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Abstract

Background: The advents of novel immunotherapies have revolutionized the treatment of cancer. Adoptive cellular
therapies using chimeric antigen receptor T (CAR-T) cells have achieved remarkable clinical responses in B cell
leukemia and lymphoma but the effect on solid tumors including lung cancer is limited. Here we present data on
the therapeutic potential of allogeneic CD3"CD4 CD8™ double negative T (DNT) cells as a new cellular therapy for
the treatment of lung cancer and underlying mechanisms.

Methods: DNTs were enriched and expanded ex vivo from healthy donors and phenotyped by flow cytometry.
Functionally, their cytotoxicity was determined against primary and established non-small-cell lung cancer (NSCLC)
cell lines in vitro or through in vivo adoptive transfer into xenograft models. Mechanistic analysis was performed
using blocking antibodies against various cell surface and soluble markers. Furthermore, the role of IL-15 on DNT
function was determined.

Results: We demonstrated that ex vivo expanded DNTs can effectively lyse various human NSCLC cells in vitro and
inhibit tumor growth in xenograft models. Expanded DNTs have a cytotoxic phenotype, as they express NKp30, NKG2D,
DNAM-1, membrane TRAIL (mTRAIL), perforin and granzyme B, and secrete IFNy and soluble TRAIL (STRAIL). DNT-
mediated cytotoxicity was dependent on a combination of tumor-expressed ligands for NKG2D, DNAM-1, NKp30 and/or
receptors for TRAIL, which differ among different NSCLC cell lines. Furthermore, stimulation of DNTs with IL-15 increased

lung cancer either alone or in combination with IL-15.

expression of effector molecules on DNTs, their TRAIL production and cytotoxicity against NSCLC in vitro and in vivo.

Conclusion: Healthy donor-derived DNTs can target NSCLC in vitro and in vivo. DNTs recognize tumors via innate
receptors which can be up-regulated by IL-15. DNTs have the potential to be used as a novel adoptive cell therapy for
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Background

Lung cancer is the leading cause of cancer-related deaths
worldwide with less than 15% of patients having a 5-year
overall survival. Non-small-cell lung cancer (NSCLC)
represents 85% of all lung cancer cases. Most patients
present with advanced disease and treatment options are
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based on histology subtype and molecular pathology [1].
Platinum-based chemotherapy remains the cornerstone
of treatment in most patients, but response rates are
modest and some patients do not tolerate the adverse
side effects [2]. In patients whose tumors harbor muta-
tion or re-arrangement in EGFR, ALK, or ROSI genes,
targeted therapy improves survival, but invariably pa-
tients experience progression due to development of
resistance [3].

Immunotherapy represents an innovative approach
for the treatment of NSCLC, with several immune
checkpoint inhibitors, tumor cell vaccines and adoptive
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cellular therapies being investigated [4]. Immune check-
point inhibitors targeting PD-1/PD-L1 have shown im-
proved efficacy and longer duration of response compared
to chemotherapy in a subset of patients whose tumors ex-
press PD-L1 [5, 6]. Strategies to immunize patients after
complete surgical resection with tumor cell vaccines, in-
cluding the melanoma-associated antigen-A3 (MAGE-A3)
and MUCI vaccines, have so far failed to improve overall
survival in early stage NSCLC patients [7, 8]. Finally,
adoptive cell therapies for NSCLC are promising but re-
main limited in clinical use. Clinical trial data show that
adoptive therapy of autologous cytokine-induced killer
(CIK) cells is well tolerated, with efficiency over conven-
tional chemotherapy [9-11]. Further, tumor infiltrating
lymphocytes and CAR-T cell therapy for solid tumors are
still in pre-clinical or early clinical phases [12]. Therefore,
continued efforts are needed to explore safer and more
effective therapies for NSCLC patients.

Double negative T cells (DNTs) comprise 3-5% of the
peripheral blood mature T lymphocyte pool as defined
by expression of CD3 in the absence of CD4 and CD8.
Previously, we demonstrated that ex vivo expanded allo-
genic DNTs represent a promising cellular therapy for the
treatment of acute myeloid leukemia (AML) [13-15]. In
those studies, we have established a protocol which allows
for ex vivo expansion of therapeutic numbers and clinical
grade DNTs with high purity from healthy donors [14, 16].
We have extensively characterized the “off-the-self” nature
of DNTs and demonstrated their safety and efficacy in
treating AML in patient-derived xenograft (PDX) models
[14]. Whether DNTs can be used to target solid tumors
remains unclear. Here, we demonstrate that ex vivo
expanded DNTs are cytotoxic towards a large panel of
NSCLC cell lines in vitro and can inhibit tumor growth in
xenograft models. Stimulation of DNTs with IL-15 further
enhances their anti-tumor activities. Furthermore, we show
that DNTs utilize various mechanisms to recognize and
target lung cancer cells, which are dependent on the ex-
pression of ligands on cancer cells.

Materials

Anti-human antibodies specific for CD3 (clone HIT3a),
CD4 (clone OKT4), CDS8 (clone HIT8a), CD69 (clone
FN50), CD25 (clone PC61), NKG2D (clone 1D11),
DNAM-1 (clone 118A), Fas ligand (FasL; clone NOK-1),
NKp30 (clone P30-15), NKp44 (clone P44-8), NKp46
(clone 9E2), perforin (clone B-D14), granzyme B (clone
GBI11), CD112 (clone TX31), CD155 (clone SKIL.4), NKG2D
(clone 1D11), DNAM-1 (clone 11A8), NKp30 (clone P30-
15), FasL (clone NOK-1), NKp44 (clone P44—8), membrane
TNEF-related apoptosis-inducing ligand (TRAIL; clone
RIK-2), killer cell immunoglobulin-like receptors (KIRs)
CD158a (clone HP-MA4), CD158b (clone DX27), CD158e
(clone DX9), CD9%4 (clone DX22), anti-HLA A/B/C (clone
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W6/32), anti-HLA-E (clone 3D12), anti-TCRyd (clone B1),
as well as isotype antibodies mouse IgG1, « (clone RMG1—
1), mouse 1gG2a, x (clone RMG2a-62), mouse IgG2p, k
(clone 27-35) and rat IgG1, y (clone GO114F7) were pur-
chased from Biolegend. Antibodies specific for TRAIL-R1
(clone 69,036), TRAIL-R2 (clone 71,908), TRAIL-R3 (clone
90,906), TRAIL-R4 (clone 104,918), MIC-A/B (clone
159,207), ULBP-1 (clone 170,818), ULBP-2/5/6 (clone
165,903), ULBP-3 (clone 166,510) and ULBP-4 (clone
709,116) were purchased from R&D Systems.

Expansion of DNTs and lung cancer cell lines

DNTs were expanded ex vivo from healthy donors as
described previously [14]. In brief, blood samples were ob-
tained from healthy donors upon consent with a protocol
approved by the University Health Network (UHN) Re-
search Ethics Board. DNTs were enriched by depleting
CD4" and CD8" cells using RosetteSep™ human CD4- and
CD8-depletion cocktails (Stemcell Technologies). The
CD4 and CD8 depleted cells were cultured in 24-well
plates pre-coated with 5 pg/ml anti-CD3 antibody (OKT3,
eBioscience) for 3days in RPMI-1640 (Thermo Fisher
Scientific) supplemented with 10% FBS (Sigma) and 250
IU/ml IL-2 (Proleukin). Fresh IL-2 and OKT3 were added
to the DNT cultures every 2—4 days. DN'Ts were harvested
between day 15-20 and purity was assessed by flow cy-
tometry prior to experiments. The mean purity of DNTs
used in the study was ~ 94%.

The tumor cell lines H2279, H460, H125, A549, OCI-
AML3 and Jurkat (E6-1) were obtained from ATCC.
Primary NSCLC cell lines 12, 178, 426, 277, 655, 229,
239 and 137 were derived from NSCLC PDX models
(Additional file 1: Table S1), which were established
using a protocol approved by the UHN Research Ethics
Board. Briefly, primary lines were established from single
cell suspensions of their corresponding PDX grown in
immune deficient mice [17, 18]. Mutation information
of primary NSCLC cell lines was profiled by OncoCarta
Panel v1.0 (Agena Bioscience, San Diego, CA). All cell
lines were maintained in DMEM/F12 (Gibco) supple-
mented with 10% FBS and used at less than 15 passages
in vitro.

Cytotoxicity and blocking assays

1x10° cells/ml NSCLC cell lines were labelled with
5uM florescent Vybrant™ DiO in PBS (ThermoFisher
Scientific) for 15 mins at 37 °C. After washing, the DiO-
labelled targets were added to 96-well plates in 100 pl
DMEM/F12 with 10% FBS at 1x10° cells/ml. DNTs
were added at different effector to target (E:T) ratios.
After 14 h co-culture, non-adherent cells were collected
and transferred to a new microtiter plate. Remaining ad-
herent cells were dissociated with 0.25% trypsin-EDTA
solution (Sigma) and collected. For non-adherent target
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cells, cells were collected at 4h after co-culture.
TO-PRO-3 (3 uM, ThermoFisher Scientific) was added
to cell suspension to stain for dead cells and cells were
analyzed by flow cytometry to determine the frequency
of live and dead DiO" target cells. The specific cytotox-
icity of DNTs against NSCLC cell was calculated by:

%DiO* TO-PRO-3" iy pnr~%DiO" TO-PRO-3" wisour DNT
100-%DiO" TO-PRO-3" vt DNT x100.  The

E:T EC50 was calculated using a non-linear regression
fit of all E:T ratios in Table 1. For IL-15 stimulated as-
says, DNTs were stimulated with or without 100 ng/ml
IL-15 for 24 h, followed by coculturing with NSCLC cells
in the presence or absence of 100 ng/ml IL-15 for an-
other 14h. In some cases, NSCLC cells were cultured
with 100 ng/ml IL-15 or supernatants from DNTs stimu-
lated with or without 100 ng/ml IL-15. The cytotoxicity
of DNTs against NSCLC cells was determined by flow
cytometry at 5:1 E:T ratio or as indicated, all culture
conditions contained 250 IU/ml of IL-2.

For blocking assays, blocking antibodies or isotype
matched controls were cultured with DNTs for 1 h prior
to co-incubation with target cells at E:T ratio =5:1 for
14 h. For TCR and perforin and granzyme B inhibition,
anti-TCR antibody min and washed away prior to
co-incubation with target cells as previously described
[14]. For mTRAIL and CMA inhibition assays, DNTs
were cultured for 30 min in the presence of 100 nM con-
canamycin A (CMA) or DMSO prior to co-culture with
cancer targets in the presence of anti-TRAIL antibody
or isotype control with IL-2 or IL-2/IL-15 stimulation.
For sTRAIL blocking, DNT conditioned supernatant was
cultured with anti-TRAIL antibody for 4h prior to
addition of lung cancer cells for 14 h. Percent inhibition
of cytotoxicity was calculated by measuring the change
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in cytotoxicity observed between co-cultures containing
blocking antibody to respective isotype control, vehicle
control (DMSOQO), or media.

Elisa

DNTs were cultured in media containing IL-2 with or
without IL-15 for 24'h, and cell-free supernatants were
used to measure interferon gamma (IFNY), tumor necrosis
factor alpha (TNFa) and soluble TNF-related apoptosis-in-
ducing ligand (STRAIL) release using ELISA MAX kits
(Biolegend) or Quantikine ELISA kits (R&D systems).

Xenograft model

NOD.Cg—Prkdcs”d Ierg’m”W/SZ] (NSG) mice (Jackson
Laboratories, Bar Harbor, ME) were maintained at the
UHN animal facility. 6-8 week old male mice were sub-
cutaneously inoculated with H460 cells or A549 cells
(1 x 10°/mouse) on day 0. Three days later, mice were
treated i.v. with PBS or DNTs (2 x 10”/mouse) on days 3
and 7 or on days 3, 7 and 10 in the presence of IL-2 or
IL-2 plus IL-15. IL-2 alone or together with IL-15 was
administered i.p. twice a week. Mice were sacrificed
when the tumor diameter reached 2 cm. Tumor volume
was calculated by length x width® x 0.52.

Statistical analysis

All graphs and statistical analyses were performed with
GraphPad Prism 6. The data were analyzed by two-tailed
Student’s ¢ test, one-way ANOVA followed by Bonferroni’s
post hoc test and two-way ANOVA followed by Bonferroni’s
post hoc test. The results were expressed as mean + SD.
Statistical significance was set as P < 0.05.

Table 1 NSCLC cell lines have different susceptibilities towards ex vivo expanded DNTs

Cell line (Cell source) % cytotoxicity (Mean + SD) at different ET ratios ET EC50
20:01 10:01 5:01 2.5:01
H2279 (ATCO) 97.22 £ 12.04 8769 + 11.65 4769 £ 1934 2383 +£ 1353 4.03
H460 (ATCQ) 89.27 £ 723 6152 + 830 30.09 £ 12.88 14.88 + 875 4.86
12 (PDX) 8343 + 1797 7532 +£18.10 50.66 + 21.09 2415 £ 1097 576
178 (PDX) 83.03 + 10.55 5896 + 12.30 3443 + 749 1181 +£283 6.7
426 (PDX) 83.00 + 10.50 64.54 + 13.74 4079 £7.24 1632 + 446 747
277 (PDX) 8125 +9.27 67.62 + 1495 4725 + 807 21.76 £ 6.73 7.56
655 (PDX) 81.14 £ 7.99 63.21 + 8.85 31.84 £ 1.90 1779 £ 177 797
229 (PDX) 80.64 + 1041 5896 + 10.73 2798 £ 14.16 1028 £ 543 8.86
H125 (ATCO) 7862 + 14.80 5397 + 19.28 24.05 £ 1039 16.39 + 894 9.53
239 (PDX) 63.57 + 9.98 36.19 + 16.83 1182 £ 876 1245 + 381 168
A549 (ATCQ) 60.12 £ 1051 3569 = 541 18.28 + 5.21 9.77 £ 450 1693
137 (PDX) 53.66 + 1540 30.84 £ 13.30 16.67 + 647 851 £290 20.57

Primary and established human NSCLC cell lines were cocultured with ex vivo expanded DNTs at various E:T ratios. The percentages of specific cytotoxicity against

target cells were detected. E-T EC50 was calculated for each cell line
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Results

Expanded DNTs cells are innate T cells with a cytotoxic
phenotype

To determine the potential of using ex vivo expanded
human DNTs as an immunotherapy against solid tu-
mors, we used our previously established protocol by
which human DNTs can be expanded ex vivo from per-
ipheral blood of healthy donors [14]. Using this protocol
donor DNTs expanded 428.38 + 133.17-fold in two weeks
(Fig. 1a). Effectively, from 1 ml of blood, 15.18 + 4.64 x 10°
DNTs on day 0 were expanded to 6.29 +2.49 x 10° cells
by day 14, with a purity of 93.63 £ 4.93% (Fig. 1b-d). As
seen previously, the majority of expanded DNTs contained
a mixture of af- (~10%) and yd-T cells (>80%), with
minor populations (< 1%) of DNTs expressing known mu-
cosal associated invariant T (MAIT) and invariant natural
killer T (iNKT) cell receptors (Fig. 1e).

To further explore the potential of DNTs for use as
effector cells against lung cancer, we screened DNTs
for their expression of molecules known to be in-
volved in immune cell mediated anti-tumor responses
[19], including NKG2D, DNAM-1, the family of natural
cytotoxicity receptors (NCR) NKp30, NKp44 and NKp46,
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FasL, membrane TRAIL (mTRAIL), perforin and granzyme
B. Expanded DNTs showed a > 150-fold increase in MFI
values for NKG2D and DNAM-1, and a 2-fold increase in
NKp30, FasL, and mTRAIL expression compared to isotype
controls (Fig. 2a and b). Expression of NKp44: and NKp46
was not detected. Expanded DNTs also expressed
intracellular perforin and granzyme B (Fig. 2a and b)
and secreted IFNy and soluble TRAIL (sTRAIL), but
not TNFa (Fig. 2c¢).

As a large proportion of DNTs are TCRy&+, we
screened for inhibitory killer cell immunoglobulin like
receptor (KIR) expression, known to regulate y§ T
cell clones [20]. Similar to the report by others [21],
we found that KIRs are expressed clonally on DNTs,
but that TCRap and TCRyS8 subsets of DNTs
expressed similarly high levels of cytotoxicity recep-
tors, NKG2D and DNAM-1 (Additional file 1: Figure
Sla and b). Given the similarity in cytotoxic cell sur-
face marker expression between TCRaf and TCRy§
subsets and their anti-leukemic function [14, 22], for
the simplicity of future clinical application, the ex-
panded DNTs were used in the following studies
without further sorting.
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Fig. 1 The subtypes of ex vivo expanded DNTs. a Fold expansion of DNTs on day 14 was calculated. b Numbers of DNTs expanded from 1 ml
blood were calculated. ¢, d The purity of DNTs was detected on day 0 and day 14. e The percentages of ap- and yo-subtypes of DNTs were
detected by flow cytometry. The subtypes of y&-DNTs and a3-DNTs were detected using Valpha24 (iNKT cell TCR) and Valpha7.2 (MAIT TCR)




Yao et al. Journal for InmunoTherapy of Cancer (2019) 7:17 Page 5 of 14
p
a
MF1:120 | v .
: MF:420 MF1:120 MFI:120 MFI:12(
gl IMRFROY | M6y | |
3 ‘ f MF1:403 MFE132 | L| MFr124
NKG2D—— DNAM-1—— NKp30 NKp44 NKp46—
N w248 — MFI:214
3 Fl;2247 ME1:780
o 4 1
MFI:12
FasL Perforin === Granzyme B mTRAIL =—
b
3004
Fekk
_.2501 T
E Fekk
":9’ 200+ _III [ Isotype control antibody
L ek i i
s 150l i [ Indicated antibody
o 671
2
©
° 4
o
24
ol
oq/o
&
Cc
4 1.0 1.0
~3] = E 08 = 08
£ ) j'—E— 2 06 S 0.6
~ c
< . = 0.4 Z 0.4
Z 1 & oz - Z 02
i (= g0
= » =
. —k— 0o
Fig. 2 Activation molecules expressed on DNTs. a Ex vivo expanded DNTs were stained with indicated antibody (solid line) or isotype control
antibody (filled histogram). b Relative MFI was calculated compared to DNTs stained with isotype control antibody. Data from 5 donors are
shown. ¢ DNT supernatants were collected, IFNy, sTRAIL and TNFa were measured by ELISA. Each dot represents the data obtained from one
healthy donor. *P < 0.05 and ***P < 0.001 compared

Ex vivo expanded DNTs effectively lyse human lung
cancer cells in vitro and inhibit tumor growth in
xenograft models

Recently we found that ex vivo expanded DNTs were
cytotoxic towards human primary AML blasts and could
reduce leukemia burden in PDX models of AML. Im-
portantly, we demonstrated that DNTs were non-toxic
towards normal cells and tissues [14]. To test the cyto-
toxic potential of DNTs against lung cancer, cells ex-
panded from 8 healthy donors were cocultured with 8
primary and 4 established human NSCLC cell lines at
varying E:T ratios (Table 1). Although cytotoxicity varied
between different NSCLC lines, DNTs from all tested
donors showed dose-dependent cytotoxicity towards
both primary and established lung cancer cells (Table 1).

The majority of NSCLC lines tested were highly suscep-
tible to DNT-mediated lysis, with an E:T ratio EC50 of
less than 10, such that an E:T ratio of 10:1 is capable of
lysing 50% of NSCLC lines in cocultures. A549, and pri-
mary NSCLC lines 239, 137 were less susceptible, with a
specific lysis E:T EC50 of greater than 16.

To further determine the anti-tumor effect of DNTs in
vivo, NSG mice were subcutaneously injected with H460
or A549 cells and divided into different treatment
groups as shown in Fig. 3. Neither H460 nor A549
tumor growth was remarkably affected by IL-2 treatment
alone. However, intravenous infusion of ex vivo ex-
panded DNTs post-tumor inoculation resulted in a sig-
nificant but modest reduction in tumor growth in both
models. In mice that received H460 and 2 DNT
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followed by Bonferroni's post hoc test. *P < 0.05 and ***P < 0.001 compared to H460 + PBS + IL-2 group in a, and A549 + PBS +IL-2 group in b.
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treatments, tumor volume was reduced by 34.26 +
17.81% on day 24 (Fig. 3a). Similarly, 2 and 3 DNT cell
treatments resulted in 40.38% + 14.83% and 51.05 +
7.29% reduction in A549 tumor volume, respectively on
day 24 (Fig. 3b). Compared to 2 injections of DNTs, 3
injections of DNTs led to a greater inhibition of tumor
growth, therefore, 3 injections of DNTs were given in
the following experiments. These data demonstrate that
adoptive transfer of DNTs after tumor inoculation can
inhibit lung cancer xenograft growth.

DNTs utilize different mechanisms for cytolysis of NSCLC
cells

To identify the molecules that are involved in the recog-
nition and cytolysis of NSCLC cell lines, various block-
ing antibodies against the detected cell surface and
soluble markers were used in cytotoxicity assays. Block-
ing of NKG2D, DNAM-1 and NKp30 resulted in signifi-
cant inhibition of DNT-mediated cytolysis with different
degrees of inhibition against different cell lines (Fig. 4a).
Cytotoxicity towards cell line 137 showed the greatest
dependency on NKG2D ligation compared to A549
and H460 cells as blocking this pathway resulted in a
39.04 £ 3.96% reduction in 137 cell cytolysis. Blocking
the interaction of DNAM-1 with its ligands showed

22.18 + 3.92% reduction in cytotoxicity towards A549 cells.
In addition to innate receptor recognition of lung cancer,
DNTs express TCRyd which is known to respond to phos-
phoantigens. We found that while anti-TCRy$ antibody did
alter Jurkat T cell cytolysis, TCR blockade did not alter lung
cancer cell death (Additional file 1: Figure S2a). Further, in
contrast to NKG2D, DNAM-1 and NCR markers, blocking
of HLA had little effect on DNT-mediated cytotoxicity,
consistent with the low expression of KIRs on DNTs
(Additional file 1: Figure S2c).

Cytotoxic lymphocytes can utilize various mechanisms
for cell mediated cytolysis [19]. We found that amongst
the mechanisms analyzed, antibody blocking of TRAIL, led
to reduced cytotoxicity towards A549 and H460 cells, but
not 137 cells (Fig. 4b), whereas blocking of FasL and IFNy
had no significant effect on DNT-mediated lysis of three
lung cancer cell lines analyzed (Fig. 4a and Additional file 1:
Figure S3a). As perforin/granzyme B also have important
roles in cytolysis, we determined whether CMA treatment
of DNTs inhibited cytolysis in the absence of TRAIL.
Whereas DNTs treated with CMA resulted in a significant
inhibition of cytolysis against acute myeloid leukemia
(>80% inhibition; Additional file 1: Figure S3b), only a
modest ~10% inhibition was observed against lung
cancer, with statistical significance over control
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background observed only against H460 (Fig. 4b). Con-
sistent with this observation, the combination of CMA
treated DNT cells in the presence of anti-TRAIL anti-
body did not further reduce DNT cytotoxicity against
A549 or modestly (~5%) reduced DNT cytotoxicity
against H460 compared to anti-TRAIL alone (Fig. 4b).
As TRAIL exists in membrane and soluble forms we
next asked whether DNT derived sTRAIL may be in-
volved. Whereas DNT supernatant, conditioned with
only IL-2, induced cell death of H460, with trends to-
wards cell death of A549, line 137 was not susceptible
to DNT supernatant-mediated cell death (Fig. 4c). Fur-
ther, to explore the role of sTRAIL, we found that
addition of neutralizing anti-TRAIL antibody modestly

but significantly reduced DNT supernatant-mediated cell
death of H460, with trends towards reduction in A549 but
not 137 (Fig. 4c). Interestingly, consistent with this finding,
recombinant human sTRAIL induced a dose-dependent
cell death of A549 and H460 cells, but not of cell line 137
(Fig. 4d). Taken together, these data indicate that the TRAIL
pathway, and to a lesser extent perforin/granzyme B, are in-
volved in DNT-mediated cytotoxicity in some but not all of
the NSCLC cell lines tested.

Lung cancer cell lines differ in ligand expression which
track with mechanisms of DNT cytolysis

With differences observed in the mechanisms of DNT-
mediated cytolysis of different lung cancer cells, we
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hypothesized that the target cells may differ in their ef-
fector ligand expression. Indeed, different cancer cell
lines showed differential expression for NKG2D and
DNAM-1 ligands and TRAIL receptors. Whereas A549
and H460 cells showed increased expression of both
DNAM-1 ligands, 137 cells only expressed CD112 and
had a higher expression of NKG2D ligands, ULBP1 rela-
tive to A549 and H460 cells. Interestingly, TRAIL-R1
and TRAIL-R2 could only be detected on A549 and
H460 cells, but not cell line 137 (Fig. 5), suggesting that
DNTs may induce death of A549 and H460 cells via
TRAIL receptors in addition to the NKG2D, DNAM-1
and NKp30 pathways. Collectively, these results demon-
strate that DNTs can utilize different mechanisms to de-
tect and lyse lung cancer cells.

IL-15 enhances DNT-mediated anti-tumor activities in
vitro and in vivo

Given that several NSCLC cell lines show some resistance
to DNT-mediated cytolysis (Table 1), and lung cancer
xenograft growth was modestly inhibited by DNTs, we de-
termined whether IL-15, a well-known myeloid derived
immune modulator [23], could augment DNT-mediated
anti-tumor activity. DNTs were stimulated with rhIL-15
for 24 h prior to coculture with NSCLC cells. Compared
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to unstimulated DNTs, DNTs stimulated with rhIL-15
showed significantly increased cytotoxicity towards A549
(20.58 + 1.60% vs. 49.71 + 0.71%), line 137 (18.51 + 1.04%
vs. 42.66 + 1.27), and H460 cells (33.27 + 0.63% vs. 56.14 +
1.01%, Fig. 6a).

To determine whether IL-15 could also enhance the
anti-tumor effect of DNTs in vivo, NSG mice were inocu-
lated s.c with A549 cells, followed by three iv. infusions of
DNTs cultured with IL-15 plus IL-2 or IL-2 only. Results
showed a further 26.50 + 22.68% reduction in tumor growth
in mice injected with IL-15 plus IL-2-treated DNTs com-
pared to IL-2-treated DNTs (Fig. 6b).

IL-15 increases DNT-mediated cytotoxicity by
upregulating their effector molecules

To understand how IL-15 augments DNT-mediated
cytotoxicity, we first determined surface marker expression
on DNTs following IL-15 stimulation. IL-15 treatment of
DNTs upregulated early activation markers CD69 and
CD25 (Additional file 1: Figure S4a). Importantly, IL-15 en-
hanced expression of cell-surface markers NKG2D, NKp30
and induced expression of NKp44 on DNTs (Fig. 7a). No
changes were observed in FasL. and NKp46 expression
(Additional file 1: Figure S4b). Furthermore, addition of
IL-15 had a modest effect on mTRAIL expression (Fig. 7a)
and no change in TNFa production (Additional file 1:
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Figure S4c) but significantly increased secretion of IFNy
and sSTRAIL by DNTs (Fig. 7b).

To determine if upregulation of specific effector mole-
cules by IL-15 may alter previously detected mechanisms
of lung cancer cytolysis, blocking studies were per-
formed. Indeed, the cytotoxicity-mediated by IL-15 stim-
ulated DNTs was significantly reduced to the levels of
unstimulated DNTs (Fig. 4a) when NKG2D, DNAM-1
and NKp30 was blocked (Fig. 7c), suggesting a similar
mechanism of recognition against NSCLC cell lines by
IL-15-stimulated and non-stimulated DNTs. Again, line
137 showed a greater dependence on NKG2D and less
dependence on DNAM-1 and NKp30 ligation (Fig. 7c).
Interestingly, even though NKp44 was upregulated by
IL-15, DNTs did not utilize this receptor in cytolysis of
the three lung cancer cell lines tested (Additional file 1:
Figure S5a).

Differing from non-stimulated DNTs, IL-15 treatment
lead to some dependency on perforin/granzyme B path-
way for cytolysis as a statistically significant inhibition
against all lines tested was observed after CMA treat-
ment (Fig. 7d). As line 137 showed the most resistant
phenotype against DNT-mediated cytolysis, but was

resistant to TRAIL-mediated cell death, CMA treatment
significantly inhibited line 137 cytolysis even in the pres-
ence of anti-TRAIL antibody (Fig. 7d). Additionally, con-
sistent with the pattern of STRAIL on cancer cell death,
supernatants from IL-15 stimulated DNT cultures induced
significant toxicity to both A549 and H460 cells, but not
to cell line 137 (Fig. 7e). Taken together, these data sup-
port the notion that DNTs can target lung cancer cells via
different mechanisms that can be augmented by IL-15,
and the expression levels of ligands and receptors on can-
cer cells dictate DNT cell mode of action.

Discussion

DNT cell therapy emerges as a promising adoptive im-
munotherapy for cancer treatment. Recent data demon-
strate that DNTs are able to target a broad range of
leukemic cells in a non-donor restricted fashion [14, 16],
and infusion of DNTs expanded from healthy volunteers
significantly reduced leukemia load in AML PDX models
without any observed toxicity [14]. Consistent with the
anti-tumor nature of DNTs, we found that DNTs de-
rived from all 8 donors tested showed cytotoxicity to-
wards a panel of 12 NSCLC cell lines, demonstrating
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for NSCLC in the absence of additional interventions
[24-26], but differ from the ability of CAR-T cells to re-
duce established tumor growth [12, 27].

A large proportion of expanded DNTs are y§ T cells,
given the cytotoxic nature of y§ T cells, many phase I
trials pursuing y8 T cell therapy have been reported in
renal, prostate, breast, and lung cancers [28, 29]. Most
studies used phosphoantigens to expand patient periph-
eral blood Y3 T cells. All studies indicate that the adoptive
transfer of ex vivo expanded Y0 T cells is a well-tolerated
therapy but with limited efficacy [28]. This may be due to
the method of purification and expansion of y§ T cells as
phosphoantigens selectively expand Vy962 T cells [28].
Given the heterogenic nature of solid tumors, selecting for
particular clones or subsets may limit overall efficacy of
anti-tumor responses. Furthermore, though y§ T cells
have been reported to have adverse roles in cancer, these
may be limited to tumor resident subsets [30, 31]. Our ex-
pansion protocol starts with depleting CD4" and CD8" T
cells followed by polyclonal expansion of the remaining T
cells with anti-CD3 antibody, which results in DNTs with
a mixture of different subsets of y8- as well as aff-DNTs
that are highly cytotoxic to tumor cells. Unlike CAR-T
therapies or TCR-restricted therapies, both y& T cells and
DNT therapy do not rely on a priori knowledge of tumor
specific antigens and require no genetic modification, but
like CAR-T and CIK therapy may rely on increased traf-
ficking and persistence or inhibition of the tumor micro-
environment to improve clinical efficacy [27].

Additionally, DNTs expanded from healthy volunteers
under good manufacturing practice (GMP) conditions
can be cryopreserved with long shelf life and reserved
function in vitro and in vivo [16]. Importantly, infusion
of allogenic DNTs does not cause graft-vs.-host disease
nor a host-vs.-graft reaction [16]. Collectively, these features
allow DNTs to be developed as an “off-the-shelf”’ cellular
therapy which has been approved for first-in-human clinical
trial to treat high-risk AML patients (NCT03027102). The
results of the trial and this study will support the initiation
of a phase I clinical trial using DNTs to treat lung cancer
patients.

Expanded DNTs expressed markers consistent with a
cytotoxic phenotype, including expression of NKG2D,
DNAM-1, and NKp30 as well as expression of intracel-
lular granzyme B and perforin and secretion of IFNy
(Fig. 2). Furthermore, this phenotype was consistent
amongst both TCRafp and TCRyS DNT subsets. While
activated natural killer (NK) cells [32], y5-T cells [33],
and plasmacytoid dendritic cells [34, 35] show expres-
sion of NKp44 and NKp46, only NKp44 was upregulated
on expanded DNTs with addition of IL-15. In delineating
the mechanisms involved in DNT-mediated anti-tumor ac-
tivities, we found that blockade of NKG2D, DNAM-1 and
TRAIL differentially reduced the ability of DNTs to kill
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different lung cancer cells (Fig. 4a). In addition, we found
that blocking of NKp30 also inhibited DNT-mediated cyto-
toxicity against lung cancer cells although to a lesser extent
compared to the contributions of NKG2D and DNAM-1
pathways. The Fas/FasL pathway plays an important role in
lymphocyte-mediated apoptosis under certain circum-
stances [19]. DNTs express a low level of FasL, which was
not critical for DNT-mediated cytotoxicity against NSCLC
cells (Fig. 4a).

A noticeable heterogeneity in the susceptibility to
DNT cytolysis was observed among the 12 lung cancer
cell lines tested (Table 1). This was not dependent on
tumor subtype as the primary lung cancer cell line panel
was derived from adenocarcinoma (Additional file 1:
Table S1), with the exception of H460 (large-cell carcin-
oma) and HI125 (adenosquamous carcinoma). Rather,
differences in susceptibility were dependent on the ex-
pression of ligands on tumor cells that can be recog-
nized by DNTs. Using tumors with varying levels of
susceptibility, we found that all tumors showed some de-
pendency on surface recognition of NKG2D, DNAM-1,
and to a lesser extent NKp30 ligands. The level of ex-
pression of these ligands seemed to track with DNT me-
diated cytolysis of individual lines, for example, NKG2D
blockade was highly effective in blocking cytolysis against
137, a cell that express higher NKG2D ligands relative to
others. Similarly, DNAM-1 blockade did not affect 137
cytotoxicity as much as other cell lines, potentially due to
reduced expression of DNAM-1 ligand CD155. Whereas
DNT-mediated cytotoxicity to leukemic cells was largely
dependent on IFNy and perforin/granzyme B [14], this
was not the case for lung cancer as blocking these using
similar protocols only modestly affected DNT-mediated
cytolysis (Additional file 1: Figure S5b).

We found that DN'Ts produced STRAIL and the produc-
tion was further increased when stimulated with IL-15
(Fig. 7b). Furthermore, addition of either recombinant
STRAIL or IL-15 conditioned DNT cell culture super-
natant induced death of lung cancer cell lines that
expressed TRAIL receptors (Fig. 7e), which could be
blocked by anti-TRAIL neutralizing antibody (Fig. 7d, e).
These data indicate that production of sTRAIL contrib-
utes to DNT cell-mediated anti-lung cancer activity. On
the other hand, DNTs express a low level of mTRAIL
(Fig. 7a) which may also contribute to cytolysis of lung
cancer cells that express TRAIL receptors. Interestingly,
as reported clinically, resistance to TRAIL mediated cyto-
toxicity is known in NSCLC tumors with several intrinsic
defects at the receptor level and downstream signaling
pathways described [36, 37]. We found that for line 137, a
reduction in TRAIL receptor expression may explain re-
sistance to DNT-mediated cytotoxicity. Given the import-
ance of DNT recognition of lung cancer through NKG2D
and DNAM-1 and as TRAIL blocking alone did not
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completely reduce DNT cytotoxicity in co-cultures, add-
itional mechanisms not inhibited by Fas-FasL pathways
such as perforin/granzyme B are likely involved. This was
especially evident for DNTs treated with IL-15, which
showed some dependency for perforin/granzyme B and
was modestly but significantly inhibited by CMA treat-
ment alone (Fig. 7d). Additionally, the combination of
CMA with anti-TRAIL treatment revealed that in the ab-
sence of TRAIL, line 137 cytolysis was dependent on per-
forin/granzyme B. Surprisingly, for A549 and H460, the
combination of anti-TRAIL with CMA treated DNTs did
not further reduce cytotoxicity. This likely has to do with
the modest role that CMA has on DNT-mediated cytoly-
sis of these cell lines, but could also be due to inherent
flaws of blocking studies that rely on reagents which may
not completely inhibit intended targets. Nonetheless, these
assays provide mechanistic insights not otherwise de-
scribed. With the heterogeneity of NSCLC, our data sug-
gest that DNT-mediated recognition and cytolysis of
NSCLC is dependent on both expression of cancer associ-
ated ligands and the status of TRAIL resistance. An un-
derstanding of these expression patterns will help guide
patient selection that may be responsive to adoptive DNT
treatment.

IL-15 has been reported as tolerable for use in patients
with metastatic melanoma or metastatic renal cell car-
cinoma, with patients showing altered homeostasis of
NK cells, y8 T cells and CD8" T cells in peripheral blood
after treatment [38]. Similar to its ability to enhance the
anti-tumor effect of NK cells and y& T cells [39, 40],
IL-15 also enhanced the anti-tumor effect of DNTs
against NSCLC both in vitro and in vivo (Fig. 6). Inter-
estingly, IL-15 augmented DNT function by increasing
the expression of effector molecules on DNTs (Fig. 7),
potentially reducing the activation threshold required for
the anti-tumor activity of DN'Ts. Though DNTs express
NKp44 after IL-15 stimulation, NKp44 was not involved
in IL-15-mediated lysis against NSCLC. Studies have re-
ported that IL-15 can up-regulate NKG2D, DNAM-1
and TRAIL expression in NK cells and enhance their cy-
tolysis against various tumors [40]. Consistently, IL-15
stimulated DNTs were more cytolytic towards NSCLC
due to the upregulation of activation receptors by DNTs.

Taken together, these findings suggest that DNTs pos-
sess a “toolbox” which includes various effector molecules.
Depending on the type of cancer targets and their ex-
pression of ligands/receptors, DNTs can utilize differ-
ent tools to target different cancer cells. This feature
allows DNTs to target a wide range of cancer cells in-
cluding primary myeloid leukemia cells obtained from a
large panel of patients [14] and various types of NSCLC
cells (Table 1). Collectively, these results show that
even in the context of tumor heterogeneity, DNTs may
be poised with anti-tumor ability and share a similar
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dependency on cytotoxic markers as NK cells and
CDS8" T cells [32, 41-43].

Conclusions

Our study demonstrated that ex vivo expanded DNTs
are effective at targeting a large array of NSCLC cell
lines in vitro and moderately inhibiting lung cancer
growth in vivo. The anti-tumor effect of DNTs is achieved
by utilizing various mechanisms that depend on the pres-
ence of tumor ligands, and those mechanisms can be
enhanced by the addition of IL-15. These data indi-
cate that DNTs represent a promising new approach
for treatment of lung cancer either alone or in com-
bination with IL-15.
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