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Neurofilament light chain serum levels correlate with the severity of
neurotoxicity after CAR T-cell treatment
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m Antitumor therapy with CD19-targeted chimeric antigen receptor (CAR) modified T cells

is highly efficient. However, treatment is often complicated by a unique profile of
* Severity of ICANS unpredictable neurotoxic adverse effects of varying degrees known as immune effector
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cell-associated neurotoxicity syndrome (ICANS). We examined 96 patients receiving CAR
T cells for refractory B-cell malignancies at 2 major CAR T-cell treatment centers to
determine whether serum levels of neurofilament light chain (NfL), a marker of neuroaxonal
injury, correlate with the severity of ICANS. Serum NfL levels were measured before and
after infusion of CAR T cells using a single-molecule enzyme-linked immunosorbent assay
and correlated with the severity of ICANS. Elevated NfL serum levels before treatment were

Preexisting
neuroaxonal injury,
reflected by elevated
NfL levels before
CAR T-cell treatment,

correlated with the
severity of ICANS. assessing the severity of ICANS and for improving patient monitoring after CAR T-cell

associated with more severe ICANS in both unadjusted and adjusted analyses. Multivariable
statistical models revealed a significant increase in NfL levels after CAR T-cell infusion, which
correlated with the severity of ICANS. Preexisting neuroaxonal injury. which was
characterized by higher NfL levels before CAR T-cell treatment, correlated with the severity
of subsequent ICANS. Thus, serum NfL level might serve as a predictive biomarker for

transfusion. However, these preliminary results should be validated in a larger prospective
cohort of patients.

Introduction

Chimeric antigen receptor (CAR) T cells are a powerful new class of adoptive immunotherapy for the
treatment of relapsed or refractory hematologic malignancies.1'3 Although CAR T-cell therapy has
improved response rates in B-cell neoplasms, its success is impeded by a unique spectrum of immune-
mediated adverse events, including cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS). ICANS affects 20% to 64% of patients treated with
CD19-directed CAR T cells for B-cell malignancies, 10% to 28% of whom have severe symptoms
(ICANS grade =3).* ICANS describes a broad spectrum of neurologic symptoms ranging from mild con-
fusion and tremor to dysphasia, seizures, severe cerebral edema, and coma, potentially leading to death.*®
In the majority of patients, ICANS manifests as encephalopathy of variable degree without structural brain
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abnormalities and is associated with invasion of the central ner-
vous system (CNS) by proinflammatory cytokines and immune
cells. However, its exact pathophysiology is not fully understood
and, among other aspects, the extent to which ICANS is associ-
ated with neuroaxonal injury is yet to be determined.®’” Further-
more, validated biomarkers for predicting neurotoxicity are still
lacking.

Recently, levels of neurofilament light chain (NfL) in the blood have
been shown to be a sensitive marker of neuroaxonal injury, thus
serving as an indicator of neurologic, functional, and cognitive status
in numerous neurologic diseases.? These previous findings prompted
us to examine the utility of serum NfL level as a surrogate for ICANS-
associated neuroaxonal injury and to assess its correlation with the
severity of ICANS.

Methods

Ninety-six patients were included in this study: 66 had relapsed or
refractory diffuse large B-cell lymphoma (DLBCL) and 30 had other
hematologic malignancies (B-cell precursor acute lymphoblastic leu-
kemia [BCP-ALL], n = 12; lymphomas or leukemia other than
DLBCL or BCP-ALL, n = 18). The patients were from 2 CAR T-cell
therapy centers (Ludwig Maximilian University, Campus GroBhadern
[Munich, Germany] and University Hospital Heidelberg [Heidelberg,
Germany]) from March 2019 to May 2020. All patients received
CD19-directed CAR T-cell therapy (axicabtagene ciloleucel,
n = 49; tisagenlecleucel, n = 22; brexucabtagen autoleucel,
n = 1; or an investigational third-generation CAR?® n = 24, at the
respective standard doses). Patients with previous or present
involvement of the CNS were excluded from our study.

Serum NfL levels were determined using a single-molecule array
assay as previously described.’® Serum NfL levels were measured
5 days before (NfL-pre) and at day 1 (range, 0-3 days) after (NfL-
post) maximum ICANS was reached after CAR T-cell treatment,
which was at day 7 in 30 of 35 patients and at days 10 to 20 in 5
of 35 patients (NfL-post). All values are reported as median and
interquartile range (IQR), unless otherwise indicated. ICANS was
graded in each patient.® As a control, serum samples were obtained
from 22 healthy age-matched participants (from which NfL-control
was determined). Serum levels of NfL were plotted on a logarithmic
scale because of their skewed distribution. Between-group compari-
sons were made using the Mann-Whitney U test and Kruskal-Wallis
test with post hoc Dunn’s testing, and a univariable linear model
was applied. For intragroup comparisons, multivariable logistic
regression and mixed linear models were calculated to adjust for
possible effects of age, diagnosis (DLBCL vs non-DLBCL), study
center, and ICANS severity. Receiver operating characteristics were
calculated. Mediation analysis was performed to examine whether
NfL-post levels accounted for the effect CRS exerts on ICANS.
Therefore, the template described by Baron and Kenny'! and the
method by Vanderweele and Vansteelandt'® were used. All path-
ways were assessed by univariable logistic and linear regression
analyses. P values < .05 were considered significant. Statistical
analyses were performed in R version 4.0.4. The study was
approved by the local ethics committees (No. 20-646) and was
conducted in accordance with the Declaration of Helsinki.
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Results and discussion

Ninety-six patients (67 males, 29 females) with a median age of 58
years (range, 20-83 years) were evaluated. ICANS occurred in
35 (86.5%) and CRS occurred in 68 (70.8%) of the 96 patients
(Table 1).

Serum levels of NfL in patients with leukemia and lymphoma before
CAR T-cell treatment were comparable to those of age-matched
healthy participants (NfL-pre: median, 31.8 pg/mL [IQR, 20.2-58.4
pg/mL] vs NfL-control: 28.0 pg/mL [IQR, 23.8-32.7 pg/mLl];
P = .351). Remarkably, NfL-pre levels were significantly higher in
patients who developed moderate to severe ICANS (ICANS grade
2-4) after CAR T-cell transfusion than in patients reporting no or
mild ICANS (ICANS grade 0-1) (ICANS grade 0-1: 28.4 pg/mL
[IQR, 19.2-49.7 pg/mL]; ICANS grade 2-4: 60.0 pg/mL [IQR, 31.7-
109.0 pg/mL]; P < .01) (Figure 1A). Multivariable logistic regres-
sion adjusting for age, diagnosis, and study center revealed a signifi-
cant positive correlation of NfL-pre levels with severity of ICANS
(P < .01) (Figure 1B). In a mixed linear model, NfL levels increased
significantly in patients after CAR T-cell transfusion (P < .05)
(Figure 1C). The sensitivity and specificity of using NfL-pre to stratify
the severity of ICANS after CAR T-cell treatment was 0.88 and
0.50 (area under the curve, 0.711) at a cutoff value of 74.8 pg/mL
(Figure 1F).

Patients with moderate to severe ICANS (ICANS grade 2-4) exhib-
ited significantly higher NfL-post levels than those with no to mild
ICANS (ICANS grade 0-1) (ICANS grade 0-1: 27.9 pg/mL [IQOR,
20.1-54.3 pg/mL] vs ICANS grade 2-4: 75.3 pg/mL [IQR, 32.4-
183.0 pg/mL]; P < .01) (Figure 1D). However, separate groupwise
statistics comparing NFl-pre and NfL-post for both subgroups did
not reach statistical significance (ICANS grade 0-1: P = .0824,
B = 0.098; ICANS grade 2-4: P = .1036, § = 0.335). Multivari-
able logistic regression adjusting for age, diagnosis, and study cen-
ter yielded a significant correlation between higher NfL-post levels
and the severity of ICANS (P < .001) (Figure 1E). Mediation analy-
sis showed that 28% of the overall effect that CRS has on ICANS
can be explained by NfL-post levels (P < .001) (Figure 1G).

This observational pilot study is, to the best of our knowledge, the
first to examine serum NfL level-a well-established biomarker of neu-
roaxonal injury—as a potential biomarker for monitoring ICANS after
CAR T-cell transfusion. Our data provide evidence for an increase in
serum NfL level that accompanies the neurotoxicity observed in
patients after CAR T-cell treatment, thus possibly indicating an under-
lying neuroaxonal injury. The posttreatment increase of NfL level cor-
relates with the severity of the neurotoxicity. However, regarding both
groups (ie, ICANS grade 0-1 and ICANS grade 2-4) separately,
direct comparison of NfL-pre and NfL-post levels did not reach statis-
tical significance. This might be mainly a result of the relatively low
numbers of patients, particularly in the group with ICANS grade 2-4.
Remarkably, both posttreatment and pretreatment NfL levels corre-
lated with the severity of the subsequent neurotoxicity. These findings
suggest that measuring the level of NfL, alone or in combination with
known risk factors such as tumor burden, CAR T-cell expansion, sys-
temic inflammation, and immune system activation, might be useful to
predict severe neurotoxicity after CAR T-cell transfusion.

Numerous studies have demonstrated that NfL serum levels correlate
well with NfL cerebrospinal fluid levels, mirror the extent of neuroaxo-
nal injury, and predict outcome for several neurologic conditions,
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Figure 1. NfL serum levels before and after CAR T-cell transfusion and the interaction of CRS, ICANS, and NfL-post levels. (A) Pretreatment NfL serum levels
(NfL-pre) were significantly higher in patients who developed moderate to severe ICANS (ICANS grade 2-4) than in those with no to mild ICANS (ICANS grade 0-1).
(B) Multivariable logistic regression adjusting for age, diagnosis (DLBCL vs non-DLBCL), and study center revealed a significant correlation between NfL-pre levels and the

severity of ICANS. (C) NfL-post levels were significantly higher than NfL-pre levels for the whole CAR T-cell group in a mixed linear model (fixed factors: CAR T-cell product,

diagnosis, age, study center, ICANS severity, and ICANS grade). (D) Posttreatment NfL serum levels (NfL-post) were significantly higher in patients with moderate to severe
ICANS (ICANS grade 2-4) than in patients with no to only mild ICANS (ICANS grade 0-1). (E) A significant correlation between NfL-post and ICANS grade was detected in

a multivariable logistic regression model after adjustment for age, diagnosis (DLBCL vs non-DLBCL), and study center. (F) Receiver operating characteristics revealed a

sensitivity and specificity of NfL-pre to stratify the severity of ICANS after CAR T-cell treatment of 0.88 and 0.50 (area under the curve, 0.711) at a cutoff value of

74.8 pg/mL. (G) Interactions between CRS, ICANS, and NfL-post were analyzed by applying mediation analysis.""'? NfL-post levels could account for 28% of the

overall effect that CRS had on ICANS. *P < .05; **P < .01; ***P < .001.

including muiltiple sclerosis, neurodegenerative disorders, traumatic
brain injury, and ischemic stroke.® Furthermore, elevated blood NfL
levels have been measured in patients with septic encephalopathy
and also in patients with severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection showing neurologic symptoms.'®
Increased baseline NfL serum levels have recently been shown to
predict the risk of postoperative delirium.'® In line with those reports,
our findings support the hypothesis that neuroaxonal integrity might
also have an important role in determining the severity of CAR
T-cell-associated neurotoxicity (ie, ICANS). Consistent with our
results, reports have indicated that preexisting CNS pathology
increases the risk of neurotoxicity after CAR T-cell treatment.'®'®

Mediation analysis of CRS, ICANS, and NfL-post levels implies that
distinct pathophysiological mechanisms might contribute to ICANS.
CAR T-cell infusion triggers a systemic immune response at both a
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molecular (cytokine) level and a cellular level that in turn might
induce blood-brain barrier dysfunction and neuroinflammation.>?"1®
Both cytokines and immune cells crossing the blood-brain barrier
might directly and indirectly (eg, via the formation of edema after
glymphatic dysregulation, endothelial activation, or excitotoxicity)
influence neuronal function, change synaptic connectivity, and also
induce neuronal death. Considering that ICANS is transient, it is not
expected that structural neuronal changes would account for the
majority of ICANS. Considering that neuroaxonal injury is one of the
pathophysiological mechanisms that might underly or at least occur
during ICANS, we used circulating NfL as a biomarker for neuroaxo-
nal injury in ICANS and thus as a mediator variable to explain parts
of the association between CRS and ICANS. Our data imply an
increased risk for more severe ICANS as a result of neuroaxonal
injury if NfL-pre is >75 pg/mL. However, further studies are needed
to establish valid cutoff values for pretreatment NfL levels.
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Table 1. Patient characteristics (N = 96)

Characteristic % Median (range)

Baseline characteristics before CAR T-cell transfusion

Age, y 58 (20-83)
Female sex 30.2
Diagnosis
DLBCL 68.8
BCP-ALL 125
Other lymphoma/leukemia subtypes* 18.7
ECOG PS
0 53.1
1 448
2 2.1
3 (0]
4 (0]
5 (0]
NfL, pg/mL 31.8 (1.8-436.0)

Administered CAR T-cell product

Axicabtagene ciloleucel 51.0
Tisagenlecleucel 22.9
Other productst 26.0

Outcome parameters after CAR T-cell transfusion

ECOG PS
0 45.7
1 31.9
2 28.3
3 3.2
4 11
5 12.8
CRS grade
0 29.2
1 42.7
2 22.9
3 5.2
4 0
ICANS grade
0 63.5
1 13.5
2 10.4
3 7.3
4 5.2
NfL (pg/mL) 31.1 (15.9-867.0)
Outcome after 3 mo
CR 25.6
PR 18.3
SD 12.2
MR 2.4
PD 41.5

CR, complete remission; ECOG, Eastern Cooperative Oncology Group; PR, partial
remission; SD, stable disease; MR, mixed response; PD, progressive disease.

*Follicular lymphoma, primary mediastinal B-cell ymphoma, mantle cell ymphoma, high-grade
B-cell lymphoma, chronic lymphatic leukemia, mixed-phenotype acute leukemia.

tBrexucabtagen autoleucel (n = 1) and an investigational third-generation CD19-targeted
CAR T-cell product® (n = 24).
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The clinical correlates of elevated serum NfL levels should be further
delineated using advanced neuropsychological testing, as well as
functional magnetic resonance imaging of the brain and brain con-
nectivity measurements. Analyses should be performed not only in
the acute setting but also during long-term follow-up. Investigating
the exact mechanism of neuroaxonal injury, either before or after the
application of CAR T cells, was beyond the scope of this study. We
assume that the cumulative dosage and (neuro)toxicologic anteced-
ent therapy might have a crucial impact on neuroaxonal integrity in
both the CNS and peripheral nervous systems and therefore might
affect NfL-pre levels. However, we did not explicitly adjust NfL-pre
levels for these factors, which might be a limitation of our data.

In conclusion, pre-treatment NfL serum levels might become instru-
mental in predicting severe CAR T-cell-associated neurotoxicity.
This might help clinicians identify patients at particular risk of severe
neurotoxicity and provide risk-adapted anticipatory care. Further-
more, our data give first evidence that NfL might be a biomarker for
ICANS severity. Further studies are warranted to validate these
results and identify subsequent prophylactic treatment algorithms.
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