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Highlights 

 Investigating extracellular-matrix (ECM) dynamics during inflammatory disease onset 

reveals a unique ECM state, which we term the “pre-symptomatic ECM”. 

 The pre-symptomatic ECM is characterized by distinct structural, mechanical and 

compositional characteristics. 

 Both subclinical infiltration of immune cells bearing remodeling enzymes and elevated 

gelatinase activity in the epithelium contribute to the pre-symptomatic ECM. 
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Abstract 

Identification of early processes leading to complex tissue pathologies, such as inflammatory 

bowel diseases, poses a major scientific and clinical challenge that is imperative for improved 

diagnosis and treatment. Most studies of inflammation onset focus on cellular processes and 

signaling molecules, while overlooking the environment in which they take place, the 

continuously remodeled extracellular matrix. In this study, we used colitis models for 

investigating extracellular-matrix dynamics during disease onset, while treating the matrix as a 

complete and defined entity. Through the analysis of matrix structure, stiffness and composition, 

we unexpectedly revealed that even prior to the first clinical symptoms, the colon displays its 

own unique extracellular-matrix signature and found specific markers of clinical potential, which 

were also validated in human subjects. We also show that the emergence of this pre-symptomatic 

matrix is mediated by subclinical infiltration of immune cells bearing remodeling enzymes. 

Remarkably, whether the inflammation is chronic or acute, its matrix signature converges at pre-

symptomatic states. We suggest that the existence of a pre-symptomatic extracellular-matrix is 

general and relevant to a wide range of diseases.  
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Introduction 

The majority of research efforts on complex diseases are invested in studying cellular 

processes and cellular signaling molecules, e.g., cytokines, chemokines and growth factors, 

which often represent only a subset of factors responsible for tissue pathology. All of these 

processes and molecular signals are embedded within the extracellular matrix (ECM), which 

comprises a large portion of the tissue. Due to the intimate cell-matrix relationship, aberrations in 

the ECM hold the potential to induce pathological cellular behavior[1–4]. Recent studies suggest 

that dysregulated production of ECM modulators plays key roles in inflammation[5,6]. Along 

these lines, we hypothesized that the ECM can serve as an early reporter for multifactorial 

inflammatory diseases resulting in tissue damage. We thus set to investigate our hypothesis in 

inflammatory disease models in which tissue damage and ECM remodeling are known to 

occur[7]. 

Inflammatory bowel diseases (IBD) is an umbrella term for idiopathic diseases in the 

digestive tract, namely Crohn’s disease (CD) and Ulcerative Colitis (UC). Early clinical 

intervention is key for preventing the cascading of chronic inflammation into irreparable tissue 

damage. However, this is challenging since, similarly to many idiopathic complex disorders, 

diagnosis is determined according to symptoms that appear well after molecular pathological 

processes are already taking place.  

A number of studies over the past two decades have found ECM remodeling enzymes to 

be upregulated in human IBD. In a complimentary manner, the key role of protein and 

glycosaminoglycan composition of the ECM and its remodeling in the onset, progression and 

severity of IBD has been implicated in various rodent models[8–17]. We have previously 

provided preliminary evidence for the structural deformation taking place in the colonic ECM of 
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IBD patients[7]. Accordingly, we set out to explore early involvement of ECM remodeling in the 

disease, before any gross signs of inflammation are detected.  

In this study,we monitored ECM dynamics during intestinal inflammation  by utilizing 

two common murine models for IBD – the acute dextran sodium sulfate (DSS)-induced colitis 

model[18], and the chronic piroxicam-accelerated colitis (PAC) model in interleukin(IL)-10
-/-

 

mice[19], and then validating them using available human specimens from healthy individuals 

and IBD patients. Through the analysis of matrix structure, stiffness and composition, we 

unexpectedly revealed a pre-symptomatic state with its own unique ECM signature and found 

markers of clinical potential. In addition, we show that this signature emerges, at least in part, by 

the increased activity of remodeling enzymes, especially basement-membrane degrading 

gelatinases, originating from infiltrating immune cells and the epithelium. Our integrated 

analysis highlights the ECM as a central component of early inflammatory processes and its 

potential as a prognostic biomarker.  

Results 

Characterization of murine colitis models for mapping ECM properties and dynamics  

To probe the properties of native ECM during disease-associated transitions we adopted 

established murine models for IBD. Noteworthy, the study of IBD is almost exclusively 

immunological and cell-centric, with only limited study of the ECM and lack of information 

regarding its material properties, since it is usually relegated to background or contextual 

consideration. We have challenged this bystander role for the ECM[7].  

To begin, we use a common murine model for IBD – the DSS-induced colitis model[18], 

which, with the appropriate calibration, results in a well-defined time-frame of acute colitis 

development in wild-type (WT) mice (Fig. 1A, see Experimental procedures for details). Disease 
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progression was monitored by body weight measurement, endoscopic evaluation and histological 

analysis of the colon, in accordance with commonly used clinical diagnostic methods[20] at 

different time points – day 0 (healthy WT), day 4 and day 10 (Fig. 1 and Fig. S1, see 

Experimental procedures section for details on endoscopic scoring). Colon inflammation under 

these conditions peaks on day 10, as detected by endoscopy and histology (Fig. S1 and Fig. 1B-

D). Importantly, while clinical symptoms begin to appear after day 5, on day 4 most animals 

(over 90%) are defined as “healthy” (Fig. 1C), since they do not lose weight (Fig. 1E), appear 

healthy by endoscopic evaluation, and do not display inflammation that is consistently detectable 

via histopathological analysis (Fig. 1B and 1D). Therefore, we regard day 4 as the “pre-

symptomatic” state for analysis of ECM dynamics before the emergence of clinical symptoms. 

Since our goal was to use a range of ECM states along the health-disease axis in intestinal 

inflammation, we also examined C57BL/6  IL-10
-/-

 mice  (“IL-10”) that spontaneously develop 

chronic colon inflammation[21]. In these mice, in contrast to the DSS model, inflammation is not 

chemically induced, but rather is thought to result from immune dysregulation[22], and 

phenotypically, they more closely resemble the clinical manifestation of chronic UC and CD 

patients and mimic a monogenic form of IBD[19,23] (Fig. 1A, see Experimental procedures for 

details). IL-10 mice develop IBD-like symptoms, which can be detected and scored using 

colonoscopy, similarly to the well-established DSS-induced model (Fig. S1). Histopathology in 

this model shows prominent immune cell infiltration into the mucosa and has a different scoring 

system than DSS (see Experimental procedures for details) (Fig. 1B). Importantly, healthy naïve 

IL-10 mice do not display histopathological parameters of inflammation, while ill mice have a 

high histopathological score of 5.5 out of 8 on average (Fig. 1D). The penetrance of disease in 

this model is different than in the DSS-induced colitis, as just over 70% of the mice develop 
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colitis at varying degrees, with a ~20% mortality rate (Fig. 1C). For comparing acute (day 10 of 

DSS) and chronic inflammation, we selected a stable chronic-inflammation time point for further 

investigation (day 28), when mice appear to be at, or surpass, their initial weight before treatment 

(Fig. 1E). For comparison to the pre-symptomatic day 4 time point in the DSS model, we chose 

to use naïve eight to twelve-week-old IL-10 mice that were deemed "healthy" by endoscopic 

evaluation. Taken together, pre-symptomatic states and clear disease states were defined in two 

animal models: one for transient acute colitis (DSS) and the other for persistent chronic colitis 

(IL-10).   

ECM morphological changes precede inflammatory symptoms  

Having established pre-disease and disease state conditions, we sought to analyze the 

dynamics of ECM morphology by direct visualization. To do this, we first utilized second-

harmonic generation (SHG) microscopy, which allows visualization of fibrillar collagen, without 

labeling, in native tissues. More detailed and high-resolution inspection of the spatial 

organization of the ECM was achieved using scanning electron microscopy (SEM) on 

decellularized colon tissue from the same mice.  

Integration of SHG and EM analyses goes beyond the histological level, providing a 

detailed architectural depiction of the ECM in each tissue state namely, WT, pre-symptomatic, 

acute and chronic inflammation. Remarkably, marked structural and morphological changes in 

ECM could be observed already before any clinical or histological evidence of inflammation 

(Fig. 1). Below we describe each state and its unique architectural ECM signature.      

Healthy WT colonic ECM architecture 

  SHG microscopy revealed that in the colon of the healthy WT mouse, the collagen (Fig. 

2A) uniformly circumscribes the colonic crypts with little to no signal of fibrillar collagen 

between crypt borders (borders are pointed out by arrows in Fig. S2A). The tissue architecture in 
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this state is well-organized, with a homogeneous crypt diameter (mean=53.7µm, average 

STD=10.8µm) and distance between crypts (mean=12.8µm, average STD=6.1µm) (Fig. 2C). 

High-resolution SEM reveals that healthy crypts are uniformly covered by a dense mesh layer, 

which is most likely the basement membrane, according to its morphology[24–26] (Fig. 2B).  

Acute colitis ECM architecture 

  Both imaging modalities reveal that acute inflammation (day 10 of DSS) has a profound 

effect on ECM structure. This state presents with destruction of tissue architecture (Fig. 2A), 

altered and heterogeneous crypt size (mean=78.7µm, average STD=19.1µm) and distance 

between adjacent crypts (mean=38.1µm, average STD=19.4µm) (Fig. 2C), and disrupted ECM 

morphology (Fig. 2B and Fig, S2B), as well as regions containing the high-intensity fibrillar 

structures highlighted in Fig. S2A. These findings indicate that acute inflammation is 

characterized by regional ECM degradation and build up.  

Chronic colitis ECM architecture 

Similarly, SHG imaging of chronic inflammation in IL-10 mice reveals deterioration of 

collagen structure supporting the crypt wall, with crypt boundaries defined by a lower intensity 

signal than its corresponding healthy state (Fig. 2A), and the presence of disoriented fibrillar 

structure between crypts (Fig. S2A).  The distance between adjacent crypts, as well as their 

diameters, increases and collagen ultrastructure is heterogeneous compared to the healthy IL-10 

mice, from a mean diameter of 60µm to 85.3µm and from a mean crypt distance of 20.1µm to 

37.8µm (Fig. 2C and Fig. S2C-D).  

Further inspection of the ECM structure using SEM reinforced this finding: naïve IL-10 crypt 

wall ECM appears fibrous, whereas in chronically ill IL-10 mice, the crypt wall ECM appears 
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disintegrated and perforated, with fibrillary structures of different morphology (Fig. 2B and Fig. 

S2B).  

Pre-symptomatic colitis ECM architecture 

Remarkably, at the pre-symptomatic state of the DSS model (day 4), thickening or 

deterioration of some crypt walls occurs, with changes in crypt diameter, along with the 

appearance of fibrillar structures in the spaces between crypts (Fig. 2A and 2C and pointed out 

by arrows in Fig. S2A), indicating remodeling events of the colonic ECM. Even more prominent 

ECM remodeling can be seen at this stage, using high-resolution SEM, as exposed fibrillar 

collagen on the inner crypt walls (Fig. 2B), due to destruction of the basement membrane 

mesh[25,26] coating the interstitial ECM (Fig. S2B).  

Most surprising was the comparison of the healthy IL-10 mice to their WT counterpart 

and to day 4 of the DSS model. We observe a strong resemblance in ECM structure at high-

resolution between the colon of IL-10 mice and that of the pre-symptomatic, day 4 of DSS, with 

the characteristic exposure of fibrils on the crypt wall and disrupted basement membrane, as 

pointed out by arrows in Fig. 2B, and shown in more detail in Fig. S2B. To test whether this 

observation is phenomenologically robust, we quantified the frequency of fibril exposure in the 

two pre-symptomatic states (day 4 of DSS and healthy IL-10), as a percentage of crypts that have 

exposed walls, by comparing to the frequency in healthy WT mice. We found that this structural 

change occurs in both models at a statistically significant rate, of ~90% for day 4 and ~75% for 

healthy IL-10 (Fig. 2D) compared to healthy WT (~6%). Thus, IL-10 mice, which are prone to 

developing chronic inflammation, develop an injured basement membrane as a quasi-stable pre-

symptomatic state, compared to the dense mesh covering the WT murine colon (Fig. 2B and Fig. 

S2B).  
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Taken together, the structural similarity of the ECM between the two murine pre-

symptomatic states, leads us to hypothesize that exposed fibrillar collagen due to the 

deterioration of the basement membrane, is one of the features of what we term the “pre-

symptomatic ECM”. 

Disease onset is associated with a gradual loss of matrix rigidity 

Having defined the structural and morphological differences of the matrix in pre-

symptomatic states, we applied a second dimension of our analysis, which interrogates the 

changes in the mechanical properties of the matrix. To do this, we used mesoscale atomic-force 

microscopy (AFM) on decellularized ECM scaffolds derived from colons of mice from both 

experimental models, using pre-symptomatic (day 4 of DSS and healthy IL-10) and pathological 

(day 10 of DSS and chronically ill IL-10) states, in addition to healthy WT.  

We used micron-sized probes to apply pressure to a 5mmX5mm (hydrated size) ECM 

scaffold. This permitted acquisition of the scaffolds' mesoscopically averaged, statistically robust 

Young’s Modulus (YM) values[27,28], which describe the collective contributions of nanoscale 

molecular components organized in micrometer-sized (70µmX70µm) domains in the ECM (see 

Experimental procedures for more details). Distributions of the measured YM values of colonic 

ECM samples are broad (Fig. S3), demonstrating the diversity of elastic properties within the 

same sample, and suggesting variability within the complex structure and composition of the 

ECM of each individual. Each mode in the distribution (Fig. S3 and Table S2) represents the 

elastic properties of a region of the ECM with lateral dimensions (and thickness) of several 

microns, which we term "mechanical domains". The median values and average median values 

of the YM of these mechanical domains are reported in Fig. 2E.  
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The rigidity of the ECM in healthy mice, both WT mice and IL-10, is similar and 

relatively high, with median YM values of about 11kPa. As inflammation is taking place, the 

colonic ECMs are generally softer than those of healthy colons, as indicated by the median YM 

(Fig. 2E and Table S1).  Importantly, the structurally modified ECM in the pre-symptomatic 

state (day 4) of the DSS model has mechanical domains with an intermediate rigidity 

(YM=9kPa), with values between those of healthy (YM=10.5kPa) and acutely inflamed 

(YM=6kPa) states of DSS.  The ECM of the chronically ill IL-10 mice (YM=3kPa) is much 

softer than that of the healthy IL-10 mice (YM=11kPa) (Fig. 2E and Table S1). Remarkably, 

chronically ill IL-10 mice possess a YM value that is approximately two-fold lower than that of 

the acutely inflamed colon (Fig. 2E and Table S1). 

Altogether, our two-pronged analysis highlights a gradual softening of the ECM over the 

course of acute colitis development, peaking along with acute symptoms, which are accompanied 

by massive structural ECM damage.  

Matrisome protein compositional dynamics reflects the state of the colon 

 To understand the molecular outcome of the remodeling events that are evidently taking 

place in the ECMs of the two distinct pre-symptomatic states, we analyzed their protein 

composition –  the matrisome[29]. We used mass-spectrometry (MS)-based analysis of the tissue 

proteome, followed by statistical analysis and computational modeling.  Eight to ten colon 

samples from individual mice were analyzed from each of the five states: healthy WT, the two 

pre-symptomatic states (i.e., day 4 DSS, healthy IL-10), and two types of intestinal inflammation 

(acutely ill day 10 of DSS, chronically ill IL-10). Out of 2045 total proteins identified in all 

states, 110 ECM and ECM-related proteins, comprising 5% of all identified proteins, were 
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retrieved. Annotation as an ECM protein was made according to the Matrisome, an ECM protein 

cohort defined by Naba et al [29].  

 We identified the ECM proteins that significantly change in abundance among states 

(see Experimental procedures for details). A scheme summarizing our results is shown in Fig. 

3A, and in more detail in Table S3. We found that the ECM composition of the healthy WT state 

is very different from that of both states of illness. We also detected a statistically significant 

proteomic compositional shift in both pre-symptomatic states compared to the healthy WT.  A 

large portion of this protein abundance shift between WT and pre-symptomatic states (i.e., 

increase in Collagen alpha-2(I) chain, Fibrillin-1 and Transglutaminase-3; decrease in Mucin-2 

and Lectin mannose-binding-1) is shared between the two pre-symptomatic states (Fig. 3B). 

Remarkably, these two states exhibit the highest compositional similarity of any pair, with no 

differentially abundant ECM proteins at all (Fig. 3A). Moreover, the matrisomic shift from each 

pre-symptomatic state to its corresponding ill state also shows a shared signature, which includes 

the reduction of several structural components (e.g., collagens, Laminin and Fibulin-5) (Fig. 3C), 

corresponding to the structural damage observed in ill states (Fig. 2). The two ill states, though 

clinically and functionally distinct, are also quite similar in terms of differentially abundant 

proteins, as summarized in Fig. 3A.  

To bridge the gap between omics data and tissue morphology and function, we further 

analyzed the data holistically, using unsupervised learning tools. These tools provide an unbiased 

analysis of the data, based on the variance of the input data, and not on the assigned identity, or 

clinical state of each sample. We identified three clusters of proteins with similar abundance 

patterns (Fig. 3D). We then used principle component analysis (PCA) on the means of each 

cluster in order to rank the different states according to their protein composition. Our analysis 
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led to the formation of PC1, which is dominated (75%) by protease inhibitors (e.g., serpins) and 

coagulation factors (e.g., subunits of the fibrinogen complex), while the rest is composed from 

ECM structural proteins (e.g., collagens, proteoglycans and glycoproteins) (Table S4). PC1 

reflects the tissue damage and ECM destruction characteristic of disease states. Strikingly, PC1 

ranked the samples from the healthy WT to pre-symptomatic states (first healthy IL-10 and then 

day 4 DSS), followed by chronically ill IL-10 and finally, the acutely ill, DSS day 10 state. Thus 

differentiation of samples mostly according to the abundance of proteins in cluster 1 is sufficient 

to correctly distinguish between the five different states (Fig. 3E). The two states at the edges of 

this ECM ranking, or hierarchy, represent the two extremes of their clinical states. We note that 

healthy IL-10 (as a chronic pre-symptomatic state) is closer to the “healthy edge” than the 

transient pre-symptomatic state of day 4 of DSS. This observation is consistent with the ECM 

rigidity analysis, described above.  

In summary, the compositional analyses of all experimental samples provides a molecular 

signature for the “pre-symptomatic ECM” in both acute and chronically ill models, which is 

compositionally distinct from healthy WT or ill states, but is similar between inflammation 

models. Furthermore, the compositional healthy-ill ranking arising from our unbiased 

computational analysis corresponds to the degree of structural damage that we observed via 

imaging while independently highlighting the existence of the pre-symptomatic state. 

 Human IBD recapitulates murine matrisomic dynamics and validates biomarkers 

In order to assess the clinical relevance of the identified biomarkers, we first tested 

whether the murine ECM proteomic analysis could be confirmed using an independent human 

dataset. One existing proteomic dataset comparing healthy donor biopsies with those of UC 

patients, deposited in the ProteomeXchange, was used for this experiment[30]. We examined the 
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relative abundance levels of the proteins that were significantly differentially expressed between 

the healthy mice (both WT and IL-10) and their corresponding fully diseased sample types (Fig. 

4A). A significant proportion of these proteins exhibit the same trends in relative abundance in 

the human dataset: proteins that are more abundant in ill mice than healthy mice are also more 

abundant in UC patients than in healthy donors, and vice versa (Fig. 4B). 
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In order to search for distinguishing features that can serve as potential biomarkers in our 

ECM proteomics data, we have utilized a machine-learning classification algorithm for analyzing 

our dataset. Identification of such distinguishing features would depend upon correct automated 

classification of samples into either "healthy WT", "pre-symptomatic" or "ill" classes. The 

resulting model is illustrated in Fig. 4C (see legend for more details). The algorithm “chose” two 

proteins, Collagen XVIII/Endostatin (murine gene name: Col18a1) and Fibrillin-1 (murine gene 

name: Fbn1), as the nodes of the tree. Collagen XVIII is a ubiquitous non-fibrillar collagen, and 

a crucial, structurally complex basement membrane proteoglycan[31–33]. The glycoprotein 

Fibrillin-1, is part of the microfibril-forming Fibrillin family that is important for connective 

tissue integrity and function[34,35]. Plotting all samples according to the abundances of these 

two proteins resulted in a clear separation between the healthy, pre-symptomatic and ill states 

(Fig. 4D). Of note, the pre-symptomatic state is defined by low levels of Col18a1 and high levels 

of Fbn1. Real-time qPCR analysis corroborated our findings regarding Col18 while no 

significant change in Fbn1 expression could be observed, suggesting that upregulation of 

Col18a1 occurs at the transcriptional level, while Fbn1 is most likely regulated at the protein 

level (Fig. 4E). Remarkably, these observations of protein and transcript abundance exhibit 

similar patterns of relative abundance in clinically isolated human biopsies, as described below. 

Next, we examined expression of these same putative biomarkers in a new set of human 

biopsies. For this, we compared mRNA expression levels of the human homologs, COL18A1 

and FBN1, between healthy donor biopsies and tissues samples from IBD patients that were 

endoscopically and histologically identified as inflamed (sample list in Table S6). We found that 

both COL18A1 and FBN1 are significantly upregulated, in concordance with the decision tree 

applied to the proteomic data from our murine colitis samples (Fig. 4F). To corroborate this 
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finding on the protein level and tissue localization, we also stained for Fibrillin-1 in inflamed 

rectal biopsies of pediatric UC patients with distal colitis (sample list in Table S7). We have 

found that a subset (~50%) of these patients display a strong epithelial staining of Fibrillin-1 

("FBN1 positive"), while the rest look like the control with little to no staining (Fig. 4G-H).  

Taken together, analysis of published human proteomic datasets, qPCR and 

immunostaining of clinical biopsies, validate the clinical potential of the biomarkers Collagen 

XVIII and Fibrillin-1, which we identified using a classifier algorithm.  

Pre-symptomatic ECM changes coincide with epithelial gelatinase activity, Laminin 

degradation and immune cells bearing remodeling enzymes   

 Having observed that the most prominent structural ECM alteration, along with ECM 

softening, occurring at pre-symptomatic states involves injury, and hence – degradation of the 

basement membrane underlying the epithelial cells of the colonic crypts and covering collagen 

fibrils, we set to examine the levels and cellular sources of mostly ECM proteases and 

gelatinolytic activity in these tissues. First, we tested mRNA expression in whole tissue 

specimens of both gelatinases-A and -B (MMP-2 and MMP-9), which primarily degrade 

basement membranes[36,37]. We also tested other MMPs, LOX (a collagen crosslinking 

enzyme) and the tissue inhibitor of MMPs (TIMP)-1. We found that both MMP-2 and -9 were 

predominantly upregulated both at day 4 of the DSS model and in healthy IL-10 mice compared 

to healthy WT, and that the expression of TIMP-1, which inhibits MMP-2 and -9, was 

unchanged (Fig. 5A). Since the final regulatory step of MMPs that determines their net 

contribution to ECM remodeling[38] occurs outside of the cell, with their activation, we used the 

activity-based assay, in situ zymography[39] to localize active gelatinases in the tissue. Our 

analysis reveals that elevated (~1.5-2 fold) gelatinolytic activity is detected in the crypts of the 
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pre-symptomatic tissues, compared to healthy WT (Fig. 5B-C), and appears to localize to the 

epithelium. To further examine the effect of gelatinase activity on one of its substrates in the 

basement membrane, we stained colon cross sections for Laminin, comparing healthy WT to the 

two pre-symptomatic states. The Laminin structure in the mucosa of healthy WT, has a compact 

appearance, with distinct high intensity linings at crypt borders. In contrast, in pre-symptomatic 

states, especially in day 4 samples, Laminin has a more diffuse appearance, indicating structural 

damage (Fig. 5D). We quantified this difference by measuring the intensity of high frequencies 

of the Fourier Transform of the images, which correspond to the sharpness of the image (i.e., 

where signal intensity changes more rapidly), and found that healthy WT laminin staining is 

indeed sharper than it is in pre-symptomatic states, most significantly day 4 of DSS (Fig. 5E). 

Finally, we also performed a degradomic analysis to see what proteins undergo degradation and 

found that subunits of Laminin (significantly Lamb2, and a trend in Lamc1), along with Collagen 

VI and Vitronectin, are more degraded in day 4 of DSS than in healthy WT (Fig. 5F). 

In order to investigate the cellular sources of ECM remodeling enzymes at the pre-

symptomatic states, we used mass-cytometry analysis that allows us to sort cells according to a 

large number of markers. This yields a comprehensive picture of the relative frequencies of 

different cell populations that express proteins of interest. The results reveal that despite showing 

no signs of inflammation by standard clinical tools[20], and not having a significant change in 

the total proportion of immune cells in the tissue (Fig. S5A), mice on day 4 display a statistically 

significant elevation in the percentage of neutrophils (0.5% of live cells) and monocytes (0.3% of 

live cells) in the colon compared to healthy WT (0.1% and 0.07% of live cells, respectively (Fig. 

6A and Fig. S5B). This finding demonstrates the earliest step of immune cell infiltration. In 

addition, though also not displaying clinical and histopathological signs of inflammation, healthy 
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IL-10 mice have a larger proportion of immune cells, consisting mainly of populations from the 

adaptive immune response and those related to antigen presentation (T helper cells, B cells and 

dendritic cells), compared to healthy WT mice. These different immune cell populations in the 

two different pre-symptomatic states carry a variety of ECM remodeling enzymes, especially the 

basement-membrane degrading gelatinases MMP-2 and MMP-9 (Fig. 6B-G). This indicates the 

contribution of subclinical immune cell infiltration to the formation of the pre-symptomatic 

ECM, and the observed proteolytic activity in Fig. 5B.  These findings suggest that MMP-9, an 

established marker of active IBD[16,40], displays elevated activity at pre-clinical states as well, 

most pronouncedly in healthy IL-10 mice, where the total number of MMP-9 positive cells is 

significantly higher than in its WT counterpart (Fig. S5C). The data also reveals that MMP-2-

expressing epithelial cells account for ~20-30% of all living cells, and though this proportion 

remains constant also at pre-symptomatic states (Fig. S5D), their contribution of MMP-2 may be 

augmented via changes in expression levels per cell or activation levels (rather than the number 

of cells expressing it). In addition, we found that at day 4 of the DSS model, innate immune cells 

(i.e., neutrophils, monocytes, macrophages and dendritic cells) carry LOX, a collagen 

crosslinking enzyme, which may explain the thickening of the crypt walls at this pre-

symptomatic state. 

Together with the multifaceted analysis of the previous sections, we show that elevated 

ECM enzymatic degradation, especially of the basement membrane, from various cellular 

sources takes part in the structural ECM alterations that we observe at pre-symptomatic states.  

Discussion 

The “pre-symptomatic ECM”, which we have identified and characterized, on multiple 

levels of analysis herein, is a reproducible signature that is virtually identical in acute and 
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chronic colitis models, and crucially, is distinct from that of the healthy WT tissue. Our analysis 

exposed several aspects and processes of remodeling, which potentially contribute to setting the 

stage for inflammation and understanding the nature of the challenge it imposes on the tissue.  

Specifically, we identify the existence of a silent inflammatory tissue state by combining 

structural, mechanical and molecular system-level ECM analyses. We reveal that significant 

ECM remodeling precedes the appearance of detectible clinical symptoms, which is 

characterized by structural damage, especially to Laminin comprising the basement membrane, 

and changes in stiffness and proteomic composition. This remodeling is accomplished both by 

elevated production and activity of remodeling enzymes in the epithelium, along with subclinical 

immune-cell infiltration, which cannot be detected by conventional histopathological analysis. 

Interestingly, though the transiency of this state in each model is different and involves different 

immune cell populations contributing remodeling enzymes, the effect on the ECM is similar.  In 

addition, a recent report indicates that this pre-symptomatic ECM, in the specific case of the DSS 

colitis model, can be achieved via direct basement membrane damage inflicted by DSS[41], 

supporting our observation that basement membrane damage is part of the injury process in this 

model. Our unsupervised analysis of ECM compositions also showed that by narrowing our 

proteomic results into principal components (Fig. 3E) we can distinguish the pre-symptomatic 

state from all other states in the colitis model, enhancing our view that this is indeed a separate 

entity. Finally, our preliminary human IBD characterization recapitulates our observation of 

murine matrisomic dynamics and validates the found biomarkers.  

Another discrete feature of the pre-symptomatic state highlighted by our characterization 

arises from the supervised learning analysis on the matrisome, which suggests a convergence of 

the five states examined into 1) healthy WT, 2) pre-symptomatic, and 3) ill. We identified 
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Collagen XVIII/Endostatin and Fibrillin-1 as features distinguishing these states – indicating 

either ill or pre-symptomatic states, respectively. Neither of these proteins has been extensively 

studied in the context of IBD previously. Recently, a single report showed that upregulation of 

the FBN1 gene expression at first diagnosis of pediatric IBD predicts the fibrostenotic 

complication of the disease[42]. This suggests the subset of patients with FBN1-positive 

epithelial staining at first diagnosis in our study as candidates for long-term clinical follow-up, to 

determine whether this molecular ECM feature may have a similar prognostic impact. Thus, 

machine learning as part of our compositional analysis has already demonstrated its potential for 

identifying relevant clinical markers and disease prognostic indicators.  

Though IBD pathophysiology involves major tissue-damaging processes, which 

ultimately lead to the complications of the diseases[43–46], little is known to date regarding 

tissue remodeling events involving ECM before clinical presentation in these diseases. Scheme 1 

summarizes our observed pre-symptomatic signatures, and illustrates how they may contribute to 

the promotion of inflammation.  

Importantly, along with the convergence of pre-symptomatic states in two different colitis 

models, our findings are in line with current knowledge, stating that neutrophils bearing MMP-9 

are often the first immune cell type to initiate the acute inflammatory process[47,48], and that the 

basement membrane is a key player in the barrier function of all mucosal tissues[49,50]. These 

strongly suggests that a similar pre-symptomatic ECM would exist in other inflammatory 

diseases, such as in the airway or other parts of the gastrointestinal tract. In addition, though the 

colitis in the IL-10
-/-

 mouse model is well characterized, including dysbiosis[51] and the immune 

cell populations involved[22],little is known about the onset of symptoms. One study showed 

that altered mucin production before symptom presentation may be involved in IL-10
-/-

 colitis 
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onset[52], which is consistent with our proteomics results showing that Muc-2 levels are lower in 

healthy IL-10 mice compared to WT. Here we also show that though immune cell infiltration 

cannot be observed in healthy IL-10 mice via histology, the colons of these mice have higher 

numbers of different immune cell populations, both adaptive and innate that carry ECM 

remodeling enzymes, compared to their WT counterparts. Therefore, we propose that the 

disruption to ECM integrity by a small number of immune cells, and the secretion of gelatinases 

by the epithelium, allows access to additional immune cell infiltration and bacterial antigens, 

which creates a tissue that can readily be “pushed” towards full-blown inflammation. 

  In summary, our integrative approach permits a well-rounded characterization, 

encompassing multiple levels of detail, of the ECM – a complex and substantial material that 

comprises tissues. We conclude that by manifesting the pathophysiological state of a tissue, the 

ECM, in all of its complexity and properties, reveals silent disease-prone states that occur before 

clinical symptoms. The lessons from the observations we made in intestinal inflammation can be 

applied to other scenarios of inflammation due to the similarities of its onset in other mucosal 

tissues. We anticipate that this work will fuel mechanistic studies on the means by which early 

morphological and biomechanical ECM remodeling events leave the tissue vulnerable or prone 

to other pathologies such as cancer, fibrosis, and inflammation in other organs. Identification of 

such additional silent pathological states by utilizing the ECM as a reporter will contribute to 

early diagnosis, managing relapse and intervention in tissue-damaging diseases.  

Experimental procedures 

Animals 

Seven-week old C57BL/6 male mice were purchased from Envigo and were allowed to 

adapt for one week before experimental procedure. IL-10
-/-

 C57BL/6 mice from Jackson 

                  



22 

 

Laboratories were inbred at the Weizmann Institute of Science, and experiments were performed 

on six to eight-week old male mice. Healthy naïve IL-10
-/- 

were eight to twelve weeks old at time 

of harvest. All experiments and procedures were approved by the Weizmann Institute of Science 

animal care and use committees, protocol numbers 02230413-2, 06481012-1. 

Human samples 

 Biopsies were collected from the colonic mucosa of healthy donors and of IBD patients 

after providing informed consent in accordance with the ethical standards on Human 

Experimentation and the Declaration of Helsinki (protocol # 0725-14-TLV and # 3312-16-

SMC). Samples were classified as being inflamed or normal by endoscopy and histology. 

Surgically resected inflamed colon samples from IBD patients were obtained from the Israel 

National Biobank (MIDGAM).  

 Samples were taken from both male and female subjects. The samples in each group for 

the RNA analysis are listed in Table S6.  Samples used in RNA analysis were snap-frozen in 

liquid nitrogen until RNA extraction. Biopsies used for immunohistochemical stains were fixed 

in 4% paraformaldehyde and the sample list is in Table S7. 

Intestinal inflammation induction and evaluation 

Acute colonic inflammation was induced by administration of 1.25% DSS (MP Biomedicals 

LLC) in drinking water of C57BL/6 mice for seven days[18]. Chronic colonic inflammation was 

accelerated and synchronized by peroral administration of 200ppm piroxicam (Sigma-Aldrich 

ltd.)  to IL-10
-/-

 C57BL/6 mice via supplementation in normal murine chow[19]. Mice were 

weighed 3 times a week over the course of the experiment. Colitis progression was evaluated 

over the course of the experiment using the Karl Stortz Coloview mini endoscope system and 

colonic inflammation was scored (0-15) as previously described[53]. Inflammation scores were 
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categorized according to the following: healthy (0-4); mildly inflamed (5-7); inflamed (8-11); 

severely inflamed (12-15). Another form of inflammation evaluation was histological analysis by 

H&E staining of formalin-fixed paraffin-embedded tissues sections. The degree of histological 

damage and inflammation was graded in a blinded fashion by an expert pathologist. The 

following parameters were scored in the DSS-induced colitis model: amount of inflammation (0, 

none; 1, mild; 2, moderate; 3, severe; 4, accumulation of inflammatory cells in the gut lumen); 

percentage of colon area involved (0, none; 1, <=10%; 2, 10%-30%; 3, 30%-50%; 4, 50%-90%; 

5, >90%); depth of inflammation and layers involved (0, none; 1, mucosa only; 2, mucosa and 

submucosa; 3, limited transmural involvement; 4, transmural); ulceration (0, <30%; +1, >30%; -

1, regeneration). The overall histological score was the sum of the three parameters (maximum 

score of 14). Histopathological scoring for the IL-10 model was performed in a similar fashion, 

but only considering the amount of inflammation and percentage of colon area involved 

(maximum score of 9). IL-10 mice lose weight only in early phases of colitis development, and 

the weight is regained as chronic colitis is established (Fig. 1E). 

Mass cytometry and cell sorting 

Cell isolation of colon samples was performed as previously described[54]. In brief, colons 

were harvested on the day of the experiment from healthy WT mice, healthy IL-10 mice, and 

mice of day 4 of the DSS model, were carefully separated from the surrounding fat and 

lymphatic vessels and cleaned from feces with cold PBS. Then, 2cm colon pieces were minced 

and immersed into RPMI-1640 medium (GIBCO, 21875034) containing 10% FBS, 2 mM 

HEPES, 0.05mg DNase (Roche, 04716728001), and 0.5mg/mL of collagenase VIII (Sigma-

Aldrich, C2139) and placed for 40 minutes at 250 rpm shaking at 37°C and mashed through a 

70µm cell strainer.  
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Following, cells were stained according to a previously published protocol[55]. Individual 

mice cell suspensions were stained with Cell-ID Cisplatin 0.125 µM for viability and fixed using 

Maxpar® Fix I Buffer. Samples were then permeabilized using Maxpar® Barcode Perm Buffer 

and then barcoded using The Cell-ID™ 20-Plex Pd Barcoding Kit, allowing us to join samples 

for antigen staining. Antibodies used for staining are listed in Table S8. Before analyzing, the 

cell suspension was incubated with Cell-ID Interculator Iridium for 20 minutes.  

Cells were analyzed with a cyTOF2® mass cytometer (Fluidigm). Results were normalized 

and debarcoded using Fluidigm cyTOF software[56]. CyTOF results gating and further analysis 

was done with FlowJo software (FlowJo, LLC) and cell populations were defined according to 

the markers listed in Table S9. tSNE analysis was done using the viSNE application in the 

Cytobank web platform. tSNE (t-Distributed Stochastic Neighbor Embedding) is a machine-

learning algorithm used to cluster multivariate data into a 2D representation. 

Decellularization of colonic tissue 

 Decellularization was performed as previously described[57]. Samples were frozen in 

ddH2O and subjected to six freeze-thaw cycles with replacement of ddH2O each time. 

Subsequently, samples were immersed in 25mM NH4OH (Merck) for 20 minutes. Finally, 

isolated ECM scaffolds were washed six times in ddH2O and stored at 4˚C until use.  

Second-harmonic generation (SHG) microscopy 

Native snap-frozen murine colon samples were thawed in PBS and imaged using a two-

photon microscope (2PM:Zeiss LSM 510 META NLO; equipped with a broadband Mai Tai-HP-

femtosecond single box tunable Ti-sapphire oscillator, with automated broadband wavelength 

tuning 700–1,020 nm from Spectraphysics, for two-photon excitation). For second-harmonic 

imaging of collagen, a wavelength of 800-820 nm was used (detection at 390-450nm). 
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Quantification of crypt diameter was done using ImageJ software (Research Service Branch, 

NIH).  

Scanning electron microscope (SEM)  

 Decellularized mouse colon tissues were used and prepared as described in [58]. Then, 

samples were subjected to critical point dehydration (CPD) and attached to a carbon sticker. 

Finally, samples were coated with gold palladium, and imaged under SEM Ultra (Carl Zeiss 

international).  

In situ zymography 

 In situ zymography was conducted as previously described[39] on unfixed 10μm 

transverse mouse colon sections using DQ Gelatin
TM

 (Invitrogen) from pig skin. Following, 

sections were fixed with 4% paraformaldehyde, and cell nuclei were stained with DRAQ5 

(Thermo Scientific). Finally, mounting solution (Immu-Mount
TM 

Thermo Scientific) was added 

and slides were covered with a coverslip. The slides were imaged under a Leica TCS SP8 

microscope (both confocal and multiphoton). DQ gelatin was excited at 488nm and its emission 

was detected at 515nm.  

Testing elastic properties of ECM samples by Atomic Force Microscopy 

The AFM analysis was carried out on rehydrated 5mmX5mm ECM samples derived from 

mouse colon tissues. Typically, three-four samples were analyzed for each inflammatory 

condition. The rehydration process was as follows: ECM samples were grossly dried and 

attached to glass coverslips (diameter 15 mm) by means of a thin bi-adhesive tape. Samples were 

then attached to the bottom of Petri dishes (Greiner Bio-One) and left overnight in an evacuated 

desiccator in order to dry out, so to improve spreading and adhesion of ECM on tape. Prior to 

AFM measurements, the Petri dish hosting the ECM sample was filled with ddH2O and the ECM 
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was allowed to rehydrate for 30 minutes at room temperature. Measurements were carried out at 

room temperature. 

To accomplish the nanomechanical characterization of the ECM samples, a Bioscope 

Catalyst AFM (Bruker) was used to collect series of force vs distance curves[59,60], recording 

the local deformation of the sample induced by the AFM probe. According to a recently 

published protocol[28], we used monolithic borosilicate glass probes consisting in micrometer-

sized spherical glass beads with radius R=9-10 µm attached to silicon cantilevers with a force 

constant k=0.25-0.35 N/m. The probes were produced and characterized as previously 

described[27].  

Each set of force curves (a force volume) consisted of a 16x16 array of curves acquired on a 

70μm × 70μm area. Ten force volumes were typically recorded on each ECM on 

macroscopically separated regions. All measurements were performed with the following 

parameters:  4096 points per curve, ramp length L=10 μm, maximum applied force F = 60-70nN, 

and ramp frequency f=1.10 Hz. Typically, indentations up to 2-3 μm were obtained. Data 

processing of force volumes was carried out in Matlab
 
according to the general protocol 

described previously[28]. The values of the Young’s Modulus (YM) were extracted by fitting the 

Hertz model to the experimental data[59,60]. A first very soft indentation region (0-40% of total 

indentation) was excluded, in order to separate the possible contribution of loosely-bound 

superficial layers from those of the bulk ECM. Artifacts derived from an ill-defined contact area 

between sample and probe, like boundaries of colonic crypts or more generally crypts with 

characteristic dimensions comparable to, or larger than the probe diameter, were identified and 

discarded. 
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The distributions of YM values of the ECMs from mice turned out to be the envelope of 

several nearly lognormal modes, representing the major contributions to the overall ECM rigidity 

and originating from micro-scale domains that the AFM probe was able to resolve. Each mode in 

the distributions represents the elastic properties of a region of the ECM with lateral dimensions 

(and thickness) of several microns, which may define a structural and functional domain of the 

ECM. Multi-Gaussian fit in semilog10 scale allowed identification of the peak value E’ and the 

geometric standard deviation σg
10 of each lognormal mode; from these values the median value 

Emed and the standard deviation of the median σmed were evaluated for all modes as 

Emed=10E'
 and σmed =

√
𝜋

2
Emedσg

10

√N
 [61], N being the number of force curves in each mode. The 

effective rigidity of each ECM sample was characterized by the weighted average of median 

values E = ∑ fiEmed,ii  using the fraction fi =
Ni

Ntot
 of force curves in the mode as the weight; the 

total error σE associated to E was calculated by summing in quadrature the propagated error of 

the medians 

σ =  √∑ fi
2σmed,i

2
i  and an effective instrumental relative error σinstrum = 3%: 

σE =  √σinstrum
2 E2 + σ2. The average median values of the YM of the different states of 

inflammation have also been evaluated; the corresponding error has been calculated as the 

standard deviation of the mean summed in quadrature with the propagated σE.  

ECM proteomics by liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis  

Tissue slices from colons of WT or IL-10
 

mice at different stages of the inflammation 

models were immersed in a solution containing 50% trifluoroethanol (TFE), 25mM ammonium 

bicarbonate (Sigma Aldrich) and 15mM dithiothreitol (DTT) and coarsely homogenized by 
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repeated cycles of boiling, freezing and sonication. Subsequently, samples were shaken at 30˚C, 

1400 rpm for 30 minutes, followed by the addition of iodoacetamide (Sigma Aldrich) to a final 

concentration of 25mM and further shaking for 30 minutes at 30˚C and 1400 rpm. TFE was then 

diluted to 25% with 50mM ABC, LysC (Wako Chemicals, 1:100 lysC:protein ratio) and 

sequencing-grade modified trypsin (Promega, 1:50 trypsin:protein ratio) was added and 

incubated overnight at room temperature. On the following morning, more trypsin was added 

(1:80 trypsin: protein ratio) for 4 hours. Peptide mixtures were purified on C18 stage tips. Eluted 

peptides were loaded onto a 50 cm long EASY-spray reverse phase column and analyzed on an 

EASY- nLC- 1000 HPLC system (Thermo Scientific) coupled to a Q-Exactive Plus MS (Thermo 

Scientific). Peptides were separated over 240 minutes with a gradient of 5−28 % buffer B (80% 

acetonitrile and 0.1% formic acid). One full MS scan was acquired at a resolution of 70,000 and 

each full scan was followed by the selection of 10 most intense ions (Data dependent Top 10 

method) at a resolution of 17,500 for MS2 fragmentation. 

Raw MS data was analyzed with MaxQuant software[62,63] (version 1.5.2.18) with the 

built-in Andromeda search engine[64] by searching against the mouse reference proteome 

(UniprotKB,Nov2014). Enzyme specificity was set to trypsin cleavage after lysine and arginine 

and up to two miscleavages were allowed. The minimum peptide length was set to seven amino 

acids. Acetylation of protein N termini, deamidation of asparagine and glutamine, and oxidation 

of methionine were set as variable modifications. Carbamidomethylation of cysteine was set as a 

fixed modification. Protein identifications were sorted using a target-decoy approach at a false 

discovery rate (FDR) of 1% at the peptide and protein levels. Relative, label-free quantification 

of proteins was performed using the MaxLFQ algorithm integrated into MaxQuant environment 

with minimum ratio count of two[65].  
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Computational analysis of MS data 

Classification was done using a J48 decision tree algorithm[66] with a stratified 10-fold 

cross-validation in the Weka software for machine learning (University of Waikato). As input for 

this classifier, we used the ECM proteomic data (i.e., 110 matrisome proteins) described above, 

comprising 8 healthy WT samples, 16 pre-symptomatic samples (day 4 of DSS and healthy IL-

10) and 20 ill samples (day 10 of DSS and ill IL-10), where each sample came from a different 

mouse. Clustering according to squared Euclidean distance and principal component analysis 

(PCA) were performed in Matematica (Wolfram Research).  

Terminal amine isotopic labeling of substrates (TAILS) degradomic analysis 

 For terminal amine isotope labeling of substrates (TAILS) experiments, N = 4 biological 

replicates (one N represents a colon sample from a single mouse as a biological replicate per 

time point) were snap frozen in liquid nitrogen. Prior to protein denaturation and labeling, 

proteins of samples were extracted by mechanical homogenization using Tissuelyser (QIAGEN) 

and sonication using Bioruptor Pico (Diagenode). This process was done on 10 mg tissue in a 

buffer containing 4 M Guanidine hydrochloride (Sigma-Aldrich), 250 mM HEPES (Sigma-

Aldrich (pH 7.8)) and protease inhibitor cocktail (cOomplete EDTA-free, Roche). 

TAILS analysis, whereby protein N-termini were enriched, was performed according to the 

previously described protocol[67], except for using 16plex Tandem mass Tag™ labeling (TMT, 

#90110, Thermo Fisher) and adding the trypsin at a ratio of 1:20 (trypsin/protein ratio).  

PreTAILS and TAILS peptide mixtures were resuspended in MS injection buffer (1%TFA, 

2%Acetonitrile, containing iRT peptides (Biognosys)) loaded onto an PepMap100 C18 

precolumn (75 μm × 2 cm, 3 μm, 100 Å, nanoViper, Thermo Scientific) and separated on a 

PepMap RSLC C18 analytical column (75 μm × 50 cm, 2 μm, 100 Å, nanoViper, Thermo 
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Scientific) using an EASY-nLC™ 1200 liquid chromatography system (Thermo Scientific) 

coupled in line with a Q Exactive HF-X mass spectrometer (Thermo Scientific). Separation of 

500ng of peptide mixture was achieved by running a constant flow rate of 250 nL/min in 0.1% 

formic acid/99.9% water and a 140 min gradient from 10% to 95% (23% for 85 min, 38% for 30 

min, 60% for 10 min, 95% for 15 min) elution buffer (80% acetonitrile, 0.1% formic acid, 19.9% 

water). A data-dependent acquisition (DDA) method operated under Xcalibur 3.1.66.10 was 

applied to record the spectra. For the preTAILS and TAILS samples the full scan MS spectra 

(350–1500 m/z) were acquired with a resolution of 120'000 after accumulation to a target value 

of 3e6 in profile mode. MS/MS spectra with fixed first mass of 110 m/z were recorded in 

centroid mode from the 12 most intense signals with a resolution of 45,000 applying an 

automatic gain control of 1e5 and a maximum injection time of 96 ms. Precursors were isolated 

using a window of 0.7 m/z and fragmented with a normalized collision energy (NCE) of 30%. 

Precursor ions with unassigned, single charge or above charge of six were rejected and precursor 

masses already selected for MS/MS were excluded for further selection for 60s. Settings for the 

scan of the secretome peptide mixture were the same except for using a resolution of 17'500 for 

recording the MS/MS spectra, a maximum injection time of 60 ms, and a NCE of 25%. 

Raw files were searched against the Mus musculus database compiled from the UniProt 

reference proteome (ID: 10090, entries: 17′005) using Sequest from Proteome Discoverer™ 2.4 

software (Thermo). The following parameters were selected for database searches: semi-ArgC 

for enzyme specificity with tolerance of one missed cleavage; carbamidomethyl(C) and TMTpro 

(K) as fixed modifications, and acetyl(N-term), pyroQ (N-term), TMTpro (N-term), 

oxidation(M), deamidation (NQ), as variable modifications. Precursor mass error tolerance of 10 
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ppm and fragment mass error at 0.02 Da. Percolator was used for decoy control and FDR 

estimation (0.01 high confidence peptides, 0.05 medium confidence). 

For protein-level analysis of the preTAILS sample, quantifiable peptides were summed up per 

corresponding protein. 

Quantifiable non tryptic N-terminal peptides were extracted from the PD analysis of the 

preTAILS and TAILS samples, normalized based corresponding preTAILS median protein 

levels. The resulting list was curated for ECM related proteins and were statistically analyzed as 

it was for the LC-MS/MS data (see details below). 

Quantitative Real Time PCR on mouse and human colon tissues 

Colon tissues were homogenized using a bead beater homogenizer. Total RNA from was 

isolated using the PerfectPure RNA Tissue Kit (5 Prime GmbH) according to the manufacturer's 

protocol. 0.6-1 μg of total RNA is reverse transcribed using High Capacity cDNA Kit (Applied 

Biosystems inc.). qRT-PCR was performed using SYBR Green PCR Master Mix (Applied 

Biosystems inc.) on an ABI 7300 instrument (Applied Biosystems). Values are normalized to an 

Actin-β (Actb) control in mouse tissues and to Hypoxanthine-guanine Phosphoribosyltransferase 

(HPRT) and Ubiquitin C (UBC) controls in the human tissues. Primer sequences are listed in 

Table S5. Data is presented as mean fold change compared to either healthy WT in mouse 

tissues or to normal, non-inflamed, human tissues using the 2
-∆∆CT

 method[68]. Mice samples 

were grouped according to general state: (i) healthy WT, (ii) pre-symptomatic (day 4 of DSS and 

healthy IL-10) and (iii) ill (day 10 of DSS and ill IL-10). Standard error of the mean (s.e.m) was 

calculated on the 2
-∆CT

 data, as was the statistical analysis. 
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Immunohistochemical (IHC) stain for Fibrillin-1 

 Tissues were fixed in 4% paraformaldehyde and embedded in paraffin, and serial 5-μm 

sections were prepared from the whole biopsy for IHC. Sections were de-paraffinized and 

epitope retrieval was performed. Sections were incubated for 1 h with anti Fibrillin1 (Abcam), 

diluted 1:100, at RT followed by secondary antibody (HiDef Detection Polymer, 954D, Cell 

Marque, Rocklin, CA, USA). A peroxidase substrate kit (SK-4100, Vector Labs, USA) was used 

as a chromogen and hematoxylin as a counterstain. Tissue exposed only to the secondary 

antibody was used as negative control. 

Staining coverage was quantified as the mean percentage of area covered by staining out 

of the total image in 3-10 fields of view per sample. The analysis was carried out using ImageJ 

software (Research Service Branch, NIH) by applying color deconvolution for DAB staining, 

followed by a consistent binary threshold.  

Immunofluorescent (IF) stain for Laminin 

Tissues were embedded in OCT compound, cryosectioned to 10µm and fixed in 4% 

paraformaldehyde. Tissue sections were incubated for 60 minutes in blocking solution containing 

20% normal donkey serum and 0.1% Triton in PBS. Following, sections were incubated for 60 

minutes in 5µg/ml anti-laminin antibody (L9393, Sigma-Aldrich) in a PBS solution containing 

2% normal donkey serum and 0.1% Triton. Following washes, sections were incubated for 60 

minutes with a secondary antibody (Cy3 donkey anti-rabbit) and DRAQ5 nuclear stain. Finally, 

the slides were washed, mounting solution was added, and they were covered with a coverslip. 

Laminin stain sharpness was analyzed by applying a Fourier Transform and measuring 

the intensity of high frequencies (Fig. S4). These frequencies represent the regions in the image 

in which edges, i.e. sharp changes in signal intensity, are present, differentiating a diffuse, or 
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blurry signal from a sharper one. 2-4 cross sections were analyzed per animal, and for each state 

(Healthy WT, Day 4 of DSS and Healthy IL-10
-/-

) 4 animals were analyzed.  

Quantification and Statistical Analysis 

General 

Statistical parameters including the exact value of n, the definition of center, dispersion 

and precision measures (mean ± s.e.m) and statistical significance are reported and portrayed in 

the figures and the figure legends. Wherever outlier removal is mentioned, outliers are 

considered values that are over 3 median absolute deviations distance from the median, which is 

a robust outlier detection method[69]. Data is judged to be statistically significant when P < 0.05 

by a two-tailed student’s t test or with a Bonferroni correction of 0.05/m, where m=number of 

pairwise comparisons. In figures, asterisks denote statistical significance as calculated by 

student’s t test (∗, P < 0.05 or 0.05/m; ∗∗, P < 0.01 or 0.01/m; ∗∗∗, P < 0.001 or 0.001/m) in 

Microsoft Office Excel. 

Statistical analysis of MS data 

Bioinformatics analysis was performed with the Perseus program version 1.5.1.4[70]. 

The proteomic data was first filtered to remove the potential contaminants, proteins only 

identified by their modification site and reverse proteins. Next, the intensity values were log2 

transformed and data was filtered to have at least three valid values in each group. Missing 

values were imputed based on normal distribution and differentially abundant proteins were 

chosen according to a student’s t-test with a Bonferroni correction for multiple (6) pairwise 

comparisons (corrected α=0.05/6=0.0083), and a 0.05 permutation-based false discovery rate 

(FDR) cutoff for analysis of multiple proteins[71]. Statistical significance of intersections in 

Venn diagrams and proportion of differentially abundant ECM proteins out of all differentially 
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abundant proteins was assessed using a hypergeometric probability density function in Matlab 

(Matworks inc.). 
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Figure 1 Definition of the disease course and tissue states in the two murine colitis models 
(A) Acute model – DSS-induced colitis. Clinical and endoscopic symptoms are apparent from 

day 7 and peak at day 10. Chronic model – PAC IL-10
-/-

 model. Clinical and endoscopic 

symptoms develop over the course of 14 days, and the chronic inflammatory state is persistent 

per mouse. Chronically ill IL-10
-/-

 mice were harvested at least two weeks following piroxicam 

discontinuation. (B) H&E-stained colonic sections of mice from the two models at the indicated 

states. Note that immune cell infiltration and mucosal damage is not evident on day 4 of the 

acute model, but is substantial on day 10. In the PAC IL-10
-/-

 model large amounts of immune 

cell infiltrate is observed in the mucosa (indicated by arrow), but is absent in the healthy IL-10
-/-

 

mouse. (C) Quantification of the percentage of mice in each clinical category according to 

endoscopic evaluation (0-4: "healthy"; 5-7 "mildly inflamed"; 8-11 "inflamed"; and 12-15 

"severely inflamed", see Fig. S1 and Experimental procedures for details) at the indicated time 

points or states of both models (n>30). Note that some IL-10
-/-

 mice develop spontaneous 

inflammation without piroxicam exposure, and that some do not develop inflammatory 

symptoms following exposure. Only mice evaluated as "healthy" were used for further analysis 

as the day 4 of DSS or healthy IL-10
-/-

 states. (D) Histological scoring of H&E stained sections, 

such as the ones shown in B. Details on scoring are available in the Experimental procedures. In 

the DSS model, a significant increase in histopathological score was only observed on day 10 

and not on day 4 (NS=not significant). Chronically ill IL-10
-/-

 mice display a significant increase 

in histopathological score. The plot displays the scores of individual animals and the bars 

represent the state's mean±s.e.m. Statistical significance was determined using a student's t-test 

with a Bonferroni correction for two comparisons to healthy WT for the DSS model (NS: P> 

0.025, *** P<0.0005) and with no correction, compared to healthy IL-10
-/-

 in the PAC IL-10
-/-

 

model (*** P<0.001). (E) Mouse body weight changes over the course of the two models, 

presented as percentage from body weight on day 0. Significant weight loss in the DSS model 

appears from day 5 compared to day 2. Number of animals: n(2)= 85, n(4)=55, n(5)=36, 

n(7)=41, n(8)=10, n(10)=52; Bonferroni for five comparisons: ***P<0.0002. Significant weight 

loss appears in the IL-10
-/-

 mice from day 5 compared to day 1. Number of animals: n(1)= 8, 

n(5)=22, n(7)=7, n(9)=7, n(10)=13, n(12)=19, n(14)=10, n(17)=10, n(21)=17; Bonferroni 

correction for eight comparisons: *P<0.00625, **P<0.00125, ***P<1.25X10
-4

. Note that mice 

regain their weight as they reach the chronic phase of colitis. 

Figure 2 The ECM suffers structural damage and softening during colitis 
(A) Second-harmonic imaging of mouse colon on the indicated time points over the course of the 

disease, corresponding to distinct states: healthy WT, pre-symptomatic (day 4 of DSS and 

healthy IL-10
-/-

), acute inflammation (day 10 of DSS) and chronic inflammation (Chronically ill 

IL-10
-/-

). Vast ECM structural changes occur in acute inflammation, as indicated in the 

comparison between day 0 and day 10. Remarkably, some reorganization of the ECM is apparent 

from day 4, before clinical symptoms are evident. Healthy IL-10
-/-

 display different ECM 

structure than that of WT mice, with ECM condensation similar to that of day 4. Chronic illness 

leads to overall maintained crypt architecture, but with loosely packed ECM. (B) SEM images of 

decellularized colonic ECM at the corresponding states, at three different magnifications. Note 

the damage and crypt size heterogeneity apparent on day 10 compared to Healthy WT colon. 

Also note, that the ECM under chronic illness is characterized by perforated crypt walls with thin 

fibrils. Most remarkably, the two pre-symptomatic states show a common feature of exposure of 

fibrillar ECM proteins on the crypt walls, as can be observed in the X50k magnification 
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(examples are indicated by arrows). (C) Measurement of crypt diameter and distance between 

adjacent crypt edges in second-harmonic images on all five states – healthy WT (green), DSS 

day 4 (orange), DSS day 10 (red), healthy IL-10
-/-

 (yellow) and ill IL-10
-/-

 (pink).  In oval crypts, 

the largest diameter was always chosen, and the shortest distance was taken for distance 

measurements. Note that each state has a different mean diameter and distance. Changes in the 

standard deviations (STDs) of these measures per animal are also apparent, demonstrating their 

heterogeneity. Both of these measures indicate the architectural changes taking place in the 

ECM. Statistical significance was determined using a t-test with a Bonferroni correction for five 

comparisons, and is indicated by asterisks. *P<0.01, **P<0.002, ***P<0.0002. The bars 

represent the mean±s.e.m of the state, while each dot corresponds to the mean/standard deviation 

of one animal, which is based on the analysis of 2-8 440µmX440µm images capturing n>30 

crypts per animal. One outlier was removed in the day 4 group. (D) The relative frequency of 

exposed fibrils on crypt walls in the SEM images, indicating a damaged ECM underlying the 

epithelium, in Healthy WT vs. Day 4 of DSS and Healthy IL-10
-/-

 samples. **P<0.005, 

***P<0.0005, n=4 different samples per state, based on analysis of n>14 crypts. (E) ECM 

softening during colitis progression: individual dots represent the properly weighted median 

values of the Young's modulus for each animal and the bars represent the average median±STD, 

corresponding to all distributions represented in Fig. S3. There is a significant reduction in ECM 

rigidity between the healthy WT and acutely inflamed samples as denoted by the asterisks 

(according to a t-test with Bonferroni correction for three comparisons, *P<0.017). The 

differences between the pairs HC-D4 and D4-D10 are not statistically significant (P=0.30 and 

P=0.09, respectively); nevertheless, pre-symptomatic ECMs (D4) show an intermediate behavior 

with respect to the healthy and acutely inflamed cases. Also, ECM rigidity significantly reduces 

as IL-10
-/-

 mice become chronically ill, as denoted by the asterisks (**P<0.01).    

 

Figure 3 Pre-symptomatic states converge to a unique proteomic signature  
(A) Scheme showing the number of differentially abundant ECM proteins, between pairs in the 

five different states, represented by lines stretched between two nodes of two states; n(Healthy 

WT)=n(Day 4)=n(Healthy IL-10)=8, n(Day 10)=n(Ill IL-10)=10. Note that the two pre-

symptomatic states are similar in terms of ECM composition. Statistical significance of amount 

of ECM proteins changing among all ECM proteins and all differentially abundant proteins, 

according to the sum of hypergeometric probabilities for achieving each number or above it, is 

indicated next to each comparison by asterisks. **P<0.01, *** P<0.001, NS=not significant. 

(B+C) Venn diagrams presenting the differentially abundant ECM proteins in the colon 

comparing healthy WT vs. the pre-symptomatic day 4 of the DSS model (pink) and healthy WT 

vs. pre-symptomatic healthy IL-10
-/-

 (blue) in B; and comparing pre-symptomatic day 4 of the 

DSS model vs. acutely ill day 10 of the DSS model (pink) and pre-symptomatic healthy IL-10
-/-

 

vs. chronically ill IL-10
-/-

 (blue) in C. The direction of change in abundance in pre-symptomatic 

states is indicated by arrows. Note the differentially abundant proteins shared among the two 

comparisons (purple) in both diagrams. The intersection between the differentially abundant 

proteins in both comparisons is statistically significant (p=1.0x10-4 in B and p=1.2x10-5 in C). 

Statistical significance in this figure was calculated by the sum of hypergeometric probabilities 

for achieving each number or above it. (D) MS data of 110(ECM proteins) x 44(samples at five 

clinical states) was clustered according to similar protein abundance by computing the squared 

Euclidean distance. Following, the data was partitioned into three clusters   Grouping according.

to clinical state is indicated on the x axis. Protein abundances were normalized to the mean of 
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each protein. (E) PCA on the 3(clusters) x 44(samples) data after taking the mean of each cluster. 

The first PC explains more than 86% of the variance in the data. PC1 mostly (~75%) consists of 

cluster 1. The PC1 values for each state are presented in a box plot. *P<0.05, **P<0.01, 

***P<0.001. Note that the results show that ECM composition of clinical states can be projected 

onto a healthy-acutely ill axis, while highlighting the existence of the pre-symptomatic state. 

Figure 4 Identification of potential ECM biomarkers via machine learning and human 

validation  
(A) Significantly different ECM proteins from MS analysis display similar trends in human 

dataset. Unpublished data from a proteomic data set of colon biopsies, Bennike et al.[30] were 

analyzed for changes in ECM protein abundance, comparing UC[30] patients to healthy controls. 

Proteins that changed significantly between healthy (WT or IL-10-/-) and ill (day 10 of DSS or 

chronically ill IL-10-/-, respectively) mice were chosen. (B) The directions of the observed 

changes in human were compared to that of the significant changes in mouse. Proteins that 

change in the same direction in both species were counted as those that “Agree” with the mouse 

data, compared to those that “Disagree”. A chi-square test of goodness-of-fit was performed to 

determine whether the rate of agreement in the direction of change was likely to occur by chance 

by comparing to a 50% (22.5) “Agree”-50% (22.5) “Disagree” distribution. (C) A method for 

identifying potential biomarkers by applying a classification algorithm. Samples were divided 

into Healthy WT, Pre-symptomatic (day 4 of DSS and healthy IL-10-/-) and Ill (day 10 DSS and 

ill IL-10-/-), and a J48 decision-tree classification algorithm [33] was applied to the data, along 

with a stratified 10-fold cross-validation. The two proteins chosen for the tree nodes (Col18a1 

and Fbn1) are those that their abundance separate the three groups with the highest accuracy 

(90.9%) of all proteins. Col18a1 threshold: 26.67 log2(LFQ intensity). Fbn1 threshold: 28.76 

log2(LFQ intensity). (D) Plot of all samples according only to the abundances of Col18a1 and 

Fbn1, demonstrating that the levels of the two proteins are good indicators of the tissue state. (E) 

Gene expression analysis of Collagen XVIII (Col18a1) and Fibrillin-1 (Fbn1) on independent 

mouse tissue samples of all three groups. Note, that Col18a1 transcription is significantly 

elevated in ill samples, while no significant changes were observed in Fbn1. n(Healthy WT)=5, 

n(Pre-symptomatic)=10, n(Ill)=9 (one outlier removed); *P<0.0167, t-test with Bonferroni 

correction. (F) Validation of biomarker transcript levels on an independent set of human 

samples. Biopsies and surgical resections of healthy donors or of inflamed colonic mucosa of 

IBD patients were analyzed for mRNA expression levels of COL18A1 and FBN1. Both 

predicted markers indicated by the classification model performed on the murine models display 

significantly elevated levels of 6.2 fold (COL18A1) and 5.5 fold (FBN1) in inflamed IBD tissue 

compared to tissue from healthy donors (n(IBD)=10, n(Healthy)=11; *P<0.05, **P<0.01). (G) 

FBN1 IHC staining in rectal biopsies of healthy donors vs. inflamed regions in UC patients. 

Controls do not demonstrate FBN1 staining (FBN1 negative), while a subset (n=5) of UC 

patients display a strong epithelial staining (FBN1 positive). (H) Quantification of the area 

covered by FBN1 staining. The distribution of the FBN1 coverage in UC patients is broad, and 

half of the patients analyzed are FBN1 positive (above 10% coverage), such as the one presented 

in G. 

 

Figure 5 Pre-symptomatic tissues display elevated gelatinase expression and activity, and 

Laminin degradation  

(A) Gene expression analysis of selected ECM remodeling enzymes (Mmp-2/-7/-9/-14) and 

inhibitor (TIMP1) at pre-symptomatic states. An independent set of mouse tissue samples of 
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Healthy WT (green), Day 4 of DSS (orange) and Healthy IL-10-/- (yellow) were used. Note, that 

gelatinases (Mmp-2/-9) are significantly upregulated at pre-symptomatic states. n=5 animals per 

state; *P<0.025, **P<0.005, t-test with Bonferroni correction. (B) In situ zymography with DQ 

GelatinTM on colon cross-sections, depicting elevated gelatinase activity (green) in the mucosa 

(possibly the epithelium) of the pre-symptomatic states, along with DRAQ5-stained cell nuclei 

(blue) and SHG signal of fibrillary collagen (red). (C) Quantification of signal intensity in the 

mucosa, revealing that the elevation in gelatinase activity is statistically significant. (D) 

Immunofluorescent staining for Laminin, comparing Healthy WT to the two pre-symptomatic 

states, reveals the pre-symptomatic states are characterized by a more diffused appearance of the 

protein distribution. (E) Quantification of the diffuse appearance by measuring the intensity of 

high frequencies of a Fourier Transform applied to the mucosal regions. n=4 animals per state; 

*P<0.025, t-test with Bonferroni correction (see Fig. S4 for details). (F) Degradomic analysis 

comparing Healthy WT (green) to Day 4 of DSS (orange) reveals elevated degradation of 

Laminin, Collagen VI and Vitronectin. n=4 animals per state. 

Figure 6 Enzyme-bearing immune cells participate in pre-symptomatic ECM remodeling 

(A) tSNE analysis of mass cytometry demonstrating the differences in cell composition 

comparing healthy WT mice to the pre-symptomatic states. Each plot represents a pool of eight-

nine animals analyzed per state and each point corresponds to one cell. Note that monocytes and 

neutrophils are elevated at day 4 of DSS, while in healthy IL-10-/- mostly adaptive immune 

system cells are increased compared to WT. (B-G) Scatter dot plots based on the mass cytometry 

analysis depicting the changes in the relative frequencies (out of all live cells) of the indicated 

cell populations positive for specific ECM remodeling enzymes at each state: healthy WT 

(green), day 4 of DSS (orange), healthy IL-10-/- (yellow). Note that the different immune cells 

carry a variety of enzymes, including the gelatinases, MMP-2 and MMP-9. Additional data from 

this analysis appears in Fig. S5. Number of animals: n=9 for healthy IL-10-/- and n=8 for healthy 

WT and day 4 of DSS (one outlier removed for each group); Significant changes indicated are 

compared to healthy WT. Bonferroni correction for two comparisons (*P<0.025, **P<0.005). 

 

Scheme 1 Pathophysiological contributions of the pre-symptomatic ECM 

The scheme demonstrates how the ECM signatures found at the pre-symptomatic state contribute 

to the inflammatory symptoms found in colitis. (A) Pre-symptomatic colon segment along with 

its vasculature. (B) Epithelial crypts composing the colonic mucosa. (C) Subclinical immune cell 

infiltrate provides easy access for additional immune cell infiltration via MMPs. (D) Gelatinase 

activity creates an injured basement membrane, thus compromising mucosal barrier function, 

which grants gut microbes access to the internal environment. (E) Dual effect of increased MMP 

and LOX secretion along with increased fibrillary collagen secretion. This creates a deformed 

morphology characterized by both thick fibrous walls circumscribing the crypt in the presence of 

a perforated basement membrane. 
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