Neuro-Oncology

22(8), 1214-1225, 2020 | doi:10.1093/neuonc/noaa047 | Advance Access date 10 March 2020

Phase I study of intraventricular infusions of autologous
ex vivo expanded NK cells in children with recurrent
medulloblastoma and ependymoma

Soumen Khatua, Laurence J. N. Cooper, David I. Sandberg, Leena Ketonen, Jason M. Johnson,
Michael E. Rytting, Diane D. Liu, Heather Meador, Prashant Trikha, Robin J. Nakkula,

Gregory K. Behbehani, Dristhi Ragoonanan, Sumit Gupta, Aikaterini Kotrotsou,

Tagwa ldris, Elizabeth J. Shpall, Katy Rezvani, Rivka Colen, Wafik Zaky, Dean A. Lee,! and
Vidya Gopalakrishnan®

Department of Pediatrics, MD Anderson Cancer Center, Houston(S.K., M.E.R., H.M., D.R., S.G., W.Z.,V.G.); Department
of Neurosurgery, MD Anderson Cancer Center, Houston, Department of Neurosurgery, McGovern Medical School/
University of Texas Health Science Center, Houston (D.1.S.); Department of Hematology, Oncology and BMT,
Nationwide Children’s Hospital, Columbus, Ohio and Department of Hematology, The Ohio State University
Comprehensive Cancer Center, Columbus, Ohio (D.A.L., PT, R.J.N., G.K.B.); Ziopharm Oncology and MD Anderson
Cancer Center, Houston (L.J.N.C.); Department of Diagnostic Imaging, MD Anderson Cancer Center, Houston

(L.K., J.M.J.); Department of Cancer Systems Imaging, MD Anderson Cancer Center, Houston (A.K.); Department
of Radiology, Harvard Medical School (T.I.); Department of Stem Cell Transplantation and Cellular Therapy,

MD Anderson Cancer Center, Houston (E.J.S., K.R.); Hillman Cancer Center, University of Pittsburgh Medical
Center, Pittsburgh, Pennsylvania, Department of Radiology, University of Pittsburgh Medical Center, Pittsburgh,
Pennsylvania (R.C.); Department of Biostatistics, University of Texas MD Anderson Cancer Center, Houston (D.D.L.)

Corresponding Author: Soumen Khatua, MD, Associate Professor of Pediatrics, The MD Anderson Cancer Center, 1515 Holcombe
Boulevard, Unit 87, Houston, Texas 77030 (skhatua@mdanderson.org).

DAL and VG contributed equally as senior coauthors.

Abstract

Background. Recurrent pediatric medulloblastoma and ependymoma have a grim prognosis. We report a first-in-
human, phase | study of intraventricular infusions of ex vivo expanded autologous natural killer (NK) cells in these
tumors, with correlative studies.

Methods. Twelve patients were enrolled, 9 received protocol therapy up to 3 infusions weekly, in escalating doses
from 3 x 108 to 3 x 108 NK cells/m?%infusion, for up to 3 cycles. Cerebrospinal fluid (CSF) was obtained for cellular
profile, persistence, and phenotypic analysis of NK cells. Radiomic characterization on pretreatment MRI scans was
performed in 7 patients, to develop a non-invasive imaging-based signature.

Results. Primary objectives of NK cell harvest, expansion, release, and safety of 112 intraventricular infusions
of NK cells were achieved in all 9 patients. There were no dose-limiting toxicities. All patients showed progres-
sive disease (PD), except 1 patient showed stable disease for one month at end of study follow-up. Another
patient had transient radiographic response of the intraventricular tumor after 5 infusions of NK cell before pro-
gressing to PD. At higher dose levels, NK cells increased in the CSF during treatment with repetitive infusions
(mean 11.6-fold). Frequent infusions of NK cells resulted in CSF pleocytosis. Radiomic signatures were profiled
in 7 patients, evaluating ability to predict upfront radiographic changes, although they did not attain statistical
significance.

Conclusions. This study demonstrated feasibility of production and safety of intraventricular infusions of autolo-
gous NK cells. These findings support further investigation of locoregional NK cell infusions in children with brain
malignancies.

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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Key Points

Importance of the Study

Prognosis of children with recurrent medulloblastoma
and ependymoma remains dismal. There is need for a
cure and improvement in survival, in the absence of
systemic toxicity. This study evaluated these unmet
clinical needs through the conduct of the first-in-
human phase | investigation of intraventricular in-
fusions of autologous, ex vivo expanded NK cells, in
these children. Leptomeningeal disease and dissem-
ination through the CSF seen in these tumors also

Medulloblastoma is the most common malignant pedi-
atric brain cancer, having an incidence of approximately
0.74/100000 person-year.” Children older than 3 to 5 years
are usually treated with maximal safe surgical resection
of the tumor, focal or craniospinal irradiation (CSl), and
chemotherapy based on the clinical criterion of standard
risk (SR) or high-risk (HR) disease.? Infants below 3 years
of age are treated with irradiation avoiding strategies.®
Even though the survival rate has increased to 80-90%
and 60-65% in SR and HR, respectively, morbidities and
long-term side effects are concerning.*® Extensive molec-
ular analysis and transcriptional profiling of large cohorts
of medulloblastoma have now consistently identified 4
distinct molecular entities termed wingless (WNT), sonic
hedgehog (SHH), Group 3, and Group 4, with distinct clinical
and molecular features.®’ Efforts to tailor therapy based on
these subtypes are ongoing, with 25-40% of patients with
medulloblastoma treated with radiation and chemotherapy
relapse, depending on subgroup affiliation, specific cytoge-
netic alterations, and presence of metastasis at diagnosis.®
Recurrent medulloblastoma commonly seen in Groups 3
and 4 have poor survival rate of less than 10% even with var-
ious salvage therapies. An effective treatment has not been
identified, likely due to the evolving and now well-known
temporal and spatial pattern of these relapses, precluding
tailored optimal treatment for recurrent tumors.®°

Ependymomas are glial tumors arising from ependymal
cells of the central nervous system (CNS), whose primary
therapy consists of maximal surgical resection followed by
radiation and some cases chemotherapy."'2 Relapses are
seen in about 30-50% of patients. Surgical resection, ra-
diation, and targeted therapy are performed for these re-
currences, yet overall survival (OS) remains around 50%.'3
Recent advances in the molecular characterization of these
neoplasms and efforts to profile targeted therapy have
yet to yield an improvement of the long-term survival,
more so for the younger children with posterior fossa type
A tumors.14-16

provided the rationale for the locoregional admin-
istration of NK cells. The study is the first to apply
radiomic tools to mine data from clinical radiographic
images of children undergoing immunotherapy. Our
study suggests the need to reassess frequency of
intraventricular infusions of NK cells, incorporate
more extended follow-up periods, and evaluate the
use of radiomics to facilitate clinical decisions in the
next generation of trials with NK cells.

Current treatment strategies cause significant morbidity,
and the blood-brain barrier (BBB) has precluded clinical
translation of several new promising therapeutics for these
patients. Thus, there is an unmet clinical need for not only
new treatments, but also for locoregional techniques to cir-
cumvent problems posed by the BBB.

Though a clinical study has shown the safety of admin-
istering natural killer (NK) cells into brain tumors of adults,
similar studies in children have not been reported."” The
dire need for a novel therapy, availability of preclinical
data of efficacy and safety of NK cell infusions in animal
models,'® and the reproducible ability to propagate large
numbers of ex vivo expanded NK cells' provided the
impetus to conduct this first-in-human, phase | study in
children with these recurrent tumors.

We conducted this study with autologous cells based on
preclinical data of high functionality in expanded patient-
derived NK cells and to avoid potential toxicity of alloge-
neic sources. We also restricted the trial to 3 cycles with 3
dose levels (2 dose escalation and one dose de-escalation),
to obviate any concerning side effects associated with
longer periods of multiple infusions, with a primary objec-
tive to demonstrate the feasibility of NK cell production, re-
lease, and safety of intraventricular infusions.

Our preclinical work demonstrated the cytolytic ability
of ex vivo expanded NK cells against medulloblastoma
cells in vitro.222' In a separate preclinical report, we
also showed that NK cells labeled with a fluorine-19
("9F)-based perfluorocarbon emulsion could suppress
medulloblastoma growth in mouse orthotopic models
while enabling 'F MRI to provide feedback on the delivery
of infused NK cells."®

Despite the rise in immunotherapeutic strategies, few
patients have shown long-term improvement in survival.
Developing tools are needed that not only can predict up-
front which patients are likely to benefit from therapy, but
also provide feedback on response during treatment.??
Radiomics is an emerging field that mines radiographic
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images to extract high-throughput data to provide a de-
tailed characterization of the tumor.?3?* Radiomic-based
biomarkers have been evaluated in immunotherapy for
predicting clinical changes and tumor recurrence. We
present data from a pilot radiomic study of the feasibility
of applying this tool to assess changes in tumor features
in response to immunotherapy. This will be the first study
evaluating the role of radiomics in pediatric or NK cell
immunotherapy.?®

The primary objective of this dose-escalation study was
to establish the feasibility of production, the safety of in-
fusion, and the maximum tolerated dose (MTD) of au-
tologous NK cells propagated ex vivo with feeder cells
expressing interleukin (IL)-21 and administered directly
into the ventricles. Secondary objectives included descrip-
tive assessment of clinical and or radiological responses,
CSF evaluation of cellular profile, persistence, and pheno-
type of infused NK cells. We also evaluated the feasibility
of developing a reproducible radiomic signature to predict
which patients would have radiographic changes and ben-
efit from NK immunotherapy.

Materials and Methods
Ex Vivo Activation/Propagation of NK Cells

Previous studies have described improved ex vivo nu-
meric expansion of NK cells with soluble cytokines, au-
tologous feeder cells, and feeder cell lines engineered
with co-stimulatory molecules such as membrane-bound
IL-15.286 We previously demonstrated that NK cells can
be robustly propagated to large numbers from periph-
eral blood mononuclear cells by coculturing with irradi-
ated feeder cells derived from K562 cells and genetically
modified to express co-stimulatory molecules, including
membrane-bound I-:21." Here, we adapted this approach
for reproducible manufacturing of patient-derived NK cells
in compliance with current Good Manufacturing Practice
(GMP). Three mL/kg of peripheral blood, up to a max-
imum of 150 mL, was obtained from patients for NK cell
manufacture. Details of the NK cell harvest, depletion of T
cells, and cryopreservation of NK cells are available in the
Supplementary data.The data for viability of recovery after
cryopreservation are shown in Supplementary Figure 1.

Eligibility

This study was open for patients less than 22 years
of age with recurrent/refractory medulloblastoma, or
ependymoma involving the brain and/or spine at original
diagnosis or relapse. Adequate CSF flow was verified by
MRI with cine sequence of the brain and spine, following
catheter placement in the fourth ventricle as per Sandberg
et al or lateral ventricle, before receiving NK cell infusion.?”
A performance score of Lansky 50 or higher if <16 years of
age or a Karnofsky score of 50 or higher if >16 years of age
was required to be eligible on the trial.

Additional eligibility criteria include adequate bone
marrow function defined by an absolute neutrophil count
of >1000/uL, platelet count of >30000, and hemoglobin

of 9.0 g/dL. Signed informed consent and patient assent
when appropriate was obtained.

Exclusion criteria included enrollment in another pro-
tocol, untreated infection, extracranial metastasis, and
chronic corticosteroid dependence (except replacement
therapy). Patients with extensive disease and/or comorbid
conditions were also excluded.

Ethics and Study Oversight

Institutional review board approval was obtained for con-
ducting the study. The Investigational New Drug office of
the MD Anderson Cancer Center (MDACC) oversaw the ad-
verse effects (AEs) and timely reporting updates of the clin-
ical trial. Reporting to the FDA and other regulatory bodies
was performed as required. General oversight of the trial
was by the principal investigator of the study at MDACC.

Study Design and Treatment Plan

Enrolled patients were screened for autologous dona-
tion and then proceeded to peripheral blood collection to
manufacture the autologous expanded NK cell product.
Catheter placement was performed after all GMP release
criteria of NK cells had been met and the product author-
ized for patient use. The criteria for collection of blood for
NK cell expansion included that the patient be off systemic
steroids for at least 3 days. Protocol also required that pa-
tients not have received any steroids within 72 hours of
NK cell infusions (before and after infusions), as it could
undermine therapeutic efficacy; no cytotoxic therapy or
hematopoietic growth factor within 14 days before blood
collection; and the absence of symptoms or signs of sys-
temic infection that would preclude safe blood collection.

Criteria to start the first NK cell infusion included the fol-
lowing: NK cell products which have met all GMP release
criteria, adequate CSF flow, and neurosurgical clearance
to use the Ommaya connected to the intraventricular cath-
eter. NK cell infusions were continued if patients tolerated
prior infusions without dose-limiting toxicities (DLTs) and
demonstrated no progressive disease (PD).

Infusion Procedure and Monitoring

Once patients were admitted to the infusion unit, vital
signs and baseline physical evaluation including focused
neurological exam were performed. Further details of in-
fusion procedure, evaluations of blood counts, and MRI
scans are shown in the Supplementary data.

Schedule of NK Cell Infusion

Each patient was scheduled to receive 3 cycles of NK cell
infusion. Initially, each cycle was of 4 weeks duration with
NK cell infusions thrice weekly for 3 weeks followed by a
rest week. The dose of NK cells per infusion ranged from
108/m? to 108/m?2.The dose level and the number of NK cell
infusion are shown in Fig. 1. Thrice-weekly infusions were
administered to the first 4 patients (dose levels 1 and 2).
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Phase | - 9 patients enrolled

Dose level 2 (n = 3)

1 x 107 /m2 per infusion, Dose level 3 (n = 3)

Dose level 1 (n = 3)

1 x 108 /m2 per infusion,
3 infusions weekly,

2 MB, 1 EPN
Cumulative dose per
cycle is 9 x 106 /m2

3 infusions weekly for
1 patient (MB), 3 x 107
/m2 per infusion, once
weekly for 2 patients
(MB and EPN)
Cumulative dose per
cycle is 9 x 107 /m2

3 x 108 /m2 per
infusion, 1 infusion
weekly for 3 patients,
2 EPNand 1 MB
cumulative dose per
cycle is 9 x 108/m2

5 medulloblastoma (MB) patients
4 ependymoma (EPN) patients

Fig.1 CONSORT diagram of patient enrollment, dose, and schedule of infusions.

Due to the logistics of frequent dosing, an amendment
was submitted and approved for subsequent patients to
triple the per-infusion dose (3 x 107/m? to 3 x 108/m?) but
administer only once weekly. The remaining 5 patients re-
ceived the NK cells once weekly, with a minimum gap of
3 days between each infusion, and the fourth week con-
tinued a rest week. The weekly cumulative dose remained
the same as initially planned. Patients were required to
have a baseline MRI scan (prior to starting the NK cell in-
fusion) and a scan after the first and end of the third cycle
(end of therapy), and a follow-up MRI scan 30 days after
the last NK cell infusion (end of follow-up study). Patients
who progress clinically earlier will have MRI to confirm PD.
Any additional MRI scans could be performed as indicated
clinically. Later the protocol was amended and the require-
ment was a baseline MRI scan, a scan at the end of therapy
after 3 cycles, and an end of study follow-up MRI scan
30 days after the last NK cell infusion. This was amended
as MRI performed earlier showed evidence of increased
fluid attenuated inversion recovery changes, while patient
remained clinically stable. The Response Assessment in
Neuro Oncology criteria were used to evaluate response
to therapy.?®

AEs using the CommonTerminology Criteria for Adverse
Events (CTCAE) 4.0 were monitored during all visits till the
end of study evaluation, which was defined as 30 days after
the last NK cell infusion. Details of AE grading and evalua-
tion are provided in the Supplementary data.

Feasibility Evaluation

Successful feasibility endpoint analysis required that >50%
successful product generation of at least 6 patients and

two-thirds of the planned infusion be achieved. This was a
primary objective.

Statistical Considerations

Two dose escalation and one dose de-escalation were
planned with a standard 3 + 3 design. The starting dose
was level 1 as shown in Fig. 1. Before advancing/changing
dose levels, a cohort summary was completed and sub-
mitted to the Investigational New Drug office for review.
The MTD was the maximum dose at which less than one-
third of patients experienced a DLT evaluated during cycle
1 of therapy.

For correlative studies, descriptive statistics and
Student’s t-test are applied as indicated, using GraphPad
Prism v8.0.2.

Cerebrospinal Fluid Evaluation Studies

Prior to each NK cell infusion during the first cycle and
thereafter at least once during the remaining cycles, 3 mL
of CSF was withdrawn for evaluation, using fluorescence-
activated cell sorting or mass cytometry time-of-flight
(CyTOF). Details of CSF evaluation are provided in the
Supplementary data.

Radiomic Assessment

Of the 9 patients enrolled in this trial, 7 were evaluable
for radiomic analysis. Additional details of methods of
radiomic assessment are provided in the Supplementary
data. Patients 1 and 5 were excluded from radiomic
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analysis, as 1 patient had only leptomeningeal disease
(LMD) and the other presented at recurrence with a large
hemorrhagic lesion. These phenotypes are known limita-
tions for texture analysis and feature extraction. Of the 7
patients identified for radiomic analysis, 5 were evaluable
for radiographic changes. Patients 3 and 7 were excluded,
as their tumors were surgically removed before NK in-
fusion, and had only LMD prior to initiating NK cell infu-
sion, precluding evaluation of tumor size. We determined
the feasibility of developing unique radiomic signatures
to predict up front which patients would have radiological
changes to NK cell immunotherapy. MR image segmen-
tation and radiomic feature extraction were performed as
previously described by our group.?® Radiomic features
of progressive and stable lesions were compared with
the generated radiomic signatures to identify differences.
To reduce redundancy and identify a subset of useful and
unique features, feature selection using LASSO (least ab-
solute shrinkage and selection operator) regularization
was performed. To assess the performance of the radiomic
signature, we developed a multivariate logistic prediction
model; we trained the model on all lesions (ie, stable and
responding) to differentiate lesions that will not respond
to immunotherapy.?® Unsupervised hierarchical clus-
tering was further used to identify groups of patients and
radiomic features.®'

Results
Participants and Treatment

Nine participants were enrolled on this trial and received
NK cell infusions, with 3 patients each on dose levels 1, 2,
and 3, with doses ranging from 10%/m?/dose to 3 x 108/m?%
dose (Fig. 1).

Twelve patients were screened and only 9 were eligible.
Three patients were deemed ineligible, due to failure in
meeting GMP quality products for release, progressive
clinical decline before NK cell infusion, and delay in post-
operative recovery. Release specifications of expanded NK
cells in all 9 eligible patients are shown in (Supplementary
Figure 2).

Patient characteristics are shown in Table 1. The median
age was 11 years 7 months (range, 8-18); 6 patients were
female; 5 had medulloblastoma and 4 ependymoma.

Lansky/Karnofsky performance score ranged 60-90.
Three patients had LMD in addition to primary site of
recurrence.

Safety Evaluation

This is the first study demonstrating the safety of 112
intraventricular NK cell infusions (98 through the fourth
ventricle and 14 through the lateral ventricle), with no
DLT. AEs are shown in Table 2. Most patients had grade
1 or 2 AEs, though 2 patients required hospitalization
during therapy. The 2 patients who were admitted re-
ceived 2-3 days of steroids; the neurological effects of
transient dysarthria and speech improved and steroids
were stopped. Further NK cell infusion proceeded after at

least 72 hours off the short-term steroids, thus missing a
dose of NK cells, yet following the needed time to restart
NK cell infusion. AE was grade 1 fatigue. One patient who
had multiple prior therapies had grade 1 thrombocyto-
penia at baseline, which increased to grade 2 during NK
cell infusions and recovered to baseline grade 1 in 7 days.
Bone marrow evaluation showed no evidence of unusual
pathology. Primary objectives were achieved, which dem-
onstrated the feasibility of NK cell production, release, and
safety of intraventricular infusions.

Radiographic Evaluation

Patient 8 after 5 infusions developed a short spell of sei-
zure, which spontaneously resolved. He had an MRI that
showed response with nearly 30% reduction in size (so
deemed a stable disease [SD] and not partial response).
Patient was given a short course of 2 days of steroids and
asked to return after 10 days (one dose of NK cell held as
steroids were given).Ten days later he had headaches and
MRI was performed locally, which showed further decrease
in size of lesion (Fig. 2A-C). A few days later he started
having seizures and later demonstrated PD. So this patient
had a transient response before progressing.

Patient 9 had an MRI scan after second infusion which
showed increase in tumor size to 9% from the baseline.
The family decided to withdraw from therapy after 2 infu-
sions. MRI scans performed 30 days later after the second
infusion (end of therapy follow-up) showed SD with similar
size of the lesion, with no signs of increased LMD or edema
(Fig. 2D-F), even with no further infusions. All the patients
showed PD (increased size of the lesion and or clinical pro-
gression) while on therapy or at follow-up at end of treat-
ment, except patient 9.

CSF Evaluation and Biomarker Correlates

CSF samples obtained before each NK cell infusion
showed pleocytosis with no evidence of infection. At low
dose levels, NK cells were not consistently identified in
the CSF by flow cytometry. Beginning with the change
to once-weekly administration on dose level 2 (30-fold
higher dose/infusion than dose level 1), NK cells were
consistently present in all patient CSF samples (Fig. 3A;
gating strategy shown in Supplementary Figure 3).
Except for patient 7 (whose baseline cell counts were al-
ready very high), CSF NK cells increased significantly
over time throughout the protocol therapy (Fig. 3B),
whereas T cells (Fig. 3C) and total nucleated cells (TNCs)
(Fig. 3D) did not. For these higher-dose patients, the
mean change in absolute NK cells from pretreatment to
1 week after the first infusion or pretreatment to end of
therapy was 8.2-fold (P = 0.03) or 11.6-fold (P = 0.01), re-
spectively (Fig. 3E). For patient 7, who developed postop-
erative pseudomeningocele, CyTOF analysis of CSF from
cycle 3 infusion 2 revealed a dominance of NK cells in
the sample from the fourth ventricle with distinct pheno-
type from that in the pseudomeningocele, with dominant
cluster of differentiation (CD)57 and NK group 2 member
D (NKG2D) expression (Fig. 4A).
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Table2 Adverse events that were considered possibly/probably related to the NK cell infusion

Dose Level 1
Grade (CTC)

Clinical
Events

# of Patients Specific A/E

Cardiac 1 Sinus tachycardia 1
Nervous 2 Dysmetria, 2 2
system dysarthria
4 Headache 1 1
1 Dysphagia 2
1 Facial droop 1
1 Seizure
1 Slurred speech 3
General 2 Fatigue 1
disorders
Nutritional 2 Anorexia 1
disorder

Hemato- 1
logic

Thrombocytopenia

Dose Level 2
Grade (CTC)

Baseline grade 1, increased to
grade 2 and resolved to grade

Comment

Resolved spontaneously in
2 days

2 patient received steroids (one
of them also had dysphagia),
hospitalization, decreased
symptoms within 2 days, then
continued NK cell infusion

3 (Patient 8) One episode of sei-
zure, however MRI showed de-
crease in size of lesion, admitted
for observation, received steroids
for 2 days, given empirically
for inflammation, no seizure
recurrence during hospitalization
(grade 3 AE for hospitalization).
However seizure recurrence later
with PD

Intermittent, resolved with short
course of steroids in 3 days
(grade 3 for hospitalization)

Bone marrow evaluation nega-
tive for infiltrative disease

1in7 days

Analysis by SPADE (Spanning-tree Progression Analysis
of Density-normalized Events) revealed a broad range of
NK cell subsets. Of note, a subset of CD16+NKp30+ NK cells
showed a high expression of activation markers (human
leukocyte antigen D related [HLA-DR+], CD69+, and CD25+)
(Fig. 4B). The release specification of the NK cell prod-
ucts including sterility profile is shown in Supplementary
Figure 2.

Radiomic Analysis

This first study evaluating the role of radiomics in pediatric
adoptive immunotherapy identified radiomic signatures
extracted from the NK cell treatment-naive MRI scans in
7 patients. Radiographic response was evaluable in 5 out
of the 7 patients; patients 1 and 5 were excluded, as men-
tioned earlier. A high radiomic performance was achieved;
accuracy, sensitivity, and specificity were 100% but did not
attain statistical significance, likely due to the low number
of patients (Supplementary Figure 4A). The unsupervised
hierarchical clustering method simultaneously clustered
the patients and features into subclusters, yielding patient
stratification labels and the low-dimension feature rep-
resentation. As demonstrated in Supplementary Figure

4B, we identified 2 radiomic-based clusters that coincide
with 2 patients (one with SD and the other with a radio-
logical response) and those who had progressive disease,
respectively.

Discussion

NK cells are known to play an important role in antitumor
immunity, as shown in various human cancers.3?3* The
potential of NK cells as effectors against brain tumors
has been demonstrated in vitro and in vivo.33 A clin-
ical study using NK cells has been conducted in brain tu-
mors, but none to date have been explored in pediatric
neuro-oncology."”” NK cells express a large number of re-
ceptors that trigger NK cell cytolytic activity on the recog-
nition of specific ligands on target cells. Medulloblastoma
upregulates ligands for NK cell activating receptors such
as NKG2D and natural cytotoxicity receptors, which in-
duces NK cell-mediated cytotoxicity and apoptosis of
medulloblastoma cells.?" Increased NKG2D ligand expres-
sion in medulloblastoma and other pediatric brain tumors
promotes reduced NK cell-mediated immune surveillance,
and helps in creating a less immunosuppressive tumor
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(A-C) Patient 8: post-contrast T1 weighted MR images show irregular intra- and periventricular enhancing tumor in the right frontal lobe. (A)

Pre-infusion tumor size and characteristics. (B) After the fifth infusion the tumor shows irregular ring enhancement with central necrosis. (C) Ten
days following infusion the tumor continues to minimally decrease in size with increased enhancement. (D—F). Patient 9: post-contrast T1 weighted
images through posterior fossa show enhancing medulloblastoma centered along the right foramen of Luschka to the pontomedullary cistern with
invasion of adjacent pons and right middle cerebellar peduncle. (D) Post-contrast T1 image before NK cell infusion. (E) Post-contrast image after 2
NK cell infusions. There is increased size of the tumor by 9%. (F) Post-contrastimage 30 days after the second NK cell infusion shows that the tumor

remains stable in size.

microenvironment. This phenomenon likely improves NK
cell trafficking and functions in pediatric brain tumors.38

As stated earlier, our preclinical work showed the cy-
totoxicity of NK cells in medulloblastoma and atypical
teratoid rhabdoid tumor.’® Given the local route of delivery
and the possibility of an adverse immunological response,
we started at a lower dose with multiple infusions.The pri-
mary objective of feasibility/safety was achieved.

The study also evaluated antitumor activity based on im-
aging as a secondary objective. Patient 8 had a transient
SD (with radiographic changes) before demonstrating PD.
All patients showed increase in size of the lesion and or
clinical decline during and/or at the end of therapy except
patient 9, who had SD at end of the follow-up period.

CSF analysis using flow cytometry and CyTOF showed
accumulation and the persistence of NK cells and the influx
of CD3+T cells, suggesting the cryopreserved cells retained
viability and function. Here, in a few samples of sufficient

size to allow in-depth CyTOF analysis, theT-cell component
was observed to equally comprise CD4 and CD8 T cells
with a very small component of CD25+CD127- regulatory T
cells, suggesting that the infused NK cells promote effector
T-cell migration into the CSF. Repeated infusions of cryo-
preserved NK cells were also associated with persistence
and accumulation of NK cells (as seen in CSF biomarker
evaluation).

One of the significant toxicities of immunotherapy is cy-
tokine release, resulting in an influx of immune cells into
the tumor and peritumoral area, seen after treatment with
checkpoint inhibitors or adoptive immunotherapy.3®-4'This
often results in an increase in tumor size, with worsening
of clinical features resulting in pseudoprogression dis-
ease (PsD). Differentiation between PsD and PD remains
a therapeutic challenge. Longer periods of follow-up in
immunotherapy-based clinical trials, showing decrease in
tumor size and improved clinical features over time, have

1221
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Fig. 3 Flow cytometric assessment of CSF cell infiltrates shows total NK cells are increased acutely and sustained during the treatment period.
CSF was stained for surface markers and analyzed as described (gating strategy shown in Supplementary Figure 3) and cell concentrations de-
termined based on TNCs and percentage of subsets. Shown are results for all patients treated after dose-escalating to once-weekly infusions. (A)
Representative flow plots from pretreatment (drawn prior to firstinfusion) and posttreatment (drawn prior to second treatment) samples. (B) NK-cell
(CD3-CD160r56+) content, (C) T cell (CD3+) content, and (D) TNC content during the treatment period. (E) Comparison of each patient’s TNC, T-cell,
and NK-cell content in CSF before any NK cell infusions (Pre-Tx), after the first infusion (Post-Inf), and at the end of protocol therapy (EQT). Shown
are P-values that are <0.05 for ratio paired -test.
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helped with resolution of this phenomenon.*? Multiple
infusions of NK cells at short intervals, with a potentially
amplified cytokine release and cellular infiltration (in-
cluding NK and T cells), may have contributed to PsDs in
our study; we were unable to conclusively rule out this
possibility because of the short follow-up duration.

To our knowledge, this is the first report to include
radiomic analyses to evaluate the feasibility of developing
signature models as a component of pediatric immuno-
therapy study.The goal was to assess if radiomic signatures
could predict upfront which patients will likely have radio-
graphic responses when treated with NK cells. Although
we were unable to achieve statistical significance, because
of the small number of patients, a trend in the ability to
predict radiographic changes could be discerned with in-
creased accuracy and sensitivity, which was confirmed by
hierarchal clustering (Supplementary Figure 4A, B). Larger
studies using radiomics in immunotherapy showed pre-
dictive ability in other malignancies but attained lower
predictive values of sensitivity and specificity, using dif-
ferent models and radiomic signatures.*® Few studies also
showed radiomic data of texture features and could pro-
vide complementary diagnostic information for gliomas
and predict molecular subtypes of medulloblastoma.4445
The radiomic models used in our study to profile unique
signatures need to be further evaluated for predictability in
a larger cohort of patients.

We initiated this trial using autologous NK cells to dem-
onstrate safety of expanded NK cells delivered by an in-
trathecal route. Despite being a phase | monotherapy
safety/feasibility study with small patient numbers, mul-
tiple NK cell dose levels and intervals, and limited study
duration of 3 cycles, which precluded differentiating PD
from PsD, the current trial demonstrated safety of the ap-
proach. However, the cost, treatment delay, and limited
doses inherent in generating patient-specific autologous
products are significant. The potential problems of using
autologous NK cells including freezing, thawing, and their
diminished efficacy in contrast to allogenic cells are now
known. In addition to the low function and exhaustion of
autologous NK cells that are driven by exposure to trans-
forming growth factor beta, tryptophan metabolites, aden-
osine, and chronic stimulation, allogeneic NK cells may be
selected for additional anticancer function through killer
immunoglobulin-like receptor (KIR) ligand mismatch and
high activating KIR content.*¢*Thus, safety testing of NK
cells from allogenic sources in this setting is warranted in
future trials.

The current study was initiated with thrice-weekly infu-
sions, which was logistically challenging. However, since
adoptively transferred NK cells survived and persisted ad-
equately at one-week infusion intervals, our next trials with
allogenic cells are being designed with NK cell delivery at
longer intervals, for more cycles, and with longer follow-up
(at least 6 mo) to enable distinguishing PsD from PD. The
role of radiomics will also be evaluated in a larger number
of patients using the models and signatures described
here. CSF immunological biomarkers including the cyto-
kine profile will be interrogated. This trial has also revealed
a pressing need for using non-invasive imaging modalities
to track the delivery and fate of NK cells during treatment.
Our preclinical study was successful in demonstrating that

9F-labeled NK cells can suppress medulloblastoma growth
while enabling imaging feedback, which we expect will fa-
cilitate study and optimization of therapeutic paradigms in
the future.’®

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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