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Recurrent glioblastoma (rGBM) remains a major unmet medical need,

with a median overall survival of less than 1 year. Here we report the first

six patients with rGBM treated in a phase 1trial of intrathecally delivered
bivalent chimeric antigen receptor (CAR) T cells targeting epidermal growth
factor receptor (EGFR) and interleukin-13 receptor alpha2 (ILI3Ra2).

The study’s primary endpoints were safety and determination of the
maximum tolerated dose. Secondary endpoints reported in this interim
analysisinclude the frequency of manufacturing failures and objective
radiographic response (ORR) according to modified Response Assessment
in Neuro-Oncology criteria. All six patients had progressive, multifocal
disease at the time of treatment. In both dose level 1 (1 10’ cells; n=3) and
doselevel 2 (2.5 x 107 cells; n = 3), administration of CART-EGFR-IL13Ra2 cells
was associated with early-onset neurotoxicity, most consistent with immune
effector cell-associated neurotoxicity syndrome (ICANS), and managed with
high-dose dexamethasone and anakinra (anti-IL1R). One patientin dose
level 2 experienced a dose-limiting toxicity (grade 3 anorexia, generalized
muscle weakness and fatigue). Reductions in enhancement and tumor

size at early magnetic resonance imaging timepoints were observed in all

six patients; however, none met criteria for ORR. In exploratory endpoint
analyses, substantial CART cell abundance and cytokine release in the
cerebrospinal fluid were detected in all six patients. Taken together, these
first-in-human data demonstrate the preliminary safety and bioactivity of
CART-EGFR-IL13Ra2 cells inrGBM. An encouraging early efficacy signal was
also detected and requires confirmation with additional patients and longer
follow-up time. ClinicalTrials.gov identifier: NCT05168423.

A full list of affiliations appears at the end of the paper. [ </e-mail: sbagley@pennmedicine.upenn.edu; donald.orourke@pennmedicine.upenn.edu
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Table 1| Baseline patient characteristics

Patient Sex Age Race Ethnicity EGFR alteration(s) MGMT promoter No.ofrelapses Previous No. of KPS
detected in tumor methylation at time of treatment months on
immediately before CAR CARTcell fromlastRT dayO
T cell treatment treatment

1 Male 71 Caucasian  Non-Hispanic  EGFR amplification, Unmethylated 2nd relapse RT (60Gy), TMZ, 9 80

EGFR R108K TTFields
2 Male 50  Unknown Non-Hispanic  EGFR amplification, Unmethylated 2nd relapse RT (60Gy), TMZ, n 80
EGFRvlII osimertinib

3 Male 66  Caucasian Non-Hispanic = EGFR amplification, Methylated 2nd relapse RT (60Gy), 21 60
EGFRuvIII TMZ, lomustine,

bevacizumab

4 Male 66  Caucasian Non-Hispanic EGFR amplification Unmethylated st relapse RT (60Gy), TMZ 20 90

5 Male 65 Caucasian Non-Hispanic EGFR amplification Unmethylated 1st relapse RT (60Gy), TMZ 6 80

6 Male 33  Caucasian Non-Hispanic EGFR amplification Methylated 3rd relapse RT x 2 (60 Gy, 23 70

35Gy), TMZ,
lomustine

MGMT, 06-methylguanine-DNA methyltransferase; RT, radiotherapy; TMZ, temozolomide; TTFields, tumor-treating fields.

Glioblastoma (GBM) is the most common and lethal primary brain
cancerinadults. Thereis currently no standard treatment for relapsed
disease after first-line chemoradiotherapy, and median overall survival
(0S) forrecurrent GBM (rGBM) is less than 1 year’. Effective therapy for
rGBM remains one of the greatest unmet medical needs in oncology.

Chimericantigenreceptor (CAR) T cells targeting the GBM-specific
and associated antigens epidermal growth factor receptor dele-
tion mutant variant IIl (EGFRvIII)*?, human epidermal growth fac-
tor receptor 2 (HER2)*, interleukin-13 receptor alpha 2 (IL13Ra2)*%,
erythropoietin-producing human hepatocellular carcinoma A2
(EphA2)’ and the GD2 disialoganglioside® were previously evaluated
in phase 1 studies using both intravenous and intrathecal delivery
methods. These approaches have demonstrated acceptable toxicity
profilesbuthave shown limited evidence of efficacy in adults with GBM
aside fromisolated case reports®’. Resistance mechanisms identified
through translational studies include a highly immunosuppressive
tumor microenvironment, intrinsic T cell dysfunction and tumor anti-
gen heterogeneity leading to antigen escape®'® ™2,

To address the problem of tumor heterogeneity in the setting
of monovalent chimeric antigen receptor (CAR) T cell therapy and
improve the efficacy of CAR T cells for GBM, we developed a biva-
lent CART cell product to simultaneously target EGFR and IL13Ra2
(Extended Data Fig. 1a)". Autologous T cells are transduced with a
bicistroniclentiviral vector containing both achimeric scFv targeting
the EGFR epitope 806 (ref.14), a cryptic, conformational epitope that
is predominantly accessible when dysregulation of EGFR activation
occurs due to overexpression (EGFR amplification) and/or the pres-
ence of EGFR extracellular domain mutations” ", as well as a human-
ized scFv targeting the tumor-associated antigen IL13Ra2 (ref. 18).
EGFR epitope 806 is expected to be present on the tumor surface in
50-60% of patients with GBM', and the 806 scFv used in our product
has previously demonstrated a lack of binding against physiologic
EGFR found on astrocytes and keratinocytes, establishing its tumor
specificity and abrogating concerns for on-target/off-tumor toxicity'.
IL13Ra2 is expressed in 50-75% of patients with GBM*>*° and has
previously demonstrated promise as a target for cellular therapy in
this disease®.

We initiated a first-in-human clinical trial to evaluate the feasibi-
lity, safety, bioactivity and therapeutic potential of CART-EGFR-
IL13Ra2 cells for patients with rGBM (ClinicalTrials.gov identifier:
NCTO05168423).Here wereport a non-prespecifiedinterim analyis of the
patients treated at the first two dose levels: 1 x 10’ CART-EGFR-IL13Ra2
cells (n=3) and 2.5 x 10’ CART-EGFR-IL13Ra2 cells (n = 3) (CONSORT
diagram; Extended Data Fig. 1b). The data cutoff for this report was
2 February 2024 with a median follow-up time of 2.5 months (range,

1-7.5 months) for the six patients treated. The first patient was treated
on14June 2023, and the sixth patient was treated on 4 January 2024.

Results

Study design and patients

This is an ongoing single-center, phase 1, open-label study of adult
patients 18 years of age or older with rGBM. Full study eligibility crite-
ria are provided in the Study Protocol. Key inclusion criteria include
isocitrate dehydrogenase (IDH) wild-type GBM that has recurred after
prior radiotherapy and presence of EGFR amplification by fluorescence
in situ hybridization (FISH) on any prior tumor tissue specimen. Pres-
ence of ILI3Ra2 is not required as a study inclusion criterion due to
the current lack of a validated assay for detecting and/or quantifying
its expression. Key exclusion criteria include receipt of bevacizumab
within3 monthsbefore registrationand tumors localized primarily to
the brainstem or spinal cord. Using a3 + 3 dose-escalation design, three
doselevels (1x107,2.5x107and 5 x 107 cells) of CART-EGFR-IL13Ra:2 cells
arebeingexplored. The cell productisinjected intrathecally as asingle
dose throughanintraventricular reservoir. The observation period for
dose-limiting toxicity (DLT) is 28 d. The primary objective of the study
is to evaluate the safety of CART-EGFR-IL13Ra2 cells in patients with
rGBM. Secondary objectives are to evaluate manufacturing feasibil-
ity and to describe preliminary efficacy. Primary endpoints include
occurrence of DLT, determination of the maximum tolerated dose and
the type, frequency, severity and attribution of adverse events (AEs)
and serious adverse events (SAEs). Secondary endpoints include the
proportion of patients enrolled on this study who receive study treat-
ment, frequency of manufacturing failures (ability to meet targeted
dose and cell product volume restrictions), progression-free survival
(PFS), objective response rate (ORR), duration of response (DOR) and
0S.Upto18 patients may be treated. The protocol was approved by the
institutional review board of the University of Pennsylvania (protocol
850297). Patients provided written informed consent. Patient base-
line characteristics are displayed in Table 1, and product information
for each patient is provided in Extended Data Table 1. IL13Ra2 CAR
expression values, although not used as part of the product release
criteria, were low relative to EGFR expression. We have since modified
our approach, and updated CAR expression values are presented in
Supplementary Table 1 with corresponding flow cytometry plots in
Extended Data Fig. 2.

Treatment and study assessments

Potential candidates for this study may undergo leukapheresis at
any time starting 1 month after completion of first-line radiother-
apy (Extended Data Fig. 1c). At the time of suspected recurrence/
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Table 2| All cohort 1 AEs that occurred after T cell
administration and up to day 28

Category

Grades

Toxicity

3

Total

Blood and lymphatic system disorders

Anemia

Cardiac disorders

Sinus bradycardia

-

=

Gastrointestinal disorders

Njo|jo|lo|o| N

Constipation

N W

—

w | ;o

Nausea

-

N

Vomiting

N

General disorders and administration
site conditions

oO|lo|o|o|o|lo|Oo|O|©O

olo|o|o|lo|o|o|o|o|®

o|lo|o|o|lo|o|o|o|o|@

Edema limbs

N

-

Immune system disorders

CRS

oO|O | O

Investigations

o | W | Ww

N

O | W |w

ALT increased

-

-

Fibrinogen decreased

N

Fibrinogen decreased.

oO|lO|O

Lipase increased

N

Lymphocyte count decreased

N[N

Serum amylase increased

o |o

-

Metabolism and nutrition disorders

-

Hypokalemia

Hyponatremia

Musculoskeletal and connective tissue
disorders

oO|lOoO|0o|0o|O|(dM|O|O|O|O|M|O|O|O

oOlo|0ojo|o|jO0O|0O|O0O|O0O|jO|O|O|O|O

oO|jlojlojojo|jo|lo|o|lo|j]o|jo|Oo|O0|O

Flank pain

Generalized muscle weakness

Nervous system disorders

Facial muscle weakness

o|NM|O|O

Headache

=

Nervous system disorders-other
(CAR neurotoxicity)

-

NIo|O[NMN]|J]O|O

o|o|lO0o|O|O|O

o|o|lO0|O|O|O

Psychiatric disorders

-

Delirium

N

Insomnia

N

Renal and urinary disorders

N O

Urinary incontinence

N

Urinary retention

[l NeoNNe]

Respiratory, thoracic and mediastinal
disorders

-

o|o|lOo|O|O|O|O

o|o|lOo|O|O|O|O

oO|lo|o|o|o|Oo|O

Hiccups

N

Hypoxia

-

Skin and subcutaneous tissue disorders

-

Skin ulceration®

oO|O |Oo

o | O

N

Vascular disorders

-

-

Flushing

=

0

Hypotension

0

1

Total

22

n

a|lo|O | O

oO|lo|o|o|j]o|O|O|O

O|lO|0O|O0O|O|O|O|O

38

2Grade 3 skin ulceration in one patient was a sacral pressure ulcer.

progression, consentis obtained to enrollin the treatment phase. Dur-
ing cell product manufacturing, surgery is performed for (1) maximal
safe resection of tumor and confirmation that the target (as assessed
by presence of EGFR amplification) hasremained present at relapse and
(2) placement of anintraventricular subcutaneous reservoir (Ommaya).
Assoonas possible uponrecovery fromsurgery, patients are admitted
tothe hospital for asingle intrathecal dose of CART-EGFR-IL13Ra2 cells.
The first three patients described in this report were treated at dose
level1(1 x 107 cells), and the second three patients were treated at dose
level 2 (2.5 x 107 cells). Patients were monitored in the hospital for a mini-
mum of 7 d. Cytokine release syndrome (CRS) was graded according to
American Society for Transplantation and Cellular Therapy (ASTCT)
criteria (Supplementary Table 2), and neurotoxicity was graded using a
modified immune effector-associated neurotoxicity syndrome (ICANS)
severity system that integrated baseline neurologic deficits in this
population (Supplementary Table 3). Magnetic resonance imaging
(MRI) of the brain with and without gadolinium was scheduled per
protocol24-48 hafter CAR T celladministration, onday 28 and monthly
thereafter (+7 d). Modified Response Assessment in Neuro-Oncology
(mRANO) criteria” were used to assess response.

Safety and AEs
A complete list of AEs is provided in Table 2 (dose level 1) and Table 3
(dose level 2). Duration between date of surgery and receipt of CAR
T cells ranged from 17 d to 35d and is provided for each patient
in Extended Data Table 1. All six patients experienced early and
moderate-severe neurotoxicity with elements of both ICANS and tumor
inflammation-associated neurotoxicity (TIAN)??, with no appreciable
differencesinthe type or grade of neurotoxicity in patients treated at
doselevell(patients1,2and3) versus dose level 2 (patients 4, 5and 6).
No patients demonstrated radiographic evidence of elevated intracra-
nial pressure or clinical signs of herniation or required acute neurosur-
gicalintervention. CAR neurotoxicity was accompanied by low-grade
cytokinerelease syndrome (CRS) inall six patients. At dose level 1, CRS
was grade 1 (fevers only) in all patients. At dose level 2, both grade 1
(n=1) and grade 2 (n=2) CRS was observed. One patient (patient 5)
treated at dose level 2 experienced events that met the definition of
aDLT. One patient (patient 3) required monitoring temporarily in the
medical intensive care unit, whereas all other patients were cared for
entirely onroutine medical floors. Intracranial pressure monitoring was
not performedin any patient. The clinical courses and management of
CAR neurotoxicity, graded according to Supplementary Table 3, are
described for each patient in the subsequent sections.

Patient1developed grade 2 CAR neurotoxicity approximately10 h
after CART cell administration (day 0), characterized by increasing
confusion, acute worsening of chronic aphasia and nausea and vomit-
ing. Dexamethasone and anakinra (IL-1R antagonist) were initiated with
improvement in the patient’s neurologic status by day +2. Patient 2,
who was noted on the day -1 MRI to have rapid tumor progression,
developed acute worsening of chronic left facial weakness and aphasia
on day +1, consistent with grade 3 CAR neurotoxicity and prompting
treatment with dexamethasone and anakinra. Improvement in neu-
rologic symptoms back to baseline was noted by day +2. In patient 3,
who entered the study with worsening leptomeningeal disease and
declining performance status, areduction in theimmune effector cell
encephalopathy (ICE) score was noted on day +1. The patient was diag-
nosed withgrade 3 CAR neurotoxicity and treated with dexamethasone
and anakinra. The patient’s level of alertness and orientation waxed and
waned over the subsequent 24 h, ultimately culminatingin the patient
becoming difficult to arouse verbally and being transferred to inten-
sive care. Intubation was not required. Improvement in mental status
was noted on day +4 with continued supportive care, and the patient
returned to pre-CART cell neurologic baseline by day +7.

At dose level 2, patient 4 also experienced early and severe
(grade 3) CAR neurotoxicity on day +1. The patient was initiated on
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dexamethasone and anakinra on day +1, and a single dose of tocili-
zumab (anti-IL6R) was added onday +2 in the setting of grade 2 CRS and
continued grade 3 neurotoxicity. The patient’s mental status improved
markedly by day +3andreturned to pre-CART cellneurological baseline
by day +4. Patient 5 entered the study with considerable progression of
multifocal tumor noted on the day -1 MRIscan. On day +1, the patient
experienced grade 2 CAR neurotoxicity. The patient received only
dexamethasone for supportive care, with neurotoxicity improving
togradelbyday +2. However, on day +14, the patient presented in the
setting of adexamethasone taper with worsening fatigue, generalized
muscle weakness and anorexia, each of which was grade 3 and lasted
8d, 8d and 14 d, respectively, meeting protocol-defined criteria for
DLT. The patient’s dexamethasone dose was increased with improve-
ment of these toxicities to grade 2 or lower by day +28. Patient 6 had
tumor progression involving the left midbrain and associated severe
right-sided hemiparesis onthe day of CART cellinjection.Onday +1, the
patient developed acute worsening of chronic expressive aphasiaand
furtherincrease in right-sided weakness that progressed to complete
hemiplegia; the patient also developed aphasia on day +2, consistent
withgrade 2 CAR neurotoxicity, and was treated with dexamethasone
and anakinra. His aphasia and ICE scores improved to baseline by day
+3, but his dense hemiparesis continued. To optimize rehabilitation
potential and reduce corticosteroid exposure, the patient received a
single dose of bevacizumab (7.5 mg kg intravenously) on day +6 and
was discharged on a dexamethasone taper. There was mild improve-
ment in right leg strength but no improvement in right arm strength
by the day +28 visit.

Preliminary efficacy

Reductionsinthesize of the enhancing tumor were observed in all six
patients onthe first MRIscan obtained 24-48 hafter CART cell adminis-
tration, with partial tumor regression maintained at day +28 and beyond
inasubset of cases. However, none met criteriafor an objective response
per RANO criteria (Extended Data Table 2). Figure 1 (dose level 1)
andFig. 2 (dose level 2) display representative images from MRIscans
obtained withinthe month before CART cell treatment and MRIscans
obtained at pre-specified, protocol-defined imaging timepoints after
CART cell treatment. Images are annotated with changes in dexametha-
sone dosage and use of bevacizumab over time. Tumor measurements
by RANO criteria are provided in Extended Data Table 2. Of note, all
patients were confirmed to have tumor progression histologically
before receipt of CAR T cells and received no intervening anti-tumor
therapies between the surgery confirming tumor progression histo-
logically and receipt of CART cells. Moreover, all patients developed
progressive, measurable tumor in the interim between surgical resec-
tionand receipt of CART cells. Longitudinal MRIfindings and oncologic
management/outcomes are described in detail for each patientinthe
subsequent sections.

In patient 1 (dose level 1), marked reduction of a large enhancing
tumor nodulein theleft parieto-occipital region was observed (Fig. 1a).
On the patient’s day +28 MRI scan (Fig. 1a), this nodule remained sta-
ble, but there was increased enhancement around the original left
occipital operative cavity within the prior radiation field. The pro-
gressing area was then surgically resected, with pathology revealing
mainly therapy-related changes and rare atypical glial cells constituting
approximately 10% of the total cellularity. Targeted next-generation
sequencing of the viable tumor component revealed no evidence of
EGFR amplification or the patient’s previously known EGFR extracel-
lular domain mutation (Table 1). At2 months after CART cell treatment,
there was progression of disease with aseparate, new focus of enhanc-
ing tumor in the left parietal lobe. The patient was eventually started
onbevacizumab and remains alive with OS of 8 months from CAR T cell
treatment atthe time of thisreport. Patient 2 experienced reduction of
alarge enhancing tumor massinthe right mesial temporallobe (Fig. 1b).
Although the day +28 MRIscan showed anincrease insize of the lesion,

Table 3 | All cohort 2 AEs that occurred after T cell

administration and up to day 28

Category

Grades

Toxicity

3

Total

Gastrointestinal disorders

Constipation

Flatulence

Nausea

Vomiting

o|lo|lo|lo|o|d

o|jo|jo|Oo |0

General disorders and
administration site conditions

-

-

o|lo|o|o|o|o|®

o|lo|o|o|o|o|@

Edema limbs

o

Fatigue

o

-

Hypothermia

-

-

Immune system disorders

CRS

Injury, poisoning and procedural
complications

ol|Nn N

o|lO|O|O

o|o|o|o|O|O

ojlo|Oo|Oo|O|O

=W |w

Fall

o

Investigations

N

13

Fibrinogen decreased

Hypokalemia

o|lOo|m~|O

Hyponatremia

-

Hypophosphatemia

—-

Investigations-other (lactic acid
increased)

oOjlo|Oo|O|O

oO|o|lo|lo|Oo|O|O

oOjojo|lo|Oo|O|O

Lipase increased

o

Lymphocyte count decreased

o

-

—-

Platelet count decreased

-

-

Serum amylase increased

[elNe]

Metabolism and nutrition disorders

=

w | w

Anorexia

O N |w

N

-

Hypoalbuminemia

-

-

Hypophosphatemia

o | o

Musculoskeletal and connective
tissue disorders

O|O|O|lO|O|O|OC|O (N

N

oO|loj|o|lOoO|O|O|O|O |O

O|0ojlo|lo|lo|o|o|Oo|O

Generalized muscle weakness

o

Nervous system disorders

-

Dizziness

Dysphasia

Headache

oO|O |Oo

Nervous system disorders-other
(CAR neurotoxicity)

=

oOjlo|o|Oo|O|O

oO|o|o|Oo|O|O

Seizure

Somnolence

N

Tremor

Renal and urinary disorders

=

Urinary incontinence

N

o|Nhd | O

Urinary tract infection

N

Urinary urgency

-

Respiratory, thoracic and
mediastinal disorders

OO |O

—“|O|O|lO|O|O|O|O

oOjlo|jo|lo|Oo|O|O|O

O|0o|o|lOo|O|O|O|O

Hypoxia

o

o

o

Voice alteration

Total

23

45
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@ 2 months pre-CART

Day -1 pre-CART

b 3 weeks pre-CART Day -1 pre-CART

€ 3 weeks pre-CART

the 2-month MRl scan revealed that the tumor had regressed againin
the absence of any intervening therapy (Fig. 1b), most consistent with
resolving pseudo-progression. The patient then developed symptoms
andradiographic evidence of communicating hydrocephalus shortly
after the 2-month MRI scan. The patient declined intervention for
shunting and elected for hospice care, eventually dying 5 months after
CART cell treatment. In patient 3, the immediate post-CAR-T-cell MRI
scandemonstrated decreased extent of nodular parenchymal enhance-
ment in the right temporal lobe, decreased thickness of ependymal
enhancementalong the rightlateral ventricle and near-complete reso-
lution of previously seen leptomeningeal enhancement in the right
hemisphericsulci (Fig. 1c). The patient continues to have stable disease

l Day +1 post-CART

Day +33 post-CART

Initiation of
high-dose l
dexamethasone
Initiation of Jl
bevacizumab

1 Day +1 post-CART

4 months post-CART

at the time of this report, including at the 4-month post-CAR-T-cell
MRIscan (Fig. 1c).

At dose level 2, patient 4 experienced reduction of multiple foci
of enhancement about the margins of the previous resection cavity,
corpus collosum and left postcentral gyrus as well as reduction in
enhancing periventricular nodules (Fig. 2a). The patient has continued
to have stable disease at the time of this report, including on the most
recent MRI scan performed at 3 months after CAR T cell treatment
(Fig. 2a). Patient 5, who had displayed marked progression of tumor
on the day -1 MRl scan relative to imaging 2 weeks earlier (Fig. 2b),
also had early evidence for bioactivity. On the day +1 scan, there was
substantial reductioninthe extent of enhancement along the margins
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Fig.1|Regression of multifocal rGBM after intraventricular delivery of
CART-EGFR-IL13Ra2 cells (dose level 1). a, Patient 1. Compared to 2 months
earlier, axial gadolinium-enhanced T1-weighted images obtained on day -1
demonstrated interval development of a solidly enhancing nodule in the left
parieto-occipital region (top panel, red arrow) and a necrotic nodule bordering
the ependyma of the left lateral ventricle (top panel, green arrow). There was
regression of the dominant lesion -24 h after CAR T cell administration (top
panel, red arrow). Repeat scan on day +33 demonstrated stable enhancement
with slightly increased central necrosis at the site of the left parieto-occipital
lesion (top panel, red arrow). However, there was increasing geographic
enhancement at the left occipital resection cavity (bottom panel, red arrow).
This area was then surgically resected with approximately 90% of the specimen
revealing therapy-related changes. b, Patient 2. Day —1images demonstrated
asolidly enhancing posterior mesial temporal lobe nodule measuring

2.7 x1.9 x 2.7 cm, substantially enlarged compared to 3 weeks earlier (top panel,
red arrow). Reduction in size and avidity of enhancement was noted on day +1

(top panel, red arrow). Repeat images on day +28 demonstrated enlargement

of the temporal nodule, now 5.4 x 4.1 x 3.1 cm (top panel, red arrow). Another
MRIscan obtained 1 month later, without intervening therapy, demonstrated
regression of the dominant nodule (2.8 x 1.4 x 2.5 cm) (top panel, red arrow).
Thick enhancement at the medial margin of the resection cavity also increased
onday +28 scan and remained stable to slightly regressed on the 2-month scan
(bottom panel, red arrow). ¢, Patient 3. Compared to 3 weeks earlier, day -1
images showed increasing thick surrounding nodular enhancement extending
into the mesial temporal lobe (top panel, red arrows). There was also linear sulcal
enhancement (bottom panel, red arrow), concerning for leptomeningeal disease.
Repeatimaging on day +2 demonstrated decreased nodular enhancement in the
right temporal lobe (top panel, red arrows) and resolution of the linear sulcal
enhancement (bottom panel, red arrow). At 4 months after CAR T cell treatment,
images continued to demonstrate stability in the enhancement about the
operative cavity (top panel, red arrows) and along the ependymal margin of the
right temporal horn (bottom panel, green arrow). CART, CAR T cell treatment.

oftheresection cavity aswellasreduced tumor burdeninthebody and
splenium of the corpus callosum (Fig. 2b). The patient was discharged
toanacuterehabilitation facility but presented back to the hospital on
day +14 with increasing lethargy, fatigue and poor oral intake in the
setting of dexamethasone taper. MRI revealed increased enhancing
signalabnormality about the resection cavity extending to the corpus
callosum, fornixand ependyma, similar in appearance to the patient’s
immediate pre-CART cell treatment images (Fig. 2b). Steroid dosage
was increased again with major clinicalimprovement. The patient’s day
+28 MRl scan then revealed marked interval decrease in the intensity
of multifocal irregular enhancement, including the margins of the
resection cavity and corpus callosum (Fig. 2b), potentially indicative of
resolving pseudo-progression similar to that observed in patient 2. The
patient had not yet undergone the 2-month MRIscan at the time of this
report. Finally, in patient 6, who was experiencing tumor progression
involving the left midbrain at the time of CAR T cell treatment (Fig. 2c),
the day +1 MRI scan revealed less conspicuous enhancement with
associated increasing central necrosisin the midbrainlesion and along
the margins of the resection cavity as well as slight interval decrease
in the nodular periventricular/ependymal enhancement at the left
genu of the corpus callosum and in the left posterior lateral ventricle
(Fig. 2c). The patient received asingle intravenous dose of bevacizumab
(7.5 mg kg™ on day +6 with subsequent improvement in right-sided
strength. The day +28 MRI scan revealed stable disease (Fig. 2c), and
the patient had not yet undergone the 2-month MRI scan at the time
of thisreport.

Tumor target expression, pharmacokinetics and cytokines

In exploratory endpoint analyses, pre-treatment tumor tissue was
stained viaimmunofluorescence for presence of both targets (Extended
DataFig. 3), and peripheral blood and cerebrospinal fluid (CSF) were

collected before CAR T cell administration on day O and on days1, 4,
7,10,14,21and 28. To evaluate CAR T cell pharmacokinetics in the CSF,
quantitative polymerase chain reaction (QPCR) and Luminex assays
were performed as previously described®.

Peaks of CART-EGFR-IL13Ra2 cells in the CSF, likely indicative of
level of engraftment and/or expansion and shown in other studies to
be associated with clinical outcomes®, were observed between days 1
and 7andreached anaverage 0f109,235 copies of CAR per microgram
of genomic DNA (gDNA) (Fig. 3a). These levels are substantially higher
thanobservedinour prior trials using peripheral blood infusion of CAR
T cells for GBM (not exceeding 2,000 copies of CAR per microgram of
gDNAinblood) andrelatively similar to peaks observed in patients with
hematologic malignancies treated with CD19-targeted CAR T cells*.
Notably, CART-EGFR-IL13Ra2 cells were also found in the peripheral
bloodinall patients (Fig. 3b), demonstrating communication between
the CSF and peripheral blood compartments. Inaddition to CAR copies
per microgram of DNAin CSF (Fig. 3¢c), engraftment data for CSF arealso
presented as CAR copies per milliliter of CSF to account for the varying
cell counts and DNA quantities at different sample timepoints (Fig. 3d).

CSF cytokine levels supported evidence of CAR T cell activation
and cytotoxic activity. IFNy, IL-2, TNFa and IL-6, all markers of T cell
activation, showed rapid increases in CSF before subsiding to baseline
levels within 2 weeks (Fig. 3e), temporally consistent with preclinical
data®. Full cytokine data are presented in Supplementary Tables 4
and>5.

Discussion

GBM s an aggressive and highly treatment-refractory brain cancer.
Clinically meaningful treatment options for relapsed disease after
first-line radiotherapy are extremely limited, and no specific therapeu-
tic intervention has ever been shown to prolong survival of patients

Fig.2|Regression of multifocal rGBM after intraventricular delivery of CART-
EGFR-IL13Ra2 cells (dose level 2). a, Patient 4. Axial gadolinium-enhanced
T1-weighted images showed increased enhancing foci of disease onday -1,
includingin the corpus callosum (top panel, red arrow), along the ependymal
surface of the left lateral ventricle (top panel, green arrow) and surrounding the
left frontal resection cavity (bottom panel, red arrow). Day +1images, obtained
before any steroid administration, demonstrated reductionin all sites. The
lesions were stable on day +28 and remained unchanged at the 3-month MRI
timepoint. b, Patient 5. Compared to 2 weeks earlier, day —1images demonstrated
increasingirregular enhancement about the resection cavity (bottom panel,

red arrow), extending along the right lateral ventricle into the corpus callosum
(top panel, red arrow) and along the frontal horn (top panel, green arrow). Day
+1images, obtained before any steroid administration, showed reduction of
tumor in the corpus callosum (top panel, red arrow) and right frontal horn (top
panel, green arrow) as well as along the resection cavity (bottom panel, red
arrow). These areas increased on a day +14 MRIscan obtained in the setting of

steroid taper and associated worsening lethargy but then improved by day +28
without intervening therapy other thananincrease in steroids. ¢, Patient 6.

Day -1images showed tumor progression with increasing contrast-enhancing
tumor at the left temporal resection cavity (top panel, red arrow), extension into
the left midbrain (top panel, green arrow) and evidence of CSF dissemination
atthe left frontal horn (bottom panel, red arrow). Day +1images revealed less
conspicuous enhancement of the left midbrain lesion (top panel, green arrow),
decreased enhancement and increased central necrosis at the posterior aspect
of theresection cavity (top panel, red arrow) and reduced enhancement at the
left frontal horn (bottom panel, red arrow). The patient received a single dose
of bevacizumab on day +6, and day +28 imaging demonstrated stable disease,
with continued decreases in the enhancement posterior to the resection cavity
(top panel, red arrow) and left frontal horn (bottom panel, red arrow) but slight
increase in size of the left midbrain lesion (top panel, green arrow). CART, CART
cell treatment.
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with rGBM. Here we report interim results of the first two dose levels
of patients with rGBM treated on a phase 1 clinical trial of intrathe-
cally delivered, autologous, bicistronic CAR T cells targeting EGFR
epitope 806 and IL13Rai2. We observed early-onset acute neurotoxicity
associated with administration of CART-EGFR-IL13Ra2 cells that was
manageable at both dose levels (1 x 107 cells and 2.5 x 10’ cells), and
only one patient (dose level 2) experienced a protocol-defined DLT,
which improved with increased dexamethasone dosage. It is notable
that no grade 4 or grade 5 toxicties were observed. Although most
elements of the observed neurotoxicity, including encephalopathy
and depressed level of consciousness, were more typical of ICANS
than TIAN?, the acute onset of neurological symptoms (12-24 h after
CART cell administration) and the lack of accompanying severe CRS

a 1 month pre-CART Day -1 pre-CART

p—

b 2weeks pre-CART Day -1 pre-CART

Cc

Day +1 post-CART
=

Day +1 post-CART

are notable differences from ICANS that have been well described in
patients receiving cellular therapy for hematologic malignancies®.
Moreover, patient 1 experienced acute onset headache, nausea and
vomiting that may have indicated elevated intracranial pressure, and
patients1,2,5and 6 experienced acute worsening of chronic neurologi-
cal deficits attributable to tumor location(s): all signs and symptoms
potentially consistent with TIAN. In the setting of a potent and bioactive
CART cell product delivered directly into the ventricular system, it is
conceivable that patients may experience elements of both ICANS and
TIAN. Larger numbers of treated patients and additional correlative
work are needed to better characterize the neurotoxicity associated
with CART-EGFR-IL13Ra2 cells and to develop optimal grading and
management guidelines.

Day +28 post-CART 3 months post-CART

Day +14 post-CART

high-dose

Initiation of l
dexamethasone

Initiation of
bevacizumab
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Fig.3| CART engraftment kinetics and CSF cytokine levels. a, Average levels of
CART cells detected in the CSF after CART cell injection, using qPCR (copies per
microgram of gDNA). Data presented are averaged values across all six patients
ts.d. b, Individual patient levels of CART cells found in the peripheral blood.
Positive signals in all six patients show communication of CART cells from the
tumor or CSFinto the peripheral circulation. Lower limit of quantificationis 1
CAR copy per microgram of gDNA. ¢, Individual patient CAR T engraftment levels

inthe CSF, through day +28 (copies per microgram of gDNA). All patients initiated
high-dose dexamethasone between 10 h and 24 h after CAR T cell injection.

d, CART cell engraftment kinetics in CSF as measured in CAR copies per

milliliter of CSF. e, Individual patient CSF cytokine data for IFNy, IL-2, TNFa and
IL-6 showing peaksin the first 1-4 d after injection and returning to baseline by
approximately 14 d. All patients initiated high-dose dexamethasone between 10 h
and 24 h after CART cellinjection.

Althoughthe samplesize treated thus faris small, and the follow-up
duration is relatively brief, CART-EGFR-IL13Ra2 cells mediated reduc-
tions inenhancement and tumor size at early post-treatment timepoints
inall six patients with multifocal, treatment-refractory rGBM. Although
none metcriteriaforanobjective response accordingto mRANO criteria
(that is, >50% decrease in the sum of products of perpendicular diam-
eters of allmeasurable enhancing lesions sustained for atleast 4 weeks),
tumor shrinkage of atleast 30% was observed in three of six patients, and
stable disease was maintained on scans performed atleast 2 months after
CART celltherapyinthree of the four patients who had at least 2 months
of follow-up time, arguing against a ‘pseudo-response’ phenomenon.
Although the effects on tumor enhancement and size were observed
more quickly (thatis, within24-48 h) after CAR T cell injection than what
is expected with otherimmunotherapies, such asimmune checkpoint
inhibitors, suchrapid tumor cellkilling s (1) consistent with intrathecally
delivered CART cells coming into contact with tumor cells soon upon
CSFentry and (2) occurring on atimeline that corresponds to the onset
of neurotoxicity and peak CART cell and pro-inflammatory cytokine
levelsinthe CSF.Itis also notable that two patients experienced apparent
pseudoprogression, withmarkedincreasesinenhancing tumor burden
atthe day +28 and day +14 timepoints, respectively, followed by substan-
tial tumor regressions on short-term follow-up MRIscansinthe absence
ofintervening anti-neoplastic therapy. Similar radiographic patterns of
pseudoprogression were described in patients with non-Hodgkin’s B
celllymphomatreated with anti-CD19 CAR T cells” and in children with
H3K27M-mutated diffuse midline gliomas after intrathecal administra-
tion of GD2-targeted CAR T cells®®. More complete characterization of
this phenomenon will require treatment of additional patients along
with serial tissue sampling when feasible.

These initial results from this ongoing phase 1 dose-escalation
study have limitations, as only six patients have been treated, and
follow-up time is relatively limited. Treatment of additional patients
at dose level 2 and subsequent dose escalation or de-escalation are
needed to better characterize the short-term and long-term safety
profiles and optimal dose of CART-EGFR-IL13Ra2 cells. Of note, peak
CART cell engraftmentin the CSF was lower in patients who received
the higher dose of CAR T cells at dose level 2 compared to patients
treated at dose level 1. This raises animportant question about whether
increasing doses of CART-EGFR-IL13Ra2 cells may be detrimental
to CART cell expansion, and this will be carefully evaluated as more
patients are treated. In addition, the longer-term durability of stable
disease induced by this therapy and effects on survival remain to be
determined. It is also unclear whether efficacy may be enhanced by
repeated locoregional delivery, as has been shown to be feasible and
safein children with diffuse instrinsic pontine glioma®. Nonetheless,
our promising early experience with CART-EGFR-IL13Ra2 cells in
patients with multifocal disease sets the stage for further optimiza-
tion of this approach for rGBM, an exceptionally challenging cancer
with a survival of only 4-11 months? Additional correlative studies
are also planned and will be described in future reports, including
complete characterization of effector/memory T cell phenotypes
in the infusion products and its association with clinical outcomes;
single-cell sequencing of serial CSF samples to delineate the evolu-
tion of the CART cells and other immune cell populations over time;
and analysis of pre-treatment and post-treatment tumor tissue when
available to understand CAR T cell tumor infiltration and effects on
the tumor microenvironment.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-024-02893-z.
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Methods
Protocol development and study monitoring
The study protocol has undergone five amendments since its original
version (version 1, 15 November 2021) and is currently in version 6
(18January 2024). These are displayed in the Study Protocol provided
inthe Supplementary Information.

Anindependent data safety monitoring board was chartered for
this study and meets on a semiannual basis to review SAEs and sus-
pected unexpected SAEs.

Clinical vector manufacturing

Thebicistronic CART-EGFR-ILI3Ra2 vector encodestwo CAR transgenes
thatrecognize either the EGFR epitope 806 (ref.14) or ILI3Ra2 (ref. 18).
Both transgenes were expressed from the same transcript using P2A, the
2A self-cleaving mechanism of porcine teschovirus. The CAR sequences
were cloned into a third-generation self-inactivating lentiviral expres-
sion vector containing the EF-1a promoter, a cPPT sequence, a Rev
response element and awoodchuck hepatitis virus post-transcriptional
regulatory element (WPRE). Plasmid DNA was generated by Puresyn,
Inc. Lentiviral vector was produced via transient transfection with four
plasmids expressing the transgene, RSV-Rev, VSV-G and gag-pol in
human embryonic kidney 293T cells at the University of Pennsylvania
Center for Advanced Retinal and Ocular Therapeutics Vector Core.

Leukapheresis procedure

Alarge-volume apheresis procedure was carried out at the Hospital of
the University of Pennsylvania apheresis center according to standard
clinical procedures. Peripheral blood mononuclear cells (PBMCs) were
obtained for CAR T cells during this procedure. From a single leuka-
pheresis, the intention was to harvest at least 5 x 10° white blood cells
to manufacture CART cells. If the apheresis does not yield an adequate
number of cells required for manufacturing or the T cell manufactureis
unsuccessful, patients can undergo an additional apheresis as needed.
Itisrecommended that the patient have an absolute lymphocyte count
(ALC) =500 per microliter before undergoing apheresis. If the patient’s
ALCislessthan 500 per microliter, itisrecommended thatalymphocyte
subset analysis (CD3, CD4 and CD8 counts) be performed to confirm
that the patient has an absolute CD3 count of 2150 per microliter. If the
absolute CD3 count s less than 150 per microliter, it is recommended
that the leukapheresis procedure be delayed until their ALCis >500 per
microliter or until absolute CD3 count is >150 per microliter.

T cellmanufacturing

CART-EGFR-IL13Ra2 was manufactured by the Clinical Cell and Vac-
cine Production Facility at the University of Pennsylvania. In brief,
autologous peripheral blood lymphocytes were collected via leuka-
pheresis. Onday O, cryopreserved leukapheresis material was thawed
and washed, followed by enrichment for CD4" and CD8" T cells using
immunomagnetic microbeads (CliniMACS, Miltenyi Biotec). Enriched
CD4/CD8 cells were thenactivated with anti-CD3/anti-CD28 monoclonal
antibody (mAb)-coated paramagnetic beads (Dynabeads CD3/CD28
CTS, Thermo Fisher Scientific). Cells were transduced with the bicis-
tronic CART-EGFR-IL13Ra2 lentiviral vector on day 1, after which the cul-
ture continued expansion in media (Life Technologies) supplemented
with IL-7 and IL-15 (MACS GMP Products, Miltenyi Biotec) through har-
vest days 9-11. At the conclusion of the culture period, cells were washed
using aclosed system washing device, depleted of magnetic beadsand
formulated in infusible cryopreservation media (BioLife Solutions).
Thefinal CART product was frozen using a controlled-rate freezer and
stored in a monitored freezer in vapor phase liquid nitrogen (LN). Full
product release testing was completed before release of the product.

Infusion product characterization
Before product harvest, a sample was tested for scFv expression by
flow cytometry. The cells were stained with the biotin-conjugated goat

anti-mouse IgG (Jackson ImmunoResearch) followed by PE-labeled
streptavidin as well as mAbs specific to CD3 (BD Biosciences), CD45
(BD Biosciences) and Via-Probe (BD Biosciences) in FACS buffer. The
cells were acquired on the NovoCyte Quanteon flow cytometer (Agi-
lent) and analyzed with the dedicated software. Cells were gated on
the live population, singlets and double CD45CD3 positive, and the
EGFR scFv expressing cells were displayed; the percent of EGFR CAR
positive wasreported on the product Certificate of Analysis for product
release. The ILI3Ra2 expression was determined for information only
using the same CD3, CD45 and viaprobe reagents as well as the human
IL-13Ra2 His-tagged protein (Sino Biological) followed by the His-tag
APC-conjugated antibody (R&D Systems).

Separately, the phenotype of the harvest product was analyzed
by staining a sample with mAbs specific to CD3, CD4, CD8 and CD45
(BD Biosciences and BioLegend). The cells were acquired on the
NovoCyte Quanteon flow cytometer (Agilent) and analyzed with the
dedicated software. Cells were gated on live singlets, followed by
various marker combinations. The percentages of CD45/CD3/CD4
and CD45/CD3/CD8 positive populations were determined, and their
ratio was calculated.

Patient eligibility
Inclusion criteria.

1. Signed, written informed consent

2. Male or female age >18 years of age

3. Patients with glioblastoma, IDH wild-type (as defined by the
World Health Organization 2021 Classification of CNS Tumors),
that has recurred after prior radiotherapy®. For patients with
tumors harboring methylation of the MGMT promoter, at
least 12 weeks must have elapsed since completion of first-line
radiotherapy.

4. Tumor tissue positive for wild-type EGFR amplification by
NeoGenomics Laboratories (FISH analysis) was used. A sample
is considered positive for EGFR amplification if one of the fol-
low four criteria are met: (1) EGFR/CEN7 > 2.0, (2) clusters of >4
EGFR signals per cell in 210% of tumor cells, (3) >4 EGFR signals
per cell present in 240% of tumor cells or (4) 215 EGFR signals
per cell present in 210% of tumor cells. Archival tumor from
patient’s initial surgery at time of original diagnosis or recently
collected tumor from time of recurrence are acceptable.

5. Surgical tumor resection for disease control/management or
tumor biopsy to confirm tumor recurrence is clinically indi-
cated in the opinion of the physician-investigator.

6. Adequate organ function is defined as:

a. Serumcreatinine<1.5xthe upper limit of normal (ULN) or esti-
mated creatinine clearance >30 ml min™ and not on dialysis

b. Alaninetransaminase (ALT)/aspartatetransaminase (AST) < 3x
ULN range and total bilirubin <2.0 mg dI, except for patients
in whom hyperbilirubinemia is attributed to Gilbert’s syn-
drome (<3.0 mg dI™)

c. Left ventricular ejection fraction (LVEF) > 45% confirmed by
ECHO/MUGA

d. Must have a minimum level of pulmonary reserve defined as
<grade 1dyspnea and pulse oxygen >92% on room air

7. Karnofsky Performance Status (KPS) = 60%

8. Patients of reproductive potential must agree to use acceptable
birth control methods.

Exclusion criteria.

1. Active hepatitis B or hepatitis C infection

2. Any other active, uncontrolled infection

3. ClassIII/IV cardiovascular disability according to the New York
Heart Association classification

4. Tumors primarily localized to the brain stem or spinal cord
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5. Severe, active comorbidity that, in the opinion of the
physician-investigator, would preclude participation in this
study

6. Receipt of bevacizumab within 3 months before
physician-investigator confirmation of eligibility

7. Active autoimmune disease requiring systemic immunosup-
pressive treatment equivalent to =10 mg daily of prednisone.
Patients with autoimmune neurological diseases (such as multi-
ple sclerosis or Parkinson’s disease) are excluded.

8. Pregnant or nursing (lactating) women

9. History of allergy or hypersensitivity to study product excipi-
ents (human serum albumin, dimethyl sulfoxide (DMSO) and
Dextran 40)

Administration of CART-EGFR-IL13Ra2 cells
CART-EGFR-IL13Ra2 cells were released in a CellSeal Cryovial and
thawed using the CellSeal Vial Automatic Thawing System. Once the cell
product wasthawed, the entire contents of the cryovial were withdrawn
into a syringe using a sterile adapter. CART-EGFR-IL13Ra2 cells were
then delivered via intrathecal administration through the patient’s
Ommaya reservoir using a small-gauge needle with accompanying
non-filtered tubing, connected to a stopcock and sterile 5-10-ml
syringes. Cells were injected at a rate of approximately 1 ml min™.

Definition of DLT
AEswere graded according to the National Cancer Institute Common
Terminology Criteriafor Adverse Events, version 5.0. The DLT observa-
tion period was 28 d after initial treatment with CART-EGFR-IL13Ra2
cells (day 0). To allow for appropriate monitoring and assessment of
toxicities, the CART-EGFR-IL13Ra2 injectionsin the 1stand 2nd patients
ineach cohort were staggered by >28 d.

A DLT was defined as any of the following occurring within 28 d
afterinitial CART-EGFR-IL13Ra2 cell administration (day 0):

 CRS:grade 4 CRS that fails to improve to <grade 3 within 72 h or
grade 3 CRS that fails to improve to <grade 2 within 7 d of first
onset

« CAR neurotoxicity (by the Penn modified grading criteria for
CAR neurotoxicity in patients with GBM): any grade 4 CAR neu-
rotoxicity; any grade 3 CAR neurotoxicity that fails to improve
to <grade 2 after 72 h and is not an obvious direct result of tumor
progression as jointly determined by the medical director and
the principal investigator

» Non-hematologic toxicities*:

« Anygrade 4 non-hematologic event, unless clearly related to
causes other than the CART-EGFR-IL13Ra2 cells

« Anygrade 3 event that does not resolve to <grade 2 or base-
line within 7 d, unless clearly related to causes other than the
CART-EGFR-IL13Ra2 cells

« Hematologic toxicities:

« Grade 4 neutropenia or thrombocytopenia that does
not resolve to at least grade 3 within 14 d after the
CART-EGFR-IL13Ra2 injection

* Grade 4 anemia

« Any>grade 3 possibly and probably related to the CSF ventricular
reservoir
» Any treatment-related death

*Component events that are captured as AEs of particular interest
(such as hypoxia and hypotension in the setting of CRS) may not be
evaluated separately against the DLT definition.

Patient sample processing and analysis
Whole blood from the patients was processed using a Ficoll gradi-
ent. PBMCs were stored in RPMI 1640 media (Gibco) with 10% DMSO

and 20% FBS (Gemini BioProducts) and kept in LN until later use. CSF
samples were processed to obtain supernatant and cell pellet. The
supernatant was frozen and kept at —80 °C until later use. The pellet
was used toisolate DNA. Quantification of transgene in the peripheral
blood and CSF was performed using real-time quantitative polymerase
chainreaction (QRT-PCR), as described previously’. In brief, research
sample processing, freezing and qRT-PCR were performed in the
Translational and Correlative Studies Laboratory at the University of
Pennsylvania, using established standard operating procedures (SOPs).
CART cells were quantified from peripheral blood, and CSF samples
were obtained at protocol-specified timepoints. Peripheral blood
samples were collected in lavender top (K2EDTA) Vacutainer tubes
(Becton Dickinson), and CSF samples were collected in sterile syringes.
All samples were delivered to the laboratory within 2 h of acquisition
and processed within 16 h of acquisition, according to established
SOPs.gDNA was isolated directly from whole blood and CSF cell pellet,
and qRT-PCR analysis was performed using ABI TagMan technology
to detect the integrated CAR transgene sequence, using triplicates
of 200 ng of gDNA (or maximum available) per timepoint for patient
samples. To determine copy number per unit of DNA, an eight-point
standard curve was generated consisting of up to1x 10° copies of len-
tivirus plasmid spiked into 200 ng of non-transduced control gDNA.
The number of copies of plasmid present in the standard curve was
verified using digital QRT-PCR with the same primer/probe set and
performed on a QlAcuity One (Qiagen). For quality control checks,
each datapoint (sample and standard curve) was evaluatedin triplicate
with a positive C, value in three of three replicates. Additionally, the
acceptable percent coefficient of variation was less than 0.95% for all
quantifiable values. To control for the quantity of interrogated DNA,
we performed a parallel amplification reaction using 10 ng of gDNA and
a primer/probe combination specific for a non-transcribed genomic
sequence upstream of the CDKNIA (p21) gene. These amplification
reactions generated a correction factor to adjust for calculated versus
actual DNA input. Copies of transgene per microgram of DNA were
calculated according to the following formula: copies per microgram
of gDNA = (copies calculated from CAR T standard curve) x correction
factor / (amount DNA evaluated in nanograms) x 1,000 ng. In patient
1, the baseline CSF sample (obtained on day O before CAR T cell injec-
tion) was contaminated with CAR T cell infusion product due to the
CSF sample coming into contact with the infusion product via the
three-way stopcock used during injection. This sample was, therefore,
excluded fromthe engraftment analysis displayedin Fig. 2c. For patient
1, thefirsttimepoint showninthe qPCR CSF plotis10 hafter CART cell
injection, as this patient had an unscheduled CSF draw in the setting of
neurotoxicity soon after CART cell injection.

Because (1) expressing the CSF data as CAR copies per micro-
gram of DNA assumes a constant DNA amount per reactionand (2) the
amount of DNA obtained from CART cellsin CSF is variable at different
samples given the low cell countsinsamples at certain timepoints, we
alsoexpressed the CSF engraftment data as CAR copies per milliliter of
CSF. This ensures consistent measurement from the CSF despite vary-
ing cell counts/DNA quantities at some sample timepoints. Initial CSF
volumes for correlative analysis were recorded, ranging from 2 ml to
4.75 ml. After centrifugation of the CSF samples, the entire cell pellet
from each sample was used for DNA isolation, with a uniform volume of
90 plof eluted DNA across all samples. The concentration of this DNA
was measured in nanograms per microliter (ng pl™) using a standard
curve-based p21 qPCR assay (see above). To determine the number
of cells per microliter from this DNA concentration, a formula was
applied where the DNA concentration from the p21 assay was divided
by 0.0064 ng—the weight of gDNA from a single cell. The proportion
of CAR T cells within each microliter was then ascertained by multi-
plying the cell number by the average copy number per cell from the
transgene-specific qPCR assay. This figure, representing the number
of CART cells per microliter, was further multiplied by 90 pl to reflect
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the total CART cells in the isolated DNA volume. The final concentra-
tion of CART cellsin the original CSF was then determined by dividing
this total by the initial CSF volume, thus providing the concentration
of CART cells per 1 ml of CSF.

Serum and CSF supernatant samples collected before and after
CART cell injection initially cryopreserved at -80 °C were thawed
and analyzed for multiplex cytokine measurements using a custom
32-plex human cytokine panel from EMD Millipore The following
analytes were included in the panel: EGF, FGF-2, eotaxin, sIL-2Ra,
G-CSF, GM-CSF, IFN-a2, IFN-y, IL-10, IL-12P40, IL-12P70, IL-13, IL-15,
IL-17A, IL-1IRA, HGF, IL-13, CXCL9/MIG, IL-2, IL-4, IL-5, IL-6, IL-7, IL-18,
CXCLS/IL-8, CXCL10/1P-10, CCL2/MCP-1, CCL3/MIP-10,, CCL4/MIP-1p,
RANTES, TNF-a and VEGF. All samples were analyzed in duplicate
according to the manufacturer’sinstructions and compared against
multipleinternal standards with a six-point standard curve. Datawere
acquired on a FlexMAP-3D system (Luminex), and analysis was per-
formed using XPonent 4.3 software (Luminex). Inthe event that sam-
ples returned low out-of-range values, the following equation was
used to approximate baseline readings, as done previously**:

Standard curve minimumxDilution Factor
2

Clinicalimaging

Brain MRI was performed in all patients on a 3T magnet (Magnetom
Skyra,Magnetom Vida Siemens) including volumetric axial T1-weighted
3DMPRAGE (TR/TE/TI=2,200/2.4/900 ms, 192 x 256 matrix size, 1-mm
section thickness) before and after contrast as well as axial FLAIR
(TR/TE/TI=10,060/133/2,550 ms, 3-mm section thickness).

Immunofluorescence methods

Sections of patient tumor resection material were collected and sec-
tioned according to clinical protocol by the University of Pennsylvania’s
Department of Pathology. Staining was performed on 5-mm sections
of formalin-fixed paraffin-embedded specimens after treatment with
xylene and Pharmingen Retrievagen A solution (BD Biosciences) for
wax removal and antigenretrieval. Tissue sections were permeabilized
and blocked using a solution of 10% donkey serum (v/v), 0.5% Triton
X-100 (v/v), 1% BSA (w/v), 0.1% gelatin (w/v) and 22.52 mg ml” glycine
in TBST for 1 h at room temperature. Sections were incubated with
primary antibodies (anti-EGFRvIII 806, Absolute Antibody, Ab03036-
23.0; anti-IL13Ra2, R&D Systems, AF146) diluted in TBST with 5% donkey
serum (v/v) and 0.1% Triton X-100 (v/v) overnight at 4 °C. After washing
in TBST, tissue sections were incubated with secondary antibodies
diluted in TBST with 5% donkey serum (v/v) and 0.1% Triton X-100
(v/v) for 1.5 h at room temperature. After washing in TBST, sections
were incubated with NucBlue reagent (Invitrogen) diluted in TBS for
10 minto stain cell nuclei. After washing with TBS, slides were mounted
inmounting solution (eBioscience), cover slipped and sealed with nail
polish.

Flow cytometry methods

Patient CART cell product provided by the Clinical Cell and Vaccine
Production Facility was thawed at 37 C and resuspended in PBS with
2% FBS for identification of CAR" populations. Cells were incubated
withbiotinylated EGFRVIII protein (R&D Systems) or Fc-tagged IL13Ra2
protein (R&D Systems) for 30 min at 4 °C before staining with respec-
tive secondary antibodies for another 30 min at 4 °C. Dataacquisition
was performed on an LSRFortessa Cell Analyzer (BD Biosciences) and
analyzed using FlowJo 10.8.1 software.

Statistics

The statistical analysis for clinical data was primarily descriptive in
keeping with the small sample size, 3 + 3 dose escalation design and
interim nature of this report. No data were excluded from the analyses,
and the correlative experiments were not randomized. No adjust-
ments were made for multiple comparisons. The investigators were

not blinded to allocation during experiments and outcome assess-
ment. Data distribution was assumed to be normal, but this was not
formally tested. P < 0.05 was considered significant. All statistical
tests described were two-sided and performed using R version 4.1.2
(RFoundation for Statistical Computing). Figures were generated using
GraphPad Prism version10.1 software.

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

Data availability

The data that support the findings of this study are included in the
paper or may be available from the corresponding author, recogniz-
ing that certain patient-related data not included in the paper were
generated as part of the clinical trial and may be subject to patient con-
fidentiality. It is estimated that the corresponding author will respond
to external datarequests within 2 weeks of receipt of request. Further
information on research design is available in the Nature Research
Reporting Summary linked to this article. Source data are provided
with this paper.
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Extended DataFig. 2 | Flow cytometry plots of optimized CAR detection assay. For each patient, histograms depict EGFR CAR (left column) and ILI3Ra2 CAR
(center column) expression. Dual CAR expression is quantified in dot plots (right column). CAR expression values in patient infusion products based on these flow
cytometry plots are displayed in Supplementary Table 1.
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DAPI EGFR IL13Ra2 Merge
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Extended Data Fig. 3 | Immunofluorescence staining of EGFR CAR and All 6 patients treated demonstrated expression of one or both targets
IL13Ra2 CAR targets in patient pre-infusion tumor tissue. Tumor tissue throughout their tumor. Allimages taken at 20x magnification. Staining was
obtained at the time of Ommaya placement was stained for both CAR targets. performed in duplicate. Scale bar =100 um.
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Extended Data Table 1| Individual patient CAR T cell product information

Eéll:;- Volume Days between Vector DNA
Patient Dose IL13Ra2 Total Cell P surgery and Cell %CD3* %scFv %scFv Sequence CD4:
0t | 1 evel Dose . on CART cell Viability CD45* (EGFR) (IL13Ra2) (avg CD8

Target Cell Injection s :
injection copies/cell)
Dose

1 1 1x107 2.31x107 2mL 29 92.9 99.3 43.4 12.4 1.92 3.83
2 1 1x107 1.73x107 2mL 26 95.7 99.5 57.9 20.9 0.98 1.39
3 1 1x107 1.88x107 2mL 27 93.1 99.1 52.7 7.83 0.98 1.20
4 2 2.5 x107 7.26x107 S5ml 35 94.4 99.1 34.6 2.30 0.51 5.94
5 2 2.5 x107 7.10x107 Sml 17 93.5 99.5 352 15.0 1.08 4.11
6 2 2.5x107 2.53x107 Sml 24 96.5 99.5 98.6 3.16 0.96 8.75
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Extended Data Table 2 | Tumor measurements using mRANO criteria

SPD of
baseline D +1 Dt ‘ D +28 D +28t 2-month 2-montlt1 3-month 3-mont:1 4-month 4-mont:1
Patient | target | spp | PT°™ | gpp | Pereen spp | Pereen spp | Pereen spp | Pereen
leslons (cm?) change (cm?) change (cm?) change (cm?) change (cm?) change
(cm?) in SPD* in SPD* in SPD* in SPD* in SPD*
1 14.40 14.39 -0.07 21.98 t +52.64 N/A £ N/A t -- - - --
2 36.23 31.11 -14.13 44.55 +22.96 23.6 -34.86 -- - - --
3 7.02 4329 -38.46 N/A N/A 5.50 -21.65 5.74 -18.23 6.37 -9.26
4 1.21 0.8 -33.88 0.7 -42.15 0.88 -27.27 0.80 -33.88 - --
5 20.77 12.57 -39.48 19.02 -8.43 -- -- -- -- -- -
6 12.70 10.92 -14.02 10.35 -18.5 - -- -- -- - --

SPD = sum of products of perpendicular diameters

* compared to baseline SPD
T scan was performed on day +33 as an unscheduled assessment (out of protocol-defined window for day +28 scan)

1 Patient had surgical resection of increasing enhancing disease between day +28 and 2-month MRI scans
il scan was performed on day +2, within protocol-defined window for day +1 scan

# patient missed day +28 scan due to being in an acute rehab facility
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used for figure generation. For the GBO experiments, changes in impedance are reported as the resistive component of the complex
impedance recordings within AxIS software (Axion Biosystems). Flow cytometry data was analyzed using FlowJo 10.8.1.

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
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data that support the findings of this study are included in the paper or may be available from the corresponding author, recognizing that certain patient-
related data not included in the paper were generated as part of the clinical trial and may be subject to patient confidentiality. It is estimated that the
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corresponding author will respond to external data requests within 2 weeks of receipt of request. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex assigned at birth and self-identified gender were collected as baseline characteristics of each participant. No sex-specific
analyses were performed given the overall low sample size and interim nature of the report.

Reporting on race, ethnicity, or | Race and ethnicity were self-reported by the study participants. Categories participants could choose from included:
other socially relevant Race: Caucasian, Black or African American, Asian, American Indian or Alaska Native, or Native Hawaiian or other Pacific

groupings Islander
Ethnicity: Hispanic vs. Non-Hispanic

Population characteristics Median age 63 (IQR, 59-76)
Sex: 2 female, 5 male
Race/ethnicity: all participants were white/non-hispanic
Diagnosis and prior treatments: all 6 participants had diagnosis of recurrent glioblastoma, IDH-wild type and EGFR amplified.
All previous therapies for each participant are provided in Table 1 in the main manuscript.

Recruitment Potential study candidates were recruited from the neuro-oncology clinical practice at the Hospital of the University of
Pennsylvania. Patients with recurrent glioblastoma and who met the study's inclusion/exclusion criteria (as outlined in the
study protocol) were approached to sign informed consent for the study.

Given the small sample size and phase single-arm nature of the study, it is possible that patients who elected to enroll on this
trial may have better overall health, performance status, and psychosocial support relative to the general population of
patients diagnosed with glioblastoma. This could result in selection bias leading to better outcomes than what may be
observed in a real-world population treated with this product.

Ethics oversight This study was approved by University of Pennsylvania Institutional Review Board

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size The sample size for this phase 1 safety/dose-finding study was based on a traditional 3+3 design with three predefined dose levels. Given that
there are 3 predefined dose levels with up to 6 patients treated at each dose level in accordance with the traditional 3+3 design, the total
sample size for the trial is up to 18 patients. Such a sample size will be adequate to determine which of the 3 dose levels is the maximum
tolerated dose of CART-EGFR-IL13ra2 cells.

Data exclusions  No data were excluded from the analyses.

Replication Quantitative PCR was performed in triplicate. Cytokine expression was performed in duplicates. Immunofluorescence staining was performed
in duplicates. All replication attempts were successful.

Randomization  Thisis a single-arm studly.

Blinding This is a single-arm study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

™ Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used 1. hIL13Ra2 for IF: R&D Systems, Catalog AF146, Lot CZT1123031, 1:50 dilution

2. Anti-EGFRvIII, Absolute Antibody, Catalog AB03036-23.0, clone 806, Lot T2243A04, 1:50 dilution
3. EGFRVIII peptide, Acro Biosystems, Catalog EGR-H82E0-25ug, BV3742-20CPF1-1C4, 1:50 dilution
4. 1L13Ra2 protein FC chmiera, R&D Systems, Catalog 7147-IR-100, Lot DARK0722051, 1:50 dilution
5. Anti-CD3, BioLegend, Catalog 317322, Clone OKT3

6. Anti-CD4, BD Biosciences, Catalog 340133, Clone SK3

7. Anti-CD8, BD Biosciences, Catalog 555634, Clone HIT8alpha

8. Anti-CD45, BD Biosciences, Catalog 340943, Clone 2D1

9. Biotin-GAM, Jackson ImmunoResearch, Catalog 155-065-072, F(ab')2

10. Streptavidin, BD Biosciences, Catalog 554061

11. hiL13Ra2 for FCM, Sino Biological, Catalog 10350-HO8H-B

12. His-TAG, R&D Systems, Catalog ICOS0A

Validation All antibodies were commercially available and validated by the manufacturers with details available on the manufactures' websites
and/or referenced as follows:
https://www.rndsystems.com/products/human-il-13-ralpha2-antibody_af146#product-citations
https://pubmed.ncbi.nim.nih.gov/11454674/
https://www.acrobiosystems.com/P2160-Biotinylated-Human-EGFRVIII-Protein-HisAvitag%hE2%84%A2-%28MALS-verified%29.html
https://www.rndsystems.com/products/recombinant-human-il-13-r-alpha-2-fc-chimera-cho-cf_7147-ir#tproduct-citations

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  NCT05168423

Study protocol The full study protocol is provided as an attachment.
Data collection Data was collected at the University of Pennsylvania (Philadelphia, PA) from June, 2023 through February, 2024.
Outcomes Primary endpoints:

» Occurrence of dose-limiting toxicities (DLTs) and determination
of Maximum Tolerated Dose (MTD)
» Type, frequency, severity, and attribution of AEs/SAEs

Secondary endpoints:

» Proportion of subjects who enroll on this study who received
study treatment.

» Frequency of manufacturing failures; ability to meet targeted
dose and cell product volume restrictions.

» Progression-free Survival (PFS) as per modified RANO criteria

» Objective Response Rate (ORR) as per modified RANO criteria (in
subjects with measurable disease at the time of study treatment)
» Duration of response (DOR) as per modified RANO criteria (in
subjects with measurable disease at the time of study treatment)
» Overall Survival (OS)
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Magnetic resonance imaging

Experimental design

Design type MRI in this study was used for tumor response assessment and obtained at prespecified imaging timepoints per the
study's protocol (attached)

Design specifications MRI in this study was used for tumor response assessment and obtained at prespecified imaging timepoints per the
study's protocol (attached)

Behavioral performance measures  N/A-there are no functional MRI or behavioral performance measured used in this study

Acquisition
Imaging type(s) structural, diffusion, perfusion
Field strength 3T
Sequence & imaging parameters Imaging protocol included axial T1-weighted 3D MPRAGE before and after contrast, post-contrast axial FLAIR, dynamic
contrast-enhanced (DCE) perfusion, and dynamic susceptibility contrast (DSC) perfusion.
Area of acquisition Whole brain scan
Diffusion MRI [ ] used X Not used

Preprocessing

Preprocessing software N/A - no preprocessing was used for the clinical MRIs obtained in this study
Normalization N/A - no preprocessing was used for the clinical MRIs obtained in this study
Normalization template N/A - no preprocessing was used for the clinical MRIs obtained in this study
Noise and artifact removal N/A - no preprocessing was used for the clinical MRIs obtained in this study
Volume censoring N/A - no preprocessing was used for the clinical MRIs obtained in this study

Statistical modeling & inference

Model type and settings N/A - no statistical modeling or inference was used for the clinical MRI obtained in this study
Effect(s) tested N/A - no statistical modeling or inference was used for the clinical MRI obtained in this study

Specify type of analysis: [ Whole brain || ROI-based || Both

Statistic type for inference N/A - no statistical modeling or inference was used for the clinical MRI obtained in this study

(See Eklund et al. 2016)

Correction N/A- no statistical modeling or inference was used for the clinical MRI obtained in this study




Models & analysis

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

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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