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Dual IGF1R/IR inhibitors in combination with GD2-CAR
T-cells display a potent anti-tumor activity in diffuse
midline glioma H3K27M-mutant
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Abstract

Background. Diffuse midline gliomas (DMG) H3K27M-mutant, including diffuse intrinsic pontine glioma (DIPG),
are pediatric brain tumors associated with grim prognosis. Although GD2-CAR T-cells demonstrated significant
anti-tumor activity against DMG H3K27M-mutant in vivo, a multimodal approach may be needed to more effec-
tively treat patients. We investigated GD2 expression in DMG/DIPG and other pediatric high-grade gliomas (pHGG)
and sought to identify chemical compounds that would enhance GD2-CAR T-cell anti-tumor efficacy.

Methods. Immunohistochemistry in tumor tissue samples and immunofluorescence in primary patient-derived
cell lines were performed to study GD2 expression. We developed a high-throughput cell-based assay to screen 42
kinase inhibitors in combination with GD2-CAR T-cells. Cell viability, western blots, flow-cytometry, real time PCR
experiments, DIPG 3D culture models, and orthotopic xenograft model were applied to investigate the effect of
selected compounds on DIPG cell death and CART-cell function.

Results. GD2 was heterogeneously, but widely, expressed in the tissue tested, while its expression was homo-
geneous and restricted to DMG/DIPG H3K27M-mutant cell lines. We identified dual IGF1R/IR antagonists, BMS-
754807 and linsitinib, able to inhibit tumor cell viability at concentrations that do not affect CAR T-cells. Linsitinib,
but not BMS-754807, decreases activation/exhaustion of GD2-CAR T-cells and increases their central memory pro-
file. The enhanced anti-tumor activity of linsitinib/GD2-CAR T-cell combination was confirmed in DIPG models in
vitro, ex vivo, and in vivo.
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Conclusion. Our study supports the development of IGF1R/IR inhibitors to be used in combination with
GD2-CAR T-cells for treating patients affected by DMG/DIPG and, potentially, by pHGG.

Key Points

Importance of the Study

Our study is the first to demonstrate that GD2 is heteroge-
neously but widely expressed in DMG/DIPG and pHGGs
tissue samples. We also demonstrate the therapeutic po-
tential of targeting IGF1R/IR in combination with GD2-CAR
T-cells to improve anti-tumor efficacy. In particular, the

Diffuse midline gliomas (DMG), including diffuse intrinsic
pontine glioma (DIPG), are aggressive tumors of the central
nervous system (CNS) affecting children and adolescents,
with a median overall survival shorter than 1 year."? These
tumors occur in the midline regions of the brain, including
the thalamus, the midbrain, and the pons.

DMG/DIPG are largely characterized by recurrent so-
matic mutations in genes encoding histone H3.3 and
H3.1 variants, with the most common substitution of
lysine to methionine at position 27 (H3K27M).34 Given
the strong association of the H3K27M mutations with the
midline tumors, the World Health Organization (WHO)
defined the new tumor entity as DMG H3K27M-mutant.®
In addition to the K27M mutation, other alterations such
as overexpression of EZHIP and alterations in EGFR,®
can define this entity. Therefore, in the latest 2021WHO
classification of CNS tumors, these lesions are now de-
fined as DMG H3 K27-altered.” The identification of the
other recurrent somatic mutations such as the glycine or
valine to arginine substitutions at the position 34 of the
histone variant H3.3 (H3.3G34R/V),3* has led to the def-
inition of a new entity, Diffuse hemispheric glioma, H3
G34-mutant.”

DMG/DIPG are often inoperable, in particular the pontine
tumors, chemo-resistant, and only transiently controlled
by radiotherapy.? Despite numerous collaborative studies
and clinical trials,® patient survival has not significantly im-
proved over the last 30 years, making DMG/DIPG one of
the biggest therapeutic challenge in pediatric oncology.
One reason for the lack of therapeutic efficacy is linked to
the high degree of genetic and phenotypic heterogeneity
observed in DIPG."°

A recent preclinical study suggested that the
immunotherapeutic approach using a GD2 re-directed
Chimeric Antigen Receptor (CAR)-expressing T-cell (GD2-
CAR T-cell), might be beneficial for DMG/DIPG." More
recently, CAR T-cells targeting different antigens have
shown anti-tumor activity in mice grafted with pediatric
brain tumor cells, with limited signs of neurologic, or

dual IGF1R/IR inhibitor linsitinib increases tumor cell death
and enhances GD2-CAR T-cells anti-tumor activity pro-
viding a strong rationale for future translational develop-
ment of IGF1R/IR inhibitor as adjuvant of GD2-CAR T-cells
therapy for DMG/DIPG and potentially other pHGGs.

systemic toxicity.'?'® However, success of GD2-CAR T-cell
therapy for DMG/DIPG could be hampered by malignant
cells escaping from the lytic effect of CAR T-cells, and by
the possible occurrence of a neuroinflammatory reaction
leading to unacceptable toxicity.” Another potential re-
stricting factor is the immune-cold microenvironment
characterizing DMG H3K27M-mutant.' While the immune-
cold microenvironement may have a positive impact by
preventing the infiltration of immunosuppressive cells, it
may also predict a limited recruitment and infiltration of
CAR T-cells.’s Altogether, these observations indicate the
need to implement the current CAR T-cell therapeutic strat-
egies to more efficiently and safely treat young patients af-
fected by this disease.

Different approaches are under development to improve
CAR T-cell-based immunotherapeutic activity against solid
tumors. These include improving the persistence, ex-
pansion, activation, and homing of the immune cells by
adding different costimulatory domains in the CAR mole-
cule,'® or by genetic modification of differentT-cell surface
receptors or secreted factors."” Other strategies consist of
combining CAR T-cells with either monoclonal antibodies
to target inhibitory immune checkpoints, or oncolytic virus
or small chemical molecules to increase tumor cell death
and improve CART-cell efficacy.'®"

Among the different approaches, chemical drugs may
present an advantage by acting in concert with the en-
gineered T-cells, either by inhibiting tumor cell prolifera-
tion, or potentiating the intrinsic CAR T-cell activity, or by
displaying both effects simultaneously.'® Several combina-
tion studies using small molecules targeting specific on-
cogenic signaling pathways have been tested in vitro or
in preclinical models for different tumor types.'® However,
modulation of the immune and anti-tumor activities of
the T-cells observed in response to small chemical agents
may vary depending on the tumor type and localization,
its genetic background, tumor microenvironment (TME),
and CAR specificity.? Based on these observations, we
hypothesized that chemical drugs, in combination with
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GD2-CAR T-cells, could improve the treatment efficacy of
patients affected by DMG/DIPG.

In this study, after having investigated GD2 expression
in DMG/DIPG and other pHGGs, we developed a high-
throughput cell-based screening assay to identify small
molecules able to potentiate GD2-CAR T-cell activity. The
screen led to the identification of the dual IGF1R/IR antag-
onists as adjuvants of GD2-CART-cell activity for treatment
of DMG H3K27M-mutant and potentially of other HGG.

Materials and Methods
Patient Tissue Samples

Patient tissues and blood samples were collected in accord-
ance with the rules of the Institutional Ethical Committee of
the Bambino Gesu Children’s Hospital (Ethical Committee
Approvals N°1343/2018; N°969/2015; N°1952/2019) and with
the Helsinki Declaration and its later amendments or com-
parable ethical standards; written informed consent was
obtained by patient’s legal guardians.

Histology and Immunohistochemistry

Paraffin embedded patient tissue samples were
immunostained with antibodies against Histone H3K27M,
Histone H3.3G34R, GD2, IGF1R, and Pospho-IGF1R
(P-IGF1R), as detailed in the Supplementary Material.

Cell Lines and Culture Conditions

Primary patient-derived cell lines were derived as previ-
ously described.?' Cell authenticity and mycoplasma test
were performed. Experimental details are outlined in the
Supplementary Material.

Immunofluorescence Assay

Cells were seeded on laminin-coated 96-well plates
(ViewPlate-96, PerkinElmer) and fixed with 4%
paraformaldehyde. For GD2 staining, cells were incubated
with an anti-Human GD2 PE-conjugated antibody. For his-
tone staining, cells were incubated with an anti-Human
H3K27M mutant and with an anti-human H3.3G34R anti-
bodies. Images were acquired with a 20x objective using
the Operetta CLS™ (PerkinEImer). Experimental details are
in the Supplementary Material.

T-Cell Transduction

Transduction of the GD2-CAR.CD28.4-1BB. T construct was
performed as previously described.'®??2 Experimental pro-
cedures are reported in the Supplementary Material.

Flow-Cytometry Assay

Flow cytometry analysis was performed on a BD
LSRFortessa X-20 (BD Biosciences) for the detection of

GD2, H3K27M, IGF1R, IR, CD3, and forT-cell phenotype, as
described in the Supplementary Material. FACS Diva soft-
ware (BD Biosciences) was used for data analysis taking
into account 10,000 events/experiment.

Cell Transduction for Enhanced Green
Fluorescence Protein (eGFP) Expression

Five-thousand SU-DIPG-VI cells/well were seeded into a
laminin-coated 24-well plate (Corning) in Tumor Stem-cell
Medium (TSM). Retroviral cell transduction was performed
using the retrovirus previously described? encoding for eGFP-
Firefly-Luciferase as described in the Supplementary Material.

Screening and Viability Assays

For the screening assay, 12,000/well DIPG cells were
seeded onto laminin-coated 96-well plates (ViewPlate-96
Black) and incubated with compounds (Supplementary
Table 1) at 1 uM for 1 h before the addition of GD2-CAR
or nontransduced (NT) T-cells. Brightfield live cell im-
ages were acquired at the OperettaCLS (PerkinElmer) and
analyzed with Harmony Software 4.8 (PerkinElmer) as
described in Figure 2A. Details of the experimental proced-
ures are in the Supplementary Material.

Western Blot Assay

Western blot analysis was performed following standard
procedures. Primary antibodies were incubated overnight at
4°C and secondary antibodies (horseradish HRP-conjugated,
Thermofisher) were incubated for 1 h at RT. Proteins were
revealed using enhanced chemiluminescence Immobilon
Western Chemiluminescent HRP Substrate (Millipore) and
images acquired with ChemiDoc Imaging Systems (BIORAD).
Experimental details are in the Supplementary Material.

RNA Extraction and Quantitative PCR

RNA isolation and PCR experimental details are reported in
the Supplementary Material.

3D Experiments

SU-DIPG-VI-eGFP* neurospheres (NS) were generated in
96-well round-bottom plates ULA (Corning), treated with
5 pM of linsitinib or DMSO vehicle control in presence
or absence of CAR T-cells for 24 h. Upon incubation with
propidium iodide (PI), live image-analysis was performed
using the Celigo cytometer (Nexcelom). In an additional set
of experiments, CAR T-cells were labeled with PKH26 and
cocultured with DIPG NS as described above. Image anal-
ysis was performed at the Operetta CLS™. Experimental
details are in the Supplementary Material.

Whole Brain Organotypic Slice

Whole brain organotypic slices (WBOS) were prepared
and cocultured with DIPG NS as previously described.?!
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Experimental details including treatment, staining, and
image analysis are reported in the Supplementary Material.

In Vivo Orthotopic Xenograft Model

A detailed description of the in vivo experiments is re-
ported in the Supplementary Material.

All animal experiments were in accordance with the
European Communities Council Directive N. 2010/63/
EU, the Italian Ministry of Health guidelines (DL 26/2014),
and approved by the Italian Ministry of Health and the
local Institutional Animal Care and Use Committee
(IACUC) at Istituto Superiore di Sanita (Rome; protocol
n. D9997.N.BYG and n° 1048/2020-PR).

DNA Extraction and Sanger Sequencing

DNA extraction and sanger sequencing for the histone mu-
tations was performed as previously described.?' Primer
sequences are in SupplementaryTable 2.

Statistical Analysis

Data are reported as mean + standard deviation (SD) and
statistical analysis performed with GraphPad Prism 6 soft-
ware. For the screening assay, statistical significance was
evaluated using unpaired, two-tailed t-test while for 2D/3D/
WOBS statistical significance was evaluated with One-
way ANOVA and Bonferroni’s Multiple Comparison Tests.
For T-cell profiling, statistical significance was evaluated
with the Paired t-test. Throughout the study ****P < .0001;
***P< .001; **P<.01; *P<.05; ns: nonsignificative.

Results

GD2 Expression is Not Limited to DIPG/DMG
H3K27M-Mutant

Mount et al." recently demonstrated GD2 expres-
sion in DMG H3K27M-mutant. To confirm and extend
these findings, we investigated GD2 expression by
immunohistochemistry (IHC) in tissue samples from 9 pa-
tients, including three DMG H3K27M-mutant, two Diffuse
hemispheric glioma H3 G34-mutant, and four Diffuse
pediatric-type high-grade glioma, H3 wild-type, IDH
wildtype’ (Figure 1A, Supplementary Figure 1,Table 1 and
SupplementaryTables 3 and 4).

We confirm GD2 expression in both histone H3.3 and
H3.1K27M positive DMG/DIPG tumors but we also ob-
served its expression in other pHGGs, histone WT,
or carrying the H3.3G34R mutation (Figure 1A and
Supplementary Figure 1A). The GD2 staining was cyto-
plasmic and/or nuclear, focal, or diffuse, showing a varying
intensity from mild to strong, and this heterogeneity was
observed independently of the tumor locations and molec-
ular subgroups (Table 1 and SupplementaryTable 4).

Furthermore, the nonneoplastic tonsil was negative
for GD2, confirming the specificity of our staining, and in

agreement with previous findings,?* focal cytoplasmic
GD2 staining was observed in some cortical neurons of the
normal cortex, while the perineural oligodendrocyte was
negative (Supplementary Figure 1B).

Using primary cell lines derived from the tumor tissue
samples described in Figure 1A we found that GD2 is
expressed in the DMG/DIPG cells, irrespective of their
H3.3K27M or H3.1K27M mutational status, while is
not expressed in pHGG H3.3G34R-mutant and histone
WT cell lines (Figure 1B and Supplementary Figure 2).
Notably, GD2 and H3K27M expression patterns were ho-
mogenous, as demonstrated by flow-cytometry analysis
(Supplementary Figure 3).

Screening Kinase Inhibitors to Identify
Modulators of GD2-CAR T-Cell Activity

Following our GD2 expression data, we selected a H3K27M-
mutant cell line to develop a high-throughput cell-based
assay to identify compounds that would potentiate CAR
T-cell anti-tumor activity in DMG/DIPG.The OPBG-DIPG002
cells were cocultured with GD2-CAR T-cells for 24 h and
live cell images were acquired and analyzed. Based on
the differences in morphology and texture between DIPG
cells and the floating DIPG/CAR T-cell aggregates, we spe-
cifically determined cell confluency (Figure 2A). Compared
to the nontransduced (NT) T-cell, increasing the number of
GD2 CART-cells led to a decrease in tumor cell confluency
and to an increase in the cell aggregates (Figure 2B and C),
confirming the relation between cell confluency and GD2-
CART-cell cytotoxic activity. The assay was robust with a Z
factor > 0.6 suitable for cell-based screening.

We screened 42 kinase inhibitors following the workflow
described (Figure 2D). Hits were defined as compounds
that at 1 pM and in combination with GD2-CAR T-cells, sig-
nificantly decreased tumor cell confluency by 10% when
compared to GD2-CAR T-cell treatment alone (Figure 2E).
Eight compounds, including PI3Ks (NVP-BGT226,
Omipalisib), AKT (Ipatasertib), PAN CDK (Dinaciclib), and a
selective CDK2 (AUZ 454), as well as a C-MET (Tivantinib),
ALK (Ensartinib), and a dual IGF1R/IR (BMS-754807) kinase
inhibitors, were selected. Among those, only NVP-BGT226
and Omipalesib significantly increased and decreased,
respectively the confluency of the aggregated cells sug-
gesting that they could differentially affect CAR-T cell
activity. To eliminate compounds toxic to T-cells or with
general toxic activity on both tumor andT-cells, we looked
at their treatment effect on the viability of OPBG-DIPG002
and GD2-CART-cells separately.

After 24 h of incubation and at the concentration of 1 uM,
Dinaciclib, and NVP-BGT226 strongly affected both DIPG
and GD2-CART-cell viability and were discarded (Figure 2F
and G). The 6 remaining compounds showing no or min-
imal effect on CAR T-cell viability and strong to moderate
activity on DIPG cells, were further investigated by per-
forming dose-response assays to determine the concen-
tration of compound that induced a 50% inhibition of cell
proliferation (GI50) after 96h (Supplementary Table 5). The
PI3K, AKT, as well as CDK2, C-MET, and ALK inhibitors were
discarded, being equipotent on both cell types or more
potent at inhibiting GD2-CAR T-cell. Interestingly, the dual
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Fig. 1 GD2 expression in DMG/DIPG and pHGG patient tumor tissue samples primary-derived cell lines. (A) Representative images (40x) of
tumor tissue samples stained for H&E and immunostained for GD2, H3K27M, and H3.3G34R. Scale bar = 50 um. (B) Representative immunofluo-
rescence images of primary patient-derived cell lines immunostained for GD2, H3K27M, and H3.3G34R. DAPI was used for nuclear staining. Scale
bar =100 pm. Tumor location and histone status are indicated.
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Table1 Summary of GD2 Expression in Tumor Tissue Samples

Patients Sample code

Diagnosis

Histone Nuclear

status

Cytoplasmatic

Pattern Intensity Pattern Intensity

1 OPBG-DIPG002 Diffuse midline glioma, H3 K27-altered  H3K27M  Focal ++ Diffuse +++
2 OPBG-DIPG004 biopsy Diffuse midline glioma, H3 K27-altered ~ H3K27M  Diffuse + Diffuse ++
OPBG-DIPG004 autopsy H3K27M  Diffuse ++ Diffuse +++
OPBG-GBMO006 Diffuse midline glioma, H3 K27-altered  H3K27M  Focal + Focal ++
OPBG-GBMO001 Diffuse hemispheric glioma, H3 G34- H3.3G34R Diffuse + No staining
mutant
5 OPBG-GBM004 Diffuse pediatric-type high-grade glioma, WT Diffuse ++ Focal +
H3 wildtype, and IDH wildtype
6 OPBG-5299 Diffuse hemispheric glioma, H3 G34- H3.3G34R Diffuse + Focal ++
mutant
7 OPBG-4402 Diffuse pediatric-type high-grade glioma, WT No staining Diffuse ++
H3 wildtype, and IDH wildtype
8 OPBG-3200 Diffuse pediatric-type high-grade glioma, WT Diffuse + No staining
H3 wildtype, and IDH wildtype
9 OPBG-0216 Diffuse pediatric-type high-grade glioma, WT Diffuse ++ Diffuse ++

H3 wildtype and IDH-wildtype

IGF1R/IR kinase inhibitor, BMS-754807 (BMS), was 20 folds
more effective at inhibiting DIPG cells than GD2-CART-cells
proliferation. Based on this difference in activity, BMS was
chosen for further investigations.

Dual IGF1R/IR Antagonists in Combination with
GD2-CAR T-Cells affect DIPG Cell Proliferation

To confirm the enhanced anti-tumor effect of the BMS/
GD2-CAR T-cell combination, we used BMS at the concen-
tration of 0.75 uM corresponding to 5 times the GI50 value
obtained on OPBG-DIPGO002 cells. A significant decrease in
DIPG cell confluency, indicative of an increase in cell death,
was observed in the BMS/GD2-CAR T-cell cotreated sam-
ples, when compared to their use as single agents and to
BMS in combination with the NTT-cells (Figure 3A). Similar
results were obtained with GD2-CART-cells generated from
two additional donors (Supplementary Figure 4A).

BMS is a poorly selective compound known to inhibit
other kinases beside IGF1R/IR.2° Thus, we tested the sen-
sitivity of OPBG-DIPG002 and GD2-CART-cells in response
to compounds targeting the off-targets of BMS. These in-
cluded linsitinib (LIN), another IGF1R/IR antagonist, which
was the only compound to show a differential sensitivity
between OPBG-DIPG002 and GD2-CAR T-cells, compa-
rable to BMS (Supplementary Table 6). Similar to BMS,
LIN in combination with GD2-CART-cells decreased OPBG-
DIPGO002 cell confluency (Figure 4B). Both IGF1R/IR inhibi-
tors in combination with GD2-CAR T-cells, showed similar
effect on two additional DIPG cell lines, SU-DIPG-VI" and
OPBG-DIPG004 (Supplementary Figure 4B and C).

DIPG, But Not GD2-CAR T-Cells, Express IGF1R
and IR Proteins

Next, we characterized the IGF1R/IR pathway in the DIPG
and GD2-CAR T-cells. Western blot analysis revealed that

IGF1R and IR proteins were not detected in GD2-CAR
T-cells, while they were expressed in the three DIPG cell
lines tested (Figure 4C) with IGF1R phosphorylated at
Tyr1135, indicating pathway activation. IHC analysis con-
firmed a diffuse expression of IGF1R and a more hetero-
geneous expression of P-IGF1R in patient tissue samples
(Supplementary Figure 5).

The DIPG cell lines were equally sensitive to both antag-
onists after 96 h of treatment (Figure 3D and E) in contrast
to GD2-CAR T-cells, less sensitive to both IGF1R/IR kinase
inhibitors. BMS inhibited CAR T-cell viability at a concen-
tration above 0.75 uM, potentially due to off-target effects,
while LIN treatment did not, up to 5 uM.

Furthermore, we evaluated BMS and LIN treatment ef-
fects on the protein expression and phosphorylation of
IGF1R and its downstream effector AKT (Figure 3F and G).
Phosphorylation of STAT3, a player in the regulation of
T-cell activity, and of ERK, were also investigated. A dose-
dependent inhibition of IGF1R and AKT protein phos-
phorylation was observed in DIPG cells. As expected, no
modulation of AKT protein and its phosphorylation was
observed in CAR T-cells. Moreover, no variation in ERK
and STATS3 protein and phosphorylation were seen in both
cell types.

Altogether, these results clearly indicate that DIPG cells
are sensitive to IGF1R/IR kinase inhibitors and that these
agents can be used in combination with GD2-CART-cells.

Linsitinib and BMS-754807 Differently Modulate
GD2-CAR T-Cell Phenotypes

Despite no effect on the viability and absence of IGF1R/IR
expression, we could not exclude that the two antagonists
would affect the CAR T-cell phenotype and function. We
looked first at the effect of both inhibitors on IFNy andTNFa
mRNA expression, normally induced in antigen-activated
T-cells, as shown upon activation with the anti-GD2-CAR
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idiotype 1A7 antibody (Figure 4A). While BMS did not at- Therefore, we investigated the effect of both antagon-
tenuateT-cell activation, LIN led to a significant decrease in  ists on activation, exhaustion, and memory phenotype
IFNy andTNFa mRNA levels suggesting that the two IGF1R/  of T cells. For this purpose, either GD2-CAR or NT T-cells
IR antagonists have differences in their modes of action. were incubated with the IGF1R/IR antagonists or DMSO as



1158

de Billy et al. IGF1R/IR inhibitors and CAR T-cell therapy for DMG

A . .
< <
= =
£ 671FNy £S5 47 TNFa
EE £ £
<]
£8 4 -E o
g) i) g) 2 2
= )
822 82
o ® C®
TS TS
o= 0 o=0
e~ DMSO _BMS __ LIN £~ CTR DMSO BMS  LIN
1A7 1A7
[1CTR [ CTrR
B I BMS 0.75 uM I LIN5 uM
] OPBG-DIPG002 ] OPBG-DIPG002
[ OPBG-DIPG002 + BMS 0.75 M [ OPBG-DIPG002 + LIN 5 M
100 - 100 - .
o 801 4 80
8 60 3
- H S 60 E .
8 a0 & 40
8 Ij 3
o
) 7ot I o1 el
0O —TF—T—7T 7T T T T T T T T T -r —T T T T T T 0 r—rrrrTr-rTrTr T T T T T T T
Feozs ' ooz coes ' | cpxs ' | cozs cnss "CD25  CD28  CD69  CD25  CD28 = CD69
CAR-T NT CAR-T NT
CJctR 3 CTR
C [ BMS 0.75 uM I LIN5uM
[ OPBG-DIPG002 = OPBG-DIPG002
[ OPBG-DIPG002 + BMS 0.75 pM [ OPBG-DIPG002 + LIN 5 uM
100 - 100 - -
80 o 801 .
3 3
2 60 S 60
2 B,
o 40 5 401 i
2 CJ
i [ (e " 05 _ fe
0- 0-1 l l 1 L 1 L 1
Tim3 Lag3 PD-1 exh. T|m3 Lags PD-1  exh. Tlm3 Lag3 PD-1 exh. T|m3 Lag3 PD-1 exh.
CAR-T NT CAR-T NT
1 CTR
CICTR
D 1 BMS 0.75 uM I LINS pM
1 OPBG-DIPG002 3 OPBG-DIPGO02
; I OPBG-DIPGO02 + BMS 0.75 M - = OPBG-DIPGO02 + LIN 5 UM
100 100
o 807 = 2 807 -
8 3 -
- 60 2 60
o & l o
8 40 Dﬂ 8 a0 E DH l
o [
3 CJ
% 20 .g[j Qﬂlﬂﬂﬂl ofi sl 'gn . ﬂl i -0
] E o8

Nalve

CM

EM TEMRA Nalve CM EM TEMRA

CAR-T NT

k i
Naive
L

cmMm

i — |
cMm

EM TEMRA Naive EM TEMRA

CAR-T NT

Fig. 4 Effect of BMS and LIN treatments on GD2-CAR T-cell phenotypes. (A) IFNa (/eft panel) and TNFy (right panel) mRNA levels in
1A7-activated CAR-T cells treated with BMS, LIN, or DMSQ as vehicle control. Data are normalized to the nonactivated CAR-T cells (CTR). Results
are presented as mean + SD of 3 independent repeats. (B—D) Box-plots representating activation (B), exhaustion (C), and memory (D) profiles of
CAR or NT T-cells in coculture for 96 h with or without OPGB-DIPG002, in presence of LIN (/eft panel) or BMS (right panel). Results are pre-
sented as mean + SD from 4 donors.



de Billy et al. IGF1R/IR inhibitors and CAR T-cell therapy for DMG 1159

A 1.2 r+"| B 3 Peripheryc Inner Central
— e
5 10 £ - ]
w2 = 3
2%t 08 £52 £
29 %o <
22 06 zx Q
S %Y a
82 o4 - 8
g 0. €92
<3 =& o
£ 0.2 3
s
H
CTR CAR-T LIN LIN/CAR-T CTR CAR-T LIN LIN/CAR-T Q
&
g
2
D 3
1.5x 107 .
Peripheryc Inner Central
&
:Ex. oxk ok
= La— La—
o 1x107°%
o
s
[
< 5x10
()
o
c
0
&
DMSO LIN/CAR-T F
120 4 *k
1
100 A
S~
= E 80 1
c
59 60
[
2 i
zT 40
20 1
CTR CAR-T LIN LIN/CAR-T
a | | 1) NTT 7.5 x 108 cells + LIN
Day0  Tumorgiowth Day30  Day31 Oralacministiation Day77 » DPST
s 1.0x 10
inoculation /¢ 1.0x 10" H H H H H
£ NTToels x 0
(7.5% 107) 2 1.0x10% NTT7.5><105L i
3 . uminescence
g1.0x10"5 77 H g i cells + LIN o
8 1.0 x 10 i £ L
£ 1.0x10%
3
B PIFTPIAE| cncorr |-
1.0 x 104 75x10°cells |
0 10 20 30 40 50 60 70 80 77 HH“”H
) DPI 06
- —— NTT7.5x10° cells + LIN .
x10
PP co:cnn
GD2-CART 7.5 x 106 cells = LIN GD2-CART 5 x 10° cells = LIN 7.5 x 10° cells + 04
1.0x 10" 1.0x10" m "! ll IHl ! LIN
x 1.0x 10" x 10x10"° 02
e i - AAPAR
3 1.0x10% 3 1.0x10% - £ SGD%EAF:IT
8 1.0x 107 8 1.0x107 77 | B H x 107 eells
5 g @, 8 Radiance
5 1.0x10% T 1.0x10% - (piseciomlsr)
3 Colo scale
T 1.0x10% T 1.0x10% i = 5000
: i ARAABR| oo
1.0 x 10% 1 0x10% + ¥
™70 1o 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 G125C Il
DPI DPI 5x10° cells +
7 A ¢ LIN
—— GD2-CART 7.5 x 10° cells GD2-CART 5 x 10° cells
—— GD2-CART 7.5 x 10° cells + LIN —— GD2-CART 5 x 10° cells + LIN

Fig. 5 Effect of LIN/GD2-CAR T-cells combination on DIPG 3D models in vitro, ex vivo, and in vivo. (A-B) SU-DIPG-VI-eGFP* NS cocultured for
24 h + CAR T-cells, in presence of LIN (5 pM) or DMSO as control. (A) Analysis of NS size and (B) Pl staining intensity. Data are mean + SD, n=3.
(C-D) Representative Z-stack fluorescent images (C) of SU-DIPG-VI-eGFP* NS cocultured with CAR T-cells prelabeled with PKH26, in presence of
LIN, or DMSO as control with schematic view of the Z-stack. The number of CAR-T cells identified in the different regions of the NS is shown (D).
Data are mean + SD, n = 3. (E-F) Mosaic images (10x, upper panel) of WBOS after spreading of SU-DIPG-VI-eGFP* NS implanted in the pontine
area. WBOS/DIPG cocultures were treated with DMSO, CAR T-cells, LIN (5 uM), or LIN/CAR T-cells (E). Tumor invasion area (40x, lower panel,
segmentation) was quantified with ImageJ (F). Results are mean + SD of n = 3. (G-I) Effect of LIN/GD2-CAR T-cells combination on SU-DIPG-
VI-eGFP*/LUC* orthotopic xenograft model in NSG mice. (G) Scheme of the experiment. (H) Bioluminescent image analysis of tumor growth is
expressed as radiance total flux (p/s/cm%sr) over days post implantation (DPI). (I) Images of the engrafted tumors evaluated at the indicated time
points (5 mice/group).



de Billy et al. IGF1R/IR inhibitors and CAR T-cell therapy for DMG

vehicle control, and cocultured in the presence or absence
of OPBG-DIPGO002 cells for 96 h followed by flow-cytometry
analysis. As expected, the T-cell activation markers CD25
and CD69, as well as the activation/exhaustion markers
Lag3 and PD-1 were increased in GD2-CAR T-cells in the
presence of OPBG-DIPG002 cells (Figure 4B and C). Also,
in coculture with OPBG-DIPG002, a decrease in naive and
terminally differentiated along with an increase in central
memoryT-cells were observed within the CART-cell popula-
tion (Figure 4D). The T-cell markers were modest or absent
in the NTT-cells used as control for GD2-CAR specificity.

When CAR T-cells were in coculture with OPBG-DIPG002
and in presence of BMS, no variations in the expression of
the differentT-cell markers were observed compared to the
same condition in absence of BMS (Figure 4B and C, left
panel), with the only exception of a significant increase in
the effector memory profile (Figure 4D, left panel).

However, when CAR T-cells where in coculture with
OPBG-DIPG002 and in the presence of LIN, we detected a
significant decrease in the expression of CD25 and CD69
(Figure 4B, right panel) as well as of PD-1 and Lag3 (Figure
4C, right panel), compared to the same condition in ab-
sence of LIN. In addition, we observed a significant reduc-
tion of T-cell maturation with an increase in central memory
and a reduction of the effector memory (Figure 4D,
right panel).

Altogether our results clearly indicate that both antag-
onists have different effects on T-cells. LIN remarkably de-
creases GD2-CAR T-cell exhaustion and induces a more
T-cell immature phenotype. Since both characteristics have
been reported to be essential for a better in vivo T-cell per-
sistence phenotype, we selected LIN for further in vitro ef-
ficacy studies.

Anti-Tumor Activity of LIN/GD2-CAR T-Cells
Combination Treatment in DIPG 3D Models, In
Vitro and Ex Vivo

To further test the LIN/GD2-CAR T-cell combination in
more complex culture models of DIPG, we used in vitro
3D neurospheres (NS) and ex vivo organotypic brain
slice models.

In vitro, SU-DIPG-VI cells grown as NS and previ-
ously transduced to express eGFP (SU-DIPG-VI-eGFP*)
(Supplementary Figure 6), were cocultured for 24 h with
or without GD2-CAR T-cells, either in presence or absence
of LIN. When used as single agent, LIN, but not GD2-CAR
T-cells, induced a significant reduction in NS size, com-
pared to control. Instead, GD2-CART-cells affected the tight
DIPG NS structure, which appeared more loose compared
to control (Figure 5A and Supplementary Figure 7A). At
the end of the incubation time, propidium iodide (PI) was
added for cell death quantification. Both, LIN and GD2-CAR
T-cells significantly induced tumor cell death compared to
controls, as demonstrated by the increase in Pl intensity,
which was further enhanced when LIN/GD2-CAR T-cells
were used in combination (Figure 5B and Supplementary
Figure 7A).

Next, we analyzed the effect of LIN on the infiltrative
properties of GD2-CAR T-cells. NS were cocultured with
GD2-CAR T-cells prelabelled with PKH26 and treated as

described above. Analysis of the maximal projection of
Z-stack images from the pheripheric, inner, and central re-
gions of the NS revealed that CAR T-cells had significantly
infiltrated more deeply the NS in presence of LIN than in its
absence (Figure 5B and Supplementary Figure 7B).

To mimic a more in vivo-like environment, SU-DIPG-
VI-eGFP+ NS were implanted in the pontine region of
whole brain organotypic brain slices and cocultured with
or without GD2-CAR T-cells, in presence or absence of LIN
(Figure 5E). Image analysis revealed that GD2-CAR T-cells
and LIN partially inhibited DIPG invasion in comparison to
the untreated control and that this effect was only signifi-
cantly enhanced when the two agents were used in combi-
nation (Figure 5F), demonstrating the positive effect of LIN/
GD2-CART-cell therapeutic strategy in an ex vivo model of
DIPG.

Anti-Tumor Activity of LIN/GD2-CAR T-Cells
Combination Treatment in Vivo

To confirm our combination strategy in vivo, we es-
tablished an orthotopic xenograft model of DIPG by
implanting the SU-DIPG-VI-eGFP+LUC+ cells in the pons of
NSG mice. First, we defined the optimal treatment condi-
tion for both agents to observe a combinatorial effect. LIN
was orally administered and tested in a dose escalating
experiment with 12.5, 25, and 50 mg/kg in comparison to
25 mM tartaric acid used as vehicle control (Supplementary
Figure 8A, C, and E). LIN was generally well toler
ated; however, no anti-tumor activity was observed at
any of the tested doses (Supplementary Figure 9A).
For the GD2-CAR T-cells, we administered systemically
2.5 x 108, 5 x 108 or 10 x 108 cells, and 10 x 10° cells NT-T
cells as control (Supplementary Figure 8B, D, and F).
A strong and sustained reduction of the tumor burden was
observed with 10 x 108 GD2-CAR T-cells. For both 5 and
2.5 x 108 CART-cells, an initial decrease followed by tumor
re-growth was seen (Supplementary Figure 8D and F).
Based on these data, we performed the combination study
with mice treated with 75 x 10® GD2-CAR T-cells + LIN,
5 x 108 GD2-CAR T-cells = LIN and 75 x 10% NT T-cells = LIN
used as control. LIN was used at 50 mg/kg. LIN neither af-
fected tumor growth of the NT T-cells treated cohort, nor
improved the already sustained response obtained with
75 x 108 GD2-CAR T-cells. While in the 5 x 108 GD2-CAR
T-cells treated mice only transient anti-tumor effect was ob-
served with CAR-T alone, a sustained anti-tumor effect was
found in presence of LIN (Figure 5D and Supplementary
Figure S8), thus confirming the enhanced anti-tumor effect
of our combination strategy in vivo.

Discussion

The recent preclinical demonstration of CAR T-cell effi-
cacy in DMG H3K27M-mutant has provided the rationale
for opening several clinical trials in this brain tumor
(NCT04196413, NCT04099797, and NCT04185038).

Our observation that GD2 is not restricted to DMG
H3K27M-mutant, but widely expressed in pHGGs
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independently of location/histone molecular status, sug-
gests that GD2-CAR T-cell therapy could be extended be-
yond the DMG H3K27M-mutant. However, GD2 staining
appeared heterogeneous in terms of expression level and
sub-cellular localization. While the IHC does not allow to
clearly discriminate between cytoplasmic and membra-
nous localization, the flow-cytometry analysis unequiv-
ocally showed GD2 expression on the membrane of our
primary cell lines. In contrast to our IHC tissue findings, in
the cell lines, as also reported by Mount et al." we found
that GD2 is detected only in H3K27M-mutant. We hypoth-
esize that in vitro, where the cells are grown under stem
cell-like conditions, GD2 expression is dependent on the
H3K27M mutation, while, in vivo, the TME could drive GD2
expression independently of the histone status.

The heterogeneous GD2 expression we observe in pa-
tient tissues, together with the reported DMG H3K27M-
mutant GD2'*" cells could lead to an in vivo CAR T-cell
treatment escape,” and the pHGGs and DMG immune-cold
and/or immune-suppressive microenvironment,?6?7 led us
to screen several compounds that, in combination with
GD2-CART-cells, could improve their anti-tumor efficacy.

From the drug screening, we identified two dual IGF1R/
IR antagonists as potent inhibitors of DIPG cell viability and
potential adjuvants for GD2-CAR T-cell therapy. These in-
hibitors induce DIPG cell death through IGF1R/IR pathway
inhibition, without affecting GD2-CART-cell viability.

The enhanced IGF1R/IR activity is known to support un-
controlled cell proliferation and the development of sev-
eral malignancies, including brain tumors.?®2° In pHGGs,
IGF1R expression is associated with adverse outcome
and radio-resistance.®® Focal amplification in /IGF1R gene
with increase in its expression was demonstrated in DMG/
DIPG.2'43" Moreover, BMS was identified as a promising
therapeutic agent in DMG/DIPG?532 and LIN was reported
to be a strong inhibitor of DIPG cell proliferation in a 3D
culture model.®3 These findings, together with ours, con-
firm the dependency of DIPG cells on the IGF1R/IR pathway
for cell survival.

In addition, there is increasing evidence that IGF1R/
IR pathways regulate the immune system by promoting
an immunosuppressive and anti-inflammatory response
within the TME.34-3 For instance, IGF1 regulates the ac-
tivation of cells endowed with immune-suppressive
properties, such as regulatory T-cells®” and promotes mac-
rophage polarization from the pro-inflammatory M1 to
the pro-tumorigenic M2 phenotype.® Therefore, IGF1R/
IR pathway inhibition could contribute to reduce the
immunomodulation displayed by the tumor environment,
favoring CART-cell anti-tumor activity.

Although the GD2-CAR T-cells did not express IGF1R
and IR, LIN and BMS treatment differentially affected
their phenotypes, likely mediated through different off-
target effects that remain to be identified. However, the
action of LIN on the decrease in exhaustion and on the
increase of less differentiated central memory T cells
subpopulations, are features suggesting a better in vivo
T-cell persistence.®® Since less differentiated T cells are
superior to effector T cells for adoptive cell therapy,®
LIN appears more suitable as adjuvant for GD2-CAR
T-cell therapy than BMS. Remarkably, the reduction of

the other activation markers, namely CD25 and CD69,
does not seem to correlate with an impairment of GD2-
CAR T-cell activity. In addition, we observed that our
CAR T-cells infiltrated more deeply into the NS in pres-
ence of LIN. While we cannot exclude a direct effect of
LIN on the modulation of the intrinsic infiltrative prop-
erty of the T cells, another explanation might be that in
vitro LIN, by inducing tumor cell death, creates space al-
lowingT cells to infiltrate further into the NS. Therefore,
LIN treatment may present the double advantage to act
by inducing DIPG cell death and by enhancing the per-
sistence and tumor infiltration of the GD2-CAR T-cells.
As a closer step to an in vivo pathophysiological con-
dition, we established an ex vivo organotypic brain
slice model of DIPG. In line with our in vitro data, the
observed reduction of the DIPG cell invasion upon treat-
ment with the combination therapy could be linked to
tumor cell death. However, we cannot exclude effects
on the invasive ability of these cells and/or other effects
mediated by the microenvironment.

The dual IGF1R/IR antagonists have a poor ability to
cross the blood-brain barrier (BBB), which limits pre-
clinical studies for brain cancers.?>32To our knowledge,
there is no published PK study demonstrating that LIN
cross the BBB either in preclinical models and/or in pa-
tients. Our in vivo data with LIN as single agent, sug-
gest that it does not penetrate in the brain, at least not
at a dose sufficient to observe anti-tumor efficacy in
our DIPG orthotopic xenograft model. A dedicated PK/
PD study would need to be performed in the future to
precisely assess the peak concentration of LIN in the
brain in nontumor bearing versus tumor bearing mice
before translating these results to the clinic. CAR T-cells
are known to cross and disrupt the BBB,*° therefore, it is
possible to speculate that they may improve LIN perme-
ability through the BBB when coadministered. Notably,
the LIN/GD2-CAR T-cell treatment was effective using a
lower CAR T-cell number when compared to the same
used as single agent. Based on our in vitro data, it is
likely that LIN, by improving CAR-T cell persistence and
infiltration, prolongs and sustains their anti-tumor ac-
tivity also in vivo. One aim of the combination therapy
is to decrease the doses of CAR-T cells to limit their po-
tential toxicity and still achieve potent anti-tumor effi-
cacy. Our results in vivo are in line with this hypothesis,
suggesting that our combination strategy should be
able to reduce potential toxicity associated to CAR-T cell
therapy.

In conclusion, our study provides strong evidence for the
therapeutic potential of LIN/GD2-CAR T-cell combination
strategy and supports the development of IGF1R/IR inhibi-
tors to be used in combination with GD2-CART-cells for the
treatment of DMG/DIPG H3K27M-mutant and potentially
for other pHGG.

Supplementary Material

Supplementary material is available at Neuro-Oncology
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