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Chimeric antigen receptors (CARs) are genetically engineered, T-lymphocyte
receptors that target hematological cancer cells and solid tumors. CAR-T cell
immunotherapies for B-Cell malignancies target CD19 positive cells and have shown
dramatic results in treating pediatric patients since becoming licensed as tisa-
genlecleucel by the US Food and Drug Administration in 2018. Tisagenlecleucel is
used to treat relapsed or refractory B-cell acute lymphoblastic leukemia (ALL) and
large diffuse B-cell lymphomas (DLBCL) in children and young adults up to age 25.
While CAR-T immunotherapies have shown continued promise, crucial limitations
are being investigated to improve anti-CD19 CAR-T toxicity, off-target events,
bridging and dual treatment requirements, and manufacturing capabilities. This
review examines the current limitations and advancements of anti-CD19 CAR-T
immunotherapy for pediatric B-cell malignancies focusing on relevant improve-
ment strategies for engineering, efficacy, and patient safety.
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Introduction

Chimeric antigen receptor T-cell (CAR-T)
immunotherapies have been a revolutionary
advancement in treating various cancers,
specifically in hematological malighancies.
There are currently over 500 active CAR-T
clinical trials worldwide and 6 Food and Drug
Administration (FDA) approved commercial
products since 2017." Anti-CD19 CAR-T cell
therapy in the treatment of B-cell malignan-
cies has been significantly successful in prov-
iding long-term remission for patients up to
age 25.2 Tisagenlecleucel was the first FDA
approved CD19- CAR-T therapy and is the new

standard of care for relapsed and pediatric
refractory to young adult B-cell acute
lymphoblastic leukemia (B-Cell ALL).? Since
FDA approval in 2018, tisagenlecleucel has
treated over 5,400 pediatric patients.? As CAR-
T approvals expand and production technology

advances, increasingly more patients are
anticipated to receive targeted immuno-
therapies.

Prior to CAR-T advancements, patients
with B-cell malignancies received multiple
lines of intensive myeloablative chemotherapy
regimens. While complete remission (CR) is
observed in nearly 80% of cases with standard
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treatment, many patients end up with relapsed
and refractory disease within 5 years.*
Intensive  chemotherapy requires the
destruction of cancer and healthy cells, which
is highly taxing on patients. Historically,
allogeneic hemopoietic stem cell trans-
plantation (allo-HSCT) was the only curative
option to overcome relapse.? However, the risk
of graft-versus-host disease (GVHD) and a high
relapse rate has remained a continued
challenge in treating residual disease.
Ultimately this standard of care requires
continued, life-long treatment.

Within the last 5 years, however, CAR-T
immunotherapy has shown promise in the field
of oncology with novel technology to target
cancer-antigens. Pediatric patients with
relapsed and refractory B-cell malignancies
who have undergone CD19-targeted CAR-T
immunotherapy show 70-90% CR.® These
results vary between institution due to the
dual therapies administered to prevent toxicity
and infection following treatment.® CR has
been most effectively reported in pediatric B-
cell ALL compared juvenile cases and diffuse
large B-cell lymphoma.* Cytotoxic effects,
such as cytokine release syndrome (CRS) have
been observed in 77% of patients treated with
tisagenlecleucel.” CRS is graded by severity
and can be potentially life-threatening.

While promising, these novel targeted
immunotherapies have critical limitations that
are currently being investigated. These
limitations include severe cytotoxicity such as
CRS and neurotoxicity, off-target CAR-T
functionality, and manufacturing constraints.
This review article discusses the current
limitations and advancement strategies for
engineering safe and effective CD19 CAR-T
immunotherapy for pediatric relapsed and
refractory B-cell malighancies.

Background

Pediatric B-cell malignancies include B-cell
ALL and DLBCL. B-cell ALL is the result of rapid
growing lymphoblasts developing from B-cell
precursors which target the immune system.*

Eighty percent of B-cell ALL patients are
infants and juveniles.* DLBCL is the most com-
mon form of non-Hodgkin lymphoma (NHL) and
represents 10-20% of pediatric NHL cases.*
DLBCL arises from the malignant development
of B-cells typically occurring in lymph nodes.*
In both forms of these B-cell malignancies, the
CD19 molecule, which is expressed on all B-cell
lymphocytes during each stage of differen-
tiation, acts as a key target for CAR-T targeting
agents. The generation of the synthetic T-cell
receptors attempt to optimize patient out-
comes by enriching naive, memory, and stem-
cell like phenotypes.?

CARs are synthetic receptors made with
four components including the antigen binding
domain, the hinge region, a transmembrane
domain, and intracellular signaling domains.?
The antigen binding domain targets the extra-
cellular cancer surface antigens. Anti-CD19
CAR-T cells are manufactured by isolating a
patient’s T-cells ex-vivo from autologous peri-
pheral blood mononuclear cells (PBMNCs). The
CAR gene is inserted via lentiviral trans-
duction, along with the anti-CD19 protein. The
cells are then expanded, tested for safety,
purity, and potency, and then cryopreserved
for later transplantation.”'%"" Within a few
weeks following transplantation, CAR-T cells
will multiply in the body, detect and target
CD19+ B-cells for destruction.?

Following transplantation, patients are at
increased risk of CRS, infection, and neuro-
toxicity. As CD19 CAR-T cells activate and pro-
liferate, other cell types are activated resul-
ting in high serum concentrations of pro-
inflammatory cytokines.’” Multiple grades of
CRS have been reported in 56-100% of pediatric
B-cell ALL treatment.' Serious adverse reac-
tions can occur within hours of trans-
plantation. Due to these immune reactions,
dual treatments are often necessary to limit
side-effects, including the use of interleukin-6
(IL-6) corticosteroids.’ However, due to insti-
tution-specific guidelines on treating CRS,
present data shows heterogeneous results,
thus standard guidelines have not been
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established. Current research suggests CAR-T
dose compared to bone marrow tumor burden
have a positive correlation to CRS severity.'
Higher doses may not be more effective, as
previously thought.'?'315.16 However, ongoing
research is working to improve CRS symptoms.

Along with the risk of toxicity and
infection, the manufacturing process for CD19
CAR-T cells presents limitations. CAR-T cell
manufacturing is costly and is limited to
sponsor specific manufacturing sites, which
significantly reduces patient accessibility.
Many patients must travel to prominent cancer
facilities to receive treatment. The manu-
facturing process is complex and requires a
pre-determined number of cells for expansion.
Pediatric patients with B-cell malighancies
already have limited T-cell production, thus
manufacturing reproducibility varies by each
individual patient. '®'7 The quality in starting
material is hard to determine until trans-
duction and expansion occur."”

Anti-CD-19 CAR-T cell engineering

and manufacturing strategies

Since the advent of CAR-T immunotherapies,
there have been four generations of
implemented CAR-T technology. The first
generation was limited to signaling capacity
and inability for sustained cytokine release.'®
The second generation was modified to have
additional costimulatory signaling domains
which enhanced survival and expansion of
activated T-cells. The third generation expan-
ded by having more effective costimulatory
domains.’® The fourth generation has seen
further genetic modification to redirect T-cells
for universal cytokine-mediated killing
(TRUCKs)."® Finally, the fifth and current gene-
ration contains one extra intracellular dom-
ain.” The evolution of CAR-T generations has
focused on improving T-cell activation and
costimulatory domains following antigen
recognition.' While rapid new developments
are being investigated, increasing patient
numbers versus engineering and manufacturing
capabilities poses limitations, specifically for
pediatric patient populations.

The starting material for anti-CD19 CAR-T
cells is collected via autologous PBMNC aphe-
resis from the patient. For standard hemato-
poietic stem cell collections, patients receive
a mobilization regimen prior to collection to
optimize the available stem cells. However,
CAR-T cell collections do not require mobili-
zation drugs, therefore the number of CD3+
lymphocytes collected is dependent on the
individual patient’s disease state and prior
chemotherapy bridged with CAR-T therapy.?°
Patient’s receiving CAR-T therapy must first
undergo chemo-lymphodepletion, which sup-
resses the immune system, allowing for
increased CAR-T cell persistence. Most impor-
tantly, lymphodepletion requires a favorable
microenvironment for CAR-T cells by
eliminating homeostatic cytokines.?

Genetic factors, medical history, age, and
demographics vary from patient to patient;
thus, pre-determining treatment efficacy is
difficult. Data collected from pediatric T-cell
collections shows 77% of patients reaching the
collection requirement for starting materials,
while 97% of patients only reach the minimum
cell count requirement.?’ Factors such as poor
collection efficiency or granulocyte and
monocyte contamination contribute to these
figures.? Granulocytes and monocytes pose
risk of inhibiting the T-cell enrichment
process. The starting leukapheresis material
affects downstream anti-CD19 CAR-T produ-
ction, thus it is critical for the manufacturing
facilities to set cell count starting
requirements to optimize downstream T-cell
isolation processes. However, these collection
requirements may be under- or over-estimated
between patients, resulting in insufficient col-
lections or excess material which is discarded.

Following cell collection, products are
shipped to the manufacturing facility. The
cells must maintain stable temperature as
deviations will affect the cell’s viability. To
mitigate facility limitations, cells shipped for
tisagenlecleucel manufacturing are cryo-
preserved and thawed for production, which
has been shown to significantly reduce cellular
viability.? Currently, there is only one facility
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in the United States that manufactures
tisagenlecleucel, located in Morris Plains, New
Jersey, but other international facilities are
being developed.! CAR-T cells are considered
phase 1 investigational drugs; therefore, the
FDA sets regulations for good manufacturing
practices (GMP).2' These regulations include
guidance for personnel, quality control (QC),
facilities and equipment, manufacturing and
record keeping, laboratory controls, pack-
aging, labeling, distribution, as well as cell and
gene specific requirements.?’ These regula-
tions ensure purity, potency, and safety of the
final product. Due to the stringent nature of
FDA and other regulatory adherence, exp-
anding facilities is a complex, costly process.

The manufacturing process requires the
use of unidirectional and multidirectional flow
of materials and staff to Llimit risk of
contamination or cross-contamination.'” Adv-
anced instrumentation is required for each
facility manufacturing anti-CD19 CAR-T cells.
The starting material is first washed and
fractionated; CD3+ T-cells are selected using
an antibody-conjugated magnetic bead pro-
cess, followed by T-cell activation with the 4-
1BB costimulatory domain and anti-CD19 CAR
complimentary DNA (cDNA) transduction with
retroviral vectors and mRNA electroporation.??
The domain, 4-1BB, is expressed on activated
T-cells and natural killer (NK) cells and acts as
an inducible costimulatory receptor. In the
malignant B-cell environment, 4-1BB restores
effector functions of dysfunctional T-cells,
therefore its use in CAR-T manufacturing has
been promising.?2

Antigen-presenting  cells, such as
dendritic cells and artificial antigen-presenting
cells, are used to stimulate the expansion of
CAR-T cells."” Ex vivo expansion of T-cells is
only accomplished with sustained activation.?
This step is the area of research focused on
producing more effective CAR-T generations.
Following activation and expansion, the anti-
CD19 CAR-T cells are then tested and ensured
for purity, potency, and safety prior to
shipment back to the treating facility.

Critical quality control points are
essential for maintaining and producing quality
product. It is important that the starting mate-
rial is properly enriched to eliminate unwanted
cells for selection. CAR expression indicates
efficacy of stable expression post-trans-
plantation. The ratio of CD4+ and CD8+ T-cells
must be maintained to prevent downstream
CRS toxicity.? Each step in the engineering and
manufacturing process must be evaluated with
checkpoints.

Cytokine release syndrome and

neurotoxicity

CRS and neurotoxicity are noted as the most
prominent and severe reactions following anti-
CD19 CAR-T immunotherapy, caused by gen-
eralized immune system activation. The
introduction of anti-CD19 CAR-T cells results in
immune cell cross activation and systemic
cytokine release.?* Severe symptoms of CRS
include, fever, rigors, hypotension, kidney
failure, coagulation, hypoxia, and respiratory
distress.?> Neurological toxicities are observed
as a separate symptom; however, cytokines
have been implicated in causing neurotoxic
symptoms.?> Neurotoxic symptoms include
headache, encephalopathy, delirium, tremors,
peripheral neuropathy, seizures, and aph-
asia.2¢

The onset of CRS is observed by elevated
levels of inflammatory cytokines such as
interferon-gamma (IFN- y), interleukin-6 (IL-
6), interleukin-8 (IL-8), interleukin-10 (IL-10),
and interleukin-12 (IL-12).26 CRS is graded by
severity on a scale of 1 to 4. CRS has
historically been graded with variability among
institutions, thus the data has been difficult to
compare due to this unclear consensus. Various
grading systems have been found to have
overlapping symptomatology and described
using differing terms.

In 2018, the American Society for
Transplantation and Cellular Therapy (ASTCT)
developed consensus recommendations to est-
ablish a grading system based on symptomatic
algorithms.?®> The current, established grading
system determined by ASTCT is as follows: CRS
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grade 1 is noted as a mild reaction such as
fever; grade 2 is noted with hypotension and
mild hypoxia which is quickly resolved with
non-steroid anti-inflammatory drugs (NSAIDs),
and prophylactic medications; grade 3 is
indicative of hypotension requiring vaso-
pressors or clinical sequelae requiring pro-
longed treatments; and grade 4 indicates life-
threatening symptoms requiring urgent inter-
vention, organ failure, or ventilatory supp-
ort.?

CRS symptoms are observed within the
first 14 days following immunotherapy
initiation. Data from patients treated with
tisagenlecleucel shows 77% of patients exp-
erience some grade of CRS within the first 3
days of treatment, and 48% of patients
experience CRS graded = 3 within the first 8
days of treatment.? Due to this, patients are
closely monitored for 4 weeks following CAR-T
transplantation. Tocilizumab, which blocks the
inflammatory IL-6 protein, is the gold standard
for treatment of CRS. 2628 Tocilizumab is a
human IL-6 receptor monoclonal antibody ori-
ginally approved to treat rheumatologic disea-
ses. In 2017, the drug was approved by the FDA
to treat CRS in patients 2 years of age and
older.”

Tocilizumab has been shown to be effe-
ctive in treating COVID-19 symptoms, which
has resulted in severe shortages of the drug.
To mitigate these unexpected drug shortages,
current studies are exploring the use of
anakinra, a recombinant IL-1 receptor anta-
gonist, which is also an FDA approved drug
used for rheumatologic disease in treating
pediatric CRS and immune effector cell-
associated neurotoxicity syndrome (ICANS).

ICANS represents a more diverse symp-
tomatic profile than CRS. Early signs of ICANS
are indicated by expressive speech patterns,
tremors, attention impairment and lethargy.?
Most notably, pediatric patients with symp-
toms of expressive aphasia have shown to be a
hallmark of ICANS diagnoses.?> Like CRS
grading, ICANS is graded on a severity scale
from 1 to 4. Neurological and encephalopathy

assessments are evaluated twice daily to moni-
tor neurotoxicological events following anti-
CD19 CAR-T transplantation. Pediatric ICANS is
reported in conjunction with CRS symptoms, at
a median of 2 days following CRS onset.3?While
ICANS symptoms are generally reversible, 47%
of pediatric patients impacted with ICANS
following anti-CD19 CAR-T therapy required
admission to the intensive care unit (ICU).33
Recovery from severe ICANS ranges from 27-75
days.3* Risk of developing ICANS has been
correlated with early CAR-T expansion in vivo,
however more research is needed.3®

Anti-CD19 CAR-T cell efficiacy

Despite the success of anti-CD19 CAR-T
immunotherapy for pediatric patients, poor
clearance of malignant cells and prominent
adverse events complicate the therapy’s
efficacy and safety. There are currently
approximately 200 clinical trials studying pedi-
atric anti-CD19 CAR-T immunotherapies.®
Many of these studies focus on improving the
pharmacokinetics and safety of anti-CD19
immunotherapies and optimizing chemo-
therapy and bridging therapies.

The efficacy of 5 generation anti-CD19
CAR-T therapy requires pre-treatment chemo-
therapy and bridging therapy, however there
are few patients who receive treatment
without bridging. Bridging therapy, which is
determined by the treating facility, greatly
increases the efficacy of anti-CD19 CAR-T
activity. Bridging therapy involves high-dose
chemotherapy, followed by low dose chemo-
therapy, radiation therapy and anti-CD19 CAR-
T-transplantation coupled with symptomatic
treating agents."® As previously discussed, this
process eliminates circulating lymphocytes and
cellular contaminants and reduces the risk of
disease progression prior to transplantation.
Due to the complexity of bridging therapy,
current studies aim to optimize treatment
approaches, as continued chemotherapy and
radiation can be taxing on the patient. The
lymphodepleting bridging therapy occurs for 4
weeks prior to transplantation.3¢ Diagnostic
analysis of minimal residual disease (MRD) is
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currently not a required measurement prior to
T-cell collection or CAR-T manufacturing;
however, evidence supports MRD measure-
ments correlate with the probability of CAR-T
efficacy.3®

Since original licensing, the five-year
tisagenlecleucel treatment data shows a 55%
survival rate of 79 pediatric and young adult B-
cell ALL patients.?” Relapse-free survival data
indicates that 44% of patients remained in
remission for a median of 43 months.? Prior to
anti-CD19 CAR-T immunotherapy, the five-year
survival rate for pediatric and young adult
patients was 10%.%” Reported efficacy analysis
was based on determination of the rate and
duration of response. Dual treatment tocili-
zumab indicates 298% higher area under the
curve (AUC) from day O to day 28 compared to
patients who only received corticosteroids. %
Prior HSCT was noted in 47% of treated
pediatric patients.?”

CAR engineering is specifically important
in understanding efficacy. As anti-CD19 CAR-T
cell generation evolves, strategies to engineer
enhanced antigen recognition with minimal
immune activation remain the focus. Current
research is evaluating the efficacy of bispecific
ligand-binding domains in which two antigens
activate the specific CAR.3” This design shows
promising evidence of eliminating antigen
escape in vivo. However, off-target toxicity is
still observed. Alternatively, molecular CAR
expression and stability has been shown to
correlate with alteration of the hinge and
transmembrane domains.3” Manipulation of the
length of the hinge and transmembrane
domains not only correlate with potency, but
also significantly reduces neurotoxicity as
observed in a phase | clinical trial.3®

Conclusion

New strategies for anti-CD19 CAR-T develop-
ment are rapidly expanding, as researchers and

clinicians gain new insights on the efficacy and
safety of design and administration. CAR-T cell
therapy has significantly increased survival
rates in relapsed and refractory pediatric B-
cell malignancy as compared to conventional
chemotherapy interventions.*%%” Anti-CD19
CAR-T immunotherapy has greatly improved
over the span of 10 years in clinical trials and
the 5 years since FDA approval. Targeting more
specific molecular and cellular pathways while
limiting off-target toxicity remains the most
prominent improvement strategy. As anti-CD19
CAR engineering improves, manufacturing
efforts must also expand to extend patient
access. Examining MRD diagnostic data to
develop patient specific CARs has shown
promise in the development of more indi-
viduals CAR-T immunotherapies.3®

Future pediatric treatment strategies aim
to develop anti-CD19 CAR-T cells from healthy
donors to eliminate risk of disease burden cells
affecting efficacy.3 Patients prior treatments
limit the effectiveness of the CAR-T cell
product due to T-cell dysfunction. Allogeneic
anti-CD19 CAR-T cell therapy has been shown
to be effective in adult DLBCL, Chronic Lymph-
ocytic Leukemia (CLL), and Mantle Cell Lymph-
oma (MCL).“° Developing allo-CAR-T cells come
with its own set of complications, including
donor recruitment strategies, human leuko-
cyte antigen (HLA) matching, and limiting the
risk for GVHD in the recipient.

Ultimately, current anti-CD19 CAR-T cell
immunotherapies has greatly reduced relapse
and refractory disease in pediatric B-cell
cancers. As the understanding of malignant-
burdened molecular pathways expands, impro-
ved generations of CARs will advance. Future
directions aim to suppress cytotoxic effects
and reduce required bridging therapies and
dual treatments.
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