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CAR T cell approaches to effectively target AML and T-ALL without off-tumor effects on
healthy myeloid or T cell compartments respectively are an unmet medical need. NKG2D-
ligands are a promising target given their absence on healthy cells and surface expression
in a wide range of malignancies. NKG2D-ligand expression has been reported in a
substantial group of patients with AML along with evidence for prognostic significance.
However, reports regarding the prevalence and density of NKG2D-ligand expression in
AML vary and detailed studies to define whether low level expression is sufficient to trigger
NKG2D-ligand directed CART cell responses are lacking. NKG2D ligand expression in T-
ALL has not previously been interrogated. Here we report that NKG2D-ligands are
expressed in T-ALL cell lines and primary T-ALL. We confirm that NKG2D-ligands are
frequently surface expressed in primary AML, albeit at relatively low levels. Utilizing CAR T
cells incorporating the natural immune receptor NKG2D as the antigen binding domain,
we demonstrate striking in vitro activity of CAR T cells targeting NKG2D-ligands against
AML and T-ALL cell lines and show that even low-level ligand expression in primary AML
targets results in robust NKG2D-CAR activity. We found that NKG2D-ligand expression
can be selectively enhanced in low-expressing AML cell lines and primary AML blasts via
pharmacologic HDAC inhibition. Such pharmacologic NKG2D-ligand induction results in
enhanced NKG2D-CAR anti-leukemic activity without affecting healthy PBMC, thereby
providing rationale for the combination of HDAC-inhibitors with NKG2D-CAR T cell
therapy as a potential strategy to achieve clinical NKG2D-CAR T cell efficacy in AML.
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INTRODUCTION

Acute myeloid leukemia (AML) is the most common adult acute
leukemia and carries a poor prognosis (1, 2). Pediatric AML has a
better prognosis but relapse occurs in about 30% of patients (3).
Similarly, T-cell acute lymphoblastic leukemia (T-ALL) is
characterized by a high relapse rate and poor overall survival
which dramatically declines with patient age (4). Advances in
chimeric antigen receptor (CAR) T cell-therapy have led to
remarkable clinical remissions in refractory B-cell lineage
leukemias and lymphomas (5–10). However, similar
approaches to target AML and T-ALL have been challenged by
the expression of target antigens on normal myeloid precursors
and normal T cells. In AML, candidate antigens such as CD123
(11), folate-receptor b (12) or FLT-3 are expressed early in
myeloid differentiation and CAR T-cell mediated targeting
may result in significant and potentially permanent
myeloablation (13). While rescue and consolidation via an
allogeneic stem cell transplant is possible, this is associated
with added risk of morbidity and mortality. Similarly,
candidate antigens such as CD33 (14, 15) are expressed on
healthy myeloid progenitors and raise concern about
hepatotoxicity given expression on hepatic Kupffer cells and
the occurrence of veno-occlusive disease following treatment
with CD33-directed toxin-conjugated antibodies (16). Targeting
of T-ALL with lineage-restricted antigens is inherently
complicated by the potential for T-cell fratricide. Innovative
approaches to prevent CART-fratricide, by eliminating target
antigen expression on the effector CAR T cells have been
reported (17, 18). However, these are not protective of native T
cells and T-cell aplasia carries a greater infectious risk than
CD19-associated B-cell aplasia, which is manageable with
administration of therapeutic immunoglobulins.

Rather than targeting a single lineage-associated antigen, we
explored targeting a group of inducible ligands of the activating
immune receptor NKG2D, namely, MICA, MICB and the UL16-
binding proteins (ULBP) 1–6. NKG2D-ligands are upregulated
in response to DNA damage, inflammation and malignant
transformation (19). NKG2D-ligand expression has been
reported in a number of solid tumors and hematologic
malignancies, while ligands are generally absent on healthy
tissues (20–22). In previous studies we focused on a novel
CAR which uses the naturally occurring NKG2D receptor as
the antigen-binding domain fused to the intracellular domain of
CD3z. In contrast to native NKG2D which provides only a TCR-
dependent costimulatory signal in CD8 T cells and is
predominantly expressed among CD8 T cells, expression of the
NKG2D-CAR mediates direct T-cell activation upon recognition
of NKG2D-ligands independent of a TCR-based signal in both
CD4 and CD8 T cells. In murine models, NKG2D-CAR T cells
demonstrated efficacy in eradicating established multiple
myeloma (MM), lymphoma and ovarian cancers and inducing
autologous immunity protective against tumor re-challenge after
NKG2D-CAR T cells were no longer detectable (23–29).
Subsequently, other groups demonstrated preclinical efficacy in
models of osteosarcoma (30), triple negative breast-cancer (31)
and gastric cancer (32). Furthermore, NKG2D-CAR T cells were
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effective against tumors with heterogeneous ligand expression
(33) and NKG2D-CAR-expressing NK cells eradicated myeloid
suppressor cells in the tumor microenvironment of solid tumors
(34). Importantly, human NKG2D-CAR T cells do not react to
autologous peripheral blood mononuclear cells (PBMCs) or
bone marrow (BM) from healthy donors in vitro (24).
Nevertheless, reports of low level NKG2D-ligand expression in
gut epithelium (35, 36), the possibility of NKG2D-ligand-
upregulation in healthy tissues under conditions of cell stress
and infection (19) and dose-dependent toxicity observed in
mouse models (37, 38) were of potential concern for the
translation of this approach into the clinic (39). In the first-in
human Phase 1 study of NKG2D-CAR T cells in patients with
AML and multiple myeloma, no safety or feasibility concerns
were raised, but a clinical efficacy signal was not seen (40). The 7
AML patients enrolled on the study all expressed at least one
NKG2D-ligand in the AML blast population, however the mean
fluorescence intensity (MFI) of expression was low and no
comprehensive studies to assess the preclinical efficacy of
NKG2D-CAR T cells in AML or T-ALL have been conducted.

While the role of NKG2D-ligands in T-ALL has not been
characterized, NKG2D-ligand expression has been reported in a
substantial group of patients with AML (22, 41–43).
Furthermore, there is evidence for clinical significance of
NKG2D-ligand expression in AML with impact on survival
and relapse (44). However, NKG2D-ligands in AML are not
consistently and often weakly expressed (45), and detailed
studies to define whether low level expression is sufficient to
trigger NKG2D-CAR T cell responses were lacking. NKG2D-
ligands are regulated via the ATM/ATR pathway and may be
selectively induced on AML blasts via pharmacologic
mechanisms such as HDAC-inhibition. In several studies, this
led to enhanced susceptibility of AML blasts to NK-cell mediated
killing (46, 47). Epigenetic therapeutics such as HDAC-
inhibitors, which are used clinically with a well characterized
safety profile in a number of clinical trials in AML (48–50),
represent attractive candidates for synergistic combinations with
immunotherapies. Here we comprehensively interrogate the
extent of NKG2D-ligand expression in AML and T-ALL and
the associated efficacy of NKG2D-CART cells in functional
readouts. We confirm that NKG2D-ligand expression is
frequently weak in primary AML but nevertheless leads to a
robust functional response mediated by NKG2D-CAR T cells.
Furthermore, we demonstrate that selective NKG2D-ligand
upregulation via pharmacologic HDAC inhibition enhances
NKG2D-CAR T efficacy against AML, thereby supporting this
strategy for combination therapy.
MATERIALS AND METHODS

Generation of Viral Vectors
Healthy donor PBMC was obtained and RNA stabilized in
RNAprotect Cell Reagent (Qiagen). RNA was isolated using
RNAeasy Plus Mini Kits (Qiagen). High-capacity cDNA
reverse transcription kits (Applied Biosystems) were used to
generate cDNA per manufacturer’s instructions. The following
December 2020 | Volume 11 | Article 580328
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primers were used to amplify NKG2D and CD3z chain coding
sequences (NKG2D: FV: ATGGGGTGGATTCGTGGTCG RV:
TTACACAGTCCTTTGCATGC, CD3z: FV: ATGAAGTGG
AAGGCGCTTTTCACC) using Expand High Fidelity PCR
Systems (Roche). PCR products were cloned into the pCR4-
TOPO plasmid vector using TOPO-TA cloning kits (Invitrogen,
Life technologies), transformed into One shot TOP10 E. coli cells
(Invitrogen, Life technologies) using the OneShot chemical
transformation protocol per manufacturer’s instructions and
plated on Ampicillin-containing LB Plates. Colonies were then
PCR-screened and grown in LB Broth containing 100 ng/ml
Ampicillin for 16 h at 37°C. Plasmid DNA was isolated using
QIAprep Spin Miniprep Kits (Quiagen) and sequences verified
using Sanger Sequencing. Restriction-site cloning was used to
ligate the sequence of the cytoplasmic domain of CD3z chain
into the g-retroviral vector pMFG separated by an IRES sequence
from green fluorescent protein (GFP). The full-length sequence
of the NKG2D-gene (KLRK1) was then fused to the CD3z
cytoplasmic domain separated by the Xho-I site, followed by
the IRES-GFP sequence using In-Fusion Dry-Down PCR
Cloning Kits (Clontech), and transformed into Stellar
Competent Cells (Clontech), using chemical transformation
and plated on Ampicillin-containing LB agar plates. As a
control, pMFG vector was generated containing GFP only in
similar fashion. Clones were grown in LB Broth containing
Ampicillin and the sequence confirmed by Sanger sequencing
following Maxi-Prep isolation of DNA-plasmid (Quiagen).
Plasmid DNA was transfected into the 293GPG packaging
cell line using Lipofectamine 2000 (Invitrogen) and Opti-
mem media (Invitrogen). 293GPG cells were maintained in
DMEM media containing FCS, Pen/Strep, Hepes and
L-glutamine but lacking tetracycline to facilitate production of
VSV-G pseudotyped viral particles. Viral supernatant was
collected daily while 293GPG cells were viable. Viral particles
were concentrated by ultracentrifugation (Beckman) and
cryopreserved at −80°C. Concentrated virus was used to infect
the PG13 g-retroviral packaging cells (ATCC) in the presence of
polybrene. Stable high-titer PG13 cell lines were infected with
either pMFG.CD3zNKG2D-IRES-GFP or pMFG.GFP and
grown in DMEM 10%FCS/1%Pen/Strep. Viral supernatants
were collected, filtered using 0.45 mm Durapore 50 ml vacuum
driven filtration systems (Steriflip, Millipore) and either stored at
−80°C or used fresh.

T Cell Transduction
T cells were generated from healthy donor PBMC (40 × 106)
isolated by Ficoll-density separation and stimulated with CD3/
CD28 Dynabeads (Invitrogen) at a ratio of 1:1 in 40 ml complete
X-VIVO (cX-VIVO, X-VIVO-15 Gentamicin and Phenol Red
containing media (Lonza) with 5% hAB serum (Gemini)) in the
presence of 100 IU/ml interleukin-2 (IL-2) (Proleukin, Bayer) in
T75 flasks for 4 days. T cells at a concentration of 1 × 106/ml with
CD3/CD28 Dynabeads were transduced in viral-vector loaded
24-well plates (Corning) on days 4 and 5 and fed on day 6 as
described (51), before being harvested on day 7, stained with
DAPI and sorted based on DAPI negative/GFP+ T cells on a M
Aria II SORP (BD). Sorted cells were then expanded for an
Frontiers in Immunology | www.frontiersin.org 3
additional 3 to 4 days in cX-VIVO containing 5 ng/ml IL-7 and
2.5 ng/ml IL-15 (both Peprotech) at 0.25 × 10e6/ml in in GREX
10 culture flasks (Wilson Wolf) or 24 well tissue-culture treated
plates (Corning).

Cells
Primary human AML and T-ALL bone marrow and peripheral
blood specimens were obtained after informed, written consent
under IRB-approved protocols, Ficoll-isolated and cryopreserved
until use. The following mycoplasma-tested cell lines were
cultured in RPMI 10% Fetal Calf Serum and 1% Penicillin and
Streptomycin: Molm13, MV-411, HL-60 (AML), Jurkat, HPB-
ALL, KOPT-K1, DND-41 (T-ALL), K562 and B16.

T Cell Functional Assays
CD107a Degranulation and Intracellular Cytokine
Production
Target- and effector cells were plated in cX-VIVO at 1 × 106/ml
in duplicate or triplicate at 100 ml/well in 96-well round-bottom
plates (Corning) at a ratio of 1:1 in the presence of anti-CD28
(BD, L293), anti-CD49d (BD, L25) and Golgi-Stop (BD) and
Golgi-Plug (BD) at a final concentration of 1 ml/ml and 5 ml of
CD107a mAb (BD, H4A3) for 5 h at 37°C. In experiments
utilizing blocking mAbs, NKG2D-CAR T cells were incubated
with purified anti-human CD314 (20 mg/ml, BD, 1D11) or
isotype mAb (20 mg/ml) for 15 min prior to coculture. Cells
were surface-stained with anti-NKG2D (Biolegend, 1D11), CD3
(BD, SK7), CD4 (BD, RPA-T4) and CD8 mAbs (BD, RPA-T8),
fixed and permeabilized using Cytofix/Cytoperm kits (BD) per
manufacturer’s instructions followed by intracellular staining
with anti-TNFa (Biolegend, Mab11) and IFNg (BD, B27)
mAbs or respective isotypes before analysis by flow cytometry.
Effector cells were incubated with Staphylococcal Endotoxin
(Toxin Technology) as a positive control.

Cytotoxicity
Target cells were labeled with Calcein AM (Invitrogen) at 0.5 ×
106/ml in cX-VIVO for 30 min on ice in the dark, washed,
adjusted to 1 × 105/ml, plated at 100 ml/well in duplicate at
varying effector:target ratios in a total volume of 200 ml/well and
incubated for 6 h at 37°C. For minimum and maximum controls,
target cells were incubated without effector cells or with 1%
Saponin (Sigma) respectively. Cells were washed and stained
with 7AAD (BD) for 15 min on ice, prior to analysis by flow
cytometry. Percentage specific lysis was calculated as follows:
%SL= [(% cytolysis sample − % cytolysis minimum)/(% cytolysis
maximum − % cytolysis minimum)] × 100. Percentage cytolysis
was determined by (1 - % live cells). % live cells were defined as %
of GFP- Calcein AM+ targets which stained negative for 7AAD.

Proliferation
Target cells were irradiated at a dose of 100 Gy in HBSS and
subsequently washed and adjusted at 1 × 106 cells/ml in X-VIVO
5%hABS media. T cells were labeled with CellTrace Violet dye
(Life Technologies) at 1 × 106 cells/ml in PBS for 20 min at 37°C
protected from light before adding 3 ml of X-VIVO 5%hABS
media and incubating for 5 min. Cells were pelleted by
December 2020 | Volume 11 | Article 580328
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centrifugation, resuspended in fresh pre-warmed media for
10 min, quenched with 3 ml cold media, spun and adjusted at
1 × 106 cells/ml in X-VIVO 5% hABS media. T cells (5 × 104

cells/well) were then incubated with the respective target cells at a
1:1 ratio, alone or with 25 ng/ml IL-15 (Peprotech) in a total
volume of 200 ml/well × 3 days. Cells were then washed, stained,
fixed and analyzed by flow cytometry with CountBright beads
(Thermofisher) to determine the number of proliferating cells.

Co-culture
Effector and target cells were resuspended in cX-VIVO at 1 ×
106/ml, plated in duplicate or triplicate at a ratio of 1:1 in a
volume of 200 ml/well in 96-well round bottom plates (Corning)
and incubated at 37°C × 24 h. Cell-free supernatant was
harvested and analyzed using Human IFN-g OPTEIA ELISA
kits (BD) per manufacturer’s instructions on a SpectraMax
M3 instrument.

Flow Cytometry
Monoclonal antibodies (mAbs) were used to define blast
populations as follows: AML: CD45 (BD, Hl30), CD34 (BD,
581/CD34), CD117 (Invitrogen,104D2), HLA-DR (BD, G46-6)
and CD33 (Biolegend, WM53). T-ALL: CD45, CD5 (Biolegend,
L17F12), CD7 (BD, M-T701), CD2 (BD, RPA-2.10), CD3 (BD,
SK7) and CD8 (BD, RPA-T8). The following mAbs were used to
define T cell subsets: CD3(BD, UCHT1), CD4 (BD, RPA-T4),
CD8 (BD, RPA-T8)), CD45RO (BD, UCHL1), CD62L (BD,
DREG-56), CD95 (Biolegend, DX2). RhNKG2D Fc chimera
(R&D, 12990NK-050) and rhIgG1 Fc (R&D, 110-HG-100)
were PE-conjugated per manufacturer instructions (Abcam)
and titrated prior to use. For individual NKG2D-ligand
detection the following mAbs were used: MICA (MBL,
AMO1), MICB (MBL, BMO1) (both conjugated per
manufacturer instructions, Abcam), ULBP-1 (170818), ULBP2/
5/6 (165903), ULBP3 (166510), ULBP4 (709116) (all R&D). Cells
were washed and stained in phosphate-buffered saline
supplemented with 2% fetal calf serum (Gibco) at 4°C after
blocking with FcR blocking reagent (Miltenyi). LIVE/DEAD®

Fixable Aqua Dead Cell Stain (Invitrogen, L34966) was used for
live/dead staining. When applicable, cells were fixed using
Cytofix kits (BD). Flow cytometry was performed using 4-
Laser M Fortessa Analyzers (BD). Flow cytometric analysis was
performed using FlowJo V10 (Tree Star).

Pharmacologic Upregulation
AML cell lines were treated with valproic acid (VPA), azaciditine
(Aza), hydroxyurea (HU), or the bromodomain inhibitor JQ1 at
a range of different concentrations and durations as indicated at
37°C and 5% CO2. Freshly thawed primary AML bone marrow
samples were treated with 1 mM VPA for 24 h at 37°C and 5%
CO2. VPA sodium salt (Sigma Aldrich) was dissolved in sterile
PBS immediately before being added to the cell suspensions and
an equal volume of PBS was added to the negative control. After
thawing, AML samples were washed twice with pre-warmed
complete StemPro-34 (for upregulation experiments) or cX-
VIVO (for simple ligand staining). Cell clumps were dissolved
Frontiers in Immunology | www.frontiersin.org 4
using 100 ml DNAase and 50 ml 1 M MgCl2 solution in 10 ml of
the medium.

Cell lines were treated with 1mMVPA in RPMI-1640 with 10%
FCS/1% Pen/Strep in either flat-bottom 24-well tissue culture
plates or T75 tissue culture flasks at a concentration of 5 × 105/
ml. Primary AML bone marrow samples were cultured for 24 h in
round-bottom 96-well tissue culture plates in the presence or
absence of 1 mM VPA at a concentration of 1 × 106/ml in
complete StemPro-34 serum-free medium (Gibco) with 2 mM L-
glutamine supplemented with the following growth factors: SCF
and Flt3-ligand at 100 ng/ml each, GM-CSF at 20 ng/ml and IL-3
and IL-6 at 10 ng/ml each (all Peprotech). Cells were washed in
media before use in staining and functional studies.
Mass Cytometry (CyTOF)
Freshly manufactured NKG2D-CAR T cells or Empty-control T
cells and K562 target cells were resuspended at 10 × 106/ml in
cX-VIVO and T cells either cultured alone or with K562 targets
at a 1:1 ratio in a volume of 200 ml in 96-well round-bottom
plates (Corning) for 24 h at 37°C in 50 wells per condition. Cells
from each condition were subsequently pooled, spun, and
cryopreserved in Bambanker solution (Lymphotec Inc.).
Aliquots of all tested conditions were thawed, processed and
analyzed in parallel. Cells were incubated with 103Rh Cell-ID
Intercalator (Fluidigm) for 15 min per manufacturer’s
instructions, fixed with Cytofix Fixation Buffer, processed and
analyzed on a Helios mass cytometer (Fluidigm) as previously
described (52). A detailed listing of antibodies is provided in
Table 1. T-cell phenotypic populations were defined as follows:
TNaive (CD45RA+, CCR7+, CD95−), TSCM (CD45RA+, CCR7+,
CD95+), TCM (CD45RA-, CCR7+, CD95+), TEM (CD45RA−,
CCR7−, CD95+), TTEMRA (CD45RA+, CCR7−).
TABLE 1 | Summary of antibodies and metal tags used for mass cytometry.

Summary of monoclonal antibodies and metal tags used for mass cytometry

TARGET SPECIES CLONE ISOTYPE MANUFACTURER

CD45 Human HI30 89Y Fluidigm
CD3 Human UCHT1 154Sm Fluidigm
CD4 Human SK3 174Yb Fluidigm
CD8 Human SK1 168Er Fluidigm
CD25 Human 2A3 149Sm Fluidigm
CD45RA Human Hl100 169Tm Fluidigm
CCR7 Human G043H7 159Tb Fluidigm
CD95 Human DX2 164Dy Fluidigm
NKG2D Human 1D11 166Er BD Biosciences
ICOS Human C398.4A 148Nd Fluidigm
CXCR3 Human G025H7 163Dy Fluidigm
4-1BB Human 4B4-1 173Yb Fluidigm
OX40 Human ACT35 150Nd Fluidigm
LAG-3 Human 11C3C65 165Ho Biolegend
Ki67 Cross B56 161DY Fluidigm
Decembe
r 2020 | Volum
Preconjugated antibodies were purchased from Fluidigm. All other antibodies were
purchased in carrier-protein-free PBS and conjugated with the respective metal isotype
using the MaxPAR antibody conjugation kit (Fluidigm) according to manufacturer’s
instructions. Metal-labeled antibodies were diluted to 0.5 mg/ml in Candor PBS
Antibody Stabilization solution (Candor Bioscience GmbH) for long-term storage at 4°C.
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RESULTS

Transgene and NKG2D-CAR T Cell
Characteristics
We generated a NKG2D-CAR T cell construct based on the g-
retroviral vector pMFG, fusing full length NKG2D to the
cytoplasmic CD3x domain and containing GFP in the transgene
(CAR) (Figure 1A) as well as a control vector containing GFP only
(Empty) (Figure 1B). Freshly isolated T cells were transduced either
with CAR or Empty with a mean transduction efficiency (% GFP+
of viable cells) of 64.9% (SD 20.9) for NKG2D-CAR T cells and
57.9% (SD 18.2) for Empty control T cells (n=29 each) (Figure 1C).
There was no significant difference in transduced viable cells (%
viable, GFP+ cells of total cells in the original T-cell culture) with a
mean of 37.2% (SD 12.0) for NKG2D-CAR and 37.3% (SD 12.2) for
Empty CAR (Figure 1D). NKG2D-CART expression was further
evaluated by staining for surface NKG2D. CD4+ T cells transduced
with Empty vector (blue) did not show any NKG2D-surface
expression, whereas CD8+ T cells express native NKG2D. CD4+
T cells transduced with NKG2D-CAR (red) express NKG2D at the
cell surface, whereas a significant shift in MFI beyond the native
NKG2D-expression is observed in CD8+ T cells bearing the
NKG2D CAR (red) (Figure 1E). NKG2D-CART cells
predominantly consisted of central memory (TCM) and effector
memory (TEM) cells in both the CD4+ and CD8+ CAR subsets
(Figure 1F) with comparable CD4:8 ratios between NKG2D-CART
and Empty control T cells (Figure 1G). To minimize any impact of
transduction efficiency on the assessment of the functional of
NK2D-CAR T cells against different targets both NKG2D-CAR T
cells and Empty control T cells were sorted on viable GFP+ cells
prior to use in functional assays.

To evaluate the characteristics of NKG2D-CAR T cells when
encountering NKG2D-ligands on tumor cells, we cultured
NKG2D-CAR T cells and Empty control T cells either alone or
with the K562 cell line and assessed their respective expression
profile by mass cytometry. This again revealed a phenotypically
heterogeneous population of CAR T cells with predominance of
effector memory phenotype (TEM) and central memory (TCM)
populations, particularly among CD4 T cells. Distinct
populations of stem cell memory (TSCM) and terminal effector
memory (TTEMRA) populations were also present (Figure 2A).
As expected, CD4 T cells transduced with Empty control vector
lacked NKG2D-expression, whereas Empty control CD8 T cells
exhibited expression of native NKG2D. In contrast, expression of
NKG2D was high both in CD4 and CD8 CAR transduced cells
(Figure 2A). Several surface markers were specifically
upregulated on NKG2D-CAR T cells in response to NKG2D-
ligand recognition on K562 targets. Whereas all T cells expressed
the activation markers CD25 and ICOS following transduction
and expansion, CD25 and ICOS expression was further
enhanced in NKG2D-CAR T cells co-cultured with K562. In
contrast, expression of CD25 and ICOS were reduced in Empty
control T cells cultured with K562 (Figure 2B). OX-40 which is
typically upregulated 18–24 h following activation, was expressed
more profoundly in CD4 compared to CD8 NKG2D-CAR T cells
responding to K562, whereas the costimulatory marker 41BB was
Frontiers in Immunology | www.frontiersin.org 5
more highly expressed in CD8 than CD4 NKG2D-CAR T cells. T
cell activation through the NKG2D-CAR also increased
expression of PD-1 and Lag-3. In this setting PD-1 was more
highly expressed in CD4 NKG2D-CAR T cells while Lag3 was
more highly expressed in CD8 NKG2D-CAR T cells. Expression
of TIM3 was not changed after stimulation with K562 cells (data
not shown). Interestingly, the proliferation marker Ki-67 and
chemokine receptor CXCR3 were suppressed particularly in the
TEM and TTEMRA NKG2D-CAR T cells in response to ligand
recognition. Expression of Ki67 and CXCR3 was somewhat
maintained in the TCM and TSCM subsets of both CD4 and
CD8 NKG2D-CAR T cells.

NKG2D-Ligands Are Frequently Expressed
in AML and T-ALL
To assess the targetability of AML and T-ALL with NKG2D-
ligand specific CAR T cells, we sought to evaluate the expression
of NKG2D-ligands in primary AML and T-ALL in comparison
to AML and T-ALL cell lines, using a conjugated NKG2D-
chimeric fusion protein which mimics the ligand recognition
of the NKG2D-based CAR. All evaluated AML cell lines (MV-11,
Molm-13, HL-60) tested positive for NKG2D-ligand expression.
The chronic myeloid leukemia cell line K562, with known high
NKG2D-ligand expression was included as a positive control.
The mean-fluorescence intensity (MFI) varied among different
cell lines. Expression of NKG2D-ligands in primary AML blasts
was lower than in most AML lines, with MV4-11 mimicking
most closely the level of NKG2D-ligand expression in primary
AML (Figure 3A). Of 24 evaluated banked bone marrow aspirate
samples of patients with AML, 19 (80%) showed a specific
fluorescence intensity (SFI) of >1.0, indicating expression of
NKG2D-ligands above the level of the isotype control
(SFI=MFI NKG2D-Fc/MFI IgG-Fc) (Figure 3D). The available
clinical features for each sample are highlighted in Table 2.
Primary AML samples were also stained with mAbs to individual
NKG2D-ligands, with positive staining for different ULPBs
(Figure 3E). Similarly, expression of NKG2D-Ligands was
prominent in all tested T-ALL cell lines (KOPT-K1, DND-41,
HPB-ALL, Jurkat), whereas NKG2D-ligands were detectable at
lower levels in 5 of 6 tested primary T-ALL samples (Figures 3B,
F), but not in the control cell line B16 (Figure 3C). Profiling of
the individual NKG2D-ligands was also undertaken in all cell
lines (Figure 3G).

NKG2D CAR T Cells Exhibit Striking
Activity Against AML and T-ALL Cell Lines
We then tested the activity of the NKG2D-CAR against AML
and T-ALL lines with known NKG2D-ligand expression levels.
NKG2D-CAR T cells exhibited robust CD107a degranulation
(Figure 4A) and intracellular production of TNF-a (Figure 4B)
and IFN-g (Figure 4C) when co-cultured with AML and T-ALL
lines, but not in response to the murine melanoma cell line B16
(negative for human NKG2D-ligands). The response was specific
to the NKG2D-CAR, as no significant degranulation or cytokine
production by Empty control T cells was observed in response to
tumor targets (Figures 4A–C). NKG2D-CAR T cells but not
December 2020 | Volume 11 | Article 580328
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Empty control T cells proliferated in response to NKG2D-
ligand-bearing tumor targets, but not B16 controls with IL-15
stimulated T cells serving as positive controls (Figure 4D). We
interrogated levels of secreted IFN-g in co-cultures of NKG2D-
CAR T cells or Empty control T cells with NKG2D-ligand
positive tumor cell targets, B16 or T cells alone. Similarly, to
our assessment of intracellular IFN-g production, NKG2D-CAR
T cells secreted robust levels of IFN-g in the presence of NKG2D-
ligand tumor cell targets, whereas no significant IFN-g
production was detected when T cells were cultured alone or
Frontiers in Immunology | www.frontiersin.org 6
with the control cell line B16 (Figure 4E). Next, we evaluated the
cytotoxic effects of NKG2D-CAR T cells against tumor targets
compared to Empty control T cells in a flow-cytometry based
cytotoxicity assay. In these studies, NKG2D-CAR T cells
demonstrated robust killing of AML- and T-ALL cell line
targets at E:T ratios as low as 1:1, whereas no tumor cell killing
was mediated by Empty control T cells (Figure 4F). Cytotoxicity
was not dependent on high level NKG2D-ligand expression as
evidenced by effective killing of MV4-11 and Molm-13 targets
(Figures 3A, D, G and Figure 4F).
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FIGURE 1 | Transgene and NKG2D-CAR T cell characteristics. (A) The transgene of the NKG2D-CAR vector includes the cytoplasmic domain of the CD3x chain,
full-length human NKG2D and is separated from GFP by an IRES domain. (B) The transgene of the Empty control vector contains GFP only (C) The transduction
efficiency expressed as %GFP+ cells among viable cells is shown for NKG2D-CAR and Empty control T cells. Bars represent Mean ± Standard Deviation (SD) (D)
No differences in viability of transduced T cells were detected between the NKG2D-CAR and Empty control vector cultures at the time of sorting, when evaluating %
viable GFP+ cells among total cells in the original T cell culture. Bars represent Mean ±SD (E) NKG2D-CAR expression was also measured by NKG2D-staining
demonstrating minimal NKG2D-expression in CD4+ T cells transduced with Empty control vector (blue) and only native NKG2D-expression at levels expected in
CD8+ T cells. In contrast CD4+ T cells transduced with NKG2D-CAR vector (red) demonstrated NKG2D-surface expression in CD4+ T cells and a shift in MFI
beyond native NKG2D-expression in CD8+ T cells (F) Two representative examples depicting the phenotypic subset composition of NKG2D-CAR T cells are shown
(G). CD4:8 ratio of NKG2D-CAR and Empty control T cells in the CD4+ and CD8+ subsets are shown respectively. Bars represent Mean ± SD.
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Despite Low Level NKG2D-Ligand
Expression in Primary AML Samples,
NKG2D-CAR T Cells Show Robust
Leukemia-specific Efficacy in Functional
Studies
We next sought to evaluate the activity of NKG2D-CAR T cells
against primary AML blasts in correlation with their respective
Frontiers in Immunology | www.frontiersin.org 7
NKG2D-ligand expression. Despite relatively low NKG2D-ligand
expression in primary AML samples (Figures 3D, E, 5A), this
level of expression triggered statistically significant and robust
functional NKG2D-CAR T cell responses against unsorted
primary AML blasts (Pre-banking blasts percentage Mean
68.6%, SD 15.5; post-thaw viable CD45dim blast percentage
Mean 91.3%, SD 6.7) including cytotoxicity (n=3) (Figure 5A),
A

B

FIGURE 2 | Distinct CyTOF Profile of NKG2D CAR T cells after stimulation with NKG2D-expressing targets. NKG2D CAR T cells or Empty control T cells (5 × 106

cells) were co-cultured with or without K562 tumor targets (5 × 106 cells) for 24 h, stained and analyzed by CyTOF Mass Cytometry to detect different characteristics
of NKG2D-CAR T cells responding to NKG2D-ligand bearing leukemia cells. (A) Two-dimensional gating was used to identify CD45+/CD3+ CD4+ or CD8+ T cell
subsets and to identify major lymphocyte subsets based on surface staining with CD45RA, CCR7 and CD95. (A, B) The far-left map is color-coded for each subset
within the CD4+ and CD8+ populations as shown in the color legend. Surface expression of the indicated marker is displayed in representative visNE maps with a
single dot representing a single analyzed cell and its location within the different phenotypic clusters. Intensity of expression of the indicated surface markers
(NKG2D, ICOS, CD25, 41BB, OX40, PD-1, LAG-3, Ki-67, CXCR3) for the respective T cell conditions is represented along a color continuum as indicated, with red
representing high expression and blue representing low expression.
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CD107a degranulation, intracellular IFN-g and TNF-a production
and secretion of IFN-g (n=9) (Figures 5B, C). This effect was
NKG2D-CAR specific as it was not mediated by Empty control T
cells cultured with primary AML targets or NKG2D-CAR T cells
co-cultured with the B16 control cell line (negative for human
NKG2D-ligand expression). The NKG2D-ligand high-expressing
Frontiers in Immunology | www.frontiersin.org 8
cell line K562 was included as a positive control (Figure 5B).
Moreover, these functional activities were reduced to control levels
when NKG2D-CAR T cells were preincubated with NKG2D-
blocking mAbs prior to coculture (Figure 5D).

Importantly, healthy donor PBMC tested negative for
NKG2D-Ligand expression (n=3) and did not elicit NKG2D-
A B

D E

F G

C

FIGURE 3 | NKG2D-ligands are frequently expressed in AML and T-ALL (A) The NKG2D ligand surface expression in primary AML bone marrow aspirate samples
and AML cell lines (MV4-11, Molm-13, HL-60) was analyzed by flow cytometry using the conjugated fusion protein NKG2D-Fc (red) and IgG-Fc isotype (blue) to
evaluate ligand detection. The K562 cell line was included as a positive control due to its high level of NKG2D-ligand expression. Primary AML blasts were identified
based on viability, CD45dim expression and known patient specific markers including CD117, CD34, HLA-DR, and CD33. Histograms illustrate NKG2D-Fc (red) vs.
IgG-Fc (blue) isotype control staining in the respective samples (B) Histograms show NKG2D-Fc (red) vs. IgG-Fc (blue) isotype control staining in primary T-All blasts
and T-ALL cell lines (KOPT-K1, DND-41, HPB-ALL, Jurkat). Primary T-ALL blasts were identified based on viability and a combination of CD45, CD2, CD3, CD5,
CD7, CD34 and CD8 according to their patient-specific clinical expression pattern (C) Histogram shows NKG2D-Fc (red) vs. IgG-Fc (blue) isotype control staining in
the murine melanoma cell line B16 (D) The intensity of NKG2D-Ligand expression is shown as specific fluorescence intensity (SFI), which represents the ratio of the
mean fluorescence intensity (MFI) of NKG2D-Fc to IgG-Fc. All examined primary samples (AML n=24) and one representative sample for each of the cell lines (n ≥ 3
for each cell line) are displayed in comparison. SFI >1 is indicative of NKG2D-ligand expression above isotype (E) Staining of primary AML samples with available
antibodies to the individual NKG2D-ligands was also undertaken and is displayed here in comparison (F) SFIs of all examined primary T-ALL samples (n=6) and one
representative sample for each of the cell lines (n ≥ 3 for each cell line) are shown (G) Individual NKG2D-ligand staining with available antibodies was also performed
on the cell lines indicated.
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CAR T cell responses (n=2) (Figure 6A). Furthermore, no
significant NKG2D-ligand expression was detected on
NKG2D-CAR T cells or Empty control T cells (Figure 6B) at
the time of use in functional assays and NKG2D-CAR T cell
viability after 24 h co-culture with AML (n=2) or T-ALL (n=2)
cell lines was excellent (Figure 6C).
Frontiers in Immunology | www.frontiersin.org 9
Pharmacologic HDAC Inhibition
Upregulates NKG2D-Ligands in AML and
Augments Antileukemic NKG2D-CAR T
Cell Effects
Given reports of augmented NK-cell mediated antileukemic activity
in AML following pharmacologic NKG2D-ligand induction, we
sought to evaluate whether NKG2D-CAR T cell function may be
similarly enhanced, particularly in primary AML where NKG2D-
ligand expression is frequently detectable at low levels and HDAC-
inhibitors and hypomethylating agents have been clinically tested
(48). We therefore treated the low-level NKG2D-ligand expressing
cell lines MV4-11 and Molm-13 with Valproic acid (VPA),
Azacytidine (Aza), Hydroxyurea (HU) or the bromodomain-
inhibitor JQ1 at different concentrations and intervals, monitored
expression of NKG2D-ligands by NKG2D-Fc staining and observed
at least a modest increase with all agents tested (Figure 7A). In these
experiments, an SFI-ratio (SFI with pharmacologic agent/SFI with
negative control) >1.0 indicates pharmacologic increase in NKG2D-
ligand expression. After establishing best agent, dose and duration,
we proceeded to treat MV4-11 (n=12), Molm13 (n=9), primary
AML blasts (n=10) and healthy PBMC (n=3) with VPA or PBS at a
dose of 1 mM for 24 h and evaluated NKG2D-ligand expression
relative to isotype control (Figure 7B). We observed a statistically
significant (MV4-11: p=<0.0001,Molm13: p<0.0001, primary AML:
p=0.0047) increase in the SFI of cells treated with VPA compared to
those treated with PBS in AML cell lines and primary AML.
Importantly, no induction of NKG2D-ligand expression was
observed in healthy PBMC treated with VPA (Figure 7B),
suggesting a therapeutic window to specifically upregulate
NKG2D-ligand expression in AML blasts. We then evaluated
whether VPA-mediated upregulation of NKG2D-ligands enhanced
anti-leukemic NKG2D- CAR T cell responses. VPA-mediated
NKG2D-ligand induction significantly and consistently enhanced
NKG2D-CAR T cell degranulation and cytokine production in
response to both MV4-11 (Figure 7C) and Molm13 (data not
shown) (each, n≥4) pretreated with VPA. Most importantly, this
effect was also observed in primary AML samples, where VPA-
mediatedNKG2D-ligand upregulation (Figure 7D) was a successful
strategy to significantly enhance NKG2D-CAR T cell-mediated
IFN-g production (n=3) (Figure 7E).
DISCUSSION

Safe and effective CAR T cell strategies for the treatment of AML
and T-ALL represent an unmet medical need. NKG2D-ligands
are not expressed on healthy T cells or freshly isolated CD34+
stem cells (53) and therefore represent an alternative CAR T cell
target for the treatment of these high risk leukemias. One
potential toxicity concern when targeting NKG2D-ligands is
the possibility of ligand-upregulation on healthy cells and the
induction of an inflammatory feedback loop. No myelotoxicity,
T-cell toxicity or other autoimmune effects were observed in a
recent Phase 1 trial of NKG2D-CAR T cells in adults with AML
and multiple myeloma, providing a first reassuring safety signal
of this approach in the clinic (40). However, no objective
TABLE 2 | Clinical characteristics of primary AML samples.

AML
Sample

Clinical Characteristics NKG2D-
L SFI

1 29yo M; 73% BM blasts; FAB M4-Eo;
Complex karyotype with inversion 16. CBFB
rearrangement by FISH

1.04

2 49yo F; 21% BM blasts; relapsed FLT-3 mutated AML
Normal karyotype and cytogenetics

1.02

3 31yo M; 30% BM blasts; acute erythroid/myeloid leukemia
3q inversion and monosomy 7

0.97

4 45yo F, BM 76% blasts; relapsed AML s/p NMA allo-SCT;
5q deletion

1.08

5 47yo F, 91% BM blasts; secondary t-AML; FAB M1
Near tetraploidy

1.07

6 65yo M; 39% BM blasts, FAB M4
Normal cytogenetics

0.97

7 68yo F; 70% BM blasts, FAB M1
Normal cytogenetics

1.12

8 54yo F; 64% BM blasts; secondary AML arising from MDS 1.05
9 39yo F, 16% BM blasts, FAB M6

(6;9) translocation
1.02

10 55yo M, 22% BM blasts, secondary AML arising from
MDS
Normal cytogenetics

1.02

11 49yo F; 40% BM blasts; FAB M4
MLL rearranged, FLT-3 WT (negative)

0.88

12 60yo M, 20% BM blasts, relapsed AML, FAB M2
Normal cytogenetics

1.04

13 30yo M, 26% blasts, relapsed AML, FAB M2, FLT-3 ITD+
13q deletion,

0.93

14 52yo M; BM 43% BM blasts, FAB M2 1.42
15 21yo M; BM 86% blasts, FAB M4

Clonal rearrangement of 7p; 9q deletion.
1.19

16 53yo M, 40% BM blasts; relapsed AML, FAB M4, FLT-3
mutated
Normal cytogenetics

1.08

17 53yo M; 42% BM blasts, FAB M2
Normal cytogenetics

1.62

18 23yo F; BM blasts 70%
Inversion 16

1.13

19 23yo F; BM blasts 70%;
Molecular: FLT-3 ITD+, RUNX1, DNMT3 and ASXL1
mutations
Normal cytogenetics

1.06

20 72yo M; 67% BM blasts
Normal cytogenetics

1.38

21 67yo M; 50% BM Blasts; FAB M4;
Molecular: NMP1 mutated
Normal cytogenetics

1.21

22 27yo F; 82% BM blasts; molecular: CEBPA mutation
Cytogenetics: trisomy 21

1.04

23 45yo M; 69% BM Blasts, FAB M4-Eo; FLT3 D835
mutation (negative for FLT3-ITD and NPM1)
Inversion 16

2.01

24 64yo F; 60% BM blasts; FAB M4
Molecular: DNMT3A, WT1 mutations
Cytogenetics: +8

1.18
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FIGURE 4 | Continued
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FIGURE 4 | NKG2D-CAR T cells exhibit striking activity against AML and T-ALL cell lines (A–C) NKG2D-CAR T cells degranulate and produce TNF-a and IFN-g in
response to AML and T-ALL lines. NKG2D-CAR T cells (CAR) or primary T-cells transduced with empty vector (Empty) were cultured alone, with B16 murine
melanoma cells (negative for human NKG2D-ligand expression), K562 cells (highly positive for human NKG2D-ligand expression) or the indicated AML and T-ALL cell
lines at a ratio of 1:1 for 5 h. NKG2D-CAR T cells (CAR), but not control T-cells (Empty) demonstrated specific degranulation as evidenced by CD107a-positivity in
response to NKG2D-ligand positive AML and T-ALL cell lines, but not to B16 negative control cell lines (A). Similarly, intracellular cytokine staining revealed specific
production of TNF-a (B) and IFN-g (C) by NKG2D-CAR T cells in response to AML and T-ALL cell lines which correlated with the degree of NKG2D-ligand
expression. Flow plots (left panel) illustrate an example of responses to the cell line HL-60 (gated on GFP+/CD3+ cells), whereas bar graphs (right panel) illustrate the
percentage of GFP+/CD3+ cells positive for CD107a, TNF-a and IFN-g respectively in response to the AML- and T-ALL cell lines indicated. Each experiment was
performed in duplicate showing mean and Standard Deviation (SD). Welch’s t-test was utilized to detect significant differences in response. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001. Results shown represent ≥ 3 independent experiments for each target (D) NKG2D-CAR T cells proliferate in response to NKG2D-ligand positive AML
and T-ALL targets and in the presence of IL-15, but not in response to B16 negative controls, as shown by absolute # of proliferating cells calculated based on
CountBright beads (top panel) and % proliferating cells (bottom panel). Each graph is representative of n ≥2 independent experiments, with each data point
performed in duplicate and showing mean with SD. Welch’s t-test was utilized to detect significant differences in response. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
(E) NKG2D-CART cells secrete significant amounts of IFN-g in response to AML and T-ALL cell lines. CAR and Empty T cells were co-cultured alone, with human
NKG2D-ligand negative murine B16 melanoma cells, NKG2D-ligandhigh cell line K562 or with AML and T-ALL cell lines at a ratio of 1:1 for 24 h. Cell-free
supernatants were then harvested and IFN-g secretion quantified by ELISA. Data shown is representative of n ≥ 3 independent experiments (F) NKG2D-CAR T cells
have potent in vitro cytolytic activity against AML and T-ALL lines. Target cells were labeled with Calcein AM prior to co-culture with CAR or Empty T cells for 6 h at
different effector:target ratios and subsequently stained with 7AAD. The representative flow plot (left panel) of DND-41 targets co-cultured with CAR or Empty at a 1:1
ratio illustrates the gating strategy to identify GFP-/Calcein AM+/7AAD- residual viable targets on the basis of which specific lysis was calculated. % Specific Lysis
mediated by CAR (red lines) vs. Empty (green lines) at the indicated E:T ratios is indicated for the respective AML lines (middle panel) and T-ALL lines (right panel) as
well as K562 (right panel). Each data point was performed in duplicate showing mean with SD. Each graph is representative of n ≥ independent 2 experiments
except DND-41 (n=1). Each experiment was performed in duplicate or triplicate with data indicating mean with SD. Welch’s student t-test was utilized to detect
significant differences. *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001, ****p ≤ 0.0001.
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responses were observed. Since NKG2D-CAR efficacy had not
been examined in preclinical models of AML, this led us to
interrogate whether NKG2D-ligands are targets worthy of
further pursuit in AML. NKG2D-ligands were detected on
AML blasts in the trial, but at lower levels than targets with
established clinical efficacy such as CD19 (54) or CD22 (55). This
raised the question whether NKG2D-ligand expression observed
on the trial was sufficient to expect clinical efficacy and whether
NKG2D-ligand expression in patients, who had sufficiently
stable disease to await CAR T cell manufacture without
intercurrent chemotherapy was generally representative for
AML or not. To address these questions and establish
NKG2D-ligand expression patterns in T-ALL, we investigated
NKG2D-ligand expression in a larger cohort of primary AML
and T-ALL samples. Consistent with other reports in the
literature (22, 43, 56), we confirm here that NKG2D-ligands
are frequently expressed in primary AML and T-ALL and
demonstrate robust NKG2D-ligand expression in different
AML and T-ALL cell lines. However, primary AML and T-
ALL express NKG2D-ligands at lower levels than most AML and
T-ALL cell lines.

To investigate the efficacy of NKG2D-CARs in in vitro
models, we generated primary human NKG2D-CAR T cells
and compared them to control T-cells in functional readouts
assessing CAR T cell degranulation, cytokine production,
proliferation and cytotoxicity. We observed potent NKG2D-
CAR T cell responses to AML and T-ALL cell lines and
showed that these were mediated specifically by the NKG2D-
CAR interaction with NKG2D-ligands, given that similar effects
were not mediated by control T-cells, were abrogated by
preincubation of NGK2D-CAR T cells with NKG2D-blocking
mAb and were not observed in response to NKG2D-ligand
negative targets. We also observed that higher levels of
NKG2D-ligand expression correlated with higher levels of
degranulation and cytokine production although it did not
Frontiers in Immunology | www.frontiersin.org 11
appear to impact NKG2D-CAR T cell mediated killing of
targets which was consistently efficient at very low E:T ratios.
Notably, healthy donor PBMC did not express NKG2D-ligands
or elicit NKG2D-CAR T cell responses. We examined NKG2D-
ligand expression on NKG2D-CAR T cell and control T cells at
the time they were utilized in functional assays (end of
manufacture) and observed no NKG2D-ligand expression on
NKG2D-CAR T cells at this time (57). We examined the
phenotype of NKG2D-CAR T cells, which consisted
predominantly of TCM and TEM T cells mediating antileukemic
effector functions, but also contained TSCM with capacity for
CAR T cell regeneration and longevity. Mass-cytometric analysis
revealed a distinct signature of NKG2D-CAR T cells responding
to NKG2D-ligand positive leukemia targets when compared to
Empty control T cells or NKG2D-CAR T cells lacking NKG2D-
ligand recognition. NKG2D-CAR T cells showed significant
upregulation of the activation markers ICOS and CD25 in
response to K562. Similarly, the costimulatory molecules 41BB
and OX-40 were upregulated in NKG2D-CAR T cells with
natural predilection in CD8 and CD4 T cells respectively. PD-1
and Lag-3 were similarly upregulated selectively in tumor-
recognizing NKG2D-CAR T cells, which may be more
reflective of T-cell activation than exhaustion, given robust
NKG2D-CAR functionality observed in several assays, but
suggests that NKG2D-CAR T cell response could be further
enhanced in combination with checkpoint blockade or genetic
modification strategies. Interestingly, expression of the
proliferation marker Ki67 and homing marker CXCR3 was
decreased in the TEM and TEMRA CAR subsets involved in the
active anti-tumor response while they were relatively maintained
in the TSCM and TCM subsets responsible for maintaining an
ongoing NKG2D-CAR T cell response.

Based on prior reports of enhanced NK cell-mediated AML
responses associated with NKG2D-ligand induction by HDAC
inhibitors (46, 58), we hypothesized that selective enhancement
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FIGURE 5 | NKG2D-CAR T cells have functional activity against primary AML (A) NKG2D-CAR T cells but not Empty control T cells mediate a high degree of
specific lysis of unsorted primary AML blasts despite low level ligand expression measured by NKG2D-Fc (SFI 1.38 for this representative sample). The degree of
cytotoxicity as impacted by NKG2D-Fc SFI, blast burden, blast viability after thaw and batch of freshly manufactured CAR T cells shows some expected variability
between different AML samples, but remains statistically significant compared to Empty control T cells (B) Despite low level NKG2D-ligand expression, NKG2D-CAR
T cells but not T cells transduced with empty vector (Empty) respond to primary AML blasts (AML) with robust degranulation, intracellular production of TNF-a and
IFN-g and secretion of IFN-g, although at lower levels than in response to the NKG2D-ligandhigh cell line K562 (C) Patient-specific variability is again observed
between different primary AML samples, with statistically significant differences compared to Empty control T cells (D) Preincubation of NKG2D-CAR T cells with
NKG2D-blocking mAb abrogates the functional activity in response to primary AML, demonstrating that the effect is mediated by the CAR. Each experiment was
performed in duplicate or triplicate, with data showing mean with SD. Welch’s t-test was employed to detect significant differences. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001, ns, not significant, ND, not detectable.
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of NKG2D-ligand expression in AML could be achieved
pharmacologically and lead to enhanced NKG2D-CAR efficacy
in this indication. After screening different agents and
conditions, we established that NKG2D-ligand expression
could be consistently increased in low-level expressing AML
cell lines and in primary AML blasts after pretreatment with the
HDAC inhibitor valproate and that this strategy significantly
enhanced NKG2D-CAR anti-tumor responses against AML.
Importantly, NKG2D-ligand expression was enhanced in AML
blasts with low ligand expression, but not NKG2D-ligand
negative healthy PBMC. Given that epigenetic therapeutics,
including HDAC-inhibitors are in clinical use in AML, our
Frontiers in Immunology | www.frontiersin.org 13
data supports the further investigation of NKG2D-CAR T cell
therapy in conjunction with pharmacologic HDAC-inhibition in
xenograft models of AML as a rational combination therapy with
synergistic anti-leukemia effects. Such therapy may not only
augment direct anti-tumor effects mediated by NKG2D-CAR T
cells, but also enhance the ability of NKG2D-CAR T cells to
expand against antigen. In summary, we provide comprehensive
preclinical evidence of in vitro NKG2D-CAR T cell efficacy in T-
ALL and AML and demonstrate that pharmacologic HDAC-
inhibition achieves selective upregulation of NKG2D-ligands on
the surface of AML blasts which in turn leads to enhanced
NKG2D-CAR T cell efficacy.
A
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FIGURE 6 | Lack of NKG2D-ligand expression on healthy PBMC or NKG2D-CAR T cells (A) Healthy donor PBMC were evaluated for NKG2D-ligand expression
utilizing the NKG2D-Fc fusion protein and did not show any NKG2D-ligand expression (n=3). Additionally, NKG2D-CAR T cells did not trigger responses against
healthy PBMC in functional assays (n=2) (B) Similarly, NKG2D-CAR T and Empty control cells were found to be negative for NKG2D-ligand expression (n=5)
(C) NKG2D-CAR T cell viability was measured after 24 h co-culture with Molm13 and Jurkat targets (each n=2) and found to be ≥90%.
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FIGURE 7 | Treatment with the HDAC inhibitor Valproic acid (VPA) upregulates NKG2D-ligands in AML and enhances NKG2D-CART cell responses against AML
cell lines and primary AML (A) The low-level NKG2D-ligand expressing cell lines MV4-11 and Molm13 were treated with Valproic acid (VPA), Hydroxyurea (HU), the
bromodomain-inhibitor JQ1 or Azacitidine (Aza) at the indicated concentrations and intervals and NKG2D-ligand expression monitored by flow cytometry utilizing
NKG2D-Fc and IgG-Fc staining in comparison to controls concurrently treated with PBS (B) Treatment with 1 mM VPA for 24 h consistently induces NKG2D-ligand
upregulation in low expressing AML cell lines and primary AML, but not healthy PBMC. Graphs illustrate the difference in the SFI of cells treated with PBS versus
VPA with lines connecting the SFIs of paired samples. Paired t-test was utilized to detect any significant differences in SFI between samples treated with PBS vs.
VPA. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns, not significant. (C) To determine if VPA-mediated NKG2D-ligand upregulation elicited enhanced
NKG2D-CAR T cell effector function, NKG2D-CAR T cells (CAR) and control T cells (Empty) were co-cultured with the MV4-11 cell line which was either pretreated
with 1 mM VPA or with PBS for 24 h prior to serving as a target. Experiments were performed in duplicate or triplicate showing mean with SD. Welch’s t-test was
used to determine statistical differences *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Data shown is representative of ≥4 independent experiments (D) Primary AML bone
marrow aspirate samples from three different patients (each containing ≥ 70% blasts) were incubated with either 1mM VPA or PBS in the presence of SCF, Flt3-
ligand, GM-CSF, IL-3, and IL-6 and NKG2D-ligand expression was measured. (E) They were subsequently co-cultured with either NKG2D CAR T cells (CAR) or T
cells transduced with empty vector (Empty) for 24 h with B16 cells serving as NKG2D-ligand negative control targets. IFN-g secretion in the cell free supernatants
was measured by ELISA. Each experiment was performed in duplicate or triplicate showing mean with SD. Welch’s t-test was employed to evaluate for statistical
significance. *p ≤ 0.05, **p ≤ 0.01. Three independent experiments are shown.
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