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SUMMARY:
Here, we study hepatotoxicity caused by lapatinib and neratinib through SASP-driven macrophage polarization, which offers a deeper mechanistic understanding beyond traditional toxicity tests. This approach demonstrates how senescent hepatocytes influence immune responses. This is particularly valuable for assessing long-term drug effects and discovering new therapeutic targets for managing drug-induced hepatotoxicity.

ABSTRACT:
Lapatinib and neratinib are tyrosine kinase inhibitors (TKIs) approved for treating HER2-positive metastatic breast cancer, but their clinical use is limited by hepatotoxicity. Within hepatocytes, cytochrome P450 enzymes produce reactive metabolites of these drugs, causing DNA damage, mitochondrial dysfunction, and oxidative stress, which lead to hepatocyte injury. This cellular stress triggers hepatocyte senescence, a state of growth arrest accompanied by the secretion of pro-inflammatory and tissue-remodeling factors called the senescence-associated secretory phenotype (SASP). SASP significantly modifies the liver microenvironment, influences immune cell behavior, and worsens tissue damage. We show that lapatinib and neratinib induce senescence and SASP in the HepG2 liver cell line. Additionally, SASP from these senescent cells promotes M2-like polarization of RAW264.7 macrophages. Although M2 macrophages are associated with anti-inflammatory responses and tissue repair, their excessive or prolonged activity can lead to tissue damage and fibrosis. Our findings highlight a mechanism by which TKI-induced hepatocyte senescence and SASP modulate the immune response and may contribute to liver toxicity in breast cancer patients. This underscores the importance of targeting senescent cells or SASP factors to reduce liver toxicity and improve treatment outcomes, making the identification of effective senotherapeutics a vital research focus. There hasn’t been any literature report demonstrating the effect of TKI-induced liver cell secretome on macrophage polarization. 

INTRODUCTION:
Lapatinib and neratinib, both small-molecule tyrosine kinase inhibitors (TKI), received FDA approval in 2007 and 2017, for the treatment of metastatic breast cancer1. These drugs are known to inhibit the human epidermal growth factor receptor 2, HER22, a receptor tyrosine kinase that is overexpressed in certain breast cancers3. Despite their clinical success, lapatinib and neratinib are also associated with adverse effects, particularly hepatotoxicity4,5. Acute liver injury, manifested by elevated aminotransferase levels, occurs in approximately 14% of patients undergoing treatment with either lapatinib or neratinib6. The hepatotoxicity is largely attributed to the hepatic metabolism of these drugs, which involves cytochrome P450 (CYP) enzymes, predominantly CYP3A4/57,8. These enzymes catalyse the formation of quinone-imine intermediates, which are electrophilic and highly reactive9,10. These reactive metabolites, including O-dealkylated lapatinib, N-dealkylated lapatinib, and N-hydroxy lapatinib, O-dealkylated neratinib, and N-demethylated neratinib, can form covalent adducts with cellular macromolecules, thereby disrupting normal cellular functions and ultimately resulting in liver injury11.

Reactive metabolites of lapatinib and neratinib can also induce oxidative stress, a key trigger of cellular senescence12. Cellular senescence is a growth-arrested but metabolically active state, characterized by the secretion of various pro-inflammatory cytokines, growth factors, and proteases. This secretory phenotype is known as the senescence-associated secretory phenotype (SASP)13–15. The SASP can profoundly affect the surrounding microenvironment, often promoting inflammation and tissue remodelling. In the context of cancer therapy, the SASP can enrich the cancer stem cell population and modify the immune response to favour tumor survival16. Additionally, the inflammatory cytokines can exacerbate tissue damage. We speculated that in patients treated with lapatinib and neratinib, the liver injury is partly contributed to by TKI-induced senescence and pro-inflammatory SASP production.

Our experiments demonstrated that lapatinib and neratinib induce the production of reactive oxygen species (ROS) in hepatic cells, leading to DNA damage and mitochondrial dysfunction, which in turn triggers cellular senescence. This senescence may contribute to lapatinib/neratinib-induced hepatotoxicity by releasing SASP factors, which can influence macrophage polarization.

Macrophages play a critical role in the immune response, and their functional phenotype can shift in response to various stimuli17,18. The classical M1 macrophage phenotype is typically associated with pro-inflammatory responses, including the production of cytokines such as TNF-α and IL-1β, and is generally considered a marker of acute inflammation19,20. In contrast, the M2 macrophage phenotype is associated with fibrosis, tissue repair21, immunosuppression, and a response to chronic inflammation22,23. The inflammatory cytokines in the SASP can influence macrophage polarization, promoting the conversion of M1 macrophages to an M2-like phenotype23. This shift in polarization can have significant implications for the immune microenvironment, potentially leading to immunosuppression, tumor progression, and remodelling of tissue architecture.

To investigate the macrophage polarizartion induced by lapatinib and neratinib, we used the RAW264.7 cell line, a murine macrophage-like cell line commonly used in immunological research24,25. RAW264.7 cells are derived from BALB/c mice and are widely used to study inflammation, phagocytosis, and immune responses25. They respond to various stimuli, including lipopolysaccharides (LPS), and are particularly valuable for studying macrophage function, cytokine production, and cancer biology26. In this study, HepG2, a human hepatoma cell line, was treated with lapatinib and neratinib to mimic the hepatotoxic effects observed in patients. The HepG2 cell line is often used as a drug metabolism and hepatotoxicity study model due to its human origin and hepatocellular carcinoma lineage27. After treating the HepG2 cells with the TKIs, the conditioned media were collected and added to RAW264.7 cells. The subsequent macrophage phenotypic changes were monitored, focusing on whether the treatment induces a shift from the pro-inflammatory M1 phenotype to the immunosuppressive M2 phenotype.

Drug-induced hepatotoxicity is generally studied through cytotoxicity assays, assessment of inflammatory markers, and the use of animal models. Compared to these, our method of examining TKI lapatinib and neratinib-induced hepatotoxicity through senescence-associated secretory phenotype (SASP) factors and their influence on macrophage polarisation has several advantages. First, our method establishes a connection between SASP factors produced by drug-induced senescent liver cells and innate immunity, which can be further linked to tissue remodelling, chronic inflammation, and carcinogenesis28–31. Conventional toxicity screens cannot help us capture the short-term interactions between the liver and immune cells, nor can they reveal the long-term impact of TKIs on liver inflammation and fibrosis, particularly in the context of chronic drug exposure. When combined with a suitable proteomics approach to identify SASP constituents, this technique can help identify predictive biomarkers of TKI-induced hepatotoxicity and inform the design of therapeutic interventions to mitigate it29–31.

For implementation, researchers should utilize co-culture or conditioned media systems with hepatic and immune cell lines, as described, and evaluate biomarkers of senescence as well as M1 and M2 macrophages. This method is most effective for assessment of drug-induced acute or chronic liver injury, or for exploring strategies to minimize off-target effects of cancer therapies29–31.

PROTOCOL:

1. Cell culture 

1.1. Culture HepG2 cells in Modified Eagle Medium (MEM) high glucose with 10% Fetal Bovine Serum (FBS) and RAW264.7 cells in Dulbecco’s Modified Eagle Medium (DMEM) high glucose with 10% FBS at 37 °C with 5% CO2 and refresh every 3 days.

NOTE: Antibiotic usage is not recommended unless there is any fungal or bacterial contamination. RAW264.7 cells are very fast-growing and should be passaged after 2 days.
   
2. MTT assay

2.1. Cell counting and cell plating

2.1.1. Grow HepG2 cells in a 60 mm culture dish in a cell culture incubator in complete growth media (MEM + 10% FBS).

2.1.2. When the cells were about 80% confluent, remove the growth media, give a quick wash with 1 mL of 1x PBS, and add 600 mL of 0.5x Trypsin. Incubate for 5–6 min. 

NOTE: All steps should be performed in a BSL 2 cell culture cabinet.

2.1.3. Neutralize trypsin by adding 1.2 mL of complete growth media inside the BSL 2. 

NOTE: To prevent over-trypsinization, complete media, twice the volume of added trypsin, should be added.

2.1.4. Take the cell suspension in a 5 mL microcentrifuge tube (MCT) and pellet it down by centrifuging at 180  g (1000 rpm) for 3-4 min at room temperature (RT).

2.1.5. Discard the supernatant, resuspend the cell pellet in 1 mL of media, pipette to mix as a single cell suspension, and count using a hemocytometer under a microscope.

2.1.6. Next, plate HepG2 cells in a 96-well plate at 5000–7000 cells per well, in complete growth media, in triplicate for each drug dose, and keep in the incubator for 12–16 h. 

NOTE: Cell confluency should be 50–60% for drug treatment, and this step should be performed inside the hood.

2.2. Drug treatment

2.2.1. Prepare gradually increasing working concentrations of lapatinib and neratinib in dimethyl sulfoxide (DMSO) from the stock concentration (30 mM and 3.5 mM, respectively) inside the hood. The final concentrations are 1, 2.5, 5, 10, 15, 25, 50 mM for lapatinib and 1, 2, 3, 4, 5, 6, 10 mM for neratinib in growth media (MEM + 5% FBS). Keep one no-treatment control for both drugs. 

2.2.2. Discard the previous media from the 96-well plate containing cells, and add 100 mL of media with the drug and incubate for 48 h inside the hood. 

2.3. Staining and quantification  

2.3.1. After 48 h, add 10 mL of 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT; 5 mg/mL), dissolve in 1x phosphate buffer saline (PBS) in each well, and incubate for at least 2 h inside the incubator until purple colored crystals appear. 

NOTE: Add the dye directly into drug-containing media and do not incubate cells with dye for more than 4 h.

2.3.2. After incubation, remove the dye, dissolve the crystals in 100 μL of DMSO in each well, and incubate for 15 min, followed by taking the optical density (OD) at 595 nm. 

NOTE: This step can be conducted outside the hood.    

3. SA-β galactosidase assay

3.1. Drug treatment 

3.1.1. Plate HepG2 cells in 35 mm dishes at a density of 40  104 cells per plate in three sets, one for lapatinib, one for neratinib, and one untreated control. 

NOTE: Cell counting and plating steps are as described in step 2.1.

3.1.2. Add 1 µL of lapatinib from 5 mM working stock and 1.43 µL of neratinib from 3.5 mM main stock in 2 mL of media to make a final concentration of 2.5 µM (sublethal dose) of lapatinib and neratinib. 

NOTE: Sublethal drug dose is selected following the cell survival graph in the MTT assay. 

3.1.3. Remove the previous media from the dishes and wash with 500 µL of 1x PBS once, and add drug-containing media (Inside the hood) and keep for 48 h inside the incubator.

3.2. Fixing and staining  

3.2.1. After 48 h, remove the drug, give a quick wash with 500 µL of 1x PBS once, and fix with 1.5 mL of 2% formaldehyde and 0.2% glutaraldehyde in 1x PBS for 10 min at RT.

3.2.2. Following fixation, wash the plates with 1 mL of 1x PBS twice and ensure the fixative solution is removed correctly.  Add 1.5 mL of staining solution (40 mM citric acid/ Na-phosphate buffer, 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 150 mM NaCl, 2 mM MgCl2, 1 mg/mL X-gal in autoclaved water) and incubate for 8 h at 37 °C without CO2.

NOTE: Incubation period may vary according to the cell type; for HepG2, the incubation period should not exceed 8 h.

3.2.3. Following staining, wash the plates quickly in 1 mL of 1x PBS twice and capture brightfield images at 20x and 40x magnification with an epi-fluorescence microscope. Capture a minimum of four to five fields for each treatment group. 

NOTE: The volume of fixative and staining solution will vary with the plate size, and all the steps may be performed outside the hood.

3.3. Image quantification

3.3.1. Take a picture from one field, count the total number of cells as well as the cells showing a blue signal. Manually calculate the percentage of cells with a blue signal. Calculate at least four images, take the average, plot in a spreadsheet graph, and conduct a t-test.

4. ROS detection

4.1. Cell plating and drug treatment 

4.1.1. Plate HepG2 cells in 35 mm glass-bottom dishes at a density of 40  104 cells per plate in three sets: one for lapatinib, one for neratinib, and one untreated control. 

NOTE: Cell counting and plating steps are as described in step 2.1.

4.1.2. Follow the same treatment strategy as described in step 3.1.

4.2. Staining and imaging

4.2.1. After 48 h of treatment, add 2 µM cell ROX deep red reagent (5 mM stock), 1 µM Mito Tracker Green (1 mM stock) for 30 min, and counterstain with 500 nM nuclear staining dye Hoechst (500 µM stock). 

NOTE: Dye should be added inside the hood, and direct exposure to light should be avoided. Counterstaining is done by adding nuclear staining dye Hoechst during the administration of other dyes. 

4.2.2. After 30 min, remove the dye, and wash with 1x PBS to remove excess dye and image with a confocal microscope at 100x magnification (oil emersion, 640 nm, 488 nm, and 405 nm excitation wavelength, respectively).

4.3. Image quantification 

4.3.1. Quantify the signal of cell ROX red using Fiji ImageJ software and compare it to the signal of the untreated control. Use MitoTracker green to indicate that the signal originates from mitochondria. Following plotting the bar graphs with average values, conduct a t-test. 

5. Conditioned media (CM) collection

5.1. Treat HepG2 cells with 2.5 µM of lapatinib or neratinib for 48 h (treatment strategy similar to step 3.1, except for this experiment, plate 70  104 cells in a 60 mm dish).

5.2. After 48 h, remove the drug and wash with 500 µL of 1x PBS once.

5.3. On the maximum day of senescence (after 48 h of drug treatment), add 4 mL of serum-free MEM media (without FBS or any other supplements) to the drug-treated cells as well as the untreated control for 48 h.

NOTE: The volume of serum-free media will depend upon the plate size.

5.4. Next, collect the serum-free media containing all the secretome, termed as conditioned media, and store at -80 °C for future use. 

NOTE: After collecting the CM, it should be centrifuged for 5 min at 2800  g (4000 rpm) to remove dead cells and other cellular debris. RAW264.7 cells are typically cultured in DMEM, but CM is collected in MEM as per HepG2 culture conditions. To maintain compatibility, conditioned media should be mixed with serum-free DMEM in 1:1 ratio prior to RAW264.7 incubation.

6. M1/M2 polarization in RAW264.7

6.1. Cell plating

6.1.1. Follow the cell counting and cell plating as described in step 2.1, except the trypsinization step. While trypsinizing RAW264.7 cells, add 600–700 µL of 0.5x trypsin, incubate for 15–20 min in the incubator, and for neutralizing trypsin, add 2 mL of growth media (DMEM + 10% FBS) and plate 70  104 cells in a 60 mm dish in three sets: lapatinib, neratinib and one untreated control.  

6.2. RAW264.7 induction

6.2.1. Remove the regular growth media, wash with 1 mL of 1x PBS once, and add the corresponding CM for 48 h. 

NOTE: Before adding the CM, make sure to condition it with serum-free DMEM in a 1:1 ratio, as RAW264.7 cells grow in DMEM, so keeping the cells in MEM will cause stress, which may hamper the result. Culturing RAW264.7 in CM (serum-free media) for 48 h may also cause stress; in that case, 24-30 h incubation can be done before collecting the data.   

6.2.2. After incubation, discard the CM, wash with 1 mL of 1x PBS, add 600 µL of trypsin in each plate, incubate for 10 min, and then pellet down at 180  g (1000 rpm) for 3 min at RT.  Use the pellet for protein purification or store it at -80 °C for future use. 

NOTE: Trypsinization time will vary with cell type, and centrifugation is not recommended above 180  g.

6.3. Protein isolation and western blotting  

6.3.1. Prepare the lysis buffer by mixing radioimmunoprecipitation assay (RIPA) lysis buffer and protease inhibitor cocktail at a 100:1 ratio. Add the lysis buffer to the cell pellet, resuspend, and incubate on ice for 30 min.

NOTE: The volume of lysis buffer will vary with the size of the cell palette, and lysis can be done outside the hood. If the pellet is stored at -80 °C, then first thaw the pellet on ice, give a short spin, and remove any residual media.

6.3.2. After incubation, spin the cell lysate at 20,000  g for 30 min at 4 °C. Collect the supernatant and proceed for western blot, or store at -20 °C for future use.

6.3.3. Prepare protein sample by taking 35–40 µg of protein, add 1x loading dye, heat for 5–6 min at 95 °C, run SDS-PAGE (10% and 12% acrylamide gel) at 90 V, and transfer to nitrocellulose membrane.  

 NOTE: For more detailed information regarding the western blot, refer to Joubert et al.32. 

6.3.4. Check the expression of M1 and M2 polarization markers, via developing the blot using a horseradish peroxidase (HRP) developer, iNOS (M1) and arginase1 (M2), respectively, by using anti-NOS2 and anti-ARG1 antibodies. 

NOTE: Concentration for both primary antibodies, anti-NOS2 and anti-ARG1 is 1:1000, and secondary anti-rabbit antibody is 1:10,000.

6.4. Macrophage polarization using LPS and IFN-g

6.4.1. Plate 70  104 RAW264.7 cells in two 60 mm dishes. 

NOTE: Plating procedure is similar to step 6.1.

6.4.2. After 12–16 h, mix 4 µL of 1 µg/mL lipopolysaccharide (LPS, stock concentration is 1 mg/mL) and 1.33 µL of 33 ng/mL interferon-g (IFN-g, stock concentration is 100 µg/mL) in 4 mL of growth media (DMEM + 10% FBS) and add to the pre-plated RAW264.7, keeping one uninduced control.

6.4.3. After 48 h, collect the cell pellet via trypsinization, isolate protein, run a western blot, and check the expression of iNOS (M1) and ARG1 (M2), respectively, by using anti-iNOS and anti-ARG1 antibodies.

NOTE: All cell culture waste and biochemical waste should be discarded in a biohazard bin, properly autoclaved, and then disposed of. 

REPRESENTATIVE RESULTS:   
A series of assays was conducted to evaluate the impact of TKI lapatinib and neratinib on hepatocellular carcinoma (HepG2) cells and their downstream paracrine effects on macrophages. HepG2 cells were treated with varying concentrations of lapatinib or neratinib, and cell viability was measured at 48 h using the MTT assay (Figures 1A,B). Based on the survival curves, a sublethal dose of 2.5 µM was chosen for further experiments.

This concentration was able to induce a substantial increase in mitochondrial ROS, as shown by MitoSOX Deep Red staining, which was confirmed by co-staining with the mitochondrial-specific dye MitoTracker Green (Figure 2). Concurrently, SA-β-galactosidase activity was measured to assess ROS-related cellular senescence, revealing a significant increase in β-galactosidase activity after treatment (Figure 3).

To investigate the immunomodulatory effect of the drug-treated liver secretome, conditioned media (CM) were collected from HepG2 cells treated for 48 h with lapatinib or neratinib (2.5 µM) alongside untreated HepG2 cells. After drug removal, cells were washed and incubated in serum-free MEM for an additional 48 h before harvesting CM (Figure 4A). Subsequently, RAW264.7 macrophages were exposed to this CM along with serum-free DMEM in a 1:1 ratio for 48 h to monitor macrophage polarization (Figure 4B).

Morphological analysis revealed a significant shift in RAW264.7 cells toward a larger, elongated phenotype (Figure 4C). Western blotting for polarization markers showed increased expression of ARG1 and decreased levels of iNOS in CM-treated groups compared to the control (Figure 4D and Supplementary Figure 1). In addition to iNOS and ARG1 expression, RAW264.7 cells were also examined after induction with lipopolysaccharide and interferon-γ to confirm M1 polarization, serving as a positive control for macrophage polarization (Figure 4E and Supplementary Figure 2). All findings supported a transition toward an anti-inflammatory M2 state. Although some cellular stress or death was observed in RAW264.7 cells during incubation with CM, this was unlikely to interfere with the interpretation of polarization outcomes. 

To conclude, we demonstrated the application of a co-culture technique with liver cells and macrophages to investigate how TKIs lapatinib and neratinib, through the induction of senescence in hepatocytes, influence macrophage polarization via SASP factors. By exposing HepG2 cells to these TKIs, we observed a robust increase in mitochondrial ROS, as well as the senescence biomarker SA-β-gal, confirming the induction of senescence, a cellular state associated with SASP production29,30. Upon collecting CM from senescent HepG2 cells and exposing it to RAW264.7 macrophages, followed by measurement of polarization markers such as NOS2 (M1) and arginase 1 (ARG1), we found these macrophages to differentiate to the anti-inflammatory M2 phenotype. This aligns well with the known roles of SASP in the modulation of tissue microenvironment and immune cell behavior, such as macrophage activation and polarization28,29. This protocol effectively models the paracrine crosstalk between TKI-induced senescent hepatocytes and macrophages, enabling us to dissect molecular and cellular mechanisms underlying TKI-induced hepatotoxicity.

It is essential to quantify senescence as well as polarization markers using multiple techniques, such as western blotting and cytokine profiling, to validate phenotypic changes associated with both events. These results should be interpreted in the context of SASP’s dual role in promoting inflammation and tissue remodeling, as well as its potential to drive chronic liver pathology and cancer progression through macrophage activation28–30. By mechanistically linking TKI-induced senescence with immune modulation, this approach uncovers potential therapeutic targets for managing the adverse effects of cancer therapy.

FIGURE AND TABLE LEGENDS: 
Figure 1: Cell viability assay for lapatinib and neratinib: HepG2 cells were exposed to different concentrations of anti-HER2 TKI (A) lapatinib and (B) neratinib. MTT assays were performed to measure viability at 48 h. Each bar graph is an average of three replicates, along with the calculated standard error. 

Figure 2: Measurement of ROS generation by lapatinib and neratinib: HepG2 cells were treated with 2.5 mM lapatinib and 2.5 mM neratinib for 48 h. Live-cell fluorescence imaging was performed in a confocal microscope at 100x magnification to show mitochondrial ROS generation. The p-value for untreated control vs lapatinib is 1.02082  10-11, and untreated control vs neratinib is 9.93005  10-13.  

Figure 3: Measurement of SA-β-gal activity followed by lapatinib and neratinib treatment. SA-β-gal-positivity was measured by immunohistochemistry after 48 h of lapatinib/neratinib treatment, and images were taken at 40x magnification in a microscope. The p-value for untreated control vs lapatinib is 0.000143597, and untreated control vs neratinib is 0.000113465. 

Figure 4: CM collection, RAW264.7 induction, detection of morphological changes in the RAW264.7 cells, and measurement of ARG1 and iNOS expression. (A,B) Experimental design for CM collection and RAW264.7 induction (process as mentioned in the protocol section). (C) Detection of morphological changes in the RAW264.7 cells. After 48 h incubation, cells were visualized under the microscope, and differential interference contrast (DIC) images were captured at 40x magnification. (D) Measurement of ARG1 and iNOS expression. Western blot analysis was performed to measure expression of M1/M2 polarization marker with anti-AGR1 and anti-NOS2 antibodies. GAPDH expression was measured as a housekeeping control. The table contains the quantification of band intensity of iNOS and ARG1, normalized against GAPDH (Glyceraldehyde 6-P Dehydrogenase). (E) Measurement of M1 polarization of RAW264.7. RAW264.7 cells were induced with LPS and IGF-g for 48 h, and expression of iNOS and ARG1 was measured using anti-ARG1 and anti-iNOS antibodies. GAPDH expression was measured as a housekeeping control. The table contains the quantification of band intensity of iNOS and ARG1, normalized against GAPDH.

Supplementary Figure 1: Raw western blot data for macrophage polarization via CM-induction. Raw western blot images of (A) ARG1 and (B) NOS2 expression after RAW264.7 cells induction in conditioned media collected from lapatinib and neratinib-treated HepG2 cells. GAPDH is for housekeeping control.

Supplementary Figure 2: M1 polarization of RAW264.7 via LPS and IFN--induction. Raw western blot images of (A)  iNOS and (B) ARG1 expression after RAW264.7 cells induction with lipopolysaccharide and interferon- for M1 polarization. GAPDH is for housekeeping control.

DISCUSSION:
The current study explores the indirect effects of lapatinib or neratinib treatment on macrophage polarization through conditioned media collected from TKI-treated HepG2 liver cells. Utilizing RAW264.7 macrophages, we observe an M2 phenotype upon exposure to the conditioned media, as indicated by the upregulation of ARG1. Morphologically, the treated macrophages displayed a characteristic enlarged and elongated shape, further supporting the induction of an M2-like state. Below, we discuss the protocol’s critical steps, potential modifications, troubleshooting, limitations, and comparisons to existing methods.

It is crucial to maintain consistent dosing and exposure times for TKI, as variability can influence the extent of senescence and SASP production. Precise measurement of ROS and SA-β-galactosidase activity is crucial for confirming senescence induction28,29.  Proper washing and serum-free incubation are required after drug treatment to prevent contamination with residual drugs or serum factors, which could interfere with downstream effects on macrophages28,29.  The ratio of CM to fresh medium and the duration of cell exposure must be standardized to ensure reproducibility of polarization results, as these parameters directly affect macrophage phenotype28,29. 

The protocol can be customized by adding primary human hepatocytes or macrophages to improve physiological accuracy. It can also be extended to include more senescence markers like p16 and p21, along with SASP profiling techniques such as cytokine arrays for a comprehensive analysis29. If senescence induction varies, drug concentration, exposure time and cell health should be checked. If macrophage polarization appears weak, CM concentration or duration of CM exposure should be optimized. For issues such as high background signals or cell death, thorough washing of the TKI or senescence-inducing drug and a gradual transition to serum-free conditions can be pursued28,29.

Immortalized cell lines like HepG2, RAW264.7 may not faithfully recapitulate responses from primary cells or capture the full complexity of the liver environment in vivo. The protocol examines only soluble factors, neglecting direct cell-cell interactions. It assumes TKIs only induce senescence in hepatocytes and does not consider the involvement of other liver-resident cells29. Murine macrophages might react differently compared to human macrophages when exposed to human SASP factors, which could limit their usefulness for translation29. 

This approach permits a stepwise dissection of paracrine signaling between senescent hepatocytes and macrophages, which is challenging to perform in vivo. It also helps to understand how SASP influences immune modulation28,29. The protocol establishes a direct connection between drug-induced senescence and immune cell polarization, offering a platform to evaluate senotherapeutic interventions. It can also facilitate the profiling of specific SASP component28,29. The method is relatively quick and scalable, making it suitable for high-throughput screening of drugs or genetic modifications that impact SASP or macrophage responses29. 

This protocol enables rapid assessment of paracrine effects in a controlled environment. 2. It is adaptable to various cell types and experimental questions. It also helps identify specific SASP factors and understand how they influence immune modulation28,29. This protocol offers a robust and flexible framework for exploring the relationship between senescence, SASP, and immune cell activity. It provides clear advantages for mechanistic and intervention research, although it has some limitations regarding physiological and translational relevance.
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