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Abstract

High affinity natural killer cells (haNKs) are a cell therapy product capable of mediating both
direct and antibody-dependent cell-mediated cytotoxicity (ADCC). These cells may be particularly
useful in tumors that escape T-cell anti-tumor immunity by harboring antigen processing and
presentation defects. Here, we demonstrated that haNKs directly kill both HPV-positive and
negative head and neck squamous cell carcinoma cells. Variable tumor cell sensitivity to haNK
direct cytotoxicity did not correlated with MHC class | chain-related protein A or B (MICA or
MICB) expression. Importantly, haNK killing was significantly enhanced via ADCC mediated by
cetuximab or avelumab in cells with higher baseline EGFR or PD-L1 expression, respectively. The
ability of IFN+y to induce tumor cell PD-L1 expression correlated with enhanced PD-L1-specific
ADCC. IFNy induced neither tumor cell EGFR expression nor EGFR-specific ADCC. Although a
single dose of 8Gy IR did not appear to directly enhance susceptibility to haNK killing alone,
enhanced PD-L1- and EGFR-mediated ADCC after IR correlated with increased PD-L1 and
EGFR expression in one of four models. This pre-clinical evidence supports the investigation of
haNK cellular therapy in combination with ADCC-mediating mAbs, with or without IR, in the
clinical trial setting for patients with advanced HNSCCs. Given the MHC-unrestricted nature of
this treatment, it may represent an opportunity to treat patients with non-T-cell inflamed tumors.
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Introduction

Methods

Cell culture

Irradiation

Through genetic alterations in MHC class I alleles, B—2 microglobulin and antigen
processing machinery, many head and neck squamous cell carcinoma (HNSCC) patients
harbor subsets of tumor cells that escape T-lymphocyte recognition and destruction[1-3].
Endogenous natural killer (NK) cells recognize and are activated against cells with
decreased or absent MHC class I expression and thus play a critical and non-redundant role
in cancer surveillance along with T-lymphocytes[4, 5]. While great strides have been made
in the development of T-lymphocyte cellular therapies, these sophisticated treatments are not
effective against subsets of tumors with low antigenicity or antigen processing or presenting
defects[6]. An effective NK-based cell therapy product could be useful in the treatment of
solids tumors independent of antigenicity or antigen processing.

Here, we explored the ability of a newly developed NK cell therapy product (high-affinity
NK; haNK) engineered to express IL-2 and the high affinity V variant F receptor to kill a
panel of HPV-positive and negative HNSCC cell lines under different experimental
conditions[7]. We assessed whether ionizing radiation (IR) and 1gG1 monoclonal antibodies
(mAbs) capable of inducing antibody-dependent cell-mediated cytotoxicity (ADCC), alone
or in combination, enhance HNSCC tumor cell susceptibility to haNK killing and explore
potential biomarkers of response. Taken together, these data provide the foundation for
further mechanistic studies involving humanized murine mice and the pre-clinical rationale
for the study of haNKs and 1gG1 mAbs capable of inducing ADCC in the clinical trial
setting.

haNK cells obtained from NantBioscience (Culver City, CA) through a cooperative research
and drug agreement (CRADA) were cultured in phenol-red free XVIVO media (Lonza)
supplemented with 5% human AB serum. UM-SCC-1G, —11AG and —47 cells were
obtained from Dr. T.E. Carey (University of Michigan). UPCI:SCC-90 cells were obtained
from Dr. Robert Ferris (University of Pittsburgh Medical School). Cells were used at low
passage number and serially verified to be free of mycoplasma infection. In some
experiments, avelumab, obtained from EMD Serono through a CRADA, or cetuximab,
obtained from the National Institutes of Health Clinical Center pharmacy, was added to cells
at 1 ug/mL. Some cells were exposed to recombinant human interferon-gamma (IFNy; R&D
Systems) at 20 ng/mL for 24 hours.

HNSCC Cells were harvested while in log growth phase and irradiated (8Gy) using a 137Cs
source (Gammacell-1000) irradiator at a dose rate of 0.74 Gy/min. Irradiated cells were
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washed three times before being plated for experiments. haNK cells received 10Gy
irradiation 24 hours prior to use in functional assays to mimic the cell therapy product used
in clinical trials[7].

XCELLigence real-time impedance assay

HNSCC cell lines were plated onto ACEA 96-well E-plates, and alteration of impedance
was acquired using the xCELLigence Real-Time Cell Analysis (RTCA) platform per
manufacturer recommendations. Controls for ADCC included IgG1 isotype control antibody
and CD16 (FcR) antibody (clone B73.1, Thermo). Percent loss of cell index for a given time
point was calculated as: 1-(experimental cell index/control cell index).

Flow cytometry

Statistics

Results

Fresh cultured cells were prepared into single cell suspensions were analyzed. Anti-human
HLA-ABC, HLA-E, MICA/B, PD-L1 and EGFR antibodies were purchased from
Biolegend. Primary antibodies were applied for 30 minutes at concentrations titrated for
each antibody. Dead cells were excluded via 7AAD uptake and a “fluorescence-minus-one”
technique was used to validate specific staining in all antibody combinations. Analysis was
performed on a BD FACSCanto analyzer running FACSDiva software and interpreted using
FlowJo (vX10.0.7r2).

Comparison of two sets of data was achieved with student’s t-test. Comparison of multiple
sets of data was achieved with one-way analysis of variance (ANOVA). Error bars reflect
standard deviation from individual experiments. Analysis was performed using GraphPad
Prism v6.

haNKs efficiently kill both HPV-positive and -negative HNSCC cells at low E:T ratios

We hypothesized that haNKs, an off-the-shelf NK cell therapy product, could mediate direct
cytotoxicity of human HNSCC cells independent of HPV-status. We assessed the ability of
haNKs to directly kill two HPV-negative (UM-SCC-1G and UM-SCC-11AG) and 2 HPV-
positive (UMSCC-47 and UPCI:SCC-90) cell lines. haNKs induced loss of cell index in a
dose dependent fashion as measured by real-time impedance analysis in all cell lines tested
(Figure 1A, quantified in 1B). Differential sensitivity to haNK killing was observed between
cell lines, with UMSCC-1G and UPCI:SCC-90 demonstrating less sensitivity to direct
killing by haNKs compared to UM-SCC-11AG and UM-SCC-47. Tumor cells may be
exposed to IFNvy in an inflamed tumor microenvironment, so haNK killing assays were
repeated following exposure of tumor cells to IFNy (Figure 1C). Exposing tumor cells to
IFNy did not enhance susceptibility to direct haNK killing.

haNKs lack expression of inhibitory killer-cell immunoglobulin-like receptors (KIRs) that
are activated by target-cell MHC class | molecules[8]. Accordingly, expression of HLA-
AJB/C or —E expression on HNSCC target cells should not correlate with sensitivity to
haNK killing. To test this hypothesis, we measured baseline (Figure 2A) and IFN-y-inducible
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(Figure 2B) expression of cell surface HLA molecules. No clear correlation between surface
HLA expression and sensitivity to haNK killing was present. haNK cells do express the
activating receptor natural killer group 2D (NKG2D)[7]. Despite expression of NKG2D on
haNK cells, HNSCC target cell expression of NKG2D ligands MHC class | chain-related
protein A or B (MICA and MICB) did not predict sensitivity to haNK Killing, suggesting the
presence of other determinants of haNK sensitivity. Cumulatively, these data demonstrated
that haNKs are capable of killing both HPV-positive and -negative HNSCC cells, but neither
activating or inhibitory NK receptors, nor their corresponding ligands, consistently predicted
sensitivity under these experimental conditions.

A single 8Gy dose of IR variably sensitizes HNSCC cells to haNK killing

IR sensitizes tumor cells to killing by antigen-specific T-cells through a number of
mechanisms[9]. While standard IR treatment for HNSCC utilizes low dose (2Gy) daily
fractionation, higher doses of IR (8Gy) sensitize tumor cells to T-cell killing to a greater
degree[10]. We hypothesized that IR could similarly enhance HNSCC tumor cell sensitivity
to haNK killing. UM-SCC-1G and —47 cells demonstrated sensitivity to IR and loss of cell
index following IR alone (Figure 3A). Combination IR and haNK treatment enhanced
killing of UMSCC-1G and —47 cells, but not UM-SCC-11AG or UPCI:SCC-90 cells, over
either treatment alone. Loss of cell impedance in UM-SCC-1G and —47 cells with
combination treatment appeared to be additive and more dependent upon baseline sensitivity
of the tumor cells to IR. Despite prior evidence that IR enhances MICA/B expression on
tumor cells to sensitize them to NK killing[11], IR modestly enhanced MICA/B expression
on UM-SCC-47 cells only (Figure 3B). Thus, a single dose of 8Gy IR did not sensitize
HNSCC cells to haNK killing, as combination IR and haNK treatment produced additive
and not synergistic loss of tumor cell index.

Avelumab and cetuximab enhance haNK killing of HNSCC cells via ADCC

Through expression of the high-affinity V variant of CD16 (F. receptor), haNKs efficiently
mediate ADCC when combined with IgG1 isotype antibodies[12, 13]. The 1gG1 EGFR-
targeting mAb cetuximab carries multiple FDA-approved indications for the treatment of
locoregionally advanced or recurrent/metastatic HNSCC[14]. The 1gG1 PD-L 1-targeting
mAb avelumab is currently being investigated in combination with chemoradiation in the
upfront treatment of advanced HNSCC in the phase 111 trial setting (NCT02952586). We
hypothesized that both avelumab and cetuximab mAbs could enhance haNK killing of
HNSCC cells.

Baseline expression of PD-L1, the target of avelumab, was variable between the cell lines
(Figure 4A) but significantly increased upon exposure to IFN-y in all lines (Figure 4B). The
addition of avelumab in the absence of tumor cell exposure to IFN-y significantly increased
haNK killing in all cell lines except UPCI:SCC-90 (Figure 4C). Avelumab alone did not
alter tumor cell impedance. UPCI:SCC-90 cells express the least PD-L1 at baseline
compared to the other three cell lines. Avelumab enhanced haNK killing was PD-L1-specific
and mediated through ADCC as it was abrogated in the presence of 1gG1 isotype control and
FcR blocking antibodies, respectively. Tumor cell pre-exposure to IFN-y significantly
enhanced ADCC killing beyond that observed without IFNy in all cell lines that was
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reversed in the presence of FcR blocking antibodies. These data suggested that baseline
avelumab-induced ADCC can be enhanced through increased expression of its ligand, PD-
L1, upon exposure to IFNy.

Contrary to PD-L1, baseline expression of EGFR (Figure 5A) was minimally altered upon
exposure to IFN-y (Figure 5B). The addition of cetuximab in the absence of tumor cell
exposure to IFNy significantly increased haNK Killing in all cell lines except UPCI:SCC-90
(Figure 5C), which also expressed EGFR to a lesser degree that the other lines. EGFR-
specific ADCC was again verified with the use of IgG1 isotype control and FcR blocking
antibodies. Pre-treatment of tumor cells with IFN-y did not enhance EGFR-specific ADCC,
which correlated with a lack of EGFR induction following exposure to IFN+y. These data
suggested that although cetuximab was able to induce ADCC, lack of induction of EGFR
may have prevented enhanced ADCC following exposure to IFN-y. This data, along with
evidence of enhanced PD-L1-specific ADCC with avelumab after tumor cell pre-treatment
with IFNy, suggested that the ability of IgG1 antibodies to mediate ADCC is strongly linked
to target expression.

Increased antibody-enhanced haNK killing of HNSCC cells after IR correlates with changes
in antibody target expression

We next assessed whether a single dose of 8Gy IR could increase avelumab or
cetuximabenhanced haNK killing of HNSCC cells (Figure 6A). haNK killing of UM-
SCC-47 cells in the presence of avelumab or cetuximab was enhanced by radiation in UM-
SCC-47 only. Adding further support to the concept that antibody target expression predicts
enhanced ADCC killing of HNSCC cells by haNKs, cell surface expression of PD-L1 and
EGFR was enhanced following IR in UM-SCC-47 cells only (Figure 6B). These data
suggested that IR could enhance tumor cell killing when combined with an IgG1 mAb
capable of inducing haNK-mediated ADCC through increased antibody target cell surface
expression.

Discussion

Expanded tumor infiltrating lymphocytes (TILs) or TCR engineered T-lymphocyte cellular
therapies show promise in the treatment of solid tumors such as squamous cell
carcinomas[15, 16], but have significant drawbacks. These include the need for lympho-
depleting conditioning chemotherapy before infusion, post-infusion IL-2 that can cause
capillary leak syndrome and cytokine storm, and HLA-restriction for MHC-restricted T-
lymphocyte antigens[17]. These challenges may be overcome with the use of NK cell
therapy, which can be administered as a monotherapy without the need for chemotherapy
preconditioning and is both antigen- and HLA-unrestricted. haNKs are an off-the-shelf NK
cell therapy product derived from the NK-92 cell line and engineered to express IL-2 and the
high affinity V variant of the F; receptor that enhances its ability for ADCCI[7]. The use of
haNKs in the clinical trial setting to treat many solid tumor types including HNSCC in
underway in both the United States and China (NCT03169764, NCT03008330).

Here, we established several pre-clinical findings important for the clinical translation of
haNKs to treat HNSCC. First, haNKs harbored the capacity to efficiently kill both HPV-
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positive and negative HNSCC cells in a dose-dependent fashion. Our use of highly sensitive
impedance analysis to measure loss of cell viability in real-time demonstrated that haNKs
can kill HNSCC cell targets at very low, physiologic E:T ratios. Other methods of assessing
target cell cytolysis rely on the release of radioactive compounds, have high background, and
require high E:T ratios. Knowing that haNKs can kill HNSCC cell targets at low E:T ratios
is critical as tumor penetrance after adoptive cell transfer is likely to be quite low[18, 19].

Next, we demonstrated enhanced loss of HNSCC viability in two of four HNSCC cell lines
with combination IR and haNKs over either treatment alone. However, both cell lines that
demonstrated enhanced loss of cell viability with combination treatment were the same cell
lines that displayed sensitivity to IR alone, suggesting that the observed effect with
combination treatment is additive and not synergistic. This is in contrast to the ability of IR
to enhance tumor cell susceptibility to antigen-specific T-lymphocyte killing through
mechanisms that include at least enhanced MHC class | and cell surface calreticulin
expression[20, 21]. This finding may further be explained by a lack of change in MICA and
MICB expression in these cells that has been described in other models following IR[11],
suggesting inter-model variability in the ability of IR to enhance tumor cell susceptibility to
NK killing.

This work established that haNK killing of HNSCC targets was more significantly enhanced
with the addition of cetuximab and avelumab, two clinically relevant IgG1 mAbs capable of
inducing ADCC. Cetuximab is routinely used to treat advanced HNSCC, and the role of
ADCC mediated by endogenous NK cells in the clinical efficacy of systemic cetuximab in
patients with HNSCC has been clearly established in a series of elegant works by Ferris and
colleagues[22, 23]. Cetuximab may be an ideal inducer of ADCC given the near universal
expression of EGFR on HNSCC tumor cells[24]. However, widespread expression of EGFR
outside the tumor may induce on-target but off-tumor toxicity, suggesting this combination
will be to be studied carefully in the clinical setting. Alternatively, the use of PD-L1-
targeting avelumab could dually activate both T-lymphocyte and NK immunity through PD-
L1 blockade and initiation of ADCC. Yet, PD-L1 expression on HNSCC cells /n vivois
likely to be less consistent than EGFR given that PD-L1 expression is largely a reflection of
underlying tumor inflammation and the presence of cytokines such as interferon[25].
Deciphering which of these antibodies best enhances the anti-tumor effect of haNKs, while
minimizing immune-related adverse events, will likely require head-to-head multi-arm
clinical trials.

Though highly correlative, findings in this work could inform biomarker hypotheses in
larger, confirmatory studies. Baseline EGFR and both baseline and IFNy-induced PD-L1
expression on the surface of HNSCC correlated with the ability of cetuximab and avelumab,
respectively, to enhance haNK Kkilling. Further, IR increased expression of EGFR and PD-L1
on the surface of UM-SCC-47 cells only, and IR enhanced ADCC killing in these cells only.
This is in contrast to baseline MICA and MICB expression on HNSCC cells, which did not
correlate with baseline susceptibility to NKG2D+ haNK killing. Thus, while IR did not
appear to directly enhance HNSCC susceptibility to haNK killing, it may be useful in
combination with 1IgG1 mAb and haNK treatment via increased antibody target expression.
Enhancement of tumor cell PDL1 expression appears to be model dependent but was
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consistently inducible upon exposure of IFNvy in all models tested here[26, 27]. Tumor cell
EGFR or PD-L1 expression could serve as predictive biomarkers of response in combination
clinical trials testing haNKs in combination with cetixumab or avelumab.

In conclusion, haNKs are an off-the-shelf NK cell therapy product that may be useful in the
treatment of HNSCC. We demonstrated that haNKs efficiently kill both HPV-positive and
negative HNSCC cells at very low E:T ratios that may be achievable with adoptive cell
transfer. The addition of IgG1 mAbs cetuximab and avelumab enhanced haNK killing via
ADCC in three of four cell models. Tumor cell pre-treatment with IFNy enhanced PD-L1
expression and PD-L1 specific ADCC, suggesting that PD-L1-specific ADCC with
avelumab could be enhanced in inflamed tumors. Importantly, although IR alone did not
appear to directly enhance susceptibility to haNK killing, IR may indirectly promote tumor
cell killing through enhanced ADCC antibody target expression. These data strongly support
the investigation of haNKs in combination with IgG1 mAbs capable of inducing ADCC,
with or without IR, in the clinical trial setting. Given the MHC-unrestricted nature of this
treatment, and evidence that a significant number of HNSCCs harbor subsets of cells with
antigen processing and presentation defects[1, 3], these treatments may represent a treatment
option for non-T-cell inflamed tumors.
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Research Highlights

haNKs are an off-the-shelf cellular therapy that kill head and neck cancer
cells

Cetuximab and Avelumab enhance tumor cell killing by haNKs through
ADCC

lonizing radiation may enhance ADCC through increased expression of
antibody targets

haNKs plus cetuximab or avelumab warrant evaluation in clinical trials for
HNSCC

Oral Oncol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Friedman et al.

A

i

HPV- UMSCCAG HPV" UMSCC-11AG EXratio; B . um,,,
0 25 - o b 100
- 01
25 20 - 051 § 80
-~ 11
a 15 o 51 -
15 - 11 .
40
10
19 .;
20
05 s &
00 00 - ¢
0 5 10 1520 25 30 35 40 0 5 1015202530330 L O S N I S
FENFS
HPV* UMSCC47 HPV" UPCI:SCC-90 ET ratio
30 20
5
15
20
15 10
10
0s
0s
0o - 00
0 5 10152025 30 35 40 0 5 1015202523035 &0

Hours ——»

O~ WPV UMSCC-11AG
0= WPV UMSCT AT
& WV UPCISCCA0
= HPV UMSCC-10

Figure 1 —. haNKs variably induce cytolysis of a panel of HNSCC cell lines
HPV-negative cell lines UM-SCC-1G (1x104 cells/well) and —11AG (1x10* cells/well) and

HPV-positive cell lines UM-SCC-47 (0.75x10* cells/well) and UPCI:SCC-9 (2x10* cells/
well) were plated and allowed to gain impedance overnight prior to the addition of haNKs at
the indicated E:T ratios. Cell index plots normalized to the addition of haNKs at time 0.
Representative impedance plots shown in (A). Percent loss of cell index relative to control
(no haNKs) 24 hours after the addition of haNKs quantified in (B). Cells were pretreated
with IFNy (20 ng/mL for 24 hours) and NK cytolysis was assessed via impedance analysis

at select E:T ratios. n/s, non-significant; student’s t-test.
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Figure 2 —. HPV-positive and negative cells variably express inhibitory and activating ligands for

NK cell killing

HNSCC cell lines were analyzed for baseline (A) and IFN-y-inducible (B) expression of
inhibitory and activating ligands for NK cell function by flow cytometry. IFNy (20 ng/mL)
exposure was for 24 hours. Representative results from one of at least two independent
assays shown, each performed in at least technical triplicate. *, p<0.05; **, p<0.01; student’s

t-test or ANOVA.
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Figure 3 —. lonizing radiation variably enhances direct haNK cytolysis of HNSCC cell lines
(A) HNSCC cell lines were plated with and without prior exposure to 8Gy IR were plated

and allowed to gain impedance overnight prior to the addition of haNKs at the indicated E: T
ratios. Cell index plots normalized to the addition of haNKs at time 0. Percent loss of cell
index relative to control (no haNKs) 24 hours after the addition of haNKs quantified to the
right of each cell index plot. (B) HNSCC cells were assessed for changes in inhibitory and
activating ligands for NK function 24 hours after a single dose of 8Gy IR by flow cytometry.
Representative results from one of at least two independent assays shown, each performed in
at least technical triplicate. *, p<0.05; **, p<0.01; ***, p<0.001; student’s t-test or ANOVA.
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Figure 4 — Avelumab variably enhances haNK cytolysis of HNSCC cell lines via ADCC
Baseline (A) and IFN-y-inducible (B) expression of cell surface PD-L1 in HNSCC cells

assessed by flow cytometry. (C) HNSCC lines were plated in the presence or absence of
avelumab (1 pg/mL), with or without IFNy, and allowed to gain impedance overnight prior
to the addition of haNKs at the indicated E:T ratios. Cell index plots normalized to the
addition of haNKs at time 0. For each model, representative impedance plots for select
conditions shown on the left, and percent loss of cell index relative to control (no haNKs) 24
hours after the addition of haNKs quantified on the right. IgG1 isotype control antibody and
CD16 (FcR) blocking antibodies used as controls. Representative results from one of at least
two independent assays shown, each performed in at least technical triplicate. *, p<0.05; **,
p<0.01; *** p<0.001; student’s t-test or ANOVA.
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Figure 5 —. Cetuximab variably enhances haNK cytolysis of HNSCC cell lines via ADCC
Baseline (A) and IFN-y-inducible (B) expression of cell surface EGFR in HNSCC cells

assessed by flow cytometry. (C) HNSCC lines were plated in the presence or absence of
cetuximab (1 pg/mL), with or without IFN-y, and allowed to gain impedance overnight prior
to the addition of haNKs at the indicated E:T ratios. Cell index plots normalized to the
addition of haNKs at time 0. For each model, representative impedance plots for select
conditions shown on the left, and percent loss of cell index relative to control (no haNKs) 24
hours after the addition of haNKs quantified on the right. IgG1 isotype control antibody and
CD16 (FcR) blocking antibodies used as controls. Representative results from one of at least
two independent assays shown, each performed in at least technical triplicate. *, p<0.05; **,
p<0.01; *** p<0.001; student’s t-test or ANOVA.
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Figure 6 —. lonizing radiation variably alters cetuximab or avelumab-enhanced cytolysis of
HNSCC cells by haNKs
(A) Quantification of percent loss of cell index relative to control (no haNKs) 24 hours after

the addition of haNKs. HNSCC cells with or without prior exposure to a single dose of 8Gy
IR were plated and allowed to gain impedance overnight before the addition of haNKs with
or without avelumab or cetuximab (1 pg/mL). (B) HNSCC cells were assessed for changes
in PD-L1 and EGFR expression 24 hours after a single dose of 8Gy IR by flow cytometry.
Representative results from one of at least two independent assays shown, each performed in
at least technical triplicate. *, p<0.05; **, p<0.01; student’s t-test.
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