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Control of Tumor Initiation by
NKG2D Naturally Expressed on
Ovarian Cancer Cells'?

Abstract

Cancer cells may co-opt the NKG2D lymphocyte receptor to complement the presence of its ligands for
autonomous stimulation of oncogenic signaling. Previous studies raise the possibility that cancer cell NKG2D may
induce high malignancy traits, but its full oncogenic impact is unknown. Using epithelial ovarian cancer as model
setting, we show here that ex vivo NKG2D ™ cancer cells have stem-like capacities, and provide formal in vivo
evidence linking NKG2D stimulation with the development and maintenance of these functional states. NKG2D ™
ovarian cancer cell populations harbor substantially greater capacities for self-renewing in vitro sphere formation
and in vivo tumor initiation in immunodeficient (NOD scid gamma) mice than NKG2D ~ controls. Sphere formation
and tumor initiation are impaired by NKG2D silencing or ligand blockade using antibodies or a newly designed pan
ligand-masking NKG2D multimer. In further support of pathophysiological significance, a prospective study of 47
high-grade serous ovarian cancer cases revealed that the odds of disease recurrence were significantly greater
and median progression-free survival rates higher among patients with above and below median NKG2D * cancer
cell frequencies, respectively. Collectively, our results define cancer cell NKG2D as an important regulator of tumor
initiation in ovarian cancer and presumably other malignancies and thus challenge current efforts in
immunotherapy aimed at enhancing NKG2D function.
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Introduction

The NKG2D lymphocyte receptor enables tumor immune surveil-
lance by stimulating cytotoxic natural killer (NK) cells and CD8 T

Abbreviations: DAP10, DNAX-activating protein 10; EOC, epithelial ovarian cancer;
HGS, high-grade serous; MICA and MICB, MHC class I-related chains A and B;
NKG2DL, NKG2D ligands; ULBP, UL-16 binding protein

cells upon engagement of ligands that are induced on cancer cells [1].
However, progressing tumors in humans stifle immune responses by
various tactics that include chronic stimulation and functional
disabling of lymphocyte NKG2D. For example, in patients with
advanced cancers, ligand engagement of NKG2D causes its down-
modulation and degradation in NK cells and CD8 T cells [2].
Chronic engagement of NKG2D also affects unrelated CD3(-
dependent lymphocyte receptor functions [3]. These negative effects
are further escalated as cancer cells themselves may co-opt expression
of NKG2D and thus complement the presence of its ligands for
autonomous stimulation of oncogenic signaling [4]. In lymphocytes
and cancer cells alike, stable NKG2D expression and function depend
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on its association with the DNAX-activating protein 10 (DAP10)
signaling adaptor, which initiates PI3K-AKT and mitogen-activated
protein kinase signaling cascades [4,5]. In cancer cells, these pathways
control various aspects of tumorigenesis [6,7]. NKG2D ligands
(NKG2DL) include MHC class I-related chains A and B (MICA and
MICB) and six members of the UL-16 binding protein (ULBP)
family [8]. NKG2DL are typically absent from the surface of most
normal cells but are induced by oncogenesis-associated cellular stress
responses and other disease conditions [9]. NKG2DL are abundant in
essentially all types of cancers but display variability in the
representation of different ligand types [10,11].

In various types of cancers, the continuous presence of NKG2DL
correlates with poor clinical outcomes [11-15]. One plausible
explanation considers the role of NKG2DL in promoting tumor
immune evasion [2,3]. An alternative possibility implicates oncogenic
effects of cancer cell NKG2D lending selective advantage to
NKG2DL expression [4]. NKG2D may have the capacity to promote
cancer cell plasticity and stemness reprogramming, cellular changes
that are considered central to tumor dissemination and metastasis
formation [16]. This notion is supported by a study of a cohort of
breast, ovarian, colon, and prostate cancers showing that frequencies
of NKG2D-positive cancer cells positively correlate with tumor stage,
and by the presence of high-plasticity markers in NKG2D-positive
model tumor lines and ex vivo breast cancer cells [4,17]. As of yet,
however, functional in vivo evidence that cancer cell NKG2D may
impart bona fide stem-like attributes is missing. Moreover, current
clinical evidence for pathophysiological significance is insufficient due
to previous inclusion of heterogeneous cancer cases [4]. This report
aims at closing these knowledge gaps using epithelial ovarian cancer
(EOC) as a model setting. EOCs typically express abundant
NKG2DL, which are strongly associated with negative disease
outcomes [11,13]. Oncogenic effects of cancer cell NKG2D could
thus be particularly apparent in this malignancy.

We report here that cancer cell NKG2D has negative clinical
effects in a prospective analysis of high-grade serous (HGS) ovarian
cancer, and present iz vitro experiments and mouse model xenograft
assays providing evidence that links NKG2D signaling to induction
of cancer stem cell attributes and tumor initiation.

Materials and Methods

Ex Vivo and Xenograft Ovarian Cancer Specimens, Cell Suspensions,
and Cell Lines

Primary EOC surgical specimens and annotated histopathology,
International Federation of Gynecologists and Obstetricians (FIGO)
tumor stage, and patient follow-up information were obtained from
the Cooperative Human Tissue Network (www.chtn.nci.nih.gov)
and the Pacific Ovarian Cancer Research Consortium Specimen
Repository under Fred Hutchinson Institutional Review Board
protocol #6007/552. Xenograft-derived tumors were harvested in
accordance with Fred Hutchinson Institutional Animal Care and Use
Committee protocol #1870. Processing of tumor specimens to single
cell suspensions used a Human Tumor Tissue Dissociation Kit and a
gentleMACS Dissociator (both Miltenyi Biotech). Single-cell
processing of tumor spheres was in phosphate-buffered saline (PBS)
with 2 mM EDTA. The MDAH-2774 tumor line (American Type
Culture Collection) was grown in RPMI-1640/10% fetal bovine
serum. Cells were used within 25 passages not exceeding a period of 3
to 4 months of revival. The American Type Culture Collection uses

Table 1. Grouping of the 47 EOC Study Cases Based on NKG2D Positivity, and Summary of
Clinical Parameters

Parameter Total NKG2D Low NKG2D High
(N =47) (n = 24) (n = 23)
% NKG2D" cells (median, 1.79 (0.00-66.90) 0.93 (0.00-1.79) 12.87 (2.18-66.90)
min-max)
Age (median, lowest-highest) 61 (38-82) 62 (38-82) 59 (44-77)
FIGO stage (1, %)
/1 9 (19) 6 (25) 3(13)
/v 38 (81) 18 (75) 20 (87)
Outcome (7, %)
ANED 27 (57) 19 (79) 8 (35)
Recurrence 14 (30) 3(13) 11 (48)
DOD 6 (13) 2 (8) 4 (17)

ANED, alive, no evidence of disease; DOD, died of disease.

morphological, cytogenetic, and DNA profile analysis for authenti-
cation. The cytotoxic NKL cell line (gifted from Drs. Robertson and
Ritz, Dana Farber Cancer Institute [18]) was grown in RPMI-1640/
10% human serum/interleukin 2 (100 IU; Chiron).

Clinical Association Study

A total of 47 primary EOC cases (surgical specimens procured
between January 2009 and June 2015) were included into the study.
All tumors represented HGS carcinoma [19]. FIGO stage and disease
outcome annotations are summarized in Table 1. Patient treatments
uniformly involved primary surgery followed by chemotherapy.
Postoperative follow-up periods varied.

Transfectants and siRNA Transduction

MDAH-2774—derived NKG2D-DAP10 transfectants (MDAH-
2774-TF cells) have been described [17]. Additional transfectants
with vector control (MDAH-2774 mock cells) and NKG2D RNAi
(MDAH-2774-TF-KO)— or scrambled RNAi-transduced lines
(MDAH-2774-TF-sctRNAi) were generated as described [4].
Depletion of NKG2D in MDAH-2774-TF-KO cells has been
confirmed as described ([4,17]; see Supplementary Figure S1).
CIR-MICA, C1R-MICB, EL4-ULBP1, EL4-ULBP2, EL4-ULBP3,
Mel-ULBP4, EL4-ULBP5, and C1R-ULBPG6 transfectants have been
described [20]. Silencing of NKG2D in ex vivo ovarian cancer cells
was as with the MDAH-2774-TF line.

Engineering a Biologic Inhibitor of NKG2D Signaling
“Single-chain dimer” forms of NKG2D (NKG2D*Y) were
designed using a segment of the N-terminal arm of NKG2D as a
linker between domains within the native homodimer. NKG2D**
targeting units were multimerized through fusion with the minimal
heptamerization motif from human C4b binding protein (C4bbp)
[21], yielding highly avid NKG2D* heptamers (NKG2D*,). Both
NKG2D*¢ and NKG2D*¢, proteins were expressed using the
Daedalus platform in HEK293F cells (Invitrogen) as fusions with
Siderocalin (Scn) to stabilize expression [22,23]. A Tobacco Etch
Virus protease [24] scission site (EDLYFQ) was inserted between the
Sen and NKG2D moieties, and N-terminal polyhistidine and FLAG
(DYKDDDDK) tags were incorporated to facilitate purification.
Recombinant proteins were purified from culture supernatants by
immobilized metal chelate affinity, treated with Tobacco Etch Virus
protease to release the Scn fusion partner, and polished by size
exclusion chromatography (SEC). Purity and proper folding were
confirmed by comparative reduced/nonreduced sodium dodecyl
sulfate polyacrylamide gel electrophoresis and analytical SEC.
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Endotoxin levels were checked using the PyroGene rFc assay (Lonza),
and NKG2D*“, was labeled with fluorescein isothiocyanate
(Sigma-Aldrich) at a ratio of two fluorophores per protomer.

Surface plasmon resonance (SPR) interaction analyses confirming
that NKG2D** and NKG2D*, retain proper binding to NKG2DL
were performed at 25°C with Biacore T100 instrumentation on a
Series S CM5 chip (GE Healthcare). NKG2D* and NKGZDSCd7
proteins were immobilized using standard amine coupling chemistry,
yielding surfaces with ~310 or ~240 SPR response units, respectively.
A reference surface was generated by activating and deactivating a
flow cell in the absence of protein. Serial two-fold dilutions of soluble,
wild-type MICA (240 nM to 0.47 nM, or 100 nM to 0.78 nM),
produced as previously described [25], were prepared in a running
buffer of HBS-EP+ (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.05% surfactant P-20; GE Healthcare) with 0.1 mg/ml
bovine serum albumin. Duplicate MICA samples, interspersed with
multiple buffer blanks, were randomly injected at 50 pl/min, with
3 minutes of association and 5 minutes of dissociation. Surfaces were
regenerated with a 10-second injection of 10 mM glycine, pH 2.0,
followed by 2 minutes of buffer stabilization. Double-referenced data
were fit with a 1:1 binding model using BIAevaluation 2.0.4 software
(GE Healthcare).

Sphere Formation Assay

Tumor cells were cultured at 5 x 10%, 1 x 10%,and 5 x 10% cells/ml
when using ex vivo cancer cells, or 1 x 102 cells/ml when using tumor
lines, in 96-well ultra-low-attachment plates in mammary epithelial cell
growth medium (Lonza) with 0.9% methylcellulose (Sigma Aldrich).
After 3 to 4 weeks, >100 pm—diameter tumor spheres were
microscopically counted in triplicate wells. For serial passaging, primary
spheres were dissociated to single cells and replated in mammary
epithelial cell growth medium. Cultures were monitored for secondary
and tertiary sphere formation for up to 4 weeks. To block
NKG2D-NKG2DL engagement, assays were in the presence of either
a cockeail of antibodies (Abs) specific for MICA/B (6D4; BD
Pharmingen) and ULBP1-6 [clones 170,818 (ULBP1), 165,903
(ULBP2,5,6), and 166,510 (ULBP3) from R&D Systems and clone
1H11 (ULBP4; 20)], each at 10 pg/ml, or control isotype immuno-
globulin (Ig), or the pan-NKG2DL-binding NKGZDSCd7 (10 pg/ml) or
PBS control. Agonist anti-NKG2D Ab (clone 149,810) was from R&D
Systems [206].

Animal Studies

All animal procedures were approved by Fred Hutchinson
Institutional Animal Care and Use Committee protocol #1870.
Female nonobese diabetic/severe combined immunodeficient (NOD/
SCID) and NOD scid gamma (NSG) mice (6-8 weeks old) were
obtained from the Fred Hutchinson Core Center of Excellence in
Hematology (DK-56465 and DK-106829) and housed under
pathogen-free conditions at the institutional Comparative Medicine
Shared Resource. For implants, mice were anesthetized with
isoflurane and injected subcutaneously into dorsal flanks with either
ex vivo isolated cancer cells or MDAH-2774—derived lines, each in
100-pl growth medium (1:1 PBS/BD Matrigel Matrix; BD
Bioscience). Tumor development was monitored three times per
week until tumor nodules were palpable and then in daily intervals. At
experimental end points or when a tumor parameter reached 1.5 cm,
animals were euthanized and tumors resected. For in vivo NKG2DL
masking, mice were treated in weekly intervals (up to 4 weeks

posttransplant) with either a cocktail of anti-MICA/B and
anti-ULBP1, -ULBP3, -ULBP4, and -ULBP5 Abs (see above) or
NKG2D*“, or relevant controls, all administered subcutaneously at
the site of tumor cell implants or viz tail vein injection. Antibody or
NKG2D*, dosages were 10 pg per local application or 100 pg per

tail vein injection.

Flow Cytometry and Fluorescence Microscopy

Ex vivo EOC- or xenograft tumor—derived cell suspensions or
sphere-derived single cells (in PBS/10% human serum/0.15% sodium
azide) were variably incubated with pretitrated Ab-fluorochrome
conjugates to NKG2D (clone 1D11; APC), CD45 (clone 2D1;
APC-H7), CD44 (clone G44-26; PerCP-Cy5.5) (all BD Pharmingen),
and EpCAM (clone 9C4; Alexa Fluor 488; Biolegend). NKG2DL
expression was examined using an Ab cocktail (see above). Anti-H2Dd
(clone 34-2-12; Biolegend) was used for exclusion of murine cells.
DAPI was used for live/dead cell distinction. Isotype Igs were used as
controls, and background fluorescence was subtracted. For the clinical
association study, cancer cells were defined as CD45 EpCAM™.
Because EpCAM expression levels can vary substantially among cancer
cells [27], all nonhematopoietic (CD457) cells with above threshold
EpCAM staining were scored. Testing for tumor cell aldehyde
dehydrogenase activity was with the ALDEFLUOR kit (Stemcell
Technologies) according to the manufacturer's instructions. Briefly,
tumor cells were incubated with ALDEFLUOR f{boron, [N-(2,2-
diethoxyethyl)-5[(3,5-dimethyl-2H-pyrrol-2-ylidene-kN) methyl]- 1H-
pyrrole-2-propanamida to KN1] difluoro-, (T-4)-(9CI)} in the absence or
presence of ALDH1 activity inhibitor diethylaminobenzaldehyde (DEAB)
for 30 minutes at 37°C followed by one wash using ALDEFLUOR assay
buffer (Stemcell Technologies) and surface staining for NKG2D, CD45,
and EpCAM. DEAB-treated cells served to set baseline ALDH1 activities.
To confirm binding of NKG2D**, to all NKG2DL, corresponding
transfectants (see above) were incubated with FITC-conjugated
NKG2D*, (2 pg/ml) or PBS control for 30 minutes on ice followed
by two PBS washes. Stained cells were analyzed using a BD LSRII flow
cytometer (BD Biosciences) and FlowJo software (Tree Star). Cell sorting
was on a FACSAria (BD Biosciences). To visualize binding of NKG2DSCA7
to MICA at the cell surface, HEK293F cells were transiently transfected
with a MICA-eGFP fusion protein, cultured for 24 hours, and
subsequently incubated for 1 hour at 37°C with 1 pmol of Cy5.5-labeled
NKG2D*%. Fluorescence imaging was with an EVOS microscope
(Thermo Fisher Scientific). Cy5.5 labeling of NKG2D*, was with Cy5.5
NHS ester (GE Health Care Life Sciences) at a fluorophore:protomer ratio
of 0.5 using the manufacturer's recommended protocol.

Cytotoxicity Assay

CellTrace Violet (Life Technologies)-labeled CIR-MICA and Oregon
Green® 488 (ThermoFisher Scientific)-labeled C1R-mock target cells
were mixed at equal numbers and exposed to NKL cells at 1:1 effector to
target ratios in the presence or absence of NKG2D S°d7 (10 pg/ml) or PBS
control. Anti-MICA/B Ab 6D4 (10 pg/ml) served as positive blocking
control. Following 4-hour incubation at 37°C, effector/target cell mixes
were stained using LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(Molecular Probes) and analyzed by flow cytometry. Ratios of live
C1R-mock to C1R-MICA cells were used as measure of cytotoxic activity.

Statistical Analyses
Frequencies of NKG2D-positive (from here on noted as
NKG2D") cancer cells were divided into subgroups represented by
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NKG2D Low (< median % NKG2D" cells) and NKG2D High
(> median % NKG2D" cells). Logistic regression models were used to
characterize the relationship between NKG2D subgroups and clinical
parameters. More specifically, we modeled the probability of disease
recurrence or high tumor stage (I/I1 vs I1I/IV) among the subgroups while
adjusting for patient age. In addition, a proportional hazards model was
used to examine the hazard of progression or death among NKG2D
subgroups while adjusting for patient age and tumor stage. Model results
are reported in terms of odds (ORs) or hazard (HRs) ratios, with the
NKG2D Low subgroup as reference category. All model 2 values were
derived from likelihood ratio statistics and are two-sided. No other
covariates were available for inclusion in the models. Kaplan-Meier curves
and the log-rank test were used to analyze progression-free survival rates

between the subgroups. All analyses were performed using R version 3.3.1
[28]. Extreme Limiting Dilution Analysis (ELDA) was as described [29].

Results

Relationship between NKG2D-Positive Cancer Cells and
Negative Disease Outcomes in Epithelial Ovarian Cancer

We previously determined that cell surface flow cytometry of
ex vivo isolated tumor cells is the method of choice for enumerating
cancer cells expressing signaling competent NKG2D [4]. HGS EOC
specimens were thus examined by flow cytometry for frequencies of
cancer cells positive for surface NKG2D. Consistent with previous
findings, NKG2D " cancer cells were present in all but one of the
EOC specimens with frequencies between 0.1% and 66.9% (median
1.79%; Table 1; 4). No NKG2D positivity was recorded among
CD45 EpCAM ™ cells. For statistical appraisal of relationships
between frequencies of NKG2D™ cancer cells and clinical parameters,
the cases studied were split into subgroups represented by NKG2D Low (<
median % NKG2D" cells) and NKG2D High (> median % NKG2D"
cells) (Table 1). As per likelihood ratio test, the odds of disease recurrence
were significantly greater for the NKG2D High subgroup [OR =12.4;
95% confidence interval (CI) = 3.0, 70.3; P < .001; Figure 14 and
Supplementary Table S1]. Moreover, median progression-free survival
rates were lower among the NKG2D High subgroup cases (1.8 vs 6+
years; P = .063; Figure 1B). When adjusted for age and tumor stage, these
cases demonstrated an increased, albeit nonsignificant, risk of progression
or death (HR =1.9; 95% CI = 0.7, 5.5; P = .20). Lastly, the NKG2D
High subgroup, though not significant, tended to have higher tumor stages
(FIGO III/IV) than the NKG2D Low subgroup (OR =2.1; 95% CI =
0.5, 11.1; P = .35; Figure 1C). Altogether, these results implied negative
clinical effects of cancer cell NKG2D.

Association of NKG2D with Markers of Cellular Plasticity
among Ex Vivo Ovarian Cancer Cells

With breast cancer cells, expression of NKG2D preferentially
segregates with marker profiles characteristic of the epithelial-
mesenchymal transition and metastable capacities [17]. To test
whether similar relationships apply to HGS EOC, ex vivo isolated
tumor cell suspensions were examined by flow cytometry for
nonhematopoietic (CD45 ") NKG2D and markers of high-plasticity
traits represented by EpCAM together with CD44, or high aldehyde
dehydrogenase (ALDH]1) enzymatic activity [30—-32]. In a first set of
five tumor specimens (EOC1 through EOCS5; see Supplementary
Table S2 for clinical parameters of EOC specimens used throughout
the remainder of study), proportions of EpCAM *CD44 " cells were
larger among NKG2D " as compared to NKG2D ™ cell populations

[33.5% (£36.2) vs 3.5% (+3.3); Supplementary Table S3]. A second
set of seven CD45" tumor cell suspensions was examined for
NKG2D and ALDHI activity, which is considered the most
stringent readout for high cancer cell plasticity and was determined
by ALDEFLUOR substrate conversion assay. All samples showed
substantial overlaps between expression of NKG2D and ALDHI1
activity, with a mean proportion of 30.2% (+19.4) of NKG2D " cells
scoring high for ALDH1 activity and most ALDEFLUOR™®" cells
staining positive for NKG2D (Figure 2, A and B; Supplementary
Table S3). EOC is a heterogeneous disease commonly classified by
histology and grade as type I or type II (predominantdy HGS) [19].
Analysis by flow cytometry of three type | EOC specimens recapitulated
the findings obtained earlier with the panel of HGS EOCs, suggesting
EOC subtype independence (Supplementary Table S3). Hence, we
conclude that EOC cell populations with surface NKG2D are enriched
for cells with phenotypic attributes that have been associated with high
cellular plasticity and stem cell-like functions.

In Vitro Evidence for Stem Cell-Like Sphere-Formation
Capacities of NKG2D" Ovarian Cancer Cells

Stem cell-like cancer cells have the ability to form tumor spheres in cell
culture [33-35]. We FACSAria sorted CD45 NKG2D* and control
NKG2D™ cancer cells from altogether eight ex vivo HGS EOC tumor cell
suspensions. Cells were cultured under classical adherence-independent
sphere-formation conditions and monitored for the appearance of spheres
over a 3-week period. NKG2D " cells from all tumors formed numerous
large (>100 pm diameter) spheres even when plated at low cell densities,
whereas control NKG2D ™ cells generated spheres only when plated
at high density and those that developed were rare and typically small
(Figure 3, A and B). NKG2D expression in spheres derived from
NKG2D " cells was monitored by flow cytometry of single cell-dissociated
spheres. Although most cells stably retained NKG2D, some were
negative, suggesting that NKG2D" cells may be able to give rise to
NKG2D" cells (Figure 3C). Spheres derived from NKG2D™ cells
remained NKG2D negative (Supplementary Figure S24). Cancer cells
usually express diverse combinations of NKG2DL that vary between
tumors and individual cells [10,11,13]. Presence of NKG2DL on sphere
cells, a prerequisite for NKG2D signaling, was confirmed using a cocktail
of Abs to all NKG2DL (MICA/B and ULBP1 through ULBPG;
Figure 3C). To test for self-renewal capacity of sphere-forming cells,
primary spheres derived from NKG2D* or control NKG2D ™ cells (from
specimens EOC22 and EOC23; Figure 3B) were dissociated, and equal
cell numbers were plated for examination of secondary and tertiary sphere
formation. Consistent with a relationship between NKG2D expression
and stem cell-like attributes, only spheres originating from NKG2D"*
cells could be passaged (Figure 3B [33]).

In support of a causal involvement of NKG2D in sphere
formation, the sphere-forming abilities of NKG2D" cancer cells
were significantly reduced when NKG2D was depleted by
recombinant lentivirus-mediated RNAi targeting, whereas control
scrambled RNAi had no effect (Figure 3D). Similarly, culture of
NKG2D" cancer cells in the presence of anti-NKG2DL Abs
diminished their sphere-formation capacity (Figure 3E), thus
confirming that NKG2D signaling triggered by ligand engagement
underlies the observed effect. Conversely, exposure of NKG2D™
cancer cells to an agonist anti-NKG2D antibody enhanced sphere
formation (Figure 3E). As with type Il EOC, sphere formation of type
I EOC-derived NKG2D " cancer cells also exceeded that of their
NKG2D " counterpart (Supplementary Figure S2B).
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In Vivo Evidence for Stem Cell-Like Tumor-Initiating
Capacities of NKG2D" Ovarian Cancer Cells

Experimental proof of stem cell-like functions requires documen-
tation of efficient tumor-initiating capacities upon xenografting in
immunodeficient mice [36]. FACSAria-sorted CD45 NKG2D™ or
control NKG2D ™ cells from two HGS EOC tumor cell suspensions
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were subcutaneously inoculated at dosages of 5 x 10 and 1 x 10*
cells into flanks of NSG mice. Three out of seven 5 x 10° and six out
of eight 1 x 109 NKG2D* cell implants initiated tumors as early as 6
weeks postinoculation. In contrast, only one of eight 1 x 10%
NKG2D™ cell implants led to tumor formation 14 weeks
postinoculation (Figure 3F). ELDA is commonly used for compu-
tational comparisons of enriched and depleted populations in stem
cell assays [29]. Application of ELDA-based calculations revealed
significant differences in the frequencies of cells with tumor-initiating
abilities among NKG2D" as opposed to NKG2D™~ populations
(Figure 3F). Similar differences in tumor-initiating capacities were
recorded with NKG2D ™ and NKG2D ™ cells isolated from a type 1
EOC specimen (EOC36) (Figure 3F). Flow cytometry of NKG2D "
implant-derived xenografts confirmed that NKG2D and NKG2DL
were stably maintained on most tumor cells (Figure 3G). However, as
with the iz vitro tumor sphere cultures, xenografts contained cells that
lacked NKG2D, suggesting that NKG2D" cells can give rise to
NKG2D" cells (Figure 3G). Tumors derived from NKG2D "™ cells
remained NKG2D negative (Supplementary Figure S2C). Altogether,
these data suggest that NKG2D ™ ovarian cancer cell populations are
enriched for cells with stem cell-like tumor-initiating abilities.

NKG2D Stimulates Cancer Stem Cell-Like Tumor Initiation

Direct involvement of NKG2D in tumor initiation was initially
explored using experimental variants and controls of the MDAH-2774
ovarian tumor line which lacks endogenous NKG2D [17]. Cells
transfected with signaling-competent NKG2D-DAP10
(MDAH-2774-TF) or vector control (MDAH-2774 mock), or
transduced with NKG2D RNAi (MDAH-2774-TE-KO) or scrambled
RNAi control (MDAH-2774-TF-sctRNAi) have been previously
established [17] or were newly made. MDAH-2774-TF cells recapit-
ulated sphere formation as recorded with ex vivo NKG2D™ ovarian
cancer cells (Figure 4, A and B) and were thus considered suitable for
in vivo tumor initiation experiments in NOD/SCID mice.

In limiting dilution xenograft assays, three of four implants of as
few as 100 MDAH-2774-TF cells formed tumors. Saturating tumor
take with untransfected or mock transfected MDAH-2774 cells
required implants of 1 x 104 cells (Figure 4C). NKG2D depletion in
MDAH-2774-TF-KO cells restored negative control tumor forma-
tion rates (Figure 4C). Involvement of NKG2D signaling by ligand
engagement was formally confirmed by grafting mice with saturating
(1 x 10% or limiting (1 x 10%) MDAH-2774-TF cell numbers and
administration of NKG2DL Abs (see Supplementary Figure S3 for
expression of NKG2DL). Ab administration, either at the cell

Figure 1. Negative clinical effects of cancer cell NKG2D in HGS EOC
patients. (A) Box and whisker plots in graph depict % NKG2D ™" cancer
cells in patients with (yes) and without (no) disease recurrence. Vertical
lines in boxes represent quartiles. Whiskers extend to the furthest value
within 1.5 times the inner quartile range. Each dot represents one
patients % NKG2D™ value; the distribution along the Y-axis is
randomized for visualization. Dots are colored by NKG2D " subgroup,
and those beyond the whiskers are considered outliers. The P value
results from likelihood ratio test. (B) Kaplan-Meier curve comparing
progression-free survival of patients in the NKG2D Low (blue line) and
NKG2D High (red line) groups. The P value for the difference between
NKG2D subgroups was determined by the log-rank test. HR results
from a proportional hazards model and is adjusted by patient age and
tumor stage. (C) Box and whisker plots depicting % NKG2D ™" cancer
cells in patients grouped based on FIGO stage. The P value results from
likelihood ratio test.
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Figure 2. Association of NKG2D with high ALDH1 activity in ex vivo HGS EOC cells as measured by ALDEFLUOR substrate conversion. (A)
Examples (EOC6, EOC7, and EOCS8) of flow cytometry histogram pairs displaying ALDEFLUOR fluorescence profiles of CD45 NKG2D*

or NKG2D ™~ cancer cells. Open and filled gray profiles show ALDH1

activity in the absence and presence of the ALDH1 inhibitor DEAB,

respectively. Numbers above bars represent % cells scoring high for ALDH1 activity. (B) Flow cytometry dot plots depict gates, and

histograms below show corresponding NKG2D expression profiles

of ALDEFLUOR"S" and ALDEFLUOR ™~ cancer cells. Boxed gates in

upper dot plots represent cells with high ALDH1 activity (at right) and cells certain to lack ALDH1 activity (at left). Dot plots of DEAB
(+DEAB)-treated cell samples serve to set background ALDH1 activity. Open and filled gray histogram profiles display NKG2D and isotype
lg control staining, respectively. Numbers in histograms indicate mean fluorescence intensity ratios (MFIR). Data shown are
representative of seven HGS EOC specimens (EOC6 through EOC12).

inoculation site or via tail vein injections, enhanced latency and
reduced or prevented tumor formation (Figure 4D).

To reinforce significance of these cell line—based experiments, we
examined tumor initiation by ex vivo NKG2D™ ovarian cancer cells
sorted from HGS EOC37 (see Supplementary Table S2) and
transduced with NKG2D RNAI or control scrRNAi. None of four
1.5 x 10% cell implants of NKG2D-silenced cells led to tumor
formation in NSG mice, whereas three of four control cell
inoculations generated tumors. Altogether, these results establish a
link between NKG2D and the tumor-initiating potential residing
within NKG2D " ovarian cancer cell populations.

Blockade of Tumor Initiation By Pan Ligand-Reactive
NKG2D-Based Multimer

Cancers express diverse combinations of NKG2DL with variability
between tumors [10,11,13]. Confirmation of NKG2DL involvement
in NKG2D-driven tumor initiation thus required an all-inclusive
ligand masking approach. With pan-reactive Abs unavailable, we
developed a soluble form of NKG2D suitable for global ligand
binding (Figure 5; Supplementary Figure S44). To stabilize folding,
the native NKG2D homodimer was reengineered as a single-chain
unit, analogous to an Ab single-chain Fv construct (Figure 5, A-C).

To enable tight binding, avidity was seven-fold increased by fusing a
multimerization domain to the single-chain NKG2D binding module
(Figure 5, C'and D). Solution biochemistry ascertained proper folding
of the heptamerized single-chain reagent (NKG2D*%; Figure 5, Eand
F). Functionality of NKG2D*?, was initially confirmed by SPR
binding analyses (Supplementary Figure S4B). Colocalization of
NKG2D*“, and MICA on the cell surface was visualized by
fluorescence microscopy using Cy5.5 NHS ester-labeled NKG2D**,
and HEK293F cells transfected with a MICA-eGFP fusion protein
(Supplementary Figure S54). Binding of NKG2Ds°d7 to all human
NKG2DL was confirmed using individual transfectants and flow
cytometry (Supplementary Figure S5B). Moreover, in a cytotoxicity
assay, NKG2D**, but not solvent control interfered with lysis of
NKG2DL-expressing target cells by the NKG2D* NKL NK cell line
(Supplementary Figure S5C; [37]). In sphere-forming assays, NKG2D -
*d_ inhibited sphere formation by ex vivo NKG2D™* ovarian cancer or
MDAH-2774-TF cells (Figure 6, A and B).

Thereafter, NKG2D**L was used for testing of an involvement of
NKG2DL in tumor initiation by ex vivo NKG2D" ovarian cancer
cells. Administrations (either locally at cell inoculation sites or
systemically) prevented or reduced tumor formation, thus formally
linking NKG2DL engagement and NKG2D stimulation to the
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Figure 3. Tumor sphere formation and tumor initiation by ex vivo NKG2D ™ HGS EOC cells. (A) Phase contrast micrographs of tumor spheres
formed by NKG2D™ or NKG2D ~ cancer cells FACSAria-sorted from EOC16, EO17, and EO18 specimens. Cell numbers plated are indicated
below each micrograph pair. (B) Display of sphere (>100 um) numbers formed by NKG2D " or NKG2D ™ cancer cells from specimens EOC16
through EOC23 (serial passages for EOC22 and EOC23) and plated at the indicated cell numbers. Specimen size limitations precluded plating
of all cell concentrations per EOC sample. (C) Flow cytometry dot plots showing NKG2D and NKG2DL expression on single cells dispersed
from spheres formed by NKG2D " cancer cells. Vertical lines separate positive from negative NKG2D staining and are drawn based on isotype
lg fluorescence. (D and E) Bar graphs displaying average numbers (from triplicate wells seeded with 5 x 102 cells) of spheres (>100 um)
formed by NKG2D " cancer cells (D) untreated (gray bars) or transduced with NKG2D RNAI (black bars) or control scrRNAI (hatched bars), and
(E) in the presence of control isotype Ig (gray bars), anti-NKG2DL Abs (black bars), or anti-NKG2D Ab (hatched bars). Open bars represent
average numbers of spheres formed by NKG2D ™ cancer cells. (F) Xenograft tumor incidence expressed as numbers of tumors developed per
number of inoculations of 5 or 10 x 10° ex vivo NKG2D ™" or NKG2D ™~ cancer cells into NSG mice. Frequencies of tumor initiating cells
(numbers above brackets)and P values were computed using ELDA. EOC34 and EOC35 are HGS EOC cases; EOC36 represents a type | EOC.
(G) Flow cytometry dot plots of NKG2D and NKG2DL expression on single cells isolated from xenograft tumors derived from NKG2D* cancer
cells. Vertical lines separate positive from negative NKG2D staining and are drawn based on isotype Ig background fluorescence.
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Figure 5. Engineering and properties of soluble NKG2D multimer. (A) Ribbon representations of the crystal structures (colored by chain) of
the C4bbp heptamerization motif (top) and the NKG2D homodimeric ectodomain recognition unit (bottom). Disulfide bonds are shown as
gray-and-yellow spheres. (B and C) Schematic representations of the native NKG2D homodimer and the NKG2D?, protomer, detailing
key features. (D) Schematic representation of the overall molecular arrangement of the NKG2DS°d7 multimer. (E) Comparative reduced/
nonreduced polyacrylamide gel electrophoresis analysis confirming purity and disulfide bond formation. (F) Analytical SEC showing
solution monodispersivity of human NKG2D%%?; multimer.

tumort-initiating capacity of NKG2D™ ovarian cancer cells (Figure 6C).
To assess the relative contribution of NKG2D to overall tumor
initiation capacity, NSG mice were engrafted with unsorted EOC cells
and NKG2D stimulation disabled by NKG2D RNAI transduction or
NKGZDSCdTmediated ligand masking. Unlike the controls, none of the
experimental implants generated tumors, suggesting a prominent role of

apparent exception is NKG2D, which, in addition to its normal
distribution on CD8 T cells and NK cells, is also found on different
types of cancer cells [4]. Previous in vitro studies and correlative
observations in ex vivo cancer specimens have provided tentative
evidence for a role of cancer cell NKG2D in the epithelial to
mesenchymal transition, but its full oncogenic potential as an inducer

of stemness has remained unknown [17]. We now show that
NKG2D" ovarian cancer cells have the capacity for self-renewing
sphere formation and efficient tumor initiation upon implantation

NKG2D and its ligands in EOC tumorigenicity (Figure 6D).

Discussion
Expression of cell surface receptors encoded in the human NK gene  into immunodeficient mice. Moreover, we provide formal evidence

complex is typically restricted to cells of hematopoietic origin. An  that ligand triggering of NKG2D underlies this functional capacity.

Figure 4. NKG2D stimulates stem cell-like functional capacities in a transfected human tumor line. (A) Phase contrast micrographs of
tumor spheres formed by MDAH-2774-TF, parental MDAH-2774, and MDAH-2774-TF-KO cells, each plated at 1 x 10° cells/well. (B) Bar
graph at left displays average numbers of spheres (>100 um) counted in three sets of triplicate wells seeded with the indicated cells. Bar
graph at right represents average numbers of spheres formed by MDAH-2774-TF cells in the presence of anti-NKG2DL Abs or isotype Ig.
Data from both graphs are representative of three independent experiments. (C) Tumor initiation capacities of MDAH-2774-TF,
MDAH-2774, MDAH-2774 mock, and MDAH-2774-TF-KO cells implanted subcutaneously into flanks of NOD/SCID mice at the cell
numbers indicated. Numbers in top horizontal line indicate weeks post tumor cell inoculation. Left vertical columns list mouse
identification (ID) numbers. Dark and light gray boxes indicate presence and absence of measurable tumors, respectively. White fields
indicate that animals were euthanized due to tumor size. (D) Xenograft tumor incidence expressed as numbers of tumors formed per
numbers of inoculations of 100 or 1000 MDAH-2774-TF cells into NOD/SCID mice treated with anti-NKG2DL Abs or control Ig either
locally at cell inoculation site or via tail vein injection.
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Figure 6. Involvement of NKG2DL in cancer cell NKG2D-driven sphere formation and tumor initiation. (A) Display of average numbers
(derived from triplicate wells seeded with 5 x 10° cells) of spheres (>100 um) formed by NKG2D ™ HGS EOC cells in the presence (black
bars) or absence (gray bars) of NKG2DY,. Open bars represent average numbers of spheres formed by matching NKG2D ~ cancer cells.
(B) Average numbers (derived from triplicate wells seeded with 1 X 10° cells) of spheres (>100 um) formed by MDAH-2774-TF cells in the
presence or absence of NKG2D®°%,. Data are representative of three independent experiments. (C) Xenograft tumor incidence expressed
as numbers of tumors formed per number of inoculations of NKG2D ™ cancer cells into NSG mice treated locally or systemically with
NKG2D®%, or control PBS. EOC40 and EOC41 represent HGS EOC; EOC42 represents type | ovarian cancer. Numbers of cells inoculated
are indicated on X-axis and were guided by specimen size. (D) Xenograft tumor incidence expressed as numbers of tumors formed per
number of inoculations of ex vivo isolated unsorted cancer cells into NSG mice. EOC43-derived cells were transduced with NKG2D RNAI
or control scrRNAi; mice inoculated with EOC44 or EOC45 cells received subcutaneous NKG2D®%Y; or control PBS. EOC43 and EOC45
are HGS EOC; EOC44 represents type | ovarian cancer.

Our results further suggest that NKG2D-driven tumor initiation
accounts for a significant proportion of the overall tumor initiation
potential of a given ovarian cancer. NKG2D and its ligands may thus
represent an important regulator of tumorigenesis and dissemination,
offering an explanation for the negative clinical associations found
between frequencies of NKG2D" or NKG2DL" cancer cells and
disease outcome (see Figure 1 [11-15]). In all likelihood, a
tumor-initiating role of NKG2D also applies to malignancies other

than ovarian cancer studied here, such as breast, colon, prostate, and
certain liquid cancers harboring NKG2D™* cancer cells [4,38,39].
The intratumoral localization and iz situ context of cancer cells
expressing functional surface NKG2D remain unknown because
immunohistology in tissue sections is unsuitable for unequivocally
distinguishing between surface and intracellular protein. Our earlier
study noted that within any given tumor, proportions of cancer cells
scoring positive by immunohistochemistry exceeded those
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simultaneously recorded by surface flow cytometry, most likely
reflecting the presence of cancer cells with intracellular but no surface
NKG2D [4]. With no evidence for endosomal signaling, these
discrepancies imply the presence of NKG2D " cancer cells that lack
functional surface expression and thus NKG2D-related biological
significance [4]. Similarly unknown are factors controlling the
nonlymphocyte expression of NKG2D-DAP10. However, there is
precedent for cancers breaching control of cell-type specificity of
certain cell surface receptors [40]. For example, cancer-associated
abundance of vascular endothelial growth factor is complemented by
cancer cell expression of the normally endothelial vascular endothelial
growth factor receptor 2 [41]. Similarly, certain chemokines or
cytokines in tumor microenvironments lead to atypical chemokine
and cytokine receptor expression on cancer cells [42].

NKG2D and its ligands are recognized as modulators of tumor
immunity and as such of interest to cancer immunotherapy [43—46].
Among current approaches are the development of multivalent
immunoligands containing MICA or ULBP2 for stimulation of T cell
and NK cell NKG2D [47-49] and pharmacological enhancement of
NKG2D ligand expression [50]. Without selectivity for lymphocyte
NKG2D, however, such efforts may have unwanted consequences
due to simultaneous augmentation of cancer cell NKG2D signaling
and its effects on tumor initiation. In light of our clinical association
data, however, blocking cancer cell NKG2D through ligand masking
might be beneficial regardless of simultaneous inhibitory effects on
lymphocyte NKG2D [2]. Thus, the pan-NKG2DL-masking
NKG2D*“, reagent employed in this study may represent a
promising tool for further investigation. However, larger-scale
assessments of the relative contributions of cancer cell and/or
lymphocyte NKG2D to tumor promotion would be desirable to
further inform NKG2D-based tumor immunotherapy approaches.
As with the current study, such efforts would have to record the
biologically relevant cell surface NKG2D protein. Interrogation of
cancer gene expression databases would not provide the desired
insight because it would allow neither the distinction of cancer cell
and lymphocyte NKG2D nor the assessment of cell surface protein.

In conclusion, our study identifies a new mechanism whereby cancers
abuse an immune receptor ligand axis normally employed for protection
against transformed cells for the induction of cancer stem cell-like tumor
initiation in ovarian cancer and possibly other malignancies. We show
that this tumor-promoting role of NKG2D has significant clinical
consequences, thus presumably representing the main factor underlying
the typically poor clinical outcomes that have been associated with
expression of NKG2DL in ovarian and other cancers [11-15].
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