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Chimeric antigen receptor (CAR)-modified T cells targeting the
CD19 antigen are approved to treat relapsed and refractory
B-cell malignancies.1-4 Despite durable objective responses,
most patients experience acute toxicities such as cytokine re-
lease syndrome (CRS) and immune effector cell-associated neu-
rotoxicity syndrome (ICANS).5 Although many cases of ICANS
resolve with supportive measures, high-grade ICANS may result
in status epilepticus, lasting neurologic deficits, cerebral edema,6

and death.7 Therefore, novel approaches for severe ICANS fill
an urgent unmet need to enhance the use of adoptive cellular
therapy.

T cells engineered with safety switches, like the inducible caspase-
9 (iC9), have been explored clinically to mitigate graft-versus-host
disease after haploidentical stem cell transplantation.8,9 When

donor T lymphocytes that have been engineered to express
the iC9 are exposed to the dimerizing drug rimiducid, such
graft-versus-host disease can be abrogated by pharmacolog-
ically induced donor T-cell apoptosis. We report here the
first use of rimiducid to abrogate CAR T-cell–associated
neurotoxicity.

The case described here was enrolled in the dose-expansion co-
hort of a phase 1/2 trial (NCT03016377) to test the safety and
efficacy of autologous T lymphocytes genetically modified to ex-
press CD19.CAR (encoding 4-1BB), a truncated low-affinity
nerve growth factor receptor (–NGFR) (for selection and tracking
purposes), and iC9, administered to adult patients with relapsed
and refractory B-lymphoblastic leukemia. The study is approved
by the University of North Carolina Institutional Review Board
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Figure 1. Neurologic monitoring of case 1 during grade 3-4 ICANS. (A) Continuous vEEG showed generalized 2.5 Hz d activity with a triphasic morphology. (B) Elec-
trographic resolution of seizures on vEEG after empiric lorazepam. (C) Continued electrographic resolution of seizures after treatment with levetiracetam, lacosamide,
and rimiducid. (D) Optic nerve sheath diameter tracings before and after rimiducid were within the normal range and not indicative of elevated intracranial pressure.
A cutoff of .5.5 mm was used to indicate possibly elevated intracranial pressure.
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and Institutional Biosafety Committee. The subject (UNC 109;
see supplemental Materials, available on the Blood Web site)
provided written informed consent. The trial is described in fur-
ther detail in supplemental Materials. After lymphodepletion (flu-
darabine and cyclophosphamide) and infusion of 1 3 106 CAR T
cells per kilogram, toxicities were graded according to the Na-
tional Cancer Institute Common Terminology Criteria for Ad-
verse Events (version 5)10 or American Society for
Transplantation and Cellular Therapy consensus grading for CRS
and ICANS (including the Immune effector Cell-associated En-
cephalopathy [ICE] score).11 CAR T-cell expansion in peripheral
blood was monitored by quantitative polymerase chain reaction
(qPCR). Neurologic monitoring included magnetic resonance im-
aging, continuous video electroencephalogram (vEEG), and seri-
al optic nerve sheath measurements by ultrasound for surrogate
intracranial pressure.12 Leukemia response was determined by
bone marrow (BM) evaluation, cerebrospinal fluid analysis, and
imaging of extramedullary leukemia at 4 and 8 weeks after CAR
T-cell infusion.

A 26-year-old woman with B-cell acute lymphoblastic leukemia
relapsed in the BM, mesentery, and peritoneum, but not cere-
brospinal fluid, 3 years after haploidentical stem cell transplanta-
tion. After 2 unsuccessful salvage attempts, she enrolled in the
CAR T-cell study. Levetiracetam 750 mg twice daily was the pa-
tient’s ongoing treatment of a well-controlled seizure disorder
and was continued as seizure prophylaxis. One day after cell in-
fusion, she developed grade 1 CRS, and, on day 7, mild cogni-
tive changes indicated grade 1 ICANS (ICE score 8). She
received dexamethasone and tocilizumab for ongoing CRS. Al-
though her fever resolved, ICANS worsened to grade 3 the fol-
lowing day (ICE score 0), and to grade 4 two days later,
characterized by stupor and ICE score 0. Continuous vEEG
showed generalized 2.5 Hz d activity with a triphasic morpholo-
gy, which was clinically consistent with nonconvulsive status epi-
lepticus (Figure 1). Neurologic examination and vEEG did not
improve despite methylprednisolone 1000 mg daily for 2 doses.
Magnetic resonance imaging of the brain on days 1 and 3 of
ICANS demonstrated no new findings compared with prior
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Figure 2. ICANS grade and measures of endothelial
activation, cytokine levels, and qPCR for –NGFR rela-
tive to cell infusion, anticytokine therapy, and rimidu-
cid administration. (A) Fibrinogen and D-dimer. (B)
Cytokine levels and –NGFR qPCR. (C) Rimiducid pharma-
cokinetics and CAR T-cell kinetics by qPCR for –NGFR.
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imaging. Lumbar puncture was not performed as it was deemed
unsafe due to bleeding risk and patient inability to cooperate.
Despite resolution of seizures on lacosamide and levetiracetam
for 24 hours, the patient was arousable only to vigorous stimuli
and unable to participate in ICE scoring (score 0) consistent with
grade 3 ICANS. Given the persistence of grade 3-4 ICANS for
72 hours despite standard care, rimiducid 0.4 mg/kg was given
per protocol.

Within 12 hours of rimiducid administration, the ICANS grade
improved from 3 to 1, with the ICE score improving from 0 to 7.
ICANS fully resolved 4 days after rimiducid administration. The
only adverse event possibly related to rimiducid was grade 2 bil-
irubin elevation that lasted for 3 days. Elevated D-dimer and hy-
pofibrinogenemia, often seen with blood-brain-barrier
endothelial disruption, normalized during recovery from ICANS
(Figure 2A). After tocilizumab and corticosteroid doses, cytokine
levels (Figure 2B) diminished, but the ICANS grade did not im-
prove. Quantification of circulating CAR T cells by qPCR demon-
strated 28400 copies per microgram of DNA on day 7 post–cell
infusion, during the CRS/ICANS event. At peak severity of
ICANS, the copy number increased to over 130000 copies per
microgram of DNA despite corticosteroids. Within 4 hours of
the administration of rimiducid and achievement of maximum ri-
miducid plasma concentration (Figure 2C), the transgene copy
number diminished to 21800 copies per microgram of DNA
and to 12400 and 5900 copies per microgram of DNA at 24
and 48 hours, respectively (Figure 2B). Low levels of transgene
(3000 copies per microgram of DNA in blood and 1200 copies
per microgram of DNA in marrow) remained detectable 18 days
after rimiducid. At week 4 post–CAR T-cell infusion, BM lympho-
blasts had diminished from 70% of marrow cellularity at baseline
to rare blasts detected by immunohistochemistry in a hypocellu-
lar marrow. At week 8, there were no lymphoblasts detected by
morphology or immunohistochemistry. Details of ancillary mar-
row studies are provided in supplemental Materials. At both 4-
and 8-week time points, the bulk of fluorodeoxyglucose-avid tis-
sue was diminished at prior sites of extramedullary leukemia on
positron emission tomography/computed tomography scan.

In conclusion, for the first time, we show that severe and
steroid-refractory ICANS occurring after CD19-specific CAR T
cells can be mitigated using rimiducid when CAR T cells have
been engineered with the iC9 safety switch. Upon administra-
tion of rimiducid, there was abrupt improvement in clinical
manifestations of ICANS, and elimination of .60% of the
CAR T cells from the circulation within 4 hours and .90%
within 24 hours.

The correlative studies highlight some of the critical patho-
genic events that seem to promote and sustain ICANS. First,
we saw that the reduced plasma levels of cytokines including
interleukin 6 (IL-6) and IL1Ra after standard-of-care treatment
did not alleviate the severity of ICANS. Second, administra-
tion of steroids did not immediately eliminate CAR T cells. In
sharp contrast, the rapid reduction of circulating CAR T cells
was achieved only after the administration of rimiducid. This
evidence supports that the mechanism for neurologic compli-
cations post–CD19.CAR T-cell therapy may be independent
of cytokine production.

Here, the course of severe ICANS and the peak of CAR T-cell
expansion were shorter after rimiducid than observed for other
patients in this trial with ICANS who did not require rimiducid
(M.C.F. and B.S., unpublished data showing peak expansion of
CAR-T cells at 4 days after dexamethasone and tocilizumab in
subject 004 who developed ICANS that did not require rimidu-
cid) and in previously reported patients treated with convention-
al therapy for ICANS.13,14 These comparisons suggest that the
dramatic, immediate reductions in CAR T cells and resolution of
neurologic findings were a consequence of rimiducid. Impor-
tantly, despite elimination of .90% of CAR T cells after rimidu-
cid, we observed a clinically significant antileukemic response.
Whether the residual CAR T cells promote antitumor surveillance
remains unclear. However, because the proapoptotic effect of
the iC9 is dose dependent, lower doses of rimiducid may prove
beneficial in mitigating side effects without hampering efficacy,
so that use of a full dose of rimiducid can be limited to cases of
life-threatening toxicity.15 Such a dosing strategy could allow
study of rimiducid without the confounding effects of high-dose
corticosteroids and is integrated into the expansion cohort of
this clinical trial. As on-target, off-tissue toxicity remains a major
unknown when using novel CAR T cells, the inclusion of the iC9
switch has the potential to dramatically improve the safety of
cellular immunotherapies.
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