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The tumor microenvironment is comprised of a variety of components, most notably the extracellular 

matrix (ECM), stromal cells such as cancer-associated fibroblasts (CAFs), and immune cells1. 

Communication between cells in the tumor microenvironment and the ECM leads to the release of soluble 

factors, such as TGFβ, that trigger stromal cells that contribute to ECM remodeling and are characterized 
by their immunosuppressive qualities2.

Myofibroblasts are a sub-population of cancer-associated fibroblasts (CAFs) in the tumor stroma that 

specialize in ECM secretion and contraction3. Specifically, myofibroblasts are α-smooth muscle actin-

positive cells that form stress-fiber bundles and play a key role in driving fibrosis. Myofibroblast activation 

and fibrosis is associated with the increased production of multiple components of the ECM – including 

type I fibrillar collagen and fibronectin4. Hence, there is a noteworthy relationship between ECM structure 

and the development/function of myofibroblasts that might serve as an attractive target for therapeutic 
treatments in some contexts.

Fibroblast activation protein (FAP) is a type II transmembrane serine protease that is expressed in a 

subset of CAFs in the tumor stroma5. FAP has been found to participate in the progression of malignant 

tumors and hence, is being investigated as a therapeutic target in cancer treatment6. Transforming Growth 

Factor β (TGFβ) is a pleiotropic factor that drives inflammation and cancer in part by targeting stromal cells. 

TGFβ receptors are classified into 2 subtypes – type I and type II. The activation of type II and subsequent 

phosphorylation of type I receptor kinase initiates a cascade of downstream substrate and regulatory 

protein activation7. The TGFβ signaling pathways in cancer cells are often mutated, causing an increase in 

TGFβ production and activity. This upregulation in TGFβ results in TGFβ acting upon stromal cells to 

suppress immune function and increase the proliferation of fibroblasts8. FAP and TGFβ have both been 

discovered to be upregulated in solid tumors. Recent evidence has suggested that TGFβ regulates FAP 
expression in the tumor stroma6.

In this work, I investigated the effects of TGFβ on the phenotypic differentiation of fibroblasts during 

production of fibroblast-derived matrices (FDMs) using a primary human lung fibroblast cell line, CCD19 Lu. 

In order to downregulate the functionality of TGFβ, I used a bispecific antibody that has one arm specific for 

TGFβRII and the other arm specific for FAP. We targeted TGFβRII, not TGFβ directly, due to its significant 

downstream effects on other essential biological processes. This bispecific antibody preferentially bound to 

the TGFβRII on FAP+ cells, which allowed me to investigate its effects on a very specific subset of 
fibroblasts.
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Figure 1. General Experimental Layout (created with BioRender.com)

References

Results Materials & Methods

Conclusion

1. TGFβ drives FAP+αSMAhi fibrogenic transitional myofibroblast phenotype in FDM-
generating conditions.

Figure 2. Flow cytometric analysis of 

αSMA (A), CD90 (B), FAP (C) expression 

in matrix-producing fibroblasts that were 

incubated in FDM-generating conditions 

for 8 days +/- huTGFβ (2 ng/mL). 

Representative flow cytometric analysis 

(n=2), including quantification of mean 

fluorescent intensities (MFI) and % 

positive cells (gated on live singlets) for 

αSMA (A), CD90 (B), and FAP (C). Flow 

cytometric analysis of αSMA (D), CD90 

(E), FAP (F) expression in matrix-

producing fibroblasts that were cultured 

on plastic for 48 hours +/- huTGFβ (2 

ng/mL). Representative flow cytometric 

analysis (n=3), including quantification of 

mean fluorescent intensities (MFI) and % 

positive cells (gated on live singlets) for 

αSMA (D), CD90 (E), and FAP (F).

2. TGFβ induces increased cytoskeletal stress fiber formation and production of a
more fibrotic-like matrix.

Figure 3. (A) Representative phalloidin staining of the actin cytoskeleton in matrix-producing fibroblasts that were incubated in FDM-generating 

conditions for 8 days +/- huTGFβ (2 ng/mL). (B) Quantification of cell nuclei (DAPI), actin filaments (% area phalloidin), and phalloidin staining, 

obtained using ImageJ software. (F) Representative IF staining of FN, Col1, CHP, and two-photon second harmonic generation imaging of fibrillar 

collagen in decellularized FDMs generated by CCD19 human lung fibroblasts.

3. The fibrogenic response driven by TGFβ can be partially inhibited by the addition
of bispecific antibodies targeting FAP and TGFβRII.

Figure 4. Flow cytometric analysis of αSMA (A), CD90 (B), FAP (C) expression in matrix-producing fibroblasts that were incubated in FDM-

generating conditions for 8 days +/- huTGFβ (2 ng/mL) and bispecific antibody treatment (10 ug/mL). Representative flow cytometric analysis, 

including quantification of mean fluorescent intensities (MFI) and % positive cells (gated on live singlets) for αSMA (A), CD90 (B), and FAP (C) . 

(D) Representative phalloidin staining of the actin cytoskeleton in matrix-producing fibroblasts following treatment with bispecific antibody. (E) 

Quantification of cell nuclei, actin filaments (% area phalloidin), and phalloidin staining intensity present in each condition, obtained using ImageJ

software. (F) Representative 10x IF staining of FN, Col1, CHP, and two-photon second harmonic generation imaging of fibrillar collagen in 

decellularized FDMs generated by CCD19 human lung fibroblasts (scale bar = 100 uM)

Cell Culture

The primary human lung fibroblast cell line, CCD19-Lu, used in these experiments was purchased from 

ATCC. The CCD19 lung fibroblasts were cultured in 10% FCS EMEM (supplemented with non-essential 

amino acids, sodium pyruvate, penicillin-streptomycin, and L-glutamine) and grown on tissue culture-

treated plastic.

Fibroblast-Derived Matrix Production

The production of fibroblast-derived matrices was conducted using the methods outlined by Dr. Edna 

Cukierman. Fibroblast-derived matrices were generated in both 6-well plates and 35-mm dishes. Plates 

and dishes were coated gelatin and incubated at 37°C for 1 hr. Dishes were rinsed with PBS, then 

incubated with 1% glutaraldehyde in PBS for 30 min at RT to cross-link gelatin. Dishes were washed 

with PBS prior to addition of 1M ethanolamine in PBS or 30 min at RT to block any remaining 

glutaraldehyde. Ethanolamine was aspirated and dishes were rinsed to ensure the removal of any trace 

amounts of ethanolamine. P4 CCD19-Lu fibroblasts were trypsinized, counted and resuspended in 10% 

FCS EMEM. The resulting cell suspension was added to the gelatin-coated dishes/plates at a density of 

5x105 cells per well. Upon confirmation of confluency, media was collected and replaced with 10% FCS 

EMEM containing freshly prepared 75 µg/mL L-ascorbic acid, and +/- 2 ng/mL TGFβ (based on 

experimental condition). For samples that received pre-treatment with a bispecific antibody, the 

respective antibody was added to samples at a concentration of 10 µg/mL (in 10% FCS EMEM) and 

incubated at 37°C for 1 hr in order to allow sufficient time for antibodies to bind endogenous TGFβRII 

prior to addition of exogenous TGFβ. 

Fibroblast-Derived Matrix Decellularization

Following 8 days of matrix deposition, matrices in 35-mm dishes were gently washed with PBS. 1 mL of 

pre-warmed extraction buffer (consisting of 0.5% Triton-X-100, 20 mM NH4OH, and PBS + 1x protease 

inhibitors) was added to dishes and incubated for 5 min at 37°C or until confirmation of cell lysis. PBS 

with 1X protease inhibitors (2 mL) was added to the dishes containing extraction buffer and stored at 

4°C overnight. The matrix was then treated with DNase I in PBS with Ca2+ and Mg2+ and incubated at 

37°C for 30 min prior to staining. 

Matrix Analysis by IF & SHG

Immunofluorescent (IF) images of phalloidin-stained samples were obtained with a Nikon Eclipse Ti-E 

inverted microscope at 10X magnification. Imaging of fibrillar collagen, fibronectin, and CHP in 

decellularized fibroblast-derived matrices was acquired by second harmonic generation using a Leica 

SP5 two-photon microscope (Leica Microsystems) at 10X magnification.

Flow Cytometry 

Following 8 days of matrix deposition, fibroblasts were extracted and stained for FAP, CD90, and aSMA. 
Flow cytometry was performed on an LSR-Fortessa and data was analyzed using FlowJo.

Statistical Analysis 

All quantitative analysis was performed using GraphPad PRISM 8.0 software (GraphPad Software, 

Inc.). Data was subsequently analyzed by one-way ANOVA with a Tukey’s Test for multiple 

comparisons and shown as mean +/- standard error. Unless otherwise stated, a p-value < 0.05 was 

considered significant. Asterisks denote statistical significance: **** p < 0.0001, ***p < 0.001, ** p < 
0.001, *p < 0.05.

• Cells in FDM-generating conditions can be driven to fibrogenic transitional 

myofibroblast phenotype by TGFβ, whereas cells on plastic exhibited high 
FAP+αSMAhi baseline levels and other stress response genes (data not shown).

• TGFβ drives a fibrogenic transitional myofibroblast phenotype – characterized by 

co-expression of fibroblast activation protein (FAP) and α-smooth muscle actin 
(αSMA) in fibroblast-derived matrix (FDM)-generating conditions. 

• TGFβ induced increased cytoskeletal stress fiber formation and production of a 

more fibrotic-like matrix through the induction of fibrillogenesis and realignment of 

collagen fibers.

• Blocking TGFβ signaling with TGFβRII bispecific antibody only partially neutralized 
the TGFβ-driven phenotypic changes.
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