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Targeted inhibition of glycogen 
synthase kinase‑3 using 
9‑ING‑41 (elraglusib) 
enhances CD8 T‑cell‑reactivity 
against neuroblastoma cells
A. Markovska 1, K. Somers 2,3, J. Guillaume 1, J. Melief 4, A. P. Mazar 5, D. M. Schmitt 5, 
H. S. Schipper 1,6 & M. Boes 1,7*

The prognosis of patients with high‑risk neuroblastoma remains poor, partly due to inadequate 
immune recognition of the tumor. Neuroblastomas display extremely low surface MHC‑I, preventing 
recognition by cytotoxic T lymphocytes (CTLs) and contributing to an immunosuppressive tumor 
microenvironment. Glycogen synthase kinase‑3 beta (GSK‑3β) is involved in pathways that may 
affect the MHC‑I antigen processing and presentation pathway. We proposed that therapeutic 
inhibition of GSK‑3β might improve the surface display of MHC‑I molecules on neuroblastoma 
cells, and therefore tested if targeting of GSK‑3β using the inhibitor 9‑ING‑41 (Elraglusib) improves 
MHC‑I‑mediated CTL recognition. We analyzed mRNA expression data of neuroblastoma tumor 
datasets and found that non‑MYCN‑amplified neuroblastomas express higher GSK‑3β levels than 
MYCN‑amplified tumors. In non‑MYCN‑amplified cells SH‑SY5Y, SK‑N‑AS and SK‑N‑SH 9‑ING‑41 
treatment enhanced MHC‑I surface display and the expression levels of a subset of genes involved in 
MHC‑I antigen processing and presentation. Further, 9‑ING‑41 treatment triggered increased STAT1 
pathway activation, upstream of antigen presentation pathways in two of the three non‑MYCN‑
amplified cell lines. Finally, in co‑culture experiments with CD8 + T cells, 9‑ING‑41 improved immune 
recognition of the neuroblastoma cells, as evidenced by augmented T‑cell activation marker levels 
and T‑cell proliferation, which was further enhanced by PD‑1 immune checkpoint inhibition. Our 
preclinical study provides experimental support to further explore the GSK‑3β inhibitor 9‑ING‑41 as an 
immunomodulatory agent to increase tumor immune recognition in neuroblastoma.
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STAT1  Signal transducer and activator of transcription 1
NK cell  Natural killer cells

Neuroblastoma is an embryonic tumor originating from neural crest precursor cells, and is the third most preva-
lent pediatric solid tumor. The estimated five-year progression free survival of high-risk neuroblastoma patients 
remains in the range of 50–60%1. MYCN amplification is a strong marker of poor prognosis and is present in 
approximately 20% of neuroblastomas.

In the last decade immunotherapy has gained significant traction for the treatment of neuroblastoma. 
Monoclonal anti-GD2 is now incorporated in first-line and relapse treatment protocols for patients with 
 neuroblastoma2. The working mechanism of anti-GD2 monoclonal antibody therapy is through antibody-
mediated tumor cell killing. As an alternative therapeutic approach, cytotoxic T lymphocyte (CTL)-mediated 
killing is being considered. Specifically, peptide centric PHOX2B chimeric antigen receptor (CAR) T cell-based 
therapies have recently shown promising results in specific killing of neuroblastoma cells in vitro and potent 
tumor regression in  mice3. However, the exploitation of T-cell-based immunotherapy for neuroblastoma has been 
hampered as these tumors usually express extremely low levels of peptide/MHC-I  complexes4. MHC-I surface 
display is critical for CTLs to recognize and mount responses against transformed or infected cells. It was already 
established that neuroblastoma cells can be recognized by CTLs when MHC-I-mediated antigen presentation 
is  restored4. In addition to MHC-I, other components of the antigen presentation machinery (APM) can also 
be repressed in  tumors5,6. For example, it was shown that reduced expression of MHC-I in neuroblastoma is 
caused by silencing of APM proteins, as mediated by a transcriptional repressor complex, polycomb repressive 
complex 2 (PRC2)7. We considered the possibility that CTL-based cellular therapy might be improved when 
combined with a targeted cancer drug that can augment the tumor display of peptide/MHC-I complexes. As 
such, in conditions of increased presentation of tumor-specific peptide/MHC-I complexes, checkpoint inhibitor 
treatment might further improve anti-tumor CTL cellular therapies.

Glycogen synthase kinase-3β (GSK-3β), a serine/threonine kinase which is currently under investigation as 
a target in cancer therapies based on its important role in many essential cellular processes, has also been shown 
to impact several important pathways that regulate the MHC-I antigen processing and APM, i.e., IFNγ medi-
ated  signaling8–10 and the NF-κB  pathway11–14. Moreover, polycomb proteins are downstream targets of GSK-3β 
 signaling15,16, indicating that GSK-3β activity might contribute to APM silencing. Furthermore, GSK-3β is active 
in neuroblastoma and has been identified as a positive regulator of NF-κB-mediated survival and chemoresist-
ance in neuroblastoma  cells17,18.

In this study, we explored whether 9-ING-41 (Elraglusib), a small molecule inhibitor of GSK-3β that is cur-
rently in clinical development, can modulate neuroblastoma cell presentation of peptide/MHC-I complexes. Thus 
far, GSK-3β inhibition using 9-ING-41 has been shown to decrease neuroblastoma cell survival via suppression 
of NF-κB-driven BCl-2 and XIAP  expression18–21. In the current work, we show a new feature of pharmacological 
inhibition of GSK-3β with 9-ING-41, namely the enhancement of immune recognition of non-MYCN amplified 
neuroblastoma cells by CTLs.

Results
Increased GSK‑3β gene expression is associated with reduced survival of patients with 
non‑MYCN‑amplified neuroblastoma
It is well-established that enhanced GSK-3β activity supports survival, proliferation, and treatment resistance in 
many cancers. To evaluate the role for the pathway in neuroblastoma, we first assessed GSK-3β expression levels 
in the Cancer Cell Line Encyclopedia (Broad, 2019) using the cBioPortal  database22–25. We found that cell lines 
derived from neuroblastomas were among the highest GSK-3β expressing cancer cell lines (Fig. 1a).

Although GSK-3β is found to be highly expressed in the majority of  neuroblastomas18, the association between 
GSK-3β expression and survival of patients with neuroblastoma is unexplored. To this end, we investigated 
the Seeger (102 neuroblastoma patients) and Versteeg (88 neuroblastoma patients) datasets, using the publicly 
available R2 genomics analysis and visualization platform (AMC, the Netherlands). We used the automatically 
generated GSK-3β expression cutoff values based on statistically significant differences using log-rank test and 
with minimum group size of 30. High GSK-3β expression significantly correlated with worse event-free survival 
in the Seeger but not in the Versteeg cohort (Fig. 1b, c). As the Seeger cohort only contains non-MYCN-amplified 
neuroblastoma patients, while the Versteeg cohort contains both MYCN-amplified and non-MYCN amplified 
patients, we next looked separately at the prognostic relevance of GSK-3β expression in these two neuroblastoma 
subtypes in the Versteeg cohort. While no significant associations were detected between GSK-3β expression 
and outcome in any of the subgroups, a trend was observed for a link between high GSK-3β expression and poor 
outcome in the non-MYCN-amplified tumors (Fig. 1d, e).

Further, we compared the GSK-3β expression levels in MYCN-amplified versus non-MYCN-amplified neu-
roblastomas from the TARGET cohort of 143 patients, using the cBioPortal  database22–24 and the Versteeg cohort 
(described above). Neuroblastomas without MYCN amplification had significantly higher GSK-3β expression 
compared to MYCN-amplified neuroblastomas in the TARGET cohort (Fig. 1f). Further, we also observed a trend 
where the non-MYCN-amplified tumors had higher GSK-3β expression compared to MYCN-amplified tumors 
in the Versteeg cohort, however this difference did not reach statistical significance (Fig. S1). Overall, our data 
indicate that GSK-3β is more expressed in neuroblastomas without MYCN amplification and that, primarily in 
the neuroblastoma patients without MYCN amplification, GSK-3β expression correlates negatively with survival.



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21710  | https://doi.org/10.1038/s41598-024-72492-y

www.nature.com/scientificreports/

Fig. 1.  Association of GSK-3β expression level on tumor cells with survival of patients with neuroblastoma. (a) 
GSK-3β expression levels among different tumor cell lines in the Cancer cell line Encyclopedia (Broad, 2019) 
available on the cBioPortal database. One-way ANOVA with Dunnett’s multiple comparison test, where*p < 0.05, 
**p < 0.01, ***p < 0.001 ****p < 0.0001 was used to compare the expression of GSK-3β in neuroblastoma cells 
to other cancer cell lines. The expression levels of GSK-3β were correlated with survival of patients with 
neuroblastoma from two cohorts, Seeger (b) and Versteeg (c). The Seeger cohort contains only non-MYCN 
amplified neuroblastomas. The Versteeg cohort contains both MYCN-amplified and non-amplified tumors, and 
we also looked at the non-MYCN amplified (d) and MYCN-amplified (e) tumors from the cohort separately. 
Log-rank test was used, p < 0.05 was considered significant. (f) GSK-3β expression in MYCN-amplified and 
non-amplified neuroblastoma tumors from the TARGET cohort of 143 patients (cBioPortal database). GSK-3β, 
glycogen synthase kinase-3 beta.
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9‑ING‑41 can enhance MHC‑I display on neuroblastoma cells
Based on its involvement in immune modulation, we hypothesized that GSK-3β activity may be involved in the 
characteristically low expression of MHC-I molecules in neuroblastoma  tumors26. We used the STRING database 
to gain greater insight into the possible interactions of GSK-3β with proteins involved in MHC-I antigen pro-
cessing and presentation. GSK-3β may interact with proteins involved in MHC-I-mediated antigen processing 
and presentation and the IFNγ-signaling pathway (Fig. 2a), which is a strong inducer of multiple genes that are 
part of the MHC-I antigen processing and presentation machinery (APM)4,27 and is known to enhance MHC-I 
expression on neuroblastoma  cells28,29. We hypothesized that as GSK-3β associated with MHC-I APM, its inhibi-
tion might invigorate MHC-I signaling in the lowly immunogenic neuroblastoma tumors.

To test the possibility that GSK-3β acts as a regulator of MHC-I-mediated antigen presentation in neuro-
blastoma, we made use of a small molecule GSK-3β inhibitor, 9-ING-41, that was previously shown to inhibit 
GSK-3β activity in neuroblastoma  cells18. We used IMR-32 and SK-N-BE(2) as representative MYCN-amplified 
neuroblastoma cell lines, and SH-SY5Y, SK-N-SH and SK-N-AS as representative non-MYCN-amplified neuro-
blastoma cell lines (Fig. 2b)30,31. In support of our findings in neuroblastoma patients (Fig. 1f), two out of three 
non-MYCN-amplified cell lines expressed significantly more GSK-3β mRNA compared to the MYCN-amplified 
neuroblastoma cells (Fig. 2c).

We treated the neuroblastoma cells with 9-ING-41 at a concentration of 100 nM previously shown to effec-
tively suppress the activity of GSK-3β in neuroblastoma  cells18. As GSK-3β inhibition by itself might not be suf-
ficient to induce MHC-I upregulation, we also exposed neuroblastoma cells to a combination of IFNγ, a known 
inducer of MHC-I expression, and 9-ING-41. We analyzed the viable cells for surface MHC-I expression with a 
pan-MHC-I antibody using flow cytometry. 9-ING-41 treatment significantly increased MHC-I surface expres-
sion on the IMR-32, SH-SY5Y and SK-N-AS cells but not on the SK-N-BE(2) and SK-N-SH cells (Fig. 2d, e).

When cultured in the presence of IFNγ, MHC-I expression increased in all cell lines, but it was not signifi-
cantly further augmented by 9-ING-41 addition in the MYCN-amplified cells (Fig. 2d). However, MHC-I cell 
surface expression was significantly enhanced by 9-ING-41 addition in the conditions with IFNγ co-treatment 
in all non-MYCN-amplified cell lines we tested (Fig. 3e). To evaluate whether this phenomenon is specific for 
non-MYCN-amplified neuroblastoma, we assessed the effect of MYCN overexpression on MHC-I expression 
induction in the SH-SY5Y cells. SH-SY5Y cells that overexpressed MYCN (supplemental Fig. S2a) did not 
change GSK-3β expression levels (supplemental Fig. S2b). Correspondingly, sensitivity to 9-ING-41 treatment 
was retained, and the MYCN-overexpressing SH-SY5Y cells showed 9-ING-41 induced MHC-I upregulation in 
presence of IFNγ treatment (supplemental Fig. S2c).

Taken together, these results show that MHC-I display on neuroblastoma cells can be enhanced with singular 
9-ING-41 treatment, and also in combination with IFNγ. These effects were most pronounced in the non-MYCN-
amplified cells which were chosen to be the focus for subsequent experiments.

9‑ING‑41 can increase expression of genes involved in antigen processing and presentation in 
neuroblastoma cells
Next, we assessed whether GSK-3β inhibition affects the expression of components of the MHC-I APM. We 
treated the neuroblastoma cell lines with 9-ING-41 and/or IFNγ and measured the mRNA expression of key APM 
molecules Human Leukocyte Antigen (HLA)-B, proteasome 20S subunit B8 (PSMB8), Transporter Associated 
with antigen Processing 1 (TAP1) and TAP2 (Fig. 3a, b). We did not observe significant consistent differences 
in MHC-I mRNA expression, even though 9-ING-41 did increase the surface expression of MHC-I protein in 
all neuroblastoma cells tested, perhaps by MHC-I protein transfer from intracellular compartments (Fig. 2). All 
non-MYCN-amplified neuroblastoma cells cultured in the presence of 9-ING-41 expressed significantly increased 
mRNA levels of PSMB8 compared to conditions without 9-ING-41 (Fig. 3a, b). When analyzed for expression 
levels of the heterodimeric protein complex TAP1-TAP2, known to translocate short peptides from the cytosol 
into the ER to allow for peptide/MHC-I complex formation, we found that TAP1 was significantly upregulated 
in 9-ING-41-treated SH-SY5Y and SK-N-SH cells (Fig. 3a). However, there was no significant effect of 9-ING-41 
treatment on TAP1 when cells were co-treated with IFNγ (Fig. 3b). TAP2 was significantly upregulated only in 
the SH-SY5Y cells co-treated with IFNγ (Fig. 3b). The expression of PSMB8, TAP1 and TAP2 in the MYCN-
amplified IMR-32 and SK-N-BE(2) cell lines was not affected by 9-ING-41 treatment (supplemental Fig. S3).

In addition to the MHC-I APM pathway, GSK-3β may also interact with the IFNγ signaling pathway (Fig. 2a). 
As IFNγ signaling is known to upregulate MHC-I antigen processing and  presentation27, we also addressed 
whether GSK-3β inhibition may enhance IFNγ signaling in neuroblastoma cells. We measured the level of Signal 
Transducer and Activator of Transcription 1 (STAT1) expression after treating SH-SY5Y cells with 9-ING-41 
and IFNγ. We found a significant mRNA increase of STAT1 in SH-SY5Y cells treated with combined 9-ING-41/ 
IFNγ treatment when compared to IFNγ alone (Fig. 3c). There was no effect of 9-ING-41 treatment on STAT1 
gene expression in the SK-N-AS (Fig. 3b) and SK-N-SH cells (Fig. S3). IFNγ signaling induces STAT1 phospho-
rylation. Next, we analyzed whether GSK-3β inhibition might enhance STAT1 phosphorylation. We used whole 
cell lysates from the non-MYCN-amplified cells SH-SY5Y, SK-N-AS and SK-N-SH stimulated with 9-ING-41 in 
the presence of IFNγ (30 min at 37 °C) for Western blotting. 9-ING-41 enhanced the amount of phosphorylated 
STAT1 in a dose-dependent manner in SH-SY5Y and SK-N-AS cells, but not in the SK-N-SH cells (Fig. 3d).

These data support that GSK-3β inhibition with 9-ING-41 may enhance antigen presentation by increasing 
the expression of genes encoding APM proteins, as contributed by enhanced IFNγ-mediated STAT1 signaling 
in neuroblastoma cells.
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Fig. 2.  GSK-3β inhibition with 9-ING-41 increases MHC-I cell surface expression on non-MYCN-amplified neuroblastoma cells. (a) 
Protein–protein interaction analysis of GSK-3β with proteins involved in MHC-I mediated antigen presentation and IFNγ signaling. 
The nodes indicate proteins, and edges indicate the number of interactions. Color saturation of the edges represents the confidence 
score of a functional association. Data obtained from STRING database. (b) MYCN mRNA expression across the neuroblastoma 
cell lines normalized on GAPDH expression and fold induction is shown relative to SH-SY5Y. (c) GSK-3β mRNA expression across 
neuroblastoma cell lines. Data are normalized to GAPDH expression and shown relative to SK-N-BE(2) cell line. *p < 0.05, ** < 0.01, 
*** < 0.001, ****p < 0.0001 using one-way ANOVA with Šidák correction for multiple comparisons. MHC-I cell surface expression 
measured on flow cytometry on MYCN-amplified neuroblastoma cells SK-N-BE(2) and IMR-32 (d) and non-MYCN-amplified cells 
SH-SY5Y, SK-N-AS and SK-N-SH (e). Cells were treated for 72h with DMSO, 9-ING-41 (100 nM) or IFNγ (25 µg/ml) as indicated. 
*p < 0.05, **p < 0.01, ****p < 0.0001 (two-tailed unpaired t test) compared to the condition without 9-ING-41. Data shown as mean ± SD. 
gMFI, geometric mean fluorescence intensity; GSK-3β, glycogen synthase kinase-3 beta.
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Fig. 3.  9-ING-41 can increase expression of genes involved in antigen processing and presentation in 
neuroblastoma cells (a, b, c) HLA-B, PSMB8, TAP1-2 and STAT1 mRNA were normalized to GAPDH and 
represented as fold change compared to the DMSO condition. Mann–Whitney U tests were used, where * < 0.05, 
**p < 0.01, ****p < 0.0001. Data shown as mean ± SD. (d) Neuroblastoma cell lines were pre-treated for 30 min 
with the indicated concentrations of 9-ING-41 followed by 30 min of IFNγ. Protein expression was analyzed 
by Western Blotting on whole cell lysates. The original blot was cut above the 50 kDa mark. The upper part was 
then stained with an antibody against pSTAT1, while the lower part was stained with GAPDH loading control. 
An image was made from each of the two parts of the blot. The sections of interest were then cropped from 
the images and shown in the figure here. Full uncropped blots are shown in supplementary Fig. S4. pSTAT1, 
phosphorylated Signal Transducer And Activator Of Transcription 1; GAPDH, Glyceraldehyde 3-phosphate 
dehydrogenase; HLA-B, Human Leukocyte Antigen-B; PSMB8, proteasome 20S subunit B8; TAP1/2, 
Transporter Associated with antigen Processing 1/2.
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9‑ING‑41 treatment of neuroblastoma cells potentiates activation and proliferation of human 
CTLs
We next asked whether GSK-3β inhibition in neuroblastoma cells potentiated the CTL-mediated immune 
response in line with the increased MHC-I display we observed. In addition to enhancing MHC-I surface 
display, IFNγ can upregulate PD-L1 expression on neuroblastoma  cells32,33. As our STRING data base analysis 
(Fig. 2a) showed that GSK-3β can interact with PD-L1 (i.e., CD274), next we tested whether GSK-3β inhibition 
would affect PD-L1 expression on neuroblastoma cells. We cultured SH-SY5Y cells with 9-ING-41 and IFNγ for 
72h and measured PD-L1 surface expression by flow cytometry. 9-ING-41 singular treatment had no significant 
effect on PD-L1 expression on neuroblastoma cells (Fig. 4b), but in combination with IFNγ did upregulate PD-L1 
expression significantly compared to IFNγ alone (Fig. 4c). Therefore, we reasoned that anti-PD-1 treatment might 
be beneficial in combination with 9-ING-41 to promote neuroblastoma-induced CTL activation.

To assess this possibility, we made use of MHC-mismatch alloreactivity as readout for increased MHC-
I-mediated immunogenicity and included anti-PD-1 treatment. We employed a mixed lymphocyte reaction 
 protocol34, that we modified to include neuroblastoma cells. We first pre-treated SH-SY5Y neuroblastoma cells 
with 9-ING-41 and irradiated the cells to prevent overgrowth. We then co-cultured the SH-SY5Y cells as antigen 
presenting cells with CD8 + T cells from an HLA-mismatching donor in presence of anti-CD28 antibodies, IL-2, 
and anti-PD-1 (Fig. 4a). The CD8 + T cells were isolated from healthy donor blood and stained with covalent 
amine-binding cell trace violet (CTV) to measure cell proliferation. After five days of co-culture, we measured 
the CD25 activation marker and proliferation of the CD8 + T cells by flow cytometry (gating strategy in sup-
plemental Fig. S5). The CD8 + T cells co-cultured with 9-ING-41 pre-treated neuroblastoma cells expressed 
significantly higher levels of CD25 and Ki67 and proliferated significantly more compared to those co-cultured 
with DMSO control-treated SH-SY5Y cells (Fig. 4d–f). By itself, anti-PD-1 treatment of CD8 + T cells co-cultured 
with DMSO-treated neuroblastoma cells did not influence the measured activation and proliferation markers. 
Nonetheless, co-culture with 9-ING-41 pre-treated SH-SY5Y cells and anti-PD-1 triggered tenfold more CD8 + T 
cell proliferation and CD8 + T cell expansion, when compared to the anti-PD-1 condition. When IFNγ was 
included, differences were less pronounced, but the combination of 9-ING-41 pre-treated SH-SY5Y cells and 
anti-PD-1 significantly upregulated the CD25 cell surface expression and CD8 + T cell proliferation compared 
to control conditions where only IFNγ was added (Fig. 4g).

Overall, our data show that GSK-3β inhibition with 9-ING-41 can enhance expression of functional MHC-I 
on a subset of neuroblastoma cells and can potentiate their recognition by CTLs in an MHC mismatch-based 
culture system.

Discussion
9-ING-41 is currently, in 2024, an investigational small molecule inhibitor of GSK-3β in mid-stage clinical 
development in patients. A pre-clinical anti-tumor activity of the drug has been established in cell line and mouse 
models of neuroblastoma, with a hypothesized working mechanism of increasing apoptosis of cancer  cells18,35. 
GSK-3β inhibition with 9-ING-41 has previously been shown to boost NK- and T-cell mediated killing of colo-
rectal tumor cell  lines36. Here, we investigated whether pharmacological inhibition of GSK-3β might increase 
the immunogenicity of neuroblastoma cells. Based on interplay between the GSK-3β pathway and the NFκB and 
IFNγ pathways, we hypothesized that GSK-3β inhibition might enhance the immunogenicity of neuroblastoma 
cells by amplifying MHC-I-mediated CD8 + T cell recognition. We found that 9-ING-41 can enhance MHC-I 
neuroblastoma cell surface display and expression of genes related to MHC-I APM pathway. Our results were 
most consistent in the non-MYCN-amplified cell lines. The enhanced MHC-I display potentiated the recogni-
tion of neuroblastoma cells by CD8 + T cells. Even though the MHC-I induction by the 9-ING-41 treatment 
alone might be considered modest, the CD8 + T cell reactivity increased significantly in response to the MHC-I 
induced by the 9-ING-41-treated neuroblastoma cells. As such, a relatively small but significant increase in 
MHC-I expression on the surface of neuroblastoma cells might trigger a protective anti-tumor response. In fact, 
engagement of one single TCR/CD3 might be sufficient to activate T  cells37. To the best of our knowledge, our 
study is the first to report an immune stimulatory effect of 9-ING-41 directly on neuroblastoma cells.

As our protein–protein interaction analysis showed that GSK-3β can interact with proteins from the APM, 
we analyzed the gene expression of APM proteins following GSK-3β inhibition in neuroblastoma cells. Even 
though we observed significant differences in some of the genes tested, these differences were consistent among 
the cell lines only for the PSMB8 gene. We also observed that GSK-3β inhibition more consistently and signifi-
cantly enhanced MHC-I protein levels compared to gene levels and thereby the effect on APM may also be more 
pronounced at the protein level, possibly affecting intracellular protein localization, stimulating peptide/MHC-I 
complex formation or transport to the cell surface. Indeed, 9-ING-41 inhibits the kinase activity of GSK-3β, 
further supporting an effect on protein level, but more experiments are needed to establish the mechanism(s) 
that drive the effect of GSK-3β inhibition on APM function. Further, we explored whether the 9-ING-41 partly 
acts through enhancement of IFNγ signaling, which, via stimulation of JAK/STAT1 signaling can also boosts 
MHC-I-mediated antigen  presentation4,27. In support of this, we show that STAT1 protein phosphorylation is 
indeed enhanced in two of three neuroblastoma cell lines tested when GSK-3β is inhibited. This finding sug-
gests that 9-ING-41 can amplify the effect of IFNγ on MHC-I expression in neuroblastoma cells. However, 
more in-depth pathway analysis is required to draw more definite conclusions on the interplay between GSK-3β 
inhibition and IFNγ signaling. Notably, IFNγ can be secreted in the microenvironment of neuroblastomas, for 
example by natural killer (NK)  cells28,29. It is already shown that GSK-3β inhibition with CHIR99021 drives NK 
cell maturation and antitumor activity by increasing IFNγ  secretion38, a phenomenon currently exploited in the 
manufacturing of NK cell therapies. Therefore, GSK-3β inhibition may in fact have a dual role in enhancing 
CTL-mediated recognition and killing by directly stimulating the neuroblastoma cells to display MHC-I and 
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Fig. 4.  9-ING-41 in combination with anti-PD-1 therapy enhances immunogenicity of neuroblastoma 
cells (a) Experimental set-up of the CD8 + T cells-neuroblastoma co-culture. PD-L1 surface expression on 
neuroblastoma cells following treatment of increasing concentrations of 9-ING-41 without (b) or with (c) IFNγ. 
Expression measured by flow cytometry. (d) and (e) Representative plots of the flow cytometry staining for cell 
proliferation (CTV) and activation (CD25). Percentage proliferated (CTV negative), CD25 positive and Ki67 
positive CD8 + T cells after co-culture with + /− 9-ING-41 pre-treated SH-Sy5y cells, without (f) or with (g) 
IFNγ. *p < 0.05, **p < 0.01, ***p < 0.01 using one-way ANOVA with Šidák correction for multiple comparisons. 
Data shown as mean ± SD. CD8 + T cells from three donors, conditions in duplicates. gMFI, geometric mean 
fluorescent intensity. CTV, cell trace violet.
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express genes of key APM proteins, and by increasing the secretion of IFNγ by NK cells to indirectly enhance 
MHC-I display on the neuroblastoma cells.

Our initial database analysis revealed that that GSK-3β gene expression in tumors reversely correlates with 
survival, especially for patients with neuroblastomas without MYCN amplification. In line with this, the observed 
effect of GSK-3β inhibition on MHC-I display was most pronounced on the cells without MYCN amplification. 
While SK-N-SH cell are considered non-MYCN-amplified, we observed a higher expression of MYCN in SK-
N-SH compared to the other non-MYCN-amplified cell lines. The higher expression of MYCN in SK-N-SH cells 
may underscore the decreased effect of 9-ING-41 on MHC-I expression and IFNγ signaling in this cell line. While 
these data indicate a potential link between MYCN amplification and GSK-3β expression, in our experiments, 
MYCN exogenous overexpression in SH-SY5Y cells did not genetically reprogram the GSK-3β expression. In 
healthy humans, MYCN is expressed only in certain embryonal tissues, and in adult cells its expression is very low 
or  missing39. The functioning of endogenous, overexpressed, and amplified MYCN can have different impacts on 
the cell fate  decisions40, suggesting that our MYCN overexpression system cannot mimic the physiological effects 
of MYCN amplification on GSK-3β expression. Future studies should identify the effects of MYCN amplification 
on GSK-3β expression as well as on the sensitivity of GSK-3β inhibition. Thus, we can improve the stratification 
of the patient groups that would benefit most from 9-ING-41 therapy.

In this preclinical study, we used in vitro neuroblastoma models, which evidently has limitations compared 
to in vivo studies. Further, even though we show that 9-ING-41 boosts the expression of functional MHC-I on 
neuroblastoma cells and T cells respond to the MHC-I mismatch, we do not show direct TCR-driven recognition 
and killing of the tumor cells. A model to determine antigen-specific T cell killing of neuroblastoma cells can 
further corroborate the importance of modest increases in MHC-I expression on the neuroblastoma cells in T 
cell recognition and killing. Nonetheless, based on what is known in literature about the specificity and func-
tion of 9-ING-41, together with the novel insights into its immunogenic effects provided here, we propose that 
this study may help advance clinical studies of 9-ING-41 for neuroblastoma treatment. 9-ING-41 has recently 
entered clinical trials for adult patients with advanced refractory cancer, where it shows established efficacy 
and a favorable safety  profile20,41. Overall, our results provide evidence for the rationale to include patients with 
neuroblastoma in clinical trials for 9-ING-41 as adjuvant treatment to already existing immunotherapies.

Methods
Cell culture
The neuroblastoma cell lines were obtained from Princes Maxima Center, Utrecht, the Netherlands. The cell lines 
were cultured in DMEM GlutaMAX (ThermoFisher Scientific) supplemented with 10% fetal calf serum (FCS), 
1% penicillin–streptomycin (Merck Life Sciences), 1 × MEM non-essential amino acids (Gibco).

For the T cell isolation, peripheral blood was collected from healthy subjects into BD Vacutainer blood collec-
tion tubes with sodium heparin. The healthy subjects have signed informed consent for research purposes (Mini 
Donor Dienst, UMC Utrecht, the Netherlands). Peripheral blood mononuclear cells were isolated with Ficoll-
Paque density gradient centrifugation. CD8 + T cells were isolated using the CD8 T cell isolation kit (Miltenyi) 
with autoMACS automated cell isolation following the manufacturer’s protocol. CD8 + T cells were cultured in 
RPMI 1640 (ThermoFisher Scientific) supplemented with 10% FCS, 1% penicillin–streptomycin. CD28 Mono-
clonal Antibody (CD28.2) (AntibodyChain International; 1 mg/ml), recombinant human IL-2 (Novartis; 10 
IU/ml) and Pembrolizumab anti-PD-1 (KEYTRUDA®, 10 mg/ml) were used for the neuroblastoma-CD8 + T 
cell co-culture.

Flow cytometry
Cells were washed twice with FACS buffer (PBS supplemented with 2% FBS and 0.1% sodium azide) followed 
by incubation with 10% mouse serum in FACS buffer to prevent nonspecific binding. After staining with Fixable 
Viability dye eFluor 507 (eBioscience) in PBS the cells were stained with surface antibodies MHC-1, PD-L1, CD8 
and CD3 in FACS buffer. In case of intracellular stainings, the cells were fixed and permeabilized using Fixation 
and Permeabilization buffer (eBioscience) and subsequently stained with Ki-67 antibody. The antibodies used 
are described in supplemental table S1. Following the staining, cells were washed twice and taken up in FACS 
buffer for measurement on the BD LSR Fortessa with FACSDiva software. Analysis was performed with Flowjo 
(V.10.5.3).

Quantitative real‑time PCR
Total cellular RNA was extracted using the RNeasy mini kit (Qiagen) according to the manufacturer’s protocol. 
For each sample, the same amount of RNA was transcribed into cDNA with the cDNA Synthesis Kit (Bio-Rad). 
For the quantitative real-time PCR (qRT-PCR) we used SYBR green qPCR master mix (Bio-Rad) and primers 
listed in supplemental table S2. The qRT-PCR reaction was carried out using a Quantstudio 3 apparatus (Bio-
Rad). We used GAPDH as endogenous control.

Analysis of patient cohorts from online datasets
For the survival analysis and GSK-3β expression analysis, the data was generated from the R2 Genomic Analysis 
and Visualization Platform (http:// r2. amc. nl) and the cBioPortal for cancer genomics (https:// www. cbiop ortal. 
org/). Kaplan–Meier estimates of overall survival were determined using automatically generated expression 
cutoff values based on statistically significant differences using log-rank test.

http://r2.amc.nl
https://www.cbioportal.org/
https://www.cbioportal.org/
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Immunoblotting
We lysed the cells in commercially obtained RIPA buffer (Sigma) in presence of Halt™ Protease Inhibitor Cock-
tail (ThermoFisher) followed by boiling (10 min at 95 °C). Cell lysates were run on SDS-PAGE and transferred 
onto polyvinylidene fluoride (PVDF) membrane (Merck Millipore). We blocked the membranes with 5% milk 
powder (Campina) in PBS 0.1% Tween-20 for 1 h before probing with the specific primary antibodies (16 h at 4 
°C). Subsequently, we washed and stained the membranes with HRP-coupled secondary antibodies for 1 h. We 
analyzed the images on ChemiDoc Imaging System (Bio-Rad).

Statistical analysis
Variables are presented as mean and standard deviation. Two-tailed unpaired t test or Mann–Whitney U tests 
were used when comparing two groups. One-way ANOVA with Šidák correction or Dunnett’s multiple com-
parison was used when comparing more than two groups. Log rank tests for Kaplan–Meier survival data were 
performed to determine significant differences. All statistical analysis were performed using GraphPad Prism 
(V.8.3.0). P < 0.05 was considered statistically significant.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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