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a b s t r a c t 

Central nervous system (CNS) tumors are the most common solid malignancy in the pediatric population. Based 

on adoptive cellular therapy’s clinical success against childhood leukemia and the preclinical efficacy against 

pediatric CNS tumors, chimeric antigen receptor (CAR) T cells offer hope of improving outcomes for recurrent 

tumors and universally fatal diseases such as diffuse intrinsic pontine glioma (DIPG). However, a major obstacle 

for tumors of the brain and spine is ineffective T cell chemotaxis to disease sites. Locoregional CAR T cell delivery 

via infusion through an intracranial catheter is currently under study in multiple early phase clinical trials. Here, 

we describe the Seattle Children’s single-institution experience including the multidisciplinary process for the 

preparation of successful, repetitive intracranial T cell infusion for children and the catheter-related safety of our 

307 intracranial CAR T cell doses. 
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Chimeric antigen receptor (CAR) T cells have induced dramatic re-

ponses in pediatric patients with hematologic malignancies [1] , yet

here are numerous obstacles to translating this success to children

ith central nervous system (CNS) tumors [2] . A fundamental con-

ern is that systemic delivery limits on-tumor on-target efficiency due

o the blood-brain barrier and may require higher dosing to achieve
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dequate T cell migration into the CNS [3] . However, with higher

ystemic doses, there is increased risk of systemic and CNS toxicities

uch as cytokine release syndrome (CRS) [4] or immune effector cell-

ssociated neurotoxicity syndrome (ICANS) [5] . Ultimately, systemi-

ally delivered adoptive cellular therapy is a challenging way to tar-

et CNS tumors in children, particularly as the baseline deficits in

ediatric neuro-oncology patients may predispose them to neurologic

isks. 
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Locoregional delivery of chemotherapeutic agents has long been

n attempted solution for bypassing the blood-brain barrier and effec-

ively treating CNS tumors [ 6 , 7 ]. Surgically implanted Ommaya or Rick-

am reservoir catheters that can be accessed with a small needle for

epeated drug delivery have proven an effective and safe approach,

ven for long-term use [ 8 , 9 ]. Complications of repeated drug deliv-

ry utilizing intraventricular shunt systems include infectious and non-

nfectious complications. The risk of infection from long-term Ommaya

se has been shown to be comparable to or less than that of indwelling

eripherally-inserted central catheters [10] . The risk of non-infectious

omplications, such as catheter obstruction/malposition, cerebrospinal

uid (CSF) leaks, and hemorrhage, were shown to be less than 12% [7] .

entriculoperitoneal (VP) shunts with “on-off” valves also have been

hown to be an efficient system to deliver effective intraventricular ther-

pies against many cancers, including leptomeningeal carcinomatosis

 11 , 12 ] and recurrent CNS lymphoma [13] . Most recently, locoregional

elivery of CAR T cells was also demonstrated to be tolerable in adults

ith CNS tumors [14] . 

Based on this preliminary adult experience, the historical success of

elivering therapeutics intracranially, and the desire to limit systemic

oxicity, Seattle Children’s Hospital opened three CNS CAR T cell tri-

ls (BrainChild-01 targeting HER2 [15] (NCT03500991), BrainChild-02

argeting EGFR [16] (NCT03638167), and BrainChild-03 targeting B7-

3 [17] (NCT04185038)) that exclusively deploy repeated, locoregional

elivery. Across our three phase 1 trials, we have now delivered 307 in-

racranial CAR T cell doses to 41 children and young adults. Here, we

escribe the clinical preparation for enrolling patients, the procedure

or delivering locoregional CAR T cells to children in the clinic, and the

reliminary feasibility and safety of this approach. 

esults 

linical preparation prior to intracranial CAR T cell delivery 

Prior to a patient’s enrollment onto Seattle Children’s BrainChild-01,

02, or -03 (NCT03500991, NCT03638167, and NCT04185038, respec-

ively), the clinical coordinating nurse identifies the patient’s existing

ntracranial hardware (e.g. Ommaya reservoir or ventriculoperitoneal

VP) shunt). Patients with a VP shunt are evaluated in neurosurgery

linic prior to the clinical trial consent conference in order to establish

hunt care and to confirm appropriate shunt function. In preparation for

his neurosurgical visit, patients undergo a shunt series that allows the

eurosurgical provider to assess the current hardware system. The pre-

erred shunt system features a programmable Certas valve, as it allows

or a “virtual off” setting. Patients with VP shunts also undergo a com-

uterized tomography (CT) of the brain obtained to assess the size of

he lateral ventricles to ensure that safe cerebrospinal fluid (CSF) aspi-

ation from their hardware is possible. Specifically, imaging is obtained

o eliminate any concern that CSF aspiration could collapse the ven-

ricle or compromise the mechanical operation of the shunt. Patients

ith other infusible hardware devices, such as an Ommaya catheter,

o not require a pre-enrollment visit with the neurosurgical team and

atheter location is confirmed by the immunotherapy clinical coordina-

ion nurse prior to enrollment. Following the enrollment visit (which

ncludes a consent conference, apheresis catheter placement under se-

ation by general surgery, apheresis by a dedicated apheresis team in

ncology clinic, and apheresis catheter removal without sedation – all

erformed outpatient over 3 days), patients return home to await CAR

 cell production and release testing (which takes ∼24 days), and then

eturn to Seattle Children’s to begin treatment. 

After confirming initial infusion eligibility, including adequate

rotocol-directed laboratory and clinical evaluations, the research nurse

otifies the investigational drug service (IDS) pharmacy to thaw the cry-

preserved vial containing the scheduled CAR T cell dose. The CAR T

ose is verified and signed by two oncology providers for concordance

etween treatment roadmap and electronic medical record. For patients
2 
ith a programmable shunt, the infusion nurse simultaneously notifies

 neurosurgery team member. In situations where it is deemed clini-

ally safe, which is the norm, a neurosurgical provider will increase the

hunt setting to the highest resistance just prior to CAR T cell infusion.

his setting change limits CAR T cell egression into the peritoneal (or

ther end-catheter) space and promotes CAR T cell flow into the CSF

pace. Specifically, for the programmable Certas valve, the “virtual off”

etting of 8 is utilized. Patients’ shunts are kept at the higher resistance

etting for 3 h while being observed in the clinic following infusion. If

linical signs of increased intracranial pressure develop, the duration of

ncreased resistance may be shortened and personalized for each patient

ased on neurosurgical guidance. 

rotocol for outpatient locoregional CAR T cell delivery to children 

Prior to aspirating CSF, the size of the patient’s ventricles is reviewed

n prior imaging. This allows the provider to determine whether aspi-

ation or CSF free flow to gravity is more appropriate. Approximately

5–60 min prior to the procedure, topical anesthetic is applied over

he intracranial catheter site. Approximately 30 min prior to the proce-

ure, the patient is given pre-medications (i.e., acetaminophen, diphen-

ydramine, and ondansetron) as per protocol. 

At the time of procedure, a time-out is called to review standard pa-

ient, procedure, and procedure location details. Distraction and anxiety

elief techniques are provided by parents or Child Life Specialists, and

he patient is placed in a position that allows access to the external reser-

oir of the intracranial catheter. The topical anesthetic is removed, and,

f needed, the hair overlying the catheter site is trimmed using scissors.

he site is cleaned with povidone-iodine solution ( Fig. 1 A), allowed to

ry, and then draped in typical sterile technique. A 25-gauge butter-

y needle, that has been primed with preservative-free normal saline

PFNS), is used to access the reservoir ( Fig. 1 B). Correct placement is

erified by injection of 0.5-1 mL PFNS and aspiration of CSF. A sterile

yringe for collection of CSF ( ∼10 mL) is attached; CSF is gently as-

irated for clinical and correlative research studies ( Fig. 1 C) and then

emoved. The syringe of prepared CAR T cells ( < 5 mL) is then attached,

nd the CAR T cells are manually infused slowly over 1 min ( Fig. 1 D).

ollowing completion of the infusion, the CAR T cell syringe is discon-

ected and a syringe with PFNS is connected. The volume required to

ush the catheter tubing is predetermined in conjunction with neuro-

urgical guidance, though it is most often 2.5 mL. The PFNS is manu-

lly infused slowly over 1 min. The needle is then removed, and gentle

ressure is applied by hand with sterile gauze over the procedure site.

he area is gently wiped with an alcohol swab to remove the remaining

ovidone-iodine solution. 

Following the administration, the child is observed in the outpatient

ncology clinic for a minimum of 3 h with heart rate, oxygen satura-

ions, blood pressure, and clinical assessments. Children under the age

f 5 years receiving their first infusion are often admitted for observa-

ion to the inpatient oncology unit for 18–24 h; however, most children

nd young adults are discharged home from clinic. CSF obtained prior

o CAR T cell infusion and CSF obtained at other study timepoints is

valuated for glucose, protein, and cytology – along with correlative re-

earch studies – to evaluate for disease dissemination and early evidence

f potential infection. 

reliminary safety of intracranial CAR T cell delivery to children 

As of October 2022, 62 children and young adults have been en-

olled on BrainChild-01 (9 patients), BrainChild-02 (11 patients), and

rainChild-03 (42 patients). In total, 41 patients have been treated and

eceived 307 intra-Ommaya (266; 87%) or intra-VP shunt (41; 13%)

AR T doses delivered at Seattle Children’s Hospital ( Table 1 ). 276 in-

usions (89.9%) have been given in the outpatient oncology clinic and 31

nfusions (10.1%) have been delivered on the inpatient oncology unit.

or patients who received their infusion on the inpatient oncology unit,
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Fig. 1. Intracranial dosing procedure. ∼45 min after a topical 

anesthetic agent is applied, (A) the Ommaya or shunt reservoir 

site is sterilized with betadine, (B) a 25-guage butterfly needle 

is inserted, and 0.5 mL preservative-free normal saline (PFNS) 

is infused. The sterile syringe of PFNS is removed and (C) a new 

10 mL syringe is connected to withdraw CSF for clinical and 

correlative studies. That syringe is removed, and (D) a syringe 

with CAR T cells is connected. Finally, that syringe is removed 

and a syringe with 2.5 mL PFNS is connected and infused, after 

which the needle, with the syringe connected, is removed. 

Table 1 

Demographic and clinical characteristics of the patients. 

Characteristic Value 

Median age in years (range) 12 (2-25) 

Male 25 (61%) 

Diagnosis 

DIPG/DMG 15 (37%) 

Embryonal tumor 7 (17%) 

Ependymoma 16 (39%) 

HGG 3 (7%) 

Device 

Ommaya catheter 35 (85%) 

Shunt reservoir 6 (15%) 

CAR T cell doses 307 

Shunt removals 0 

Abbreviations: diffuse intrinsic pontine glioma (DIPG), dif- 

fuse midline glioma H3K27M-altered (DMG) 
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his was because the prescribed dose was due while admitted for other

are. Here, we refer exclusively to patients who received at least one

AR T cell infusion. Demographics for all patients are shown in Table 1 .

hese patients’ (N = 41) tumors included diffuse intrinsic pontine glioma

DIPG)/diffuse midline glioma, H3 K27M-altered (DMG) (N = 15, 37%),

mbryonal tumors (N = 7, 17%), ependymoma (N = 16, 39%), or high-

rade glioma (HGG) (N = 3, 7%). 

Overall, there have been no serious adverse events (SAE) related to

he intracranial catheter. One patient (2%) who had their shunt placed

t an outside institution experienced skin breakdown along the shunt
3 
ubing of the distal neck. The shunt was replaced at Seattle Children’s

ithout complications, and the skin breakdown was considered unre-

ated to CAR T cell therapy. No CAR T cell doses were canceled due

o high pressure resistance or had other mechanical complications dur-

ng infusion. No patients reported site pain at or near the CNS catheter

ite following the infusion procedure. No patients developed an aller-

ic reaction at the CNS catheter site or systemically. No patients devel-

ped meningitis at any point on protocol therapy. No patients developed

ematomas, bleeding, or cellulitis at the site of the CNS catheter site. No

atients required removal of their Ommaya or VP shunt reservoirs dur-

ng the study period. 

iscussion 

We present our clinical experience of delivering outpatient repeated

ntracranial CAR T cell doses to children on Seattle Children’s phase 1

rainChild clinical trials with a focus on catheter-related preparation

nd safety. Specifically, we show the preliminary feasibility of deliver-

ng 307 locoregional intracranial infusions to 41 patients across 3 ac-

ive CNS CAR T cell trials targeting HER2, EGFR, and B7-H3. Delivery

hrough the CNS catheter, whether an Ommaya or shunt reservoir, has

een tolerable regardless of the CAR T cell target, which is likely in part

o the therapeutic window allotted by our selected targets that are ex-

ressed more highly on CNS tumors than normal CNS tissue [15–17] ,

ur manufacturing strategy, and also the streamlined delivery system

hat we have utilized. Currently, only a select number of pediatric cen-

ers have open CAR T cell clinical trials for children with brain and

pinal cord tumors. Despite feasibility of intracranial delivery in adult
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NS CAR T cell trials [ 14 , 18 ] and preclinical reports of effective and tol-

rable locoregional delivery to tumor-bearing mice [ 3 , 15-17 , 19 ], there

emains a debate in the field regarding the role of systemic versus lo-

oregionally dosed adoptive cellular therapies. Seattle Children’s has

tilized locoregional CAR T cell delivery on three CAR T cell trials since

heir activation, and as we continue this therapeutic approach and other

rograms adopt these systems, it is critical to share early experiences. 

While prior reports showed a risk of infectious complications with

ntra-Ommaya therapy [ 10 , 20 , 21 ], no intra-Ommaya or CSF infections

ere identified in the patients treated on our BrainChild CAR T cell

rials. There were no patients who required removal of their Ommaya

r shunt reservoir and very limited complications related to the use of

hese devices. In fact, when compared to prior reports, the rate of any

omplication related to the Ommaya or shunt, was significantly less [7] .

ur methods were well tolerated, even in very young children, and eas-

ly replicated by dedicated, well-prepared providers, highlighting the

easibility of this therapeutic approach. Furthermore, our program has

een able to deliver CAR T cells as an outpatient in 90% of infusions,

ith inpatient infusions only undertaken when patients are admitted to

he inpatient unit for other clinical reasons. Beyond safety, these con-

iderations are critical as we aim to maximize quality of life for affected

hildren and young adults. 

In addition to optimization of clinical procedures and cellular prod-

cts for these patients, the technology through which these are deliv-

red is also evolving. For most patients, an Ommaya was placed prior

o enrollment to provide repetitive access to the intrathecal space for

dministration of CAR T cell infusions in the same way a patient requir-

ng repetitive systemic therapy may require a central line placed prior to

herapy. Less frequently, VP shunts - that were already in place for treat-

ent of hydrocephalus - were also used to administer CAR T cells. The

bility to infuse through a VP shunt for administration is dependent on

ultiple features, such as location, device type, and programmability.

or unprogrammable VP shunts, there is a theoretical risk of CAR T cells

eing shunted away from the CNS and to the end-catheter location (e.g.

eritoneum, lung, etc.). For these patients, the placement of Ommaya

r revision of their shunt value to be programmable should be consid-

red. Two key technical and procedural areas for improvement exist

ith regards to CNS infusion. First, harnessing technology such as the

ynchromed II intrathecal baclofen pump (Medtronic, Minneapolis MN

SA) could allow for a slower, more continuous infusion of intrathecal

gent without the need of repeated percutaneous access [22] . However,

urrently there are several barriers including the stability of a stored

ellular product within an intrathecal continuous delivery system. An-

ther area of exploration could include laser interstitial thermal therapy

LITT) in conjunction with administration of intrathecal immunologi-

al agents [ 23 , 24 ]. Early experience suggests that LITT may play a role

n modifying the blood brain barrier and/or enhancing target effects

 25 , 26 ]. We hope that the delivery of locoregional immunotherapies,

uch as CAR T therapy, will improve by considering the incorporation

f other technological advances in delivery and in clinical neurosurgical

xpertise. 

Clinical experience with intracranial CAR T cell dosing [ 14 , 18 ] and

reclinical success with locoregional delivery [ 3 , 15–17 , 19 , 27–29 ], led

ur initial clinical efforts on BrainChild-01 [15] , BrainChild-02, and

rainChild-03 [17] . However, optimal location of intracranial delivery

s not yet known and may differ based on age, pathology, prior therapy,

nd general physiology. Endogenous T cells traffic within perivascu-

ar compartments both under physiological and pathological conditions

30] may reflect the key anatomical route providing access to CAR T

ells injected into the CSF to parenchymal tumors. The glymphatic path-

ay is a brain-wide network of perivascular pathway along which so-

utes and particles within the CSF and brain interstitium exchange [31–

3] . Through ongoing preclinical work, we are investigating the optimal

natomical delivery point for intracranial adoptive cellular therapy and

he preferred physiologic timing of doses that could also be informed by

erial proteogenomic profiling of these tumors [ 17 , 34 ]. These discover-
4 
es could inform future clinical trials or lead to amendments of ongoing

linical work. 

As adoptive cellular therapies against pediatric CNS tumors continue

o advance preclinically, there will be an ongoing need to optimize de-

ivery to administer potent and safe immunotherapies to our patients.

hrough collaborative efforts with international consortiums and part-

erships with other leading institutions, we aim to perfect these targeted

herapeutics for those children and young adults in need. 

ethods 

esign of DNA constructs and lentivirus; Preclinical analysis 

The DNA constructs, lentivirus, and preclinical studies have been

reviously published [15–17] . 

tudy design and participants 

Clinical data through October 2022 is included in this manuscript.

rainChild-01 [15] and BrainChild-03 [17] clinical methods have been

escribed, while BrainChild-02 mirrors BrainChild-01 only delivering

n EGFR-specific CAR rather than a HER2-specific CAR. BrainChild-01,

02, and -03 are phase 1 studies of CNS locoregional adoptive ther-

py with autologous CD4 + and CD8 + T cells lentivirally transduced to

xpress either HER2, EGFR, or B7-H3-specific chimeric antigen recep-

or (CAR) and EGFRt, delivered intracranially to children and young

dults with recurrent or refractory CNS tumors or diffuse intrinsic pon-

ine glioma (DIPG)/diffuse midline glioma, H3 K27M-altered (DMG)

NCT03500991, NCT03638167, and NCT04185038). These studies are

onducted in accordance with US Food and Drug Administration and

nternational Conference on Harmonisation Guidelines for Good Clin-

cal Practice, the Declaration of Helsinki, and applicable institutional

eview board requirements (study protocol approved by the Seattle Chil-

ren’s Institutional Review Board). All patients or their guardians pro-

ided written informed consent in accordance with local regulatory re-

iew. Enrollment criteria included: age ≥ 1 and ≤ 26 years (except

or the first 3 patients on each study who were ≥ 15 and ≤ 26); evi-

ence of refractory/recurrent CNS disease or DMG (with DIPG allowed

nly on BrainChild-03 Arm C) at any timepoint following completion

f standard radiation; ability to tolerate apheresis; presence of a CNS

atheter; life expectancy ≥ 8 weeks; Lansky/Karnofsky performance of

 60; defined washout periods from prior therapies; adequate organ

unction including absolute lymphocyte count (ALC) ≥ 100 cells/μL, ab-

olute neutrophil count ≥ 500 cells/μL, hemoglobin ≥ 9 g/dL, platelets

 100,000/μL, creatinine ≤ upper limit of normal (ULN) for age, total

ilirubin < 3x ULN for age or conjugated bilirubin < 2 mg/dL, an oxy-

en saturation ≥ 90% on room air without dyspnea at rest, adequate

eurologic function defined as stable deficits for ≥ 1 week, ≤ 2 anti-

pileptic agents required to control seizures, and no encephalopathy;

egative virology for HIV, Hepatitis B, and Hepatitis C; and use of highly

ffective contraception in patients of child-bearing age. Exclusion crite-

ia included: severe cardiac dysfunction; primary immunodeficiency or

one marrow failure syndrome; evidence of impending CNS herniation;

resence of > Grade 3 dysphagia (for Arm C patients); another active

alignancy; severe, active infection; active receipt of any anti-cancer

herapy; or pregnancy or breastfeeding. 

Enrolled patients underwent leuko-pheresis. CD4 + and CD8 + T cells

rom apheresis products were bioengineered to express the second-

eneration CAR. Requirements to receive CAR T cell infusions included:

 CNS catheter in place; ≥ 5 days from surgery; evidence of persis-

ent, evaluable disease; not breastfeeding nor pregnant; meeting defined

ashout periods from any bridging therapy; adequate organ function de-

ned by specified laboratory values used for eligibility; no encephalopa-

hy or uncontrolled seizure activity; compliance with prescribed anti-

pileptic drug administration; and no evidence of active severe infec-

ion. To receive subsequent infusions, patients additionally were also
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equired to have had no dose limiting toxicity (DLT). Beyond Course

, patients were eligible to receive additional infusions at the previous

aximum tolerated dose level, if above criteria were met and sufficient

AR T cells were available. Response was assessed following Course 2,

nd subsequent even numbered courses, using MRI brain and spine and

SF cytology. Correlative studies collections varied by biospecimen and

y assigned Arm. 

linical evaluations 

The primary objectives of these studies are to assess the feasibility,

afety, and tolerability. Feasibility is defined as generating sufficient

herapeutic product to receive all scheduled doses in Courses 1 and 2 at

he intended Dose Level (DL) per assigned Dose Regimen (DR) after two

ttempts using a single apheresis product for starting material. Safety

nd tolerability are determined by data that include history/physical

xams, laboratory/radiographic evaluations, and Common Terminology

riteria for Adverse Events (CTCAE v5.0). A DLT is defined as an event

hich, in the opinion of the investigator, is possibly, probably, or defi-

itely attributable to the CAR T product and which occurs from the time

f initial CAR T cell infusion through 28 days following the final CAR T

ell 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

rade 3 CRS that decreases to ≤ grade 2 within 72 h; ≥ grade 3 hypoten-

ion, fever, and/or chills not controlled with medical intervention that

ecrease to ≤ grade 2 within 72 h; ≥ grade 3 activated PTT, fibrinogen,

nd/or INR that are asymptomatic and resolve within 72 h; ≥ grade 3

ypoglycemia and/or electrolyte imbalance that are asymptomatic and

esolve within 72 h; ≥ grade 3 nausea and/or vomiting that decrease to

 grade 2 with 7 days; grade 3 neurologic symptoms that decrease to

 grade 2 with 7 days (for all Arms A and B); and grade 3 neurologic

ymptoms that decreases to ≤ grade 2 within 21 days (treatment with

examethasone and/or bevacizumab is allowed; for BrainChild-03 Arm

). The definition of a DLT also includes any toxicity lasting > 14 days

hat prevents the patient from meeting criteria for subsequent CAR T

ell infusion in Courses 1 or 2. Patients are considered DR escalation-

valuable if they were evaluable for toxicity and were counted as part

f a 3-patient dose escalation cohort. Our radiologic response criteria

ses the standard sum of the two longest 2D perpendicular diameters

o distinguish: stable disease, progressive disease ( > 25% increase), par-

ial response ( > 50% decrease), and complete response (no evaluable or

easurable disease). 

ell product manufacture 

Most recent cell product manufacturing procedures have been pub-

ished [ 15 , 17 ]. 
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