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Background: Neuroblastoma (NBL) is the most common extracranial solid tumor in children, with a 50% survival rate in high-risk
cases. Chemotherapy combination with immunotherapy is central to HR-NBL treatment.

Aim: This study aimed to explore how Irinotecan influences the immune landscape of NBL cells, particularly focusing on the
modulation of immune checkpoints relevant to future chemo-immunotherapy strategies.

Methods: Two neuroblastoma cell lines, SK-N-BE(2) and SH-SY5Y, were exposed to sub-lethal doses of Irinotecan and IFN-y. Flow
cytometry assessed the expression of immune markers, including GD2, CD47, MHC I, and PD-L1. We also examined phagocytosis by
macrophages and T-cell-mediated killing. In vivo studies using a neuroblastoma mouse model assessed the effects of Irinotecan and
PBMC injections. Soluble CD47 was also measured in cell culture supernatants and exploratory patient plasma samples.

Results: Treatment exposure was associated with modulation of several immune-related markers, including GD2, CD47, PD-L1, and
MHC class 1. While Irinotecan reduced macrophage-mediated phagocytosis, this effect was reversed by the addition of anti-CD47
antibodies. T-cell-mediated killing was enhanced when NBL cells were pre-treated with Irinotecan. In vivo studies showed that the
combination of PBMCs and Irinotecan resulted in reduced tumor burden compared to either treatment alone. Furthermore, CD47
expression was detectable in-patient plasma, suggesting that soluble CD47 may warrant exploration in larger future cohorts.
Conclusion: This pilot study suggests that irinotecan may modulate key immune checkpoints in neuroblastoma. These results supports
further investigation of rational chemo-immunotherapy combinations, including GD2 and CD47-targeted combination strategies.
Keywords: neuroblastoma, chemotherapy, immunotherapy, irinotecan, CD47

Introduction

Despite advancements in pediatric cancer care, malignant neoplasms remain the third leading cause of pediatric death in
the US. Immunotherapy is still a relatively minor component of the standard treatment for pediatric solid tumors, this is
due to various challenges these therapies face in addressing the complexities of pediatric solid tumors such as low tumor
mutational burden, reduced neoantigen expression, and an immunosuppressive tumor microenvironment.

Neuroblastoma (NBL) is the most common extracranial solid tumor of childhood and accounts for approximately
15% of pediatric cancer mortality. Survival for patients with high-risk neuroblastoma remains poor with 5 year overall
survival rates of around 50% despite multimodal therapy.'

Current treatment of high-risk neuroblastoma includes intensive chemotherapy, surgery, radiotherapy, autologous
stem cell transplantation, differentiation therapy, and anti-GD2 immunotherapy, which has become a mainstay of
frontline treatment. Nevertheless, relapse and refractory disease remain major clinical challenges, highlighting the
need for improved therapeutic strategies.

Increasing evidence suggests that conventional chemotherapy may influence anti-tumor immunity in addition to its direct
cytotoxic effects. These immunomodulatory effects may alter antigen presentation, immune checkpoint expression, and
susceptibility to immune-mediated killing, thereby affecting the activity of combination chemo-immunotherapy approaches.
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Although we are witnessing a renaissance of new therapies and targets being searched for NBL, chemotherapy
remains the cornerstone of both standard induction and post induction treatment for HR-NBL.

Neuroblastoma is considered an immunological “cold” cancer, characterized by a tumor microenvironment (TME)
with limited activated immune cell infiltration, making it difficult for the immune system to target.” Notably, the use of
checkpoint inhibitors, which have shown remarkable success in some adult cancers, has not been effective in NBL.?

Several studies have examined the impact of chemotherapies on the response to immunotherapy across various
cancers.* However, there is still much to learn about the specific effects of chemotherapies on surviving cancer cells. In
particular, ongoing clinical studies are investigating chemo-immunotherapy combinations in NBL.?

We chose to investigate irinotecan, a topoisomerase I inhibitor widely used in relapsed or refractory neuroblastoma
and in combination regimens with immunotherapy. Beyond its cytotoxic activity, prior studies in other tumor models
have suggested that irinotecan may modulate the tumor immune environment, including effects on regulatory T cells,
MHC class I expression, and PD-L1 signaling.®

However, whether similar immunologic effects occur in neuroblastoma remains insufficiently characterized.

GD2 is a disialoganglioside highly expressed in NBL,” and is the target of the first approved immunotherapy against
NBL, Dinutuximab. This treatment has improved survival in the HR group,® and several clinical studies are underway to
determine the optimal combination of anti-GD2 therapy with chemotherapy. Unfortunately, a significant number of
patients relapse despite anti-GD2 treatment,” and side effects such as severe visceral pain remain important dose-limiting
toxicities.'®"!

CDA47 is a transmembrane immune checkpoint molecule frequently overexpressed by malignant cells. Through
binding to signal regulatory protein alpha (SIRPa) on macrophages and other myeloid cells,'*'* CD47 delivers
a “don’t eat me” signal that suppresses phagocytosis and contributes to immune escape.

The CD47-SIRPo axis has emerged as a promising therapeutic target in multiple cancers, including pediatric
malignancies. In neuroblastoma, preclinical studies have demonstrated anti-tumor activity with CD47 blockade, parti-
cularly when combined with anti-GD2 therapy or other immune-based approaches.'>'®

In this pilot exploratory study, we investigated immune-related changes following exposure of neuroblastoma cells to
sub-lethal irinotecan. We then examined potential functional consequences in macrophage phagocytosis, T cell-mediated
killing, a xenogeneic in vivo model, and exploratory patient-derived CD47 measurements. Our goal was to generate
hypothesis-forming data regarding how chemotherapy may influence immune targeting strategies in neuroblastoma.

Materials and Methods

Cell Lines and Cell Culture Conditions

SK-N-BE(2) (CRL-2271, RRID:CVCL_0528) and SH-SY5Y (CRL-2266, RRID:CVCL _0019) cell lines were obtained
from American Type Culture Collection (ATCC). Both cell lines were cultured in DMEM high glucose medium,
supplemented with 10% (vol/vol) heat-inactivated FCS, 2 mM glutamine, 100 units/mL penicillin, and 100 pg/mL
Peniciline/Streptomycin. The cell cultures were maintained in a humidified atmosphere of 5% (vol/vol) CO2 at 37 °C.
GFP and Luciferase co-expressing clones were prepared by transfection of pY OE-LV-luc-GFP plasmid (Ubigene) and
followed by sorting of GFP-expressing cells. Irinotecan (Irinotecan HCI, Pfizer) was added directly to the media at noted
concentrations. IFN y (Recombinant Human IFN-y, cat# 300-02, PeproTech) was added directly to the media, 20ng/mL.
Cell growth follow up was done using Incucyte machine and cell confluence analysis software.

Flow Cytometry and Cell Sorting
Cells were detached and mixed via pipetting to create a single-cell solution. For flow cytometry, cells were analysed for
fluorescence using a CytoFLEX S flow cytometer (Beckman Coulter) and analyzed using CytExpert program.

aPD-L1 APC anti-human CD274 (B7-H1, PD-L1), (BioLegend Cat# 329708, RRID:AB 940360)

MHC I, PE anti-human HLA-A,B,C, (BioLegend Cat# 311406, RRID:AB 314875)

GD2, PE anti-human Ganglioside GD2, (BioLegend Cat# 357303, RRID:AB 2561884)

CD47, APC anti-human CD47, (BioLegend Cat# 323124, RRID:AB 2716203)
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CD11b, APC anti-human CD11b, (BioLegend Cat# 301310, RRID:AB 314162)

CD45, FITC anti-human CDA45, (BioLegend Cat# 368508, RRID:AB_2566368)

CD3, APC anti-human CD3, (BioLegend Cat# 344812, RRID:AB 10645473)

CD8, PE anti-human CD8, (BioLegend Cat# 300908, RRID:AB 314112)

All antibodies were used at 1:100 dilution.

For sorting, cells were sorted using a SH800S cell sorter (Sony) using GFP as a marker for positive cells.

The results shown are representative experiment of results, with another two replicates performed with similar results.

Macrophage-Mediated Phagocytosis

Normal human PBMCs were purified from buffy coat by Ficoll (Histopaque-1077, Cat# 10771, Sigma Aldrich),
according to the manufacturer’s instructions. Buffy coat was obtained from blood Bank in Hadassah-Hebrew university
hospital, Institutional review board (IRB) approval number HMO-21-0553. Purified PBMCs were seeded in RPMI 1640
media (cat# 21875034, Gibco) without supplements for 50 minutes, 60 million cells/10-cm dish. Then the non-adherent
cells were washed out and cells were incubated in media supplemented with 10% Fetal Bovine Serum (cat# 12657—029,
Gibco), Penicillin / Streptomycin (cat# 15140-122, Gibco), L-Glutamine 200mM (cat# 25030-024, Gibco), Sodium
Pyruvate Solution 100mM (cat# 03—042-1B, Biological Industries), MEM Non-Essential Amino Acids Solution (cat#
11140050, GIBCO) in addition of 50ng/mL GM-CSF (cat# 300—03-20, PeproTech). Media was changed every 3 days.
Macrophages were defined by FACS using CDI11b as a marker. Phagocytosis assay was performed on day 6 of the
Macrophage differentiation. For the assay, GFP-expressing NBL cells were pre-treated with sub-lethal doses of
Irinotecan, 1uM, for 24 hours. NBL cells and Macrophages were co-cultured and noted E:T ratios for 4-6 hours. Anti-
CD47 Antibody (InVivoMab anti-human CD47, (Bio X Cell Cat# BE0019-1, RRID:AB 1107655)) was added directly to
the mixture at 10ug/mL concentration. For analysis of phagocytosis using flow cytometry, cells were stained with
CD11b-APC antibody to detect Macrophages. Phagocytic Macrophages were defined as CD11b+GFP+ cells. Phagocytic
efficacy was defined and Mean Fluorescent Intensity (MFI) of the FITC channel of phagocytic Macrophages. The results

shown are representative experiment of results, with another replicate performed with similar results.

Cytotoxicity Assay (Killing)

Normal human PBMCs were purified from buffy coat by Ficoll (Histopaque-1077, Cat# 10771, Sigma Aldrich),
according to the manufacturer’s instructions. For T cell enrichment, purified PBMCs were seeded in RPMI 1640
media (cat# 21875034, Gibco) supplemented with 10% Fetal Bovine Serum (cat# 12657-029, Gibco), Penicillin /
Streptomycin (cat# 15140-122, Gibco), L-Glutamine 200mM (cat# 25030-024, Gibco), Sodium Pyruvate Solution
100mM (cat# 03-042-1B, Biological Industries)) MEM Non-Essential Amino Acids Solution (cat# 11140050,
GIBCO), 2-mercaptoethanol 50mM (cat: 31350-010 Gibco), in addition of 30 ng/mL Anti-human CD3/CD28
(ImmunoCult™ Human CD3/CD28 T Cell Activator, (STEMCELL Technologies Cat# 10971, RRID:AB 2827806))
and 1000 IU/mL Recombinant Human IL-2 (Recombinant Human IL-2, cat# 202-IL-500, R&D systems). PBMCs were
seeded at concentration of 1 million PBMCs per 1 mL media, for 4 days. For the assay, GFP-expressing NBL cells were
pre-treated with Irinotecan for 72 hours. NBL cells and T-cells were co-cultured and noted E:T ratios for over-night. For
analysis of dying NBK cells using flow cytometry, cells were stained with 20ng/mL PI (Propidium lodide, cat# P4864,
Sigma Aldrich). Dying NBL cells were defined as GFP and PI positive. The results shown are representative experiment
of results, with another replicate performed with similar results.

ELISA

CDA47 protein levels of cell supernatants or tumor lysates were determined using sandwich-type ELISA commercially
available kit according to the manufacturer’s protocol (R&D Systems, catalog #DY4670-05). The absorbance was read at
450 nm. Institutional review board (IRB) approval number 0495-23-HMO was granted prior to studying patients plasma
according to the Hadassah-Hebrew university hospital ethics committee.
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Immunohistochemistry (IHC)
Neuroblastoma tissue array (NB642c) representing 27 cases of neuroblastoma and 5 peripheral nerve tissue was
purchased through TissueArray.com.

For immunohistochemical staining the slide subjected to heat induced epitope retrieval (HIER) in Tris-EDTA buffer
TE (pH 8.0). After HIER the slide was incubated over-night at 4°C with anti-CD47 (Abcam Cat# ab226837, RRID:
AB 3674726) diluted 1:100 in CAS-Block solution (cat#008120, Invitrogen). Peroxidase labeled anti-rabbit polymeric
reagent was used for the detection of the section bound primary antibody. Sections processed without the primary
antibody served as a negative control.

In vivo

All mice were kept in a specific pathogen-free facility. Mice were handled according to the criteria outlined in the Guide for
the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National
Institutes of Health. Mice had free access to water and chow at all times. NSG mice couple was purchased from the Jackson
Laboratory and bred in the animal unit in the animal facility. Maintenance of mice and all experimental procedures were
approved by and performed in accordance with the Institutional Animal Care and Use Committee-approved animal treatment
protocols (NIH approval number: OPRR-A01-5011). Approval for the animal experiments were given by the Animal Care
Committee of Hebrew University, permit number MD-23-17,149-5. All animal experiments performed in this study were
conducted in accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines, and the study
adheres to the ARRIVE checklist to ensure transparent and rigorous reporting of animal research.

NBL IP Model

Xenograft models of human neuroblastoma cancer were generated by intraperitoneal (IP) implantation of 2 x 10°® SH-
SY5Y-Luc cells in male NSG mice aged between 6 to 7 weeks.

9 days after the tumor induction, mice were exposed to total-body gamma irradiation at a dose of 2 Gray; luciferase
expression was assessed using in vivo imaging system (IVIS) spectrum imaging (Perkin Elmer, Cat# 124262). For Luciferase
expression measurement, D-luciferin (cat# E1605, Promega) at 150mg/kg was injected Intraperitoneally (IP) to mice 10 min
prior IVIS spectrum imaging. Based on the image data, mice were divided into four similar treatment cohorts: untreated (3 mice);
treated with PBMCs: 2milion PBMCs per mouse injected IP, 5 mice per group; treated with Irinotecan: 400ug/mouse, injected
IV, 5 mice per group; or treated with combination of PBMCs with Irinotecan, 5 mice per group. On day 10 mice were treated
according to the treatment groups. Tumor growth follow up was done by luciferase expression according to the IVIS imaging.

In vivo Sample Treatment — Spleen Isolation and FACS

To define human cells in the spleens of treated mice, mice were anesthetized and killed, spleens were weighted and then
smashed via 70um cell strainer. Red blood cells were removed using ACK Lysis buffer (cat# A10492-01, Gibco). Cells from
each spleen were dissolved in 1mL PBS, then 100ul of cell solution was taken for each of noted staining for FACS analysis.

Statistical Analysis

All data were subjected to statistical analysis using the Excel software package (Microsoft). Statistical analysis was performed

using a two-way multivariate ANOVA to assess differences between treatment groups and experimental conditions.
Differences were considered significant at P < 0.05. Data are given as mean £ SEM.

Results
Neuroblastoma Cells Exhibit Immunologic Modulation Following Exposure to

Irinotecan and IFN-y

Our objective was to characterize the immunologic modulation of neuroblastoma (NBL) cells following exposure to the
chemotherapeutic agent Irinotecan. In this study we used two NBL cell-lines, SK-N-BE(2) and SH-SY5Y, which are
established neuroblastoma models with distinct phenotypic features and GD2 expression.
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To mimic the behavior of NBL cells that survive chemotherapy in patients, we defined a sub-lethal dose of Irinotecan.
To define sub-lethal doses, SK-N-BE(2) and SH-SYS5Y cells were treated with escalating doses of Irinotecan. Cell growth
was assessed using the Incucyte imaging system and cell confluence analysis software (Figure 1A and B). Sub-lethal
doses were defined as doses that preserve at least 70% cell viability after a 40-hour incubation period. Based on these
data, we selected 1 uM Irinotecan as a sub-lethal dose for both cell lines.

Initially, we examined selected immune checkpoints and modulators implicated in NBL immune escape. Given the
multitude of immune checkpoints and other interacting molecules within the tumor microenvironment (TME) that
operate through receptor—ligand mechanisms, we focused on several targets with therapeutic relevance. The change in
the expression of immune markers was assessed by FACS over time.

To evaluate treatment-associated changes in immune marker expression, we compared untreated cells with cells
exposed to irinotecan, IFN-y, or both conditions. IFN-y was included as a biologically relevant immune stimulus and
comparator because of its known effects on antigen presentation and checkpoint regulation. Marker expression was
assessed by flow cytometry over time and is presented as mean fluorescence intensity (MFI) (Figure 1C-J).

Assessment of GD2, surface antigen expressed on NBL cells, showed an abundant expression in SK-N-BE(2), but not
in SH-SYSY cells (Figure 1F and J). Irinotecan further increased GD2 expression in SK-N-BE(2) cells. The effect was
significantly more pronounced after 72 hours. An addition of IFN-y had no effect. A possible loss of GD2 expression in
SH-SYSY cells may suggest a phenotypic transformation.

The initial PD-L1 levels were relatively low in both tested cell lines. Under the tested conditions, irinotecan and IFN-y were
both associated with time-dependent changes in PD-L1 expression, in SH-SY5Y the effect of IFN-y was more pronounced.
Combination treatment with Irinotecan and IFN-y was associated with higher expression in PD-L1 expression in both cell lines
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Figure | Irinotecan and IFN-y modulate immune checkpoint expression in neuroblastoma cells. Determination of sub-lethal irinotecan concentrations (A and B). SK-N-BE
(2) (A) and SH-SY5Y (B) cells were treated with increasing concentrations of irinotecan, and cell growth was monitored using the IncuCyte live-cell imaging system. Sub-
lethal dose was defined as 270% viability after 48 hours. Surface expression of immune-related markers following treatment (C-J). SK-N-BE(2) (C-F) or SH-SY5Y (G-J) cells
were treated with irinotecan (I pM), IFN-y (20 ng/mL), or their combination for the indicated time points. Expression of PD-LI (C,G), MHC class | (D,H), CD47 (E,l), and
GD2 (F and J) was assessed by flow cytometry and presented as mean fluorescence intensity (MFl). Treatment groups: control (purple), irinotecan (blue), IFN-y (green),
irinotecan + IFN-y (Orange). Data are presented as mean * SEM. *p < 0.05; **p < 0.01.

24h 48h 24h 48h

ImmunoTargets and Therapy 2026:15 htps: 5



Lapidus et al

(Figure 1C and G). In SK-N-BE(2) cells, basal PD-L1 expression transiently increased at 24 and 48 hours, but declined by
72 hours, whereas irinotecan and IFN-y treatment preserved higher PD-L1 levels at this later time point (Figure 1C).

Assessment of the “don’t eat me” CD47 protein (Figure 1E and I) demonstrated high initial levels. Similar to the
effect on PD-L1, Irinotecan or IFN-y alone increased CD47 expression, while the combination of both further enhanced
CDA47 levels in both cell lines.

Measurement of MHC I expression revealed that untreated cells expressed relatively low levels of MHC I. Irinotecan
alone led to a slight increase, while IFN-y caused a marked elevation in MHC I levels. Interestingly, the combination of
Irinotecan and IFN-y further increased MHC I expression compared with untreated cells under the tested conditions.
(Figure 1D and H).

Irinotecan Disturbs Phagocytosis, an Effect Which Might Be Reversed Through the
Adjunctive Application of Anti-CD47 Antibodies

Upon observing the overexpression of CD47 on NBL cells, which undergoes further upregulation upon exposure to
Irinotecan, and considering the established role of the CD47- SIRPa axis in mediating “don’t eat me” signals to immune
cells, particularly Macrophages, we investigated its influence on phagocytic activity.

We conducted an analysis of Macrophage activity against neuroblastoma (NBL) cells utilizing a phagocytosis assay.
This process involved the incubation of Macrophages with GFP-positive NBL cells. Phagocytic Macrophages were
defined as Macrophages that engulfed cancer NBL-GFP positive cells and therefore GFP signal was detected inside those
Macrophages. Phagocytic efficacy was assessed by FACS, were cancer NBL-GFP cells were defined as FITC-positive;
Macrophages were defined by CD11b (APC) staining and phagocytic Macrophages were selected as CD11b(APC)
+GFP(FITC)+ population.

We first assessed the effect of sub-lethal concentrations of Irinotecan on phagocytosis of NBL cells. We compared the
percentage of phagocytic Macrophages in untreated versus Irinotecan-treated combination. The percentage of phagocytic
Macrophages in the Macrophage-untreated NBL cells was defined as 100% (Figure 2A). Contrary to expectations that
chemotherapy-treated cells would be more susceptible to phagocytosis, we observed a decrease in macrophage activity
following treatment of NBL cell lines with sub-lethal doses of Irinotecan (Figure 2A). This phenomenon suggests that NBL
cells, having been exposed to therapeutic interventions and survived, may acquire mechanisms to further evade immune
detection. One possible escape route is through the upregulation of CD47 expression, as observed previously (Figure 1E-I).

CD47, also known as do not-eat-me signal was shown to inhibit phagocytosis, Based on this result, we extended our
investigation to evaluate the effects of anti-CD47 (aCD47) on phagocytosis (Figure 2B and C). Interestingly, incubation of
NBL cells with aCD47 alone led to a decrease in the number of live NBL cells. The combination of macrophages, NBL cells,
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Figure 2 Irinotecan reduces macrophage-mediated phagocytosis, which is restored by CD47 blockade. GFP-expressing neuroblastoma cells (SK-N-BE(2) or SH-SY5Y) were
pre-treated with irinotecan (I pM) for 24 hours and co-cultured with human macrophages derived from PBMCs at a I:1 ratio. Anti-CD47 antibody («CD47, 10 ug/mL) was
added where indicated. (A) Phagocytosis efficiency, defined as the percentage of CD | |b"GFP" macrophages, normalized to untreated control (set as 100%). (B) Quantification
of live tumor cells, defined as GFP* viable cells by flow cytometry. (C) Phagocytic activity, assessed as GFP mean fluorescence intensity (MFI) within CD | Ib*GFP* macrophages.
Treatment groups: control (purple), irinotecan (blue), aCD47 (green), irinotecan + aCD47 (Orange). Data are presented as mean * SEM.*p < 0.05; **p < 0.01.
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and aCD47 resulted in a significant reduction in the number of viable cancer cells, and addition of Irinotecan did not reverse
this effect.

We then assessed macrophage phagocytic efficacy by measuring the average GFP intensity in phagocytic macro-
phages (Figure 2C). While aCD47 alone significantly elevated macrophage phagocytic efficacy, the combination of
aCD47 with sub-lethal doses of Irinotecan showed an additive effect. Our results revealed that not only does aCD47
alone enhance phagocytosis of NBL cells, but its combination with Irinotecan treatment results in the most pronounced
phagocytic activity (Figure 2B and C).

Combination of Activated T Cells with Irinotecan Improves Killing of Neuroblastoma
Cells

Subsequently, our aim was to characterize the effect of sub-lethal doses of Irinotecan on T-cell mediated cytotoxicity
against NBL cells.

We conducted a killing assay, an immunological test to examine specifically T-cell killing of NBL cells (SK-N-BE(2))
(Figure 3). NBL cells were pre-treated with 1 uM Irinotecan or left untreated.We found that seeding activated T cells
alone with NBL cells did not result in meaningful cancer cell killing. However, pre-incubation of NBL cells with sub-
lethal doses of Irinotecan induced a significant T cell-mediated cancer cell killing (Figure 3).

The combination of irinotecan pre-treatment and activated T cells produced the greatest tumor cell killing under the
tested conditions. This phenomenon may be explained by the fact that IFN y, which is secreted by activated T cells,'®
especially in combination with sub-lethal doses of Irinotecan, led to a significant elevation of MHC class 1 molecule on
the cells (Figure 1D and H), which in turn induced cytotoxic effect. However, our earlier finding showing sub-lethal
doses of Irinotecan elevated cell surface levels of PD-L1 comes in contrary with this observation. Our findings suggest
that anti-PD-1 or anti-PD-L1 treatment may further enhance the cytotoxic effect.

Tumor Immunostaining of Patient Tissues Shows Variable CD47 Overexpression
Following the in vitro observation that CD47 expression may be modulated under treatment conditions, we next examined
whether CD47 is expressed in human neuroblastoma tissues. To address this, we performed immunohistochemical analysis
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Figure 3 Irinotecan pre-treatment enhances T cell-mediated cytotoxicity against neuroblastoma cells. Activated T cells were induced from human PBMCs by CD3 and
CD28 co-stimulation. NBL cells, SK-N-BE(2) and SH-SY5Y, were pre-treated with |pM of Irinotecan for 24hrs. NBL and T cells were co-cultured for 24hrs. Live NBL cells
were assessed by FACS. Data are presented as the change in the percentage of tumor cell death compared to untreated control cells. Representative data from SK-N-BE(2)
cells are shown. Treatment groups: Control (dot), T cells (blue). Data are shown as mean * SEM. **p < 0.01.
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using an archival tissue microarray composed of baseline tumor specimens and normal peripheral nerve controls (Figure 4
and Table 1).

The immunostaining of tumor sections from NBL patients revealed a pronounced overexpression of CD47 in these
tumors when contrasted with normal peripheral nerve tissue. The analyzed NBL samples originated from a diversity of
anatomical locations, including the retroperitoneum, adrenal glands, mediastinum, and pelvic cavity.

We implemented a quantification scale to assess the intensity of CD47 staining, ranging from 0O (indicative of no
staining) to 3 (denoting maximal staining)., Representative images corresponding to the scoring categories (0 and 3) are
shown in Figure 4. Observations included minimal to weak expression predominantly in healthy peripheral nerve tissue
and in NBL specimens from the retroperitoneum and pelvic cavity. Conversely, all NBL samples from the adrenal glands
exhibited the maximal staining intensity of 3, while those from the mediastinum and retroperitoneum displayed variable
scores (Table 1).

CD47 Might Be Shed from NBL Cells to the Surrounding Environment

To determine whether CD47 expression can serve as a diagnostic marker for neuroblastoma, we investigated the shedding
of CD47 protein from neuroblastoma cells. We began by examining the SH-SYS5Y cell line under various conditions
(Figure 5A). Our findings indicated that pre-treatment with sub-lethal doses of irinotecan for 48 hours resulted in elevated
levels of CD47, as detected by ELISA. Notably, pre-treatment with IFN-y produced the most pronounced increase in CD47
levels. Additionally, CD47 was detectable in the medium of untreated neuroblastoma cells. This phenomenon had not been
previously documented in the literature, prompting us to extend our investigation to patient samples.

Following approval from the hospital ethics committee, we analyzed plasma samples from five patients with different
stages of Neuroblastoma (Figure 5B and Table 2). The cohort included two patients with high-risk neuroblastoma (HR-
NBL), two with metastatic neuroblastoma in children under 18 months (M-NBL), and one with localized disease. All
patients were NMYC-negative. The initial three samples were collected before the first treatment, while Patient 4’s
samples were taken before and after relapse treatment with Topotecan and Cyclophosphamide. Patient 4 was the only
individual who had received irinotecan in this cohort (a few weeks prior to sample collection). Patient 5’s samples was
obtained post-chemotherapy. Detailed patient characteristics are presented in Table 2.

Our analysis revealed the presence of CD47 in the plasma of all patients. Notably, Patient 4, who had no detectable
CDA47 in his plasma before treatment, exhibited low levels of CD47 following relapse therapy. However, no consistent

Neuroblastoma Normal peripheral
(adrenal origin) nerve

Figure 4 CD47 expression in human neuroblastoma tissues. (A) Representative immunohistochemical staining of CD47 in neuroblastoma tumor tissue (adrenal origin),
demonstrating strong staining intensity (score 3). (B) Representative staining of normal peripheral nerve tissue, demonstrating absence of CD47 expression (score 0). CD47
expression was evaluated using a scoring system based on staining intensity: 0 (no staining), | (weak), 2 (moderate), and 3 (strong). The distribution of staining scores across
all samples is presented in.Table I.
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Table | Distribution of CD47 Immunohistochemical Staining Intensity in Neuroblastoma Samples

Original Site Pathologic Diagnosis | # of Samples | CD47 Score 0 | CD47 Score | | CD47 Score 2 | CD47 Score 3
Peripheral nerve | Normal tissue 10 6 2 2 0
Retroperitoneum | NBL 32 3 8 8 13
Adrenal glands NBL 10 0 0 0 10
Mediastinum NBL 8 0 0 7 |
Pelvic cavity NBL 4 4 0 0 0

Notes: CD47 staining intensity was scored as follows: 0 = no staining; | = weak staining; 2 = moderate staining; 3 = strong staining.

trend was observed among the patients. These results suggest that neuroblastoma cells may express CD47 on their
surface and release soluble forms of CD47 into the extracellular environment.

In vivo NBL Humanized Mice Model: Combination of PBMCs and Irinotecan Efficiently
Eliminates NBL

To study the development of immunity against human neuroblastoma, we established a humanized mouse NBL model.
The system comprised human NBL cells that develop tumors in the intraperitoneal (IP) cavity of immune-deficient NSG
mice. We used luciferase-expressing NBL cells, which allowed us to monitor tumor growth using a bioluminescent
camera (Bioluminescent & Fluorescent In Vivo Systems, IVIS). As we explored the effect of Irinotecan as an
immunomodulator, we assessed the activity of human xenogeneic peripheral blood mononuclear cells (PBMCs) in
combination with Irinotecan.

PBMCs were injected one day pre-conditioned gamma irradiation. The pre-conditioned total body irradiation
(TBI) irradiation of 2 Gray was performed to enhance the engraftment of immune cells.'” We investigated the effect
of our PBMCs treatment on the tumor growth without or in addition to Irinotecan treatment.

Mice were pre-injected with cells on day 1 and cancer disease burden was followed with IVIS machine. PBMCs were
injected (2 x10°) IP into the neuroblastoma bearing NSG mice on day 10, one day following pre-conditioned irradiation.
Irinotecan treatment was given IV on the same day.
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Figure 5 Soluble CD47 is detectable in neuroblastoma cell culture supernatants and patient plasma. (A) SH-SY5Y cells were treated with irinotecan (I pM) and/or IFN-y
(20 ng/mL) for 48 hours. CD47 levels in cell culture supernatants were measured by ELISA. (B) Plasma levels of soluble CD47 in neuroblastoma patients (n=5) were
measured by ELISA. Samples were obtained at indicated clinical time points (pre-treatment and post-treatment where available). Patient | (light blue), patient 2 (purple),
patient 3 (pink), patient 4 (green), patient 5 (dark blue). Data are presented as mean * SEM. *¥p < 0.01.
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Table 2 Neuroblastoma Patients Characteristics

before first treatment

plasma sample before the

plasma sample

plasma sample

samples before and 8 days after

Patient | Patient 2 Patient 3 Patient 4 Patient 5
Age (years) 6.9 0.6 0.6 5 |
Gender M F M M F
NMYC amplification - - - - -
Stage HR MS MS HR Localized
Samples acquired Yes Yes Yes No No

plasma samples

and after first treatment and 4 days before the first | before the first | treatment for a relapse a day after the
after treatment and 6 | treatment and 6 | (topotecan@cytotexan) treatment and 5
days after days after days after
Treatment type SIOPEN rapid cojac Lines protocol Lines protocol SIOPEN rapid cojac protocol
protocol (carboplatin, (etoposide (vp) | (etoposide (vp) | (carboplatin, etoposide,
etoposide, vincristine, carbo) carbo) vincristine, cisplatin,
cisplatin, cyclophosphamide)
cyclophosphamide)
Were the patients No No No Yes No

ever treated with

irinotecan?

We found that intraperitoneal PBMC treatment was associated with marked reduction in tumor signal in this model
(Figure 6). A single irinotecan treatment alone showed a more limited and less sustained effect. The combination of
PBMC:s with irinotecan showed numerically lower tumor burden at selected time points and a potentially more sustained
response pattern; however, given the exploratory design and group sizes, these findings should be interpreted cautiously.

To explore the nature of the obtained effect, we defined the composition of the human effector cells in spleens on day
31, 21 days after the single treatment.

Irinotecan treatment alone did not lead to an increase in spleen weight, probably due to the lack of an intact adaptive
immune system in the mice (Figure 7). Injecting PBMCs alone increased spleen weights, and combining PBMCs with
Irinotecan led to the greatest increase in spleen weight, a result that may suggest a relationship between Irinotecan
treatment and T cell activation (Figure 7A). We found that PBMC-treated spleen samples were composed of about 20%
human cells; of these, 10-15% were human T cells, and approximately 40% of human T cells were CD8 effector cells
(Figure 7B-D). These findings are consistent with the involvement of cytotoxic CD8+ T cells in mediating the observed
tumor eradication. However, direct CD8 depletion studies would be required to conclusively establish casuality.

Discussion

The treatment landscape for high-risk neuroblastoma continues to rely heavily on chemotherapy, particularly during the
induction and consolidation therapy phases. Radiotherapy, hematopoietic stem cell transplantation (HSCT), and immu-
notherapy are important components of multimodal therapy. In particular, anti-GD2 immunotherapy has become
a mainstay of treatment for patients with high-risk neuroblastoma. There is an urgent need for novel therapeutic
strategies. Enhancing our understanding of existing therapies is important for optimizing their use and integrating
them with new targeted treatments for improved outcomes.

In our study we looked at the immunomodulatory effects of Irinotecan on NBL cells, and its combination with
PBMC’s injection in mice, offering a possible advantage of chemo - immunotherapy combination therapy. We investi-
gated the immunomodulatory effects of irinotecan on neuroblastoma cells and in complementary experimental models.
Among the immune-related pathways evaluated, the checkpoint molecule CD47 emerged as one important mechanistic
and translational focus of the study.
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Figure 6 Effects of irinotecan and PBMCs on tumor burden in a humanized neuroblastoma mouse model. NSG mice were intraperitoneally injected with luciferase-
expressing SH-SY5Y cells. On day 9, mice received total body irradiation (2 Gy) and were randomized into treatment groups: control, PBMCs alone, irinotecan alone, or
irinotecan + PBMCs. PBMCs (2 x 10° cells) were administered intraperitoneally, and irinotecan (400 ug/mouse) intravenously. (A) Representative bioluminescence imaging
(BLI) of tumor burden.(B) Quantification of BLI signal over time. (C) Tumor burden at day 15. Treatment groups: control (purple), irinotecan (green), PBMCs (blue),
irinotecan + PBMCs (Orange).Data are presented as mean + SEM. *p < 0.05.
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Figure 7 Combined irinotecan and PBMC treatment is associated with increased human T-cell representation in spleen. Neuroblastoma tumors were induced by intra-
peritoneal injection of NBL SH-SY5Y-LUC cells. On day 10 mice were treated with either PBMCs or Irinotecan or a combination of both. At day 3| post-treatment, spleens
were harvested and analyzed by flow cytometry. (A) Spleen weight. (B) Percentage of human leukocytes (hCD45") among total splenocytes. (C) Percentage of human T cells
(hCD3") among human leukocytes. (D) Percentage of CD8" T cells among human T cells. Treatment groups: control (purple), irinotecan (blue), PBMCs (green), irinotecan +
PBMCs (Orange). Data are presented as mean + SEM.

Our findings suggest that neuroblastoma expresses several key immune modulators and checkpoint inhibitors, including
GD2, MHC [, PD-L1, and CD47. We assessed the impact of Irinotecan and interferon-gamma (IFN-y) on their expression
levels. Consistent with the literature, neuroblastomas typically express GD2 and CD47,'® while PD-L1 expression is not
uniformly high but is associated with relapse.'® MHC I expression is generally low, particularly in high-risk patients.”® Our
baseline pre-treatment findings aligned with these observations. We observed that Irinotecan was associated with higher
GD2, suggesting a potential approach for chemo-immunotherapy combination strategies in NBL. The initial PD-L1 levels
were relatively low in both tested cell lines. Irinotecan and IFN-y, separately led to time-dependent increases in PD-L1
expression. While IFN-y induces PD-L1 primarily through JAK/STAT 1/IRF-1 signaling, Irinotecan activates DNA damage
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response pathways that independently drive IRF-1 and NF-kB-mediated PD-L1 transcription. Combination treatment with
irinotecan and IFN-y was associated with higher PD-L1 expression than untreated cells under the tested conditions, possibly
reflecting convergent activation of multiple transcription factor binding sites on the PD-L1 promoter through both IFN-y-
dependent and DNA damage-dependent signaling cascades.**' >

MHC I expression increased following IFN-y treatment, and its combination with Irinotecan had an additive effect. Notably,
CDA47 expression was elevated after treatment with Irinotecan and IFN-y, with the combination yielding the highest expression
levels. Given that neuroblastomas are often infiltrated with myeloid cells and lymphocytes, which are frequently inactivated,'”
supporting the hypothesis that high-risk neuroblastoma is an immunologically cold tumor, we explored the effect of Irinotecan
treatment on immune cell-mediated killing. Because IFN-y has well-established effects on these pathways, the present experi-
ments do not allow definitive separation of [IFN-y-driven effects from irinotecan-specific effects in all settings. Accordingly, these
findings should be interpreted as treatment-associated observations rather than formal evidence of synergy.

We began by examining the phagocytic activity of macrophages in NBL cells treated with Irinotecan.
Counterintuitively, our results indicated that macrophage phagocytic activity decreases in irinotecan pre-treated NBL
cells despite the drug’s direct cytotoxic effects. This apparent paradox can be mechanistically explained by CD47
upregulation observed in our initial findings. Irinotecan, a topoisomerase I inhibitor, induces double-strand breaks
(DSBs) and activates the DNA damage response (DDR) pathway, which induces CD47 upregulation through an mre-11-
dependent mechanism.*** We propose that DNA damage in irinotecan-exposed NBL cells triggers sustained CD47
expression as an adaptive immune escape response. While irinotecan initiates immunogenic effects through myeloid
microenvironment remodeling, it simultaneously induces CD47 upregulation as a compensatory immune checkpoint
activation that counteracts macrophage-mediated phagocytosis. Notably, the addition of an anti-CD47 antibody to the
phagocytic assay was associated with increased macrophage-mediated tumor cell clearance, consistent with a role for
CD47 in this assay. This finding suggests that CD47 upregulation represents a compensatory immune checkpoint
activation following chemotherapy exposure, a potential mechanism of therapeutic resistance that may be overcome
through combination strategies targeting both the myeloid microenvironment and CD47-SIRPa signaling. CD47 tissue
microarray analysis of NBL patient samples revealed location-dependent overexpression, consistent with spatial hetero-
geneity of tumor immune microenvironment regulation and supporting the clinical relevance of CD47.

Recent analyses have underscored the biological and therapeutic relevance of the CD47-SIRPo axis in pediatric
tumors. this pathway is particularly active in the myeloid-dominant tumor microenvironment of neuroblastoma, function-
ing as a “don’t-eat-me” signal that restricts macrophage and dendritic-cell activation.”> CD47 interacts with other
immune checkpoints, including PD-1/PD-L1 and MHC I pathways, suggesting that its blockade may convert otherwise
“cold” tumors into immunologically responsive ones.”® Tang et al (2024)"° provided a comprehensive perspective
emphasizing that CD47 expression correlates with poor prognosis and therapeutic resistance in high-risk neuroblastoma.
Our finding that Irinotecan induces CD47 expression extends this literature, suggesting that chemotherapy may enhance
this inhibitory axis, thus creating an opportunity and a necessity for combination approaches integrating CD47 blockade
with cytotoxic therapy. However, the present study was not designed to determine whether this effect is unique to
irinotecan or shared by other cytotoxic agents, including other topoisomerase I inhibitors such as topotecan.

Next, we explored the effect of Irinotecan on T cell-mediated killing of NBL cells.

Despite increased PD-L1 expression following Irinotecan treatment in our initial results, this change did not translate
into enhanced T-cell-mediated killing, mirroring the limited clinical success of PD-1/PD-L1 inhibitors in pediatric solid
tumors. Neuroblastoma remains an immunologically “cold” malignancy characterized by low tumor mutational burden,
scarce effector T-cell infiltration, and dominance of immunosuppressive myeloid populations.”” Unlike adult malignan-
cies, where immune checkpoint inhibitors have revolutionized outcomes, pediatric tumors often lack the pre-existing
immune activation required for PD-1 blockade to work effectively.”® Consistent with this biology clinical studies
demonstrated minimal objective responses to nivolumab in children with relapsed or refractory solid tumors, including
neuroblastoma.”® Together, these observations suggest that PD-1/PD-L1 targeting is unlikely to produce meaningful
benefit in neuroblastoma unless combined with strategies that increase antigen presentation and remodel the myeloid-
dominant microenvironment, mechanisms potentially engaged by Irinotecan in our study, future studies may explore
whether checkpoint blockade could further modulate these responses in rational combination strategies.
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Given our results indicating that CD47 is a potential therapeutic target for NBL, coupled with recent studies
highlighting its promise in combination therapy, we explored whether soluble CD47 (sCD47) could serve as
a circulating diagnostic and prognostic marker. We first detected sCD47 in the supernatant of NBL cell cultures using
an ELISA assay, warranting investigation of CD47 levels in plasma from NBL patients before and after treatment. Our
preliminary results demonstrated detectable sCD47 in small cohort of patient plasma, suggesting that soluble CD47 may
warrant exploration in larger future cohorts. Soluble CD47 arises through two mechanistically distinct pathways:
proteolytic shedding via metalloproteinases that generates soluble ectodomains retaining SIRPo-binding capacity, and
exosomal release packaging CD47 into extracellular vesicles that circulate as CD47-expressing nanoparticles capable of
immune suppression through CD47 cross-dressing.’® Neuroblastoma cells actively secrete CD47-expressing EVis,
facilitating systemic immune evasion and metastatic dissemination.’'

Finally, we assessed the impact of Irinotecan on PBMC function using our laboratory’s novel intraperitoneal injection
model in mice. We found that sub-lethal doses of Irinotecan, when combined with irradiation and PBMC injections, yielded
the best therapeutic outcomes in the NBL mouse model. Interestingly, spleen weight analysis revealed that this treatment
combination resulted in heavier spleens compared to PBMC and irradiation alone, suggesting enhanced T cell activation. This
could be explained by several mechanisms, one of them is Upregulation of MHC Class I Expression, as we shown in our study.

Our findings should be interpreted in the context of several limitations.

First, it represents a pilot exploratory study using two established neuroblastoma cell lines, which do not fully capture
tumor heterogeneity. Second, although IFN-y was included as a biologically relevant comparator, its relative contribution
versus irinotecan cannot be fully separated in the current design. Also, we did not establish whether CD47 modulation is
unique to irinotecan or shared by other chemotherapeutic agents, including other topoisomerase I inhibitors such as topotecan.

A limitation of the phagocytosis assay is the absence of an isotype IgG control antibody, which would have
strengthened exclusion of Fc receptor—mediated effects independent of CD47 blockade.

Functional characterization of the T-cell mediated cytotoxicity part was not performed in the current study and would
be valuable in future mechanistic investigations.

Regarding the tissue array, detailed clinicopathologic correlations, including MYCN status and stage-based analyses,
were limited by the available metadata of the commercial tissue array.

The in vivo PBMC model relies on xenogeneic immune interactions that may amplify anti-tumor effects beyond those
expected in human disease.

Our NBL cells environment findings require cautious interpretation given our small preliminary cohort size, which
limits generalizability. Future neuroblastoma-specific studies must establish: (1) reference ranges in healthy pediatric
controls; (2) whether sCD47 stratifies patients by risk category (MYCN, 1p deletion); (3) the relative contribution of
membrane-derived versus EV-associated CD47; and (4) whether serial sCD47 dynamics during treatment predict
therapeutic response or recurrence.

Accordingly, these results should be viewed as preliminary and hypothesis-generating. The broader value of the study
lies in the integrated exploratory framework combining in vitro observations with in vivo and patient-derived data.

In conclusion, this pilot exploratory study suggests that irinotecan may influence several immune-related pathways in
neuroblastoma, including checkpoint expression and interactions with innate and adaptive immune cells. These pre-
liminary findings support further mechanistic investigation of chemo-immunotherapy combinations and CD47-targeted

strategies in future neuroblastoma research.
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