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Key Points

• HLH-LTs after chimeric
antigen receptor (CAR)
T-cell therapy were inde-
pendently associated
with decreased overall
and relapse-free survival.

• Pre–CAR T-cell therapy
variables associated
with HLH-LTs included
disease burden,
inflammatory markers,
thrombocytopenia, and
neutropenia.
Chimeric antigen receptor–associated hemophagocytic lymphohistiocytosis (HLH)–like

toxicities (LTs) involving hyperferritinemia, multiorgan dysfunction, coagulopathy, and/or

hemophagocytosis are described as occurring in a subset of patients with cytokine release

syndrome (CRS). Case series report poor outcomes for those with B-cell acute lymphoblastic

leukemia (B-ALL) who develop HLH-LTs, although larger outcomes analyses of children and

young adults (CAYAs) with B-ALL who develop these toxicities after the administration of

commercially available tisagenlecleucel are not described. Using a multi-institutional database

of 185 CAYAs with B-ALL, we conducted a retrospective cohort study including groups that

developed HLH-LTs, high-grade (HG) CRS without HLH-LTs, or no to low-grade (NLG) CRS

without HLH-LTs. Primary objectives included characterizing the incidence, outcomes, and

preinfusion factors associated with HLH-LTs. Among 185 CAYAs infused with tisagenlecleucel,

26 (14.1%) met the criteria for HLH-LTs. One-year overall survival and relapse-free survival

were 25.7% and 4.7%, respectively, in those with HLH-LTs compared with 80.1% and 57.6%,

respectively, in those without. In multivariable analysis for death, meeting criteria for HLH-LTs

carried a hazard ratio of 4.61 (95% confidence interval, 2.41-8.83), controlling for disease
February 2023; prepublished online on
; final version published online 15 June
s.2022008893.

s study.

ual meeting of Transplant and Cellular
alt Lake City, UT,; and the 2022 Histio-
Stockholm, SE.

Data are available on request from the corresponding author, Kevin O. McNerney
(kmcnern1@jhmi.edu).

The full-text version of this article contains a data supplement.

© 2023 by The American Society of Hematology. Licensed under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
permitting only noncommercial, nonderivative use with attribution. All other rights
reserved.

27 JUNE 2023 • VOLUME 7, NUMBER 12

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1182/bloodadvances.2022008893
mailto:kmcnern1@jhmi.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2022008893&domain=pdf&date_stamp=2023-06-15


burden, age, and sex. Patients who developed HLH-LTs had higher pretisagenlecleucel disease
27 JUNE 20
burden, ferritin, and C-reactive protein levels and lower platelet and absolute neutrophil

counts than patients with HG- or NLG-CRS without HLH-LTs. Overall, CAYAs with B-ALL who

developed HLH-LTs after tisagenlecleucel experienced high rates of relapse and nonrelapse

mortality, indicating the urgent need for further investigations into prevention and optimal

management of patients who develop HLH-LTs after tisagenlecleucel.
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Introduction

Chimeric antigen receptor (CAR) T-cell therapies have transformed
the treatment landscape for relapsed/refractory B-cell acute
lymphoblastic leukemia (B-ALL).1,2 Impressive efficacy and safety
of the CD19-directed CAR T-cell product tisagenlecleucel (Kym-
riah) in children and young adults (CAYAs)1,3 led to its Food and
Drug Administration (FDA) approval, and it remains the only FDA-
approved CAR T-cell therapy in children.

The most common severe toxicity of CAR T-cell therapy is cytokine
release syndrome (CRS), a hyperinflammatory condition with symp-
toms ranging from isolated fevers to life-threatening multiorgan
dysfunction. CRS shares features with hemophagocytic lymphohis-
tiocytosis (HLH)4-6 including fever, splenomegaly, cytopenias, hyper-
triglyceridemia, hypofibrinogenemia, hyperferritinemia ≥500 ng/mL,
and hypercytokinemia.5,7 Although patients with high-grade [HG]–
CRS often meet the HLH 2004 criteria,7 the existence of a sub-
group of patients with CRS developing extreme hyperferritinemia and
organ dysfunction beyond that typically seen in CRS prompted
criteria for HLH-like toxicities (LTs) occurring secondary to CAR T-cell
therapy, or carHLH, to be developed. Proposed carHLH criteria
require higher ferritin thresholds than the HLH 2004 criteria
(≥10 000 or 100 000 ng/mL) and the presence of multiorgan
dysfunction, coagulopathy, and/or cellular hemophagocytosis.6,8,9

However, there remains a lack of an agreed-upon definition for
carHLH, which has motivated efforts by the American Society for
Transplantation and Therapy (ASTCT) to establish consensus criteria,
currently in development. To date, there are few reports on the out-
comes of patients developing HLH-LTs; however, in the reports
available, outcomes are poor. Four of 4 CAYAs with B-ALL devel-
oping HLH-LTs after CD19/4-1BB CAR T cells experienced mortality
with a median overall survival (OS) of 44.5 days,10 5 of 6 adults with
diffuse large B-cell lymphoma treated with CD19/CD28 CAR T cells
who developed HLH toxicities experienced death with a median OS
of 2 months,11 and 81 of 121 (66.9%) children and adults treated
with CAR T-cell products with HLH-LTs reported in the FDA Adverse
Events Reporting System experienced death.12

The incidence of HLH-LTs in patients with relapsed/refractory B-ALL
has varied with different CAR T-cell products on clinical trials,
ranging from 14.1% to 14.8% of CAYAs treated with CD19/4-1BB
CAR T-cell products (tisagenlecleucel, SJCAR19, and Seattle
CD19-CAR T)9,10 to 35.6% of CAYAs treated with a CD22/4-1BB
CAR T-cell product.9 However, the incidence of HLH-LTs in CAYAs
treated with tisagenlecleucel in the real-world setting has not been
described, and largemulti-institutional outcomes are not reported. Our
objectives were to (1) characterize the incidence of HLH-LTs in
CAYAs with B-ALL after real-world use of tisagenlecleucel, (2)
23 • VOLUME 7, NUMBER 12
identify preinfusion characteristics associated with HLH-LTs, and
(3) describe outcomes of CAYAs that developed HLH-LTs.

Methods

Study design

We conducted a retrospective multi-institutional cohort study involving
15 pediatric centers that deliver tisagenlecleucel, participating in the
Pediatric Real World CAR Consortium. Patients ≤26 years old with
B-ALL who underwent tisagenlecleucel manufacturing and infusion
between 30 August 2017 and 6 March 2020 were eligible for
inclusion. Each center obtained institutional review board approval,
and deidentified retrospective data were collected using REDCap
electronic data capture tools hosted at Stanford University. The study
was conducted in accordance with the Declaration of Helsinki.

Patients were categorized as having HLH-LTs using criteria
adapted from definitions previously proposed by 2 groups: 1
focused on adults with non-Hodgkin lymphoma,6 and the second
focused on CAYAs with B-ALL treated with a CD22-directed CAR
T-cell product.8 Criteria used in this study included a peak ferritin of
≥10 000 ng/mL in a patient with CRS (active or resolved), in
addition to ≥2 of the following: renal toxicity, hepatic toxicity,
hypoxia, coagulopathy, and/or the presence of hemophagocytosis
on bone marrow (BM) aspirate or biopsy. Renal toxicity, hepatic
toxicity, and coagulopathy characterizations were inclusive of any
Common Terminology Criteria for Adverse Events grade. Patients
not meeting the criteria for HLH-LTs were grouped as ASTCT
grade 3 to 5 CRS (HG-CRS) and ASTCT grade 0 to 2 CRS (no to
low-grade [NLG]–CRS). Subgroup analyses were performed for
patients with (1) HLH-LTs and peak ferritin ≥100 000 ng/mL or
10 000 to <100 000 ng/mL; (2) patients with grade 3 to 5 CRS
(HG-CRS) and grade 1 to 2 CRS (LG-CRS), with and without
HLH-LTs; and (3) patients with 5% to <50% and ≥50% pre-
infusion BM lymphoblasts, with and without HLH-LTs.

Variables

Primary analyses included comparing OS, relapse-free survival
(RFS), and nonrelapse mortality (NRM), defined as death without
recurrent or progressive leukemia, between groups with HLH-LTs,
HG-CRS, and NLG-CRS. Additional variables included maximum
CRS grade and immune effector cell–associated neurotoxicity
(ICANS)/neurotoxicity, treatments of CRS and ICANS/neurotoxicity,
postinfusion C-reactive protein (CRP) and ferritin, duration of cyto-
penias, infections within 28 days of tisagenlecleucel infusion, and
cause of death in those who experienced mortality. Of note, as
ICANS grading was published in 2019, and CAR T-cell toxicities
reported in this study occurred between 2017 and 2020, neuro-
toxicity was graded via CAR T‑cell therapy–associated toxicity
HLH PREDICTS POOR SURVIVAL IN CAYAS WITH B-ALL 2759
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(CARTOX) criteria, National Cancer Institute, National Institutes of
Health/Common Terminology Criteria for Adverse Events version
4.03 and version 5.0, or immune effector cell-associated neurotox-
icity syndrome (ICANS) criteria. CRS grading was performed
through standardized regrading assessed via the ASTCT consensus
guidelines.13 Preinfusion variables included demographic informa-
tion, B-ALL BM disease burden, CRP, ferritin, absolute neutrophil
count (ANC), absolute lymphocyte count (ALC), platelet count, prior
lines of treatment, receipt of optimal fludarabine exposure in lym-
phodepleting chemotherapy as described previously,14 and tisa-
genlecleucel parameters. High disease burden was defined as ≥5%
BM lymphoblasts or the presence of extramedullary disease or
peripheral lymphoblasts; low disease burden was defined as <5%
BM lymphoblasts and the absence of extramedullary disease or
peripheral lymphoblasts, as described previously.15

Statistical analysis

Statistical analyses were performed using R package version 4.1.2
(R Core Team 2021; Vienna, Austria) and GraphPad Prism, version
9.3.1 (San Diego, CA). Group comparisons were performed using
Kruskal-Wallis tests for continuous variables and Fisher exact tests
for categorical variables. For survival analyses, HLH-LTs and CRS
status were treated as baseline values, as median CRS onset
occurred 2.5, 3, and 5 days after infusion in the HLH-LT, HG-CRS,
and NLG-CRS groups, respectively, and no events (relapse, death,
or censoring) occurred before CRS onset in any patient. Kaplan-
Meier curves for OS and RFS were compared using log-rank
tests. To assess the effect of HLH-LT status on OS and RFS,
univariate and multivariable Cox proportional hazards models were
developed, including variables such as disease burden, age, and
variables found to be associated with the development of HLH-LTs,
including preinfusion ANC, platelets, ferritin, and CRP. Other
covariates included sex, race/ethnicity, tocilizumab doses (≥2 vs
<2), and days of steroids (≥6 vs <6). Hazard ratios (HRs) and their
95% confidence intervals (CIs) were determined. Significance level
was set at 2-tailed α = 0.05.

Results

HLH-LT incidence and pretisagenlecleucel

characteristics

A total of 185 patients with B-ALL infused with commercially
available tisagenlecleucel were included. One patient without CRS
grade recorded was excluded, and 1 patient was excluded from the
survival analysis because of censoring at day 17 after CAR T-cell
infusion (Figure 1). Of those infused with tisagenlecleucel, 26
(14.1%) met the criteria for HLH-LTs (Figure 2A), and 13 of 185
(7.0%) met the criteria for HLH-LTs with peak ferritin
≥100 000 ng/mL (Table 1; supplemental Table 2). Preinfusion
parameters were compared between the groups with HLH-LTs
(n = 26) and the groups without HLH-LTs: HG-CRS (n = 17)
and NLG-CRS (n = 141) (Table 1). Median preinfusion BM blasts
were markedly higher in the HLH-LT group than in the HG-CRS
and NLG-CRS groups (66.0% vs 8.0% vs 5.0%, P < .0001), as
were the ferritin and CRP values. The HLH-LT group had lower
preinfusion platelet and ANC values than the HG-CRS and NLG-
CRS groups (Table 1). ALCs had a trend toward lower values in
the HLH-LT group, but this did not reach statistical significance.
There were no significant differences in age, sex, race/ethnicity,
2760 MCNERNEY et al
upfront leukemia genetics risk group, end of induction risk stratifica-
tion, prior lines of therapy, central nervous system involvement,
extramedullary disease, CAR T-cell viability, dose, transduction effi-
ciency, or CAR expression between the groups. Comparing sub-
groups with HLH-LTs and peak ferritin ≥100 000 ng/mL vs peak
ferritin 10 000 to <100 000 ng/mL, there were no significant differ-
ences in preinfusion disease burden, ferritin, CRP, ANC, ALC, or
platelets (supplemental Figure 1). Other variables in these subgroups
are shown in supplemental Tables 1 and 2. Evaluating preinfusion
variables by peak CRS grade (HG-CRS, LG-CRS, and no CRS)
irrespective of HLH-LTs, higher ferritin values, CRP values, and BM
disease burden and lower ANC and platelet values were observed in
the group with HG-CRS compared with groups with LG-CRS and no
CRS (supplemental Table 3). However, when the HG-CRS group
was subdivided into those with and without HLH-LTs, inflammatory
markers and BM disease burden were significantly higher, and ANC
and platelet values were significantly lower in the group with HG-
CRS + HLH-LTs compared with the group with HG-CRS without
HLH-LTs (supplemental Table 3). Notably, after infusion, HG-CRS
was associated with the development of HLH-LTs, with 23 of 40
patients with HG-CRS developing HLH-like toxicities compared with
3 of 77 patients with LG-CRS (Fisher exact odds ratio, 33.4; 95% CI,
8.9-110.4; P < .0001).

Toxicities of tisagenlecleucel

Patients with HLH-LTs had the highest posttisagenlecleucel peak
ferritin (92 204 vs 5467 vs 2035 ng/mL, P < .0001), change in
ferritin (83 874 vs 4753 vs 325 ng/mL, P < .0001), peak CRP
(20.93 vs 6.15 vs 2.85 mg/dL, P < .0001), and change in
CRP (14.0 vs 5.1 vs 1.1 mg/dL, P < .0001) compared with those in
HG-CRS and NLG-CRS groups (Table 2). Time to CRS onset was
not significantly different between groups, but CRS duration was
longest in the HLH-LT group (11 vs 5 vs 3 days, P < .0001)
(Figure 2B). In the HLH-LT group, onset of HLH-LTs was available
in 7 patients and occurred at a median of 12 days after tisa-
genlecleucel infusion (range, 4-21) with a median duration of
7 days (range, 4.0-25.0 days) (Table 2). There was overlap in CRS
and HLH-LTs in 6 of 7 patients for whom data were available
(supplemental Table 4). Tocilizumab doses and days of steroid use
were not significantly different in the HLH-LT and HG-CRS groups
(Table 2). Anakinra was used in 3 patients with HLH-LTs and in
0 patients with HG-CRS or NLG-CRS. Siltuximab was used in 1
patient in the NLG-CRS group as treatment for ICANS. Those with
HLH-LTs had longer hospitalization and intensive care unit–level
care than those with HG-CRS and NLG-CRS (Table 2). More
patients with HLH-LTs required platelet transfusions after CAR
T-cell infusion (95.8% vs 47.0% vs 26.1%, P < .0001), and the
duration of platelet transfusion requirement was longest in the
HLH-LT group (Table 2). Patients with HLH-LTs experienced
comparable rates of grade 4 neutropenia to the HG-CRS and
NLG-CRS groups, but the time to ANC recovery was longest in the
HLH-LT group (34 vs 13 vs 13 days, P = .0081). Infections within
28 days of infusion occurred at more than triple the rate in the
HLH-LT group than of that in the HG-CRS and NLG-CRS groups
(63.6% vs 17.6% vs 13.9%, P < .0001) with earlier occurrence of
first infection after tisagenlecleucel (13 days vs 73 days vs 50 days,
P = .0434). Infections occurred after CRS onset in all but 1 patient,
but 4 of 7 patients with available data on HLH-LT timing reported
infections preceding HLH-LTs. The remaining 3 did not experience
27 JUNE 2023 • VOLUME 7, NUMBER 12



Patients infused with 
tisagenlecleucel, assessed for 

eligibility (n = 185)

Excluded (n = 2)

CRS grade not available (n = 1)

Censored at day 17 (n = 1)*

Low-grade (LG)-CRS (n = 77) No CRS (n = 67)High-grade (HG)-CRS (n = 40)

CRS with HLH-like toxicities 
(n = 26)

• HG-CRS, n = 23 (88.5%)

• LG-CRS, n = 3 (11.5%)

HG-CRS without HLH-like 
toxicities (n = 17)

• HG-CRS, n = 17 (100%)

No or LG-CRS without HLH-like 
toxicities (NLG-CRS) (n = 141)

• LG CRS, n = 74 (52.4%)

• No CRS, n = 67 (47.5%)

HLH-like 
toxicity, n = 23 

(57.5%)

No HLH-like 
toxicity, n = 17 

(42.5%)

HLH-like 
toxicity, n = 3 

(3.9%)

No HLH-like 
toxicity, n = 74 

(96.1%)

No HLH-like 
toxicity (n = 67) 
(100%)

Figure 1. CONSORT diagram. 185 patients treated with tisagenlecleucel were divided into groups based on peak CRS grade experienced: ASTCT grade 3 to 5 CRS (HG-

CRS), ASTCT grade 1 to 2 CRS (LG-CRS), and no CRS. The proportion of patients within each CRS group that experienced HLH-LTs is shown. Patients were then grouped into

those who experienced CRS and developed HLH-LTs, those with HG-CRS who did not experience HLH-LTs (HG-CRS), and those with no or LG-CRS who did not experience

HLH-LTs (NLG-CRS). Shaded boxes indicate inclusion of patients with HLH-LTs. *1 patient excluded from survival analyses because of censoring without event at day 17 after

CAR T-cell infusion.

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/12/2758/2060087/blooda_adv-2022-008893-m

ain.pdf by guest on 06 M
ay 2024
infections within the first 28 days (supplemental Table 4). Organ
toxicities were expectedly more common in the HLH-LT group than
in the HG-CRS or NLG-CRS groups (supplemental Figure 2).

Relapse and mortality following tisagenlecleucel

One hundred eighty-three patients were available for OS and RFS
analysis. One with HLH-LTs was censored at day 17 after infusion
and 1 without CRS grade recorded was excluded. Median OS was
markedly reduced in the HLH-LT group compared with that in the
HG-CRS and NLG-CRS groups (128 days vs not reached vs not
reached, P < .0001), as was median RFS (60 days vs not reached
vs 701 days, P < .0001) (Figure 3A). Twelve-month OS in the
HLH-LT, HG-CRS, and NLG-CRS groups was 25.7% vs 86.3% vs
79.1%, respectively, whereas 12-month RFS was 4.7% vs 52.9%
vs 57.9%, respectively (supplemental Table 5). Strikingly, 23 of 25
patients (92.0%) with HLH-LTs experienced relapse or death,
compared with 7 of 17 (41.2%) with HG-CRS, and 57 of 141
(40.4%) with NLG-CRS, P < .0001, with a median follow-up of
128, 451, and 353, respectively (Table 2).

The outcomes of patients with HG-CRS and LG-CRS, with and
without HLH-LTs, were also compared (Figure 3B). Patients with
HG-CRS + HLH-LTs (median OS, 118 days; median RFS,
52.5 days) and LG-CRS + HLH-LTs (median OS, 128 days;
median RFS, 69 days) had shorter OS/RFS when compared with
patients with HG-CRS or LG-CRS without HLH-LTs for whom
group median OS/RFS were not reached (Figure 3B;
supplemental Table 6). The median OS and RFS were also eval-
uated by individual CRS grade (grades 4-5, 3, and 2)
27 JUNE 2023 • VOLUME 7, NUMBER 12
(supplemental Table 7). As expected, higher grades of CRS
correlated with worse OS/RFS. However, both OS and RFS were
diminished among patients with HLH-LTs within each evaluated
CRS grade strata (supplemental Table 7; supplemental Figure 3).

To evaluate how peak ferritin affected OS and RFS within the HLH-
LT group, we stratified the HLH-LT group by maximum ferritin
≥100 000 ng/mL and 10 000 to 100 000 ng/mL and compared
with all without HLH-LTs. The group with HLH-LTs and peak ferritin
≥100 000 ng/mL had the shortest median OS and RFS (median
OS, 85 days vs 353 days vs not reached, P < .0001; median RFS,
41 vs 85 vs 645, P < .0001) (Figure 3C). Twelve of 13 (92.3%)
patients with HLH-LTs and peak ferritin ≥100 000 ng/mL died, and
the 1 who survived experienced relapse (Figure 3C).

Previously, our consortium and others demonstrated that high dis-
ease burden pre–CAR T-cell infusion is associated with inferior OS
and RFS.15-17 We compared groups with high disease burden that
did and did not develop HLH-LT and the group with low disease
burden, all of whom did not develop HLH-LT. The group with high
disease burden and HLH-LT had substantially shortened median OS
(128 days vs not reached vs not reached, P < .0001) and median
RFS (60 vs 332 vs 701 days, P < .0001), compared with groups
without high and low disease burden without HLH-LTs (Figure 4A).
We next evaluated high disease burden groups with 5% to <50%
and ≥50% preinfusion BM lymphoblasts to determine who did and
did not develop HLH-LTs (Figure 4B). At both the 5% to <50% and
≥50% preinfusion disease burden strata, OS/RFS were significantly
reduced in those who developed HLH-LTs.
HLH PREDICTS POOR SURVIVAL IN CAYAS WITH B-ALL 2761



Chimeric Antigen Receptor-associated HLH/MAS (carHLH) Diagnostic Criteria

Shah et al8 Neelapu et al6 Criteria for HLH-like toxicities used in current study
Major Criteria (must have both):
1. Patient had CRS
2. Elevated Ferritin ≥ 100,000 ng/ml                        

Major Criteria:
1. Peak ferritin ≥10,000 ng/ml during 

CRS phase of CAR T-cell therapy

Major Criteria (must have both):
1. Patient who has or had CRS
2. Ferritin ≥ 10,000 ng/ml

Minor criteria (must have at least two):
1. Hepatic transaminase levels ≥ grade 3 

or bilirubin ≥ grade 3
2. Renal insufficiency ≥ grade 3
3. Pulmonary toxicity ≥ grade 3 (edema or 

hypoxia)
4. Coagulopathy
5. Evidence for hemophagocytosis on 

bone marrow evaluation

Minor criteria (must have at least two):
1. Hepatic transaminase levels ≥ 

grade 3 or bilirubin ≥ grade 3
2. Renal insufficiency ≥ grade 3
3. Pulmonary toxicity ≥ grade 3 

(edema or hypoxia)
4. Presence of hemophagocytosis in 

bone marrow or organs based on 
histopathologic assessment of cell 
morphology and/or CD68 
immunohistochemistry.

Minor Criteria (must have at least two):
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Leukemia was the cause of death in most patients who experi-
enced mortality in the HLH-LT, HG-CRS, and NLG-CRS groups
(63.2% vs 100% vs 79.3%) (Table 2). NRM occurred most
frequently in those with HLH-LTs (7/25, 28%) compared with 0 of
17 (0%) with HG-CRS and 6 of 141 (4.3%) with NLG-CRS (P =
.0009). Of the 7 with NRM in the HLH-LT group, the cause of
death was infection in 4, CRS in 1, ICANS in 1, and cardiac in 1. Of
those experiencing relapse, there was a higher incidence of CD19−

disease at relapse in the HLH-LT and HG-CRS groups compared
with the NLG-CRS group (71.4% vs 60.0% vs 33.3%, P = .04).

To evaluate the contribution of HLH-LT to the risk of relapse or
death, a multivariable Cox proportional hazard model was created,
using covariates found to be associated with relapse or death in
univariate analysis (supplemental Figure 4), as well as key demo-
graphic variables of age and sex. HLH-LT had a HR of 3.68
2762 MCNERNEY et al
(95% CI, 2.15-6.32) while adjusting for high disease burden (HR,
1.94; 95% CI, 1.16-3.25) and demographic variables (Figure 5A).
In a second model for relapse or death that included HLH-LT
subgroups with peak ferritin ≥100 000 ng/mL and 10 000 to
<100 000 ng/mL, HLH-LT with peak ferritin ≥100 000 ng/mL had
a HR of 6.51 (95% CI, 3.32-12.74) and HLH-LT with peak ferritin
10 000 to <100 000 ng/mL had a HR of 2.59 (95% CI,
1.28-5.23), adjusting for high disease burden (HR, 1.90; 95% CI,
1.14-3.16) and demographic variables (Figure 5B).

In a multivariable model for death, after adjusting for key demo-
graphic variables, HLH-LT status had a HR of 4.61 (95% CI, 2.41-
8.83) (Figure 5A). High disease burden carried a HR of 2.58
(95% CI, 1.17-5.68), and male sex was protective (HR, 0.54;
95% CI, 0.30-0.97). Notably, high disease burden was present in
61% of females vs 50% of males in this cohort. Tocilizumab and
27 JUNE 2023 • VOLUME 7, NUMBER 12



Table 1. Baseline characteristics of patients with CRS + HLH-LTs, HG-CRS without HLH-LTs, and NLG-CRS without HLH toxicities

CRS + HLH-LT, n = 26 HG-CRS without HLH-LT, n = 17 NLG-CRS without HLH-LT, n = 141 P value

Age, median (IQR), y 11.5 (4.5-16.75), n = 26 13 (10-18), n = 17 12 (8-18), n = 141 .45

Male, n (%) 13/26 (50.0) 10/17 (58.8) 87/141 (61.6) .53

Race/ethnicity, n (%)

Hispanic 10/26 (38.5) 7/17 (41.2) 53/141 (37.6) .93

Non-Hispanic White 14/26 (53.8) 8/17 (47.1) 67/141 (47.5)

Other 2/26 (7.7) 2/17 (11.8) 21/141 (14.9)

Initial cytogenetic risk category, n (%)

Favorable 2/18 (11.1) 3/13 (23.1) 19/108 (17.6) .55

Intermediate 7/18 (38.9) 2/13 (15.4) 40/108 (37.0)

Unfavorable 9/18 (50.0) 8/13 (61.5) 49/108 (45.4)

Risk stratification at end of induction, n (%)

Low risk 0/23 (0.0) 0/16 (0.0) 6/116 (5.2) .09

Standard risk 0/23 (0.0) 1/16 (6.3) 20/116 (17.2)

High risk 8/23 (34.8) 5/16 (31.3) 19/116 (16.4)

Very high risk 15/23 (65.2) 10/16 (62.5) 71/116 (61.2)

Timing of initial B-ALL relapse, n (%)

On therapy relapse 17/26 (65.4) 6/17 (35.3) 39/142 (27.5) .0008***

Early relapse 8/26 (30.8) 6/17 (35.3) 32/142 (22.5) .39

Late relapse 5/26 (19.2) 5/17 (29.4) 44/142 (30.9) .48

Lines of therapy before CAR, median (IQR) 2 (1.25-4), n = 26 2 (1-3), n = 17 2 (1-3), n = 141 .35

Prior CD19-directed therapy, n (%) 8/26 (30.8) 4/17 (23.5) 25/141 (17.7) .28

Optimal† lymphodepleting chemotherapy, n (%) 11/20 (55) 8/15 (53.3) 82/116 (70.7) .18

BM disease burden %, median (IQR) 66.0 (26.2-84.0), n = 25 8.0 (3.7-36.0), n = 13 5.0 (0.24-28.7), n = 80 <.0001****

B-ALL disease burden, n (%)

Low 0 (0.0) 6 (37.5) 76 (55.1) <.0001****

High* 26 (100.0) 10 (62.5) 62 (44.9)

Total (n) 26 16 138

Timing of pre–CAR T-cell infusion BM assessment,
median (IQR), wk

2.5 (1.0-9.0), n = 26 2.0 (1.25-4.63), n = 16 2.0 (1.1-7.8), n = 138 .87

Peripheral blasts, % of white blood cells, median
(IQR)

25 (0-50), n = 22 0 (0-0), n = 15 0 (0-0), n = 127 <.0001****

CNS disease pre–CAR T-cell infusion (CNS 2 + 3),
n (%)

2/19 (10.5) 0/12 (0.0) 10/118 (8.5) .63

Extramedullary disease pre–CAR T-cell infusion,
n (%)

3/26 (11.5) 2/17 (11.8) 10/141 (7.1) .50

Pre–CAR T-cell infusion ALC (cells per μL), median
(IQR)

30 (0.1-60), n = 21 50 (17.5-97.5), n = 16 70 (20-157.5), n = 134 .09

Pre–CAR T-cell infusion ANC (cells per μL), median
(IQR)

10 (0-160), n = 21 490 (197.5-1175), n = 16 530 (232.5-1040), n = 134 <.0001****

Pre–CAR T-cell infusion platelet (×109/L), median
(IQR)

35.5 (20.25-92), n = 26 110.0 (46-148), n = 17 121.5 (56-206), n = 138 <.0001****

Pre–CAR T-cell infusion ferritin (ng/mL), median
(IQR)

3745 (1291.8-6194.6), n = 25 831 (663.0-2174.5), n = 15 1364 (603.5-2660.4), n = 115 .002**

Pre–CAR T-cell infusion CRP (mg/dL), median (IQR) 3.165 (1.01-7.29), n = 22 0.559 (0.390-2.30), n = 14 0.600 (0.300-2.51), n = 111 .006**

CAR viability (%), median (IQR) 88.6 (87.6-93.3), n = 25 87.0 (85.3-95.5), n = 17 87.6 (83.2-92.2), n = 140 .13

CAR dose infused (CAR T cells × 106/kg), median
(IQR)

1.585 (1.23-2.48), n = 26 1.630 (1.28-2.00), n = 16 1.80 (1.33-2.45), n = 139 .60

Transduction efficiency (no. of copies per cell),
median (IQR)

0.315 (0.26-0.40), n = 24 0.400 (0.27-0.55), n = 16 0.34 (0.21-0.51), n = 130 .32

CAR expression by flow (% CAR+ viable cells),
median (IQR)

14.50 (10.50-18.80), n = 25 14.10 (12.20-16.30), n = 17 14.05 (9.80-19.10), n = 136 .97

CNS, central nervous system; IQR, interquartile range.
*High BM disease burden is defined as ≥5% lymphoblasts, the presence of peripheral blasts, and/or extramedullary disease.
†Optimal lymphodepleting chemotherapy: fludarabine area under the curve of ≥13.8 mg × hr/L using a pharmacokinetic model. CNS indicates central nervous system; IQR, 25th to 75th

percentile interquartile range; lactate dehydrogenase. P values: Kruskal-Wallis tests for comparison of continuous variables and Fisher exact tests for comparison of categorical variables with a
2-tailed significance level of .05.
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Table 2. Outcomes and toxicities in patients with CRS + HLH toxicities, HG-CRS without HLH toxicities, and NLG-CRS without HLH toxicities

CRS + HLH-LT, n = 26 HG-CRS without HLH-LT, n = 17 NLG-CRS without HLH-LT, n = 141 P value

Experienced CRS, n (%) 26/26 (100) 17/17 (100) 75/141 (53.2) <.0001****

ASTCT grade of CRS, median (IQR) 4 (3.0-4.0), n = 25 3 (3-4), n = 17 1 (0-1), n = 141 <.0001****

ASTCT grade of CRS, median (IQR) 4 (3.0-4.0), n = 25 3 (3-4), n = 17 .1696

ASTCT CRS grade, n (%)

0 0/25 (0) 0/17 (0) 67/141 (47.5)

1 0/25 (0) 0/17 (0) 45/141 (31.9)

2 3/25 (12) 0/17 (0) 29/141 (20.6)

3 7/25 (28) 12/17 (70.6) 0/141 (0)

4 14/25 (56) 5/17 (29.4) 0/141 (0)

5 1/25 (4.0) 0/17 (0) 0/141 (0)

D between CAR T-cell infusion and CRS onset,
median (IQR)

2.5 (1-7.25), n = 24 3 (2-6), n = 17 5 (3-8), n = 67 .10

Duration of CRS, median (IQR), d 11 (10-15), n = 19 5 (4-13), n = 15 3 (2-5), n = 65 <.0001****

Experienced ICANS/neurotoxicity, n (%) 13/24 (54.2) 6/16 (37.5) 20/140 (14.3) <.0001****

Maximum grade ICANS/neurotoxicity*, median (IQR) 1.0 (0.0-2.0), n = 23 0.0 (0.0-2.5), n = 16 0.0 (0.0-0.0), n = 141 <.0001****

Onset of HLH toxicities, median (range) 12.0 (4.0-21.0), n = 7

Duration of HLH toxicities, median (range) 7.0 (4.0-25.0), n = 7

Maximum ferritin (ng/mL), median (IQR) 92 204 (38 305-221 638), n = 26 5 467 (2 186-14 614), n = 15 2 035 (855-4 048), n = 119 <.0001****

Maximum ferritin (ng/mL), total (N), n (%) 26 15 119

<10 000 0 (0.0) 10 (66.7) 103 (86.6) <.0001****

≥10 000 and <100 000 13 (50.0) 4 (26.7) 15 (12.6)

≥100 000 13 (50.0) 1 (6.7) 1 (0.8)

Change in ferritin (ng/mL), median (IQR) 83 874 (35 353-233 720), n = 25 4 753 (1 447-13 671), n = 13 325 (0-1 614), n = 106 <.0001****

Maximum CRP (mg/dL), median (IQR) 20.93 (11.61-30.53), n = 24 6.15 (4.02-16.78), n = 14 2.85 (0.87-10.83), n = 112 <.0001****

Change in CRP (mg/dL), median (IQR) 14.0 (7.8-20.5), n = 22 5.1 (3.3-9.2), n = 12 1.1 (0.2-9.5), n = 101 <.0001****

Treatments received for CRS

Doses of tocilizumab, median 2 (1-2.75), n = 26 2 (1-2), n = 17 0 (0-0), n = 130 <.0001****

Doses of tocilizumab, median 2 (1-2.75), n = 26 2 (1-2), n = 17 .50

D of steroid, median (IQR) 4 (0-7), n = 25 0 (0-5.25), n = 16 0 (0-0), n = 127 <.0001****

D of steroid, median (IQR) 4 (0-7), n = 25 0 (0-5.75), n = 16 .23

Other treatments, patients received, n

Anakinra 3 0 0

Siltuximab 0 0 1

D hospitalized between CAR T-cell infusion and
discharge, median (IQR)

25 (17-38.5), n = 26 16 (13-23), n = 17 10 (2-17), n = 140 <.0001****

D requiring intensive care unit–level care, median
(IQR)

10 (5-13), n = 26 5 (3-8), n = 17 0 (0-0), n = 139 <.0001****

Experienced grade 4 neutropenia, n (%) 21/24 (87.5) 9/16 (56.3) 88/134 (65.1) .06

Recovered from neutropenia, n (%) 9/20 (45) 7/9 (77.8) 81/87 (93.1) <.0001****

D to ANC recovery, median (IQR) 34 (23-39), n = 9 13 (12-16.5), n = 7 13 (9-18), n = 88 .008**

Required platelet transfusions after CAR T-cell
infusion, n (%)

23/24 (95.8) 8/17 (47) 35/134 (26.1) <.0001****

Days after CAR T-cell infusion that last platelet
transfusion administered, median (IQR)

35 (25-50.5), n = 15 19 (9.5-25.75), n = 8 29 (21-49), n = 21 .04*

Developed infection within 28 d of CAR T-cell
infusion (%)

14/22 (63.6%) 3/17 (17.6%) 19/137 (13.9%) <.0001****

Onset of first infection (d from CAR T-cell infusion),
median (IQR)

13 (10-21.5), n = 15 73 (14.5-245.25), n = 8 50 (11-168.5), n = 47 .04*

*ICANS/neurotoxicity grading was not standardized, but performed with ASTCT, CAR T‑cell therapy–associated toxicity neurological assessment, National Cancer Institute, National
Institutes of Health/Common Terminology Criteria for Adverse Events version 4.03 and version 5.0 criteria.
†Deaths from leukemia before day 28 and all with persistent disease at 1 month assessment after tisagenlecleucel counted as refractory disease.
‡NRM defined as death without recurrent or progressive disease. P values: comparisons between groups were via Kruskal-Wallis tests for continuous variables and Fisher exact tests for

categorical variables, with a 2-tailed significance level of .05.
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Table 2 (continued)

CRS + HLH-LT, n = 26 HG-CRS without HLH-LT, n = 17 NLG-CRS without HLH-LT, n = 141 P value

Refractory disease at d 28†,n (%) 6/21 (28.6) 3/17 (17.6) 20/141 (14.2) .20

OS, median d 128 Undefined Undefined <.0001****

RFS, median d 60 Undefined 701 <.0001****

Relapse occurred, n (%) 16/25 (64) 5/17 (29.4) 44/141 (31.2) .007**

Time to relapse, median d 60, n = 16 178, n = 5 101, n = 45 .1033

Death occurred, n (%) 19/25 (76) 3/17 (17.6) 29/141 (20.6) <.0001****

Time to death, median d 85, n = 19 313, n = 3 221, n = 29 .0261

Relapse or death occurred, n (%) 23/25 (92) 7/17 (41.2) 57/141 (40.4) <.0001****

Causes of death, n (%)

Leukemia 12/19 (63.2) 3/3 (100) 23/29 (79.3)

CRS 1/19 (5.3) 0/3 (0.0) 1/29 (3.4)

Neurotoxicity 1/19 (5.3) 0/3 (0.0) 0/29 (0.0)

Infection 4/19 (21.1) 0/3 (0.0) 6/29 (20.7)

Cardiopulmonary failure 3/19 (15.8) 0/3 (0.0) 3/29 (10.3)

Hematopoietic stem cell transplant-related
complications

0/19 (0.0) 0/3 (0.0) 3/29 (10.3)

NRM‡, n (%) 7/25 (28.0) 0/17 (0.0) 6/141 (4.3) .0009***

CD19− relapse, n (%) 10/14 (71.4) 3/5 (60) 13/39 (33.3) .04*

Myeloid transformation of leukemia, n (%) 3/16 (18.8) 0/4 (0.0) 1/41 (2.44) .11

*ICANS/neurotoxicity grading was not standardized, but performed with ASTCT, CAR T‑cell therapy–associated toxicity neurological assessment, National Cancer Institute, National
Institutes of Health/Common Terminology Criteria for Adverse Events version 4.03 and version 5.0 criteria.
†Deaths from leukemia before day 28 and all with persistent disease at 1 month assessment after tisagenlecleucel counted as refractory disease.
‡NRM defined as death without recurrent or progressive disease. P values: comparisons between groups were via Kruskal-Wallis tests for continuous variables and Fisher exact tests for

categorical variables, with a 2-tailed significance level of .05.
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steroid use, which were associated with death in univariate analysis
(supplemental Figure 4), were no longer significant and therefore
removed from the final model. In a second multivariable model
including HLH-LT subgroups by peak ferritin, those with HLH-LTs
and peak ferritin ≥100 000 ng/mL had a HR of 11.36 (95% CI,
5.18-24.91), those with HLH-LTs and peak ferritin 10 000 to
<100 000 ng/mL had a HR of 2.75 (95% CI, 1.15-6.59), and high
disease burden status had a HR of 2.43 (95% CI, 1.11-5.33)
(Figure 5B).

As preinfusion ANC, platelets, disease burden, ferritin, and CRP
were associated with HLH-LTs, we evaluated the association of
these preinfusion variables with OS and RFS with a univariate Cox
regression analysis. Lower platelet counts and increased disease
burden, ferritin, and CRP were associated with death
(supplemental Table 8). Similarly, variables associated with relapse
or death included lower platelet counts, high disease burden,
greater CRP, and female sex. However, low platelet counts, high
ferritins, and high CRP were all correlated with a high preinfusion
disease burden and therefore not included in the final multivariable
models for OS/RFS.

Discussion

This study represents the largest outcome analysis of HLH-LTs in
CAYAs with B-ALL treated with commercially available tisagenle-
cleucel to date. A consensus definition for HLH-LTs is lacking, and
to identify thresholds encompassing a group with meaningfully
distinct outcomes, we used the ferritin cutoff of ≥10 000 ng/mL,
27 JUNE 2023 • VOLUME 7, NUMBER 12
shown previously to be sensitive and specific for the diagnosis of
HLH in children18 and proposed in previous carHLH criteria,6 and
used more inclusive organ toxicity definitions. Using these more
inclusive parameters, we found a similar HLH-LT incidence to prior
reports involving CD19-directed/4-1BB CAR T-cell products,9,10

and identified a group with distinct preinfusion laboratory param-
eters and significantly worse outcomes when compared with
groups with HG-CRS or NLG-CRS without HLH-LTs.

Preinfusion disease burden, inflammation, neutropenia, and
thrombocytopenia were associated with the development of both
HG-CRS and HLH-LTs. The overlap in preinfusion risk factors for
HLH-LTs and HG-CRS is expected, as most patients who devel-
oped HLH-LTs also had HG-CRS, and in the limited number of
patients for whom timing of HLH-LT onset was available, the onset
of HLH-LTs most often occurred while CRS was ongoing. How-
ever, 42.5% of patients with HG-CRS did not experience HLH-LTs,
and compared with this group, patients with HG-CRS complicated
by HLH-LTs had distinctly higher preinfusion inflammatory markers
and disease burdens and lower ANC and platelets. This suggests
that the magnitude of these preinfusion variables is important in
predicting risk for HLH-LT development and that HLH-LT is most
often preceded by HG-CRS in CAYAs treated with tisagenle-
cleucel. HLH-LT occurs rarely in patients with LG-CRS and never
in patients without CRS. This is in contrast to the lack of associ-
ation between HG-CRS and HLH-LTs with CD22-directed CAR
T-cell use reported previously.9 The very high preinfusion disease
burden in the group that developed HLH-LTs is a notable risk
factor. High disease burden is associated with increased CAR
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Figure 3. OS and RFS of HLH-LT and non–HLH-LT groups. (A) OS and RFS of patients with CRS (any grade) and HLH-LTs (CRS + HLH-LT), those with ASTCT grade 3 to 5

CRS (HG-CRS) without HLH-LTs (HG-CRS, no HLH-LT), and those with no CRS or ASTCT grade 1 to 2 CRS without HLH-LTs (NLG-CRS, no HLH-LT). (B) OS and RFS of

patients with ASTCT grade 1 to 2 CRS (LG-CRS) and grade 3 to 5 CRS (HG-CRS), with and without HLH-LT. (C) OS and RFS of group without HLH-LT (no HLH-LT), those with
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Figure 4. Outcomes of patients with high and low disease burden, with and without HLH-LTs. (A) OS and RFS for group with no or low pre–CAR T-cell infusion disease

burden without HLH-LTs (no/low disease, no HLH-LT), high disease burden without HLH-LTs (high disease, no HLH-LT), and high disease with HLH-LTs (high disease, with

HLH-LT). High pre–CAR T-cell infusion disease burden is defined as ≥ 5% BM blasts, the presence of extramedullary disease, or evidence of leukemia in the peripheral blood.

Low disease burden is detectable BM disease <5% without high disease burden criteria. No patients with no disease or low disease burden developed HLH-LTs. (B) OS for

patients with 5% to <50% BM blasts (5% to <50%), and ≥50% BM blasts (≥50%), with and without HLH-LTs. Survival curves were generated with the Kaplan-Meier method and

compared using log-rang tests with significance level of P< .05.
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T-cell proliferation.19 As T cells are considered key drivers of HLH
pathophysiology,20 and increased CAR T-cell proliferation has
been associated with HLH-LTs previously,9 a plausible theory is
that greater CD19-antigen load in patients with a higher disease
burden drives CAR T-cell proliferation, which leads to exaggerated
CRS meeting the HLH-LT definition. Previously, those developing
HLH-LTs after treatment with CD22/4-1BB CAR T cells had
associated natural killer lymphopenia and monocytopenia.9

Although we did not evaluate natural killer cells or monocytes,
Figure 3 (continued) HLH-LT and peak ferritin ≥10 000 and < 100 000 ng/mL (HLH-LT, 1

≥100 000). Survival curves were generated with Kaplan-Meier method and compared usi
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the lower ANC and trend toward lower ALC in the group devel-
oping HLH-LTs may be indicative of a reduced capacity for
downregulation of CAR T-cell activity and merits further study.
Preinfusion inflammation, observed in the group that developed
HLH-LTs, has been associated with increased toxicity and poor
outcomes in at least 2 prior reports: an adult cohort with diffuse
large B-cell lymphoma and increased ferritin, interleukin 6 (IL-6),
and intratumoral M1-macrophage pre–CD19-directed/CD28
CAR T cells,21 and a pediatric B-ALL cohort with increased
0 to <100 000), and those with HLH-LT with peak ferritin ≥100 000 ng/mL (HLH-LT,

ng log-rank tests with significance level of P < .05.
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IL-18/interferon gamma (IFN-γ) pre–CD19-directed/4-1BB CAR T
cells.22 These findings raise questions about how preexisting
inflammation affects CAR T-cell efficacy and toxicities. It is possible
that primed macrophages, a major source of ferritin, IL-1β, IL-6,
IL-10, IL-18, and tumor necrosis factor α, cytokines elevated in
CRS5 and HLH,9 have a lower threshold for activation, although
this requires further study. Genetic risk factors for HLH are well
described,23 but not evaluated here. Future studies may evaluate
strategies to reduce preinfusion inflammation and examine the
contribution of genetic variations to CAR-associated HLH-LTs.
2768 MCNERNEY et al
Patients with HLH-LTs experienced greater duration of severe
cytopenias and earlier infections than those without HLH-LTs.
Chronic inflammation in malignancies has been associated with
impaired hematopoietic stem cell fitness.24 In addition, IL-18, which
has been associated with delayed recovery of cytopenias in stem
cell transplant recipients,25 was also elevated in patients treated
with CD22-directed CAR T cells that developed HLH-LTs.9 It is
likely that hypercytokinemia, high BM disease burden, and frequent
infections contribute to prolonged cytopenias in the group with
HLH-LTs. Importantly, infections occurred >3× as commonly in the
27 JUNE 2023 • VOLUME 7, NUMBER 12
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HLH-LT group than in the HG-CRS and NLG-CRS groups within
28 days of tisagenlecleucel. Similar exposure to tocilizumab and
steroids in the HLH-LT and HG-CRS cohorts suggests that the
profound cytopenias in those with HLH-LTs contributed much of
the infection susceptibility. Notably, all except 1 infection in the
HLH-LT group occurred after the onset of CRS, suggesting that
infection was typically associated with but not a driver of CRS.
Infections may, however, contribute to worsening inflammation and
HLH-LTs, as infections preceded the onset of HLH-LTs in 4 of 7
patients with known timing of HLH-LTs.

The main finding of this study was that OS and RFS were dramati-
cally shortened in the group with CRS and HLH-LTs, whereas those
with HG-CRS not meeting the HLH-LT definition had favorable
survival outcomes overlapping with those with NLG-CRS. HLH-LTs
were independently associated with increased risk of relapse and
death, controlling for disease burden, age, and sex. This risk was
heightened in those with peak ferritin ≥100 000 ng/mL, despite no
significant difference in disease burden between groups with HLH-
LTs and peak ferritin of 10 000 to <100 000 ng/mL and
≥100 000 ng/mL. No patients with HLH-LTs and peak ferritin
≥100 000 ng/mL, and strikingly few with HLH-LTs and peak ferritin
10 000 to <100 000 ng/mL, survived without relapse.

Given the inferior outcomes of those with CRS complicated by
HLH-LTs, it will be important to determine whether these toxicities
are indicative of a distinct pathophysiology from CRS, or remain
within the spectrum of CRS, but offer additional prognostic infor-
mation beyond the current ASTCT CRS grading criteria. Notably,
the most prevalent cause of death was leukemia in all groups
(HLH-LT, HG-CRS, and NLG-CRS), but the relapse rate in the
HLH-LT group was double that of the HG-CRS and NLG-CRS
groups, indicating a lack of sustained leukemia clearance in this
group. Patients who developed HLH-LTs also experienced a high
rate of CD19− disease at relapse, may be secondary to the
increased likelihood of CD19− clone selection with high disease
burden.26 Notably, there was no difference in prior CD19-directed
therapy exposure between groups to explain this finding. Further-
more, the high rate of NRM, which occurred in nearly 30% of those
with HLH-LTs, contributed to poor outcomes in the group with
HLH-LTs. Importantly, in addition to leukemia-related mortality, over
a quarter of the HLH-LT group experienced NRM, indicating
inflammatory toxicities and infections pose a substantial risk in
those with HLH-LTs.

Optimal management of HLH-LTs remains unclear. Leukemia,
infections, organ dysfunction, CRS, and neurotoxicity/ICANS are
the predominant causes of death in those with HLH-LTs in current
and prior reports.10,11 Given elevations of IL-1β, IL-6, IL-18, and
IFN-γ seen in those with HLH-LTs after CAR T-cell infusion9,10 and
those with grade 4 to 5 CRS,5 treatment with CRS-directed
therapies of tocilizumab with or without steroids, if not already
started, should be considered. Other potential treatment options
include the use of anakinra or ruxolitinib, which have been used
previously in patients with HLH-LTs after CAR T-cell infusion.9,10

As IFN-γ is elevated in CRS and is considered to have a central
role in primary HLH, use of emapalumab in life-threatening cir-
cumstances has rationale, and has been described after CAR
T-cell therapy in preclinical models27 and case reports.28

Given the poor outcomes of the HLH-LT group, prevention stra-
tegies for those at high risk of HLH-LTs warrant investigation.
27 JUNE 2023 • VOLUME 7, NUMBER 12
Success with mitigating severe CAR T-cell–associated inflamma-
tory toxicities has been demonstrated with the use of preemptive
tocilizumab with first sustained postinfusion fever in patients with
B-ALL and ≥40% BM lymphoblasts,19 and with the prophylactic
use of anakinra in adult patients with lymphoma.29 Although anakinra
has had mixed results when used for treating severe CRS/ICANS,30

prophylactic use may have greater benefit, and more study is needed
in CAYAs. To use preventive strategies for HLH-LTs, knowing which
patients are at greatest risk is necessary, and validation of a pre-
dictive model for HLH-LTs will be essential for the prospective study
of inflammation mitigation strategies. Finally, investigations into
relapse prevention for those with HLH-LTs are necessary. The high
CD19− relapse rate in this cohort reinforces the need for close
disease surveillance, including next-generation sequencing.31 Con-
siderations such as consolidative stem cell transplant and sequential
antigen targeting should be explored.

Our study was limited by several factors. The study’s retrospective
design introduces concerns for recall bias. In addition, the timing of
preinfusion disease assessment was not standardized across sites
and timing of HLH-LTs was recorded in only a subset of the
patients. Therefore, no conclusions regarding the temporal rela-
tionship of tisagenlecleucel infusion, development of HLH-LTs, and
other complications, such as infections can be drawn. Strengths of
this analysis are its size, multi-institutional involvement, and mea-
surement of potential confounders influencing outcomes, such as
age, leukemia genetics, end of induction risk group, disease
burden, and CRS treatments.

In conclusion, this study demonstrates that patients with HLH-LTs
after tisagenlecleucel experienced more frequent relapse, sub-
stantially shortened survival, and increased toxicities compared
with those without HLH-LTs, including those with HG-CRS. We
describe an association of high preinfusion disease burden,
inflammatory markers, and severe cytopenias with HLH-LTs. Given
the dismal outcomes in this group, validation of these findings and
prospective studies targeting questions of prevention and optimal
management are urgently needed.
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