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METHODOLOGICAL APPROACHES & RESULTS

Integrating phospho-proteomic analysis and 
innovative 3D cell culture systems 
to dissect the role of extracellular stiffness 
in CLL pathogenesis 
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OBJECTIVE

• Investigate the impact of mechanical cues, particularly focusing on extracellular stiffness variation, on
the pathogenesis of CLL cells.

CONCLUSIONS

• CLL cells experience tissutal stiffness in 3D settings, potentially impacting their viability and
transcriptomic profile.

• 3D bioprinted CLL primary cells showed an increased resistance to therapies compared to 2D condition.

• We identified a range of stiffness that affects CLL cells activation.

• Characterization of MEC1 cells under mechanical stimulation revealed modulation of intracellular
pathways potentially involved in novel pathogenic mechanisms (Ephrin signaling pathway), along
with concurrent regulation of the upstream signal (VLA-4 antigen). The same experiments are
ongoing in primary CLL cells.
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 CLL cell line were cultured in a controlled 2D system with defined rigidities (Advanced BioMatrix). 

Attached cells have been recovered after 1 hour of culture for characterization.

1. 3D bioprinting improves viability, transcription 
profile and affects drug response of CLL cells

 A) Percentage of viable CLL cells attached to stiffness-tunable substrates. B) Percentage of

IgM/CD19 +/+ CLL cells collected from the surface. C) Percentage of CD23+/CD19+ CLL cells

collected from the surface. D) CD23 expression of CLL cells, measured by RT-qPCR; Paired t

test (*p<0.05). E) Percentage of CD62L+/CD19+ CLL cells collected from the surface. F) CD62L

expression of CLL cells, measured by RT-qPCR; Paired t test (*p<0.05).

1. Experimental workflow 

3. Stiffness range identification for 3D bioprinting and 
following readouts  

 A) Representative Western Blot of ERK1/2, phERK1/2, panAKT and phAKT proteins expressed by MEC1 cells upon culture stiffness-

controlled substrates. B) Fold change expression of phospho-ERK2 (normalized on ACTIN) compared to CONTROL A condition

(n=3); One-sample t and Wilcoxon test (*p<0.05). C) Fold change expression of panAKT (normalized on ACTIN) compared to

CONTROL A condition (n=3); One-sample t and Wilcoxon test (*p<0.05).

2. Scaffold with CLL cells mimic lymphoid 
organ stiffness 

 A) Network analysis showing kinase belonging to Ephrin receptor signaling pathway modulated at 2 kPa condition compared to

CONTROL A. B) Network analysis showing kinase belonging to Ephrin receptor signaling pathway modulated at 8 kPa condition

compared to CONTROL A. C) Kinase activity (relative to CONTROL A) of proteins belonging to Ephrin signaling pathway, significantly

modulated at 2 kPa and 8 kPa condition.

2. MEC1 cells characterization upon mechanical 
stimulation 
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4. VLA-4 antigen is modulated by MEC1 cells upon culture on different 
rigidities 

 A) Schematic representation of the 3D bioprinting workflow. B) Cell viability of 2D cultured

and 3D bioprinted CLL primary cells on day 7 (n=16); Paired t test (*p<0.05) (Ref. 1). C)

Heat-map of the most variable genes among 2D cultured and 3D bioprinted CLL primary

cells (Unpublished). D) Percentage of metabolically active CLL primary cells in 2D and 3D

following drug treatment with Fludarabine for 72 hours (n=7); Paired t test (*p<0.05)

(Unpublished). E) Percentage of metabolically active CLL primary cells in 2D and 3D

following drug treatment with Venetoclax for 24 hours (n=10); Paired t test (*p<0.05)

(Unpublished).

 A) Representative images of mechanical analysis conducted on scaffolds and a lymphoid

organ (Ref. 2). B) Average and standard deviation values of stiffness for the scaffolds and

the lymphoid organ (n=3).

5. Phospho-proteomic revealed modulation of pathways 
potentially involved in disease pathogenesis 

 A) CD29 marker expression, measured by Mean Fluorescence Intensity (MFI) (n=3). B) CD49d marker expression, measured by

Mean Fluorescence Intensity (MFI) (n=3).
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6. Kinase activation assessment confirms the changes observed by 
phospho-proteomic analysis

 Ephrin receptor signaling pathway (GO: 0048013) was found to be significantly enriched at higher rigidities 

(2 and 8 kPa) and not significantly modulated during adhesion to softer substrates (0.5 kPa) (Ref. 6-7).

CLL cell line MEC1 have been cultured on stiffness-controlled plates. Following 1 hour adhesion, attached cells have been recovered 
and deeply characterized.

READOUT

- Antigen expression profile (Flow cytometry)                                                                                                                          

- Kinase activity (Phospho-proteomic analysis)                                                 

- Protein expression (Western Blot)

CONDITION

- CONTROL A: cells in suspension                                                                                                        

- CONTROL B: cells adhering to plastic (K = 2 gPa)                                                 

- STIFFNESS: 0.5 kPa - 2 kPa – 8 kPa                          

 A) Schematic representation of the protein tyrosine kinase activity assay (Pamgene International B.V.). B) Protein overlap analysis

showing the significantly modulated kinases shared among the condition. C) Enrichment analysis of selected pathway obtained from

kinase analysis.

 Stiffness range identified after characterization (Ref. 4-5). The range will be exploited for the

development of hydrogel with tunable biomaterial stiffness, suitable for 3D bioprinting

(Manuscript in preparation).
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A. Cell viability is maintained among all the 

conditions

B. IgM is upregulated between 0.5 and 8 kPa

C. CD23 is downregulated at 8 kPa D

E. CD62L downregulation has been observed in the 

same range (0.5 – 8 kPa)

F

3. Implication of physical cues on B 
cells in health and disease

Focus on the role 

of extracellular 

stiffness 

 Circulating B lymphocytes are subjected to a wide range of physical cues, which they can 

convert to biochemical signals through mechanotransduction (Ref. 3).
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