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Unsynchronized butyrophilin molecules dictate cancer cell

evasion of Vy9Vd2 T-cell killing

Zeguang Wu'”7, Qiezhong Lamao'”, Meichao Gu

7, Xuanxuan Jin', Ying Liu', Feng Tian', Ying Yu', Pengfei Yuan?, Shuaixin Gao®,

Thomas S. Fulford % Adam P. Uldrich@®*°, Catherine CL Wong®™ and Wensheng Wei®'™

© The Author(s), under exclusive licence to CSI and USTC 2024

Vy9Vo2 T cells are specialized effector cells that have gained prominence as immunotherapy agents due to their ability to target
and kill cells with altered pyrophosphate metabolites. In our effort to understand how cancer cells evade the cell-killing
activity of VyoVvo2 T cells, we performed a comprehensive genome-scale CRISPR screening of cancer cells. We found that four
molecules belonging to the butyrophilin (BTN) family, specifically BTN2A1, BTN3A1, BTN3A2, and BTN3A3, are critically
important and play unique, nonoverlapping roles in facilitating the destruction of cancer cells by primary Vy9Vé2 T cells. The
coordinated function of these BTN molecules was driven by synchronized gene expression, which was regulated by IFN-y
signaling and the RFX complex. Additionally, an enzyme called QPCTL was shown to play a key role in modifying the N-terminal
glutamine of these BTN proteins and was found to be a crucial factor in Vy9Vé2 T cell killing of cancer cells. Through our
research, we offer a detailed overview of the functional genomic mechanisms that underlie how cancer cells escape

Vy9Vo2 T cells. Moreover, our findings shed light on the importance of the harmonized expression and function of gene family

members in modulating T-cell activity.
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INTRODUCTION

VWIVE2 T cells serve as sentinels that survey the surrounding
environment for cells infected by pathogens and for transformed
cells with imbalanced phosphoantigen (pAg) biosynthesis [1].
These T cells can eliminate various cancer cells [2]. Nevertheless,
the genetic factors that contribute to cancer cell evasion of the
cytotoxic effects of Vy9V62 T cells, including those targeted by
therapeutics, are poorly understood.

As members of the B7 immunoglobulin superfamily that are
widely expressed in cancer cells [3], BTN2A1 and BTN3AT1 are crucial
molecular facilitators of the anticancer activity of Vy9V62 T cells
[4-7]. In particular, BTN2A1 has been shown to directly interact with
germline-encoded regions of the Vy9 T-cell receptor (TCR) in a
manner that is independent of pAg exposure [4]. In contrast, direct
interactions between BTN3A1 and the TCR on Vy9V62 cells have not
been detected via transfection assays [5]. Nonetheless, experiments
involving site-directed mutagenesis of either Vy9v62 TCR [4] or
BTN3A1 [8] revealed that such mutations abolished TCR respon-
siveness in Vy9V52 cells in the presence of BTN2A1. This finding

suggested that there may be an unidentified molecule(s) present
on either the target or T cells that are involved in recognition by the
Vy9V&2 cell TCR and that act as synergistic partners [9].

PAgs are initiators of Vy9V62 T-cell activation. These small
pyrophosphate metabolites are found in cells infected by
pathogens and in malignant target cells. The activation of BTN3A1
in cancer cells depends on the increased availability of isopentenyl
diphosphate (IPP), a particular type of cellular pAg. The
concentration of IPP can be increased through treatment with
bisphosphonate drugs (BPs), which can inhibit farnesyl pyropho-
sphate synthase (FPPS), an enzyme involved in the mevalonate
pathway. This inhibition leads to the accumulation of IPP within
the cell.

A few bisphosphonate drugs have been approved for treating
bone disorders, particularly osteoporosis and metastatic bone
cancers, by inhibiting osteoclasts to alleviate bone material loss.
The intracellular B30.2 domain of BTN3AT1 is critical for binding
pAg, interacting with BTN2A1, and inducing a change in the
conformation of its extracellular domain. This leads to the
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assembly of various components that activate Vy9Vé2 T cells
[4, 5,10, 11], suggesting that small molecules that initiate “inside-
out” signaling are key for the activation of Vy9V62 T cells by BTN
molecules.

Cancer cells treated with clinically relevant drugs, such as
zoledronic acid (ZOL), were found to be susceptible to elimination
by Vy9V62 T cells [12]. A clinical trial demonstrated the anticancer
effects of using expanded Vy9V&2 T cells combined with ZOL [13].
Furthermore, ZOL-conjugated therapeutic antibodies designed to
target cancers by engaging Vyo9V62 T cells [14]. Nonetheless, the
exact mechanisms by which ZOL enters cancer cells and its
intracellular transport have not been determined.

Vy9V82 T cells hold a significant position in immunotherapy and
possess certain advantages in regard to biological engineering.
For instance, these cells rarely cause graft-versus-host disease
(GVHD), and they exhibit rapid reconstitution following stem-cell
transplantation [15]. In our study, we explored and described the
genomic landscape involved in cancer cells evasion of destruction
by Vy9Vé2 T cells. Moreover, we demonstrated the indispensable
and unique roles of four BTN molecules in activating VyoVvé2
T cells.

RESULTS

Identifying the functional genetic determinants of cancer cell
escape from Vy9Vé2 T-cell destruction

Gamma delta T cells are detectable in cancer tissues and have
been associated with favorable clinical outcomes in patients with
solid tumors [16]. In addition, treatment with BTN3A agonist
antibodies has been shown to promote the infiltration of Vy9"
T cells into melanoma tissues, suggesting that the direct
anticancer effect of these agents is attributable to gamma delta
T cells [17]. Since BTN2A1 and BTN3A1 play critical roles in the
activation of Vy9Vb2 T cells, we performed a correlation analysis
using gene expression data from patients with melanoma. The
findings demonstrated a positive correlation between two BTN
molecules and overall survival in melanoma patients (Fig. 1A).
Encouraged by these findings, we used A375 melanoma cells to
investigate the genomic factors that enable cancer cells to evade
destruction by Vy9V62 T cells (Fig. 1B).

After confirming that Vy9V62 T cells were responsive to A375
cells exposed to ZOL (termed A375-ZOL) (Fig. 1C), we proceeded
with genome-wide positive CRISPR screens, in which only the
perturbed cells that developed resistance to T-cell killing were
enriched. We utilized an optimized library that contained sgRNAs
with multiple internal barcodes (iBARs) with improved efficiency
and accuracy [18]. Library-transduced Cas9-expressing A375 cells
were either propagated continually or challenged with expanded
VY9V62 T cells (Fig. 1D). Specifically, A375 cells were subjected to
two rounds of challenge with Vy9V2 T cells at an effector T-cell-to-
target T-cell (E:T) ratio of 1:4. After each challenge, the suspended
T cells were removed, and the target cells were allowed to recover
for one week. The abundance of sgRNAs relative to that in the
control group that was not treated was subsequently determined
via deep sequencing (Fig. 1D). The screening results were
consistent when analyses were performed based on varying ratios
of effector T cells to target T cells (E:T), which ranged from 1:4 to
1:1 (Fig. 1E and Supplementary Fig. S1A, B).

To investigate the generalizability of the genetic determinants
identified, we performed an additional genome-wide CRISPR
screening with K562 cells. Notably, Vy9V&2 T cells responded to
ZOL-treated K562 (K562-ZOL) cells to a lesser extent than they did
to A375 cells (Fig. 1C). The optimal concentrations of ZOL and
effector T-cell-to-target T-cell (E:T) ratios were established using a
killing assay. This assay showed that 75% of K562 cells were lysed
at an ET ratio of 1:2, whereas 90% were lysed at an E:T ratio of 1:1
(Supplementary Fig. S1C). SgRNA-transduced Cas9-expressing
K562 cells were either propagated normally or challenged with
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expanded Vy9V82 T cells using the same screening pipeline
(Fig. 1D). Through this screening, SLC37A3 and four BTN molecules
emerged as the top hits, and disruption of their expression
promoted K562-ZOL cell survival even in the presence of Vy9Vd2
T cells (Fig. 1F).

Functionally synchronized BTN2A1/BTN3A1/BTN3A2/BTN3A3
enable Vy9V82 T-cell killing of cancer cells

We next validated a panel of hits from both screening
experiments by performing a competitive killing assay. In this
assay, we mixed mCherry-tagged knockout cells with GFP-tagged
control cells and evaluated the relative enrichment of mCherry-
positive cells following Vy9V62 T-cell treatment; the results were
compared with those of the untreated groups. BTN2A1, BTN3A1,
BTN3A3, and BTN3A2 emerged as the dominant genes across all
the independent screens. Remarkably, the deletion of any of these
four BTN molecules protected cancer cells from Vy9V62 T-cell-
mediated killing. These findings imply that these molecules play
vital and nonredundant roles (Fig. 1G). We further tested 14 genes
in A375 cells and 13 genes in K562 cells, utilizing top-performing
sgRNAs. All the screening results were validated through
cytotoxicity assays (Fig. 1H).

To characterize the gene candidates, we performed Gene
Ontology (GO) enrichment analysis and assessed the enrichment
of sgRNAs that target genes involved in BTN family member
interactions, type Il interferon signaling, Kaposi sarcoma-
associated herpesvirus infection, signal peptide processing and
T-cell activation in the screened A375 cells (Fig. 2A). Among the
screened K562 cells, Nef-mediated downregulation of CD4
expression, the RFX5-RFXANK-RFXAP complex, BTN family inter-
actions, and iron uptake and transport were the most enriched
biological pathways (Fig. 2B).

Overall, the screening experiments revealed a comprehensive
picture of the pathways involved in pAg-dependent cytotoxicity.
We found 11 overlapping genes from these screening experi-
ments (BTN2AT, BTN3A1, BTN3A3, BTN3A2, SPCS3, ICAM1, DYRKIA,
IFNGR2, HISTTH2BL, RFXAP, and QPCTL) (Fig. 2C). In addition, the
clinical significance of the abundance of BTN3A2 and BTN3A3 for
predicting the overall survival of melanoma patients was
assessed via an analysis of a TCGA dataset (Fig. 2D). Because
interactions between cell receptors and their ligands play
important roles in the adhesion and activation of leukocytes,
we expected to find some of these types of genes among the
hits. Indeed, knocking out intercellular cell adhesion molecule-1
(ICAM-1) in A375 and K562 cells led to the evasion of T-cell
killing (Fig. 1H). ICAM-1 is a cell surface glycoprotein and an
adhesion receptor that regulates leukocyte recruitment and
tethering in an LFA-1-dependent manner [19]. Our findings were
consistent with those of previous studies in which blocking the
ICAM-1/LFA-1 interaction resulted in attenuated activation of
Vyové2 T cells [20].

We further analyzed genetic determinants, and the correspond-
ing deletion mutants in melanoma cells evaded NY-ESO-1 antigen-
specific ap T-cell killing [21]. This analysis revealed gene deletions
that contribute to phenotypes associated with escape from aff
and Vy9V562 T-cell killing (Fig. 2E). Specifically, interferon gamma
signaling molecules (IFNGR2, JAK2, and STAT1), cell death-related
molecules (FADD, CASP8, and PMAIP1), and ICAM-1 were identified
in both screening experiments. Key nodes (FAS, CASP8, and FADD)
of the Fas-dependent apoptotic pathway were found to be
clustered in Vy9Vé2 T-cell screens (Fig. 1E and Supplementary Fig.
S1B). Given that A375 cells were Fas positive (Supplementary
Fig. S1D), our results suggested that the Fas-FasL axis plays a key
role in mediating cancer immune evasion. Indeed, FasL dose-
dependently killed A375 cells (Supplementary Fig. STE).

Given that af3- and Vy9V62 TCRs interact with distinct molecules
on cancer cells, we investigated patient survival based on the
abundance of BTN molecules in clinical samples from mixed T-cell
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Fig. 1 Genome-wide CRISPR/Cas9 screening of A375 and K562 cells. A Kaplan-Meier curves showing differences in the overall survival of melanoma
patients were stratified by the abundance of the BTN2A1 and BTN3A1 genes using The Cancer Genome Atlas dataset (OncoLnc). The ‘High’ and ‘Low’
groups were categorized according to the highest and lowest quartiles of individual gene expression, respectively. B Schematic of the current
understanding of the activation of Vy9vd2 T cells by cancer cells and an approach to identifying immune evasion genes. C Analysis of the
degranulation of Vy9V82 T cells in response to cancer cells. D Workflow of whole-genome screening using two cell lines. A375/Cas9 or K562/Cas9 cells
were infected with lentiviral sgRNAs and pretreated with ZOL overnight. Target cells were challenged twice with T cells. The reference cells were
cultured and sequenced in parallel. E A375 cell screening hits. F K562 cell screening hits. The gene distributions were based on gene expression fold
change values. G Killing resistance of two cell lines transduced with sgRNAs targeting BTN molecules or nontargeting control sgRNAs to expand
Vy9V52 T cells. H A375 or K562 cell resistance to killing by expanded Vy9V62 T cells. Knockout or negative control cells (mCherry™) were cultured with
control cells (GFPmCherry™) in equal numbers and either treated with expanded VyoV52 T cells or left untreated. The percentage of mCherry™ cells
was measured by flow cytometry, and the degree of killing resistance was compared between the Vy9V52 T-cell-treated group and the untreated
group. The data presented encompass three replicates using Vy9V32 T cells obtained from a donor, distinct from those employed in the CRISPR
screens. The data are representative of two independent experiments using two human donors (G and H). The data are reported as the mean + SD
(n = 3). The horizontal lines indicate the means. *p < 0.05; **p < 0.01; ***p < 0.001. The Mann-Whitney U test was used
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Fig. 2 Characterization of gene candidates from the two screening experiments. A, B GO enrichment analysis via Metascape. Enrichment
analysis of enriched candidates in the A375 or K562 screening experiments (FDR < 0.2%). Pathways were ranked by an RRA score <1E—03.
C Overlapping genes with an FDR < 0.2% across two cell lines (K562 and A375). D Kaplan—-Meier curves showing differences in the overall
survival of melanoma patients stratified by the abundance of the BTN3A2 and BTN3A3 genes using The Cancer Genome Atlas dataset
(OncoLnc). The ‘High' and ‘Low’ groups were categorized according to the highest and lowest quartiles, respectively, of the expression of each
individual gene. E Common hits from melanoma cell screens using Vy9V62 T cells or NY-ESO-1 T cells. F Kaplan—-Meier curves showing
differences in the overall survival of melanoma patients stratified by the abundance of combined BTN molecules in low B2M-expressing
samples. The ‘High’ and ‘Low’ groups were categorized according to the highest and lowest quartiles of combined BTN gene expression

populations. Notably, B2M is a well-established predictive marker
of melanoma patient survival because of its universal role in
supporting the expression of HLA and the recognition of the af3
T-cell TCR [21]. However, activation of Vy9V62 T cells by cancer
cells is independent of the presence of B2m [22]. To determine
whether the abundance of BTN molecules can predict the clinical
outcome of patients with low B2M expression, we fractionated
75% of the samples and analyzed the associations between the
abundance of the four BTN molecules and clinical outcomes. We
observed that a reduction in the overall survival of these patients
was associated with low expression of BTN molecules in tumors,
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supporting the idea that a3 and Vy9V&2 T cells exert a synergistic
beneficial effect in inhibiting the growth of melanoma (Fig. 2F).

Transcriptionally synchronized BTN2A1/BTN3A1/BTN3A2/
BTN3A3 expression was regulated by the RFX complex and
IFN-y signaling

Our screening experiments revealed a nonredundant role for each
of the four BTN molecules in cancer cell killing by Vy9V62 T cells;
however, the expression of these molecules among a range of
cancer cells is unknown. In addition, whether these BTN molecules
are coexpressed in cancer cells through a mechanism that drives

Cellular & Molecular Immunology



synergistic effects is unclear. Thus, we analyzed the expression of
the four BTN transcripts in 1305 cell lines. This analysis revealed
heterogeneous expression of these molecules across cancer cell
lines (Fig. 3A). The coexpression pattern found in a few thousand
cell lines suggested that BTN3A molecules are highly coexpressed
with each other and, to a lesser extent, with BTN2A1 (Fig. 3A).

The coexpression of these two transcripts suggested that these
molecules may be subjected to regulation by the same transcrip-
tion factor(s). Our pathway analysis revealed that depletion of
RFX5, RFXAP, or RFXANK in cancer cells led to evasion of Vy9Vé2
T-cell death (Fig. 2B). Regulatory factor X-5 (RFX5) is a winged-helix
transcription factor (TF) that forms a heterotrimeric protein
complex with RFXANK and RFXAP [23]. The RFX complex binds
to a conserved DNA-binding domain and is involved in the
regulation of HLA molecule expression [24, 25]. We reasoned that
the RFX complex regulates the expression of BTN genes and noted
that none of the TFs were clearly associated with the regulation of
BTN molecule expression. We first analyzed the ChIP-seq data of
RFX5 in K562 cells using ENDOTE (Fig. 3B). The results revealed
specific binding of RFX5 to the X-box motif located in the
promoter region of the BTN gene, which included the noncoding
regions LOC285819 and BTN2A3P (Fig. 3B). To demonstrate the
direct role of the RFX complex in regulating the abundance of
BTN, we generated K562 cells lacking each component of the RFX
complex. We found that RFX complex-knockout cells expressed
lower levels of the BTN3A1/2/3 protein than did control cells
(Fig. 3D). This finding aligns with the analysis of the total amount
of BTN3A1 (Supplementary Fig. S2). Accordingly, RFX5-, RFXAP-,
and RFXANK-knockout cells treated with ZOL or the anti-BTN3A
antibody exhibited significant resistance to lysis by Vyov2 T cells
(Fig. 3E and Supplementary Fig. S3).

Our screening experiments further suggested that knocking
out genes in the IFN-y signaling cluster (IFNGR1, IFNGR2, STATI,
JAKT and JAK2) resulted in resistance to Vy9Vvd2 T-cell killing
(Fig. 1F). As IFN-y treatment enhances RFX complex activity and
increases the expression of HLA molecules [24], we hypothesized
that BTN molecules are subjected to similar transcriptional
regulation. NLRC5 has been implicated in the transcriptional
regulation of the MHC and BTN genes [26]. Upon IFN-y treatment,
phosphorylated STAT1 promoted the expression of NLRCS5.
Subsequently, the NLRC5 and RFX complexes bound to specific
DNA domains and upregulated the expression of BTN genes
(Fig. 3F). The increase in the surface abundance of BTN3As was
confirmed by IFN-y treatment (Fig. 3G). Together, our results
support the idea that the transcriptional synchronization of BTN
molecules mediated by IFN-y signaling and the RFX5 complex is
essential for priming TCR interactions and mounting robust
immune responses.

Posttranslational synchronization involving pyroglutamate
modification of BTN molecules is integral to the recognition
and killing of target cells by Vy9Vé2 T cells

Because nothing is known about posttranslational modifications
to BTN proteins, we first analyzed the sequence and structure of
the four BTN proteins. We noted that N-terminal glutamine (GIn) is
a common feature of BTN sequences (Fig. 4A). The position of
glutamine is highlighted in the extracellular IgV domain of the
BTN protein (Fig. 4B). These glutamines can potentially be
subjected to pyroglutamate modification. Our screening results
suggested that knocking out QPCTL in cancer cells promoted
evasion of Vy9Vé62 T-cell killing (Fig. 2C). QPCTL encodes
glutaminyl-peptide cyclotransferase-like (QPCTL), a protein that
catalyzes the formation of pyroglutamate residues (pyro-Glu)
through cyclization of N-terminal glutamine and glutamate
residues [27]. We hypothesized that BTNs are QPCTL substrates
and are thus subject to pyroglutamate modification. To provide
evidence of the pyroglutamate modification of BTN proteins, we
developed a mass spectrometry-based assay and confirmed the
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pyroglutamate modification of BTN2A1, BTN3A2, and BTN3A3
(Fig. 4C and Supplementary Fig. S4).

After confirming that QPCTL deletion in cancer cells resulted in
significant resistance to killing by Vy9vé2 T cells (Figs. 4D and
Supplementary Fig. S5), we proceeded to examine whether QPCTL
contributes to the recognition of cancer cells by Vy9vd2 T cells.
We performed a short-term cell conjugation assay and observed
impaired cell conjugation between Vy9Vé2 T cells and QPCTL-
deficient cancer cells (Fig. 4E). Given that the BTN molecule
interacts with Vy9V82 TCRs, we hypothesized that pyroglutamate
modification of BTN molecules is critical for these interactions. We
evaluated the binding of TCR tetramers to K562 cells and found
that TCR binding was abolished in QPCTL knockout (KO) cells,
suggesting that QPCTL is critical for TCR tetramer staining (Fig. 4F).
We further applied the glutaminyl cyclase inhibitor SEN177 to
inhibit the enzymatic activity of QPCTL [28]. SEN177-treated
cancer cells exhibited resistance to Vy9Vé2 T-cell killing, suggest-
ing that QPCTL has an enzymatic contribution to the evasion of
Vy9V52 T-cell cytotoxicity (Fig. 4G).

We next evaluated the abundance of BTN3A molecules in
QPCTL-deficient cells. Diminished cell surface staining of BTN3A,
but not all BTN3A proteins, was detected in QPCTL-deficient cells
(Fig. 4H). We did not find an antibody against cell surface BTN2A1
but found that the total amount of BTN2A1 was unaltered in these
cells (Supplementary Fig. S6A). This result was very similar to the
observation of CD47 abundance in QPCTL-knockout cells. As
previously shown, QPCTL is critical for pyroglutamate modification
of CD47 at the SIRPa-binding site [28]. To demonstrate the critical
role of N-terminal pyro-Glu in BTN3A1 detection, wild-type
BTN3A1 or N-terminal glutamine-mutated BTN3A1 (Q30R) was
overexpressed in HEK293T cells. The cells transfected with mutant
BTN3A1 had substantially lower BTN3AT1 staining intensity on the
cell surface than the cells transfected with the wild-type control;
however, the total amount of the BTN3A1 protein was unaltered
(Fig. 41). Additionally, the total amount of the BTN2A1 protein was
similar in cells transfected with either the wild-type or N-terminal
glutamine mutated plasmid (Q30R) (Supplementary Fig. S6B).
Together, our results suggest that QPCTL is a critical enzymatic
effector of BTN proteins; therefore, a lack of QPCTL expression
causes defective pyroglutamate modification of BTN molecules
and leads to the evasion of Vy9V62 T-cell killing (Fig. 4J).

The TMCO1 translocon complex is involved in the
accumulation of phosphoantigens and in the activation of
Vyo9Vé2 T cells

Clinically, ZOL is emerging as an essential small molecule in cancer
therapy that interacts with Vy9V62 T cells. The anticancer effect of
expanded Vy9V62 T cells combined with ZOL administration has
been demonstrated in a clinical trial [13]. Additionally, a ZOL-
conjugated therapeutic antibody has been developed to specifically
target cancer cells [14]. Bisphosphonate drugs are hydrophilic
molecules that cannot cross cellular membranes through passive
diffusion. Cellular uptake of bisphosphonate drugs requires fluid-
phase endocytosis. In addition, membrane transport proteins are
required to release drugs from endocytic vesicles into the cytosol
[29]. Through our screening, the deletion of genes that are
important for this uptake and release process impaired the
accumulation of intracellular IPP and the activation of T cells.
Indeed, the top ranked gene in the K562 cell screening was SLC37A3
(Fig. 1F), which mediates the release of bisphosphonate molecules
from acidic endosomes into the cytosol in cancer cells [30]. We did
not identify these genes in the A375 cell screening. These
differences might be related to the efficiency of ZOL processing in
different cells and to cell susceptibility to Vy9V62 T-cell killing.

Our results highlighted a newly identified ribosome translocon
complex and provided evidence about its role in the evasion of
ZOL-directed Vy9V82 T-cell cytotoxicity. The complex contains the
core Sec61 channel and five accessory factors, TMCO1, CCDC47,
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Nicalin, TMEM147 and NOMO, and contributes to the biogenesis
of multipass membrane proteins [31]. Notably, CCDC47, TMEM147,
NCLN (encoding Nicalin), SEC61B, and TMCO1 were clustered in our
screening experiment (Fig. 5A, B). The ribosome translocon
complex is critical for protein biogenesis, including protein
folding, topogenesis, and chemical modification. We reasoned
that this complex may be involved in the regulation of protein
biogenesis by either BTNs or cellular mediators involved in the

uptake and release of ZOL. To identify mRNA targets of the
TMCOT1 translocon complex, we analyzed the mRNAs associated
with ribosomes that had been recovered by affinity purification of
TMCO1 (GSE134027). This analysis revealed 22 hits in the K562 cell
screening, and their gene products, which included SLC37A3,
STEAP3, SLC52A2, SLC11A2, SLC30A6, and SLC52A2, were targets of
the TMCO?1 translocon complex (Fig. 5C, D). Consistent with the
role of the TMCO1 translocon complex in the biogenesis of
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Fig. 5 The top-ranked genes from the K562 screen are involved in the cellular processing of ZOL. A SgRNA-level analysis showing the
differential fold change (FC) distributions of sgRNA targeting the TMCO1 complex from the K562 screening. BTN3A1 was used as the positive
control. B Cartoon depicting the TMCO1 complex from a previous study (NOMO was not depicted). C Overlapping gene hits of the
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multipass membrane proteins, the mRNAs of BTN molecules were
not detected (Supplementary Fig. S7). This finding suggested that
the biogenesis of multipass membrane proteins involved in the
cellular processing of ZOL, such as SLC37A3, is impaired by
perturbations of the TMCO1 translocon complex. We confirmed
that deletion of the SLC37A3/ATRAID complex and TMCO1
translocon complex components resulted in substantial resistance
to lysis by Vy9v&2 T cells (Fig. 5E).

In addition, sgRNAs targeting multiple regulators of clathrin-
mediated endocytosis, including members of the heterotetrameric
adaptor protein complex-2 (AP-2), phosphatidylinositol-binding
clathrin assembly protein (encoded by PICALM), and the newly
identified C150rf57 [32], were enriched in surviving K562 cells.
Multiple iron receptors, such as STEAP3, SLC52A2, SLC11A2,
SLC30A6, and SLC52A1, were identified as strong hits (Fig. 1F).
Given that BPs are chelators of iron, iron/ZOL complexes likely
facilitate the uptake of ZOL. The deletion of key enzymes in the
mevalonate pathway cascade results in reduced production of IPP in
cancer cells [33]. Along these lines, ACAT2, HMGCR, and ACSL3 were
identified in our screen. The presqualene segment of the cholesterol
biosynthetic pathway is localized in peroxisomes, and the reactions
between mevalonate and farnesyl diphosphate are assumed to be
exclusively peroxisomal [34]. Our results suggest that a set of genes
encoding peroxisomal machinery components (PEX10, PEM12,
PEM13, and PEM16) may be involved in the transportation of ZOL
into peroxisomes. We summarized these findings in a schematic
diagram on the basis of pathway enrichment analysis and the
analysis of existing data and the literature (Fig. 5F). Collectively,
these findings expand the knowledge of the cellular regulators
contributing to IPP accumulation in response to ZOL treatment.

DISCUSSION

Mapping genetic determinants of cancer cell immune evasion
informs efforts to promote cancer immunotherapy strategies. By
performing screening with functionally and genetically diverse cell
lines, our study provides a reference set of genes and pathways
that mediate intrinsic Vy9V2 T-cell cancer cell evasion.

Overexpression of the BTN3A1 and BTN2A1 molecules in rodent
cells is sufficient to activate Vy9V&2 TCR-expressing cells [5, 6, 35].
Although this approach is valuable for investigating protein
interactions, experimental target cells are not representative of the
physiological abundance of BTN molecules in cancers, and such a
predisposed approach may lead to the oversight of meaningful
molecule(s) involved in the immune response. For example, BTN
plasmid transfection resulted in a high abundance of BTN antigens
on the cell surface compared with those on native control cells
(Supplementary Fig. S8) [17].

Our screening experiments established the categorical role of four
BTN molecules in untransfected cancer cells that evade primary
Vy9V62 T-cell killing. The roles of BTN3A1 in sensing pAgs and
activating Vy9V62 T cells have been extensively studied, including
the structural and functional aspects of its juxtamembrane region
and B30.2 domain [10, 36-40]. Additionally, BTN3A1 has been
shown to inhibit the activation of tumor-reactive af T cells by
preventing segregation of N-glycosylated CD45 from the immune
synapse [41]. This inhibitory effect of BTN3A1 on a3 T cells is unlikely
to be applicable to VW9V&2 T cells since the knockout of BTN3A1 in
cancer cells is expected to promote the activation of Vy9Vé2 T cells.
In contrast, the ability of BTN3A2 and BTN3A3 in cancer cells to
activate Vy9V62 T cells has been inconsistent across multiple studies
[35, 42, 43], which may be related to differences in the experimental
settings. One study demonstrated that BTN3A2 regulates the
subcellular trafficking and stability of BTN3A1, thereby contributing
to the activation of Vy9V62 T cells [35]. We hypothesized that
BTN3A2 and BTN3A3 ‘catalyze’ the interactions between Vy9V62 TCR
and its ligand(s) and are critical for the initiation of robust immune
responses via several mechanisms that work individually or in
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concert. The role of BTN3A2 and BTN3A3 in Vy9V62 T-cell activation
has been described in studies using agonist antibodies [17, 42].
Agonist stimulation is thought to mimic pAg-mediated signaling by
cross-linking BTN3A molecules. The extracellular domain of each
individual BTN3A molecule is capable of activating Vy9V62 T cells via
agonist antibody stimulation in the presence of BTN2A1 [17, 42].
This is particularly pertinent to a genetic analysis showing extreme
homogenization of the extracellular IgV sequences of BTN3A
molecules, thereby suggesting the presence of an evolutionally
conserved functional domain in BTN3A molecules [44].

BTN3As are crucial molecules for the anticancer activity of
VYoV62 T cells, but the cellular receptor(s) of these proteins have
yet to be identified. Therapeutic antibodies targeting BTN3A have
been developed to activate Vy9V62 T cells for clinical application
[17, 45, 46]. This approach is based on the observation that
crosslinking BTN3A proteins on the surface of cancer cells with
anti-BTN3A antibodies results in the activation of Vy9V62 T cells.
Notably, QPCTL is a key checkpoint of Vy9V52 T-cell activity that
posttranslationally synchronizes N-terminal glutamine residues in
IgV sequences of BTN3A molecules. We demonstrated that
pyroglutamate modification of BTN3As mediated by QPCTL is
critical for the detection of anti-BTN3A antibodies, which is relevant
to therapeutic antibodies based on Vy9V62 T-cell biology [47, 48].

In a recent study, CRISPR screens were employed to investigate
the metabolic pathways that regulate the abundance of BTN3A on
the cell surface [49]. In contrast, our study specifically examined
the transcriptional, posttranscriptional, and functional synchroni-
zation of BTN molecules. These findings offer distinct insights into
the regulatory and functional significance of BTN molecules in the
context of y6 T-cell-mediated tumor immunity. Clinically, ZOL is
emerging as an essential small molecule in cancer therapy that
interacts with Vy9v62 T cells. The anticancer effect of expanded
Vy9V82 T cells combined with ZOL administration has been
demonstrated in a clinical trial [13]. Additionally, ZOL-conjugated
therapeutic antibodies have been developed to target cancers by
utilizing Vy9Vé2 T cells [14]. Therefore, identifying the cellular
factors involved in ZOL processing in the context of Vy9V62 T-cell
biology is meaningful. Together with other characterized genetic
components and circuits that regulate cancer cell responses to
Vy9V62 T cells, our genome-wide functional study provides
important groundwork for future genotype-driven applications
of Vy9Vb2 T-cell immunotherapies.

METHODS

Cells

Peripheral blood mononuclear cells (PBMCs) were collected from
deidentified healthy donor pheresis products. K562 cells were maintained
in RPMI 1640 medium (Gibco). A375 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco). All media contained 10% fetal bovine
serum (FBS; Biological Industries) and were supplemented with penicillin
and streptomycin (Gibco). All cells were routinely checked for mycoplasma
contamination. Vy9V&2 T cells were expanded with 5 uM zoledronic acid
(DengMiBio) and 100 IU/ml interleukin-2 (IL-2; Sihuan ShengWu). The
purity of the Vy9V&2 T cells was evaluated on day 9 post expansion.

Mice

The nude mice (6 to 8 weeks old) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. All the mice were kept under
specific pathogen-free conditions in the Laboratory Animal Center of
Peking University. All animal work was approved by the Institutional
Animal Care and Use Committee at Peking University. A total of 15 million
color barcoded mCherry-expressing K562 cells and Vy9V62 T cells were
simultaneously injected into the peritoneal cavity of mice, thereby
maintaining the effector-to-target (E:T) ratio of 2. After a 24-h period,
peritoneal lavage fluid was collected by washing with cold PBS.

Lentiviral production and infection
To produce the lentivirus, HEK293T cells were transfected with a lentiviral
transfer vector, the packaging plasmid pR8.74 (#22036; Addgene), and
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VSVg (#158233; Addgene) using X-tremeGENE HP DNA Transfection
Reagent (Roche). The sgRNA-transduced cells were then treated with
culture medium containing puromycin (5 ug/ml for K562 cells and 1 pug/ml
for A375 cells) to select for the transduced cells.

Genome-wide CRISPR screen and functional enrichment
analysis

The screening experiments using the CRISPR sgRNA®AR library were
conducted as previously described [18]. Cas9-expressing K562 and A375
cells were infected with a pooled lentiviral genome-wide sgRNA library at a
multiplicity of infection of three and selected with puromycin after seventy-
two hours of infection. The cells were maintained at a minimum coverage
of 1000x for two rounds of killing experiments. For the experimental group,
K562 cells were pretreated with 12.5 uM ZOL for 12 h, and A375 cells were
pretreated with 6.25pM ZOL for 12h. For the K562 cell screening
experiments, Vy9V&2 T cells were added at an E:T ratio=1:2 in the first
round of killing and an E:T ratio = 1:1 for the second round of killing. A375
cell screening experiments were performed at incremental E:T ratios. The
cells resistant to Vy9V62 T-cell killing were expanded for an additional
7 days between the two rounds of T-cell treatment. Genomic DNA was
extracted with DNeasy Blood & Tissue Kits (QIAGEN), and next-generation
sequencing (NGS) was performed by GENEWIZ. The MAGeCK®A® analysis
pipeline was used to calculate the positive screening scores of all the
targeted genes [18]. We used Metascape (https://Metascape.org/) to
perform Gene Ontology (GO) analysis. Gene annotations were retrieved
from the UCSC hg38 genome, which contains 19,210 genes. For each gene,
three different sgRNAs with four barcodes were designed using our newly
developed DeepRank algorithm. An additional 1000 nontargeting sgRNASs,
each with four barcodes, served as negative controls.

BTN molecule coexpression analysis and survival analysis

The RNA-seq data of 1305 cancer cell lines were obtained from the Cancer
Cell Line Encyclopedia (CCLE) database, and the Pearson correlation
between corresponding gene pairs was calculated. The clinical outcome of
melanoma patients from the TCGA dataset was analyzed using OncolLnc
(http://www.oncolnc.org/).

Flow cytometry reagents and analysis

The following antibodies and cytokines obtained from BioLegend were
used for flow cytometry: anti-CD3e (UCHT1), anti-CD107a (H4A3), anti-
CD56 (HCD56), anti-TCRVS2 (B6), anti-HLA-ABC (W6/32), anti-TCRVy9 (B3)
and recombinant human FASL. An anti-CD277 (BT3.1) antibody was
obtained from Novus Biologicals. An anti-Fas (REA738) antibody was
obtained from Miltenyi Biotec. Vy5V61 TCR (clone 9C2) and Vy9Vé2 TCR
(clone G115 and TCR6) tetramers were generated as previously described
[4]. To activate tumor cells utilizing the anti-BTN3A antibody (eBioBT3.1;
Invitrogen), K562 cells were incubated with the antibodies for 2 h at a
concentration of 10 pug/ml. Subsequently, the cells were washed and
cultured with VW9V82 T cells. For the CD107a assay, ZOL-treated K562 and
A375 cells were coincubated with Vy9V62 T cells for 4 h in the presence of
an anti-CD107a antibody to detect degranulation. DAPI (BioLegend) was
applied to exclude dead cells. To upregulate BTN expression, human IFN-y
(BioLegend) was added at a concentration of 1000 IU/ml, and the mixture
was incubated for 24 h. Flow cytometry was performed with a Fortessa
flow cytometer (BD Biosciences).

Competitive killing assay

Knockout (mCherry™) cells and control cells (GFP mCherry*) were mixed at a
ratio of 1:1 and seeded in 96-well plates. The target cells were then treated
with ZOL for 12 h and washed twice in media before VyoV82 T cells were
added (ET ratio = 1:4). After 16 h, the percentage of GFP™ cells was measured
by flow cytometry, while CD3 and DAPI staining were used to exclude T cells
and dead cells, respectively. Killing resistance was calculated based on the
ratios of the Vy9V&2 T-cell-treated and untreated groups, and the percentage
of killing resistance was calculated using the following formula: % killing
resistance = 100*(1-(P2/(100-P2)*(100-P1)/P1)); where P1=% of the target
cells in the group without effector cells (i.e, % of GFP™ cells); and P2 =% of
the target cells in the group with T cells (% of GFP™" cells).

Cell conjugation assay
Control K562 cells were labeled with 2.5 uM CFSE (BioLegend), and QPCTL-
knockout K562 cells were labeled with 2.5 uM CTV (Invitrogen). The labeled
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target cells were cultured overnight before the T cells were added. Equal
amounts of target cells and Vy9V62 T cells were added to 96 V plates and
spun at 500 rpm for 1 min. The plate was incubated in a 37 °C water bath
for 5 min and immediately fixed by adding 50 pl of ice-cold paraformalde-
hyde buffer. The cells were pipetted 5 times and transferred to FACS tubes
for cell conjugation analysis.

Absolute counting of viable cells

A375 cells were treated with 10 uM SEN-177 (SML1615; Sigma Aldrich) or
DMSO for 48 h. The cells were treated with 6.25 uM ZOL for 16 h. After
extensive washing, Vy9V&2 T cells were added to the culture at an E:T ratio
of 1:4 for 16 h. A375 cells were detached, and live cells were detected via
Annexin-V (Procell) and DAPI staining. Absolute counting beads (BioLe-
gend) were used to determine the absolute number of viable cells.

Western blotting and immunoprecipitation

HEK293T cells were transfected with BTN- or BTN-carrying p.Q30R
plasmids. After 2 days, the cell pellets were collected, and radio-
immunoprecipitation assay buffer was used to lyse the cells on ice for
15 min with protease inhibitors. The lysed cells were then denatured via
the addition of Laemmli sample buffer and heated before processing for
western blotting detection. The following antibodies were used: anti-
BTN2A1 (NBP2-92020; Novus Biologicals), anti-BTN3A1 (ab236289; Abcam),
and anti-QPCTL (Santa Cruz Biotechnology). For immunoprecipitation,
HEK293T cells were transfected with BTN-Flag plasmids, and cell lysates
were incubated with an anti-FLAG M2 affinity gel (A2220, Sigma-Aldrich).
After gel separation, the samples were lysed and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Briefly, the cell
powder was then transferred to a centrifuge tube, and four volumes of
lysis buffer were added. Sonication was performed on ice for 3 min using a
high-intensity ultrasonic processor. The protein concentration was
determined using a BCA kit. The tryptic peptides were dissolved in solvent
A and loaded onto a custom-made reversed-phase analytical column. A
gradient of solvent A and solvent B was used to separate the peptides, and
the eluted peptides were analyzed using a timsTOF Pro 2 mass
spectrometer. The resulting MS/MS data were processed using the
MaxQuant search engine.

Statistical analysis

The Mann-Whitney U test was performed to compare the ratios between
two groups. The results were considered to be significant when the two-
sided P value was 0.05. *P < 0.05; **P < 0.01; ***P < 0.001.

DATA AVAILABILITY
All the data needed to evaluate the conclusions in the paper are presented in the
paper or the supplementary materials.
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