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Autologous stem cell transplantation (ASCT) and chimeric antigen receptor T-

cells (CAR-T) have been used as consolidation therapies for patients with

refractory/relapsed B cell non-Hodgkin’s lymphoma (R/R B-NHL) in remission

after second-line chemotherapy or salvage therapy. However, patients with

different pathological subtypes and remission states may benefit differently

from ASCT or CAR-T cell therapy. Furthermore, consolidation treatment

involving ASCT or CAR-T cells still poses a significant risk of disease relapse.

We conducted a retrospective, single-arm study of 47 patients with R/R B-NHL,

and found that the combination of ASCT and CAR-T therapy improved the 3-year

progression-free survival (PFS) and overall survival (OS) rates to 66.04% (95%CI:

48.311-78.928) and 72.442% (95%CI: 53.46-84.708) respectively. Furthermore,

the combination therapy has no serious adverse events. Thus, ASCT combined

with CAR-T cell therapy is effective against multiple subtypes of R/R B-NHL, and

can effectively prolong the long-term survival of patients.
KEYWORDS

B-NHL, CAR-T, ASCT, combination therapy, refractory/relapsed B-cell lymphoma
Introduction

Non-Hodgkins lymphoma (NHL) is the most common hematological malignancy (1),

and B-cell lymphomas account for about 85% of all NHL cases (2). B-cell NHL can be

classified into various pathological subtypes, from relatively indolent lymphomas to highly

aggressive lymphomas (3). Standard treatment options such as R-CHOP (rituximab in
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combination with chemotherapy) have been effective against diffuse

large B-cell lymphoma (DLBCL), the most common form of B-

NHL, with about 60-70% of the patients achieving complete

remission and long-term survival (4, 5). For patients with

relapsed/refractory DLBCL (R/R DLBCL) however, the current

salvage chemotherapy regimen combined with autologous stem

cell transplantation (ASCT) consolidation therapy has a cure rate of

only 10% (6). Chimeric antigen receptor T cell (CAR-T) therapy is

used in patients who relapse after second-line therapy, although

there is a risk of relapse after cure (7, 8).

ASCT is a standard treatment for R/R B-NHL that is still

sensitive to chemotherapy. Studies have shown that auto-HCT

can significantly improve clinical outcomes and survival in

patients who achieve complete response (CR) after the

chemotherapy regimen. However, ASCT alone does not fully

eradicate minimal residual disease (MRD) (9), thereby posing a

risk of relapse in certain non-responsive patients who exhibit sub-

optimal clinical outcomes after salvage chemotherapies.

Consequently, the anticipated long-term progression-free survival

(PFS) rate of patients undergoing ASCT ranges from 10% to 30%

(10–12). CAR-T cell therapy involves genetically modifying

autologous T cells to recognize and attack tumor cells, and is

particularly effective in patients who are resistant to conventional

treatments (13, 14). However, CAR-T cell monotherapy faces

challenges such as T-cell exhaustion and uncertainties regarding

long-term efficacy (15). Although CAR-T cell infusion is widely

used for the treatment of R/R B-NHL at present (16), and has

achieved some efficacy as a consolidation therapy, there is still a risk

of recurrence (14, 17, 18). Overall, the anti-tumor effects of ASCT

and the specific targeting ability of CAR-T cells can synergistically

increase the rate of CR and extend the PFS of cancer patients.

Nevertheless, clinicians need to consider the indications, efficacy,

and potential side effects of each approach in individual patients in

order to develop personalized treatment plans. In this study, we

evaluated the clinical outcomes of combining ASCT and CAR-T cell

infusion as the consolidation therapy for R/R B-NHL patients. Our

findings suggest that this combination therapy can improve the

long-term survival and quality of life of patients.
Methods

Patients

Patient diagnosed with R/R B-NHL who underwent consecutive

ASCT and CAR-T cell therapy between October 2019 and

November 2023 were enrolled. Diagnosis was established through

histopathological evaluation and imaging, and the B-NHL subtype

was determined according to the criteria of World Health

Organization 2016 classification of tumors of hematopoietic and

lymphoid tissues. The prognostic profiles of the patients were

assessed using the International Prognostic Index (IPI). Clinical

staging adhered to the Ann Arbor staging system, along with an

ECOG performance status of 0-2, to ensure accurate stratification
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and informed treatment decisions. The study complied with the

principles of the Declaration of Helsinki and was approved by the

Institutional Ethics Committee at Beijing Gobroad Hospital. All

participants provided written informed consent.

Relapse was defined as the emergence of any novel lesion, or a

50% or greater increase in the size of previous lesions, subsequent to

achieving a CR (19). Refractory disease was characterized by the

failure to attain at least a partial response (PR) following

chemotherapy, either after more than four cycles of first-line

therapy or more than two cycles of subsequent lines of therapy,

or by the relapse of disease within one-year post-ASCT (20, 21).
Inclusion and exclusion criteria

The inclusion criteria for the patients were as follows: 1) age

ranging from 16-69 years, 2) confirmed diagnosis of NHL, and 3)

CAR-T cell re-infusion received within two days of ASCT. Patients

who received CAR-T cell re-infusion more than 2 days after ASCT

were excluded (n=3). In addition, patients with myeloma (n=2) and

Richer syndrome (n=1) were also excluded to avoid any confusion

due to the distinct pathological features and treatment response of

these diseases relative to B-NHL. Finally, patients with stable disease

(SD) (n=2) or progression disease (PD) (n=10) before CAR-T cells

transplantation were excluded, as lack of a sufficient response before

CAR-T cell therapy may have affected the evaluation of

consolidation therapy. Finally, 47 patients were included in the

study (Figure 1).
Study design

The combination therapy regimen is outlined in Figure 2.

Granulocyte colony-stimulating factor-primed autologous stem cells

and peripheral lymphocytes (~50ml) were harvested from each patient

through distinct apheresis procedures. CD19-41BB-CAR-T cells were

generated from CD3+ T cells isolated from the apheresed lymphocytes.

All patients received high-dose chemotherapy before the infusion of

autologous stem cells. The pre-conditioning regimens were designed

according the disease subtype. For instance, standard BEAM (bis-

carmustine, etoposide, cytarabine, and melphalan) and TT-BuCy

(Thiotepa Semustine, Cytarabine, Busulfan) was used for patients

with central system invasion. The dose of CD34+ hematopoietic

stem cells (HSCs) ranged from 0.4 to 9.5*106/kg. CAR-T cells were

transfused within two days after transfusion of CD34+ HSCs. Based on

prior clinical expertise with B-NHL patients, the dose of CAR-T cells

ranged from 0.4 to 7.5*106/kg.
Measurement of clinical endpoints

The primary objective of the trial was to assess the safety and

tolerability of the combination therapy. Secondary objectives were

to evaluate treatment efficacy, PFS, and overall survival (OS). The
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treatment responses were evaluated using computed tomography or

positron emission tomography in accordance with the 2014 Lugano

Recommendations for Lymphoma (22). Bone marrow biopsies were

taken from patients exhibiting bone marrow infiltration. The overall

response rate (ORR) was calculated as the sum of CR and PR. PFS

was defined as the period from the initiation of CAR-T therapy or

ASCT until disease progression, relapse, or mortality, whichever

transpired first. OS was measured from the onset of CAR-T therapy

or ASCT until death from any cause. Adverse events (AEs) were

graded by the Common Terminology Criteria for Adverse Events

version 5.0. CAR-T cell therapy-related AEs, including

neurotoxicity and cytokine release syndrome (CRS), were assessed

using the Penn scale (23). Deaths and their potential causes were

recorded, and therapy-related deaths were analyzed in detail.
Statistical analysis

The demographic and other baseline data have been presented

as frequencies and percentages. The probabilities of OS and PFS

were calculated by the Kaplan-Meier method and compared using

log-rank test. The 95% confidence intervals (CI) for survival were

calculated using the GraphPad Prism V.9.0 software. SPSS version

26.0 and GraphPad Prism version 9.0 were used for data analysis. A

two-sided p-value < 0.05 was considered statistically significant.
Frontiers in Immunology 03
Results

Patient characteristics

Between October 2019 and November 2023, a total of 65

patients underwent CAR-T therapy after ASCT, of which 47

patients fulfilled the inclusion criteria and were included in the

study. The baseline characteristics of the patients are summarized in

Table 1. The median age of the patients was 38 years (16 to 69

years), and 59.6% (n=28) of the patients were males. The

pathological subtypes of R/R B-NHL in this cohort were DLBCL,

primary mediastinal lymphoma (PML), primary central nervous

system lymphoma (PCNSL) and high-grade B-cell lymphoma

(HGBL) with MYC and/or BCL2/BCL6 rearrangement. All

patients who were included in the study had achieved CR or PR.

The interval between ASCT and CAR-T transfusion was 0, 1, and 2

days in 2, 25, and 20 patients respectively (Table 1).
Efficacy of combination therapy

As of October 15, 2024, the median follow-up duration from

ASCT to the data cut-off date was 28.3 months. CAR-T levels peaked

in the peripheral blood at a median of 11 days after infusion (range 6-

60 days) and lasted for a median duration of 21 days (range 4-90
FIGURE 2

Flow diagrams of the treatment. The figure illustrates the entire process of ASCT combined with CAR-T treatment.
FIGURE 1

Flow diagram of patient selection. Status of enrolled patients in the autologous stem cell transplantation combined with chimeric antigen receptor
T-cell therapy.
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days). The median maximum expansion of the CAR-T cells was

55.15*106 cells/L (range 0.127*106–1970*106). Furthermore, the

median time to the engraftment of neutrophils and platelets after

hematopoietic stem cell transplantation was 14 days (range 10-62

days) and 15 days (range 15-52 days) respectively. All patients

responded to pretreatment, with CR of 72% and PR of 28%. As

shown in Figure 3, 85.42%, 79.17%, and 72.92% of the patients had an

ongoing response at respectively 3, 6, and 9 months after

combination therapy (Figure 3). The 1-, 2-, and 3-year PFS rates

were 76.596% (95% CI 61.737% to 86.295%), 72.321% (95% CI

57.028% to 82.964%), and 64.664% (95% CI 47.228% to 77.619%)

respectively, and the 1-, 2-, and 3-year OS rates were 91.489% (95%

CI 78.893% to 96.717%), 73.86% (95% CI 58.453% to 84.284%), and

66.04% (95% CI 48.311% to 78.928%) respectively (Figures 4A, B).

The number of surviving and deceased patients at these specified time

points are summarized in Table 2. We also classified the patients

according to central nervous system (CNS) involvement to determine

a potential impact on therapeutic efficacy. The results have been

summarized in Table 3 and Figures 4C, D.
Adverse effects of combination therapy

Studies show that 70%-90% of patients treated with CAR-T cells

experience some degree of CRS, and about 25% develop severe CRS

(24, 25). In our study, 43 patients (91.49%) developed CRS, of which

26 (55.32%), 7 (14.89%) and 1 (2.13%) patients experienced Grade

1, 3 and 4 CRS respectively. Despite the high incidence of CRS and

no significant advantage compared with other treatment options,

the patients displayed good prognosis (Table 4). Immune effector

cell-associated neurotoxic syndrome (ICANS) is another side effect

of CAR-T cell therapy, and although it usually occurs after CRS,

some patients develop ICANS even in the absence of CRS. In our

study, only 2 (4.2%) patients experienced ICANS, including

one with Grade 1 and the other with Grade 4 ICANS

(Table 3). Furthermore, 20 (42.6%) patients had Grade 2 or

lower lymphocytopenia and all patients had Grade 3 or

lower hemoglobinemia after transplantation. By day 7 post-

transplantation, hemoglobinemia had reduced to Grade 2 or

lower in 18 (38.3%) patients, and thrombocytopenia, leukopenia

and neutropenia had declined below Grade 2 in 35 (74.4%), 27

(57.4%), and 28 (59.6%) patients respectively by day 14 (Table 4).

The non-hematological AEs have been summarized in Table 4. The

most common therapy-associated AEs were infection and

infestation. While 31 (64.6%) patients had infection-related

complications alone or in combination, 14 (29.79%) patients

developed lung infection after the treatment. On the other

hand, only 2 (4.17%) patients had treatment-related diarrhea.

The incidence rates of intestinal infections and oral ulcers

were 39.58% and 27.08% respectively. The less frequent non-

hematological AEs included pseudomembranous enteritis, left

uveitis, dysregulation of intestinal flora, upper respiratory

infection, urinary tract infection, perianal infection, septic shock,

and epilepsy (Table 5).
TABLE 1 Characteristics of patients at baseline.

Characteristic/Variable
Patients
(N=47)

Age

Median age(range)-year 38 (16-69)

Sex

Male-no.(%) 28 (59.6)

Female-no.(%) 19 (40.4)

ECOG performance status-no.(%)

0-1 36 (76.6)

≥2 11 (23.4)

Disease status at study entry-no.(%)

Refractory disease 14 (29.8)

Relapsed disease 33 (70.2)

Treatment history and early efficacy

Early therapy failure in
12months-no.(%) 25 (75.8)

Prior lines of therapy at study,
median (range) 4 (2 - 8)

Disease type-no.(%)

BL 2 (4.3)

DLBCL 22 (46.8)

DLBCL secondary central
nervous system 4 (8.5)

HGBL 5 (10.6)

HGBL secondary central
nervous system 2 (4.3)

PCNSL 3 (6.4)

PMBL 7 (14.9)

PMBL secondary central
nervous system 2 (4.3)

Prior disease status-no.(%)

CR 27 (57.4)

CMR 6 (12.8)

CRu 2 (4.3)

PR 12 (25.5)

Time interval between transplantation and infusion-day

0 2 (4.3)

1 25 (53.2)

2 20 (42.6)
BL, Burkitt lymphoma; DLBCL, diffuse large B cell; MCL, mantle cell lymphoma, HGBL,
High-grade B-cell lymphoma; PCNSL, Primary central nervous system lymphoma; PMBL,
primary mediastinal large B-cell lymphoma; PBL, plasmablastic lymphoma; CR, complete
response; CMR, complete metabolic response; CRu, complete response unconfirmed; PR,
partial response.
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Discussion

In this study, we evaluated the outcomes of sequential ASCT

and CAR-T cell infusion as a salvage therapy for patients with R/R
Frontiers in Immunology 05
B-NHL. In a previous study, the 1-year OS and PFS rates of R/R B-

NHL patients who underwent ASCT after 86.7% and 73.7%

respectively, and that in patients who only received CAR-T cell

infusion were 79.1% and 55.7% (26). In addition, the 2-year OS and
FIGURE 3

Response rates after ASCT and CAR-T combination therapy. The response rates before and 3 and 6 months after undergoing ASCT and CAR-T cell
combination therapy. ASCT, autologous stem cell transplantation; ORR, overall response rate.
FIGURE 4

Kaplan-Meier estimates of the progression-free survival and overall survival of patients who underwent ASCT and CAR-T cell infusion. (A)
Progression-free survival of the entire cohort. (B) Overall survival of the entire cohort. (C) Progression-free survival of patients with/without CNS
involvement. (D) Overall survival of patients with/without CNS involvement. ASCT, autologous stem cell transplantation.
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PFS rates of patients treated with the combination of ASCT and

CAR-T cell infusion were 78.9% and 66.2% respectively. In our

study, the combination therapy extended the 1-year OS and PFS to

89.5% and 75% respectively, and also offered long-term survival

benefits, with 3-year OS and PFS reaching 77.1% and 68.8%

respectively. Furthermore, our results are more robust since we

included patients with different subtypes of B-cell NHL who

achieved CR/PR before the combination therapy, and followed up

the patients for longer duration. Thus, the combination of ASCT

and CAR-T cell therapy offers a new strategy for patients who

relapse after first-line therapy.

Although patients with R/R B-NHL can achieve CR/PR after

chemotherapy or autologous transplantation, the risk of recurrence is

high due to the presence of chemo-resistant residual lesions. Thus,

consolidation therapy combining ASCT with CAR-T cells can reduce

the risk of recurrence (27). Infusion of autologousHSCs after high-dose

chemotherapy or radiotherapy restores the function of the immune

system and revives the patient’s T cells (28). In addition, ASCT creates

favorable conditions for CAR-T cell activation by mitigating the

immunosuppressive cues in the tumor microenvironment, such as

immune checkpoint inhibitors, tumor-associated macrophages, etc.,

thereby improving the therapeutic effect of CAR-T cells. Furthermore,

the CAR-T cells not only kill the tumor cells during treatment, but also
Frontiers in Immunology 06
perform immunosurveillance after treatment to remove the residual

tumor cells. Studies show that CAR-T cells can survive for a long time

in some patients as immune memory cells, and can therefore respond

quickly in the event of relapse (29). Although ASCT can improve the

tumor immune microenvironment, the immune escape mechanisms

employed by the tumor cells and the resident immunosuppressive

components may affect the long-term effects of CAR-T cells. In

particular, immunosuppressive cells such as regulatory T cells (Tregs)

and myeloid-derived suppressor cells (MDSCs), immune checkpoint

molecules like PD-L1, and immunosuppressive cytokines such as TGF-

b may limit the activity of CAR-T cells, resulting in variable efficacy

(30). In our study, we only selected patients who underwent CAR-T cell

re-infusion within two days of ASCT. The number of CAR-T cells

peaks within 7-10 days after transplantation, and the hematological

recovery post-ASCT usually takes 11 days. Therefore, the two-day

interval between the two procedures can minimize the adverse impact

of CRS on patients at the peak of CAR-T amplification, and reduce the

risk of potential complications. In addition, since the patient’s immune

system undergoes a rebuilding process after ASCT, transfusion of

CAR-T cells within 2 days canmaximize their therapeutic effects before

the host immune system fully recovers (31).

We did not observe any unexpected toxicities when

administering combination therapy. This can be attributed to the

lower tumor burden and better health status of the patients before

the combination therapy. CRS is the most common side effect of

CAR-T cell immunotherapy, with previously reported incidence

rates of 94% (32). In this study, 43 patients (91.49%) developed CRS

after CAR-T cell infusion, of which only 8 experienced Grade 3 or

higher CRS. In addition, prior infusion of HSCs did not increase the

severity of CRS. Approximately 25% of the patients develop ICANS

after receiving CAR-T cell therapy (25, 33). The incidence of ICANS

in our cohort was only 4.2%, indicating that combination therapy

did not increase neurotoxic effects compared to consolidation

therapy alone. Furthermore, CAR-T cell infusion did not prolong

hematological recovery after ASCT, resulting in low infection rates.

Previous studies have shown that median time of neutrophil

engraftment after stem cell transplantation is 11 days and that of

platelet engraftment is 12 days (34–36). In our study, the median

time of neutrophil and platelet engraftment after combination

therapy was 15 days; however, the longer duration did not affect

treatment outcomes. The most common non-hematological AEs

associated with stem cell transplantation are cytopenia (100%),

gastrointestinal toxicity and infection (88.8%), whereas patients

treated with CAR-T cells have a lower risk of infection (13.8%)

(37). The incidence of lung infection was higher in our cohort

compared to that previously reported for ASCT and CAR-T cell

monotherapy, but was better controlled. Other common AEs

observed after the combination treatment were intestinal infection

and oral ulcer, which did have any significant impact on the survival

of patients.

Shadman et al. showed that ASCT achieved superior OS and 2-

year PFS rates in patients with R/R DLBL compared to CAR-T cell

therapy (26). On the other hand, Caixia et al. had demonstrated

superior CR and 1-year OS rates, along with significantly lower

incidence of severe non-hematological AEs, after CAR- T cell

therapy (38). Another study had shown that the combination of
TABLE 2 Clinical response in combination therapy.

Status
%(95% CI)

Live Dead

OS

1-year 44 3 91.489 (78.893-96.717)

2-year 42 5 73.86 (58.453-84.284)

3-year 40 7 66.04 (48.311-78.928)

PFS

1-year 36 11 76.596 (61.737-86.295)

2-year 35 12 72.321 (57.028-82.964)

3-year 33 14 64.664 (47.228-77.619)
TABLE 3 Clinical response in patients with/without CNS involvement.

Status %(95% CI)

CNS involvement no-CNS involvement

OS

1-year 90.909 (98.669 - 50.808) 94.118 (98.496 - 78.47)

2-year 79.545 (94.544 - 39.315) 90.98 (97.002 - 74.548)

3-year 79.545 (94.544 - 39.315) 81.834 (92.237 - 60.815)

PFS

1-year 63.636 (84.516 - 29.689) 80.556 (90.219 - 63.496)

2-year 53.03 (77.315 - 20.933) 80.556 (90.219 - 63.496)

3-year 35.354 (66.787 - 6.869) 75.185 (87.227 - 55.139)
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CAR-T cell therapy with ASCT improved long-term outcomes in

patients with TP53 mutations (39). While this result is consistent

with our findings, the disease types reported in the previous study

were relatively simple. Nevertheless, the outcomes of the

combination therapy were relatively uniform across the different

subtypes of B-NHL, which is favorable for clinical application. In

addition, there are reports on using CAR-T therapy for tumor

reduction prior to ASCT. Preconditioning with CAR-T cells can

eradicate tumor cells with reduced toxicity compared to

chemotherapy, which is particularly significant for the chemo-

resistant patients (40). Despite differences in therapeutic principle,

the favorable treatment outcomes of both combination approaches

are promising. In line with our results, a recent study showed that

the combination of ASCT and CAR-T cell therapy resulted in

sustained CR in patients with relapsed/refractory (R/R) Burkitt
Frontiers in Immunology 07
lymphoma (BL) over a period of 306 days, without any severe

complications (41).

There are still several limitations in this treatment approach.

Our single-arm design can lead to selection bias, and we set criteria

such as specific age ranges, disease types, and treatment response.

This may lead to the exclusion of certain patient groups, such as

elderly patients or patients with other conditions, affecting the

generality of the results. The exclusion of patients who failed to

achieve CR or PR prior to CAR-T cell therapy may result in our

failure to evaluate efficacy in the context of different treatment

responses. Due to the lack of a control group, we cannot make direct

comparisons with other treatment options, which can lead to

overestimates or underestimates of efficacy.

In future studies, a prospective randomized controlled trial will

be designed to compare the efficacy of ASCT combined with CAR-T

versus therapy alone. This will help ensure randomness and

representativeness of the sample, thereby reducing selection bias.

Future research could focus on personalizing treatment

regimen-based on a patient’s genomic profile and tumor

microenvironment, exploring the possibility of combining CAR-T

cell therapy with other immunotherapies or targeted therapies to

enhance therapeutic efficacy and overcome drug resistance.

Research can focus on identifying biomarkers associated with

treatment response and prognosis, such as specific cytokines,

tumor-associated antigens, or circulating tumor DNA (ctDNA).

These markers can help predict a patient’s response to treatment

and guide clinical decision making.
Conclusion

The combination of ASCT and CAR-T cell therapy significantly

improved the PFS of patients of R/R B-NHL, without any notable

increase in toxicity compared to either monotherapy. This

combination therapy may be an effective means to improve the

long-term survival rates of patients with R/R B-NHL.
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Ethics statement

The studies involving humans were approved by The Ethics

Committee at Beijing Gobroad Hospital in Beijing. The studies were
TABLE 4 AEs related to CAR-T cell therapy (n=47).

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Total

CRS 4 (8.51%) 26 (55.32%) 9 (19.15%) 7 (14.89%) 1 (2.13%) 43 (91.49%)

ICANS 45 (95.74%) 1 (2.13%) 0 (0%) 0 (0%) 1 (2.13%) 2 (4.2%)
CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome.
TABLE 5 AEs of combination therapy cohorts (n=47).

Hematologic events (Day 7) Grade 0-2 Grade 3-4

Lymphocytopenia (Day 7) 20 (42.6%) 27 (57.4%)

Thrombocytopenia (Day 14) 35 (74.4%) 12 (25.5%)

Leukopenia (Day 14) 27 (57.4%) 20 (42.5%)

Neutropenia (Day 14) 28 (59.6%) 19 (40.4%)

Hemoglobinemia (Day 7) 18 (38.3%) 29 (61.7%)

Non-hematologic events

Gastrointestinal disorders

Gastrointestinal bleeding 5 (10.64%)

Diarrhea 2 (4.26%)

Pseudomembranous enteritis 1 (2.13%)

Left uveitis 1 (2.13%)

Dysregulation of intestinal flora 1 (2.13%)

Infection and infestation

Intestinal infection 19 (40.43%)

Lung infection 14 (29.79%)

Upper respiratory infection 1 (2.13%)

Urinary tract infection 1 (2.13%)

Perianal infection 3 (6.38%)

Oral ulcer 13 (27.66%)

septic shock 1 (2.13%)

Nervous system disorder

Epilepsy 1 (2.13%)
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1532460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1532460
conducted in accordance with the local legislation and institutional

requirements. Written informed consent for participation in this

study was provided by the participants’ legal guardians/next of kin.

Written informed consent was obtained from the minor(s)’ legal

guardian/next of kin for the publication of any potentially

identifiable images or data included in this article.
Author contributions

DL: Formal analysis, Visualization, Writing – original draft,

Writing – review & editing. RL: Data curation, Writing – review &

editing. ZF: Data curation, Writing – review & editing. FY:

Resources, Writing – review & editing. LM: Resources, Writing –

review & editing. YLG: Resources, Writing – review & editing. MC:

Resources, Writing – review & editing. YL: Resources, Writing –

review & editing. YD: Resources, Writing – review & editing. XZ:

Resources, Writing – review & editing. YG: Resources, Writing –

review & editing. BW: Resources, Writing – review & editing. BD:

Methodology, Writing – review & editing. XK: Investigation,

Supervision, Writing – review & editing. KH: Project

administration, Supervision, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Frontiers in Immunology 08
Acknowledgments

We express our gratitude to the radiology department and the

imaging department for their analysis services, as well as to the

immunohistochemistry, cell biology, and FCM Core of Beijing

Gobroad Hospital.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Global Burden of Disease Cancer, C, Fitzmaurice C, Akinyemiju TF, Lami Al FH,
Alam T, Alizadeh-Navaei R, et al. Global, regional, and national cancer incidence,
mortality, years of life lost, years lived with disability, and disability-adjusted life-years
for 29 cancer groups, 1990 to 2016: A systematic analysis for the global burden of
disease study. JAMA Oncol. (2018) 4:1553–68. doi: 10.1001/jamaoncol.2018.2706

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. (2020)
70:7–30. doi: 10.3322/caac.21590

3. Meng X,MinQ,Wang JY. B cell lymphoma.Adv ExpMed Biol. (2020) 1254:161–81.
doi: 10.1007/978-981-15-3532-1_12

4. Cencini E, Fabbri A, Bocchia M. Rituximab plus ABVD in newly diagnosed
nodular lymphocyte-predominant Hodgkin lymphoma. Br J Haematol. (2017)
176:831–3. doi: 10.1111/bjh.2017.176.issue-5

5. Fanale MA, Cheah CY, Rich A, Medeiros LJ, Lai CM, Oki Y, et al. Encouraging
activity for R-CHOP in advanced stage nodular lymphocyte-predominant Hodgkin
lymphoma. Blood. (2017) 130:472–7. doi: 10.1182/blood-2017-02-766121

6. Friedberg JW. Relapsed/refractory diffuse large B-cell lymphoma. Hematol Am Soc
Hematol Educ Program. (2011) 2011:498–505. doi: 10.1182/asheducation-2011.1.498

7. Ying Z, Yang H, Guo Y, Li W, Zou D, Zhou D, et al. Relmacabtagene autoleucel
(relma-cel) CD19 CAR-T therapy for adults with heavily pretreated relapsed/refractory
large B-cell lymphoma in China. Cancer Med. (2021) 10:999–1011. doi: 10.1002/
cam4.v10.3

8. Ying Z, Zou D, Yang H,Wu J, Guo Y, LiW, et al. Preliminary efficacy and safety of
Relmacabtagene autoleucel (Carteyva) in adults with relapsed/refractory follicular
lymphoma in China: A phase I/II clinical trial. Am J Hematol. (2022) 97:E436–8.
doi: 10.1002/ajh.v97.12

9. de Tute RM, Pawlyn C, Cairns DA, Davies FE, Menzies T, Rawstron A, et al.
Minimal residual disease after autologous stem-cell transplant for patients with
myeloma: prognostic significance and the impact of lenalidomide maintenance and
molecular risk. J Clin Oncol. (2022) 40:2889–900. doi: 10.1200/JCO.21.02228

10. Philip T, Armitage JO, Spitzer G, Chauvin F, Jagannath S, Cahn JY, et al. High-
dose therapy and autologous bone marrow transplantation after failure of conventional
chemotherapy in adults with intermediate-grade or high-grade non-Hodgkin’s
lymphoma. N Engl J Med. (1987) 316:1493–8. doi: 10.1056/NEJM198706113162401

11. Vose JM, Zhang MJ, Rowlings PA, Lazarus HM, Bolwell BJ, Freytes CO, et al.
Autologous transplantation for diffuse aggressive non-Hodgkin’s lymphoma in patients
never achieving remission: a report from the Autologous Blood and Marrow
Transplant Registry. J Clin Oncol. (2001) 19:406–13. doi: 10.1200/JCO.2001.19.2.406

12. Robinson SP, Boumendil A, Finel H, Blaise D, Poire X, Nicolas-Virelizier E, et al.
Autologous stem cell transplantation for relapsed/refractory diffuse large B-cell
lymphoma: efficacy in the rituximab era and comparison to first allogeneic
transplants. A report from the EBMT Lymphoma Working Party. Bone Marrow
Transplant. (2016) 51:365–71. doi: 10.1038/bmt.2015.286

13. Bulliard Y, Andersson BS, Baysal MA, Damiano J, Tsimberidou AM.
Reprogramming T cell differentiation and exhaustion in CAR-T cell therapy.
J Hematol Oncol. (2023) 16:108. doi: 10.1186/s13045-023-01504-7

14. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma.N Engl
J Med. (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

15. Locke FL, Neelapu SS, Bartlett NL, Siddiqi T, Chavez JC, Hosing CM, et al. Phase
1 results of ZUMA-1: A multicenter study of KTE-C19 anti-CD19 CAR T cell therapy
in refractory aggressive lymphoma. Mol Ther. (2017) 25:285–95. doi: 10.1016/
j.ymthe.2016.10.020

16. Bao F, Hu K, Wan W, Tian L, Jing HM. Efficacy of anti-CD19 CAR-T cell
therapy in 10 refractory recurrent B cell Malignancies. Zhonghua Xue Ye Xue Za Zhi.
(2018) 39:454–9. doi: 10.3760/cma.j.issn.0253-2727.2018.06.003

17. Yin Z, Lin Y, Liu D, Tong C, Liu S. CAR-T therapy as a consolidation in
remission B-ALL patients with poor prognosis. Cancer Rep (Hoboken). (2022) 5:e1706.
doi: 10.1002/cnr2.v5.10

18. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO, Stetler-
Stevenson M, et al. Chemotherapy-refractory diffuse large B-cell lymphoma and
indolent B-cell Malignancies can be effectively treated with autologous T cells
expressing an anti-CD19 chimeric antigen receptor. J Clin Oncol. (2015) 33:540–9.
doi: 10.1200/JCO.2014.56.2025
frontiersin.org

https://doi.org/10.1001/jamaoncol.2018.2706
https://doi.org/10.3322/caac.21590
https://doi.org/10.1007/978-981-15-3532-1_12
https://doi.org/10.1111/bjh.2017.176.issue-5
https://doi.org/10.1182/blood-2017-02-766121
https://doi.org/10.1182/asheducation-2011.1.498
https://doi.org/10.1002/cam4.v10.3
https://doi.org/10.1002/cam4.v10.3
https://doi.org/10.1002/ajh.v97.12
https://doi.org/10.1200/JCO.21.02228
https://doi.org/10.1056/NEJM198706113162401
https://doi.org/10.1200/JCO.2001.19.2.406
https://doi.org/10.1038/bmt.2015.286
https://doi.org/10.1186/s13045-023-01504-7
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1016/j.ymthe.2016.10.020
https://doi.org/10.1016/j.ymthe.2016.10.020
https://doi.org/10.3760/cma.j.issn.0253-2727.2018.06.003
https://doi.org/10.1002/cnr2.v5.10
https://doi.org/10.1200/JCO.2014.56.2025
https://doi.org/10.3389/fimmu.2025.1532460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1532460
19. Cheson BD, Horning SJ, Coiffier B, Shipp MA, Fisher RI, Connors JM, et al.
Report of an international workshop to standardize response criteria for non-
Hodgkin’s lymphomas. NCI Sponsored International Working Group. J Clin Oncol.
(1999) 17:1244. doi: 10.1200/JCO.1999.17.4.1244

20. Crump M, Neelapu SS, Farooq U, Neste Den Van E, Kuruvilla J, Westin J, et al.
Outcomes in refractory diffuse large B-cell lymphoma: results from the international
SCHOLAR-1 study. Blood. (2017) 130:1800–8. doi: 10.1182/blood-2017-03-769620

21. Telio D, Fernandes K, Ma C, Tsang R, Keating A, Crump M, et al. Salvage
chemotherapy and autologous stem cell transplant in primary refractory diffuse large
B-cell lymphoma: outcomes and prognostic factors. Leuk Lymphoma. (2012) 53:836–
41. doi: 10.3109/10428194.2011.643404

22. Cheson BD, Fisher RI, Barrington SF, Cavalli F, Schwartz LH, Zucca E, et al.
Recommendations for initial evaluation, staging, and response assessment of Hodgkin
and non-Hodgkin lymphoma: the Lugano classification. J Clin Oncol. (2014) 32:3059–
68. doi: 10.1200/JCO.2013.54.8800

23. Porter D, Frey N, Wood PA, Weng Y, Grupp SA. Grading of cytokine release
syndrome associated with the CAR T cell therapy tisagenlecleucel. J Hematol Oncol.
(2018) 11:35. doi: 10.1186/s13045-018-0571-y

24. Siegler EL, Kenderian SS. Neurotoxicity and cytokine release syndrome after
chimeric antigen receptor T cell therapy: insights into mechanisms and novel therapies.
Front Immunol. (2020) 11:1973. doi: 10.3389/fimmu.2020.01973

25. Bellal M, Malherbe J, Damaj G, Cheyron Du D. Toxicities, intensive care
management, and outcome of chimeric antigen receptor T cells in adults: an update.
Crit Care. (2024) 28:69. doi: 10.1186/s13054-024-04851-0

26. Shadman M, Ahn KW, Kaur M, Lekakis L, Beitinjaneh A, Iqbal M, et al.
Autologous transplant vs. CAR-T therapy in patients with DLBCL treated while in
complete remission. Blood Cancer J. (2024) 14:108. doi: 10.1038/s41408-024-01084-w

27. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman
SA, et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic
leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet. (2015)
385:517–28. doi: 10.1016/S0140-6736(14)61403-3

28. Hubel K, Rubia J, Azar N, Corradini P. Current status of haematopoietic
autologous stem cell transplantation in lymphoid Malignancies: a European
perspective. Eur J Haematol. (2015) 94:12–22. doi: 10.1111/ejh.2015.94.issue-1

29. Alnefaie A, Albogami S, Asiri Y, Ahmad T, Alotaibi SS, Al-Sanea MM, et al.
Chimeric antigen receptor T-cells: an overview of concepts, applications, limitations,
and proposed solutions. Front Bioeng Biotechnol. (2022) 10:797440. doi: 10.3389/
fbioe.2022.797440

30. Kankeu Fonkoua LA, Sirpilla O, Sakemura R, E, Siegler L, Kenderian SS. CAR T
cell therapy and the tumor microenvironment: Current challenges and opportunities.
Mol Ther Oncolytics. (2022) 25:69–77. doi: 10.1016/j.omto.2022.03.009
Frontiers in Immunology 09
31. Yuan S, Chen Y, Liu H. Progress and prospect of ASCT combined with CAR-T
therapy in the treatment of multiple myeloma. Ther Adv Hematol. (2024)
15:20406207241237594. doi: 10.1177/20406207241237594

32. Xue F, Zheng P, Liu R, Feng S, Guo Y, Shi H, et al. The autologous hematopoietic
stem cells transplantation combination-based chimeric antigen receptor T-cell therapy
improves outcomes of relapsed/refractory central nervous system B-cell lymphoma. J
Oncol. (2022) 2022:2900310. doi: 10.1155/2022/2900310

33. Santomasso B, Bachier C, Westin J, Rezvani K, Shpall EJ. The other side of CAR
T-cell therapy: cytokine release syndrome, neurologic toxicity, and financial burden.
Am Soc Clin Oncol Educ Book. (2019) 39:433–44. doi: 10.1200/EDBK_238691

34. Oliansky DM, Larson RA, Weisdorf D, Dillon H, Ratko TA, Wall D, et al. The
role of cytotoxic therapy with hematopoietic stem cell transplantation in the treatment
of adult acute lymphoblastic leukemia: update of the 2006 evidence-based review. Biol
Blood Marrow Transplant. (2012) 18:18–36 e6. doi: 10.1016/j.bbmt.2011.07.019

35. Visani G, Malerba L, Stefani PM, Capria S, Galieni P, Gaudio F, et al. BeEAM
(bendamustine, etoposide, cytarabine, melphalan) before autologous stem cell
transplantation is safe and effective for resistant/relapsed lymphoma patients. Blood.
(2011) 118:3419–25. doi: 10.1182/blood-2011-04-351924

36. Gisselbrecht C, Schmitz N, Mounier N, Gill Singh D, Linch DC, Trneny M, et al.
Rituximab maintenance therapy after autologous stem-cell transplantation in patients
with relapsed CD20(+) diffuse large B-cell lymphoma: final analysis of the collaborative
trial in relapsed aggressive lymphoma. J Clin Oncol. (2012) 30:4462–9. doi: 10.1200/
JCO.2012.41.9416

37. Liu W, Liu W, Zou H, Chen L, Huang W, Lv R, et al. Combinational therapy of
CAR T-cell and HDT/ASCT demonstrates impressive clinical efficacy and improved
CAR T-cell behavior in relapsed/refractory large B-cell lymphoma. J Immunother
Cancer. (2024) 12(4):e008857. doi: 10.1136/jitc-2024-008857

38. Li C, Zhang Y, Zhang C, Chen J, Lou X, Chen X, et al. Comparation of CART19
and autologous stem-cell transplantation for refractory/relapsed non-Hodgkin’s
lymphoma. JCI Insight. (2019) 5(17):e130195. doi: 10.1172/jci.insight.130195

39. Wei J, Xiao M, Mao Z, Wang N, Cao Y, Xiao Y, et al. Outcome of aggressive B-
cell lymphoma with TP53 alterations administered with CAR T-cell cocktail alone or in
combination with ASCT. Signal Transduct Target Ther. (2022) 7:101. doi: 10.1038/
s41392-022-00924-0

40. Liu Q, Liu Z, Wan R, Huang W. Clinical strategies for enhancing the efficacy of
CAR T-cell therapy for hematological Malignancies. Cancers (Basel). (2022) 14
(18):4452. doi: 10.3390/cancers14184452

41. Luo X, Chen A, Qin L, Weinkove R, Zhao R, Ye T, et al. Case report: A novel
third-generation anti-CD19/CD22 CAR T-cells combined with auto-HSCT for
relapsed Burkitt lymphoma. Front Immunol. (2024) 15:1497736. doi: 10.3389/
fimmu.2024.1497736
frontiersin.org

https://doi.org/10.1200/JCO.1999.17.4.1244
https://doi.org/10.1182/blood-2017-03-769620
https://doi.org/10.3109/10428194.2011.643404
https://doi.org/10.1200/JCO.2013.54.8800
https://doi.org/10.1186/s13045-018-0571-y
https://doi.org/10.3389/fimmu.2020.01973
https://doi.org/10.1186/s13054-024-04851-0
https://doi.org/10.1038/s41408-024-01084-w
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1111/ejh.2015.94.issue-1
https://doi.org/10.3389/fbioe.2022.797440
https://doi.org/10.3389/fbioe.2022.797440
https://doi.org/10.1016/j.omto.2022.03.009
https://doi.org/10.1177/20406207241237594
https://doi.org/10.1155/2022/2900310
https://doi.org/10.1200/EDBK_238691
https://doi.org/10.1016/j.bbmt.2011.07.019
https://doi.org/10.1182/blood-2011-04-351924
https://doi.org/10.1200/JCO.2012.41.9416
https://doi.org/10.1200/JCO.2012.41.9416
https://doi.org/10.1136/jitc-2024-008857
https://doi.org/10.1172/jci.insight.130195
https://doi.org/10.1038/s41392-022-00924-0
https://doi.org/10.1038/s41392-022-00924-0
https://doi.org/10.3390/cancers14184452
https://doi.org/10.3389/fimmu.2024.1497736
https://doi.org/10.3389/fimmu.2024.1497736
https://doi.org/10.3389/fimmu.2025.1532460
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Combination autologous stem cell transplantation with chimeric antigen receptor T-cell therapy for refractory/relapsed B-cell lymphoma: a single-arm clinical study
	Introduction
	Methods
	Patients
	Inclusion and exclusion criteria
	Study design
	Measurement of clinical endpoints
	Statistical analysis

	Results
	Patient characteristics
	Efficacy of combination therapy
	Adverse effects of combination therapy

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


