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Locoregional delivery of chimeric antigen receptor (CAR) T cells has resulted in objective responses in adults with glioblastoma,
but the feasibility and tolerability of this approach is yet to be evaluated for pediatric central nervous system (CNS) tumors.
Here we show that engineering of a medium-length CAR spacer enhances the therapeutic efficacy of human erb-b2 receptor
tyrosine kinase 2 (HER2)-specific CAR T cells in an orthotopic xenograft medulloblastoma model. We translated these findings
into BrainChild-01 (NCT03500991), an ongoing phase 1 clinical trial at Seattle Children's evaluating repetitive locoregional
dosing of these HER2-specific CAR T cells to children and young adults with recurrent/refractory CNS tumors, including diffuse
midline glioma. Primary objectives are assessing feasibility, safety and tolerability; secondary objectives include assessing
CAR T cell distribution and disease response. In the outpatient setting, patients receive infusions via CNS catheter into either
the tumor cavity or the ventricular system. The initial three patients experienced no dose-limiting toxicity and exhibited clinical,
as well as correlative laboratory, evidence of local CNS immune activation, including high concentrations of CXCL10 and CCL2 in
the cerebrospinal fluid. This interim report supports the feasibility of generating HER2-specific CAR T cells for repeated dosing
regimens and suggests that their repeated intra-CNS delivery might be well tolerated and activate a localized immune response

in pediatric and young adult patients.

hematopoietic malignancies', but the utility of CAR T cells

for pediatric CNS tumors is still being explored. For over a
decade, HER2 has been developed as a target for CAR T cells*™.
HER2 is an appealing target for treatment of CNS tumors as it is
not expressed on normal CNS tissue but is expressed across a spec-
trum of biologically diverse CNS tumors, including ependymoma,
glioblastoma and medulloblastoma—the most common childhood
CNS embryonal tumor—as well as on CNS cancer stem cells**.
Monoclonal antibodies to HER2, such as trastuzumab (Herceptin),
have shown clinical success against multiple HER2* tumor types’''.
However, the blood-brain barrier of the CNS, and the lower HER2
expression in CNS tumors relative to breast cancer, limit the appli-
cation of HER2-targeting antibodies against CNS tumors'” and sup-
port the investigation of cellular therapies delivered directly to the
tumor site. Based on phase 1 clinical trial data showing the safety
and feasibility of repetitive locoregional CAR T cell administration

( :AR T cells have demonstrated clinical efficacy against

to treat patients with glioblastoma'*™’, we aimed to develop
HER2-specific CAR T cells, incorporating principles made evident
in CD19CAR testing', that could be advanced to clinicals trials for
locoregional treatment of CNS tumors in children and young adults.

We show that the spacer length enhances the preclinical activ-
ity of HER2-specific CAR T cells, highlighting the importance of
target epitope position for activity of CAR T cells. Based on our
in vitro and in vivo preclinical work, we advanced @ medium-length
(M) spacer HER2CAR into the phase 1, single-institution clinical
trial BrainChild-01 (NCT03500991), which evaluates the tepeated
locoregional delivery of HER2-specific CAR T cells for children
with recurrent or refractory CNS tumors, including diffuse midline
glioma.

We report initial feasibility, tolerability and correlative data from
our initial three patients. Before opening enrollment to the broader
age cohort of 1-26 years, this cohort of patients aged 15-26 years
was intentionally designed for evaluation, as they could more readily
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self-report any neurologic changes. These patients received multiple
locoregional CAR T cell infusions in the outpatient setting at dose
level (DL) 1 and DL2 without any dose-limiting toxicities (DLTSs).
In addition, these patients experienced post-treatment symptoms
(and one imaged patient had radiographic evidence) consistent with
treatment-mediated localized CNS immune activation. These clini-
cal findings correlated temporally with high concentrations of cyto-
kines CXCL10 (C-X-C motif chemokine ligand 10) and CCL2)(C-C
motif chemokine ligand 2) in patient cerebrospinal fluid (CSF) and
serum samples.

Results

CAR extracellular spacer length influences HER2-specific CAR
T cell function. CAR T cell target engagement depends on mul-
tiple spatial parameters, such as the length and rigidity of the CAR
spacer (non-antigen engaging extracellular domain); the structure
and accessibility of the target; and the location of the targeted epit-
ope, such as its distance from the cell membrane'*-"’. Previous stud-
ies underscored that CAR activity against various antigen targets is
affected by spacer length, although most described and clinically
relevant CARs to date contain short-length (S) spacer domains
based on the CD8a or IgG4 hinge**. Given the juxtamembrane
epitope location bound by trastuzumab, we tested a panel of lon-
ger CAR spacer domains in addition to the S-spacer IgG4 hinge
via the incorporation of the IgG4 CH3 or CH2-CH3 domains onto
the HER2CAR, creating medium-length (M) or long-length (L)
spacers, respectively (Extended Data Fig. 1a). The use of an IgG4
scaffold, well described in CAR design, provides flexibility to the
scFv and modularity to CAR extracellular length***. Mutations in
the IgG4 hinge also promote inter-disulfide bonds and CAR sta-
bility”>**. We transduced bulk CD8* T cells with second-generation
41BB-CD3( CARs containing variable extracellular spacer lengths
(Methods). We found that the M- and L-spacer HER2CARSs elic-
ited similar levels of specific lysis and cytokine production (IFNy
and TNFa) against the HER2* medulloblastoma cell lines D283 and
Med411FH but not against HER2™ D341 cells (Extended Data Fig.
2a-c). Of note, S-spacer HER2CAR T cells failed to lyse or produce
cytokines against HER2* targets.

We next sought to confirm S-spacer HER2CAR functionality
and analyze the effect of target epitope position on CAR activity.
We fused a minimal HER2 epitope to the N-terminal end of the
extracellular domain of CD19 and evaluated S-spacer HER2CAR
recognition of target cells expressing this HER2-CD19 fusion con-
struct (Extended Data Fig. 2d). Moving the location of the HER2
epitope, as per HER2t-CD19t, rescued S-spacer CAR activity to lev-
els similar to or greater than that observed for M- or L-spacer CARs
(Extended Data Fig. 2e,f). These data demonstrate that the juxta-
membrane position of the HER2 epitope targeted by the HER2CAR
precludes S-spacer functionality and that bioactive CARs specific to
this epitope require extended spacer domains.

We created medulloblastoma xenografts using D283 eGFP:ffluc
cells stereotactically implanted into the cerebral hemisphere
(Methods). Seven days later, mice were treated with a single intra-
tumoral dose of untransduced control (mock) versus S-, M- or long
mutant (Lmut)-spacer HER2CAR-expressing CD8* T cells (the
Lmut spacer is an L-spacer modified at two key residues to support
in vivo function'’; Methods). Mice treated with mock and S-spacer
HER2CAR T cells failed to respond to treatment, as evidenced by
a rapid increase in bioluminescent signal, necessitating euthanasia
approximately 21 d after tumor inoculation (Extended Data Fig. 3a-
¢). In contrast, all mice treated with the M-spacer and a subset of the
mice treated with the Lmut-spacer HER2CAR T cells regressed to
baseline biophotonic tumor signal after T cell injection. The thera-
peutic benefit of the M- and Lmut-spacer lasted up to the defined
experimental endpoint of more than 90 d after tumor engraftment,
with the M-spacer outperforming all groups (M-spacer versus mock
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(P=0.0035), S-spacer (P=0.0021) and Lmut-spacer (P=0.025);
Extended Data Fig. 3a,d).

To replicate progressive disease, we used D283 eGFP:ffluc cells
in an orthotopic intracerebroventricular model of leptomeningeal
metastatic spread. The M-spacer HER2CAR significantly reduced
tumor growth in both the head and spine and prolonged median
survival by 44.1 d (Extended Data Fig. 3e,f). Expression of IL-2,
incorporated to enhance T cell function and proliferation in D283
eGFP:ffluc tumor cells, further prolonged median survival to the
endpoint of the study (Extended Data Fig. 3e). HER2ZCAR-treated
mice removed from the study were euthanized for predetermined
routine signs of tumor progression (that is, lethargy, hunching and
weight loss), and none of the mice exhibited other neurotoxicity.
These experiments were performed with CD8* HER2CAR T cells
before adopting mixed CD4":CD8" CAR T cell products in our
clinical trials; however, a repeated preclinical study with a mixed
CD4+:CD8* HER2-specific CAR T cell product revealed similar
efficacy in vivo, with increased median survival compared to mock
T cells (P=0.002; Extended Data Fig. 4a—c).

BrainChild-01: clinical trial design and initial three patients.
Considering the frequency of HER2 positivity of pediatric CNS
tumors’, the clinical tolerability of the HER2 antibody trastuzamb’,
our institutional success conducting CAR T cell trials with highly
potent anti-tumor activity' and the preclinical efficacy of our
M-spacer HER2-specific CAR T cells, Seattle Childrens opened
the phase 1 single-institution clinical trial called BrainChild-01
(NCT03500991). This trial locoregionally delivers HER2-specific
CAR T cells to children and young adults with recurrent or refrac-
tory HER2* CNS tumors (Fig. 1a-c). Locoregional administration,
as opposed to systemic intravenous dosing, was chosen based on
results from our preclinical testing and independent preclinical
confirmation of superior efficacy compared to systemic dosing***".
Patients were separated into two arms: delivering CAR T cells
through a CNS catheter into either the tumor cavity or the ven-
tricular system. Lymphodepletion was not performed because, in
our repeated locoregional dosing algorithm, it is not feasible to con-
tinuously lymphodeplete before each infusion and because objec-
tive radiographic responses have been observed in the absence of
lymphodepletion in adult CNS CAR T cell patients'’. Within each
dose regimen (DR), patients have the opportunity for intra-patient
dose escalation with a maximum DL of 2 for DR1, DL3 for DR2 and
DL4 for DR3.

The three BrainChild-01 patients (S001, S002 and S003)
described in this initial report were enrolled on DRI of their
respective arm (Table 1). All patients had undergone three or more
tumor-directed surgical procedures and had received at least one
prior irradiation and at least one prior chemotherapy regimen.
Before opening enrollment to ages 1-26 years, we enrolled a cohort
aged 15-26 years, as they could more readily self-report any neu-
rologic changes! The first three patients were 19, 16 and 26 years
of age, but, at the time of tumor diagnosis, all patients were under
19 years of age with presumed pediatric biology of their tumors.
Two of the three patients met feasibility for generating a specified
CAR T cell product, with 1.95x10° truncated EGFR* (EGFRt")
cells generated for S001 and 3.16 X 10° EGFRt* cells generated for
S002 (Table 1). S003’s initial product failed viability screening, and
two additional manufacturing attempts were ultimately required to
generate sufficient numbers of CAR T cells to complete a minimum
of two courses.

Manufacturing and phenotype of patient-derived HER2CAR
T cell products. The BrainChild-01 HER2CAR T cell product was
manufactured under a process designed to yield balanced num-
bers of CD4* and CD8* lentivirally transduced T cells exhibiting
limited terminal differentiation with enrichment for the CAR*
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3 patients were eligible,
enrolled on study and
underwent apheresis

i Dose level (DL) Dose (# cells)

7
3 patients had CAR T DL1 1x10

cell products that met
release criteria

l

3 patients were
assigned to appropriate

DL2 2.5x 107

DL3 5x 107

treatment arms DL4 10 x 107
Arm A: repeated Arm B: repeated
locoregional CNS infusion locoregional CNS infusion

into tumor/tumor cavity into the ventricular system

1 patient treated 2 patients treated
< Enroliment

J Apheresis

—l CAR T cell manufacture — Course 1 — Course 2 — Courses 3-6 —

[ [ [
wkl wk2 wk3
| | |
DL1 DL1 |DL1

Clinical evaluation

I I I I I
wk4  wkl wk2 wk3 wk4
| | |
DL1 DL2 DL2

Dosing schedule same,
at highest tolerated DL

Clinical & radiographic
evaluation

Fig. 1| BrainChild-01 trial design. a, CONSORT diagram of BrainChild-01 interim analysis. Three patients were eligible and underwent apheresis, which led
to a CAR T cell product meeting release criteria in all three patients. One patient was enrolled and treated on Arm A, and two patients were enrolled and
treated on Arm B. b, Dose levels. ¢, Clinical trial schedule for patients enrolled on DR1. Patients undergo intra-patient dose escalation so, by completion

of Course 2 (the end of the DLT window), patients have received four doses at DL1 and two doses at DL2. If study criteria are met, patients may elect to
continue beyond Course 2 at DL2. Future patients enrolled on DR2 may dose escalate to DL3, and patients enrolled on DR3 may dose escalate to

DL4. wk, week.

Table 1| Patient demographics and CAR T cell product

Arm? Diagnosis Sex Age Total nucleated cells EGFRt* CART cells Doses
manufactured manufactured

S001 A Anaplastic astrocytoma (WHO F 19 1.95 x 10° 1.87 x 10° 6
grade ll1), localized

S002 B Ependymoma (WHO grade IlI), M 16 3.2x10° 2.97 x10° 9
metastatic

S003 B Ependymoma (WHO grade Ill), M 26 2.06 x 10 1.87 x 10% 9
metastatic

2Arm A: localized disease with intra-tumoral CNS infusions; Arm B: metastatic disease with intra-ventricular CNS infusions. ®*Cumulative number from two CAR T cell products.

population of cells mid-culture (Extended Data Fig. 5 and
Methods). The engraftment and therapeutic potency of cell prod-
ucts consisting of both CD4* and CD8* CAR T cells was previ-
ously described”****. This manufacturing process targeted a 7-d
expansion culture followed by EGFRt immunomagnetic selection
to purify the product in favor of CAR T cells. After selection, cul-
tures were continued to allow for recovery from the selection, and
culture durations were based on in-process monitoring of viable cell
numbers sufficient for patient dosing and, thus, were extended as
needed. With an initial seed CD4*:CD8* T cell ratio of 1:1, the final

1546

product CD4*:CD8" T cell ratios were 47.8:55.8 (S001), 50.8:50.5
(S002), 65.8:28.1 (S003 (Final-02)) and 68.2:38.8 (S003 (Final-03)).
The relationship between the input CD4+:CD8* T cell ratio and that
of the final product is best preserved over short culture durations,
and the culture durations for S001, S002, S003 (Final-02) and S003
(Final-03) were 18 d, 14 d, 17 d and 15 d, respectively. These data
support the balancing of input CD4* and CD8" T cells to generate
balanced CD4+:CD8" CAR T cell products.

We analyzed each patient’s starting apheresis material and final
CAR T cell products via multiparameter flow cytometry (Fig. 2a;
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Fig. 2 | Defined input ratio of CD4* and CD8* T cells yields balanced CD4*CD8* CAR T cell products. a, Comparison of the starting versus final product
profile for the CD4+ and CD8* T cell subsets for each patient (5001, SO02 and SO03; Final-02 and Final-03 refer to second and third manufacturing
attempts for SO03). Frequency of parent values are reported in each cell for the indicated marker. Representative flow gating strategy is shown in
Supplementary Fig. 1. b, Mean (e) differences in marker expression between starting and final product. Horizontal bars show the 95% confidence interval
for the mean difference. To account for SOO3 having two different products manufactured, estimates and confidence intervals were obtained using
bootstrap resampling for clustered data.

representative flow gating strategy, Supplementary Fig. 1). Mean of CD8*CCR7* T cells in final products also increased mark-
within-patient differences for each individual marker between edly compared to starting CD8" T cells (S001: 58.2-98.3%; S002:
CD4" starting and final products or CD8" starting and final T cell ~ 33.4-91.9%; S003: 54.0-99.1% (Final-02) or 97.8% (Final-03)).
products are shown in Fig. 2b. CD8" final T cell products retained ~Compared to S001 and S002, S003’s initial CD8" T cell population
high frequencies of CD45RA* and CD27" CART cellsandalowfre- had a lower frequency of CD127 (IL-7R)-expressing cells. IL-7 pro-
quency of CD45RO" cells, demonstrating that ex vivo culturingdid motes the homeostatic proliferation and survival of naive T cells,
not differentiate CAR T cells to terminal effectors. The percentage and lower CD127 expression is associated with more extensive
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differentiation of their T cell repertoire’®* and an ensuing reduc-
tion in naive T cell proliferation and viability. Specifically, S003 had
only 22.0% CD8+*CD127" starting T cells compared to 52.5% and
57.1% for S001 and S002, respectively.

We further compared marker co-expression profiles between
starting and final products, specifically examining 4-1BB, LAG-3,
PD-1 and TIGIT (Extended Data Fig. 6). CD8* T cell final prod-
ucts had increased LAG-3 and 4-1BB, and no PD-1 expression,
compared to starting CD8* T cells. Products also had upregulated
expression of CCR4, rendering them potentially sensitive to CCL2
chemokine, which is typically secreted by tumor cells and the tumor
microenvironment stroma of brain tumors® (Fig. 2). Collectively,
these data demonstrate the utility of our updated manufacturing
process to generate CAR T cell products with balanced CD4" and
CD8* T cell subsets.

Locoregional HER2-specific CAR T cells were well tolerated in
the first three treated patients. CAR T cells are delivered weekly on
Weeks 1, 2 and 3 of each 4-week course (Fig. 1c). Although the DLT
window is two courses (that is, 2 months), if patients meet study cri-
teria, they may elect to continue for a maximum of six courses (that
is, 18 doses). In total, the three patients received 24 CAR T cell infu-
sions, 12 at DL1 (1 X 107 cells) and 12 at DL2 (2.5% 107 cells). S001
received a planned six infusions through Course 2, whereas S002
and S003 received Course 3 therapy for a total of nine locoregional
infusions each. None of the patients experienced a DLT. The most
consistent adverse events possibly, probably or definitely related to
CART cell infusions were headache, pain (at metastatic sites of spi-
nal cord disease) or transient worsening of a baseline neurologic
deficit/(Extended Data Figs. 7 and 8). Two patients (S002 and S003),
both enrolled on Arm B with an intraventricular CNS catheter, also
experienced fever within 24h of their infusions. Elevation in sys-
temic C-reactive protein (CRP) was observed in all patients, over-
lapping with timing of headache and/or pain.

As for any patient with a recurrent, malignant CNS tumor, qual-
ity of life (QOL) is strongly considered, and there is discussion with
patients or their caretakers regarding palliative care consultation.
Formal QOL findings are not reported here, as children enrolled on
the BrainChild protocols enroll on institutional and national QOL
studies, but, if possible, QOL will be reported at the completion of
the trial.

CSF cytokines and radiographic imaging after HER2CAR T cell
infusion. We sought to detect CAR T cells in CSF and peripheral
blood from BrainChild-01 patients after infusion and analyze CSE
and serum for potential biomarkers of anti-tumor CAR T cell activ-
ity. We did not detect CAR T cells in any patient at any time point
after infusion in CSF (via flow cytometry; representative examples
are shown in Extended Data Fig. 9, and representative gating strat-
egy is shown in Supplementary Fig. 1) or in peripheral blood (via
qPCR for CAR T cell DNA; no copy numbers were observed above
the limit of detection—Supplementary Fig. 2). However, we did
detect non-CAR T cell populations (both CD4* and CD8* T cells)
in CSF after infusion.

We next measured cytokine/chemokine levels in CSF (Fig. 3a)
and serum (Fig. 3b) from patients at various time points through-
out their CAR T cell infusion schedule. After the initial infusion,
patients had detectable levels of the following cytokines in the CSF:
CXCL10, CCL2, G-CSE, GM-CSE, IFNa2, IL-10, IL12-p70, IL-15,
IL-1a, IL-6, IL-7 and TNFa. Compared to pre-infusion, S002 and
S003 exhibited elevated IFNy, IL12-p40 and IL-3, and S003 had
elevated VEGF (Fig. 3a). Strikingly, CXCL10, a type 1 CXC che-
mokine ligand, the synthesis of which is induced in a variety of cell
types by IFNy*, was the most elevated chemokine detected, mea-
sured by absolute change, after initial infusion in CSF in patients
S002 and S003 compared to their pre-infusion time point (S002:
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maximum concentration of CXCL10, 25,865 pg ml™; S003: maxi-
mum concentration of CXCL10, 19,543 pg ml™; Fig. 3a). CXCL10
was also the most elevated chemokine detected in S001 after initial
CAR T cell infusion (S001: maximum concentration of CXCL10,
2,537 pg ml™), although no pre-infusion comparison was possible
for this patient. Another chemokine detected at high concentrations
after infusion was CCL2 (monocyte chemoattractant protein-1),
which is produced by the tumor microenvironment and is critical
for chemotaxis of regulatory T cells and myeloid-derived suppres-
sor cells®. CCL2 in the CSF of patient S003 increased sharply after
Course 1 Week 1 compared to pre-infusion and then remained rela-
tively steady throughout subsequent infusions. In contrast, CCL2
was consistently high in S002 before infusion and throughout the
infusion regimen (baseline level of CCL2 at pre-Course 1 Week 1
was higher than in S003). Compared to other measured cytokines,
CCL2 and CXCL10 had the highest detectable concentrations in
serum across all time points in all three patients (Fig. 3a). Serum
cytokine levels also appeared relatively stable in all three patients
across all CAR T cell infusions, with fewer fluctuations compared
to CSE

To further examine inflammatory responses in patients treated
on BrainChild-01, we plotted (RBIMISEIE alongside CXCL10 and
CCL2 in CSF (Fig. 4). Patients exhibited transient serum CRP eleva-
tions after some CAR T cell infusions (S001: peak of 3.9mg dI™!
after Course 1 Week 1 (although no pre-infusion comparison was
possible for this patient); S002: peak of 2.3 mg dI™! after Course 2
Week 1; and S003: peak of 1.7mg dl™! before Course 1 Week 2).
High serum CRP for S001 (after Course 1 Week 1) and S002 (after
Course 2 Week 1) correlated with maximum detection of CXCL10
in CSF. Additionally, for S001, CRP detection after Course 1 Week
1 and at Course 2 Week 4 corresponded with elevated CCL2 in CSE.
For S003, serum CRP increased sharply after Course 1 Week 1 and
before Week 2 infusion, which corresponded to a high concentra-
tion of CXCL10 detected in CSE. When presence of fever, presence
of headache and neurotoxicity grade were overlayed, clinical symp-
toms showed a correlation with high concentrations of CXCL10 and
CCL2 in CSF as well as serum CRP (Fig. 4). Taken together, these
data demonstrate that

Patients had neuroimaging performed at the end of Course 2 as
per the protocol’s scheduled observations, and one patient contin-
ues to have interval imaging performed 342 d after initial infusion.
@880, who had localized disease, had

. As this
was our first patient and their initial dose, we performed magnetic
resonance imaging (MRI) to ensure that there were no acute intra-

cranial events (Fig. 5). Although there were (EIECUICHINGINESIO)
hemorrhage or impending herniation

, when comparing an MRI 12

d before CAR T cell infusion (Fiﬁs. 5a-c) to 4 d after initial @B

At com-
pletion of Course 2, S001 and S003 had progressive disease, whereas
S002 had stable disease. This imaging temporally correlated with
detection of inflammatory cytokines in CSF and serum CRP, sug-
gesting local immune activation. Although a similar imaging time
point was not available for S002 and S003, we also include more
complete neuro-imaging of S001, S002 and S003, including S001’s
most recent MRI {§BI@from their initial infusion and imaging after
Course 3 for S002 and S003 (Fig. 5g—0).

Discussion

We present the preclinical development of HER2-specific CAR
T cells against pediatric CNS tumors and show early clinical
tolerability and correlative findings of CAR T cell-mediated local
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Fig. 3 | High concentrations of CXCL10 and CCL2 are detected after treatment in CSF samples. Cytokine concentrations in CSF (a) and serum (b) across
all three patients were converted to log, scale and represented with circles filled with color. Red color corresponds to the highest log, concentration
measured across all three patients for a given specimen type. Yellow and blue colors correspond to 50% and 0% of the log, concentration, respectively.
Additionally, concentrations relative to the maximum concentration observed for a given patient, specimen type and analyte are represented by the

size of the circles, to highlight the fluctuation in cytokine concentrations throughout a patient's CAR T cell treatment. Cr, course; max conc, maximum

concentration; W, week.
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Fig. 4 | High concentrations of CXCL10 and CCL2 detected in CSF correlate with transient elevations in serum CRP. Serum CRP concentrations (in mg dI-")
measured in clinical chemistry laboratory tests were plotted alongside CSF CXCL10 and CCL2 concentrations (in pg ml~") and clinical data (fever, headache
and neurotoxicity) to illustrate trends throughout treatment courses for all three patients. SOO1 was on long-standing dexamethasone before enroliment and

continued on dexamethasone throughout the study. SO02 and SO03 received dexamethasone only at time points (orange triangle D) marked in the figure.
CART cell infusions were delivered between pre- and post-infusion time points during Weeks (W) 1, 2 and 3 of each course (Cr). For pre-infusion time
points, correlative samples were taken before CAR T cell infusion; plotted adverse clinical events occurred on the same day but might have occurred after
CART cell infusion (for example, fever in SO02 and SO03 at Cr1.W1.Pre). AE, adverse event; NeuroTox, neurotoxicity.

inflammation after intra-CNS delivery in patients with these
tumors. Guided by preclinical data demonstrating the superiority of
an M-spacer length HER2CAR, we initiated a phase 1 clinical trial
delivering HER2-specific CAR T cells of a balanced CD4*:CD8*
ratio for children and young adults with HER2* CNS tumors. We
observed symptoms consistent with on-target reactivity, with-
out DLT, in the initial cohort of three patients. Although other
groups have studied genetically modified cellular products target-
ing HER2 (refs. *>*°), we delivered repetitive intracranial doses as
a strategy to fractionate dosing for improved safety over a single
large cell dose bolus and as a strategy to replenish local bioactive
CAR T cells. In addition, we show correlative cytokine data con-
sistent with pro-inflammatory immune cell activity in the CSE
potentially driven by CAR T cells in the tumor microenvironment.
Neuroimaging in one of our patients shortly after their initial T cell
infusion also demonstrated intra- and peri-tumoral changes consis-
tent with acute local inflammation.

In our initial cohort of three patients, we were able to manufac-
ture HER2-specific CAR T cell products in a predicted time frame
(CEETCISRENREEINAeAE 5003 required additional CAR T cell

manufacturing attempts to meet adequate product release criteria,
which might have been related to a lower percentage of CD8* T cells
expressing CD127 (IL-7R) in their starting material, as compared
to S001 and S002. Final products across all three patients exhibited

1550

high percentages of cells expressing CD45RA, CCR7 or CD95 and
low percentages of cells expressing CD45RO and FOXP3, consistent
with phenotypic markers associated with retained engraftment fit-
ness, as intended for an infused product”.

HER2-specific , as measured in
CSF and peripheral blood, respectively, were (BHISISOIE0 after infu-
sion in our patients. It is

@BIBHBAD Vo did, however, observe increases in non-CAR T cell
populations in the CSF after CAR T cell infusion in two patients,
suggesting the ability of CAR T cells, either by direct means or
induced changes in the microenvironment, to influence other
immune cells to enter the CNS or partition to the CSF compart-
ment. It is also possible that endogenous T cells might traffic from
the periphery, or that we are detecting expansion of a small propor-
tion of CAR™ cells in the infused product®™*. In the future, we will
use T cell receptor (TCR) spectratyping to assess the composition of
TCRs in cells in the CSF to determine overlap with the composition
of TCRs expressed by cells in the infused product.

Notably, patients had high concentrations of CXCL10 and CCL2
in their CSF after treatment, which might provide a correlative
readout of CAR T cell activity in situ. CXCL10 is upregulated by
many cell types in response to IFNy and promotes recruitment of
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Pre-infusion Post-infusion

Fig. 5 | Neuro-imaging after locoregional CAR T cell infusion. Axial T2-weighted (a,d), coronal T2-weighted (b,e) and axial gadolinium-enhanced
T1-weighted (¢,f) images of SOO1 obtained 12 d before (a-c) and 4 d after (d-f) the first dose of CAR T cells. Images demonstrated a substantial increase
in peritumoral vESOECHICISHERE® (white arrows), (CEEIESSIGHEE ( ) and CORESHENNENeEmen (white
arrows) after CAR T cell administration, consistent with an — Axial contrast-enhanced T1-weighted images from all three patients
immediately before initial CAR T cell administration (g,j,m), at first examination after CAR T infusion (h,k,n) and at the most recent available examination
after CAR T cells but before any other tumor-directed therapy (i,l,0). Images correspond to study participants SO01 (g,h,i; imaged at days —12, 4 and and
152 relative to first infusion); SO02 (j,k,I; imaged at days —5, 49 and 90 relative to first infusion) and SO03 (m,n,0; imaged at days —1, 15 and 81 relative to

first infusion).

activated CXCR3* T cells to sites of inflammation and extravasation
into tissue.

. In our study, every patient’s
final CAR T cell product had higher frequencies of CXCR3* and
CCR4" CART cells in both the CD4* T cell and CD8* T cell popula-
tions compared to their starting apheresis material. Final CAR T cell
products with CXCR3 and CCR4 expression might be capable of
chemotaxis to sites of CXCL10 and CCL2 expression, providing the
potential for direct on-tumor, on-target engagement of CAR T cells
that drives a localized immune response.

Our , SO
we cannot be certain that M-spacer HER2CAR T cells will have
the highest activity against all pediatric CNS tumors, compared
to T cells with CARs of other spacer lengths. Although the sur-
facesome differences among pediatric CNS tumors have not been
as well characterized as the genomic landscape, particular surface
antigen targets might be more relevant for specific subgroups, even
within a defined pathologic group such as medulloblastoma. We
note that, at the time of treatment, two of our first three patients
were young adults, although their tumors are biologically pediat-
ric CNS tumors, and they were children at the time of their cancer
diagnosis. We expect the median age of treated patients will lower
by study completion, as the initial three patients were required to be
15-26 years old, which is substantially higher than the median age
of children with CNS tumors.

; therefore,
analyses will be performed, when possible, that assess the rela-
tionship between target antigen density and clinical toxicity and
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response. Tumor heterogeneity will continue to be an obstacle
with single-antigen targeted cellular therapies, so we devised two
additional locoregional CAR T cell clinical trials: BrainChild-02
(NCT03638167), delivering EGFR-specific CAR T cells to children
with recurrent/refractory EGFR* CNS tumors, and BrainChild-03
(NCT04185038), delivering B7-H3-specific CAR T cells to children
with recurrent/refractory CNS tumors as well as with diffuse intrin-
sic pontine glioma (DIPG). In our next CNS CAR T cell trial, we
will build off the experiences of the BrainChild-01, BrainChild-02
and BrainChild-03 trials and use a multiplexed strategy to over-
come tumor heterogeneity and antigen escape. Ultimately, the expe-
rience of the initial three patients treated on BrainChild-01 suggests
that repeated locoregional HER2-specific CAR T cell dosing might
be feasible and that correlative CSF markers might be valuable in
assessing on-target CAR T cell activity in the CNS.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41591-021-01404-8.
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Methods

Design of DNA constructs and lentivirus. The trastuzumab-based anti-HER2
scFv was assembled as previously described*. Variable short (IgG4-hinge), medium
(IgG4-hinge-CH3) and long (IgG4-hinge-CH2-CH3) spacer second-generation
41BB-CD3( CARs were constructed using the V, and V, segments of trastuzumab,
similarly to previously described CAR T cells****. An Lmut-spacer HER2CAR was
created by mutating two key residues (L235D and N297Q) in the CH2 domain of
the L-spacer HER2CAR to identify whether these CH2 modifications could rescue
L-spacer in vivo activity, as previous CAR T cell studies have shown that wild-type
IgG4-derived long spacers mitigate in vivo function'*. Each CAR sequence was
appended to a T2A ribosomal skip sequence followed by an EGFRt cell surface

tag to facilitate selection*. Lentivirus was produced in HEK 293T cells using the
packaging vectors pCHGP-2, pCMV-Rev2 and pCMV-G***>*". CAR expression
levels were confirmed by scFv protein L staining and western blot for CD3(
(Extended Data Fig. 1b,c; full western blot in Supplementary Fig. 3). Western blot
analysis was performed using Image Studio software (LI-COR) version 3.1.

Production of CD8* T cell lines expressing HER2CAR:s for preclinical analyses.
CD8* bulk T cells were isolated from peripheral blood mononuclear cells
(PBMCs) of healthy donors (Bloodworks Northwest) by positive selection using
CD8 microbeads (Miltenyi Biotec). After isolation, T cells were stimulated with
anti-CD3/CD28 Dynabeads (Life Technologies) and transduced at a multiplicity
of infection of 3 on the third day of culture. EGFRt* T cell subsets were enriched
by immunomagnetic selection using biotinylated cetuximab and anti-biotin
microbeads (Miltenyi Biotec) and then expanded as previously described*"*.
CD8* T cells were maintained in RPMI medium (Gibco) supplemented with 10%
FBS, 2 mM L-glutamine, 50 IU ml~! of recombinant human IL-2 and 1ng ml~ of
recombinant human IL-15.

Preclinical flow cytometry and immunophenotyping. Conjugated monoclonal
antibodies for CD3, CD4, CD8, CD45RO and CD62L (BioLegend, 1:100 dilution)
were used to immunophenotype various parental and enriched cell populations.
Tumor cell HER2 positivity and CAR construct expression, via the surrogate

cell surface marker EGFRt, were confirmed using biotinylated trastuzumab or
cetuximab (1:1,000 dilution), respectively, and phycoerythrin (PE) conjugated
streptavidin (SA-PE; BioLegend, 1:500 dilution). CAR cell surface and total
expression was confirmed using biotinylated protein L (GenScript) and SA-PE

or anti-CD247 (CD3(; BD Biosciences, 1:500 dilution), respectively. Spacer

Fey receptor interactions were analyzed using biotinylated human and mouse
FcyRI (Sino Biological, 1:100 dilution) and SA-PE. Flow analysis was performed
on an LSRFortessa (BD Biosciences); sort purifications were performed on an
FACSAria II (BD Biosciences); and data were analyzed using FlowJo software (BD
Biosciences).

Cell line derivation and analysis. The D283 Med (ATCC HTB-185), D341 Med
(ATCC HTB-187) and HEK 293T (ATCC CRL-3216) cell lines were obtained
from the American Type Culture Collection (ATCC). These cell lines were
maintained in DMEM (Gibco) supplemented with 2 mM L-glutamine (Irvine
Scientific), 25 mM HEPES (Irvine Scientific) and 10% heat-inactivated FCS
(HyClone). The patient-derived medulloblastoma cell culture Med411FH was
generously provided by J. Olson (Fred Hutchinson Cancer Research Center).
Med411FH cells were cultured in DMEM/F12 (Gibco) supplemented with B27,
15mM HEPES, 2 mM L-glutamine, heparin and 20 ng ml~! of rhEGF and rhFGFE.
Epstein-Barr virus-transformed lymphoblastoid cells lines (TM-LCLs) were made
from PBMCs, as previously described, and were maintained in RPMI medium
(Gibco) supplemented with 10% FBS and 2 mM L-glutamine*. All cell lines were
authenticated by short tandem repeat profiling matched to the DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen) Database (University of
Arizona Genetics Core). Total HER2 expression was analyzed by western blot
analysis (Cell Signaling). LCL-HER2 and LCL-HER2t:CD19t were generated by
lentiviral transduction (HER2t:CD19t contains an N-term GMCSFRss followed by
aa 563-653 of HER2 and aa 20-323 of CD19) and enriched by immunomagnetic
selection using biotinylated trastuzumab and anti-biotin microbeads (Miltenyi
Biotec). D283 eGFP:ffluc tumor cells were generated by lentiviral transduction and
sorted by FACSAria IT (BD Biosciences).

Orthotopic xenograft model and exogenous T cell transplantation. Mutations
(L235D and N297Q) to abrogate FcyR interactions were introduced into the
CH2 region of the L-spacer CAR (designated Lmut spacer) before the onset of
in vivo studies. The introduced mutations removed L-spacer human and mouse
FcyR interactions and had no observed effect on CAR in vitro cytolytic activity
(Supplementary Fig. 4). The orthotopic xenograft model was performed as
previously described”'. Briefly, 8-12-week-old adult male NOD/Scid IL-2RCnull
(NSG) mice were injected intracranially on day 0 with 2 x 10° ffluc*IL2* or
eGFP:ffluc-expressing D283 tumor cells 2 mm lateral and 0.5 mm anterior to
bregma and 2.5mm and 2.25 mm deep from the dura. Mice were subsequently
intracranially injected with a total of 2 10° CD8* T cells 7 d later, 2.5 mm, 2.35
mm and 2.25mm deep from the dura. The intracerebroventricular metastatic
medulloblastoma xenograft model was similarly performed at coordinates 0.9 mm
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lateral and 0.3 mm caudal to bregma. Bioluminescent imaging was first performed
on day 6 after tumor inoculation. Mice were distributed so that treatment groups
had similar median bioluminescence and standard deviations. Bioluminescent
imaging then was performed weekly by intraperitoneal injection of 4.29 mg per
mouse of D-luciferin (Xenogen) after anesthetization by isoflurane. Imaging
occurred 15 min after D-luciferin injection using the IVIS Spectrum Imaging
System (PerkinElmer). Luciferase activity was analyzed using Living Image
Software version 4.5.2 (PerkinElmer), and photon flux was analyzed within
regions of interest. All animal experiments were approved by the Seattle Children’s
Research Institute Animal Care and Use Committee.

In vitro cellular assays. Purified (>95% EGFRt*) HER2CAR T cells were used

for all in vitro assays. Chromium release assay: CD8* T cell cytotoxicity was
determined by chromium release assay. Target cells were labeled with Cr-51
(PerkinElmer), washed and incubated in triplicate with T cells at various
effector-to-target ratios. Supernatants were harvested 4h later for y-counting using
a TopCount NXT (software version 3.01) microplate scintillation and luminescence
counter (PerkinElmer), and specific lysis was calculated using the standard
formula®. Cytokine release assay: To investigate cytokine secretion, CD8* T cells
and target cells were plated at a 2:1 ratio, and supernatant was analyzed for IL-2,
IFNy and TNFa production after 24-h incubation using the Bio-Plex multiplex
bead array system (Bio-Rad).

Preclinical statistical analyses. Statistical analyses were conducted using Prism
software (GraphPad). Data are presented as mean = s.d. or s.e.m., as stated in the
figure legends. Student’s ¢-test was conducted as a two-sided unpaired test with a
confidence interval of 95%, and statistical analyses of survival were conducted by
log-rank testing. Results with a P value less than 0.05 were considered significant.

Study design and participants. BrainChild-01 (NCT03500991) is a phase 1 study
of CNS locoregional adoptive therapy with autologous CD4* and CD8" T cells
lentivirally transduced to express a HER2-specific CAR and EGFRt, delivered by
an indwelling catheter in the tumor resection cavity (Arm A) or the ventricular
system (Arm B), in children and young adults with recurrent or refractory HER2*
CNS tumors, including diffuse midline glioma. This is a single-site clinical trial
conducted at Seattle Children’s Hospital. Accrual began on 15 June 2018. The first
patient described in the manuscript, S001, enrolled on 26 July 2018, and the final
patient described in the manuscript, S003, enrolled on 11 February 2020.

This study is conducted in accordance with the U.S. Food and Drug
Administration (FDA) and International Conference on Harmonization Guidelines
for Good Clinical Practice, the Declaration of Helsinki and applicable institutional
review board requirements (study protocol approved by the Seattle Children’s
Institutional Review Board). All patients or their guardians provided written
informed consent in accordance with local regulatory review. Enrollment criteria
included: age >15 and <26 years for the initial three patients, followed by age
criteria >1 and <26 years; histologically diagnosed HER2* CNS tumor; evidence
of refractory or recurrent CNS disease; ability to tolerate apheresis; presence of
a CNS catheter; life expectancy of a minimum of 8 weeks; Lansky/Karnofsky
performance score >60; defined washout periods from previous therapies;
adequate organ function, including absolute lymphocyte count >500 cells per
ul, absolute neutrophil count >500 cells per pl, hemoglobin >9 g dI7!, platelets
>100,000 per pl, creatinine less than or equal to the upper limit of normal (ULN)
for age, bilirubin <3x ULN for age or conjugated bilirubin <2mg dl~!, oxygen
saturation >93% without dyspnea at rest and adequate neurologic function,
defined as stable deficits for >1 week, <2 anti-epileptic agents required to control
seizures and no encephalopathy; negative virology for HIV, hepatitis B and
hepatitis C; and use of highly effective contraception in patients of child-bearing
age. HER?2 positivity was determined by immunohistochemistry performed
in an accredited facility with either an FDA-approved test or a test that meets
accreditation standards. If performed at a referring hospital, Seattle Children’s
neuropathology confirmed HER2 positivity (defined as >2+ staining intensity in
>10% of cells) before enrollment. Exclusion criteria included: diagnosis of DIPG;
grade 3 or higher severe cardiac dysfunction or symptomatic arrythmia requiring
intervention; primary immunodeficiency or bone marrow failure syndrome;
clinical or radiographic evidence of impending CNS herniation; another active
malignancy other than the CNS malignancy required for enrollment; active, severe
infection defined as a positive blood culture within 48 h of enrollment or fever with
clinical signs of infection; active receipt of any anti-cancer therapy; pregnancy or
breastfeeding; patient and/or legal representative unwilling to provide consent/
assent for study participation, including participation in the 15-year follow-up
period required if CAR T cell therapy is administered; or the presence of any
condition that, in the opinion of the investigator, would prohibit the patient from
undergoing treatment under this protocol.

Patients were enrolled on either Arm A, using intra-tumoral CNS catheters,
or Arm B, using intra-ventricular CNS catheters, dependent on disease location
(Fig. 1a). Enrolled patients underwent leuko-pheresis. CD4* and CD8* T cells
from apheresis products were bioengineered to express our HER2-targeting,
second-generation CAR with an M-spacer length (Extended Data Fig. 1a).
BrainChild-01 included intra-patient DL escalations over two 4-week courses
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(Fig. 1b,c) with weekly CAR T cell dosing on Weeks 1, 2 and 3 of each 4-week
course. Requirements to receive CAR T cell infusions included: evidence of
persistence disease; >5 d from surgery; meeting defined washout periods from

any bridging therapy; adequate organ function, defined by specified laboratory
values used for eligibility; no encephalopathy or uncontrolled seizure activity;

and compliance with prescribed anti-epileptic drug administration. To receive
subsequent infusions, patients were also required to have had either no DLT if the
previous infusion was at DL1 or resolution of any previous DLT to grade lower than
2 if the previous infusion was at DL2. Patients were eligible to receive additional
infusions through Course 6 (maximum 18 doses) at the previous maximum
tolerated dose level if above criteria were met and sufficient CAR T cells were
available. Patients were enrolled into DRs with the potential for intra-patient dose
escalation. In DR1, patients may escalate to DL2; in DR2, patients may escalate to
DL3; and in DR3, patients may escalate to DL4. Response was assessed using CNS
MRI after Courses 2, 4 and 6. Correlative studies collections varied by biospecimen
and by assigned arm. For patients enrolled on Arm A, CSF for correlative studies
was collected in Week 4 of Courses 1, 2, 4, 5 and 6. For patients enrolled on Arm
B, CSF for correlative studies was collected in (1) Course 1 at Week 1 before and
after infusion, Week 2 before infusion, Week 3 before and after infusion and Week
4; (2) Course 2 at Week 1 before and after infusion, Week 2 before infusion, Week
3 before and after infusion and Week 4; (3) Courses 3-6 at Week 1 before infusion,
Week 3 before and after infusion and Week 4; and (4) at the end of therapy. All
enrolled patients had peripheral blood for correlative studies collected at (1)
Course 1 at Week 1 before and after infusion, Week 2 before infusion and Week 4;
(2) Course 2 at Week 1 before and after infusion, Week 2 before infusion and Week
4; (3) Courses 3-6 at Week 3 before infusion; and (4) at the end of therapy.

Cell product manufacture. CD4* and CD8* T cells were isolated from patient
apheresis products using the CliniMACS device (Miltenyi Biotec). A 1:1 mixture
of CD4-enriched and CD8-enriched cell fractions was then pooled, suspended in
X-VIVO 15 (Lonza) media supplemented with 2% KnockOut Serum Replacement
(Life Technologies), 5ng ml~! of rhIL-7 (CellGenix), 0.5 ng ml~* of rhIL-15
(CellGenix) and 10ng ml™ of rhIL-21 (Miltenyi Biotec), initiated into culture
in a G-Rex 100MCS vessel (Wilson-Wolf) and stimulated using CD3/CD28
CTS Dynabeads (Life Technologies). Cell products were then transduced with a
GMP-grade SIN (self-inactivating) lentivirus encoding the anti-HER2 CAR and
the cell-surface marker EGFRt. On day 7 of culture, patient cell products were
enriched for EGFRt-expressing cells using the CliniMACS device. After 14-18 d
in culture, patient cells were harvested and washed using the Sepax 2RM device
(GE) and resuspended in CryoStor CS5 (Biolife Solutions) for cryopreservation in
CellSeal closed system vials (Sexton). The clinical culture conditions vary from the
initial preclinical conditions, because, between initial preclinical investigations of
our HER2CAR and the opening of BrainChild-01, the conditions considered to be
optimal for our CAR T cell cultures evolved.

The process involved immunomagnetic positive selection of CD4* and CD8*
T cells from the patients’ apheresis products, followed by the seeding of cultures
with defined input ratios of these cells, with the goal of having balanced ratios of
CD4* and CD8* T cells at the end of a single-culture manufacturing procedure.
In addition, homeostatic cytokines IL-7, IL-15 and IL-21 were supplemented into
cultures, and exogenous IL-2 was not provided, to limit terminal differentiation
and enrich for T cells expressing phenotypic markers associated with engraftment
fitness. Lastly, cell products at the end of culture were purified for CAR expression
by immunomagnetic positive selection of T cells expressing EGFRt, before
cryopreservation.

Evaluations. The primary objectives of this study are to assess the feasibility, safety
and tolerability of CNS locoregional adoptive therapy with autologous CD4* and
CD8* T cells lentivirally transduced to express a HER2-specific CAR and EGFRt,
delivered by an indwelling catheter in the tumor cavity or ventricular system,

in children and young adults with recurrent/refractory HER2* CNS tumors.
Feasibility is defined as generating sufficient therapeutic product to receive a
minimum of six doses at the intended DL per assigned DR, after two attempts
using a single apheresis product for starting material. Safety and tolerability are
determined by data that include history/physical exams, laboratory/radiographic
evaluations and Common Terminology Criteria for Adverse Events (CTCAE)
version 5.0. A DLT is defined as an event that, in the opinion of the investigator, is
possibly, probably or definitely attributable to the CAR T product and that occurs
from the time of initial CAR T cell infusion through 28 d after the final CAR T cell
infusion. A DLT includes all grade 3 or higher CTCAE v5.0 toxicities except grade
3 or higher toxicities that are known to be related to CAR T cells, including grade
4 CRS that decreases to grade 2 or lower within 72 h; grade 3 CRS that decreases

to grade 2 or lower within 7 d; grade 3 or higher hypotension, fever and/or chills
not controlled with medical intervention that decrease to grade 2 or lower within
72h; grade 3 or higher activated prothrombin time, fibrinogen and/or international
normalized ratio that are asymptomatic and resolve within 72 h; grade 3 or higher
hypoglycemia and/or electrolyte imbalance that are asymptomatic and resolve
within 72h; grade 3 or higher nausea and/or vomiting that decrease to grade 2

or lower with 7 d; and grade 3 or higher neurologic symptoms that decrease to
grade 2 or lower with 7 d. The definition of a DLT also includes any toxicity lasting

more than 14 d that prevents the patient from meeting criteria for subsequent
CART cell infusion. Secondary objectives of this study are to assess CAR T cell
distribution within the CSF and the extent to which CAR T cells egress to the
peripheral circulation, as measured by qPCR; to assess whether HER2 expression
changes in relapsed CNS tumors that were HER2* before treatment with CAR

T cells, as measured by immunohistochemistry; and to assess disease response to
HER2-specific CAR T cell CNS-directed therapy, as measured by neuroimaging
and clinical course.

Patients are assigned a neurotoxicity score at each clinical evaluation during
protocol therapy. Toxicity grade ranges from 0 to 5: 0 is normal or no change from
baseline examination at the start of therapy; 1 is mild lethargy and/or irritability
or visual, motor or sensory symptoms without change in neurological exam; 2
is moderate lethargy, disorientation or psychosis lasting less than 48 h or mild
increase in preexisting neurological deficit; 3 is more than 48 h of severe lethargy,
responsiveness to verbal stimuli, disorientation or psychosis lasting more than
48h, moderate increase in preexisting neurological deficit or the onset of new
neurological signs or more than two seizures in 24 h; 4 is coma, unresponsive
to verbal stimuli, increasing neurologic deficit higher than grade 3, evidence of
herniation, development of uncontrolled seizures or intracerebral hemorrhage; 5
is death.

Flow cytometry of CAR T cell products and correlative specimens.
Immunophenotyping of surface markers on starting and final products was
performed using standard staining and flow cytometry techniques, with
combinations of the following fluorophore-conjugated anti-human monoclonal
antibodies: CD3 (BD Biosciences, cat. no. 562426, RRID:AB_11152082, 1.25

ul per test, or BD Biosciences, cat. no. 652356, RRID:AB_2868395), CD4 (BD
Biosciences, cat. no. 562658, RRID:AB_2744420, 2.5 ul per test), CD8a (BD
Biosciences, cat. no. 560662, RRID:AB_1727513, 0.63 pl per test), CD36 (BD
Biosciences, cat. no. 555454, RRID: AB_2291112, 2.5 ul per test), CD25 (BD
Biosciences, cat. no. 564034, RRID:AB_2738556, 0.31 pl per test), CD27 (BD
Biosciences, cat. no. 564301, RRID:AB_2744350, 2.5 ul per test), CD39 (BioLegend,
cat. no. 328212, RRID:AB_2099950, 1.25 pl per test), CD45RA (BD Biosciences,
cat. no. 563870, RRID:AB_2738459, 2.5 ul per test), CD45RO (BD Biosciences,
cat. no. 564291, RRID:AB_2744410, 1.25 pl per test), CD95 (BD Biosciences,

cat. no. 561633, RRID:AB_10894384, 0.63 pl per test), CD127 (BD Biosciences,
cat. no. 563324, RRID:AB_2738138, 1.25 pl per test), CD137 (BioLegend, cat.

no. 309820, RRID:AB_2563830, 5.0 ul per test), CCR4 (BioLegend, cat. no.
359410, RRID:AB_2562431, 0.63 pl per test), CCR6 (BD Biosciences, cat. no.
563704, RRID:AB_2738381, 1.25 pl per test), CCR7 (BD Biosciences, cat. no.
552176, RRID:AB_394354, 1.25 ul per test), CCR10 (BD Biosciences, cat. no.
563656, RRID:AB_2738351, 0.63 pl per test), CXCR3 (BD Biosciences, cat. no.
565223, RRID:AB_2687488, 5.0 ul per test), FoxP3 (BD Biosciences, cat. no.
560045, RRID:AB_1645411, 10.0 ul per test), LAG-3 (BioLegend, cat. no. 369310,
RRID:AB_2629753, 5.0 pl per test), Nur77 (Thermo Fisher Scientific, cat. no.
12-5965-82, RRID:AB_1257209, 2.5 ul per test), PD-1 (BD Biosciences, cat. no.
565299, RRID:AB_2739167, 2.5 ul per test), TCRap (BD Biosciences, cat. no.
564725, RRID:AB_2738918, 2.5 ul per test), TCRYS (BD Biosciences, cat. no.
655434, RRID:AB_2827402, 2.5 pl per test), TIGIT (BioLegend, cat. no. 372712,
RRID:AB_2632927, 1.25 pl per test) and TIM-3 (BioLegend, cat. no. 345032,
RRID:AB_2565833, 2.5 ul per test). CAR T cell expression was quantified using
cetuximab (Creative Diagnostics, cat. no. TAB-003, RRID:AB_2459632, 1:50
dilution) custom conjugated to allophycocyanin by BD Biosciences to detect
EGFRt. Cells were also stained with a live/dead viability dye (BD Biosciences, cat.
no. 564407, 1:16,000 dilution). Intracellular staining was performed according to
manufacturer directions with the Transcription Factor Buffer Set (BD Pharmingen,
cat. no. 562574) for FoxP3 detection or the Fixation/Permeabilization Solution Kit
(BD Biosciences, cat. no. 554714) for Nur77 detection. Cells were acquired on an
LSRFortessa (BD Biosciences), and flow cytometric analysis was performed using
FlowJo software (BD Biosciences). CAR T cells were defined as a singlet, viable,
CD367, CD3*, EGFR*, CD4* or CD8* lymphocytes. In general, markers of interest
were examined in the EGFRt™ or EGFRt" populations as applicable for starting or
final product samples, with the exception of CD25, CD127, FoxP3, TCRap and
TCRy3. These markers were stained in a flow cytometry panel that did not include
EGFRt selection and are, therefore, reported as a percentage of the total CD4*

or CD8" T cell population. Multi-activation marker profiles were analyzed via
Boolean gating and SPICE analysis software™’. Representative flow gating is shown
in Supplementary Fig. 1.

qPCR for CAR T cell persistence. Assessment of persistence of CAR T cells in
peripheral blood was determined by quantification of the Flap-EF1 region of the
lentiviral transgene by qPCR. Patient genomic DNA isolated from mononuclear
cells from specific time points was assessed for in vivo persistence by batched
analysis. Standard curve for the transcript copy number was established by the
amplification of serial diluted plasmid epHIV7. The number of copies of the
transgene per nanogram of genomic DNA input was determined.

Cytokine profiling. Patient CSF or serum samples were collected and processed
by the study site before cryopreservation at —80°C. CSF was collected by either
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lumbar puncture or ventricular/cavity catheter and maintained at 4 °C before and
during cell-free supernatant isolation by serial centrifugation. Cells were removed
from the CSF sample by spinning at 250g for 10 min followed by a final debris
removal spin at 10,000g for 10 min. Serum was isolated by collection of venous
blood in additive-free collection tubes. After incubation at room temperature

for a minimum of 1 h, collection tubes were centrifuged at 1,000g for 15 min.

The resulting supernatant was subsequently centrifuged at 10,000g for 10 min
before aliquoting and transfer to storage. Samples were thawed and assessed by
batched analysis for select cytokines and chemokines according to manufacturer
instructions for the 29-plex Human Cytokine/Chemokine Luminex kit (Millipore,
cat. no. HCYTMAG60PMX29BK). The Millipore Human Cytokine/Chemokine
Panel is a multiplex sandwich capture assay using magnetic antibody-coupled
beads that bind cytokine molecules of interest in the CSF or serum sample,
biotinylated detection antibody specific for a different epitope on the cytokine
and secondary streptavidin-PE antibody to label the bead-cytokine complex.

All samples and controls were run in duplicate. Samples were analyzed in a
flow-based suspension system, and the cytokine concentrations in the samples
were extrapolated from the general five-parameter standard curve using Millipore
cytokine standard reagent. CXCL10 concentrations for Arm B patients (S002

and S003) at several time points were higher than the highest standard used in
the experiment. Rather than use concentrations of the highest standards, we
extrapolated concentrations from the five-parameter standard curve and used the
extrapolated values in our analyses. Serum CRP concentrations were measured in
clinical chemistry laboratory tests and were plotted alongside CXCL10 and CCL2
concentrations in CSE. Heat maps and line plots were generated using R (v3.6.3)"!
with ggplot2 library (v3.3.0)*%

Correlative sample statistical analysis. Data on marker expression in the starting
and final CD4* and CD8* T cell products were summarized. For each marker, the
mean within-patient difference in expression between starting and final products
is presented, along with a 95% confidence interval for the mean difference. Because
one patient had two different products generated, estimates and confidence
intervals were obtained using bootstrap resampling for clustered data. Bootstrap
resampling (10,000 iterations) was done with Stata 16.1 (Stata Statistical Software:
Release 16, StataCorp).

Statistical significance for pie charts was determined using the non-parametric
partial permutation (Monte Carlo simulation) analysis in SPICE software, with
10,000 iterations per test.

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

Data availability

All requests for raw and analyzed data and materials will be promptly reviewed
by the intellectual property office of Seattle Children’s Research Institute to verify
if the request is subject to any intellectual property or confidentiality obligations.
Raw preclinical and clinical data are stored at Seattle Children’s with indefinite
appropriate backup. The full raw western blot is shown in Supplementary Fig. 3.
Patient-related data not included in the paper were generated as part of clinical
trials and might be subject to patient confidentiality. Any data and materials that
can be shared will be released via a material transfer agreement.
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Extended Data Fig. 1| HER2CAR spacer variants are efficiently expressed in CD8+ T cells. a, Schematic of 2" generation HER2CAR extracellular domain
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Extended Data Fig. 2 | HER2 epitope location influences HER2CAR T cell activity. a, Flow analysis of HER2+ (D283, Med411FH) and HER2- (D341)
medulloblastoma cell lines. b, In vitro cytotoxicity of HER2-specific CAR T cells against target cell lines. ¢, Cytokine release assay of supernatants obtained
from 24-hour co-cultures of CD8+ T cells expressing the HER2CAR extracellular spacer variants, with target cells at a 2:1ratio. N=3 technical replicates
per condition and data presented as mean values +/— SD. d, Schematic of HER2t-CD19t components: In-frame fusion of GMCSFRss, HER2t (aa 563-653
of HER2) and CD19t (aa 20-323 of CD19). SS, signal sequence; TM, transmembrane domain. e, In vitro cytotoxicity of HER2-specific CAR T cells against
a lymphoblastoid cell line (LCL) panel (parental, OKT3, HER2, and HER2t-CD19t). The x-axis shows the ratio of effector:target cells. f, Cytokine release
assay of supernatants obtained from 24-hour co-cultures of CD8 + T cells expressing the HER2CAR extracellular spacer variants with LCL targets at a 2:1
ratio. N =3 technical replicates per condition and data presented as mean values + SD.

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

ARTICLES NATURE MEDICINE

a 100 A
> Mock _ ©
—~ (0] S
% O TF short 2 S
=] 2 o
T A Medium 3 507 el B T
58 O Lmut 2 o
= < I
R o
18—+ 4
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Days Post Tumor Inoculation Days Post Tumor Inoculation
Mock Short Medium Lmut
b : 101y :
x @ "
E Q 10°
LT: P 108, Luminescence
S
5 2 107 1.0
= < 108
o
= ; ‘ y :
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 30 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0.8
Days Post Tumor Inoculation
) 0.6
Medium
c x10°
04
02
Color Scale
Min = 1.00e5
Max = 1.00e7
Radiance
d (p/seclcm?sr)
. e D283 eGFP:ffluc D283 eGFP:ffluc (IL-2)
1007 ICV model ICV model
© 1004
2 o L
> o
5 501 S 50 -
173} § o S 50 o 50 g
N I8 ol | =] 9
X ? Sl =] ?
o o " o
0 1'0 2'0 3'0 4'0 5'0 5'0 7'0 5'0 9'0 160 0 1'0 2'0 3'0- 4'0 5'0 5'0 7'0 5'0 5‘0 160 0 10 20 30 40 50 60 70 80 90 100 & 0 10 20 30 40 50 60 70 80 90 100
Days Post Tumor Inoculation
> Mock
A Medium
D283 eGFP:ffluc D283 eGFP:ffluc (IL-2
(IL-2) -© Lmut
f ICV model ICV model
Mock Medium Mock Medium
Luminescence
1.0
| -
»
0.8
0.6
Luminescence
x10°
5.0
04
Color Scale
40 02 Min = 5.00e3
Max = 1.00e5
Radiance
3.0 (psecicm?sr)
x10°
20
1.0
Radiance
(pfseclcm?/sr)

Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Medium-spacer HER2CAR T cells prolong survival and target metastases in an orthotopic xenograft model. Groups of mice were
inoculated with 0.2e6 D283 eGFP:ffluc medulloblastoma cells (Day 0) and 2e6 HER2CAR CD8+ T cells (Day 7 - dotted vertical line) (a-d) intracranially
or (e) via intracerebroventricular injection (ICV). a,b, Serial bioluminescence imaging of tumor in groups of mice treated with Mock, Short, Medium, or
Lmut spacer HER2CAR CD8+ T cells. Data presented as mean values + SD. N=5 animals per group. All Kaplan-Meier statistical significance determined
by one-sided log-rank (Mantel-Cox) test (M-spacer versus mock (P = 0.0035), S-spacer (P = 0.0021) and Lmut-spacer (P = 0.025). ¢, Bioluminescence
imaging measured in region of interest (head) for orthotopic intracranial model. d, Kaplan-Meier analysis of survival in treatment (Medium and Lmut) and
control (Mock) groups from repeat experiments. e, Kaplan-Meier analysis of survival in treatment and control groups of ICV dosed tumor models: D283
eGFP:ffluc cells (no IL-2) and D283 eGFP:ffluc cells (IL-2). f, Serial bioluminescence imaging in treatment and control groups of ICV dosed tumor models:
D283 eGFP:ffluc cells (no IL-2) and D283 eGFP:ffluc cells (IL-2). All in vivo data are representative of a minimum of two independent experiments.
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Extended Data Fig. 4 | HER2CAR T cells prolong survival in an intercranial xenograft model. a, NSG mice were injected with 2e6 mixed CD4+ :CD8+
HER2CAR T cells or un-transduced CD4+ :CD8+ Mock T cells 7 days post intracranial tumor inoculation with 0.2e6 D283 eGFP:ffluc medulloblastoma
cells. Serial bioluminescence tumor imaging (left) and Kaplan-Meier analysis of survival (right) were performed. HER2CAR T cell treated mice survived
significantly longer than the un-transduced Mock group (one-sided log-rank (Mantel-Cox) test, p=0.002). Data presented as mean values + SD. N=5
animals per group. Bioluminescence images are from one representative experiment. b, Serial bioluminescence signal measured in region of interest
(head) from mice treated with Mock or HER2CAR T cells. ¢, Individual serial bioluminescence imaging of tumor from un-transduced Mock (left) or
HER2CAR T cell groups (right).
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Extended Data Fig. 5 | Manufacturing schema for HER2CAR T cells. Flow diagram of the manufacturing process from apheresis to CAR T cell delivery.
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Extended Data Fig. 6 | Multiparameter co-expression profiles of activation/exhaustion markers for patient starting and final products. Boolean
gating was performed for activation markers of interest before visualization via SPICE analysis software. Final-02 and Final-03 refer to second and third
manufacturing attempts for SO03. Two-sided permutation tests performed with 10,000 iterations per the built-in SPICE analysis function found no
significant differences between samples (p> 0.05). Representative flow gating strategy shown in Supplementary Fig. 1a,b.
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Extended Data Fig. 7, Table: Observed Toxicities (CTCAEV5.0)
Baseline Maximum
Subject Body System Organ Class Toxicity Type Grade* Grade
S001 EYE DISORDERS Blurred vision 1
GASTROINTESTINAL DISORDERS Nausea 1 2
Vomiting 2
INJURY Fall 1
NERVOUS SYSTEM DISORDERS  Dysarthria 2
Dysphasia 2
Headache 1 2
Muscle weakness, right-sided 1 2
Proprioception decreased r foot r 2
hand
R foot dorsiflexion decreased 2
Tremor 1
S002 GENERAL DISORDERS Fatigue 1
Fever 1
NERVOUS SYSTEM DISORDERS  Headache 3
Lower back pain 2
SKIN AND SUBCUTANEOUS Goosebumps 1
TISSUE DISORDERS
S003 GASTROINTESTINAL DISORDERS Nausea 1
Vomiting 1
GENERAL DISORDERS Chills 1
Fever 3
INVESTIGATIONS Lymphocyte count decreased 2
MUSCULOSKELETAL Back pain 3
NERVOUS SYSTEM DISORDERS  Headache 3
Peripheral sensory neuropathy 1
Tremor 1
SKIN AND SUBCUTANEOUS Scalp pain 1
TISSUE DISORDERS
VASCULAR DISORDERS Hypotension 1

*(if present at pre course 1 week 1 dose administration)

Extended Data Fig. 7 | Observed toxicities. CTCAE grading of all observed toxicities that constituted an increase from baseline. If the toxicity was not
present pre-Course 1 Week 1 administration, then no baseline grade is shown.
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Extended Data Fig. 8 | Adverse event development over the course of treatments. Three adverse event (AE) types are plotted here: fever, headaches, and
nervous system disorders (excluding headache). CAR T cell infusions indicated with arrows.
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Extended Data Fig. 9 | Pre versus post infusion detection of T cell populations in CSF via flow cytometry. Representative pre and post infusion flow
plots from SO02 and SO03 show no detectable CAR T (EGFRt+) cells, but detectable non-CAR T cells (both CD4+ and CD8+ T cells) in subject CSF post

infusion. Representative flow gating strategy shown in Supplementary Fig. 1d.
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Life sciences study design

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

Sample size See figures for replicates chosen. Power analysis (0.8) suggests that the experiments will have to use use 5-10 mice to detect significant
difference of 10-20% with an error of 5%. The key endpoints for our experiments are:
« Engraftment, persistence, and/or proliferation of CAR T cells
* Regression or total eradication (positive treatment effect) or progression (negative control and/or no treatment effect) of engrafted tumor
cells when adoptive immunotherapy is administered.
Studies are designed to include the appropriate numbers of animals as needed to achieve statistical relevance and might be adjusted as a
result of ongoing data collection.
Our experience obtained with ex vivo generated CAR T cells therapies suggests that 5-10 mice per group will be required to make robust
conclusions. This spread in required number of animals is due to known variations in engraftment characteristics between tumor types that
we plan to study.
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Data exclusions  No data were excluded from analysis.

Replication Multiple biological replicates were used. Preclinical experiments were repeated at least 1 in a different cell donor. Attempts at experimental
replication were successful.

Randomization  Mice were divided into groups following tumor engraftment. Average tumor flux and range values were the same between each group prior
to T cell injection. No other measurements, such as mouse weight, were pursued.

Blinding Investigators were otherwise not blinded. We do not have proper staff numbers to be able to blindly administer treatment or blindly collect
data.

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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |:| ChiIP-seq
|Z Eukaryotic cell lines |:| |Z Flow cytometry
|:| Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
Clinical data

OO0OXOOS

Antibodies

Antibodies used CD3 (BD Biosciences Cat# 562426, RRID:AB_11152082 or BD Biosciences Cat# 652356, RRID:AB_2868395), CD4 (BD Biosciences
Cat# 562658, RRID:AB_2744420), CD8a (BD Biosciences Cat# 560662, RRID:AB_1727513), CD36 (BD Biosciences Cat# 555454,
RRID: AB_2291112), CD25 (BD Biosciences Cat# 564034, RRID:AB_2738556), CD27 (BD Biosciences Cat# 564301,
RRID:AB_2744350), CD39 (BioLegend Cat# 328212, RRID:AB_2099950), CD45RA (BD Biosciences Cat# 563870,
RRID:AB_2738459), CD45RO (BD Biosciences Cat#f 564291, RRID:AB_2744410), CD95 (BD Biosciences Cat# 561633,
RRID:AB_10894384), CD127 (BD Biosciences Cat# 563324, RRID:AB_2738138), CD137 (BioLegend Cat# 309820,
RRID:AB_2563830), CCR4 (BioLegend Cat# 359410, RRID:AB_2562431), CCR6 (BD Biosciences Cat# 563704, RRID:AB_2738381),
CCR7 (BD Biosciences Cat# 552176, RRID:AB_394354), CCR10 (BD Biosciences Cat# 563656, RRID:AB_2738351), CXCR3 (BD
Biosciences Cat# 565223, RRID:AB_2687488), FoxP3 (BD Biosciences Cat# 560045, RRID:AB_1645411), LAG-3 (BioLegend Cat#
369310, RRID:AB_2629753), Nur77 (Thermo Fisher Scientific Cat# 12-5965-82, RRID:AB_1257209), PD-1 (BD Biosciences Cat#
565299, RRID:AB_2739167), TCRab (BD Biosciences Cat# 564725, RRID:AB_2738918), TCRgd (BD Biosciences Cat# 655434,
RRID:AB_2827402), TIGIT (BioLegend Cat# 372712, RRID:AB_2632927), and TIM-3 (BioLegend Cat# 345032, RRID:AB_2565833).
cetuximab (Creative Diagnostics Cat# TAB-003, RRID:AB_2459632) custom-conjugated to allophycocyanin by BD Biosciences;
anti-CD247 (CD3¢, BD Biosciences Cat #551033)




Validation Cetuximab-APC and biotinylated Cetuximab and Trastuzumab antibodies were custom-conjugated by BD and validated in-house
by flow cytometry. Titration experiments were performed using EGFR or HER2 expressing H9 cell lines or T cells transduced with
research-grade vectors representative of other clinical trials managed by Seattle Children's. Trastuzumab staining is used as a
part of the high-throughput system utilized by the Correlative Studies for analysis of all clinical trial samples, but only the
trastuzumab negative populations were examined for specimens in this trial/manuscript.

All other antibodies are validated in a similar way via positive staining on cell lines by flow cytometry mirroring manufacture
validation.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 239T cells (ATCC CRL-3216), TM-LCL (gift from City of Hope), LCL-OKT3, HER2, Her2t-CD19t (made in house), D283 (ATCC
HTB-185), Med411FH (gift from Jim Olson - Fred Hutchinson Cancer Research Center), D341 (ATCC HTB-187)

Authentication All primary cell lines authenticated by the University of Arizona Genetics core by STR (short tandem repeat) profiling,
matched to the DSMZ Database (Deutsche Sammlung von Mikroorganism un Zellkulturen https://www.dsmz.de/), with the
exception of the Med411FH and TM-LCL, immortalized patient lines. TM-LCL and Med411FH cell lines were also profiled by
STR profiling, however because they are patient derived cell lines there is no reference to match them too.
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Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 10-12 week old male NOD.Cg-PrkdcscidIL2rgtm1W;jl/Sz) (NSG) mice were used in this study. Mice from each cohort were housed
together in individually ventilated cages at a temperature of 68-78F, humidity of 40-70%, 10-15 air changes per hour, and a 12
hour light cycle with lights on at 7:00 AM.

Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve field-collected animals.
Ethics oversight All mouse experiments were conducted under protocols approved by the Seattle Children’s Research Institute’s Institutional

Animal Care and Use Committee.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics The three BrainChild-01 patients (S001, SO02 and S003) described in this initial report were enrolled on DR1 of their respective
Arm (Table 1). All patients had undergone three or more tumor-directed surgical procedures and had received at least 1 prior
irradiation and at least 1 prior chemotherapy regimen. Prior to opening enrollment to ages 1 through 26 years, we enrolled a
cohort aged 15 through 26 years as they could more readily self-report any neurologic changes. The first three patients were 19
(F), 16 (M), and 26 (M) years of age but at the time of tumor diagnosis all patients were of pediatric age with presumed pediatric
biology of their tumors.

Recruitment In unbiased fashion irrespective of gender or other physical or social attributes, but requiring appropriate age and tissue staining
criteria, subjects with progressive disease were made aware of the trial either internally at Seattle Childrens through direct
communication with our neuro-oncology team or at external sites by neuro-oncologists aware of our trial opening, and patients
who met eligibility were enrolled in the order in which they contacted our program for potential enrollment. All patients who
met eligibility were offered the trial.

Ethics oversight Seattle Children’s Institutional Review Board

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 NCT03500991




Study protocol
Data collection

Outcomes

Flow Cytometry

The full clinical trial protocol is not included as it contains proprietary information and the trial is still open and accruing patients.
Clinical data is collected at Seattle Childrens, the single site of the clinical trial NCTO350091.

The primary objectives of this study are to assess the feasibility, safety, and tolerability of CNS locoregional adoptive therapy
with autologous CD4+ and CD8+ T cells lentivirally transduced to express a HER2-specific CAR and EGFRt, delivered by an
indwelling catheter in the tumor cavity or ventricular system, in children and young adults with recurrent/refractory HER2-
positive CNS tumors. Feasibility is defined as generating sufficient therapeutic product to receive a minimum of 6 doses at the
intended DL per assigned dose regimen, after two attempts using a single apheresis product for starting material. Safety and
tolerability are determined by data that include history/physical exams, laboratory/radiographic evaluations, and Common
Terminology Criteria for Adverse Events (CTCAE v5.0). A dose limiting toxicity (DLT) is defined as an event which, in the opinion of
the investigator, is possibly, probably, or definitely attributable to the CAR T product and which occurs from the time of initial
CART cell infusion through 28 days following the final CAR T cell infusion. A DLT includes all > grade 3 CTCAE v5.0 toxicities
except > grade 3 toxicities that are known to be related to CAR T cells, including grade 4 CRS that decreases to < grade 2 within
72 hours; grade 3 CRS that decreases to < grade 2 within 7 days; > grade 3 hypotension, fever, and/or chills not controlled with
medical intervention that decrease to < grade 2 within 72 hours; > grade 3 activated PTT, fibrinogen, and/or INR that are
asymptomatic and resolve within 72 hours; > grade 3 hypoglycemia and/or electrolyte imbalance that are asymptomatic and
resolve within 72 hours; > grade 3 nausea and/or vomiting that decrease to < grade 2 with 7 days; and > grade 3 neurologic
symptoms that decrease to < grade 2 with 7 days. The definition of a DLT also includes any toxicity lasting > 14 days that
prevents the patient from meeting criteria for subsequent CAR T cell infusion. Secondary objectives of this study are to assess
CART cell distribution within the CSF and the extent to which CAR T cells egress to the peripheral circulation, as measured by
serum gPCR; to assess whether HER2 expression changes in relapsed CNS tumors that were HER2-positive prior to treatment
with CAR T cells, as measured by immunohistochemistry; and to assess disease response to HER2-specific CAR T cell CNS-
directed therapy, as measured by neuroimaging and clinical course.

Patients are assigned a neurotoxicity score at each clinical evaluation during protocol therapy. Toxicity grade ranges from 0-5: (0)
is normal or no change from baseline examination at the start of therapy; (1) is mild lethargy and/or irritability or visual, motor,
or sensory symptoms without change in neurological exam; (2) is moderate lethargy, disorientation, or psychosis lasting less than
48 hours, or mild increase in preexisting neurological deficit; (3) is greater than 48 hours of severe lethargy, responsiveness to
verbal stimuli, disorientation or psychosis lasting greater than 48 hours, moderate increase in preexisting neurological deficit or
the onset of new neurological signs, or greater than two seizures in 24 hours; (4) is coma, unresponsive to verbal stimuli,
increasing neurologic deficit > grade 3, evidence of herniation, development of uncontrolled seizures, intracerebral hemorrhage;
(5) is death.
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Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Adherent cells were trypsinized, spun down and resuspended in PBS. Nonadherent cells were resuspended in PBS.

LSRII Fortessa (BD Biosciences) or MACSQuant (Miltenyi Biotec)

FlowJo V10.5.3

Refer to histograms/% on figures.

CAR T cells were defined as singlets/lymphocytes/viableCD36-/CD3+/EGFRt+/CD4+ or CD8+. In general, markers of interest were
examined in the EGFRt-negative or EGFRt-positive populations as applicable for starting or final product samples, with the
exception of CD25, CD127, FoxP3, TCRab, and TCRgd. These markers were stained in a flow cytometry panel that did not include

EGFRt selection and are therefore reported as a percentage of the total CD4+ or CD8+ population. Multi-activation marker
profiles were analyzed via Boolean gating and SPICE analysis software. Representative flow gating is in Supp. Fig. 1.

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