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CD28-costimulated CD19 CAR-T cells for pediatric mature non-
Hodgkin B-cell lymphoma
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Children with relapsed or refractory (R/R) mature B-cell non-Hodgkin lymphoma (B-NHL) have a poor prognosis with approved
therapies. Chimeric antigen receptor (CAR)-T cells are approved for adults with R/R B-NHL, but pediatric data is lacking. We report
on 13 children with R/R mature B-NHL enrolled on a clinical trial for CD19 CAR-T cells harboring CD28 costimulation. Twelve
patients were infused with CAR-T cells, and one had progressed and died prior to infusion. Toxicities included cytokine release
syndrome in 8 patients and neurotoxicity in 6, including two patients with grade 4 neurotoxicity. All patients responded to CAR-T
cells, including a complete response in 6, complete metabolic response in 2 and partial response in four. The median event-free
survival was 15.2 months and median overall survival was not reached. Outcome differed by disease type, as most patients with
primary mediastinal B-cell lymphoma had long term remissions, while only two of seven patients with Burkitt lymphoma were long
term survivors. Thus, initial response may suffice for certain patients, but further consolidative strategies should be studied in
patients with R/R Burkitt lymphoma.

Bone Marrow Transplantation (2025) 60:1045–1051; https://doi.org/10.1038/s41409-025-02615-0

INTRODUCTION
Pediatric mature non-Hodgkin lymphoma (NHL) are mostly high-
grade aggressive lymphomas of B-cell origin, including Burkitt
lymphoma (BL), diffuse large B-cell lymphoma (DLBCL) and
primary mediastinal B-cell lymphoma (PMBCL) [1–3]. These
lymphomas frequently present with disseminated disease, often
involving the bone marrow or central nervous system. The up-
front therapy for children with these aggressive lymphomas is
typically short-term, intensive, multiagent chemotherapy with the
addition of rituximab [4, 5]. The 5-year outcomes are excellent for
this group of patients with most histologies [6]. Children with
relapsed or refractory (R/R) mature non-Hodgkin B-cell lymphoma
are treated with intensive chemotherapy and autologous stem cell
transplantation (ASCT), and usually have a poor prognosis [3, 7, 8].
The outcomes of relapsed disease in children after modern
rituximab-based therapy is especially poor [9].
Since first being reported in 2010, CD19-directed chimeric

antigen receptor (CAR) T cells have become standard-of-care in
2nd or 3rd line adult mature B-NHL. Adults with R/R DLBCL and
PMBCL treated with either Axicabtagene ciloleucel, Lisocabtagene
maraleucel and Tisagenlecleucel have a complete response rate of
40–60% and 60–70%, respectively, confirmed also by real-world
studies [10–14]. Reports in BL are scarce, but response has been
demonstrated in patients treated with CD19 CAR T cells [15–17].
Given the excellent outcomes in upfront protocols, the rarity of

pediatric R/R B-NHL resulted in slow clinical development. Data in
pediatric mature B-cell lymphoma is scarce and limited to a single
study from China [18], and two early reports of clinical trials in

abstract form [19, 20]. In general, pediatric development of several
products has not matured into clinical approval [21, 22]. We
hereby report an initial cohort of pediatric ( < 19 years old)
patients with relapsed/refractory mature B-cell lymphomas treated
on a prospective clinical trial.

METHODS
CAR production and study oversight
We conducted a single-center phase 2 clinical trial for CD19-expressing
hematologic malignancies, in a tertiary hospital serving national and
international patients, between 2016 and 2024. Results of pediatric ALL and
adult NHL have been previously reported [23, 24]. Briefly, autologous
peripheral blood mononuclear cells were leukapheresed, activated and
transduced with an FMC63-CD28-CD3zeta CAR encoded on an MSGV
retrovirus (kindly provided by Dr. Steve Rosenberg). Patients received
lymphodepletion with fludarabine (25mg/m2/day for 3 days) and cyclopho-
sphamide (900mg/m2 for 1 day) prior to an infusion of cells, per protocol
guidelines [25]. Release criteria for all products include viability ≥70%, CAR
transduction ≥15%, and interferon-gamma release potency assay, and
standard sterility and mycoplasma testing. A fresh CAR-T product was infused
to all patients. In two cases, apheresis was cryopreserved and production was
initiated after bridging chemotherapy. CAR-T cell expansion in the peripheral
blood was monitored by flow cytometry (CD19 CAR detection reagent,
Miltenyi Biotech, DE) or by qPCR previously described [25].

Response and toxicity criteria
CAR-T related toxicity was graded per ASTCT guidelines [26]. All patients
were evaluated for response using FDG-PET on day 28 post CAR-T infusion
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(± 5 days). Additional imaging were performed per physician’s request. For
patients with bone marrow involvement, a bone marrow aspiration with
flow-cytometry minimal-residual disease (MRD) was performed at the
same time.
Response was evaluated according to Lugano classification criteria [27],

the type of response was divided into four subgroups: Complete response
(CR) was considered complete anatomical and metabolic response by PET-
FDG. For patients with bone marrow involvement of Burkitt leukemia,
absence of malignant cells by flow-cytometry MRD monitoring was
necessary for definition of CR. Complete metabolic response (CMR) was
defined as absence of PET-avid lesions with a partial anatomical response
[27]. A partial response (PR) was defined as partial anatomic and metabolic
response. Non-response (NR) was considered stable or progressive disease.

Supportive care
All patients received prophylaxis for P. jiroveci. Anti-fungal and anti-viral
prophylaxis was not mandatory but per physician’s discretion. Per our
institutional guidelines, tocilizumab is given to any patient with grade 3 or
greater cytokine release syndrome (CRS), and corticosteroids administered
to patients with any kind of immune-effector cell associated neurotoxicity
syndrome (ICANS) following CD28-costimulated CAR T-cells. Immunoglo-
bulins were monitored at least monthly after CAR-T cell infusion, till
recovery (measurable IgM levels). IVIg supplementation was given if IgG
levels were lower than 400mg/dL.

Statistical analysis
Statistical analyses were performed using Prism v10.4 (GraphPad software).
For event-free survival (EFS), an event was considered relapse or death of
any cause. Overall survival (OS) and EFS were censored at last assessment
date for patients without events or lost to follow-up.

RESULTS
Patients characteristics
We describe 13 children with R/R non-Hodgkin lymphoma
enrolled in a trial for the treatment of R/R lymphomas, 12 of
whom were treated with CD19 CAR T cells in our institution. One
patient did not start lymphodepletion due to disease progression.
Patients included 7 patients with Burkitt lymphoma / leukemia, 4
patients with PMBCL and one patient with DLBCL and one had a
composite lymphoma of PMBCL and DLBCL.
Patients characteristics are described in Table 1. The median age

at CAR-T cell therapy was 11 years (range, 3.7–18.8). Patients had
failed a median of 2 previous therapy lines. Responses to the prior
therapy line before CAR-T cells included no response in 3 patients,
partial response in 5, and complete response in 5. Of the latter, 3
had relapsed prior to CAR-T therapy and 2 were treated with no
evidence of active disease. Overall 9 patients entered lymphodeple-
tion with active disease, 1 patient had evidence of minimal residual
disease in the bone marrow, and 2 patients were treated in
remission. Five patients had elevated LDH prior to lymphodepletion,
and two patients had low platelet counts (Table 1).

CAR T therapy and toxicity
The median time between apheresis and CAR-T administration
was 11 days (range 10–94). CAR T-cells were successfully
manufactured in all patients but 1. That one patient, with relapsed
Burkitt lymphoma, had progressive disease following apheresis
and died of his disease prior to lymphodepletion, at which point
CAR T cell production was stopped. The remaining twelve patients
were each infused with 1×106 CAR-T cells/kg and are evaluable for
response. Eight patients developed CRS: one had grade 3, one had
grade 2 and six had grade 1. Overall, the rate of CRS was 67%, and
of grade 3+ CRS 8.3%. Six patients developed ICANS: four patients
with grade 1 and two with grade 4. One patient (#4) with massive
peritoneal involvement became unarousable on day +6 and
developed generalized seizures. CT scan did not show brain
edema. He was treated with high-dose steroids, levetiracetam and
anakinra. Despite therapy the patient had prolonged clinical and

EEG-evident encephalopathy and flaccid paralysis with a diffusely
abnormal MRI of the brain 3 and 6 weeks after CAR T cells, and did
not recover his baseline neurologic function. A second patient (#5)
developed grade 4 ICANS on day +6 including confusion and
seizures. Brain CT scan did not reveal any edema. She was treated
with high-dose steroids and anti-epileptic drugs along with
mannitol and hypertonic saline. Toxicity completely resolved on
day +11. The rate of ICANS was 50%, with 16.6% grade 3 or above.
Out of 3 patients with a history of CNS involvement, only 1 had
grade 3+ ICANS. Overall one patient received tocilizumab, 5
received corticosteroids and 1 received anakinra for CAR related
toxicity. Hematologic toxicity was observed in 11 patients:
neutropenia was recorded at grade 2 (n= 1), grade 3 (n= 6)
and grade 4 (n= 4). Two patients developed grade 4 thrombo-
cytopenia. At day 28 25% of the patients had grade 3 or higher
neutropenia, and 8.3% had grade 3 or higher thrombocytopenia.
The only patient with prolonged neutropenia was referred to an
allogeneic HSCT. B-cell aplasia was documented in all patients at
day 28, and was ongoing for 2–6 months (Table 2). Patients were
supplemented with IV immunoglobulins for 1–12 months. Two
patients who had no further therapy after CAR-T cells experienced
late infections, including COVID19 in one, and acute otitis media
and herpes simplex in another.

Response
Eleven patients had evidence of CAR-T cell expansion in the
peripheral blood, and all patients had subsequent B-cell aplasia.
All 12 evaluable patients had a response to CAR-T cell therapy
within 30 days (Fig. 1a): Six patients achieved complete response
(CR), two patients (both with PMBCL) had a CMR and four had a
partial response. Both patients with complete metabolic response
had a complete response by 3–6 months. Two patients with a
partial response treated for PMBCL and BL had progressed 6 and
12 months after treatment, respectively. Two additional patients
with a partial response proceeded to complete response at 3 and
6 months evaluation.

Relapse and survival
Two patients had undergone allogeneic-SCT in remission for
Burkitt leukemia/lymphoma, using a total-body irradiation based
conditioning. Both patients relapsed within 30 days of HSCT. One
patient was referred to palliative care and died of his disease, and
the second had a CD19-negative relapse and was referred to
antibody-based therapy (inotuzumab and glofitamab) but even-
tually passed away of his disease. The remaining 10 patients had
no subsequent therapy while in remission. Three of these patients
relapsed: One with Burkitt lymphoma, who died of his disease
(Fig. 1a). One patient with PMBCL who had a PR had relapsed and
was treated with brentuximab vedotin and nivolumab (BV+Nivo).
One patient with DLBCL relapsed at 6 months after having a
complete response. This patient was found to have a germline
ZAP70 mutation that is related to lymphoma risk, and was further
treated with salvage therapy and an allogeneic hematopoietic
stem-cell transplant (allo-HSCT), and is still alive.
One patient with BL had prolonged disability after severe

neurotoxicity and had died in remission 15 months after CAR-T
cell infusion. At last follow-up 8 patients are alive and 6 are in
continuous complete remission without additional therapy (Fig. 1a).
The median event-free survival is 15.2 months and the median

overall survival was not reached (Fig. 1b). With a median follow-up
of 21.5 months, the estimated 2-year EFS is 40% and OS is 61%.

DISCUSSION
Despite being commercially available for adult B-NHL and
pediatric ALL, data on CAR-T therapy in pediatric R/R B-NHL is
lacking. We present our experience with CD19 CAR-T cell therapy
for children with R/R mature B-NHL. Standard therapy for such
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patients includes multi-agent chemotherapy and rituximab, and
typically consolidated with an autologous stem cell transplant.
Response to salvage chemotherapy for R/R mature B-NHL is
reported to be 50–75% [28], and many patients do not reach
transplant [8]. Published data on children with first relapse of BL
shows that survival with this approach is 30% or even lower
[8, 9, 28, 29], especially when rituximab is administered in 1st line
[8, 9], as is the current standard-of-care. Thus, R/R BL is a challenge
requiring novel therapeutic measures.
Development of CD19 CAR T cells in adult NHL had brought

CAR-T cells to approval in 2nd relapse and later in 1st relapse [11].
Interestingly, while in pediatric ALL the need for persistence has
shown superiority of 4-1BB costimulated CAR-T cells, this is not the
case for mature B-NHL. Moreover, non-randomized studies of 2nd
relapse, CD28-costimulated CAR-T cells have shown better
outcomes compared to 4-1BB costimulated CAR-T cells in adults
with B-NHL [30, 31]. Our hypothesis was that the need for durable
CAR-T cells in these diseases is limited, and that CD28 costimula-
tion may overcome the aggressive nature of these lymphomas.
The overall response rate in our cohort was 100%. Despite high

response rates, only two patients treated for BL survived long-
term. Two patients had undergone consolidative allogeneic HSCT
and relapsed within 1 month of transplant. One patient relapsed 1
year after therapy, and a fourth one had died of subsequent
complications of CAR-T cells.
There are a few reports on CAR-T cells in pediatric patients with

B-NHL. A study from Seattle Children’s Hospital reported on 8
children with R/R B-NHL treated with CD19 CAR T cells. Five patients
responded, including two patients with DLBCL having a CR.
Nevertheless, responses were not durable [19]. Tisagenlecleucel, a
4-1BB costimulated CD19 CAR-T product approved for R/R pediatric
ALL and adult NHL, was studied in pediatric B-NHL, and early results
were presented at the 2022 European Hematology Association
annual meeting. Overall, 33 children and young adults with B-NHL
were infused with tisagenlecleucel. The ORR was 32% and 7% had a
CR, leading to a 12-month EFS and OS of 23% and 47%, respectively.
Seven of the eighteen patients treated for BL were alive, though
only 2 are in remission without further therapy [20]. In a report of 23
patients with R/R BL from a single center in China treated with CD19
CAR-T cells with 4-1BB costimulation, 9 had ongoing CR after CD19
CAR-T cells. The remaining patients had received subsequent CD22
and CD20 CAR-T cells. Altogether they report an 18-month
progression-free survival of 78% [18]. All the aforementioned trials
used 4-1BB costimulation. In three case reports in adult BL treated
with CD28-costimulated CAR-T cells (two with FMC63 ScFv and one
with a humanized ScFv), all 3 patients had achieved a CR, and two
had long term remissions [15, 17]. A study of six adult patients with
BL treated with a 3rd generation CAR, combining CD28 and 4-1BB
for costimulation reported 1 CR and 2 PR that were not maintained

[16]. Altogether, data is inconsistent between trials, and awaits
further confirmatory multi-center studies.
The toxicity in our cohort was significant, however high grade

CRS was reported in 1 patient (8%) and high grade ICANS in 16%
of patients. These outcomes are similar to other published cohorts
of CD28 costimulated CAR-T cells [10, 11, 31].
Outcomes of R/R PMBCL in children are better compared to BL,

with a 3-year EFS of 58% [32]. Novel therapies such as BV+Nivo
are used in R/R PMBCL, and excellent outcomes were reported in
adults [33]. In these reports, many patients underwent a
consolidative HSCT, or required prolonged therapy for more than
1 year. Outcomes in patients with PMBCL treated in our study
were better than with BL: Three patients in were remission without
subsequent therapy, and all patients surviving. Importantly, all
four patients with PMBCL had poor responses BV+Nivo prior to
enrolling on our trial, suggesting CAR-T cells as either salvage
therapy or consolidation for this approach.
Our data supports further development of CAR-T cells for

pediatric B-NHL. Since numbers are small we cannot further
analyze risk factors associated with benefit from this therapy.
Large prospective studies have been difficult to complete with
rarity of patients. Outcomes in R/R PMBCL are excellent, similar to
adult data in this disorder [13], and perhaps current approval of
commercial CAR-T cells for this disorder may be extended to
pediatric and adolescent population. Expanding access of current
approved CAR-T products to adolescents should be considered in
such rare disorders. Long-term outcomes in patients with R/R
Burkitt lymphoma are still not satisfactory. Current approaches
with CD19 CARs for heavily relapsed patients still yield few long-
term responders. Additional therapy, either through bi-specific
CAR-T cells (NCT06508931), sequential infusions of CAR-T cells
directed against different antigens [18], or addition of bispecific
antibodies targeting CD20 [34] currently studied in children, may
be future strategies fit for further investigation for treating
children with relapsed disease.
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