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Abstract

HLA-E is overexpressed by approximately 80% of solid tumors, including malignant
glioblastoma, and is emerging as a major checkpoint for NKG2A" CD8" T cells and NK cells in
the tumor microenvironment and circulation. This axis operates side-by-side with PD-L1 to shut
down effector responses by T and NK cells. Here, we engineered a novel chimeric A/C switch
receptor, combining the strong HLA-E binding affinity of the NKG2A receptor ectodomain with
the activating signaling of the NKG2C receptor endodomain. We found that A/C Switch-
transduced NK and T cells displayed superior and specific cytotoxic function when challenged
with tumor cells exhibiting medium to high HLA-E expression. Furthermore, A/C Switch-
expressing human T cells demonstrated enhanced anti-tumor function in a xenograft model of
glioblastoma. Importantly, the activity of the modified T cells was governed by an equilibrium
between A/C Switch transduction level and HLA-E expression, creating a therapeutic window to
safeguard against on-target off-tumor toxicities. Indeed, normal cells remained insensitive to A/C
Switch engineered T cells even after pre-treatment with IFN-y to induce HLA-E expression. We
propose that this novel A/C switch receptor may operate alone to control tumor cells expressing
high levels of HLA-E or in combination with other engineered specificities to overcome the

suppressive NKG2A/HLA-E checkpoint.
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Introduction

Immunotherapy has dramatically shifted treatment paradigms in oncology, but tumor
resistance mechanisms continue to hinder responses in many cancer contexts (Cappell and
Kochenderfer, 2023; Kalbasi and Ribas, 2020; Krachenbuehl et al., 2022; Sharma et al., 2023;
Sharma et al., 2017). The non-classical HLA class I molecule, HLA-E, has elevated expression in
many human tumors (Andersson et al., 2016; Andre et al., 2018; Gooden et al., 2011; Kamiya et
al., 2019), including glioblastoma (Hrbac et al., 2022; Mittelbronn et al., 2007; Wischhusen et al.,
2005; Wolpert et al., 2012; Wu et al., 2020), and is emerging as a major checkpoint for NKG2A*
CD8" T cells and NK cells (Andre et al., 2018; Borst et al., 2022; Herbst et al., 2022; Liu et al.,
2023; Salome et al., 2022). Blockade of this suppressive pathway unleashes cytotoxic lymphocytes
and can prevent metastasis (Liu et al., 2023). This notion is supported by CRISPR screens in mice,
identifying Qa-1 (the mouse orthologue to HLA-E) as a limiting factor for immunotherapy (Dubrot
et al., 2022).

HLA-E is recognized by T and NK cells through the CD94/NKG2 family of receptors,
which are composed of members with activating or inhibitory potential (Braud et al., 2003; Braud
et al., 1998; Houchins et al., 1997; Lee et al., 1998; McMahon and Raulet, 2001; Miller et al.,
2003). The CDY94/NKG2A heterodimeric receptor transmits inhibitory signals via two
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in the cytoplasmic tail of NKG2A, with
downstream events leading to an inhibition of cytokine secretion and cytotoxicity in CD8" T and
NK cells (Carretero et al., 1997; Carretero et al., 1998; Le Drean et al., 1998). In contrast, the
ligation of CD94/NKG2C by HLA-E transduces an activating signal mediated by the DAP12

adaptor protein bearing an immunoreceptor tyrosine-based activation motif (ITAM) (Lanier, 2009;
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Lanier et al., 1998). The CD94/NKG2A heterodimer has a six times greater affinity for its ligand
than its NKG2C counterpart (Kaiser et al., 2005; Kaiser et al., 2008).

In this study, we engineered a novel chimeric NKG2A/NKG2C (A/C) Switch receptor,
combining the strong HLA-E binding affinity of the NKG2A receptor ectodomain with the
activating signaling of the NKG2C receptor endodomain. We demonstrate that A/C Switch
expression arms cytotoxic lymphocytes to overcome the inhibitory signaling of HLA-E and
mediates cytotoxicity against liquid and solid cancer cell lines. The response was tuned by the
receptor density at the cell surface and restricted to target cells expressing medium to high levels
of HLA-E, thereby safeguarding against on-target, off-tumor toxicity. Moreover, A/C Switch
transduced T cells were able to efficiently control tumor growth in an orthotopic glioblastoma in

vivo model.
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Results and Discussion

Design and expression of a novel switch receptor targeting HLA-E

We hypothesized that the inhibitory HLA-E checkpoint could be effectively overcome in
T and NK cells through a novel switch receptor that combines the high HLA-E binding affinity of
the extracellular domain of NKG2A with positive downstream signaling through the intracellular
domain of NKG2C. Given that CD94 heterodimerization and the adaptor protein DAP12 are
required for NKG2C signaling, we constructed a tetra-cistronic vector composed of our switch
receptor, CD94, DAP12, and a truncated EGFR (EGFRt) reporter, hereafter referred to as the A/C
Switch construct (Figures 1A-B).

To determine whether all components of the A/C Switch construct were synthesized and
expressed, we gamma-retrovirally transduced a fibroblast line that was negative for the four genes
of interest. Flow cytometry staining identified transduced cells, which co-expressed NKG2A,
CD9%4, DAP12, and EGFRt (Figure 1C), confirming the intended pattern of protein expression.

In agreement with previous studies, endogenous expression of NKG2A on human
peripheral blood lymphocytes was variable and found in approximately 90% of CD56%€", 40% of
CD56%™m NK cells, and 15% of CD56" T cells. Conventional CD8" T cells displayed on average
3% NKG2A expression, but in some individuals up to 20-30% (Supplementary Figure 1A), and it
is well established that this checkpoint negatively regulates CD8" T cell responses in the tumor
microenvironment (Borst et al., 2020; Salome et al., 2022; van Montfoort et al., 2018). The NK92
cell line has a phenotype that resembles CD56"¢" NK cells (Gunesch et al., 2019) with uniform
NKG2A expression (Supplementary Figure 1B). Therefore, we used CRISPR/Cas9 editing to
knock out KLRCI, which encodes NKG2A, in the NK92 cell line (NK92KERC! " Supplementary

Figure 1B), enabling us to study the effects of A/C Switch in isolation from the inhibitory effects
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of endogenous NKG2A signaling (Supplementary Figure 1B). We transduced the A/C Switch
receptor into NK92KLRCI~ cells, primary human NK (pNK) cells, and primary human CDS8"
(pCD8" T) cells and performed functional assays on Day 7 (Figure 1D). Expression of the A/C
Switch construct was detectable in NK92KRC!7- ' pNK, and pCD8" T cells using flow cytometry
staining of the EGFRt reporter and NKG2A (Figures 1E-F). Expression of the critical recognition
and signaling components of the A/C Switch were orthogonally verified in transduced pCD8" T
cells with western blot (Supplementary Figure 1C). A/C Switch expression did not affect the
viability of NK92KLRCI-~" pNK, or pCD8" T cells compared to mock transduced cells

(Supplementary Figure 1D).

A/C Switch-transduced effector cells respond to high, but not low levels of HLA-E on target
cells

We engineered target cell lines to investigate the specificity of the A/C Switch construct
against a range of HLA-E expression levels (Figure 1G). Wild-type K562 (K562 WT) leukemia
cells lack HLA-E expression, while wild-type Nalm6 (Nalm6 WT) leukemia cells express low
levels of HLA-E. An HLA-E negative variant of Nalm6 was generated using CRISPR/Cas9 editing
(Nalm6"A-E) To achieve high and stable expression of HLA-E, we introduced a single chain
construct with the HLA-G leader sequence peptide (Gsp) linked to HLA-E (K56265PHLAE and
Nalm6SPHLAE) 'Tn A/C Switch-transduced NK92KERCI cells, NKG2A expression correlated with
high levels of EGFRt, suggesting that those cells robustly express the A/C Switch receptor at the
cell surface (Supplementary Figure 1E). We gated on cells with high levels of EGFRt to
specifically evaluate the biology of the A/C Switch receptor in our functional assays (Figure 1H-

J). The A/C Switch receptor triggered an increased degranulation response (CD107a) in A/C
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Switch-transduced NK92KLRC!-- cells when stimulated with K5629PHLAE compared to HLA-E low
K562 WT cells. The specificity of the response was further demonstrated against Nalm6GsPHLA-E

61LAE- cells (Figure

cells, since there was no background activity against Nalmé6 WT or Nalm
1K). Untransduced EGFRt negative NK92 cells remained unresponsive to both WT and HLA-E
high targets.

Importantly, the A/C Switch restored degranulation and pro-inflammatory cytokine

secretion of pNK cells against Nalm6GsPHLA-E

cells at levels comparable to untransduced effectors
challenged with Nalm6H4-E-~ cells, illustrating the switch function of the receptor (Figure 1L and
Supplementary Figure 2A). In pNK cells, the A/C Switch competes for binding to HLA-E with
high endogenous expression of inhibitory NKG2A receptors (Figure 1F). Indeed, depletion of
NKG2A expressing pNK cells unleashed the full potential of the A/C Switch receptor against
Nalm6GsPHLAE cells (Supplementary Figure 2B).

In pCD8" T cells, which express lower levels of competing endogenous NKG2A, the A/C
Switch induced target-specific degranulation and synthesis of IFN-y and TNF-a upon challenge
with K56269PHLAE and Nalm69sPHEAE byt not K562 WT, Nalm6 WT, or Nalm6MA-E (Figure 1M
and Supplementary Figure 2C). The same pattern was seen in long-term killing assays, where A/C
Switch-transduced pCD8" T cells specifically eliminated K5629PHLAE and NalmeUsPHEAE
(Figures 1N-O). The distinct specificity and threshold response observed in pCD8" T cells

motivated our subsequent focus on A/C Switch-transduced T cells as a platform for extending the

concept to solid tumors and proof-of-principle experiments in mice.

A/C Switch-transduced T cells mediate cytotoxicity against liquid and solid tumor models

with induced endogenous HLA-E expression
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We next turned our focus to the U251 glioblastoma cell line, an established solid tumor
model to investigate the efficacy of chimeric antigen receptor (CAR) engineered T cells in
glioblastoma (Choi et al., 2019; Larson et al., 2022). In culture, U251 expressed low levels of
endogenous HLA-E, which could be induced to medium levels with IFN-y treatment
(Supplementary Figure 3A). To model high levels of expression, we made a U2516PHLAE varjant
for in vitro and in vivo studies. A/C Switch engineered pCD8" T cells showed some degree of
recognition of U251 WT cells, but killing was significantly increased against targets expressing
high levels of HLA-E (Figure 2A), in line with the data obtained in the leukemia model. In a
competitive killing assay, where equal numbers of U251 WT and U2519PHLAE cells were labelled
with different concentrations of cell trace violet (CTV), combined, and incubated with A/C Switch-

transduced pCDS8" T cells or untransduced controls, U251 6sPHLA-E

were preferentially eliminated
in a target-specific manner (Figure 2B and Supplementary Figure 3B).

Thus far, we found that the A/C Switch induced potent functional responses to high levels
of HLA-E expression but remained unresponsive to low levels. This is an important prerequisite,
since HLA-E is ubiquitously expressed by normal cells, albeit mostly at low levels. Indeed, A/C
Switch T cells did not induce on-target off-tumor killing of normal cell types derived from cell
lineages reported to have the highest endogenous HLA-E expression in the Human Protein Atlas,
including monocytes, adipocytes, NK cells, endothelial cells, T cells, and B cells, even when
treated with IFN-y (Supplementary Figure 3C-D). These results suggest that the A/C Switch
construct can be used to target elevated cancer-associated HLA-E, while avoiding on-target off-
tumor effects in normal tissues, a major challenge in adoptive T cell therapies (Flugel et al., 2023).

Notably, treatment of K562 cells and U251 cells with 20 ng/ml of IFN-y, in the range of

serum concentrations observed after CAR T cell activation (Jain et al., 2023), increased the HLA-
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E expression and sensitized both lines to A/C Switch-transduced T cells (Figure 2C,
Supplementary Figure 3E). The ability of A/C Switch pCD8" T cells to kill tumor cells exposed to
IFN-y is relevant in the context of induced resistance to CAR T cell therapy (Hamieh et al., 2019;
Hamieh et al., 2023; Majzner and Mackall, 2018). In contrast to conventional CAR-T cells, A/C
Switch-bearing T cells are poised to generate a response-amplifying positive feedback loop
through A/C Switch-triggered production of IFN-y and the induction of the A/C Switch ligand,
HLA-E (Barrett et al., 2004; Gustafson and Ginder, 1996; Malmberg et al., 2002; Nguyen et al.,

2009).

In vivo cytotoxicity is modulated by target cell HLA-E and T cell A/C Switch levels

To test the in vivo efficacy of A/C Switch-transduced primary human T cells, we used an
orthotopic glioblastoma mouse model (Figure 3A). In the absence of a CAR or functional TCR
(Supplementary Figure 1F), A/C Switch-transduced T cells were able to fully eradicate
U2516PHLAE tymors, enabling survival past 100 days (Figures 3B-D). To determine whether the
cytotoxic function of the A/C Switch receptor could be modulated, we reduced transduction
efficiency to <30%, which in turn reduced A/C Switch construct expression density (about 2.5-
fold relative MFI reduction) (Figure 3E). A/C Switch T cells with lower surface density of the
receptor exhibited decreased ability to control orthotopic glioblastomas (Figures 3F-G, median
survival 34 vs 43 days, p<0.002), consistent with decreases in effector cytokine secretion observed
in vitro with lower A/C Switch per T cell (Supplementary Figure 3F-G). In line with the in vitro
data, T cells expressing high A/C Switch levels were unable to control HLA-E low U251 WT

orthotopic tumors (Figure 3H).
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These results indicate that the current A/C Switch construct has a relatively broad safety
margin, providing a therapeutic window to minimize toxicity against normal cells with low HLA-
E expression, while efficiently targeting tumor cells with medium to high HLA-E, whether
spontaneously or induced by proinflammatory cytokines such as IFN-y in the tumor
microenvironment. In its current version, the A/C Switch receptor drives T cells to mediate robust
cytotoxicity when both the A/C Switch and HLA-E are present in high abundance. This may be
related to the strength of DAP12 signaling in T cells. Future studies will determine whether this
feature may be tunable through engineering approaches that use alternative or calibrated signaling
proteins or augment the current construct’s sensitivity through combinatorial strategies using
CARs.

In conclusion, the A/C Switch described herein represents a cell intrinsic approach to
relieve the immune inhibition of the HLA-E/NKG2A checkpoint that may be used alone or in

combination with other targeting modalities.
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Materials and Methods

Reagents used in the study

Reagents used are listed in Supplementary Table 1.

Cells
Primary cells

For in vivo studies buffy coats from anonymous healthy donors were purchased from the
New York Blood Center (institutional review board-exempted) and for in vitro studies peripheral
blood samples from healthy donors were obtained from Oslo University Hospital as approved by
the regional ethical committee (REK 2018/2485 and 2018/2482. PBMCs were separated by
centrifugation using a density gradient medium (Lymphoprep, Serumwerk). Different subsets,
including NK cells, pan T cells, CD8* or CD4" T cells, CD14" and CD19" cells were isolated from
PBMC:s using the corresponding kits (Miltenyi) and according to manufacturer’s protocol. Cells
were maintained in RPMI media (Gibco, ThermoFisher) supplemented with 10% FCS (Sigma-
Aldrich) and PenStrep (Sigma-Aldrich) at 37°C, 5% CO..
Cell lines

NK92 cells were purchased (ATCC) and maintained in MEMa, nucleosides
(ThermoFisher) supplemented with 2mM L-glut, 12.5% horse serum (ThermoFisher), 12.5% FCS
(Sigma-Aldrich), 1% PenStrep and 100IU/ml interleukin-2 (ThermoFisher). K562 cells, a chronic
myeloid leukemia cell line, and Nalm6 cells, a B cell acute lymphoblastic leukemia cell line, were
purchased from ATCC. K562 variants and Nalm6 variants were maintained in RPMI media
(ThermoFisher) supplemented with 10% FCS (Sigma-Aldrich) and PenStrep (Sigma-Aldrich) at

37°C, 5% CO». U251 glioblastoma cells were purchased from Millipore Sigma and maintained in
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DMEM supplemented with 10% FCS (Sigma-Aldrich) and PenStrep (Sigma-Aldrich) at 37°C, 5%
CO,. NK92KLRCI cells and Nalm6HA-E cells were generated using CRISPR/Cas9 editing. Wild-
type K562 and U251 as well as Nalm6"AE" cells were used to generate K56205PHLAE
U2519PHLAE - and Nalm69sPHEAE by overexpressing HLA-E*01:01 as a single chain construct
covalently linked to f2m and to the HLA-G leader sequence peptide VMAPRTLFL (Gsp), as
described previously (https://www.biorxiv.org/content/10.1101/2023.10.09.557143v1).
Adipocytes were differentiated from human adipose-derived stem cells (ADSCs,
ThermoFisher), which were obtained from human lipoaspirate tissue and cryopreserved from
primary culture. ADSCs/adipocyctes were maintained in MesenPRO RS™ Basal Medium
supplemented with MesenPRO RS™ Growth Supplement according to suppliers’ protocol at
37°C, 5% CO,. Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from
ThermoFisher and maintained in Human Large Vessel Endothelial Cell Basal Medium

(ThermoFisher) according to manufacturer’s protocol.

Gammaretroviral vector construct and production

Plasmids encoding the SFG-y retroviral vector (Riviere et al., 1995) were prepared using
standard molecular biology techniques as described previously (Brentjens et al., 2003; Maher et
al., 2002). Our tetracistronic construct was cloned into the SFG- y-retroviral vector as outlined in
Figure 1A. A/C Switch was co-expressed with a truncated EGFR (EGFRt) reporter, CD94, and
DAP12. VSV-G pseudotyped retroviral supernatants derived from transduced gpg29 fibroblasts

(H29) were used to generate stable retroviral-producing cell lines (Gong et al., 1999).

Gammaretroviral transduction


https://doi.org/10.1101/2023.12.14.571754
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.14.571754; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Activation of effector cells prior to transduction:

NK cells were activated by co-culturing NK cells with irradiated K562 cells expressing membrane
bound interleukin-21 and 4-1BBL at 1:1 ratio in RPMI (Gibco, Thermo Fisher) supplemented with
10% FCS (Sigma-Aldrich), Pen-Strep (Sigma-Aldrich) and 200UI/mL of interleukin-2
(ThermoFisher) for 3 days. T cells were activated with Human T-Activator CD3/CD28 Dynabeads
(Thermo Fisher) at a 1:1 bead:cell ratio in RPMI (Gibco, Thermo Fisher) supplemented with 10%
FCS (Sigma-Aldrich), PenStrep (Sigma-Aldrich), and Sng/ml of human recombinant interleukin-

7 (Peprotech) and 5Sng/ml human recombinant interleukin-15 (Miltenyi) for 3 days.

Transduction:

Effector cells (NK92, T cells, and NK cells) were transduced with retroviral supernatants by
centrifugation on RetroNectin (Takara) coated plates. Transduction efficiencies were determined
3 days later by flow cytometry and used in in-vitro or in-vivo experiments as outlined in Figure

1D.

gRNA, Cas9 protein and RNP formation

T cells:

The TCRa subunit constant gene (TRAC) was targeted with sgRNA (target sequence: 5° -
CAGGGTTCTGGATATCTGT) (Eyquem et al., 2017). TRAC sgRNA was purchased from
Synthego with 20 -O-methyl 30 -phosphorothioate modifications in the first and last three
nucleotides. Guide RNA was resuspended with TE buffer to a concentration of 40mM. Cas9
protein (40mM) was obtained from QB3-Berkeley Macrolab core facility. RNP formation was

prepared by mixing Cas9 protein and 7TRAC gRNA at 1:1 molar ratio, incubating at 37°C for 15
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minutes. CRISPR/Cas9 editing was used to knockout TRAC in T cells for in vivo experiments.
48h post T cell activation, the CD3/CD28 beads were magnetically removed, and T cells were
electroporated and transfected with TRAC RNP using a 4D-Nucleofector device (Lonza) and P3
Primary Cell Solution according to manufacturer protocol (Lonza). Following electroporation,
cells were incubated in culture medium at 1x10° cells/ml. Twenty-four hours post electroporation,
T cells were y-retrovirally transduced as described previously. TRAC edited and SFG y-
retrovirally-transduced T cells were maintained in RPMI (ThermoFisher) supplemented with 10%
FCS (Sigma-Aldrich), PenStrep (Sigma-Aldrich), and 5ng/ml human recombinant interleukin-7
(Peprotech) and 5ng/ml human recombinant interleukin-15 (Miltenyi) at 1x10°-1.5x10° cells/ml.
Nalm6 and NK92:

CRISPR/Cas9 editing was used to disrupt HLA-E in Nalm6 and KLRC! in NK92 cells. Nalm6 and
NK92 cells were resuspended in SF buffer (Lonza) and mixed with HLA-E RNP or NKG2A RNP
in a total volume of 100ul. Following electroporation, Nalm6 and NK92 cells were incubated and
expanded in their respective medium as described above.

HLA-E gRNA target sequence:

5’-ACAACGACGCCGCGAGTCCG

NKG2A gRNAs target sequences:

5’-AAGCTTCTCAGGATTTTCAA, 5’- AGGCAGCAACGAAAACCTAA,

5’-ACTGCAGAGATGGATAACCA)

Flow cytometry assays
Cells were stained following standard flow cytometry procedures. Briefly, cells were collected in

a V-bottom 96-well plate (Falcon) and resuspended in 45 pl of FACS buffer (0.5% BSA, 10% FBS
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in PBS) containing antibodies for extracellular markers. Cells were stained for 30 minutes at room
temperature in the dark. For assays that required fixation, cells were fixed using Cytofix/Cytoperm
(BD) following manufacturer’s protocol. Full list of antibodies is available in Table 1.

To determine HLA-E expression in target cell lines, cells were incubated with anti-HLA-E
antibody and a Live/Dead Aqua dye (ThermoFisher) for 30 minutes at 4°C. Samples were then
fixed and acquired on flow cytometer.

Functional assays

Functional assays were performed at 37°C in RPMI (ThermoFisher) supplemented with 10% FCS
(Sigma-Aldrich) and PenStrep (Sigma-Aldrich). Effector cells were incubated with K562 and
Nalmé6 variants for 4 hours at a ratio of 5:1 with addition of Brefeldin A (GolgiPlug, BD
Biosciences). Next, cells were centrifuged at 300 x g, surface stained with lineage markers and
anti-CD107a antibodies for assessing degranulation. Cells were then fixed with Cytofix/Cytoperm
(BD Biosciences) and stained for intracellular cytokines (IFN-y, TNF-a,).

Competitive killing assay

U251 cell variants (U251 WT and U251 9PHLAE) were labeled with two different CellTrace Violet
(ThermoFisher) concentrations (0.1 pM, 5.0 uM) and seeded in a flat-bottom 96-well plate
(ThermoFisher). After 4 hours, transduced effector cells were added at different E:T ratios and
RED-DEVD-FMK (Abcam) reagent was added to detect active caspase-3. Effector and targets
were co-cultured for 18 hours at 37°C, 5% COa.. Post incubation, cells were surface stained with

fluorochrome-conjugated antibodies and Fixable Viability Stain 780 (ThermoFisher).

Normal cell killing assay
CD3", CD56%, CD14", and CD19" cells were isolated from PBMCs as described above. HUVEC

and adipocyte cells were purchased from ThermoFisher. Cells were transferred to 96-well plates
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and treated with 20ng/ml of IFN-y (R&D Systems) for 48 hours prior to co-culture with T cells.
RED-DEVD-FMK (Abcam) reagent and effector T cells (untransduced and A/C Switch) were
added at 5:1 E:T ratio and co-cultured with targets for 18 hours at 37°C, 5% CO. Post incubation,
cells were surface stained with fluorochrome-conjugated antibodies and Fixable Viability Stain

780 (ThermoFisher).

All flow cytometry samples were acquired using the BD Symphony instrument (BD Biosciences)

and analyzed using FlowJo v.10.2 software (FlowJo).

Western blotting

For assessment of NKG2A, DAP12 and HLA-E protein expression, one million cells per condition
were lysed in RIPA buffer (ThermoFisher) supplemented with 1x HALT protease & phosphatase
inhibitor cocktail (ThermoFisher) for 30 minutes on ice, followed by centrifugation. Supernatants
were mixed with 4x NuPage loading buffer (ThermoFisher) and 10x Sample Reducing Agent
(ThermoFisher), and run on a 4-12% Bis-Tris gel (ThermoFisher) then transferred to a iBlot2
PVDF membrane (ThermoFisher). Secondaries antibodies included goat anti-mouse (Cell
Signaling Tech.) and goat anti-rabbit (Cell Signaling Tech.). Blocking buffer and antibodies were
diluted in 5% non-fat dry milk (Sigma-Aldrich) in TBS-Tween 0.1%. Membranes were developed
using SuperSignal substrate (ThermoFisher) in iBright (ThermoFisher). For increasing HLA-E

expression levels, K562 and Nalm6 WT cells were incubated with 20 ng/mL I[FN-y up to 48 hours.

IncuCyte killing assay
Specific tumor lysis was measured in real-time using the IncuCyte S3 platform as described

previously (Haroun-Izquierdo et al., 2022). Briefly, target cells stably expressing NucLight Red
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(Essen Biosciences) were plated and rested overnight and subsequently co-cultured with A/C
Switch-transduced effector cells at different E:T ratios. Images (3/well) from at least three
technical replicates for each condition were acquired every 90 min for 48 hours, using a x10
objective lens and analyzed by IncuCyte Controller v2020A (Essen Biosciences). Graphed
readouts represent percentage live target cells (based on NLR expression).

NKG2A depletion killing assay

PBMC:s from healthy donors were screened and donors were selected based on a minimum of 50%
NKG2A positive expression in the CD3°CD56" compartment. Bulk NK cells were isolated as
described previously from PBMCs. To deplete NKG2A from freshly isolated bulk NK cells, a
biotinylated anti-NKG2A antibody (Miltenyi Biotec) and Anti-Biotin Microbeads (Miltenyi
Biotec) were used for labeling and depletion of NKG2A™ cells. Transduction with A/C Switch was
performed as previously described and detailed in Figure 1D and used in IncuCyte assays as

described above.

Mouse orthotopic glioblastoma model

All animal experiments were approved by the Memorial Sloan Kettering Cancer Center (MSK)
Institutional Animal Care and Use Committee (IACUC). NSG Mice (Jackson Labs, USA) were
anesthetized with ketamine and dexmedetomidine. Using sterile technique, the cranium was
accessed to drill a burr hole 2 mm lateral to bregma and 5 x 104 U251 cells bearing firefly
luciferase GFP were implanted at a depth of 3 mm. Perioperative anesthesia was provided with
meloxicam. Five days after tumor implantation, bioluminescent imaging (BLI) using the IVIS
Spectrum in vivo imaging system (PerkinElmer, USA) was initiated on a weekly basis. Six days

after tumor implantation, untransduced or A/C Switch T cells were injected via tail vein.
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Untransduced T cells were always infused at a dose equivalent to the total number of T cells in
A/C Switch conditions (untransduced + A/C Switch). Mice were followed daily for signs of

clinical deterioration, such as lethargy and skin pallor, requiring euthanasia.

Statistical analyses

Details on statistics can be found in figure legends. All statistical analyses were performed using
GraphPad Prism software version 10.0.1 (GraphPad). P values <0.05 were considered
statistically significant. The Kaplan Meier method was used for survival representations and log-
rank test was used to compare survival differences between the groups. The statistical test used

for each figure is described in the corresponding figure legend.
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Figure titles and legends

Figure 1: A/C Switch transduced effector cells respond to high, but not low levels of HLA-E
on target cells.

A. SFG-gammaretroviral tetra-cistronic vector map. B. Schematic depicting NKG2A (blue) and
NKG2C (yellow) and A/C Switch (blue and yellow) receptors heterodimerized with CD94
(purple). C. Flow cytometry analysis 4 days post A/C Switch transduction of fibroblasts. Surface
expression of EGFRt, NKG2A and CD94. Intracellular expression of DAP12. D. Schematic
depicting experimental overview of functional in vitro assays. E. Transduction efficiency of A/C
Switch in effector cells measured by EGFRt reporter (in red). F. NKG2A expression in
untransduced and transduced NK92XLRCT- pNK, and pCD8" T cells. G. Variants of K562 cell line
expressing either WT (light gray) or GspHLA-E (dark gray). Variants of Nalmé6 cell line
expressing either HLA-E”- (light blue), WT (blue) or GspHLA-E (dark blue). H, I, J. Gating on
reporter EGFRt negative (blue) and EGFRt high (red) subsequently used for analysis in K, L. and
M. K, L, M. Degranulation assay comparing untransduced (blue) or A/C Switch transduced (red)
NK92KERCI- " pNK, and pCD8" T cells against target cell lines from G as measured by surface
CD107a expression. Effector cells were co-cultured with target cells at an E:T ratio of 5:1. Total
of six donors in three independent experiments. P values were determined using Mann-Whitney
test. N, O. Killing assay of A/C Switch transduced pCD8" T cells against K562 and Nalm6 cell
line variants labelled with nuclear red dye (NLR). Target only depicted in solid black line. WT
target cell lines depicted in light green (against untransduced T cells) and light pink (against A/C

Switch T cells). K56269PHLAE and Nalm6SsPHLAE cells are shown in bold green (against
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untransduced T cells) and bold red (against A/C Switch T cells). Total of six donors in three

independent experiments.

Figure 2: A/C Switch transduced pCD8" T cells mediate cytotoxicity against liquid and solid
tumor models with induced endogenous HLA-E expression.

A. Cytotoxicity assay of A/C Switch transduced pCD8" T cells (red) compared to untransduced
(gray) at three different E:T ratios co-cultured with U251 glioblastoma cell line variants. Cell death
measured as caspase 3* /Dead Cell Marker percent positive cells (%). Total of six donors in two
independent experiments. B. Killing assay of U2516PHLAE target cells (CTV e labeled) by A/C
Switch T cells (red) and untransduced (black) at different E:T ratios. Total of six donors. C. Killing
assay of K562 WT and U251 WT cells displaying IFN-y-mediated HLA-E upregulation by A/C
Switch pCD8" T cells (red) and untransduced (black) at 5:1 E:T ratio. Target cells were treated
with 20ng/ml IFN-y for 48hr. Endogenous HLA-E expression is shown by western blot and flow
cytometry analyses (MFI). Total of four donors in two independent experiments. P values were

determined using Mann-Whitney test.

Figure 3: In vivo cytotoxicity is modulated by target cell HLA-E and T cell A/C Switch levels.
A. Schematic of experimental setup for results shown in B-H. B. Bioluminescent imaging of NSG
mice bearing U2519PHLAE £ yc+ orthotopic glioblastomas treated with A/C Switch high (red) or
untransduced (black) T cells. C and D. Tumor burden represented by bioluminescence and
survival analysis of NSG mice bearing U2519PHLAE gligblastomas treated with A/C Switch (red)
or untransduced T cells (black). E. Cell surface expression of EGFRt A/C Switch T cells, low 30%

(blue) and high 90% (red), p<0.0001 by unpaired two-tailed T test. F and G. Tumor burden
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represented by bioluminescence and survival analysis of NSG mice bearing U2519PHEAE treated
with A/C Switch low (red) or untransduced (black) T cells. H. Tumor burden represented by
bioluminescence of NSG mice bearing U251 WT treated with A/C Switch high (red) or
untransduced (black) T cells. Survival was analyzed using Kaplan-Meier methodology and

statistical comparison of survival curves was performed using the Log-rank test.
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Supplementary Figure Legends

Figure S1: NKG2A expression and A/C switch transduction.

A. Expression of NKG2A in a cohort of 202 donors in (left) CD56"¢" and CD56%™ NK cells,
(middle) CD56" T cells, and (right) conventional CD3"CD56°, CD3*CD56 CD8" and CD3"CD56
CD8CDS57 T cells. B. Flow cytometry analysis of NKG2A and CD56 expression in NK92 WT
(orange) and NK92 KLRCI cells (blue). C. Western blot of each gene from the tetra-cistronic
construct present in A/C Switch transduced pCD8" T cells. Calnexin was used as loading control.
D. Flow cytometry viability analysis of NK92KERC! - pNK or pCD8" T cells when transduced
with A/C Switch as shown by expression of dead cell marker. E. Co-expression shown as bivariate
plot of NKG2A and EGFRt in A/C Switch transduced NK92KLRCI~ cells. F. TRAC knockout
efficiency measured by flow cytometry analysis of CD3 surface expression on T cells. Total of

four donors in two independent experiments.

Figure S2: Functional response of A/C Switch transduced primary NK and pCDS8 T cells

A and C. Intracellular levels of TNF- a and IFN-y in A/C Switch transduced pNK and pCD8* T
EGFRt high (red) and untransduced (blue) cells when co-cultured with target cells (K562 WT,
K5626PHLAE Nalm6, Nalm6"-A-E/- and Nalm69PHLAE) Total of six donors in three independent
experiments. P values were determined using Mann-Whitney test. B. Depletion of NKG2A™ cells
from bulk pNK cells. Left bivariate plot shows CD56/NKG2A expression pre-sort and bivariate
plot to the right shows CD56/NKG2A expression post-sort. NKG2A depleted (red) and bulk (gray)
A/C Switch pNK cells used in killing assay against Nalm6SPHLA-E Total of three donors in two

independent experiments.
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Figure S3: Safety profile and therapeutic window of A/C Switch transduced pCD8 T cells

A. Histogram of HLA-E expression in U251 WT (red), U251 WTHN7 (blue) and U251 6sPHLA-E
(orange) cells. B. Competitive killing assay with two target cell lines, U251 WT (CTV low) and
U2516sPHLAE (CTV high). Untransduced (top row) or A/C Switch transduced T cells (bottom row)
were co-cultured with U251 WT and U2519PHLAE gt three different effector-to-target cell ratios,
1:1, 3:1, and 5:1. C. HLA-E single cell RNA number of transcripts per million (n'TPM) from
Human Protein Atlas. D. A/C Switch (red) or untransduced (gray) T cells were co-cultured with
the top five highest HLA-E expressing cell subsets from C, with (slashed pattern) and without
(solid) IFN-y treatment (20ng/ml) for 48h. E. U251 WT cells treated using the same conditions as
in D; data extracted from experiment performed in Figure 2C. F and G. Expression of cytotoxic
markers (surface CD107a and intracellular [FN-y and TNF- a in untransduced (gray), A/C Switch
low (40%), and A/C Switch high (90%) T cells co-cultured with Nalm6SsPHLA-E and K5620sPHEA-

E. P values were determined using Mann-Whitney test.
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