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CD19-directed Chimeric Antigen Receptor (CAR) T-cell therapy has revolutionized the 
treatment of patients with B-cell acute lymphoblastic leukemia (B-ALL). Somewhat 
uniquely among oncologic clinical trials, early clinical development occurred 
simultaneously in both children and adults. In subsequent years however, the larger 
number of adult patients with relapsed/refractory (r/r) malignancies has led to 
accelerated development of multiple CAR T-cell products that target a variety of 
malignancies, resulting in six currently FDA-approved for adult patients. By comparison, 
only a single CAR-T cell therapy is approved by the FDA for pediatric patients: 
tisagenlecleucel, which is approved for patients ≤ 25 years with refractory B-cell 
precursor ALL, or B-cell ALL in second or later relapse. Tisagenlecleucel is also under 
evaluation in pediatric patients with relapsed/refractory B-cell non-Hodgkin lymphoma, 
but is not yet been approved for this indication. All the other FDA-approved 
CD19-directed CAR-T cell therapies available for adult patients (axicabtagene ciloleucel, 
brexucabtagene autoleucel, and lisocabtagene maraleucel) are currently under 
investigations among children, with preliminary results available in some cases. As the 
volume and complexity of data continue to grow, so too does the necessity of rapid 
assimilation and implementation of those data. This is particularly true when considering 
“atypical” situations, e.g. those arising when patients do not precisely conform to the 
profile of those included in pivotal clinical trials, or when alternative treatment options 
(e.g. hematopoietic stem cell transplantation (HSCT) or bispecific T-cell engagers 
(BITEs)) are also available. We have therefore developed a relevant summary of the 
currently available literature pertaining to the use of CD19-directed CAR-T cell therapies 
in pediatric patients, and sought to provide guidance for clinicians seeking additional 
data about specific clinical situations. 

INTRODUCTION 

The advent of chimeric antigen receptor T-cell (CAR-T) 
therapy heralded a transformative era in pediatric oncol
ogy, offering a potentially curative therapeutic modality 
to young patients confronting refractory or relapsed (r/r) 
hematologic malignancies. Unlike the typical development 
course for oncologic therapeutics, which are often inves
tigated first in adults, and only subsequently extended to 
children, CAR T-cell therapy was trialed simultaneously in 
both pediatric and adult patients. A number of key factors 
likely drove this. First, B-cell derived malignancies are rel

atively more common in children, with B-cell acute lym
phoblastic leukemia (B-ALL) accounting for approximately 
one quarter of all pediatric cancer diagnoses1; they are 
comparatively rare in adults, accounting for less than 0.5% 
of new cancer diagnoses annually.2 Second, B-ALL is a more 
uniform disease in children than in adults, with both a 
lower mutational burden and a less heterogeneous array 
of mutations,3 simplifying study design and interpretation. 
Third, initial efforts to treat chronic lymphocytic leukemia 
(CLL) (by also targeting CD19) were somewhat disappoint
ing,4,5 leading to a shift towards investigations in pediatric 
B-ALL (as well as towards adult diffuse large B-cell lym
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phoma; DLBCL). It has subsequently been found that B-
ALL is particularly susceptible to CAR-T cell therapy, much 
more so than other CD19-positive malignancies such as 
CLL6,7 and B-lineage lymphomas.8 However, it should be 
noted that CAR-T therapies for both conditions has con
tinued to evolve and, in the case of many B-lineage lym
phomas, has become the standard of care.9 

Although the initial clinical trials of CAR-T cell therapies 
focused largely on pediatric patients, the larger number of 
adult patients with r/r malignancies has driven the accel
erated generation of adult clinical trials and expanded the 
indications for these therapies among adults. As of writ
ing, only one CAR-T cell product is approved for use in chil
dren by the United States’ Food and Drug Administration 
(FDA) (e.g. Tisagenlecleucel) versus the six approved for use 
in adults. Moreover, those products are approved for use 
in six different diseases, and some target antigens other 
than CD19, versus the single indication for which Tisagen
lecleucel is approved (e.g. r/r B-ALL). Finally, a large and 
growing disparity exists in the number of pediatric versus 
adult clinical trials. More than twice as many clinical tri
als are currently recruiting adult patients with B-ALL than 
are recruiting pediatric patients with B-ALL; a difference 
which increases sharply when examining other disease in
dications.10 

A widening gap therefore exists between pediatric and 
adult populations, particularly regarding the opening of 
new clinical trials and enrollment of pediatric patients.10 

This is also true with regard to experience and understand
ing of the short and long-term complications associated 
with CAR-T cell toxicity.11 The purpose of this review is 
therefore: (a) to outline the implementation of CAR-T cell 
therapy in the pediatric population, (b) to discuss both the 
currently available products and near-term/ongoing clini
cal trials, (c) to consider future indications and, (d) to ex
plore means of improving patient outcomes. Our goal is to 
collate the relevant literature in these areas to provide both 
a resource and guidance for clinicians seeking additional 
information about specific clinical situations and complica
tions arising in their pediatric patients. 

CAR T-CELL STRUCTURE, PRODUCTION, AND 
GENERATIONS 

The first human clinical trials of CAR-T cell therapy were 
conducted in patients with solid tumors.12,13 Although 
some efficacy was demonstrated, both on-target toxicity 
and limited T-cell persistence were notable challenges. 
Subsequent studies investigated CAR-T cell against B-cell 
malignancies on the basis of (a) the efficacy of CD20-di
rected monoclonal antibodies, and (b) the uniquely attrac
tive characteristics of CD19 as a target (e.g. lineage restric
tion, relative dispensability of cells expressing this antigen, 
and broad expression on B-cell-derived malignancies).14‑16 

These initial clinical trials provided the impetus for further 
investigations and development of CAR-T cells with im
proved in-vivo persistence. The early evolution of this treat
ment paradigm is outlined in greater detail in several excel

lent reviews.17‑19 Similarly, the initial pioneering clinical 
trials have also been previously discussed.20 

PRODUCTION AND STRUCTURE 

The production of CAR-T cells requires the collection (typ
ically via apheresis) of peripheral blood mononuclear cells. 
These cells are then grown in a manner so-as to encourage 
the expansion and stimulation of T-cells, which are then 
modified to express the chimeric antigen receptor (CAR) 
construct. Genetic material which encodes for the desired 
CAR is introduced into the activated T-cells, most-often via 
lentiviral vectors. These viral vectors transfect the target T-
cells and integrate their passenger CAR constructs into the 
host T-cell’s genome, thereby facilitating transgene expres
sion. The subsequently expressed CAR construct is a mod
ular structure comprised of (a) an extracellular antigen-
binding domain (typically derived from the single-chain 
variable fragment (scFv) of an antibody against the target 
antigen), (b) a hinge domain , (c) a transmembrane domain 
which attaches the CAR construct to (and passes through) 
the cellular membrane, and (d) an intracellular signaling 
domain, which may or may-not include a costimulatory re
gion.19 

GENERATIONS 

CAR-T cell therapy has evolved through several genera
tions, each of which is characterized by advancements in 
design and capabilities. These generations are best under
stood as iterative advances in the use of costimulatory do
main(s). First-Generation CAR-T cells paired an extracellu
lar anti-CD19 single chain variable fragment (scFv) with a 
single intracellular signaling domain, typically CD3 zeta (ζ), 
but did not possess a costimulatory domain. While the first-
generation CAR T-cells demonstrate antigen-specific T-cell 
activation, their efficacy was impaired by limited prolifera
tion and persistence. Second-generation CAR-T cells incor
porated co-stimulatory domains alongside the CD3ζ signal
ing domain. The inclusion of these co-stimulatory domains, 
most often CD28 or 4-1BB (CD137), enhances CD3ζ signal
ing and facilitates improved CAR-T cell expansion and per
sistence and, therefore, improved activity versus the target 
malignancy.21‑23 As of writing, all commercially available 
CAR-T cell products are second generation, e.g. they con
tain one costimulatory domain (CD3ζ + CD28 or 41BB). 
Third-generation CAR-T cells incorporate multiple co-

stimulatory domains (e.g. both CD28 and 4-1BB) in addi
tion to the CD3ζ signaling domain, and there is evidence 
that they may possess superior engraftment, expansion and 
persistence versus second generation CAR-T cell prod
ucts.24‑26 Fourth-generation CAR-T cells utilize additional 
strategies, and are sometimes referred to as “TRUCKs” (T-
cell Redirected for Universal Cytokine-mediated Killing / T-
cell Redirected for antigen Unrestricted Cytokine-mediated 
Killing). They are based on second generation CAR T-cells, 
with the addition of a “payload” e.g. they are engineered to 
secrete specific cytokines (typically interleukin 12 (IL-12) 
or IL-18) upon antigen recognition, further promoting de
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struction of the target via additional synergistic mecha
nisms.27 Finally, fifth generation CAR-T cells possess a sin
gle costimulatory domain (typically CD28), but also contain 
a truncated, intracellular domain from the IL-2 receptor 
beta (β; IL-2Rβ) and a STAT3-binding motif. This combi
nation of T-cell receptor activation via CD3ζ, stimulation 
via CD28, and cytokine signaling via IL-2Rβ / STAT3 pro
vides three synergistic signals.27 Although relatively early 
in their development compared to the preceding genera
tions, fifth-generation CAR-T cell therapies have yielded 
promising results in pre-clinical models, showing superior 
efficacy and persistence versus second-generation CAR-T 
products.28 

INITIAL CLINICAL TRIALS, AND A FOCUS ON 
PEDIATRIC PATIENTS 

The first experience using CAR-T cell therapy to treat chil
dren with r/r B-ALL was published in 2013.29 This product 
was jointly developed by Novartis and the University of 
Pennsylvania, and was initially called CTL019. It was a sec
ond generation, CD19-directed CAR-T cell product utilizing 
CD3ζ for activation, 4-1BB for co-stimulation, and was pro
duced via lentiviral transduction. Two children were in
fused (a 7- and a 10-year-old), with both initially achieving 
complete remission (CR). One child remains in CR, and the 
other suffered a CD19-negative relapse 2 months post-in
fusion. In both patients, cytokine-release syndrome (CRS) 
developed, one of whom required cytokine blockade with 
etanercept and tocilizumab after the failure of steroid 
treatment. Notably, this was the first reported use of 
tocilizumab for this purpose, and its use has since become 
standard practice.30 

These first two patients were part of a larger, single-cen
ter phase I/IIA study of CTL019.31 This study enrolled a to
tal of 30 children and adults (25 patients aged 5 to 22 years 
of age, and 5 patients aged 26 to 60 years of age). Of the pa
tients treated in the pediatric cohort (n=25), 3 were in first 
relapse, and 22 were in second or greater relapse. Twenty 
patients had detectable disease at the time of infusion. The 
study results are not described in age cohorts, but 90% (27/
30) achieved CR at the 1-month assessment. Of these pa
tients, 26% (7/27) relapsed within 9 months of infusion 
– 3 from CD19-negative disease, 3 with a loss of CAR-T 
persistence, and 1 with progressive/refractory disease. At 
6-months following infusion, the event-free survival (EFS) 
was 67% (95%CI, 51%-88%), and the overall survival (OS) 
was 78% (95%CI, 65%-95%). Detectable circulating CTL019 
cells were identified in 68% of patients 6-months post-in
fusion. Finally, all patients experienced CRS, which was se
vere in 27%, requiring tocilizumab therapy. 

TISAGENLECLEUCEL 

Based on the success of the previously discussed trial, a 
global, multi-center study was launched (CCTL019B2202 / 
NCT02435849 / the “ELIANA” clinical trial).32 The CAR T-
cell product (formerly “CTL019,” now renamed “tisagenle

cleucel”) was examined for efficacy in children and young 
adults (from 3 years of age at the time of initial eligibility 
screening, up to 21 at the time of initial diagnosis). Patients 
were required to have CD19-positive ALL, and have disease 
which was either refractory to induction, refractory to rein
duction, in second or greater untreated relapse, relapse fol
lowing hematopoietic stem cell transplantation (HSCT), or 
not otherwise being considered for HSCT. Patients with Ph-
positive ALL were also eligible provided they received at 
least two prior tyrosine kinase inhibitors. 
Among the 75 patients who were infused (out of 92 en

rolled), the 6-month EFS and OS were 73% (95%CI, 
60%-82%) and 90% (95%CI, 81%- 95%), respectively, and 
1-year EFS and OS were 50% (95%CI, 35%-64%) and 76% 
(95%CI, 63%-86%). More than half of the patients who 
received tisagenlecleucel had previously undergone HSCT 
(61%, n=46). CRS was common following infusion and oc
curred in 77% of recipients (n=58). Grade 3 and Grade 4 
CRS were seen in 21% (n=16) and 25% (n=19) of recipients, 
respectively, necessitating intensive care unit admission in 
47% (n=35) of the cohort. Tocilizumab was administered to 
37% (n=28) of participants. Neurotoxicity occurred in 40% 
(n = 30) of recipients; no grade 4 events were seen, but 
grade-3 neurotoxicity was observed in 13% (n=10). Infec
tions and delayed hematological recovery were also com
mon, occurring in 43% (n=32) and 37% (n=28), respectively. 
No directly attributable deaths occurred. 
An updated analysis was published in early 2023 and ex

amined 3-year outcomes of the original study cohort.33 In 
the 79 examined pediatric and young adult patients with 
r/r B-ALL (several of whom were enrolled after the previ
ously reported primary analysis), the EFS was 44% (95% CI, 
31%-57%), and the OS 63% (95% CI, 51% to 73%) at 3 years. 
Without censoring for subsequent bone marrow transplan
tation, 2-year and 3-year relapse-free survival (RFS) were 
52.3% (95% CI, 39%- 64%) and 47.8% (95% CI, 34.4% to 
60%), respectively. Additionally, no novel safety events oc
curred, in comparison to the primary analysis. Infections 
were the most common long-term (e.g. >1-year post-in
fusion) grade 3 or 4 adverse events, occurring in 20% of 
patients. B-cell aplasia at 1-and-2-years post infusion was 
seen in 71% (95% CI, 57.4%-81.5%) and 59% (95% CI, 
43.2%-71.2%), respectively, with a median B-cell recovery 
at 35.3 months (95%, CI 22.9 months to not estimable). 

FDA-APPROVED CAR-T CELL THERAPIES WITH 
PEDIATRIC INDICATIONS 

As a result of the successes discussed above,29,31,32 on Au
gust 30, 2017, tisagenlecleucel became the first CAR-T cell 
therapy to be approved by the FDA34 for use in the treat
ment of patients aged up to 25 years with refractory B-cell 
precursor ALL, or B-cell ALL in second or later relapse. As 
of writing, it remains the only FDA-approved CAR-T cell 
therapy for use in pediatric patients, and only for one in
dication (e.g. r/r B-ALL). Tisagenlecleucel has subsequently 
been examined in additional, non-leukemia contexts, but 
has not yet been approved for other indications in children. 
However, a phase II, single arm, multicenter study to assess 
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the efficacy and safety of tisagenlecleucel in children and 
adolescents with relapsed/refractory B-cell non-Hodgkin 
lymphoma (NHL) completed accrual in 2021. The trial en
rolled a total of 33 patients, but the results have not yet 
been published (NCT03610724). 

USE OF NON-FDA APPROVED CAR T-CELL 
THERAPIES AMONG CHILDREN 

In addition to tisagenlecleucel, five other CAR T-cell ther
apies carry FDA-approvals for use in adult patients.9 Two 
of these, ciltacabtagene autoleucel and idecabtagene vi
cleucel, are second-generation CAR-T cell products which 
target B-cell maturation antigen (BCMA) in multiple 
myeloma.35,36 While BCMA expression has been described 
in pediatric B-ALL37 and in adults with B-ALL, Hodgkin 
Lymphoma (HL), and NHL,38 expression is highly variable 
and it does not appear to be a particularly promising thera
peutic target in these contexts. The use of either ciltacabta
gene autoleucel or idecabtagene vicleucel in children does 
not appear to have been described in the literature. 
Of the remaining three agents (axicabtagene ciloleucel, 

brexucabtagene autoleucel, and lisocabtagene maraleucel), 
all are currently under investigations among pediatric pa
tients. 

AXICABTAGENE CILOLEUCEL 

Axicabtagene ciloleucel (KTE-C19) is a second-generation 
CAR T-cell therapy which utilizes a CD19-directed scFv 
linked to CD28/CD3 ζ costimulatory/signaling domain. It is 
not currently approved for any indication in pediatric pa
tients, but is approved for use in adults with r/r large B-cell 
lymphoma (LBCL) (including DLBCL, primary mediastinal 
large B cell lymphoma (PMBCL), follicular lymphoma, and 
high-grade B cell lymphoma).9,39‑41 No pediatric patients 
were enrolled in the cited clinical trials. As of writing, axi
cabtagene ciloleucel is being evaluated in one active pedi
atric clinical trial (NCT03642626),42 which is examining its 
use in patients aged 0-25 years with r/r B-ALL. 

BREXUCABTAGENE AUTOLEUCEL 

Brexucabtagene autoleucel (KTE-X19) is a second-genera
tion CAR T-cell therapy product, combining a CD3ζ activa
tion domain and a CD28 costimulatory signaling domain. 
It targets CD19, and is currently approved for use in adult 
patients (≥18 years of age) with r/r mantle cell lymphoma, 
or r/r B-ALL.43,44 Brexucabtagene autoleucel has also been 
evaluated in pediatric patients in the ZUMA-4 clinical trial 
(NCT02625480).45 This phase I/II multicenter study exam
ined its use in patients aged ≤21 years of age with either r/r 
B-ALL or r/r B lineage NHL. Results for the r/r B-ALL co
hort were recently published.46 The B-ALL cohort enrolled 
31 patients, 24 of whom received CAR T infusion. The me
dian age was 13.5 (range 3-20). The overall response rate 
(CR + CR with incomplete hematologic recovery) was 67%. 
For this group (n=16), all were considered MRD-negative 

remissions. Sixteen patients underwent subsequent HSCT 
(including 14 in the MRD-negative group) with a median 
RFS of 9.1 months (95% CI, 9.1 months – Not estimable). 
The 2 MRD-negative patients who did not undergo HSCT 
eventually died of relapsed disease. The entire cohort had 
a high rate of both CRS and neurotoxicity. CRS was ob
served in 88% of patients, but was grade 3 in 33%. Neuro
toxicity was experienced in 67% of patients, with grade 3 
in 4 and grade 4 in one, all of whom recovered. On the ba
sis of the relative frequency of serious neurological events, 
which occurred in more than one-fifth (21%; 5/24) of in
fused patients, additional studies in pediatric r/r ALL were 
abandoned. Recruitment for ZUMA-4 is ongoing among pe
diatric patients with r/r B-lineage NHL. Completion of pa
tient accrual is expected by mid 2024, but no results are as 
yet publicly available for the lymphoma cohort. 

LISOCABTAGENE MARALEUCEL 

Lisocabtagene maraleucel (JCAR017) is a CD19-directed, 
second generation CAR T-cell product, with a CD3ζ activa
tion domain and a 4-1BB costimulatory domain. It is ap
proved for use in adult patients with r/r LBCL, including 
DLBCL, high-grade B-cell lymphoma, PMBCL, and follicular 
lymphoma.47‑49 No pediatric patients were included in the 
pivotal trials noted above, and there are currently no ap
proved pediatric indications. However, it is currently under 
evaluation in pediatric subjects aged ≤ 25 years with r/r B-
ALL or r/r B-lineage NHL (NCT03743246), with study com
pletion predicted in late 2024.50 

TISAGENLECLEUCEL IN THE REAL WORLD 

Pediatric data from clinical trials of tisagenlecleucel have, 
as discussed previously, proven highly promising. Multiple 
studies have also explored its efficacy in “real-world” set
tings – that is, in a less highly curated patient population. 
Even in this group of children, the impressive results ob
served in the clinical trial context have largely been borne 
out. 
One-such study included 255 pediatric and young adult 

patients with r/r B-ALL (median age 13 years, range 0.4 to 
26 years).51 Eighty-six percent of patients achieved initial 
CR. The 6-and-12-month EFS were 69% and 52%, respec
tively. Six-and-12-month OS were 89% and 77%, respec
tively.51 Moreover, the frequency of CRS and neurotoxicity 
were also lower in the real-world analysis, occurring in 55% 
and 27% of children, respectively, versus 77% and 39% in 
the pivotal trial. Severe toxicities were also less common, 
with grade ≥3 CRS seen in 16% versus 41%, and grade ≥3 
neurotoxicity seen in 9% versus 12%. Time -to-onset and 
duration of both toxicities were also essentially identical 
between the pivotal trial and real-world experience. 
Another analysis included 200 pediatric and young adult 

patients with r/r B-ALL (median age 12 years, range 0 to 
24 years), of whom 185 were infused.52 Of these 185 pa
tients, 85% achieved CR, the 12-month OS was 72%, and 
the EFS 50%. Of note, the study was able to stratify children 
into those with undetectable, low-disease burden (e.g. < 5% 
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bone marrow lymphoblasts / CNS1 or 2, no extramedullary 
disease), or high-disease burden (≥ 5% bone marrow lym
phoblasts, presence of CNS or extramedullary disease). Pa
tients with high disease burden had worse OS and EFS at 
12-months (58% and 31%, respectively), versus those with 
low-disease burden (12-month OS and EFS 85% and 70%, 
respectively) or undetectable disease (12-month OS 95%, 
12-month EFS 72% (p< .0001)). Toxicity also compared fa
vorably: 63% of patients experienced CRS of any grade, and 
21% experienced grade ≥ 3 CRS, while 21% experienced 
neurotoxicity of any grade, and 7% experienced grade ≥ 
3 neurotoxicity. There was evidence that children with a 
greater disease burden also had a higher risk of CRS, but 
not neurotoxicity. Seventy-nine percent of those with high 
disease burden experienced CRS, versus 51% with low dis
ease burden and 41% with undetectable disease (p<0.0001). 
Similarly, severe CRS was seen in 35% of those with high 
disease burden, versus 10% with low disease burden and 
0.4% with undetectable disease (p<0.0001). Conversely, 
neurotoxicity did not correlate with disease burden. 
A number of recent, smaller real-world studies also ex

ist53,54 and present generally similar data, further validat
ing the efficacy and safety of tisagenlecleucel in the pedi
atric r/r/ B-ALL setting. 

TISAGENLECLUECEL IN ‘ATYPICAL’ PEDIATRIC 
POPULATIONS 

A number of real-world studies have also analyzed tisagen
lecleucel’s efficacy in “atypical” situations, e.g. children 
who would not traditionally have been eligible to receive 
it based on standard indications, pivotal trial criteria, or 
otherwise would typically excluded from receiving it. These 
populations include children with central nervous system 
(CNS) relapse, infant B-ALL, and Down Syndrome (DS), to 
name several examples. A review article collating a large 
number of these analyses has recently been published,55 

the major findings of which are highlighted below. 

CNS DISEASE 

Children with lesions of the CNS, or CNS 3 status were 
not initially eligible for tisagenlecleucel, due to concerns 
that this would heighten the risk of neurotoxicity. Fortu
nately, subsequent experience has not borne out this con
cern, and patients with CNS involvement do not appear 
to have markedly higher rates of neurotoxicity.56‑59 While 
the presence of CNS disease does not ipso facto indicate 
a higher risk of neurotoxicity, a relatively higher burden 
of it does appear to increase the risk of neurotoxicity,57,59 

and as such, strategies to reduce CNS disease burden are 
warranted in this population. Moreover, children with CNS 
disease (either with or without marrow involvement) have 
been found to have comparable long-term OS and EFS to 
children with marrow disease only, and are able to achieve 
remission at comparable rates .58 

INFANT B-ALL 

The feasibility of CAR T-cell therapy in infant B-ALL was 
not immediately clear; the aggressiveness of the disease, 
practical difficulties in performing leukapheresis, concerns 
about both T-cell function and recovery, risk of toxicities, 
and risk for lineage switch were all major concerns.55 De
spite these potential issues, a number of patients with in
fant B-ALL have received tisagenlecleucel and several ret
rospective analyses have been published.56,60,61 The largest 
such study included 38 children60 and achieved 1-year EFS 
and OS of 69% and 84%, respectively, among the 28 chil
dren with infant B-ALL, despite this being a heavily pre
treated population (66% of whom had previously received 
HSCT, and 37% of whom had previously received blinatu
momab). Moreover, the incidence or severity of toxicities, 
as well as the rates of relapse have not been found to differ 
markedly from those experienced by older children. 

CHILDREN WITH DOWN SYNDROME AND B-ALL 

Children with Down Syndrome (DS) and r/r B-ALL repre
sent a uniquely vulnerable population; they suffer from 
particularly poor outcomes when undergoing HSCT, related 
both to heightened toxicities and infectious complications, 
and elevated risk of relapse.62 As such, the safe use of CAR 
T-cell therapy for them is a particularly attractive thera
peutic approach. Based on the diminished thymic function, 
lessened T-cell numbers and function, greater vulnerability 
to cardiopulmonary toxicities, and pro-inflammatory im
mune microenvironment, it was initially unclear whether 
CAR T-cell therapy would be safe or efficacious in this 
group of patients. A subsequent analysis, however, includ
ing 16 patients with DS who received tisagenlecleucel, 
showed that CAR T-cells could be effectively manufactured, 
safely administered, and result in patient outcomes compa
rable to the non-DS population.63 

SPECIAL CONSIDERATIONS IN THE USE OF CAR 
T-CELL THERAPY FOR CHILDREN 

As has been said, children are not small adults. Multiple 
unique considerations exist in contemplating the use of 
CAR-T cell therapies in pediatric patients. In the order of 
occurrence, these include: (A) leukapheresis, (B) lymphode
pletion, (C) neurocognitive/neurodevelopmental outcomes. 

LEUKAPHERESIS 

Leukapheresis in children poses both clinical and technical 
challenges, though these are not unique to CAR T patients. 
Best-practice guidelines have recently been published, the 
major recommendations of which are summarized below.64 

From a technical standpoint, the sites of venous access, 
as well as the vascular access devices (e.g. central lines) 
themselves, are smaller in children than adults. Based on 
Poiseuille’s law, laminar flow rate is proportional to the 
fourth power of radius, e.g. a two-fold reduction in blood 
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vessel radius results in a 16-fold reduction in blood flow. 
Pediatric patients will often require temporary placement 
of a dialysis grade catheter to tolerate the blood flow nec
essary for apheresis. The duration of collection may also be 
somewhat longer than in adults; in children, it is approx
imately 3-4 hours.65,66 Additionally, during leukapheresis, 
the extracorporeal blood volume represents a larger pro
portion of the patient’s total blood volume TBV.64 Using 
leuko-reduced/irradiated packed red blood cells (PRBCs) to 
prime the apheresis system (e.g. a “blood prime”) prior to 
leukapheresis should be performed if the calculated extra
corporeal blood volume is expected to exceed 10-15% of 
the patient’s TBV.64 Practically, this means that children 
weighing less than 25 Kg should generally receive a blood 
prime, although it is not unreasonable to use higher weight 
thresholds depending on the clinical context, patient’s 
starting hemoglobin and apheresis system being used. In 
children below 10-15 Kg, pre-leukapheresis transfusion 
with PRBCs to a hematocrit of 40% should also be strongly 
considered.64 In children weighing at least 25 Kg and at 
least 8 years of age, leukapheresis collection via peripheral 
intravenous catheter (e.g. PIV) has been shown to be safe, 
effective, and to result in equivalent collection yields, with
out additional time requirements or adverse events (albeit 
following ultrasound-based pre-collection screening for ad
equacy of venous access).65 Finally, children are at a 
heightened risk of metabolic complications (e.g. hypocal
cemia, hypomagnesemia) imposed by the use of anticoag
ulants/citrate exposure.66 The use of non-citrate antico
agulants (e.g. heparin) or a reduced ratio of anticoagulant 
citrate dextrose solution A (ACD-A) to whole blood is one 
strategy by which this risk can be reduced. Frequent mon
itoring for either laboratory evidence of hypocalcemia, hy
pomagnesemia or alkalosis, or clinical evidence of irritabil
ity, vital-sign instability or excessive crying is another 
strategy, with electrolyte replacement as needed.64 

Clinically, collection of adequate numbers of functional 
T-lymphocytes may be difficult, particularly in children 
who have undergone multiple antecedent lines of ther
apy.64,66 The vast majority of children are eventually able 
to undergo successful leukapheresis (including those with 
high disease burden and who have been heavily pre
treated66,67), but a proportion of those who are successfully 
collected experience manufacturing failures (1-13%.68 The 
actual timing of collection is a critical decision, particularly 
given the aggressive nature of the disease and multiple 
competing risks, including: (A) the need for sufficient num
bers of adequately functional circulating T-lymphocytes, 
(B) risk of T-cell dysfunction induced by recent adminis
tration of chemotherapeutic agents or, (C) high marrow 
disease burden, and (D) concern for prolonged treatment 
delays given the aggressive nature of many children’s dis
ease.66,69,70 Substantial washout periods exist for many 
commonly utilized salvage therapy regimens with most 
needing to be stopped 7-14 days prior to leukapheresis.64 

Short-acting cytotoxic/antiproliferative agents, such as hy
droxyurea and tyrosine kinase inhibitors, are the exception 
and may be stopped 3 days prior to leukapheresis.64 Given 
the inter-patient variability in children undergoing CAR T-

cell therapy, it is difficult to be prescriptive about any spe
cific time-frame, but general guidelines exist.64 Similarly, 
while the absolute lymphocyte count (ALC) needed to un
dergo successful leukapheresis is variable, depending on 
the specific protocol / product in use, generally, an ALC of 
at least 500 cells/L and/or a CD3 count of at least 150/L is 
advisable,64,66 and calculations of expected yield should al
ways be performed to determine the apheresis total blood 
volume requirement; multiple total blood volumes and/or 
collection days may be necessary. Although successful col
lection and manufacturing has occurred in patients with 
lower ALCs and CD3 counts,67,71 this is less ideal, though 
reassuring for patients unable to have more robust collec
tions. 

LYMPHODEPLETION 

A number of lymphodepletion regimens are in common use 
in children undergoing CAR T-cell therapy.72 Briefly, the 
key goals of lymphodepletion are to (A) to reduce competi
tion for cytokines which promote lymphocyte survival, and 
(B) to remove immunosuppressive T-regulatory cells.72 Its 
use improves the survival and proliferation of CAR T-cells 
and carries a corresponding improvement in response rate 
and, in particular, fludarabine-containing regimens were 
found to improve outcomes in adult patients.73 In children, 
fludarabine dosing is based upon body surface area (BSA), 
but this results in inter-patient variability in plasma con
centrations74 and, in HSCT, fludarabine exposure has been 
associated with variation in EFS and transplant-related 
mortality.75 These observations inspired investigations 
into optimization of fludarabine exposure in children un
dergoing fludarabine-based lymphodepletion prior to CAR 
T-cell therapy.76,77 One study, which included 152 children 
and young adult patients receiving tisagenlecleucel for r/r 
B-ALL (median age 12.5 years, range, <1 to 26 years) identi
fied an optimal fludarabine exposure area-under-the-curve 
(AUC) ≥13.8 mg × h/L.77 Those who received doses of less 
than 13.8 mg × h/L had a 2.5-times higher risk of relapse 
(hazard ratio (HR) 2.45; 95% CI, 1.34-4.48; p=0.005) and 
double the risk of relapse in case of recovery of the B-
cell aplasia (HR 1.96; 95% CI, 1.19-3.23; p=0.01), when 
compared to patients who had fludarabine exposures of 
≥13.8 mg × h/L. A separate study examined 26 children 
and young adult patients (median age 14.4 years, range, 
4.0-24.5 years) who received tisagenlecleucel for r/r B-
ALL.76 An AUC of ≥14 mg x h/L was found to predict supe
rior outcomes; patients with exposures below this thresh
old had median leukemia-free survival of 1.8 months 
(versus 12.9 months, p<0.001), and a 100% chance of 
CD19-positive relapse within 1 year of infusion (versus 
27.4%, p=0.0001). Persistence of B-cell aplasia at 6 months 
was also markedly lower in the under-exposed cohort 
(77.3% versus 37.3%; p=0.009). The authors of both studies 
therefore advocated for the use of personalized, pharmaco
kinetic-based dosing of fludarabine, although the specific 
target AUC has not been definitively established, and 
prospective studies are needed. 
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LATE EFFECTS / NEUROCOGNITIVE OUTCOMES 

By virtue of the relatively long time-frame for which HSCT 
has been an accepted treatment for r/r B-ALL, its late ef
fects are relatively well characterized; a number of excel
lent reviews have been published on the topic78‑80 and ex
tensive guidelines exist for long-term follow up and late 
effects’ surveillance.81 Conversely, CAR T-cell therapy is a 
relatively novel modality and its long-term late effects, in
cluding neurocognitive outcomes, are not as well charac
terized. Irrespective of whether neurotoxicity occurs in the 
acute setting, pediatric patients experience a distinct dele
terious effect on quality-of-life measures (including cogni
tive function) immediately following CAR T-cell therapy; 
however, this effect appears to diminish over a period of 
several months post-infusion.82 In an adult cohort of 40 pa
tients who received CAR T-cell therapy for a variety of in
dications and were followed for 5 years post-infusion, 19 
(47.5%) reported at least one ongoing cognitive or clinically 
significant psychiatric late effect.83 Younger age and pre-
existing anxiety or depression were significantly predictive 
of worse mental health outcomes following therapy. A sep
arate study followed 117 adult patients undergoing CAR 
T-cell therapy for NHL for 1-year post-infusion.84 From a 
baseline of 33% of patients experiencing neurocognitive 
dysfunction at time of infusion, an increase to 48% was 
seen at day 90, with an improvement to 35% at day 360; 
these rates were reported to be similar to other adult onco
logic populations. Other notable findings were a significant 
association between the number of prior lines of therapy 
and worsened neurocognitive outcomes, and no association 
between presence/absence of acute neurotoxicity and sub
sequent cognitive dysfunction. 
Similar studies in children are lacking but will be impor

tant to perform to characterize developmental outcomes. 
One key challenge, however, is isolating the specific effects 
of CAR T-cell therapy from that of other prior chemother
apy and/or radiation therapy which, as has been discussed, 
also carry neurocognitive / developmental toxicities. On
going monitoring and follow-up is therefore recommended 
for children undergoing CAR T-cell therapy, and guidelines 
from the Children’s Oncology Group (COG) have recently 
been published.85 In particular, these recommendations 
highlight the need to focus specifically on (A) children who 
have experienced CRS and neurotoxicity, (B) those under 
age 6 years at time of treatment, (C) children who have also 
undergone HSCT. 
Despite the relative unknowns in this area, based on the 

well-described and relatively frequent late-effects of HSCT, 
particularly in young children, it seems likely that CAR T-
cell therapy is less-toxic and better-tolerated than the al
ternatives. 

ALTERNATIVES TO CAR T-CELL THERAPY: 
BISPECIFIC T-CELL ENGAGERS 

Apart from CAR T-cell therapy, children with r/r ALL have 
two other options for treatment: bispecific T-cell engagers 

(BITEs) or HSCT . Combinations involving more than one of 
these options have also been utilized. 
Briefly, BITEs are specifically engineered constructs 

which simultaneously target two antigens: one on a ma
lignant cell and one on a cytotoxic T cell, thereby facili
tating cross-linkage and cytotoxic lysis of the target cell.86 

A comprehensive review of the BITE oncologic treatment 
landscape is available.86 Within the context of pediatric r/r 
B-ALL, blinatumomab is the sole FDA-approved BITE ther
apy and is available for use in children with CD19-pos
itive r/r B-ALL (including Ph-positive B-ALL). This indi
cation overlaps with that of tisagenlecleucel, and while a 
head-to-head comparison would be valuable, no such study 
currently exists. A directly comparative study of tisagen
lecleucel versus blinatumomab in adults was planned, but 
subsequently withdrawn and no results are available.87 

However, an indirect comparison of tisagenlecleucel and 
blinatumomab has been published,.88 That investigation 
compared the results of the pivotal ELIANA (tisagenlecleu
cel; n = 79)32,33 and MT103-205 (blinatumomab; n = 70)89,
90 trials. The authors compared rates of CR and OS between 
the studies, utilizing multiple statistical approaches to con
trol for inter-study variability and differences in patient 
characteristics. They found that the use of tisagenlecleucel 
was associated with a significantly higher rate of CR versus 
treatment with blinatumomab, irrespective of the statis
tical approach utilized (odds ratios: 6.71-9.76), as well as 
a superior OS versus blinatumomab (as evidenced by a 
68-74% lower hazard of death; (hazard ratios: 0.26-0.32)). 
Although it could be argued that this analysis was based 
on the best possible available results (and that subsequent 
studies/real-world experiences have shown somewhat infe
rior outcomes), both pivotal trials included in the analysis 
were likely biased in the same direction, and the general 
comparative approach still has merit. 
It is also critical to note that as physicians become more 

familiar with both treatments, the two therapies are not 
used in the same clinical scenarios despite both being ap
proved for r/r B ALL. Blinatumomab is being incorporated 
in multi-agent intensive chemotherapy plans, both for ini
tial high risk patients as well as relapsed patients. It has 
also been used as a “bridge” to HSCT and unlike CAR T-cell 
therapy, is not generally considered to be a curative, sin
gle agent treatment for children with r/r B-ALL. The Chil
dren’s Oncology Group (COG) study “AALL1331” (91–93) 
included 255 patients with “low-risk” relapses (defined as 
marrow relapses ≥ 36 months or isolated extramedullary re
lapse ≥ 18 months, with MRD <0.1% following intensive re-
induction chemotherapy), and did find evidence that blina
tumomab plus intensive chemotherapy may be sufficiently 
curative and was superior to chemotherapy alone.91 A 
group of 208 children with intermediate (marrow relapses 
≥ 36 months or isolated marrow relapse ≥ 18 months with 
MRD ≥ 0.1% following intensive re-induction chemother
apy) or high risk relapses (marrow relapses < 36 months 
or isolated marrow relapse < 18 months), received standard 
reinduction followed by two cycles of blinatumomab and 
consolidative HSCT (92). This treatment strategy was quite 
effective in this context, and the study was closed early 
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for efficacy; the 2-year DFS and OS were 41% and 59% 
in those who did not receive blinatumomab, versus 59% 
(p=0.05) and 79% (p=0.005) for those who did, respectively. 
Moreover, 45% of children who did not receive blinatu
momab were able to proceed to transplant, versus the 73% 
of those who received it (p<0.0001). A potential contribut
ing factor to more patients on the blinatumomab arm being 
able to proceed to transplant is the improved toxicity pro
file of consolidation blinatumomab compared to that of 
traditional consolidation chemotherapy prior to transplant 
(91–93). In particular, infection-related complications were 
minimized, irrespective of relapse risk status. Among chil
dren with high-or-intermediate risk relapses receiving bli
natumomab versus standard chemotherapy, 15% versus 
65% experienced infections, 5% versus 58% experienced 
febrile neutropenia, 2% versus 27% experienced sepsis, and 
1% versus 28% had mucositis (92,93). In children with low-
risk relapses, the figures were similar, with febrile neu
tropenia seen in 3% versus 48% (p < 0.001), infections seen 
in 5% versus 51% (p < 0.001), sepsis seen in 0% versus 
11% (p < .001), and mucositis present in 1% versus 7% (p = 
0.018).91 

A pair of “point / counterpoint” articles has also recently 
been published92,93 and provides an excellent overview of 
the relative merits of each therapy. Although not pediatric-
specific, the major clinical trials of both CD19-directed CAR 
T-cells and CD19-directed BITEs are summarized.92 In 
essence, the arguments in favor of BITEs can be distilled 
down to: (A) a marginally superior safety profile, (B) the 
ability to titrate / escalate doses, (C) their “off-the-shelf” 
availability e.g. more rapid time to implementation and 
lack of need for manufacture, and4 a relatively lower re
liance on the T-cell compartment for efficacy (while still 
necessary, T-cells are not required to be harvested for man
ufacture).93 Conversely, the arguments in favor of CAR T-
cell therapies are: (A) greater overall efficacy, (B) superior 
trafficking to extramedullary disease, (C) the ability to ad
dress higher disease burdens.92 Blinatumomab appears to 
be less efficacious with higher disease burden, particularly 
above 50% bone marrow involvement.94 Both papers high
light the possibility of a combinatorial approach utilizing 
both therapies, but admittedly, studies are lacking. How
ever, until additional data exist, this option should be uti
lized with caution, given the evidence that blinatumomab 
may diminish CD19 antigen density, which may, in turn, af
fect CAR T-cell effectiveness.95‑97 

ALTERNATIVES TO CAR T-CELL THERAPY: 
HEMATOPOETIC STEM CELL 
TRANSPLANTATION 

Apart from BITEs, HSCT is the other primary alternative 
to CAR T-cell therapy among children with r/r ALL, with 
the fundamental consideration being whether or not CAR 
T-cells represent a replacement for HSCT, or an adjunctive 
treatment to facilitate a negative pre-transplant MRD sta
tus (and if an adjunctive treatment, the optimal timing of 
CAR T-cell therapy in relation to HSCT). 

The use of CAR T-cell therapy as a stand-alone replace
ment for HSCT is predicated upon the long-term, in vivo 
persistence of the CAR T-cells. As is discussed subse
quently, CAR T-cell persistence is vital for ensuring ongo
ing remission/cure. This approach is attractive in that it al
lows avoidance of the substantial toxicities and late effects 
of HSCT. The converse combinatorial approach, whereby 
CAR T-cells are infused prior to planned HSCT, envisions 
them not as a curative approach in their own right, but 
rather as a means to facilitate a deep remission pre-trans
plant. Given the high cost of both therapies, this approach 
is economically more challenging; HSCT-specific toxicities 
are also not avoided. Most importantly, a subset of patients 
– those who would otherwise be cured by CAR T-cell ther
apy alone - may undergo unnecessary HSCTs, exposing 
them to the risks but none of the benefits associated with 
this treatment modality. But definitive proof of cure by 
CAR T-cell therapy is difficult to predict for any particular 
patient, though surrogate biomarkers such as loss of B-
cell aplasia or emergence of next-generation sequencing 
minimal residual disease (NGS-MRD) are being explored as 
early markers of impending relapse. It is also important to 
note that neither monitoring approach would be helpful for 
CD19-negative relapses. 
By carefully considering patient/disease/treatment char

acteristics, it may be possible, in the future, to construct 
an individualized decision matrix for each patient. By doing 
so, the relative efficacy of CAR T-cell therapy alone may 
be estimated, versus the risk of needing to proceed to con
solidative HSCT or to undergo an HSCT following post-
CAR T-infusion relapse. Unfortunately, there is a dearth of 
prospective and/or randomized studies directly comparing 
the two therapies, or the optimal strategies to integrate 
them. Several factors are, however, known to be predictive 
of CAR T-cell efficacy, and may be of use in making this de
cision. 
First, an intriguing analysis suggested that superior out

comes may be achieved via the utilization of higher infused 
cell doses.98,99 Although not powered to specifically detect 
dose-response relationships, nor to suggest specific target 
doses, a relationship between the number of infused CAR 
T-cells and patient outcomes cannot be excluded based on 
the present studies. For reference, tisagenlecleucel’s rec
ommended dosing is 0.2–5.0 × 106/kg for patients below 50 
kg, 0.1–2.5 × 108 for patients weighing >50 kg. Second, CAR 
T-cell expansion has been correlated with response to ther
apy, with higher peak concentrations and larger AUC in the 
28 days following infusion both being associated with su
perior outcomes.98 Third, a high tumor burden at the time 
of infusion appears to be correlated with lower EFS and OS, 
when compared to either undetectable marrow disease or 
<5% bone marrow blasts; in particular CD19-negative re
lapses are more common among those with a higher mar
row burden.52,97,100 Fourth, high-risk cytogenetics (partic
ularly lysine methyltransferase 2A (KMT2A) may be 
predictive of a higher rate of post-CAR T-cell relapse and, 
in particular, lineage-switching to AML,101 though this as
sociation has not been consistently observed, and some 
studies show no difference between patients with versus 
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without high-risk cytogenetics.100 Consolidative HSCT in 
patients with TP53 mutations does not appear to improve 
outcomes.102 

Conversely, several other factors have been found to be 
predictive of CAR T-cell therapy failure. First, persistence 
of B-cell aplasia is a useful surrogate marker for CAR T-cell 
persistence, as B-cell recovery prior to 6-months has been 
directly associated with loss of CAR T-cells.98 Patients with 
B-cell recovery prior to 6 months therefore appear to be 
at heightened risk of relapse due to failure of CAR T-cell 
persistence. Second, depth of remission, as measured by 
NGS-MRD, is predictive of relapse.103 In particular, any de
tectable NGS-MRD within the first 28 days appears highly 
correlated with a dramatic and significant reduction in 
2-year EFS (68% versus 23%) and OS (84% versus. 47%).104 

Third, loss of the CD19 target antigen on lymphoblasts is 
also predictive of relapse, and may be seen even in the pres
ence of persistent B-cell aplasia and/or the presence of CAR 
T-cells.100 Many of the above findings are elucidated in fur
ther detail in a recent review article which explores the CAR 
T-cell versus HSCT dichotomy in greater detail.103 

ALTERNATIVES TO AUTOLOGOUS CAR T-CELL 
THERAPY: ALLOGENEIC CAR T-CELLS 

The use of allogeneic CAR T-cells in children is in its rel
ative infancy compared to autologous CAR T-cell therapy. 
They hold an undeniable appeal however – the availability 
of “off the shelf” CAR T-cells would allow near-immediate 
clinical use, with a vastly simplified logistics chain (e.g. 
no requirement for leukapheresis or transport of collected 
cells), and no collection-related difficulties or possibility of 
malignant product contamination. 
The UCART19 is one such product, and has been eval

uated in children/adolescents with r/r B-ALL.105 It is an 
allogeneic, CD19-directed CAR T-cell product which has 
been modified to not express CD52 or the TCR alpha-chain, 
thereby minimizing the risk of graft versus host disease 
(GVHD). It was first administered to two children with r/r 
infant B-ALL,106 both of whom were able to achieve remis
sion and undergo allogeneic HSCT, and both of whom re
mained alive/in remission at least 4 years post-infusion.105 

UCART19 was subsequently evaluated in a series of phase 1 
studies, one of which examined pediatric patients.105 That 
study (“PALL”) included 7 heavily pre-treated children (me
dian 4 prior lines of therapy (range 3-6), 3 with prior HSCT, 
3 with prior CD19-directed therapies), with a median mar
row disease burden of 6% (range 0.0-80.0). Of these 7 par
ticipants, all achieved an initial complete response. One 
was subsequently lost to follow up, but all the other 6 un
derwent allogenic HSCT, with 2 (29%) remaining alive and 
in remission past 2 years of follow-up, and 4 (57%) dying (3 
of progressive/relapsed disease, and 1 from infectious com
plications following HSCT). Toxicity data were not reported 
separately for the pediatric participants. However, for the 
entire cohort (7 children, 14 adults) 91% (19 patients) expe
rienced CRS, with 3 of these (14%) being grade 3-4. Grade 
1-2 neurotoxicity was seen in 38% (8 patients), and 2 pa
tients (10%) experienced grade 1 acute cutaneous GVHD. 

The safety profile was considered to be acceptable. Further 
development of this platform appears to be underway, but 
does not appear to include pediatric clinical trials (109). 
Allogenic CAR T-cells have also been explored in T-cell 

ALL/ Lymphoblastic lymphoma (T-ALL/LBL), by targeting 
CD7.107 This product (WU-CART-007) is currently under 
evaluation in patients aged 12 years and up 
(NCT04984356). Initial phase 1 / 2 clinical trial results have 
recently been released,107 but do not include any partici
pants younger than age 20 (median age 33.5 years (range 
20-68)). Results from the initial 18 patients showed dose-
dependent activity and responses, with the 12 evaluable pa
tients having a 58% composite CR rate, and 2 being able 
to proceed to consolidative allogenic HSCT. The safety pro
file was largely in keeping with autologous CAR T-cell prod
ucts: CRS was observed in 14 of 18 (78%) recipients, with 13 
of those having grade 1 or 2 CRS, and a single patient hav
ing grade 3 CRS which resolved following tocilizumab and 
dexamethasone use. A single case of grade 1 neurotoxicity 
was also seen. Importantly, no anti-donor / anti-HLA anti
bodies were detected, nor was there evidence of anti-drug 
antibodies against the CAR-construct, or graft (e.g. CAR T-
cell) versus host disease. 

BEYOND CD19: ALTERNATIVE TARGETS 

Among children treated with CD19-directed CAR T-cell 
therapies, CD19-negaive relapse is the primary cause of 
treatment failure, and occurs in 25-42% of patients who 
initially respond to treatment.32,108 There is therefore in
terest in alternative targets beyond CD19, as well in co-tar
geting approaches, whereby CD19 is one of several targeted 
antigens. 
CD22-directed CAR T-cells have been explored in a 

phase I study of 21 children and young adults with r/r B-
ALL.109 Participants were heavily pre-treated, with all 21 
patients having previously undergone HSCT (and 2 hav
ing undergone 2 HSCTs), 15 having received prior CD19-di
rected CAR T-cell therapy, and 2 having received blinatu
momab. Ten participants had 
CD19-negative or CD19-dim lymphoblasts. Participants 

also had a relatively high disease burden, with a median 
marrow blast percentage of 70.5% (range 1%-99%). Despite 
this, the therapy was relatively efficacious, particularly at 
doses of ≥ 1 × 106/kg. Among the 15 patients who received 
this dose or greater, 11 (73%) achieved CR, including 9 of 10 
patients who had previously received CD19-directed ther
apies. Among the 6 patients who received the lower dose, 
3×105/kg, only 1 achieved CR. Toxicity was consistent with 
prior CD19-directed therapies, with grade 1 or 2 CRS seen 
in 16/21 (76%) of patients, but no grade 3/4 CRS, and 6 pa
tients (29%) experiencing grade 1 neurological side effects, 
but no severe neurological toxicity. The median duration of 
remission was 6 months, with 3 patients remaining in re
mission at 21, 9, and 6 months post-infusion. All relapses 
were associated with reductions or loss of CD22 expression. 
Based on the evident ability of lymphoblasts to downreg

ulate CD19 or CD22 expression, a combinatorial approach 
targeting both antigens is promising. Two such therapies 
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have been examined in children/young adults, both in 
phase I studies 
The first such trial (AMELIA; NCT03289455) included 

15 children with r/r B-ALL, and utilized a second gener
ation, autologous CAR T-cell product (AUTO3) expressing 
both anti-CD19 and anti-CD22 CARs, while also including 
a tumor necrosis factor receptor (TNFR) co-stimulatory do
main.110 Of the participants, one had received both prior 
CD19-directed CAR T-cells and blinatumomab therapy, and 
14 had not received any prior CAR T-cell products. Seven 
of the 15 participants had previously undergone HSCT. The 
median marrow disease burden was 7.5% (range 0-90%). 
The product was well tolerated, with 80% (12/15) develop
ing mild (grade 1/2) CRS, and no severe CRS seen. A total of 
27% (4/15) experienced grade 1 neurotoxicity, and one pa
tient developed grade 3 encephalopathy, which was not at
tributed to the CAR T-cell product. At 1-month post-infu
sion, 86% (13/15) of patients had achieved either CR or CR 
with incomplete marrow recovery. The 1-year OS and EFS 
were 60% and 32%, respectively, and it was theorized that 
relapses occurred largely due to poor long-term persistence 
of the AUTO 3 product (median duration of detectable CAR 
T-cells 91 days, range 19-571). 
The second such product was tested in 20 children / 

young adult patients, and was a novel murine stem cell 
virus (MSCV)-transduced CD19/CD22-4-1BB bivalent CAR 
T-cell product (CD19.22.BBζ) (NCT03448393).111 Twelve 
(60%) of the participants had previously undergone HSCT, 
15 (75%) had received CD19-directed therapies, including 
14 (70%) who had previously received blinatumomab, and 
6 (30%) who had previously received CAR T-cells. One pa
tient was MRD negative prior to receiving the CD19.22.BBζ 
product, 10 (50%) were M1 (<5% blasts), and 9 (45%) were 
M2 (5-25% blasts). Ten (50%) patients developed CRS: 7 
with grade 1/2 and 3 with grade 3/4. A single patient ex
perienced grade 3 neurotoxicity. Twelve (60%) achieved CR 
at all sites, while 16 (80%) achieved marrow MRD-negative 
status (the discrepant 4 patients had persistence of ex
tramedullary disease). Interestingly, 71% (10/14) of the 
CAR-naive patients achieved CR, while only 33% (2/6) pa
tients who had previously received CAR T-cell therapy 
achieved CR (although this was not a significant difference; 
p=0.16). Among the 12 patients who achieved CR, the 6- 
and 12-month RFS were 80.1% (95% CI: 42.4-94.9%) and 
57.7% (95% CI: 22.1%-81.9%), respectively. Poor CAR T-cell 
persistence was felt to play a role in relapse in this study as 
well, and efforts to improve upon this are ongoing. 

IMPLEMENTATION OF OUTPATIENT CAR-T 
THERAPY IN CHILDREN 

Familiarity and experience with CAR-T therapy in children 
has grown rapidly in recent years. In particular, use of the 
FDA-approved tisagenlecleucel for r/r ALL is increasing. Al
though age- and indication-specific data are not readily 
available, nearly 7,000 patients were reported to have re
ceived tisagenlecleucel as of mid-2022.112 As a result of this 
expanding usage, and of advances in both recognition and 
management of CAR-T-associated toxicities, an increasing 

proportion of patients are receiving CAR-T products in the 
outpatient setting and subsequently being managed in the 
community.113 In this context, planned admission to the 
inpatient setting is envisioned as ideally being needed only 
for those at high risk of experiencing adverse events, and 
not as a matter of routine. 
A number of studies have examined CAR T-cell therapy 

in the outpatient setting.114‑122 These have focused mostly 
on adults, but a small number of children have also been 
included (without specific pediatric sub-analyses reported). 
Broadly, these studies found highly variable rates of admis
sion following outpatient infusions and/or outpatient post-
infusion monitoring, ranging from 36-88% of infused pa
tients, with a great degree of variability depending on both 
disease indication and CAR T-cell product used. Despite the 
high rates of readmission, however, there has been negli
gible evidence that outpatient CAR T-cell administration is 
associated with clinically significant delays in care or worse 
outcomes, while affording substantial economic and quality 
of life benefits. A full review and summary of these studies’ 
specific findings has recently been published.113 Studies 
specifically assessing outpatient CAR T-cell administration 
in pediatric patients are lacking, although a small number 
of children have been included in larger series examining 
outpatient infusion/management.120‑122 Conversely, in the 
pivotal trial which led to tisagenlecleucel’s approval for pe
diatric r/r ALL, 76% of the children received their CAR-T-
cell infusions as inpatients.32 The ideal setting (e.g., inpa
tient or outpatient) therefore must be individualized for a 
given patient, depending on that patient’s risk profile, the 
toxicity profile of the CAR T-cell product, and the ability of 
the clinical team to facilitate such care. 
Guidelines for outpatient administration of CAR T-cells, 

including in children, have recently been published.113 

Briefly, these recommend specific monitoring strategies 
and the use of validated scoring tools, as well as outline the 
prerequisites for safe outpatient care, including1: 
reliable caregivers,2 who have been educated about both 

CAR T-cell toxicities and3 general oncologic complications. 
Reliable access to transportation4 is also required, as is5 

a reliable 24/7 means of triage and communication,6 with 
rapid access to a higher level of care, including intensive-
care level management. Finally,7 regular outpatient mon
itoring should occur, ideally multiple times per week, 
throughout the highest risk period following infusion. 

FUTURE DIRECTIONS 

This review has necessarily focused on the use of CAR T-cell 
therapy in pediatric r/r B-ALL. As noted, the only FDA-ap
proved product in this context is tisagenlecleucel, although 
trials of other CD19-directed therapies are ongoing, both in 
r/r B-ALL and in other B-cell-derived malignancies. This re
lates largely to the unique features of CD19 which make it 
an attractive target. However, a number of promising CAR 
T-cell products which target widely disparate antigens are 
currently in development and/or under evaluation in pedi
atric clinical trials. There is particular interest in CAR T-cell 
therapies to address neuroblastoma, tumors of the CNS, 
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and AML, given the still-disappointing outcomes for chil
dren with these conditions, particularly in the context of 
relapsed or refractory disease. Although it is not our inten
tion to provide a comprehensive overview of these trials, a 
number of recent advances are worth discussing. 

ACUTE MYELOID LEUKEMIA 

In pediatric AML, a key challenge is the lack of an antigenic 
target specific to myeloblasts. The most promising targets, 
CD33, CD123, CD135 (e.g. FLT3; FMS-like Tyrosine Kinase 
3), and CLL-1 (C-type lectin-like molecule-1), are expressed 
in approximately 90-99%, 50-78%, 54-92%, and 78-92% of 
AML cases, respectively.123 Many of these antigens are also 
expressed on hematopoietic stem cells and/or early multi-
lineage hematopoietic progenitors (although, generally, at 
relatively low expression levels than are seen in 
myeloblasts).124,125 There are, therefore, greater potential 
on-target toxicities involved in targeting these antigens 
than are seen in targeting CD19. Several review articles 
have recently been published123,126 which summarize the 
recent pre-clinical and clinical data surrounding the use of 
CAR T-cell therapy in AML and the targeting of these anti
gens. Thus far, the results of clinical trials have been rela
tively disappointing, particularly when compared to those 
seen in B-ALL. One of the aforementioned recent re
views126 summarizes all current and pending clinical trials 
of CAR T-cells in AML, including a number in pediatric pa
tients,127,128 which are highlighted below. 
The first of these128 utilized a CLL1-directed CAR T-cell 

construct with a 4-1BB costimulatory domain, which was 
administered to 8 children with r/r AML. All participants 
experienced grade 1-2 CRS, but other toxicities were mini
mal. Six patients achieved MRD-negative and/or CR states 
(2 experienced progressive disease), and were able to subse
quently undergo HSCT, with 4 of these 6 remaining in CR/
MRD-negative status at the time the data were presented. 
A separate study127 included 7 children with r/r AML and 
administered one of two different CLL1-directed CAR T-cell 
therapies, either a 4-1BB-based costimulatory approach (3 
patients), or a CD28/CD27-based costimulatory construct (4 
patients). All children experienced grade 1 or 2 CRS, and 
1 patient (in the 4-1BB arm) experienced grade 2 neuro
toxicity. Three of 4 children in the CD28/27 arm achieved 
CR, as did 2 of 3 in the 4-1BB arm; the 1-year OS was 57% 
(e.g. 4/7 patients). Three patients subsequently underwent 
HSCT, and, at the time of publication, 1 patient remained 
alive. Additionally, at least 2 additional trials are currently 
planned or actively enrolling pediatric patients.126 

HIGH-RISK NEUROBLASTOMA 

High-risk neuroblastoma also appears to be amenable to 
treatment with CAR T-cells, particularly those directed 
against GD2. The largest and most promising investigation 
was recently published.129 Specifically, 27 children were 
enrolled in a phase I/II study, with 12 having refractory 
disease, 14 relapsed disease, and 1who had a complete re
sponse following completion first-line therapy. Patients 

were administered third-generation GD2-directed CAR T-
cells which also featured inducible caspase 9 “suicide gene” 
(GD2-CART01). All enrolled patients were able to receive 
CAR T-cells. GD2-CART01 appeared to demonstrate tol
erable toxicity, with CRS being seen in 74% (20 / 27 pa
tients), mostly as grade 1 or 2 CRS, and a single patient 
experiencing grade 3 CRS, which resolved upon receiving 
tocilizumab. No neurotoxicity events were seen, and 22% 
(6 / 27) experienced grade 1 or 2 pain, likely secondary to 
GD2-targetting. The only common grade 3 or 4 toxicities 
were hematological in nature (anemia/thrombocytopenia/
neutropenia), although 26% (7 / 27) also experienced he
patoxicity (with 5 of these 7 events being a worsening of 
existing hepatic dysfunction rather than a new finding). 
Median GD2-CART01 persistence was 3 months, and 75% 
of the evaluable patients had persistence for 3 months or 
longer. Response rates were also promising, with a 33% (8 
/ 27) CR rate (and maintained CR in 1 patient already in 
CR). At a median 1.7 year follow up, 19% of recipients (5 / 
27) remained in CR. Eight (30%) experienced a partial re
sponse (PR), and 10 (37%) had either stable disease (SD) 
(by International Neuroblastoma Response Criteria; INRC) 
or showed no response (by Immune-Related Response Cri
teria; IRRC), giving a 63% (17/27) overall objective response 
rate. At 3-years post-infusion, the OS was 40% and the EFS 
was 27%. Among the children receiving the recommended 
dose of 10 x106/kg, 3-year OS and EFS 60% and 36%, re
spectively. The authors reported that further investigations 
are now underway and seek to integrate the GD2-CART01 
CAR T-therapy into the treatment of high-risk neuroblas
toma. 

CENTRAL NERVOUS SYSTEM TUMORS 

Tumors of the CNS are perhaps the most challenging tar
gets for CAR T-cell therapy, owing to several factors.130,
131 First, the difficulty inherent to accessing the CNS im
posed by the presence of the blood brain barrier (BBB). Sec
ond, the heightened risk of adverse events related specif
ically to CAR T-cell therapies, as well as the heightened 
risk of those specific toxicities occurring in their more se
vere forms, imposed by the location of the primary disease 
within the CNS. For instance, while neurotoxicity may be 
seen in systemically administered CD19-directed therapies, 
the risk of severe neurotoxicity, as well as the potential con
sequences of that neurotoxicity, may be increased when the 
target antigen exists primarily within the CNS. Third, the 
intensely immunosuppressive tumor microenvironment 
found within many primary CNS tumors132 may impair CAR 
T-cell efficacy.133 Finally, intra-and-intertumoral hetero
geneity impairs target selection. Even within an individual 
tumor, or between patients with the same type of tumor, 
the expression levels or even presence/absence of specific 
antigens may vary.134 These challenges, as well as some of 
the means by which they may be overcome have recently 
been discussed in a pair of excellent review articles.130,131 

Despite these limitations, some early evidence of success in 
pediatric clinical trials has been seen. 
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One notable recent example of progress in the use of 
CAR T-cells to treat pediatric CNS tumors has been the use 
of intracranially-infused (e.g. locoregional) B7-H3-directed 
CAR T-cells for children with r/r CNS tumors or diffuse 
intrinsic pontine gliomas (DIPGs), e.g. the BrainChild-03 
clinical trial (NCT04185038).135 Data are available from the 
first three children enrolled on this trial, all three of whom 
were diagnosed with DIPGs. All three received weekly in
traventricular infusions of 1 × 107 B7-H3 CAR T-cells, for 
a total of 10, 12, and 18 infusions. As of publication, two 
patients experienced disease progression but were alive at 
12- and 17-months post-infusion, and 26- and 36-months 
following initial diagnosis, while the third patient experi
enced stable disease and remains alive at 12 months post-
infusion and 26 months post-diagnosis. All children expe
rienced headaches, nausea, vomiting, and fevers beginning 
approximately 24 hours following infusions, but notably, all 
returned to baseline within 72 hours, and no patient expe
rienced any dose-limiting toxicities, nor did any required 
pharmacologic intervention. Separately, BrainChild-01 
(NCT03500991) utilizes a CAR T-cell targeting HER2 in 
children/young adult patients with r/r CNS tumors which 
are HER2-positive,136 while BrainChild-02 ((NCT03638167) 
utilizes an EGFR806-directed CAR T-cell among adolescent/
young-adult patients with r/r CNS tumors expressing a tu
mor-specific untethered EGFR epitope.137 All three Brain

Child clinical trials are ongoing, although only Brain
Child-03 is actively recruiting patients. 

CONCLUSIONS 

CD19-directed CAR T-cell products have rapidly moved 
from being an experimental, unproven therapy into a rela
tively widely available, well-characterized, and potentially 
curative option for pediatric patients with r/r B-cell ALL. 
CAR T-cell products directed against other antigens are 
continually being developed and evaluated in numerous 
clinical trials. Although there are notable obstacles which 
must be overcome, there is much reason to be optimistic 
that these therapies will eventually bring similar revolu
tionary improvements for patients with a diverse array of 
malignant conditions. While robust data exist about risks 
of long-term toxicity from traditional chemotherapy, less 
is known about those risks following a genetically modified 
cellular therapy. As CAR T-cell therapy continues to mature 
as a treatment modality, it will be essential that these pa
tients continue to be followed for long-term late effects and 
outcomes well into the future. 
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