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Key Points

• Bendamustine
lymphodepletion
before axicabtagene
ciloleucel is effective
and associated with
reduced toxicity than
Flu/Cy.

• Bendamustine
lymphodepletion
induces a lower
increase of
inflammatory cytokines
associated with the
pathogenesis of CRS
and neurotoxicity.
ain.pdf by guest on 
Lymphodepletion (LD) is an integral component of chimeric antigen receptor T-cell (CART)

immunotherapies. In this study, we compared the safety and efficacy of bendamustine

(Benda) to standard fludarabine/cyclophosphamide (Flu/Cy) LD before CD19-directed, CD28-

costimulated CART axicabtagene ciloleucel (axi-cel) for patients with large B-cell lymphoma

(LBCL) and follicular lymphoma (FL). We analyzed 59 patients diagnosed with LBCL (n = 48)

and FL (n = 11) consecutively treated with axi-cel at the University of Pennsylvania. We also

analyzed serum samples for cytokine levels and metabolomic changes before and after LD.

Flu/Cy and Benda demonstrated similar efficacy, with complete remission rates of 51.4%

and 50.0% (P = .981), respectively, and similar progression-free and overall survivals. Any-

grade cytokine-release syndrome occurred in 91.9% of patients receiving Flu/Cy vs 72.7% of

patients receiving Benda (P = .048); any-grade neurotoxicity after Flu/Cy occurred in 45.9%

of patients and after Benda in 18.2% of patients (P = .031). In addition, Flu/Cy was associated

with a higher incidence of grade ≥3 neutropenia (100% vs 54.5%; P < .001), infections (78.4%

vs 27.3%; P < .001), and neutropenic fever (78.4% vs 13.6%; P < .001). These results were

confirmed both in patients with LBCL and those with FL. Mechanistically, patients with Flu/

Cy had a greater increase in inflammatory cytokines associated with neurotoxicity and

reduced levels of metabolites critical for redox balance and biosynthesis. This study

suggests that Benda LD may be a safe alternative to Flu/Cy for CD28-based CART CD19-

directed immunotherapy with similar efficacy and reduced toxicities. Benda is associated

with reduced levels of inflammatory cytokines and increased anabolic metabolites.
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Introduction

Anti-CD19 chimeric antigen receptor T-cell (CART19) therapies
are standard treatments for patients with relapsed and refractory
B-cell non-Hodgkin lymphomas (NHLs).1-8 The efficacy of CART
therapy relies on both CART proliferation and CART-mediated
tumor-directed cytotoxicity.9 Lymphodepletion (LD) is a key
component of CART immunotherapy, ensuring the appropriate
space and cytokine milieu for CART engraftment and effector
functions.10,11 The 4 CART19 products currently approved for the
treatment of NHL recommend as standard LD the combination of
fludarabine and cyclophosphamide (Flu/Cy).2,4-8 However, the
doses of both Flu and Cy differ for different CART19 products.2,4-8

Moreover, the 4-1BB costimulated CART19 tisagenlecleucel (tisa-
cel) also allows the use of bendamustine (Benda) LD based on the
results of the pilot and pivotal trials.2,3,8 There is, therefore, a clear
need to define optimal LD regimens to improve the clinical results
of CART immunotherapy.

We previously demonstrated that Benda LD is as effective as Flu/
Cy before tisa-cel in patients with large B-cell lymphomas (LBCL)
but is characterized by reduced cytokine-release syndrome (CRS),
immune effector cell–associated neurotoxicity syndrome (ICANS),
hematological toxicities, and infections.12 However, data regarding
the efficacy and safety of Benda as LD for CD28-costimulated
CART19, such as axicabtagene ciloleucel (axi-cel), are lacking. It
is particularly critical to study the role of Benda LD in CD28-
stimulated CART19, given the fact that Benda, differently than in
tisa-cel, is not listed on the US Food and Drug Administration label
for axi-cel. Moreover, CD28-based CART19 therapy has shown
overall enhanced toxicity as compared with 4-1BB–based CART19;
therefore, strategies to reduce toxicity are highly needed. Further-
more, in the setting of a global shortage of Flu, alternative LD
strategies for patients receiving adoptive cell therapies are
warranted.13

Lastly, the mechanisms underlying the differential toxicities
reported for patients treated with Benda vs those treated with Flu/
Cy are still unclear. Previous studies demonstrated that cytokines
and serum metabolites are associated with systemic inflamma-
tion14,15 and that chemotherapy can directly modify their circulating
levels.16,17 However, the direct contribution of LD in generating a
cytokine and metabolic environment promoting the onset of CART-
related toxicities has, to our knowledge, not been investigated to
date.

In this study, we retrospectively evaluated a large cohort of patients
with LBCL and follicular lymphoma (FL) treated at the University of
Pennsylvania with commercial CD28-costimulated axi-cel and
evaluated for clinical efficacy, outcomes, and toxicities by the LD
regimen administered. Moreover, we studied changes in serum
cytokines and metabolites induced by different LD regimens.

Patients and methods

Patient characteristics, treatment response and

safety

We retrospectively evaluated the clinical outcomes of 59 patients
with relapsed or refractory NHL treated consecutively with com-
mercial axi-cel at the University of Pennsylvania between January
654 GHILARDI et al
2018 and March 2023. No patients treated with axi-cel were
excluded from this analysis. The data collection cut-off date was 30
September 2023. This retrospective study was approved by the
internal review board. LD regimens were either Flu/Cy (Flu, 30 mg/
m2 and Cy, 500 mg/m2, administered daily over 3 days) or Benda
(90 mg/m2, administered daily over 2 days). The choice of LD
regimen was based on the treating physician’s preference. Only
patients who were evaluable for response after axi-cel or with
disease progression before restaging were included in the ana-
lyses. The first response assessment was generally performed
within 3 months after axi-cel infusion. Patients were evaluated for
response according to Lugano 2014 criteria18 and for survival.
CART-specific toxicities, ie, CRS and ICANS, were graded
according to American Society for Transplantation and Cellular
Therapy criteria19 whenever possible; otherwise, for patients
treated before the development of these criteria, neurologic events
were captured using the Common Terminology Criteria for Adverse
Events, version 4.0 and the CART Therapy–Associated Toxicity
grading system (n = 17).19,20 Given their high concordance in
defining ICANS events, especially when dichotomizing between
ICANS of any grade vs no ICANS, and ICANS of grade ≥3 vs no
ICANS of grade ≥3,21 we combined the 2 grading systems.
Hematological toxicities, any grade infections, and neutropenic
fever events were graded according to Common Terminology
Criteria for Adverse Events, version 5.0. Patient demographics and
outcomes, and all the available measurements of absolute lym-
phocytes, neutrophils, platelets, hemoglobin, immunoglobulin G
(IgG), C reactive protein (CRP), and ferritin were obtained from the
electronic medical records.

The study was conducted in accordance with the Declaration of
Helsinki. Patients provided informed consent to collect and analyze
biospecimens. Retrospective clinical data evaluation and laboratory
studies were approved by the internal review board.

Detailed methods for axi-cel level analysis, T-cell memory pheno-
type analysis, cytokine assay, and liquid chromatography–mass
spectrometry are described in supplemental Materials.

Results

Clinical efficacy of axi-cel after LD with either Benda

or Flu/Cy

We studied 59 patients with relapsed or refractory LBCL (n = 48)
or FL (n = 11) consecutively treated with commercial axi-cel at the
University of Pennsylvania between January 2018 and March 2023.
Patient characteristics are shown in Table 1. The choice of Benda
was driven by both the Flu shortage13 and our extensive experience
with this regimen in the setting of tisa-cel.3,12 In total, 37 patients
(62.7%) received Flu/Cy as LD regimen (LBCL = 33; FL = 4),
whereas 22 patients (37.3%) received Benda (LBCL = 15; FL =
7). Notably, both LD groups were balanced for sex, age, Eastern
Cooperative Oncology Group (ECOG) performance status, num-
ber of previous lines of therapy, bridging therapy requirement, bulky
disease at the last imaging, platelet levels at axi-cel infusion, and
lactate dehydrogenase levels at the time of LD start. Of note, we
observed a slight increase in Benda use for LD for patients with FL
(n = 7; 31.8%) compared with Flu/Cy (n = 4; 11.8%), reflecting the
later approval of axi-cel for FL in the context of a Flu shortage that
resulted in increased Benda usage. More patients receiving Flu/Cy
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3



Table 1. Characteristics of patients treated with CD28-costimulated

CART19

Characteristic

Total

59 (100%)

Flu/Cy

37 (62.7%)

Benda

22 (37.3%) P value

Age at infusion, y

≤65 49 (83.1%) 30 (81.1%) 19 (86.4%) .601

>65 10 (16.9%) 7 (18.9%) 3 (13.6%)

Diagnosis

LBCL 48 (81.4%) 33 (89.2%) 15 (68.2%) .045

FL 11 (18.6%) 4 (11.8%) 7 (31.8%)

Sex

Female 17 (28.8%) 10 (27.0%) 7 (31.8%) .694

Male 42 (71.2%) 27 (73.0%) 15 (68.2%)

Previous therapies, n

Median (IQR) 2 (2-4) 2 (2-3) 2 (1-4) .585

Previous ASCT

No 48 (81.4%) 26 (70.3%) 22 (100%) .005

Yes 11 (18.6%) 11 (29.7%) 0 (0%)

Bridging therapy

No 12 (20.3%) 10 (27.0%) 2 (9.1%) .098

Yes 47 (79.7%) 27 (73.0%) 20 (90.9%)

Bulky disease (n = 54)

No 45 (83.3%) 30 (88.2%) 15 (75%) .208

Yes 9 (16.7%) 4 (11.8%) 5 (25%)

ECOG grade (n = 55)

≤1 54 (98.2%) 35 (100%) 19 (95.0%) .182

>1 1 (1.8%) 0 (0%) 1 (5.0%)

LDH levels before LD (n = 57)

Normal 30 (52.6%) 16 (45.7%) 14 (63.6%) .187

Elevated 27 (47.4%) 19 (54.3%) 8 (36.4%)

Platelet count

≥50 × 109/L 57 (96.6%) 35 (96.6%) 22 (100%) .267

<50 × 109/L 2 (3.4%) 2 (5.4%) 0 (0.0%)

ASCT, autologous stem cell transplantation; ECOG PS, Eastern Cooperative Oncology
Group performance status; LDH, lactate dehydrogenase.
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LD had previously received an autologous stem cell transplantation
than those who received Benda; this feature likely reflects the
recent changes in the treatment paradigm for these patients.

In the combined LBCL and FL cohorts, the LD regimen adminis-
tered was not associated with different response rates to axi-cel at
3 months, with 51.4% complete remission (CR), 16.2% partial
response (PR), and 32.4% no response (NR) in the Flu/Cy group;
and 50.0% CR, 18.2% PR, and 31.8% NR in the Benda group
(P = .981; Figure 1A). The median follow-up for all patients was
13.9 months, 19.2 months for Flu/Cy, and 9.2 months for Benda.
This difference in follow-up time is because of the most recent
adoption of the use of Benda as LD. Progression-free survival
(PFS) was similar regardless of the LD regimen. The median PFS
was 12.0 months (95% confidence interval, 8.2-15.8) for patients
treated with Flu/Cy and 7.2 months (95% confidence interval, 1.9-
12.6) for those treated with Benda (P = .674; Figure 1B). The
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
overall survival (OS) was 32.4 months for patients treated with Flu/
Cy vs not reached for those treated with Benda (P = .430;
Figure 1C). To ensure that the efficacy results were not driven by
the enrichment of patients with FL in the Benda LD group, we
evaluated response according to specific disease diagnosis. In the
LBCL group (n = 48) we did not observe differences in terms of
response rate (Flu/Cy: CR: 48.5%, PR: 15.2%, NR: 36.4% vs
Benda: CR:40.0%, PR: 20.0%, NR: 40.0%; P = .842; Figure 1D),
PFS (Flu/Cy 11.8 months vs Benda 4.8 months; P = .571;
Figure 1E), and OS (Flu/Cy, 32.4 months vs Benda, 9.0 months;
P = .659; Figure 1F). Although limited by small numbers (n = 11),
no differences in response rate, PFS, and OS were observed
within the FL group (Figure 1G-I).

Incidence of the CRS and ICANS by LD regimen

We then evaluated the safety profile of axi-cel according to LD
regimen (Figure 2). Both CRS and ICANS of any grade were more
frequent in patients receiving Flu/Cy LD (CRS: Flu/Cy 34/37
[91.9%] vs Benda 16/22 [72.7%], P = .048; ICANS: Flu/Cy 17/37
[45.9%] vs Benda 4/22 [18.2%], P = .031) with no difference in
episodes of severe CRS or ICANS (Figure 2A) between LD
groups. We observed similar higher CRS and ICANS rates both in
patients with LBCL and FL receiving Flu/Cy LD than in those
receiving Benda. In particular, in the LBCL group, 31 of 33 (93.9%)
patients treated with Flu/Cy and 12 of 15 (80.0%) patients treated
with Benda developed CRS of any grade (P = .143), whereas 16
of 33 (48.5%) patients treated with Flu/Cy and 3 of 15 (20.0%)
patients treated with Benda developed ICANS of any grade (P =
.061; Figure 2B). Despite the small numbers of patients with FL in
the LD groups, we also observed reduced rates of CRS (75.0% vs
57.1%; P = .554) and ICANS (25.0% vs 14.3%; P = .658) in
patients treated with Flu/Cy and those treated with Benda,
respectively (Figure 2C). Notably, no patients were known for
myelodysplastic syndrome or clonal hemopoiesis, which could
potentially affect the incidence and severity of CART-related
toxicities.22,23

Short-term hematological toxicities and

risk of infection

We then analyzed the impact of LD on post-CART cytopenias.
Before LD, blood counts were similar between the 2 groups
(supplemental Table 1). As expected, both regimens induced
profound lymphopenia by the time of CART19 infusion
(supplemental Figure 1A). However, despite similar pre-LD abso-
lute lymphocyte counts (ALC; median: Flu/Cy, 0.50 × 109/L [IQR,
0.30-0.80]; Benda, 0.67 × 109/L [IQR, 0.23-1.10]; P = .969), Flu/
Cy was associated with a deeper reduction in lymphocyte counts
than Benda LD (median ALC at axi-cel infusion: Flu/Cy, 0.00 ×
109/L [IQR, 0.00-0.02]; Benda, 0.20 × 109/L [IQR, 0.10-0.31]; P =
.022). Looking at the ALC over the 4 weeks after axi-cel infusion,
we observed that after an initial more pronounced decrease in
patients treated with Flu/Cy, lymphocyte counts recovered to pre-
LD levels in both LD groups. At 4 weeks there was no difference in
ALC between Flu/Cy and Benda LD groups, but the values were
still below normal range (supplemental Figure 1B). The nadir
absolute neutrophil count within the 4 weeks after CART19 infu-
sion was significantly lower in patients exposed to Flu/Cy than in
patients receiving Benda (0.02 × 109/L [IQR, 0.00-0.20] vs 0.90 ×
BENDAMUSTINE IS A SAFE LYMPHODEPLETION STRATEGY 655
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Figure 1. Clinical outcomes after CD28-costimulated CART19 according to the LD regimen administered. (A) Three-month response according to LD regimen

administered after axi-cel infusion in the entire cohort. (B) PFS according to LD regimen in the entire cohort. (C) OS according to LD administered in the entire cohort. (D) Three-

month response according to LD regimen administered after axi-cel infusion in the LBCL cohort. (E) PFS according to LD regimen in the LBCL cohort. (F) OS according to LD
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Figure 2. Toxicities after CD28–costimulated CART19 infusion according to LD regimen administered. (A) Incidence of CRS (grade [G] 1-2: light purple; G ≥ 3:

purple), ICANS (G1-2: light purple; G ≥ 3: purple), infections, and neutropenic fever events according to LD within 30 days after axi-cel infusion in the entire cohort; (B) incidence

of CRS (G1-2: light purple; G ≥ 3: purple), ICANS (G1-2: light purple; G ≥ 3: purple), infections, and neutropenic fever events according to LD within 30 days after axi-cel infusion

in the LBCL cohort; (C) incidence of CRS (G1-2: light purple; G ≥ 3: purple), ICANS (G1-2: light purple; G ≥ 3: purple), infections, and neutropenic fever events according to LD
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109/L [IQR, 0.66-1.89]; P < .001; Figure 3A; supplemental
Table 1). Remarkably, all patients receiving Flu/Cy (37/37,
100%) developed grade ≥3 neutropenia within 30 days after axi-
cel infusion as opposed to only 12 of 22 (54.5%) of patients
Figure 1 (continued) administered in the LBCL cohort. (G) Three-month response acco

according to LD regimen in the FL cohort. (I) OS according to LD administered in the FL coh

patients treated with Benda. CI, confidence interval; CR, complete response; NR, no resp
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treated with Benda (P < .001; Figure 3B). Moreover, 34 of 37
(91.9%) patients treated with Flu/Cy developed grade 4 neu-
tropenia vs only 5/22 (22.7%) of Benda-treated patients (P<.001;
Figure 3B). Hemoglobin levels were also reduced to a greater
rding to LD regimen administered after axi-cel infusion in the FL cohort. (H) PFS

ort. Red lines represent patients treated with Flu/Cy, whereas the blue lines represent

onse; PR, partial response; PFS, progression-free survival; OS, overall survival.
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Figure 3. Hematological toxicities after CD28-costimulated CART19 infusion according to LD regimen administered. (A) Hematological toxicities within 30 days after

axi-cel infusion. Dot plots show differences between the 2 LD regimens for lowest neutrophil count, platelet count, and hemoglobin levels within 30 days after axi-cel infusion.

Shadows of purple background highlight the range of specific abnormal levels. (B) Incidence of severe neutropenia (G3: light purple; G4: purple) events according to LD within

30 days after axi-cel infusion; (C) incidence of severe thrombocytopenia (G3: light purple; G4: purple) events according to LD within 30 days after axi-cel infusion; (D) blood

counts over time according to LD regimen. Red lines represent patients treated with Flu/Cy, whereas blue lines represent patients treated with Benda. (E) Long-term

hematological toxicities at 6 months after axi-cel infusion in patients with ongoing remission. Dot plots show differences between the 2 LD regimens for lymphocyte count,

neutrophil count, platelet count, and hemoglobin levels. Each dot represents a single patient. Shadows of purple background highlight the range of specific abnormal levels.

*P < .050; **P < .005; and **P < .001; ns, not statistically significant.
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extent in patients treated with Flu/Cy compared with Benda (7.6
g/dL [IQR, 7.2-8.8] vs 9.8 g/dL [IQR, 7.9-10.9]; P = .004), while
platelet count nadir values were similar between the 2 groups (Flu/
Cy 61×109/L [IQR 23-100] vs Benda 89×109/L [IQR 57-143];
658 GHILARDI et al
P = .097; Figure 3A). Nevertheless, we observed a higher inci-
dence of severe thrombocytopenia (Flu/Cy: 13/37, 35.1%; Benda:
5/22, 22.7%; P = .317) and grade 4 thrombocytopenia (Flu/Cy:
10/37, 27.0%; Benda: 2/22, 9.1%; P = .098) in patients receiving
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
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Flu/Cy (Figure 3C). Patients treated with Flu/Cy had more pro-
nounced decreases in neutrophil counts and hemoglobin levels
compared to Benda-treated patients but recovered to similar levels
over the following weeks (Figure 3D, supplemental Table 1).

As a consequence of the cytopenias, patients receiving Flu/Cy LD
had significantly higher chances of developing infections [29/37
(78.4%) vs 6/22 (27.3%); P < .001] and neutropenic fever [29/37
(78.4%) vs 3/22 (13.6%); P < .001] in the 30 days following axi-cel
infusion (Figure 2A). Higher incidence of infections and neu-
tropenic fever were consistently more frequent in patients receiving
Flu/Cy despite the specific NHL histology (Figure 2B-C).

Toxicity management and hospitalization

We then sought to investigate whether the LD regimen could affect
the management of toxicities and the duration of hospitalization.
Despite all patients received axi-cel infusion as inpatients, patients
treated with Flu/Cy had a longer hospitalization compared to
Benda-treated ones (Flu/Cy 20 [IQR, 16-23] vs Benda 14 [IQR,
12-18] days; P = .039; supplemental Figure 2A).

Seventeen out of 37 Flu/Cy-patients (45.9%) received specific
treatment for CRS and ICANS, compared to 11/22 Benda-treated
patients (50.0%; P = .763). Treatment for CRS was heteroge-
neous in the 2 groups and included steroids, tocilizumab, anakinra,
and others (supplemental Figure 2B). Patients did not receive CRS
or ICANS prophylaxis or early intervention in this cohort.

More patients in the Flu/Cy group required red blood cell trans-
fusion in the 30 days after axi-cel infusion as compared to patients
receiving Benda LD (Flu/Cy 16/37, 43.2% vs 3/22, 13.6%,
P = .019; supplemental Figure 2C). This is in line we the fact that
patients treated with Flu/Cy had reduced nadir levels of hemo-
globin as shown in Figure 3A. Furthermore, even if not statistically
significant, 10/37 (27%) of patients treated with Flu/Cy required
platelets transfusion during the 30 days after axi-cel infusion vs only
2/22 (9.1%) in the Benda group (P = .089; supplemental
Figure 2D).

Finally, the use of G-CSF was similar in the 2 groups (Flu/Cy: 6/37,
16.2% vs Benda: 3/22, 13.6%, P = .790; supplemental Figure 2E).

Long-term hematological toxicities

Finally, to study the long-term hematological profile of Benda LD,
we evaluated blood samples at 6 months after axi-cel infusion in 32
patients with ongoing remissions (Flu/Cy: 21, Benda: 11). We
observed that neutrophil counts recovered to normal values
(Flu/Cy: 3.20 × 109/L [IQR, 1.95-4.75] vs Benda: 3.32 × 109/L
[IQR, 1.43-4.40]; P = .696), as did platelet counts (Flu/Cy: 163 ×
109/L [IQR, 128-229] vs Benda: 168 × 109/L [IQR, 140-236];
P = .720) and hemoglobin levels (Flu/Cy, 12.8 g/dL [IQR, 11.2-
14.2] vs Benda: 13.3 g/dL [IQR, 12.4-14.5]; P = .349). However,
lymphocyte counts at 6 months were reduced in patients treated
with Flu/Cy compared with patients treated with Benda (Flu/Cy:
0.50 × 109/L [IQR, 0.33-0.75] vs Benda 0.90 × 109/L [IQR,
0.51-1.11]; P = .006). In particular, 16 of 21 (76.2%) patients
treated with Flu/Cy did not have lymphocyte recovery to normal
values at 6 months compared with 4 of 11 (36.4%) of patients
treated with Benda (P = .027), and 10 of 21 (47.6%) vs 1 of 11
(9.1%) had severe lymphocytopenia (P = .029; Figure 3E). Finally,
IgG serum levels at 6 months were not different in the 2 groups
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
(Flu/Cy, 480 mg/dL [IQR, 231-600] vs Benda, 512 mg/dL [IQR,
297-738]; P = .443, supplemental Figure 1C). Notably, among
patients in long-term remission, we did not observe myelodysplastic
syndrome nor acute myeloid leukemia new diagnosis in either LD
groups.

These data demonstrate that Flu/Cy LD is associated with a more
profound short-term reduction in blood counts compared with
Benda; however, over time, most patients receiving either LD
regimen recover blood counts except patients exposed to Flu/Cy,
whose lymphocyte counts remain persistently lower.

CART expansion and laboratory findings

To evaluate potential biomarkers of toxicity and gather mechanistic
insights on the effects of LD on T-cell function, we evaluated the
blood levels of axi-cel by quantitative polymerase chain reaction
and the T-cell memory phenotype by flowcytometry at day 7 in 15
patients with LBCL (Flu/Cy: n = 6, and Benda: n = 9). The number
of CAR copies at day 7 were similar between the 2 groups (Flu/Cy:
22 907 vs Benda: 10 416 CAR copies per μg of genomic DNA,
P = .435; supplemental Figure 1D).

Given the lack of quantitative differences in T cells, we studied
potential qualitative changes in peripheral blood T cells. Looking at
the T-cell memory phenotype we did not observe specific enrich-
ment in the T-cell population according to the LD regiment
administered (supplemental Figure 1E). These results confirmed
that both Flu/Cy and Benda LD ensure a proper environment for T
cells to expand and proliferate inside the host.

Finally, we evaluated CRP and ferritin levels over the 4 weeks after
axi-cel infusion as markers of inflammation and macrophage acti-
vation. Although CRP levels over time were similar irrespectively of
the LD regimen administered, ferritin levels increased more in
patients exposed to Flu/Cy LD than in those receiving Benda LD,
especially at day 0, highlighting an underlying more actively
inflamed environment induced by Flu/Cy (supplemental Figure 3).

Serum cytokine and metabolite analyses before and

after LD

Lastly, we studied the biological mediators associated with the
emergence of CRS and ICANS in patients treated with Flu/Cy and
those treated with Benda. To this goal, we evaluated a panel of 32
cytokines and >290 circulating metabolites in serum samples
collected from 32 patients with NHL undergoing CART19 therapy
before and after receiving either Benda (n = 25) or Flu/Cy (n = 7)
LD (Figure 4A). Patient characteristics are reported in
supplemental Table 2. We first established that baseline cytokines
and metabolites were not affected by specific lymphoma histology,
lactate dehydrogenase level (as a marker of disease burden), or
planned LD regimen (supplemental Figure 4A, supplemental
Figure 5). To control baseline variability between patients, we first
evaluated the fold change in cytokine levels at the time of CART19
infusion (Post-LD) compared with levels before starting LD (Pre-
LD). After both Flu/Cy and Benda LD, we observed increased
cytokines levels, in particular, those supporting CART engraftment
(interleukin-7 [IL-7], IL-2, and IL-15).24 Overall, patients treated with
Flu/Cy had a higher increase of cytokines than patients treated with
Benda (Figure 4B). In particular, T-cell activating cytokines such as
IL-15, IL-2, IL-7 increased more in patients treated with Flu/Cy than
BENDAMUSTINE IS A SAFE LYMPHODEPLETION STRATEGY 659
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Figure 4. Circulating cytokine and metabolite modification induced by different LD regimens. (A) Schematic of experimental design; patients undergoing CART19 are

recruited for serum samples before LD start (Pre-LD: Flu/Cy at day –5; Benda at day –4) and before CART19 infusion (same day, Post-LD). Matched serum samples were then

analyzed for cytokines through Luminex immunoassay and metabolomic through HPLC/MS. (B) Heat map shows different median cytokines level changes from pre-LD values to

after LD according to the different LD regimens. Cytokines are listed in decrescent order of median fold change in patients treated with Flu/Cy. (C) Heat map shows different
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in those treated with Benda (Figure 4B; supplemental Figure 4A).
However, cytokines previously described as associated with CRS
and ICANS,24-29 such as IL-15, IL-8, GM-CSF, IL-6, IL1b, IL1R and
monocyte chemoattractant protein 1 (MCP-1), were enriched in
patients treated with Flu/Cy as compared with in those treated with
Benda (Figure 4B; supplemental Figure 4A).25,26,28,29 Finally,
although levels of IL-15 and MCP-1 were similar between groups
before LD, their post-LD absolute levels were significantly higher in
patients exposed to Flu/Cy than in those exposed to Benda LD
(supplemental Figure 4C). These findings suggest that the type
and intensity of LD generate a systemic cytokine milieu that might
facilitate the development of CRS and ICANS.

We then compared the changes in circulating metabolites induced
by LD (Figure 4C). Despite the initial similarity in the pre-LD levels
of circulating metabolites (supplemental Figure 5), after LD, several
metabolites, including carnitine-esters (ie, butyryl-carnitine and
propionyl-carnitine) were decreased in patients receiving Flu/Cy.
Carnitine conjugates lie at the intersection of glucose, fatty acid,
and amino acid metabolism.30 We also found that NADH and
nicotinamide riboside, which are critical metabolites for cellular
redox balance, were reduced in patients exposed to Flu/Cy. We
observed a modest increase in the circulating levels of gut
microbiota–derived metabolites, such as, short-chain fatty acids
(SCFA; butyric acid, and hydroxybutyric acid) and hippuric acid in
patients exposed to Flu/Cy LD.

Discussion

To our knowledge, this is one of the first studies that suggest that
Benda LD may be safer and equally effective as compared with the
standard Fly/Cy LD before the CD28-costimulated CART19, axi-
cel in both LBCL and FL patients. These findings are particularly
relevant to clinical care given the fact that CD28-based CART19
immunotherapy has been associated with significant toxicities and,
therefore, strategies to enhance safety are direly needed.

Overall, the efficacy results of our study are in line with previous
reports of outcomes of axi-cel both in patients with LBCL and FL,
including more recent real-world analyses.31-33 The 2 LD groups
were balanced for the most relevant clinical features, suggesting
that the 2 groups were statistically comparable. However, patients
who received Benda included more patients with FL than patients
treated with Flu/Cy. Although this could be a confounding factor, it
is important to notice that the frequency of any grade CRS and
ICANS are similar between FL and DLBCL based on the real-world
data and ZUMA-5 results.7,33 Another confounding factor is that
patients who received Benda were treated more recently; however,
the results of this cohort positively compare with the equally recent
results of a real-world study of axi-cel.34

In this context, LD was not associated with differences in 3-month
response rates, PFS, OS, axi-cel levels at day 7, and memory
phenotype. The follow-up time for the Benda group was shorter
than for the Flu/Cy group, and the number of patients was lower
because of the recent more frequent adoption of the use of Benda
LD as a result of the Flu shortage; these characteristics might have
affected some of these values that nevertheless remain statistically
solid given that most patients treated with CART relapse within
6 months. In all the cohorts studied, Benda LD was associated with
reduced incidence of CART19-related toxicities, hematological
toxicities, and infection rates. Moreover, no long-term
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
hematological toxicities, hypo-gammaglobulinemia, or new diag-
nosis of myeloid neoplasia or clonal hemopoiesis were observed in
patients receiving Benda LD. Patients treated with Benda LD
required less red blood cell concentrate transfusion, and their
hospitalization stay was shorter than patients treated with Flu/Cy.
Of note, these data align with our previous publication reporting
safety and efficacy for the 2 lymphodepleting strategies before tisa-
cel for patients with LBCL12 and with a recent report from City of
Hope including axi-cel in LBCL.34 Our analyses reinforce those
results, expand them to FL, and add novel mechanistic insights.

As our cohort included 2 histologic NHL groups, LBCL and FL, we
stratified our analyses according to specific histology, confirming
our observations, although the relatively small sample size of each
subset did not allow us to achieve statistical significance. More-
over, despite Flu/Cy being more effective at depleting lymphocytes,
this potent lymphocyte toxicity did not translate into better efficacy
in terms of CART expansion, memory phenotype, and response
rate, letting us speculate that a lymphocyte count reduction below
a certain threshold does not provide additional benefits in terms of
CART19 function.

Of note, Benda exposure before apheresis has recently been
investigated as a possible factor affecting CART function and
activity once infused.35,36 In this study, we investigated the expo-
sure to Benda as LD strategy, therefore, after T-cell apheresis. In
our analysis, we observed that the lymphocyte levels of both
patients treated with Flu/Cy and Benda were similar at 4 weeks
after axi-cel infusion and were higher in those treated with Benda at
6 months. These results are in line with previous reports describing
long-term lymphocyte reduction after axi-cel infusion in patients
receiving Flu/Cy LD.37 In our data set, although both LD regimens
were potently lymphotoxic, Benda was associated with faster
lymphocyte recovery than Flu/Cy in the long term. Our data indi-
cate that at least in quantitative terms, Flu/Cy LD is more toxic to T
cells and might also affect subsequent T-cell–based therapies, as
described for Benda.

Indeed, the management of CART-related toxicities has been
evolving, including better patient selection, early therapeutic inter-
vention, and expanded pharmaceutical tools.38-40 We think that
optimization of LD will further contribute at reducing CRS/ICANS
but also the incidence of hematological toxicities and associated
infective events, reducing the treatment costs and hospitalization
length.

Despite >10 years of clinical experience and scientific research,
the actual pathogenesis of these CART-related toxicities has not
been completely elucidated thus far.14 Several factors have been
described to concur in the pathogenesis and severity of CART-
related toxicities. 27,41,42 However, the contribution of LD to the
pathogenesis of CRS and ICANS is still not clear. Because the
main role of LD is to create the optimal humoral environment for
CART engraftment and expansion, we studied the changes in
cytokines and metabolites after LD. We observed that although the
concentration of cytokines associated with T-cell proliferation (IL-2,
IL-7, and IL-15)24 increased in both the LD groups, IL-15 levels
increased more in patients receiving Flu/Cy. In addition to IL-15,
patients treated with Flu/Cy also had a higher increase in the
levels of MCP-1 and IL-8. These cytokines were previously
described to be associated with the incidence of CRS/ICANS.28,43

However, although the previous analysis evaluated the cytokines
BENDAMUSTINE IS A SAFE LYMPHODEPLETION STRATEGY 661
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levels during time starting from the CART infusion day, our study
first analyzed the modification in cytokine environment induced
solely by the LD. Indeed, we did not observe increased levels of
IL-6 (1 of the main cytokines involved in the clinical manifestation of
CRS and ICANS) in our investigated timeframe since it is well
known that its levels reached the peak 10 days after CART19
infusion.28 These results suggest that LD might directly contribute
to creating an environment favoring CRS and ICANS. Specifically,
IL-15 levels at the time of CART infusion correlate to the emer-
gence of CRS and, especially, ICANS.27,43-48 Moreover, in pre-
clinical animal models, IL-15 exacerbates neuroinflammation by
stimulating the microglia cytokine production, leading to an ampli-
fication of the inflammatory process in the central nervous sys-
tem.49,50 Thus, IL-15 overproduction can directly contribute to the
emergence of ICANS. Therefore, although the increase of serum
IL-15 levels is important for T-cell engraftment, its overproduction
induced by Flu/Cy might directly contribute to the pathogenesis of
CRS and ICANS. Of course, these results will need to be validated
in larger cohorts and, ideally, in preclinical models.

Another critical component that could contribute to CART-related
toxicities is the metabolome. We observed that several com-
pounds, including carnitine-esters, were significantly reduced in
patients receiving Flu/Cy compared with in those receiving
Benda. These metabolites are essential components of cellular
biology and fundamental for the biosynthesis of lipids, amino
acids, and hexoses. We speculate that the higher cytotoxicity
induced by Flu/Cy than by Benda causes these key metabolites to
be sequestered from circulation to the hematopoietic compart-
ment for hemopoiesis. Also, patients treated with Flu/Cy have
reduced levels of nicotinamide ribose and NADH, which are
important antioxidant molecules and fundamental metabolites to
counter-metabolic stress. Interestingly, high nicotinamide ribose
levels and supplementation have been associated with reduced
systemic inflammation.51-57 Moreover, nicotinamide ribose
reduces neuroinflammation in preclinical mouse models.58,59 We
speculate that the reduction in nicotinamide ribose levels
observed in patients treated with Flu/Cy facilitates the emergence
of CRS and ICANS. Therefore, supplementation of nicotinamide
ribose during CART immunotherapy might be an effective strat-
egy to prevent the emergence of CART19-related side effects.
Moreover, we observed a slight increase in the circulating levels
of SCFA in patients treated with Flu/Cy. The influence of SCFAs,
mainly produced by the gut microbiota taxa, on the immune sys-
tem has been studied in the settings of chemotherapy, cellular
immunotherapy, checkpoint inhibitors, and allogeneic hemato-
poietic transplantation and correlated with immune activa-
tion.42,60-70 We speculate that the higher mucosa damage
associated with Flu/Cy LD facilitates SCFAs to enter systemic
blood circulation. Another hypothesis could be that SCFAs are
less metabolized because of the reduced circulating mononuclear
cells at the time of CART19 infusion in patients treated with Flu/
Cy, resulting in a slight abundance.

A general limitation of this study is its retrospective nature and the
limited number of patients in the analysis. The lymphodepleting
regimen was chosen by the treating physician; therefore, unmea-
sured but clinically meaningful differences between the groups
could have influenced the physician’s choice. However, because of
the global Flu shortage, patients undergoing axi-cel were more
likely treated with Benda LD, reducing the impact of any possible
662 GHILARDI et al
unmeasurable bias. However, because the 2 LD groups were
balanced for clinical features before LD and given the decision to
cut our mechanistic analysis at the time point collected right before
CART19 infusion, we are confident that our results are reliable and
identify that LD directly contributes to preparing the proper envi-
ronment, not only for CART engraftment but also for the emer-
gence of side effects.

In conclusion, despite the limitation of the study, our analysis sug-
gests that Benda is a safer and effective LD regimen before CD28-
costimulated CART19. Also, we demonstrated that although both
the LD regimens were able to generate a favorable cytokine envi-
ronment for T-cell engraftment and expansion, Flu/Cy LD was
associated with more pronounced increases of cytokines associated
with CART-related side events, especially ICANS. This finding might
partially explain the higher incidence of CRS and ICANS observed in
patients treated with Flu/Cy. Future prospective studies are needed
to confirm the safer profile of Benda LD before CART19 immuno-
therapy and to fully understand the biological mechanisms behind
the role of LD on the pathogenesis of CRS and ICANS.
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36. Iacoboni G, Navarro V, Martín-López AÁ, et al. Recent bendamustine treatment before apheresis has a negative impact on outcomes in patients with
large B-cell lymphoma receiving chimeric antigen receptor T-cell therapy. J Clin Oncol. 2023:Jco2301097.

37. Logue JM, Zucchetti E, Bachmeier CA, et al. Immune reconstitution and associated infections following axicabtagene ciloleucel in relapsed or refractory
large B-cell lymphoma. Haematologica. 2021;106(4):978-986.

38. Lakomy T, Akhoundova D, Nilius H, et al. Early use of corticosteroids following CAR T-cell therapy correlates with reduced risk of high-grade CRS
without negative impact on neurotoxicity or treatment outcome. Biomolecules. 2023;13(2):382.

39. Park JH, Nath K, Devlin SM, et al. CD19 CAR T-cell therapy and prophylactic anakinra in relapsed or refractory lymphoma: phase 2 trial interim results.
Nat Med. 2023;29(7):1710-1717.

40. Caimi PF, Pacheco Sanchez G, Sharma A, et al. Prophylactic tocilizumab prior to anti-CD19 CAR-T cell therapy for non-Hodgkin lymphoma. Front
Immunol. 2021;12:745320.
664 GHILARDI et al 13 FEBRUARY 2024 • VOLUME 8, NUMBER 3

http://refhub.elsevier.com/S2473-9529(23)00694-8/sref13
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref13
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref14
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref14
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref15
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref15
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref16
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref16
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref17
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref17
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref18
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref18
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref19
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref19
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref20
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref20
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref21
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref21
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref22
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref23
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref23
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref24
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref24
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref25
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref25
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref26
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref27
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref27
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref28
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref28
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref29
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref29
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref30
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref30
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref31
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref31
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref32
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref32
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref33
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref33
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref34
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref34
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref35
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref35
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref36
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref36
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref36
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref37
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref37
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref38
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref38
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref39
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref39
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref40
http://refhub.elsevier.com/S2473-9529(23)00694-8/sref40


D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/8/3/653/2212879/blooda_adv-2023-011492-m

ain.pdf by guest on 16 M
ay 2024
41. Norelli M, Camisa B, Barbiera G, et al. Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-release syndrome and neurotoxicity due to
CAR T cells. Nat Med. 2018;24(6):739-748.

42. Smith M, Dai A, Ghilardi G, et al. Gut microbiome correlates of response and toxicity following anti-CD19 CAR T cell therapy. Nat Med. 2022;28(4):
713-723.

43. Santomasso BD, Park JH, Salloum D, et al. Clinical and biological correlates of neurotoxicity associated with CAR T-cell therapy in patients with B-cell
acute lymphoblastic leukemia. Cancer Discov. 2018;8(8):958-971.

44. Kochenderfer JN, Somerville RPT, Lu T, et al. Lymphoma remissions caused by anti-CD19 chimeric antigen receptor T cells are associated with high
serum interleukin-15 levels. J Clin Oncol. 2017;35(16):1803-1813.

45. Cohen AD, Garfall AL, Stadtmauer EA, et al. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J Clin Invest. 2019;
129(6):2210-2221.

46. Gofshteyn JS, Shaw PA, Teachey DT, et al. Neurotoxicity after CTL019 in a pediatric and young adult cohort. Ann Neurol. 2018;84(4):537-546.

47. Neelapu SS, Locke FL, Bartlett NL, et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N Engl J Med. 2017;377(26):
2531-2544.

48. Shalabi H, Wolters PL, Martin S, et al. Systematic evaluation of neurotoxicity in children and young adults undergoing CD22 chimeric antigen receptor
T-cell therapy. J Immunother. 2018;41(7):350-358.

49. Gomez-Nicola D, Valle-Argos B, Nieto-Sampedro M. Blockade of IL-15 activity inhibits microglial activation through the NFkappaB, p38, and ERK1/2
pathways, reducing cytokine and chemokine release. Glia. 2010;58(3):264-276.

50. Shi SX, Li YJ, Shi K, Wood K, Ducruet AF, Liu Q. IL (interleukin)-15 bridges astrocyte-microglia crosstalk and exacerbates brain injury following
intracerebral hemorrhage. Stroke. 2020;51(3):967-974.

51. Hong G, Zheng D, Zhang L, et al. Administration of nicotinamide riboside prevents oxidative stress and organ injury in sepsis. Free Radic Biol Med.
2018;123:125-137.

52. Kang H, Park YK, Lee JY. Nicotinamide riboside, an NAD+ precursor, attenuates inflammation and oxidative stress by activating sirtuin 1 in
alcohol-stimulated macrophages. Lab Invest. 2021;101(9):1225-1237.

53. Zhou B, Wang DD, Qiu Y, et al. Boosting NAD level suppresses inflammatory activation of PBMCs in heart failure. J Clin Invest. 2020;130(11):
6054-6063.

54. Wu J, Singh K, Lin A, et al. Boosting NAD+ blunts TLR4-induced type I IFN in control and systemic lupus erythematosus monocytes. J Clin Invest. 2022;
132(5):e139828.

55. Park JM, Han YM, Lee HJ, Park YJ, Hahm KB. Nicotinamide riboside vitamin B3 mitigated C26 adenocarcinoma-induced cancer cachexia. Front
Pharmacol. 2021;12:665493.
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