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Abstract

Background—~Posterior reversible encephalopathy syndrome (PRES) comprises clinical and
radiologic findings with rapid onset and potentially dire consequences. Patients experience
hypertension, seizures, headache, visual disturbance, and/or altered mentation. Magnetic
resonance imaging shows edematous changes in brain (especially parietal and occipital lobes). We
report PRES associated with anti-Gp, monoclonal antibody (MoAb) immunotherapy which is
now standard for high-risk neuroblastoma but has not previously been implicated in PRES.

Methods—Successive clinical trials using the anti-Gp, MoAb 3F8 for neuroblastoma patients
involved multiple cycles of standard-dose 3F8 (SD-3F8) (20 mg/m?2/day, x5 days/cycle) or two
cycles of high-dose 3F8 (HD-3F8) (80 mg/m2/day, x5 days/cycle) followed by cycles of SD-3F8.

Results—PRES was diagnosed in 5/215 (2.3%) patients, including 3/160 (1.9%) patients
receiving SD-3F8 and 2/55 (3.6%) patients receiving HD-3F8 (p=0.6). All five patients had a
rapid return to clinical-radiologic baseline. PRES occurred in 3/26 (11.5%) patients whose prior
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treatment included external-beam radiotherapy to the brain (2/6 patients status-post total body
irradiation plus 1/20 patients status-post craniospinal irradiation) compared to 2/189 (1.1%)
patients without prior brain irradiation (p=0.01). Hypertension, which is strongly linked to PRES,
reached grade 3 toxicity in 12/215 (5.6%) patients, including the five patients with PRES and
seven patients without PRES.

Conclusions—Patients receiving anti-Gp, MoAb immunotherapy should be closely monitored
for, and undergo urgent treatment or evaluation of, symptoms (e.g., hypertension or headaches)
that might herald PRES. Prior brain irradiation may be a predisposing factor for PRES with this
immunotherapy.
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INTRODUCTION

Posterior reversible encephalopathy syndrome (PRES) comprises striking clinical and
radiologic findings with rapid onset and potentially dire consequences.=3 The clinical
features are variable but can include hypertension, seizures, headache, visual disturbance,
and/or altered mentation. The radiologic hallmark is magnetic resonance imaging (MRI) of
the brain showing edematous changes best visualized with fluid-attenuated inversion
recovery (FLAIR) sequences. Parietal and occipital lobes are predominantly involved
possibly because their relative lack of sympathetic innervation translates into greater
susceptibility to adverse effects of hypertension.3

When first reported,* this acutely developing clinico-radiologic phenomenon was called
reversible posterior leukoencephalopathy. The name was modified® because not only
subcortical white but also cortical gray matter is often involved. Despite the alarming
symptomatology and extensive radiologic abnormalities, optimal treatment typically results
in a return to pre-PRES clinical and radiologic status within weeks, although exceptions
occur, including in children.5-8

The underlying pathophysiology leading to the vasogenic edema without infarction and MRI
appearance of PRES remains speculative.23 Etiologic considerations take into account
hypertension and injury to vascular endothelium and the blood-brain barrier. Associated
clinical disorders include ecclampsia, cancer, and autoimmune disease. Associated
medications include immunosuppressive, chemotherapeutic, and anti-angiogenic agents.
PRES has never, to our knowledge, been reported with immunotherapy mediated by anti-
Gpz monoclonal antibody (MoADb). This treatment is now standard for high-risk
neuroblastoma, based on favorable results in a landmark randomized study with the anti-
Gpgz chimeric ch14.18 MoAb,® which followed phase I and 11 trials.2-14 We have used the
anti-Gp, murine 3F8 MoAb in phase 1 and 11 studies.1>-21 We now report PRES with 3F8.
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PATIENTS AND METHODS

RESULTS

At Memorial Sloan-Kettering Cancer Center (MSKCC), patients with high-risk
neuroblastoma in 15t or >2"d complete/very good partial remission (CR/VVGPR) or resistant
to induction and 2"%-line chemotherapy (primary refractory disease) received standard-dose
3F8 (SD-3F8), i.e., 20 mg/m?/day, x5 days/cycle, on protocol 03-077 (NCT00072358)
(Table 1). In the successor MSKCC protocols 09-158 (15t CR/VGPR, post-stem cell
transplantation [SCT]; NCT01183416); 09-159 (15t CR/VGPR, no prior SCT;
NCT01183429); 09-160 (=2"d CR/VGPR; NCT01183884); and 09-161 (primary refractory
disease; NCT01183897), the initial two cycles used high-dose 3F8 (HD-3F8), i.e., 80
mg/m2/day, x5 days/cycle; subsequent cycles used SD-3F8 (Table 1). Granulocyte-
macrophage colony stimulating factor (GM-CSF) was injected subcutaneously at least one
hour before 30-minute intravenous infusions of SD-3F8 or HD-3F8.

For these protocols, eligibility requirements included less than grade 3 toxicity of major
organs by National Cancer Institute Common Toxicity Criteria version 3.0. These criteria
were also used to score toxicities of therapy. Informed written consents for treatment and
tests were obtained according to institutional review board rules. In the absence of human
anti-mouse antibody (HAMA), 3F8 treatments were repeated monthly x4 cycles after
documentation of CR/VGPR, and then every 6-8 weeks through 24 months from the first
dose of 3F8. Protocol treatment also included six cycles of 13-cis-retinoic acid 160 mg/m?/
day, x14 days/cycle, following established practice.22 Before study enrollment and then at
least every three months, all patients underwent extent-of-disease evaluations that

included 123]-metaiodobenzylguanidine (MIBG) scan and computed tomography (CT) or
MRI of the primary site and head. Imaging of the head was standard because of our concern
about asymptomatic relapse in the central nervous system (CNS).23

Because of expected pain and hives, opiates and antihistamines were administered before
initiating 3F8 infusions and then as needed. Vital signs (including blood pressure) were
measured as follows: at two separate time points before 3F8 treatment; during the 30-minute
infusion of 3F8; upon completion of the 3F8 infusion; and before discharge from the clinic.

PRES was prospectively diagnosed and studied in the protocol patients treated with
3F8/GM-CSF from July 2009, when this entity was first identified in this patient population
and thereby first came to our attention as a toxicity risk, through August 2012. Of note, the
herald case did not have a seizure, a hallmark symptom of PRES. Subsequent to this
unexpected occurrence of PRES, the appearance of symptoms concerning for PRES
prompted appropriate investigations.

Comparisons regarding the frequency of events were assessed using Fischer’s exact test
(two-sided).

PRES was diagnosed in 5/215 (2.3%) patients, including 3/160 (1.9%) patients receiving
SD-3F8 and 2/55 (3.6%) patients receiving HD-3F8 (p=0.6). PRES was associated with
5/847 (<1%) cycles of 3F8, including 3/753 (<1%) cycles of SD-3F8 and 2/94 (2.1%) cycles
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of HD-3F8 (p=0.10). After experiencing PRES, the five patients received no additional
MoAb therapy.

Hypertension, which is strongly linked to PRES, reached grade 3 toxicity in 12/215 (5.6%)
patients, including 9/160 (5.6%) patients receiving SD-3F8 and 3/55 (5.5%) patients
receiving HD-3F8 (p=1.0). The 12 patients with grade 3 hypertension included all five
patients with PRES and seven patients without PRES. Among the latter, three patients
(including one with preexisting hypertension from nephrotoxic chemoradiotherapy)
developed grade 3 hypertension in two cycles (of SD-3F8), and one patient (treated with
HD-3F8) had preexisting hypertension from disease-related renal failure and had previously
experienced unacceptable toxicity with ch14.18° (stopped after two of the planned five
cycles). Overall, grade 3 hypertension occurred in 15/847 (1.8%) cycles, including 12/753
(1.6%) cycles of SD-3F8 and 3/94 (3.2%) cycles of HD-3F8 (p=0.23).

Other symptoms associated with PRES, including seizures, headaches, visual disturbances,
and altered mentation, were not associated with the immunotherapy.

Patients with PRES: clinical characteristics and prior therapy

The five patients (3 male, 2 female) were 1.9-7.9 (median 5.3) years old when diagnosed
with neuroblastoma, and 4.9-11.1 (median 9.3) years old when diagnosed with PRES (Table
2). The time from diagnosis of neuroblastoma to PRES was 1.1-4.3 (median 3.1) years.
These five patients were receiving 3F8/GM-CSF as treatment for primary refractory disease
(n=2) or to consolidate =2"4 CR (n=3). Prior oncologic treatment included 8-15 (median 10)
cycles of chemotherapy, completed 1-21 (median 6) months before PRES.

Three patients had prior external-beam radiotherapy to brain: total body irradiation (TBI)
(patient #5); TBI plus 1311-MIBG therapy (patient #2); and craniospinal irradiation (1800
cGy) plus intrathecal administration of 1311-8H9 MoAb?23 as treatment for a relapse in the
brain (patient #4). Overall, PRES was diagnosed in 2/6 study patients who had received TBI
and in 1/20 study patients who had received craniospinal irradiation (19 also received
intrathecal radiolabeled MoAb?23). Thus, PRES occurred in 3/26 (11.5%) patients whose
prior treatment included external-beam radiotherapy to the brain compared to 2/189 (1.1%)
patients without prior brain irradiation (p=0.01). PRES was associated with 3/89 (3.4%)
cycles in patients with prior brain irradiation, and with 2/758 (0.3%) cycles in patients
without that prior treatment (p=0.01).

The three patients who developed PRES in association with SD-3F8 had previously received
multiple cycles of 3F8: patient #1 had tolerated two cycles of HD-3F8 (in a phase | study?20)
plus three cycles of SD-3F8 (with grade 3 emesis between the 2" and 3" cycles — see
below); patient #2 had been treated with five cycles of SD-3F8 without complication; and
patient #3 had received 11 cycles of SD-3F8 marked by intermittent hypertension that
responded to nifedipine.The two patients who developed PRES after only one cycle of
HD-3F8 had not previously been treated with 3F8 although one (patient #4) had received
five cycles of ch14.18° without complication. Subsequently, as noted above, this patient
relapsed in brain and received multi-modality therapy?3 before proceeding to consolidation
with HD-3F8.
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Clinical features of PRES

Patient #1, who was the first 3F8 patient diagnosed with PRES, presented with emesis after
only two days of her sixth cycle of 3F8 (Table 3). (She had developed grade 3 emesis of
unknown etiology 8 days after completion of an earlier cycle of SD-3F8, but had done well
with the subsequent cycle.) CT showed no intestinal block, but MRI performed to rule out
relapse in the brain as the cause for the emesis revealed findings indicative of PRES. This
patient never had a seizure. In the four subsequently diagnosed cases of PRES (Table 3), the
presenting symptoms included headache followed by a seizure <24 hours after completion
of a cycle of 3F8 (patients #3 and #5); headache <24 hours after completion of a cycle with
a seizure on the following day (patient #2); and a seizure five days after completion of a
cycle (patient #4).

Symptoms of PRES included transient vision loss in one patient and transient mental status
alterations in four patients. Acute management included anti-hypertensive medications in all
five patients and anti-convulsant therapy in four patients. Grade 3 or 4 hyponatremia was
noted in three patients during evaluation of the PRES event (serum sodium levels were
normal on the preceding days); it was attributed to emesis in patient #1, and multiple factors,
including transient cerebral salt wasting, in patients #4 and #5. One patient (#2) had
transient grade 2 renal dysfunction attributed to hypertension and prior nephrotoxic
therapies. Four patients had full recovery to baseline neurological status within one week,
and one patient (#4) had a complete resolution of symptoms over five weeks.

Radiologic features of PRES

Initial MRIs showed findings typical of PRES, i.e., T2/FLAIR signal abnormality in
subcortical white matter and cortex predominantly in parietal and occipital lobes (Table 4).
These findings were not present in prior MRIs which had been performed as part of routine
disease staging. Follow-up MRIs performed 9-36 days after the event showed complete
resolution of PRES-related abnormalities. Three patients had additional abnormal radiologic
findings at presentation of PRES: In patient #1, both CT and MRI showed a small focus
suspicious for hemorrhage or relapse but follow-up MRI showed neither (Figure 1). In
patient #4, who had previously undergone surgical resection of brain metastases, MRI
showed a small focus with restricted diffusion suspicious for hemorrhage or relapse in the
left parietal lobe; follow-up MRIs showed resolution of the abnormality and no relapse. In
patient #5, CT and MRI revealed small lesions suspicious for hemorrhage or relapse in the
frontal lobes; follow-up MRI showed evolution of one lesion to hemosiderin deposit,
consistent with evolving focal hemorrhage, and absence of any other lesions.

DISCUSSION

The recognition of PRES in children with cancer appears to be increasing, probably due to
wider awareness of this complex syndrome and expanded use of MRI which is essential for
its diagnosis. Hypertension is the most prevalent causative factor of PRES in general and is
the most commonly described inciting factor for PRES in children being treated for
cancer.5-8.24 Reported cases involve leukemia and solid tumors, with associated treatments
including systemic and intrathecal chemotherapy, major surgery, immunosuppressive
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agents, myeloablative therapy with autologous or allogeneic SCT, and anti-angiogenic
agents. Notably absent is anti-Gp, MoAb-mediated immunotherapy, despite a large
published experience covering this treatment in children®-21.25-30 and adults,1%:31-36 gnd
despite case reports of PRES with MoAbs that are direct immunomodulators.”-37:38 Anti-
Gp2 MoAbs trigger antibody-dependent cellular cytotoxicity and complement-mediated
cytotoxicity,39 but it remains to be determined if these anti-neoplastic mechanisms can
predispose to PRES.1-3

MRIs in each of the five 3F8 patients with PRES displayed the characteristic abnormalities
which are thought to result from endothelial injury and disruption of the blood-brain-barrier
with transudation of fluid and protein into brain parenchyma.2:340 The radiologic findings
were clearly attributable to the events leading to the diagnosis of PRES, given that all five
patients, as part of routine monitoring of disease status, had undergone MRI of the brain
shortly before PRES, and MRI findings returned to baseline within days-to-weeks after
PRES resolved clinically.

Hypertension and seizures are the predominant symptoms of PRES but are not invariably
present. PRES in patient #1 was associated with emesis, as well as hypertension, but, unlike
patients #2-5 who had classic PRES, this child never developed headaches, seizures or
visual disturbances. The absence of these symptoms - which often prompt investigations that
reveal the radiologic findings of PRES — suggests that cases of PRES can escape detection.
Hence, although PRES has not previously been described in NB patients receiving anti-Gp,
MoAb, undiagnosed cases likely occurred. In reports on anti-Gp, MoAb treatment, the
hallmark features of PRES are rare, with significant hypertension, CNS cortical symptoms,
and emesis in 0-5% of patients.921: 25-36 |n our series, one patient failed to complete prior
treatment with the anti-Gp, ch14.18 MoAb due to toxicity and, after relapse, experienced
grade 3 hypertension (without PRES) with HD-3F8. This case illustrates that impaired
function of major organs, especially kidneys,*1:42 from prior aggressive multimodality
therapy and/or tumor-related local-regional effects, can pose challenges for the safe
implementation of anti-Gp, MoAb therapy in neuroblastoma patients.

Differences in schedule and dosing set 3F8 protocols apart from other anti-Gp, MoAb
protocols®-14. 25-36 and might influence the risk of PRES. Thus, treatments with 3F8 and
other MoAbs contrast as regards infusion times (30 minutes for 3F8, versus =4 hours),
number of cycles (dependent on HAMA for 3F8 with no limit on total number of cycles,
versus five cycles), and dosage (3F8 at 20 or 80 mg/m?/day x5 days/cycle, versus ch14.18 at
20-50 mg/m?/day x4-5 days/cycle®-14.27.28) PRES occurred in three 3F8 patients after >5
cycles; it is conceivable that perturbations of the blood-brain-barrier that eventuate in PRES
accrue with each cycle.

The incidence of PRES or grade 3 hypertension did not differ significantly between SD-3F8
and HD-3F8 patients. Dosing, however, merits consideration since not only are 3F8 dosages
higher than those of other anti-Gp, MoAbs, but patients #4 and #5 developed PRES after
only a single cycle of HD-3F8. Patient #4 may have been at increased risk for CNS
problems such as seizures and/or PRES because, despite having tolerated five cycles of
ch14.18 without complication, his subsequent brain relapse was treated with surgery as well
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as craniospinal irradiation and intrathecal radiotherapy.23 Patient #5 had no obvious
predisposing clinical factors — but his prior treatment included TBI. In this regard, patient
#2, who developed PRES after multiple cycles of SD-3F8, also received TBI. The
occurrence of PRES in these three patients prompted us to investigate whether prior brain
irradiation might be a predisposing factor to PRES in patients receiving anti-Gp, MoAb
immunotherapy. Indeed, an association appeared substantiated in the ensuing analysis, with
PRES in 3/26 (11.5%) patients with, versus 2/189 (1.1%) patients without, prior brain
irradiation (p=0.01). It should be noted that, in the absence of anti-Gp, MoAb
immunotherapy, TBI41-43 and craniospinal irradiation plus intrathecal radiotherapy?3 have
not been associated with PRES, though no study has specifically addressed the possibility.

PRES presents with dramatic and life-threatening events that can be controlled with proper
emergent management. Yet the risk of a catastrophic outcome is self-evident. Furthermore,
although a hallmark of PRES is a rapid return to clinical and radiologic baseline with no
long-term sequelae (as fortunately transpired with the 3F8 patients), that scenario is not
invariable.5-8 Hence, our experience indicates that patients receiving anti-Gpy; MoAb
immunotherapy should be closely monitored for, and undergo immediate treatment or
evaluation of, symptoms (e.g., hypertension or headaches) that might herald PRES.
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Figure 1.
Magnetic resonance imaging (MRI; fluid-attenuated inversion recovery images) of patient

#1 showing PRES (left) and return to no abnormal enhancement within one week (right).
Subsequent routine follow-up MRIs also showed no abnormal enhancement.
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Table 1

Immunotherapy schema

Priming doses of scGM-CSF scGM-CSF + 3F8 by 30-minute iv infusion
5 days (Wednesday-Sunday) — 5 days (Monday—Friday)

sc, subcutaneous; iv, intravenous
GM-CSF: 250 ug/m2/day for the priming doses and first 2 days of 3F8, then 500 ug/mzlday
3F8: standard-dose regimen: 20 mg/mzlday; high-dose regimen: 80 mg/mzlday

Rest periods: 2—-4 weeks from end of one cycle to start of 3F8 in next cycle, through 4 cycles after complete response; then 6-8 week rest periods,
through 24 months from the first dose of 3F8. Cycles were deferred only for HAMA-positivity.
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