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_ CD19-specific chimeric antigen receptor (CAR) T-cell therapy is highly effective

against relapsed or refractory acute lymphoblastic leukemia (ALL), but is hindered
by neurotoxicity. In 53 adult patients with ALL, we found a significant association of severe neurotox-
icity with high pretreatment disease burden, higher peak CAR T-cell expansion, and early and higher
elevations of proinflammatory cytokines in blood. Patients with severe neurotoxicity had evidence
of blood-cerebrospinal fluid (CSF) barrier disruption correlating with neurotoxicity grade without
association with CSF white blood cell count or CAR T-cell quantity in CSF. Proinflammatory cytokines
were enriched in CSF during severe neurotoxicity with disproportionately high levels of IL6, IL8, MCP1,
and IP10, suggesting central nervous system-specific production. Seizures, seizure-like activity, myo-
clonus, and neuroimaging characteristics suggested excitatory neurotoxicity, and we found elevated
levels of endogenous excitatory agonists in CSF during neurotoxicity.

SIGNIFICANCE: We detail the neurologic symptoms and blood, CSF, and neuroimaging correlates of
neurotoxicity associated with CD19 CAR T cells and identify neurotoxicity risk factors. Our findings
implicate cellular components other than T cells and suggest novel links between systemic inflamma-

tion and characteristic neurotoxicity symptoms. Cancer Discov; 8(8); 958-71. ©2018 AACR.

INTRODUCTION

Multiple clinical trials of CD19-specific chimeric antigen
receptor (CAR)-modified autologous T cells have demon-
strated high rates of clinical responses in B-cell hematologic
malignancies (1-9), leading to the recent approval by the
FDA of two different CARs in relapsed/refractory B-cell acute
lymphoblastic leukemia (B-ALL) and diffuse large B-cell lym-
phoma. Obstacles facing broad application of this immuno-
therapy include the unique treatment-related toxicities of
cytokine release syndrome (CRS) and neurotoxicity that can
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occur in some patients. These toxicities have been observed
across all studies of CD19 CAR constructs incorporating
either CD28 or 4-1BB costimulatory signaling domains (3,
4, 7-9) but appear to be more common in adult patients
with acute lymphoblastic leukemia (ALL), often requiring
deescalating doses of CAR T cells and protocol modifications
(10-12).

Most reports to date have considered CRS and neurotox-
icity in aggregate for toxicity reporting, but it is increasingly
appreciated that CRS and neurotoxicity may occur exclu-
sive of one another and with distinct timing and response
to intervention. Although clinical and biological factors
associated with CRS have been reported in several stud-
ies and the anti-IL6 receptor (IL6R) monoclonal antibody
tocilizumab is approved for the amelioration of CRS (13),
comprehensive clinical descriptions and analyses of neuro-
toxicity biomarkers are scarce, and there is no consensus on
which therapeutic interventions are most effective for pre-
venting or reducing the severity or duration of neurologic
symptoms.

In addition to more common neurotoxicity symptoms
such as encephalopathy, aphasia, delirium, tremor, and sei-
zures, rare cases of rapid-onset and lethal diffuse cerebral
edema have occurred in several clinical trials (11, 14, 15). A
recent report points to early systemic inflammation as a trig-
ger for endothelial cell activation and dysfunction during
neurotoxicity in these cases (11). Using a nonhuman pri-
mate model of CAR T-cell neurotoxicity, others reported an
association between neurotoxicity and elevated cerebrospinal
fluid (CSF) cytokines IL6, IL2, GM-CSF, and VEGF as well
as both CAR and non-CAR T-cell accumulation in the CSF
and brain parenchyma (16). Despite these observations, the
precise pathobiology of the neurotoxicity remains obscure.
Better understanding of the clinical features and biological
correlates of CAR T cell-associated neurotoxicity in patients
is needed to identify pharmacologically targetable pathways
to mitigate toxicity.
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To this end, we performed a comprehensive analysis of
neurotoxicity in a large cohort of adult patients with relapsed
B-ALL treated with CD19-specific 19-28z CAR T cells in
a phase I clinical trial at Memorial Sloan Kettering Can-
cer Center (MSKCC; NCT0144069). We provide a detailed
description of neurologic symptoms, neuroimaging, and
blood and CSF correlates of neurotoxicity associated with
CD19 CAR T cells. We identify a significant association of
severe neurotoxicity with high pretreatment disease burden,
higher peak CAR T-cell expansion in blood, and early and
higher elevations of proinflammatory cytokines. Furthermore,
we report a correlation between neurotoxicity grade and CSF
protein levels, indicating blood-CSF barrier disruption, and
evidence of central nervous system (CNS)-specific production
of IL6, IL8, MCP1, and IP10. Finally, based on neuroimaging
and symptoms suggestive of excitotoxicity, we hypothesized
that endogenous excitatory agonists are involved in CAR-
associated neurotoxicity and demonstrate elevated levels of
the N-methyl-p-aspartate (NMDA) receptor agonists quino-
linic acid and glutamate in CSF during CAR-associated neuro-
toxicity, uncovering a potential pathophysiologic link between
the complex systemic immune activation, the CSF cytokine
profile, and neurologic symptoms associated with CD19 CAR.

RESULTS
Description of Neurotoxicity

Of the 53 patients who received 19-28z CAR T-cell infu-
sions in the study, no patient developed fatal neurotoxicity
or diffuse cerebral edema. Within 28 days of CAR T-cell infu-
sion, 33 of 53 patients (62.3%) developed neurotoxicity of any
grade. Eleven of 53 patients (20.8%) developed mild neuro-
logic symptoms (9 grade 1; 2 grade 2). Twenty-two patients
(41.5%) developed severe (grade 23) neurotoxicity: 19 patients
(35.8%) developed grade 3 and 3 patients (5.7%) developed
grade 4 neurologic events. The median time from CAR T-cell
infusion to onset of first neurologic symptom of any grade
was 5 days (range, 2-11 days) and the median time to the first
severe neurotoxicity was 9 days (range, 2-11 days; Fig. 1A).

Among the 11 patients who developed mild neurotoxic-
ity, mild encephalopathy or delirium, tremor, and headache
were the most commonly observed neurologic symptoms
(Supplementary Table S1). Mild encephalopathy had the
appearance of disorientation to time or place, or impaired
attention or short-term memory with preserved alertness.
Patients retained the ability to name objects, follow simple
commands, and communicate their needs. Waxing/waning
of symptoms was observed frequently with worsening of
encephalopathy during febrile episodes. Mild neurotoxicity
was present for a median of 10 days (range, 1-14 days).

Severe neurotoxicity often began as mild somnolence, dis-
orientation, impaired attention, and difficulty naming before
progressing to global aphasia, myoclonus, depressed level of
consciousness, encephalopathy, and seizures (Supplementary
Table S1). Expressive aphasia was the most characteristic fea-
ture of severe neurotoxicity, developing in 21 of 22 severely
affected patients, and was the first neurologic symptom in 19 of
22 patients. The aphasia was characterized by difficulty express-
ing language including impaired naming, paraphasic errors,
and verbal perseveration. Expressive aphasia evolved over several

hours to global aphasia with expressive and receptive difficulty
(grade 3 aphasia) in 19 patients. Patients with global aphasia
often appeared awake but were mute and unable to follow com-
mands. Other neurologic symptoms and signs of severe neu-
rotoxicity included myoclonus, apraxia, frontal release signs,
increased tone, pain, memory loss, meningismus, leg weakness,
focal weakness, dysarthria, and facial automatisms.

In some cases, sudden changes in speech and facial autom-
atisms with expressive aphasia resembled stroke or complex
partial seizure, respectively, although cranial MRI was univer-
sally negative for ischemic stroke and electroencephalogram
(EEG) typically showed frontal or diffuse slowing rather than
subclinical seizure activity. Aphasia was clearly distinguish-
able from impaired attention or disorientation by mini men-
tal status testing that was conducted daily on patients. The
median duration of neurotoxicity in patients who developed
severe symptoms was 11 days (range, 2-92 days), the same
median duration as mild neurotoxicity.

Sixteen of 22 patients (72%) with severe neurotoxicity
developed seizures that were generalized tonic-clonic, four
with clinically apparent focal onset. We considered any grade
seizure to be severe neurotoxicity. EEGs were performed on
30 patients, including all 22 patients (100%) with severe neu-
rotoxicity, 1 patient with grade 2 neurotoxicity, and 7 patients
with grade 1 neurotoxicity. The most common EEG findings
were frontal intermittent rhythmic delta activity (FIRDA)
and diffuse or frontal slowing with or without triphasic
waves generally 2 to 3 Hz. Nonconvulsive status epilepticus
(NCSE) has been reported with CD19 CAR T-cell therapy
(17), and we found EEG evidence of NCSE in 2 patients, both
of whom also had a clinical seizure. Four patients who had
clinical seizure events during EEG monitoring had electro-
graphic seizure activity evident on EEG. Seizure prophylaxis
was added over the course of this study, but did not prevent
seizures in those who received it. Seizure developed in 14
patients despite levetiracetam prophylaxis, but all seizures
resolved with standard seizure management with benzodiaz-
epine treatment and antiepileptic agent titration.

Neurotoxicity Correlated to Presence
and Severity of CRS

There was a significant correlation of neurotoxicity with
the presence and severity of CRS. All 33 patients who devel-
oped neurotoxicity had at least grade 1 CRS with fever
(=38°C) preceding the onset of neurologic symptoms (Fig.
1B). We found a strong correlation between severe neurotox-
icity and severe CRS [OR, 52.5 (8.66-1027.2) P < 0.001] and
between severe neurotoxicity and grade of CRS [OR, 5.36
(2.52-15.74) P < 0.001]. Despite this correlation, severe neu-
rotoxicity occurred without severe CRS in 8 patients and after
fever alone in 5 (Fig. 1B).

The onset of neurologic symptoms in relation to CRS was
variable. The median time to first neurologic symptoms and
severe neurotoxicity was 5 and 9 days, respectively. Overall,
the median onset of severe neurotoxicity from the beginning
of CRS was 8 days (range, 1-11 days; Fig. 1A). Neurotoxicity
sometimes occurred after CRS had completely resolved. There-
fore, neurotoxicity typically occurs after the start of CRS, and
severe neurotoxicity can occur simultaneously with or without
severe CRS, although it is always preceded by at least fever.
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Figure 1. Timeline of neurotoxicity (NTX) and association with CRS after conditioning chemotherapy and 19-28z CAR T-cell infusion. A, Colors on
the swimmer lane plot indicate the highest grade of any neurologic symptom recorded on each day for patients who developed grade > 1 NTX through
the first 30 days after CAR T infusion (n=33; 11 grade 1-2 NTX, 22 grade 3-4 NTX). Two patients died within 30 days of CAR T-cell infusion (CRS, n=1;
sepsis, n=1). Two patients had ongoing grade 3 or 4 NTX (sensorimotor neuropathy) at day 30 which improved to mild by days 39 and 96, respectively.
Median time to first fever (=38°C) for patients with mild NTX (blue dotted line) and severe NTX (red dotted line) and median time to first severe (grade
>3) NTX (red dashed line) are indicated. B, Number of patients with each grade of CRS and neurotoxicity.

Treatment of Neurotoxicity

The anti-IL6R monoclonal antibody tocilizumab, with or
without corticosteroid, is often used to mitigate CRS and neu-
rotoxicity. Six (18%) of 33 patients with neurotoxicity received
tocilizumab alone; 14 (42%) received tocilizumab plus corticos-
teroid; 4 (12%) received corticosteroid alone; and 9 (27%) received
neither tocilizumab nor corticosteroid (Supplementary Fig. S1).
In the 16 patients with severe neurotoxicity who received tocili-
zumab, 9 (56.3%) had peak neurotoxicity after the first dose of
tocilizumab, whereas 7 (43.7%) had peak neurotoxicity prior to
or on the day of tocilizumab administration. Therefore, neuro-
toxicity did not respond to tocilizumab administration in most
patients. The time from first tocilizumab and/or steroid dose to
resolution of neurotoxicity (median, 9 days; range, 4-21 days)

was longer than the time to resolution of CRS (median, 1 day;
range, 0-3 days; P < 0.001), confirming previous findings that
neurotoxicity is less responsive than CRS to these treatment
interventions. Serum cytokines, most notably IL6, but also IL8,
IFNY, G-CSF, and IL10 in some cases, peaked after tocilizumab
administration (Supplementary Fig. S2).

Radiographic Findings of Neurotoxicity

MRI neuroimaging was obtained in 5 patients with grade
1 to 2 neurotoxicity and was normal in all. Fourteen of 22
patients who developed severe neurotoxicity had cranial MRI
performed during acute symptoms. The MRI was normal in
9 patients, and 4 had a common pattern of T2/FLAIR hyper-
intensities involving the bilateral thalami and brainstem,
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Figure 2. Brain MRI findings in patients with severe neurotoxicity after 19-28z CAR T-cell therapy. A, Axial FLAIR images demonstrate symmetric
hyperintense signal abnormality in bilateral thalami (top, arrowheads) and the pons (bottom, arrowheads) in 4 patients (labeled 1-4) with acute neurotox-
icity. Two patients (patients 1 and 3) demonstrate additional hyperintense signal abnormality in the extreme and external capsule (arrows). B, Brain MRI
findings in a patient during (left) and after (right) resolution of acute symptoms of neurotoxicity. C, Axial DWI (left) and FLAIR (right) images in 2 patients
with severe neurotoxicity demonstrating reversible lesions of the splenium of the corpus callosum (arrow) characterized by restricted diffusion (left,

arrowhead) and FLAIR hyperintensity (right, arrowhead).

including the dorsal midbrain, dorsal pons, and medulla,
extending to bilateral basal ganglia, extreme capsule, and
brachium pontis in 2 patients (Fig. 2A). There was no diffu-
sion restriction in these areas to suggest cytotoxic edema, and
2 patients who had follow-up neuroimaging after neurologic
symptom resolution had reversal of the MRI changes (Fig.
2B). Another pattern observed was transient lesions of the
splenium of the corpus callosum seen in 2 patients, charac-
terized by restricted diffusion or T2/FLAIR hyperintensity
(Fig. 2C). These lesions also resolved on subsequent imaging
performed after neurologic symptom resolution.

Baseline Clinical and Posttreatment Biological
Characteristics Associated with Neurotoxicity

In order to identify clinical and biological factors that are
associated with severe neurotoxicity, we examined age, gender,

weight, body mass index, number of prior therapies, pretreat-
ment disease burden, Philadelphia chromosome-positive (Ph+)
ALL, CAR T-cell doses, prior hematopoietic stem cell trans-
plant (HSCT) status, conditioning chemotherapy regimen, and
infused CAR T-cell product characteristics. Using a Fisher exact
test, we found a significant difference in pretreatment disease
burden between patients who had severe versus mild neuro-
toxicity (P = 0.002; Table 1). Patients with high disease burden,
defined as bone marrow blasts 25% or radiographically evident
extramedullary disease, were more likely to develop severe neu-
rotoxicity. We did not find any association between CD4*/
CD8" ratio or phenotype (naive, effector memory, effector) of
the infused T-cell product and neurotoxicity (Supplementary
Table S2). Univariate analysis showed a postinfusion higher
peak CAR T-cell expansion in blood correlated to increased risk
of severe neurotoxicity (P < 0.001; Fig. 3A).
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Table 1. Patient characteristics associated with neurotoxicity

Neurotoxicity grade Grades 0-2 Grades 3-4 Total Univariate P
Overall, n (%) 31(58) 22(42) 53
Age, n (%) 18-30 9(29%) 5(22.7%) 4(26.4%) 0.04
31-60 13(41.9%) 16(72.7%) 9(54.7%)
>60 9(29%) 1(4.5%) 10(18.9%)
Gender, n (%) Female 7(22.6%) 6 (27.3%) 3(24.5%) 0.753
Male 24(77.4%) 16(72.7%) 0(75.5%)
Weight (kg) 78(10.1-145.1) 80(60.4-126) 78(10.1-145.1) 0.752
BMI (kg/m?) <25 11(35.5%) 8(36.4%) 19(35.8%) 1
25-30 13(41.9%) 9(40.9%) 22(41.5%)
>30 7(22.6%) 5(22.7%) 12(22.6%)
Lines of prior therapy 2 12(38.7%) 9(40.9%) 21(39.6%) 1 =
3 8(25.8%) 5(22.7%) 13(24.5%) 3
>4 11(35.5%) 8(36.4%) 19(35.8%) g’
Prior HSCT No 20(64.5%) 14(63.6%) 34(64.2%) 1 %
Yes 11(35.5%) 8(36.4%) 19(35.8%) 3
=
Disease burden? High 13(41.9%) 19(86.4%) 32(60.4%) 0.002 %
Low 18(58.1%) 3(13.6%) 21(39.6%) g
Philadelphia chromosome No 20(64.5%) 18(81.8 %) 38(71.7%) 0.223 §
Yes 11 (35.5%) 4(18.2%) 15(28.3%) ;
«Q
Conditioning chemotherapy Flu/CyP 5(16.1%) 5(22.7%) 10(18.9%) 0.724 g\,
Cy alone¢ 26(83.9%) 17(77.3%) 43(81.1 %) ‘g
CART-cell dose (CAR T cells/kg)  1x10° 11(35.5%) 10(45.5%) 21(39.6%) 0.752 g
3x10° 19(61.3%) 12(54 5%) 31(58.5%) qi
4x10° 1(3.2%) 1(1.9%) 2
Cytokine release syndrome None (grade 0) 14(45.2%) 4(18.2%) 18(34%) 0.001 ;1
Mild (grade 1-2) 16(51.6%) 8(36.4%) 24 (45.3%) §
Severe (grade 3-5) 1(3.2%) 10 (45.5%)¢ 11 (20.8%) %
Abbreviations: BMI, body mass index; HSCT, hematopoietic stem cell transplant; Flu, fludarabine; Cy, cyclophosphamide. g
2All patients had disease burden assessed by bone marrow biopsy and/or radiographic studies prior to CAR T-cell infusion. High disease burden §
is defined as bone marrow blasts 25% or radiographically evident extramedullary disease. Low disease burden is defined as <5% bone marrow %
blasts. 5
®Fludarabine 25 mg/m?/d for 3-5 days and cyclophosphamide 1.5-3 g/m?/d for 1 day. ;
Cyclophosphamide 1.5-3 g/m?/d for 1 day. €
dIncludes 1 patient who developed grade 5 CRS. %
N
z
Severe Neurotoxmty Correlated with nantly by platelets (18), also correlated with neurotoxicity S
Systemic Inflammation R

Patients who developed severe neurotoxicity had earlier
fever onset and significantly higher day 3 and peak concen-
tration of C-reactive protein (CRP) compared with those with
mild neurotoxicity (Fig. 3B), suggestive of early inflamma-
tion. Ferritin concentration at day 3 but not peak ferritin level
correlated with neurotoxicity severity (Fig. 3B). We observed
a significant correlation between higher peak concentrations
of several cytokines and severe neurotoxicity (Fig. 3C and D).
Patients with severe neurotoxicity had higher levels of IL10,
IL2, IL3, ILS, IL6, IL10, IL1S, IP10, IFNy, G-CSF, GM-CSF,
and MCP1 by day 3 (Fig. 3C and D), suggesting that eatly
rise and higher peak of these serum cytokines were associated
with severe neurotoxicity. Low levels of EGF, made predomi-

(Fig. 3C and D). We found no significant difference in renal
function in patients with severe neurotoxicity (Supplemen-
tary Fig. S3), and therefore serum cytokine elevations are not
a result of altered clearance.

Because serum cytokines were significantly elevated by day
3 after CAR T-cell infusion (Fig. 3C and D), we examined
them as predictive biomarkers of neurotoxicity. Using day 3
concentrations of IL10, IL15, and EGF, we separated patients
into 3 groups with differing risks of severe neurotoxicity.
Patients with low IL15 (<50 pg/mL) or high EGF (>120 pg/
mL) have low risk of severe neurotoxicity [3/27; 11%; 95% con-
fidence interval (CI), 2-29]. Patients with high IL1S, low EGF,
and low IL10 (<200 pg/mL) have an intermediate risk (9/15;
60%; 95% CI, 32-84), and patients with high IL15, low EGF,
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Figure 3. Systemic inflammation in patients with severe neurotoxicity (NTX). A, Severe NTX associated with higher peak CAR T expansion (vector
copy number per mL) in blood. B, Maximum temperature, serum CRP, and ferritin are shown for patients at the indicated time windows after CAR T-cell
infusion. C, Volcano plots visualizing the relative significance of serum cytokines associated with severe NTX by pre-lymphodepletion, day 3 after infu-
sion, and peak after infusion during the first 28 days. Cytokines with P < 0.05 are indicated in red. D, Serum cytokine concentrations within indicated time
windows comparing grade 0-2 versus grade 3-4 NTX for significant cytokines in C. All are maximum cytokine concentrations within the indicated time
window except for EGF, which is minimum cytokine concentration. For B and D, Within each time window, the y-axis shows the mean + SEM of the values
for all patients according to the NTX severity. P values were determined using the Kruskal-Wallis test. ** P <0.001;* 0.001 <P <0.01;* 0.01 <P <0.05.
VCN, vector copy number; Pre-LD, prior to the start of lymphodepletion chemotherapy; d0, prior to CAR T-cell infusion; d, days after CAR T-cell infusion;

G, grade.
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and high IL10 have high risk of severe neurotoxicity (10/10;
100%; 95% CI, 69-100).

Disseminated Intravascular Coagulation and
Angiopoietins in Severe Neurotoxicity

Patients with severe neurotoxicity had a significantly higher
incidence of laboratory markers of disseminated intravascu-
lar coagulation (DIC). Prothrombin time, activated partial
thromboplastin time, and d-dimer were more elevated, and
serum protein and albumin concentrations were decreased
in patients with severe neurotoxicity, suggesting vascular
leak following CAR T-cell infusion (Supplementary Fig. S3).
More pronounced thrombocytopenia and fibrinogen nadir
occurred 7 to 11 days following CAR T-cell infusion. Of the
baseline laboratory parameters prior to conditioning chemo-
therapy, a lower baseline platelet count most significantly cor-
related with severe neurotoxicity. We found that low baseline
platelet count (<50,000/uL) and presence of fever (=38.0°C)
on day 3 of CAR T-cell infusion identified 17 of 23 patients
(73.9%) who proceeded to develop severe neurotoxicity.

The angiopoietin (ANG)-TIE2 axis, which regulates the
balance between endothelial activation and quiescence, has
recently been shown to be altered in patients with grade > 4
neurotoxicity and CRS (11, 19). ANGI is a protective factor
that constitutively signals endothelial cells to maintain a qui-
escent state, whereas ANG2, a high-affinity TIE2 antagonist,
remains sequestered in endothelial cell Weibel-Palade bod-
ies until endothelial activation occurs (20). Because only 3
patients developed grade 4 neurotoxicity and no patient had
grade S neurotoxicity in our study, we analyzed ANG1 and
ANG?2 levels in patients with grade 0 to 2 versus grade 3 to 4
neurotoxicity and CRS. In serum at 1 week after CAR T-cell
infusion, we found significantly lower levels of the endothe-
lial protective factor ANG1 and higher ANG2:ANGI ratios in
patients with severe neurotoxicity, and higher levels of ANG2
in patients with severe CRS compared with mild CRS (Sup-
plementary Fig. S4). Although we did not find higher levels of
ANG?2 in patients with severe neurotoxicity, the ANG2:ANG1
ratios were significantly higher in patients with severe neuro-
toxicity, similar to the previous reported finding (11).

Blood-CSF Barrier Disruption, Proinflammatory
Cytokines, and Excitotoxins in CSF from Patients
with Severe Neurotoxicity

The CSF compartment is in close anatomic contact and
communication with the brain interstitial fluid, and immu-
nologic and biochemical changes related to CAR-associated
neurotoxicity may be reflected in the CSF. We performed
lumbar punctures in 20 patients with neurotoxicity (8 grade
1-2 and 12 grade 3-4) during the acute symptoms and in 1
patient without any neurotoxicity 14 days after CAR T-cell
infusion. White blood cell (WBC) counts in the CSF were
mildly increased, reflecting a pleocytosis relative to peripheral
WBC counts. However, the CSF cell counts did not correlate
with the neurotoxicity grade (P = 0.492; Fig. 4A and B). CSF
samples were assessed by qPCR for CAR T cells. In 19 of 21
patients (95%), including patients with mild or no neurotox-
icity, CAR T cells were detected in CSF, and the quantity of
CAR T cells in CSF did not correlate with the neurotoxicity
severity (P = 0.404; Fig. 4C).

Notably, posttreatment CSF protein levels (Fig. 4D and
E; P =0.036) and CSF/serum albumin quotients (Qalb; Fig.
4F) were significantly elevated in patients with neurotoxicity
compared to pretreatment values, and CSF protein concen-
tration correlated with the grade of neurotoxicity (Fig. 4E).
Elevated CSF protein and Qalb indicate blood-CSF barrier
dysfunction or a decreased CSF flow rate correlating with
neurotoxicity (21). There was no correlation between the CSF
cell count and CSF protein concentration. These findings
indicate that there is increased blood-CSF barrier permeabil-
ity during neurotoxicity that may occur by a distinct mecha-
nism from CAR T or other cell accumulation in CSF.

Serum cytokines can potentially have greater access to the
CNS during situations of increased blood-CSF barrier perme-
ability. We found several cytokines to be significantly elevated
in the CSF of patients with severe neurotoxicity, including
IL1a, IL6, IL10, G-CSF, TNFo, IENy, IFN¢2, FLT3L, eotaxin,
fractalkine, and GRO (Fig. SA). Notably, in the comparison of
matched serum and CSF cytokines in 7 patients with severe neu-
rotoxicity and 4 with mild neurotoxicity, IL8, IP10, and MCP1
were markedly elevated in the CSF of severely affected patients
relative to blood (Fig. 5B), suggesting local CNS production of
these cytokines. IL6 was also elevated in CSF relative to blood,
although not reaching statistical significance. We found no cor-
relation between the CSF cell count and any of the CSF-enriched
cytokines (P = 0.83). In contrast, blood-CSF barrier disruption
was significantly correlated with CSF levels of IL8, IL10, IFNy,
G-CSF, FLT3L, and GRO (Supplementary Table S3).

The clinical and radiographic characteristics suggestive
of excitotoxicity after CD19 CAR T cells led us to hypoth-
esize that endogenous excitatory agonists such as gluta-
mate (Glut) and quinolinic acid (QA) are perturbed during
neurotoxicity. Glut is the predominant excitatory neuro-
transmitter in the adult mammalian brain and, through its
interactions with NMDA and o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, is implicated in
seizures and certain CNS disorders, and QA is an endogenous
agonist of the NMDA receptor produced locally in the brain
by microglia and macrophages. We analyzed the levels of
these metabolites in the CSF of 13 patients for whom CSF
samples were available prior to treatment and/or during the
onset of neurologic symptoms. In this cohort, we observed
significantly elevated levels of both QA and Glut in CSF dur-
ing neurotoxicity compared to pretreatment, and found low
levels of QA and Glut at day 14 after infusion in a patient who
did not develop neurotoxicity (Fig. SC). Together, these data
suggest a link between elevated levels of CSF cytokines dur-
ing neurotoxicity and increased concentrations of excitatory
agonists QA and Glut in the CSF.

DISCUSSION

Clinical trials of CD19 CAR T therapy have consistently
reported a significant incidence of neurotoxicity regardless
of the CAR constructs, patient population, or disease sub-
type. In our series of 53 adult patients with relapsed B-ALL
treated with 19-28z CAR T cells, we observed mild (grades
1-2) neurotoxicity in 11 patients (20.8%) and severe (grades
3-4) neurotoxicity in 22 patients (41.5%). No patient devel-
oped grade 5 neurotoxicity and no diffuse cerebral edema
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Figure 4. Increased blood-CSF barrier permeability during neurotoxicity (NTX). CSF samples were
collected from patients with grade 0-2 and grade 3-4 NTX following 19-28z CAR T-cell infusion and were
analyzed for CSF cell count (A and B), CSF CAR vector copy number per mL (VCN/mL; C), and CSF protein
concentration (D and E). Box whisker plots indicate mean and interquartile range. B, Nucleated cell count
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in CSF in patients who developed grade 0-4 NTX by grade. E, Protein concentration in CSF in patients who
developed grade 0-4 NTX by grade. F, CSF/serum albumin ratio (Qalb, albumin quotient) in pre- and post-
treatment CSF samples from individual patients with NTX. Dots represent single time points from a single
patient. “Grade 0 post”indicates CSF from a patient at day 14 after CAR infusion who did not develop NTX.
Jonckheere-Terpstra test and paired test were used to compare CSF WBC and protein among the different
grades of NTX in B and E. Unpaired test was used for comparison between pre and acute time points in F.

*, P<0.05;* P<0.01;** P<0.001.

was observed in this trial. The rate of neurotoxicity observed
in our study is comparable with other studies of CD19 CAR
T cells incorporating either CD28 or 4-1BB costimulation
(3,4, 6). Therefore, CD19 CAR T-cell design does not appear
to affect the occurrence of neurotoxicity, although there has
been no direct head-to-head comparison of costimulatory
molecule effect on risk.

We confirmed previously reported findings that neuro-
toxicity is significantly correlated with in vivo CAR T-cell
expansion and high pretreatment disease burden, two factors
that reflect the association with increased in vivo CAR T-cell
numbers. Although other studies have additionally shown an
association between severe neurotoxicity and higher infused
cell dose (5, 22), we did not observe such an association. This
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Figure 5. Elevated cytokine concentrations and excitatory neurotoxins in CSF during neurotoxicity (NTX). CSF was collected from patients with or
without severe NTX. A and B, Concentrations of cytokines in paired serum and CSF samples obtained from patients who developed grade 0-1 (n=4) or
grade 3-4 (n=7) NTX. There was no CSF from patients with grade 2 available for cytokine analysis. A, CSF cytokines with significantly higher levels in
severe NTX (grade 3-4) than mild (grade 0-1) NTX. B, Cytokines with significantly higher levels in CSF than blood during severe NTX. C. NMDA receptor
agonists quinolinic acid (QA) and glutamate (GLUT) in pretreatment CSF and CSF collected from individual patients during NTX. Dots represent time
points from a single patient. “Grade O post” indicates CSF from a patient at day 14 after CAR infusion who did not develop NTX. P values in A and B were
calculated using Wilcoxon test (two-sided). Unpaired test was used for comparison between pre and NTX time points in C.* P <0.05; **, P<0.01;

=% P < (0,001;*** P<0.0001.
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is possibly because patients in our trial received a low or high
CAR T-cell dose (1 x 10° vs. 3 x 10° CAR T cells/kg) based
on disease burden, with patients with higher disease burden
receiving the lower dose of cells. An analysis of the cerebral
edema-related deaths in the phase II ROCKET study, which
used a similar CAR product to our phase I trial, demonstrated
that early and rapid CAR T-cell expansion and a rise in IL15
levels are the primary contributors to cerebral edema (14).
Moreover, it has been shown in the ROCKET study and by
others (7) that the early and rapid expansion of CAR T cells is
correlated with higher levels of IL15, which can be increased
by the use of fludarabine and cyclophosphamide condition-
ing. Although we did not observe any cerebral edema or grade
S neurotoxicity on our trial, we found day 3 and peak levels of
IL15 correlated with development of severe neurotoxicity. By
day 3 after infusion, those patients with high IL15, low EGF,
and high IL10 have high risk of developing severe neurotoxic-
ity (10/10; 100%; 95% CI, 69-100). Interestingly, IL1S appears
to play a role in neurotoxicity and CRS in patients receiving
lymphodepleting chemotherapy followed by haplo-NK adop-
tive transfer plus subcutaneous rIL15 (23). This adds to the
growing list of immunotherapies, including the bispecific
anti-CD3/CD19 T-cell engager blinatumomab, anti-CD22
CAR, and recently anti-CD20 CAR in a nonhuman primate
model, that have a similar neurotoxicity profile. In light of
this, it seems less likely that neurotoxicity results from direct
targeting of CD19 antigen either on occult brain resident
tumor cells or on nontumor elements in the CNS.

We found neurotoxicity to be significantly associated with
early systemic inflammation and CRS, confirming findings
from multiple prior studies with different CAR constructs.
This association along with a potential role of IL6 in endothe-
lial cell damage (24, 25) suggests that mitigation or prevention
of severe CRS may lead to a lower incidence of severe neuro-
toxicity. Several groups have examined an early intervention
strategy with tocilizumab, which decreased the rate of severe
CRS, but did not affect the frequency of severe neurotoxic-
ity (15, 26). Similarly, we observed that tocilizumab therapy
alone did not ameliorate neurologic symptoms, whereas it
readily improved CRS. Suboptimal response of neurotoxicity
to tocilizumab may be due to elevation of multiple cytokines
in addition to IL6 in patients with severe neurotoxicity, or
because tocilizumab induces a transient increase of serum IL6
which might increase CNS levels (27). Although we observed a
transient increase of serum IL6 after tocilizumab administra-
tion (Supplementary Fig. S2), 7 of 16 patients (43.7%) devel-
oped their most severe symptoms either prior to or on the day
of tocilizumab administration, and the association between
tocilizumab and worsening of neurotoxicity remains unclear.

An association between angiopoietin levels and CAR-asso-
ciated neurotoxicity has recently been reported with a 4-1BB-
containing CAR construct (11). We sought to determine
whether these findings were generalizable to our large patient
cohort treated with a CAR construct incorporating a dif-
ferent costimulatory domain CD28. Similar to the previous
finding, we found a significant correlation between severe
neurotoxicity and higher ANG2:ANG1 ratios. However, in
our cohort, a dysregulated ANG-TIE2 axis was driven by
lower levels of ANG1 and not higher levels of ANG2, whereas
elevated ANG2 levels were associated with severe CRS. This

finding suggests that although endothelial activation associ-
ated with elevated ANG2 and CRS may prime for neurotox-
icity, it is not sufficient and additional factors are required
for neurotoxicity to fully develop. Further, because platelets
are the primary cellular source of ANG1 (28), an association
between low baseline platelet counts and neurotoxicity may
be explained by low ANGI levels and suggests that platelets
may be a modifiable risk factor for endothelial activation.

Our data also underscore the critical role that endothelial
damage and blood-CSF barrier dysfunction play in CAR-
associated neurotoxicity. We observed elevated CSF protein
and Qalb, indicating blood-CSF barrier dysfunction (21),
correlated with neurotoxicity. Additional support for the link
between CAR-associated neurotoxicity and endothelial cell
damage comes from posterior reversible encephalopathy syn-
drome (PRES) and acute necrotizing encephalopathy (ANE),
clinical neurologic syndromes characterized by similarities
of clinical presentation and pathology with endothelial cell
damage and systemic inflammation (29, 30). PRES often
occurs in the setting of hypertension, when there is a break-
down of cerebral autoregulation, but may also be induced
by inflammation conditions in the absence of hyperten-
sion (29). ANE is an exaggerated immune response that
occurs after influenza and other viral infections; affected
individuals develop vascular leakiness, DIC, high levels of
serum cytokines, convulsions, and behavior abnormalities,
culminating in coma (30). Four patients imaged during acute
neurotoxicity in our study had a pattern of T2/FLAIR hyper-
intensities in the bilateral thalami and brainstem with a strik-
ing resemblance to both ANE and central-variant PRES (31).
Other studies of CD19 CAR T cells with fatal cerebral edema
cases (11, 14) reported the brain pathophysiology reminiscent
of ANE brain autopsy specimens with venous and capil-
lary congestion with hemorrhage within the thalamus and
numerous CD68-positive macrophages (32, 33). The similari-
ties between PRES, ANE, and CAR neurotoxicity suggests a
common pathophysiology involving endothelium and the
existence of a continuum between high-grade neurotoxicity
and catastrophic cerebral edema cases.

Recently, a nonhuman primate model of CAR neurotox-
icity found CAR and non-CAR T-cell infiltration into the
CSF and brain parenchyma consistent with encephalitis (16).
What is unclear is if these T cells are bystanders or active
players in the development and maintenance of neurotoxicity
symptoms. We observed that T-cell and WBC infiltration in
the CSF does not correlate with the severity of neurotoxicity.
In addition, we and others have observed that CAR T cells
accumulate in the CSF after neurotoxicity resolves, and that
CAR T cells can be found in the CSF of patients without neu-
rotoxicity (10). Therefore, the role of T-cell infiltration into
the CNS is unclear. It is possible that CSF profiling does not
reflect the degree of parenchymal CNS infiltration which may
be causing pathology. However, our data suggest that CAR
infiltration into the CSF per se is not responsible for severe
neurologic symptoms, and this finding is also consistent
with the absence of neurotoxicity in 1 patient after receiving
intrathecal and intratumoral administration of CAR T cells
for recurrent glioblastoma (34).

Our finding of elevated levels of the NMDA receptor ago-
nists QA and Glut in the CSF during neurotoxicity suggests a
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mechanism by which CSF cytokines, such as those we found
elevated during severe neurotoxicity (i.e., MCP1, IL6, IL8,
1P10, IFNo2, IFNy, and TNFoa), may trigger neurotoxicity
independently of T cells. MCP1) is a chemokine produced by
macrophages, microglia, activated astrocytes, and endothelial
cells that is an activator of macrophage function and plays
a crucial role in recruiting monocytes and macrophages
to the brain (35, 36). Elevated concentrations of MCP1,
IP10, IL6, and IL8 may be indicative of activated microglia,
macrophages, or astrocytes responding to systemic inflam-
mation and endothelial damage (37, 38). Activated micro-
glia or infiltrating bloodstream monocytes and macrophages
can produce and secrete large amounts of QA during CNS
inflammation when stimulated by IFNo2 and IFNy (39, 40).
Through its endogenous agonist activity at the NMDA recep-
tor, QA is known to participate in seizures (41) and a variety
of human neurologic and psychiatric disorders (42). QA
induces a marked expression of TNFa, IL6, and MCP1 by
astrocytes (43, 44), stimulates Glut production and inhibits
its reuptake by astrocytes (45), and alters the integrity and
cohesion of the blood-brain barrier (46), potentially provid-
ing a feed-forward mechanism for continued dysfunction.
Mutation of the amino-B-caroboxymuconate-semialdehyde-
decarboxyase (ACMSD) gene results in elevated levels of QA,
and affected individuals develop myoclonic tremor, epilepsy,
and parkinsonism (47), further linking this metabolite to the
unique constellation of neurotoxicity symptoms. In addi-
tion, elevated CSF TNFo. may potentiate neurotoxicity by
both increasing the production of cerebral Glut by cell types
such as microglia and decreasing its clearance, resulting in
increased concentration and availability to mediate excitotox-
icity through NMDA and AMPA receptors (48). Together, our
data suggest a novel mechanism for the symptoms observed
during neurotoxicity following CD19 CAR therapy.

CD19-directed CAR and T cell-engaging therapies have
demonstrated high antitumor efficacy across all hematologic
malignancies but are associated with unique toxicities of CRS
and neurotoxicity. Previous studies of clinical and biological
factors associated with CRS have significantly improved the
safety of the therapy and provided better management guide-
lines for CRS. There is yet no consensus with respect to which
therapeutic interventions are most effective for preventing
or reducing the severity or duration of neurologic symp-
toms. Our data suggest that interventions to reduce early
inflammation, blood-CSF barrier disruption, myeloid cell
accumulation or activation, QA and Glut quantity, or NMDA
and AMPA receptor activity may further improve the safety
of CD19 CAR T cells in B-ALL. Future work to understand
the interplay between systemically and centrally produced
cytokines and excitotoxic metabolites in the development of
neurotoxicity will be invaluable to the design of studies to
ensure safe delivery of CAR therapy.

METHODS

Trial Design and Oversight

We conducted a phase I clinical study of 19-28z CAR T cells in
adult patients with CD19* B-ALL at MSKCC (NCT01044069). All
enrolled patients had relapsed or refractory disease in response to
their previous treatment. The primary objective of the study was to

assess the safety of 19-28z CAR T cells, and the secondary objective
was to assess the efficacy. The protocol was approved by the human
studies review boards and granted FDA breakthrough status in 2014.
All patients provided the written informed consent to participate in
the study, and all clinical investigation was conducted according to
the Declaration of Helsinki principles. The study included 3 stages,
designed to evaluate the safety and efficacy of two different doses of’
CAR T cells (1 x 10° vs. 3 x 10° CAR T cells/kg) and conditioning
chemotherapy regimens (fludarabine + cyclophosphamide vs. cyclo-
phosphamide). After leukapheresis, patients received interim therapy
at the treating physician’s discretion. All patients underwent bone
marrow evaluations after interim therapy and immediately before
T-cell infusion.

Toxicity Assessment

CRS was graded according to the MSKCC CRS grading system
(Supplementary Table S4). Severe CRS was defined as > grade 3.
Neurotoxicity was prospectively graded according to National Cancer
Institute common terminology criteria for adverse events (CTCAE)
v4.03 by the principal investigator (J.H. Park). An independent ret-
rospective review of the electronic medical record was performed by
a neurologist (B.D. Santomasso) who assigned daily neurotoxicity
grades to the AE terms according to CTCAE v4.03. Discrepancies
were adjudicated by consensus review. All patients developing neu-
rologic symptoms were evaluated by the neurology consult service
and followed with daily neurologic assessments until neurologic
symptom resolution. Severe neurotoxicity was defined as > grade 3
toxicity with the exception that any seizure (including grade 1 or 2 by
CTCAE criteria) was included as severe neurotoxicity.

Cytokine Analysis

Cytokine profiles were analyzed from blood and CSF samples
using the Luminex FlexMAP 3-D system and commercially available
38-plex cytokine detection assays as previously described (1, 49).
Serum ANG1, ANG2, and CSF and serum albumin concentrations
were evaluated using the Meso Scale Diagnostics platform and read
on an MSD QuickPlex SQ 120 imager. Data were analyzed using the
MSD Discovery Workbench software. A 4-parameter logistic fit cali-
bration curve was generated for each analyte using the standards to
calculate the concentration of each sample.

Lumbar Punctures and CSF Samples

CSF was collected from patients before conditioning chemo-
therapy (baseline) and during acute neurotoxicity, whenever fea-
sible. CSF samples were analyzed for cell counts, glucose, protein,
and cytology. In addition, CSF samples were evaluated for the
presence of CAR T cells by PCR (1) and for cytokines as previously
described (49).

LC/MS Measurement of Glutamate
and Quinolinic Acid in CSF

LC/MS grade solvents were purchased from Fisher Scientific;
QA, Glut, and ¥C4,'’N-Glut [internal standard (ISTD)] were pur-
chased from Sigma, and D3-QA acid (ISTD) was purchased from
Buchem BV. Human CSF was thawed on ice, and 100 pL was
extracted with 400 puL methanol containing ISTDs (0.4 pmol/L
D3-QA, 2.5 umol/L 3Cs,>N-Glut). Samples were vortexed, incu-
bated at -20°C for 30 minutes to precipitate protein, centrifuged
at 20,000 x g for 15 minutes at 4°C, and the supernatant dried in
a Genevac evaporator (SP Scientific). Samples were resuspended in
100 puL 0.4 % formic acid in water prior to HPLC/MS-MS analysis
using a Thermo Vantage triple-quadruple tandem mass spectrometer
operating in positive ionization mode. Chromatographic separation
was performed using an Agilent 1260 infinity binary pump, Acquity
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UPLC HSS T3 column (2.1 X 100 mm, 1.8 pm, Waters), and MayLab
column oven held at 35°C. Data were acquired and processed using
TraceFinder 4.1 software (Thermo). Calibration curves were from
2.5 nmol/L to 10 pmol/L for QA and 10 nmol/L to 20 umol/L for
Glut. QC samples were prepared by standard addition in human spi-
nal fluid (Golden West Biologicals) at 20 nmol/L, 200 nmol/L, and 2
umol/L for QA or 40 nmol/L, 400 nmol/L, and 4 pmol/L for Glut and
confirmed to be within +20% accuracy.

19-28z CAR T-cell Expansion Assessment

Peripheral blood leukocytes were obtained from enrolled patients
by leukapheresis, and CAR T cells were produced as previously
described (1, 49). Persistence of 19-28z CAR T cells in patient periph-
eral blood was assessed by qPCR to determine vector copy number as
previously described (1).

Statistical Analysis

Logistic regression was the primary method of analysis for evaluat-
ing associations between severe neurotoxicity and clinical and treat-
ment variables, lab parameters, and cytokine levels as well as presence
and grade of CRS. Predictors with a highly skewed distribution were
log, transformed. In the instance of quasi-separation, Firth’s adjust-
ment to the likelihood was used to estimate odds ratios and obtain
P values. Predictive models for severe neurotoxicity were developed
using recursive partitioning, and accuracy of the resulting risk clas-
sifications were estimated using the leave-one-out method.
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