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ABSTRACT
Glioblastoma (GB) is the most common primary brain tumor, which is characterized by low immuno-
genicity of tumor cells and prevalent immunosuppression in the tumor microenvironment (TME). 
Targeted local combination immunotherapy is a promising strategy to overcome these obstacles. 
Here, we evaluated tumor-cell specific delivery of an anti-PD-1 immunoadhesin (aPD-1) via a targeted 
adeno-associated viral vector (AAV) as well as HER2-specific NK-92/5.28.z (anti-HER2.CAR/NK-92) cells as 
components for a combination immunotherapy. In co-culture experiments, target-activated anti-HER2. 
CAR/NK-92 cells modified surrounding tumor cells and bystander immune cells by triggering the release 
of inflammatory cytokines and upregulation of PD-L1. Tumor cell-specific delivery of aPD-1 was 
achieved by displaying a HER2-specific designed ankyrin repeat protein (DARPin) on the AAV surface. 
HER2-AAV mediated gene transfer into GB cells correlated with HER2 expression levels, without 
inducing anti-viral responses in transduced cells. Furthermore, AAV-transduction did not interfere 
with anti-HER2.CAR/NK-92 cell-mediated tumor cell lysis. After selective transduction of HER2+ cells, 
aPD-1 expression was detected at the mRNA and protein level. The aPD-1 immunoadhesin was secreted 
in a time-dependent manner, bound its target on PD-1-expressing cells and was able to re-activate 
T cells by efficiently disrupting the PD-1/PD-L1 axis. Moreover, high intratumoral and low systemic aPD- 
1 concentrations were achieved following local injection of HER2-AAV into orthotopic tumor grafts 
in vivo. aPD-1 was selectively produced in tumor tissue and could be detected up to 10 days after 
a single HER2-AAV injection. In subcutaneous GL261-HER2 and Tu2449-HER2 immunocompetent mouse 
models, administration of the combination therapy significantly prolonged survival, including complete 
tumor control in several animals in the GL261-HER2 model. In summary, local therapy with aPD-1 
encoding HER2-AAVs in combination with anti-HER2.CAR/NK-92 cells may be a promising novel strategy 
for GB immunotherapy with the potential to enhance efficacy and reduce systemic side effects of 
immune-checkpoint inhibitors.
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Introduction

Glioblastoma (GB) is the most aggressive and fatal intracranial 
primary malignancy with an abysmal median survival of only 
14.6 months.1 Despite tremendous research efforts, broad 
molecular characterization and the optimization of multimodal 
therapy interventions such as surgery, radiotherapy and sys-
temic therapy (chemotherapy, targeted therapy), the relapse 
rate of GB is high, and the lack of effective treatment options 
upon recurrence results in a poor overall prognosis.2,3 

Consequently, there have been considerable efforts to explore 
more advanced therapeutic options including immunotherapy. 
In recent years, precision oncology employing immune- 
checkpoint inhibitors (ICIs) and combination immunothera-
pies has led to promising clinical outcomes for a variety of 
tumor entities. However, initial clinical trial results on 

immunotherapy of GB have been disappointing, presumably 
due to challenges such as persistent immunosuppression and 
pronounced T-cell dysfunction. To specifically target HER2+ 

GB cells, we previously generated a HER2-specific clonal deri-
vative of the clinically applicable NK-92 cell line (NK-92/5.28.z, 
for clarity hereafter in some instances also termed “anti-HER2. 
CAR/NK-92”).4,5 The cells express a chimeric antigen receptor 
based on the HER2-specific antibody FRP5 fused to CD28 and 
CD3ζ signaling domains. Similar to other malignancies of solid 
tumor origin, a large proportion of glioblastomas are HER2+. 
HER2 protein expression was found in up to 80% of GB tumors 
and was correlated with impaired survival.6–9 HER2 RNA 
expression also in normal brain tissue has been shown by the 
Human Proteome Map, both in bulk RNA and single cell 
sequencing data.10 We have previously investigated HER2 pro-
tein expression with immunohistochemistry in glioblastomas 
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and found in a high proportion of tumors increased expression 
of HER2 as compared to adjacent non-neoplastic tissue.5 It has 
been demonstrated before that high and specific lytic activity of 
anti-HER2.CAR/NK-92 against HER2+ GB cells can be 
achieved in vitro. Additionally, repetitive intratumoral injec-
tion of anti-HER2.CAR/NK-92 cells significantly prolonged 
symptom-free survival in murine orthotopic xenograft models. 
Furthermore, activation of an endogenous immune response 
by anti-HER2.CAR/NK-92 treatment has been shown to be 
instrumental for rejection of tumors in the syngeneic GL261- 
HER2 model.5 Based on these results, we initiated the ongoing 
first-in-human phase I clinical study CAR2BRAIN for patients 
with relapsed HER2-positive GB (NCT03383978, clinicaltrials. 
gov).11,12 Following successful completion of single-dose dose 
escalation, we are currently evaluating safety and feasibility of 
repetitive local injections of anti-HER2.CAR/NK-92 cells in the 
expansion cohort of the trial.12 In preclinical models, anti- 
HER2.CAR/NK-92 treatment induced rejection of small 
tumors in the GL261-HER2 model,5 and combination with 
systemic application of a PD-1-specific antibody restored effi-
cient anti-tumor responses even in more advanced stages.13 

Translating this into the clinical setting, we included an addi-
tional patient cohort in the CAR2BRAIN study that receives 
a combination therapy with anti-HER2.CAR/NK-92 and anti- 
PD-1 checkpoint inhibition.

NK-92 cells functionally resemble activated primary NK 
cells in several aspects. NK-92 express many activating NK 
receptors such as NKp30, NKp46 and NKG2D, but lacks 
most inhibitory NK receptors except KIR2DL4, Ig-like tran-
script 2 (ILT-2) and NKG2A/C94.14–16 NK-92 cells were ori-
ginally derived from a non-Hodgkin lymphoma,17 and in 
ongoing clinical trials are irradiated with 10 Gy prior to trans-
fusion to exclude the risk of secondary lymphoma formation.18 

This limits their functional activity to a maximum of 72 h.19 In 
NK cells obtained from donor blood or umbilical cord blood, 
no prophylactic irradiation would be necessary, expected to 
prolong the time period of activity. In contrast to donor blood 
or umbilical cord derived NK cells, NK-92 cells do not express 
CD16 and thus cannot mediate ADCC.20

The core obstacle of immunotherapy in glioma is the immu-
nosuppressive microenvironment, which together with the 
comparatively low mutational burden and therefore low 
immunogenicity prevents an effective immune response.21,22 

In GB both, tumor cells and monocytes/macrophages express 
PD-L1, which blocks CD8+ and CD4+ T-cell activation.23,24 

Therefore, immunotherapy with ICIs directed against the 
PD-1/PD-L1 axis is a promising approach for GB treatment. 
Indeed, in a study involving 35 patients, the anti-PD-1 anti-
body pembrolizumab increased survival in the neoadjuvant 
setting.25 However, several randomized trials exploring ICI 
monotherapy in adjuvant and recurrent settings have failed 
to meet their primary endpoint.26 Additionally, the occurrence 
of immune-related adverse events limits the applicability of 
systemic ICIs, and represents an obstacle in particular toward 
the development of combination immunotherapies.27 By local 
or systemic injection of adeno-associated viral vectors (AAVs), 
local expression and secretion of ICIs after the transduction of 
tumor cells in vivo becomes feasible.28 Cargo gene expression 
limited to the tumor area allows for high intratumoral and low 

systemic drug concentrations. While none of the natural AAV 
serotypes are specific for malignant cells,29 genetic fusion of 
a viral capsid protein (VP2) to designed ankyrin repeat pro-
teins (DARPins), which are highly specific genetically engi-
neered proteins designed to mimic antibodies, allows for the 
generation of AAVs with specificity for HER2+ cells.30–32 By 
selectively transducing HER2+ tumor cells, such HER2-AAVs 
induce the secretion of an encoded anti-PD-1 immunoadhesin 
(aPD-1) into the tumor microenvironment (TME). This 
approach might facilitate the modulation of the immunosup-
pressive TME by disruption of the PD-1/PD-L1 axis and 
thereby also mediate synergistic effects when combined with 
anti-HER2.CAR/NK-92 cell therapy.

In this study, we evaluated the functional characteristics and 
immune-modulating effects of both, HER2-targeted anti-HER2. 
CAR/NK-92 cells, and HER2-AAV, which induce the expression 
of aPD-1. We addressed the influence of target-activated anti- 
HER2.CAR/NK-92 cells on tumor cells and bystander immune 
cells as well as HER2-AAV transduction efficacy and functionality 
of the secreted aPD-1 in vitro. Furthermore, we investigated the 
characteristics and distribution kinetics of the HER2-targeted 
AAV in LN-319 human glioblastoma xenograft and syngeneic 
GL261-HER2 glioblastoma mouse models in vivo. We assessed 
whether the modified AAV vector triggers host immune reactions 
such as the generation of neutralizing antibodies (nAbs) or the 
production of inflammatory cytokines and generated data critical 
for the future application of anti-HER2.CAR/NK-92 cells and 
aPD-1 encoding HER2-AAV as a novel combination immu-
notherapy approach.

Materials and methods

Cell culture

Established human LN-319 glioblastoma cells (kindly provided 
by Monika Hegi, Lausanne, Switzerland), human U138MG 
glioblastoma cells (kindly provided by N. de Trebolet, 
Lausanne, Switzerland), LNT-229 cells expressing EGFRvIII33 

as well as murine GL261 glioblastoma cells, immortalized 
murine microglia BV2, immortalized human microglia C20 
and HMC3, human fibrosarcoma cells HT1080 (ATCC CCL- 
121) and immortalized human astrocytes NHA-E6/E7/hTERT 
(abbreviated as “NHA” thereafter for brevity)34 were cultured 
in Dulbecco´s modified Eagle´s medium (DMEM, Gibco, 
Darmstadt, Germany) containing 10% fetal calf serum (FCS; 
Biochrom KG, Berlin, Germany), 100 IU/ml penicillin and 
100 µg/ml streptomycin (Life Technologies, Karlsruhe, 
Germany) in cell culture incubators at 37°C and 5% CO2. 
HER2+ murine glioma cell lines GL261-HER2, Tu2449-HER2 
and Tu9648-HER2 were generated by lentiviral transduction 
with the human antigen. HER2-overexpressing LN-319-HER2 
cells were generated by stably transfecting endogenously 
HER2+ LN-319 cells with a pcDNA3-HER2 plasmid.5 The 
immortalized murine microglia cell line EOC2 was cultured 
in DMEM with 2 mM L-glutamine supplemented with IL-34 
(20 ng/ml) and TGF-β (5 ng/ml). NK-92 WT, as well as NK-92/ 
5.28.z (anti-HER2.CAR/NK-92) NK-92/MR1-1.28.z (anti- 
EGFRvIII.CAR/NK-92) cells4,35 were cultured in X–VIVO 10 
medium (Lonza) supplemented with 5% heat-inactivated 
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human plasma (German Red Cross Blood Donation Service 
Baden-Württemberg – Hessen, Frankfurt am Main, Germany) 
and 100 U/ml IL-2 (Proleukin; Novartis Pharma, Nürnberg, 
Germany). Primary human glioblastoma cells MNOF-1300, 
MNOF-168 and MNOF-76 were grown in flasks pre-coated 
with 5 mg/ml laminin (Sigma-Aldrich, Taufkirchen, Germany) 
in DMEM/F12 medium (Lonza) containing 20 ng/ml each of 
recombinant epidermal growth factor (EGF) and human 
recombinant basic fibroblast growth factor 2 (bFGF2) 
(ReliaTech, Wolfenbüttel, Germany), and 20% BIT 
Admixture Supplement (Pelo Biotech, Planegg/Martinsried, 
Germany).5 Human astrocytes (HuA) (Innoprot, Derio, 
Spain) were cultured in Astrocyte medium (Innoprot, Derio, 
Spain) according to the manufacturer’s protocol. PD-1 expres-
sing HT1080 cells (HT1080-PD-1)28 were cultured in DMEM 
supplemented with 10% FCS, 2 mM L-glutamine, and 10 μg/ml 
puromycin.

Viral vectors

HER2-AAVaPD−1 and HER2- 
AAVIgG-Fc have been described previously.28

In vitro transduction and analyses

Cytotoxicity assays

Cytotoxic NK-cell activity was determined using 
a fluorescence-activated cell scanning (FACS)-based assay as 
previously described.36 Calcein violet AM (Life Technologies, 
Darmstadt, Germany) labeled target cells were washed and co- 
cultured with effector cells at different effector to target (E/T) 
ratios for 2 h at 37°C. Prior to flow cytometric analysis, cells 
were washed and resuspended in 200 μl of a propidium iodide 
(PI; 1 μg/ml) solution. Calcein violet AM and PI double posi-
tive cells represented dead target cells. Spontaneous target cell 
lysis in the absence of effector cells was substracted from the 
values to determine specific lysis. Data were analyzed using 
FlowJo™ software (Version 10.0.7; FlowJo Ashland, OR).

Transwell assays

Cytokine release as well as PD-L1 regulation in tumor and 
immune cells was determined in transwell cytotoxicity 
assays using ThinCert™ cell culture inserts (Greiner Bio- 
One, Frickenhausen, Germany). Cells of interest were 
seeded into the wells of a 24 well plate at a density of 
5 × 104 cells per well. A cytotoxicity assay was performed 
in the insert for 24 h, before the insert was removed and 
the culture medium in the base was replaced by serum-free 
DMEM. Human as well as murine recombinant IFN-γ as 
a positive control for PD-L1 upregulation and cell stimula-
tion was used at a concentration of 100 ng/ml. Stimulated 
cells in the base were cultivated for 24 h, then the condi-
tioned medium was harvested, centrifuged, filtered and 
stored at −80°C until analysis.

Flow cytometry

Expression of HER2 on the surface of GL261-HER2, Tu2449- 
HER2, Tu9648-HER2 and LN-319 cells was determined by 
flow cytometry using AlexaFluor® 647 anti-human HER2 anti-
body 24D2 (BioLegend, Fell, Germany). Presence of mutated 
EGFRvIII on the surface of LNT-229-EGFRvIII cells was ana-
lyzed using an AlexaFluor® 488 anti-EGFR mutant antibody 
DH8.3 (Novus Biologicals). CAR expression of anti-HER2. 
CAR/NK-92 cells was analyzed using a HER2-Fc fusion protein 
(R&D Systems, Wiesbaden-Nordenstadt, Germany) followed 
by APC-coupled goat anti-human antibody (Dianova, 
Hamburg, Germany). PD-L1 expression by murine and 
human cells was determined using APC-coupled anti-mouse 
or anti-human PD-L1 antibodies, respectively. Cell viability 
was analyzed by propidium iodide uptake as previously 
described.37 A FACSCanto II flow cytometer was used for 
flow cytometric analyses (BD Biosciences, Heidelberg, 
Germany), and data were evaluated using FlowJo™ software. 
For cell sorting, a FACSAria flow cytometer was used (BD 
Biosciences).

In vitro transduction experiments

Transgene expression in HER2+ target cells was assessed 
in vitro upon transduction with HER2-AAVaPD−1 and HER2- 
AAVIgG-Fc vectors as described before.28 Briefly, tumor cells 
were grown in 96-, 24- or 12-well plates at a cell density of 8 × 
103, 5 × 104 or 8 × 104 cells/well, respectively, prior to incuba-
tion with AAV particles (≥450,000 genome copies/cell). After 
24 h, cells were washed in PBS, and serum-free medium (virus 
production serum free medium (VPSFM), Thermo Fisher 
Scientific, Dreieich, Germany) was added. Cells were cultured 
for 4 days before harvested media were centrifuged at 300 x g 
for 5–7 min and stored at 4°C (or −80°C for long-term storage) 
before aPD-1 release was determined by Western blot and 
quantified by ELISA.

Western blot

For Western blot analyses, supernatants from GL261 cultures 
were denaturated at 95°C in Laemmli buffer containing SDS, β- 
mercaptoethanol and dithiothreitol (DTT). Proteins were sepa-
rated via SDS-PAGE in a 12% polyacrylamide gel and trans-
ferred onto nitrocellulose membranes using a semi-dry blot 
system (BioRad, Feldkirchen, Germany). AAV-encoded mur-
ine aPD-1 was detected using a primary antibody specific for 
the HA-tag included in the molecule (mouse, clone 16B12; 
Abcam, Cambridge, UK). A secondary anti-mouse antibody 
was purchased from Santa Cruz (#sc-2020). For chemilumines-
cence detection, membranes were treated with PierceTM ECL 
Plus Western Blotting Substrate (Thermo Fisher Scientific) 
prior to exposure on X-ray films.

RNA extraction and quantitative real time PCR

Following viral transduction, total RNA of GL261, Tu9648 and 
LN-319 cells was extracted using TRIzol and EXTRACTME 
RNA isolation kit (Blirt, Gdansk, Poland), then cDNA was 
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synthesized using the Vilo cDNA synthesis kit (Invitrogen, 
Carlsbad, CA, USA). Quantitative real time PCR (qPCR) was 
performed using the Absolute Blue SYBR Green Fluorescein 
q-PCR Mastermix (Thermo Fisher Scientific). Corresponding 
primer pairs for the aPD1 transgene are listed in Table 1. Gene 
expression values were normalized to two house-keeping genes 
(18S and SDHA) and values were calculated using the ΔCT 
method.

Cytokine measurements

Concentrations of human IFN-γ, TNF-α, MCP-1, IL-1α, IL-2, 
IL-8, IL-10 and perforin in cell culture supernatants were 
measured using ProcartaPlex Immunoassay Mix & Match 
panels and a Luminex FLEXMAP3D (ThermoFisher 
Scientific, Darmstadt, Germany). The data were analyzed 
using the ProcartaPlex Analyst 1.0 Software (ThermoFisher 
Scientific). All other cytokine concentrations in cell culture 
supernatant or serum samples were measured with the 
LEGENDplex™ Inflammation Panel and the LEGENDplex™ 
Anti-Virus Response Panel (Mouse & Human) Kits 
(BioLegend) according to the manufacturer’s protocol. 
Briefly, diluted samples were mixed with beads in a V-bottom 
plate. The plate was incubated at 800 rpm on a plate shaker for 
2 h at room temperature (RT). After washing, detection anti-
bodies were added to each well. Samples were incubated at 
800 rpm on a plate shaker for 1 h at RT and 25 µL of 
Streptavidin R-Phycoerythrin conjugate (SA-PE) were directly 
added to each well. After 30 min, the plate was washed again 
before samples were analyzed in 150 µl of washing buffer on 
a flow cytometer. For analysis, the LEGENDplex™ Data 
Analysis Software Suite was used.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of HA-tagged AAV-encoded murine aPD-1 
was measured by ELISA. 96-well immunoplates (Nunc 
MAxiSorp, Thermo Fisher Scientific) were coated with an anti- 
HA antibody (50 µl, 1:4,000 in PBS, ab9110, Abcam) at 4°C 
overnight in a humidified chamber. After washing (3x, 0.05% 
Tween20 in PBS), wells were blocked at RT for 1 h on a shaker 
(5% FCS, 0.05% Tween 20 in PBS), then 100 µl of prepared 
standard and sample (cell culture supernatant from transduced 
cells, mouse serum or organ lysate) were added to the wells. 
The plate was covered and incubated at RT for 2 h on a shaker. 
After washing 5x, bound aPD-1 was detected using a goat anti- 
mouse IgG HRP-conjugated detection antibody (1:30,000 in 
blocking buffer, ab97265, Abcam) and visualized using 
1-StepTM Ultra TMB chromogenic substrate (Thermo Fisher 

Scientific, Dreieich, Germany). Recombinant aPD-1 from 
transfected HEK293T cells was purified via protein A affinity 
chromatography and subsequently concentrated before it was 
used as standard in order to generate reference values.

Target binding assay

Specific target binding of AAV-encoded aPD-1 to PD-1 was 
assessed via flow cytometry using murine PD-1 expressing 
cells. 400 µl of cell culture supernatant from transduced 
GL261, Tu9648 or LN-319 cells were added to 5 × 104 HT1080- 
PD-1 cells followed by incubation at 4°C for 1 h. Binding was 
detected using a FITC-labeled antibody against the murine Fc 
part (Abcam) at 4°C for 15 min. PD-1− parental HT1080 cells 
were used as negative control. Data were analyzed using 
FlowJo™ software.

Blockade assay

Functionality of murine aPD-1 was determined using a PD-1/PD- 
L1 Blockade Bioassay (Promega, Walldorf, Germany) according 
to the manufacturer’s protocol. Briefly, PD-L1 expressing aAPC/ 
CHO-K1 target cells that also harbor an engineered cell surface 
protein for activation of T-cell receptors (TCRs) in an antigen- 
independent manner were incubated with PD-1 expressing effec-
tor T cells. The effector T cells express a luciferase reporter driven 
by an NFAT response element. Interruption of PD-1/PD-L1 
signaling by the addition of cell culture supernatant containing 
aPD-1 re-activates TCR signaling. This results in NFAT-mediated 
luciferase expression, which was detected by the addition of Bio- 
GloTM reagent. Luminescence was measured using a TecanSpark 
Luminescence Multi Mode Microplate Reader (Tecan, 
Männedorf, Switzerland).

In vivo analyses

Glioblastoma mouse models

All in vivo experiments were carried out in accordance with the 
guidelines and regulations of the German animal protection 
law upon approval by the responsible government committee 
(Regierungspräsidium Darmstadt, Darmstadt, Germany, 
approval number FK-1088). For in vivo transduction and bio-
distribution analyses, 6–8 weeks old female C57BL/6, B6C3F1 
or Crl:NU(NCr)-Foxn1nu mice (Charles River Laboratories, 
Sulzfeld, Germany) were used for syngeneic GL261-HER2 or 
Tu2449-HER2 murine glioblastoma models and LN-319 
human glioblastoma xenograft models, respectively. Initial 
analysis of aPD-1 biodistribution kinetics was performed in 
subcutaneous glioblastoma models. Crl:NU(NCr)-Foxn1nu 

mice were engrafted with 2 × 106 LN-319 tumor cells, 
C57BL/6 and B6C3F1 mice were engrafted with 1 × 106 GL261- 
HER2 or Tu2449-HER2 cells at the right flank, respectively. 
For orthotopic glioblastoma models, anesthetized mice were 
immobilized in a stereotaxic fixation device (Stoelting, Wood 
Dale, USA) and injected with 5 × 103 GL261-HER2 tumor cells 
in 2 μL PBS using a 10 μL Hamilton syringe (Hamilton, 
Bonaduz, Switzerland) and a Quintessential Stereotaxic 
Injector (Stoelting, Wood Dale, USA) through a burr hole in 

Table 1. Primer sequences.

Name Sequence/Description

18s_fwd CTACCACATCCAAGGAAG
18s_rev GGACTCATTCCAATTACAG
aPD1_fwd CCAAGTCCTACAACTATG
aPD1_rev GTCCTCAGATTGTTCATC
SDHA_h_fwd GTGCGGATTGATGAGTAC
SDHA_h_rev CAACGTCCACATAGGACA
Sdha_m_fwd CGACAAGACCTTGAATGA
Sdha_m_rev GCTGTTGATCACAATCTATG
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the skull. Tumor cells were injected into the right striatum with 
a depth of 3 mm to the skull, at a speed of 0.5 μL/min. After 
2 min, the needle was withdrawn at a speed of 1 mm/min. 
Tumor growth, body weight and overall health status of all 
animals were monitored throughout the study. For the ortho-
topic model, tumor growth was monitored by magnetic reso-
nance imaging (MRI) as described below. In subcutaneous 
survival studies, tumor growth was monitored 3x weekly 
using a caliper. Tumor volume was determined using the 
following formula: Tumor volume (mm3) = length (mm) 
x width (mm)2 x 0.5. Animals were sacrificed upon weight 
loss of ≥20% body weight or tumor ulceration. Final endpoint 
of survival experiments was a tumor volume ≥1500 mm3. 
HER2-AAV was injected either intratumorally or intrave-
nously into the tail vein when tumors exceeded a pre-defined 
minimum volume of 30–80 mm3, depending on the experi-
mental setup. Each vector dose contained 1 × 1011 (subcuta-
neous tumors) or 3 × 1010 (intracranial tumors) genome 
copies (gc).

MR imaging

Tumor engraftment was determined 7 days after tumor cell 
injection via a 7 Tesla Small Animal MR Scanner (Pharmascan, 
Bruker, Berlin, Germany). Mice were injected intraperitoneally 
(i.p.) with 150 µl contrast agent (Gadovist, Bayer, Leverkusen, 
Germany), and then anesthetized with isoflurane (1.5%). 
During scan acquisition, respiration rate was permanently 
monitored. Image acquisition was performed using 
Paravision 6.0.1 software in coronal planes (parameters: 
FOV = 20x20 mm, 11 slices, 0.5 mm slice thickness, acquisition 
matrix = 256x256, flip angle 90°).38

Sample preparation and analysis

For the detection of murine aPD-1 in serum, tumor and organ 
tissues, mice were sacrificed via cervical dislocation at pre- 
specified time points (kinetic studies: day 3–10). Blood sam-
pling was performed via heart puncture, serum was isolated 
upon a clotting time of 30 min and centrifugation at 5,000 rpm 
for 10 min. Serum samples were stored at −80°C until further 
analysis. Tumor tissue as well as organs (brain, heart, lung, 
kidney, liver, spleen) were isolated, snap frozen in liquid nitro-
gen and stored at −80°C. For preparation of tissue lysates, 
organs were thawed on ice, weighed and homogenized in 
5 µl/mg lysis buffer (10 ml lysis buffer + 10 µl DNAse, + PIC 
(Roche)) using a TissueLyzer LT (Qiagen, Hilden, Germany) at 
a frequency of 50 Hz for 5 min. Cell homogenates were incu-
bated on ice for 15 min before pelleting at 13,000 rpm for 
15 min at 4°C. Supernatants were stored at −80°C until 
ELISA analysis.

Isolation and cultivation of splenocytes from mice

Mice were sacrificed by cervical dislocation, then spleens were 
isolated and dissociated using the gentleMACS Octo 
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) 
according to the manufacturer’s protocol. The resulting single 
cell suspension was filtered through a 70 µm strainer and 

subsequently washed with Roswell Park Memorial Institute 
(RPMI) medium, then cells were pelleted for 5 min at 
1,600 rpm. Erythrocyte lysis was performed in 5 ml red blood 
cell lysis buffer for 5 min at RT. Cells were washed 2x, resus-
pended in 5 ml RPMI and seeded in a round-bottom 96-well 
plate (5x105 cells/well). For binding assays, cells were cultivated 
in RPMI supplemented with 2 µl/well DYNAL™ Dynabeads™ 
(Thermo Fisher Scientific) for 48 h.

Neutralization assay

For neutralization assays, Tu9648-HER2 cells were seeded in 
white 96-well-plates (Corning, Kaiserslautern, Germany) at 
a density of 1 × 104 cells/well and cultured in a 37°C, 5% CO2 
incubator for 24 h. The next day, murine serum samples were 
heat inactivated at 56°C for 30 min and diluted 1:10 in FCS. 
Heat inactivated human plasma and FCS were used as controls. 
20 µl of sample were transferred to the wells of a 96-well 
U-bottom plate before HER2-AAVLuc was added (4x107 gc/µl 
in 20 µl serum-free DMEM) to each well. Plates were incubated 
at 37°C and 5% CO2 for 1 h to allow neutralization. Next, 10 µl 
of sample were added to the Tu9648-HER2 cells. Plates were 
incubated overnight before transduction was quantified with 
the Bright-Glo™ Luciferase Assay System (Promega) according 
to the manufacturer’s instructions. Luminescence was deter-
mined using a Centro LB 960 microplate luminometer 
(Berthold Technologies, Bad Wildbad, Germany).

Schematics

Schematics were created using BioRender.com.

Statistical analysis

Quantitative data are expressed as mean and standard devia-
tion (SD). Statistical significance was determined using a two- 
tailed student’s t-test, if not stated otherwise. If multiple sample 
groups were compared, significance was determined by 
ANOVA test. p < 0.05 was regarded as statistically significant. 
All analyses were performed using GraphPad Prism (Version 
9.1.2.226; GraphPad Software, La Jolla, CA).

Results

Anti-HER2.CAR/NK-92 cells efficiently lyse HER2+ cells and 
elicit cytokine release from the TME

Since HER2 serves as a target for both, aPD-1 encoding HER2- 
AAVs and anti-HER2.CAR/NK-92 cells, we first confirmed 
expression on murine glioma cells before and after lentiviral 
transduction with the human HER2 antigen in comparison to 
the human glioma cell line LN-319 and the primary glioma cell 
culture MNOF-1300 (Figure 1a). CAR expression on NK-92 
cells was verified via flow cytometry (Figure S1a). Cytotoxicity 
depended on HER2 expression of the target cells, in accordance 
with our previous work5 (Figure 1b). Since transduced murine 
glioma cell lines express very high HER2 levels, we also 
assessed anti-HER2.CAR/NK-92 cell activity on GL261-HER2- 
low cells that roughly reflect the HER2 level of endogenously 
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Figure 1. HER2-targeted anti-HER2.CAR/NK-92 cell therapy. (a) HER2 expression of murine HER2-transduced glioma cell lines (GL261, Tu9648, blue histogram), the 
human glioma cell line LN-319 as well as MNOF-1300 primary glioma cells as determined via flow cytometry. (b) Cytotoxic activity of anti-HER2.CAR/NK-92 cellsel 
against wild-type HER2- murine glioma cells as compared to cells transduced to express HER2 (Mean values ± SD are shown; n=3, *p < 0.05; **p < 0.01, ***p < 0.001). (c) 
Analysis of cytotoxic activity of anti-HER2.CAR/NK-92 cells against target cells of murine (top) and human (bottom) origin as compared to parental NK-92 cells (Mean 
values ± SD are shown; n=3, **p < 0.01; ***p < 0.001). (d) Schematic representation of the cytokine response transwell assay design. Soluble factors secreted from anti- 
HER2.CAR/NK-92 cells stimulated by glioblastoma cells (GB) in the insert influence cells of interest in the base. After 24 h of co-culture, the insert is removed and fresh 
serum-free medium is added to the cells in the base. Stimulated cells are cultivated for further 24 h. Cytokine levels in the conditioned medium are determined via a 
bead-based LEGENDplex assay. (e) Analysis of cytokine release by various cell types of the TME that were exposed to conditioned medium (CM) from different NK cell/ 
tumor cell co-culture assays (E/T ratio 1:1). Co-culture in the insert consisted of NK-92 WT cells vs. LN-319 (light blue), anti-EGFRvIII.CAR/NK-92 vs. LN-319 (middle blue) 
and anti-HER2.CAR/NK-92 vs. LN-319 (dark blue); hIFN-γ [100ng/ml] was added to the cells as positive control for cell stimulation (black). Cells were cultivated in CM for 
24 h, then cells were washed, medium was changed to serum-free medium and cytokine secretion was assessed after further 24 h using a beadbased immunoassay. 
Mean values ± SD are shown; n=3. *p < 0.05, **p < 0.01.
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HER2+ cells such as LN-319 (Figure S1b) and found no differ-
ence in killing efficiency (Figure S1c and S1d). Anti-HER2. 
CAR/NK-92 cells had high lytic activity toward HER2+ target 
cells, and specificity was demonstrated by the low lytic activity 
of the parental NK-92 cell line (Figure 1c). The naturally 
HER2+ human glioma cell line LN-319 and human primary 
glioma cells (MNOF-1300) were both efficiently lysed by anti- 
HER2.CAR/NK-92 cells (Figure 1c, bottom and Figure S1e and 
f). As control, NK-92 cells transduced with a CAR targeting the 
unrelated antigen EGFRvIII (NK-92/MR1-1.28.z, for clarity 
hereafter also called “anti-EGFRvIII.CAR/NK-92”) did not 
target HER2+ EGFRvIII− cells (Figure S2a-d). Importantly, 
HER2 levels on target cells did not decrease upon contact 
with anti-HER2.CAR/NK-92 cells (Figure S2e), indicating no 
antigen downregulation in response to anti-HER2.CAR/NK-92 
cell lysis. This is in line with previous work, where we have 
observed that repetitive anti-HER2.CAR/NK-92 cell therapy in 
animal glioblastoma models does not induce downregulation 
of HER2 on target cells as a conceivable escape mechanism.5

To characterize the effect that anti-HER2.CAR/NK-92 cell- 
mediated tumor cell lysis has on other cell types typically 
present within a tumor microenvironment (TME), we investi-
gated whether cytokine secretion by activated anti-HER2.CAR/ 
NK-92 cells stimulates cytokine release from human glioma 
cells (LN-319, U138MG) as well as from human microglia 
(MG) (C20, HMC3) and non-activated bystander anti-HER2. 
CAR/NK-92 cells. We identified a pattern of significantly 
increased levels of the cytokines IFN-γ, TNF-α, MCP-1, IL-8 
and IL-6 (Figure 1e). The glioma cell lines LN-319 and 
U138MG showed increased secretion of IL-8, while in micro-
glia (C20 and HMC3) levels of IL-6 and IL-8 were elevated. In 
anti-HER2.CAR/NK-92 cells, secretion of IFN-γ, MCP-1, IL-8 
and TNF-α was enhanced. These data indicate a pro- 
inflammatory effect induced by anti-HER2.CAR/NK-92 cells 
on various cell types which comprise the TME. We found no 
significant changes in the levels of MCP-1 and IFN-α2 in LN- 
319 and U138MG cells (Figure S2f). Levels of IL-1β, IL-12p70, 
IL-17A, IL-23, and IL-33 (for all cell types evaluated), IL-6 
(LN-319, U138MG, anti-HER2.CAR/NK-92), MCP-1, IFN-γ 
and TNF-α (LN-319, U138MG, C20, HMC3) were below the 
detection limit of the method (data not shown).

Anti-HER2.CAR/NK-92 cell-mediated tumor cell lysis 
induces IFN-γ dependent PD-L1 upregulation in different 
cell types

Since the PD-1/PD-L1 interaction is a decisive determinant of 
the immunosuppressive TME, we evaluated PD-L1 levels and 
their regulation in different cell types in response to anti- 
HER2.CAR/NK-92 cell therapy. For this, we employed 
a transwell system where soluble factors secreted from stimu-
lated anti-HER2.CAR/NK-92 cells in a cell culture insert influ-
ence cells of interest in the base of a well plate (Figure 2a). Co- 
cultivation in the presence of anti-HER2.CAR/NK-92 cells 
activated by HER2+ tumor cells induced PD-L1 upregulation 
in human glioma cells, MG and astrocytes (Figure 2b and 
Figure S3a). Transwell cultivation of those cell types either 
with unstimulated anti-HER2.CAR/NK-92 cells alone or with 
non-activated NK cells (parental NK-92 WT cells or EGFRvIII- 

specific anti-EGFRvIII.CAR/NK-92 vs. GL261-HER2 or LN- 
319) did not alter PD-L1 levels (Figure S3b and c). The upre-
gulation of PD-L1 as a response to adjacent killing of glioma 
cells by the anti-HER2.CAR/NK-92 cells is a key finding, as the 
consequential activation of the PD-1/PD-L1 axis may suppress 
further endogenous anti-glioma immunity which has been 
shown to be paramount for in vivo efficacy of anti-HER2. 
CAR/NK-92 cell therapy.5 As anti-HER2.CAR/NK-92 cells in 
the insert and tumor cells in the base of the transwell system 
are not in direct contact (Figure 2a), the effect observed is most 
likely induced by soluble factors secreted by anti-HER2.CAR/ 
NK-92 cells activated upon killing of tumor cells in the insert. 
Murine glioma cells did not show an increase in PD-L1 levels 
upon co-cultivation with activated anti-HER2.CAR/NK-92 
cells due to species differences in the putative mediators of 
the effect as the anti-HER2.CAR/NK-92 cells used are of 
human origin. In order to evaluate which soluble factors are 
associated with PD-L1 upregulation, we measured the direct 
cytokine response of anti-HER2.CAR/NK-92 cells activated by 
target cell killing. Upon co-cultivation with murine glioma 
cells, an increase in the levels of human IFN-γ, IL-1α, TNF-α, 
IL-8, MCP-1 and IL-10 and perforin was observed, while levels 
of IL-2 appear to decrease in response to antigen (Figure 2c). 
To determine whether stimulation with these cytokines 
induced PD-L1 upregulation in murine or human cells present 
in the TME, PD-L1 expression on MG, astrocytes and tumor 
cells was assessed via flow cytometry 24 h post treatment. 
Stimulation with IFN-γ increased PD-L1 expression by 
human cells similar to stimulation with conditioned medium 
from a killing assay (Figure 2d). These effects were reversed by 
adding anti-IFN-γ to the experimental setup, antagonizing PD- 
L1 upregulation upon stimulation with conditioned medium 
(Figure 2e). This indicates that IFN-γ acts as the major driver 
of PD-L1 regulation upon anti-HER2.CAR/NK-92 cell therapy.

Taken together, these data suggest that upregulation of PD- 
L1 not only by glioma cells but also by brain resident cell types 
such as MG and astrocytes could add to the immunosuppres-
sive microenvironment and constitute a potential mechanism 
of resistance toward anti-HER2.CAR/NK-92 cell therapy. 
Consequently, we explored selective local administration of 
a checkpoint inhibitor through a HER2-targeted AAV vector 
to specifically interfere with the PD-L1/PD-1 interaction.

HER2-AAV efficiently transduces HER2+ cells in 
a target antigen dependent manner

The HER2-AAV used in this study harbors a coding sequence 
for a fusion protein directed against murine PD-1 (HER2- 
AAVaPD1) (depicted in Figure 3a-c). The human Fc part used 
previously28 was replaced by the corresponding murine 
sequence (Figure 3c). HER2- 
AAVIgG-Fc encoding only the murine Fc part of aPD-1 served 
as a control (Figure 3a, right). Detection of the recombinant 
aPD-1 was facilitated by addition of a HA-tag (Figure 3b).

Upon transduction of target cells with HER2-AAVaPD−1, we 
detected mRNA of the aPD-1 transgene only in HER2+ cells 
(Figure 3d). We also quantified secreted aPD-1 protein in the 
supernatant of transduced cells via ELISA, showing that only 
HER2+ target cells which were incubated with HER2- 
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AAVaPD−1 produced the immunoadhesin (Figure 3e). 
Moreover, aPD-1 levels correlated well with the expression 
level of human HER2 on the target cells (Figure 1a and 3f, 
Figure S4c). Furthermore, aPD-1 levels were higher in 

supernatant of LN-319-HER2 cells modified to further over-
express HER2 when compared to parental HER+ LN-319 cells 
(Figure 3d-f). Notably, also HER2+ human primary glioma 
cells expressed aPD-1 upon exposure to HER2-AAVaPD−1 

Figure 2. PD-L1 regulation in response to anti-HER2.CAR/NK-92 cell-mediated tumor cell lysis. (a) Schematic representation of the PD-L1 transwell assay design. Soluble 
factors secreted from stimulated anti-HER2.CAR/NK-92 cells in the insert influence cells of interest in the base (GB: glioblastoma cells, AC: astrocytes, MG: microglia). (b) 
PD-L1 regulation in response to a transwell cytotoxicity assay was analysed on murine (GL261, Tu9648) and human (LN-319, MNOF-1300) glioma cell lines as well as on 
murine (EOC2, BV2) or human (C20, HMC3) microglia and human astrocyte (NHA, HuA) cell lines via flow cytometry. Cells of interest were seeded in wells (base) of a 24- 
well plate, while a cytotoxicity assay was performed in the insert (E/T ratio 1:1, murine cells of interest: anti-HER2.CAR/NK-92 vs. GL261-HER2, human cells of interest: 
anti-HER2.CAR/NK-92 vs. LN-319). After 24 h, PD-L1 expression of cells in the base was determined via flow cytometry. (c) Analysis of cytokine release by stimulated anti- 
HER2.CAR/NK-92 cells. Concentrations of IFN-γ, TNF-α, MCP-1, IL-1α, IL-2, IL-8, IL-10 and perforin were measured in cell culture supernatants using a Luminex multiplex 
bead assay. hIFN-γ [100ng/ml] served as positive control for cell stimulation. Mean values ± SD are shown; n=3. **p < 0.01, ***p < 0.001. (d) PD-L1 regulation in various 
cell types in response to stimulation with species-compatible (human/murine) recombinant cytokines was analysed via flow cytometry. Cells were incubated with 
recombinant cytokines for 24 h at a oncentration of 100 ng/ml. Mean values ± SD are shown; n=3, *p < 0.05, **p < 0.01, ***p < 0.001. (e) PD-L1 expression was assessed 
via flow cytometry upon cultivation in conditioned medium from a cytotoxicity assay (E/T ratio 1:1, anti-HER2.CAR/NK-92 vs. LN-319) either in the absence or presence of 
anti-human IFN-γ antibody for 24 h. Mean values ± SD are shown; n=3. *p < 0.05, **p < 0.01.
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(Figure 3f and Figure S4a). Levels of aPD-1 accumulated over 
time and persisted for up to 1 week without signs of degrada-
tion in the cell culture supernatant as well as in cell lysates 
(Figure 3g and Figure S4b).

AAV-encoded aPD-1 binds its target and blocks the 
PD-1/PD-L1 interaction

To functionally characterize HER2-AAV encoded aPD-1, we 
investigated its capacity to recognize PD-1 and block its activity. 
Specific target binding was assessed via a binding assay employing 
HT1080 cells overexpressing PD-1 as depicted in Figure 4a. After 
transduction of murine and human glioma cells, specific binding 
of the aPD-1 immunoadhesin contained in the supernatant to 
PD-1 on HT1080-PD1 cells was found (Figure 4b-c). Similar 
results were obtained with PD-1-expressing freshly isolated 

murine splenocytes (Figure 4d). To further confirm the function-
ality of the aPD-1 immunoadhesin, we also performed a PD-1/ 
PD-L1 blockade bioassay using T cells which express an NFAT- 
regulated reporter gene (Figure 4e). Supernatant containing aPD- 
1-immunoadhesin was able to interrupt the PD-1/PD-L1 axis and 
to reestablish TCR activation in these cells, thus demonstrating 
the ability of HER2-AAV encoded aPD-1 to reactivate T cells 
upon PD-1 blockade in vitro (Figure 4f).

HER2-AAV transduction does not decrease HER2 
expression or interfere with anti-HER2.CAR/NK-92 cell 
cytotoxicity

In order for target cells to produce and secrete the immunoad-
hesin, the viability of transduced tumor cells should not be 
excessively impaired. Target cell proliferation did not 

Figure 3. ICI gene delivery by HER2-AAV. (a) HER2-AAVaPD-1 encodes an immunoadhesin directed against murine PD-1 (left). As a control, HER2-AAVIgG-Fc encoding the 
Fc part was used (right). (b) Schematic representation of the transfer vector encoding HA-tagged murine aPD-1. (c) Scheme of the immunoadhesin directed against 
murine PD-1. (d) Quantification of transgene expression on the mRNA level as determined by qPCR. RNA wasisolated four days post transduction; SDHA and 18s were 
used as housekeeping genes for reference. (Rel. norm. values ± SD are shown; n=3. ***p < 0.001). (e) Supernatants of in vitro transduced glioma cells were analyzed by 
ELISA using an HA-specific antibody. Non-transduced target cells and murine wildtype (WT) cells not expressing the target antigen were used as controls. Mean values ± 
SD are shown; n=3. ***p < 0.001. (f) in vitro gene delivery by HER2-AAV. Four days post incubation with HER2-AAV (4.5x105 genome copies/cell), cell culture 
supernatants were collected and aPD-1 expression was analyzed via Western blot using an HA-specific antibody. (g) aPD-1 transgene expression over time in GL261- 
HER2 (top), Tu9648-HER2 (middle) and LN-319 (bottom) cells monitored by Western blot analysis using an HA-specific antibody.
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significantly decrease upon transduction (Figure S5a); how-
ever, a slight, yet significant increase in cell death was observed 
in response to HER2-AAVaPD−1 transduction (Figure 5a). 
Since HER2 was chosen as a target antigen for both transduc-
tion by AAVs and tumor cell killing by anti-HER2.CAR/NK-92 
cells, we investigated whether transduction of glioma cells with 
the AAV vector might lead to downregulation of HER2. 

Thereby, we did not observe a change in HER2 expression in 
response to transduction (Figure 5b). When combining anti- 
HER2.CAR/NK-92 cells with HER2-AAV, it is essential that 
HER2-AAV transduction of tumor cells does not interfere with 
anti-HER2.CAR/NK-92 cell-mediated killing or reduce anti- 
HER2.CAR/NK-92 cell viability. In a comparative cytotoxicity 
assay, no difference in the killing efficiency of anti-HER2.CAR/ 

Figure 4. Functionality of HER2-AAV encoded aPD-1. (a) Schematic representation of the aPD-1 binding assay. Binding of secreted aPD-1 to PD-1 expressing HT1080- 
PD1 cells was detected by flow cytometry via a murine IgGFc-specific antibody. (b) Specific binding of HER2-AAV-encoded aPD-1 to HT1080-PD1 (blue profiles) and PD-1 
negative HT1080 WT cells (gray profiles).Supernatants (SN) from glioma cells that were transduced with HER2-AAVaPD-1 or the control HER2-AAVIgG-Fc were tested; 
recombinant aPD-1 served as positive control. (c) Analysis of aPD-1 target binding in a time dependent manner. Cell culture supernatant of transduced GL261 cells (WT 
and HER2+) was harvested at different time points post transduction and was used for an aPD-1 binding assay. (d) Specific target antigen recognition of HER2-AAV 
encoded aPD-1 on PD-1 expressing splenocytes. Freshly isolated murine splenocytes were stimulated with CD3/CD28 Dynabeads for 48 h in order to upregulate PD-1 
expression, before SN of transduced GL261-HER2 cells was added. (e) Schematic representation of the PD-1/PD-L1 blockade bioassay. PD-L1-expressing aAPC/CHO-K1 
target cells harbor an engineered cell surface protein mediating antigen-independent activation of T cells. The cells were incubated with PD-1 expressing effector T cells 
carrying a luciferase reporter driven by an NFAT response element. aPD-1 in the cell culture supernatant disrupts the PD-1/PD-L1 interaction between aAPC/CHO-K1 
target cells and T cells. This allows activation of T-cell receptors, resulting in luciferase expression via NFAT activation. (f) After addition of aPD-1-containing cell culture 
supernatant, TCR activation was measured by assessing NFAT-dependent induction of luciferase expression. Bioluminescence is represented in relative light units (RLU). 
Recombinant aPD-1 served as positive control.
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NK-92 against transduced or untransduced glioma cells was 
found (Figure 5c).

The release of inflammatory cytokines by tumor cells can be 
of substantial importance for their effects on neighboring 
immune cells. Therefore, we analyzed cytokine secretion of 
both, GL261-HER2 and GL261 WT cells in response to HER2- 
AAV transduction. To rule out the possibility that transduction 
of murine glioma cells with the HER2 antigen affected cytokine 
secretion, we also assessed basal cytokine levels of GL261- 
HER2 cells in comparison to GL261 WT cells. We did not 
find significant changes in the levels of IFN-γ, CXCL1, TNF- 
α, MCP-1, IL-12p70, IL-27, IL-1β, GM-CSF, IL-10, IFN-β and 
IFN-α (Figure S6a), with the exception of IL-23, where we 
observed a significantly increased secretion in GL261-HER2 
cells. Upon transduction with HER2-AAVs, we found 
increased secretion of cytokines such as MCP-1, IL-23 and 
IL-27 only in GL261-HER2 target cells, with a similar effect 
of HER2-AAVaPD−1 and HER2- 
AAVIgG-Fc transduction (Figure 5d, top). In contrast, GL261 
WT cells lacking the antigen retained baseline levels (Figure 5d, 
bottom). Levels of IFN-γ, CXCL-1, TNF-α, IL-12p70, IL-1β, 
GM-CSF, IL-10, IFN-β and IFN-α remained unchanged 
(Figure S6b).

HER2-AAV targets tumor tissue upon intratumoral 
and intravenous injection in vivo

In a comparative transduction kinetics study in vivo, we investi-
gated tumor cell transduction by HER2-AAV and production of 
the HA-tagged immunoadhesin following intravenous (i.v.) or 
intratumoral (i.t.) injections of the vector in subcutaneous or 
orthotopic intracranial tumors (Figure 6a). Continuous expres-
sion of the human HER2 target antigen by the glioblastoma cells 
8 weeks post initial subcutaneous tumor cell injection was con-
firmed (Figure S7a). Interestingly, the analysis of explanted 
tumors also revealed upregulation of PD-L1 by the tumor cells 
in vivo, further emphasizing the importance of checkpoint inhibi-
tion for anti-tumor immune responses (Figure S7b). Nevertheless, 
this upregulation of PD-L1 expression was similar for untreated 
tumors and tumors treated with anti-HER2.CAR/NK-92 
(Figure S7c).

To verify transduction efficacy and to investigate kinetics of 
aPD-1 production in human glioma cells in vivo without 
potential immune responses against the vector, Crl:NU(NCr)- 
Foxn1nu mice were subcutaneously injected with LN-319 cells 
as a xenograft model. aPD-1 was expressed in all injected 
tumors, irrespective of the AAV administration route 

Figure 5. Effect of HER2-AAV on target cells and killing capacity of anti-HER2.CAR/NK-92 cells. (a) Viability of glioma cells 24 h post transduction with HER2-AAVIgG-Fc 

(light blue) or HER2-AAVaPD-1 (petrol) as determined by propidium iodide (PI) FACS. Mean values ± SD are shown; n=3. *p < 0.05. (b) HER2 expression in response to 
HER2-AAV was determined 24 h after transduction via flow cytometry. (c) Killing efficiency of anti-HER2.CAR/NK-92 cells towards murine glioma cells was assessed 72 h 
post transduction with a cytotoxicity assay (2 h co-culture at an effector to target ratio of 5:1); Mean values ± SD are shown; n=3. (d) Levels of various inflammatory 
cytokines produced by murine GL261-HER2 (top) or WT (bottom) cells in response to transduction with HER2-AAVaPD-1 as compared to transduction with HER2-AAVIgG-Fc 

determined with a bead-based immunoassay. As a positive control, cells were stimulated with recombinant murine IFN-γ [100ng/ml]. Mean values ± SD are shown; n=3. 
*p < 0.05, **p < 0.01.
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Figure 6. Distribution kinetics of HER2-AAV-encoded aPD-1 in vivo and generation of neutralizing antibodies. (a) Workflow of the kinetics study analyzing secreted aPD- 
1 and neutralizing antibodies (nAbs). HER2-AAVaPD1 vector was injected either intravenously or intratumorally into subcutaneous or intracranial GL261-HER2 tumors in 
syngeneic C57Bl/6 mice. Serum and tissues were obtained 3, 7 and 10 days post HER2-AAV injection, and aPD-1 concentrations as well as the presence of nAbs were 
evaluated by ELISA and neutralization assays, respectively. (b) aPD-1 concentration in tumor tissue and organs in the subcutaneous xenograft (top), the subcutaneous 
syngeneic (middle) and the orthotopic intracranial (bottom) mouse glioblastoma model after intratumoral (left) and intravenous (right) AAV administration determined 
by ELISA. Organ and tumor lysates of untreated mice served as negative controls. The dotted line represents the detection limit. Negative values were set to 0 for 
illustration. n=3. (c) The generation of nAbs in syngeneic subcutaneous (top) and orthotopic intracranial (bottom) mouse models was evaluated using a luminescence- 
based neutralization assay. Relative luminescence in comparison to transduction control in the absence of serum is indicated (PBS). Pooled human plasma (HP) was used 
as a positivecontrol, since about 70% of humans are seropositive for antibodies reactive with AAV2. Sera of untreated mice (ØAAV) or mice sacrificed 3, 7 or 10 days post 
HER2-AAV injection were analyzed (individual values are shown as dots, black bars represent mean values, n=3. *p < 0.05, **p < 0.01).
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(Figure 6b, top). Thereby, aPD-1 concentrations increased in 
a time-dependent manner after HER2-AAV administration, 
reaching a maximum at day 10 after intratumoral injection 
(mean value of 7.2 μg aPD-1 per 300 μg protein, Figure 6b, 
top left).

aPD-1 was detected in all tumor samples post intravenous 
or intratumoral AAV administration in the syngeneic subcu-
taneous GL261-HER2 glioblastoma model in immunocompe-
tent mice, similar to the LN-319 xenograft model in 
immunodeficient animals (Figure 6b, middle). In the cohort 
of intratumorally treated mice, maximum aPD-1 amounts were 
observed at day 3 post transduction with a mean value of 3.7 μg 
aPD-1 per 300 μg protein (Figure 6b, middle left). Still, this 
concentration was 2-fold lower than the mean maximum 
reached in tumors of intratumorally injected immunodeficient 
Crl:NU(NCr)-Foxn1nu mice. Overall aPD-1 concentrations 
were only slightly lower than in tumors of immunodeficient 
mice (mean values of 6.4 µg (intratumorally treated C57BL/6 
mice) vs. 7.3 µg (intratumorally treated Crl:NU(NCr)-Foxn1nu 

mice) per 300 µg protein, respectively). Besides tumors, mea-
surable amounts of aPD-1 were only found in one kidney 
(0.18 μg aPD-1 per 300 μg protein) post intratumoral HER2- 
AAV injection (Figure 6b, middle left). In mice that had 
received intravenous HER2-AAV injections, a steady and sig-
nificant increase in aPD-1 concentrations in tumor tissue over 
time was observed, ranging from mean values of 0.7 µg on day 
3 to 2.1 µg on day 7, and 3.6 µg aPD-1 per 300 µg protein 
on day 10 (Figure 6b, middle right). In this case, aPD-1 was 
detected in spleen, kidney, liver and lung; however, in these 
tissues aPD-1 concentrations only ranged from 0.05 μg 
(C57BL/6 mice) to 0.66 μg (Crl:NU(NCr)-Foxn1nu mice) per 
300 μg protein. In general, the amount of aPD-1 in peripheral 
organs was lower in this model as compared to the xenograft 
model (mean value of 0.35 µg (C57BL/6 mice) vs. 1.6 µg (Crl: 
NU(NCr)-Foxn1nu mice) per 300 µg protein, respectively). 
Notably, the transduction activity of HER2-AAV was inhibited 
by sera of untreated mice (Figure 6c, top). Sera from injected 
animals reduced the gene transfer activity of HER2-AAV 
further, with the strongest inhibitory effect observed with sera 
obtained 7 and 10 days post intratumoral HER2-AAV injection 
(Figure 6c). Similar results were obtained after intravenous 
administration of the vector, indicating generation of nAbs 
regardless whether HER2-AAVs was injected locally or 
systemically.

Repeated injections (on day 0 and day 3) of HER2-AAV did 
not lead to higher aPD-1 concentrations in this model, irre-
spective of the administration route (data not shown). 
However, the level of nAbs was significantly increased in 
response to repeated HER2-AAV injections in the sera of 
animals bearing subcutaneous GL261-HER2 tumors (Figure 
S8b, left+middle). Importantly, in vivo secreted aPD-1 was 
functional, as confirmed by the analysis of aPD-1-containing 
tumor interstitital fluid (TIF), which revealed aPD-1 binding to 
PD-1 in vitro (Figure S7c).

Similarly, in orthotopic GL261-HER2 tumors of immuno-
competent C57BL/6 mice intratumorally injected with HER2- 
AAVaPD−1, aPD-1 was detectable in all tumors, ranging from 
1.7 to 4.4 µg aPD-1 per 300 µg total protein (Figure 6b, bot-
tom). The maximum concentration was observed 3 days post 

HER2-AAV injection with a mean value of 3.9 μg aPD-1 in 
300 μg total protein. Small amounts of aPD-1 were also found 
in lung, kidney and spleen. The aPD-1 levels in tumors slightly 
decreased over time. The inhibitory activity of mouse sera on 
transduction increased over time, suggesting the formation of 
nAbs (Figure 6c, bottom). The same time-dependent effect was 
observed after intravenous AAV administration. Notably, in 
the orthotopic tumor model no aPD-1 was detected in brain 
tumors after intravenous HER2-AAV administration 
(Figure 6b, bottom right).

To assess the anti-tumor effect of HER2-AAVaPD1, anti- 
HER2.CAR/NK-92 cells or the combination of both, we 
employed a subcutaneous GL261-HER2 immunocompetent 
mouse model. Treatment was initiated when tumors reached 
a size of 40 mm3 (Figure 7a). Mice which received the combi-
nation therapy with anti-HER2.CAR/NK-92 cells and HER2- 
AAVaPD−1 showed slower tumor growth and significantly 
increased symptom-free survival as compared to the control 
groups, irrespective of the HER2-AAV vector administration 
route (i.v. vs. i.t., Figure 7b, Figure S8d). In some of the mice 
the combination therapy achieved complete tumor rejection 
(anti-HER2.CAR/NK-92 + HER2-AAVaPD−1 i.t.: 3 of 5 ani-
mals; anti-HER2.CAR/NK-92 + HER2-AAVaPD−1 i.v.: 2 of 5 
animals), indicating the induction of a potent anti-tumor 
immune effect in response to combination therapy. In larger, 
more advanced GL261-HER2 tumors, where treatment was 
initiated when tumors exceeded a volume of 80 mm3, 
a similar yet less pronounced therapy effect of local anti- 
HER2.CAR/NK-92 + HER2-AAVaPD−1 therapy was observed 
(Figure S9). To further explore this approach in a completely 
unrelated glioblastoma model, we also investigated the effects 
of the treatment in mice carrying Tu2449 tumors. Tu2449 cells 
were originally derived from a tumor that arose spontaneously 
in a glial fibrillary acid protein (GFAP)-v-src transgenic 
mouse.39 In this model, we observed a deceleration of tumor 
growth upon combined local anti-HER2.CAR/NK-92 + HER2- 
AAVaPD−1 treatment (Figure S10). We did not observe weight 
loss or other signs indicating treatment-related toxicities in any 
of the treatment groups or glioblastoma models applied.

Discussion

Immunotherapy as an emerging field in cancer therapy aims 
toward the induction of an immune response directed against 
tumor antigens, and so elicit anti-tumor effects. Since GB is 
characterized by low immunogenicity of tumor cells combined 
with prevalent immunosuppression within the TME, release of 
tumor antigens from lysed tumor cells upon anti-HER2.CAR/ 
NK-92 cell therapy in combination with local intratumoral 
checkpoint inhibition through aPD-1-encoding HER2-AAV 
may represent a promising novel treatment approach for the 
clinical management of GB.

Here, we evaluated the two components of the combination 
therapy approach regarding their applicability, their effects on 
target and bystander immune cells as well as their impact on 
in vivo tumor control.

The potent cytolytic effect of anti-HER2.CAR/NK-92 
cells against HER2+ cells in vitro has been demonstrated 
before and was confirmed by our studies with several 
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murine and human glioma cell lines, including primary 
human glioma cells5 (Figure 1b+c, Figure S1f). In vivo, 
the release of tumor antigens following tumor cell lysis by 
adoptively transferred anti-HER2.CAR/NK-92 cells could 
support subsequent anti-tumor immune responses via the 
activation of endogenous antigen presenting cells (APCs) 
and T cells.40 We showed in in vitro co-culture models that 
surrounding cells reflecting cell types present in the TME 
reacted to target-activated anti-HER2.CAR/NK-92 cells, 
resulting in tumor cell lysis and the secretion of various 
inflammatory cytokines (Figure 1e). Especially in immune 
cells like microglia (MG), levels of IL-6 and IL-8 were 
significantly increased in response to tumor cell lysis. IL-6 
is known to be secreted by macrophages and is of 

importance in tumor control as it is able to antagonize 
the effects of regulatory T cells (Tregs).41,42

Furthermore, we found upregulation of the checkpoint pro-
tein PD-L1 in response to anti-HER2.CAR/NK-92 cell therapy, 
which may contribute to sustained immunosuppression within 
the TME and inhibition of anti-tumor responses.23 Increased 
PD-L1 expression was not only seen on glioblastoma cells, but 
also on immune cells such as MG and astrocytes (Figure 2b and 
Figure S3a) which are part of the TME in vivo, indicating 
a possible further immunoregulatory effect after administra-
tion of anti-HER2.CAR/NK-92 cells. NK cells in general have 
been reported to produce Th1-type cytokines including IL-1β, 
IL-12, TNF-α, and IFN-γ upon activation by tumor cells.43,44 

While our data are consistent with the literature (Figure 2c,19), 

Figure 7. Survival benefit upon combination therapy in mice bearing subcutaneous HER2+ tumors. (a) Therapy scheme for subcutaneous GL261-HER2 tumors in 
immunocompetent C57BL/6 mice. Mice received HER2-AAV injections either intratumorally or intravenously (1x1011 genome copies (gc)/injection) at day 0, 3 and 7. At 
day 7, 14 and 21, intratumoral injections of anti-HER2. CAR/NK-92 cells (1x107 cells/injection) were administered. (b) Symptom-free survival rates of different mouse 
cohorts after single or combined treatment with HER2-AAVaPD-1 orHER2-AAVIgG-Fc (intratumoral (i.t., top) and intravenous (i.v., bottom) administration) and anti-HER2. 
CAR/NK-92 cells (intratumoral administration) (n= 5 per group, *p < 0.05, **p < 0.01 Log-rank Mantel-Cox test).
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we moreover found significantly increased levels of MCP-1 
(two-fold), perforin (three-fold) and IL-1α (two-fold). Such 
pro-inflammatory factors can contribute to the activation of 
effector lymphocytes and myeloid cells.45–47 In our setting, PD- 
L1 upregulation on surrounding cells in response to anti- 
HER2.CAR/NK-92 cell activation was mainly caused by IFN- 
γ secreted by the anti-HER2.CAR/NK-92 cells (Figure 2d+e), 
which was reported to be the major driver of PD-L1 expression 
in cells of the TME.48–50 Our findings are consistent with 
a report from another group describing IFN-γ induced PD- 
L1 expression on GL261 glioma cells, macrophages and MG.51 

Upregulation of checkpoint molecules in glioma has previously 
been reported.52 Likewise, we found increased PD-L1 expres-
sion on murine tumor cells in our GL261-HER2 model in vivo 
(Figure S7b). Since this effect might be intensified upon anti- 
HER2.CAR/NK-92 cell therapy further promoting the suppres-
sion of endogenous antitumor immune reactions, the combi-
nation of anti-HER2.CAR/NK-92 cells with an ICI like aPD-1 
appears highly warranted. Thereby, administration of an aPD- 
1 encoding HER2-AAV that selectively targets tumor cells and 
mediates local aPD-1 expression may disrupt immunosuppres-
sion by blocking the PD-1/PD-L1 axis.

Accordingly, we studied tumor-cell specific gene transfer of 
aPD-1 via targeted HER2-AAV as an alternative delivery strat-
egy for ICIs, since systemic application of monoclonal ICI 
antibodies typically results in low tissue concentrations, with 
a maximum of 5–10% of the administered amount reaching the 
target tissue.53 Selective transfer of an ICI-encoding gene by 
engineered HER2-AAV vectors has previously been investi-
gated in a murine renal cell carcinoma model.28 Our data 
demonstrate efficient transduction of HER2-expressing glioma 
cells of murine and human origin by HER2-AAVaPD−1, and 
high expression of aPD-1 on the mRNA and protein level 
(Figure 3d-f). After target cell transduction, the AAV vector 
genome persists in the host cell as an episome, and transgene 
expression is maintained for the lifetime of the cell.54,55 In our 
experiments, we found constant aPD-1 protein levels in trans-
duced cells 10 days after initial transduction, indicating stable 
gene expression upon vector entrance (Figure S4b). Of note, 
gene expression has been reported to be maintained for years 
in post-mitotic cells such as muscle cells after a single AAV 
injection.56 Hence, permanent ICI production could bear the 
risk of potentially fatal immune-related adverse events 
(irAEs).57 Nevertheless, ensuing immune reactivity against 
the aPD-1 producing tumor cells and tumor cell lysis will likely 
decrease ICI release, with mitotic activity of potentially surviv-
ing tumor cells resulting in a loss of the transgene over time.

We confirmed functionality of HER2-AAV encoded aPD-1 
in vitro and in vivo, indicating correct folding and dimerization 
of the protein as well as disruption of the PD-1/PD-L1 axis and 
subsequent re-activation of T-cell activity (Figure 4b-f, Figure 
S7d). Furthermore, in contrast to anti-HER2.CAR/NK-92 cell 
therapy, HER2-AAV transduction did not induce upregulation 
of PD-L1 expression on tumor cells (Figure S5b). Since anti- 
HER2.CAR/NK-92 cells do not express HER2, they do not 
serve as targets for HER2-AAV (Figure S5c and d). There was 
also no direct effect of HER2-AAV transduction on the sensi-
tivity of tumor cells to anti-HER2.CAR/NK-92 cell cytotoxicity 
(Figure 5c). Even though HER2 is internalized via receptor 

mediated endocytosis following ligand binding,58 the receptor 
is typically recycled and brought back to the cell membrane 
rather than degraded in the lysosome.59 The increased secre-
tion of the cytokines MCP-1, IL-23 and IL-26 by GL261-HER2 
cells was induced by HER2-AAV rather than aPD-1 produc-
tion, as it did not significantly differ between GL261-HER2 
cells transduced with HER2-AAVaPD−1 and HER2- 
AAVIgG-Fc (Figure 5d).

Since knowledge about the in vivo secretion of HER2-AAV 
encoded aPD-1 is crucial for the implementation of 
a combination therapy with anti-HER2.CAR/NK-92 cells, we 
evaluated aPD-1 biodistribution kinetics in immunodeficient 
and immunocompetent mouse models. In both cases, high 
transduction rates were achieved, resulting in high levels of 
aPD-1 in subcutaneous tumors as compared to peripheral 
organs. Nevertheless, it remains to be determined which intra-
tumoral aPD-1 levels need to be reached for therapeutic activ-
ity. Our data suggest that intratumoral and intravenous 
administration routes are equally efficient for subcutaneous 
tumors (Figure 6b). In orthotopic intracranial tumors, aPD-1 
was only found upon intratumoral vector administration, sug-
gesting that HER2-AAV is not able to cross the blood-brain 
barrier (BBB) and reach the tumor from the periphery 
(Figure 6b). Nevertheless, after direct local injection into 
brain tumors, HER2-AAV may still enter the bloodstream 
and potentially transduce cells in other organs. Also, aPD-1 
protein locally produced by tumor cells may be transported to 
the periphery via the vasculature. Nevertheless, our data sug-
gest that vector-encoded aPD-1 mainly remains within the 
tumor, with only a low level of spillage of either HER2-AAV 
or secreted aPD-1 to peripheral organs. While minimal off- 
target effects following HER2-AAV administration have been 
reported before,28 aPD-1 levels in organs were ~20 times lower 
than in tumor tissue, indicating a high transduction selectivity 
and specificity. This should also reduce the risk of liver toxicity 
observed after intravenous AAV2 injections.31,60 Local expres-
sion of aPD-1 in the TME of brain tumors did not result in an 
excessive increase in serum concentrations of inflammatory 
cytokines. There was, however, a trend toward an increase in 
IFN-γ, TNF-α, MCP-1 and IL-10 10 days after vector admin-
istration, and significantly increased levels of IL-23 were found 
(Figure S8c). This effect might be caused by an immune reac-
tion directed against the secreted immunoadhesin, or even side 
effect of an anti-tumor response due to aPD-1-induced re- 
activation of the immune system. A major challenge in AAV 
mediated gene therapy is the generation of neutralizing anti-
bodies against the vector capsid. Natural exposure to wild-type 
AAV triggers humoral immunity early in life, and antibodies 
directed against serotype 2 have been shown to be most pre-
valent in humans, with up to 70% seropositivity.61,62 It has also 
been reported that sera of laboratory animals can contain 
preexisting antibodies against AAV serotypes AAV1, AAV2, 
AAV6 and AAV9.63 Notably, in our experiments transduction 
efficacy of HER2-AAV was inhibited by sera of untreated mice, 
confirming the preexistence of nAbs against AAV2 in our 
cohort of animals. In mice injected with HER2-AAV, nAb 
titers increased over time after a single injection (Figure 6c), 
which might explain why repeated injections of the vector did 
not result in higher aPD-1 concentrations. In fact, repeated 
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injections led to increased nAb titers, regardless of the admin-
istration route (Figure S8b). To avoid recognition by nAbs, 
further modifications aiming to shield neutralizing epitopes on 
the AAV capsid surface have previously been evaluated. For 
instance, crosslinking synthetic polymers such as polyethylene 
glycol to the capsid surface has been performed by several 
groups, and indeed resulted in reduced neutralization 
activity.64 Furthermore, due to its intrinsic tropism, AAV9 
may be preferred for the transduction of brain tissue following 
intravenous administration, and the prevalence of nAbs direc-
ted against this serotype is lower in humans.65,66

Nevertheless, intratumoral as well as intravenous injection 
of HER2-AAVaPD−1 resulted in a significant therapeutic benefit 
without treatment-related side effects in a subcutaneous 
GL261-HER2 glioblastoma model in immunocompetent 
mice, even leading to complete tumor rejection in some of 
the animals (Figure 7b, Figure S8d). Similar to other immu-
notherapeutic approaches, we observed a response to the com-
bination therapy only in some of the animals. The extent of the 
treatment effect depended on tumor size, and was less pro-
nounced in larger, more advanced tumors (Figure S9). We also 
observed a reduced tumor growth after combined local anti- 
HER2.CAR/NK-92 and HER2-AAVaPD−1 treatment in the sub-
cutaneous Tu2449-HER2 glioma model (Figure S10). The con-
firmation with Tu2449 as a second glioblastoma model 
completely unrelated to the chemically induced GL261 model 
further supports our treatment approach. These results encou-
rage as a next step to evaluate in future experiments the impact 
of combined therapy on survival and cure rates in an ortho-
topic intracranial glioblastoma model.

We employed anti-HER2.CAR/NK-92 cells derived from the 
human cell line NK-92 in the animal experiments, resulting in 
a xenogenic situation between human anti-HER2.CAR/NK-92 
cells and murine resident immune cells. This could affect both, 
the cytokines released and direct ligand-receptor interactions, 
and hence represents a limitation of our experimental model. On 
the other hand, the anti-HER2.CAR/NK-92 cells are currently 
being tested in an early phase clinical trial,12 and it appears 
important to test combination approaches with the potential to 
further enhance their clinical utility already with the clinical- 
grade product. To mitigate this limitation of the experimental 
model, species compatibility was ensured in in vitro experiments 
to the extent possible, and all key in vitro experiments were 
performed both with human and murine target cells.

Clinical trials exploring CAR-T cell therapies have shown in 
some instances severe neurotoxicity and organ toxicity, including 
in one case a fatal adverse event with trastuzumab-based HER2- 
specific CAR-T cells.67 However, no such toxicity was observed 
with HER2-CAR T cells that used an FRP5-based antibody 
domain,68 which targets a different HER2 epitope than trastuzu-
mab and is the same employed in our study. In addition, both in 
our pre-clinical experiments and the ongoing CAR2BRAIN study, 
anti-HER2.CAR/NK-92 cells are applied locally via intratumoral 
or intracavitary injection, further reducing the risk for systemic 
toxicity. Accordingly, we did not observe any adverse effects in 
experimental animals in this and in previous studies.5,35 In line 
with this, a recent study did not report cytokine release syndrome, 
neurotoxicity or graft-versus-host disease after CAR-NK cell ther-
apy in leukemia and lymphoma patients, which are typical side 
effects of CAR-T cell therapy.69

Figure 8. Potential synergism between anti-HER2.CAR/NK-92 cells and aPD-1 encoding HER2-AAV.Anti- HER2.CAR/NK-92 cell-mediated immune reactions against tumor 
cells can be inhibited by the immunosuppressive microenvironment. Upon selective transduction of HER2+ tumor cells, HER2-AAVaPD-1 induces local production of the 
aPD-1 checkpoint inhibitor. In combination with adoptively transferred anti-HER2.CAR/NK-92 cells, this may modify the immunosuppressive environment and facilitate 
a sustained anti-tumor immune response driven by endogenous immune cells.
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We evaluated stability of HER2 expression in response to 
contact with anti-HER2.CAR/NK-92 cells and HER2-AAV 
transduction in vitro, but did not observe downregulation of 
the antigen as a possible escape mechanism in short term 
assays (Figure 5b and Figure S2e). In previous work from our 
group, also in glioblastoma mouse models no downregulation 
of HER2 after repetitive intratumoral anti-HER2.CAR/NK-92 
cell injections was found.5 In the same study, we further 
showed that HER2 expression is relatively stable in patients 
suffering from a glioblastoma relapse when compared to the 
initial primary tumor. We did not frequently detect antigen 
loss, as has been reported i.e. for EGFRvIII.70

Taken together, our data demonstrate that target-activated 
anti-HER2.CAR/NK-92 cells can induce upregulation of check-
point molecules on neighboring tumor and immune cells, 
emphasizing the potential benefit of a combination therapy 
with an ICI-encoding HER2-AAV. The targeted AAV vector 
efficiently transduced tumor cells with high specificity, leading 
to secretion of functional aPD-1 and subsequent reactivation of 
T cells without affecting target antigen expression or interfer-
ence with anti-HER2.CAR/NK-92 cell therapy. Hence, HER2- 
AAVaPD−1 can induce local secretion of the aPD-1 immunoad-
hesin by transduced tumor cells, which can modulate the 
immunosuppressive tumor microenvironment, support re- 
activation of T cells and thereby mediate synergistic effects 
when combined with adoptive transfer of anti-HER2.CAR/ 
NK-92 cells (Figure 8). Moreover, in our study transduction of 
glioma cells by HER2-AAV in vivo resulted in high intratumoral 
but low systemic aPD-1 levels, and we did not observe immune- 
related side effects or toxicities upon administration of either 
the mono- or combination therapies. This may be pivotal to 
avoid systemic immune-related adverse events of combination 
immunotherapy and, together with the option to combine 
AAVs with different payloads, may provide an advantage over 
traditional systemic application of anti-PD-1 antibodies. The 
synergistic anti-tumor effect of anti-HER2.CAR/NK-92 cell 
therapy combined with HER2-AAVaPD−1 was demonstrated by 
pronounced tumor control and prolonged survival in the sub-
cutaneous GL261-HER2 and reduced tumor growth in the 
Tu2449-HER2 glioma models. Taking all our findings into 
account, local therapy with HER2-AAV in combination with 
anti-HER2.CAR/NK-92 cells may represent a promising novel 
strategy for glioma immunotherapy with the potential to 
enhance efficacy and reduce side effects. Due to the high flex-
ibility in AAV and CAR-NK cell target selection, as well as the 
choice of AAV payload, this type of immunotherapy has the 
potential to be customized for a particular type of malignant 
cells and the microenvironment of a specific tumor.
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