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Relapsed/refractory primary central nervous system lymphoma (PCNSL) and secondary

central nervous system lymphoma (SCNSL) are associated with short survival and represent

an unmet need, requiring novel effective strategies. Anti-CD19 chimeric antigen receptor

(CAR) T cells, effective in systemic large B-cell lymphoma (LBCL), have shown responses in

PCNSL and SCNSL in early reports, but with limited sample size. We, therefore, performed a

comprehensive systematic review and meta-analysis of all published data describing CAR

T-cell use in PCNSL and SCNSL. This identified 128 patients with PCNSL (30) and SCNSL (98).

Our primary objectives were to evaluate CAR T-cell specific toxicity (immune effector cell-

associated neurotoxicity syndrome [ICANS] and cytokine release syndrome [CRS]) as well as

response rates in these 2 populations. Seventy percent of patients with PCNSL had CRS of

any grade (13% grade 3-4) and 53% had ICANS of any grade (18% grade 3-4). Comparatively,

72% of the SCNSL cohort experienced CRS of any grade (11% grade 3-4) and 48% had ICANS

of any grade (26% grade 3-4). Of the patients with PCNSL, 56% achieved a complete

remission (CR) with 37% remaining in remission at 6 months. Similarly, 47% of patients

with SCNSL had a CR, with 37% in remission at 6 months. In a large meta-analysis of central

nervous system (CNS) lymphomas, toxicity of anti-CD19–CAR T-cell therapy was similar to

that of registrational studies in systemic LBCL with no increased signal of neurotoxicity

observed. Encouraging efficacy was demonstrated in patients with CNS lymphoma with no

discernible differences between PCNSL and SCNSL.
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Introduction

The treatment landscape of relapsed and refractory (R/R) systemic large B-cell lymphoma (LBCL) has
recently been altered by the development and high efficacy of anti-CD19 chimeric antigen receptor
(CAR) T-cell therapy. Currently, axicabtagene ciloleucel (axi-cel) (ZUMA-1),1 tisagenlecleucel (tisa-cel)
(JULIET)2 and lisocabtagene maraleucel (liso-cel) (TRANSCEND)3 are all U.S. Food and Drug
Administration approved for R/R systemic LBCL. Improving outcomes in LBCL involving the central
nervous system, a subset with a particularly poor outcome,4-6 represents an unmet clinical need. This is
ber 2022; prepublished online on Blood
l version published online 28 December
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view and meta-analysis is available within
ndix.

The full-text version of this article contains a data supplement.
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challenging for many reasons, including the need for systemic
therapies to penetrate the blood-brain barrier,7 which has led to
distinct management paradigms for primary central nervous system
lymphoma (PCNSL) and secondary central nervous system lym-
phoma (SCNSL) with the exclusion of these entities from many
novel agent clinical trials. This was the case with recent registra-
tional CAR T-cell studies. There was particular concern that
patients with CNS involvement may be more susceptible to
immune effector cell-associated neurotoxicity syndrome (ICANS)
owing to unpredictable effects of anti-CD19 CAR T cells in the
CNS. Few studies have elucidated this theoretical concern; 1
identified a brain mural pericyte population that expresses CD19 and
represents a potential off-tumor target for CAR T-cell therapies.8 In
addition, it was unclear if CAR T cells undergo peripheral expansion
without the antigenic stimulation of systemic lymphoma or if they can
sufficiently traffic to the CNS. For these and other reasons, PCNSL
was excluded from the above 3 trials, and only a small proportion of
SCNSL was included in the TRANSCEND study.

Despite the above mentioned historical concerns, CAR T cells have
since been shown to successfully traffic to the CNS. In a case series
of 2 patients with R/R acute lymphoblastic leukemia who were
successfully treated with anti-CD19 CAR-modified cells, the investi-
gators were able to show the presence of CAR T cells in the patients’
cerebrospinal fluid (CSF) samples. Furthermore, these cells persisted
in the CSF at high levels for at least 6 months.9 Similarly, T cells that
are modified to express CAR targeting on a variety of primary brain
tumor antigens have been shown to migrate from the blood to the
tumor sites,10 and the efficiency of this migration is modifiable.11 In
CNS lymphoma, early studies sought to understand the kinetics of
CAR T-cell expansion in vivo using different detection techniques to
quantify the transgenic cells. Data suggest that not only can these
CAR T cells traffic to the CNS but they expand and persist in the
absence of measurable disease at the time of infusion.12-14 Early
clinical proof of concept was highlighted by describing a durable
complete remission (CR) after CAR T-cell infusion for a heavily pre-
treated patient with refractory diffuse large B-cell lymphoma (DLBCL)
with a right temporal lobe lesion,15 and reproduced (CR in 5 of 9
patients with R/R PCNSL) in a small retrospective case series.16

Prospective study of anti-CD19 CAR T cells in PCNSL is ongoing,
with one published study noting manageable rates of serious cyto-
kine release syndrome (CRS; G3 or higher 0%) and ICANS (G3 or
higher 8%), with 50% of patients achieving CR.13

Although prospective trials are now active and accruing to inves-
tigate the use of CAR T-cell therapy in both PCNSL and SCNSL,
there is a paucity of published safety and outcome data, making
any broad-reaching conclusions challenging. Therefore, our
objective was to perform a comprehensive systematic review and
meta-analysis of all published data describing CAR T-cell use in
primary and secondary CNS lymphoma. Our goal was to combine
and analyze a sizable data set to evaluate the safety and efficacy of
CAR T cells in these rare and difficult-to-treat cases.

Methods

We performed a comprehensive search of the literature for the use
of CAR T-cell therapy in adults with PCNSL and SCNSL. The
inclusion criteria for this study were prospective or retrospective
studies that reported the safety and/or efficacy of CAR T-cell
therapy in adult patients (≥18 years of age) with either PCNSL or
10 JANUARY 2023 • VOLUME 7, NUMBER 1
SCNSL. Preclinical/in vitro studies, reviews/editorials, and single-
patient case reports were excluded. Refer to the preferred
reporting items for systematic reviews and meta-analyses
(PRISMA) diagram as well as the supplement/appendix for full
reproducible search strategies. We searched MEDLINE, Embase,
and Cochrane CENTRAL via Ovid and Web of Science on April
22, 2022, spanning the years from 2017 through the date of
search. This study followed the PRISMA reporting guideline and
the PRISMA extension statement.17 Duplicate citations were
removed using EndNote X9 (Clarivate Analytics, Philadelphia, PA)
and uploaded to Rayyan for screening.18

The literature search, abstract/manuscript review for inclusion/
exclusion, and data collection were performed independently by
both the first and the last author of this analysis and then cross
reviewed for accurate data collection. Our primary outcome was
CAR T-cell-specific safety signals, namely CRS and ICANS. Sec-
ondary end points were CR rate, overall response rate (ORR),
duration of response, time to the achievement of CR, and ongoing
responses at the data cutoff date of the corresponding published
studies. Information regarding CRS, ICANS, CR rate, time to CR,
and ongoing responses at the datacut off date were pulled directly
from published literature. We defined the median time of response
by the duration of time between CAR T-cell infusion and the pro-
gression of disease or data cutoff date for patients who experi-
enced a partial or complete response to therapy. We collected the
duration of response if it was reported in each individual trial, or if it
was calculated by both the investigators of the study if the
appropriate data points were available, and the study did not
specifically report this end point. When available, the following
information was collected from each study: study name, first
author, year of publication, study design/phase, patient age, cell-of-
origin, prior lines of therapy, type of CAR T-cell product, and
bridging/conditioning therapies.

Statistical analysis

Selected characteristics of the included studies were summarized
as means, medians, ranges or frequencies, and percentages. Meta-
analysis was conducted separately for the selected outcomes of the
study. Heterogeneity of proportions/risks across studies was tested
using Cochran’s Q statistic. The I2 statistic was also used as an
indicator of the percentage of variation among the studies due to
true heterogeneity rather than chance, with 25% indicating low
heterogeneity, 50% moderate heterogeneity, and 75% high het-
erogeneity.19 Both the fixed effect or random effects approach were
followed using the inverse-variance weighting method depending on
whether the study heterogeneity hypothesis was significant, and a
high value of the I2-statistic was attained. For the random effects
approach, heterogeneity variance was estimated using the DerSi-
monian and Laird approach.20 Studies were synthesized using the
metaprop function in the package META in R for windows.21

Results

Overall, the literature search identified 382 abstracts and publi-
cations (PRISMA flow diagram, Figure 1), which resulted in the
inclusion of 15 studies (8 prospective and 7 retrospective), iden-
tifying 30 patients with PCNSL and 98 patients with SCNSL who
were treated with CAR T-cell therapy.3,13,16,22-33 Patients with
PCNSL were nearly all nongerminal center B-cell type (93.75%)
CAR T IN CNS LYMPHOMA: A META-ANALYSIS 33
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Figure 1. PRISMA flow diagram.17 For more information, visit: https://www.prisma-statement.org/.
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with parenchymal disease (86.2%), were heavily pretreated
(median, 3.75), and required bridging therapy (80%) before CAR
T-cell infusion. Most patients with PCNSL (63.33%) received tisa-
cel. Patients with PCNSL and SCNSL did not differ significantly in
age (median ~56 vs 50 years; Wilcoxon rank-sum test, P = .46).
The SCNSL cohort primarily had DLBCL (where cell-of-origin was
available, 66.7% had nongerminal center B-cell type DLBCL),
equally heavily pretreated (4 prior lines) and ~51% were treated
with axi-cel. In the SCNSL cohort, 58.1% of SCNSL lesions were
parenchymal, 38.7% nonparenchymal (CSF, leptomeningeal,
ocular, cranial/spinal nerve, dural/ventricular disease), and 3.2%
had both. In the SCNSL cohort, 51.8% had the concurrent non-
CNS systemic disease at the time of CAR T-cell infusion. The
majority of both cohorts received fludarabine/cyclophosphamide as
their conditioning regimen. One prospective protocol gave a dual
targeting (CD19, CD22) CAR as consolidation for autologous
stem cell transplant (4 PCNSL, 9 SCNSL).23 Of the total patients,
96.7% of patients with PCNSL and 74.1% of patients with SCNSL
had documented evidence of disease at the time of CAR T-cell
infusion. In the SCNSL cohort, 51.8% were documented to have
systemic and CNS disease before therapy. Full demographic and
pretreatment data are shown in Table 1.

Overall, statistical analysis for the proportion of CRS, grade 3 to
4 CRS, ICANS, grade 3 to 4 ICANS, CR, CR at 3 months, CR at
6 months, PR, ORR, and ongoing responses at the time of data
collection did not identify any significant heterogeneity in the
studies for PCNSL, SCNSL or the entire study sample
34 COOK et al
(supplementary appendix). Therefore, for these outcomes, the
fixed effect model was used to estimate the overall proportion of
these primary and secondary outcomes. The only outcome that
showed significant heterogeneity across publications was CR at
28 days, thus the random effects model was employed for this
analysis.

Median follow-up was 12.2 months (8.5-14.2) for the PCNSL
publications and 10.1 months (5.1-18.8) for the SCNSL studies.
Primary outcome data (Table 2; Figure 2-4) suggested that 70% of
patients with PCNSL had CRS of any grade, with 13% of patients
developing grade 3 to 4 CRS. Comparatively, 72% of the SCNSL
cohort experienced CRS of any grade, and 11% developed grade
3 to 4 CRS. ICANS of any grade occurred in 53% of patients with
PCNSL and 48% of patients with SCNSL, respectively. Grade 3 to
4 ICANS occurred in 18% and 26% of patients with PCNSL and
SCNSL, respectively.

Evaluation of secondary efficacy end points revealed that 64% of
patients with PCNSL achieved a response to therapy (ORR), with
56% of this cohort achieving a CR (Table 2; Figure 2 and 5). Thirty-
one percent of patients were noted to be in a CR by day 28 after
CAR T-cell infusion, with the CR rate increasing to 40% and 37%
on day 90 and 180, respectively. In the PCNSL group, 37% were
found to have an ongoing response at the time of the data cutoff
date, and the median duration of response was 8.97 months.
Similarly, 57% of the SCNSL cohort had an objective response to
therapy, with 47% achieving a CR (Table 2; Figure 2 and 5). In the
SCNSL cohort, 32% of patients were noted to be in CR by day 28
10 JANUARY 2023 • VOLUME 7, NUMBER 1
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Table 1. Primary and secondary CNS lymphoma demographics and pretreatment data

PCNSL SCNSL

Patients (n) 30 Patients (n) 98

Median age, y (range) 56 (44.5-67) Median age, y (range) 50 (38-58)

Cell-of-origin, n (% of documented cases) Histology

non-GCB 15 (93.75) DLBCL (GCB, non-GCB, NOS, HGBCL) 91

GCB n (%) 1 (6.25) Transformed follicular lymphoma 3

NR 14 Primary mediastinal B-cell lymphoma 2

Intravascular large B-cell lymphoma 1

Post-transplant lymphoproliferative disorder 1

Prior lines of therapy, median (range) 3.75 (3-5) Prior lines of therapy, median (range) 4 (3-7)

CAR Product, costimulatory domain n (%) CAR Product, costimulatory domain n, (%)

axi-cel, CD28 2 (6.67) axi-cel, CD28 50 (51.02)

tisa-cel, 4-1BB 19 (63.33) tisa-cel, 4-1BB 12 (12.24)

Trial anti-CD19, CD28 5 (16.67) liso-cel, 4-1BB 7 (7.14)

Trial anti-CD19 + anti-CD22 4 (13.33) Other 29 (29.59)

Bridging therapy Bridging therapy, n (%)

Yes 24 Yes 30 (30.61)

No 2 No 7 (7.14)

Allowed, but NR 4 Allowed, but NR 15 (15.30)

NR 46 (46.94)

Conditioning therapy, n (%) Conditioning therapy, n (%)

FC 26 (86.67) FC 66 (63.35)

Other 4 (13.33) Other 10 (10.20)

NR 22 (22.45)

non-GCB, non-germinal center B-cell origin; GCB, germinal center B-cell origin; NOS, not otherwise specified; HGBCL, high grade B-cell lymphoma; axi-cel, axicabtagene ciloleucel; tisa-cel,
tisagenlecleucel; liso-cel, lisocabtagene ciloleucel; NR, not recorded; FC, fludarabine-cyclophosphamide.

Table 2. Primary and secondary outcome data

PCNSL SCNSL

Patients (n) 30 98

CRS; % (95% CI)

All grade 70 (51.0, 84.0) 72 (58.0, 83.0)

Grade 3 + 4 13 (5.0, 32.0) 11 (6.0, 19.0)

Immune effector cell-associated neurotoxicity syndrome

(ICANS); % (95% CI)

All grade 53 (34.0, 71.0) 48 (35.0, 60.0)

Grade 3 + 4 18 (8.0, 37.0) 26 (18.0, 37.0)

Median follow-up (months) 12.2 10.1

Efficacy, % (95% CI)

CR 56 (38.0, 73.0) 47 (36.0, 59.0)

CR at 28 d 31 (16.0, 52.0) 32 (18.0, 51.0)

CR at 90 d 40 (22.0, 61.0) 37 (27.0, 50.0)

CR at 180 d 37 (22.0, 55.0) 37 (26.0, 50.0)

Partial remission 12 (4.0, 30.0) 24 (14.0, 39.0)

ORR, % (95% CI) 64 (46.0, 79.0) 57 (46.0, 67.0)

Ongoing responses at data cutoff, % (95% CI) 37 (20.0, 57.0) 46 (32.0, 60.0)

Median duration of response (mo) 8.97 (5.82-9.34) 4.63 (2.86-16.03)
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after CAR T infusion, with the CR rate increasing to 37% on both
day 90 and day 180 (Figure 6). Ongoing responses at the data
cutoff date were estimated to be present in 46% of patients, and
the median duration of response was 4.63 months in the SCNSL
group.

Combining PCNSL and SCNSL cohorts, 95 patients’ CAR T-cell
costimulatory domain was explicitly reported, and 57 were treated
with a CD28 costimulatory domain, compared with 38 patients with
a 4-1BB costimulatory domain. A fraction of these patients’ key
primary and secondary outcomes could be correlated with the
costimulatory domain. Subgroup safety analysis found the CD28
cohort had a 77.8% incidence of all grade CRS, with 10.4% being
grade 3 to 4. ICANS of any grade was seen in 68.9% of this group,
with 30% being grade 3 or higher. The 4-1BB subpopulation had a
59.3% rate of any grade CRS, all reported to be grade 1 to 2. Any
grade ICANS was reported in 44.4% with 11.1% being grade 3 or
higher. Subgroup efficacy analysis reported the CD28 cohort to
have an ORR of 54.0%, with 51.5% achieving CR and 38.7%
remaining in CR at 6 months. The 4-1BB group had an ORR of
51.9%, a CR rate of 44.4%, with 25% achieving CR at 6 months.

Discussion

To our knowledge, this is the largest systematic review and meta-
analysis that combines and analyzes the data published to date
on the utility of CAR T-cell therapy in PCNSL and SCNSL. Overall,
our data set shows a safety and efficacy profile in accordance with
the published literature leading to the regulatory approval of CAR
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T-cell products in R/R LBCL. Our analysis shows that the majority
of patients with PCNSL and SCNSL develop CRS, but only 13%
and 11% of those respective cohorts report a G3-4 CRS. Similarly,
ICANS occurred in roughly half of each cohort, with 18% and 26%
documented G3-4 neurotoxicity. These safety data are comparable
to what is reported by ZUMA-11 (G3/4 CRS: 13%, G3/4 ICANS:
28%), JULIET2 (G3/4 CRS 22%, G3/4 ICANS 12%), and
TRANSCEND3 (G3/4 CRS 2%, G3/4 ICANS 10%). The slightly
higher incidence rate of G3-4 ICANS in the SCNSL cohort may be
explained by more patients in this cohort receiving axi-cel, which
has been associated with a higher incidence rate and severity of
neurotoxicity compared with other products owing to a difference
in costimulatory domains, among other factors.34 On the contrary,
the PCNSL cohort was mainly treated with tisa-cel. In addition, a
lack of the systemic burden of disease in PCNSL can result in less
systemic inflammation and lower levels of circulating cytokines.
This phenomenon could have also contributed to the difference in
ICANS rates. However, one would expect a lower incidence rate of
CRS in PCNSL as well, which was not found in our study. Overall,
our data show no major differences in toxicity incidence or severity
when CNS lymphoma is treated with CAR T-cell products
compared with systemic lymphoma without CNS involvement.

The efficacy analysis of our study is equally encouraging. A sig-
nificant portion of patients responded to CAR T-cell therapy, with
56% of patients with PCNSL and 47% of patients with SCNSL
achieving CR as their best response. Importantly, ~37% of both
groups had an ongoing CR at 6 months after CAR T-cell therapy. In
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the long-term follow-up analyses of pivotal CAR T-cell trials in
LBCL, the majority of patients with a CR at 3 months, 6 months, or
both developed durable event-free survival.35,36 This suggests that
CR at 3 or 6 months could be a surrogate for the durable response.
Given the comparable ORR/CR rates as well as the 3-month and
6-month CR rates between our data and the pivotal CAR T-cell
trials in LBCL, it is reasonable to hypothesize that approximately
one-third of patients with CNS lymphoma could have durable
responses when treated with CAR T-cell therapy. We acknowl-
edge the limitations of this hypothesis, especially given the heter-
ogenous treatments (several CAR T-cell products, varying bridging
therapies, use of concurrent autologous stem cell transplant) that
were included in this analysis. Consequently, this hypothesis will
need to be confirmed with appropriately designed prospective
studies of patients with PCNSL and SCNSL.

Analyzing the costimulatory domain subgroup suggests that
patients with CNS lymphoma treated with CD28 products had
higher rates of ICANS and CRS than those treated with 4-1BB
CAR T cells. In addition, the CD28 cohort had numerically better
outcomes for CR rates. We feel that these data reflect the afore-
mentioned registrational studies 1-3; axi-cel has been documented
to show higher response rates, as well as higher rates of ICANS
when compared with other CAR products. Although our data do
not reflect the rate of grade 3 to 4 CRS within the JULIET study,
one could hypothesize that this was related to tisa-cel use in
patients with PCNSL, in which the absence of systemic disease
may lead to less cytokine release. In addition, the 4-1BB cohort
included patients treated with liso-cel, which has been shown to
have very low rates of severe CAR T–specific toxicity.

Bridging therapy is vital when considering the global care of these
patients. Although the SCNSL data regarding bridging therapy
were sparse, almost all patients with PCNSL were documented to
have received bridging therapy before CAR T-cell therapy. Bridging
Heterogeneity; I2 = 0%, τ2 = 0,
P = 0.86
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therapy varied greatly, from standard blood-brain barrier traversing
chemotherapy to targeted therapies (immunomodulators, Bruton’s
tyrosine kinase inhibitors), whole brain radiation, and finally, corti-
costeroids. We did not have a large enough sample size to eval-
uate each bridging therapy’s impact on safety and efficacy, but it is
noteworthy to mention that in studies that employed whole brain
radiation, we did not find a noticeable difference in safety or effi-
cacy. In real-world practice, there is a long time between the initial
evaluation of the patient to the infusion of the CAR product. Most
patients with CNS lymphoma will likely require a bridging therapy
while the CAR T cells are being manufactured. Finally, the com-
bination of fludarabine and cyclophosphamide was by far the most
common conditioning therapy used and alternative conditioning
regimens are not seemingly required to ensure the efficacy of CAR
T cells in this disease group.

This study is not without its limitations. First, meta-analysis is prone to
the heterogeneity of the data that are included within the analysis.
Given the limited literature on this topic, both retrospective and pro-
spective data were included. This will potentially introduce significant
heterogeneity regarding patient inclusion, demographics, treatment
strategies, and outcomes. Nevertheless, with the use of Cochran’s Q
and I2 statistical methods, we were able to show the absence of a
significant amount of heterogeneity within the data retrieved. In
addition, retrospective studies are prone to publication bias, in which it
is less likely for a negative CAR T-cell study in CNS lymphoma to be
published. The data used for this analysis are also summarized pub-
lished data, which are less reliable than analyzing individual patient
data from each of these publications. Different bridging therapies
were utilized before CAR T-cell infusion by different groups and
the effect of that on the outcomes of the patients is uncertain.
Notably, one prospective study described the use of high-dose
chemotherapy and stem cell rescue before CAR T-cell infusion
(Wu et al23; Figure 3-5). Although this approach did not appear to
eterogeneity; I2 = 0%, τ2 = 0,
 = 0.53
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improve the outcome of these patients, no conclusions can be drawn
given the small sample size. Finally, important variables such as
classification of CNS disease, CAR T-cell construct/costimulatory
domain, and CNS/systemic burden of disease were not homoge-
nously reported, hindering our ability to make conclusions regarding
their impact on overall outcomes. Future prospective work with a
focus on these elements will be vital to understanding the intricacies
of CAR T-cell therapy in CNS lymphoma.

In conclusion, to our knowledge, our study is the largest pooled
analysis reported to date of anti-CD19 CAR T cells in PCNSL and
SCNSL. The findings demonstrate encouraging response rates with
manageable ICANS and CRS that are consistent with results in
systemic LBCL,1-3 supporting the conclusion that CAR T-cell therapy
is safe and effective in patients with PCNSL and SCNSL. Though we
did not identify differences in neurotoxicity rates for primary vs sec-
ondary CNS cases, distinct pathophysiologic mechanisms of ICANS
are likely differentially important in PCNSL vs SCNSL. Future studies
should focus on better elucidating these mechanisms and developing
prognostic models to identify subsets of patients who will preferen-
tially benefit from prophylactic strategies to prevent ICANS. Our
report and other recent studies support the expeditious upfront
investigation of anti-CD19 CAR T-cell based approaches in PCNSL
and SCNSL, where survival outcomes remain significantly inferior to
systemic LBCL.
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