Intracranial injection of NK cells engineered with a HER2-targeted chimeric antigen

receptor in patients with recurrent glioblastoma

Michael C Burger**, Marie-Therese Forster®, Annette Romanski*, Florian StraRheimer®?,
Jadranka Macas®>®’, Pia S Zeiner*?, Eike Steidl®, Stefanie Herkt*, Katharina J Weber?>"?°,
Jonathan Schupp®>®’, Jennifer H Lun®>>®’, Maja | Strecker'?, Karolin Wlotzka?, Pinar
Cakmak?®*®’, Corinna Opitz*°, Rosemol George®**, Iris C Mildenberger**, Paulina
Nowakowska*, Congcong Zhang'?, Jasmin Roder®*?, Elvira Miiller'?, Kristina Ihrig®, Karl-
Josef Langen®®**, Michael A. Rieger®®’**, Eva Herrmann'®, Halvard Bonig*, Patrick N.
Harter®>%"1 Yvonne Reiss**®’, Elke Hattingen®, Franz Rodel*®*!, Karl H Plate®>®"",

Torsten Tonn*'%"" Christian Senft>*", Joachim P Steinbach®?’, and Winfried S Wels?%1%"#

'Dr. Senckenberg Institute of Neurooncology, Goethe University Hospital, Frankfurt,
Germany; “Frankfurt Cancer Institute (FCI), Goethe University, Frankfurt, Germany;
*Department of Neurosurgery, Goethe University Hospital, Frankfurt, Germany; “Institute for
Transfusion Medicine and Immunohematology, Goethe University, Frankfurt and Red Cross
Blood Donation Service Baden-W iirttemberg-Hessen, Frankfurt, Germany; °Institute of
Neurology (Edinger Institute), Goethe University Hospital, Frankfurt, Germany; °*German
Cancer Consortium (DKTK), partner site Frankfurt/Mainz, Frankfurt, Germany; ‘German
Cancer Research Center (DKFZ), Heidelberg, Germany; ®Institute of Neuroradiology, Goethe
University Hospital, Frankfurt, Germany; °University Cancer Center (UCT), Goethe
University Hospital, Frankfurt, Germany; Ynstitute for Transfusion Medicine, German Red
Cross Blood Donation Service North-East and Medical Faculty Carl Gustav Carus, TU
© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for

Neuro-Oncology.

This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium,

provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

€20z Aey |1 uo 1senb Aq | 58GG 1 ///80PBOU/OUONSBU/SE0L 0 | /I0P/3lo1e-8oueApe/ABoj0ouo-01nau/woo dnoolwepese//:sdiy Woll papeojumod



Dresden, Dresden, Germany; *'Department of Radiotherapy and Oncology, Goethe
University Hospital, Frankfurt, Germany; **Georg-Speyer-Haus, Institute for Tumor Biology
and Experimental Therapy, Frankfurt, Germany; Bnstitute of Neuroscience and Medicine,

Research Center Jilich, Jilich, Germany; **Department of Nuclear Medicine, University
Hospital Aachen, Aachen, Germany; **Department of Medicine I, Hematology/Oncology,
Goethe University Hospital, Frankfurt, Germany; 18| nstitute for Biostatistics and Mathematical
Modelling, Goethe University, Frankfurt, Germany; *’German Cancer Consortium (DKTK),

partner site Dresden, Dresden, Germany.
Tcurrent address: Department of Neurology, Medical Faculty Mannheim,
University of Heidelberg, Mannheim, Germany
Tcurrent address: Center for Neuropathology and Prion Research,
Ludwig-Maximilians University Munich, Munich, Germany
Scurrent address: Department of Neurosurgery, Center of Neuro-Oncology,
Jena University Hospital, Jena, Germany
"Equal contribution/joint senior authors

*Corresponding

Michael C. Burger

Dr. Senckenberg Institute of Neurooncology

University Hospital

Goethe University Frankfurt

Schleusenweg 2-16

D-60528 Frankfurt, Germany

Telephone: +49-69-6301-87714, Telefax: +49-69-6301-87713

E-mail: michael.burger@kgu.de

€20z Aey |1 uo 1senb Aq | 58GG 1 ///80PBOU/OUONSBU/SE0L 0 | /I0P/3lo1e-8oueApe/ABoj0ouo-01nau/woo dnoolwepese//:sdiy Woll papeojumod



Winfried S. Wels

Georg-Speyer-Haus,

Institute for Tumor Biology and Experimental Therapy
Paul-Ehrlich-Stral3e 42-44

D-60596 Frankfurt, Germany

Telephone: +49-69-63395-188, Telefax: +49-69-63395-189

E-mail; wels@gsh.uni-frankfurt.de

€20z Aey |1 uo 1senb Aq | 58GG 1 ///80PBOU/OUONSBU/SE0L 0 | /I0P/3lo1e-8oueApe/ABoj0ouo-01nau/woo dnoolwepese//:sdiy Woll papeojumod


mailto:wels@gsh.uni-frankfurt.de

Abstract

Background. Glioblastoma (GB) is incurable at present without established treatment
options for recurrent disease. In this phase | first-in-human clinical trial we investigated
safety and feasibility of adoptive transfer of clonal CAR-NK cells (NK-92/5.28.2) targeting

HER2, which is expressed at elevated levels by a subset of glioblastomas.

Methods. Nine patients with recurrent HER2-positive GB were treated with single doses of 1
x 107, 3 x 107 or 1 x 10°® irradiated CAR-NK cells injected into the margins of the surgical
cavity during relapse surgery. Imaging at baseline and follow-up, peripheral blood
lymphocyte phenotyping and analyses of the immune architecture by multiplex

immunohistochemistry and spatial digital profiling were performed.

Results. There were no dose-limiting toxicities, and none of the patients developed a
cytokine release syndrome or immune effector cell-associated neurotoxicity syndrome. Five
patients showed stable disease after relapse surgery and CAR-NK injection that lasted 7 to
37 weeks. Four patients had progressive disease. Pseudoprogression was found at injection
sites in two patients, suggestive of a treatment-induced immune response. For all patients,
median progression-free survival was 7 weeks, and median overall survival was 31 weeks.
Furthermore, the level of CD8" T-cell infiltration in recurrent tumor tissue prior to CAR-NK

cell injection positively correlated with time to progression.
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Conclusions. Intracranial injection of HER2-targeted CAR-NK cells is feasible and safe in
patients with recurrent GB. 1 x 10° NK-92/5.28.z cells was determined as the maximum
feasible dose for a subsequent expansion cohort with repetitive local injections of CAR-NK

cells.
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Key Points

1. First clinical trial to explore adoptive CAR-NK cell therapy for glioblastoma patients.
2. Intracranial injection of up to 102 CAR-NK cells was safe.

3. None of the patients developed a CRS or ICANS.

Importance of the study

This phase | first-in-human clinical trial with nine patients with recurrent HER2-positive
glioblastoma investigated intracranial injection of a single dose of 1 x 107, 3 x 10" or 1 x 10°
HER2-targeted CAR-NK cells during relapse surgery. There were no dose-limiting toxicities,
and none of the patients developed a cytokine release syndrome or immune effector cell-
associated neurotoxicity syndrome. Best responses were stable disease in five patients, four
patients had progressive disease. Imaging revealed pseudoprogression at injection sites in
two patients, suggestive of a treatment-induced immune response. Progression-free survival
in both of these patients was 37 weeks, with overall survival of 98 and 135 weeks,
respectively. For all patients, the level of CD8" T-cell infiltration in recurrent tumor tissue
prior to CAR-NK cell injection positively correlated with time to progression. These results
demonstrate that intracranial injection of HER2-targeted CAR-NK cells is feasible and safe,

encouraging further evaluation of this approach.
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Introduction

Glioblastoma (GB) is the most common malignant primary brain tumor in adults. It still
carries a dismal prognosis with median overall survival (OS) of less than one year in non-
selected cohorts.® Despite multimodal therapy, recurrence is almost universally observed,
with available experimental therapies typically not able to extend median survival in the
relapse situation beyond 6-8 months.? One interesting outlier is the work of Cloughesy et al.
where neoadjuvant treatment with the anti-PD-1 checkpoint inhibitor pembrolizumab as
compared to adjuvant pembrolizumab treatment prolonged median overall survival from 6.3

to 13.2 months.® Nevertheless, there is still an urgent need for more effective treatments.

Recent clinical trials with chimeric antigen receptor (CAR)-engineered autologous T
cells demonstrated feasibility and safety of this approach in recurrent GB, with signs of
clinical activity and transient responses observed in some of the patients.*® In contrast to T
cells, natural killer (NK) cells lack an antigen-specific T-cell receptor and can therefore be
applied for adoptive immunotherapy in. an allogeneic setting without a relevant risk of
inducing graft-versus-host disease.®'® This advantage extends to CAR-engineered NK cells,
with CD19-targeted allogeneic CAR-NK cells shown to achieve high response rates in

lymphoma and leukemia patients in an initial clinical trial,**

without complications such as
cytokine release syndrome (CRS) or immune effector cell-associated neurotoxicity syndrome
(ICANS) frequently associated with CAR-T cell therapies."® In addition, NK cells exhibit
natural cytotoxicity, which is triggered by activating receptors like natural killer group 2D
(NKG2D) and natural cytotoxicity receptors (NCRs), and can complement CAR-mediated

target cell lysis. This may reduce the risk of tumor immune escape due to the selection of

antigen-loss variants observed in some cases after CAR-T cell therapy.*®

The concept of CAR-NK cells as an off-the-shelf therapeutic for adoptive cancer

therapy was initially established with the continuously expanding and clinically usable NK
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cell line NK-92, and later extended to healthy donor-derived peripheral blood NK cells, cord
blood NK cells, and NK cells differentiated from CAR-engineered induced pluripotent stem
cells (iPSC).***" By lentiviral transduction, we previously generated a GMP-compliant and
molecularly and functionally well characterized NK-92 single cell clone (NK-92/5.28.2) that
carries a second-generation CAR with CD28 costimulatory and CD3( signaling domains,
targeting the tumor-associated HER2 (ErbB2) antigen.’®*® While this receptor tyrosine
kinase is not expressed in adult healthy brain tissue,”® HER2 protein overexpression was
found in a large proportion of primary GB tumors, and was correlated with impaired

survival.?*%

In preclinical studies, NK-92/5.28.z cells displayed high and selective
cytotoxicity against HER2-positive GB cell lines and primary GB stem cell cultures that was
retained under hypoxic conditions and in the presence of high concentrations of
immunosuppressive TGF-B, which are typical for the immunosuppressive GB tumor
microenvironment.?® In orthotopic GB mouse xenograft models, intratumoral administration
of the CAR-NK cells delayed tumor development and markedly extended survival. In
syngeneic immunocompetent GB mouse models, such direct antitumor effects of NK-
92/5.28.z cells were accompanied by CAR-NK-mediated activation of durable endogenous
antitumor immunity, resulting in cures and protection against tumor rechallenge at distant
sites.?** While limiting in-vitro activity of the CAR-NK cells to a few days, radiation with 10
Gy as included as a safety measure for clinical application of NK-92 cells did not decrease

19,23

efficacy of NK-92/5.28.z cells in vivo.

Based on these data, we designed the CAR2BRAIN phase | first-in-human clinical
trial to determine feasibility and safety of local injection of HER2-specific NK-92/5.28.z CAR-
NK cells in patients with recurrent GB, and to interrogate the tumor immune architecture for

biomarkers predictive of efficacy. Here, we report results of the dose-escalation cohort.
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Materials and Methods

Study Design and Patient Information

Written informed consent was obtained from all patients prior to trial screening procedures
and enrollment. We applied a modified 3+3 dose escalation scheme with 3 dose levels,
differing from the classical 3+3 dose escalation scheme in determining maximum feasible
dose (MFD) after just 3 patients at the highest dose level in case that none of these patients
developed dose-limiting toxicity (DLT). This procedure was justified by the subsequently
planned expansion cohort of at least 6 additional patients with repetitive injections at the
same dose level. Consequently, the possible patient number ranged between 9 and 18. An
independent "Data and Safety Monitoring Board" (DSMB) allocated the adverse events
(AEs) to their plausible causes ("study drug-related”, “injection-related”, "device-related",
"disease-related" or "unknown"), each with a probability ("certain”, "probable", "possible",
"unlikely" or "unrelated"). DLTs were defined as all "study drug-related" AEs of CTCAE
grade = 3, for which the DSMB noted a possible, probable or certain causal relationship. The
study was approved by the Goethe University Hospital Ethics Committee, Frankfurt,
Germany (269/17) and performed in accordance with the principles of Good Clinical
Practice, the Declaration of Helsinki, and all applicable clinical trial and advanced therapy
medicinal product (ATMP) regulations. The trial was registered before study initiation at
clinicaltrials.gov (NCT03383978), the German Clinical Trial Register (DRKS; www.drks.de;
DRKS00013333) and the European Union Drug Regulating Authorities Clinical Trials
Database (EudraCT number 2016-000225-39). An interim analysis was performed upon

completion of the dose escalation cohort, which is presented herein with complete follow-up

of the patients.
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Preparation of NK-92.5.28.z CAR-NK Cells

NK-92/5.28.z cells stably express a CAR comprising a HER2-specific single-chain fragment
variable (scFv) antibody, a CD8a hinge region and CD28 and CD3( signaling domains,
previously shown to be superior in NK-92 cells to a CD3¢-only or a composite CD137-CD3(
CAR with respect to cytotoxic activity or stability of cell surface expression, respectively.®
The CAR-NK cells were grown from a GMP-compliant and qualified master cell bank
generated from a single clone of lentivirally transduced NK-92 cells.® Individual patient
dosages were expanded from a maintenance culture, irradiated at 10 Gy, washed and
provided as fresh cell suspension reconstituted in GMP grade single donor human serum
containing 100 U/mL IL-2 (Proleukin; Novartis Pharma, Nurnberg, Germany). Manufacturing

and release testing was timed to allow same day injections of the cells.

CAR-NK Cell Dosing

Dosing was based on previous experience from the ASPECT study and intracranial injection
of NK-92/5.28.z cells in orthotopic mouse GB models.?** The CAR-NK cells were delivered
to the operating room at a cell density of 5 x 10°/mL, and were then diluted directly prior to
injection in single donor human serum containing 100 U/mL IL-2 to a density of 0.5 x 10’/mL
or 1.5 x 107/mL, or kept at 5 x 10’/mL as required for the respective dose level. During
relapse surgery and after resection of the tumor mass, NK-92/5.28.z cells were injected into
the wall of the resection cavity in a total volume of 2 mL divided in 20-40 portions of each 50-
100 pL, aiming to avoid eloquent areas of the brain. We initially used hypodermic 25 G
needles, and subsequently switched to blunt 25 G needles to reduce bleeding risk. While the
injected volume remained to the largest part intraparenchymal, we did observe some reflux
into the resection cavity, which was left there and not aspirated if possible. Otherwise the
relapse surgery was performed according to local standard therapy procedures. As part of

this routine, all patients intraoperatively received high-dose intravenous dexamethasone (20-
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40 mg) to prevent local swelling, with rapid postoperative tapering over approximately 3 days

conditional on the postoperative edema.

MR and FET-PET Imaging

All patients received MRI examinations within 72 hours after surgery, and 4, 12 and 24
weeks thereafter, and at additional time points in case of clinical deterioration. MRI
examinations were conducted using a 3 Tesla MRI scanner (Skyra®; Siemens, Erlangen,
Germany). A standardized imaging protocol was employed, containing a T2-weighted
sequence, diffusion-weighted imaging (DWI), susceptibility-weighted imaging (SWI), a fluid-
attenuated inversion recovery (FLAIR) sequence, T1l-weighted sequences before and after
the administration of a gadolinium-based contrast agent and dynamic susceptibility contrast
perfusion-weighted imaging (DSC PWI) (see also Supplementary Table S1). PET imaging in
patient CB011 was performed using the radiolabeled amino acid O-(2-[18F]fluoroethyl)-L-
tyrosine (FET), as described previously.?’ Briefly, after overnight fasting the patient
underwent a dynamic PET scan from O to 50 min post-injection of 3 MBq of FET per kg of
body weight on an ECAT Exact HR+ PET scanner (Siemens Healthineers, Munich,
Germany) in 3-dimensional mode (32 rings; axial field of view, 15.5 cm). FET uptake in the
tissue was expressed as standardized uptake values and analyzed by regions-of-interest on

the summed PET data from 20-40 min post injection.
Multispectral Imaging

Formalin-fixed and paraffin-embedded (FFPE) primary and recurrent glioblastoma sections
were stained using the Opal Polaris 7 color kit (NEL861001KT; Akoya Biosciences,
Marlborough, MA) based on the tyramide signal amplification immunostaining technique. 7-
plex stainings targeting human CD3, CD8a, von Willebrand Factor (vWF), CD163, Iba-1 and
CD47, and/or human CD3, CD8a, CD4, PD-1, FoxP3 and Ki-67 (see Supplementary Table

S2) were performed on a LabSat™ Research Automated Staining Instrument (Lunaphore
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Technologies SA, Tolochenaz, Switzerland). DAPI was used to detect all nuclei. Multiplex
stainings using the antibody panels depicted in Table S5 were acquired on a Vectra Polaris
instrument (Akoya Biosciences) using MOTiF™ technology, which provided unmixed whole
slide scans in a streamlined workflow within 6-15 min at 0.5 um/pixel, depending on section
size. Post-CAR-NK treatment specimens were available from subsequent relapse surgeries
of two patients. Another post-treatment specimen was available from an autopsy, which
however yielded a poor staining outcome due to autolytic processes. Whole slide
multispectral image analysis was performed with (I) Phenochart®, version 1.0.12, a whole
slide scan viewer, (II) InForm® Image Analysis Software (Akoya Biosciences), which was
used for spectral unmixing and batch analysis, and (lll) HALO™ software (Indica Labs,
Albugquerque, NM), which was used for fusing of batched images to a multispectrally

unmixed whole slide image and analysis.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism version 8.4.3 and 9.3.1
(GraphPad Software, San Diego, CA), as well as JMP 16 software (SAS, Heidelberg,

Germany).

Other Materials and Methods may be found in the Supplementary Material.

Results

Patient Characteristics and Treatment

Clinical characteristics, prior treatments and molecular pathology results of all patients
assigned to receive CAR-NK cells are given in Table 1. Key inclusion criterion was a
recurrent HER2-positive GB as determined by immunohistochemistry in tumor tissue from
the most recent surgery (exemplarily shown in Supplementary Figure S1), with relapse

surgery already planned based on clinical routine practice and multidisciplinary tumor board
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recommendation independent from study participation. Required prior treatments were at
least standard of care for glioblastoma, including radiotherapy and temozolomide
chemotherapy. Minimum age for participation was 18 years, with a minimum Karnofsky
performance score of 50. Main exclusion criteria were pre-treatment with anti-angiogenic
therapy in the last four weeks prior to study entry, coagulation disorder and active
autoimmune disease. Patients had to be off other antineoplastic therapy for two weeks prior
to study entry, but with Temozolomide allowed up to 48 hours before CAR-NK injection (not
applicable for the patients reported herein). At the time of inclusion, dexamethasone up to a
total dose of 4 mg per day was allowed if medically indicated. In total, 101 patients suffering
from recurrent glioblastoma were assessed for study eligibility. Of these, 90 patients were
excluded due to too low (56 patients) or inconclusive HER2 scores (3 patients), or other
inclusion/exclusion criteria (22 patients). Nine patients declined study participation.
Ultimately, 11 patients were included in the dose-escalation cohort of the study (Figure 1).
Two patients were not treated due to withdrawal of consent or product not released,
respectively. Nine patients in 3 cohorts received single doses of 1 x 10°, 3 x 10" or 1 x 10®
CAR-NK cells (Table 1), with the applied cell products all conforming to the predetermined

release criteria (Supplementary Table S3).

Safety of Intracranial CAR-NK Cell Injection

We recorded 7 severe adverse events (SAEs) (Table 2), but none of the patients developed
dose-limiting toxicity (DLT) after injection of CAR-NK cells as defined by the study protocol.
Patient CB003 suffered from a post-operative meningitis CTCAE grade 3 with fever CTCAE
grade 1, with a probable causal relationship to the tumor resection, and a transient elevation
of liver enzymes CTCAE grade 3, which ceased after switching the antibiotic treatment from
meropenem/vancomycin to linezolid/ceftriaxone. This patient reported fluctuating fevers with

a maximum of 39°C, which began 9 days after surgery, and presented at our outpatient
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department after he additionally developed headaches beginning at day 14 after surgery. At
the same day, we performed a lumbar puncture, which yielded laboratory results (leukocytes
986/uL; lactate 3.88 mmol/L; total protein 1910 mg/L), and a cerebrospinal fluid cytology
(predominantly neutrophilic granulocytes) indicative of bacterial meningitis. While we were
not able to specify the pathogenic bacteria by CSF culture and PCR, symptoms completely
regressed within 24 hours after initiation of treatment with meropenem and vancomycin.
Also, the CSF pathologies gradually normalized in repeat lumbar punctures. As in-depth
microbiological testing did not evidence contamination of the cell product and glioblastoma
relapse surgery was indicated independent from study participation, both the meningitis and
the subsequent elevation of liver enzymes were assessed as unrelated to the study product
and probably disease-related. The same patient with a pre-existing structural epilepsy due to
the glioblastoma subsequently experienced a generalized epileptic seizure CTCAE grade 2,
which was disease-related. Similarly, patient CB005 who also suffered from a pre-existing
structural epilepsy had one disease-related epileptic seizure. In patient CB010, CTCAE
grade 3 infarction and hemorrhage occurred immediately after resection with local injection
of NK-92/5.28.z cells. The small and therefore not space-occupying hemorrhage was
assessed as possibly related to the injection procedure by the Data and Safety Monitoring
Board, with an unlikely relationship to the study product. The perioperative cerebral ischemia
located adjacent to the resection cavity in the access route of the tumor resection but not in
the area where the intraoperative injections were performed, had a probable causal
relationship to the tumor resection, which per se was not a study-specific procedure. Other
adverse events (AEs) CTCAE = grade 2 included one patient (CB001) with an increase in a
pre-existing perifocal edema CTCAE grade 3 resulting in a deterioration of his hemiparesis
and an expressive aphasia CTCAE grade 2. Patient CB004 developed a hemiparesis
CTCAE grade 3 due to tumor progression. Patient CB006 suffered from 2 focal epileptic
seizures CTCAE grade 3 in the context of his pre-existing structural epilepsy. As in patient
CBO005, we did not observe an increase in frequency or severity of seizures during study

participation. None of the AEs were deemed related to the study product or procedure.
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Importantly, none of the patients developed a cytokine release syndrome or an immune

effector cell-associated neurotoxicity syndrome.

Peripheral blood was collected at regular intervals from all patients, and extracted
DNA was tested for the presence of the CAR sequence by gPCR. In 3 patients, CAR DNA
was detected during the first days after intracranial NK-92/5.28.z injection (Supplementary
Figure S2), indicating access of the cells to the circulation immediately following relapse
surgery. The CAR sequence was not detected in any of the patients at later time points (up
to day 517 in patient CB0O09 and day 447 in patient CB011; data not shown). Thus, there
was no evidence for long-term engraftment of the irradiated NK-92/5.28.z cells. Total NK cell
counts in peripheral blood of the patients remained  within physiological limits
(Supplementary Figure S3). Furthermore, we did not observe an elevation of troponin T
levels, new electrocardiogram abnormalities, an increase of retention parameters or any not

otherwise explained liver enzyme elevations that would indicate solid organ toxicity.

Levels of a broad panel of cytokines were measured in patient sera at predefined
time points, without observing an increase of pro-inflammatory factors after CAR-NK
injection when compared to pre-treatment values (Supplementary Figure S4). Of note, there
was no elevation of IL-6 and IFNy levels, which both play a central role in the development
of CRS and ICANS. There were also no relevant changes in lymphocyte phenotypes
including T-cell subtype distribution in peripheral blood after NK-92/5.28.z injection
(Supplementary Figure S5). None of the patients showed induction of complement-activating
antibodies to either HLA-typed lymphocytes, parental NK-92 or NK-92/5.28.z cells at week 4
after treatment. This indicates that intracranial CAR-NK treatment did not induce a humoral
immune response to the cell-based product (Supplementary Table S4). Patient CB004 had
pre-existing anti-HLA-B7 antibodies, which did not increase at week 4 after treatment with

NK-92/5.28.z.
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Treatment Response

Low passage primary glioblastoma cell cultures could be established from the resected
tumor tissues of 3 patients (CB005, CB006, CB009). These GB cells retained HER2 surface
expression and triggered CAR-NK cell cytotoxicity ex vivo (Supplementary Figure S6).
Progression-free (PFS) and overall survival (OS) of the patients after tumor resection and
CAR-NK cell injection are detailed in Figure 2A. Median PFS was 7 weeks (range 2-37
weeks). A median of 1 (range 0-3) lines of salvage therapies including re-irradiation,
temozolomide, lomustine, etoposide, regorafenib, bevacizumab, nivolumab and.palbociclib
were administered (Table 1). While PFS was within the range expected from historical
control data for all other patients, with 37 weeks it was notably longer in 2 of 3 patients
treated at the highest dose level (CB0O09 and CBO11). Even though permitted as per
protocol, initiation of follow-up treatment while still taking part in the study was only
necessary in patient CB003. Overall survival yielded a similar signal as PFS, with OS for
most patients comparable to historical control data (Figure 2A). Median OS in the whole
cohort was 31 weeks (range 18-135 weeks), but with patients CB009 and CBO011 treated at
the highest NK-92/5.28.z dose also showing an extended OS of 135 and 98 weeks after
CAR-NK cell therapy, respectively. There was no correlation between HER2 score at

inclusion or at relapse surgery with PFS or OS.

Imaging did not yield any evidence for widespread inflammatory or encephalitic
changes /in the patients. Interestingly, in patient CB011 we observed transient spot-like
contrast enhancements in MRI adjacent to the resection margin, that appeared at week 12
after NK-92/5.28.z injection and resolved over the following weeks without further therapy
(Figure 2B). Perfusion MRI did not indicate increased perfusion, and there was no
fluoroethyl-I-tyrosine (*®F-FET) enhancement in this area during positron emission
tomography. The lesions were therefore classified as pseudoprogression (Figure 2C).

Similar pseudoprogression was transiently observed in patient CB009 (not shown).
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Correlation of Disease Course after CAR-NK Therapy with CD8" T-Cell Infiltration

From patients CB007 and CB011 post-treatment tumor tissue was available following
subsequent relapse surgeries. Patient CBO05 consented to have an autopsy performed. We
did not observe loss of HER2 antigen expression in post-treatment tumors as a conceivable
escape mechanism, as HER2 expression was largely stable before and after CAR-NK cell
therapy (HER2 scores of 3/12 and 4/12 for CB007; 8/12 and 6/12 for CB011). While the
autopsy tissue from patient CB005 was HER2-negative (HER2 score before CAR-NK cell
therapy: 6/12), beginning autolytic alterations were impeding evaluability. All available
patient samples (primary, recurrent and post CAR-NK .therapy tumor tissues) were
investigated using a 7-plex immunohistology panel that included CD3 (T cells), CD8
(cytotoxic T lymphocytes), CD4/FoxP3 (regulatory T cells), CD163 (myeloid cells) and von
Willebrand factor (vasculature) (Figure 3A). Thereby, a higher proportion of intratumoral
CD8" T cells in the recurrent but not the primary tumor tissue correlated with better PFS and
OS (Figure 3B). Applying the median of 1.50% of total cells in the recurrent tumor samples
being CD8" T cells as a cut-off value suggested a different probability of survival after CAR-
NK therapy for the resulting patient groups, with a median PFS of 4 weeks (4 patients; range
3-7 weeks) for the group with <1.50% CD8" T cells (range 0.15-0.60%) and 16 weeks (5
patients; range 2-37 weeks) for the group with 21.50% CD8" T cells (range 1.50-6.40%)
(p=0.0528, Log-rank test) (Figure 3C). Median OS after NK-92/5.28.z treatment in these
patient groups was 27 weeks (range 22-40 weeks) and 37 weeks (range 18-135 weeks),
respectively (p=0.3023; Log-rank test). Nevertheless, evaluation of a larger patient cohort

would be needed to confirm this trend.

Of note, patients CB009 and CB011 who achieved an extended PFS and OS after
NK-92/5.28.z injection, also showed the most substantial infiltration with CD8" T cells in their

recurrent tumors with 4.36 and 6.40%, respectively (Figure 3B). We also noticed changes in
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the proportions of infiltrating immune cells between recurrent tumor tissues obtained before
and after CAR-NK therapy in patients CB007 and CBO11, where a subsequent relapse
surgery was performed (Figure 4). Thereby, primary tumor tissue of patient CB007, recurrent
tumor tissue collected immediately before CAR-NK injection and upon a second relapse
early after CAR-NK injection that was resected at week 5, all displayed low levels of CD8" T
cell infiltration, but with the proportion of PD-1" cells within the CD8" T cell population
steadily increasing from 30% (primary tumor) to 83% (second recurrence) (Figure 4A). The
recurrent tumor of patient CB011 that developed relatively late after CAR-NK treatment (PFS
of 37 weeks) and was resected at week 38 displayed markedly reduced CD8" T cell counts
when compared to the value at the time point of adoptive cell therapy (Figure 4B).
Nevertheless, the PD-1" subpopulation of CD8" T cells remained low in this patient even

upon second recurrence.

Whole exome sequencing was performed, and tumor mutational burden (TMB) and
microsatellite instability (MSI) scores were determined for all of the 21 available patient
samples (initial tumor and relapse tumor prior to CAR-NK cell injection from all 9 patients,
subsequent relapse tumor from patients CB007 and CB011, autopsy tissue from patient
CB005). Both, TMB and MSI were in a low range, with the exception of a recurrent tumor in
one patient (CB005; Supplementary Table S5). Neither TMB nor MSI scores predicted
disease course after therapy. To characterize the cellular composition of the tumor
microenvironment on an epigenetic level, large-scale DNA methylation analysis, followed by
reference-based deconvolution to determine the proportions of infiltrating CD14" monocytes,
CD56" NK cells, CD8" and CD4" effector T cells, regulatory T cells, CD19" B cells,
eosinophils and neutrophils was performed. Principal component analysis neither revealed a
clustering according to best response (SD versus PD) following CAR-NK treatment, nor the

type of recurrent tumor sample (pre or post CAR-NK injection) (Supplementary Figure S7).
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Discussion

The dose-escalation cohort of the CAR2BRAIN study reported here demonstrates feasibility
and safety of local intracerebral injections of up to 1 x 10® HER2-CAR NK cells. Neither
neurotoxic nor systemic side effects of NK-92/5.28.z therapy were apparent. This is in
accordance with the favorable safety profile of CAR-NK cells in the systemic treatment of

leukemia and lymphoma.™*

Pseudoprogression in patients CB009 and CBO011 observed in the injected area
several weeks after CAR-NK treatment at the highest dose level may represent a signal of
immune activation by the experimental therapy, encouraging further evaluation of this
approach. Furthermore, it is intriguing to note that for all patients the extent of CD8" T-cell
infiltration in pre-treatment tumor tissue correlated with PFS and OS. Whether this
represents an independent predictive parameter as suggested by a recent report,® or is

related to outcome after CAR-NK cell therapy remains to be determined.

HER2 is expressed in a substantial proportion of glioblastoma patients and
constitutes a relevant target for immunotherapy.®>”* The HER2 screening method employed
here allowed rapid evaluation of a large number of patients, with a good correlation between
the screening performed on archival tissue and the results from the tissue resected during
the study intervention. Indeed, low passage glioblastoma cell cultures obtained from
resected tumor tissues of 3 patients at the time point of CAR-NK injection revealed
continued HER2 surface expression of the patient-derived cells and sensitivity to HER2-

specific NK-92/5.28.z cells ex vivo.

Broadening the experience from earlier trials with systemic application of NK-92

cells, >34

our study extends the evidence for safe and potentially effective therapies based
on this cell line to intracerebral injections of a HER2-CAR engineered permanent cell clone.

After generation and extensive pharmacological characterization and biosafety testing, CAR-
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engineered variants such as NK-92/5.28.z can be stored as cell banks for unlimited time,
providing a well-defined product readily available on demand.’*** The efficient work-flow
established in this study, in contrast to current CAR-T cell therapies, reduces the time
between treatment decision and administration of the cells to one week, without the
necessity to rely on the patients' own immune cells. NK-92 cells have a unique phenotype
with the absence of most inhibitory killer cell immunoglobulin-like receptors and high
expression of activating NCRs. In contrast to primary NK cells, they can be continuously
expanded without changing their phenotype, facilitating the generation of stable off-the-shelf
cell products that include genetically engineered variants.?**** Disadvantages of NK-92
cells include the need to irradiate them for safety reasons before injection or infusion into
patients, which requires repeated treatments for prolonged activity as currently done in the
expansion cohort of our trial. In contrast, CAR-NK cells generated from primary NK cells of
healthy donors do not require irradiation and can therefore engraft for several months if they
are additionally engineered to produce IL-15."*° Still, the more limited ex vivo expansion
potential of primary NK cells and the generally low efficiency of gene transfer makes it more
difficult to generate the cell numbers needed for clinical application, in particular when

3637 Features desirable for CAR effectors that

avoiding feeder-cell based expansion.
distinguish NK cells from T lymphocytes include the lack of a T-cell receptor of unknown
specificity, the NK cells" endogenous natural cytotoxicity, and the apparently reduced risk for

severe side effects such as CRS and ICANS.™*® NK cells may also provide more efficient

immune activation through crosstalk with bystander immune cells like dendritic cells.*

This is the first full report of a CAR-NK cell based intervention in a solid tumor
indication. Specific challenges for CAR-NK cell treatment of glioblastoma include choosing
an optimal route of application, and overcoming the hypoxic and immunosuppressive tumor
microenvironment.*® Concerning the latter, we found in preclinical experiments that NK-
92/5.28.z cells are highly resistant to hypoxia, and retain their specific cell killing activity

even at an oxygen concentration as low as 0.1% and at high concentrations of TGF-B.%
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Limitations of our study include the necessity to use for safety reasons irradiated NK-
92/5.28.z cells. Nevertheless, upon repeated intracranial injection, irradiated and non-
irradiated NK-92/5.28.z cells were similarly effective against orthotopic glioblastoma tumors
in xenograft models.”® In immunocompetent mice, in addition endogenous antitumor
immunity based on IgG antibodies and T cells was induced by the CAR-NK treatment, which
was critical to achieve cures.?®** This indicates (i) the CAR-NK cells' high cytotoxic activity
irrespective of prior irradiation, and (ii) their general ability to mobilize an endogenous

immune response against the tumor.

Treatment in glioblastoma patients was limited to a single application in the dose-
escalation part of our study due to regulatory restraints. Hence, the primary endpoint of the
CAR2BRAIN phase | trial was to establish safety of single injections, which may not be
sufficient for pronounced antitumor efficacy and effective immune activation. While in in vitro
assays cytotoxicity of NK-92/5.28.z cells remained unaffected by high concentrations of
corticosteroids (Supplementary Figure S8), intraoperative dexamethasone treatment may
still have affected indirect effects of the CAR-NK cells mediated through cross-talk with
endogenous immune cells. We chose local administration of the single dose distributed as
multiple injections into the wall of the resection cavity to establish safety by ensuring contact
of CAR-NK cells with both, remaining tumor cells and normal neural tissue. In support of this,
encouraging signals for the potential of local application of cellular therapies in gliomas have
also been obtained by studies applying CAR-T cells into the resection cavity or through
ventricular catheters.*”® The latter study also provided evidence for immune activation
following therapy. It is noteworthy to mention the possibility of inducing neutralizing
antibodies to NK-92 cells or the CAR construct. No such antibodies were detected in the
dose-escalation part, although they may develop after repetitive injections. Strengths of our
study include the tight and complete neuroradiological follow-up, uncontaminated by salvage
therapies up to the first progression after CAR-NK cell therapy in 8 out of 9 patients, and the

availability of tissue from recurrent tumors after CAR-NK cell therapy in two patients,
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enabling detailed immunological profiling of recurrent tumors. For complete follow-up, after
tumor progression and end of study participation all patients were followed until they

deceased.

The data obtained will be instrumental for the further development of local CAR-NK
cell therapies. While our preclinical data in immunocompetent mouse models have
demonstrated that activation of an endogenous immune response by NK-92/5.28.z cells is
pivotal for efficient antitumor activity and protection from tumor rechallenge,? it will be crucial
to elucidate pre-existing properties of the glioblastoma cells and the immune cell architecture
in the tumor microenvironment that may promote this synergistic effect also in human
patients. Following regulatory requirements, we irradiated the NK-92/5.28.z cells before
injection into glioblastoma patients as it is currently done due to safety reasons for all NK-92-
based therapeutics. This limits the time interval of their potential therapeutic activity. Hence,
in the ongoing expansion cohort patients receive in addition to the first injection during
relapse surgery up to 12 additional weekly injections of NK-92/5.28.z through an implanted
catheter, intended to prolong exposure of remaining tumor cells to active CAR-NK cells.
Preclinical work of our group has shown that co-treatment with an anti-PD-1 immune
checkpoint inhibitor can invigorate immune responses induced by NK-92/5.28.z treatment,
providing lasting tumor control even in more advanced tumor stages.**** To exploit this
mechanism, we have amended the study protocol of the CAR2BRAIN trial and added an
additional cohort of glioblastoma patients who will, following completion of the currently
recruiting expansion cohort with repetitive injections of NK-92/5.28.z cells through an
implanted Rickham reservoir, receive both, local CAR-NK cell injections into the resection
cavity and systemic anti-PD-1 antibody to interrogate safety and antitumor activity of this

combination.
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Figure legends

Fig. 1 CONSORT Flow Diagram.

Fig. 2 Treatment response. (A) Progression-free (PFS) and overall survival (OS) of patients
treated with NK-92/5.28.z cells. Dose levels, time points of initiation of consecutive
treatments, and subsequent additional relapse surgeries are indicated. Best response was
stable disease (SD) for patients CB001, CB003, CB009, CB010, CB0O11, and progressive
disease (PD) for patients CB004, CB005, CB007. (B) Magnetic resonance imaging (MRI)
showing spot-like contrast enhancements in the resection margin in patient CB011 detected
12 and 18 weeks after local NK-92/5.28.z injections as a possible correlate of an induced
immune reaction. (C) *®F-FET positron emission tomography indicating pseudoprogression

in patient CBO11.

Fig. 3 Spatial analysis of the tumor microenvironment and correlation with progression-free
and overall survival following CAR-NK therapy. (A) Composite images showing Opal 7-color
multiplex immunofluorescence stainings for CD3 (green), CD8 (yellow), Iba-1 (red), CD163
(cyan) and von Willebrand Factor (VWWF, magenta) to identify T lymphocytes, myeloid, and
endothelial cells. DAPI was used to detect nuclei (blue). Individual images of primary
(treatment-naive, upper panel) and recurrent (post radiation and chemotherapy with
temozolomide, lower panel) glioma tissues of patient CBO01 are shown. Scale bars: 100 pm.
(B) Simple linear regression analysis revealing an increase in the proportion of CD8" T cells
in recurrent tumor tissues prior to CAR-NK therapy as a significant predictor for progression-

free (p = 0.0002, R*> = 0.8796) and overall survival (p = 0.0093, R? = 0.6432). (C) Kaplan-
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Meier survival analysis post CAR-NK therapy based on CD8" T cell frequency in recurrent

tumor tissues. Statistical significance was assessed using the Log-rank test.

Fig. 4 Spatial analysis of immune cell subpopulations in the course of disease progression.
Multiplex immunofluorescence images of regions of interests selected within whole slide
scans derived from primary, recurrent and post CAR-NK therapy tumor tissues of patients
CBO007 (A) and CBO011 (B) are displayed. Two different staining panels to detect CD3, CDS,
CD163, Iba-1, VWF, DAPI (mixed panel; scale bars: 100 um), and CD8, CD4, PD-1, FoxP3,
Ki-67, DAPI (lymphoid panel; scale bars: 50 um) were employed. Staining with the lymphoid

panel is shown for recurrent tumor tissue as an example.
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Table 1 Patient Characteristics, CAR-NK Cell Dose, Treatment Response and Patient Survival

HER2 score HER2 score NK-92/5.28
- .28.z
ID Age Sex MGMT IDH Prior treatments at screening at relapse surgery Id Best response PFS (weeks) 0S (weeks) Comments
cell dose
(0-12) (0-12)
CB001 49 M - WT S, XRT-TMZ 6 6 1x10 SD 7 23
roduct not
CB002 57 F - WT S, XRT-TMZ 9 2 n.a. n.a. n.a. n.a. P
released
CB003 60 M - WT S, XRT-TMZ, TTF 2 6 1x10 SD 16 18
CB004 44 F - WT S, XRT-TMZ, TTF 2 12 1x10 PD 4 22
S, XRT-TMZ, reS,
CBO005 46 M + WT reXRT, 6 6 3x10’ PD 2 37
CCNU/TMZ, Nivo
CBO006 30 M - WT S, XRT-TMZ 8 3 3x10° PD 4 40
CB007 57 M + WT S, XRT-TMZ 6 3 3x10’ PD 3 31
ithdrawal
CB008 59 M + WT S, XRT-TMZ 4 8 n.a n.a n.a n.a. W awa
of consent
CB009 70 F + WT S, XRT-TMZ 2 6 1x10° SD 37 135

¢z20z Aey 1L uoisenb Aq L.G8GG L ///80PEOU/OUONBU/SE0L 0 L/I0P/a]d1B-8ouBAPE/ABO|0DUO-01NaU/W09 dno dlwapede//:sdly wolj papeojumoq



S, XRT-TMZ, s
CB010 61 M - WT 2 9 1x10 SD 11 30
reS, TTF
S, XRT- 5
CB0O11 59 M + WT 3 8 1x10 SD 37 98
CCNU/TMZ

F, female; M, male; MGMT +, MGMT promotor hypermethylation; MGMT -, no MGMT promotor hypermethylation; IDH WT, IDH wildtype; CCNU/TMZ,
lomustine/temozolomide; reS, relapse surgery; Nivo, Nivolumab; reXRT, relapse radiotherapy; S, surgery; TMZ, temozolomide 5/28; TTF, tumor treating fields; XRT,
radiotherapy; XRT-CCNU/TMZ, radiotherapy with. CCNU and temozolomide (in accordance with CeTeG); XRT-TMZ, radiotherapy with concomitant and adjuvant
temozolomide (in accordance with EORTC 26981); n.a., not applicable; PD, progressive disease; SD, stable disease; PFS, progression-free survival; OS, overall survival.
MGMT promotor methylation and IDH status were determined with the Illumina 850k methylation array and data processing via molecularneuropathology.org.
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Table 2 Adverse Events

No. (%) of Patients (n =9)

Adverse Event Grade 3 Grade 4 Grade 5

Possibly related

Central nervous system

Intracranial hemorrhage 1(11%) 0 (0%) 0 (0%)

Unrelated

Central nervous system

Ischemic stroke 1(11%) 0 (0%) 0 (0%)
Brain edema, localized 1(11%) 0 (0%) 0 (0%)
Epileptic seizure 2 (22%) 0 (0%) 0 (0%)
Hemiparesis 2 (22%) 0 (0%) 0 (0%)
Aphasia 1 (11%) 0 (0%) 0 (0%)
Meningitis 1(11%) 0 (0%) 0 (0%)
Others

Increased liver enzymes 1 (11%) 0 (0%) 0 (0%)

All Adverse Events (AEs; including Severe Adverse Events) CTCAE grade > 3 from all evaluable patients
according to their causal relationship to the study product and study-related procedures as evaluated by the
Data and Safety Monitoring Board (DSMB) of the CAR2BRAIN study.
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Figure 1

101 Patients assessed for eligibility

90 Excluded
56 HER2 score below threshold
3 HER2 score not conclusive
22 Further inclusion / exclusion criteria
9 Declined to participate

\ 4

Y

11 Allocated to receive CAR-NK cells

2 Excluded: study treatment not feasible
1 Product not released
1 Withdrawal of consent

A 4

A 4
9 Received CAR-NK cell product
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Figure 2
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Figure 3

recurrent primary

oo
N 1

CD8* of total cells (%)
S

RZ=0.879
p = 0.0002

0

100 -

50 -

Probability of survival

0 20 30 40
Weeks post CAR-NK

Progression-free survival

—— CD8* < median
—— CD8" = median

0

T T 1

1I0 20 30 40
Weeks post CAR-NK

CD8" of total cells (%)
i =N

Overall survival

] = R2 = 0.6432
‘ p=0.0093
(P LL : .
0 50 100 150
Weeks post CAR-NK
Overall survival
= 100 -
2] —— CD8" < median
E —— CD8" = median
w -
; 50 4
=
©
o]
e 4
m 0 T | 1
0 50 100 150
Weeks post CAR-NK

€20z Aey |1 uo 1senb Aq | 58GG 1 ///80PBOU/OUONSBU/SE0L 0 | /I0P/3lo1e-8oueApe/ABoj0ouo-01nau/woo dnoolwepese//:sdiy Woll papeojumod



Figure 4
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