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Abstract

VY9VE2 T cells, the main subset of y8 T lymphocytes in human
peripheral blood, are endowed with antitumor functions such as
cytotoxicity and IFNy production. These functions are triggered
upon T-cell receptor-dependent activation by non-peptidic
prenyl pyrophosphates ("phosphoantigens”) that are selective
agonists of Vy9V42 T cells, and which have been evaluated in
clinical studies. Because phosphoantigens have shown interin-
dividual variation in Vy9Va2 T-cell activities, we asked whether
metabolic resources, namely lipids such as cholesterol, could
affect phosphoantigen-mediated Vy9V42 T-cell activation and
function. We show here that Vy9Vd2 T cells express the LDL
receptor upon activation and take up LDL cholesterol. Resulting

Introduction

Among the lymphocyte populations being considered for
cancer immunotherapy are Y8 T cells, which display antitumor
functions such as cytotoxicity and IFNy production upon
activation (1, 2). In humans and other primates, most
(70%-95%) Y3 peripheral blood lymphocytes (PBLs) express
heterodimers of Vy9 and V32 chains. These Vy9Vé2 T cells
recognize and Kill cells from a variety of tumor types, such as
melanoma, leukemia, lymphoma, lung, ovary, and breast can-
cers. This cytotoxicity does not require antigen processing or
MHC-mediated antigen presentation (3, 4). Instead, VyoVvd2
T cells are activated by small non-peptidic prenyl-pyrophos-
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changes, such as decreased mitochondrial mass and reduced
ATP production, correlate with downregulation of VyoVvé2
T-cell activation and functionality. In particular, the expression
of IFNy, NKG2D, and DNAM-1 were reduced upon LDL
cholesterol treatment of phosphoantigen-expanded Vy9Vo2
T cells. As a result, their capacity to target breast cancer cells
was compromised both in vitro and in an in vivo xenograft
mouse model. Thus, this study describes the role of LDL
cholesterol as an inhibitor of the antitumor functions of
phosphoantigen-activated Vy9Vd2 T cells. Our observations
have implications for therapeutic applications dependent on
Vy9Vd2 T cells. Cancer Immunol Res; 6(4); 448-57. ©2018 AACR.

phate metabolites of isoprenoid biosynthesis, termed phos-
phoantigens (PAgs), in a T-cell receptor (TCR)-dependent but
MHC-independent manner (5, 6). Phosphoantigens interact
with an intracellular domain of butyrophilin-3A1 (BTN3A1;
CD277), a B7 superfamily member that provides the extracel-
lular motifs recognized by Vy9vd2 TCRs (7-9). Vy9Vd2 TCRs
are enriched for public Vy9JP" sequences (10) that may
account for their "innate-like" (i.e., fast) kinetics of response
to PAgs. Although the most potent PAgs derive from the non-
mevalonate pathway of bacteria and parasites, tumor cells
accumulate metabolite intermediates of the mevalonate path-
way |e.g., isopentenyl pyrophosphate (IPP)] that also activate
primate Vy9Va2 T cells (5, 11, 12).

Like TCRs, NK cell receptors, particularly NKG2D and
DNAM-1, contribute to tumor cell recognition and targeting
by Vy9Va2 T cells. The receptor NKG2D is required for recog-
nition of leukemia and lymphoma cells by phosphoantigen-
activated Vy9Vo2 T cells where ULBP1 is the dominant NKG2D
ligand expressed on the target cells (13). Other NKG2D ligands,
namely MICA (14) and ULBP4 (15), are implicated in NKG2D-
mediated recognition of multiple myeloma, ovarian, and colon
carcinoma (16). The DNAM-1 ligands, including Nectin-like-5
and Nectin-2, underlie hepatocellular carcinoma (HCC) cell
targeting by Vy9Vo2 T cells (17). We have therefore proposed
that NK receptors determine antitumor cytotoxicity of phos-
phoantigen-activated Vyovd2 T cells (18).

Several attributes of Vy9V32 T cells have prompted their use in
the dinic (19): (i) their antitumor properties, (ii) their lack of
reliance on MHC class I presentation, a common immune evasion
mechanism, and (iii) their independence of mutated epitopes,
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which makes VyoVvd2 T cells effective against tumors with low
mutation loads. Most clinical trials have selectively activated and
expanded Vy9V52 T cells with use of the chemical aminobispho-
sphonates, including pamidronate and zoledronate, which are
approved by the FDA for treatment of osteoporosis and bone
metastases. These drugs interfere with PAg-processing enzymes
and increase the intracellular levels of IPP in tumor cells (20). The
synthetic PAg, bromohydrin pyrophosphate (BrHPP), has been
used in vivo and ex vivo to activate and expand autologous Vy9Vs2
T cells for reinfusion. However, the clinical performance of
Vy9Vo2 T cells has been disappointing thus far. Moreover, the
prognostic value of Vy9V42 (or total y8) T-cell infiltration in
tumors has been found variable, such that correlations with
patient outcome range from positive (melanoma) to neutral
(renal cancer) to negative (breast cancer and colorectal cancer;
ref. 21). A bioinformatics study surveying ~10,000 cancer biop-
sies from 50 types of hematologic and solid malignancies
described considerable interindividual variation of Vy9vé2
tumor-infiltrating lymphocyte (TIL) abundance that reflected in
variable associations with outcome (22).

Although many factors could underlie the interindividual
variation of Vy9Va2 T-cell activities, studies indicate that meta-
bolic resources, namely lipids such as cholesterol, could affect
Vy9V52 T-cell activation and functions (23-27). Cholesterol, an
essential component of membranes, regulates membrane fluidity
and thus affects various receptor-mediated signal transduction
pathways. Inhibition of cholesterol esterification or deletion of
the responsible genes in CD8" T cells increases the amount of
cholesterol in the plasma membrane and enhances TCR signaling,
promoting cytotoxic functions and proliferation (28). Genetic
interference with cholesterol efflux via the ABCG1 transporter
converted "pro-tumor" M2 macrophages into antitumor M1
macrophages and suppressed tumor growth (29). Immune cell
functions can thus be affected by alterations in cholesterol
homeostasis (25). On the other hand, systemic cholesterol favors
breast cancer progression by promoting breast cancer cell prolif-
eration, migration and survival (30). LDL cholesterol level in
breast cancer patients has predictive value at the time of diagnosis:
women with elevated LDL cholesterol levels at diagnosis have a
higher risk of developing local recurrence or metastasis.

In this study, we asked whether LDL affects Vy9Vd2 T-cell
activation and targeting toward breast cancer cells. We found that
activated Vy9Va2 T cells express LDL-R through which they take up
LDL cholesterol. The LDL cholesterol uptake drives metabolic
changes associated with reduced functionality, namely impaired
IFNy production and reduced killing of breast cancer cells both
invitro and in vivo. This work thus demonstrates that LDL cholesterol
levels modulate Vy9V52 T-cell activation and antitumor functions.

Materials and Methods

Cell culture and in vitro killing assays

For Vy9Vd2 T-cell culture and expansion, peripheral blood
mononuclear cells were isolated by density gradient centrifuga-
tion (Ficoll-Hystopaque-1077; Sigma-Aldrich) for 30 minutes at
1,500 rpm and 25°C. Vy9V2 T cells were cultured in RPMI 1640
medium supplemented with 10% FBS and 50 pug/mL of penicillin/
streptomycin (Invitrogen, Gibco), in the presence of interleukin-2
(IL2; Peprotech) and (E)-4-hydroxy-3-methyl-but-2-enyl pyro-
phosphate (HMB-PP; Echelon Biosciences). Fresh medium
was added every 5 days, until day 14 of culture. Expanded Vy9V§2
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T-cell populations were cultured for 36 to 72 hours at 37°C and
5% CO, in the presence or in the absence of low density human
lipoproteins (LDL; 100 pg/mL, Millipore), and tested for their
antitumor activity. Cells were counted in Neubauer chamber using
0.4% Trypan Blue solution (Sigma-Aldrich) for viability control.

For tumor cell cultures and in vitro killing assays, the human
breast cancer cell line MDA-MB-231 (ATCC) was cultured in
DMEM medium (Gibco Invitrogen) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Gibco Invitrogen) and
1% penicillin-streptomycin (Life Technologies). Cell lines were
not reauthenticated in the past year. In vitro--expanded Vy9Vé2 T
cells were seeded in 96-well round-bottom plates. Tumor cells
were stained with CellTrace Far Red DDAO-SE (1 pmol/L; Molec-
ular Probes; Invitrogen) and incubated at the indicated target:
effector ratio with Vy9Vva2 T cells for 3 hours at 37°C and 5% CO,.
Cells were then stained with Annexin V-FITC (BD Pharmingen)
and analyzed by flow cytometry.

For receptor blocking, cultured Vy9V42 T cells were preincu-
bated for 1 hour with saturating amounts of blocking antibodies;
human anti-TCR-yd (clone B1), human anti-NKG2D (clone
1D11), human anti DNAM-1 (11A8), human anti-FasL (clone
NOK-1), human anti-CD2 (clone RPA-2.10), human-anti 2B4
(C1.7), mouse IG3k (clone MG3-35), all from Biolegend. Block-
ing antibodies were maintained in the culture medium during the
killing assays.

Flow-cytometry analysis

For cell surface protein staining, cells were labeled with fluo-
rescent monoclonal antibodies: anti-CD3 (clone UCHT1, Biole-
gend), anti-CD45 (HI30, Biolegend), anti-CD69 (FN50, Biole-
gend), anti-TcRVY9 (clone B3, Biolegend), anti-TcRV52 (clone B6,
Biolegend), anti-LDL-R (FAB2148A, R&D Systems), anti-NKG2D
(clone 1D11, Biolegend), anti-DNAM-1 (clone 11A8, Biolegend),
anti-CD56 (clone HCD56, Biolegend), anti- CD279 (PD-1)
NAT105, Biolegend). In all cultures, the percentage of Vy9" T
cells was evaluated by flow cytometry in a LSR Fortessa (BD
Biosciences) flow cytometer.

For lipid droplet determination, expanded Vy9Vd2 T cells were
stained with 0.5 to 1.5 ug/mL Nile Red (Sigma-Aldrich), followed
by 10 minutes of incubation in the dark at room temperature (RT)
and analysis in a LSR Fortessa flow cytometer. Alternatively, lipid
droplet quantification was done using Vy9V2 T cells preincu-
bated for 10 minutes with 3.8 mmol/L Bodipy (Invitrogen) at RT,
washed twice with PBS, and then analyzes in a LSR Fortessa flow
cytometer. For ROS quantification, cultured Vy9V42 T cells were
stained with 1 to 10 pmol/L ROS-CH-H2DFDA (ThermoFisher
Scientific) fluorescent dyes for 30 minutes at 37°C, washed twice
and analyzed by flow cytometry (BD LSR Fortessa flow cyt-
ometer). For determination of mitochondrial mass, cultured
VY9V32 T cells were washed with PBS and preincubated for 15
minutes with 2 nmol/L MitoTracker Deep Red (Molecular Probes)
at RT, washed again with PBS, then analyzed in LSR Fortessa flow
cytometer. For cell proliferation, cultured VyoVd2 T cells were
stained with CFSE (CellTrace CFSE Cell Proliferation Kit, Invitro-
gen) at 0.5 pmol/L. Cell death in vitro was assessed by Annexin V-
FITC (BD Pharmingen) staining, where cultured Vy9Vva2 T cells
were washed in PBS and resuspended in 300 pL Annexin V
binding buffer (BD Biosciences) containing Annexin V-FITC (BD
Pharmingen), and incubated for 15 minutes at RT before analysis
in an LSR Fortessa flow cytometer. For cytokine detection, cul-
tured Vy9Va2 T cells were fixed in 25 ng/mL PMA (Sigma Aldrich,
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P-8138), 2 ug/mL Ionomycin (Sigma, 1-0634) and 2 ug/mL
Brefeldin-A (Sigma, B-7651) in RPMI medium for 4 hours at
37°C. For cell surface staining, Vy9Vd2 T cells were washed and
stained with fluorescent antibodies for 10 minutes at 4°C.
For intracellular staining, cells were then resuspended in fix/
permeabilization buffer (BD Biosciences) and incubated for 30
minutes at 4°C, followed by incubation in permeabilization
buffer with Fc-block (1:100) for 15 minutes. Antibodies for
intracellular staining were added (1:100) for 30 minutes at
37°C and 5% CO,. Concentrations of IFNy (B27), TNFo
(Mab-11), and IL17A (BL-168) were assayed in an LSR Fortessa
cytometer by flow (BD Biosciences).

Quantitative real-time PCR

RNA was extracted from cultured Vy9Vv2 T cells using TRIzol
reagent (Invitrogen) according to the manufacturer's protocol.
Concentration was determined by spectrophotometry (Nano-
drop 1000) and total RNA was reverse-transcribed into cDNA
using random hexamers and Superscript Il enzyme (Invitrogen).
Quantitative real-time PCR (qPCR) was performed using Sybr-
Green reagent (Bio-Rad) in a ViiA 7 System sequence detection
system (Applied Biosystems). Quantifications were done by
applying the ACt method [(Ct of gene of interest) - (Ct of
housekeeping gene)| followed by 2(722¢). The housekeeping
gene used for input normalization was -2 microglobulin.
Primers used in the quantitative PCR assays were: LDL-R, Fwd:
5'-GCTTGTCTGTCACCTGCAAA-3’; LDL-R, Rev: 5'-AACTGCC-
GAGAGATGCACTT-3'; CD69, Fwd: 5'-CAAGTTCCTGTCCTGTG-
TGC-3'; CD69, Rev: 5-GAGAATGTGTATTGGCCTGGA-3’; IFNYy,
Fwd: 5'GGCATTTTGAAGAATTGGAAAG-3’; IFNY, Rev: 5'- TTTG-
GATGCTCTGGTCATCTT-3'; FASL, Fwd: 5-'GTTCTGGITGCC-
TTGGTAGG-3'; FASL, Rev: 5'-TGTGCATCTGGCTGGTAGAC-3’;
STAT1, FW: 5-AGTTCGGCAGCAGCITAAAA-3'; STAT1, Rev: 5-
"TGTCTTTCCACCACAAACGA-3'; IL10, Fwd: CCAGTCTGAGAA-
CAGCTGCAC-3'; 5-; IL10, Rev: 5'-GCTGAAGGCATCTCGGA-
GAT-3'.

For mtDNA determination, expanded Vy9Va2 T cells (1 x 10°
cells/mL) were ressuspended with protein K and incubated at
65°C for 3 hours with vertical rotation. Total DNA was isolated
from cells using phenol:chloroform:isoamyl alcohol (Sigma) and
measured by assessing the levels of the human mitochondrial
ND1 (human mtND1: 5-CCCTAAAACCCGCCACATCT-3’ and
5'-GAGCGATGGTGAGAGCTAAGGT-3’) relative to nuclear 2-
microglobulin gene (5-TCGCTCCGTGGCCITAGCTGT-3' and
5'-CTTTGGAGTACGCTGGATAGCCTCC-3') using SybrGreen
reagent (Bio-Rad) and ViiA 7 System sequence detection system
(Applied Biosystems). Quantifications were made applying the
ACt method [(Ct of nuclear DNA gene) - (Ct of mitochondrial
DNA gene)] followed by 2 x 2(4“Y according to others (31).

Histologic analysis

For detection of lipid droplets, poly-lysine was used to coat
slides and promote attachment of Vy9V42 T cells. Then, Vy9Va82 T
cells were fixed with 4% paraformaldehyde in PBS for 15 minutes
and stained with 0.1 pg/mL Bodipy (Invitrogen) in PBS, at RT for
15 minutes. Cells were washed three times with PBS and mounted
with Vectashield mounting medium containing DAPI (Vector
Laboratories). Images were captured using a Zeiss LSM710 con-
focal microscope.

The immunohistologic staining for Ki67 (MIB-1) and human
CD3 in subcutaneous tumors were performed in 4-yum sections
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following conventional protocols. Briefly, for antigen retrieval,
the slides were treated in a PT Link module (DAKO) at low-pH,
followed by incubation with the primary antibodies. EnVision
Link horseradish peroxidase/DAB visualization system (DAKO)
was used and counterstained with Harris hematoxylin. Slides
were scanned in the Hamamatsu NanoZoomerSQ.

In vivo tumor experiments

All animal experiments were performed in accordance with
national guidelines from the "Dire¢ao Geral de Veterinaria" and
approved by the National Ethics Committee. NSG mice were
obtained from The Jackson Laboratories. Female mice (ages 5-7
weeks) were injected with MDA-MB-231 Luciferase-GFP (pre-
transduced with a lentiviral vector encoding luciferase and GFP
and enriched for GFP* cells) breast cancer cells in the right axillary
mammary fat pad and, after the tumor was established (day 17),
VY9VE2 T cells or PBS (control) were injected twice. After 19 days
of treatment, animals were sacrificed and organ, tumor, and blood
were collected for further analysis.

Statistical analysis

In vitro and in vivo data are presented as the mean + SD.
Statistical analyses were performed using Student ¢ test or ANOVA.
Unpaired Student ¢ test and one-way analysis of variance were
used for comparison of experimental groups. Statistical analysis
was performed using GraphPad Prism software version 6.

Results

Activated Vy9Va2 T cells take up LDL via LDL receptor

We started this study by investigating the capacity of Vy9Vé2 T
cells to sense and take up native LDL cholesterol. For this purpose,
we activated and expanded y3 T cells in vitro for up to 14 days with
IL2 plus the most potent phosphoantigen, hydroxyl-methyl-buti-
nyl pyrophosphate (HMB-PP), which resulted in a cell population
of which ~80% were V82" T cells (Supplementary Fig. S1A). This
type of cellular product has therapeutic relevance and is being
used in adoptive cell transfer (19). In our flow cytometry analyses,
we set our gates on V82" T cells to avoid contamination by other
cell types. We will thus refer herein to this phosphoantigen-
activated and Vy9Vo2 T cell-enriched cellular product simply as
"activated Vy9Vd2 T cells." We exposed these cells for 36 to 72
hours to LDL cholesterol (in the same culture medium used for the
expansion) and used Bodipy 493/503 and Nile Red to document
internalization and intracellular accumulation of cholesterol
(Fig. 1A-C). Cholesterol accumulated at 100 pug/mL but not at
50 ug/mL LDL cholesterol concentration, and thus we used 100
ug/mL LDL cholesterol for all subsequent experiments. Although
V82*+ (or V81") T cells rarely expressed the LDL cholesterol
receptor (LDL-R; Supplementary Fig. S1B) ex vivo or in the tumor
environment (Supplementary Fig. S1C), Vy9V2 T cells expressed
(~30%) LDL-R upon activation (Fig. 1D; Supplementary Fig.
S1D). The association of LDL-R expression with Vy9V§2 T-cell
activation was further documented by the cosegregation of expres-
sion with the activation marker CD69 (Fig. 1D). Non-V82* cells
within the cultures, including V81" T cells, failed to increase
their lipid content (Supplementary Fig. S1E). We conclude that
only activated Vy9Vd2 T cells take up LDL cholesterol in these
cultures.

Exposure of activated Vy9Vd2 T cells to LDL led to a down-
regulation of LDL-R expression (Fig. 1E), suggestive of receptor
internalization. LDL-R blockade with monoclonal antibodies

Cancer Immunology Research
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Figure 1.

Activated Vy9V32 T cells take up LDL cholesterol via LDL-R. Activated and expanded y8 (~80% V&2%) T cells were cultured in RPMI 1640 medium with IL2 and
HMB-PP [(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate] in the absence (V32) or presence of LDL cholesterol (V82+-LDL) for 72 hours. LDL cholesterol
uptake was assessed by Nile red (A) and Bodipy (B and C) lipid droplet staining by flow cytometry. D, Flow cytometry plots for control (in the absence of LDL
treatment) LDL-R expression in gated V82" T cells (left) or segregated on the basis of CD69 expression (right). E, Mean fluorescence intensity (MFI) for LDL-R
expression on V82" T cells after 72 hours of incubation in the absence (V82) or presence of LDL cholesterol (V82 + LDL). F, RT-qPCR analysis of the mRNA
expression of LDL-R, normalized to the housekeeping gene 2-microglobulin. G, MFI for Bodipy lipid droplet staining in expanded V32* T cells, cultured in the
presence of LDL only or in the presence of an anti-LDL-R. H-J, Mitochondrial mass was measured by MitoTracker Deep Red staining (H), relative mitochondrial
DNA (mtDNA) content determined by gPCR quantificationin DNA samples (1), ATP production (J), and reactive oxygen species (ROS) content by H,DCFDA staining
(K) in cell extracts obtained as in E. Data are from three independent experiments and are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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inhibited accumulation of cholesterol in Vy9Vd2 T cells
(Fig. 1F). These data demonstrate that LDL-R expression
endows activated Vy9Va2 T cells with the capacity to take up
LDL cholesterol.

We next characterized the effects of LDL exposure and uptake
on metabolism of Vy9V32 T cells. We observed reduced mito-
chondrial mass (Fig. 1H), mitochondrial DNA content (Fig. 1I),
decreased cellular ATP levels (Fig. 1]), and production of reactive
oxygen species (Fig. 1K), in Vy9Vd2 T cells exposed to LDL
cholesterol. The effects of LDL cholesterol were not accompanied
by a decrease in cell viability, as demonstrated by quantification of
apoptosis of Vy9Vd2 T cells exposed (or not) to LDL (Supple-
mentary Fig. S1F). Thus, LDL cholesterol uptake affected the
metabolic output of Vy9Vd2 T cells.

LDL uptake inhibits Vy9Va2 T-cell activation and cytokine
production

Activated Vy9V32 T cells express the surface marker CD69 and
produce cytotoxic and proinflammatory cytokines (5-7). Here,
we tested whether these functional properties were affected
by LDL cholesterol uptake over a 72-hour period in which
preexpanded/activated Vy9Va2 T cells were incubated with medi-
um alone, IL2 or IL2 + HMB-PP. We observed a decrease in the
proportion of CD69™" cells (Fig. 2A; Supplementary Fig. S2), as
well as CD69 protein (Fig. 2B) and mRNA (Fig. 2C) expression
levels in Vy9Vd2 T cells upon exposure to LDL cholesterol. The
impairment in CD69 expression was partially reverted by LDL-R
blockade or treatment with nystatin (Fig. 2B), which sequesters
cellular cholesterol when used in in vitro assays. CD3 expression
was also downregulated (Fig. 2D). LDL cholesterol uptake affect-
ed expression of both IFNY protein and mRNA (Fig. 2E and F), the
latter associating with a downregulation of the transcriptional
regulator of IFNy expression, Stat-1 (Fig. 2G). Other functional
properties, such as TNFa, IL17 or IL10 production, were not
affected by LDL exposure (Supplementary Fig. S3). These data
demonstrate that LDL cholesterol uptake limits activation of
Vy9Vd2 T cells as well as their capacity to produce their antitumor
cytokine, TFNy.

LDL downregulates NKG2D and DNAM-1 and reduces yd T-cell
cytotoxicity in vitro

Activated Vy9Ve2 T cells killed the breast cancer cell line
MDA-MB-231 in a dose-dependent manner. Exposure to LDL
cholesterol inhibited this cytotoxic function (Fig. 3A). Vy9Va2
T cells exposed to LDL cholesterol also showed reduced expres-
sion of the cytotoxicity-associated marker, CD56, in preex-
panded/activated Vyovo2 T cells kept on IL2 alone or HMB-
PP plus IL2 (Fig. 3B). To study the mechanism, we assessed two
determinants of antitumor Vy9V62 T-cell cytotoxicity, NKG2D
(16) and DNAM-1 (17). Exposure to LDL cholesterol compro-
mised expression of both receptors in the presence of serum
(Fig. 3C; Supplementary Fig. S2) or human plasma (Supple-
mentary Fig. S4). Serum or plasma was required for MDA-MB-
231 cell targeting by preactivated Vy9Vd2 T cells, as demon-
strated by antibody blockade during the in vitro killing assay
(Fig. 3D). NKG2D and DNAM-1 synergized in tumor cell
recognition, because the blockade of each individual receptor
had no effect on the killing assay (Supplementary Fig. S5). In
addition, LDL cholesterol exposure prevented effects from
NKG2D/ DNAM-1 blockade, further supporting the role of
these receptors in the cytotoxic mechanisms impaired in
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Vy9V42 T cells (Fig. 3E). We concluded that LDL cholesterol
uptake contributes to antitumor cytotoxicity, which prompted
us to test the functionality of LDL cholesterol-exposed VyoVa2
T cells in an in vivo breast cancer model.

LDL limits the antitumor therapeutic effect of human y8 T cells
in vivo

We used immunodeficient mice (NSG) injected with the
human breast cancer cell line MDA-MB-231luc’ (expressing
luciferase) to test the therapeutic potential of adoptive transfer
of Vy9V42 T cells with or without previous exposure to LDL
cholesterol. First, we used flow cytometry and immunohis-
tochemistry to confirm that human (CD3") T cells could be
detected in blood of inoculated mice (Fig. 4A) and could infiltrate
tumors (Fig. 4A and B). LDL cholesterol treatment did not affect
human T-cell abundance either in the blood or within the tumor,
showing that LDL exposure does not impact implantation, expan-
sion or migration capacities of human T cells (Fig. 4A and B).
However, LDL cholesterol -exposed T cells were less effective at
controlling tumor growth than were Vy9V2 T cells that had not
been exposed to LDL cholesterol (Fig. 4C and D). In fact, LDL
exposed Vy9Va2 T cells had no therapeutic impact (as compared
with the PBS-injected control group; Fig. 4C and D). These data
demonstrate that LDL cholesterol uptake has a negative impact on
VYy9V32 T-cell activation, which results in impaired antitumor
functions in vivo.

Discussion

Altered lipid metabolism is a hallmark of cancer (32). This
metabolic change is modulated by oncogenic signaling pathways
and promotes tumor initiation and progression, because cellular
growth is dependent on the sustained availability of lipids (33).
Moreover, metabolic shifts in lipid metabolism drive tumor
recurrence after therapeutic intervention (34). Alterations in de
novo lipid biosynthesis are associated with cancer pathogenesis
(35). Uptake of exogenous lipids by tumor cells and by nonma-
lignant cells in the tumor microenvironment may also contribute
to malignancy (36-38). This particular metabolic feature may
explain the association of some cancers, including breast cancer,
with diets high in fat or cholesterol (39).

Cholesterol is an essential component of cell membrane micro-
domains, including lipid rafts (40). As such, cholesterol is essential
for the activation of signal transduction pathways, intracellular
trafficking, polarity and cell migration. We and others have shown
that LDL cholesterol favors breast cancer growth by directly mod-
ulating cancer cell properties (23, 30). On the other hand, genetic
interference with cholesterol efflux (via the ABCG1 transporter)
converts "pro-tumor" M2 macrophages into antitumor M1 macro-
phages and suppress tumor growth (41). However, it remained to
be addressed whether LDL cholesterol had additional roles on TILs
or on cellular products to be used for adoptive cell therapy (ACT) of
cancer. In the present study, we investigated whether LDL choles-
terol affected the activation and antitumor activity of human
Vy9Va2 T cells, which hold promise for ACT. We found that LDL
is internalized and accumulates in Vy9V&2 T cells, leading to reduce
Vy9Vd2 T-cell activation, mitochondrial mass and ATP production.
LDL-exposed Vy9Vd2 T cells show reduced antitumor function
in vitro and in vivo (in a xenograft model of human breast cancer).

Cholesterol metabolism seems to mediate T-cell function.
LDL-R is pivotal to cellular regulation. LDL-R downregulation
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Figure 2.

LDL cholesterol inhibits Vy9V§2 T-cell activation and cytokine production. Preexpanded y8 (~80% V32™) T cells were cultured in the absence (V52) or presence of
LDL cholesterol (V82 + LDL) for 72 hours. A-B, Percentage of CD69" Vy9Va2 T cells (A) and MFI for CD69 expression (B), in the absence or presence of LDL
and, when indicated, anti-LDL-R or Nystatin. C, RT-gPCR analysis of the mRNA expression of CD69, normalized to the housekeeping gene B2-microglobulin.

D, MFI for CD3 surface expression. E, MFI for intracellular IFNy expression. F=G, RT-gPCR analysis of the mRNA expression of /FNy (F) and STAT-7 (G) normalized
to the housekeeping gene B2-microglobulin. Data are from 3 independent experiments and are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001,
2-tailed Student ¢ test.

upon exposure to LDL may enable Vy9V82 T cells to limit toxic =~ CD8 tumor infiltrating T lymphocytes by genetic ablation or
intracellular accumulation of cholesterol (42). Thus, when Vy9Vd2  pharmacologic inhibition of ACAT1 (a cholesterol esterifica-
T cells exposed to LDL were treated with an LDL-R neutralizing tion enzyme) led to more cholesterol in the plasma membrane,
antibody, or with Nystatin (a cholesterol-sequestering agent), potentiated the antitumor effector function, and enhanced
their activation status was rescued. In contrast, in a mouse proliferation of CD8" T cells (28). That both too little and
model of melanoma, inhibition of cholesterol esterification on  too much cholesterol causes problems suggests that an optimal
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Figure 3.

% Dead cells

LDL cholesterol downregulates NKG2D and DNAM-1 and reduces y3 T-cell cytotoxicity in vitro. Preexpanded y8 (~80% V32*) T cells were cultured in the
absence (V82) or presence of LDL cholesterol (V82 + LDL) for 72 hours. A, In vitro killing assays upon coculture for 3 hours with the human breast cancer

cell line MDA-MB-231 (at 1:1, 5:1, 10:1 effector:target ratios). The death of target cells (prelabeled with DDAO-SE dye) was assessed by Annexin V staining and flow

cytometry. B, Percentage of CD56 surface expression. C, Expression of the cytotoxicity receptors, NKG2D (top) and DNAM-1 (bottom) determined by flow

cytometry, depicted as representative histograms (left) and quantification (MFI, right). D, Effect of combinations of blocking antibodies against surface receptors
inin vitro killing assays with Vy9Va2 T cells cocultured for 3 hours with MDA-MB-231 breast cancer cells at 10:1 effector: target. E, Effect of the combination of blocking
antibodies against NKG2D, DNAM-1, and CD2 ion LDL exposed Vy9V82 T cells cocultured with MDA-MB-231 at 10:1 effector:target ratio. The death of target cells
(prelabeled with DDAO-SE dye) was assessed by Annexin V staining and flow cytometry. Data are representative of 3 independent experiments and are presented as

mean =+ SD. * and # indicate significant differences relative to IgG isotype control or y8, respectively. *,*, P < 0.05; **, #, p < 0.01; ***, ## P < 0.001.
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CD3*cells

+V52 +LDL

LDL cholesterol limits the antitumor therapeutic effect of human y& T cells in vivo. NSG mice were injected with 108 human breast cancer MDA-MB-231
luciferase™ cells and, after tumor was fully established (day 17), preexpanded V&2 T cells untreated (V82) or treated with LDL cholesterol (V52 + LDL), or PBS
(as control), were injected twice. At the end of the experiment, animals were sacrificed and organ, tumor and blood were collected for analysis. A, Flow
cytometry analysis of T cells (CD45" CD3™) in blood and tumor mass in mice from the different experimental groups. B, Immunohistochemistry
microphotographs for CD3 and Ki67 in subcutaneous tumors; DAB counterstained with Harris hematoxylin. Original magnification, 20 x (bar, 100 um).
C, MDA-MB-231 tumor-bearing NSG mice (n = 4 per group) were analyzed by IVIS Lumina imager. Representative pictures of bioluminescence imaging at
terminus and temporal evaluation/quantification along the experiment. D, Representative images of the tumors dissected at the end of the experiment.
Data are presented as mean =+ SD. *, P < 0.05;**, P < 0.01; ***, P < 0.001.

content of intracellular cholesterol is necessary to support T-cell
functions. Indeed, free fatty acid uptake and usage by mito-
chondrial oxidative metabolism supports long-term persistence

www.aacrjournals.org

of tissue-resident memory CD8" T cells (which are generated in
response to viral infection) in the skin (43). The inhibitory effects
of LDL cholesterol on Vy9V32 T cells that we study here suggest a
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threshold for intracellular lipid accumulation in T cells, beyond
which cellular physiology changes. Distinct T-cell subsets may have
different sensitivities to cholesterol and different mechanisms to
adjust their physiology.

The link between cellular metabolism and regulation of
immune cell function has been under study. If TILs cannot sustain
mitochondrial function, their effector function is compromised.
Studies have suggested that rescuing mitochondrial biogenesis in
effector T cells could augment their antitumor immunity (44, 45).
We showed here that Vy9V52 T cells exposed to LDL cholesterol
have less mitochondrial DNA and reduced mitochondrial con-
tent, changes accompanied by a decrease in ATP production. How
a decrease in mitochondrial content and function affects the
activation of effector T cells, including Vy9Vd2 T cells, remains
to be understood. The linkage between cholesterol and cellular
metabolism does not hold for all cell types: metabolism of CD8™"
T cells remained unchanged upon inhibition of ACAT1, even after
an increase in intracellular cholesterol levels (28).

Vy9VE2 T cells exposed to LDL cholesterol showed impaired
production of IFNy, a determinant of Vy9Vé2 T-cell antitumor
responses (1, 46). We showed that LDL cholesterol reduces the
expression of Stat-1, which regulates production of IFNy expression
by v0 T cells (47). Cholesterol depletion increases Vy9Vvd2 T-cell
cytotoxicity against PC-3 prostate cancer cells by a different mech-
anism, the upregulation of the mevalonate pathway on target cells
(48). Elevated cholesterol levels (hypercholesterolemia) downre-
gulate Tet1 in hematopoietic stem cells, leading to the inhibition of
NKT and 8 T-cell differentiation and increased colorectal cancer
incidence (49). Here, we found a reduction in multifunctional
IFNy* TNFo." y8 T cells infiltrating tumor lesions in the syngeneic
E0771 model of breast cancer (Supplementary Fig. S6).

Our work showed that expression of the cytotoxicity-associated
receptors NKG2D and DNAM-1, which determine tumor suscep-
tibility to y8 T cell-mediated cytolysis, was downregulated upon
exposure of VY9V2 T cells to LDL. This occurred in preexpanded/
activated Vy9Vo2 T cells kept on either IL2 alone or IL2 combined
with HMB-PP, thus showing that phosphoantigen stimulation was
not able to compensate for the inhibitory effect of LDL on Vy9V32
T-cell activation. Thus, LDL interferes with the two stages of Vy9V52
T-cell functionality (18): (i) TCR-mediated activation (as indicated
by impaired CD69 and IFNy production), and (ii) NK receptor-
mediated tumor targeting (via downregulation of NKG2D and
DNAM-1). We showed that the in vitro effects of LDL cholesterol
on Vy9Va2 T-cell functions were reflected as a loss of their thera-
peutic effects in situ in the xenograft model of human breast cancer.

Taken together, our findings show how tumors may evade
immune surveillance in the context of hypercholesterolemia.
Chronic lymphocytic leukemia (CLL) patients, who show a high
incidence of elevated LDL cholesterol, also show improved sur-
vival statistics in response to treatment with cholesterol-lowering
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