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Chimeric antigen receptor T cell (CAR-T) therapy is an emerging strategy
toimprove treatment outcomes for recurrent high-grade glioma, a cancer
® Check for updates that responds poorly to current therapies. Here we report acompleted
phaseItrial evaluating IL-13Ra2-targeted CAR-T cells in 65 patients with
recurrent high-grade glioma, the majority being recurrent glioblastoma
(rGBM). Primary objectives were safety and feasibility, maximum tolerated
dose/maximum feasible dose and arecommended phase 2 dose plan.
Secondary objectives included overall survival, disease response, cytokine
dynamics and tumor immune contexture biomarkers. This trial evolved to
evaluate three routes of locoregional T cell administration (intratumoral
(ICT), intraventricular (ICV) and dual ICT/ICV) and two manufacturing
platforms, culminating in arm 5, which utilized dual ICT/ICV delivery and an
optimized manufacturing process. Locoregional CAR-T cell administration
was feasible and well tolerated, and as there were no dose-limiting toxicities
across all arms, amaximum tolerated dose was not determined. Probable
treatment-related grade 3+ toxicities were one grade 3 encephalopathy
and one grade 3 ataxia. A clinical maximum feasible dose of 200 x 10°
CAR-T cells per infusion cycle was achieved for arm 5; however, other arms
either did not test or achieve this dose due to manufacturing feasibility.
Arecommended phase 2 dose will be refined in future studies based on
datafrom this trial. Stable disease or better was achieved in 50% (29/58) of
patients, with two partial responses, one complete response and a second
complete response after additional CAR-T cycles off protocol. For rGBM,
median overall survival for all patients was 7.7 months and for arm 5 was
10.2 months. Central nervous system increases in inflammatory cytokines,
including IFNy, CXCL9 and CXCL10, were associated with CAR-T cell
administration and bioactivity. Pretreatment intratumoral CD3 T cell
levels were positively associated with survival. These findings demonstrate
thatlocoregional IL-13Ra2-targeted CAR-T therapy is safe with promising
clinical activity in a subset of patients. ClinicalTrials.gov Identifier:
NCT02208362.
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Diffuse high-grade glioma (HGG) is anintractable cancer that responds
poorly tostandard-of-care (SOC) therapy of maximal surgical resection,
focal radiation and chemotherapy'. Glioblastoma (GBM), defined as an
isocitrate dehydrogenase (IDH)-wildtype World Health Organization
(WHO) grade 4 astrocytoma, is the most aggressive type having the
worst prognosis of HGGs. Despite intensive SOC treatment, tumor
recurrence is inevitable and remains uniformly lethal with no current
effective treatments®>.

Chimericantigenreceptor T cell (CAR-T) therapy is being explored
inearly-stage clinical trials as a strategy toimprove treatment outcomes
for HGG. So far, the feasibility and safety of CAR-T therapy targeting
arange of tumor-associated antigens in gliomas, including IL-13Ra2
(refs.4-6),HER2 (refs.7,8), EGFRVIII (refs. 9,10), GD2 (ref.11) and B7H3
(ref.12), have been reported. Encouragingly, a subset of patients in
many of these early clinical trials have reported improved quality-of-life
(QOL), objective responses, and noteworthy survival benefit. One case
report fromourinstitution demonstrated thatlocoregional delivery of
IL-13Ra2-CAR-T cells mediated a complete response (CR) in a patient
with multifocal recurrent GBM (rGBM)®", While these initial findings
areencouraging, larger-scale clinical studies with more comprehensive
correlative analyses are needed to better understand determinants of
both antitumor potency and tumor resistance.

IL-13Ra2 is a cancer-testis antigen that is expressed by the majority
of HGG, and in GBM is associated with a mesenchymal gene signature
and poor prognosis'*". The potential of IL-13Ra2 as a CAR-T target
is further strengthened by the absence of expression in the normal
brain tissue. Our group has optimized an IL-13 cytokine-directed CAR
mutated atasinglesite (E12Y) and incorporating a4-1BB costimulatory
domain, which demonstrates preferential recognition of theintended
target, IL-13Ra2, over IL-13Ral, a low-affinity receptor that is more
ubiquitously expressed'®”. In this Article, we report findings from a
phaseltrial of IL-13Ra2-targeted CAR-T cells for rtGBM and other HGGs,
representing the largest clinical study completed so far.

Results

Trial design and patient characteristics

We conducted a single-center, nonrandomized, five-arm, dose-
escalation phase I study to evaluate memory-enriched IL-13Ra:2-
CAR-T cells for recurrent HGG (rHGG). This trial enrolled heavily
pretreated patients with no enrollment restrictions for tumor size,
multifocal disease, prior bevacizumab or number of recurrences, with
approximately 75% of participants being treated following second
recurrenceor later and the majority being IDH-wildtype rGBM (41 0f 58
response evaluable patients) (Table 1)'®, Trial eligibility criteriaincluded
confirmed IL-13Ra2 tumor expression, Karnofsky Performance Score
(KPS) =60 and life expectancy >4 weeks.

Patients were treated at one of three dose schedules of weekly
infusions and evaluated for 1 week after the third cycle for dose-limiting
toxicities (DLTs) (Fig. 1a,b). Additional infusions were allowed, and
patients were followed for toxicities, response and survival until they
progressed or required disallowed therapy. After patients went off pro-
tocol therapy, they were only followed for toxicities and survival, and
notdisease-response, since other therapies were allowed"’, except for
unique patient number (UPN) 109 who was also followed for anti-tumor
response on a single-subject protocol (SSP) under NCT02208362
(SSP availableinref. 6).

This study evolved to evaluate five treatment arms testing three
routes of locoregional administration and two manufacturing plat-
forms (Fig. 1c). Delivery routes included the following: arm 1, intratu-
moral following biopsy (ICT-Biopsy); arm 2, intratumoral following
maximal surgical resection (ICT-Resection); arm 3, intraventricular
(ICV);andarms4and S5, ICT and ICV delivery (Dual ICT/ICV). Inaddition,
two manufacturing platforms (Supplementary Fig. 1) were utilized in
this trial differingin T cell subsets enriched for CAR engineering: arms
1-4 utilized CD62L+, CD45RA- central memory T cells (Tcm); andarm 5

utilized CD62L+enriched naive, stem cellmemory and central memory
Tcells (Tn/mem).

The trial opened as a two-arm study treating patients ICT follow-
ing either biopsy (arm 1) or resection (arm 2). Arms 3-5 were added
by protocol amendments based on clinical observations (Methods).
ICV delivery (arm 3) was added on the basis of clinical experience with
UPN109, in whichICV administered IL-13Ra2-CAR-T cells mediated aCR
against multifocal rGBM®, along with preclinical data suggesting ICV
was more effective against multifocal tumors'®*, Subsequently, the
trial transitioned to dual delivery combining attributes of both ICV and
ICT (arms 4 and 5)'****, and after noting that ICV delivery eliminated
small, multifocal subpial lesions, whereas large intraparenchymal
tumor progressed (Extended Data Fig.1a). The protocol was amended
toinclude the Tn/mem manufacturing platform (arm 5) based on data
suggesting superior activity against hematological malignancies for
Tn/mem-versus Tcm-derived CAR-T cell products® %, along with feasi-
bility challenges with generating sufficient Tcm-derived CAR products
for the highest dose schedule (DS3) in arm 4 (refs. 22-27). Arm 5, (Tn/
mem manufacturingand dual ICT/ICV delivery), therefore, represents
the foundation for ongoing and future clinical testing (NCT04003649,
NCT04510051and NCT04661384).

A total of 92 patients were enrolled between June 2015 and
February 2020. Patients underwent apheresis for CAR manufacturing,
and CAR-T products were successfully produced from 97% (89/92)
(Fig. 1c). Due to rapid tumor progression, 24 patients did not receive
their manufactured CAR-T product. Sixty-five patients received at
least one CAR-T infusion (Extended Data Table 1). Fifty-eight patients
received at least three CAR-T infusions and were evaluable for dis-
ease response (n =58), overall survival (OS; n =57) or dose escalation
(n=54) (Figs.1c and 2a, and Supplementary Table 1). UPN230 was not
evaluable for survival due to the extended wait between surgery and
CAR-T treatment; and four participants (UPN201, UPN131, UPN260 and
UPN409) were not evaluable for dose escalation due to either receipt
of <80% of the CAR-T cell dose or disallowed therapy (‘Study design’
sectionin Methods).

Toxicity

Primary objectives of this trial were to evaluate feasibility and safety,
and to determine amaximum tolerated dose (MTD) and/or maximum
feasible dose (MFD) schedule for informing a recommended phase 2
dose (RP2D) plan of locoregionally delivered IL-13Ra2-CAR-T cells.
Primary endpoints monitored grade 3 toxicities, DLTs and all other
toxicities. No DLTs were noted for any treatment arm or dose sched-
ule. The most common toxicities with possible or higher attribution
to CAR-T cells were fatigue, headache and hypertension. Grade 3 and
above toxicities with possible or higher attribution to CAR-T cells were
seenin35% (95% confidenceinterval (CI) 24-48%) of patients (Tcm arms
1-4:17/43, 40%, 95% Cl 25-56%; Tn/mem arm 5: 6/22, 27%, 95% CI
11-50%), withone grade 3 encephalopathy and one grade 3 ataxia with
probable attribution to CAR-T cells. Although serious adverse events
associated with braininflammation (such as cerebral edema; an explor-
atory endpoint) was not acommon toxicity associated with CAR-T cell
administration, two patients with extensive residual/recurrent tumors
did experience transient grade 4 cerebral edema shortly after receiv-
ing cycle1with possible attribution to CAR-T cells (Table 2). Patients’
symptoms improved within a few days of increasing dexamethasone
(16 mg per day UPN243 and 36 mg per day UPN288); however, steroid
levels could not be reduced to the protocol limit of 6 mg per day due
to continued tumor progression, and therefore additional CAR-T cell
infusions were not allowed. Toxicities with possible or higher attri-
bution to the Rickham catheter or surgery are reported in Extended
Data Table 2. Twenty-two of the 58 participants received additional
CAR-T cells off protocol therapy (that s, after progressing or after going
ondisallowed treatment). Overall, all routes of delivery (ICT, ICV and
dual ICT/ICV) and infusion dose levels (2-200 x 10° CAR + T cells) were
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Table 1| Characteristics of patients that were evaluable for survival

All Arms1and 2 Arm3 Arm4 Arms1-4 Arm5
N=57 (IcT) (ilcv) (Dual) (Tem) (Dual Tn/mem)
N=19 N=10 N=8 N=37 N=20
Age (years at surgery) median 49 (16*, 71) 50(32,71) 56 (16, 69) 58 (30, 65) 56 (16, 71) 49 (25, 65)
(minimum, maximum)
Male No. (%) 36 (63) 13 (68) 8(80) 5(63) 26 (70) 10 (50)
Histology (at surgery)” No. (%)
Grade 4 GBM IDH wildtype 41 (72) 14 (74) 7(70) 6 (75) 27 (73) 14 (70)
Grade 4 Diffuse midline glioma, 2 (4) (0] 1(10) 1(13) 2(5) 0(0)
H3 K27-altered
Grade 4 Astrocytoma, 6 (11) 3(16) 1(10) 0 4(11) 2(10)
IDH-mutated
Grade 4 Diffuse astrocytoma, 1(2) 1(5) 0 0 1(3) 0(0)
NOS
Grade 3 Glioma 7(12) 1(5) 1(10) 1(13) 3(8) 4 (20)
MGMTMG No. (%)
Methylated 21(37) 7(37) 4(40) 1(13) 12 (32) 9 (45)
Unmethylated 30(53) 8(42) 5(50) 7(88) 20 (54) 10 (50)
Unknown or not tested 6 (11) 4(21) 1(10) 0(0) 5(14) 1(5)

IL-13Ra2 H score median (minimum, maximum)

At screening 150 (50, 230) 180 (50, 210)

155 (50, 210)

145 (90, 230) 160 (50, 230) 133 (80, 210)

At surgery** 90 (10, 270) 140 (30, 230) 100 (10, 190) 65 (20, 160) 100 (10, 230) 55 (10, 270)
CD3 (at surgery) median 2(1,4) 2(1,4) 1(1,3) 2(1,2) 2(1,4) 2(1,4)
(minimum, maximum)
Multifocal No. (%) 17 (30) 3(16) 6 (60) 2(25) 11(30) 6(30)
Resection No. (%) 49 (86) 16 (84) 9(90) 7(88) 32(86) 17 (85)
Tumor Volume mm?® median (minimum, maximum)
Presurgery 21,078 31,910 17,595 16,570 22,640 13,630
(873,123,000) (6,423, 123,000) (6,906, 32,020) (873, 63,280) (873,123,000) (1,254, 37,716)
Pre-CAR-T cells 10,818 19,220 9,956 10,284 13,160 6,860
(648, 74,220) (1,992, 74,220) (1,041, 34,810) (1,074, 48,130) (1,041, 74,220) (648, 48,867)
Prior bevacizumab No. (%) 18 (32) 8(42) 3(30) 4 (50) 15 (41) 3(15)
KPS (pre-CAR-T cells) median 80 (60, 100) 80 (60, 90) 75 (60, 90) 80 (60, 100) 80 (60, 100) 90 (80, 100)
(minimum, maximum)
EROTC QLQ-C30 Score 80 (45,100) 80 (54, 100) 84 (69, 97) 77 (61, 98) 80 (54, 100) 79 (45, 96)
(presurgery) median (minimum,
maximum)
Recurrence No. (%)
First 14 (25) 5(26) 1(10) 3(38) 9 (24) 5(25)
Second 23 (40) 5(26) 6 (60) 3(38) 14 (38) 9 (45)
Third or more 20 (35) 9(47) 3(30) 2 (25) 14 (38) 6(30)
OS Months 8.0(6.2,10.1) 8.0(5.8,16.3) 8.2(6.5, NA) 45(3.4,NA) 7.5(5.8,10.1) 10.2(7.5,19.9)
median (95% CI)
rGBM Patient** OS Months 77 (6.0,10.1) 6.9(4.8,12.2) 7.5 (4.2, NA) 4.5 (3.4, NA) 6.1(4.8,9.5) 10.2 (7.7, NA)
median (95% CI)

“Only one participant, UPN228, was <18 years of age. “Histology at surgery by UPN provided in Supplementary Table 1. "The only exception being UPN156: IL-13Ra2 H score at enrollment (100)
was used since an at surgery value was not available. “For rGBM sample size, reference no. (%) of grade 4 GBM IDH-wildtype histology at surgery (fourth row), the exception being arm 5 with a

sample size of n=13. NA, infinity.

generally well tolerated, with toxicities clinically managed by increasing
systemic steroids (up to 6 mg of dexamethasone per day) and palliative
care (hydration, antipyretics, analgesics and antiemetics). Together
these findings supporta clinical MFD of 200 x 10° CAR-T cells per infu-
sion cycle as achieved for arm 5; however, since toxicity alone may
not be the best benchmark for cellularimmunotherapies, additional
studies are needed to refine the RP2D plan on the basis of biological
and/or response endpoints.

Patient outcomes

Secondary objectives of this trial included the assessment of disease
response rates, OS and changes in QOL for patients that received the
full schedule of three CAR-T cell doses. Of the 58 patients evaluable
for disease response, 29 (50%) achieved stable disease (SD) or better
(range 51t0>1,316 days), and 13 (22%) achieved confirmed SD or better
for>90 days, with 8 of the 13 having rHGG grade 4 (Fig. 2a and Supple-
mentary Table 1). Two patients achieved a partial response (UPN165
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Fig.1|Study overview. a, Schema of patient treatment (created with BioRender.
com). b, Schema of dose escalation schedules (DS). *Participants on dual
ICT/ICV arms (arms 4 and 5) received the indicated number of CAR+ cells at
eachsite. ¢, Consort diagram of patient enrollment and treatment on each arm

and dose schedule (DS1, DS2 or DS3). Tcm, central memory T cells; Tn/mem,
naive, stem cellmemory and central memory T cells; QC, quality control; ICT,
intratumoral; ICV, intraventricular; eval, evaluable for response.

and UPN180), and one patient achieved a CR (UPN265); of note, all
three tumors were IDH-mutated and two were grade 3. An additional
therapy-mediated CR for a rGBM (IDH wildtype) was achieved for
UPN109 after ICV CAR-T cell administration on an SSP, and, impor-
tantly, thisindividual received no other therapy between and/or during
CAR-T cell treatments®",

Median OS for all patients was 8 months, and 7.7 months for
the subset with rGBM (Table 1, Fig. 2b and Extended Data Fig. 1b).
Median OS was not strongly influenced by dose (Extended Data
Fig.1c,d), thereby providing rationale for combining dose schedules
for survival comparisons. Arm 5 achieved the best OS 0f 10.2 months
independent of disease stage (Fig. 2c and Extended Data Fig. 1e).
Indeed, post hoc analysis of patients with rGBM revealed that those
onarm Sexhibited superior survival as compared to patients enrolled
on arms 1-4 (arm 5:10.2 months; arms 1-4: 6.1 months; P=0.02)
(Fig. 2c). Although this was a nonrandomized study, inclusion
criteria remained consistent over trial execution, and participants
on arms 1-4 versus arm 5 had similar baseline characteristics for
age, sex, KPS, IDH mutation status, O®-methylguanine DNA methyl-
transferase (MGMT) methylation status, H score, multifocal disease,

tumor resections and steroid administration at registration (Table 1
and Extended Data Table 3). Noted differences between groups
included arm 5 having lower median tumor volumes pre-CAR-T
treatment; however, correcting for this covariate the survival
benefit remains significant (P=0.024). Arm 5 also had fewer par-
ticipants with prior bevacizumab treatment based on increased
concerns with wound healing. We could not statistically adjust for this
difference since there were too few participants in arm 5 with
prior bevacizumab®®; however, we note that UPN301, the only rGBM
participant treated with prior bevacizumab on arm 5, had the long-
estsurvival.

As a secondary endpoint, changes in QOL were also scored
throughout treatment on the basis of a0-100 scale using the QLQ-C30
summary. Post hoc analysis of QOL scores from presurgery through the
DLT period revealed a modest, but significant, increase in slopes for
armSover arms 1-4 for rGBM participants (P=0.027) (Extended Data
Fig. 1f), consistent with the longer OS for arm 5 (Fig. 2¢).

Overall, IL-13Ra2-CAR-T cells mediated SD or better in 50% of
heavily pretreated patients with rHGG, with arm 5 patients showing
better OS as compared toarms1-4.
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Superiority of Tn/mem-derived CAR-T cell products

Patient specific factors, suchas age, prior treatments and GBM-induced
T cell dysfunction®, likely contribute to both reduced functional
potency and increased variability in CAR-T product characteristics. We
thereforeimmunomagnetically enriched less-differentiated memory
T cells for CAR engineering with the goal of improving consistency
and potency of autologous products. We initially implemented our
Tem (CD62L+, CD45RA-) GMP manufacturing platform (arms 1-4)>°,
and then transitioned to our clinically validated Tn/mem (CD62L+)
platform (arm 5)*. Selection of patient peripheral blood mononuclear
cells (PBMCs) for either Tcm or Tn/mem increased the homogeneity
and early memory phenotype of the T cell population used for gene
engineering. Tcm selection enriched for T cells with central memory
(CD62L+, CD45RA-) and effector memory (CD62L-, CD45RA-) phe-
notypes, and Tn/mem selection enriched for T cells with naive, stem
celland central memory phenotypes (CD45RA+/-CD62L+) (Extended
Data Fig. 2a,b). While both manufacturing platforms were success-
fulin generating clinical products (95% feasibility for Tcm (56 of 59
products) and 100% feasibility for Tn/mem (33 of 33)) (Fig. 1c), the
Tn/mem platform consistently yielded greater numbers of T cells avail-
ablefor CAR engineering, and therefore the total number of CAR-T cells
manufactured per patient.

We next phenotypically and functionally compared the final Tcm-
and Tn/mem-derived CAR-T products, which was originally a second-
ary endpoint of our study and in the final protocol was redefined as
an exploratory endpoint. While both platforms showed comparable
levels of CAR-positive T cells, Tn/mem-derived CAR-T cells exhibited
amore balanced proportion of CD4+ and CD8+ subsets, higher pro-
portions of T cells expressing memory markers CD27, CD62L and
CCR7, and lower expression of the senescence marker CD57 (Fig. 3a
and Extended Data Fig. 2c). This more favorable phenotype for the
Tn/mem platform was consistent with findings from healthy donor
products (Supplementary Fig. 3a).

Gene expression profiles from 62 patient products (40 Tcm
derived and 22 Tn/mem derived) by single-cell RNA sequencing
(scRNA-seq) alsoreveal differences between Tcm-and Tn/mem-derived
CAR-T products. We identified 12 clusters, and found that five clus-
ters (C1, C2, C3, C5 and C7) showed the greatest differences in abun-
dance between Tcm and Tn/mem products. In agreement with flow
cytometry, Tn/mem-derived CAR-T products had higher expression
of genes associated with a memory phenotype (CD8+ cells, C3; CD4+
cells, C1), and Tcm-derived CAR-T products showed enrichment of
CD4+ cells expressing genes associated with T cell dysfunction (C7)
(Extended Data Fig. 2d-g and Supplementary Tables 3 and 4). In con-
trast to other reports®*, both Tcm and Tn/mem CAR-T products did
notexhibitadistinct CD4+regulatory T cell (Treg) population by either
scRNA-seq or flow cytometry (Extended Data Fig. 3), possibly due to
the CD25-depletion step in our manufacturing process.

Functional comparisons using a recursive tumor challenge assay
revealed that Tn/mem-derived products exhibited superior prolif-
erationand more potent targetkilling at high tumor:effector ratios as
compared to Tcm-derived products (Extended Data Fig. 2h). Further,
healthy donor Tn/mem-derived CD19-CAR and IL-13Ra2-CAR-T cell
products exhibited improved anti-tumor activity in mice, as compared
to Tcm-derived products (Supplementary Fig. 3b,c). Together, these

datasuggest that selection for Tn/mem cells yields autologous CAR-T
products with more favorable and homogeneous phenotype and func-
tion for patients with glioma.

Persistence and peripheral trafficking of CAR-T cells

As a secondary objective of this trial, IL-13Ra2-CAR-T cell persistence
in cerebrospinal fluid (CSF), tumor cavity fluid (TCF) and blood was
monitored throughout treatment (Extended Data Fig. 4). The avail-
ability of TCF and CSF varied with route of administration (TCF: arms
1,2,4 and 5; and CSF: arms 3-5) and clinical feasibility of liquid biopsy
(Supplementary Fig. 5). Samples were collected at each cycle, before
(day 0, DO) and 1 or 2 days after CAR-T administration (D1, D2), with
cycle1(C1) DOrepresentingthe pretreatment baseline and DO of sub-
sequentcyclesrepresenting 7+ days after the prior infusion. CAR-T cells
were detected in the CSF and TCF for the majority of patients1 day post
infusion for at least one cycle, and, for a subset of patients, >7 days
postinfusion (Extended DataFig.4a,b), whichis noteworthy since CSF
volume turns over approximately four times per day®. CAR-T levels
inthe CSF modestly increased with higher dose schedules (Extended
Data Fig. 4b and Supplementary Fig. 6a); however, there was no sig-
nificant correlation with treatment arm (Extended Data Fig. 4c), or
product marker expression (for example, CD27, CCR7, LAG-3 or PD-1)
(Extended DataFig. 4d).

Studies in mice suggest that CAR-T cells delivered into the CSF
cantraffic to the periphery**; however, in humans whether CAR-T cells
delivered ICT or ICV can traffic to the periphery has not been estab-
lished. Here we detected CAR-T cellsin the blood, which was positively
associated with dual delivery and highestinarm 5 (Fig. 3b and Extended
DataFig.4e). CAR-Tlevelsin the blood showed positive association with
product CD27 and LAG-3 expression, and negative association with
exhaustion markers PD-1and CD57 (Extended Data Fig. 4f), but did now
show asignificant relationship withincreased dose schedule (Supple-
mentary Fig. 6b). These findings demonstrate that IL-13Ra2-CAR-T cells
can persistin the CSF and TCF, and when delivered to the central nerv-
ous system (CNS) cantraffic to the periphery, an observation that could
have clinicalimplications.

Locoregional spikes ininflammatory cytokines

We previously reported that IL-13Ra2-CAR-T administration induced
spikes of inflammatory cytokines in the CSF of a patient withrGBM®. As
asecondary objective of this trial, treatment-related cytokine dynam-
icsin this larger cohort were explored in available CSF, TCF and serum
samples (Supplementary Fig. 5). Low-dimensional visual representation
ofthe 30 measured cytokines revealed global differences by compart-
ment—CSF and TCF being distinct from serum, but together compris-
ing a continuous band, with CSF clustering toward one end and TCF
the other (Fig. 3c). When separated by day, a strong time dependence
post-treatment is observed for CSF and TCF, with D1 measurements
clustered closer to the TCF end and DO closer to the CSF end (Fig. 3c).
By day 7 after treatment, CSF and TCF cytokine levels decrease toward
baseline (Extended Data Fig. 5a). Serum cytokine levels did not show
an obvious time dependence. Cytokine dynamics were not strongly
impacted by cycle number, suggesting limited additive or sensitizing
effects with successive treatment cycles (Fig. 3c). While delivery route
and dose levels (Fig. 3c) were also not a contributing factor to cytokine

Fig. 2| Clinical activity of locoregionally delivered IL-13Ra2-CAR-T cells.

a, Swimmer plot of evaluable patients and their clinical outcomes. WHO grade
isat time of treatment. Tumor IDH mutations are indicated by yes (Y) or no (N);
ND, not determined; DS, dose schedule. Black lines indicate CAR-T cell cycles
administered to route dictated by arm (arm 1: ICT-Biopsy; arm 2: ICT-Resection;
arm3:1CV; arms 4 and 5: dual ICT/ICV). White lines indicate additional CAR-T
cellcycles administered ICV. Yellow lines indicate additional CAR-T cell cycles
administered ICT. Bold UPN numbers, evaluable rGBM patients (n = 42, evaluable
for survival n = 41); #, diffuse midline glioma, H3 K27-altered. b, OS of evaluable

rGBM patients from date of surgery. Thin lines denote 95% Cls; dashed line
depicts medianin months (Mo). Median survival with 95% Clin parentheses also
indicated. ¢, Survival comparison of evaluable rGBM patients who were infused
with either Tcm- or Tn/mem-derived cell products. Dashed lines depict medians
inMo. Median survival times with 95% Cls in parentheses also indicated; NA
means infinity. P value for survival comparison was determined using the
log-rank test. Red dots indicate censored participants (that is, lost to follow-up
but had not passed away).
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Table 2 | Summary of toxicities attributed to CAR-T cells*

CTCAE v4.0 AE category AE detail Arms1and 2 Arm3 Arm4 Arm5
(ICT) (iIcv) (Dual) (Dual Tn/mem)
N=20 N=11 N=12 N=22
Grade 3" Grade 3 Grade 4 Grade 3 Grade 4 Grade 3*
No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)
Gastrointestinal disorders Nausea 0 1(9) 0 2(17) 0 0
Vomiting 1(5) 0 0 2(17) 0 0
General disorders and Fatigue 1(5) 19 0 0 0 0
administration site conditions Gait disturbance 0 0 o) 1(8) 0 o)
Alanine aminotransferase 0 0 0 0 0 1(5)
increased
Investigations
Lymphocyte count 2(10) 0 0 0 0 0
decreased
Metabolism and nutrition Hyponatremia 0 0 0 0 0 1(5)
disorders
Back pain 0 0 0 1(5)
Musculoskeletal and connective Neck pain o] 1(5)
ti disord
issue disorders Generalized muscle 1(8) 0 0
weakness
Ataxia 0 0 0 1(5)**
Depressed level of 1(9) 0 0 0 0
consciousness
Dysphasia 1(5) 1(9) 0 0 0 0
Edema cerebral 0 0 1(9) 0 1(8) 0
Nervous system disorders Encephalopathy 0 0 0 1(8) 0 0
Headache 3(15) 1(9) 0 3(25) 0 2(9)
Hydrocephalus 0 1(9) 0 0 0 1(5)
Nervous system disorders— O 0 0 1(8) 0 0
left side Hemiparesis
Peripheral motor 0 1(9) 0 0 0 0
neuropathy
Vascular disorders Hypertension 2(10) 4 (36) 0 1(8) 0 2(9)

“Events of grade 3 or higher, according to the NCI Common Toxicity Criteria, with possible or higher attribution to CAR-T cell administration while on protocol therapy are reported. “No events
of grade 4 or higher with possible or higher attribution to CAR-T cell administration while on protocol therapy were observed on arms 1, 2 or 5. “Events (grade 3 or higher) that were probably

attributed to CAR-T cell administration while on protocol therapy.

dynamics in the CSF and TCF, serum cytokines differentially clustered on
the basis of delivery route (Fig. 3c), which is consistent with the detec-
tion of dual ICT/ICV delivered CAR-T cells in the periphery (Fig. 3b).

A qualitative overview of cytokine-specific fold change dynam-
ics revealed infusion-dependent increases (CXD1) for almost every
measured cytokine in the CSF and TCF (Fig. 3d). Of potential interest,
IFNy-pathway and Thlimmune-stimulatory cytokines, including IFNy,
CXCL9,CXCL10, IL-2Rand IL-12 were strongly induced following treat-
ment, and maintained appreciable levels 7+ days post-infusion (that is,
day O of the next cycle). Modest decreasesin tumor-related cytokines
HGF and VEGF were observed in the TCF over treatment cycles (Fig. 3d,
middle). Comparing changes in absolute cytokine levels for IFNy and
the IFNy-inducible cytokines CXCL9 and CXCL10 to the tumor-related
cytokines EGF, HGF and VEGF highlights the strong treatment related
effects for IFNy-pathway related cytokines (Extended Data Fig. 5b).
In serum, by comparison, few treatment-dependent changes were
observed, except for modestincreasesinimmune stimulatory/regula-
tory cytokinesIL-12, CXCL9, CXCL10 and IL-6, and modest decreasesin
IL-8, IL-13, MIP-1a, TNFq, IFN@, IL-2R, EGF and HGF (Fig. 3d).

Given that IFNy-signaling pathway cytokines (IFNy, CXCL9
and CXCL10) in both CSF and TCF showed some of the highest
treatment-related increases, we explored whether this signature may

be associated with treatment outcomes. We focused on CSF cytokine
levels, as CSF volume is relatively similar between patients, and more
consistently collected as compared to TCF (Supplementary Fig. 5). We
note that, over the first three cycles of CAR-T administration, arm 5
patients showed a significantly higher CSF IFNy signature as compared
tothose treated under arms 3 and 4 (Fig. 3e and Extended Data Fig. 5c),
consistent with the improved median OS for this cohort (Fig. 2c). When
comparing IFNy-signature elevations to overall best response and time
to progression, there is a positive correlation with patient outcomes,
even for patients with the worst prognosis (that is, rGBM) (Fig. 3f and
Extended Data Fig. 5d,e). Together, these findings suggest that the
CSF IFNy signature may be a useful biomarker for CAR-T cell activity.

Intratumoral T cell levels correlate with clinical outcomes

Secondary objectives of this trial aimed to identify tumor and tumor
microenvironment (TME) biomarkers associated with response to
CAR-T cell therapy. Given the role of the IFNy pathway in CAR-T cell
antitumor activity®***®, pretreatment tumors were evaluated for
T cellinfiltration, and scored for negative/low or intermediate/high
CD3levels (Fig. 4a and Supplementary Fig. 7). The majority of tumors
had low CD3 infiltrates (43/57; scores of 1 or 2), consistent with the
well-documented ‘cold’ TME of GBM®. By contrast, 25% of tumors had
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intermediate/high CD3 infiltration (14/57; scores of 3or 4). CD3 levels
also generally correlated with CD8 infiltration, and CD8 T cells were
more abundant than FOXP3+ Tregs (Supplementary Fig. 8).

Evaluating pretreatment intratumoral T cell levels with survival
following CAR-T therapy revealed that intermediate/high CD3 scores
were associated with improved OS for all patients (P=0.02) and the
rGBM subset (P =0.01) (Fig. 4b,c). Prognostic factors for patient
survival (that is, age, gender, KPS, IDH or MGMT status) were similar
between CD3-scoring cohorts (Extended Data Tables 4 and 5). There
was a greater proportion of grade 4 tumors for the CD3 high cohort
(13 of 14) when considering all patients (although not statistically
significant), and despite this, CD3 levels remained associated with
better OS. Of note, two of the three patients with the highest CD3
score of 4 (UPN109 and UPN265; Supplementary Fig. 7a) achieved a
CRfollowing IL-13Ra2-CAR-T therapy, and, for both of these patients,
progression-free survival (PFS) was greater than that following SOC
at initial diagnosis (Fig. 4d)°. The patient with rGBM with the longest
survival post-CAR-T therapy (UPN301) had intermediate CD3 levels
(score of 3),and despite treatment at third recurrence post-progression
on bevacizumab, PFS following CAR-T therapy was again longer than
following SOC (Fig. 4e).

Our results suggest that both product fitness and tumor contex-
ture (CD3 score) areimportant parametersimpacting CAR-T therapy.
However, the proportions of intermediate/high CD3 tumors were not
equally distributed between treatment arms. Arm 5 had more rGBM
tumors with intermediate/high CD3 scores (7 of 14) versus arms 1-4
(4 of 27) (Extended Data Table 5). Conversely, arms1-4 had more rGBM
tumorswiththe highest CD3 score of 4 (2 0of4) versusarm 5 (0 of 7). To
uncouple the effects of CD3 status and product (Tcm versus Tn/mem),
we performed linear regression analyses with interaction term for CD3
score (1,2 versus 3, 4) and product on log survival time (Fig. 4f). Both
higher tumor CD3 levels and product composition (Tn/mem) positively
correlated with better survival. The most significant survival benefit
was observed with intermediate/high CD3 scores; these patients are
estimated to survive twice as long in response to CAR-T therapy as
compared to those with low CD3 scores. For ‘cold’ tumors, Tn/mem
treatment was estimated to give a 1.6x benefit over Tcm treatment.
However, no additive survival benefit was observed for CD3 inter-
mediate/high patients receiving Tn/mem products (Supplementary
Fig.8e), indicating that the response of ‘hot’ tumors to CAR-T therapy
isindependent of product type.

Discussion

To our knowledge, we report the largest CAR-T clinical trial in
brain tumors, assessing the feasibility, safety and bioactivity of
IL-13Ra2-CAR-T cellsin rGBM and other HGGs. Three routes of locore-
gional delivery were evaluated (ICT, ICV and dual ICT/ICV) along with
two manufacturing platforms (Tcm versus Tn/mem). Key findings
include the following: (1) repetitive locoregional administration of

IL-13Ra2-CAR-T cells s feasible and safe with no DLTs; (2) clinical benefit
was observedin asubset of patients, includingimproved QOL, extended
SD and transient radiographic response; (3) elevations in inflamma-
tory and immune modulatory cytokines in the CSF and TCF occurred
after each infusion, with the IFNy pathway as a potential biomarker
of CAR activity; (4) patients treated on arm 5 (dual ICT/ICV; Tnmem)
displayed the greatest IFNy-pathway induction in the CSF, and statisti-
cally significant improvement in OS as compared to other treatment
arms; and (5) high pretreatment tumor T cell levels correlated with a
significant survival benefit.

CAR-T products withaless-differentiated memory phenotype are
positively associated with clinical response in hematological malignan-
cies®***’ Products used in this clinical trial were manufactured from
less-differentiated memory T cell subsets (Tcm and Tn/mem) with the
intent of reducing levels of dysfunctional T cells reported in GBM?*,
improving potency and decreasing interpatient product heterogeneity.
The Tn/mem platformimproved manufacturing feasibility, increased
product homogeneity, promoted a favorable less-differentiated phe-
notype (CD62L+, CCR7+and CD27+), and displayed the highest CAR-T
persistenceinblood. Arm5 utilizing Tn/mem-derived CAR-T products,
exhibited the best OS compared to other treatment arms, consistent
with previous reports of Tn/mem-derived outperforming Tcm-derived
CAR-T products and mediating encouraging clinical benefit against
hematological tumors?*>?,

We chose to move forward with dual delivery in arms 4 and 5 to
incorporate potentially unique attributes for each delivery route,
with ICV delivery being advantageous for treating multifocal tumors,
and ICT being beneficial for eradicating unifocal tumors'®?>?, How-
ever, mechanistic underpinnings for CAR-T trafficking based on deliv-
ery routes warrants further investigation. Locoregionally delivered
CAR-T cells were detected in the peripheral blood, and CAR-T traf-
ficking between the CSF and blood could be of clinical significance
as CAR-T cells would be expected to maintain their effector activity.
Despite the detection of systemic CAR-T cellsin the blood, we did not
observe systemic toxicities. However, future studies will measure
testosterone levels following IL-13Ra2-CAR-T therapy in males to spe-
cifically evaluate potential on-target, off-tumor activity, as IL-13Ra2 is
a cancer-testis antigen*.

Analysis of cytokine dynamics revealed treatment related upregu-
lation in proinflammatory/immune stimulatory cytokinesinthe CSF, as
reported for other brain tumor studies evaluating CAR-T therapy™'2,
Of note, IFNy-pathway-related cytokines/chemokines (IFNy, CXCL9
and CXCL10) were elevated in the CNS (CSF and TCF), with the high-
est levels in arm 5 patients. When evaluating clinical outcomes, the
IFNy pathway positively correlated with time to progression and best
response. IFNy-inducible chemokines CXCL9 and CXCL10 are ligands
for CXCR3, areceptor expressed by diverse immune populations and
reported to playimportant roles inimmune cell recruitment and tumor
immunity*. Overall, our findings demonstrate that liquid biopsy of

Fig.3| Correlative assessment of CAR-T persistence and patient cytokine
profiles. a, Expression of CD4, CD27, CD62L and CCR7 on Tcm-and Tn/mem-
derived CAR + T cell products (n = 58 cell products) as determined by flow
cytometry, with means (+ standard error of the mean) indicated by black bars.
****P < 0.0001; **P < 0.0005 using a two-sided unpaired ¢-test. b, Box-and-
whisker plot of maximum WPRE copy number per microgram of PBMC DNA
byarm(n=2,17,10, 8 and 20, respectively, for arms 1-5; reference Extended
DataFig. 4e). The median and interquartile range with whiskers extending to

the minimum and maximum values are depicted. *P= 0.075, **P< 0.003 and

***P < 0.0003 when using a two-sided t-test. Legend indicates maximum infusion
dose per dose schedule (x10°). ¢, Low-dimensional representations of cytokine
measurements colored by compartment (SER, CSF or TCF), day of any given cycle
(up tosix cycles, with CXDO being day O of cycles 2-6), cycle number, delivery
route or dose (legend indicates maximum infusion dose x10°). d, Heatmap of
cytokine levels across cycles (C1-6), preinfusion (DO) and postinfusion (D1) in
either the CSF (left), TCF (middle) or serum (right), with the median log,, fold

change from baseline (C1D0) shown. e, Box-and-whisker plot of the change in
IFNy pathway score (log,,(IFNy) +log,,(CXCL9) +log,,(CXCL10)) from baseline
(C1DO) to the corresponding CXD1 within the CSF for survival evaluable patients
treated on eitherarm 3,4 or 5, for the first three cycles (at C1,n =6, 5or 14,
respectively;at C2,n =6, 6 or 15, respectively; at C3,n =8, 50r 16, respectively).
The median and interquartile range with whiskers extending to the minimum
and maximum values are depicted. Dose schedule (DS) is indicated by dot size;
**P < 0.0006 compared to each of the other arms using ANOVA. f, CSF IFNy
pathway score at C1D1 (log,(IFNy) +log,,(CXCL9) +log,,(CXCL10)) in patients
withrGBM (n = 15) evaluated relative to response. Left: box-and-whisker plot of
CSF IFNy pathway scores for PD versus SD or better following CAR-T treatment.
The median and interquartile range with whiskers extending to the minimum and
maximum values are depicted. Right: CSF IFNy pathway scores plotted against
time to progression in days, with the regression line for all arms depicted. Dose
schedule (DS) indicated by dot size and P values determined by two-sided ¢-test.
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Fig. 4 |Pretreatment tumor T cell infiltrates and responses to CAR-T therapy.
a, Distribution of tumors with high, intermediate or negative/low CD3 infiltrates
in pretreatment tumors from patients evaluable for survival (n = 57).b,c, Survival
comparison of all evaluable rHGG (b) or rtGBM (c) patients with either negative/
low (1, 2) or intermediate/high (3,4) tumor CD3 IHC scores. Dashed lines

depict medians in months (Mo). Median survival times with 95% Cls in
parentheses are also indicated; NA means infinity. P values comparing survival
distribution of each group using the two-sided peto-peto test are depicted.

d,e, MRlimages from CD3 high UPN265 (d) and CD3 intermediate UPN301

(e). Ticksin timelines indicate 6-month intervals; SOC, standard of care

involving surgery, radiation and temozolomide; PCV, procarabaxine, CCNU and
vincristine; Bev., bevacizumab; CCNU, lomustine; SAP, survival after progression.
f, Linear regression model of log survival time for survival evaluable rGBM
patients (n = 41) showing estimates of the survival effect for CD3 intermediate/
high (3,4), Tn/mem product (arm5) or both. Parameters were compared toa CD3
low/negative (1,2) and Tcm (arms 1-4) patient reference group. Point estimates
of the effect of each variable, or both, are depicted as a multiplicative factor
(center dot, with 95% Cls as horizonal lines) that is applied to survival time; 95% CI
horizontal lines do not cross vertical dashed line, demonstrating P < 0.05 for each
effect; reference Methods for statistical analysis details.

the CNS was instructive for understanding treatment-related effects
and suggest that CAR-T-induced IFNy, CXCL9 and CXCL10 could be a
clinically meaningful biomarker for patient response.

While the prognostic and predictive roles of the TME have been
described for some solid tumors in the context of immunotherapy***,
only recently has theimportance of pretreatment TME for CAR-T ther-
apy been reported for hematological malignancies®. The relationship
between tumor contexture and responsiveness to CAR-T therapy has
not been reported in more immunosuppressive solid tumors, such as
GBM. Previously we reported that a patient withrGBM who achieved a
CRtoIL-13Ra2-CAR-T therapy despite heterogenous IL-13Ra2 expres-
sion had a T-cell-rich TME and, following CAR-T treatment, showed
evidence for activation of host immunity®®, Leveraging tumor samples

from 57 evaluable patients on this trial, we demonstrate that pretreat-
ment tumor CD3+ T cell levels positively correlated with enhanced
survival following CAR-T therapy. While some studies have reported
that T cellinfiltrates positively correlate with survival of patients with
GBM*"*¢ the participants treated on this trial had recurred through
prior therapies and were actively progressing at the time of CAR-T
treatment. Despite this, tumors with high/intermediate T cell infiltrates
not only showed improved outcomes to CAR-T therapy, but in some
instances, response (that is, PFS) was longer than initial response to
SOCatdiagnosis. Taken together, our findings suggest that a‘hot’ TME
playsacritical role in response to CAR-T therapy®.

Limitations of our study include the multiple treatment arms
and dose schedules for correlative comparisons and the relatively
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small number of tumors with intermediate/high CD3 infiltrates. Our
statistical analyses, however, aimed to account for these limitations.
For instance, our logistic modeling allowed us to uncouple product
fitness (Tn/mem) and tumor contexture (CD3), two parameters identi-
fiedinour trial to positively impact CAR-T therapy. Our modeling also
confirmed that tumor ‘hotness’ defined by CD3 density isadominant
feature impacting patient survival following CAR-T therapy. Of interest,
clinical benefit was independent of manufacturing process, with Tn/
mem-derived CAR products showing no benefit over Tcm. By com-
parison, our modeling suggests that CAR product was an important
determinant for OS in ‘cold’ tumors, with Tn/mem outperforming
Tcm. Future randomized studies in larger patient cohorts are needed
to confirmandbuild on our findings related to the critical parameters
for successful CAR-T therapy.

Insummary, primary objectives of this phase I clinical study were
met, establishing feasibility and safety of locoregionally delivered
IL-13Ra2-CAR-T cells for treatment of rHGG and rGBM. Although we
do not intend to proceed with arms 1-4 for future phase trials, these
initial arms provided critical insights to the application of CAR-T cells
for the treatment of malignant brain tumors, as no other study has
compared the feasibility and safety of various CNS delivery routes.
Instead, our intention is to move forward with arm 5, which achieved
aMFD 0f200 x 10° CAR-T cells per infusion and displayed the best OS
0f10.2 months. Our post hoc analysis found thatarm 5 survived longer
than treatment arms 1-4, which provided a reasonable benchmark
control group since enrollment criteriaremained consistent over trial
execution and participants on arms 1-4 had similar baseline patient
characteristics asarm 5. However, due to limitations for post hoc analy-
ses and because this was a nonrandomized trial a survival benefit
cannot be inferred. While it will be important to confirm our findings
in later-phase trials, OS for the heavily pretreated rGBM cohort, the
majority of whichwere treated at second recurrence or later, compared
favorably with historical controls. Median OS for GBM at first recur-
rence ranges from 5.5 to 12.6 months*” and post bevacizumab from
3.3t03.4 months*®. The phaselll trial evaluating tumor treating fields
versus chemotherapy, which, as with our study, treated the majority of
patientsatsecondrecurrence or later and allowed prior bevacizumab,
reported a median OS of 6.6 and 6.0 months, respectively*’. Current
efforts are now aimed at next-generation CAR designs and combina-
tion therapies to address known barriers to more effective therapy,
and thusenhance response rates and durability of the arm 5 platform.
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Methods

Study design

Patients with rGBM and other HGGs enrolled on this phase I study
between June 2015 and February 2020 (ClinicalTrials.gov Identifier:
NCT02208362). This study (final protocol included in Supplemen-
tary Information) was conducted inaccordance with the Institutional
Review Board, Data Safety Monitoring Committee and Independent
Ethics Committee at The City of Hope (COH) National Medical Center
aswellasthe US Food and Drug Administration. All subjects provided
writteninformed consentinaccordance withlocal regulatory review.
Patients were not compensated for their participation in the study.

Enrollment criteriaincluded the following: age 18-75 years, which
was modified to 12-75 years by protocol amendment; diagnosis of pro-
gressive/recurrent grade 3 or 4 malignant glioma’®; IL-13Ra2+ tumor
expression by immunohistochemistry (IHC); KPS >60; life expectancy
>4 weeks; appropriate venous access; defined washout periods from
previous therapies; steroid dependency <6 mg dexamethasone a day;
adequate organ function, including white blood cell count >2,000 dI™*
(or absolute neutrophil cell count >1,000 dI™), platelets 100,000 pl™
and international normalized ratio <1.3; creatinine <1.6 mg dI™, bilirubin
<1.5mgdl™, alanine transaminase and aspartate transaminase <2.5x
upper limits of normal, oxygen saturation >95% and alack of radiographic
abnormalities on chest X-ray that are progressive, lack of symptomatic
cardiacarrhythmias and does not require pressor support, lack of uncon-
trolled seizure activity; negative blood cultures for bacteria, fungus or
virus and no indications of meningitis; and use of adequate contracep-
tion in patients of child-bearing age. Sex or gender was not considered
inthe study design as rHGG occurs in both males and females.

Exclusion criterial included the following: requires supplemental
oxygen to keep saturation greater than 95%, and the situation is not
expected toresolve within 2 weeks; symptomatic arrythmia requiring
intervention; requires dialysis; uncontrolled seizure activity and/or
clinically evident progressive encephalopathy; patient and/or legal
guardian unable to understand basic elements and risks/benefits of
participating on the study; poorly controlled or severe intercurrent
iliness or active infection including hepatitis B or C; another active
malignancy; recovering from major surgery until recovery deemed
complete by the investigator; and confirmed human immunodefi-
ciency virus positivity within 4 weeks of screening.

This five-arm trial evolved to evaluate three routes of locoregional
delivery (ICT,ICV and dual ICT/ICV) and two manufacturing platforms
(Tcm and Tn/mem). In May 2015, the trial opened as a two-arm study
treating patients ICT following either biopsy (arm1) or resection (arm
2). The rationale for two arms was based on concerns that the higher
tumor burden for nonresectable tumors may result in greater toxicities;
however, after treating the first two participants on arm1, we found that
the therapy was well tolerated with no DLTs. We therefore amended the
protocol to close enrollmentonarm1and enrolled biopsy patients on
other treatment arms. We have combined arm 1 and arm 2 for safety
andsurvival analyses, since both were treated with ICT administration.
Concomitant with closing arm 1, we amended the protocol to open
arm 3 to evaluate ICV delivery of CAR-T cells. The rationale for arm 3
(ICV) was based on our clinical experience with the first participant
treated on arm 2 who received ICV-delivered CAR-T cells on an SSP
and achieved a complete remission of his multifocal rGBM®. We then
enrolled participants with unifocal tumors on arm 2 and multifocal
tumorsonarm 3. Subsequently, we amended the protocol to openarm
4 toevaluate delivery of CAR-T cells both ICT and ICV (dual), as preclini-
cal and clinical data suggested benefits to both delivery routes®'**,
Enrollment between arms 2, 3 and 4 was based on slot availability due
to patient staggering, disease presentation (unifocal tumors were
primarily enrolled on arm 2), and efforts to establish a MFD for each
delivery route. Lastly, the protocol was amended for arm 5 to evalu-
ate our modified Tn/mem manufacturing process with dual ICT/ICV
delivery based on preclinical and clinical experience (Supplementary

Fig.3andrefs.22-27) and increased manufacturing feasibility. We pri-
oritized for enrolling patients onarm 5 and began to close enrollment
onallother treatment arms.

Upon enrollment, research subjects were assigned aUPN, and their
PBMCswere collected at the COH Donor Apheresis Center for CAR-T cell
manufacture. The median time fromapheresis to first CAR-T cell infu-
sion was 50 days (minimum 22 days, maximum 1,241 days). Following
radiographic evidence of progression, research subjects then under-
went a stereotactic biopsy or resection followed by placement of a
Rickham catheter(s)—thoseinarms1land2had one catheter placedin
or proximal to the magnetic resonance imaging (MRI)-defined tumor
site (ICT); thoseinarm 3 had one catheter placed in the lateral cerebral
ventricle (ICV); and those in arms 4 and 5 had two catheters placed
both ICT and ICV. Following surgery and within 1-2 weeks before the
first CAR-T cell infusion, research subjects underwent baseline MRI
and fluorodeoxyglucose-positron emission tomography (FDG-PET)
imaging. The median time from surgery and catheter placement to
the first CAR-T cell infusion (C1) was 9 days (minimum 6 days, maxi-
mum 29 days). Patients ineligible for treatment as indicated in Fig. 1c
included those who never went to surgery or those who went to surgery
but did notreceive CAR-T cells.

On the morning of each T cell infusion, the IL-13Ra2-CAR-T cells
were thawed, washed and reformulated in 0.5 ml preservative-free
normal saline/2% human serum albumin (HSA) and delivered manually
using a syringe to inject into the Rickham catheter. This was followed
by a 0.5 ml preservative-free normal saline flush over approximately
5Sminthroughthe Rickham catheter. Participants on dual ICT/ICV arms
(arms 4 and 5) simultaneously received the intended dose into each
ICTandICV catheter. Note that CAR-T cells were administered without
prior lymphodepleting chemotherapy.

Dose escalation within each arm followed a 3 + 3 design. Partici-
pants were deemed evaluable for dose escalationif they received 80%
of each of their assigned three weekly infusions and were followed for
one additional week or experienced a DLT and did not receive disal-
lowed therapy or experienced a delay between doses of more than
21 days. Participants were evaluable for response or survival if they
received three doses of CAR-T cellsinthe DLT period. UPN230 was not
evaluable for survival due to the extended wait between surgery and
the first CAR-T cell infusion. Four participants were not evaluable for
dose escalation due to either receipt of <80% of the CAR-T cell dose
atcycle 3 (UPN201) or cycle 2 (UPN131), receipt of disallowed therapy
on day 24 (UPN260), or a longer than allowable delay between cycles
1and 2 (UPN409).

Toxicities reported here are limited to those that occurred on
protocol therapy. Toxicities were followed at least twice aweek during
the 28-day DLT period. After the DLT period participants were followed
for worst grade toxicities monthly, then every 3 months for the first
year and yearly thereafter. Adverse events were graded according to
the CTCAE v4.0, as well as the revised cytokine release syndrome (CRS)
grading system and the modified neurological grading system. DLTs
were defined as serious adverse events probably or definitely attributed
to CAR-T cellinfusion, specifically any grade 3 allergic reaction or auto-
immunereaction, grade 3 CRS lasting >72 h, any two grade 3 toxicities
atthe same dose lasting >72 h, and any grade 4 toxicities except those
associated with CRS lasting <72 h. Full details on toxicity evaluation
and DLTs are provided in the final protocol. Participants were imaged
to assess disease response using modified response assessment in
neuro-oncology (RANO) criteriaat the end of the DLT period and every
2-3 months thereafter as clinically indicated.

Participants could continue receiving CAR-T cell infusions at a
rate no more frequent than once aweek and atless than or equal to the
highest tolerated cell dose in the initial dose schedule, provided that
the participant continued to meet eligibility criteria and there were
cell doses available from the already manufactured cell product. If a
research participantonarms1or2 (ICT) progressed after the first three
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CAR-T cellinfusion cycles, they were allowed to receive their optional
CAR-T cellinfusions ICV. For research participantsonarms 4 or 5 (dual
ICT/ICV), based on clinical response after the first three infusions,
optional infusions could occur at either one or both sites (instead of
requiring injections at both ICT and ICV sites) at less than or equal to
the highest dose deemed safe for that deliverysite.

MRI and PET acquisition and analysis

MRI of the brain and spine were acquired on a Siemens MAGNETOM
Verio 3.0 Teslascanner. Pre, post, dynamic contrast enhanced, dynamic
susceptibility contrast, gadolinium T1-weighted, diffusion and
T2-weighted sequences were acquired. Tumor foci were measured on
axial TImulti-planar reconstruction (MPR)-weighted images obtained
after the administration of MultiHance (gadobenate dimeglumine).
Response assessment was recorded using the modified RANO criteria
for GBM. Imaging with F-fluorodeoxyglucose was performed using a
GE Discovery DSTHP60 PET-CT scanner (70 cmaxial field of view, slice
thickness 3.75 mm). Maximal standardized uptake values were obtained
utilizing Vital Images Vitrea version 6.7.2 software. For the calculation
of contrast-enhancing tumor volumes, T2-weighted, T2-weighted Fluid
Attenuated Inversion Recovery, T1-weighted pre- and post- contrast
images were coregistered and resampled tol mm x 1 mm x 3 mm voxel
sizes using BraTumlA software®. The registered, non-skull-stripped
images were thenimported into ITK-SNAP (v3.8.0) for segmentation®..
Trained readers generated initial masks of the tumor volumes with
final review and volume selection by a radiologist with over 10 years
of experience in neuroradiology.

QOL assessment

Research participant QOL assessment was evaluated using EROTC
QLQ-C30 summary scores onascale of 0-100 (the higher the score the
better) with threetosix scores collected from each patient over 38 days.
The patient-reported multidimensional health related QOL question-
naire was composed of 13 items—five functional scales (physical, role,
emotional, cognitive and social), three symptom scales (fatigue, nausea
and vomiting, and pain) and five additional single items (dyspnea,
insomnia, appetite loss, constipation and diarrhea).

Clinical vector and IL-13Ra2-CAR-T cell manufacturing
The codon optimized CAR sequence contains a membrane-tethered
human IL-13 ligand mutated at a single site (E13Y) to reduce potential
binding to IL-13Ral (refs. 52,53),ahuman IgG4 Fc spacer containing two
mutations (L235E; N297Q) that prevent Fc receptor-mediated recogni-
tion**,ahuman CD4 transmembrane domain, ahuman costimulatory
4-1BB cytoplasmic signaling domain, and a human CD3{ cytoplasmic
signaling domain. A T2A ribosome skip sequence® then separates
this IL-13Ra2-targeting CAR sequence from a truncated human CD19
sequence (CD19t), an inert, nonimmunogenic cell surface marker.
Details for the generation of the lentiviral vector encoding the
IL-13Ra2-CAR and the CD19t transgene are available upon request.
For IL-13Ra2-CAR-T cell manufacturing, on the day of leukapher-
esis, PBMCs were isolated by density gradient centrifugation over
Ficoll-Paque (GE Healthcare) in either a centrifugation or Sepax cell
separation system followed by two washes in phosphate-buffered
saline (PBS)/ethylenediaminetetraaceticacid (EDTA). PBMCswere then
washed oncein PBS, resuspended in X Vivol5 medium (Bio Whittaker)
containing 10% fetal calf serum (FCS; Hyclone), and stored on a 3-D
rotator overnightatroomtemperature. The following day, PBMCs were
incubated with clinical-grade anti-CD14 and anti-CD25 microbeads with
(for Tcm) or without (for Tn/mem) anti-CD45RA microbeads (Miltenyi
Biotec). CD14/CD25+ (for Tn/mem) or CD14/CD25/CD45RA+ (for Tcm)
cellswerethen depleted using the CliniMACS depletion mode accord-
ing to the manufacturer’s instructions (Miltenyi Biotec). After cen-
trifugation, the unlabeled negative fraction of cells was resuspended
in CliniMACS PBS/EDTA buffer (Miltenyi Biotec) containing 0.5% HSA

(CSLBehring) and thenlabeled with clinical grade biotinylated-DREG56
mAb (COHNMC CBG). The cells were then washed and resuspended in
CliniMACS PBS/EDTA containing 0.5% HSA and then incubation with
anti-biotin microbeads (Miltenyi Biotec). The CD62L+fraction was puri-
fied with positive selection on CliniMACS according to the manufac-
turer’sinstructions, and resuspended in X Vivol5 containing 10% FCS.
Following enrichment, Tcm (CD14/CD25/CD45RA-, CD62L+) or
Tn/mem (CD14/CD25-,CD62L+) were stimulated with GMP Dynabeads
Human T expander CD3/CD28 (Invitrogen) at a 1:3 ratio (T cell:bead),
and transduced with clinical-grade /L-13BB{-T2A-CD19¢ lentivirus at
an MOl of 0.3 in X Vivol5 containing 10% FCS with 5 pg ml™ protamine
sulfate (APP Pharmaceutical), 50 Uml™ rhIL-2 and 0.5 ng mI™ rhiL-15.
Cultures were then maintained at 37 °C, 5% CO, with addition of X Vivol5
10% FCS as required to keep cell density between 4 x10° and 2 x 10°
viable cells mI™, with cytokine supplementation (final concentration
of 50 U ml™ rhIL-2 and 0.5 ng mI™ rhIL-15) three times per week. CD3/
CD28 Dynabeads were removed approximately 7 days after transduc-
tion using the Dynal ClinEx Vivo Magnetic Particle Concentrator bag
magnet. Cultures were propagated until sufficient cell numbers were
generated as determined by Guava PCA, at which time cultures were
collected, washed in Isolyte (Braun) with 2% HSA, then resuspended
in Cryostor CS5 (BioLife Solutions) for cryopreservation. Overall, this
manufacturing process was completed in 10+ days (schema depicted
in Supplementary Fig. 1). Quality control tests on freshly thawed cells
included viability, potency (CD19t expression), identity (CD3 expres-
sion), transgene copy number (woodchuck hepatitis virus posttran-
scriptional regulatory element (WPRE) quantitative polymerase chain
reaction (qPCR)), replication competent virus testing (vesicular sto-
matitis virus G protein (VSV-G) qPCR and formal replication competent
lentivirus (RCL) testing at the University of Indiana), residual bead count
and sterility. Cell products were further analyzed by flow cytometry as
described below. Manufacturing failures as indicated in Fig. 1c consisted
oftwoinadequate aphereses and one failed quality control release.

Patient sample processing

Tumor resection material was collected through the COH Department
of Pathology according to the clinical protocol. Peripheral blood sam-
pleswere collected in vacutainer tubes +tEDTA. Samples with EDTA were
ficolledimmediately uponreceipt,and PBMCs were frozenin Crystor
CS5 at -80 °C, followed by transfer to liquid nitrogen for long-term
storage.Samples without EDTA were allowed to coagulate for2-3 hat
roomtemperature; serumwas collected by centrifugation, aliquotedin
single-use100-200 pl aliquots and stored at —80 °C. TCF was collected
fromthe ICT reservoir, and CSF was collected from the ICV reservoirina
3ccsyringe, spundown, and cell-free supernatants were aliquoted and
stored at—80 °C. The CSF cells were resuspended in HBSS-/- (Corning
CellGro) with2% FCS and sodium azide forimmediate flow cytometric
analysis as described below, with the remaining cells resuspended and
frozenin Cryostor CS4 at-80 °Cand then transferred to liquid nitrogen
for long-term storage.

Immunohistochemistry

IL-13Ra2 IHC was performed in the COH Clinical Pathology CLIA lab-
oratory using 5-pm sections of formalin-fixed paraffin-embedded
specimens. Slides were loaded on a Ventana DISCOVERY ULTRA IHC
automated stainer (Ventana Medical Systems, Roche Diagnostics),
where deparaffinization, rehydration, endogenous peroxidase activ-
ity inhibition and antigen retrieval (using TRIS buffer pH 8) were first
performed. The slides were then incubated with a monoclonal rabbit
anti-humanIL-13Ra2 (E7U7B, Cell Signaling Technology, diluted 1:100)
for 32 min followed by incubation with reagents from the OptiView
DABIHC Detection Kit. The stains were counterstained with hematoxy-
lin and coverslipped. The stained slides were scanned using a Nano-
Zoomer 2.0-HT digital slide scanner, aNanoZoomer S360 Digital Slide
Scanner (Hamamatsu Corporation), or directly acquired onan Olympus
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BX46 transmitted light microscope with an SC-180 Olympus camera.
IL-13Ra2 immunoreactivity was scored by a clinical neuropathologist
and quantified based on the percentage of tumor cells exhibiting
weak (1+), moderate (2+) or strong (3+) intensity of cytoplasmic and
golgi-like staining. The H score is obtained by the formula: (3 x percent-
age of strongly staining cells) + (2 x percentage of moderately staining
cells) + (percentage of weakly staining cells), giving arange of 0 to 300
(modified from ref. 56). The H score can be translated into the inten-
sity scoring system described in the enrollment criteria as follows:
Orepresenting negative (Hscore 0), 1+ low (Hscore1-100), 2+ moder-
ate (H score 101-200) and 3+ high (H score 201-300). Appropriate
positive (testicular) and negative (prostate) controls were employed
for IL-13Ra2 IHC staining. While the criteria for patient inclusion on
thetrial was atleast 20% of the cells scoring 1+ staining intensity (an H
score of 20) at the time of enrollment, Supplementary Table1reports
the highest H score from multiple blocks at time of surgery, with the
‘+’sign reflecting the presence of membranous staining. This test was
performed at the Department of Pathology, COH National Medical
Centerandisregarded asinvestigational for research. Thislaboratory
iscertified under the Clinical Laboratory Improvement Amendments
of1988 (CLIA) as qualified to perform high-complexity clinical labora-
tory testing.

CD3 IHC was performed similar to IL-13Ra2 IHC with the excep-
tions that slides were loaded on a Leica BOND autostainer, and the
BOND Ready-To-Use Primary Antibody CD3 (LN10) was used according
to manufacturer recommendations. Qualitative scoring for CD3 was
performed by a clinical neuropathologist as follows: tumors with few
detectable T cellswere givena CD3 IHC score of 1; those with scattered
CD3+ cells throughout, with possible occasional perivascular aggre-
gates or hot spots, were given ascore of 2; those with many CD3+ cells
throughout and dense hot spots were given ascore of 3; and those with
many dense CD3+ cell infiltrates were given a score of 4.

Four-plex and 3-plex IHC was performed similar to IL-13Ra2 IHC
with each antibody staining being carried out to completion using
the Ventana DISCOVERY ULTRA IHC automated stainer, and with heat
inactivation performed to prevent any cross-reactivity between each
antigen detection. Stains were visualized with DISCOVERY Purple Kit,
Yellow Kit, Teal Kit and Red kit (for 4-plex) or DISCOVERY DAB Kit,
PurpleKit and Green Kit (for 3-plex) before counterstain with haema-
toxylin. Reference Supplementary Fig. 8 for chromogen colors, and
Supplementary Reporting Summary for antibody information. Cell
quantification was performed using Visiopharm v2023.01 software.

Images depicted in Fig. 4d,e and Supplementary Figs. 7a-c and
8a-c are representative of the whole tumor section/slide (that is,
one per patient) that was stained by IHC and scored or quantified as
described above.

Flow cytometry

Cells were washed and immunophenotyped by flow cytometry using
fluorochrome-conjugated antibodies specific for either CCR7, CD3,
CD4, CDS8, CD19, CD25, CD27, CD45RA, CD57, CD62L, FOXP3, LAG-3
or PD-1 (Supplementary Reporting Summary). Gating strategies are
depicted in Supplementary Fig. 2. For flow-cytometry-based recur-
sive killing assays, patient CAR-T cell products were cocultured with
patient-derived glioma tumor cells, and absolute numbers of viable
tumor cells and CAR-T cells were enumerated by staining for CD45
and CD19 to distinguish between target cells and CAR-T cells”. All
samples were acquired on MACSQuant Analyzer 10 (Miltenyi Biotec)
and analyzed with FlowJo software (v10.1, TreeStar) and GraphPad
Prism Software (v9).

Cytokine profiling

Serum, CSF and TCF samples were analyzed by the Analytical
Pharmacology Core Facility at COH using the Human Cytokine 30-Plex
Panel kit (Invitrogen) and a FLEXMAP 3D (Luminex).

qPCR for CAR-T cell persistence

Assessment of CAR-T cell persistence in peripheral blood was deter-
mined by quantification of the WPRE region of the lentiviral transgene
by qPCR. Genomic DNA (gDNA) was extracted from frozen 0.3-ml ali-
quots of whole blood and tested for the WPRE copy number by TagMan
qPCR. Average copy numbers are presented if >2 of 3replicates gener-
ated acyclethreshold (Ct) value. Participants were measured for WPRE
before and at least once after every CAR-T cell infusion.

Orthotopic xenograft models

Raji-ffluc and patient-derived glioma line PBT030-2-ffluc-IL-13Ra:2+
were maintained as previously described'®*s, All tumor lines were
authenticated for the desired antigen/marker expression by flow
cytometry, tested for mycoplasma using the MycoAlert PLUS
Mycoplasma Detection Kit (Lonza), and maintained in culture for
less than 1-2 months. Tcm or Tn/mem products were enriched from
healthy donors and transduced with lentiviral vectors encoding the
CD19- or IL-13Ra2-targeting CAR as described above and previously
described'**¢°, The resulting CAR-T cells were cultured for 18-21 days
and analyzed by flow cytometry as described above.

Allanimal studies were approved by the COH Institutional Animal
Care and Use Committee with mice housed in rooms witha12h:12h
light:dark cycle, ambient temperature of 68-75 °F, and 30-70% humid-
ity. For the lymphoma studies, NOD/Scid IL2RyCnull (NSG) mice
(9-10 weeks old) were injected with 0.5 x 10° Raji-ffluc cells (CD19+)
intravenously onday O. Three days after tumor inoculation, mice were
treated intravenously with Tcm- or Tn/mem-derived CD19-CAR-T cells
or mock-transduced controls (1 x 10°). For GBM studies, NSG mice
(6-10 weeks old) were injected with 0.1 x 10° patient-derived glioma
cell line (IL-13Ra2+) intracranially as described before'. Tcm- or Tn/
mem-derived IL-13Ra2-CAR-T cells or mock-transduced controls
(0.1 x10° cells) were administered intratumorally on day 8. OS was
assessed using Kaplan-Meier methods (GraphPad Prism Software v9).

scRNA-seq

RNA library preparation and single-cell sequencing. Single-cell
sequencing of cryopreserved samples was carried out using the 10x
Chromium platform. scRNA-seq was carried out on excess available
CAR-T cell product samples from 62 of the 65 treated patients (40 Tcm,
22 Tn/mem). Additionally, expression levels of cell surface proteins
of 27 CAR-T product samples (14 Tcm, 13 Tn/mem) were quantified
using cellular indexing of transcriptomes and epitopes sequencing
(CITEseq).

For batch 1, 51 patient PBMC exomes were collected via lllumina
exome panel and sequenced at 20 Mread pairs per patient for sample
deconvolution. For batches 2-19, Biolegend Total Seq-C hashtag anti-
bodies were used to allow sample deconvolution after pooled process-
ing. Eight barcoded samples were sorted at equal proportionsinto a
single collection tube, and the eight batches (batches 2-6, 14,17 and
18) were treated with BioLegend Total Seq-C Human Universal Cocktail
V1.0 for cell surface protein expression. Batch 1 was treated with TS-C
#99328 with 198 antibodies, batches 2-6 with TS-C #99814 with 192
antibodies, and batches 14,17 and 18 with TS-C #399905 with 137 anti-
bodies (Supplementary Table 2). Atotal of 60,000 cellswereloaded toa
single Gel Bead-in-Emulsion (GEM) reaction onto the Chromiuminstru-
ment.scRNA-seq and feature barcode libraries were prepared accord-
ingto manufacturer protocols and sequenced on Illuminalseq100 for
cell count validation and NovaSeq6000 at the recommended depth
for relevant library type. Sequence data were processed using 10x
Genomics Cell Ranger V5.0 and Ensemble 98.

scRNA-seq bioinformatics. Single-cell sequencing data were ana-
lyzed using Seurat v4 (ref. 61). CellRanger objects for each batch were
imported to create aSeurat object for each of the 19 batches. For batch
1,sampleidentities were deconvoluted and multiplets were identified
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using Demuxlet®’. Exome sequencing FASTQ reads were chunked to
40 Mreads, aligned to GRCh38 using the Burrows-Wheeler Aligner
(BWA)®, and processed with Samtools Fixmates and Samtools Sort®*.
Individual chunks were merged, and PCR and optical duplicates were
marked with Samtools. Genotypes were called with DeepVariant®. The
single-cell data were filtered to retain singlets with >500 unique RNA
features detected, >1,000 RNA feature counts and less than 10% of
reads mapping to mitochondrial genes. Outliers with>10,000 protein
feature counts were excluded.

Batches with both scRNA-seq and CITEseq gene expression
data were normalized with the SCTransform function, protein data
log-transformed, and each data type was integrated using recipro-
cal principal component analysis (rPCA). The number of principal
components (PCs) to be included in dimensionality reduction and
unsupervised clustering were determined by calculating the differ-
encebetween the proportion of variation associated with each PC and
their subsequent PC and selecting the last point where the difference is
more than 0.1%. For each data type, Uniform Manifold Approximation
and Projection (UMAP) was used for dimensionality reduction and 2D
visualization of cell clusters. After clustering based on surface protein
expression, data were filtered to exclude cells expressing high levels
of control antibodies. Clustering based on both gene expression and
surface protein expression levels was carried out using the weighted
nearest neighbor analysis. For the batches with only scRNA-seq, gene
expression data were similarly SCT normalized and rPCA integrated.
After dimensionality reduction with principal component analysis
(PCA), cluster labels and protein data were transferred from the ref-
erence object (RNA-seq + CITEseq) to the query (only RNA-seq) by
projecting the query data onto the UMAP structure of the reference.
The two objects were merged using the weighted nearest neighbor
UMAP. The SCT assay was replaced with data integrated across all 62
samples. Three clusters with low numbers of cells (353,257 and 2) were
excluded from downstream analyses.

Highly expressed marker features for each cluster were identi-
fied using the presto implementation of the Wilcoxon rank test®®.
Clusters were annotated on the basis of cluster markers and canonical
T cell marker expression (Supplementary Table 3). To further anno-
tate the clusters on the basis of the expression of previously defined
T cell expression signatures®” *° (Supplementary Table 4) we con-
ducted a single-cell gene-set variation analysis (scGSVA) using the
scGSVAR package’.

Statistical analysis

The sample sizes for each arm were based on estimating the DLT
rate and was done for 6 and 12 participants. A sample size of 6 at the
MTD/MFD (1) provided amaximum margin of error of 0.35fora90% CI
fortheDLT rate,and (2) allowed us to detect atoxicity with atrue rate of
0.25in 82% of trials. Asample size of 12 (1) provided amaximum margin
of error of 0.25fora90% Cl, and (2) allowed us to detect a toxicity with
atruerate of 0.25in 96% of trials.

Survival calculations and estimates were generally performed
using Kaplan-Meier methods, with post hoc tests of survival curve dif-
ferences being from the Harrington-Fleming G\rho family asindicated
in figure legends. To adjust for potential differences in tumors size
betweenarm5andarms1-4 for survival, aweighted log rank test with
stabilized weights™ was used. The weights were based on propensity
scores calculated using a logistic regression model predicting treat-
ment assignment based on log, pre-CAR-T cell tumor volume. The
estimate of effects of CD3 score and Tn/mem product on expected
survival times for patients with rGBM (Fig. 4f), was performed using
alinear regression model of log survival time with covariates of CD3
score (high versus low), product (Tcm versus Tn/mem) and interaction.
Withinthe rGBM group, there is only one censored observation, which
was accounted for by imputation, noting that in general log-survival
times among the rGBM group are well modeled through a normal

distribution. Robustness of the imputation results was checked by
observing that this single censored observation would need to be an
extreme outlier before it would affect the significance of the 95% Cls
obtained.

QLQ-C30 was used to assess QOL, and descriptive statistics were
estimated for baseline score and slopes were determined over a38-day
period thatincluded the three CAR-T infusionsin the DLT period. Post
hoc comparisons were made between the Tcm arms 1-4 and Tn/mem
arm 5 for QOL using atwo-sided two-sample t-test. No corrections were
made for multiple testing.

Area under the curve of CAR-T cells in CSF was calculated using
linear interpolation between time points, with the linear x-axis scale
inunits of days.

Low-dimensional representation of the 30-dimensional cytokine
data was obtained by the application of multidimensional scaling to
the proximity matrix generated by arandom forest trained on the data.

Density plots were constructed using kernel density estima-
tors with gaussian kernels and bandwidth estimated through
cross-validation.

Statistical significance tests between groups with a single factor
were generally performed using two-sided t-tests after appropriate
checks onnormality assumptions. Where the variable of interest failed
this testand normality assumptions (thatis, Hscores), anonparametric
Mann-Whitney test was used. No corrections were made for multiple
testing. Significance tests between mutifactorial groups (cytokine
changes in the CSF over both cycles and arms) were performed with
analysis of variance (ANOVA) to obtain significance levels for the
factor of interest (arm).

Shown linear regressions were performed with standard
least squares methods and significance of associations found by
standard t-test.

We defined the absolute IFNy pathway score of available C1D1 CSF
samples as the sum of the log-transformed measured values of IFNy,
CXCL9 and CXCL10. Figure 3e shows the fold change in this score from
baseline (C1DO).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Allrequests for raw and analyzed data and materials will be promptly
reviewed by the corresponding author and appropriate COH commit-
tees to verify if the request is subject to any intellectual property or
confidentiality obligations. Requests may be made to cbrown@coh.
org; response time will be within approximately 30 business days.
Release of individual-level data may be restricted due to patient con-
fidentiality considerations. Any data and materials that canbe shared
will be de-identified and released viaa data or material transfer agree-
ment. The RNA-sequencing data are deposited on the National Center
of Biotechnology Information Gene Expression Omnibus (NCBI GEO)
under the accession number GSE255850.

Code availability

Scriptsto conduct the RNAseqanalyses are publicly available on GitHub
at https://github.com/Banovich-Lab/13384_IL-13Ra2_CART _product
ref.72.
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Extended Data Fig. 1| Effect of ICV delivered CAR-T cells for UPN145 and
patient overall survival and quality-of-life evaluations. a, MR images of
UPN145 under Arm 3 before (PRE, left panels) and after (POST, right panels) three
ICVinfusions of CAR-T cells at DS1show that while the subpial lesions (yellow
arrows) resolved, the parenchymal tumor (yellow circle) progressed.

b, Overall survival of all evaluable patients from date of surgery. Thin lines
denote 95% Cls; dashed lines depict medians in months (Mo). Median survival
times with 95% Cls in parentheses are indicated. ¢, d, Survival comparisons of
rGBM patients by dose schedule utilized for the DLT period. Legend of (c) and
x-axis of (d) indicate maximum infusion cycle dose x 10°. Box and whisker plots
of (d) depict the median and interquartile range with whiskers extending to the
minimum and maximum values. P-values were determined using the two-sided
Log-rank test (c) oran ANOVA test (d) across the different dose levels (n =6, 4,5,

17,and 9, left to right). e, Survival comparison of all evaluable patients that were
infused with either Tcm- or Tn/mem-derived cell products. Red dots indicate
censored participants (that s, lost to follow-up but hadn’t passed away). P-values
for survival comparisons were determined using the Log-rank test. f, EROTC
QLQ-C30 summary score slopes (change in QOL scores per day) from pre-surgery
to ~ day 38 (encompassing the three infusions and DLT period) for all evaluable
participants (top) or evaluable participants with rGBM (bottom) are shown as box
and whisker plots. The median and interquartile range with whiskers extending
to thelast point within 1.5 times the interquartile range are depicted for Arms 1-4
vs.Arm 5. The means are indicated as blue filled circles. Note the pre-cycle 1score
was used as baseline for four participants who did not have pre-surgery scores,
and for 3 participants, 1 question for the timepoint was imputed with cycle 1
results. P-values were calculated using the two-sided ¢-test.
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Extended Data Fig. 2| Characterization of Tcm- and Tn/mem-derived CAR-T
cell products. a, Representative flow cytometry of CD62L/CD45RA before and
after selection of either Tcm (left) or Tn/mem (right). b, Average distribution of
T cell subpopulations in starting PBMC, or Tcm- or Tn/mem-selected cells based
on CD62L/CD45RA analysis shownin (a). Tn/scm, CD62L + CD45RA +; Tcm,
CD62L + CD45RA-; Tem, CD62L- CD45RA-; Temra, CD62L- CD45RA +.

¢, Expression of CAR (using CD19t marker), CD57, LAG-3, PD-1and co-expression
of LAG-3 and PD-1on Tcm- and Tn/mem-derived final CAR + T cell products as
determined by flow cytometry, with means ( + S.E.) indicated by black bars.

**** P <0.0001; ***, P < 0.0003 using a two-sided unpaired ¢-test. Due to limited
cell product availability, only 46 products (n =32 Tcm, 14 Tn/mem) were assayed
for CD57,LAG-3 and PD-1.d, UMAP projection and clustering of 80,374 cells
across 40 Tcm-derived and 22 Tn/mem-derived CAR-T products, coloredby 12 T
cell clusters (left), or by product type (right). Clusters 1,3, and 7 are outlined.

e, Log-normalized, scaled expression of CD8 (left), and enrichment of gene
signatures for memory-like and dysfunctional T cell subsets. f, Mean percentages
of cellsin each of the 12 clusters identified by scRNA sequencing (CO-Cl11,
reference d) in Tcm-derived and Tn/mem-derived CAR-T cell product samples.

g, Percentage proportions of Tcm- vs. Tn/mem-derived CAR-T cell products in
each ofthe 12 clusters (CO-C11). Two-sided Wilcox-test p-values when comparing
Tcm-and Tn/mem-derived productsin each cluster are indicated. h, Schematic
of invitro tumor rechallenge assay (left). Tcm- or Tn/mem-derived CAR-T product
expansion (meantS.E.; middle) and tumor count (right). ***, P < 0.0031 using
either a two-sided unpaired ¢-test (left) or atwo-sided ¢-test for the log area under
the curve (right). Note, due to limited cell product availability, only 49 products
(n=34Tcm, 15 Tn/mem) were used in the expansion assay, and 45 products
(n=32Tcm, 13 Tn/mem) were used in the killing assay.
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Extended Data Fig. 3| Evaluation of Tcm- and Tn/mem-derived CAR-T

cell products for Treg cells. a, UMAP projection and log-normalized, scaled
expression of CTLA4 (with12 clusters indicated as in Fig. 2b), IL2RA, FOXP3and
IKZF2 genes. b, Average expression, and the percentages of cells expressing
CTLA4,IL2RA, FOXP3 or IKZF2 genes in each of the 12 clusters identified by
scRNA sequencing (CO-C11). ¢, Representative flow cytometry of CD25/FOXP3
onviable, CD3+/CD4+/CAR(CD19t)+-gated cells of either Tcm- or Tn/mem-

derived CAR-T cell products as compared to a Treg CAR-T cell line control.
Isotype control staining is depicted at top to confirm quadrant placement for
each analysis. d, Mean (+S.E.) percentages of CD25/FOXP3+ cells (left) or mean
fluorescence intensities (MFI) of FOXP3 expression (right) on viable, CD3+/CD4+/
CAR(CD19t)+-gated cells of n = 5 representative Tcm- or Tn/mem-derived CAR-T
cell products as compared to a Treg CAR-T cell line control.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Detection of CAR-T cells in the CNS and blood.

a, Representative flow cytometric analyses (left) and quantitation of viable CD3+
and CAR + T cells per pl (right), in CSF and TCF samples over the first three cycles
(C1-C3) in Arm 3 (top), Arm 4 (middle) and Arm 5 (bottom). b, Graph summarizing
numbers of CAR + T cells as determined by flow cytometry in the CSF for Arms 3-5
over thefirst three treatment cycles (C1-C3). DO, day O of that cycle prior to CAR-T
cellinfusion; D1, sample taken one or two days after CAR-T cell administration;
DS, dose schedule. ¢, Box and whisker plot of AUC for number of CAR-T cells per
pLinthe CSF fromcycles1,2and 3 by arm (referencea, b;n=9forArm3,n=7

for Arm4,n=19 for Arm 5). The median and interquartile range with whiskers
extending to the minimum and maximum values are depicted. All comparisons
between arms using t-test were nonsignificant. d, Percentages of the indicated
surface marker expression of each CAR-T cell product were plotted relative to

levels of detected CAR-T cells in the CSF (AUC measurements over cycles1-3,
referenceb,c). Tcm- and Tn/mem-derived CAR-T cell products are depicted

as peach and blue dots, respectively. Regression lines for all products are also
depictedineach plot. e, WPRE copy numbers per pg of PBMC DNA are depicted
over time. Cycles of CAR-T cell administration are indicated by dashed lines; note
thatfor C4 +,day 28 to day 60, not everyone received 4 or more cycles of CAR-T
cells, reference Fig. 2a. f, Percentages of the indicated surface marker expression
of each CAR-T cell product were plotted relative to levels of detected CAR-T cells
inthe blood (maximum copy numbers of WPRE per pug of DNA observed over the
first six cycles, reference e and Fig. 3b). Tcm- and Tn/mem-derived CAR-T cell
products are depicted as peach and blue dots, respectively. Regression lines for
all products, with significant p-values for each regression (via ¢-test), are also
depictedineach plot.
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Extended Data Fig. 5| Cytokine profiles after IL-13Ra2-CAR-T cell therapy.
a,CXCL10 levels depicted as density plots prior to CAR-T cell infusion (C1D0)
and one, two- or seven-days post-infusion (D1, D2, D7) of cycles 1-6 in either

the CSF (left), TCF (middle) or Serum (right). b, Plots of TCF (y-axis) versus CSF
(x-axis) levels (log,,) of IFNy pathway cytokines (IFNy, CXCL9 and CXCL10) and
tumor-related cytokines (EGF, HGF, VEGF). Legend shows baseline (C1DO; black),
subsequent pre-infusion (CXDO; grey), day 1 post-infusion (CXD1, red) and day 2
postinfusion (CXD2, pink). Only measurements when a patient had concurrent
CSF and TCF observations (reference Supplementary Fig. 5) are shown. ¢, Box and
whisker plots of the fold changes from patients’ baseline to the corresponding
CxDlineach of theindicated individual IFNy pathway cytokines within the CSF
for patients treated on either arm 3,4 or 5, for each of the first three cycles (at
Cl,n=6,5,0r14, respectively; at C2,n =6, 6, or 15, respectively; at C3,n=8, 5, or

16, respectively). The median and interquartile range with whiskers extending

to the minimum and maximum values are depicted. By ANOVA: ***, p < 0.00002;
** p<0.0003;and*, p <0.03 compared to each of the other arms in that graph;
and **, p<0.0002; and *, p < 0.02 compared to each of the other cycles in that
graph. d, Box and whisker plots of CSF IFNy pathway score at C1D1 (log;,(IFNy) +
log,,(CXCL9) +log,,(CXCL10)) inall evaluable, appropriately sampled patients
who exhibited either PD (n =15),SD (n=9), PR (n=1) or CR (n =1) upon CAR-T cell
treatment. The median and interquartile range with whiskers extending to the
minimum and maximum values are depicted. P-value determined by two-sided
t-test. e, CSF IFNy pathway score in all evaluable patients was plotted against time
to progressionin days, and the regression line for all arms, with p-value (via two-
sided t-test), is depicted. Arm 3 and 4 vs. Arm 5 patients are depicted as peach vs.
blue dots, respectively, with dose schedule (DS) indicated by dot size (d, e).
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Extended Data Table 1| Patient Demographics

All Arms 1 & 2 Am 3 Arm 4 Arms 14 Arm 5
N=65 (cT) (cv) (Dual) (Tem) (Dual Tn/mem)
= N=20 N=11 N=12 N =43 N =22
Age (yearsatsurgery) | 4q 15 71) 49 (32,71) 56 (16,69) | 56(30,65) | 54(16,71) 49 (25, 65)
median (min, max)
Gender No. (%)
Female 25 (38) 7(35) 2(18) 5 (42) 14 (33) 11 (50)
Male 40 (62) 13 (65) 9(82) 7(58) 29 (67) 11 (50)
Ethnicity No. (%)
Hispanic 11(17) 4 (20) 0 1(8) 5(12) 6(27)
Non-Hispanic 51(78) 16 (80) 11 (100) 11(92) 38 (88) 13 (59)
Not disclosed or 3(5) 0 0 0 0 3(14)
unknown
Race No. (%)
White 55 (85) 19 (95) 11 (100) 9(75) 39 (91) 16 (73)
Black 1(2) 1(5) 0 0 1(2) 0
Asian 5(8) 0 0 2(17) 2 (5) 3(14)
Not disclosed or
ko 4(6) 0 0 1(8) 1(2) 3(14)

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02875-1

Extended Data Table 2 | Grade 3 or Higher Toxicities with Possible or Higher Attribution to Surgery and/or Rickham Catheter

while on Protocol Therapy

Arms 1 &2 Arm 3 Am 4 Arm 5
(ICT) (ICV) (Dual) (Dual Tn/mem)
g:t((:aAE v4.0 AE AE Detail N =20 N = 11 N=12 N =22
gory Grade 3 Grade 3 Grade 3 Grade 3
No. (%) No. (%) No. (%) No. (%)
Blood am.i lymphatic Anemia 1(5) 0 0 0
system disorders
General disorders Fatigue 1(5) 0 0 0
and administration
site conditions Fever 0 0 0 1(5)
Catheter related
infection 0 109 0 2(9)
Encephalitis
infection 10 0 0 109
Infections and
Infections and infestations -
infestations BacteremiaNent 0 0 0 1(5)
riculitis, wound
infection
Meningitis 0 0 1(8) 1(5)
Wound infection 0 1(9) 2(17) 2(9)
. L Wound
Injury, poisoning dehiscence 1(5) 1(9) 0 0
and procedural
L. Wound
complications N 0 0 1(8) 0
complication
Headache 1(5) 0 1(8) 1(5)
Intracranial
hemorrhage 0 0 1(8) 0
Nervous system N_ervous system
disorders disorders — Left
hemispheric
subdural 0 1) 0 0
hydroma/
hematoma
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Extended Data Table 3 | Characteristics of rGBM Patients that were Evaluable for Survival

All Arms 1-4 ArmS
N =41 (Tcm) (Dual Tn/mem)
N =27 N=14
Age (years at surgery) median (min, max) 56 (24, 71) 59 (40,71) 48 (24, 64)
Male No. (%) 25 (61) 18 (67) 7 (50)
MGMT No. (%)
Methylated 14 (34) 8 (30) 6 (43)
Unmethylated 25 (61) 17 (63) 8 (67)
Unknown or not tested 2 (5) 2(7) 0 (0)

IL13Ra2 H-Score median (min, max)

At screening

150 (50, 230)

160 (50, 230)

138 (80, 190)

At surgery* 110 (10, 270) | 110 (10, 230) 100 (10, 270)
CD3 (at catheter placement) median (min, max) 2(1,4) 21,4 2501, 3)
Multifocal No. (%) 13 (32) 8 (30) 5 (36)
Resection No. (%) 35 (85) 23 (85) 12 (86)
Tumor Volume mm?® median (min, max)

Pre-Surgery 22080 25120 13630

(1584, 12300) | (3099,12300) | (1584, 37716)

Pre-CART cells (6423%?2320) (1 ojrf,%igzo) (642,3%1867)
Prior Bevacizumab No. (%) 13 (32) 12(44) 1(7)
KPS (pre-CAR-T cells) median (min, max) 80 (60, 100) 80 (60, 100) 90 (80, 100)
EROTC QLQ-C30 Score (pre-surgery) median (min, max) 80 (54, 100) 78 (54, 100) 81 (57, 96)
Recurrence  No. (%)

1st 13 (32) 8 (30) 5 (36)

2nd 16 (39) 10 (37) 6 (43)

3" or more 12 (29) 9 (33) 321

*The only exception being UPN156: IL13Ra2 H-Score at enrollment (100) was used since an at surgery value

was not available.

Nature Medicine



http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-024-02875-1

Extended Data Table 4 | Breakdown of Variables by CD3 Level

Variable 1,2 (n=43) 34 (n=14)
g":‘gg“l’*ge (min, max) 49.1(16.470.7) | 51.3(32.4,64.7)
s‘z’fg{)' F:M 16:27 5:9
52632%3:4 6:37 113
LD:%‘(‘;“‘ - Y:N:ND 8:32:3 3:110
gﬂgtgy‘f‘rlgted MGMT - Y:N:ND 16216 590
:\’n:c:)i%r;lLBRuZ H-Score (min, max) 90 (10, 270) 105 (20, 230)
g":‘g%%KPS (min, max) 90 (60, 100) 90 (70, 90)
g"g‘g%'(‘)gu"’i"a' (min, max) 65(22 447) | 112(60,43.2)
F?iaf_:o’(‘)“"e 385 13:1
Erzogtg:; —Tem:Tn/mem 3211 59
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Extended Data Table 5 | Breakdown of Variables in rGBM Patients by CD3 Level

Variable 1,2 (n =30) 34 (n=11)
g'f‘gi'éAge (min, max) 56.8(24.670.7) | 556(32.4 64.7)
S‘j'g'%' F:M 11:19 5:6
gl:tgggted MGMT - Y:N:ND 11:17-2 3:80
glgttg%r}lL13Ru2 H-Score (min, max) 90 (10, 270) 105 (20, 230)
g':‘g_az'(‘) KPS (min, max) 80 (60, 100) 90 (70, 90)
g'f‘g%'(‘)f”“’i"a' (min, max) 6.5(2.2, 44.7) 112 (6.0, 43.2)
Eiaf_ Aive 29:1 0:11
Erzog%?— Tcm:Tn/imem 237 47
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Data collection  Siemens MAGNETOM Verio 3.0 Tesla scanner; GE Discovery DST HP60 PET-CT scanner; NanoZoomer 2.0-HT digital slide scanner; NanoZoomer
S360 Digital Slide Scanner; Olympus BX46 transmitted light microscope with an SC-180 Olympus camera; MACSQuant Analyzer 10; FLEXMAP
3D® (Luminex); TagMan gPCR; lllumina Iseq100; IlluminaNovaSeqg6000.

Data analysis Vital Images Vitrea v6.7.2; ITK-SNAP v3.8.0; FlowJo v10.1; GraphPad Prism v9; 10x Genomics Cell Ranger v5.0 and Ensemble 98; Seurat v4; R
v4.0.2; Visiopharm v2023.01; Demuxlet; BWA v0.7.17-r1188; Samtools Fixmates and Samtools Sort v1.10; DeepVariant (https://github.com/
google/deepvariant).

Scripts to conduct the RNAseq analyses are publicly available on GitHub at https://github.com/Banovich-Lab/13384 _1L13Ra2_CART_product

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Reporting on sex and gender This information is provided in Table 1 and Extended Table 1. Sex or gender was not considered in the study design as rHGG
occurs in both males and females.

Reporting on race, ethnicity, or  This information is provided in Extended Table 1.
other socially relevant

groupings

Population characteristics This information is provided in Table 1 and Extended Table 1.

Recruitment Research participants were identified at City of Hope through the clinical practices of the PI, co-Is and participating clinicians
and through direct referrals from outside hospitals and physicians. No bias emerging from recruitment is expected. Patients
were not compensated for their participation on the study.

Ethics oversight This study was conducted in accordance with the Institutional Review Board, Data Safety Monitoring Committee and

Independent Ethics Committee at The City of Hope (COH) National Medical Center as well as the U.S. Food and Drug
Administration. All subjects provided written informed consent in accordance with local regulatory review.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Based on simulation results, we expected to study 15 participants in the dose escalation portion of the trial, plus 6 in the expansion portion

plus 2 for replacement of unevaluable participants, giving an expected sample size of 23 per Arm for each of the 4 open Arms for a total of 92.

In actuality we achieved this exact sample size (reference Fig. 1c).
For secondary objectives, sample sizes depended on availability of tumor, CSF, TCF and PB samples.

Data exclusions  Study participants that did not receive the full schedule of 3 T cell doses were excluded from analysis; this was pre-established in the clinical
protocol.

Replication Statistical tests were employed to ensure significance of results within our study. However the study was limited to a single site, and
investigation true replicability is beyond the scope of the study.

Randomization  This was a nonrandomized study. The first 4 research participants in Arms 1- 3 were treated sequentially, followed through the DLT period (3
infusion cycles plus 1-week for AE evaluations) before the next participant could receive their initial infusion; all further research participants
were treated in cohorts of 3. The first research participant in Arms 4 and 5 were followed through the DLT period before the other 2
participants in that cohort were treated, all further participants followed in cohorts of 3.

Blinding Analysts used a de-identified dataset. However blinding was not possible for clinicians due to nature of the clinical interventions. As noted
above, the study was not a randomized study.
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Antibodies

Antibodies used 1) CCR7-PE (R&D Systems Cat. # FAB197P, Clone 150503)
2) CD3 (Leica Biosystems Cat. # PA0553, Clone LN10)
3) CD3-APC (BD Biosciences Cat. # 340440, Clone SK7)
4) CD3-VioGreen (BD Biosciences Cat. # 563109, Clone UCHT1)
5) CD4 (Ventana Cat. # 790-4423, Clone SP35)
6) CD4-FITC (BD Biosciences Cat. # 340133, Clone SK3)
7) CD4-PerCP (BD Biosciences Cat. # 347324, Clone SK3)
8) CD8 (Ventana Cat # 790-4460, Clone SP57)
9) CD8-APC-Cy7 (BD Biosciences Cat. # 348793, Clone SK1)
10) CD19-PE-Cy7 (BD Biosciences Cat. # 557835, Clone SJ25C1)
11) CD25-APC-Cy7 (BioLegend Cat # 302613, Clone BC96)
12) CD27-APC-Cy7 (BioLegend Cat. #302816, Clone 0323)
13) CD27-PE (BD Pharmingen Cat. # 555441, Clone M-T271)
14) CD45RA-FITC (BD Bioscience Cat. # 555488, Clone HI100)
15) CD57-FITC (BD Biosciences Cat. # 555619, Clone NK-1)
16) CD62L-FITC (BD Biosciences Cat. # 347443, SK11)
17) CD62L-PE (BD Biosciences Cat. # 341012, Clone SK11)
18) CD66b (Novus Cat. # NB100-77808, Clone G105F)
19) CD68 (Ventana Cat. # 790-2931, Clone KP-1)
20) FOXP3 (Abcam Cat. # ab20034, Clone 236A/E7)
21) FOXP3-PE (eBiosciences Cat. # 12-4777-42, Clone 236A/E7)
22) IL13Ra2 (Cell Signaling Technology Cat. # 85677, Clone E7U7B)
23) LAG-3-PE (eBiosciences Cat. # 12-2239-42, Clone 3DS223H)
24) LAG-3-FITC (Lifespan Biosciences Cat. # LS-C344745, Clone 17B4)
25) PD-1-FITC (eBiosciences Cat. # 11-9969-42, Clone MIH4)
26) PD-1-PE (eBiosciences Cat. # 12-9969-42, Clone MIH4)
27) DISCOVERY anti-Rabbit HQ (Ventana Cat. # 760-4815)
28) DISCOVERY anti-Rabbit NP (Ventana Cat. # 760-4817)
29) DISCOVERY anti-Mouse HQ (Ventana Cat. # 760-4814)
30) DISCOVERY anti-Mouse NP (Ventana Cat. # 760-4816)
1) DISCOVERY anti-NP-AP (Ventana Cat. # 760-4827)
2) DISCOVERY anti-HQ-HRP (Ventana Cat. # 760-4820)

ww

The concentration of antibody used is the one recommended by the manufacturer.
Lot number information was not recorded.

Validation All antibodies are validated by specificity to their respective target on human cells as provided by the manufacturer's information and
references available in the following websites:
1) https://www.rndsystems.com/products/human-ccr7-pe-conjugated-antibody-150503_fab197p
2) https://shop.leicabiosystems.com/us/actions/ViewProductAttachment-OpenFile?
Localeld=&DirectoryPath=SDSs&FileName=pa0553.pdf&UnitName=LBS
3) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/apc-mouse-anti-human-cd3.340440
4) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/bv510-mouse-anti-human-cd3.563109
5) https://diagnostics.roche.com/us/en/products/lab/cd4-sp35-confirm-rtd000770.html
6) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-diagnostics/single-color-antibodies-
asr-ivd-ce-ivd/cd4-fitc.340133
7) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/percp-mouse-anti-human-cd4.347324
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8) https://diagnostics.roche.com/us/en/products/lab/cd8-sp57-confirm-rtd000777.html

9) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/apc-cy-7-mouse-anti-human-cd8.348793

10) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/pe-cy-7-mouse-anti-human-cd19.557835

11) https://www.biolegend.com/fr-ch/products/apc-cyanine7-anti-human-cd25-antibody-1908?GrouplD=BLG7919

12) https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-cd2 7-antibody-3611

13) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/pe-mouse-anti-human-cd27.555441

14) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/fitc-mouse-anti-human-cd45ra.555488

15) https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/fitc-mouse-anti-human-cd57.555619

16) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/fitc-mouse-anti-human-cd621.347443

17) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-
antibodies-ruo-gmp/pe-mouse-anti-human-cd621.341012

18) https://www.novusbio.com/products/ceacam8-cd66b-antibody-g10f5_nb100-77808

19) https://diagnostics.roche.com/global/en/products/lab/cd68-kp-1-confirm-rtd000775.html

20) https://www.abcam.com/products/primary-antibodies/foxp3-antibody-236ae7-ab20034.html

) https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-236A-E7-Monoclonal/12-4777-42
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https://www.cellsignal.com/products/primary-antibodies/il-13ra2-cd213a2-e7u7b-rabbit-mab/85677
https://www.thermofisher.com/antibody/product/CD223-LAG-3-Antibody-clone-3DS223H-Monoclonal/17-2239-42

24) https://www.lsbio.com/antibodies/lag3-antibody-aa70-99-clone-17b4-fitc-flow-icc-ihc-ip-wh-western-ls-c344745/355623
25) https://www.thermofisher.com/antibody/product/CD279-PD-1-Antibody-clone-MIH4-Monoclonal/11-9969-42

6) https://www.thermofisher.com/antibody/product/CD279-PD-1-Antibody-clone-MIH4-Monoclonal/12-9969-42

7) https://elabdoc-prod.roche.com/eLD/web/us/en/documents/download/0c64b3ff-2636-eal1-fc90-005056a71a5d

28) https://elabdoc-prod.roche.com/elLD/web/us/en/documents/download/3997c013-8957-eb11-0291-005056a71a5d

29) https://elabdoc-prod.roche.com/eLD/web/us/en/documents/download/4f5ab3ff-2636-eal1-fc90-005056a71a5d

30) https://elabdoc-prod.roche.com/eLD/web/us/en/documents/download/e1c99¢27-7857-eb11-0091-005056a772fd

31) https://elabdoc-prod.roche.com/eLD/web/us/en/documents/download/16a84d11-8957-eb11-0291-005056a71a5d

32) https://elabdoc-prod.roche.com/eLD/web/us/en/documents/download/1aa72a08-2736-eall-fc90-005056a71a5d
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Raji-ffluc was a kind gift from Dr. Michael Jensen in 2014; patient-derived glioma line PBT030-2-ffluc-IL13Ra2+ was generated
at COH
Authentication All tumor lines were authenticated for the desired antigen/marker expression by flow cytometry, tested for mycoplasma

using the MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza), and maintained in culture for less than 1-2 months.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals NOD/Scid IL2RyCnull (NSG) mice; 9-10 weeks-old
Wild animals Study did not involve wild animals
Reporting on sex Findings do not apply to one sex as rHGG occurs in both males and females.

Field-collected samples  Study did not involve samples collected from the field

Ethics oversight All animal studies were approved by the City of Hope Institutional Animal Care and Use Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT02208362




Study protocol Full trial protocol is available as Supplementary Information

Data collection Patients were enrolled and treated on this phase | study between June 2015 and February 2021 at City of Hope Beckman Research
Institute and Medical Center in Duarte, CA 91010

Outcomes The Primary Objectives were:
* Assess the feasibility and safety of cellular immunotherapy utilizing ex vivo expanded autologous memory-enriched T cells that are
genetically modified using a self-inactivating (SIN) lentiviral vector to express a IL13Ra2-specific, hinge-optimized, 41BB-costimulatory
CAR, as well as a truncated human CD19 for participants with recurrent/refractory malignant glioma in one of the following ways:
Arm 1 (intratumoral delivery of IL13(EQ)BBZ/CD19t+ Tcm), Arm 2 (intracavitary delivery of IL13(EQ)BBZ/CD19t+ Tcm), Arm 3
(intraventricular delivery of IL13(EQ)BBZ/CD19t+ Tcm), Arm 4 (dual delivery [both intratumoral and intraventricular] of IL13(EQ)BBZ/
CD19t+ Tcm) or Arm 5 (dual delivery [both intratumoral and intraventricular] of IL13(EQ)BBZ/CD19t+ Tn/mem), and
» Determine maximum tolerated dose schedule (MTD)/maximum feasible dose schedule (MFD) and a recommend Phase Il dosing
plan (RP2D) for each arm based on dose limiting toxicities (DLTs) and the full toxicity profile.

The Secondary Objectives are

* In research participants who receive the full schedule of 3 CAR T cell doses:

o Estimate disease response rates,

o Estimate median overall survival, and

o Estimate the mean change from baseline in quality of life using the EORTC QLQ-C30 during and post treatment;

» Describe cytokine levels (CSF, tumor cavity fluid, peripheral blood) over the study period;

e Describe CAR T cell and endogenous immune populations (CSF, tumor cavity fluid, peripheral blood) over the study period; and
e |dentify tumor and tumor micro-environment markers associated with response to CAR T cells.
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Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Cell suspensions were washed and resuspended in PBS.
Instrument MACSQuant Analyzer 10 (Miltenyi Biotec)
Software FlowJo software (v10.1, TreeStar) and GraphPad Prism Software (v9).
Cell population abundance Refer to histograms/percentages on figures.
Gating strategy Gating strategies are depicted in Supplementary Figure 2. In brief, PBMC or CAR-T cell products were gated first to exclude

debris by FSC vs SSC, then for viability using DAPI, and, when indicated, further for the CD3+ population. For Treg analyses,
CAR-T cell products were gated first for viability, then for the CD3+ population, then for the CD4+ population, and finally for
the CAR/CD19t+ population. Cells in the CSF/TCF were gated first to exclude debris by FSC vs SSC, then for viability using
DAPI, and then further for the CD3+ population.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Response Assessment in Neuro-Oncology (RANO) version 1 criteria
Design specifications N/A - not a functional assessment

Behavioral performance measures ~ N/A- not a functional assessment




Acquisition

>

<Y}

Imaging type(s) Structural, Diffusion-Weighted (for clinical use, not volumetric or functional analysis, not reported) =
D)

Field strength 3 Tesla -8
=

Sequence & imaging parameters T1l-weighted with and without macrocyclic Gd-based contrast agents, T2-weighted, T2-FLuid Attenuation Inversion Ei’
Recovery (FLAIR), Diffusion-Weighted Imaging (DWI). Gradient-based sequences, and others, as clinically/technically o
necessary -

-

D

Area of acquisition Whole brain g
=

Diffusion MRI X Used [ Not used o
e

Parameters as necessary for optimal image acquisition, assessment, or surgical planning; up to 20 directions for tractography, when needed, 3

minimally: b-1000, b-0, no cardiac gating 3

<Y}

<

Preprocessing

Preprocessing software BraTumlA v 2.0.0.5 for registration, normalization, and resampling. Skull-stripped images were not used. ITK-SNAP v 3.8 was
used for volume segmentation of Enhancing Tumor and Edema Volumes of Interest.

Normalization BraTumlIA employs a linear transformation technique to register the images.

Normalization template Images are registered to the T1-weighted sequence using a rigid registration technique based on mutual information.
Noise and artifact removal BraTumlA uses an edge-preserving smoothing filter and corrects for field bias.

Volume censoring N/A

Statistical modeling & inference

Model type and settings N/A - volumes are not used for modeling
Effect(s) tested N/A

Specify type of analysis: [ | whole brain ROl-based | | Both

Using the 4 structural images, BraTumIA generates an algorithmically determined labeling of Clear Label,
CSF, White Matter, Grey Matter, Edema, Necrosis, and Enhancing Tumor. None of these labels were
reported or used for determining change in volumes. Labeling for Edema and Enhancing tumor was
conducted manually on the co-registered images.

Anatomical location(s)

Statistic type for inference Voxel count and Volume are calculated within ITK-SNAP using the affine and other metadata included in the image file

(See Eklund et al. 2016)
Correction N/A

Models & analysis

n/a | Involved in the study
IZ |:| Functional and/or effective connectivity

IZ |:| Graph analysis

IZ |:| Multivariate modeling or predictive analysis
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