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Abstract

In preclinical models, anakinra, an IL-1 receptor antagonist (IL-1Ra), reduced immune effector-
cell associated neurotoxicity syndrome (ICANS) without compromising anti-CD19 CAR T-cell
efficacy. We initiated a phase 2 clinical trial of anakinra in patients with relapsed/refractory large
B-cell lymphoma and mantle cell lymphoma treated with commercial anti-CD19 CAR T-cell
therapy. Here we report a non-prespecified interim analysis reporting the final results from Cohort
1 in which patients received subcutaneous anakinra from day 2 until at least day 10 post CAR
T-cell infusion. The primary endpoint was the rate of severe (grade =3) ICANS. Key secondary
endpoints included the rates of all grade cytokine release syndrome (CRS) and ICANS and
overall disease response. Amongst 31 treated patients, 74% received axicabtagene ciloleucel, 13%
brexucabtagene ciloleucel and 4% tisagenlecleucel. All grade ICANS occurred in 19% and severe
ICANS in 9.7% patients. There were no grade 4 or 5 ICANS events. All grade CRS occurred

in 74% and severe CRS in 6.4% patients. The overall disease response rate was 77% with 65%
complete response rate. These initial results show that prophylactic anakinra resulted in a low
incidence of ICANS in patients with lymphoma receiving anti-CD19 CAR T-cell therapy, and
support further study of anakinra in immune-related neurotoxicity syndromes. ClinicalTrials.gov
registration: NCT04148430.
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Introduction

Results

Patients

CD19-directed chimeric antigen receptor (CAR) T-cell therapy can be associated with
significant toxicities such as cytokine release syndrome (CRS) and immune effector-cell
associated neurotoxicity syndrome (ICANS)1-8, Both CRS and ICANS require stringent
patient monitoring and result in increased morbidity, prolonged hospitalization and intensive
care unit admission.

Given the crucial role of IL-6 in mediating CRS, the IL-6 receptor antagonist tocilizumab

is approved for the treatment of moderate to severe CRS?10. It has markedly reduced the
incidence of severe CRS, but tocilizumab is not effective for ICANS and real-world data
continues to demonstrate >30% rates of severe ICANS with axicabtagene ciloleucel (axi-cel)
in patients with lymphomall-13, Furthermore, tocilizumab may worsen ICANS4, Despite
some concerns that nonspecific immune suppression may compromise antitumor activity, the
mainstay of current ICANS management is corticosteroids as targeted therapies are currently
lacking810:15, Some studies have examined prophylactic corticosteroid use and reported
trends towards lower rates of severe ICANS but all grade neurotoxicity rates remained high
at 58-61%16.17.

Murine models established to investigate CAR T-cell toxicities have demonstrated that

CAR T-cells activate tumor-associated macrophages resulting in increased secretions

of IL-1 and IL-618.19, |L-1 is a pleiotropic cytokine mainly produced by monocytes

and macrophages, and the ubiquitously expressed IL-1 receptor is responsible for pro-
inflammatory signallingZ®. Our own preclinical studies providing IL-1 receptor antagonist
(IL-1Ra) from engineered CAR T-cells or administering IL-1Ra have demonstrated that
prophylactic administration of anakinra abrogated CAR T-cell mediated immune toxicities
without compromising efficacyl®. Based on these studies, we initiated a phase 2 clinical
trial to evaluate the efficacy of prophylactic anakinra in preventing severe ICANS in patients
receiving CD19-directed CAR T-cell therapy for B-cell lymphoma.

From November 11, 2019, to April 5, 2021, a total of 34 patients were screened and 31
patients were enrolled; 3 patients did not proceed to the study for not meeting eligibly
criteria or to pursue alternative lymphoma treatment (Fig. 1). This was a single-arm,

phase 11 trial conducted at Memorial Sloan Kettering Cancer Center (ClinicalTrials.gov
registration: NCT04148430). Eligible patients were =18 years of age with a diagnosis

of relapsed/refractory large B-cell lymphoma (LBCL) or mantle cell lymphoma (MCL).
Patients must have been receiving commercial CD19-directed CAR T-cell therapy (axi-cel,
brexucabtagene autoleucel [brexu-cel], lisocabtagene maraleucel [liso-cel], tisagenlecleucel
[tisa-cel]) for the approved indications. Patients with a prior neurotoxicity history or active
central nervous system (CNS) disease were not excluded. Further details of the study design
and eligibility requirements are provided in the study protocol, which can be found in the
Supplementary Information.
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The study included two independent cohorts with sequential enrollment to cohort 1 followed
by enrollment in cohort 2. In cohort 1, patients received subcutaneous anakinra at a dose

of 100mg every 12 hours commencing either on day 2 post-infusion or after 2 documented
fevers = 38.5°C, whichever occurred first, for a minimum of 10 days. In cohort 2, patients
receive subcutaneous anakinra 100mg daily on day 0 of CAR T cell infusion for a minimum
of 7 days. Cohort 2 will enroll 31 patients and enrollment is ongoing. Enrollment to cohort
1 is complete, and herein we report the findings from the completed cohort 1 analysis.

In this cohort, no patient received prophylactic dexamethasone or tocilizumab. Anakinra
was continued for at least 10 days, but the frequency and duration of anakinra could be
increased to 100mg every 6 hours or beyond 10 days in the setting of persistent and/or
progressing CRS and ICANS. Anakinra was stopped upon complete resolution of CRS or
ICANS. Patients could receive tocilizumab and/or corticosteroids after anakinra initiation for
persistent or worsening CRS/ICANS at the discretion of treating investigators. The details
of anakinra dose escalation guidelines are available in the study protocol; the institutional
anti-microbial prophylaxis guidelines and ICANS monitoring strategies are included in the
Methods and Extended Data Table 1. A baseline and day 5 post-CAR T-cell infusion lumbar
puncture was performed to allow for cerebrospinal fluid (CSF) analysis. Disease response
was assessed by positron emission tomography/computerized tomography (PET/CT) scan at
month 1, 3 and 6, and as clinically indicated thereafter.

The primary endpoint of the study was the rate of severe (grade =3) ICANS within the

first 28 days after CAR T-cell infusion. Key secondary endpoints included the rates of
severe CRS; all grade CRS and ICANS; tocilizumab and corticosteroid use; overall response
rate; rates of severe infections; and levels of serum and CSF cytokines at baseline and
post-anakinra. CRS and ICANS were graded according to the criteria of the American
Society for Transplantation and Cellular Therapy (ASTCT) 8 and disease response was
assessed per the Lugano Criteria 21,

Patient characteristics at baseline are summarized in Table 1. The median age of the overall
cohort was 62 years (range, 25 to 77). The median time between diagnosis and CAR T-cell
infusion was 15 months (range, 3 to 85). Nineteen patients (61%) had stage I11 or IV disease,
and 12 (39%) had elevated pre-lymphodepletion lactate dehydrogenase (LDH). Patients
received a median of 3 previous lines of therapy (range, 2 to 5). Twenty-two (71%) patients
were refractory to their immediate prior therapy, including 20 patients with progressive
disease and 1 patient with stable disease to the last line of treatment. Patients had a
histological diagnosis of relapsed/refractory LBCL (58%), high-grade B-cell lymphoma
(HGBCL) (19%), MCL (13%) and primary mediastinal B-cell lymphoma (PMBCL) (10%).
Twenty-three patients received axi-cel (74%), 4 brexu-cel (13%) and 4 tisa-cel (13%).
Twenty-six (84%) patients received bridging therapy prior to CAR T-cell infusion. All tumor
volume assessments were performed following bridging therapy and prior to conditioning
chemotherapy and CAR T-cell infusion (Table 1). Additional detailed individual patient and
disease characteristics including modified EASIX scores?? are listed in Extended Data Table
2.
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Anakinra Administration

All patients started subcutaneous anakinra at 100mg every 12 hours. Twenty-five patients
(81%) started anakinra on day 2 post-CAR T-cell infusion and 6 (19%) started prior to day
2 for grade 1 CRS per the protocol (Extended Data Table 3). Anakinra dosing was increased
to 100mg every 6 hours in 15 patients (48%) for persistent grade 1 CRS (n=5), grade 2
CRS with hypotension (n=7), grade 2 CRS with hypoxia (n=1) and grade 2 CRS with both
hypotension and hypoxia (n=2) (Extended Data Table 4).

The median duration of anakinra administration was 11 days (range, 10 to 27). Six

patients (19%) completed anakinra as an outpatient following discharge from the initial
hospitalization and all received anakinra at 100mg every 12-hour dosing without dose
escalation during their 10-day treatment course (Extended Data Table 4). In all patients,
anakinra was discontinued either after the 10-day course (n=15) or upon complete resolution
of CRS or ICANS (n=16). All patients tolerated the treatment and completed the minimum
10-day course of anakinra per the protocol. No patient stopped the treatment due to any
adverse event.

ICANS, CRS and Infection Incidence

A total of 3 patients (9.7%) experienced severe (grade =3) ICANS. Six patients (19%)
experienced any grade ICANS; 3 patients (9.7%) experienced grade 1 and the other 3 (9.7%)
grade 3 ICANS. No grade 2, 4 or 5 ICANS occurred in the study (Fig. 2A). To align with
the two-stage study design, the 90% upper bound for the 9.6% with grade =3 ICANS is
20.3% and the associated p-value is 0.001423:24, Of the 27 patients who received CD28
containing CARs, i.e., axi-cel and brexu-cel, all grade and severe ICANS rate was 22% (6 of
27) and 11% (3 of 27), respectively; all 4 patients who received tisa-cel did not experience
any ICANS (Fig. 2B). The median time to ICANS onset was 4.5 days (range, 3 to 11) after
CAR T-cell infusion, and the median duration was 4 days (range, 1 to 15). The individual
neurological symptoms and their respective grading per the Common Terminology Criteria
for Adverse Events (CTCAE) version 5.0 criteria are listed in Extended Data Table 5 and
included decreased level of consciousness (n=6), confusion (n=3), expressive dysphasia or
dysarthria (n=2), hand tremors (n=2), paraesthesia (n=1), and headache (n=1). Five (16%)
patients received dexamethasone for treatment of ICANS and none received dexamethasone
for prophylaxis; 2 (6%) patients required transfer to intensive care (but did not require
intubation) for grade 3 ICANS (Extended Data Table 6). The median steroid duration was

4 days (range, 2 — 25) and the median total cumulative dose of dexamethasone used for
ICANS management was 75mg (range, 0 — 364) (Extended Data Table 6). No patient
required high dose methylprednisolone for ICANS management.

All grade CRS occurred in 23 patients (74%). Most CRS events were grade 1 or 2, except
for 1 grade 3 and 1 grade 4 event (Fig. 2A and C). Of the patients who received CD28
containing CARs (n=27), i.e., axi-cel and brexu-cel, all grade and severe CRS rate was
78% (21 of 27) and 7% (2 of 27), respectively (Fig. 2C). The median time to CRS onset
was 1 day (range, 1 — 8) and the median duration was 7 days (range, 1 — 15). Supportive
measures for CRS management included tocilizumab (n=11, 35%), dexamethasone (n=4,
13%), and transfer to intensive care for vasopressor support (n=2, 6%). Tocilizumab was
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administered for grade 1 (n=2), grade 2 (n=8), and grade 3 CRS (n=1) management, and
none for prophylaxis (Extended Data Table 6). Tocilizumab was started at the same time
or within 24 hours of anakinra dose escalation in 8 patients and 2 days later in 2 patients;
1 patient received tocilizumab before anakinra dose escalation for grade 1 CRS. Of the 4
patients who received steroids for CRS, the median duration of steroid was 1 day (range, 1
—14) and the median total cumulative dose of dexamethasone was 15mg (range, 10 — 380)
(Extended Data Table 6).

Five patients (16%) had a documented infection occurring within 30 days post CAR T-cell
infusion with a median onset on day 12 (range, 4 to 20 days) (Extended Data Table 7). The
5 infections were Escherichia coli and Pseudomonas aeruginosa bacteremia, Escherichia
coli and Clostridium difficile stool infections, and bacterial pneumonia. All infections
resolved and no patients required hospital readmission for infectious complications. Patients
with infectious complications beyond day 30 with corresponding severity and infectious
organisms are included in Extended Data Table 7.

CAR T-Cell Efficacy

The median follow-up duration among survivors was 16 months (range, 1 to 24 months).

A best overall response of a partial response or better occurred in 24 of 31 patients by

day 100 (77%; 95% confidence interval [CI] 59 to 90). Complete responses occurred in 20
patients (65%) and a partial response in 4 (13%) (Fig. 3A). One patient died of COVID-19
pneumonia at day 47 and did not have a day 30 response assessment; this patient is included
in the no response category in Fig. 3A. The overall response rates by LBCL histology

were 78%, 67% and 67% for DLBCL, HGBCL and PMBCL, respectively (Fig. 3B); overall
response rates for axi-cel, tisa-cel and brexu-cel were 78%, 50% and 100%, respectively
(Extended Data Fig. 1A). The Kaplan-Meier estimate of response duration for at least 3
months was 83% (95% CI, 69 to 99). The median progression-free survival (PFS) was 16
months (95% CI, 9.2 to not reached) (Fig. 3C). Overall survival (OS) at 1-year was 68%
(95% ClI: 53-88); the median OS was not reached (Fig. 3D). For the 27 LBCL patients, the
estimated 1-year OS was 63% (95% Cl: 44-83) and 1-year PFS was 52% (95% CI: 30-73).
Among the 4 MCL patients, all remain alive and one progressed 9 months after infusion
(Extended Data Fig. 1B-C).

Biomarker Analysis

Previous studies of CD19 CAR T cells in lymphoma demonstrated a significant association
between ICANS and elevated levels of serum cytokines, including IFNy, IL-2, IL-6, IL-8,
IL-10, IL-15, MCP-1, GM-CSF, and TNFa2-16:17.2526 |n our study, we observed a transient
early increase of CRP, IL-15 and MCP-1, which normalized within one week of infusion
and minimal changes for other serum cytokines in all patients regardless of the severity of
ICANS (Fig. 4A; Extended Data Fig. 2). Importantly, we observed no significant increase

in IL-1 downstream cytokines including IL-1a, IL-1, IL-6, and IL-8 in all patients, but
found a dramatic and sustained increase in the levels of serum IL-1Ra for the entire duration
of anakinra administration (Fig. 4A), indicating that the measured IL-1Ra levels represent
anakinra concentration as opposed to endogenous IL-1Ra production.

Nat Med. Author manuscript; available in PMC 2024 October 09.
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Next, based on our prior finding that linked severe ICANS and increased CSF protein as

a surrogate marker of blood-CSF barrier disruption?®, we measured CSF protein levels at
baseline and day 5 post CAR T-cell infusion and observed no significant increase (Fig. 4B).
In addition, we measured CSF cytokine levels at baseline and post CAR T cell infusion

and selected the day 5 timepoint to provide comparisons to the levels published in the prior
study of axi-cel with prophylactic corticosteroid usel’. Similar to our findings of the serum
cytokine analysis, we observed a significant and dramatic increase of IL-1Ra in the CSF at
day 5, supporting the previous published observation that anakinra can cross the blood-brain
barrierl”27, Most gratifyingly, we did not find a significant change of cytokines previously
found to be associated with ICANS including IL-1a, IL-2, IL-6, IL-8, IL-10, IL-15, TNFa
and IFNy, with the exception of G-CSF 25 (Fig. 4C).

Discussion

In this phase 2 study, we found that prophylactic subcutaneous administration of anakinra
at 100mg every 12 hours with step-up dosing reduced rates of high-grade ICANS in
patients receiving CD19-directed CAR T-cell therapy, findings that are consistent with
results of preclinical studies'819, To the best of our knowledge, this is the first and largest
prospective clinical trial of prophylactic anakinra for prevention of ICANS associated with
CD19-directed CAR T-cell therapy. Overall, all grade ICANS occurred in 19% of patients
and = grade 3 ICANS in 9.7%. Of the patients receiving axi-cel and brexu-cel, all grade
ICANS occurred in 22% and = grade 3 ICANS in 11% in the study, as compared with
55-69% all grade and 31-38% = grade 3 ICANS reported with axi-cel and brexu-cel in
prior clinical trials and real-world data*11-13, Importantly, we found rapid biodistribution
of anakinra into both the serum and CSF with subsequent suppression of I1L-1 associated
cytokines, including in the CSF. Lastly, administration of anakinra did not impact the
efficacy of CAR T-cells, corroborating our earlier findings in animal models!8. At a median
follow-up of 16 months, responses occurred in 77% of patients with a median PFS and OS
of 16 months and not reached, respectively.

ICANS associated with CD19 CAR T-cell therapy remains one of its most troublesome
toxicities with limited and no targeted treatment options. IL-1 is produced by recipient
monocytes and macrophages and demonstrated to be an actionable target to mitigate CAR
T-cell mediated immune toxicities in two separate animal models without affecting CAR
efficacy1018.19 1n both models, prophylactic anakinra reduced macrophage activation and
infiltration to the brain. In addition, our prior analysis of CSF cytokines from patients with
severe ICANS demonstrated marked elevation of IL-1a along with IL-6, IL-8, IP-10, and
MCP-1 in the CSF and suggested these locally produced cytokines secreted by activated
microglia, macrophages or astrocytes as a potential mechanism of neurotoxicity2°. To date,
clinical experience of anakinra has been limited to case reports and as a treatment of
refractory CRS/ICANS rather than as a preventive strategy28-39, However, our preclinical
data suggests IL-1 inhibition would be most effective when applied early to abate
macrophage activation before high-grade CRS and ICANS developed!8:19,

We observed that IL-1Ra levels dramatically increased immediately following anakinra
administration, suggesting a rapid biodistribution of anakinra and suppression of its

Nat Med. Author manuscript; available in PMC 2024 October 09.
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downstream IL-1 related cytokines. The marked elevation of CSF IL-1Ra after anakinra
administration is consistent with anakinra’s ability to cross the blood-brain-barrier and
directly exert its effects within the central nervous system 2731, In contrast, tocilizumab

is unable to cross the blood-brain-barrier, and this may partly explain its minimal activity
on ICANS. Secondly, only modest increases of other cytokines typically associated with
ICANS were seen in both the serum and CSF, suggesting that IL-1 inhibition exerts a
broader downstream effect to reduce other pro-inflammatory cytokines?®. In a study of
prophylactic corticosteroid use in patients treated with axi-cel, CSF cytokines measured at
day 5 post-CAR T-cell infusion demonstrated higher levels of IL-2Ra, IL-6, IL-8, IL-15
and IFN-y in patients who had grade =3 neurotoxicityl”. In contrast, we did not observe
significant increases of these cytokines at day 5. Our findings underscore the usefulness and
effectiveness of agents that unlike monoclonal antibodies can cross the blood-brain barrier.

It is important to put the results of this study in context with ICANS rates from other
CD19-directed CAR T-cell studies. Prior to the establishment of the ASTCT ICANS
grading criteria®, neurotoxicity was reported per the CTCAE grading. Although cross-

trial comparisons are challenging owing to various grading systems for neurotoxicity,

we have previously reported a high concordance between ASTCT and CTCAE grades2.
Furthermore, the most recent real-world data analysed neurotoxicity using the ASTCT
criteria and reported 56% all grade and 38% > grade 3 ICANS rate in 168 patients receiving
axi-cel3. In the present study, we observed all grade and > grade 3 ICANS rates of 22% and
9%, respectively, in patients who were treated with axi-cel. These rates compare favorably
with those from prior trials and real-world data with axi-cel that reported the higher all
grade and = grade 3 neurotoxicity rates of 56-64% and 28—38%, respectively?12:13, When
compared to prior studies using early intervention or prophylactic corticosteroids with axi-
cel, our data shows lower all grade (22% vs. 58-61%) and = grade 3 ICANS rates (9% vs.
13-17%) noting the similar pre-treatment disease burdens (median sum of the product of
diameters [SPD] in our cohort of 1609.5mm? vs. 1184 and 2100mm? in prior studies)16:17.

In addition, we did not observe a delayed onset of either CRS or ICANS with prophylactic
anakinra. The median onset of CRS and ICANS in the study was 1 and 4.5 days,
respectively, and is comparable to the 2 and 5 days reported with axi-cel211. Importantly,
anakinra prophylaxis does not seem to impact CAR T-cell efficacy. We observed 61%
complete response rate and 1-year PFS estimate of 52% in patients treated with axi-cel,
comparable to 54-64% complete repones rates and 44-45% 1-year PFS reported in prior
studies of axi-cel at a similar median duration of follow-up211.

Our study also indicates that the dose and timing of anakinra are important to maximize

its efficacy. While anakinra has been used for management of refractory CRS and ICANS28-
30,3233 the optimal dose when used as prophylaxis remains unknown. Preliminary results
from a study that used 200mg daily of prophylactic anakinra did not see a reduction in
severe ICANS34, and another retrospective study concluded that a higher dose and a shorter
time to initiate anakinra was associated with improvement of CRS/ICANS®2. In the present
study, we started anakinra at 100mg every 12 hours and allowed a prompt dose escalation

to 100mg every 6 hours (400mg daily) for persistent grade 1 CRS or progression to grade 2
CRS. This design of risk-adapted anakinra dose adjustment in response to toxicity likely led
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to more effective early inhibition of IL-1. Our data suggest that starting with 100mg every 6
hour-dosing may also be considered in future clinical trials.

This trial has some limitations. Because the validated assay to measure commercial CAR T-
cell products was not available during the study period, we were unable to analyse for CAR
T-cell expansion although the overall response rates of 77% is comparable to the published
data?~411. In another study, preliminary results demonstrated that prophylactic anakinra did
not impact the peak expansion and antitumor efficacy of axi-cel compared to the ZUMA-1
cohort 34, Our study was non-randomized and therefore might have introduced a selection
bias. Unlike the ZUMA-1 cohort 1 and 2, our study allowed bridging therapy as did the
subsequent ZUMA-1 cohort 4 and 6 and ZUMA-2 studies. Baseline pre-treatment tumor
volume in our study as measured by SPD (median 1609.5mm?2) was comparable to those
reported in the ZUMA-1 cohort 4 and 6; it was numerically higher than the value reported
in ZUMA-1 cohort 6 (median 1184mm?)16 but lower than ZUMA-1 cohort 4 (median
2100mm?2)18.17_ Fyture randomized studies will be useful to formally address any unforeseen
potential selection bias. Lastly, the current cohort evaluated the efficacy of starting anakinra
on day 2 or after the onset of early CRS; the ongoing cohort 2 is investigating starting
anakinra on day 0 to assess whether we can prevent CRS and further reduce lower severe
CRS and ICANS rates with the earlier use of anakinra.

In conclusion, this phase 2 study demonstrates that prophylactic anakinra has a promising
activity in reducing rates of both severe and all grade ICANS for patients treated with
CD19-directed CAR T-cell therapy and provides strong support for further investigation of
its role in neurotoxicity associated not only with CAR T cell therapies but also with other
immunotherapies that expose patients to ICANS.

Study Design and Patients

Study Oversight—The clinical trial (NCT04148430) was approved by the MSK
Institutional Review Board and was conducted in accordance with the Declaration of
Helsinki and International Conference on Harmonization guidelines for Good Clinical
Practice. Written informed consent was obtained from patients before start of the treatment.
All authors had access to the data and were involved in the analysis of the results and vouch
for the data and adherence to the protocol.

Endpoints and Assessments—The primary endpoint of the study was the rate of
severe (grade = 3) ICANS within the first 28 days after CAR T-cell infusion. Key secondary
endpoints included the rates of severe CRS; all grade CRS and ICANS; tocilizumab and
corticosteroid use; overall response rate; rates of severe infections; and levels of serum and
CSF cytokines at baseline and post-anakinra. CRS and ICANS were graded according to the
criteria of the American Society for Transplantation and Cellular Therapy (ASTCT) 8 and
disease response was assessed per the Lugano Criteria 21. All other toxicities were assessed
per the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 criteria.
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Neurotoxicity Assessment—Patients on the study were followed according to the
institutional standard. During the hospitalization, patients were assessed for Immune
Effector Cell-Associated Encephalopathy (ICE)® at least twice a day by treating nurses and
the score was documented in the flow chart. Following discharge from the hospital, patients
were followed daily as outpatient until day 14 (day O being the day o