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Abstract

Lymphodepletion chemotherapy followed by infusion of CD19-targeted chimeric antigen receptor
(CAR)-modified T (CAR-T) cells can be complicated by neurologic adverse events (AES) in
patients with refractory B cell malignancies. In 133 adults treated with CD19 CAR-T cells we
found that acute lymphoblastic leukemia, high CD19* cells in bone marrow, high CAR-T cell
dose, cytokine release syndrome, and preexisting neurologic comorbidities were associated with
increased risk of neurologic AEs. Patients with severe neurotoxicity demonstrated evidence of
endothelial activation, including disseminated intravascular coagulation, capillary leak, and
increased blood-brain barrier (BBB) permeability. The permeable BBB failed to protect the CSF
from high concentrations of systemic cytokines including IFN-y, which induced brain vascular
pericyte stress and their secretion of endothelium-activating cytokines. Endothelial activation and
multifocal vascular disruption were found in the brain of a patient with fatal neurotoxicity.
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Biomarkers of endothelial activation were higher before treatment in patients who subsequently
developed grade =4 neurotoxicity.
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INTRODUCTION

Lymphodepletion chemotherapy followed by infusion of autologous T cells that are
genetically modified to express a CD19-specific CAR (CD19 CAR-T cells) has produced
high response rates in phase 1 studies in refractory CD19" B-cell acute lymphoblastic
leukemia (B-ALL), chronic lymphocytic leukemia (CLL), and non-Hodgkin’s lymphoma
(NHL) (1-6). When CD19-specific CAR-T cells encounter CD19* target cells /n vivo,
signaling through the CAR induces CAR-T cell proliferation, cytokine secretion, and target
cell lysis (7). Thus, most patients develop cytokine release syndrome (CRS), a systemic
inflammatory response initiated by T cell activation and characterized by fever and
hypotension within the first 2 weeks after CAR-T cell infusion (8, 9). Neurologic adverse
events (AEs) are frequently observed in association with or following CRS occurring with
CD19 CAR-T cell therapy, and in rare instances can be fatal (1-6); however, the
pathogenesis of neurotoxicity remains obscure.

Here, we provide a detailed clinical, radiologic and pathologic characterization of
neurotoxicity resulting from CD19 CAR-T cell therapy. The data provides strong evidence
for cytokine-mediated endothelial activation causing coagulopathy, capillary leak, and
blood-brain barrier (BBB) disruption, which allows transit of high concentrations of
systemic cytokines into the CSF. In autopsy studies of 2 patients who had fatal toxicity, we
identified evidence of endothelial activation that in one patient resulted in loss of cerebral
vascular integrity manifesting as multifocal hemorrhage. We developed a predictive
classification tree algorithm based on the presence of fever and high serum IL-6 and MCP-1
concentrations to identify patients within the first 36 hours after CAR-T cell infusion who
are at high risk of subsequent severe neurotoxicity and might be candidates for early
intervention. Patients with evidence of endothelial activation before treatment were at
increased risk of neurotoxicity after CAR-T cell infusion.

RESULTS

Neurologic adverse events after CD19 CAR-T cell immunotherapy

We studied neurologic AEs in 133 adults with refractory B-ALL, NHL or CLL who received
lymphodepletion chemotherapy (Supplementary Table 1) followed by infusion of CD19
CAR-T cells engineered to express a CD19-specific CAR containing a 4-1BB costimulatory
domain (Supplementary data) (5, 6). Within 28 days of CD19 CAR-T cell infusion 53/133
patients (40%) had one or more grade =1 neurologic AEs (Figure 1A-B), presenting a
median of 4 days after CAR-T cell infusion. The median time from onset of neurotoxicity to
the highest neurotoxicity grade was 1 day (range 0-19) and the median duration of
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reversible neurologic AEs was 5 days (range 1 — 70 days). Forty-eight of 53 patients with
any neurologic AE (91%) also had CRS (Figure 1C). Five patients with neurologic AEs
(9%) did not develop CRS; however, all neurologic AEs in patients without CRS were mild
(grade 1), subjective, and transient. CRS with fever (=38°C) preceded the onset of
neurotoxicity in all patients who developed grade =3 neurotoxicity (n=28). In patients with
CRS, neurotoxicity presented a median of 4.5 days (range 2-17 days) after the first fever.
Fever occurred earlier after CAR-T cell infusion in patients who subsequently developed
grade =3 neurotoxicity compared to those who developed grade 1-2 neurotoxicity
(p=0.0007). However, the time from CAR-T cell infusion to the onset of neurotoxicity
(p=0.17) as well as the time to the maximum grade of neurotoxicity (p=0.78) were similar
(Figure 1D). These data show that an early onset of CRS after CAR-T cell infusion is
associated with a higher risk of subsequent developing severe neurotoxicity.

Among the 53 patients with neurotoxicity the most common finding was delirium with
preserved alertness (35 of 53, 66%; Supplementary Table 2), which was grade <2 in 13 of 35
patients (37%), and present for a median of 4 days (range 1-24 days). Headache was
observed in 29 of 53 patients (55%), was grade <2 in 26 of 29 patients (90%), and persisted
for a median of 3 days (range 1-12 days). Grade 1-2 headache was the only neurologic AE
in 9 patients. A decreased level of consciousness occurred in 13 of 53 patients (25%), and in
6 cases was associated with coma requiring ventilatory support. In those who recovered, the
median duration of the decreased level of consciousness was 2 days (range 1 — 12 days).
Language disturbance was observed in 18 of 53 patients (34%) for a median of 4 days (range
1-9) and was accompanied in 15 of 18 patients (83%) by decreased level of consciousness
and/or delirium, which complicated the distinction between impaired attention and aphasia
as the etiology of language disturbance. Focal neurologic deficits, ataxia, and other
abnormal movements were infrequent. Seizures occurred in 4 of 53 patients (8%). Seizures
in 2 patients with grade 5 neurotoxicity occurred in the absence of a prior seizure history.
The other 2 patients were among 6 in the study with an antecedent seizure history.
Macroscopic intracranial hemorrhage (ICH) was rare (1 of 53; 2%) and focal large vessel
ischemic stroke was not observed by imaging.

Of the entire cohort of 133 patients treated with lymphodepletion chemotherapy and CAR-T
cells, 7 (5%) developed grade =4 neurotoxicity. Six of these 7 patients were treated during
the dose-escalation phase of the protocol and received CAR-T cell doses that were
subsequently determined to be above the maximum tolerated dose (MTD) for each disease
and tumor burden. Only 1 of 79 patients (1.3%) treated after completion of the CAR-T cell
dose-escalation phase developed grade >4 neurotoxicity. Four of 133 patients (3%) died due
to neurotoxicity: one from multifocal brainstem hemorrhage and edema associated with
DIC, 2 from acute cerebral edema, and one developed cortical laminar necrosis with a
persistent minimally conscious state until death 4 months after CAR-T cell infusion. With
the exception of those with fatal neurotoxicity and one patient in whom a grade 1 neurologic
AE resolved 2 months after CAR-T cell infusion, neurotoxicity completely resolved in all
patients by day 28 after CAR-T cell infusion (Figure 1B).

Of 53 patients with neurotoxicity, 23 underwent brain magnetic resonance imaging (MRI)
within 28 days of CAR-T cell infusion. Acute abnormalities on MRI were evident in 7 of 23
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patients (30%), 4 of whom had fatal neurotoxicity, indicating that an abnormal MRI scan
during acute neurotoxicity is associated with a high risk of a poor outcome. T2/FLAIR
changes indicative of vasogenic edema, leptomeningeal enhancement, and/or multifocal
microhemorrhages were present in a majority of patients with severe neurotoxicity and
abnormal MRI scans. Contrast enhancement, consistent with breakdown of the BBB, was
also seen in some T2/FLAIR lesions (Figure 2A—F). One patient developed extensive
cortical diffusion restriction indicative of cytotoxic edema (Figure 2G-I), which appeared
distinct from vasogenic edema observed in other patients and evolved into cortical laminar
necrosis. Electroencephalography (EEG) was performed in 17 of 53 patients during acute
neurotoxicity. Diffuse slowing was present in 13 of 17 patients (76%). Focal slowing was
noted in one patient (6%) with known epilepsy, and clinical and subclinical seizures were
observed in one patient. EEG was normal in 2 of 17 patients (12%).

Treatment of neurotoxicity

Tocilizumab, an antagonistic IL-6R monoclonal antibody, effectively ameliorates fever and
hypotension in most patients that develop severe CRS after CD19 CAR-T cells, and is
frequently administered with or without corticosteroids to patients with neurotoxicity (5, 6).
Twenty of 53 patients diagnosed with neurotoxicity (38%) received tocilizumab (4-8 mg/kg
IV) and dexamethasone (10 mg L.V. bid), one (2%) received tocilizumab alone, and 6 (11%)
received dexamethasone alone either before or after the onset of neurotoxicity
(Supplementary Figure 1). Fourteen patients received 1 dose of tocilizumab, 5 received 2
doses, and two received 3 doses. A median of 2 doses (range 1-31) of dexamethasone 10 mg
I.V. b.i.d. were administered and one patient received methylprednisolone (1000mg I.V. x 9).
In 14 of the 21 patients (67%) who received tocilizumab the peak grade of neurotoxicity
occurred after the first dose of tocilizumab, and in 8 of those patients the first presentation of
neurotoxicity occurred after tocilizumab had been administered for CRS. In patients in
whom neurotoxicity resolved, the time from the first tocilizumab and/or dexamethasone
dose to resolution of neurotoxicity (median 4 days, range 1-64 days) was longer than the
time to resolution of fever (temperature <38°C for at least 48 hours, median 0.4 days, range
0-3.8 days, p<0.0001), suggesting that once established, neurotoxicity is less responsive
than CRS to interventions that suppress IL-6 activity or CAR-T cell function.

Baseline characteristics associated with subsequent neurotoxicity

We analyzed the baseline patient characteristics to identify factors associated with an
increased risk of subsequent neurotoxicity. In univariate analyses (Table 1), neurotoxicity of
any grade was more frequent in younger patients (p=0.094), those with B-ALL (p=0.084), a
high burden of tumor (p=0.072) and CD19* cells in bone marrow (p=0.062), and a high
CAR-T cell dose (p<0.0001). The presence of any pre-existing neurologic comorbidity was
also associated with neurotoxicity (p=0.0059). The infused CAR-T cell dose was the only
factor associated with the occurrence of more severe neurotoxicity (grade >3 versus grade 1—
2, p=0.014). The selection of CD8* T cell subset in CAR-T cell manufacturing, the patient’s
sex and race, the number of prior chemotherapy regimens, previous hematopoietic stem cell
transplantation, and pretreatment performance score were not associated with neurotoxicity
in univariate analyses. Multivariable analysis showed that preexisting neurologic
comorbidities (p=0.0023), and factors associated with increased /n vivo CAR-T cell
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numbers, including cyclophosphamide (Cy) and fludarabine (Flu) lymphodepletion
(p=0.0259), higher infused CAR-T cell dose (p=0.0009), and higher burden of malignant
CD19" B cells in marrow (p=0.0165) were associated with an increased risk of neurotoxicity
(Table 1).

Severe neurotoxicity is more frequent in patients with severe CRS and is associated with
systemic vascular dysfunction

Consistent with the baseline factors that were associated with more severe neurotoxicity, we
found that patients who developed grade =3 neurotoxicity had more severe CRS (p<0.0001;
Figure 1C) and earlier and higher CD4" and CD8* CAR-T cell peak counts in blood
compared to those with grade <2 neurotoxicity (Figure 3A). Patients with grade >3
neurotoxicity also had earlier and higher fever, more severe hemodynamic instability and
tachypnea, and more severe hypoproteinemia, hypoalbuminemia and weight gain, consistent
with loss of vascular integrity and systemic capillary leak (Figure 3B). Severe neurotoxicity
was accompanied by disseminated intravascular coagulation (DIC), with elevated PT, aPTT
and d-dimer beginning 2-5 days after CAR-T cell infusion, prolonged thrombocytopenia,
and a late reduction in fibrinogen to a nadir approximately 1-2 weeks after CAR-T cell
infusion (Figure 3C). The severity of neurotoxicity correlated with higher peak
concentrations of CRP, ferritin, and multiple cytokines, including those that activate
endothelial cells (ECs), such as IL-6, IFN-y, and TNF-a (Figure 3D, Supplementary Figure
2). In line with the association between early onset CRS and subsequent development of
severe neurotoxicity (Figure 1D), an earlier peak of the IL-6 serum concentration was
associated with a higher risk of grade >4 neurotoxicity (Supplementary Figure 3). Within the
first 6 days after CAR-T cell infusion 5 of 5 patients (100%) with an IL-6 concentration >
501 pg/mL developed grade =4 neurotoxicity, whereas only 2 of 11 patients (18%) who
reached the same serum IL-6 concentration more than 6 days after CAR-T cell infusion
developed grade =4 neurotoxicity. These findings indicate that neurotoxicity is associated
with vascular dysfunction and early onset of high concentrations of serum cytokines.

Endothelial activation in patients with severe neurotoxicity

The clinical evidence of vascular leak and DIC in patients with severe neurotoxicity was
consistent with widespread endothelial activation. The angiopoietin (Ang)-Tie2 axis
regulates the balance between endothelial quiescence and activation (10). Ang-1 is produced
constitutively, primarily by vascular pericytes and platelets, and when bound to the
endothelial Tie2 receptor Ang-1 favors EC quiescence and stabilization. Ang-2 is stored in
endothelial Weibel-Palade bodies and released upon EC activation by stimuli including
inflammatory cytokines, displacing Ang-1 and causing increased activation and
microvascular permeability. We evaluated the concentrations of Ang-2 and Ang-1 in serum
from patients 1 week after CAR-T cell infusion and found that the serum Ang-2
concentration (p=0.0003) and the Ang-2:Ang-1 ratio (p=0.0014) were higher in patients
with grade =4 neurotoxicity compared to those with grade <3 neurotoxicity (Figure 4A). To
confirm the presence of /n vivo endothelial activation in patients with severe neurotoxicity,
we evaluated the concentration of von Willebrand Factor (VWEF), a glycoprotein involved in
hemostasis that like Ang-2 is stored in endothelial Weibel-Palade bodies and released on EC
activation (11). Compared to patients with grade 0-3 neurotoxicity after CAR-T cell
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infusion, those with grade >4 neurotoxicity had higher concentrations of VWF in serum

(p=0.004), which in some patients was 4-5 fold higher than those observed in pooled serum
from healthy donors (Figure 4B). IL-8 is sequestered with VWF in Weibel-Palade bodies and
was also elevated during severe neurotoxicity (Supplementary Figure 2) (12). These findings
indicated endothelial activation and Weibel-Palade body release during severe neurotoxicity.

We considered that patients with evidence of endothelial activation before embarking on
CAR-T cell immunotherapy might be at higher risk of subsequent cytokine-mediated
vascular injury and neurotoxicity. We evaluated Ang-2 and Ang-1 concentrations in serum
from patients prior to commencing lymphodepletion chemotherapy and found that the
Ang-2:Ang-1 ratio was higher in patients who subsequently developed grade >4
neurotoxicity compared to those with grade <3 neurotoxicity (Figure 4C), suggesting that
before lymphodepletion biomarkers of endothelial activation might identify patients at high
risk of subsequent neurotoxicity. Furthermore in paired samples between day 0 and day 1
after CAR-T cell infusion, the magnitude of the change in Ang-2 concentration correlated
with increasing severity of subsequent neurotoxicity (grade 0-2, median 80 ng/mL; grade 3,
median 394 ng/mL; grade >4, median 6392 ng/mL; p=0.0039), indicating that endothelial
activation occurs early after CAR-T cell infusion and precedes the onset of neurotoxicity
(Figure 1D).

We hypothesized that cytokines or other factors in serum of patients treated with CAR-T cell
infusion induced EC activation. We found that serum collected from patients with evidence
of early neurotoxicity 3-5 days after CAR-T cell infusion induced the formation of a greater
number of VWF-platelet strings on human umbilical vein ECs (HUVECSs) compared to
serum from normal donors (Figure 4D, Supplementary Figure 4). Formation of these strings
requires release of endothelial VWF stores and subsequent platelet attachment. When we
examined VWF-platelet string formation in HUVECSs incubated with serum collected 7-14
days after CAR-T cell infusion, we found lower VWF-platelet string formation using serum
from patients with grade =4 neurotoxicity compared to serum from patients with grade 0-3
neurotoxicity (Figure 4E). Lower VWF-platelet string formation occurred despite the
presence of higher serum concentrations of IL-6, IFN-y, Ang-2, and VWEF in patients with
grade =4 neurotoxicity. We considered that the low string unit formation during severe
neurotoxicity might be due to relative deficiency of high molecular weight (HMW) VWF
multimers, which bind activated endothelium more efficiently than low molecular weight
(LMW) VWF multimers and can be consumed during acute presentations of thrombotic
thrombocytopenic purpura (TTP) (13, 14). Indeed, we found that patients with grade =4
neurotoxicity had a lower fraction of HMW VWF multimers in serum and a higher fraction
of LMW VWF multimers compared to those with grade <3 neurotoxicity (Figure 4F). We
also examined the levels and activity of ADAMTS13, a protease that cleaves HMW VWF
from activated endothelium (11). When the ADAMTS13 activity was normalized to the
VWEF serum level (ADAMTS13:VWF ratio), we found that during grade =4 neurotoxicity
the ADAMTS13:VWEF ratio was lower than observed with grade 0-3 neurotoxicity (grade
>4 versus 0-3; 26.4% vs 35.2%; p=0.007), suggesting that patients with grade >4
neurotoxicity inefficiently remove bound HMW VWF multimers from activated
endothelium. Together, these data suggest that serum from patients with neurotoxicity
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induces activation of ECs, which release and bind VWF, and in severe cases causes
sequestration of HMW VWF multimers and contributes to the consumptive coagulopathy.

The blood-brain barrier does not shield the CSF from high serum cytokine concentrations
during acute neurotoxicity

The presence of endothelial activation and systemic capillary leak raised the possibility that
severe neurotoxicity after CD19 CAR-T cells might be associated with disruption of the
BBB. No evidence of infectious etiology was found in CSF from patients with neurotoxicity,
and only one patient had concurrent detection of leukemia blasts in CSF. CSF during acute
neurotoxicity had a high protein concentration and leukocyte count compared to CSF
collected before lymphodepletion, consistent with increased permeability of the BBB
(Figure 5A). We did not detect a correlation between the CSF protein concentration and
leukocytosis and the severity of neurotoxicity, in part because CSF sampling from patients
with the most severe toxicity was frequently unable to be performed due to concurrent
coagulopathy. Both CD4* and CD8" CAR-T cells were detected in the CSF by flow
cytometry (CD4*/EGFRt*, median 2.6 cells/uL; CD8*/EGFRt*, median 2.1 cells/pL). CAR-
T cells comprised a higher fraction of the CD4" T cell subset in CSF compared to blood
(Figure 5B), indicating that distinct mechanisms might regulate the migration of CD4* and
CD8* CAR-T cells across the BBB and their retention or proliferation in CSF or brain
parenchyma. CD4" and CD8* CAR-T cells persisted in CSF at high frequency in a subset of
patients after recovery from and/or stabilization of neurotoxicity, but were infrequent in CSF
from patients who had not previously developed neurotoxicity (Figure 5C). These CSF
analyses show that protein and cells, including CAR-T cells, transit into the CSF in patients
with neurotoxicity, consistent with increased permeability of the BBB.

Serum cytokines can access the CSF through saturable transporters, circumventricular
organs, and during BBB breakdown (15). To determine if increased BBB permeability
during severe CRS would permit transit of plasma cytokines into the CSF, we evaluated
cytokine concentrations in paired blood and CSF samples obtained before lymphodepletion
and during acute neurotoxicity. Prior to lymphodepletion there was a cytokine concentration
gradient between serum and CSF, with IFN-y, TNF-a, and the TNF-a stabilizing soluble
receptors, TNFR p55 and TNFR p75, being higher in blood (Figure 5D). During acute
neurotoxicity, the concentrations of IFN-y, TNF-a, IL-6, and TNFR p55 had increased
markedly, and were comparable between serum and CSF, suggesting that either the BBB did
not prevent high plasma cytokine concentrations from transitioning into the CSF, or that
there was local cytokine production in the CSF (Figure 5D).

We considered that high concentrations of cytokines crossing the BBB might activate brain
vascular pericytes, which together with ECs play an important role in maintenance of the
BBB (16, 17). We evaluated the effects of IFN-y and TNF-a by exposing primary human
brain vascular pericytes /n vitroto concentrations of these cytokines that are observed in
patients with severe neurotoxicity. Pericytes exposed to IFN-y secreted increased amounts
of IL-6 and vascular endothelial growth factor (VEGF), each of which activates endothelial
cells and increases BBB permeability (Figure 5E) (10). Incubation of pericytes with TNF-a
induced an even more marked increase in IL-6 secretion (Figure 5E). IFN-y also induced
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downregulation of PDGFRp and upregulation of cleaved caspase-3 expression, consistent
with induction of pericyte stress (Figure 5F) (17). Together, these findings show that
increased permeability of the BBB allows transit into CSF of high concentrations of serum
cytokines, including IFN-y and TNF-a., which induce pericyte stress and secretion of
cytokines that promote a further increase in BBB permeability.

Endothelial activation and vascular disruption in fatal neurotoxicity

We examined autopsy tissue from the brains of 2 patients who developed fatal CRS and
neurotoxicity after CD19 CAR-T cell therapy to evaluate endothelial activation and vascular
injury in severe neurotoxicity. One patient died 13 days after CAR-T cell infusion with CRS
and neurotoxicity characterized by brainstem hemorrhage and edema. Neuropathologic
examination showed multifocal microhemorrhages and patchy parenchymal necrosis in the
pons, medulla and spinal cord. Red blood cell (RBC) extravasation was observed from
multiple vessels in both morphologically affected and non-affected areas of the brain
parenchyma (Figure 6A). Associated with small areas of infarction were more severe
vascular lesions with karyorrhexis, fibrinoid vessel wall necrosis (Figure 6B), and
perivascular CD8" T cell infiltration (Figure 6C), representing the vast majority of the brain
T cells by IHC. Flow cytometry on fresh pons tissue obtained at autopsy showed T cells
constituted 56.9% of CD45* cells and that most of the T cells in the brain were CAR-T cells,
with 93% of the T cells in the pons expressing the EGFRt transduction marker (CD4~/CD8”*
CAR-T cells, 51.9%: CD4*/CD8~ CAR-T cells, 48.1%). This was consistent with the data
from CSF collected at autopsy in which 82% of the CD45* cells were CD3* T cells and of
these 94.9% were CAR-T cells (CD47/CD8* CAR-T cells, 48%: CD4*/CD8~ CAR-T cells,
42.5%). We observed intravascular VWF binding and CD61" platelet microthrombi (Figure
6D, E), consistent with endothelial activation, and CD31 immunohistochemistry (IHC)
demonstrated disrupted endothelium in some vessels (Figure 6F). Reactive microglia were
noted in a perivascular distribution, but marked and diffuse microglial activation was not
observed (Supplementary Figure 5). No CD79a* tumor cells were detected (Supplementary
Figure 5). The brain of a patient who died due to severe CRS with multiorgan failure and
grade 4 neurotoxicity (on day 3 after CAR-T cell infusion) also showed intravascular CD61*
platelet microthrombi.

Identification of patients at high risk of subsequent neurotoxicity

Early identification of patients at risk of developing the most severe neurotoxicity might
allow intervention with tocilizumab and/or corticosteroids, enabling reduction in serum
cytokine concentrations that could mitigate or prevent subsequent toxicity. Fever =38.9°C
occurring within 36 hours of CAR-T cell infusion had a 100% sensitivity for subsequent
grade >4 neurotoxicity; however, the specificity was only 82%, in part due to other causes of
fever in these patients with chemotherapy-induced neutropenia. Because IL-6, IFN-vy,
MCP-1, IL-15, IL-10, and IL-2 were higher (p<0.001) within the first 36 hours after CAR-T
cell infusion in those who subsequently developed grade =4 neurotoxicity, we investigated
whether testing of serum cytokines could better identify patients at risk of severe
neurotoxicity compared to evaluation of the temperature alone within 36 hours of CAR-T
cell infusion. Classification tree modeling demonstrated that patients with fever >38.9°C and
serum IL-6 =16 pg/mL and MCP-1 =1343.5 pg/mL in the first 36 hours after CAR-T cell

Cancer Discov. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gust et al. Page 9
infusion were at high risk of subsequent grade =4 neurotoxicity (sensitivity 100%;
specificity 94%; Supplementary Figure 6). The model misclassified 8 of 133 patients, of
whom only one (0.75%) did not subsequently develop moderate or severe grade 2—3
neurotoxicity and/or grade =2 CRS, indicating that unnecessary early intervention guided by
the classification tree model is rare.

DISCUSSION

Neurologic AEs occur frequently after lymphodepletion chemotherapy and CD19 CAR-T
cell immunotherapy, and the incidence of grade =3 neurotoxicity in our study was similar to
that described in previous reports (1-4). The presentation of neurotoxicity was
heterogeneous, with most events being consistent with nonspecific brain dysfunction without
focal signs. The diagnosis of CAR-T cell-associated neurotoxicity required the appearance
of new neurologic signs or symptoms within the first 1-3 weeks after CAR-T cell infusion
without attribution to other etiologies. Imaging by MRI or CT was normal in most cases and
was mainly used to exclude other possible causes of neurologic AEs; however, acute
abnormalities on MRI were observed in patients with severe neurotoxicity. EEG showed
diffuse slowing in most cases and was primarily used to exclude seizure activity. CSF
analysis did not reveal findings specific for neurotoxicity, but did demonstrate evidence of
increased BBB permeability, with transit of protein, leukocytes and elevated concentrations
of serum cytokines into the CSF. Although most neurologic AEs were mild and transient, a
subset of patients developed severe neurotoxicity with presentations that included focal
neurologic signs, seizures, and/or cerebral edema. Six of the 7 patients with grade >4
neurologic AEs were treated during the dose-escalation stage of the study with CAR-T cell
doses that were subsequently established to be above the MTD for the patient’s disease and
tumor burden. After establishment of the CAR-T cell MTDs, the incidence of grade =4
neurotoxicity was only 1.3%.

Neurotoxicity was almost invariably associated with CRS and preceded by fever, allowing
for hospital admission of febrile patients who received outpatient CAR-T cell
immunotherapy. The association between CRS and neurotoxicity was supported by the high
cytokine concentrations in serum and high CAR-T cell counts in blood in patients with
severe neurotoxicity. Baseline factors, including higher disease burden, infused CAR-T cell
dose and addition of Flu to Cy-based lymphodepletion that are associated with robust CAR-
T cell proliferation in blood, were also associated with an increased risk of subsequent
neurotoxicity. It is probable that the increase in neurotoxicity in patients who received
Cy/Flu lymphodepletion in our study is due to greater /7 vivo CAR-T cell expansion;
however, a contribution from a direct toxic effect of Flu on the brain or endothelium cannot
be excluded. Neurotoxicity has been reported after immunotherapy with T cells that are
engineered with CD19 CARs that incorporate either 4-1BB or CD28 costimulation, but no
studies have examined whether the selection of costimulatory molecule affects risk (1-6).
Neurotoxicity also occurs after immunotherapy with blinatumomab, a bi-specific anti-CD3/
CD19 T cell engager (BITE), supporting a role for T cell activation in the pathogenesis (18).
It is intriguing that neurotoxicity is observed more frequently after T cell-mediated
immunotherapies targeting CD19 compared to other antigens. It seems likely that the higher
risk of neurotoxicity after CD19-targeted therapies reflects their capacity for robust T cell
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activation compared to T cell therapies targeting other antigens expressed on different
tumors. Factors that could contribute to the differences in T cell activation after targeting
CD19 compared to other antigens include accessibility of the tumor to T cells, the level of
antigen expression, the presence of regulatory molecules, and the affinity of the antigen-
targeting moiety (CAR vs TCR). A direct effect of targeting CD19 cannot be excluded.

In addition to the high serum and CSF cytokine levels in patients during acute neurotoxicity,
we observed that the severity of neurotoxicity was greater in patients who reached a peak
IL-6 concentration early after CAR-T cell infusion, suggesting that the rate of rise in serum
cytokine concentration, as well as the peak concentration, may be a determinant of the
severity of neurotoxicity. Consistent with this, we noted that patients who subsequently
developed severe neurotoxicity had a shorter time to first fever and had higher serum
cytokine concentrations early after CAR-T cell infusion compared to those with mild
neurotoxicity.

In patients with severe neurotoxicity we noted clinical evidence of endothelial dysfunction,
including vascular instability, capillary leak, DIC, and BBB disruption, associated with
elevated serum biomarkers of endothelial activation (Ang-2 and VWF). The concentrations
of VWF observed in a subset of patients with severe neurotoxicity were extremely high,
which along with thrombocytopenia and consumption of HMW VWF multimers in these
patients indicated profound endothelial activation. Similar findings have been identified in
children with cerebral edema due to £ falciparum malaria and in patients with TTP (11).
While endothelial activation and loss of HMW VWF multimers can be seen during acute
presentations of TTP, microangiopathic RBC morphology and renal failure were not
characteristic of neurotoxicity associated with CAR-T cell therapy, suggesting a distinct
pathogenesis from TTP (11). Due to the small numbers of patients in the study who
developed grade =4 neurotoxicity, the relationships between the clinical factors and these
biomarkers will need validation in subsequent cohorts.

Among the cytokines that were elevated in serum from patients with severe neurotoxicity
were those that induce endothelial activation (IL-6, IFN-y, and TNF-a). IL-6, IFN-y, and
TNF-a were increased in both blood and CSF during acute neurotoxicity, consistent with
either the failure of the BBB to exclude transit of the high concentrations of serum cytokines
or local production of these cytokines within the CSF. Due to the risks of obtaining CSF
early after CAR-T cell infusion from patients without neurotoxicity, we cannot definitively
exclude the presence of a BBB leak in asymptomatic patients. However, the presence of
CAR-T cells in CSF from patients after resolution of active neurotoxicity, but not from
patients without prior neurotoxicity, suggests a BBB leak in asymptomatic patients is
unlikely. We identified CAR-T cells in CSF and in a patient who died of severe
neurotoxicity that appeared to be the major component of the T cell population in the brain,
suggesting that the egress of CAR-T cells into the CNS might contribute to high CSF
cytokine levels and neurotoxicity. Other cells in the CNS might contribute to high cytokine
levels in CSF. We show that incubation of primary human brain pericytes with TNF-a
resulted in increased secretion of IL-6, and that incubation with IFN-vy increased secretion of
IL-6 and VEGF and induced pericyte stress. These findings are consistent with the
combination of high serum cytokines, endothelial activation, and BBB leak leading to a
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cascade that progressively amplifies endothelial activation and BBB injury (Supplementary
Figure 7). In support of this, autopsy studies identified evidence of endothelial activation
manifest by platelet aggregation and VWF binding in small capillaries, which was
accompanied by RBC extravasation, a perivascular CD8* T cell infiltrate, vascular wall
destruction, and multifocal hemorrhage. Microhemorrhages were observed on MRI scans in
other patients with severe neurotoxicity. A recent study in a murine tumor model found that
IFN-y and TNF-a contributed to tumor vessel regression and occlusion, and vascular burst,
respectively (19); however, the relative contributions of distinct cytokines to BBB injury
were not determined in these studies.

We did not observe profound morphologic changes in microglial cells at autopsy. However,
the finding of hyperferritinemia in patients with neurotoxicity raises the possibility that
activation of macrophage-lineage cells may contribute to the pathogenesis of neurotoxicity,
akin to the neurologic manifestations observed in hemophagocytic lymphohistiocytosis (20).
Although there are as yet no animal models of neurotoxicity after CD19 CAR-T cell
immunotherapy that reflect the human presentation, future improvements of these models
may be of value in further exploring the pathogenesis of human CAR-T cell associated
neurotoxicity.

Treatment of established neurotoxicity has largely been directed towards management of
CRS by suppression of T cell activation with corticosteroids, and control of IL-6-mediated
inflammatory pathways using tocilizumab. Other mainstays of management include
supportive care to maintain organ function and prevent seizures. Tocilizumab and
dexamethasone were highly effective at controlling fever and hypotension during CRS, but it
is unclear whether the near uniform resolution of neurotoxicity is a result of these
interventions or the natural history of CAR-T cell proliferation, contraction, and quiescence.
Furthermore, the observation that neurotoxicity still occurred in some patients despite prior
administration of tocilizumab for CRS suggests that targeting IL-6R in isolation during
established CRS is insufficient to prevent subsequent neurotoxicity. Because tocilizumab
may not penetrate the CNS (21, 22), we and others have considered that its use might
increase CSF IL-6 levels and worsen neurotoxicity, and have suggested that siltuximab, an
IL-6 antagonist, may be preferred. Strategies to target other cytokines and/or their receptors
warrant further investigation. In the absence of data from randomized studies, the optimal
approach to management remains unknown. In addition to regulating CAR-T cell activation
and reducing production of cytokines that might activate ECs, strategies to stabilize ECs and
minimize BBB disruption might be suitable to treat or prevent neurotoxicity. For example,
recombinant Bow-Ang-1 was used to effectively prevent cerebral edema associated with
malaria in mice (23), and modification of Tie2 signaling minimized injury associated with
BBB disruption in stroke models (24). Other strategies such as hypertransfusion of platelets
to augment Ang-1 levels, or plasma exchange to deplete cytokines and HMW VWF
multimers could be studied in animal models or suitably designed clinical trials.

An alternative approach to the management of neurotoxicity is to prospectively identify, and
either exclude or pre-emptively treat those at highest risk. Patients with preexisting
neurologic comorbidities were more likely to develop neurotoxicity, although the
significance is unclear because the study was not powered to determine the risk associated
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with individual neurologic comorbidities. Given the potential benefits of CAR-T cell
immunotherapy and the almost universally poor outcomes without this approach, exclusion
of patients with previous comorbidities does not seem justified; however, reduction of the
CAR-T cell dose may be appropriate in a subset of high-risk patients, for example those
with biomarkers that might indicate pre-existing endothelial activation, such as a high
Ang-2:Ang-1 ratio in serum before lymphodepletion or CAR-T cell infusion. Our finding
that the serum concentrations of IL-6 and MCP-1 within 24 hours of CAR-T cell infusion
identified patients who subsequently developed severe neurotoxicity provides an opportunity
to monitor concentrations of these cytokines to identify those at highest risk. Additional
studies will be required to determine if pre-emptive therapy with dexamethasone, IL-6 or
IL-6R blockade, or endothelial stabilizing agents will prevent severe neurotoxicity in high-
risk patients.

CD19 CAR-T cell therapy is a promising and novel therapy for patients with refractory B-
cell malignancies that can be complicated by neurotoxicity in a subset of patients.
Identification of the pathologic characteristics of neurotoxicity, related biomarkers, and risk
factors will facilitate further studies of the mechanisms of neurotoxicity, and will enhance
efforts to safely deliver CAR-T cell immunotherapy.

METHODS

Patient characteristics, lymphodepletion chemotherapy and CAR-T cell infusion

We conducted a single center study of neurologic AEs in 133 patients with relapsed and/or
refractory CD19* B-ALL, NHL and CLL who received lymphodepletion chemotherapy and
CD19 CAR-T cells in a phase 1/2 CAR-T cell dose escalation/de-escalation clinical trial (5,
6). The study is available at https://clinicaltrials.gov/ct2/show/NCT01865617, and was
conducted with approval of the Fred Hutchinson Cancer Research Center (FHCRC)
institutional review board. Informed consent was obtained from all patients. Patients
received lymphodepletion chemotherapy (Supplementary Table 1) 36-96 hours before CAR-
T cell infusion. CD19 CAR-T cells were manufactured in a 1:1 ratio of CD4*:CD8" CAR-T
cells as previously described (Supplementary data), and infused at one of 3 dose levels
(2x10%/kg, 2x108/kg or 2x107/kg) 2—4 days after completion of chemotherapy (5, 6). A non-
signaling truncated human epidermal growth factor receptor (EGFRt) encoded in the
transgene allowed precise enumeration of transduced CD4* and CD8* CAR-T cells by flow
cytometry. This paper reports neurologic AEs presenting within 28 days after the first CAR-
T cell infusion.

Assessment of neurologic adverse events

Neurologic symptoms and signs were prospectively assigned an AE term and maximal
severity score according to the NCI Common Terminology Criteria for Adverse Events
(CTCAE; version 4.03). The prospective assignment was made by the Principal Investigator
and co-investigator who managed the patient. An independent retrospective review of the
electronic medical record was performed by a member of the neurology team, who assigned
AE terms and daily severity scores for each term according to the CTCAE version 4.03.
Where a discrepancy between prospective severity scoring by the Pl and co-investigator and
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retrospective scoring by the neurology team was identified, the final score was allocated by
consensus review. Neurologic assessment was performed daily on inpatients by the
managing oncology team and as clinically indicated by the neurology team. Due to the
heterogeneous presentation of neurotoxicity, we retrospectively grouped AEs into term
subsets (Supplementary Table 2). “Delirium” encompassed acute cognitive impairment
manifesting as confusion, agitation or difficulty with attention or short-term memory, and
was distinguished by preserved alertness from “decreased level of consciousness”.
Additional AE subsets included “ataxia”, “focal weakness”, “generalized weakness”,
“hallucinations”, “headache”, “ICH”, “language disturbance”, “oculomotor disorder”,
“seizure”, “stroke”, “tremor”, “other abnormal movements”, and “visual changes”.
Neurologic AEs not captured in the preceding list were designated “other”. The overall
neurotoxicity grade assigned for a given patient was the highest grade of all neurologic AEs

identified in that patient.

Neuroimaging

Computed tomography (CT) and MRI scans of the head were performed when clinically
appropriate using standard clinical sequences. All available imaging was reviewed for this
study and retrospectively classified as normal, acutely abnormal or chronically abnormal.
Abnormalities on MRI scans performed during clinical neurotoxicity within 28 days after
CAR-T cell infusion were designated acute when findings were consistent with an acute
event (edema, blood, enhancement, or diffusion restriction) and were either new compared
to prior imaging or evolved on follow-up. Abnormalities were designated chronic when
there were nonspecific white matter changes that are typical sequelae of chemotherapy or
age-related microvascular disease, when abnormalities were due to an unrelated prior
process, and when findings were stable in baseline or follow-up scans.

CSF and blood samples

CSF was collected from patients when appropriate for clinical care: before lymphodepletion
(Pre), during the presence of acute neurotoxicity (Acute), or when patients had recovered
from the acute toxicities associated with CAR-T cell immunotherapy (Recovery,
approximately 3 weeks or more after CAR-T cell infusion). CD4* and CD8* CAR-T cell
counts in blood and CSF were evaluated by flow cytometry, as previously described (5, 6).
The absolute CAR-T cell count was determined by multiplying the percentage of CAR-T
cells identified by flow cytometry in a lymphocyte FS-SS gate by the absolute lymphocyte
count established by automated hemocytometer. Patients with progressive CNS malignancy
detected by flow cytometry analysis of CSF were not included in the CSF analyses.
Concentrations of all cytokines except Ang-1 and Ang-2 in serum and CSF were evaluated
by Luminex assay (Riverside, CA), as previously described (5, 6). Serum Ang-1 and Ang-2
concentrations were evaluated using an immunoassay-based method on the Meso Scale
Discovery Quickplex SQ 120 instrument (Meso Scale Diagnostics, Rockville, MD),
according to the manufacturer’s instructions.

VWF and ADAMTS13 assays

The VWF concentration in patient sera was measured by sandwich ELISA as described
previously (13), using polyclonal rabbit anti-human VWF as a capture antibody and HRP-
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conjugated polyclonal rabbit anti-human VWF as a detection antibody (Dako, Troy, MlI).
ADAMTS13 activity in patient sera was measured using an enzyme-linked assay to evaluate
cleavage of a horseradish peroxidase (HRP)-conjugated peptide from the VWF A2 domain
as previously described (25).

Serum-induced activation of ECs

HUVECs (Lonza, Portsmouth, NH) were cultured for 7 days in parallel-plate flow chambers
coated with rat tail type I collagen. Serum, either from patients or healthy donors, was
incubated with HUVECs at 37°C for 30 min under static conditions. The chambers were
perfused with PBS to remove serum then perfused with a suspension of fixed platelets (Dade
Behring, Siemens Medical Solutions, Deerfield, IL) to decorate VWF strings attached to the
surface of the HUVECSs. The number and length of the VWF-platelet strings were quantified
as string units on 16 random non-overlapping bright field images per chamber, as described
(13). The values for string units obtained from HUVECSs incubated with serum were
normalized to those from HUVECs stimulated with phorbol myristate acetate (PMA), which
was designated as 100%.

Cytokine stimulation of primary human brain pericytes

Primary human brain vascular pericytes were cultured in Specialty Medium (ScienCell
Research Laboratories, Carlshad, CA) alone or supplemented with IFN-y 30ng/mL
(Peprotech, Rocky Hill, NJ) after 24 and 72 hours. After 96 hours, IL-6 and VEGF
concentrations were analyzed in the culture supernatant by Luminex, and PDGFRf
(Biolegend, San Diego, CA) and cleaved caspase-3 (Cell Signaling, Danvers, MA)
expression on pericytes were determined by flow cytometry.

Histology and immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) brain tissue blocks were sectioned at 4 um and
mounted on positively charged slides. A hematopathologist, an anatomic transplant
pathologist, and a neuropathologist examined hematoxylin and eosin-stained slides of
available autopsy tissues. Histologic features were identified and graded by consensus.
Immunohistochemistry was performed on brainstem sections of pons at the level of the locus
coeruleus using a standard automated immunodetection system with the following
antibodies: anti-CD3 (Ventana, Tucson, AZ), anti-CD8 (Ventana), CD31 (Dako), CD61
(Ventana), CD68 (Dako), CD79a (Ventana), and VWF (Dako). Appropriate positive and
negative controls were included with each antibody run.

Statistical methods

Statistical methods are available in Supplementary data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

We provide a detailed clinical, radiological and pathological characterization of
neurotoxicity after CD19 CAR-T cells, and identify risk factors for neurotoxicity. We
show endothelial dysfunction and increased blood-brain barrier permeability in
neurotoxicity, and find that patients with evidence of endothelial activation before
lymphodepletion may be at increased risk of neurotoxicity.
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Figure 1. Frequency, Kinetics, and treatment of neurotoxicity
A: The numbers of patients with each overall neurotoxicity grade are shown for the entire

cohort and each disease. The diameters of each pie chart indicate the relative size of each
subgroup. B: The swimmer plot (bottom) shows the kinetics of the severity of neurotoxicity
in each patient who developed neurotoxicity through 28 days after CAR-T cell infusion
(n=53). Each row represents one patient and the colors indicate the highest grade of
neurotoxicity recorded on each day. Six patients died within 28 days of CAR-T cell infusion
(neurotoxicity, n=3; disease progression, n=1; CRS, n=2). The graph (top) shows the mean
of the highest grade of neurotoxicity occurring in all patients on each day after CAR T cell
infusion. C: Numbers of patients with each grade of neurotoxicity and CRS. D: Cumulative
incidences of fever, any grade of neurotoxicity, and the peak grade of neurotoxicity are
shown for patients with grade 1-2 and grade =3 neurotoxicity.
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Figure 2. Brain magnetic resonance imaging (MRI) findings in patients with severe neurotoxicity
after CD19 CAR-T cell immunotherapy

A-B: Symmetric edema of deep structures in a patient with grade 5 neurotoxicity. FLAIR
hyperintensities were seen in the bilateral thalami (A, arrowheads) and the pons (B,
arrowheads), consistent with vasogenic edema. Punctate hemorrhages in the most affected
areas are seen as T2 dark lesions (B, arrow). C: Global edema with blurring of the gray-
white junction (stars) and slit-like ventricles (arrowhead) on FLAIR imaging in a patient
with grade 5 neurotoxicity. D: Diffuse leptomeningeal enhancement (arrowheads) in a
patient with grade 5 neurotoxicity. E-F: White matter FLAIR hyperintensities (E,
arrowheads) that in some cases were contrast enhancing (F, arrowheads; T1 + gadolinium) in
a patient with grade 3 neurotoxicity without focal neurologic deficits on exam. G-I:
Cytotoxic edema of the cortical ribbon is seen on diffusion weighted imaging (G,
arrowheads) and concomitant cortical swelling on FLAIR (H, arrowheads). In the same
patient, injury progressed to irreversible cortical laminar necrosis indicated by T1
hyperintensities within the cortical ribbon 10 days later (I, arrowheads).
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Figure 3. Severe neurotoxicity is associated with vascular dysfunction
A: Absolute counts of CD4*/EGFRt* and CD8*/EGFRt" CAR-T cells in blood, and the

percentages of CD4*/EGFRt* cells within CD4" T cells and of CD8*/EGFRt™ cells within
CD8™ T cells in the indicated time windows after CAR-T cell infusion are shown in patients
without neurotoxicity (grey) or with grade 1-2 (orange) or =3 (red) neurotoxicity. B:
Minimum (min) or maximum (max) values of vital signs, serum protein and albumin
concentration, and body weight are shown within the indicated time periods. Pre-chemo,
before lymphodepletion chemotherapy. Pre-infusion, before CAR-T cell infusion. SBP,
systolic blood pressure. DBP, diastolic blood pressure. HR, heart rate. RR, respiratory rate.
C: Minimum (min) or maximum (max) values of coagulation parameters are shown within
the indicated time periods. PT, prothrombin time. APTT, activated partial thromboplastin
time. D: Maximum serum CRP, ferritin, IFN-y, IL-6, and TNF-a concentrations within
indicated time periods are shown, according to severity of neurotoxicity. Within each time
window in all figures, the y-axis shows the mean +/- standard error of the mean (SEM) of
the values for all patients. *0.001<p<0.005, **0.0001<p<0.001, ***p<0.0001 for the
indicated time points for the comparison of grade 0 vs 1-2 vs 3-5 neurotoxicity. P values for
TNF-a at 0-36 hours and 2-5 days after CAR-T cell infusion were 0.038 and 0.022,
respectively.
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Figure 4. Endothelial activation in neurotoxicity associated with CD19 CAR-T cell
immunotherapy
A: Ang-1 (left) and Ang-2 (center) concentrations and the Ang-2:Ang-1 ratio (right) in

serum collected approximately 7 days after CAR-T cell infusion from a subset of patients
with grade 0-3 (n=52) or =4 (n=7) neurotoxicity. The median (bar) and interquartile range
are shown. Each point represents data from one patient. B: VWF concentration in serum
from patients with grade 0-3 (n=45) or grade =4 (n=7) neurotoxicity. Serum was collected
approximately one week after CAR-T cell infusion. Data represent the fold change from the
VWE concentration in normal reference plasma (CRYOcheck, Precision Biologic,
Dartmouth, NS, Canada; VWF 12.2 ug/mL). C: Ang-2:Ang-1 ratios in serum collected
before lymphodepletion chemotherapy from patients who subsequently developed grade 0-3
(n=49) or 24 (n=6) neurotoxicity. The median and interquartile range are shown. D: VWF
string unit formation in HUVECs incubated with serum collected from day 3-5 from
patients who received CD19 CAR-T cells and developed grade =4 neurotoxicity (n=4) or
from healthy donors (n=4). E: VWF string unit formation in HUVECs incubated with serum
collected from patients with grade =4 (n=3) or grade 0-3 (n=6) neurotoxicity between day 7
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and 14 after CAR-T cell infusion. The mean value of 2 samples collected on days 7 and 10
was used for one patient without neurotoxicity. F: HMW and LMW VWF multimers in
serum from patients with grade =4 (n=5) compared to grade 0-3 (n=6) neurotoxicity.
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Figure 5. Increased permeability of the BBB during neurotoxicity
CSF was collected from patients before CAR-T cell infusion (Pre), during acute

neurotoxicity (Acute), and after recovery from acute neurotoxicity or =21 days after CAR-T
cell infusion in those without neurotoxicity (Recovery). A: Protein concentration and WBC
counts in CSF in patients who did (red) or did not (grey) develop neurotoxicity. Each point
represents data from a single patient. Box and whisker plots show the interquartile range. B:
Paired CSF and blood samples collected on the same day from individual patients with
neurotoxicity, showing CD4" and CD8* CAR-T cells as a percentage of total CD4* and
CD8* cells, respectively. Each line represents data from a single patient. NS, not significant.
C: CD4* and CD8* CAR-T cells as percentages of total CD4* and CD8* cells, respectively,
in CSF. Each point represents data from a single patient. Box and whisker plots show the
interquartile range. D: Concentrations of cytokines in paired serum and CSF samples
obtained from patients who developed neurotoxicity. Box and whisker plots show the
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median (bar) and interquartile range (box). Each point represents data from one patient.
*p<0.05, **p<0.01, ***p<0.001. Paired tests were used to compare serum and CSF
cytokines at a single timepoint. Unpaired tests were used for comparisons between Pre and
Acute timepoints. E: IL-6 and VEGF concentrations in supernatant from pericytes cultured
with medium alone, IFN-y or TNF-a.. Data are representative of 6 experiments and are
expressed as the fold change (mean +/— SEM) compared to culture in medium alone. F:
PDGFRp and activated caspase-3 expression by human brain vascular pericytes incubated
with IFN-y. Data are expressed as the fold change (mean +/- SEM) compared to culture in
medium alone.
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Figure 6. Endothelial activation and vascular disruption in CAR-T cell neurotoxicity
A: Hematoxylin and eosin staining of medulla showing red blood cell extravasation into the

surrounding parenchyma and Virchow-Robin space in the setting of minimal arteriolar wall
disruption. B: Hematoxylin and eosin staining showing fibrinoid vessel wall necrosis and
vascular occlusion. C: Perivascular CD8* T cell infiltration. D: IHC for VWF showing VWF
binding to capillaries. E: IHC for CD61 demonstrates intravascular microthrombi. F: IHC
for CD31 showing reduplicated and disrupted endothelium. Size bars (100um) are shown.
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