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INT ROD UCT ION
Tumor-associated macrophages (TAMs) are abundant in the 

tumor stroma at all stages of tumor progression. Clinical stud-

ies and experiments in mouse models clearly indicate that 

TAMs are typically polarized by the local tumor milieu to 

adopt a protumoral phenotype that promotes tumor cell in-

vasion, motility, and intravasation (Biswas et al., 2013; Noy 

and Pollard, 2014). Macrophages also contribute to metastasis 

by priming the premetastatic site and enabling tumor cell ex-

travasation, survival, and persistent growth (Qian et al., 2011). 

In particular, it has been established that TAMs orchestrate 

the so-called angiogenic switch by producing neoangiogenic 

molecules that increase vascular density (Lin and Pollard, 

2007). Moreover, their release of in�ammatory cytokines 

generates a chronic in�ammatory environment permissive for 

tumor initiation and growth (Movahedi et al., 2010; Coussens 

et al., 2013; Noy and Pollard, 2014). It is, therefore not sur-

prising that extensive TAM in�ltration positively correlates 

with cancer metastasis and poor clinical prognosis in a variety 

of human cancers (Noy and Pollard, 2014).

The tumor cellular ecosystem is nourished by its 

extracellular matrix (ECM), comprising a three-dimen-

sional (3D) supramolecular network of polysaccharides 

and proteins, including collagens, glycoproteins, and pro-

teoglycans. The tumoral ECM actively promotes cancer 

by providing critical biomechanical and biochemical 

cues that drive tumor cell growth, survival, invasion, and 

metastasis and by regulating angiogenesis and immune 

function. It di�ers signi�cantly from normal ECM, an 

outcome of aberrantly expressed or modi�ed structural 

proteins and remodeling events orchestrated by speci�c 

proteolytic and protein cross-linking enzymes (Lu et al., 

2012; Naba et al., 2012, 2016; Perryman and Erler, 2014; 

Pickup et al., 2014). Tumors are characterized by high 

levels of proteolytic degradation of physical barriers be-

tween cells that allow the invasion of malignant and en-
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dothelial cells and promote the activation and release of 

cryptic proteins, which directly stimulate tumor cell sur-

vival, proliferation, motility, and the neoangiogenic switch 

(Kessenbrock et al., 2010; Mason and Joyce, 2011). ECM 

deposition (desmoplasia) is also a hallmark of various solid 

tumors, and it ensues from altered deposition, cross-link-

ing, and geometrical organization (e.g., linearization) of 

matrix proteins, especially of collagen �bers, the most 

abundant ECM sca�olding proteins in the tumor stroma 

(Provenzano et al., 2008; Levental et al., 2009; Lu et al., 

2012; Pickup et al., 2014). Though it remains elusive, it 

has been suggested that dysregulated collagen deposition 

and metabolism resulting in increased �brosis enhance 

tumor development and invasion (Levental et al., 2009; 

Lu et al., 2012; Pickup et al., 2014).

TAMs were suggested to participate in shaping the 

tumor stroma by producing proteolytic enzymes and 

matrix-associated proteins. Gene expression profiling of 

TAMs isolated from human ovarian carcinoma revealed 

their expression of various matrix proteolytic enzymes 

and matricellular proteins, suggesting their contribution 

to tumor growth and invasiveness (Liguori et al., 2011). 

Yet, the mode by which TAMs drive ECM remodeling 

and the resulting effect on tumor development remain 

largely unknown. Recently, there was a paradigm shift in 

the comprehension of macrophage ontogeny with the re-

alization that most tissue-resident macrophages are estab-

lished prenatally (Varol et al., 2015). In contrast, intestinal 

lamina propria macrophages (lpMFs) are mainly Ly6Chi 

monocyte derived during adulthood (Varol et al., 2007, 

2009; Bogunovic et al., 2009; Zigmond et al., 2012; Bain 

et al., 2014). Similarly, TAMs depend on de novo Ly6Chi 

monocyte recruitment (Movahedi et al., 2010; Franklin 

et al., 2014; Shand et al., 2014), and the differentiation of 

both lpMFs and TAMs relies on CCR2 and CSF1 (Lin et 

al., 2001; Bogunovic et al., 2009; Varol et al., 2009; Qian 

et al., 2011; Zigmond et al., 2012; Franklin et al., 2014). 

Thus, given the shared ontogeny of TAMs and colonic 

lpMFs, colorectal cancer (CRC) serves as the perfect 

model for exploring the specific ECM signature acquired 

by monocytes upon their differentiation into TAMs versus 

tissue-resident macrophages.

Using an orthotopic CRC mouse model (Zigmond 

et al., 2011), we demonstrate that Ly6Chi monocytes, which 

massively in�ltrate the tumors by virtue of their CCR2 

expression, mature into TAMs and that their de�ciency 

impairs tumor growth and ECM buildup. Using an in-

tegrated genomic and proteomic approach to de�ne the 

ECM signature of colorectal TAMs together with advanced 

high-resolution optical imaging to visualize the tumoral 

ECM macromolecule network, we show that TAMs play a 

critical role in the deposition, cross-linking, and lineariza-

tion of collagenous ECM, a feature that until now has been 

uniquely attributed to cancer-associated �broblasts (CAFs; 

Kalluri and Zeisberg, 2006).

RES ULTS
Characterization of TAM subsets in a mouse 
orthotopic model of CRC
To de�ne the role of TAMs in CRC, we used a mouse or-

thotopic model based on the endoscopic-guided colonic im-

plantation of syngeneic CRC cells that is minimally invasive 

and highly reproducible (Zigmond et al., 2011). Given the 

signi�cant expression of the fractalkine chemokine receptor 

CX3CR1 by monocyte-derived lpMFs (Varol et al., 2009; 

Zigmond et al., 2012) and TAMs in other models (Mova-

hedi et al., 2010; Franklin et al., 2014), we characterized 

the TAM compartment in colorectal tumors implanted in  

Cx3cr1gfp/+ reporter mice (Jung et al., 2000). Flow cytom-

etry analysis of upstream normal colonic lamina propria re-

vealed a dominant population of resident lpMFs de�ned as  

CX3CR1-GFPhi cells that highly express CD11b, MHC 

II, and the macrophage lineage markers F4/80 and CD64 

(FcγR1; Zigmond et al., 2012). Our assessment of colorectal 

tumors 2 wk after their implantation revealed the massive re-

cruitment and accumulation of two CD11b+CX3CR1-GFP+ 

macrophage subsets: a Ly6ChiCD64loF4/80loMHC II− mono-

cyte in�ltrate and their Ly6CloF4/80hiMHC II+CD64hi ma-

ture TAM descendants (Fig. 1 A). Ly6Chi TAMs dominated 

the early tumor development phase (day 7), whereas F4/80hi 

TAMs were greater at the later phase (days 14–20) and con-

stituted the major immune cell population (Fig. 1 B). Im-

portantly, although colonic lpMFs and mature TAMs shared 

a similar expression pattern of macrophage-characteristic 

markers, immuno�uorescent confocal imaging of the in-

terface between the colorectal tumor and adjacent normal 

mucosa revealed clear morphological di�erences, with TAMs 

appearing smaller and round shaped, whereas lpMFs were 

larger and rami�ed (Fig. 1 C).

We next sought to molecularly de�ne the di�erence 

between the colorectal TAM subsets and colonic lpMFs. To 

that end, we performed a transcriptome microarray analysis of 

highly puri�ed Ly6Chi and F4/80hi TAM subsets sorted from 

CRC tumors from Cx3cr1gfp/+ mice in comparison with co-

lonic-resident lpMFs sorted from upstream normal mucosa 

to exclude TAM contamination (Fig. S1). These macrophage 

subsets were also compared with the shared circulating Ly6Chi 

monocyte precursors isolated from the splenic reservoir of 

the same mice. We identi�ed 1,538 and 1,234 genes that were 

di�erentially expressed by Ly6Chi TAMs and F4/80hi TAMs, 

respectively, in comparison with colonic lpMFs (Fig.  1  D; 

greater than or equal to twofold and P < 0.05). Upon their 

di�erentiation toward Ly6Chi and F4/80hi CRC TAM sub-

sets, the Ly6Chi monocyte precursors up-regulated genes pre-

viously de�ned as signature genes of alternatively activated 

M2 phenotype and of IL-4– or IL-13–induced macrophage 

activation (Fig. 1 E; Martinez et al., 2013; Murray et al., 2014; 

Xue et al., 2014). Some of these were also induced in co-

lonic lpMFs, which further supports their previously de�ned  

antiin�ammatory signature (Bain et al., 2013; Zigmond et al., 

2014). GOE AST Gene Ontology (GO) analysis (Zheng and 
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Figure 1. Characterization of TAM subsets in an orthotopic model of CRC. (A) Flow cytometry analysis of living CD45+ leukocytes was performed at 

day 14 after tumor implantation in Cx3cr1gfp/+ mice. Representative images display the de�nition of colonic lpMFs within the upstream normal colon (top) 

and Ly6Chi and F4/80hi TAM subsets within the colorectal tumors (bottom). Percentages indicate the population fraction out of CD45+ cells. (B) Graphic 

summary showing the fraction of Ly6Chi and F4/80hi TAMs out of CD45+ living total tumor immune cells at days 7, 14, and 20 after tumor grafts. Data are 

presented as mean ± standard error of the mean. (C) Confocal �uorescence microscopy imaging of colorectal tumor margins was performed at day 14 

after tumor implantation in Cx3cr1gfp/+ mice. Images show the interface between the tumor (T) and its surrounding normal tissue (N). Bars, 50 µm. (D) Venn 

diagram of monocytes (mono) and TAM subsets showing the distribution and number of differentially expressed genes in comparison with colonic resident 

lpMFs. Sp, splenic. (E) Heat map analysis showing the differential raw expression level of genes associated with M2 alternative macrophage activation 

phenotype and with IL-4– or Il-13–induced macrophage activation. (F) Graphic presentation of the signi�cance (p-value) for the enrichment of selected 

GO categories out of GOE AST analyses performed for differentially expressed genes between Ly6Chi TAMs (blue) or F4/80hi TAMs (red) versus colonic lpMFs. 

Imm’, immune. (G) Venn diagram showing the distribution of functions found to be signi�cantly enriched (P < 0.05) by the DAV ID tool in the differentially 

expressed genes of F4/80hi TAMs and Ly6Chi TAMs versus colonic lpMFs. (H) Correlation matrix with Pearson correlation coef�cient performed for all genes 

above background and above twofold change. Results are representative of one (B and C) or tens (A) of independent experiments with three to �ve mice 

in each experimental group. (D–H) Microarray data represent the average of two biological repeats, each extracted from a pool of mice (splenic monocytes, 

n = 5; TAMs and colonic lpMFs, n ≥ 10). GOE AST and DAV ID analyses of differentially expressed genes (greater than or equal to twofold change; P < 0.05; 

ANO VA) use a hypergeometric test to assess the signi�cantly enriched GO terms among a given gene list.
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Wang, 2008) further provided function enrichment catego-

rization of the di�erentially expressed genes between Ly6Chi 

TAMs and colonic lpMFs and between F4/80hi TAMs and 

colonic lpMFs (Fig.  1  F and Table S1). In both gene lists, 

there was a signi�cant enrichment for ECM-associated genes. 

Additional function enrichment analysis was performed using 

the DAV ID tool (Huang et al., 2009), and the resulting func-

tions and pathways with enrichment scores of P < 0.05 were 

selected and visualized in Venn diagrams (Fig.  1  G); many 

were common to both gene lists and uncovered a signi�cant 

enrichment for ECM genes (Table S2). In support of their tis-

sue of origin, ingenuity disease and function pathway analysis 

of the di�erentially expressed genes between Ly6Chi TAMs or 

F4/80hi TAMs versus colonic lpMFs revealed highly signi�-

cant enrichment for pathways associated with gastrointestinal 

tract cancer and tumors (Ly6Chi TAMs: p-value = 5.6E-12, 

activation z score = 2.68; F4/80hi TAMs: p-value = 1.1E-09, 

activation z score = 2.5) and with intestinal in�ammation 

(Ly6Chi TAMs: p-value = 9.2E-11, activation z score = 2.38; 

F4/80hi TAMs: p-value = 8.3E-07, activation z score = 2.68; 

Table S3). Finally, a correlation matrix revealed clear gene 

expression similarity between TAM subsets with a Pearson 

correlation coe�cient of 0.95. In contrast, there was gene ex-

pression variance between the resident lpMFs and Ly6Chi or 

F4/80hi CRC-TAM subsets, with a Pearson correlation coef-

�cient of 0.68 for the former and 0.73 for the latter (Fig. 1 H). 

Overall, these results highlight that CRC-TAM subsets and 

colonic lpMFs are molecularly and functionally distinct.

TAM-de�cient colorectal tumors 
display impaired tumor growth
Monocyte recruitment to mammary tumors is CCR2 depen-

dent (Franklin et al., 2014). Our comparative �ow cytometry 

analysis of colorectal tumors implanted into Cx3cr1gfp/+ and 

Cx3cr1gfp/+Ccr2−/− mice revealed that CCR2 de�ciency leads 

to a signi�cant reduction in the amount of tumor-in�ltrating 

Ly6Chi monocytes and their F4/80hi TAM descendants but has 

no e�ect on other tumor-in�ltrating CCR2-negative myeloid 

cells, such as neutrophils (Fig. 2 A). Colonoscopy analysis at day 

18 after colorectal tumor implantation revealed impaired tumor 

development in Ccr2−/− mice, manifested by a smaller degree 

of tumor obstruction of colonic lumen (Fig. 2 B) and signi�-

cant reduction in tumor mass (Fig. 2 C) and volume (Fig. 2 D). 

These results uncover that TAMs play a direct critical protu-

moral role in CRC. They also point to Ccr2−/− mice as being 

a suitable model for studying the e�ects of TAM de�ciency on 

tumoral ECM in the physiological colonic environment.

TAM-de�cient colorectal tumors display 
altered ECM composition
To characterize the in�uence of TAM de�ciency on col-

orectal tumor ECM composition, we performed proteomic 

Figure 2. Colorectal tumors established in Ccr2−/− 
mice display impaired TAM recruitment and tumor 
growth. (A) Flow cytometry analysis of living CD45+ leu-

kocytes was performed at day 14 after tumor implantation 

in Cx3cr1gfp/+ and Cx3cr1gfp/+Ccr2−/− mice. The graph pres-

ents cell population number normalized per tumor mass 

of Ly6Chi and F4/80hi TAM subsets and of neutrophils in 

WT versus Ccr2−/− tumors. (B–D) Analysis of tumor growth 

was performed at day 18 after tumor implantation in WT 

and Ccr2−/− mice. Graphical summaries display colonic 

lumen obstruction as assessed by colonoscopy (B), tumor 

mass (C), and tumor volume (D). Results are representative 

of one (A) or four (B–D) independent experiments with 6 

mice (A) or at least 15 mice (B–D) in each experimental 

group. Data were analyzed by unpaired, two-tailed Stu-

dent’s t tests and are presented as mean ± standard error 

of the mean. **, P < 0.01; ***, P < 0.001.
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pro�ling of the tumors and categorized the ECM-core 

and -associated proteins based on the matrisome de�ni-

tion (Naba et al., 2012, 2016). Unbiased comparative liq-

uid chromatography with mass spectrometry (MS; LC-MS/

MS) analysis of whole protein contents from WT colorectal 

tumors and upstream normal colon tissue revealed 1,305 

proteins that were di�erentially expressed (Student’s t test; 

positive false discovery rate [pFDR] < 0.05). Among them, 

71 were ECM related, out of which 31 were also di�er-

entially expressed between WT and Ccr2−/− tumors, im-

plying that TAMs are profoundly involved in promoting 

the altered ECM composition of colorectal tumors versus 

healthy colon (Fig. S2). In a direct comparison between 

WT and Ccr2−/− tumors, we found 46 signi�cantly dif-

ferent ECM-related proteins out of the di�erentially ex-

pressed 348 proteins (enrichment factor = 2.72; pFDR = 

1.37 × 10−12; Fig. 3, A–D). Many of these were reduced in 

the TAM-de�cient tumors, including the core matrisome 

proteins collagen types Iα1, Iα2, IVα1, IVα2, VIα3, XIIα1, 

and XIVα1 (Fig.  3 A); the proteoglycans heparan sulfate 

proteoglycan 2 (Hspg2), lumican (Lum), prolargin (Prelp), 

asporin (Asp), decorin (Dcn), biglycan (Bgn), osteoglycin 

(Ogn), and versican (Vcan; Fig.  3  B); and the glycopro-

teins laminin β-2 (Lamb2), procollagen C–endopeptidase 

enhancer (Pcolce), �bulin 1 and 2 (Fbln1 and Fbln2), 

thrombospondin 1 (Thbs1), dermatopontin (Dpt), tenascin 

1 (Tnc1), TGFβ-induced protein (Tgfbi), and �brillin 1 

(Fbn1; Fig.  3  C), as well as the ECM-associated modu-

lators procollagen-lysine 2-oxoglutarate 5-dioxygenase 3 

(Plod3), transglutaminase 2 (Tgm2), prolyl 4-hydroxylase, 

α polypeptide I (P4ha1), and the coagulation factor XIII 

subunit a1 (F13a1; Fig. 3 D). Thus, these results attribute 

a major direct or indirect role for TAMs in shaping ECM 

composition during colorectal tumor development.

Decellularized ECM fragments extracted from TAM-
suf�cient tumors, but not from TAM-de�cient tumors or 
normal colon, are tumorigenic
To study the e�ects of TAM-mediated direct or indi-

rect remodeling of ECM composition on tumor growth, 

MC38 CRC cells were cultured with equal concentrations 

of decellularized 3D ECM fragments homogenously ex-

tracted from WT or Ccr2−/− tumors or upstream healthy 

colon. Scanning electron microscopy (SEM) analysis 

(Fig.  4  A) con�rmed that the ECM fragments were in-

deed cell free, also preserving their unit structure. The ef-

fect on tumor cell proliferation was assessed 48 h later by 

immuno�uorescence staining for phosphohistone 3 (p-his-

tone H3+). Fluorescence microscopy analysis revealed an 

increased fraction of p-histone H3+ proliferating MC38 

cells after their culture with ECM fragments from WT tu-

mors but not from Ccr2−/− tumors or healthy colon tissue 

(Fig. 4 B). To further investigate this e�ect in the colonic 

native physiological environment, MC38 cells were or-

thotopically implanted together with decellularized 3D 

ECM fragments extracted from either WT or Ccr2−/− tu-

mors or upstream healthy colon. Colonoscopy analysis 20 

d later revealed a signi�cant acceleration in tumor growth 

only in those mice implanted with WT tumor ECM frag-

ments (Fig. 4 C). The observed increase in tumor growth 

was further validated by the measurement of tumor mass 

(Fig. 4 D) and volume (Fig. 4 E). These �ndings indicate 

that the TAM-governed overall e�ect on ECM composi-

tion is protumorigenic. Importantly, the tumorigenic ef-

fect can be derived from ECM-associated proteins, such 

as secreted growth factors trapped in the matrix sca�old, 

which were directly produced or released by TAMs or in-

directly by TAM-mediated regulation of other cells in the 

tumor microenvironment.

Figure 3. TAM-de�cient colorectal tu-
mors display altered ECM composition. 
(A–D) LC-MS/MS analysis was performed on 

whole protein extracts from WT versus Ccr2−/− 

tumors. Color-coded heat maps show the 

differentially expressed ECM-related proteins 

categorized into collagens (A), proteogly-

cans (B), glycoproteins (C), and ECM modu-

lators (D). Results are a summary of a single 

experiment with eight mice in the WT tumor 

group and �ve mice in the Ccr2−/− tumor 

group. Data were analyzed by unpaired, two-

tailed Student’s t tests with pFDR = 0.05 and 

presented in z-score form.
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TAMs provide a unique set of ECM proteins and modulators 
to the tumor microenvironment
To de�ne the direct contribution of TAMs to the ECM 

compositional changes observed in TAM-su�cient versus 

-de�cient colorectal tumors (Fig. 3), we characterized the 

ECM-related molecular pathways that are uniquely activated 

in Ly6Chi monocytes within the colorectal tumor microen-

vironment. We �rst compared the gene expression signature 

of sorted Ly6Chi and F4/80hi TAM subsets with those of 

colonic lpMFs and the shared naive Ly6Chi monocyte pre-

cursors. Genes encoding for collagens types Iα1, Iα2, IIIα1, 

VIα1, VIα3, and XIVα1 were signi�cantly up-regulated in 

Ly6Chi TAMs in comparison with their circulating mono-

cyte precursors (Fig. 5 A). Remarkable was their expression 

of collagen XIVα1, which was further up-regulated upon 

their maturation into F4/80hi TAMs. Additional ECM-asso-

ciated genes that were uniquely activated in TAMs included 

matrix enzymes involved with collagen synthesis and assem-

bly such as PLOD1 and 3, P4HA1, and PCO LCE, as well 

as the ECM and cell surface protein modulators ADAMs 

(a disintegrin and metalloproteinase) 8, 9, 10, 15, and 17, 

cathepsins (Cts) B, D, and L, the protease inhibitor cystatin 

B (Cstb), and the matrix cross-linkers F13A1 and TGM-1 

and -2. TAMs were also higher for the core ECM structural 

genes versican, asporin, osteoglycin, osteopontin (Spp1), 

THBS1, and spondin 1 (Spon1; Fig. 5 A). Given their shared 

Figure 4. TAM-mediated remodeling of core 
and af�liated ECM protein composition is 
tumorigenic. (A) SEM imaging was performed 

on ECM fragments extracted from decellularized 

WT or Ccr2−/− tumors. Bars: (left and middle left) 

1 µm; (middle right and right) 200 nm. (B) MC38 

CRC cells were cultured without or with decellu-

larized 3D ECM fragments extracted from normal 

colon, WT, or Ccr2−/− tumors, and their prolifer-

ation was assessed by staining for p-histone H3 

(green) and DAPI (blue). The graph (left) and �u-

orescence microscopy images (right) show the 

fraction of actively proliferating MC38 cells. Bars, 

100 µm. (C and D) Analysis of tumor growth was 

performed at day 20 after orthotopic implantation 

of MC38 CRC cells without or with decellularized 

3D ECM fragments extracted from normal colon, 

WT, or Ccr2−/− tumors. Graphical summaries dis-

play colonic lumen obstruction as assessed by 

colonoscopy (C), tumor mass (D), and tumor vol-

ume (E). Results are representative of one (B) or 

two (A and C–E) independent experiments with 10 

repeats per group (B) or at least 7 mice in each 

experimental group (C– E). Data were analyzed by 

unpaired, two-tailed Student’s t tests, comparing 

each time the WT tumor ECM with one of the 

other groups, and are presented as mean ± stan-

dard error of the mean. *, P < 0.05; **, P < 0.01; ***, 

P < 0.001. w/o, without.
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monocytic ontogeny and colonic environment, various 

ECM-related genes were similarly expressed by both TAMs 

and colonic lpMFs (Fig. S3).

To de�ne the ECM signature acquired by TAMs at the 

protein level, we performed a comparative LC-MS/MS anal-

ysis between sorted naive Ly6Chi monocytes, their F4/80hi 

Figure 5. Transcriptomic and proteomic 
analyses of TAM’s ECM signature. (A) Col-

or-coded Affymetrix gene array heat maps 

displaying the ECM-related gene expression 

in sorted Ly6Chi and F4/80hi TAMs (day-14 tu-

mors) in comparison with their Ly6Chi mono-

cyte precursors (splenic reservoir) and resident 

lpMFs sorted from upstream normal colon. 

Data were z scored and represent the average 

of two biological repeats; each was extracted 

from a pool of mice (splenic monocytes, n = 

5; TAMs and colonic lpMFs, n ≥ 10). (B) Col-

or-coded heat maps presenting ECM-related 

proteins found by LC-MS/MS analysis to be 

signi�cantly and differentially expressed in 

sorted F4/80hi TAMs in comparison with their 

Ly6Chi monocyte precursors and colocalizing 

colorectal tumor cells. Ly6Chi monocytes: �ve 

biological repeats; each was extracted from a 

pool of three mice. F4/80hi TAMs and CRC cells: 

three biological repeats; each was extracted 

from a pool of �ve mice. Data were analyzed 

by unpaired, two-tailed Student’s t tests (pFDR 

= 0.05) and z scored. (C) Graphical summary 

showing ECM molecules that were mutually 

expressed (log2) at the protein level in sorted 

F4/80hi TAMs (x axis) and at the RNA level in 

sorted F4/80hi TAMs (y axis) and were higher in 

the TAM-suf�cient (WT) versus TAM-de�cient 

(Ccr2−/−) tumors (z axis). Each dot represents 

an ECM protein; red dots highlight proteins 

associated with �brous ECM formation.
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TAM descendants, and CRC tumor cells (sorted from the 

same tumors). Overall, 5,261 proteins were identi�ed in all 

sorted cells, out of which 108 were ECM related. Further 

analysis revealed 4,101 proteins that were di�erentially ex-

pressed between TAMs and either Ly6Chi monocytes or CRC 

tumors cells (Student’s t test; pFDR < 0.05), out of which 100 

proteins were ECM related. In alignment with the gene ex-

pression pro�ling, TAMs up-regulated the protein expression 

of collagen types Iα1, VIα1, VIα2, VIα3, and XIVα1 and of 

proteins associated with collagen synthesis and assembly, such 

as PLOD1 and 3, P4HA1, PCO LCE, and secreted protein 

acidic and rich in cysteine (SPA RC) compared with their 

monocyte precursors. Moreover, TAMs were higher for ECM 

modulators, such as ADAMs 8, 9, 10, 15, and 17; cathepsins B, 

D, and L; cystatin B; the ECM cross-linker enzymes F13A1 

and TGM-1 and -2.; the proteoglycans asporin and proteo-

glycan 2 (Ptg2); and the glycoproteins ECM1, THBS1, vit-

ronectin (Vtn), �brinogen β and γ chains (Fgb and g), and 

�bulin 1 (Fig. 5 B). For a broader list of ECM-core and -as-

sociated proteins provided by TAMs into the tumor microen-

vironment, see Fig. S4. Of note, the ECM protein pro�le may 

be not complete because of technical limitations that stem 

from the processing that the cells were subjected to before 

the proteomic pro�ling.

We next integrated our transcriptomic and proteomic 

data of ECM molecules that were identi�ed in TAMs at the 

mRNA and protein levels and exhibited a reduction at the 

protein level in Ccr2−/− versus WT tumors (Fig. 5 C). This 

analysis corroborated the expression of molecules associated 

with collagen synthesis, stability, assembly, and cross-linking. 

Among them were the α1 chains of collagen I and collagen 

XIV, the three α chains of collagen VI, the glycoprotein PCO 

LCE, the enzyme P4HA1, collagen cross-linkers PLOD1 

and 3, the glycoprotein SPA RC, and the proteoglycan bigly-

can. Notably, our integrative analysis also highlighted the 

TAM-enhanced expression of the ECM covalent cross-linker 

enzymes TGM2 and F13A1, the complement C1q complex, 

and THBS1. This detailed molecular pro�ling indicates that 

TAMs directly construct speci�c types of collagenous ECM.

Impaired construction of collagenous matrix in TAM-
de�cient colorectal tumors
Solid-tumor ECMs are often associated with increased depo-

sition, cross-linking, and linearization of collagen �bers, which 

is suggested to actively promote tumor growth and invasion 

(Levental et al., 2009; Lu et al., 2012; Pickup et al., 2014). 

Nonlinear microscopy techniques, such as second harmonic 

generation (SHG), provide powerful tools to image �brillar 

collagen structures (especially collagen type I) in intact tis-

sues and speci�cally tumors (Wycko� et al., 2007; Provenzano 

et al., 2008). SHG signal imaging in un�xed tumors im-

planted in Cx3cr1gfp/+ mice revealed colocalization between  

CX3CR1-GFP+ TAMs and fully assembled collagen �bers at 

the tumor margins (Fig. 6 A). A comparison between WT and 

TAM-de�cient tumors at day 18 after tumor implantation re-

vealed profound di�erences in collagen density and assembly. 

Collagen �bers were more linearized, elongated, thicker, and 

abundant in WT tumors than in Ccr2−/− tumors (Fig. 6 B). 

This altered collagen structure appearance could be clearly 

detected at the tumor’s core but was even more pronounced 

at its collagen-rich borders. In these border regions, the col-

lagen �bers, mostly consisting of type I, were oriented toward 

the normal tissue at areas of basement-membrane breakdown 

(Fig. 6 B), forming a distinct structural signature that has been 

reported to support cancer cell invasion (Provenzano et al., 

2006). To obtain more detailed structural insights, next, we 

performed high-resolution SEM studies of decellularized 3D 

ECM sca�olds extracted from WT and Ccr2−/− tumors. Re-

inforcing our SHG results, the SEM analysis readily detected 

thick cross-linked and linearized collagen �ber assemblies in 

the WT ECM sca�olds but not in Ccr2−/− tumors (Fig. 6 C). 

Importantly, SHG imaging revealed that the buildup of col-

lagenous matrix is already evident at an early developmental 

stage of WT tumors (day 11), when they have reached the 

same tumor size as day 18 Ccr2−/− TAM-de�cient tumors 

(Fig. 6 D). Semiquantitative analysis of SHG signals depicted 

a signi�cant reduction in collagen coverage area and intensity 

in day 18 Ccr2−/− tumors in comparison with both day 11 

and day 18 WT tumors (Fig. 6 E). Notably, there was a pro-

found increase in collagen signals between days 11 and 18 in 

WT tumors, suggesting a progressive buildup of collagenous 

matrix by TAMs or by other cells a�ected by their presence. 

Finally, SEM imaging of day 11 WT tumors provided clear 

evidence for collagen cross-linking and linearization already 

at an early developmental phase especially at areas of tumor 

invasiveness (Fig. 6 F), whereas these were not detected in day 

18 Ccr2−/− tumors of the same size (Fig. 6 C).

CAFs from TAM-de�cient tumors exhibit reduced gene 
expression of collagen types I and XIV
CAFs are considered to be the key producers of collage-

nous matrix in developing tumors (Kalluri and Zeisberg, 

2006). PDG FRα is a surface marker for mouse and human 

CAFs (Erez et al., 2010; Sharon et al., 2013). Flow cytome-

try analysis revealed that PDG FRα+ CAFs are considerably 

outnumbered by TAMs in this CRC model. Moreover, TAM 

de�ciency had no e�ect on CAFs numbers normalized for 

tumor mass, outlining that TAMs are not involved with CAF 

attraction or survival (Fig. 7, A and B). Because of the scarce 

number of CAFs, we pooled CRC tumors from 20 mice 

for their sorting and performed quantitative real-time PCR 

analysis for the gene expression of collagen types I, VI, and 

XIV, shown by us to be produced by TAMs (Fig.  5). The 

expression of collagens VI and I was greater in CAFs ver-

sus TAMs, but they similarly expressed collagen XIV. Nota-

bly, there was a marked reduction in the gene expression of 

collagens XIV and I concomitantly with elevation in col-

lagen VI in CAFs sorted from Ccr2−/− tumors (Fig.  7 C). 

Of note, TAM de�ciency did not a�ect the recruitment of 

CD45+CD11bneg lymphocytes to the tumors (Fig. 7 B), and 
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Figure 6. TAM-de�cient colorectal tumors display aberrant deposition and organization of �brillar collagen. (A–F) Colorectal tumors were excised 

and subjected to SHG and SEM imaging techniques at days 11 and 18 after their orthotopic implantation in Cx3cr1gfp/+ mice. (A) Two-photon SHG micros-

copy image focusing on the interface between the day 18 tumor and muscularis mucosa. SHG signal is represented as pseudocolor red (excitation: 900 nm; 

detection: 450 nm), and TAMs are GFP. Bar, 50 µm. (B) Representative two-photon SHG microscopy images of WT and Ccr2−/− colorectal tumor sections 

revealing collagen deposition and structures at the center of the tumor and at its margins. SHG signal is represented as pseudocolor white. N, normal tissue; 

T, tumor. Bars, 50 µm. (C) Representative SEM images of decellularized ECM scaffolds extracted from WT and Ccr2−/− colorectal tumors. Bars: (left) 10 µm; 

(middle) 2 µm; (right) 200 nm. (D) Representative two-photon SHG microscopy images of WT colorectal tumor sections extracted at earlier developmental 

stage (day 11), when tumors reach 30% of colonic obstruction as Ccr2−/− tumors at day 18. Bars, 50 µm. (E) Graphical summaries of semiquantitative SHG 

signal intensity (arbitrary units [AU]) and of collagen coverage area (percentage) in WT tumors extracted at days 11 and 18 and Ccr2−/− tumors extracted at 

day 18. Data were acquired from at least 33 images of at least 3 tumors, analyzed by unpaired, two-tailed Student’s t tests, and are presented as mean ± 

standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Representative SEM images of decellularized ECM scaffolds extracted from day 11 WT 

tumors. Bars: (left) 10 µm; (right) 200 nm. Results are representative of three independent experiments with at least four mice in each experimental group 

(A–C) or of a single experiment with at least four mice in each group (D and F).
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their production of collagens I, VI, and XIV was signi�cantly 

lower than TAMs (Fig. 7 C). Collectively, these �ndings sug-

gest an additional mechanism by which TAMs can a�ect 

collagenous matrix remodeling through their regulation of 

collagen production by CAFs.

TAM-de�ned ECM proteins are increased in human CRC
The ECM protein signature of human CRC has been re-

cently de�ned (Naba et al., 2014). Data mining out of this 

comprehensive database revealed that many of the ECM 

proteins, shown by us to be up-regulated after monocyte 

di�erentiation into TAMs (Fig. 5), are also increased in the 

transition from healthy colon to CRC; some are even un-

identi�ed in the healthy colon (Fig. 8). Speci�cally with re-

spect to the collagenous matrix, there was an increase in the 

abundance of collagen types I, VI, and XIV. Moreover, ECM 

proteins involved with collagen stability and assembly, which 

are undetected in the healthy colon, were increased in CRC 

including the glycoprotein SPA RC and the collagen cross-

linkers PLOD1, 2, and 3. These results highlight the clinical 

relevance of the TAM-de�ned ECM signature.

DIS CUS SION
The view of the ECM as a supporting sca�old upon which tis-

sues are organized has been dramatically extended over the last 

decades, particularly in cancer, with studies showing that the 

ECM provides critical biochemical and biomechanical cues 

that modulate virtually every acquired behavioral hallmark of 

the tumor cells and associated stromal cells (Pickup et al., 2014). 

These cues originate from aberrantly expressed or modi�ed 

structural proteins and remodeling events orchestrated by spe-

ci�c matrix enzymes and are essential for tumor development 

and dissemination. TAMs, too, play a pivotal protumoral role in 

primary tumors and during metastasis (Biswas et al., 2013; Noy 

and Pollard, 2014). They are believed to vigorously participate 

in protumoral remodeling of the ECM by providing remodel-

ing proteases and matricellular proteins (Liguori et al., 2011). 

Here, we shed new light on their function as constructors of tu-

moral ECM structure and molecular composition. By combin-

ing unbiased genomics with proteomic approaches, we were 

able to de�ne the distinct TAM-induced ECM signature, com-

posed from a repertoire of matrix cross-linking and proteolytic 

enzymes and matricellular proteins introduced by these cells 

into the tumor microenvironment. In particular, we show that 

TAMs promote collagen �brillogenesis by directly contrib-

uting to matrix deposition, cross-linking, and linearization of 

�brillar collagens, a function that has been uniquely attributed 

to CAFs (Kalluri and Zeisberg, 2006). Moreover, we show re-

duced expression of collagens XIV and I in CAFs extracted 

from TAM-de�cient tumors, implying that beyond their direct 

role, TAMs regulate collagen-remodeling activity by CAFs.

Macrophages are known to display remarkable plasticity, 

which allows them to e�ciently adjust to rapidly changing 

environmental signals (Varol et al., 2015). TAMs and colonic 

lpMFs share the same Ly6Chi monocyte precursor (Varol et 

Figure 7. TAM de�ciency reduces colla-
gen XIV and I gene expression in CAFs. (A) 

Flow cytometry analysis was performed in day 

14 tumors, and CAFs were identi�ed as liv-

ing CD45−CD11b−F4/80−PDG FRα+ cells (Erez 

et al., 2010; Sharon et al., 2013). (B) Graphic 

summary of �ow cytometry results presenting 

cell population number normalized for tumor 

mass comparing WT with Ccr2−/− tumors. n ≥ 

3 tumors in each group. gr, gram. (C) Quan-

titative real-time PCR analysis showing the 

relative gene expression of collagens I, VI, and 

XIV in comparison with F4/80hi TAMs. CAFs 

were sorted out of pool of 20 WT or Ccr2−/− 

tumors. For the other populations, data were 

extracted from three biological repeats; each 

was extracted from pool of six to seven mice. 

RQ, relative quanti�cation. Data were analyzed 

by unpaired, two-tailed Student’s t tests and 

are presented as mean ± standard error of the 

mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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al., 2009, 2015; Movahedi et al., 2010; Franklin et al., 2014; 

Shand et al., 2014). In agreement with a previous study in 

a mammary tumor model (Franklin et al., 2014), we show 

that Ly6Chi monocytes massively in�ltrate CRC tumors in 

a CCR2-dependent manner and give rise to mature F4/80hi 

TAMs. Both Ly6Chi and F4/80hi TAM subsets are morpho-

logically distinct from colonic lpMFs and exhibit a distinct 

gene expression pro�le. Our results show that circulating 

monocytes up-regulate the expression of signature genes pre-

viously attributed to IL-4– and IL-13–induced M2 activation. 

Given the antiin�ammatory signature of colonic lpMFs (Bain 

et al., 2013; Zigmond et al., 2014), it was not surprising that 

many of these genes are also induced during the di�erentia-

tion of the same monocyte precursors into lpMFs. GOE AST 

and DAV ID functional enrichment analyses of genes that 

were di�erentially expressed between the TAM subsets and 

colonic lpMFs revealed a signi�cant enrichment for ECM 

genes implying distinct ECM remodeling abilities. Ingenuity 

analysis uncovered a signi�cant enrichment for genes associ-

ated with CRC development and intestinal in�ammation in 

the colorectal TAMs in comparison with macrophages sorted 

from normal adjacent colon. These changes highlight a tissue 

specialization program that Ly6Chi monocytes undergo upon 

their di�erentiation toward TAMs versus lpMFs. Tumor de-

velopment in Ccr2−/− mice was severely impaired, thus sub-

stantiating a pivotal protumoral role for TAMs in orthotopic 

colorectal tumors. Importantly, the impaired development of 

TAM-de�cient tumors may be the result of TAM-governed 

cell-intrinsic mechanisms and also via their regulation of 

other cells in the tumor microenvironment.

Malignant tissue is typically sti�er than its healthy 

counterpart. This altered biomechanical property is primar-

ily caused by elevated deposition, cross-linking, and collagen 

linearization events, especially of collagen I �bers, and it has 

been linked to increased tumor growth, invasiveness, and me-

tastasis (Provenzano et al., 2008; Levental et al., 2009; Lu et 

al., 2012; Pickup et al., 2014). Intravital imaging studies in 

mammary tumors revealed an abundance of TAMs at the tu-

mor’s collagen-rich border (Wycko� et al., 2007). However, 

the synthesis and deposition of stromal collagen has been pri-

marily attributed to CAFs (Kalluri and Zeisberg, 2006). Here, 

we unravel a complement and yet critical role for TAMs in 

phenotypic ECM buildup. Speci�cally, we show that TAMs 

accumulate at the invasive margins of colorectal tumors and 

signi�cantly contribute to the deposition and geometrical or-

ganization of collagenous ECM. With the aid of advanced 

Figure 8. TAM-de�ned ECM proteins are increased in 
human CRC. (A–E) Graphic representation of protein expres-

sion levels of collagens (A), glycoproteins (B), proteoglycans 

(C), ECM regulators (D), and ECM-af�liated proteins (E). Data 

are presented as protein abundance (log2 modi�ed) in normal 

human colon (blue) versus CRC (red) and correspond to the 

sum of speci�c peptide abundance across independent sam-

ples (three independent samples for each tissue type). Un-

identi�ed proteins are marked with a star. These results were 

analyzed out of a published database (Naba et al., 2014).
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SHG imaging, we were able to visualize a notable increase 

in collagen density within WT colorectal tumors, especially 

at their interface with normal colonic tissue where the base-

ment membrane is breached. SEM imaging revealed that 

the collagen �bers were straightened and aligned in heavily 

cross-linked bundles. In contrast, TAM-de�cient Ccr2−/− tu-

mors lack this collagen signature, displaying lower collagen 

density and shorter, thinner, and randomly ordered �bers. 

These structural collagen arrangements are already evident 

at an earlier developmental stage of WT tumors, especially 

at the invasive front area, suggesting that TAM-mediated re-

modeling of the collagenous matrix is integrated within the 

tumor developmental program.

In correlation with these remarkable visualized changes 

in tumor collagen remodeling induced by the presence of 

TAMs, our integrated genomic and proteomic �ndings pro-

vide direct evidence that monocytes intrinsically up-regulate 

matrix-remodeling programs associated with the synthesis 

of collagen types I, VI, and XIV as they di�erentiate into 

TAMs. Collagen type I is synthesized and processed using a 

platform of matrix enzymes, including P4HA1, 2, and 3 and 

PLOD 1, 2, and 3 (Gilkes et al., 2014). Our results show that 

TAMs express the mRNA and protein of P4HA1, PLOD1, 

and PLOD3 and that Ccr2−/− tumors are signi�cantly lower 

for collagen I, P4HA1, and PLOD3 proteins. Moreover, we 

found that TAMs express PCO LCE, which enhances the 

activity of procollagen C–proteinase, involved in collagen 

maturation. MS analysis also revealed that Ly6Chi monocytes 

signi�cantly up-regulate the three α chains of collagen VI 

(α1, 2, and 3) upon their polarization into TAMs. Most in-

teresting, the collagen VIα3 chain was signi�cantly reduced 

in Ccr2−/− tumors, suggesting that TAMs are a major source 

of this collagen type. Indeed, the production of this collagen 

subtype has been documented before in the human mono-

cyte cell line (Schnoor et al., 2008). The cleavage product 

of collagen VIα3, called endotrophin, promotes mammary 

tumor growth (Park and Scherer, 2012). We found that 

TAMs also express collagen XIVα1 and that it is signi�cantly 

reduced in TAM-de�cient tumors. This collagen belongs to 

a family of �bril-associated collagens that do not form �-

brils. Rather, collagen XIVα1 interacts predominantly with 

collagen I to promote �ber assembly (Gerecke et al., 2003), 

thus possibly a�ecting tumors’ matrix density. In addition, 

TAMs expressed the proteoglycan biglycan, a key regulator 

of lateral assembly of collagen �bers that has been shown to 

speci�cally interact with collagen I (Schönherr et al., 1995). 

Previous studies demonstrated the importance of TAM-de-

rived SPA RC in the deposition and assembly of collagenous 

ECM (Sangaletti et al., 2008). We show that SPA RC expres-

sion is indeed induced in tumor-in�ltrating Ly6Chi mono-

cytes and their mature TAM descendants. Importantly, the 

ability of macrophages to acquire a �broblast-like phenotype 

involved with their direct synthesizing of collagen is further 

supported by studies in renal �brosis (Nikolic-Paterson et al., 

2014; Wang et al., 2016).

Accumulating evidence in various in�ammatory settings 

suggest that in�ltrating monocytes become integral e�ector 

cells within their host tissue (Varol et al., 2015). Our results 

are in alignment with this up-to-date paradigm, as we molec-

ularly prove a distinct gene expression pro�le, and speci�cally 

ECM signature, among the circulating Ly6Chi monocyte pre-

cursors, their tumor in�ltrating e�ector Ly6Chi TAMs, and 

their mature F4/80hi TAM descendants. With respect to the 

collagenous matrix, we show that Ly6Chi TAMs are higher 

for genes involved with collagen deposition and remodeling 

such as collagens I, III, and VI, PCO LCE, SPA RC, PLOD3, 

and P4HA1, whereas F4/80hi TAMs are higher for collagen 

XIV and PLOD1. Moreover, collagenous matrix remodeling 

is already evident at an early tumor development phase when 

the Ly6Chi TAMs still dominate the tumor macrophage com-

partment. Therefore, our results support the idea that Ly6Chi 

TAMs are directly involved in this process.

TAMs promote tumor development by various mecha-

nisms (Biswas et al., 2013; Noy and Pollard, 2014), and hence, 

their de�ciency may induce changes in ECM composition 

and structure that are not directly associated with their rep-

ertoire of ECM structural proteins and remodeling enzymes. 

Speci�cally, TAMs may indirectly contribute to the produc-

tion and organization of collagenous matrix through their 

regulation of CAFs. Our results show that in this orthotopic 

CRC model, CAFs are outnumbered by TAMs. Although 

their representation in the tumor is not a�ected by TAM de-

�ciency, their production of collagen types XIV and I is re-

duced. Although the mechanisms remain elusive, these results 

suggest an additional indirect mechanism by which TAMs 

contribute to the remodeling of collagenous matrix during 

tumor development. Of note, because of the scarce number 

of CAFs, we could only appreciate their collagen produc-

tion at the gene expression level, whereas in the future, it 

will be important to delineate TAM-governed regulation of 

CAFs-derived collagen at the level of protein deposition, as-

sembly, and stability. Interestingly, although TAMs are lower 

than CAFs in the expression of collagen types VI and I, they 

express similar levels of collagen type XIV, highlighting them 

as a major source of this collagen given their signi�cant favor-

able representation. Recently it has been shown in a skin in-

jury model that macrophages in response to IL-4 polarization 

induce the activity of the collagen cross-linker enzyme lysyl 

hydroxylase 2 (PLOD2) in adjacent �broblasts (Knipper et 

al., 2015). We show that TAMs up-regulate IL-4 polarization 

signature genes. Therefore, it remains elusive whether TAMs 

can induce PLOD2-governed collagen–cross-linking activ-

ity in CAFs during tumor development. Moreover, we show 

that TAMs themselves express PLOD1 and PLOD3 collagen 

cross-linkers, suggesting a task division between them and 

CAFs. The levels of tumor-in�ltrating CD11bneg lymphocytes 

were not disturbed by TAM de�ciency, and their production 

of these collagen subtypes was considerably lower than TAMs. 

Collectively, these results further highlight TAMs as pivotal 

players in collagen remodeling.
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Our integrative analysis also de�ned the repertoire 

of matrix-remodeling enzymes brought by TAMs into 

the tumor microenvironment. We show that TAMs ex-

press uniquely high levels of TGM2, a marker for an al-

ternatively activated phenotype in both human and mouse 

macrophages (Martinez et al., 2013). Increased expression 

of TGM2 in various cancer-cell types has been linked to 

increased drug resistance, cell survival, invasiveness, metas-

tasis, and poor patient survival (Mehta et al., 2010). Spe-

ci�cally, prior study has demonstrated that TGM2 induces 

cross-linking between �bronectin and collagen I (Collighan 

and Gri�n, 2009). Matrix metalloproteinases (MMPs) rep-

resent the most prominent family of proteinases associated 

with tumorigenesis (Kessenbrock et al., 2010). We found 

that TAMs express the genes encoding for various MMPs, 

though at the protein level they express mainly MMP14, an 

e�cient collagenase associated with tumor angiogenesis, in-

vasion, and progression. Closely related to the MMPs are the 

ADAM family of proteinases, most of which are anchored to 

the membrane and function in the pericellular space with 

implications for many aspects of tumorigenesis (Murphy, 

2008). We discovered that TAMs were uniquely high for sev-

eral ADAMs including 8, 9, 10, 15, and 17. Another family of 

lysosomal matrix proteases is the cysteine cathepsins, shown 

to function in proteolytic pathways that increase neoplastic 

progression (Mohamed and Sloane, 2006). Our �ndings in-

dicate that TAMs express a decent repertoire of cathepsins; 

some are already expressed at the monocyte precursor level 

(A, C, E, H, O, S, and Z) and others are up-regulated within 

the tumor (B, D, and L).

Using the matrisome ECM protein expression database 

(Naba et al., 2014), we show that many of the ECM signature 

proteins of TAMs, including proteins involved with collagen 

production and assembly, are also increased in human CRC 

versus normal colon. Moreover, a progressive increase in col-

lagen linearization and cross-linking and tissue sti�ness is 

evident in the transition from healthy colon to colorectal car-

cinoma in humans (Nebuloni et al., 2016). In this study, Neb-

uloni et al. (2016) have suggested that the increased sti�ness 

and cross-linking of the ECM is predisposing an environment 

suitable for CRC invasion. Therefore, these results highlight 

a clinical relevance for the TAM-induced ECM remodeling 

reported here in the mouse model. Altogether, we provide 

a set of evidence to support a novel protumoral mechanism 

of TAMs that is associated with the production and remod-

eling of collagenous ECM.

MAT ERI ALS AND MET HODS
Mice
C57BL/6 WT mice were purchased from Envigo. The  

Cx3cr1gfp/+Ccr2−/−, Cx3cr1gfp/+, and Ccr2−/− mice were 

bred at the Weizmann Institute of Science (WIS) and Tel-

Aviv Sourasky Medical Center (TAS MC) animal facilities. 

All mice were maintained under speci�c pathogen-free 

conditions. All experiments and procedures were approved 

by the WIS and TAS MC animal care and use committees, 

protocol numbers 06351012-2 and 06150913-2 and 4-1-11 

and 7-3-13, respectively.

Orthotopic mouse CRC model
In this study, we used a previously established endosco-

py-guided orthotopic CRC model in mice (Zigmond et al., 

2011). In brief, mice were anesthetized and injected with 5 × 

104 syngeneic CRC MC38 cells suspended in 50 µl of sterile 

saline into the colonic lamina propria. Injection was performed 

using custom-made needles (Injecta) and guided by a high-res-

olution mouse video endoscopic system (SPE IS; Karl Storz).

Flow cytometry and sorting
Isolation of colonic lpMFs was performed as previously re-

ported (Zigmond et al., 2012). In brief, normal colons of  

Cx3cr1gfp/+ mice located upstream of the tumor were carefully 

separated from the surrounding fat and lymphatic vessels and 

�ushed of their luminal �uids with cold PBS−/−. Then, 0.5-cm 

colon pieces were cut and immersed into HBSS (without Ca2+ 

and Mg2+) containing 5% FBS, 2 mM EDTA, and 1 mM dith-

iothreitol (Sigma-Aldrich) and placed for 40 min at 250 rpm 

shaking at 37°C. Colon pieces were then digested in PBS+/+ 

containing 5% FBS, 1 mg/ml collagenase VIII (Sigma-Aldrich), 

and 0.1 mg/ml DNase I (Roche) for 40 min at 250 rpm shak-

ing at 37°C. TAM subsets and MC38 CRC cells were iso-

lated from CRC tumors established in Cx3cr1gfp/+ mice. The 

tumors were carefully separated from the surrounding normal 

colonic and fat tissues, cut into 1–4 mm3 pieces, and digested in 

PBS+/+ containing 5% FBS, 1 mg/ml collagenase VIII (Sigma- 

Aldrich), and 0.1 mg/ml DNase I (Roche) for 40 min at 250 

rpm shaking at 37°C. For the sorting of tumor cells, we im-

planted MC38 cells genetically manipulated by lentiviral 

transduction to express RFP (Zigmond et al., 2011) and sorted 

them based on their expression of this reporter gene. Splenic 

monocytes were obtained from spleens of Cx3cr1gfp/+ mice, 

mashed through a 100-µm cell strainer, and lysed for erythro-

cytes using an ACK bu�er (0.15 M NH4Cl, 0.1 M KHCO3, 

and 1 mM EDTA in PBS). Antibodies used to characterize 

colonic lpMFs, CRC TAMs, and neutrophils included: CD45 

(30-F11), Ly6C (HK1.4), CD11b (M1/70), CD64 (X54-

5/7.1), IAb (AF6-120.1), and Ly6G (1A8; all from BioLegend) 

and F4/80 (CI: A3-1; AbD Serotec). For splenic monocytes, we 

also used CD115 antibody (AFS98; BioLegend). Cells were an-

alyzed with an LSRFortessa or FAC SCanto II �ow cytometer 

(BD) and sorted with a FAC SAria �ow cytometer (BD). Flow 

cytometry analysis was done with FlowJo software (Tree Star).

Confocal �uorescence microscopy
CRC tumors were extracted and �xed in 2% paraformalde-

hyde overnight at 4°C before impregnating in 30% sucrose 

(in PBS−/−) for 48 h. Sequentially, the tumors were frozen in 

an optimal cutting temperature bu�er (Tissue-Tek) in isopen-

tane cooled with liquid nitrogen and then cut with a cryostat 

to 12-µm thick sections. Slides were observed with a confocal 
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laser-scanning microscope (LSM700; ZEI SS), and image ac-

quisition was conducted with ZEN imaging software.

SHG imaging
Tumors from WT or Ccr2−/− mice were harvested and frozen 

in an optimal cutting temperature bu�er (Tissue-Tek). Sec-

tions of 150 µm were imaged using a two-photon microscope 

(equipped with a broadband Mai Tai-HP-femtosecond single 

box tunable Ti-sapphire oscillator with automated broadband 

wavelength tuning 100–1,020 nm for two-photon excitation; 

LSM 510 META NLO; ZEI SS). Two-photon excitation was 

performed at a wavelength of 900 nm and detected using a 

META detector; for collagen second harmonic imaging, de-

tection wavelength was set to 450 nm, whereas Cx3cr1gfp/+ 

macrophages were detected at 500–550 nm wavelengths. Im-

ages were acquired from the tumor’s margins and central area 

using a Plan Apochromat 20×/0.8 objective and processed 

using LSM Image browser software (ZEI SS). Calculations of 

collagen coverage area and SHG signal intensity were done 

by �rst transforming each image, using only the SHG channel 

into grayscale (8 bit) using Photoshop (Adobe). Images were 

then binarized using the global (histogram derived) threshold 

tool in ImageJ (National Institutes of Health). Subsequently, 

the Measure tool in ImageJ was applied to calculate the area 

fraction on collagen signal and its intensity in the images.

SEM of ECM scaffolds
Tumors from WT or Ccr2−/− mice were decellularized 

(20  mM EDTA and 2% triton in double-distilled water 

[DDW]) for 24  h in gentle shake, followed by multiple 

washes in DDW, to obtain a cell-free ECM sca�old. These 

sca�olds were then �xed using 4% paraformaldehyde over-

night at 4°C, stained with 4% sodium silicotungstate, pH7, 

for 45 min, and dehydrated through ascending concentrations 

of ethanol from 30–100%. Samples were subsequently dried 

in a critical point dryer and gold sputtered for imaging by 

SEM (Ultra 55 Feg; ZEI SS).

LC-MS/MS analysis
Tissue slices from WT or Ccr2−/− tumors or normal upstream 

colons were immersed in 100 mM ammonium bicarbonate 

(Sigma-Aldrich) and coarsely homogenized by repeated cy-

cles of boiling, freezing, and sonication. An equivalent volume 

of ammonium bicarbonate with 8 M urea was then added 

to reach a �nal concentration of 4 M, followed by vigorous 

shaking overnight at room temperature. Subsequently, 10 mM 

dithiothreitol (Sigma-Aldrich) was added and incubated at 

30°C with shaking for 30 min, followed by the addition of 

25 mM iodoacetamide (Sigma-Aldrich) and shaking for 30 

min at 30°C. Urea was then diluted to a concentration of 2 M 

followed by addition of LysC (1:100 weight/weight; Wako 

Pure Chemical Industries) and shaking at 37°C for 2 h. Se-

quencing-grade modi�ed trypsin (Promega) was sequentially 

added at a 1:50 ratio (weight/weight) overnight and, on the 

following morning, added again at a 1:100 ratio for 4 h. Pep-

tide mixtures were puri�ed on C18 stageTips. Eluted peptides 

were analyzed on a high-performance liquid chromatography 

system (EASY-nLC-1000; Thermo Fisher Scienti�c) coupled 

to a Q-Exactive Plus mass spectrometer (Thermo Fisher Sci-

enti�c). MS data were analyzed with MaxQuant software and 

the Andromeda search engine (Cox et al., 2011), with a 1% 

pFDR threshold on the peptide and protein levels. Bioinfor-

matics analysis was performed with the Perseus program. The 

MS proteomics data have been deposited to the ProteomeX-

change Consortium via the PRI DE partner repository with 

the dataset identi�er PXD002094.

Calculation of the enrichment factor for ECM matri-

some proteins in the proteomic pro�ling of WT and Ccr2−/− 

tumors was performed as follows: 2,367 proteins were 

identi�ed in both WT and Ccr2−/− tumors, among which 

115 were ECM related (4.85%). When comparing between 

WT and Ccr2−/− tumors, 348 proteins were signi�cantly dif-

ferent in their abundance (Student’s t test; pFDR < 0.05), 

out of which 46 were ECM related (13.21%). Therefore, the 

enrichment factor for ECM proteins within signi�cantly 

di�erently expressed proteins between WT and Ccr2−/− tu-

mors is: 13.21/4.85 = 2.72.

Microarray analysis
Total RNA was isolated from sorted cells using a miRNeasy 

Mini kit (QIA GEN). RNA purity was determined using 

Nanodrop (ND-100; Peqlab) and Bioanalyzer 2100 (Agi-

lent Technologies). The cDNA was prepared, labeled, and 

hybridized to a GeneChip mouse gene (1.0 ST; A�ymetrix) 

according to the manufacturer’s protocol. Scanning of hy-

bridized chips was performed with a GeneChip plus scanner 

(300 7G; A�ymetrix). Data analysis and heat map hierarchical 

clustering were generated using Partek Genomics Suite soft-

ware with Pearson’s dissimilarity correlation, average linkage 

methods, and present genes that were di�erentially expressed 

with at least a twofold change with P < 0.05 (ANO VA test). 

Functional enrichment analyses were performed using DAV 

ID (Huang et al., 2009), GOE AST (Zheng and Wang, 2008), 

and Ingenuity (QIA GEN) tools. All microarray data have 

been deposited at the National Center for Biotechnology In-

formation Gene Expression Omnibus public database under 

accession no. GSE67953.

ECM fragmentation
Tumors from WT or Ccr2−/− mice and normal colons were 

decellularized (20 mM EDTA and 2% triton in DDW) for 

24 h in gentle shake, followed by multiple washes in DDW, 

to obtain a cell-free ECM sca�old. Decellularized 3D ECM 

sca�olds were weighted, cultured with 0.1 mg/ml DNase I 

(Roche) in PBS+/+ at 37°C for 1 h, washed, and transferred 

into PBS with 10× penicillin-streptomycin for overnight 

incubation. Subsequently, tissues were washed four times 

with PBS for 5 min each and rinsed in PBS for an esti-

mated concentration of 100 mg tissue/ml to normalize tis-

sue concentration during homogenization. Then, they were 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/je

m
/a

rtic
le

-p
d
f/2

1
3
/1

1
/2

3
1
5
/1

1
6
3
6
6
4
/je

m
_
2
0
1
5
1
1
9
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u

s
t 2

0
2
2

GSE67953


2329JEM Vol. 213, No. 11

homogenized in a soft tissue–homogenizing tube contain-

ing 1.4-mm ceramic beads (Precellys; KT03961-1-003.2; 

Bertin Corp.) using a Bead Ruptor homogenizer (Omni 

International Inc.) for six cycles of 45 s at 5.56 rpm, until 

the solution appeared homogeneous. Then, concentration 

was evaluated again using Nanodrop (to normalize ECM 

concentrations between samples), and a fragment from each 

tissue was plated for 3 d to ensure ECM fragments do not 

contain bacterial contamination. ECM was maintained at 

−20°C for no more than 2 wk before co-culture with cells 

or orthotopically coinjected with cells.

Tumor cell proliferation assay
104 MC38 CRC cells were cultured for 48 h with 0.1 mg of 

decellularized 3D ECM fragments from WT tumors, Ccr2−/− 

tumors, or normal colon or without ECM fragments. Cells 

were subsequently �xed and stained according to a stan-

dard manufacturer protocol with a primary antibody against 

phosphohistone H3 (sc-8656-R; Santa Cruz Biotechnology, 

Inc.) and then with a �uorescently labeled secondary anti-

body (ab150073; Abcam) and DAPI. Cells were viewed under 

a �uorescent microscope (eclipse 90i; Nikon), and pictures 

were taken with a digital camera (1310; DVC). The fraction 

of phosphohistone H3+ cells out of total DAPI+ cells was cal-

culated in randomly chosen �elds using ImageJ software.

Orthotopic co-implantation of tumor 
cells and ECM fragments
MC38 cells alone or a mixture of 5 × 104 MC38 cells and  

0.8 mg ECM fragments (WT, Ccr2−/− tumor, or normal  

colon) were orthotopically injected into the colonic  

lamina propria of WT recipients in comparison with  

MC38 cells only.

Quantitative real-time PCR
Ly6chi and F4/80hi TAMs, CD45+CD11b− lymphocytes, and 

CD45−PDG FRα+ were sorted from pools of WT tumors (three 

pools of six tumors each for TAM subsets and lymphocytes and 

a pool of 18 tumors for CAFs). CAFs were also sorted from the 

pool of 18 tumors implanted into Ccr2−/− mice. RNA from the 

sorted cells was isolated with an RNeasy Micro kit (QIA GEN) 

and reverse transcribed with a High Capacity cDNA Reversed 

transcription kit (Applied Biosystems). PCRs were performed 

with the SYB ER green PCR Master Mix (Applied Biosys-

tems). Quanti�cation was done with Step One software (V2.2). 

The genes of interest, collagen I, collagen VI, and collagen XIV 

were compared with ribosomal protein, large PO (RPL PO) 

housekeeping gene. Primer sequences (forward and reverse, re-

spectively) were: RPL PO, 5′-TCC AGC AGG TGT TTG ACA 

AC-3′ and 5′-CCA TCT GCA GAC ACA CACT-3′; collagen 

I, 5′-GAG AGC ATG ACC GAT GGA TT-3′ and 5′-CCT TCT 

TGA GGT TGC CAG TC-3′; collagen VI, 5′-GAT GAG GGT 

GAA GTG GGA GA-3′ and 5′-CAC TCA CAG CAG GAG 

CACA-3′; and collagen XIV, 5′-CTT TTG AAG GAC CCG 

ACA TC-3′ and 5′-TGC CTT CTG ACC AAC TTC CT-3′.

Online supplemental material
Fig. S1 shows the sorting strategy of Ly6Chi monocytes, res-

ident colonic lpMFs, and CRC TAMs. Fig. S2 shows that 

CRC tumors acquire a unique ECM protein signature in 

comparison with healthy upstream colon that is altered in the 

absence of TAMs. Fig. S3 shows that TAMs express a unique 

signature of ECM-related genes. Fig. S4 shows proteomic 

pro�ling of sorted F4/80hi TAMs in comparison with their 

Ly6Chi monocyte precursors and colocalizing CRC tumor 

cells. Table S1 is included as an Excel �le and shows a GOE 

AST function enrichment analyses of the di�erentially ex-

pressed genes between Ly6Chi TAMs and colonic lpMFs and 

between F4/80hi TAMs and colonic lpMFs. Table S2 is in-

cluded as an Excel �le and shows a DAV ID function enrich-

ment analyses of the di�erentially expressed genes between 

Ly6Chi TAMs and colonic lpMFs and between F4/80hi TAMs 

and colonic lpMFs. Table S3 is included as an Excel �le shows 

an ingenuity pathway analysis of the di�erentially expressed 

genes between F4/80hi TAMs and colonic lpMFs.
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