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Background

The insulin-like growth factor 1 receptor (IGF-1R) and the thyrotropin receptor (TSH-R) are expressed on orbital cells and thyrocytes. These receptors are targeted in autoimmune-induced thyroid eye disease (TED). Effective therapeutic treatment of TED inhibits activation of the IGF-1R/TSH-R complex.





Methods

The inhibitory effect on cell proliferation of a small molecule targeting IGF-1R phosphorylation (Linsitinib) was investigated in an IGF-1R expressing cell line and a Chinese Hamster Ovary (CHO) cell line overexpressing TSH-R. An IGF-1R monoclonal antibody antagonist, Teprotumumab served as control. Both cell lines were plated in a 96-well format and treated with both compounds for 24 hours. After addition of tetrazolium, absorbance was measured. The apoptosis marker caspase-3/7 activity was measured. The half-maximal inhibitory concentration (IC50) of TSH-R-Ab induced stimulation (stimulatory monoclonal antibody, mAb, M22) of the TSH-R cell line was evaluated with a cell-based bioassay for blocking TSH-R-Ab. Cells were treated with ten rising concentrations of either Linsitinib, Linsitinib + Metformin, Teprotumumab, or a blocking TSH-R mAb (K1-70).





Results

Linsitinib strongly inhibited the proliferation of both cell lines at several concentrations: 31,612.5 ng/mL (IGF-1R cell line -78%, P=0.0031, TSH-R cell line -75%, P=0.0059), and at 63,225 ng/mL (IGF-1R cell line -73%, P=0.0073, TSH-R cell line -73%, P=0.0108). Linsitinib induced apoptosis of both cell lines, both morphologically confirmed and with an increased caspase-3/7 activity at concentrations of 31,612.5 ng/mL (IGF-1R cell line P=0.0158, TSH-R cell line P=0.0048) and 63,225 ng/mL (IGF-1R cell line P=0.0005, TSH-R cell line P=0.0020). Linsitinib markedly inhibited proliferation of the IGF-1R cell line at all concentrations compared to Teprotumumab (P=0.0286). Teprotumumab inhibition was significant only at 15,806.25 ng/mL with the TSH-R cell line (-15%, P=0.0396). In addition, in the TSH-R-Ab blocking bioassay, Linsitinib and the tested compounds demonstrated strong inhibition across all ten dilutions (100%).





Conclusions

Linsitinib effectively induces apoptosis and inhibits proliferation of both IGF-1R and TSH-R expressing target cells, therefore demonstrating its therapeutic potential to block the reported crosstalk of the two mediators in autoimmune TED.
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1 Introduction

The Graves’ disease (GD) specific autoantigen thyrotropin receptor (TSH-R) and the insulin-like growth factor 1 receptor (IGF-1R) are molecular targets on both thyrocytes and orbital fibroblasts (1, 2) playing pivotal roles in the pathogenesis of GD and thyroid eye disease (TED) (3, 4). Both the TSH-R and IGF-1R form a physical and functional signaling complex in orbital fibroblasts upon binding of TSH-R autoantibodies to the TSH-R, facilitating receptor crosstalk (5–7). Signaling through this protein complex leads to subsequent expansion of orbital fat and muscle (8), illustrating its role in TED (9, 10). Importantly, pathogenic signaling at either receptor relies on IGF-1R activity, supporting receptor crosstalk and potential TSH-R transactivation of IGF-1R (7). Several therapeutic compounds were investigated to block crosstalk in TED, with IGF-1R being a key target for managing the disease (11, 12).

The IGF-1R functions as an integral membrane receptor and belongs to the tyrosine kinase family (12, 13). Structurally, IGF-1R is a heterotetramer consisting of two α and β subunits linked by disulfide bonds (12). The extracellular ligand-binding domains are located in the α subunits, while the β subunits contain the tyrosine kinase domain, which is crucial for signaling (7). Binding of ligands IGF-1 and IGF-2 to the receptor stimulates intrinsic tyrosine kinase activity, leading to auto phosphorylation and activation of signaling cascades that enhance cell growth, proliferation, and apoptosis modulation through protein kinase B (AKT) and extracellular-signal regulated kinase (ERK) pathways (14–17).

Linsitinib, also known as OSI-906, is a selective small molecule inhibitor of IGF-1R and to a lesser extent insulin receptor (IR) (18). Its selectivity derives from its unique binding mode to both receptors (18), showing over a 100-fold selectivity compared to more than 100 other kinases (19). Linsitinib demonstrates potent activity and favorable pharmacokinetic properties, with bioavailability exceeding 60% in various pre-clinical species, including mouse, rat, dog, and monkey (16). This small molecule, administered orally, has been tested within a phase 2b randomized, double-masked study in patients with clinically active and severe TED (NCT05276063).

In the present pre-clinical study, for the first time the inhibitory effects of Linsitinib on cell proliferation and apoptosis were investigated in both IGF-1R and TSH-R expressing cell lines. Teprotumumab, a fully human monoclonal antibody (mAb) targeting the IGF-1R, served as control. In addition, the half-maximal inhibitory concentration (IC50) of TSH-R-Ab induced stimulation in the TSH-R cell line was evaluated using a cell-based bioassay for blocking TSH-R-Ab, comparing the IC50 of Linsitinib to Linsitinib + Metformin, Teprotumumab, and a blocking TSH-R mAb (K1-70). Combined treatment Linsitinib + Metformin was included to evaluate potential synergistic effects, as Metformin modulates key signaling pathways targeted by Linsitinib.




2 Materials and methods



2.1 Cell proliferation assay



2.1.1 Cell lines and cell culture

The human IGF-1R expressing tumor cell line NCI-H295R (ATCC, Manassas, VA, USA), isolated from the adrenal gland of a patient with adrenal cancer, grows primarily adherent as a monolayer and in suspension. This cell line was continuously cultured in 75 cm2 flasks containing 25 mL DMEM: F12 base medium from ATCC under aseptic conditions. This growth medium was supplemented with 0.00625 mg/mL insulin, 0.00625 mg/mL transferrin, 6.25 ng/mL selenium, 1.25 mg/mL bovine serum albumin and 0.00535 mg/mL linoleic acid in the form of ITS+ Premix from Corning (Corning, NY, USA), along with a final concentration of 2.5% Nu-Serum (Corning) containing newborn calf serum, epidermal growth factor, endothelial cell growth supplement, insulin and transferrin. The medium was changed three times per week to maintain high cell quality. The medium from the culture flask was dispensed into two 15 mL falcon tubes and 25 mL of fresh DMEM: F12 medium was added to the culture flask. The falcon tubes were centrifuged at 700 rpm for 5 minutes to obtain a cell pellet, allowing the retrieval of cells in suspension. After resuspension of the cell pellet in 1 mL of fresh DMEM: F12 medium, the cells were transferred back into the culture flask. Cultivation was continued in an incubator at 37°C with 5% CO2.

The Chinese Hamster Ovary (CHO) cell line overexpressing the TSH-R (QuidelOrtho, San Diego, CA, USA), was thawed immediately before seeding for the proliferation assay and subsequently incubated in the DMEM: F12 medium under the same conditions as the IGF-1R expressing cell line.




2.1.2 Assay protocol

The Cell Proliferation Assay (Promega, Madison, WI, USA) is a colorimetric method using a tetrazolium compound (MTS) for determining the number of viable cells. The assay procedure (Supplementary Figure 1) extends over three days and was conducted under aseptic conditions. Upon reaching a minimum of 80% confluence, the IGF-1R expressing cell line was detached from the culture flask using 3 mL of Trypsin-EDTA (PAN Biotech, Aidenbach, Germany) solution for 10 minutes. The resulting cell suspension, supplemented with 8 mL of complete growth medium, was transferred to a falcon tube and spun at 700 rpm for 5 minutes to obtain a cell pellet. Following resuspension of the cell pellet in 1 mL of fresh DMEM: F12 medium, cell counting was performed using Acridine Orange (Logos Biosystems, Anyang-si, South Korea) to prepare a cell suspension containing 200,000 cells. Subsequently, 100 μL of the cell suspension containing the IGF-1R cell line was pipetted into each of the 20 inner wells in quadruplicate of a 96-well test plate (10,000 cells/well). Similarly, the TSH-R cell line was thawed using a 37°C water bath, mixed with 5 mL of DMEM: F12 medium and 100 μL of the resulting cell suspension was pipetted into each of the 20 inner wells in quadruplicate of the test plate (10,000 cells/well) alongside the IGF-1R cell line (Supplementary Figure 2). For the blank control, 100 μL of DMEM: F12 medium was pipetted in quadruplicate into the wells. The test plate was cultivated for 24 hours in an incubator at 37°C with 5% CO2.

On the second day, a dilution series with four (n=4) rising concentrations (7,903.125 ng/mL, 15,806.25 ng/mL, 31,612.5 ng/mL and 63,225 ng/mL) of Linsitinib (Sling Therapeutics, Ann Arbor, MI, USA) or Teprotumumab (BioVision, Milpitas, CA, USA), as well as a 1:11 dilution in complete DMEM: F12 medium, was prepared for cell treatment. These concentrations were selected based on pre-experimental data, which demonstrated the most significant inhibition. Subsequently, the contents of the test plate were discarded and 100 μL of fresh DMEM: F12 medium was transferred to each well. Afterward, 100 μL of each Linsitinib or Teprotumumab sample were transferred into the wells according to the pipetting scheme (Supplementary Figure 2). The incubation of the test plate was continued for an additional 24 hours in an incubator at 37°C with 5% CO2.

Morphological changes were microscopically examined in each well on the third day at a magnification of 100x. Subsequently, a tetrazolium compound from Promega was thawed in a 37°C water bath for 10 minutes. Afterward, 40 μL of the tetrazolium reagent was added to each well of the test plate containing the samples in 200 μL of medium. The test plate was incubated for 4 hours in an incubator at 37°C with 5% CO2, after which the absorbance of each sample was recorded at 490 nm (GloMax luminometer, Promega).





2.2 Caspase-Glo® 3/7 Assay (apoptosis)



2.2.1 Assay protocol

The Caspase-Glo® 3/7 Assay (Madison, WI, USA) measures activities of caspase-3 and -7 as apoptosis marker. The assay was conducted under the same conditions and followed the same general procedure as the proliferation assay. The main differences are outlined below.

Day 2: After discarding the contents of the test plate, 50 μL (instead of 100 μL) of each Linsitinib or Teprotumumab sample was transferred to 50 μL (instead of 100 μL) of fresh DMEM: F12 medium in the wells according to the pipetting scheme (Supplementary Figure 2).

Day 3: Morphological changes were microscopically examined in each well at a magnification of 100x. Subsequently, the caspase buffer was thawed in a 37°C water bath for 10 minutes and the caspase substrate was stored until use at room temperature. The thawed buffer was transferred to the bottle containing substrate and mixed. Afterward, 100 μL of the mixed caspase reagent was added to each well of the test plate containing the samples in 100 μL of medium. Following this, the contents of the wells were mixed using a plate shaker at 300 rpm for 30 seconds. The test plate was incubated for 30 minutes at room temperature protected from light, after which the luminescence of each sample was recorded (GloMax luminometer, Promega).





2.3 TSH-R-Ab bioassays



2.3.1 Testing of M22

The 80% effective concentration (EC80) of the stimulatory mAb M22 (RSR, Cardiff, UK) was determined using a FDA-cleared cell-based stimulating TSH-R-Ab (TSI) bioassay (Thyretain, QuidelOrtho). The bioassay was performed as previously described (20, 21).

In detail, on the first day, the TSH-R cell line was thawed using a 37°C water bath and mixed with 5 mL of growth medium. Subsequently, 100 μL of the cell suspension was pipetted into each of the 48 inner wells of a 96-well plate (10,000 cells/well) pre-coated with Cell Attachment Solution under laminar flow conditions. The cells were grown for 15 to 18 hours to a confluent monolayer in an incubator at 37°C with 5% CO2.

On the second day, a dilution series of M22, testing ten (n=10) rising concentrations (0.1420 – 18.1818 ng/mL), as well as a 1:11 dilution in Reaction Buffer (RB), was prepared in test tubes for subsequent cell treatment. In addition, TSI positive, reference and normal controls were diluted 1:11 in RB. For the 1:11 dilutions, 40 μL of the sample/control was mixed with 400 μL of RB. Subsequently, 100 μL of each M22 and control sample was pipetted in duplicate into the test plate according to the pipetting scheme (Supplementary Figure 3). The test plate was then incubated for 3 hours at 37°C with 5% CO2. After incubation, the contents of the wells were discarded and 75 μL of luciferase solution was added to each well. The test plate was incubated protected from light for 10 minutes, following which luciferase levels in each well were measured using a luminometer (Tecan, Männedorf, Zürich, Switzerland). The recorded relative light units (RLU) were converted to percentage of specimen-to-reference ratio (SRR %) with a cut-off of ≥ 140 SRR percentage (22, 23).




2.3.2 Compound testing

Next, the IC50 of TSH-R-Ab induced stimulation by M22 of the TSH-R cell line was evaluated with a FDA-cleared cell-based blocking TSH-R-Ab (TBI) bioassay (Thyretain, QuidelOrtho). IC50 values for Linsitinib, Linsitinib + Metformin, Teprotumumab and a blocking TSH-R mAb (K1-70, RSR, Cardiff, Wales, UK) were determined using this blocking bioassay (24–26).

On the first day, the TSH-R cell line was thawed using a 37°C water bath and mixed with 5 mL of growth medium. Afterward, 100 μL of the cell suspension containing 10,000 cells per well was pipetted into each of the 48 inner wells of a 96-well plate pre-coated with Cell Attachment Solution under laminar flow conditions. The cells were incubated at 37°C with 5% CO2 for 15 to 18 hours until confluent growth.

On the second day, a dilution series encompassing ten (n=10) rising concentrations of each compound, along with a 1:11 dilution in RB, was prepared for cell treatment. In addition, TBI positive, reference and negative controls were diluted 1:11 in RB and included in each test plate. For the 1:11 dilutions, 30 μL of the sample/control were mixed with 300 μL of RB. Subsequently, the TSH-R cells were initially treated with 100 μL of each compound and control sample in duplicate (Supplementary Figure 4) for 1 hour, followed by 2 hours of stimulation with the previously determined double EC80 concentration of M22. Afterward, the contents of the wells were discarded and 75 μL of luciferase solution were transferred to each well. The test plate was incubated protected from light for 10 minutes, after which luciferase levels in each well were recorded using the Tecan luminometer. The measured RLU were reported as percent inhibition of luciferase expression relative to induction with bovine TSH alone, with a cut-off of ≥ 34%.





2.4 Statistical analysis

Statistical analysis was carried out using GraphPad Prism software version 9.5.1 (GraphPad Software, Boston, Massachusetts, USA) and/or the GraphPad QuickCalcs Web site: https://www.graphpad.com/quickcalcs/Ecanything1.cfm. P-values for statistical comparisons of each concentration relative to the control in the Cell Proliferation Assay as well as in the Caspase-Glo® 3/7 Assay were calculated using Kruskal-Wallis test followed by Dunnett’s multiple comparisons test. The data are expressed as the fold change relative to the control.

P-values for statistical comparisons of Linsitinib versus Teprotumumab in the Cell Proliferation Assay of the IGF-1R expressing cell line were calculated using the two-tailed Mann-Whitney test. The statistical significance was defined as p < 0.05. Data of the TSH-R-Ab assays were visualized in dose-response curves to determine EC/IC.





3 Results



3.1 Cell proliferation assay

Similar, highly significant and marked inhibitory effects of Linsitinib were noted for both IGF-1R and TSH-R expressing cell lines. In the IGF-1R cell line, inhibition ranged from 54 to 78% compared to control, while in the TSH-R cell line, inhibition ranged from 19 to 75% (Figure 1). Specifically, substantial inhibition of proliferation was observed at the following Linsitinib concentrations: 31,612.5 ng/mL (IGF-1R cell line -78%, P=0.0031, TSH-R cell line -75%, P=0.0059), and 63,225 ng/mL (IGF-1R cells -73%, P=0.0073, TSH-R cells -73%, P=0.0108). At lower concentrations (7,903.125 ng/mL or 15,806.25 ng/mL), milder inhibition was noted in both cell lines.




Figure 1 | Cell Proliferation Assay of Linsitinib in both IGF-1R and TSH-R cell lines. In the IGF-1R cell line, inhibition ranged from 54 to 78% compared to control, while in the TSH-R cell line, inhibition ranged from 19 to 75%. Significant inhibition was observed at concentrations of 31,612.5 ng/mL (IGF-1R cell line -78%, P=0.0031, TSH-R cell line -75%, P=0.0059), and 63,225 ng/mL (IGF-1R cells -73%, P=0.0073, TSH-R cells -73%, P=0.0108). At lower concentrations (7,903.125 ng/mL or 15,806.25 ng/mL), milder inhibition was noted in both cell lines. Each concentration of Linsitinib was tested in quadruplicate (n=4). ns means P > 0.05. * means P ≤ 0.05, **  means P ≤ 0.01.



Linsitinib induced a microscopically and morphologically confirmed decrease in proliferation across all concentrations, occurring at low (7,903.125 ng/mL) and moderate (15,806.25 ng/mL) concentrations over 24-hour treatment of both cell lines (Zeiss Microscopy, Göttingen, Germany). This inhibitory effect was increased at higher concentrations (31,612.5 ng/mL and 63,225 ng/mL) in both cell lines compared to control (Figure 2).




Figure 2 | Linsitinib markedly decreases proliferation and induces apoptosis in both IGF-1R and TSH-R cell lines.



Compared to control, inhibition of proliferation by Teprotumumab ranged from 21 to 31% in the IGF-1R and from 11 to 15% in the TSH-R cell line (Figure 3). Teprotumumab demonstrated significant inhibition of proliferation at 7,903.125 ng/mL (-27%, P=0.0278) and 15,806.25 ng/mL (-31%, P=0.0059) of the IGF-1R cell line, while it was significant only at 15,806.25 ng/mL with the TSH-R cell line (-15%, P=0.0396). No morphological changes in proliferation were observed with Teprotumumab across all tested concentrations in both cell lines (Figure 4). Compared to Teprotumumab, Linsitinib inhibited the proliferation of the IGF-1R cell line markedly more at all concentrations (Linsitinib versus Teprotumumab, P=0.0286, Figure 5).




Figure 3 | Cell Proliferation Assay of Teprotumumab in both IGF-1R and TSH-R cell lines. In the IGF-1R cell line, inhibition ranged from 21 to 31% compared to control, while in the TSH-R cell line, inhibition ranged from 11 to 15%. Teprotumumab demonstrated significant inhibition of proliferation at 7,903.125 ng/mL (-27%, P=0.0278) and 15,806.25 ng/mL (-31%, P=0.0059) of the IGF-1R cell line, while it was significant only at 15,806.25 ng/mL with the TSH-R cell line (-15%, P=0.0396). Each concentration of Teprotumumab was tested in quadruplicate (n=4). ns means P > 0.05. * means P ≤ 0.05, **  means P ≤ 0.01.






Figure 4 | No morphological changes in IGF-1R and TSH-R cell lines following incubation with Teprotumumab, compared to control.






Figure 5 | Comparison of Linsitinib and Teprotumumab effects on Cell Proliferation in the IGF-1R cell line. Compared to Teprotumumab, Linsitinib inhibited the proliferation of the IGF-1R cell line markedly more at all concentrations (Linsitinib versus Teprotumumab, P=0.0286). Each concentration of Linsitinib and Teprotumumab was tested in quadruplicate (n=4). * means P ≤ 0.05.






3.2 Caspase-Glo® 3/7 Assay (apoptosis)

Linsitinib significantly increased caspase-3/7 activity in both IGF-1R and TSH-R cell lines. The caspase-3/7 activity ranged from +2.75 to +6.68 relative to control in the IGF-1R cell line and from +2.75 to +5.75 relative to control in the TSH-R cell line (Figure 6). Specifically, Linsitinib markedly increased caspase-3/7 activity at concentrations of 31,612.5 ng/mL (IGF-1R cell line +6.24 relative to control, P=0.0158, TSH-R cell line +5.53 relative to control, P=0.0048) and 63,225 ng/mL (IGF-1R cell line +6.68 relative to control, P=0.0005, TSH-R cell line +5.75 relative to control, P=0.0020). At lower concentrations (7,903.125 ng/mL and 15,806.25 ng/mL), no significant increase in caspase-3/7 activity was observed in either cell line. In contrast, Teprotumumab did not significantly increase caspase-3/7 activity across all tested concentrations in both cell lines. Caspase-3/7 activity ranged from -0.03 to +0.01 relative to control in the IGF-1R cell line and from -0.05 to +0.01 relative to control in the TSH-R cell line (Figure 7).




Figure 6 | Effect of Linsitinib on Caspase-3/7 Activity in IGF-1R and TSH-R cell lines. In the IGF-1R cell line, caspase-3/7 activity ranged from +2.75 to +6.68 relative to control, while in the TSH-R cell line, caspase-3/7 activity ranged from +2.75 to +5.75 relative to control. Specifically, Linsitinib markedly increased caspase-3/7 activity at concentrations of 31,612.5 ng/mL (IGF-1R cell line +6.24 relative to control, P=0.0158, TSH-R cell line +5.53 relative to control, P=0.0048) and 63,225 ng/mL (IGF-1R cell line +6.68 relative to control, P=0.0005, TSH-R cell line +5.75 relative to control, P=0.0020). At lower concentrations (7,903.125 ng/mL and 15,806.25 ng/mL), no significant increase in caspase-3/7 activity was observed in either cell line. Each concentration of Linsitinib was tested in quadruplicate (n=4). ns means P > 0.05. * means P ≤ 0.05, ** means P ≤ 0.01, *** means P ≤ 0.001.






Figure 7 | No effect of Teprotumumab on Caspase-3/7 Activity across all tested concentrations in IGF-1R and TSH-R cell lines. Caspase-3/7 activity ranged from -0.03 to +0.01 relative to control in the IGF-1R cell line and from -0.05 to +0.01 relative to control in the TSH-R cell line. Each concentration of Teprotumumab was tested in quadruplicate (n=4). ns means P > 0.05.






3.3 TSH-R-Ab bioassays

In the cell-based TSI bioassay testing M22, seven out of 10 (70%) samples are positive, with their SRR percentage ranging from 158 to 238% (Figure 8). An EC80 of 1.82 ng/mL of M22 was observed. In the TBI blocking bioassay, all tested compounds demonstrated strong inhibition (100%) across all ten dilutions after induced stimulation by the previously determined double EC80 concentration of M22 (3.64 ng/mL). Linsitinib inhibition ranged from 74 to 94%, showing potent effects already at low concentrations (Figure 9), with an IC50 of 147.1 ng/mL. Notably, five out of 10 (50%) samples demonstrated inhibition ≥ 90%. Addition of Metformin to Linsitinib did not lower the IC50. Teprotumumab showed an IC50 of 160.6 ng/mL, with inhibition ranging from 69 to 94% (Figure 10). Highest positivity was registered at high concentrations of 181.81 ng/mL (93%) and 363.63 ng/mL (94%), respectively. As anticipated, the TSH-R blocking mAb K1-70 had the lowest IC50 of 20.57 ng/mL and demonstrated strong inhibition (98%) at high concentrations. In addition, four out of 10 (40%) samples showed inhibition ≥ 90% (Supplementary Figure 5).




Figure 8 | Dose-response curves for M22 in cell-based Thyretain TSH-R-Ab Stimulating (TSI) bioassay. An EC80 of 1.82 ng/mL of M22 was observed. Ten (n=10) rising concentrations of M22 were tested. The recorded relative light units (RLU) were converted to percentage of specimen-to-reference ratio (SRR %) with a cut-off of ≥ 140 SRR percentage.






Figure 9 | Dose-response curves for Linsitinib in cell-based Thyretain TSH-R-Ab Blocking (TBI) bioassay. An IC50 of 147.1 ng/mL of Linsitinib was observed. Ten (n=10) rising concentrations of Linsitinib were tested. The recorded relative light units (RLU) were reported as percent inhibition with a cut-off of ≥ 34%.






Figure 10 | Dose-response curves for Teprotumumab in the cell-based TSH-R-Ab Blocking (TBI) bioassay. Teprotumumab showed an IC50 of 160.6 ng/mL. Ten (n=10) rising concentrations of Teprotumumab were tested. The recorded relative light units (RLU) were reported as percent inhibition with a cut-off of ≥ 34%.







4 Discussion

This pre-clinical study demonstrated for the first time, the potent inhibitory effect of the small molecule IGF-1R inhibitor Linsitinib on both IGF-1R and TSH-R expressing cell lines. Both qualitative morphological relevant changes of the cultured cells were registered as well as a quantitatively marked and highly significant inhibition of cell proliferation. In addition, Linsitinib strongly induced apoptosis of both IGF-1R and TSH-R expressing cells. Furthermore, potent inhibition of M22-induced stimulation with Linsitinib was observed in a cell-based blocking TBI bioassay, with an IC50 comparable to that of Teprotumumab. Βeta arrestin 1 may also mediate the dual inhibitory effect of Linsitinib on both cell lines, which scaffolds the reported crosstalk between the two major receptors in TED. Subsequent to binding of the small molecule Linsitinib to the ß subunit (ATP-binding domain) of the IGF-1 tyrosine kinase receptor, ß-arrestin 1 is recruited. Beta arrestin promotes binding of the E3 ubiquitin ligase Mouse double minute 2 homolog (Mdm2) to the IGF-1R. Subsequently, ubiquitination induces proteosomal degradation of the IGF-1R. Beta arrestin 1 also modulates the ERK signaling pathway. In comparison, monoclonal antibodies e.g. Teprotumumab particularly inhibit the PI3K/AKT signaling pathway. Overall, the pivotal role of ß-arrestin in mediating the reported crosstalk between both key receptors requires further investigation to assess its contribution to the dual inhibitory effect of Linsitinib.

In other words, these findings suggest that Linsitinib inhibits not only IGF-1R and TSH-R but also the crosstalk between these two key players. In line with our data, Linsitinib strongly inhibited TSH-R/IGF-1R crosstalk in TED fibroblasts, evidenced by the suppression of M22 mAb-stimulated hyaluronic acid secretion (27), hence highlighting its potential as a promising treatment for TED.

Linsitinib is a potent dual ATP-competitive kinase inhibitor of IGF-1R as well as IR (16, 19) and binds to the intracellular ATP-binding site of the kinase domain in an ATP-competitive fashion (18). This inhibition prevents the auto phosphorylation of the activation loop in the kinase domain, thereby blocking ligand-dependent activation of IGF-1R by IGF-1 and IGF-2 (16). Linsitinib has demonstrated antitumor activity, showing therapeutically efficacy across multiple pre-clinical tumor models (18, 28). Specifically, OSI-906-treated colorectal cancer xenografts exhibited decreased tumor growth and increased apoptosis in both in vivo and in vitro studies (29). Linsitinib’s inhibitory effects on cell growth were also highlighted in the human H295R cell line, which overexpresses the IGF-1R, and in the genetically identical HAC15 cell line, alone and in combination with mammalian target of rapamycin (mTOR) inhibitors (28). In addition, Linsitinib inhibited the proliferation of human adrenocortical carcinoma cell lines in vitro at lower concentrations than in vivo in humans (28). In hepatocellular carcinoma cell lines, OSI-906 reduced proliferation by at least 40% (30). Of note, Linsitinib has already reached clinical investigation and was tested in a phase III clinical trial (NCT00924989) for both patients with locally advanced adrenocortical carcinoma (31) as well as with advanced cell lung cancer (32).

Pertaining to its potential role in autoimmune endocrine and/or thyroidal disease, Linsitinib effectively prevented autoimmune hyperthyroidism in its early stages in an animal model and demonstrated a dose-dependent reduction in orbital adipogenesis (15). Furthermore, Linsitinib blocked bone marrow activation, inhibiting progression of TED, by reducing proinflammatory cytokines and inflammation in a mouse model (33).

Compared to Linsitinib, anti-IGF-1R monoclonal antibodies, such as Teprotumumab, target the cysteine-rich region of the IGF-1R extracellular domain with high-affinity and specificity (34). By binding to this extracellular region, Teprotumumab effectively blocks the binding pocket of the receptor, thereby preventing ligand-induced activation of downstream signaling pathways including AKT and ERK (16, 34). As previously mentioned, the anti-IGF-1R small molecules e.g. Linsitinib and monoclonal antibodies i.e. Teprotumumab use different blocking mechanisms: Linsitinib targets the intracellular while Teprotumumab targets the extracellular domain of the IGF-1R. Further experiments are of course warranted and foreseen to explore and confirm the novel and challenging findings of a markedly stronger inhibition of cell proliferation and an exclusive Linsitinib-induced apoptosis of both IGF-1R and TSH-R expressing cells. Noteworthy, the relevant function of β-arrestin 1, which can be modulated by other small molecules (35), should also be looked at.

Several current limitations of this pre-clinical study should be discussed. The experiments were conducted on cell lines, only. A larger sample size is being tested to confirm the robustness and reproducibility of the presented results. In addition, experiments with cultured primary human cells, e.g. orbital target cells (fibroblasts, pre-adipocytes, etc.) are ongoing to enhance the relevance of the results. Furthermore, ongoing experiments are assessing the toxicity of Linsitinib and Teprotumumab in both IGF-1R and TSH-R-expressing cells as well as in human orbital fibroblasts.

In the cell-based blocking TSHR-Ab bioassay, combined treatment with Linsitinib + Metformin was included to evaluate potential synergistic effects. Metformin is known to modulate IGF-1R downstream signaling pathways also targeted by Linsitinib. In this bioassay, we used a cell line overexpressing TSH-R, with much lower expression of IGF-1R, which may explain the lack of Metformin’s effect in this study. Additionally, the response to Metformin is highly dependent on glucose conditions. Metformin shows stronger inhibitory effects under low or physiological glucose levels. Future experiments will test Linsitinib + Metformin combination in low-glucose medium to evaluate Metformin’s additive effects.

In conclusion, Linsitinib’s potent induction of apoptosis and inhibition of proliferation in IGF-1R and TSH-R expressing cells highlights its promising therapeutic potential for effectively managing TED.





Author’s note

The cell lines present in this study were obtained from [ATCC, American Type Culture Collection, Manassas, VA, USA] for the IGF-1R cell line, and from [QuidelOrtho, San Diego, CA, USA] for the TSH-R cell line.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

ML: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. A-LG: Investigation, Methodology, Writing – review & editing. SW: Investigation, Methodology, Writing – review & editing. JW: Conceptualization, Data curation, Formal analysis, Validation, Writing – review & editing. JR: Investigation, Methodology, Writing – review & editing. RZ: Writing – review & editing, Funding acquisition, Resources. JK: Writing – review & editing, Funding acquisition, Resources. RD: Writing – review & editing, Data curation, Formal analysis, Funding acquisition, Resources. GK: Conceptualization, Data curation, Formal analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing, Investigation.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The JGU Medical Center receives research-associated funding from and GJK consults for Sling Therapeutics, Ann Arbor, MI, USA. The authors declare that this study received funding from Sling Therapeutics, Ann Arbor, MI, USA. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.





Conflict of interest

RZ, JK & RD are employees of Sling Therapeutics.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1488220/full#supplementary-material

Supplementary Figure 1 | Procedure of the cell proliferation assay.

Supplementary Figure 2 | Pipetting scheme for cell proliferation and caspase-Glo® 3/7 Assay.

Supplementary Figure 3 | Pipetting scheme for M22 testing in cell-based TSH-R-Ab Stimulating (TSI) bioassay.

Supplementary Figure 4 | Pipetting scheme for testing IGF-1R and TSH-R inhibitors in cell-based TSH-R-Ab Blocking (TBI) bioassay.

Supplementary Figure 5 | Dose-response curves for K1-70 in cell-based Thyretain TSH-R-Ab Blocking (TBI) bioassay.



Abbreviations















Ab, Antibody; AKT, Protein kinase B; ATP, Adenosine triphosphate; CHO, Chinese hamster ovary; EC80, 80% effective concentration; ERK, Extracellular-signal regulated kinase; IC50, Half-maximal inhibitory concentration; IGF-1, Insulin-like growth factor 1; IGF-1R, Insulin-like growth factor 1 receptor; IGF-2, Insulin-like growth factor 2; MAb, Monoclonal Antibody; Mdm2, Mouse double minute 2 homolog; MTOR, Mammalian target of rapamycin; RB, Reaction buffer; RLU, Relative light units; Rpm, Rounds per minute; SRR%, Specimen to reference ratio %; TBI, Thyroid blocking immunoglobulins; TED, Thyroid eye disease; TSH, Thyrotropin; TSH-R, Thyrotropin receptor; TSH-R-Ab, Thyrotropin receptor antibodies; TSI, Thyroid stimulating immunoglobulins.




References

1. Davies, TF, Andersen, S, Latif, R, Nagayama, Y, Barbesino, G, Brito, M, et al. Graves' disease. Nat Rev Dis Primers. (2020) 6:52. doi: 10.1038/s41572-020-0184-y

2. Kahaly, GJ. Management of graves thyroidal and extrathyroidal disease: an update. J Clin Endocrinol Metab. (2020) 105:3704–20. doi: 10.1210/clinem/dgaa646

3. Bartalena, L, Kahaly, GJ, Baldeschi, L, Dayan, CM, Eckstein, A, Marcocci, C, et al. The 2021 European Group on Graves' orbitopathy (EUGOGO) clinical practice guidelines for the medical management of Graves' orbitopathy. Eur J Endocrinol. (2021) 185:G43–67. doi: 10.1530/EJE-21-0479

4. Kahaly, GJ, Douglas, RS, Holt, RJ, Sile, S, and Smith, TJ. Teprotumumab for patients with active thyroid eye disease: a pooled data analysis, subgroup analyses, and off-treatment follow-up results from two randomised, double-masked, placebo-controlled, multicentre trials. Lancet Diabetes Endocrinol. (2021) 9:360–72. doi: 10.1016/S2213-8587(21)00056-5

5. Krieger, CC, Perry, JD, Morgan, SJ, Kahaly, GJ, and Gershengorn, MC. TSH/IGF-1 receptor cross-talk rapidly activates extracellular signal-regulated kinases in multiple cell types. Endocrinology. (2017) 158:3676–83. doi: 10.1210/en.2017-00528

6. Smith, TJ, and Janssen, J. Insulin-like growth factor-I receptor and thyroid-associated ophthalmopathy. Endocr Rev. (2019) 40:236–67. doi: 10.1210/er.2018-00066

7. Tsui, S, Naik, V, Hoa, N, Hwang, CJ, Afifiyan, NF, Sinha Hikim, A, et al. Evidence for an association between thyroid-stimulating hormone and insulin-like growth factor 1 receptors: a tale of two antigens implicated in Graves' disease. J Immunol. (2008) 181:4397–405. doi: 10.4049/jimmunol.181.6.4397

8. Smith, TJ, and Hoa, N. Immunoglobulins from patients with Graves' disease induce hyaluronan synthesis in their orbital fibroblasts through the self-antigen, insulin-like growth factor-I receptor. J Clin Endocrinol Metab. (2004) 89:5076–80. doi: 10.1210/jc.2004-0716

9. Buonfiglio, F, Ponto, KA, Pfeiffer, N, Kahaly, GJ, and Gericke, A. Redox mechanisms in autoimmune thyroid eye disease. Autoimmun Rev. (2024) 23:103534. doi: 10.1016/j.autrev.2024.103534

10. Lee, ACH, and Kahaly, GJ. Pathophysiology of thyroid-associated orbitopathy. Best Pract Res Clin Endocrinol Metab. (2023) 37:101620. doi: 10.1016/j.beem.2022.101620

11. Krieger, CC, Sui, X, Kahaly, GJ, Neumann, S, and Gershengorn, MC. Inhibition of TSH/IGF-1 receptor crosstalk by teprotumumab as a treatment modality of thyroid eye disease. J Clin Endocrinol Metab. (2022) 107:e1653–e60. doi: 10.1210/clinem/dgab824

12. Smith, TJ. Insulin-like growth factor pathway and the thyroid. Front Endocrinol (Lausanne). (2021) 12:653627. doi: 10.3389/fendo.2021.653627

13. Lerario, AM, Worden, FP, Ramm, CA, Hesseltine, EA, Stadler, WM, Else, T, et al. The combination of insulin-like growth factor receptor 1 (IGF1R) antibody cixutumumab and mitotane as a first-line therapy for patients with recurrent/metastatic adrenocortical carcinoma: a multi-institutional NCI-sponsored trial. Horm Cancer. (2014) 5:232–9. doi: 10.1007/s12672-014-0182-1

14. Dupont, J, Fernandez, AM, Glackin, CA, Helman, L, and LeRoith, D. Insulin-like growth factor 1 (IGF-1)-induced twist expression is involved in the anti-apoptotic effects of the IGF-1 receptor. J Biol Chem. (2001) 276:26699–707. doi: 10.1074/jbc.M102664200

15. Gulbins, A, Horstmann, M, Daser, A, Flogel, U, Oeverhaus, M, Bechrakis, NE, et al. Linsitinib, an IGF-1R inhibitor, attenuates disease development and progression in a model of thyroid eye disease. Front Endocrinol (Lausanne). (2023) 14:1211473. doi: 10.3389/fendo.2023.1211473

16. Mulvihill, MJ, Cooke, A, Rosenfeld-Franklin, M, Buck, E, Foreman, K, Landfair, D, et al. Discovery of OSI-906: a selective and orally efficacious dual inhibitor of the IGF-1 receptor and insulin receptor. Future Med Chem. (2009) 1:1153–71. doi: 10.4155/fmc.09.89

17. Penny, MK, Finco, I, and Hammer, GD. Cell signaling pathways in the adrenal cortex: Links to stem/progenitor biology and neoplasia. Mol Cell Endocrinol. (2017) 445:42–54. doi: 10.1016/j.mce.2016.12.005

18. Jin, M, Wang, J, Buck, E, and Mulvihill, MJ. Small-molecule ATP-competitive dual IGF-1R and insulin receptor inhibitors: structural insights, chemical diversity and molecular evolution. Future Med Chem. (2012) 4:315–28. doi: 10.4155/fmc.11.180

19. Buck, E, and Mulvihill, M. Small molecule inhibitors of the IGF-1R/IR axis for the treatment of cancer. Expert Opin Investig Drugs. (2011) 20:605–21. doi: 10.1517/13543784.2011.558501

20. Diana, T, Kanitz, M, Lehmann, M, Li, Y, Olivo, PD, and Kahaly, GJ. Standardization of a bioassay for thyrotropin receptor stimulating autoantibodies. Thyroid. (2015) 25:169–75. doi: 10.1089/thy.2014.0346

21. Diana, T, Wuster, C, Olivo, PD, Unterrainer, A, Konig, J, Kanitz, M, et al. Performance and specificity of 6 immunoassays for TSH receptor antibodies: A multicenter study. Eur Thyroid J. (2017) 6:243–9. doi: 10.1159/000478522

22. Diana, T, Holthoff, HP, Fassbender, J, Wuster, C, Kanitz, M, Kahaly, GJ, et al. A novel long-term graves' Disease animal model confirmed by functional thyrotropin receptor antibodies. Eur Thyroid J. (2020) 9:51–8. doi: 10.1159/000508790

23. Diana, T, Olivo, PD, Chang, YH, Wuster, C, Kanitz, M, and Kahaly, GJ. Comparison of a novel homogeneous cyclic amp assay and a luciferase assay for measuring stimulating thyrotropin-receptor autoantibodies. Eur Thyroid J. (2020) 9:67–72. doi: 10.1159/000504509

24. Diana, T, Krause, J, Olivo, PD, Konig, J, Kanitz, M, Decallonne, B, et al. Prevalence and clinical relevance of thyroid stimulating hormone receptor-blocking antibodies in autoimmune thyroid disease. Clin Exp Immunol. (2017) 189:304–9. doi: 10.1111/cei.12980

25. Diana, T, Li, Y, Olivo, PD, Lackner, KJ, Kim, H, Kanitz, M, et al. Analytical performance and validation of a bioassay for thyroid-blocking antibodies. Thyroid. (2016) 26:734–40. doi: 10.1089/thy.2015.0447

26. Diana, T, Olivo, PD, and Kahaly, GJ. Thyrotropin receptor blocking antibodies. Horm Metab Res. (2018) 50:853–62. doi: 10.1055/a-0723-9023

27. Krieger, CC, Neumann, S, Place, RF, Marcus-Samuels, B, and Gershengorn, MC. Bidirectional TSH and IGF-1 receptor cross talk mediates stimulation of hyaluronan secretion by Graves' disease immunoglobins. J Clin Endocrinol Metab. (2015) 100:1071–7. doi: 10.1210/jc.2014-3566

28. De Martino, MC, van Koetsveld, PM, Feelders, RA, de Herder, WW, Dogan, F, Janssen, J, et al. IGF and mTOR pathway expression and in vitro effects of linsitinib and mTOR inhibitors in adrenocortical cancer. Endocrine. (2019) 64:673–84. doi: 10.1007/s12020-019-01869-1

29. Leiphrakpam, PD, Agarwal, E, Mathiesen, M, Haferbier, KL, Brattain, MG, and Chowdhury, S. In vivo analysis of insulin-like growth factor type 1 receptor humanized monoclonal antibody MK-0646 and small molecule kinase inhibitor OSI-906 in colorectal cancer. Oncol Rep. (2014) 31:87–94. doi: 10.3892/or.2013.2819

30. Fuentes-Baile, M, Ventero, MP, Encinar, JA, Garcia-Morales, P, Poveda-Deltell, M, Perez-Valenciano, E, et al. Differential effects of IGF-1R small molecule tyrosine kinase inhibitors BMS-754807 and OSI-906 on human cancer cell lines. Cancers (Basel). (2020) 12. doi: 10.3390/cancers12123717

31. Fassnacht, M, Berruti, A, Baudin, E, Demeure, MJ, Gilbert, J, Haak, H, et al. Linsitinib (OSI-906) versus placebo for patients with locally advanced or metastatic adrenocortical carcinoma: a double-blind, randomised, phase 3 study. Lancet Oncol. (2015) 16:426–35. doi: 10.1016/S1470-2045(15)70081-1

32. Ciuleanu, TE, Ahmed, S, Kim, JH, Mezger, J, Park, K, Thomas, M, et al. Randomised Phase 2 study of maintenance linsitinib (OSI-906) in combination with erlotinib compared with placebo plus erlotinib after platinum-based chemotherapy in patients with advanced non-small cell lung cancer. Br J Cancer. (2017) 117:757–66. doi: 10.1038/bjc.2017.226

33. Gulbins, A, Horstmann, M, Keitsch, S, Soddemann, M, Wilker, B, Wilson, GC, et al. Potential involvement of the bone marrow in experimental Graves' disease and thyroid eye disease. Front Endocrinol (Lausanne). (2023) 14:1252727. doi: 10.3389/fendo.2023.1252727

34. Smith, TJ. Challenges in orphan drug development: identification of effective therapy for thyroid-associated ophthalmopathy. Annu Rev Pharmacol toxicology. (2019) 59:129–48. doi: 10.1146/annurev-pharmtox-010617-052509

35. Kahaly, GJ, Steiner, L, van der Lee, MMC, van Achterberg, TAE, Arends, RJ, Karstens, WFJ, et al. Thyrotropin receptor antagonism by a novel small molecule: preclinical in vitro observations. Thyroid. (2023) 33:732–42. doi: 10.1089/thy.2022.0694




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Luffy, Ganz, Wagner, Wolf, Ropertz, Zeidan, Kent, Douglas and Kahaly. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1488220-g009.jpg
Inhibition of M22 induced stimulation with Linsitinib Inhibition of M22 induced stimulation with Linsitinib

1000 100
95

20

cut-off 34%

600 85

% Inhibition

ICso=147.1 ng/mL 80

75

Relative Light Units (RLU)

70
-1 0 1 2 3 4 -1 0 1 2 3 4

Linsitinib (0.1332 - 4215 ng/ml) log Linsitinib (0.1332 - 4215 ng/ml) log






OEBPS/Images/fimmu-15-1488220-g010.jpg
Inhibition of M22 induced stimulation with Teprotumumab

Relative Light Units (RLU)

3000

2000 o

IC50=160.6 ng/mL
1000

-1 0 1 2 3
Teprotumumab (0.71 - 363.63 ng/ml) log

Inhibition of M22 induced stimulation with Teprotumumab
100

©
o

% Inhibition
®
o

cut-off 34%

~
o
L]
°

2]
o

-1 0 1 2 3
Teprotumumab (0.71 - 363.63 ng/ml) log





OEBPS/Images/fimmu-15-1488220-g004.jpg
31,6125 ngim
 (GF-1Rcailline) -

Negative control
" (TSH-R ceII Ime}






OEBPS/Images/fimmu-15-1488220-g007.jpg
IGF-1R cell line

n=4/concentration

T 63,225 ns
>

£ 31,6125 ns
0

©

£ 15,806.25

=]

£

3 7,903.125

o

§' Control <4— Setto 0

02 -01 00 0.1 0.2

Caspase 3/7 Activity
Relative to Control

TSH-R cell line

n=4/concentration

T 63,225 ns
=)

S 31,6125

Keo]

©

E 15,806.25 ns
£

3 7,903.125 ns
o

S

E‘ Control <4— Setto 0

-02 -01 00 041 0.2

Caspase 3/7 Activity
Relative to Control





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Linsitinib inhibits proliferation and induces apoptosis of both IGF-1R and TSH-R expressing cells

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell proliferation assay

          

            		

              2.1.1 Cell lines and cell culture

            



            		

              2.1.2 Assay protocol

            



          



          



          		

            2.2 Caspase-Glo® 3/7 Assay (apoptosis)

          

            		

              2.2.1 Assay protocol

            



          



          



          		

            2.3 TSH-R-Ab bioassays

          

            		

              2.3.1 Testing of M22

            



            		

              2.3.2 Compound testing

            



          



          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Cell proliferation assay

          



          		

            3.2 Caspase-Glo® 3/7 Assay (apoptosis)

          



          		

            3.3 TSH-R-Ab bioassays

          



        



        



        		

          4 Discussion

        



        		

          Author’s note

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1488220-g001.jpg
Cell Proliferation

Relative to Control

IGF-1R cell line

n=4/concentration

-54% |-68% |-78% |-73%

0.75

0.50

0.25

0.00
o‘{éO\ ’bt\q?) Qéf) > 4 ‘}:ﬁ)
QIR

Linsitinib [ng/mL]

Cell Proliferation

Relative to Control

TSH-R cell line

n=4/concentration

-19% |-54% |-75% | -73%

0.75
0.50
0.25
0.00
> » O ) 3]
6\.‘0 '(1' 6‘.]’ N ’Lq'
o X ) © O+
< Q G N ©
S

Linsitinib [ng/mL]





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1488220-g003.jpg
Cell Proliferation
Relative to Control

1.25

1.00

0.75

0.50

0.25

0.00

IGF-1R cell line

n=4/concentration

-31%
v 0

*%

*-27%

*

-21%

> O D D P
& N & & T
c° '\09 K ® AN ©

Teprotumumab [ng/mL]

Cell Proliferation
Relative to Control

1.25

TSH-R cell line

n=4/concentration

1.00 ns NS
0.75
0.50
0.25
0.00
AN
& P g P
«.' \‘)" tb

Teprotumumab [ng/mL]





OEBPS/Images/fimmu-15-1488220-g005.jpg
Cell Proliferation

Relative to Control

Linsitinib/Teprotumumab [ng/mL]

n=4/concentration

Bl [GF-1R cell line_Linsitinib
B IGF-1R cell line_Teprotumumab

P =0.0286





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1488220-g008.jpg
Relative Light Units (RLU)

5000

4000

3000

2000

1000

0
-1.0

Stimulation with M22

ECgo=1.82 ng/mL

05 00 05 1.0
M22 (0.1420 - 18.1818 ng/ml) log

1.6

Specimen to Reference Ratio (SRR%)

250

200

150

100

[4)]
o

Stimulation with M22

cut-off

-1.0

05 00 05 1.0
M22 (0.1420 - 18.1818 ng/ml) log

1.5





OEBPS/Images/fimmu.2024.1488220_cover.jpg
& frontiers | Frontiers in Immunology

Linsitinib inhibits proliferation and induces
apoptosis of both IGF-1R and TSH-R
expressing cells





OEBPS/Images/fimmu-15-1488220-g006.jpg
IGF-1R cell line TSH-R cell line

n=4/concentration n=4/concentration
—_ 63,225 wkk —_ 63,225
E E
> 31,612.5 B 31,612.5
= =i
£ 15,806.25 L2 15,806.25
= =
= =
» 7,903.125 » 7,903.125
= £
-l -l
Control-| <— Setto 0 Control-| <= Setto 0
01 2 3 45 6 7 8 01 2 3 45 6 7 8
Caspase 3/7 Activity Caspase 3/7 Activity

Relative to Control Relative to Control





OEBPS/Images/fimmu-15-1488220-g002.jpg
Neg&tive control > 31,612.5 ng/mL Linsitinib | 4, 63,225 ng/mL Linsitinib
(IGF-1R cell line) (IGF-1R cell line) - (IGF-1R cell line)

~-'Negative control - . - 31,612.5 ng/mL Linsitinib 3 63,225 ng/mL Linsitinib
(ISHR cellfine} - (TSH-R cellline).- 1. (TSH-R cellline)

3






