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ABSTRACT
Background T cell receptor (TCR)- engineered 
cells can be powerful tools in the treatment of 
malignancies. However, tumor resistance by Human 
Leukocyte antigen (HLA) class I downregulation 
can negatively impact the success of any TCR- 
mediated cell therapy. Allogeneic natural killer (NK) 
cells have demonstrated efficacy and safety against 
malignancies without inducing graft- versus- host- 
disease, highlighting the feasibility for an ‘off the 
shelf’ cellular therapeutic. Furthermore, primary NK 
cells can target tumors using a broad array of intrinsic 
activation mechanisms. In this study, we combined 
the antitumor effector functions of NK cells with TCR 
engineering (NK- TCR), creating a novel therapeutic 
strategy to avoid TCR- associated immune resistance.
Methods BOB1, is a transcription factor highly 
expressed in all healthy and malignant B cell lineages, 
including multiple myeloma (MM). Expression of 
an HLA- B*07:02 restricted BOB1- specifc TCR in 
peripheral blood–derived NK cells was achieved 
following a two- step retroviral transduction protocol. 
NK- TCR was then compared with TCR- negative NK 
cells and CD8- T cells expressing the same TCR 
for effector function against HLA- B*07:02+ B- cell 
derived lymphoblastoid cell lines (B- LCL), B- cell acute 
lymphoblastic leukemia and MM cell lines in vitro and 
in vivo.
Results Firstly, TCR could be reproducibly expressed 
in NK cells isolated from the peripheral blood of 
multiple healthy donors generating pure NK- TCR cell 
products. Secondly, NK- TCR demonstrated antigen- 
specific effector functions against malignancies 
which were previously resistant to NK- mediated lysis 
and enhanced NK efficacy in vivo using a preclinical 
xenograft model of MM. Moreover, antigen- specific 
cytotoxicity and cytokine production of NK- TCR was 
comparable to CD8 T cells expressing the same TCR. 
Finally, in a model of HLA- class I loss, tumor cells with 
B2M KO were lysed by NK- TCR in an NK- mediated 
manner but were resistant to T- cell based killing.
Conclusion NK- TCR cell therapy enhances NK cell 
efficacy against tumors through additional TCR- mediated 
lysis. Furthermore, the dual efficacy of NK- TCR permits 
the specific targeting of tumors and the associated TCR- 
associated immune resistance, making NK- TCR a unique 
cellular therapeutic.

BACKGROUND
The therapeutic potential of adoptive cell 
therapy (ACT) was actualized by the clin-
ical success of CD19- specific chimeric 
antigen receptor T cell therapy (CAR- T).1 
Although CD19 CAR- T is effective, disease 
relapse often occurs due to antigenic loss 
of CD192 3 emphasizing the need for alter-
native antigenic targets to be identified. In 
unmodified T cells, the T cell receptor (TCR) 
confers specificity and engages antigen 
which has been processed and presented as 
peptide by Human leukocyte antigen (HLA) 
molecules, which broadens the antigenic 
repertoire by including proteins from essen-
tial internal processes. The effectiveness of 
TCR- mediated ACT has been demonstrated 
by donor- lymphocyte infusion,4–6 infusions 
of tumor- infiltrating lymphocytes (TILs)7 or 
virus- specific T cells8 and TCR- engineered 
T cells.9–11 With the careful selection of 
tumor- specific targets, TCR- engineered cells 
have the potential to be extremely effec-
tive against malignancies.12–15 Despite this, 
overcoming tumor immune- evasion strate-
gies remains a challenge for all T- cell- based 
immune therapies. One such strategy is 
HLA- class I loss, observed in patients after 
TIL therapy whereby unresponsive patients 
had dysfunctional β-2- microglobulin (B2M), 
required for stable HLA- class I expression.16 
Furthermore, analysis of relapsed patients 
after immune checkpoint blockade (ICB) 
revealed acquired defects in antigen presen-
tation, including B2M mutations, are contrib-
uting factors to immune resistance.17 18 
Increasing TCR- mediated immune pressure 
on tumors, through ICB and T cell therapies, 
can therefore promote HLA- class I loss as a 
tumor immune- evasion mechanism through 
immunoediting.19

Recently, natural killer (NK) cells have 
gained interest in ACT, and thanks to advances 
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in ex- vivo NK expansion protocols, sufficient numbers 
can be achieved for infusion.20 21 Once activated, NK cells 
share similar effector functions with T cells including 
production of cytotoxic granules and inflammatory cyto-
kines. Unlike T cells, NK cell activation is independent 
of antigen and instead relies on a balance between acti-
vating and inhibitory signals from germline- encoded 
receptors.22 To prevent undesirable activation toward 
self- cells, NK cells express killer cell immunoglobulin- like 
receptors (KIRS) as well as the NKG2A/CD94 heterod-
imer which provide inhibitory signals on engagement 
with HLA- class I molecules on healthy cells. NK cells can 
therefore become activated by malignant cells lacking 
HLA- class I expression due to absence of inhibitory 
signals.23 The antitumor effector mechanism of KIRS 
has been exploited in NK- cellbased ACT through KIR 
mismatching. KIR- mismatched NK cells have been benefi-
cial therapeutically and has correlated with survival advan-
tages in patients with acute myeloid leukaemia (AML) 
receiving T- cell depleted allogeneic stem cell transplant 
(alloSCT).24 Multiple studies have since demonstrated 
the efficacy of allogeneic NK- ACT as a standalone therapy 
for the treatment of hematological and solid malignan-
cies.25–30 Unlike T cells, allogeneic NK cells do not cause 
graft- versus- host- disease (GvHD), highlighting the poten-
tial for an ‘off the shelf’ cell product allowing broader 
patient applicability. Recently, introducing CD19 CAR 
into allogeneic cord blood–derived NK cells (NK- CAR) 
showed improved NK efficacy31 32 and results from an 
ongoing phase I/II clinical trial (NCT03056339) suggest 
NK- CAR is clinically effective and no CAR- T- associated 
toxicities such as cytokine release syndrome have yet been 
observed.33 Enhancement of NK effector function is now 
a focus and genetically engineering NK cells to improve 
efficacy, persistence and homing is part of ongoing 
research.31 32 34 35

In this study, we hypothesized that the combination of 
intrinsic, antitumor effector functions of NK cells with 
TCR engineering (NK- TCR) would create a therapeutic 
strategy to avoid TCR- associated immune resistance. 
Recently, TCR expression in afood and drug administra-
tion (FDA)approved NK cell line, NK- 92, demonstrated 
TCR- mediated efficacy can be achieved in non- T- 
cells.36 37 Despite the advantages of a cell line as an ‘off 
the shelf’ cell product, NK- 92 must be irradiated prior 
to infusion to prevent tumorigenesis, which affects the 
in vivo efficacy.38 Furthermore, NK- 92 cells lack expres-
sion of KIRS and have low expression of NKG2A which, 
without further modification, would limit efficacy against 
malignant cells with HLA- class I loss.39 Described in this 
study is a two- step retroviral (RV) transduction protocol 
to allow functional TCR expression in primary NK cells 
derived from the peripheral blood of healthy donors. As 
a model of efficacy, we focus on the expression of a prom-
ising TCR targeting BOB1, a transcription factor highly 
expressed in all healthy and malignant B- cell lineages, 
including multiple myeloma (MM).14 We demonstrated 
that NK cells expressing the BOB1- specific TCR enhance 

NK effector functions through additional antigen- specific 
activation while retaining NK- mediated effector func-
tions which could be engaged on HLA- class I loss as an 
immune- evasion strategy.

MATERIALS AND METHODS
Genetic modification of NK cells
NK- stimulator cell line K562- mbIL21- 41BBL clone 41 
was generated by transducing K562 with genes encoding 
CD137L and membrane- bound interleukin- 21 (IL21) 
as described in a previous work40 and single cell sorted 
by Fluorescence- activated cell sorting (FACS). NK cells 
were isolated from frozen peripheral blood mononuclear 
cells (PBMC) using NK- cell isolation Kit (Miltenyi Biotec, 
Germany). In a 24- well plate, 1×106 isolated NK cells were 
immediately co- cultured with 0.5×106 irradiated (100 GY) 
K562- mbIL21- 41BBL clone 41 in NK medium (NK- M). 
NK- M consisted of IMDM (Lonza, Switzerland) supple-
mented with 5% heat- inactivated FBS (Gibco, Thermo 
Fisher Scientific, USA), 5% human serum (Sanquin, The 
Netherlands), 1.5% 200 mM l- glutamine (Lonza), 1% 
10,000 U/mL penicillin/streptomycin (Lonza), 5 ng/mL 
IL15 (Miltenyi Biotec, Germany) and 100 IU/mL IL- 2 
(Novartis, Switzerland). NK cells were then stimulated 
weekly with irradiated (100 GY) K562- mbIL21- 41BBL at 
a 2:1 effector:stimulator (E:S) ratio and kept between 
0.5×106 and 1×106 cells/mL in culture and the medium 
was refreshed every 2–3 days. Expansion of NK cells was 
calculated by live cell counts at regular timepoints after 
stimulation. Retroviral transduction of NK cells occurred 
on day 2/3 post stimulation. Transduced NK- cells were 
MACS (Miltenyi Biotec, Germany) enriched on day 
6/7 post stimulation and immediately re- stimulated as 
described above. NK cells were used in effector assays 
between days 7 and 14 post stimulation.

Transgenic CD8 T cells
CD8 T cells (CD8T) were isolated from frozen PBMCs 
using CD8 microbeads (Miltenyi Biotec) and subsequently 
stimulated with TransAct (Miltenyi Biotec) at 10 µL/1×106 
cells in NK- M without IL15. CD8T were CRISPR/Cas9 
edited on day 2 with TRAC and TRBC targeting RNP as 
described previously.41 On day 3, CD8 T cells were retro-
virally transduced with murinized tgTCR and MACS 
(Miltenyi Biotec) enriched on day 7 for mTCRβ expres-
sion. Enriched CD8T were cultured and used in effector 
assays between day 10 and day 12 post stimulation.

CRISPR/Cas9 genome editing
Ribonucleoprotein (RNP) were generated by complexing 
crRNA:trRNA (Integrated DNA Technologies (IDT), 
Coralville, Iowa, USA) with Streptococcus pyogenes (sp)
Cas9 (Integrated DNA technologies (IDT)) as described 
previously.41 B2M- RNP were electroporated into cell lines 
using the NEON transfection system (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) using trans-
fection settings: UM9 (1600 V 10 ms 3x pulses), BV- ALL 
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(1550 V 10 ms 3x pulses) and EBV- LCL (1500 V 20 ms 2x 
pulses). B2M- KO cells were FACS sorted according to loss 
of HLA- class I.

B2M crRNA sequence42: 5′’- GGCC ACGG AGCG AGAC 
AUCU GUUU UAGA GCUAUGCU- 3′.

In vitro effector assays
Cytotoxicity
A total of 1250 target cells were labeled with 100 µCi 
Na2

51CrO4 for 1 hour at 37°C, and co- cultured with NK or 
T cells at multiple effector- to- target (E:T) ratios in 100 µL 
IMDM supplemented with 10% Fetal bovine serum (FBS). 
After 6 hours of incubation at 37°C, 25 µL of supernatants 
was harvested). 51Cr release was measured on a 2450 
Microbeta2 plate counter (PerkinElmer, Waltham, Massa-
chusetts, USA). % cytotoxicity was calculated as follows: 
(Test sample 51Cr release minus the spontaneous 51Cr 
release)/ (maximum 51Cr release minus the spontaneous 
51Cr release)×100. TCR- dependent killing was calculated 
as the difference in killing between NK/CD8T:BOB1 and 
NK:TCRneg/CD8T:MOCK at the highest E:T ratio.

Degranulation and cytokine production
Effector cells were stimulated with phorbol myristate 
acetate (PMA) (5 ng/mL) and ionomycin (400 ng/mL) 
or co- cultured with stimulator cells at an E:S ratio of 1:4 in 
100 µL NK- M(IL15) in the presence of anti- CD107a. After 
1 hour of incubation at 37°C, Brefeldin- A (5 µg/mL) 
was added and subsequently incubated for 12–14 hours. 
Cells were then stained with zombie- aqua (Biolegend) 
followed by cell surface antibodies (anti- CD56(NK)/
anti- CD8(CD8)) and subsequently fixed for 12 min in 1% 
paraformaldehyde and permeabilized with 0.1% saponin 
for 20 min at 4°C. Intracellular antibody staining was 
then performed in 0.1% saponin for 20 min at 4°C and 
analyzed by FACS.

In vivo anti-myeloma efficacy
On day 0, non- irradiated female NOD.Cg- Prkdc(scid)Il-
2rg(tm1Wjl)/SzJ (NOD scid gamma, NSG) mice (The 
Jackson Laboratory, Bar Harbor, Maine, USA) were 
infused with luciferase positive UM9 MM cells alone or 
simultaneously with NK cells in 200 µL of PBS supple-
mented with 0.5 µg human GMP- grade IL15 (Miltenyi 
Biotec Bergisch Gladbach, Germany). Tumor cells and 
NK cells were prepared separately and mixed directly 
before infusion. About 0.5 µg human GMP- grade IL15 
(Miltenyi Biotec) was then infused via intraperitoneal 
injection (200 µl) every 2–3 days for 3 weeks. To monitor 
tumor growth, mice were anesthetized with 3%–4% isoflu-
rane after they received an intraperitoneal injection of 
200 µL 7.5 mM D- luciferine (Cayman Chemical Company, 
Ann Arbor, Michigan, USA). Whole body biolumines-
cence images were obtained using a CCD camera (IVIS 
spectrum, PerkinElmer, Waltham, Massachusetts, USA). 
We used Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) reporting guidelines.43

Flow cytometry
FACS analysis was performed on either the LSRII (BD 
Biosciences, New Jersey, USA) or Fortessa X20 (BD 
Biosciences), and data were analyzed using flowjo 
V.10 software (TreeStar, Oregan, USA). For each stain, 
0.05×106 NK cells were aliquoted into 96- well v- bottom 
plates, washed and incubated with 10 µL antibody 
mixes for 20 min at 4°C. For tetramer binding experi-
ments, NK cells were first incubated with 10 µL PE- la-
beled pMHC tetramers for 20 min at 4°C, followed by 
antibody staining.

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism7 software. When comparing two groups, statis-
tical significance was calculated using unpaired t- test. 
In vivo efficacy was calculated using one- way analysis 
of variance with Tukey’s multiple comparison test on 
log- transformed data. Kaplan- Meier curve was used to 
depict survival with Gehan- Breslow- Wilcoxon test.

RESULTS
Generation of TCR expressing NK cells following a two-step 
retroviral production protocol
Here, we genetically engineered NK cells using RV 
to generate a final cell product containing TCR 
expressing NK cells (NK- TCR) (figure 1A). NK cells 
were sourced from the peripheral blood of healthy 
donors and stimulated weekly using a modified 
NK- sensitive K562 cell line, expressing a membrane- 
bound form of IL21 and co- stimulatory receptor 
41BBL (K562- mbIL21- 41BBL) (figure 1A).20 Func-
tional TCR expression is challenging in NK cells 
because all missing components must be introduced 
alongside the TCRαβ chains, including CD8αβ co- re-
ceptor and the CD3ζγεδ signaling chains. To reduce 
the number of transductions, we first introduced 
TCRαβ and CD8αβ in one RV construct and transduc-
tion efficiency was measured by cell surface expres-
sion of CD8β, as without CD3, the TCR cannot reach 
the cell surface (figure 1B and online supplemental 
figure S1A). Introduction of BOB1- specifc TCR- CD8 
resulted in efficient and reproducible CD8β expres-
sion frequencies (BOB1- TCR 34%±15.7%, mean±SD) 
(online supplemental figure S1A) which could be 
enriched for CD8β expression. Enriched CD8βpos 
NK cells were subsequently transduced with the four 
invariant chains of the CD3 signaling complex in a 
separate RV construct to permit cell surface expres-
sion of the introduced TCRαβ (figure 1C and online 
supplemental figure S1B). In these experiments, each 
transgenic TCR (tgTCR) was murinized (mTCR) to 
allow distinction between any contaminating T cells 
present in the culture which may influence func-
tional data. Transduction efficiencies were consistent 
resulting in the expression of mTCRβ (BOB1- TCR 
34%±13%) (online supplemental figure S1B), which 
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were enriched before a final stimulation and further 
expansion. To test reproducibility, NK- BOB1 tgTCR 
cell products (NK:BOB1) were generated from four 
donors and repeated twice for each donor. High 

expression of CD8β, mTCRβ and CD3ε was repeatedly 
observed in NK- TCR cell products and NK- TCR spec-
ificity was confirmed using peptide- MHC tetramers 
(figure 1D–G). All NK:BOB1 remained negative for 

Figure 1 Generation of TCR expressing NK cells following a two- step retroviral production protocol. (A) Schematic of the 
21- day production protocol to generate TCR expressing NK cells (NK- TCR). Retroviral construct design for (B) TCR linked via 
2A sites to CD8ab (TCR- CD8) and (C) CD3ζδεγ invariant chains linked via 2A sites. (D) Representative histograms of CD8β, 
mTCRβ, CD3ε and human TCRαβ expression in a final NK- TCR cell product expressing BOB1- specific TCR (NK:BOB1) or 
NK cells without TCR expression (NK:TCRneg) on day 21. Representative FACS plot of NK:BOB1 stained for (E) mTCRβ and 
human (hu) TCRαβ expression and with (F) BOB1 or an irrelevant pMHC tetramer on day 21 post isolation. (G) Summary of 
expression frequencies of CD8β, mTCRβ, CD3ε, huTCRαβ expression and BOB1- specific tetramer binding frequencies on day 
21 of NK:BOB1 cell products generated from four different donors. NK:BOB1 was generated twice for each donor. Means and 
individual values are depicted. NK, natural killer; TCR, T cell receptor.
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human TCRαβ, indicating any residual T cells present 
at isolation did not expand in vitro (figure 1E and 
G). Following this stepwise method, pure NK- TCR was 
generated from multiple healthy donors, within 21 
days and total fold expansion of 4385±2026 SEM was 
observed (online supplemental figure S2). Further-
more, this protocol could be easily adapted to express 
different clinically relevant TCRs such as CMV- specific 
or PRAME- specific TCRs (online supplemental figure 
S3 and S4A–E).

NK-TCR express a diverse array of receptors required for NK 
cell activation
The phenotype of final NK- TCR cell products revealed 
high frequency expression of activation receptors CD2, 
DNAM1, CD16, NKG2D (online supplemental figure S5). 
Natural cytotoxicity receptors (NCRs) NKp30 and NKp46 
were also highly expressed, whereas NKp44 was expressed 
on only 29%±3.8% (mean±SD) of NK:BOB1 (online 
supplemental figure S5). Additionally, high frequency 
expression of inhibitory receptor NKG2A was repeatedly 
observed in NK:BOB1 (93.5%±3.3% mean±SD) and the 
activating receptor NKG2C was found on a small fraction 
of cells (12.8%±4.8% mean±SD). KIR expression was simi-
larly expressed on a small percentage of cells indicating 
the expansion protocol did not select for a particular 
KIR expressing population (online supplemental figure 
S5). As a negative control, TCR negative NK cells (NK:T-
CRneg) were expanded in parallel to NK:BOB1 from the 
same healthy donors. The phenotype of NK:TCRneg did 
not significantly differ except for an increased frequency 
of NKp44 expressing cells (54.3%±2.2% mean±SD), 
suggesting they were more activated, and lower CD28 
expression. This expression profile suggested NK- TCR 
can be activated via many receptor pathways which permit 
antitumor effector functions.

NK-TCR elicit potent HLA-dependent, antigen-specific 
cytotoxicity against tumor targets
Functional capabilities of our generated NK- TCR cell 
products were investigated on days 21–24 without further 
stimulation. We validated the NK- mediated cytotoxic 
potential of NK:BOB1 and NK:TCRneg against HLA- 
class I negative K562 cell line which was always equally 
potent and therefore no difference was observed when 
BOB1- TCR was expressed (figure 2A). To explore 
antigen- specific killing, we designed a panel of EBV- LCLs, 
two endogenously expressing the BOB1 T- cell epitope in 
HLA- B*07:02 and two negative for HLA- B*07:02. NK:T-
CRneg demonstrated low levels of killing against all four 
EBV- LCLs representing the background NK- mediated 
cytotoxicity (figure 2A). In contrast, NK:BOB1 demon-
strated increased killing of HLA- B*07:02+ but not HLA- 
B*07:02- EBV- LCLs indicative of TCR- mediated lysis 
(figure 2A). We confirmed antigen dependence using 
HLA- B*07:02+ fibroblasts which were negative for BOB1 
antigen and did not induce TCR- mediated cytotox-
icity (figure 2B). The expression of TCR on NK:BOB1 

also increased cytotoxicity against HLA- B*07:02+ cell 
lines representing B- cell acute lymphoblastic leukemia 
(B- ALL) and MM which were previously insensitive to 
NK- mediated cytotoxicity (figure 2C). To expand on this 
further, NK:BOB1 was investigated for its ability to lyse 
HLA- B*07:02+ leukapheresis samples from patients with 
B- cell chronic lymphocytic leukemia (B- CLL) or B- ALL. 
All samples contained >70% malignant cells and variable 
levels of NK- mediated cytotoxicity were demonstrated by 
NK:TCRneg against each of the malignancies (figure 2D 
and E). As before, increased cytotoxicity was demon-
strated by NK:BOB1 and the benefit of NK- TCR was more 
pronounced when the primary malignancy did not induce 
an NK- mediated response (figure 2D and E). This TCR- 
mediated cytotoxicity was consistently demonstrated by 
NK- BOB1 cell products from multiple donors (figure 2F). 
Furthermore, antigen- specific killing was not restricted to 
the BOB1- TCR, and NK- TCR expressing PRAME- specific 
TCR (NK:PRAME) or CMV- specific TCR (NK:CMV) were 
also able to specifically lyse antigen- expressing target cells 
(online supplemental figures S4F and S6).

NK-TCR enabled improved efficacy in a preclinical in vivo 
model of MM
Next, we investigated if TCR- mediated activation of 
NK:BOB1 would improve efficacy of NK- cell therapeutics 
in vivo. NSG mice were injected with HLA- B*07:02+MM 
cell line UM9, previously shown to have low NK- medi-
ated activity (figure 2). NK:BOB1 and NK:TCRneg were 
generated from a KIR- matched healthy donor and co- in-
jected with UM9 in the presence of IL15. Efficacy was 
measured by tumor outgrowth and NK:BOB1 demon-
strated delayed tumor outgrowth and increased overall 
survival compared with NK:TCRneg and untreated mice 
(figure 3). These data validated the in vitro results and 
demonstrated that TCR expression in NK- TCR permits 
an additional activation pathway that ultimately improves 
NK- cell therapy efficacy in vivo.

The antigen-specific cytotoxicity of NK-TCR is comparable to 
CD8 T cells expressing the same TCR
To further understand the potency of NK- TCR, we 
compared cytotoxicity relative to CD8 T cells (CD8T) 
expressing the same TCR. To remove the influence of the 
endogenous TCR on tgTCR expression, the endogenous 
TCRαβ chains of CD8T were deleted using CRISPR/Cas9, 
as described previously.41 As expected, NK:BOB1 demon-
strated higher frequency of single positive mTCRβ+ cells 
(figure 4A). However, despite the presence of a residual 
human TCRαβ+ cell population co- expressing mTCRβ 
in CD8T:BOB1 (figure 4A), the overall frequency and 
expression of mTCRβ+ cells was comparable between 
NK:BOB1 and CD8T:BOB1 (figure 4B).

Next, we conducted a peptide titration of the BOB1 
epitope using BOB1- negative HLA- B*07:02+CD8T as 
target cells which revealed CD8T:BOB1 were more cyto-
lytic toward targets cells presenting low concentrations of 
exogenously loaded antigen, compared with NK:BOB1 
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Figure 2 NK- TCR elicit antigen- specific cytotoxicity against tumor targets. NK cells expressing the HLA- B*07:02 restricted, 
BOB1- specific TCR (NK:BOB1) or negative for TCR expression (NK:TCRneg) were co- cultured, at multiple E:T ratios, with 
51Cr labeled (A) K562- mbIL21- 41BBL or HLA- B*07:02±EBV LCLs, (B) HLA- B*07:02+fibroblasts negative for BOB1 expression, 
(C) HLA- B*07:02+B ALL cell line (BV- ALL) or HLA- B*07:02+ multiple myeloma cell line UM9 and leukapheresis samples from 
HLA- B*07:02+ patients with (D) B- cell acute lymphocytic leukemia (B- ALL) or (E) B- cell chronic lymphocytic leukemia (B- 
CLL). Each patient material had >70% malignant cells present and was untreated. (A)–(E): Error bars represent mean and SD 
of technical triplicates. (F) Summary of % cytotoxicity at the highest E:T ratio (5:1) from four NK cell products generated from 
different donors. Statistical test used was paired t- test. E:T, effector:target ratio; NK, natural killer; TCR, T cell receptor.
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(figure 4C). This was also apparent for CD8T:CMV when 
tested against peptide- loaded HLA- A*02:01+EBV LCLs; 
however, here NK:CMV demonstrated enhanced cytolytic 
activity against targets exogenously loaded with higher 
concentrations of peptide (online supplemental figure 
S7). It is known that BOB1- peptide is less readily exog-
enously loaded onto target cells,14 so we proceeded to 
investigate antigen- specific cytotoxicity of NK:BOB1 and 

CD8T:BOB1 against our panel of HLA- B*07:02+B cell 
targets endogenously expressing BOB1. Here, TCR- 
dependent killing by NK:BOB1 and CD8T:BOB1 was 
calculated to be similar (figure 4D), reflecting the compa-
rable levels of mTCRβ+ expression (figure 4B). However, 
higher overall cytotoxicity, against HLA- B*07:02+B cell 
targets endogenously expressing BOB1, was demon-
strated by NK:BOB1 (figure 4E). The combination of 

Figure 3 NK- TCR increases survival of treated mice in a preclinical model of multiple myeloma. (A) Schematic of experiment 
setup, NOD scid gamma (NSG) mice were infused intravenously with 0.4×106 HLA- B*07:02+, luciferase- expressing UM9 
multiple myeloma cell line alone (No NK, n=5) or simultaneously with 6×106 NK cells expressing BOB1- TCR (NK:BOB1, n=4) or 
TCR negative NK cells (NK:TCRneg, n=4) in the presence of human IL15 cytokine. Mice were injected every 2–3 days with 0.5 µg 
IL15 for 3 weeks. For measurement, mice were injected intraperitoneally with luciferin and measured for bioluminescence. (B) 
Bioluminescent images of mice at day 70. (C) Tumor burden as measured by bioluminescence of UM9 over time. Each line 
represents an individual mouse . (D) Kaplan- Meier survival curve of mice receiving No NK cells, NK:BOB1 and NK:TCRneg. 
Remaining mice were sacrificed on day 100 at experiment end. Differences between survival was analyzed using Gehan- 
Breslow- Wilcoxon test. IL, interleukin; NK, natural killer; TCR, T cell receptor.
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Figure 4 Dual- targeting characteristics of NK- TCR enhanced overall cytotoxicity against tumor targets. Alongside NK:BOB1, 
CD8 T- cells (CD8T), with CRISPR- mediated knock out of endogenous TCRαβ chains, were transduced to express murinized 
BOB1- specific TCR (CD8T:BOB1) or mock transduced with murinized CMV- specific TCR (CD8T:MOCK). (A) Representative 
FACS plot and summary data of mTCRβ and huTCRαβ expression in NK:BOB1 (D7 post stimulation) and CD8T:BOB1 (D10 post 
stimulation) generated from the same three healthy donors. (B) Overall expression frequencies and geometric mean of mTCRβ 
expression in CD8T:BOB1 and NK:BOB1. Error bars represent mean and SD from biological replicates. (C) % cytotoxicity of 
NK:BOB1 and CD8T:BOB1 against HLA- B*07:02 CD8T target cells, exogenously loaded with BOB1(B7)- peptide (APAPTAVVL) 
at a 10:1 E:T ratio. Each symbol represents a different donor and error bars represent mean and SD of biological replicates. 
Statistical test used was unpaired t- test. (D) TCR- dependent killing of NK:BOB1 and CD8T:BOB1 calculated as the difference 
between NK:BOB1\NK:TCRneg and CD8T:BOB1\CD8T:MOCK cytotoxicity at the highest E:T ratio. POU2AF1 encodes the 
BOB1 protein. (E) Combined data from multiple donors depicting the % cytotoxicity of NK:BOB1 (n=4), NK:TCRneg (n=4), 
CD8T:BOB1 (n=3) and CD8T:MOCK (n=3) co- cultured with HLA- class I negative K562, HLA- B*07:02±EBV LCLs, HLA- 
B*07:02+B ALL cell line (BV- ALL) and HLA- B*07:02+multiple myeloma cell line UM9. (A, B, D, E) Mean and SD of biological 
replicates are depicted, comparisons were made using unpaired t- tests. (C) Mean and SD of technical triplicates are depicted 
for four donors. E:T, effector:target ratio; NK, natural killer; TCR, T cell receptor.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003715 on 14 M

arch 2022. D
ow

nloaded from
 

http://jitc.bmj.com/


9Morton LT, et al. J Immunother Cancer 2022;10:e003715. doi:10.1136/jitc-2021-003715

Open access

NK- mediated and TCR- mediated effector actions of 
NK- TCR therefore offers an advantage over other TCR- 
engineered cell therapeutics by enhancing cytolytic effi-
cacy via additional NK- mediated tumor targeting signals.

Multiple antigen-specific effector functions are elicited by 
NK-TCR
To understand the functional capabilities of NK:BOB1 
further, we analyzed degranulation and cytokine produc-
tion of NK:BOB1 and CD8T:BOB1 cell products. All cell 
products were capable of degranulation, as measured 
by CD107a, and production of tumor necrosis factor-α 
(TNFα) and interferon-γ (IFN-γ) inflammatory cytokines, 
except for one CD8T donor that produced low levels of 
cytokine (online supplemental figure S8). NK- mediated 
responses were demonstrated by NK:BOB1 and NK:T-
CRneg which, unlike CD8T, degranulated and produced 
TNFα and IFN-γ in response to K562 (figure 5). Antigen- 
specific degranulation and cytokine production were 
also demonstrated by NK:BOB1 and CD8T:BOB1 after 
stimulation with HLA- B*07:02+B cell targets (figure 5). 
These findings were not limited to the BOB1- TCR and 
NK:CMV and CD8T:CMV also showed antigen- specific 
responses (online supplemental figure S9). Interest-
ingly, CD8T:BOB1 demonstrated significantly increased 
degranulation against MM cell line UM9 (figure 5A). 
This trend was also observed for cytokine production, 
and suggests the effector functions of NK- TCR may be 
influenced by the target cell itself (figure 5B,C). None-
theless, these data demonstrate that NK- TCR can evoke 
multiple, antigen- specific effector functions.

NK-mediated effector functions of NK-TCR can be engaged 
upon HLA-class I loss on tumor targets
Finally, we modelled HLA- class I loss in tumors by gener-
ating HLA- B*07:02+EBV LCLs, B- ALL and MM cell lines 
with β-2- microglobulin knock- out (B2M KO). B2M KO 
prevented cell surface expression of HLA- class I mole-
cules in all cell lines (online supplemental figure S10). 
B2M KO or wild- type cells were then co- cultured with 
NK:BOB1, NK:TCRneg, CD8T:BOB1 and CD8T:MOCK. 
In this model of HLA- class I loss, CD8T:BOB1 killed the 
wild- type cells but was unable to kill the B2M KO cells 
due to absence of TCR- specific epitope at the cell surface 
(figure 6A,B). In contrast, NK:BOB1 and NK:TCRneg 
demonstrated equally potent killing of B2M KO cells due 
to activation of NK- mediated cytotoxicity (figure 6A,B). 
As demonstrated previously, only NK:BOB1 was able to 
kill wild- type cells representing TCR- mediated killing.

Next, we investigated NK- TCR efficacy in vivo against a 
decreased NK:tumor cell ratio by doubling the number 
of UM9 infused alongside NK- TCR. As before, KIR- 
matched NK- cells were isolated from a healthy donor and 
as a negative control, the CMV- TCR was also expressed in 
NK cells in parallel to the BOB1- TCR (figure 6C). Again, 
NK:BOB1- treated mice demonstrated reduced tumor 
outgrowth of wild- type UM9 compared with untreated 
mice, while NK:CMV- treated mice did not indicating 

presence of a non- specific TCR does not enhance NK 
activity (figure 6D). In parallel to this, mice were simi-
larly infused with a 50/50 mix of UM9 wild- type and UM9 
B2M KO cells alongside NK- TCR to determine efficacy 
against tumors with heterogenous HLA- class I expression 
(figure 6E). In contrast to UM9 wild- type mice, NK:CMV 
significantly reduced tumor outgrowth compared with 
untreated mice, demonstrative of NK- mediated targeting 
of HLA- class I negative tumor cells (figure 6E). Further-
more, NK:BOB1 demonstrated an enhanced effect 
as both HLA- class I negative and positive cells can be 
targeted (figure 6E). These data demonstrate the NK- me-
diated effector functions of NK- TCR can also be engaged 
in the absence of TCR- specific epitope following loss of 
HLA- class I.

DISCUSSION
The data presented in this study demonstrate the 
enhancement of NK effector function by genetically engi-
neering primary NK cells to express a TCR. We focused 
on the expression of a TCR specific for a B- cell- restricted 
antigen, BOB1, and high expression of BOB1- TCR was 
repeatedly observed in modified NK cells. Furthermore, 
our protocol can be used to express different TCRs 
targeting many tumor types (online supplemental figures 
S3 and S4). NK- TCR permits an alternative NK- activation 
mechanism against malignancies which are insensitive to 
NK- mediated attack. To date, autologous NK- ACT has not 
shown clinical efficacy and inhibition by self- HLA is likely 
to contribute to its ineffectiveness.44 45 Equipping autol-
ogous NK cells with tumor- specific TCR may therefore 
override inhibition signals and boost therapeutic efficacy, 
as similarly observed by NK cells expressing CAR. We 
demonstrated targets cells with high HLA- class I expres-
sion (online supplemental figure S10) elicited some 
NK- mediated cytotoxicity, suggesting alternative NK- acti-
vation pathways were engaged to override inhibition, and 
additional TCR- mediated activation enhanced this effect 
further (figures 4E and 6A). Furthermore, the cumula-
tive effect of NK- mediated and TCR- mediated activa-
tion increased overall cytotoxicity against tumor targets 
endogenously expressing antigen when compared with 
tgTCR expression in T cells (figure 4E). The increased 
potency of NK- TCR permitted by dual- targeting actions 
could be beneficial in clinical contexts in which NK 
cells are already associated with antitumor effects, 
such as alloSCT. Graft verse leukemia (GvL) effects are 
described in patients transplanted with alloreactive KIR 
mismatched NK cells.24–26 46 Our data infers that tgTCR 
expression in infused NK cells could enhance this effect. 
Another application could be early infusion of allogeneic 
NK cells expressing virus- specific and tumor- reactive TCR 
following T- cell- depleted alloSCT. This would potentially 
allow preservation of GvL effects and protection against 
harmful viral re- activities in the absence of T cells, without 
the risk of GvHD.8
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In this study, antigen- specific cytotoxicity against endog-
enous antigen was comparable between CD8T:BOB1 and 
NK:BOB1; however, exogenous loading of BOB1 peptide 
onto targets resulted in higher levels of cytotoxicity by 
CD8T:BOB1 (figure 4C). One explanation could be due 
to the inefficient loading of exogenous BOB1 peptide 
onto HLA- B*07:02 at the cell surface, as demonstrated 

previously.14 This results in lower levels of BOB1 peptide 
on exogenously loaded cells compared with B- cell 
targets that endogenously process and present the BOB1 
epitope. NK activation is complex and, unlike CD8T, is 
influenced by a combination of inhibitory and activation 
signals. The expression levels of these signals combined 
with low expression of BOB1 antigen may prevent NK- cell 

Figure 5 NK- TCR demonstrate antigen- specific degranulation and cytokine production. CD8T expressing BOB1- TCR or CMV- 
TCR (day 10 (D10) post stimulation) and NK cells expressing BOB1- TCR or TCR negative NK cells (day 7 post stimulation) were 
co- cultured overnight with HLA- class I negative K562, HLA- B*07:02±EBV LCLs, HLA- B*07:02+B ALL cell line (BV- ALL) and 
HLA- B*07:02+multiple myeloma cell line UM9 in the presence of Brefeldin- A and anti- CD107a. After 12–14 hours of incubation, 
cells were stained for inflammatory cytokines TNFα and IFN-γ and assessed by FACS. Depicted is the combined data of cell 
products derived from different donors for (A) CD107a, (B) TNFα and (C) IFN-γ expression. Live NK cells were gated on CD56 
expression and live CD8T were gated on CD8 expression. Positive cells were gated according to unstimulated. Target cells were 
td- tomato positive and were removed from analysis. Each symbol represents a different donor and error bars represent mean 
and SD of biological replicates. Statistical test used was unpaired t- test. IFN, interferon; natural killer; TCR, T cell receptor; TNF, 
tumor necrosis factor.
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Figure 6 NK- TCR demonstrate NK- mediated killing of tumor targets with HLA- class I loss. NK cells expressing the BOB1- 
specific TCR (NK:BOB1) or TCR negative NK cells (NK:TCRneg) and CD8T expressing BOB1- TCR (CD8T:BOB1) or CMV- TCR 
(CD8T:MOCK) were co- cultured with HLA- B*07:02+tumor targets which were either (A) wild type or (B) B2M KO. Depicted is the 
combined cytotoxicity data at 10:1 E:T ratio by cell products derived from four different healthy donors. Each symbol represents 
a different donor and error bars represent mean and SD of biological replicates. Statistical test used was unpaired t- test. (C) 
Schematic representation of high- dose tumor burden experiment. (D) NOD scid gamma (NSG) mice were infused intravenously 
with a total 0.8×106 (higher dose) UM9luc alone (untreated, n=4) or simultaneously with 6×106 NK:BOB1, n=5 or CMV- TCR 
expressing NK cells (NK:CMV n=4). (E) NSG mice were infused intravenously with a 50/50 mix of 0.4×106 wild- type UM9luc and 
0.4×106 UM9luc B2M KO cells alone (untreated, n=4) or simultaneously with 6×106 NK:BOB1, n=7 or NK:CMV n=6. IL15 was 
infused every 2–3 days for 3 weeks. Experiment endpoint was 6 days after IL15 withdrawal. Error bars represent mean and SD 
and statistical analysis was calculated using one- way analysis of variance with Tukey’s multiple comparison. B2M KO, β-2- 
microglobulin knock- out; E:T, effector:target ratio; IL, interleukin; NK, natural killer; TCR, T cell receptor; WT, wild type.
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activation thresholds being met. Understanding the effect 
of NK- mediated activation thresholds on NK- TCR func-
tion would be an interesting study. It is also important to 
note that direct functional comparisons between NK- TCR 
and CD8T, either in vivo or in vitro, should be made with 
caution as they are distinct cell types with different capa-
bilities for activation, serial- targeting and persistence.

To our knowledge, this is the first study demonstrating 
TCR expression in primary NK cells derived from the 
peripheral blood (PB) of healthy donors. To date, func-
tional TCR expression in non- T cells has been restricted 
to the NK- cell line, NK- 92,36 37 largely owing to low trans-
duction efficiencies observed in primary NK cells. As 
demonstrated in this study, improvements to NK expan-
sion protocols have now enabled efficient retroviral 
transduction of primary NK cells (online supplemental 
figure S1). PB offers a readily available source of mature 
NK cells with a potent cytotoxic profile, leading to their 
use in multiple clinical studies.47 Here, PB- derived 
NK- TCR demonstrates multiple antigen- specific effector 
functions including cytotoxicity, degranulation and 
inflammatory cytokine production (figure 5). In alloge-
neic settings, alternative NK sources such as cord blood 
(CB) or hematopoietic stem cells have also been used 
due to the reduced risk of T cells being present in the 
graft.34 48 In this study, T cells present after NK isolation 
did not expand on stimulation and were absent from final 
NK- TCR cell products (figure 1). Although not exten-
sively studied, we have demonstrated that functional TCR 
could also be expressed in CB- derived NK cells, suggesting 
our protocol is not limited to PB- derived NK cells (data 
not shown). Primary NK cells can offer certain advan-
tages for cellular therapy when compared with NK- 92 
cell lines. Firstly, it is necessary to irradiate NK- 92 cells 
prior to patient infusion to circumvent tumorigenesis, 
which can negatively impact on therapeutic persistence 
and efficacy and often requires multiple doses.38 In 
contrast, it was recently demonstrated a single dose of 
CB- derived NK cells expressing CD19- IL15 CAR achieved 
complete responses in patients with CLL and NHL and 
the NK cells persisted at least 12 months after infusion.33 
Secondly, although NK- 92 express a wide array of activa-
tion receptors, they lack expression of CD16, KIRS and 
have low expression of NKG2A which can limit the tumor 
targeting potential compared with a primary NK popu-
lation. Here, we demonstrate NK- TCR derived from PB 
have high expression of CD16 which can therefore be 
activated by monoclonal antibody and induce antibody- 
dependent cellular cytotoxicity in combinational ther-
apies (online supplemental figure S5). Furthermore, 
NK- TCR expresses a diverse array of KIRS and has high 
expression of NKG2A, required for NK cell activation in 
the absence of HLA- class I on tumor cells (online supple-
mental figure S5). Therefore, an NK- TCR approach using 
primary NK- cells, is unique in its ability to target tumors 
specifically as well as the associated immune resistance 
mechanisms following increased TCR- mediated immune 
pressure.

The implications of immune pressure is particularly 
evident in CD19 CAR- T therapy through the appear-
ance of antigen- negative relapses which is a common 
feature of antibody- based approaches targeting non- 
essential proteins.2 3 For TCR- mediated approaches, 
specific targeting of essential proteins from intracellular 
processes can be achieved. However, loss of antigenicity 
can occur due to HLA- class I loss/downregulation as 
a result of immunoediting and has been described in 
patients treated with ICB and TILs.16 17 49 The duality 
of NK- TCR means that acquired loss of HLA- class I, as 
a result of TCR- mediated immune pressure, activates 
innate NK responses. Our data supported this as NK cells 
with or without BOB1- TCR expression were cytotoxic 
against target cells with a B2M KO, while the wild- type 
counterpart was insensitive to NK- mediated attack and 
could only be targeted via the BOB1- TCR (figure 6). In 
theory, the TCR- mediated and NK- mediated pathways of 
NK- TCR could prevent a selective growth advantage for 
tumors with defects in antigen presentation.17 However, 
tumors can also acquire specific HLA- allele loss following 
immune pressure, as seen in patients who relapsed 
following HLA- haploidentical SCT.50 HLA dependence 
of NK- TCR may therefore be considered a limitation 
and as with most TCR- mediated approaches a multi- HLA 
targeting cell product will be paramount to its broader 
application.

For any ACT, it is important to reduce toxicity to allow 
infusion of clinically effective doses. NK cells have a 
reduced cytokine profile which limits their capacity to 
cause cytokine release syndrome even when expressing 
CD19- CAR33 and tgTCR expression in T cells has not yet 
shown such toxicities.9 10 Although we have not measured 
absolute levels of cytokine production in this study, these 
previous studies suggest tgTCR stimulation in NK cells 
would similarly not be harmful in patients. Furthermore, 
evidence that allogeneic NK cells do not cause GvHD 
make them a safer alternative when T cells are consid-
ered too high risk.29 30 Together, these properties make 
NK- TCR an interesting candidate for an ‘off the shelf’ 
TCR- based ACT. Although generating an NK- TCR cell 
product from primary NK cells is feasible, this protocol 
is laborious and translating to the clinic may be chal-
lenging, although not impossible. A single co- transduc-
tion step of both TCR- CD8 and CD3 also generates a 
functional NK- TCR cell product (data not shown), simpli-
fying the approach and improvements to transduction 
efficiencies would remove the need for enrichment. Still, 
there are several limitations to overcome to become a 
standardized clinical approach. For instance, an obstacle 
for ‘off the shelf’ allogeneic ACT is avoiding elimination 
by the host immune system and currently allogeneic NK 
cells are given to patients who have undergone lympho-
depletion regimens.25 33 NK cells themselves are short 
lived and, although an advantage in terms of toxicity, 
this may reduce clinical efficacy. It is known that in the 
absence of IL15, primary NK cells do not persist51 and 
increasing persistence by inclusion of autonomous IL15 
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production in NK- TCR would therefore be important to 
its development. There is also limited clinical success of 
NK cell targeting solid malignancies, despite many solid 
malignancies demonstrating downregulated HLA- class 
I.52 This is often associated with insufficient migration 
and trafficking of NK- cells into these sites. Modifying NK 
cells to express molecules that enhance persistence and 
homing is possible but further NK- TCR manipulation 
maybe technically challenging. Finally, other than HLA- 
class I loss, tumors can exhibit many immune evasion 
strategies53 including immune- checkpoint inhibition 
which can directly impact NK function.54 55 Therefore, 
combination therapy with ICB should also be considered 
in future NK therapeutics.56 The associated resistance to 
ICB may in turn be overcome by NK- TCR by preventing 
a selective growth advantage for tumors with defects in 
antigen presentation.

In conclusion, TCR can be feasibly expressed in primary 
NK cells and used for ACT. The data presented in this 
study demonstrate that TCR- mediated NK responses can 
enhance NK cell efficacy against malignancies, particu-
larly when resistant to NK- mediated attack. In addition, 
NK- TCR can also target HLA- class I loss, an associated 
immune- evasion strategy of TCR- mediated approaches 
which makes NK- TCR a unique cellular therapeutic.
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Supplemental figure S1 Transduction efficiencies of NK-cells.

NK-cells were retrovirally transduced to express the murinised BOB1-TCR following a 2-step

transduction protocol. 1st step was transduction with TCR-CD8 A) TCR-CD8 transduction efficiencies

analysed on Day 7 by FACS for expression of CD8β. 2nd transduction was with the 4 invariant chains of

CD3εδγζ signaling complex B) CD3 transduction efficiencies analyzed on Day 14 by FACS for expression

of mTCRβ. Each symbol represents an individual donor and error bars depict mead and SD.
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3

Supplemental figure S2 Expansion kinetics of NK:BOB1 cell products.

NK-cells were transduced on Day 3 with TCR-CD8 gene constructs encoding the BOB1-specific TCR. At

each time point cell number was determined by counting total viable cells present in culture. Each

symbol represents a NK:BOB1 cell product from different donors and the solid line represents the

mean expansion.
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Supplemental figure S3 Expression of CMV-specific TCR in NK-cells following two-step transduction

protocol.

NK-cells were transduced on Day 3 with TCR-CD8 encoding the HLA-A*02:01 restricted, CMV-specifc

TCR and with the 4 invariant chains of CD3 on Day 9. A) Transduction efficiencies of the 1st TCR-CD8

transduction and the 2nd CD3 transduction. B) Representative histograms of CD8β, mTCRβ, CD3ε and

human TCRαβ expression in a final NK-TCR cell product expressing CMV-specific TCR (NK:CMV) on Day

21. Representative FACS plot of NK:CMV stained for mTCRβ and human(hu) TCRαβ (T-cells)

expression. C) Representative FACS plot of NK:CMV stained with CMV-specific or an irrelevant pMHC

tetramer on day 21 post isolation . D) Summary of expression frequencies of CD8β, mTCRβ, CD3ε,
huTCRαβ expression and CMV-specific tetramer binding frequencies on Day 21 of NK:CMV cell

products. Symbols represent a different donor and error bars depict mean and standard deviation.
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Supplemental figure S4 Expression of PRAME-specific TCR on NK-cells permits PRAME-specific 

cytotoxic responses.

NK-cells derived from donor 3 were transduced to express PRAME-specific TCR targeting targeting

preferentially-expressed-antigen In melanoma (PRAME) restricted to peptide SLLQHLIGL presented in 

HLA-A*02:01 (NK:PRAME). A) Transduction and enrichment efficiencies and of PRAME-CD8 and B) 

CD3 viral constructs measured by FACS by CD8β expression or CD3ε expression respectively on total 

NK-cells. C) Histograms of CD8β, murine TCRβ (mTCRβ) and CD3ε expression on NK:PRAME final cell 

product. D) Dotplot of human TCRαβ (T-cells) verses mTCRβ (transduced) expression on NK:PRAME 

final cell product  E) FACS analysis for PRAME-specific\Irrelevant tetramer binding of NK:PRAME. F) 

Cytotoxicity data of NK:PRAME and MOCK transduced NK cells against K562 (NK sensitive) and low 

PRAME-expressing target cell lines. HLA-A*02:01+ cell lines were loaded with 1µM SLLQHLIGL 

peptide. Error bars represent mean and SD of technical triplicates
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Supplemental figure S5 Phenotype of NK-TCR cell products on Day 21.

NK-cells were transduced to express the BOB1-specific TCR (NK:BOB1) and in parallel  NK-

cells not expressing TCR (NK:TCRneg) were similarly expanded without transduction. On day 

21, without further stimulation, NK-cells were harvested from culture and stained with 

monoclonal antibodies targeting NK activation and inhibitory receptors and co-stimulation 

molecules and subsequenctly analysed by FACS. NK-cells were 1st gated on CD56 expression 

and positive gates were determined using PBMCs. Each symbol represents a different donor 

and error bars depict mean and SD. Statistical test used was unpaired T-test. 
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Supplemental figure S6 Antigen-specific cytotoxicity of NK:CMV cell products. 

NK-cells were transduced to express the HLA-A*02:01 restricted CMV-specific TCR (NK:CMV). 

Cytotoxicity data of NK:CMV, NK:BOB1(as a control), CMV-specific T-cell clone and BOB-

specific T-cell clone against K562 (NK sensitive), HLA-A*02:01- EBV-LCL and HLA-A*02:01 + 

EBV-LCL  cell lines were loaded with 1µM NLVPMVATV CMV-derived peptide. Error bars 

represent mean and SD of technical triplicates
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Supplemental figure S7 NK:CMV and CD8T:CMV cytotoxicity against exogenously loaded antigen.

CD8 T-cells and NK cells were isolated from the same healthy donor and transduced to express HLA-

A*02:01 restricted, CMV-specific TCR (NK:CMV) and (CD8T:CMV). For CD8T:CMV, donor 1 expressed

its endogenous TCRαβ (NO KO) whereas donor 2 had been CRISPR/Cas9 edited to remove endogenous

TCRαβ expression (ACBC KO). HLA-A*02:01+ EBV-LCL was exogenously loaded with NLVPMVATV

CMV-derived peptide at different concentrations and subsequently co-cultured with effector cells at a

10:1 E:T ratio for 6 hours Cr release assay.
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Supplemental figure S8 PMA/Ionomycin stimulation elicits cytokine production and degranulation

from cell products.

CD8T expressing BOB1-TCR or CMV-TCR (D10 post stimulation) and NK-cells expressing BOB1-

TCR or TCR negative NK-cells (Day 7 post stimulation) were stimulated overnight with

PMA/Ionomycin in the presence of Brefeldin-A and anti-CD107a. After 12-14 hours

incubation, cells were stained for inflammatory cytokines TNFα and IFN-γ and assessed by

FACS. Depicted is the combined data of cell products derived from different donors for A)

CD107a, B)TNFα and C)IFN-γ expression. Live NK-cells were previously gated on CD56

expression and Live CD8T were gated on CD8 expression. Positive cells were gated according

to unstimulated. Each symbol represents a different donor and error bars represent mean and

SD of biological replicates. Statistical test used was unpaired T-test.
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Supplemental figure S9 NK:CMV induces antigen-specific cytokine production and degranulation

from cell products.

CD8T expressing HLA-A*02:01 restricted CMV-TCR (D10 post stimulation) and NK-cells

expressing CMV-TCR (Day 7 post stimulation) were stimulated overnight with HLA-A*02:01+

EBV-LCL in the presence of Brefeldin-A and anti-CD107a. EBV-LCL was loaded with and

without 1µM NLVPMVATV CMV-derived peptide. After 12-14 hours incubation, cells were

stained for inflammatory cytokines TNFα and IFN-γ and assessed by FACS. Depicted is the

combined data of cell products derived from different donors for A) CD107a, B)TNFα and

C)IFN-γ expression. Live NK-cells were previously gated on CD56 expression and Live CD8T

were gated on CD8 expression. Positive cells were gated according to unstimulated. Each

symbol represents a different donor and error bars represent mean and SD of biological

replicates..
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Supplemental figure S10 HLA-class I expression in HLA-B*07:01+ tumour cell lines.

HLA-B*07:02+ tumour targets including EBV-LCLs (HHC EBV and JY EBV), B-cell ALL cell line (BV ALL)

and multiple myeloma cell line (UM9) were generated with a β-2-microglobulin knock-out (B2M KO)

using CRISPR/Cas9 genome editing. B2M KO cells were sorted based on absence of HLA-class I. Wild-

type (WT) and B2M KO cell lines were analyzed for HLA-class I expression by FACS.
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Supplemental Methods 

Viral constructs and virus production. 

BOB1 TCR expressed IMGT: TRAV13-1*01 1 and TRBV4 and CMV TCR expressed IMGT: TRAV18 and 

TRBV12 and PRAME TCR IMGT: TRAV8*04 and TRBV9 3. Each TCRαβ variable domain was cloned into 

MP71-TCR-FLEX to obtain murinised TCR constant domains as described in 4. Subsequently, 

murinised TCR was linked via overlapping primers containing T2A self-cleaving sites to CD8αβ wild 

type (TCR-CD8) and sub-cloned into pLZRS-markerless expression vector. Codon optimised CD3 

invariant chains were linked via 2A self-cleaving sites in the following order, CD3ζ- T2A- CD3δ- P2A -

CD3ε -F2A-CD3γ and cloned into a pLZRS-markerless expression vector. 6ug of plasmid was then 

transfected into 1.5x106 Phoenix-A cells in the presence of Fugene HD transfection reagent 

(Promega, Wisconsin, USA). Day 2 post transfection, Phoenix-A were subjected to 12 day 1mg/ml 

puromycin selection (Clontech, California USA). Selected Phoenix-A cells are subsequently cultured 

in the absence of puromycin (Clontech, California USA) and virus supernatant was harvested after 24 

hours and frozen at -80°C.   

 

Retroviral transduction of NK cells.  

For Retroviral transduction, 24 well flat bottom suspension culture plates (Greiner Bio-One, Austria) 

were preincubated with 30µg/ml Retronectin (Takara, clontech, Kusatsu, Japan) and blocked with 

2% human serum albumin (Sanquin, Amsterdam, The Netherlands). Thawed virus supernatant was 

added to the plates and centrifuged at 3000g for 20mins at 4°C. Virus supernatant was then 

removed and 0.4x106 NK cells resuspended in 1ml fresh NK-M were added to each well and 

incubated overnight at 37°C. The following day, NK cells were transferred for expansion to standard 

tissue culture plates at a 0.8x106 cell/ml concentration and media was refreshed every 2 days. 

Retroviral transductions of NK cells occurred on Day 2 or 3 following stimulation as stipulated in 

figure 1A. 
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Magnetic-activated cell sorting (MACS) enrichment of transduced NK cells 

1st enrichment for CD8β : Day 7 post isolation, NK cells transduced with TCR-CD8 were harvested and 

resuspended at 5x106/ml in cell isolation buffer (Phosphate buffered saline (PBS) (Fresenius Kabi, 

Bad Homburg, Germany)  supplemented with 2% FBS (Gibco, Thermo Fisher Scientific, Waltham, 

Massachusetts), 1mM EDTA  (K.F.T LUMC, The Netherlands) and 1% 10,000 U/ml 

penicillin/streptomycin (Lonza, Switzerland). Next, NK cells were incubated with anti-CD8β-PE (1:50, 

Beckman Coulter, clone 2ST8.5H7) for 20mins at 4°C and subsequently washed and resuspended in 

cell isolation buffer at 10x106/80μl. NK cells were then incubated with anti-PE microbeads (Miltenyi 

Biotec, Bergisch Gladbach, Germany) 30μl/10x106 cells for 20mins at 4°C.  

2nd enrichment for murine TCRβ – Day 14 post isolation, NK cells were similarly harvested and 

resuspended in cell isolation buffer as described above. NK cells were then incubated with anti-

mTCRβ- APC (1:50 BD/Pharmingen, New Jersey, U.S clone H57-597) for 20mins at 4°C and 

subsequently washed and resuspended in cell isolation buffer at 10x106/80μl. Anti-APC microbeads 

(Miltenyi Biotec, Bergisch Gladbach, Germany) were then added at 30μl/10x106 and incubated for 

20mins at 4°C. For each enrichment, labelled cells were passed over magnetic columns according to 

manufacturer’s instructions. Cells were then immediately stimulated with irradiated K562-mbIL21-

41BBL as described above.   

 

Genetic modification of T-cells 

T-cells were cultured in T-cell media (TCM) which was the same as NK-M but without IL15. T-cells 

were isolated from PBMCs using CD8 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). T 

cells were stimulated with irradiated autologous PBMCs (30GY) at a ratio of 1:5 in the presence of 

0.8 μg/ml PHA (Oxoid Microbiology Products, Thermo Fisher Scientific, Waltham, Massachusetts) 

and expanded in TCM. Where stated, CD8T were transfected with TRAC/TRBC  targeting RNPs, using 

the NEON transfection system (Thermo Fisher Scientific, Waltham, Massachusetts) using 
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transfection settings 1600v 10ms 3 pulses. T-cells were retrovirally transduced on Day 3 post 

stimulation with murinised TCRαβ genes and MACS enriched for mTCRβ as described for NK cells on 

day 7. Enriched T-cells were re-stimulated and functional experiments were conducted on day 10-14 

post re-stimulation.  

 

Monoclonal Antibodies 

Antibodies used in this study were anti-CD3-V450 (1:40, BD/Pharmingen, New Jersey, U.S, clone 

UCHT1) and anti-CD56-APC (1:10, BD/Pharmingen, New Jersey, U.S, clone B159). anti-muTCRβ- APC 

(1:50 BD/Pharmingen, New Jersey, U.S clone H57-597), anti-CD56-BV510 (1:50 BD/Pharmingen, New 

Jersey, U.S clone NCAM16.2), anti-huTCRαβ-PercpCy5.5 (1:50, Biolegend San Diego, U.S clone IP26), 

anti-CD8β-PE (1:50, Beckman Coulter, clone 2ST8.5H7) anti-NKG2A-PE (1:20, Beckman coulter 

California, U.S, clone IM3291U), anti-CD8α-APC (1:20 BD/Pharmingen, New Jersey, U.S clone,RPA-

T8) ), anti-CD16-FITC (1:3 BD/Pharmingen, New Jersey, U.S clone NKP15), anti-CD94-PE (1:33 

BD/Pharmingen, New Jersey, U.S, clone HP-3D9), anti-NKp46-BV421 (1:100 clone 9E2), anti-NKG2D-

PE (1:00 clone 1D11), anti-NKp30-PE (1:30 clone Z25), anti-NKG2C-BV421 (1:100 clone 134591), anti-

NKp30-PE( 1:100, Biolegend San Diego, U.S clone P30-15), anti-NKp44-Percpcy5.5 (1:100, Biolegend 

San Diego, U.S, clone P44-8), anti-KIR2DL2/KIR2DL3/KIR2DS2-PE (1:25 Beckman coulter, clone DX27), 

anti-KIR3DL1-FITC ( 1:50 BD/Pharmingen, clone DX9), anti-KIR2DL1-PE ( 1:25 Beckman coulter, clone 

EB6.B), anti-KIR2DS4-PE (1:25 Beckman coulter, clone FES172), anti-CD2-APC (1:50 BD/Pharmingen 

clone RPA-2.1), anti-CD28-PE (1:62 BD/Pharmingen clone IL293), anti-CD27-AF700 (1:40 

BD/Pharmingen clone MT271), anti-CD137-APC (1:20 BD/Pharmingen clone 4B4-1), anti-PD1-FITC ( 

1:10 BD/Pharmingen clone MIH4), anti-CD226-PE (1:50 BD/Pharmingen clone DX11), anti-TNFa-

BV421 (1:120 BD/Pharmingen clone mab11), anti-IFNg-BV711 (1:50 BD/Pharmingen clone B27), anti-

CD107a-FITC (1:50 BD/Pharmingen clone H4A3) and anti-HLA-ABC-FITC (1:100, Serotec, Oxford, UK, 

clone W6/32). 
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Stimulator cell culture 

Cell lines, UM9 (multiple myeloma), EBV-LCLs (HHC, JY,ULR, IZA) and K562 were cultured in Iscove’s 

Modified Dulbecco’s Medium (IMDM) (Lonza, Switzerland) supplemented with 10% FBS (Gibco, 

Thermo Fisher Scientific, Waltham, Massachusetts) 1.5% 200mM L-glutamine (Lonza, Switzerland), 

1% 10,000U/ml penicillin/streptomycin (Lonza, Switzerland). B-ALL cell lines were obtained from 

patient material and were cultured in IMDM (Lonza, Switzerland) with serum free supplement 5. 

Human fibroblast lines (HBR and VPC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, Thermo Fisher Scientific, Waltham, Massachusetts) supplemented with 10% FBS (Gibco, 

Thermo Fisher Scientific, Waltham, Massachusetts) 1.5% 200mM L-glutamine (Lonza, Switzerland), 

1% 10,000 U/ml penicillin/streptomycin (Lonza, Switzerland).  
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T-cell receptor engineering of primary NK-cells to therapeutically target tumours 

and tumour immune evasion

Laura T. Morton, Tassilo L.A. Wachsmann, Miranda H. Meeuwsen, Anne K. Wouters, Dennis F.G. Remst, 

Marleen M. van Loenen, J.H. Frederik Falkenburg and Mirjam H.M. Heemskerk

Key Points:

●  TCR expression in NK-cells (NK-TCR) enhances NK-effector functions through additional HLA-dependant, 
    antigen-specific targeting of tumours.

●  NK-TCR permits unique dual-targeting of tumours by retaining intrinsic NK-mediated activation mechanisms and 
    demonstrated cytotoxicty against tumour-cells with and without β2M knock-out.

●  Thus, loss or downregulation  of HLA-class I expression in tumours as an immune evasion strategy to avoid 
     TCR-mediated targeting activates NK-mediated effector functions.  
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