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Abstract

Excessive  deposition  of  type  I  collagen  follows  in  the  wake  of  chronic

inflammation processes in  dysregulated tissue healing and causes fibrosis

that  can  ultimately  lead  to  organ  failure.  While  the  development  of

antifibrotic  drugs is  targeting various  upstream events  in  collagen  matrix

formation  (synthesis,  secretion,  deposition,  stabilization,  remodeling),  the

evaluation of drug effects would use as net read-out of the above effects the

presence  of  a  deposited  collagen  matrix  by  activated  cells,  mainly

myofibroblasts.  Conventional  methods  comprise  lengthy  and  labor-

intensive protocols for the quantification of deposited collagen, some with

sensitivity  and/or  specificity  issues.  Here  we  describe  the  Scar-in-a-Jar

assay, an in vitro fibrosis model for anti-fibrotic drug testing that benefits

from a substantially accelerated extracellular matrix deposition employing

macromolecular  crowding  and  a  collagen-producing  cell  type  of  choice

(e.g., lung fibroblasts like WI-38). The system can be aided by activating

compounds  such  as  transforming  growth factor-β1,  a  classical  inducer  of

the  myofibroblast  phenotype  in  fibroblasts.  Direct  image  analysis  of  the

well  plate  not  only  eliminates  the  need  for  matrix  extraction  or

solubilization methods, but also allows for direct imaging and monitoring

of  phenotypical  markers  and  offers  the  option  for  high-content  screening

applications  when  adapted  to  well  formats  compatible  with  a  screening

format.
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1. Introduction
During scarring, an ill-regulated process of wound healing, excessive amounts

of extracellular matrix (ECM) (especially type I collagen) are deposited at the

site of tissue injury. This process, when locally contained, will form a defined

scar, but when perpetuated and spreading through an organ can destroy its

microarchitecture, and ultimately its function. Anti-fibrotic drugs therefore

aim to disrupt local or organ-wide collagen build-up at a transcriptional,

translational, or posttranslational level. In the last decades various methods

have been described to quantify the amount of deposited collagen and used in

combination with in vitro and ex vivo fibrosis models that allowed researchers

to assay for anti-fibrotic properties of drug candidates [1].

A classical method for the colorimetric quantification of collagen is the

determination of 4-hydroxyproline, the abundant and unique signature amino

acid of collagen (about 14%) [2]. Following total acid hydrolysis of dried and

weighed tissue material 4-hydroxyproline is reacted with

dimethylaminobenzaldehyde (Ehrlich’s reagent) which yields a product that

can be determined photometrically at an absorption maximum of

λ  = 558 ± 2 nm [3]. Several refinements of this hydrolysis method have

been introduced aiming at shorter processing times, increased sensitivity, and

alternative detection methods such as HPLC or LC-MS [4, 5, 6]. Another

popular method to quantify soluble and solubilized collagen is the Sircol

Collagen Assay. The assay’s central reagent is the anionic dye Sirius red [7].

The original method suffers from specificity issues as the dye binds to basic

amino acids regardless of the source and must have led to many

overestimations in the literature when performed in serum-containing material

[8]. This can be remedied by an additional pepsin digestion and ultrafiltration

step followed by the normal Sircol Collagen Assay protocol to yield accurate

collagen concentrations [8]. Other quantitative analyses include MS [9],

ELISA [10], SDS-PAGE in combination with densitometry [11] or image-

max
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based analyses by confocal microscopy [12, 13, 14], two-photon excitation

fluorescence and second and third harmonic generation microscopy [15, 16]

that make use of the nonlinear optical property of fibrillar collagen.

The above described collagen quantification methods have been used in

combination with various in vitro and ex vivo fibrosis models some of which

are highlighted below. Emulating the formation of fibrous-like tissue with

excessive ECM build-up potential was achieved in vitro using long-term

fibroblast cultures, and allowing them to form multiple cell layers under

stimulation with transforming growth factor-β1 (TGFβ1) [17], a known main

driver of fibrosis [18]. Another approach for anti-fibrotic drug testing using

kidney-derived cells in fact consists of two separate fibrosis models, as under

stimulus of TGFβ1, human mesangial cells either formed monolayers (2D) or

nodules (3D) solely depending on the growth substrate [19]. More recently,

sophisticated examples for in vitro fibrosis models featured lung organoids

derived from human embryonic stem cells with engineered gene mutations

[20], or from induced pluripotent stem cells (iPSC)-derived human

mesenchymal cells cultured in the interstitial spaces between collagen-

functionalized hydrogel beads in the presence of TGFβ1 [21]. Biomechanical

properties such as stiffening and contraction of progressive fibrotic tissue

have been emulated using micropillars or rods that are deflected by contractile

forces exerted by contiguous fibroblast layers (after TGFβ1 activation)

covering these nano landscapes [22, 23]. Ex vivo precision cut lung slices

considerably raise the complexity of the model as the lung tissue architecture

of various cell types and ECM is greatly conserved [24]. Airways of healthy

or diseased lung of human or animal origin are infused with agarose solution

followed by subsequent sectioning into uniformly thick tissue slices

(200–1000 μm) and placing in culture. Anti-fibrotic drugs may be tested

directly on diseased or healthy lung slices after initiation of fibrosis

incubating the tissue in a cocktail containing TGFβ1 [25, 26, 27]. Precision

cut lung slices are widely used and considered a bridging element between in

vitro and in vivo studies as they help to reduce animal sacrifices while

delivering relevant data.

Here we describe the Scar-in-a-Jar, an in vitro fibrosis model that combines

(a) a highly accelerated deposition of ECM by fibroblastic cells such as WI-38

lung fibroblasts through macromolecular crowding (MMC) culture conditions

and simultaneous fibrotic stimuli such as TGFβ1 and (b) optical high-content

screening to quantify deposited collagen circumventing the need to solubilize

ECM and losing material along the way [28]. MMC, the addition of preferably
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carbohydrate-based macromolecules (50–400 kDa) to culture medium, causes

the excluded volume effect. This effect supports protein folding and

enzymatic transition complex stabilization by limiting available extracellular

space for biomolecule action. Collagen I deposition is boosted on three levels

by macromolecular crowding. Firstly, by means of an accelerated conversion

rate from procollagen I to collagen I, secondly, an enhanced supramolecular

assembly of collagen triple helices to collagen fibers, and thirdly, by an

increased stabilization of ECM components by lysyl oxidase- and

transglutaminase-mediated cross-linking [29]. In fact, this “crowded state”

creates an ECM microenvironment that resembles the in vivo situation more

closely than the highly dilute aqueous standard cell culture condition. This is

why MMC has been growing in popularity as research discovery tool to

unmask processes or functions that may otherwise would have been

overlooked [30]. In the Scar-in-a-Jar model, MMC allowed us to deposit

significant amounts of ECM (6 day of MMC in a 7 day assay) while keeping

the cell density at a subconfluent state [28]. This makes optimal collagen

secretion and formation of an ultra-flat 3D model possible, while preventing

multilayer formation as in the long-term fibroplasia model [17]. This in turn

enabled optical high-content screening by software-assisted determination of

immunofluorescent type I collagen area and normalization by a nuclear count

[28]. The first adopter of the Scar-in-a-Jar after its publication in 2009 was the

pharmaceutical industry, and the assay has since been improved toward

medium-throughput (96-well) applications. The Scar-in-a-Jar has stood the

test of time as relevant fibrosis model using lung fibroblasts from patients

with idiopathic pulmonary fibrosis (IPF) for drug screening (adaptions to the

method, see Note 1) [31]. Recently, an extended (12 day of MMC instead of 6

day) Scar-in-a-Jar assay has been suggested, in combination with clinically

validated biochemical markers of ECM synthesis to better monitor long-term

effects of anti-fibrotic drugs using ELISA to analyze culture media [32].

These biomarkers are the soluble C-propeptides of collagens I, III, IV–VI and

they result from successful cleavage indicating matrix formation.

C-propeptides of collagen III and VI have previously been reported to be

increased in serum of advanced IPF patients [33]. Of note, α-SMA, a hallmark

of myofibroblasts in fibrotic tissue, has recently been detected in serum of

patients with IPF [34], and therefore was included in the immunochemical

analyses, too. Interestingly, C-propeptides of collagens I, IV-VI were elevated

in the first 4 day, while collagen III C-propeptide and α-SMA levels occurred

only after 8 days and increased strongly toward day 12 [32]. While this shows

that IPF pathology can be emulated in vitro, it also emphasizes the role of the
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fourth dimension in assay design.

2. Materials

2.1. Cell Culture and Scar-in-a-Jar Procedure

1. Fibroblastic cells such as normal human lung fibroblasts (WI-38) (see

Note 2).

2. Tissue culture plastic ware: 24-well plates, standard cell culture

consumables.

3. Proliferation medium: Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum (FBS).

4. Assay medium: DMEM supplemented with 0.5% FBS,

100 μM -ascorbic acid 2-phosphate (see Note 3), a mixture of

37.5 mg·mL  Ficoll™ (Fc) 70 with 25 mg·mL  Fc 400 (see Note 4),

5 ng·mL  TGFβ1. This medium would contain any drugs used for

fibrosis assessment (see Note 1).

5. Ciclopiroxolamine (CPX) solution (positive control, see Note 5):

Prepare a stock of 0.5 M CPX in methanol, dilute to a working

concentration of 1 mM CPX in DMEM (prior to cell culture addition)

and add to cell culture at a final concentration of 8 μM.

6. Humidified incubator at 37 °C and 5% CO .

7. Potential anti-fibrotic drugs for assessment (see Note 1).

2.2. Immunocytochemistry

1. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 6.5 mM

Na HPO , 1.5 mM KH PO  in apyrogenic ultrapure water; pH 7.4.

2. Fixative: Methanol, ice-cold (see Note 6).

3. Blocking solution: 3% bovine serum albumin in PBS.

4. Antibodies and nuclei staining: Primary type I collagen and compatible

secondary detection antibodies. For nuclei staining, 4′,6-diamidino-

−1 −1
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2-phenylindoldilactate (DAPI) is suitable (see Note 7).

2.3. Optical High-Content Screening and Analysis of Data

1. Epifluorescence microscope, microscopic plate reader, or similar

device equipped with appropriate filter sets (at least two, preferably

one for DAPI) that allows fluorescence image acquisition (see Note 8).

2. Image analysis software that allows enumeration of nuclei and type I

collagen area determination (see Note 9).

3. Methods

3.1. Cell Culture and Scar-in-a-Jar Procedure

1. Cultivate WI-38 in proliferation medium and passage cells (see Note

10) when still subconfluent.

2. Plate cells on 24-well plates (see Note 11) at 50,000 cells per well in

0.5–1 mL of proliferation medium. Plan to have enough experimental

wells ready to hold all samples (including desired concentrations and

solvent control “vehicle”) plus positive control (8 μM CPX in DMEM)

and incorporate at least two biological repeats (n = 2) per sample and

control.

3. Incubate in humidified incubator at 37 °C and 5% CO  for 16 h.

4. Change to assay medium (1 mL per well) containing desired drugs (see

Note 1) and controls.

5. Incubate in humidified incubator at 37 °C and 5% CO  for 6 day to

ensure sufficient ECM deposition.

3.2. Immunocytochemistry

1. Fix cells with ice-cold methanol for 10 min at −20 °C.

2. Remove methanol and wash cells three times with PBS.

3. Add blocking solution and block at room temperature for 30 min.

2
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4. Dilute type I collagen primary antibody in PBS, add to cells, and

incubate at room temperature for 90 min.

5. Remove primary antibody and wash cells three times with PBS.

6. From here on work in a dark environment to minimize photobleaching.

7. Prepare a mixture of secondary antibody and DAPI in PBS.

8. Remove primary antibody solution from cells, do not wash.

9. Add secondary antibody and DAPI solution to cells and incubate at

room temperature for 30 min.

10. Wash cells three times with PBS and leave 0.5 mL of PBS on top of

the samples to prevent cells from getting dry.

11. Analyze samples immediately or store at 4 °C in the dark for not

longer than 48 h prior to analysis.

3.3. Optical High-Content Screening and Analysis of Data

1. Take multiple images per well (see Note 12). Look for the strongest

signal throughout all experimental samples and controls make sure to

adjust exposure times for each channel (nuclei + collagen). Acquire all

images using identical settings (see Note 13).

2. Export and store images in a way that allows analysis of channels

individually.

3. Quantify total number of nuclei and corresponding type I collagen

content per imaging site (see Note 14).

4. Normalize type I collagen content by number of nuclei to get area of

type I collagen per nuclei per image field in μm . Determine mean of

each well, calculate fold changes of relevant controls and do statistics

on combined biological replicates.

4. Notes

2
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1. GlaxoSmithKline have successfully implemented the Scar-in-a-Jar

method to their anti-fibrotic drug discovery and made some updates

[31] to our original method [28]: Patient-derived IPF fibroblasts were

seeded into black-walled 96-well imaging plates at 10,000 cells per

well in DMEM supplemented with 0.4% FBS and 4 mM -glutamine

and incubated for 24 h at 37 °C and 10% CO  to reach confluence.

Medium was changed to assay medium supplemented with 0.4% FBS,

50 μg·mL -ascorbic acid and Ficoll™ crowders (as described

above). Anti-fibrotic drugs or vehicle were pre-incubated for 3 h prior

to the addition of 1 ng·mL  TGFβ1 into the medium. Treated

fibroblasts were then cultured for 72 h at 37 °C and 10% CO .

SB-525334 (ALK5 inhibitor) and CZ415 (mTOR inhibitor) were used

as positive controls.

2. Initially, IMR-90 and WI-38 fibroblasts were assessed for their ability

to deposit substantial amounts of collagen. In comparison, WI-38

showed a slower proliferation rate which was beneficial for our

purpose to remain the cell culture subconfluent after 6 day assay

duration.

3. The 2-phosphate derivate was previously found to be more stable than

ascorbate [35]. We used it as the magnesium salt hexahydrate.

4. In our original publication [28] we further describe the use of a

500 kDa dextran sulfate molecular crowder at 100 μg·mL  as an

alternative to Fc 70/400. The use of dextran sulfate even resulted in a

quicker method (2 day instead of 6 day); however, type I collagen

deposition was rather granular that may result in an under-appreciation

of a possible drug effect in image analysis.

5. Since our publication in 2009 [28] the FDA has approved Pirfenidone

and Nintedanib for the treatment of IPF in 2014. These drugs may be

used as positive controls and benchmark compounds. Further examples

of positive controls are described above (see Note 1).

6. In comparison to 4% paraformaldehyde and live staining, methanol

fixation yielded the greatest quantified area of collagen.

7. We used mouse anti-human type I collagen monoclonal primary

antibody from Sigma-Aldrich (St. Louis, MO, USA) and Alexa Fluor

2
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594 goat anti-mouse secondary antibody as well as DAPI from

Molecular Probes (Eugene, OR, USA).

8. Our data were generated using a Nikon TE600 fluorescence

microscope equipped with a Xenon light source, an automated Ludl

stage and a Photometrics CoolSNAP high-sensitivity camera.

9. To quantify nuclei and type I collagen content we used Metamorph

Imaging System software.

10. We routinely cultured at low passage (passages 3–8).

11. We found higher well-to-well variations when using 96-well format.

Efforts to account for well-to-well variations and port the Scar-in-

a-Jar assay to a 96-well plate format for medium-throughput has since

been established [31].

12. We acquired nine separate images per well (3×3 grid) covering a total

area of 1.35 cm  which represents approximately 70% of the 24-well

growth area.

13. When using automated image acquisition, it becomes necessary to

either turn on autofocus or to define a focus plane by setting focus

points in DAPI channel.

14. Using the Metamorph  Imaging System software we accounted for

positive DAPI signals when (a) the pixel intensity value of an area

was 15 above that of the background and (b) long axis of nucleus

measured between 10–15 μm. Suitable fluorescent intensity

thresholds for type I collagen were defined according to intensity

histograms while fluorescent signals below a defined pixel intensity

value were discounted for (background). Corner images of the 3×3

grid were close to the well border. To circumvent illumination

variances and interference with auto-fluorescent well borders,

triangle-shaped masks (excludes image analysis) were added to these

images to account for it.  15. The research group of Ruud Bank

recently revisited the Scar-in-a-Jar sucessfully, and found additional

value in using PVP40 as an alternative crowder to the Ficoll system

that is worth exploring. [36]

®
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