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Abstract

While chimeric antigen receptor (CAR) T-cell therapies are showing highly promising first
results in neuroblastoma, immunosuppressive tumor microenvironments (TME) limit T cell
persistence and durable clinical efficacy. To improve CAR T-cell efficacy further, we applied a
multi-omics approach including single-cell RNA sequencing and proteomics, which identified
13 targetable immunosuppressive factors in neuroblastoma. Of these, macrophage
migration inhibitory factor (MIF) and midkine (MDK) were validated across multiple published
RNA datasets. Moreover, they were secreted in high abundance by neuroblastoma
tumoroids. Functional validation experiments revealed MIF as a potent inhibitor of CAR T-
cells, in vitro and in vivo. Degradation of MIF by PROTAC technology significantly enhanced
CAR T-cell activation targeting GPC2 and B7-H3, providing a potential intervention against
MIF. By defining the immunosuppressive effects of neuroblastoma's TME on CAR T-cell
efficacy, particularly the pivotal role of MIF, we provide a therapeutic strategy for improving
adoptive cell therapies for this pediatric malignancy.
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Introduction

Following major successes in immunotherapies for adult cancer patients, immunotherapies
are now also entering the stage in pediatric solid cancers™™®. Adoptive cell therapy, which
includes chimeric antigen (CAR) T-cell technology, has led to substantially increased survival
rates in multiple cancers and has recently also shown early promise in neuroblastoma®’?%.

Neuroblastoma is an extracranial solid tumor arising in the adrenal gland and sympathetic
ganglia®’. Risk factors such as age, metastases and genetic alterations, like MYCN
amplification, are used to stratify patients into risk groups'®™2. Particularly the high-risk group
has a dismal 5-year survival rate of ~50%, despite an extensive treatment regimen including
surgery, high-dose chemotherapy, radiotherapy, and immunotherapy with Dinutuximab, a
monoclonal antibody targeting GD2**“.

CAR T-cell therapy for neuroblastoma had not been convincingly successful, until a recent
clinical trial with third-generation GD2 targeting CAR T-cells showed encouraging results’*>"
19 Nevertheless, clinical responses were limited to patients with lower disease burden,
suggesting that larger bulk tumors remain a significant challenge for neuroblastoma CAR T-
cell therapies’. Several factors may prevent adequate CAR T-cell efficacy in neuroblastoma
and other solid tumors, including suboptimal CAR T-cell proliferation and persistence, and
limited tumor infiltration®>*2. Moreover, particularly in solid tumors like neuroblastoma, the
immunosuppressive tumor-microenvironment (TME) poses an additional significant
challenge for CAR T-cells®®?%, For example, in neuroblastoma, the rate of cytotoxic
lymphocyte infiltration into the tumor is lower in patients with high-risk disease and patients
with a worse prognosis, clearly suggesting that high-risk neuroblastomas can evade an
immune response®?,

The immunosuppressive microenvironment in neuroblastomas include expression of well
documented immune checkpoints such as PD-L1 and CD200**?"°, In addition,
neuroblastoma cells secrete immunoregulatory mediators such as TGF-B, galectin-1, and
soluble GD2*7**, that likely hamper proper activation of lymphocytes (and CAR T-cells).
Beyond the immediate TME, secreted factors may also reach the systemic circulation, where
immunosuppressive effects may be exerted on peripheral lymphocytes. Indeed, peripheral T
cells in neuroblastoma patients are reduced in numbers and unresponsive to in vitro
activation, hinting at a much more widespread dysfunction of T cells in patients with
neuroblastoma®2. Such peripheral immunosuppressive effects may also hamper the long-
term persistence of CAR T-cells, their migration, as well as their activation capacity.

Currently, several flavors of CAR T-cells are under development for neuroblastoma either in
early phase clinical trial or late-phase preclinical testing. Amongst these are a second-
generation CAR targeting the signaling co-receptor glypican 2 (GPC2), and a second-
generation CAR targeting B7-H3, which is a well-known tumor antigen expressed by multiple
pediatric cancers, including neuroblastoma®*.

In order to improve CAR T-cell efficacy, we sought to identify immunosuppressive factors
secreted by neuroblastoma that may inhibit CAR T-cells and hamper their function. Using a
multi-omics approach combining single-cell RNA sequencing and proteomics, we identified
Macrophage Migration Inhibitory Factor (MIF) and Midkine (MDK) as secreted factors that
could drive immunosuppression locally and distally in neuroblastoma. Conversely, MIF
depletion significantly increased CAR T-cell efficacy in vitro and in vivo. Taken together, we
propose that targeting MIF may be a viable strategy to increase the efficacy of CAR T-cell
therapy for patients with neuroblastoma.
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Results

MIF and MDK are negatively associated with lymphocyte cytotoxicity in
neuroblastoma

We recently observed, by single-cell RNA sequencing of 24 neuroblastoma tumors, that
natural killer (NK) cells in the neuroblastoma TME have reduced cytotoxic potential, and that
T cells in the same TME display features of dysfunction®’. To precisely identify which specific
immunosuppressive factors in the neuroblastoma TME may be contributing to this reduced
NK and T cell cytotoxic potential, we performed an interaction analysis using CellChat*. We
focused on interactions of cytotoxic lymphocytes, i.e. NK, CD8" T cells, and yd-T cells, with
other cells in the TME. To specifically define which of these predicted interactions may
reduce the cytotoxic potential of these immune cell subsets, we analyzed which interactions
negatively correlated with their expression of genes encoding cytotoxic mediators (Fig. 1a).
To this end, we constructed a cytotoxicity score for each immune cell subset using 7 genes
(NKG7, CCL5, CST7, PRF1, GZMA, GZMB and IFNG; Fig. 1b,c). Correlation of this
cytotoxicity score with the predicted interaction partners yielded 23 interactions involving 13
unigue genes, all of which negatively correlated with NK, CD8" T and/or yd-T cell cytotoxicity
(Fig. 1d). Remarkably, all of these 13 genes were annotated as predicted secreted factors by
the SEPDB database of secreted proteins and could thus potentially affect NK/T cells both
locally in the TME and distally*®.

To further shortlist which of these 13 genes could have the highest potential as a target for
combinatorial immunotherapeutic approaches, we validated the correlation between their
gene expression and the immune cell cytotoxicity score in two additional large, independent
bulk-RNA sequencing datasets of 498 (SEQC) and 122 (COMBAT-Versteeg) neuroblastoma
tumors*’*8. Out of the 13 genes, Macrophage Migration Inhibitory Factor (MIF) and Midkine
(MDK) negatively correlated with cytotoxicity in both datasets (Fig. 1e, Supplementary Fig.
la-d). In addition, high MIF and MDK expression was significantly associated with inferior
event-free and overall survival of neuroblastoma patients, which was independent of MYCN
amplification (Fig. 1f, g, Supplementary Fig. 1e-g). The strong consistent correlation with
poor cytotoxicity and poor survival led us to focus on MIF and MDK as prime targets to
improve the durability of CAR T-cell therapy.

In our single cell RNA sequencing dataset, MIF and MDK were highly expressed by tumor
cells. MIF was predicted to interact with CD8" T cells through the CD74 receptor and MDK
with NK cells through the SORL1 receptor (Fig. 1h and Supplement Fig. 1h). We confirmed
the high expression of MIF and MDK by tumor cells in a published single-cell RNA
sequencing dataset of 19 neuroblastoma tumors by Verhoeven et al.**(Supplement Fig. 1i).
MIF and MDK are pleiotropic proteins with distinct and context-dependent functions including
being described to be overexpressed in several cancers and linked to suppressive effects on
T cell cytotoxicity®® 2. Taken together, these data indicate a potentially immunosuppressive
role of MIF and MDK in the neuroblastoma TME.

MIF and MDK are abundantly secreted by neuroblastoma tumoroids

To further address the potential role for MIF and MDK in the modulation of tumor-infiltrating
lymphocyte cytotoxicity, we confirmed their robust protein expression by mass-spectrometry
of 11 neuroblastoma tumoroids. MIF was identified amongst the top 20 most abundant
proteins in proteomics of whole tumoroid lysates (Supplement Fig. 2a). MDK was found in 8
of 11 tumoroids, albeit in lower abundance. However, importantly, considering that both MIF
and MDK are secreted proteins, their intracellular level need not be high for them to have an
extracellular immune-suppressive function.
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Figure 1. Identification of MIF and MDK as immunosuppressive factors based on

transcriptomic data. a, Schematic representation of analysis strategy of scRNAseq data, published
earlier by our group, in order to determine significant correlations between the cytotoxicity score of
immune cell subsets and predicted interactions of those immune cells with other cells in the tumor
microenvironment. Adapted from Wienke, et a®. b, Dotplot representing the gene expression of 7
cytotoxicity genes to determine the cytotoxicity score of y6-T cells, CD8 T cells and NK cells,
adapted from Tirosh, et a*. ¢, Score of cytotoxicity genes in Fig. 1b in NK, CD8 T and y3-T cells.
Tukey's multiple comparisons test for one-way ANOVA. d, Heatmap representing the correlation
between genes in specific cell subsets, which significantly interact with the indicated immune cell
subset and significantly correlate with the cytotoxicity of said immune cell subset. Genes with at least
one significant correlation, with either NK, CD8 T or y3-T, were included. The black box indicates a
negative sum of the correlations of the three immune cell subsets and represent the genes selected for
further analysis. e, Correlation of 13 selected genes from Fig. 1d with cytotoxicity in dataset with
bulk-RNA data from 498 neuroblastoma tumors (r2.amc.nl/; Tumor Neuroblastoma - SEQC - 498 -
RPM - seqenbl; GSE497104243). f, Survival analysis using the 13 selected genes from Fig. 1d using
the SEQC bulkRNA cohort. Left panel represents event-free survival and right panel represents
overall survival. g, Kaplan-Meier curve indicating event-free survival for high- or low expression of
MIF (left panel, expression cutoff: 157.498) and MDK (right panel, expression cutoff: 216.718). h,
Dotplot representing the expression of MIF and MDK in several cell subsetsin sScRNAseq dataset™.
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Thus, to further assess whether these proteins may be altering lymphocyte function in the
TME, we specifically quantified their secretion by neuroblastoma tumoroids. We selected
three representative tumoroid models with distinct genetic backgrounds from which we
collected the concentrated secreted proteins (secretome) for analysis by LC-MS (Fig 2a,b
and Supplement Fig. 2b). Notably, both MIF and MDK were amongst the top 100 most
abundantly secreted proteins in all three tumoroids (Fig. 2c). Taken together, these data
firmly establish MIF and MDK as abundantly secreted immunosuppressive factors which
may hamper cytotoxic function of T/NK cells in the TME.
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Figure 2: Identification of MIF and MDK in secretome of neuroblastoma tumoroidsby LC-MS.
a, Pictures of cultures from selected tumoroids for secretome collection. Scalebar indicates 500uM. b,
Schematic overview of procedure to collect and process the secretome for analysis. Further details are
provided in the methods section. Figure made with Biorender.com c, Liquid chromatography—mass
spectrometry (LC-MS) analysis of conditioned medium from three neuroblastoma tumor organoids
detailing their secretome. Red circles/black font: targetsidentified in figure 1d. Blue circles/grey font:
neuroblastoma reference proteins. Left green bar indicates top 100 most abundant proteins. iBAQ
(intensity Based Absolute Quantification) indicates the protein’s non-normalized intensity divided by
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the number of measurable peptides and, hence, indicating the relative abundance of the protein in the
sample.

MIF depletion increases CAR-T cell activation

Since CAR T-cell therapy is a promising upcoming treatment strategy for neuroblastoma, we
further investigated the suppressive effect of MIF and MDK on T cells specifically. First, we
activated healthy donor T cells with anti-CD3/CD28 stimulation in the presence and absence
of recombinant MIF and MDK. Despite donor-variability, the presence of recombinant MIF
and MDK indeed modestly decreased the activation of CD8+ T cells, as measured by
expression of cytotoxicity marker Granzyme B, confirming our in silico findings (Fig. 3a,
Supplement Fig. 3a). In addition, we observed a significant suppression of CD4+ and CD8+
T cell proliferation when co-incubated with MIF, while suppression by added MDK was not
significant in CD8+ T cells (Fig. 3b, Supplement Fig 3b).
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Figure 3: The immunosuppressive effect of MIF and MDK on CAR-T cell activation. a, Flow
cytometry analysis of healthy donor peripheral blood T cells granzyme B MFI (Median Fluorescence
Intensity) after 4 day in vitro stimulation with anti-CD3/anti-CD28 beads, in the presence of rMIF or
rMDK (10 ng/mL). Representative graphs (left two panels) of granzyme B expression in CD8+
population. Combined data from three healthy donors (right panel). MFI was normalized to stimulated
control. (n=3 healthy donors, blue indicated recombinant MIF, red indicates recombinant MDK). b,
Proliferation analysis from same experiment as Fig. 3a. Representative graphs of CellTrace Violet
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peaks in CD8+ population (left panel). Combined data from three donors gated on CD4+ population
(middle panel). Combined data from three donors gated on CD8+ population (right panel). Data is
normalized to stimulated control (n=3 healthy donors). ¢, Activation of GPC2 CAR T-cells in co-
culture with SK-N-AS models as measured by IFN-y ELISA (left panel) and GPC2 CAR T-cell
proliferation (right panel) in two effector : target ratios. SK-N-AS-shCtrl model (light red) and SK-N-
AS-shMDK (dark red). Statistical analysis shows Two-way ANOVA with Sidéak's multiple
comparisons test. (n=1 CAR donor with several technical replicates). d, IFN-y concentration in
supernatant after 48 hours co-culture of GPC2 CAR T-cells with SK-N-BEC2-shMIF (dark blue) or
shCtrl cells (light blue). Statistical test shows results for two-way ANOVA with Sidék's multiple
comparisons tedt, (n=1 CAR donor with 3 technical replicates). e, Flow cytometry results from co-
culture of GPC2 CAR-T cells with SK-N-BEC2-shMIF (dark blue) or shCtrl cells (light blue). Left
panel shows proliferation after 5 days of co-culture for one representative CAR-T cell donor. Right
panel normalized CAR T-cell proliferation, data were normalized to the activated control. Statistical
test shows results for two-way ANOVA with Sidak's multiple comparisons test.

We next used CAR T-cells targeting GPC2, which have shown robust safety and efficacy in
diverse preclinical models of neuroblastoma and are currently being tested clinically
(NCT05650749), to further investigate the roles of MIF and MDK in CAR T-cell
modulation**®*®', To study this interaction, we generated neuroblastoma cell lines with
genetic depletion of MDK (SK-N-AS-shMDK) and MIF (SKNBE2C-shMIF) using shRNA-
mediated silencing (Supplement Fig. 3c-g). Decreased MDK secretion unexpectedly
decreased CAR T-cell activation and proliferation, indicating that it may not have the highest
potential as therapeutic target (Fig. 3c). Interestingly, decreased MIF secretion did result in
increased CAR T-cell activation in two out of three CAR T-cell donors, which was shown
both by IFN-y secretion and proliferation of CAR T-cells (Fig. 3d-e, Supplement Fig. 3h,i).
Taken together, these mild, but significant effects support a clear functional role for MIF in
modulating CAR T-cell activation in the neuroblastoma TME, while the role of MDK on T cell
function remains unclear.

Tumor-derived MIF reduces CAR-T cell cytotoxicity in vitro and in vivo

To further assess how MIF affects the function of CAR T cells, we next quantified the killing
capacity of CAR T-cells against MIF-deficient neuroblastoma cells using co-incubation
assays with SKNBE2C-shMIF and GPC2 CAR T-cells. In vitro, shMIF cells were killed
significantly more efficiently by GPC2 CAR T-cells than control SKNBE2C cells (Fig. 4a,b).
To validate these results in vivo, we generated SKNBE2C-shMIF or shCtrl neuroblastoma
xenografts in NSG mice. We treated them, when flank tumors were established, with an
intravenous dose of GPC2 CAR T-cells or CD19 CAR T-cells as negative control (Fig. 4c).
GPC2 CAR-T cells killed MIF-deficient tumors more effectively than MIF-proficient tumors,
leading to a significantly slower outgrowth of the tumors (Fig. 4d, Supplement Fig. 4a), and
significantly

prolonged survival (Fig. 4e). Intriguingly, MIF depletion by itself already reduced the growth
rate of the tumors in vivo, possibly indicating an intrinsic dependency of neuroblastoma cells
on MIF for proliferation and survival (Fig. 4d), which could make MIF a particularly promising
target for therapeutic intervention. Taken together, these studies confirm that reduction of
tumor-derived MIF secretion can enhance CAR-T cell efficacy both in vitro and in vivo.
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Figure 4. Reducing MIF secretion of the tumor increased the cytotoxicity of CAR-T cells. a,
IncuCyte S3 experiment measuring tumor growth during co-culture with CAR-T cells. SK-N-BEC2
neuroblastoma cells with shCtrl (grey) or shMIF (blue) were culture with a control CAR-T cell
targeting CD19 (triangles) or tumor antigen GPC2 (diamonds). Effector : Target ratio of 1:1. b,
Normalized residual tumor cells at endpoint of the experiment in Fig 4a. One-way ANOVA statistical
test with Holm-Sidak's multiple comparisons test for significance. ¢ Schematic overview of procedure
to study the effect of MIF-knock down on cytotoxicity of CAR-T cells in mice. Figure made with
Biorender.com. d, Average SK-N-BEC2 shCtrl or shMIF tumor growth. Measuring of tumor size
started when CD19 or GPC2 CAR-T cells were injected (5x10°, iv, at arrow indication). Experimental
groups of n=6 — n=9. Statistics show two-way ANOVA using Tukey’s multiple comparisons test at
t=2.6 weeks, when mice in the control group were sacrificed. e, Progression free survival (PFS) of
shCtrl or shMIF tumor bearing mice treated with CD19.CAR or GPC2.CAR. Statistical analysis
shows p-values for a log-rank (Mantel-Cox) test.

MIF degradation by PROTAC enhances neuroblastoma CAR T cell activation and
cytotoxicity

To translate our findings towards a clinically applicable strategy, we explored the use of a
MIF targeting PROteolysis Targeting Chimera (PROTAC) protein degrader. PROTAC
constitutes a novel therapeutic modality using the target cell's protein-degradation machinery
to eliminate proteins of interest®®®®, A PROTAC consist of a ligand for the protein of interest,
a ligand for a E3 ligase and a linker that connects between the two ligands. Binding of the
protein of interest in close proximity to the E3 ligase causes ubiquitination of the protein of
interest, which initiates the degradation of this protein by the proteosome (Fig 5a)%%%,
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To assess whether MIF degradation by PROTAC would improve CAR T-cell efficacy, we
treated a patient-derived tumoroid model with high MIF secretion (AMC691B) and a tumoroid
model with lower MIF secretion (AMC691T) with MD13, a PROTAC targeting MIF®.
Treatment with MD13 indeed reduced the concentration of secreted MIF in the culture
supernatant of the neuroblastoma tumoroids, with a maximal reduction of 81-84% after 48
hours (Fig. 5b, Supplement Fig. 5a,b). We next combined MD13 treatment with CAR T-cells
targeting GPC2, a target expressed by both tumoroid models (Supplement Fig. 5c¢). The
tumoroid models were previously transduced with a constitutively active GFP/Luciferase
construct for bio-luminescence based viability assays®>. In co-cultures, tumoroids were
pre-treated with MD13 for 48 hours to reduce MIF secretion before adding CAR T-cells. In
line with our previous indications, GPC2 CAR T-cells proved significantly more activated
after 48 hour co-cultures with MD13-treated AMC691B than untreated AMC691B (Fig. 5c¢).
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Figure 5: MIF PROTAC reduces MIF secretion, which allows for more efficient activation of
CAR-T cells. a, Schematic representation of PROTAC degraders. Adapted from Dale, et a®. Figure
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made with Biorender.com b, MIF concentration AMC691B tumoroid model 48 hours of treatment
with 0.1, 1 or 10pM MD13. Measured using Luminex. ¢, IFN-y concentration of supernatant from co-
culture of AMC691B without treatment (grey) or with 1uM MD13 treatment (blue) in combination
with GPC2 CAR-T cell in a 1:5 Effector : Target ratio, as measured by ELISA. Left panel shows
concentration at 24 hours and right panel shows concentration at 48 hours. Statistical analysis shows
results for paired t-test. (n=4 CAR T-cell donors) d, Luminescence signal of luciferase transduced
tumoroid model AMCE91B after co-culture of 24 hours. Normalized to untreated tumoroid only.
Tumoroids were pre-treated for 48 hours before co-culture. (n=2 CD19-CAR T-cell donors, n=4
GPC2-CAR T-cell donors) e, Normalized GPC2 CAR-T cell killing from Fig 5d. Data were
normalized to the tumoroid only untreated or treated control, respectively. Statistical analysis shows
results for paired t-test. f, Luminescence signal of luciferase transduced tumoroid models after co-
culture of 48 hours. Normalized to untreated tumoroid only. Tumoroids were pre-treated for 48 hours
before co-culture. (n=2 CD19-CAR T-cell donors, n=4 GPC2-CAR T-cell donors) g, Normalized
GPC2 CAR-T cell killing from Fig. 5f. Data were normalized to the tumoroid only untreated or
treated control, respectively. Statistical analysis shows results for paired t-test. h, IFN-y concentration
of supernatant from co-culture of AMC691B without treatment (grey) or with 1uM MD13 treatment
(blue) in combination with B7-H3 CAR-T cell in a 1.5 Effector : Target ratio, as measured by ELISA.
(n=3 B7-H3-CAR T-cell donors) i, Luminescence signal of luciferase transduced tumoroid models
after co-culture of 24 hours. Normalized to untreated tumoroid only. Tumoroids were pre-treated for
48 hours before co-culture. (n=3 CAR T-cell donors with untransduced controls). j, Normalized B7-
H3 CAR T-cell killing from Fig. 5i. Data were normalized to the tumoroid only untreated or treated
control, respectively. Statistical analysis shows results for paired t-ted.

This indicates that, indeed, MIF secreted by tumor cells may suppress CAR T-cell activation.
Similar to our observation in the in vivo study, MD13 treatment alone reduced the viability of
tumoroids by ~20% after 24 hours (Fig. 5d). Addition of GPC2 CAR-T cells further reduced
tumoroid viability to 37%, which, when normalized to the respective (treated or untreated)
‘tumoroid only’ controls, resulted in a significantly increased kiling of MD13-treated
tumoroids (Fig. 5d, e). After 48 hours, only a trend of increased killing was observed, since
nearly all tumor cells were already killed even without MD13 treatment (Fig. 5f, g). The
second tumoroid model (AMC691T), with lower endogenous MIF secretion, showed similar
trends when treated with MD13 and GPC2 CAR T-cells, with significantly increased Kkilling
after 24 hours of co-culture (Supplement Fig. 5d-f).

To confirm the potential of MIF-degradation as an intervention to enhance CAR-T cell
efficacy, we also tested the Kkilling capacity and activation of B7-H3 targeting CAR T-cells
when co-cultured with MD13-treated tumoroids. The antigen B7-H3 is also expressed by
both tumoroid models (Supplement Fig. 5g). B7-H3 CAR T-cells were also significantly more
activated against MD13-treated tumoroids, as measured by IFN-y secretion, which resulted
in increased killing of the tumoroids (Fig. 5h-j and Supplement Fig. 5h,1). These data confirm
that MIF degradation results in increased activation of neuroblastoma-targeting CAR T-cells.
Taken together, MIF PROTAC treatment provides a promising therapeutic strategy to reduce
MIF secretion by neuroblastoma tumors and thereby enhance activation of clinically relevant
CAR T-cells.

Discussion

CAR T-cell therapy is a promising new approach for the treatment of cancer. However, in
solid tumors, the immunosuppressive TME remains a major challenge for CAR T-cell
persistence and durability. In this study, we identified MIF as a factor robustly secreted by
neuroblastoma, which inhibits the optimal activation of CAR T-cells. Depletion of MIF
genetically or via degradation by PROTAC treatment enhanced the efficacy of multiple
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neuroblastoma targeting CAR T-cells, together supporting the importance of this secreted
protein in immune suppression.

We observed that neuroblastoma tumor cells express high levels of MIF and partly depend
on MIF for their proliferation and/or survival, which is consistent with prior findings®.
Interestingly, MIF was initially recognized as a lymphocyte-secreted factor influencing
macrophage motility but was later described to be a multi-functional cytokine with context-
dependent functions®®°*®"® More recently, MIF has been described in the context of
several malignancies, including neuroblastoma, to correlate with tumor growth, metastases
and survival®***®**"* MIF upregulation in neuroblastoma can induce MYCN expression,
resulting in tumor progression’?. Moreover, MIF has been described to be involved in bone
marrow metastases, where the expression of MIF contributes to survival and invasion of the
tumor cells as well as an immunosuppressive tumor microenvironment®’®, Taken together,
these studies suggest an important intrinsic role for MIF in neuroblastoma growth and
progression, which makes MIF an attractive target for therapeutic intervention.

Next to these tumor-intrinsic effects, we found that tumor-secreted MIF reduces cytotoxicity
of immune cells in the tumor microenvironment of neuroblastoma. This has also been
described in other malignancies. In soft-tissue sarcoma, tumor-secreted MIF can shape
macrophages to become more pro-tumorigenic and in melanoma, MIF has been described
to tune myeloid-derived suppressor cells to hinder cytotoxicity of T cells™™. In
rhabdomyosarcoma, MIF knock-out increased the potential of cellular immune
interventions’®. In addition, a recent study presenting resistance mechanisms of BCMA CAR
T-cell therapy in multiple myeloma treatment, revealed MIF as one of the
immunosuppressive signaling pathways’’. These studies corroborate our findings of an
immunosuppressive effect of MIF on CAR T-cells targeting neuroblastoma.

While the direct effect of MIF on T cells has been scarcely studied, in our single cell RNA
sequencing analysis MIF was predicted to interact directly with T cells through the CD74
receptor. CD74 is the invariant chain of major histocompatibility complex Il (MHC-II).
Extracellular binding of MIF induces heterodimerization with CD44 and subsequent ERK-
MAPK pathway activation, resulting in, amongst others, prostaglandin E2 (PGE2)
production, a well-known suppressor of T cell activation®®*’®. Others showed that MIF can
cause activation-induced T cell death through the IFN-y pathway’®. The exact mechanism
through which MIF directly inhibits T cells still remains to be further unraveled. However,
several studies describe the effect of MIF on other cells in the TME, e.g. myeloid-derived
suppressor cells or M2-like macrophages, which could indirectly affect T cells 28!, This
highlights the importance of studying the immunomodulatory role of MIF in
immunocompetent in vivo models.

Since MIF is a secreted factor, it may exert immunosuppressive effects beyond the local
tumor microenvironment and affect CAR T-cells systemically. In gastric cancer, head and
neck squamous cell carcinoma and hepatocellular carcinoma patients, MIF levels were
elevated in the plasma from patients with accelerated cancer progression and plasma-MIF
concentration correlated negatively with response to immune-checkpoint inhibition®%°. This
suggests MIF in patient serum could not only be used as a biomarker for more severe
disease, but, by causing an immunosuppressive systemic environment, it may also impact
CAR T-cells systemically, reducing their cytotoxic potential and possibly their ability to
migrate towards and into the tumor. Patient-specific assessment of MIF levels could
therefore even be considered as a biomarker for patient stratification, to tailor treatment
approaches.
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A unique aspect of our study is our multi-omics approach, as secretion, per se, of immuno-
suppressive factors does not necessarily correlate with RNA expression. By combining two
sets of unsupervised analyses, i.e. single-cell RNA sequencing and secretome proteomics,
we prioritized MIF and MDK as candidate targets. Moreover, we were able to validate in
silico findings in vitro and in vivo for MIF using clinically-relevant CAR T-cells. Furthermore,
we degraded MIF with PROTAC treatment, providing a potential therapeutic intervention to
improve CAR T-cell efficacy. However, the potential clinical use of MD13 or related
PROTACSs will have to be validated further to evaluate its safety profile and efficacy in vivo.

Fundamentally, our study reveals critical insights into the immunosuppressive tumor
microenvironment of neuroblastoma. This has an important impact on the development and
application of immunotherapies for neuroblastoma, especially for adoptive cell therapy. By
understanding how neuroblastoma suppresses the activation of CAR T-cells and their
migration to the tumor, we can further optimize these therapies for clinical application. This
could include treating patients with a MIF-PROTAC before administering CAR T-cell therapy
to ensure optimal efficacy of the CAR T-cell product. The MIF-PROTAC tested in this study,
MD13, still needs further investigation before it could be clinically applied. However, other
interventions against MIF are in clinical development. For example, several monoclonal
antibodies targeting MIF showed promising results in vitro and in vivo, and led to a first
clinical study in patients with solid tumors (clinicaltrials.gov; NCT01765790). The results of
this study are still pending®™. Based on the broad expression of MIF across solid tumors,
inhibition or degradation of MIF may be a viable strategy to improve CAR T-cell efficacy not
only in neuroblastoma but in many solid cancers. Moreover, our multi-omics pipeline to
identify targetable immunosuppressive factors may also be applicable to other difficult to
treat solid cancers to improve immunotherapy efficacy. In conclusion, we showed that
selective targeting of immunosuppressive secreted factors in the TME, and MIF in particular,
may improve the efficacy of CAR T-cell therapy for patients with solid tumors and may
improve their treatment outcome.
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Methods

Ethics statement

This study complies with all relevant ethical regulations. Studies involving primary tumor or patient
data, were performed with data published before according to ethical approval. Animal experiments
were conducted using protocols approved by the CHOP Institutional Animal Care and Use Committee
(IACUC; Protocol #1464) with adherence to the NIH guide for the Care and Use of Laboratory
Animals accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC).

Transcriptomics analyses

Datasets used for transcriptomics analyses were previously published by our and other
groups®**"**% Cell isolation, library preparation, and cluster annotations are described in the
publications. Correlation between cell subsets was predicted using the CellChat algorithm to perform
an unbiased ligand-receptor analysis®. Predicted interactions were overlaid with the Human Protein
Atlas database to select for genes which are either expressed on the surface membrane or secreted.
Functionally relevant correlations were selected by correlating the predicted interaction with
cytotoxicity of T/NK cell subsets based on an adapted cytotoxicity score from Tirosh, et al®®. Only the
interactions with a significant correlation with the cytotoxicity score (p<0.05) and the interactions
which were significantly predicted to have an interaction between the cell subset X and T/NK cell

subset Y (p<0.05) are shown.

Tumoroid cultures

Patient derived tumoroids were previously established as described®®*®. Tumoroids were cultured in
optimized medium (DMEM, low glucose, GlutaMAX supplemented with 20% F-12 Ham’s Nutrient Mix,
100U/mL penicillin, 100ug/mL streptomycin, B27 (50x), N2 (100x), hIGF (300ng/mL), hFGF
(40ng/mL), hEGF (20ng/mL), PDGFaa (10ng/mL), PDGFbb (10ng/mL)). Cells were passaged 1-2
times a week by breaking down larger spheres mechanically and moving the cells to a larger flask
while refreshing the culture medium. Cells were propagated at 37°C in 5% CO,. For killing assays,
tumoroids transduced with a GFP-Luciferase construct were used to be able to measure viability of
the tumor cells®®®,

Tumoroid collection and whole proteomics

For whole proteomics of tumoroid models, the tumoroid lines were expanded in culture as described
above to one full T175 flask. Cells are harvested by pipetting the cells loose from the flask or with
enzymatic detachment using TrypLE (ThermoFisher) or Accutase (Sigma Aldrich). Cells are washed
by spinning the Falcon tube with the harvest at 300g for 5 minutes and resuspending the pellet in
PBS. After washing twice, the pellet is left to dry and stored at -80°C until further sample preparation.
Sample preparation and mass spectrometry were performed as published before®.

Tumoroid secretome collection

Tumoroid cultures were expanded to two full T175 flasks. Medium was washed off and 45 mL empty
DMEM GlutaMAX was left on for 24 hours to condition. The conditioned medium was spun down 5
minutes at 250g to get rid of any cells, after which the medium was spun down twice at 3220g for 10
minutes to get rid of any debris. The conditioned medium was concentrated by filtering through a
3kDa molecular weight cut-off Millipore filter down to 1mL. Proteins were denatured in 4M Urea, in a
Tris-buffered environment at pH 8.0. Secreted proteins were reduced in 10mM Dithiothreitol (DTT,;
Sigma-Aldrich) at 20°C for 1 hour, and then alkylated in 20mM iodoacetamide (IAA; Sigma-Aldrich) at
20°C for 0.5 hour in the dark. Protein digestion was performed sequentially with Lys C (1:50) and
Trypsin (1:50) for 4 and 16 hours respectively. Digested peptides were acidified to 2% formic acid and
diluted to 1 mL for peptide cleanup by Sep-Pak C18 lcc (Waters). Desalted peptides were dried by
vacuum centrifugation, and stored at -80°C for further use.

Secretome sample preparation and LC-MS

Peptides were reconstituted with 2% formic acid and analyzed in triplicates on an Orbitrap Exploris
480 mass spectrometer (Thermo Scientific) coupled to an UltiMate 3000 UHPLC system (Thermo
Scientific), that consisted of an p-precolumn (C18 PepMap100, 5 pm, 100 A, 5 mm x 300 pm; Thermo
Scientific), and an analytical column (120 EC-C18, 2.7 um, 50 cm x 75 um; Agilent Poroshell).
Solvent A was made of 0.1% formic acid in water and solvent B was 0.1% formic acid in 80%
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acetonitrile, 20% water. Peptides were resolved on a 175min gradient from 10 to 40% Solvent B.
Mass spectrometry data were acquired in data-dependent acquisition mode. MS1 scans were
acquired between m/z 375-1600 at a resolution of 60,000, upon signal accumulation to AGC target of
1x10°. Multiply charged precursors starting from m/z 120 were selected for further fragmentation.
Higher energy collision dissociation (HCD) was performed with 28% normalized collision energy
(NCE), at a resolution of 30,000, upon signal accumulation to AGC target of 1e5. An isolation window
of 1.4 m/z and dynamic exclusion of 24s were used.

Secretome data analysis

MS raw files were searched with MaxQuant (version 1.6.10.0) against the human UniProt database
(version April 22, 2021) using the integrated Andromeda search engines. Protein N-terminal
acetylation and methionine oxidation were added to variable modification, whereas cysteine
carbamidomethylation was added to fixed modification. Trypsin/P was set as the enzyme for digestion
and up to 2 miss cleavage was allowed. Precursor ion tolerance was set to 20 _Jppm for the first
search and 4.5_ppm after recalibration, and fragment ions tolerance was set to 20_ppm. False
discovery rate (FDR) of 1% was set at both peptide spectrum match (PSM) and protein level by using
a reverse decoy database strategy. Label-free quantification (LFQ) algorithm and the match-between-
run feature were enabled for protein identification. Proteins identified from empty DMEM GlutaMAX
were excluded from the identifications.

PBMC isolation

Peripheral blood mononuclear cells (PBMCs) for functional assays such as suppression assays and
CAR-T cell production were isolated from healthy donor blood. Whole blood samples were centrifuged
at 350g for 10 minutes at room temperature with the brake at 0, after which the plasma could be taken
off. The concentrated blood was diluted with basic RPMI medium (supplemented with 2% FBS).
Lymphocytes were further isolated from the blood using Ficoll-Paque (Sigma Aldrich) density
centrifugation, after which the buffy coat layer could be pipetted off. Isolated cells were washed twice,
counted and stored in liquid nitrogen storage. Primary human T-cells were obtained from anonymous
donors through the Human Immunology Core at the University of Pennsylvania under a protocol
approved by the CHOP Institutional Review Board. Donors provided informed consent through the
University of Pennsylvania Immunology Core.

Suppression assays

Healthy donor PBMC were stained with anti-CD3-AF700 (300324, Biolegend, 1:400) and fixable
viability dye efluor 506 (Invitrogen, cat. 65-0866-14) for FACS sorting of live CD3+ T cells on a Sony
SH800S machine. Sorted T cells were labelled with 2uM CellTrace Violet (Invitrogen, cat. C34557)
and stimulated with a-CD3/a-CD28 Dynabeads (Gibco, cat. 11131D) in the presence of 10 ng/mL
recombinant MIF (Biolegend, cat. 599404) or MDK (Biolegend, cat. 754104) for 4 days. After 4 days,
cells were washed and stained for flow cytometry analysis.

Cell lines and modifications

Neuroblastoma cell lines SY5Y, SK-N-AS, SKNBE2C and Kelly were cultured in RPMI 1640 with 10%
FBS, 1% L-Glutamine and 1% Penicillin-streptomycin at 37°C with 5% CO, Cells were passaged
twice a week and routinely authenticated. Short-hairpin RNA (shRNA) constructs were obtained from
Sigma (TRCN0000303918, TRCN0000331210, TRCN0000331252, TRCNO0000331270,
TRCNO0000331211, TRCNO000056818, TRCN0000056819, TRCN0O000056820, TRCN0000056821,
TRCNO0000056822) and used to prepare MIF and MDK knock downs, using lentiviral transduction of
several shRNA construct.

Western Blot

Protein lysates from neuroblastoma cells were separated on 4-12% Bis-Tris gels (Life Technologies),
transferred to a PVDF membrane, blocked in 5% non-fat milk in Tris-buffered saline and Tween-20
(TBS-T), and blotted using standard protocols. Membranes were incubated at 4°C overnight in MIF
(Cell Signaling; #87501; 1:1000), MDK (Santa Cruz; #46701; 1:200) or B-actin antibodies, washed x 3
in TBS-T and developed with a chemiluminescent reagent (SuperSignal West Femto, Thermo Fisher
Scientific).

ELISA
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For determining the concentration of MIF and MDK secreted by the mutants, we used Human MIF
and midkine DuoSet ELISA kits (DY289 and DY258, respectively; R&D systems). Cells were plated in
a 96-well plate and supernatant was collected at several time point. To account for the differences in
number of cells, the luminescence signal by the GFP-luciferase construct was measured. IFN-y
secretion to validate CAR-T cell activation was measured using the Human INF-y ELISA kit
(Biolegend) or Human IFN-y DuoSet ELISA kit (R&D Systems). Supernatant of co-cultures is
harvested at indicated times and stored at -20°C until analyzed.

Flow Cytometry

Single cell suspensions were incubated with indicated antibodies and run on a Beckman CytoFLEX S
or LX cytometer (Beckam Coulter). CD3-AF700 (300324, Biolegend, 1:400), CD4-FITC (357406,
Biolegend, 1:400), CD8-PerCP (344707, Biolegend, 1:100) and Granzyme-B-PE/Dazzle 594 (372215,
Biolegend, 1:100) were used to stain healthy donor T cells in suppression assays. For intracellular
staining of Granzyme-B, the cells were fixated using Fix/Perm kit (Invitrogen; FOXP3). CD45-APC, PE
or FITC (J33, Beckman Coulter; 1:10) or CD3-APC, PE or FITC (UCHTL1; Beckman Coulter; 1:10)
were used to stain T-cells in co-culture assays. GPC2 CAR expression was determined using APC or
PE-conjugated human recombinant GPC2 protein (R&D Systems; 2304-GP-050; 1:500) and CD19
CAR using PE-tagged protein L (58036S; Cell Signaling). B7-H3 CAR expression was determined
using CD34-APC (FAB7227R, QBend10 clone, R&D, 1:100), which binds to the co-expressed marker
RQRS8. For in vitro T-cell proliferation, we stained cells with CellTrace™ CFSE or Violet Cell
Proliferation Kit (C34554 and C34571, respectively; ThermoFisher). Data were analyzed using FlowJo
software.

GPC2 CAR-T cell production

CAR constructs were generated using a lentiviral construct backbone containing an EF-1a promoter.
GPC2.CARs were designed using a CD8a leader, followed by the single-chain variable fragment
(scFv) of the GPC2 D3 Barisa antibody with a VL-VH orientation with (Gly4Ser)x3 linker, a CD28
hinge and transmembrane domain, a 41BB and CD3-( co-stimulatory domains. CD19.CAR was
designed using a CD8a leader, followed by a scFv derived from the FMC63 antibody, a CD8 hinge
and transmembrane domain, and a 4-1BB and CD3-{ co-stimulatory domains. DNA transfections,
lentivirus production using second and third-generation lentiviral systems and virus transductions
were performed as previously described®.

Primary T-cells (CD4 and CD8; 1:1 ratio) were activated for 24 hours with Dynabeads™ Human T-
Expander CD3/CD28 (Thermo Fisher) at 3:1 bead: T-cell ratio together with human recombinant IL-15
and IL-7 (PeproTech; 5 ng/mL) in AIM-V medium supplemented with 5% FBS, 2mM L-Glutamine,
0.1M HEPES buffer and 1% streptomycin/penicillin at a density of 1x10° cells per mL. On day 2, T-
cells were transduced with CAR-containing lentiviral particles and maintained in culture until days 5-7.
Then, beads were magnetically removed, and primary T-cells were placed in vented Erlenmeyer
flasks at a density of 0.25x10° cells per mL and cultured in agitation (125 rpm) until day 12-15. At that
timepoints, cells were collected, cell viability and CAR expression determined, and cells frozen until
functional in vitro or in vivo assays.

B7-H3 CAR-T cell production

For the production of B7-H3 targeting CAR-T cells, we used previously published TE9-28z CAR-T
cell®. Phoenix-ampho cells, transduced to constitutively express the CAR construct were plated with
5x10° cells in a T175. After 72 hour incubation, the retroviral supernatant was collected and spun
down at 5009 for 5 minutes to get rid of any cells and debris. Aliquots of 5mL virus were snap frozen
in liquid nitrogen and stored at -70°C. Healthy donor PBMCs were either used fresh from isolation or
from frozen vials. PBMCs were activated with a-CD28 (130-093-375, Miltenyi, 0.5ug/mL) and a-CD3
(130-093-387, Miltenyi, 0.5ug/mL) for 24 hours, after which 100 iU/mL IL-2 (130-097-748, Miltenyi)
was added and left to incubate for another 24 hours. Non-tissue culture treated 24-well plated were
coated overnight with 8uL/mL RetroNection (T100A, Tekada). 3x10° activated PBMCs were plated per
well with 100 iU/mL IL-2 and 1.5 mL thawed or fresh retrovirus was added. The plates were spun for
40 minutes at 32°C with brake at 0, after which the plates were incubated at 37°C with 5% CO, for 72
hours. The virus was washed of and CAR-T cells were expanded by refreshing the medium every two
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days to make a dilution of 1x10° cells per mL and fresh IL-2 (100 iU/mL) was added. CAR expression
was determined on day 3 by flow cytometry.

Killing assays in vitro, using IncuCyte readout

CAR T-cell kiling was evaluated using IncuCyte-based assays. GFP-positive, MIF wild-type or knock-
down neuroblastoma cells were cultured in 96-well plates and co-incubated with CD19 or
GPC2.41BBz CAR T-cells at a 1:1 effector:target (E:T) ratio. Plates were imaged every 1-2 hours
using the IncuCyte ZOOM Live-Cell analysis system (Essen Bioscience). Total integrated GFP
intensity per well was assessed as a quantitative measure of viable tumor cells. Values were
normalized to the starting measurement and plotted over time.

Killing assay in vitro, using luminescence readout

Tumoroid transduced with a GFP-luciferase construct were cultured as described above. A single cell
suspension was prepared with Accutase (Sigma Aldrich) and mechanical dissociation of the
tumoroids. 10.000 single cells were plated and rested for 2-3 days to reform spheres. Effector cells
were added at t=0 and left to incubate until indicated timepoints. Supernatants were collected for
ELISA and D-luciferin (122799, PerkinElmer, 150ug/mL) was added to the wells and incubated for 5
minutes at 37°C. Luminescence signal was measured with the FLUOstar Omega microplate reader.
All assays were performed with three technical replicates.

Mouse study

To generate SKNBE2C WT or MIF knock-down xenografts, a total of 5x10° SKNBE2C cells were
injected subcutaneously in subcutaneously in the flanks of 6-week-old immunodeficient female NSG
mice (NOD-scid IL2Rgammanull; 005557; Jackson Labs) using 100 pL of Matrigel (Corning). Once
tumors reached a volume of 0.15-0.3 cm®, a total of 5x10° CAR+ T-cells were administered
intravenously in 100uL of PBS. Mouse weights and tumor volumes were measured at least twice
weekly and tumor volumes were calculated as volume =((diameter 1/2+diameter 2/2)(3*0.5236))/100.
Mice, unless otherwise noted, were treatment naive and maintained in cages of up to 5 mice under
barrier conditions with ready access to feed and water following IACUC guidelines (Protocol #643).

Statistics and reproducibility

Statistical tests were performed using GraphPad Prism v10.0.2 software. Which test is used is
specified in the figure legends. A p-value of <0.05 was considered statistically significant, unless
stated otherwise. In some graphs, p<0.0001 was indicated, as GraphPad Prism does not provide the
exact values of p when lower than 0.0001.
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