel the
extracellular matrix (ECM) of various tissues (Wiktor-Jedrzejczak
et al., 1990; Pollard, 2009; Harris et al., 2012; Madsen et al., 2013;
Wang et al., 2020b; Peck et al., 2022). Their phenotype and function
are highly dependent on crosstalk with their local microenvironment,
including with neighboring cells and the cytokines and ECM components
they secrete.

Certain dense connective tissues, such as tendon, contain
resident macrophages but their function is poorly defined during
normal growth and development (Harvey et al., 2019; Lehner et al.,
2019; De Micheli et al., 2020; Sorkin et al., 2020; Tan et al., 2020;
Muscat et al., 2022). The structure of dense connective tissues
begets their function and may provide cues that dictate a unique
function of macrophages residing in these tissues. Tendon is
composed of hierarchically organized, uniaxially aligned type I
collagen fibers that function to efficiently transfer loads
generated from muscle contraction to bone to drive ambulation
of the skeleton. Within the hierarchically organized collagen
fascicles exist internal tendon fibroblasts (i.e., tenocytes) situated
within linear arrays. The vast majority of these cells within the
growing tendon expresses Scx and Collal, and recent studies have
highlighted their heterogeneity using single-cell RNA sequencing
(scRNA-seq) and various transgenic reporter models (Best and
Loiselle, 2019; Harvey et al., 2019; Lehner et al., 2019; De Micheli
et al., 2020; Tan et al., 2020; Akbar et al., 2021; Muscat et al., 2022).
Interestingly, these scRNA-seq studies suggest that crosstalk
between different subpopulations exist, including between
fibroblasts and macrophages (De Micheli et al., 2020; Akbar
et al,, 2021). Nonetheless, we have a limited understanding of
these different cell populations within tendon and how they
participate together to orchestrate development, growth, and
homeostasis of this unique tissue.
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Tendon growth is driven first by a highly proliferative phase that
begins during embryonic development and transitions shortly after
birth (ie., ~2-3 weeks in a mouse) to a phase with rapid ECM
synthesis and maturation (Ansorge et al., 2011; Grinstein et al,
2019). While the majority of the tendon ECM is conserved
through adulthood, a subset of collagen is remodeled on a daily
basis to maintain homeostasis (Heinemeier et al., 2013; Chang
et al, 2020; Zhang et al, 2020). Furthermore, there are several
non-collagenous components of the tendon ECM that exhibit high
turnover rates (Thorpe et al., 2010; Choi et al., 2020). While resident
macrophages have known roles in ECM remodeling during the growth
and development of several tissues (Wiktor-Jedrzejczak et al., 1990;
Ingman et al., 2006; Pollard, 2009; Harris et al., 2012; Madsen et al.,
2013; Wang et al., 2020b; Peck et al., 2022), we know very little about
their role in the growth and homeostasis of tendon.

In this study, we characterized the proliferation dynamics,
localization, and phenotype of tendon resident macrophages at
multiple stages of murine development and growth. We uncovered
evidence of crosstalk between tendon resident macrophages and
tendon fibroblasts and found that resident macrophages may be
important regulators of the ECM. Our results provide new insights
into the cellular mechanisms that regulate postnatal tendon
development and growth.

2 Materials and methods
2.1 Mouse models

All animal housing, care, and experiments were performed in
accordance with the University of Pennsylvania Institutional Animal
Care and Use Committee. The genetic constructs used within mice in
this study were described previously: 1) a 3.6 KB fragment of the
Collal promoter driving the expression of the CFP reporter
(Tg(Collal*3.6-Cyan)2Rowe/]; “CollCFP”) (Kalajzic et al., 2002),
2) a Scx promoter driving the expression of the GFP reporter
(Tg(Scx-GFP)1Stzr; “ScxGFP”) (Pryce et al, 2007), 3) a Scx
promoter driving the expression of Cre recombinase (“ScxCre”)
(Blitz et al., 2013), 4) a tdTomato reporter driven by Cre-mediated
recombination (B6; 129S6-Gt (ROSA) 26Sortm9 (CAG-tdTomato)
Hze/]; “Ai9”) (Madisen et al., 2010), and 5) a Csflr promoter driving
the expression of the EGFP reporter (B6.Cg-Tg(Csflr-EGFP)1Hume/
J; “Csf1rGFP”) (Sasmono et al., 2003). The Col1CFP and ScxGFP lines
were crossed to obtain CollCFP;ScxGFP double transgenic mice used
for F4/80 immunofluorescence (IF). The Col1CFP line was used for
F4/80 IF and explant culture. The ScxCre and Ai9 lines were crossed to
obtain ScxCre;Ai9 tenogenic lineage reporter mice for F4/80 IF and
fluorescence-assisted cell sorting (FACS) for gene expression studies.
Csf1rGFP;ScxCre;Ai9 mice were generated and used for cryohistology.
CsflrGFP reporter mice were used for macrophage abundance,
Euclidean distance mapping, flow cytometry (FC), and cell
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proliferation studies. Wild-type CD-1 IGS mice (Charles River Strain
022; “CD1”) were used for FC and in situ hybridization (ISH).

2.2 EdU labeling

For cell proliferation analysis, P1 animals were weighed and injected
with 6 pug/g 5-ethynyl-2'-deoxyuridine (EdU) 4 h prior to sacrifice (n =
4 animals). Knees were fixed, sectioned (see “Tissue harvest and
sectioning for cryohistology” section), and stained with the Click-
&-Go Cell Reaction Buffer Kit (Click Chemistry Tools Cat. No.
1263) and Alexa Fluor 647 Azide (Invitrogen Cat. No. A10277).
Stained then imaged (see
“Fluorescent imaging” section) and quantified (see “Fluorescent

sections  were coverslipped and

image analysis” section).
2.3 Tissue harvest and sectioning for
cryohistology

Prior to fixation, animals were euthanized, skin was removed,

and  hindlimbs body. For F4/
80 immunofluorescence (IF) and reporter imaging, hindlimbs

were cut from the
were fixed in 4% (v/v) phosphate-buffered paraformaldehyde
(PFA) solution (Electron Microscopy Sciences 15714-S) for 3 h
on an orbital shaker and incubated in PBS overnight at 4°C (n =3
to 4 animals per line per time point). For EAU staining, hindlimbs
were fixed in 10% neutral buffered formalin (Azer Scientific
CUNBEF-5-G) overnight at 4°C and incubated in 30% (w/v)
(Sigma-Aldrich  S8501) (n =
4 animals). For RNAScope in situ hybridization (ISH),
hindlimbs were fixed in 4% PFA overnight at 4°C and
incubated in 30% sucrose overnight at 4°C (n = 3 animals).

sucrose overnight at 4°C

Fixed knee and ankle joints were embedded and frozen in
optimal cutting temperature (OCT) compound. 8-um frozen
sagittal sections were collected using a previously established
tape stabilization procedure (Dyment et al., 2016). Sections on
Cryofilm (Section-Lab) were adhered to glass slides using a 0.75%
(w/v) chitosan (Sigma-Aldrich 419419) in 0.25% (v/v) acetic acid
(Sigma-Aldrich 695092) prior to staining.

2.4 Immunofluorescence staining

For immunofluorescence (IF) experiments, patellar tendon
sections were rinsed in PBS to remove OCT compound, incubated
with 20 ug/mL Proteinase K for 10 min at room temperature (RT) for
antigen retrieval, and stained with rat anti-F4/80 primary antibody
(clone BMS; Biolegend 123102) in 5% goat serum (Sigma-Aldrich
G9023) in PBS overnight at 4°C. Sections were then rinsed with PBS
and stained with goat anti-rat Alexa Fluor 555 (for CollCFP;ScxGFP
sections) or Alexa Fluor 647 (for ScxCre;Ai9 sections) secondary
antibody (Invitrogen A21434; Invitrogen A21247) for 1 h at RT.

2.5 Fluorescent imaging

IF, fluorescent reporter-only, and EdU-stained sections were
rinsed with PBS and mounted with 30% (v/v) glycerol (Invitrogen
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15514011) containing Hoechst 33342 (Thermo Scientific 62249) to
label nuclei prior to imaging. Whole sections were imaged on the Zeiss
Axio Scan.Z1 with the N-Achroplan 20X/0.45 PolM27 objective and
Colibri.7 LED.

2.6 Fluorescent image analysis

Fiji software was used for all fluorescent image analysis and all data
processing and plotting was done using custom R scripts in the
RStudio integrated development environment using the “plyr” and
“tidyverse” packages. First, the selection tool was used to manually
segment the tendon fascicle from surrounding tissue in Fiji. Intensity
thresholding was applied to the Hoechst (nuclei)-only channel and
watershed segmentation was applied to the resulting binary images to
obtain individual nuclei. The “Analyze Particles” function was used to
quantify the number of total nuclei in each section. For the F4/80 IF
analysis, F4/80" cells were counted manually (three to four sections per
sample). For the Csf1rGFP analysis, the “Analyze Particles” function
was used to quantify the mean GFP intensity within each nuclear mask
(three to four sections per sample). For the cell proliferation analysis,
GFP* and EdU" cells were counted manually due to the high cellularity
of P1 tendons (9-14 sections per sample).

2.7 Euclidean distance map analysis

Fiji software was used to quantify the shortest distance of each cell
to the tendon surface for the CsflrGFP patellar tendon image set.
Images of sections with major sectioning artifacts were excluded.
Segmented lines were drawn along the anterior and posterior
surfaces of the patellar tendon and a 16-bit Euclidean distance map
(EDM) was generated, where the pixel intensity was zero at the
posterior and anterior surfaces and increased as distance from the
surfaces (depth) increased. We generated nuclear masks as previously
described (see “Fluorescent image analysis” section) and used the
“Analyze Particles” function to count the number of cells and to
measure the mean intensity of the GFP and EDM channels. We
applied a standard threshold across all images to define GFP* and
GFP~ cells. For each image, we normalized each EDM value by the
maximum EDM value (EDM,,,,) and divided the range by four to
define four increments of depth. Quartile 1 (“Q1”) represents the
outermost increment and Quartile 4 (“Q4”) represents the innermost
increment. We binned each cell into one of the four quartiles and
counted the number of GFP* and GFP cells within each quartile to
determine the percentage of each population as a function of depth. To
exclude the effects of differences in overall percentages of each
population due to age, we normalized the percentage of cells
within each quartile by the percentage of cells in the whole section.
All data processing and plotting was performed using RStudio using

» <«

the “plyr”, “tidyverse”, and “reshape2” packages.

2.8 Analysis of single-cell RNA-sequencing
datasets

Publicly available single-cell RNA sequencing (scRNA-seq)

datasets for P7 limb tendons and 3-month-old patellar tendons
were obtained from the NCBI under GSE139558 (Tan et al., 2020)
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and PRJNA506218 (Harvey et al., 2019), respectively. Count matrices
were filtered, normalized, and scaled using Seurat v3.1 (Stuart et al.,
2019). Principal component analysis (PCA) was performed, cells were
clustered using graph-based clustering, and UMAP non-linear
dimensional reduction was performed. Differentially expressed
genes were identified using the Seurat “FindMarkers” function. The
Seurat function “FeaturePlot” was used to visualize individual gene
expression on UMAP plots.

2.9 Preparation of cell suspensions for flow
cytometry and fluorescence-activated cell
sorting

Three animals were pooled for each sample. Following euthanasia,
limbs were skinned, cut from the body, and placed in DMEM (Gibco
11965084) on ice. Muscle, bone, fat and surrounding peritenon tissue
were grossly dissected from limb tendons prior to being cut from the
body. For flow cytometry (FC), all tendons within each hindlimb were
pooled together; the larger tendons (patellar, Achilles, and Flexor
digitorum longus tendons) were cut into smaller 1-2-mm pieces. 1-
cm segments were cut from the tails and 30-40 tail tendon fascicles
were isolated from each segment. Macrophage marker FC was
performed on hindlimb and tail tendon cells from P14 and
P56 CDI1 animals across three independent experiments per
time point. For CsflrGFP F4/80 FC validation, hindlimb and
tail tendon cells from P28-P35 CsflrGFP animals were analyzed
across three independent experiments. For fluorescence-activated
cell sorting (FACS) and gene expression studies, forelimb tendons
were pooled along with the hindlimb tendons. FACS was
performed on limb and tail tendon cells from P14 and
P56 ScxCre;Ai9 animals (n = 5 samples per tissue per time point).

Dissected tendons were digested in 4 mg/mL Type 4 Collagenase
(Worthington LS004189) 3 mg/mL Dispase II (Sigma-Aldrich D4693)
in DMEM 10mM HEPES and 2%
Streptomycin/Fungizone on an orbital shaker at 37°C for 0.5-2.5 h,

containing Penicillin/
depending on tendon and age, until tendons were mostly digested and
translucent. Cells were resuspended in DMEM containing 10% FBS
and passed through a 70-pm strainer, then resuspended in Flow Buffer
(HBSS containing 1% (w/v) BSA and 25 mM HEPES) and passed
through a 30-pm strainer prior to staining.

For macrophage marker FC, cells were stained with anti-F4/80-
Brilliant Violet 421 (clone BMS; Biolegend 123131), anti-CD11b-
Brilliant Violet 785 (clone M1/70; Biolegend 101243), anti-Ly6C-
FITC (clone HKI1.4; Biolegend 128005), anti-CD206-PE (clone
C068C2; Biolegend 141705), anti-CD86-Alexa Fluor 647 (clone GL-
1; Biolegend 105020), and LIVE/DEAD Fixable Near IR (Invitrogen
L10119) in PBS for 15 min at RT. For Csf1rGFP F4/80 FC validation,
cells were stained with anti-F4/80-Brilliant Violet 421, anti-CD11b-
Brilliant Violet 785, and LIVE/DEAD Fixable Near IR. Stained cells were
rinsed with Flow Buffer, fixed in 4% PFA for 15 min at 4°C, resuspended
in Flow Buffer, and strained prior to analysis on the BD LSRFortessa at
the Penn Cytomics and Cell Sorting Resource Laboratory. FC data were
analyzed using FlowJo, R, and RStudio.

For FACS, cells were stained with F4/80-Brilliant Violet 421 and
LIVE/DEAD Fixable Near IR in PBS for 15 min at RT. Cells were
rinsed with Flow Buffer and sorted on the BD FACSAria II into Flow
Buffer to obtain Brilliant Violet 421" tdTomato™ cells (macrophages)
and Brilliant Violet 421 tdTomato* cells (fibroblasts). Sorted cells
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were immediately processed for RNA extraction. A total of 40 cell
samples (2 populations per tissue per time point) were collected for
gene expression analysis.

2.10 Preparation of cDNA for gene expression
analysis

Sorted cells were resuspended in TRIzol LS (Invitrogen 10296010)
and RNA was extracted using the Direct-zol RNA Microprep kit
(Zymo Research R2062). cDNA was synthesized and pre-amplified as
described previously (Tsinman et al., 2021). Briefly, isolated RNA was
reverse transcribed into cDNA using the SuperScript IV VILO Master
Mix with ezDNase Enzyme (Invitrogen 11766050). cDNA was pre-
amplified for 15 cycles using the Preamp Master Mix (Fluidigm
100-5580) with a pool of all TagMan Gene Expression Assays
(Applied Biosystems 4351372), except those for the highly
expressed genes 18s and Collal (see Supplementary Table S1 for
list of all genes and corresponding TagMan Assay ID numbers).

2.11 High-throughput qPCR

qPCR of sorted macrophage and fibroblast samples was performed
on the Fluidigm Biomark HD platform at the Penn Molecular Profiling
Facility using a 96.96 Dynamic Array IFC (Fluidigm BMK-M-96.96)
loaded with 40 pre-amplified cDNA samples in duplicate and 96 20 x
TagMan Gene Expression Assays (see Supplementary Table S1 for
TagMan Assay ID numbers). The mean Cr value across technical
duplicates was calculated for each reaction. Sample measurements for
I12 and I2ra were excluded because multiple samples within both the
and  fibroblast
measurements. Sample measurements for Serma4c were also excluded

macrophage populations  had  undetectable
due to abnormal amplification curves across samples. ACt values were
used to compare gene expression across samples. To calculate ACr, for
each sample, the Cr value for each gene of interest was subtracted from
the average Cr value of the three housekeeping genes (18s, Abll, and
Rps17). Log,(Fold Change) for P56 limb vs P14 limb and for P56 limb vs
P56 tail was determined by computing AAC{"™ =
ACF5 limb___ ACPH limb 504 AACP = ACP™ limb__ AC P56 il
respectively. All data were analyzed and plotted using R and RStudio
with the “tidyverse”, “reshape2”, and “ggrepel” packages.

2.12 Principal component analysis

(PCA), hierarchical

clustering, and heatmap generation, ACy values for all genes

For principal component analysis
(excluding the housekeeping genes) were uploaded into ClustVis
(Metsalu and Vilo, 2015). For PCA and hierarchical clustering of
just the macrophage samples, only measurements for the genes
with a global PC1 loading value greater than zero were entered into
ClustVis. All plotting was done using custom R scripts using the
“ggplot2” package. All pre- processing parameters, as well as the
global principal component analysis (PCA) of the Fluidigm qPCR
dataset are saved in ClustVis under the settings ID:
YDoRZCkjkjocViB. For the analysis of just the macrophage
samples, all pre-processing parameters and PCA outputs are
saved in ClustVis under the settings ID: tTPjCrJlxkZjpad.
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2.13 RNAScope in situ hybridization and
analysis

In situ hybridization (ISH) was performed using the RNAScope
2.5 HD Duplex Assay (ACD 322430) (Koyama et al., 2021). The Mm-
Csflr-Cl and Mm-Csf1-C2 probes (ACD 428191; ACD 315621-C2)
were used to visualize the expression of CsfIr and CsfI, respectively, in
P28 knee sections. All procedures were performed according to
manufacturer’s instructions, except the Target Retrieval steps were
excluded and a custom protease (ACD 300040) was used instead of the
standard proteases. Additionally, to minimize color overlap during
quantification, Hoechst was used instead of hematoxylin to stain
nuclei. Sections with only Csflr-Cl (green), only Csfl-C2 (red),
and only Hoechst were included as single-color controls to
determine baselines for color deconvolution. Control sections were
also prepared using the Positive Control Probe (ACD 320881) and
Negative Control Probe (ACD 320751) to ensure sensitivity and
specificity of the assay. Stained sections were imaged on the Zeiss
Axio Scan.Z1.

ISH images were processed using the Fiji Colour Deconvolution
plugin to obtain separate channels for green (Csflr-Cl), red (Csfl-
C2), and background colors. Separated images were inverted such that
brighter signal indicated stronger staining. Intensity per 50 x 50-um?
unit area within the tendon region of interest was quantified for each
channel (green, red, and Hoechst) using the “Analyze particles”
function.

2.14 Collagen internalization explant culture

Tail tendon fascicles were isolated from two P35 Coll1CFP mice
(n = 5 tendons per animal) and cultured with DMEM containing 2%
EBS, 1% PSF, and 10 pg/mL DQ Collagen, type I From Bovine Skin,
Fluorescein Conjugate (Invitrogen D12060) at 37°C, 5% CO,. Culture
media was exchanged daily. Live tail tendons were stained with
Hoechst and imaged on the Zeiss Axio Scan.Zl to visualize
localization of Hoechst, CollCFP, and fluorescein after 2 days.
After 3 days, tail tendons were cut from the slides, pooled, and
digested with 4 mg/mL Type 4 Collagenase and 3 mg/mL Dispase
IT on an orbital shaker for 1 h at 37°C to obtain a single-cell suspension.
Cells were stained with anti-CD206-PE, anti-F4/80-Alexa Fluor 647
(Biolegend 123121), and LIVE/DEAD Fixable Near IR in PBS for
30 min at 4°C. Stained cells were then rinsed and resuspended in Flow
Buffer transferred to chamber slides (Invitrogen C10228) and imaged
on the Zeiss Axio Scan.Z1. In Fiji, nuclear masks were generated and
mean intensity for each channel was calculated as before (see
“Fluorescent image analysis” section). Plots were generated using
the R “tidyverse” packages in RStudio.

2.15 Statistical analysis

The Shapiro-Wilk test was used to assess normality for comparisons
of percentages of F4/80" cells, flow cytometry percentages, percentages of
GFP* cells, cell densities, percentages of EQU" cells, EDM ratios, and ACr.
An F test was used to test for equal variances for comparisons of flow
cytometry percentages, percentages of EQU* cells, EDM ratios, and ACr.
Levene’s test was used to test for homogeneity of variances for
comparisons of percentages of F4/80" cells, percentages of GFP* cells,
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and cell densities using the R “car” package. Percentages of F4/80" cells,
percentages of GFP* cells, cell density measurements, and EDM ratios
were compared via one-way ANOVA with Tukey’s post hoc test. Flow
cytometry percentages, global PC1 scores, ACt, and AAC were compared
using the Mann-Whitney U test. Percentages of EdU" cells were
compared via paired f-test. Spearman’s rank correlation coefficient p
was calculated for RNAScope ISH intensity per unit area correlations. All
tests were performed using custom R scripts and with the significance
level a was set to 0.05.

3 Results

3.1 F4/80" CsflrGFP* macrophages reside
adjacent to tendon fibroblasts within the
tendon fascicle during embryonic
development and postnatal growth

Resident macrophages exist in numerous tissues and organs in the
body and are derived from either embryonic (e.g., yolk sac) or adult
origins. While macrophages are critical to tendon healing, their spatial
distribution and role during normal growth and development is
unknown. To establish the presence of tendon resident
macrophages and their localization in relation to resident tendon
fibroblasts, we performed immunofluorescence (IF) staining for the
murine pan-macrophage marker F4/80 in mice expressing the tendon
fibroblast markers Collal(3.6 kb)-CFP (Col1CFP) and Scleraxis-GFP
(ScxGFP). We found that F4/80" resident macrophages reside adjacent
to CollCFP" ScxGFP* tendon fibroblasts throughout growth and
development (Figure 1A). They are present within the tendon
midsubstance as early as embryonic day 15.5 (E15.5), right after
tendon formation, and increased during postnatal growth into early
adulthood (P4, P28, and P56) (Figures 1B, C).

F4/80 IF revealed that tendon resident macrophages did not
express the tenocyte reporters CollCFP and ScxGFP at any age
(Figures 1A, B). In tendons from ScxCre;Ai9 mice, where cells from
a tenogenic origin are tdTomato*, we found that F4/80" resident
macrophages did not express tdTomato (Figure 1D). Flow
cytometry (FC) indicated that F4/80" resident
macrophages co-express CDI11b (a myeloid marker), CD86

analysis

(which is expressed by activated B and T cells, monocytes,
macrophages, dendritic cells, and astrocytes), and CD206 (which
is expressed by macrophages, dendritic cells, Langerhans cells, and
endothelial cells) (Figures 1E-G;
S1). Due to the difficulty in
immunostaining F4/80 in tendon sections, we utilized the
MacGreen mice that express Csflr-EGFP (CsflrGFP), which
labels resident macrophages in various tissues throughout the
body 2003), to
spatiotemporal analysis. In tendons, CsflrGFP labeled nearly all
CD11b" F4/80" cells (98.1 + 0.8% in hindlimb tendons and 99.0 +
0.3% in tail tendons; Supplementary Figure S2A). In tendons from
Csf1rGFP;ScxCre;Ai9 mice, nearly all Csf1rGFP~ cells were positive
for tdTomato (Supplementary Figure S2B). Therefore, we classified

hepatic or lymphatic

Supplementary  Figure

(Sasmono et al, conduct a rigorous

CsflrGFP~ cells within the tendon fascicle as scleraxis-lineage cells
(i.e., tendon fibroblasts) in subsequent experiments. CsflrGFP*
cells were not present within the midsubstance of the ligaments
investigated (anterior and posterior cruciate ligaments) or the
entheses within either tendons or ligaments (Supplementary
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FIGURE 1

Resident macrophages are positioned adjacent to fibroblasts during tendon development and postnatal growth (A) Representative image of

P28 CollCFP;ScxGFP patellar tendon section immunostained for pan-macrophage marker F4/80 at P28 showing that CollCFP~ ScxGFP~ cells are F4/80*
macrophages. Yellow arrows indicate F4/80* macrophages with nuclei in plane; white arrows indicate F4/80* cytoplasmic projections (A’) Inset of F4/80"
macrophage within linear array of fibroblasts. Scale bar = 20 ym (B) Representative images of E15.5, P4, P28, and P56 CollCFP patellar tendon sections
immunostained for F4/80. Scale bar = 10 um (C) Quantification of F4/80* cells in patellar tendon sections. Data shown as mean + SD (n = 3). *p < 0.05 as
determined by one-way ANOVA with Tukey's post-hoc test (D) F4/80 immunostaining on P28 ScxCre;Ai9 patellar tendon sections demonstrating that F4/80
cells are not tdTomato™*. Scale bar = 10 um (E) Representative images of gating strategy for surface marker characterization of tendon resident macrophages
by flow cytometry (F) Percentage of F4/80* cells in hindlimb and tail tendons at P14 and P56 (G) Percentage of marker expression within the F4/80
population. Data shown as mean + SD (n = 3). There were no significant differences (p > 0.05) between tendons or between ages as determined by Mann
Whitney U test
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FIGURE 2

Percentage of tendon resident macrophages increases during growth in patellar and Achilles tendons (A) Representative images of Csf1rGFP patellar and
Achilles tendon sections at P4, P14, P28, and P56. Scale bar = 20 pm (B) Quantification of Csf1lrGFP* cells in patellar and Achilles tendon sections. Data shown
as mean + SD (n = 3-4). *p < 0.05, **p < 0.01, ***p < 0.001 as determined by one-way ANOVA with Tukey's post-hoc test

Figure S3). The spatial distribution of macrophages was uniform
along the length of the patellar tendon midsubstance. In contrast,
the density of macrophages in the Achilles tendon appeared to
increase from the distal region near the calcaneus to the proximal
region near the (Supplementary
Figure S3B).

Tendon resident macrophages had diverse morphologies, as

myotendinous junction

shown in cryosections from P28 CsflrGFP;ScxCre;Ai9 patellar
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tendons (Supplementary Figure S4). We found macrophages in
three general morphological states: 1) macrophages with nuclear
and cell body shapes similar to fibroblasts, 2) elongated
macrophages with high aspect ratios (major axis divided by
minor axis), and 3) macrophages with extensions that wrap
around the cell bodies of neighboring tdTomato® fibroblasts.
This close association of macrophages and tendon fibroblasts
within the linear arrays in the tendon midsubstance indicates

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1122348

Bautista et al.

potential cell-cell communication between these different cell
populations.

3.2 The proportion of resident macrophages
within the tendon midsubstance increases
during postnatal growth

During postnatal growth, tendon length, cross-sectional area, and total
cell number increase dramatically (Ansorge et al,, 2011; Grinstein et al.,
2019). To measure the abundance and distribution of tendon resident
macrophages during this time period, we quantified sagittal cryosections of
patellar and Achilles tendons from P4, P14, P28, and P56 CsflrGFP mice
(Figure 2A). While there were numerous CsflrGFP* cells in the peritenon
surrounding the tendon (Supplementary Figure S3), we excluded this
region from our quantification in order to focus on the macrophage
population within the tendon fascicle. In the patellar tendon, the mean
percentage of CsflrGFP" cells significantly increased from 1.6 + 1.3% at
P4 t0 7.9 + 1.4% at P56 (Figure 2B; p < 0.001). In the Achilles tendon, the
mean percentage of CsflrGFP* cells increased from 1.4 + 0.3% at P4 to
4.8 +1.8% at P56 (p < 0.05). As expected, the total cell density (cells/mm?)
and the fibroblast density (GFP~ cells/mm?) significantly decreased during
this period of matrix synthesis-driven postnatal growth (Figure 2B; p <
0.001). While the proportion of macrophages increased during growth, the
spatial density of macrophages (GFP* cells/smm?®) remained relatively
constant over the same period, suggesting there is a certain stimulus
that maintains this spatial density.

3.3 Tendon resident macrophages proliferate
within the neonatal tendon at a higher rate
than fibroblasts

Early postnatal tendon growth (P0-P14) is characterized by a
high degree of proliferation of the overall tendon cell population in
addition to increases in total tendon volume (Ansorge et al., 2011;
Liu et al.,, 2012; Grinstein et al., 2019). Using the H2B-GFP mouse
model to assess proliferation rates in the Achilles tendon, Grinstein
et al. found that, on average, 19% of tendon cells divide per day from
PO to P7. Because proliferation is the main driver of changes in cell
number during tendon growth, we measured the proliferation rates
of macrophages and fibroblasts at P1 to determine if differences in
proliferation rate drive the increase in macrophage proportion that
we observed during neonatal growth. We chose P1 instead of later
time points because this is approximately the age when the
percentage of proliferating cells peaks postnatally in the tendon
(Liu et al., 2012; Grinstein et al, 2019), allowing us to count
enough proliferating cells per population per tendon to perform a
detailed analysis. To test whether macrophages proliferated at a
higher rate than fibroblasts in the neonatal tendon, we injected
P1 CsflrGFP mice with EdU 4h prior to sacrifice to label
proliferating cells. We then stained patellar tendon cryosections
with a fluorescent azide to visualize EAU colocalization with GFP
(Figure 3A). We found that CsflrGFP* macrophages residing within
the tendon fascicle proliferated at a 2.5 times greater rate than
CsfIrGFP~ tendon fibroblasts (Figure 3B; p = 0.003). This
suggests that the increase in proportion of macrophages during
early postnatal growth is driven by a higher proliferation rate
compared to fibroblasts.
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If the increase in proportion of macrophages during early
postnatal growth was due to an influx of macrophages or
macrophage precursors from outside the tendon, we would expect
that the density of macrophages would be higher near the surface of
the tendon to correspond with these cells infiltrating the tendon. Using
Euclidean distance mapping, we quantified the distance of each
CsflrGFP* macrophage from the tendon surface and compared the
distances to those of CsfrGFP~ fibroblasts (Supplementary Figure
S5A). We normalized the numbers of macrophages and fibroblasts
at a certain distance away from the tendon surface by dividing by the
total cell number at that same distance (Supplementary Figure S5B).
We conducted this normalization to account for differences in tendon
thickness that occur along the length of each sagittal section. Using
this analysis, we found that macrophages, similar to fibroblasts, were
uniformly distributed across the depth of the tendon throughout
postnatal growth (Supplementary Figures S5C,D; p > 0.05). Taken
together, these data suggest that the ratio of macrophages to fibroblasts
increases during tendon growth due to a higher rate of proliferation
rather than infiltration of extrinsic macrophage precursors.

3.4 Spatiotemporal gene expression profile of
tendon resident macrophages

To begin to elucidate the potential roles of resident macrophages
during postnatal tendon growth, we measured the gene expression
profile of sorted resident macrophages and tendon fibroblasts from
different anatomical sites with distinct embryonic origins. We isolated
cells from limb and tail tendons from P14 and P56 ScxCre; R26R-
tdTomato mice, sorted for tdTomato® F4/80~ fibroblasts and
tdTomato~ F4/80" macrophages, and extracted RNA from each
population (Figure 4A). In order to obtain enough RNA from the
lowly abundant resident macrophages for each sample, we pooled all
limb tendons together. We assessed the expression of 96 genes using
the Fluidigm Biomark HD platform. The genes analyzed were selected
based on known fibroblast and macrophage markers, cell-cell
cellECM  markers.
macrophage markers and cell-cell signaling genes were selected
based markers obtained after re-analyzing publicly available single-

signaling markers, and Tendon-specific

cell RNA-sequencing (scRNA-seq) datasets (Supplementary Figure
S6) (Harvey et al., 2019; De Micheli et al., 2020; Tan et al., 2020). Three
genes (I8s, Abll, Rp17) were used as housekeeping genes and three
genes (112, I12ra, Sema4c) were excluded for technical reasons.

The relative expression levels of each gene for all samples are
displayed in Supplementary Figure S7. Principal component analysis
(PCA) revealed that the first principal component (PC) accounted for
88.8% of the total variance across tissue, population, and age
(Figure 4B). Mapping of PC1 vs PC2 revealed that PC1 separated
macrophages from fibroblasts, with the macrophage populations
having a significantly higher PCI score than the fibroblast populations
(p < 0.001). Genes with some of the highest PC1 loading values (Cx3crI,
Clqc, Adgrel) were genes classically associated with immune cells, whereas
genes with some of the lowest PCI loading values (Prg4, Collal, Tnmd)
were associated with tendon fibroblasts (Figures 4C, D). Hierarchical
clustering also confirmed the separation of fibroblasts from
macrophages by the genes surveyed (Figure 4D). Altogether, these
findings confirm that fibroblasts and macrophages were properly
isolated from the tendons and identify tendon-specific macrophage

markers. Within the macrophage population, P56 limb tendon
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FIGURE 3

Macrophages proliferate at a higher rate than fibroblasts within the neonatal tendon (A) Representative image of EdU staining of proliferating cells in
P1 CsflrGFP patellar tendon sections. Green arrows indicate EdU" CsflIrGFP~ cells; yellow arrows indicate EAU* CsflrGFP* cells; red dotted lines indicate
border between tendon fascicle and peritenon. Scale bar = 20 um (B) Quantification of EdU* cells within CsflrGFP~ fibroblast and CsflrGFP* macrophage

populations (n = 4). **p < 0.01 as determined by paired t-test.

macrophages clustered farther away from the three other macrophage
populations. The P14 tail tendon macrophages clustered more closely to
the P14 limb tendon macrophages than to the P56 tail tendon
macrophages, suggesting the presence of a common early macrophage
phenotype that diverges over the course of growth.

To further investigate the divergence in expression within the
macrophage population, we performed PCA on only the macrophage
samples using a subset of 50 genes whose global PC1 loading values were
greater than zero (i.e., more abundant in macrophages than fibroblasts). The
first two PCs accounted for 79.7% of the total variance across tissue and age.
Mapping of PC1 vs PC2 confirmed that P56 limb tendon macrophages
diverged from the other macrophage subpopulations, which had higher
PC1 scores (Figure 4E). Within the limb tendons, genes significantly
upregulated in P56 macrophages compared to P14 macrophages
included the cytokines 1110, Cxcl2, Ccl7, Tnf, and Ccl2 and the catabolic
enzyme Mmp13 (Figure 4F). Box plots of the expression levels of the eight
most highly upregulated genes are displayed in Supplementary Figure SSA.
Out of 50 genes investigated, 38 genes (76%) were not differentially
expressed in limb tendon macrophages at P14 compared to P56.
Within the P56 tendons, genes upregulated in limb macrophages
compared to tail tendon macrophages included the cytokines 10, Il1b,
Cxcl2, and Ccl7 and the catabolic enzymes Mmp9 and Mmp13 (Figure 4G).
Box plots of the expression levels of the eight most highly upregulated genes
are displayed in Supplementary Figure S8B. In contrast, 40 genes (80%)
were not differentially expressed in limb tendon macrophages compared to
tail tendon macrophages at P56. These data indicate that the phenotype of
tendon resident macrophages is dependent on age and tendon, with limb
tendon macrophages changing more than tail tendon macrophages
with age.

3.5 Tendon resident macrophages and
fibroblasts express compatible paracrine
signaling genes

Crosstalk between resident macrophages and the adjacent stromal cells
(e.g., fibroblasts) within the tissue or organ plays key roles in development,
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growth, homeostasis, aging, and healing (Buechler et al., 2021; Franklin,
2021; Lee and Ginhoux, 2022). Based on these findings in other tissues and
the intimate positioning of resident macrophages adjacent to tendon
fibroblasts, we investigated the expression of various genes associated
with paracrine signaling between F4/80" macrophages and tdTomato"
fibroblasts. We found high expression of several ligands in fibroblasts
with expression of corresponding receptors in macrophages (Figure 5A). As
expected, one of the top potential fibroblast-to-macrophage ligand-receptor
pairs was CsfI-CsfIr. CSFIR signaling is essential for the differentiation,
survival, and function of most resident macrophage populations (Cecchini
etal, 1994; Dai et al,, 2002; Guilliams et al., 2020). Additionally, ll6-Il6ra was
another potential fibroblast-to-macrophage ligand-receptor pairing. IL-6 is
associated with pro-inflammatory signaling and is often induced by the NF-
kB pathway. We also found evidence of Cx3clI-Cx3crl fibroblast-to-
macrophage signaling. This suggests fibroblasts may drive chemotaxis of
macrophages through CX3CL1 secretion.

Furthermore, we found that macrophages express several ligands
whose associated receptors are expressed by fibroblasts (Figure 5B).
The top potential macrophage-to-fibroblast ligand-receptor pairs were
Gas6-Axl, Tgfvl-Tgfbr2, and Pdgfb-Pdgfra. GAS6-AXL signaling has
been shown to regulate cell proliferation and survival, while TGF-B1
and PDGE-B are known growth factors with established roles in
tendon fibroblast proliferation and differentiation. These data
provide evidence that resident macrophages may regulate tendon
fibroblast processes during postnatal growth through paracrine
signaling.

3.6 Tendon resident macrophages
preferentially localize to Csfl-expressing
fibroblasts

In several tissues, disruption of local CSF1 expression by
neighboring cells (e.g., fibroblasts) results in depletion of the
resident macrophage population (Mondor et al, 2019; Bellomo
et al., 2020; Werner et al., 2020; Emoto et al., 2022; Zhou et al,,
2022). We re-analyzed two publicly available scRNA-seq datasets to
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FIGURE 4

Gene expression profiles of tendon resident macrophages varies by source tendon and age (A) Experimental design for FACS and gene expression assay. Cells
were isolated from limb tendons and tail tendons collected from P14 and P56 ScxCre;Ai9 mice (n = 5 samples per tissue per time point). Cell suspensions were stained
with anti-F4/80-Brilliant Violet 421 and subjected to FACS to obtain tdTomato* fibroblasts and F4/80-Brilliant Violet 421* (F4/80-BV421*) macrophages. RNA was
extracted from each of 40 sorted cell suspensions and converted to cDNA. The 40 unique cDNA samples were preamplified then loaded in duplicate (80 samples
total) onto a Fluidigm microfluidic gPCR chip along with 96 TagMan Gene Expression Assays (B) PC1 score vs PC2 score from PCA of all samples and genes. Prediction
ellipses represent 95% confidence intervals (C) Waterfall plot of PC1 loading values with top 15 (teal) and bottom 15 (maroon) genes highlighted (D) Heatmap of genes
with highest 15 and lowest 15 PC1 loading values with hierarchical clustering. Genes with PC1 loading values >0 were selected for subsequent macrophage-only PCA
(E) PC1 score vs PC2 score from PCA of macrophage groups only (F) Volcano plot comparing P56 limb tendon macrophage vs P14 limb tendon macrophage gene
expression. Horizontal dotted line indicates p = 0.05 threshold; left vertical dotted line indicates fold change of —1; right vertical line indicates fold change of 1 (G)
Volcano plot comparing P56 limb tendon macrophage vs P56 tail tendon macrophage gene expression.

investigate Csfl expression in the tendon cell population
(Supplementary Figure S6) (Harvey et al., 2019; Tan et al., 2020).
We found that CsfI was exclusively expressed in fibroblast clusters
(Supplementary Figures S6E,H). Furthermore, we found that only a
subset of fibroblasts expressed Csfl. In agreement with our findings,
Csflr was expressed in the macrophages and not in the fibroblasts
(Supplementary Figures S6E,H).

To investigate the spatial relationship between CsfI-
expressing fibroblasts
within the tendon midsubstance, we performed RNAScope

and Csflr-expressing macrophages
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duplex in situ hybridization (ISH) on P28 sagittal patellar
tendon cryosections (Figure 6A). We overlaid a 50 pm x
50 um grid pattern over the tendon (Figure 6A’) and then
quantified the CsfIr and Csfl staining intensities within each
area by performing color deconvolution to isolate individual
channels for Csflr, Csfl, and background signals (Figure 6A”;
Supplementary Figure S10A). We found a significant positive
correlation between Csflr and CsfI staining (Figure 6B; mean
Spearman’s rank correlation coefficient = 0.439, mean p < 0.001).
There was no significant correlation between CsflI and Hoechst
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Gene expression indicates potential tendon resident macrophage-fibroblast crosstalk (A) AC+ levels of ligands enriched in tdTomato* fibroblasts (top)
and receptors enriched in F4/80-Brilliant Violet 421* macrophages (bottom) from P14 and P56 limb tendons (n = 5) (B) AC+ levels of ligands enriched in F4/80-
Brilliant Violet 421* macrophages (top) and receptors enriched in tdTomato* fibroblasts (bottom) from P14 and P56 limb tendons (n = 5). Significance bars

indicate p < 0.05 as determined by Mann-Whitney U test.

signals (mean Spearman’s rank correlation coefficient = —0.130,
mean p = 0.361) or between Csflr and Hoechst signals (mean
Spearman’s rank correlation coefficient = —0.300, mean p =
0.574), suggesting that the CsfI-Csflr correlation was not
simply a function of cell density (Supplementary Figures
S10B,C). Furthermore, found low Csfl and Csflr
expression in the regions where we found few CsflIrGFP™" cells
(Supplementary Figure S3): the
attachment (“pat”), tibia-patellar tendon attachment (“tib”),

we

patella-patellar tendon
cruciate ligaments (“PCL”), and calcaneus-Achilles tendon
attachment (“calc”) (Supplementary Figure S11). These results
indicate that Csfl expression by tendon fibroblasts may dictate
the positioning of CsfIr-expressing resident macrophages.

3.7 Tendon resident macrophages express
genes associated with ECM interactions and
internalize collagen

Macrophages play key roles in directly remodeling the ECM
during the development and growth of various tissues (Pollard,
2009; Wynn et al., 2013). Therefore, we investigated the expression
of various genes associated with cell-ECM interactions (Figure 7A).
Several cathepsins (Ctsb, Ctsd, Ctsk, and Ctsl) along with Mmp9 were
expressed at similar levels in both macrophages and fibroblasts.
Furthermore, both macrophages and fibroblasts expressed integrin
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genes associated with cell-ECM adhesion and signaling (Itga5, Itgbl,
and Itgb5) as well as receptors for the tendon ECM components
decorin and biglycan (Lrpl and Tir4, respectively). Several genes
associated with collagen degradation (Mmp2, Mmp3, Mmpl4, and
Mrc2) were upregulated in fibroblasts compared to macrophages.
Conversely, the catabolic genes Ctsc, Ctss, and Mmpl3 were
selectively upregulated in macrophages. Receptors for the tendon
ECM components collagen (Lairl), biglycan (TIr2), and hyaluronan
(Lyvel) were also upregulated in macrophages compared to
fibroblasts.

Mrcl, which encodes the mannose receptor CD206, is highly
expressed in tendon resident macrophages (Figure 7A; Figure 1G).
In dermal macrophages, CD206 is essential for receptor-mediated
endocytosis of collagen and subsequent lysosomal degradation
(Madsen et al, 2013). To investigate the relationship between
Col1CFP~ CD206" macrophages and internalized collagen, we cultured
ColICFP tail tendon explants with medium containing fluorescein-
conjugated DQ Collagen, which fluoresces upon degradation. We
found strong intracellular DQ Collagen signal in the CollCFP~ cells,
but not in CollCFP* cells (Figure 7B). To quantify the colocalization of
Col1CFP, CD206, and DQ collagen, we isolated single cells from the
explants and immunostained them with anti-CD206-PE. As expected,
CD206" CollCFP* cells were extremely rare (0.4% of CollCFP* cells;
Supplementary Figure S12A); F4/80* Coll1CFP* cells were also rare (1.3%
of CollCFP* cells; Supplementary Figure S12B). Of the CD206" cells,
75.4% were positive for DQ collagen, compared to 0.5% of Coll1CFP* cells
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Csflr-expressing macrophages localize to Csfl-expressing tendon fibroblasts (A) Representative image of RNAScope ISH of Csfl and Csflr RNA on

P28 patellar tendon sections. Scale bar = 20 um (A’) Each ISH image was divided into a 50 pm x 50 um grid to quantify average staining intensity of each stain
per unit area (A"”) Representative 2,500-um? units with corresponding Csflr-C1 and Csf1-C2 mean intensity measurements (low expression in upper row and
high expression in lower row) (B) Scatter plot showing average intensity of Csflr-C1 and Csf1-C2 staining within each unit area (n = 3).

(Figure 7C). Additionally, 67.9% of F4/80" cells were positive for DQ
collagen (Supplementary Figure S12C). This indicates that tendon resident
macrophages may internalize degraded collagen in a CD206-dependent
manner. Altogether, these data provide insight into the potential functions
of resident macrophages in tendon growth and homeostasis.

4 Discussion

This study established the spatiotemporal distribution and
phenotype of tendon resident macrophages during development
and growth. Tendon resident macrophages are present during
tendon formation (E15.5) and increase in number dramatically
during early postnatal growth, which coincides with tremendous
ECM accrual. Macrophages are positioned adjacent to tendon
fibroblasts within linear arrays in the tendon fascicle and gene
expression analyses suggest signaling crosstalk between these
populations. In fact, our duplex RNA in situ hybridization
demonstrated that the positioning of macrophages within the
tendon correlated with expression of Csfl by tendon fibroblasts.
Lastly, resident macrophages within tendon explants internalize
collagen to a greater degree than adjacent tendon fibroblasts, a
process which may be mediated by the mannose receptor
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(CD206),
remodeling during tendon growth.

Resident macrophages play key roles in the development and
homeostasis of various tissues and organs (Wynn et al., 2013; Wu and
Hirschi, 2020; Lee and Ginhoux, 2022). While embryonic macrophage
precursors share a common phenotype, this phenotype begins to

and potentially a role for macrophages in ECM

diverge once the cells colonize their respective tissues of residence
and differentiate into more specialized cells based on biological and
physical signals from their local niche (Mass et al., 2016; Mass, 2018;
T’Jonck et al,, 2018). We found that resident macrophages position
themselves adjacent to tendon fibroblasts as early as E15.5 in the
patellar tendon (Figure 1B) and the proportion of resident
macrophages increases over the course of early postnatal growth
(Figure 1C; Figure 3B). This coincides with previous studies
demonstrating a high rate of overall proliferation and an increase
in ECM density and maturity over the same period (Ansorge et al.,
2011; Grinstein et al., 2019). Based on our EdU proliferation analysis,
macrophages within the tendon fascicle out-proliferate fibroblasts
during early postnatal development (Figure 3), likely driving the
rapid increase in the ratio of macrophages to fibroblasts. This is
similar to Langerhans cells, Kupffer cells, alveolar macrophages,
and microglia, where the vast majority of cells are long-lived or
macrophages derived from yolk sac

self-renewing resident
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erythromyeloid progenitors or fetal liver monocytes and not from
circulating bone marrow-derived monocytes, as with kidney, cardiac,
lung interstitial, and brain border-associated macrophages (Gomez
Perdiguero et al., 2015; Dick et al., 2022). Furthermore, we confirmed
that tendon resident macrophages express Lyvel and Folr2.
Macrophages  expressing  these “TLE*”
macrophages, were found to be long-lived or self-renewing

markers, termed
embryonically derived macrophages using genetic fate mapping
and parabiosis studies (Dick et al., 2022); similar to tendon
resident macrophages, TLF* macrophages in the heart, liver, lung,
kidney and brain are enriched for Mrcl (CD206). We also found that
tendon resident macrophages express Ccr2, similar to a recent report
using CCR2-GFP mice (Muscat et al., 2022), which is typically a
marker of resident macrophages derived from circulating monocytes
(Chakarov et al., 2019; Dick et al., 2022). Thus, genetic fate mapping
and parabiosis studies are still needed to define the ontogeny of tendon
resident macrophages throughout multiple stages of life. In other
tissues, resident macrophages derived from circulating monocytes
have different functions in homeostasis and response to injury
compared to those derived from embryonic progenitors (Wang
et al, 2020a; Weinberger et al, 2020). Future studies will
investigate the presence of monocyte-derived macrophages in
tendon and how their function differs from embryonically derived
macrophages.

Via flow cytometry and gene expression analyses, we found that
tendon resident macrophages express a number of pan-macrophage
and resident macrophage markers (Adgrel, CD86, Mrcl, Csflr, Lyvel,
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Lyz2, Fcerlg, Pf4, Folr2, Cx3crl, and Ccr2) at multiple ages.
Interestingly, we found that the expression profile of these cells
changed with age, depending on the tendon. For instance, we
found that, during the active growth phase (P14), resident
macrophages from different tendons had similar gene expression
profiles, providing evidence for a common early macrophage
phenotype before the tendons reach maturity. Furthermore, the
expression profile of adult limb tendon resident macrophages (P56)
diverged from that of macrophages in younger mice, suggesting that
they acquired a specialized state during growth and maturation, unlike
tail tendon macrophages that displayed minimal expression changes
with age in the set of genes analyzed. Our finding that macrophage
gene expression in limb tendons differs from that in tail tendons is in
agreement with the finding that transcriptomes differ across
functionally different tendons (Disser et al., 2020). ECM properties
and mechanical loading properties also differ across tendons (Birch,
2007; Choi et al., 2018). Therefore, it is conceivable that the crosstalk
between fibroblasts and macrophages and their interactions with the
ECM, unique to that specific tendon, dictates their phenotype.

Two models of spatial patterning may explain the distribution of
tendon resident macrophages within the midsubstance: the contact
inhibition model (“territory model”) or the “nurturing scaffold”
model. In the contact inhibition model, such as has been proposed
in Drosophila embryos, patterning is governed by mutual repulsion of
neighboring macrophages (Stramer et al., 2010; Hume et al., 2019). In
support of this model in tendon, while the proportion of resident
macrophages increased with time, the number of macrophages per

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1122348

Bautista et al.

unit area remained relatively constant. Tendon resident macrophages
are rarely found in close proximity to each other; instead, they are
regularly patterned across the length and depth of the midsubstance.
We found that tendon resident macrophages typically have
cytoplasmic projections that reach around neighboring cells and
collagen fibers. It is possible that, as the tendon grows in volume,
contact inhibition is lost and macrophages proliferate to fill the
missing “territories.” Alternatively, tendon resident macrophage
density and distribution may be a function of secretion of CSF1 by
tendon fibroblasts that acts to create a “nurturing scaffold” (Guilliams
et al,, 2020). In monolayer co-cultures of fibroblasts and macrophages,
a stable cell circuit exists where the macrophage-to-fibroblast ratio
reaches an equilibrium over time, regardless of initial seeding density
or transient supplementation with exogenous CSF1 or PDGFB (Zhou
et al., 2018). In macrophage monocultures, initial seeding densities do
not affect proliferation rate, as one would expect in a contact
inhibition-dependent model of patterning, but CSF1 concentration
significantly increases the proliferation rate. In vivo, stromal cell
production of CSF1 is necessary for resident macrophage growth
and survival (Bonnardel et al., 2019; Mondor et al., 2019; Bellomo
etal., 2020; Werner et al., 2020; Zhou et al., 2022). Global depletion of
functional CSF1 results in a significant reduction in the number of
tendon resident macrophages (Cecchini et al., 1994; Harris et al.,
2012). Injection of exogenous CSF1 in the circulation does not result in
replenishment of the tendon resident macrophage population,
suggesting that local production of CSF1 by fibroblasts is required
for the establishment and maintenance of the tendon resident
macrophage population (Ryan et al,, 2001). In tendon, we found
that average Csfl expression by fibroblasts increases from P14 to P56
(Figure 5A), concomitantly with the increase in the ratio of
macrophages to fibroblasts in the patellar tendon. This fact, in
combination with our finding that CsfIr-expressing macrophages
preferentially localize to Csfl-expressing fibroblasts (Figure 6),
supports the “nurturing scaffold” model for tendon resident
the
functional importance of the CSF1-CSFIR signaling axis in tendon

macrophage patterning. Future studies will investigate
using conditional knockout mouse models.

Within the patellar and Achilles tendons examined, resident
macrophages were not present in the enthesis. Furthermore,
macrophages were rarely found in the cruciate ligaments. The
factors driving macrophages to populate the tendon midsubstance
and not the enthesis or cruciate ligaments are unknown, but may
include differences in fibroblast phenotype, ECM, or mechanical
loading. Interestingly, the density of resident macrophages within
the Achilles tendon increased closer to the myotendinous junction. In
situ hybridization of knee and ankle sections reveals a lack of CsfI
expression in the cruciate ligaments and in the entheses of patellar and
Achilles tendons which likely results in the low density of
macrophages in these areas. However, the mechanisms that
regulate the regional heterogeneity in Csfl expression in fibroblasts
have yet to be determined.

We demonstrated in this study that fibroblasts and macrophages may
communicate with each other through various paracrine signaling
pathways. Previous studies also found evidence of fibroblast-immune
cell interactions during normal physiology and tendinopathy (De Micheli
et al,, 2020; Akbar et al., 2021; Stauber et al,, 2021). Crosstalk between
resident macrophages and stromal cells contributes to the development,
function, and maintenance of several tissues (Wynn et al., 2013; Buechler
et al,, 2021; Franklin, 2021). We found that, in tendon fibroblasts, several

Frontiers in Physiology

14

10.3389/fphys.2023.1122348

cytokines, including Csfl, 16, and Cx3clI, are upregulated in the adult
tendon compared to the actively growing tendon. In addition, in situ
hybridization (Figure 6) and scRNA-seq analysis (Supplementary Figure
S6) demonstrated that only a subset of tendon fibroblasts expresses
detectable levels of Csfl. It is unknown if this subset is a unique
fibroblast population or a temporary state that all fibroblasts can enter
when subjected to specific stimuli. In tendon resident macrophages, there
are a few cytokines, such as Gas6, that are downregulated in the mature
tendon, while there are other cytokines, such as Pdgfb, that are
upregulated. These changes in cell-cell signaling may be representative
of the overall differences in tendon phenotype at these two different
developmental time points. Investigation of the roles of fibroblast-
macrophage crosstalk in tendon development, homeostasis, and
pathology will close a wide gap in knowledge in tendon biology.

Resident macrophages also directly remodel and interact with the
ECM of several tissues, including bone, lung, and mammary gland,
during development and homeostasis (Wiktor-Jedrzejczak et al., 1990;
Pollard, 2009; Wynn et al.,, 2013; Wang et al., 2020b; Keerthivasan et al.,
2021). The increase in the proportion of tendon resident macrophages
correlates with the increase in ECM density, which may be indicative of
the importance of macrophages in regulating the ECM. In tendon,
resident macrophages are enriched for Mrcl (mannose receptor;
CD206), a marker typically associated with “M2” anti-inflammatory
macrophages. CD206" dermal macrophages endocytose collagen
through the mannose receptor and clear the internalized collagen
through lysosomal degradation (Madsen et al., 2013). Similarly, we
show that CD206" tendon resident macrophages internalize type
1 collagen (Figure 7). This suggests a potential role for tendon
resident macrophages in ECM turnover. A portion of the collagen
matrix is turned over on a daily basis in the homeostatic tendon (Chang
et al, 2020). While tendon fibroblasts across tissues are known to
phagocytose and degrade collagen (Everts et al., 2003; Chang et al,
2020), it is possible that tendon resident macrophages play a
complementary role in daily clearance of collagen through
phagocytosis, receptor-mediated collagen endocytosis, or both
(Madsen et al.,, 2013). We found that macrophages upregulate Ctss
(cathepsin S), which can degrade elastin (Vidak et al., 2019; Brown et al.,
2020), and Lairl (leukocyte-associated immunoglobulin-like receptor
one; CD305), which recognizes type 1 collagen (Carvalheiro et al., 2020;
Keerthivasan et al,, 2021). Additionally, we demonstrated that tendon
resident macrophages express Apoe and LrpI, which are both involved
in type 1 collagen phagocytosis in alveolar macrophages (Cui et al.,
2020). Lastly, tendon resident macrophages highly express Lyvel, a
hyaluronan receptor. LYVE1" resident macrophages in other tissues
have been implicated in maintaining ECM homeostasis (Lim et al., 2018;
Brezovakova and Jadhav, 2020; Wang et al., 2020b). Given the presence
of ECM-related genes that are differentially expressed between tendon
resident macrophages and tendon fibroblasts, a potential feedback loop
may exist involving macrophages, fibroblasts, and the ECM to regulate
normal tendon physiology. An understanding of how the dysregulation
of the ECM, as seen in tendinopathy and tendon healing, affects the
macrophage phenotype may lead to improved clinical treatments
(Jurgensen et al.,, 2020; Crosio and Huang, 2022). One recent study
utilizing single-cell RNA sequencing found major compositional and
transcriptional differences in the immune cell population between
healthy and tendinopathic human tendons (Akbar et al, 2021).
There is therefore a critical need to study how the resident
macrophage population may contribute to healing following acute
injury and to chronic tendinopathy.
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Our results provide vital insights into the resident macrophage
population during tendon development and growth. We have
presented evidence of crosstalk between resident macrophages and
fibroblasts and between resident macrophages and the surrounding
matrix. Future studies will further investigate the dependence of
fibroblasts signals neighboring
macrophages and the interactions of resident macrophages with the

tendon on from resident

ECM during tendon growth, homeostasis, and tendinopathy.
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