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ABSTRACT

Background Current immunotherapies including checkpoint
blockade therapy have limited success rates in certain

types of cancers. Identification of alternative checkpoint
molecules for the development of effective strategies for
tumor immunotherapy is urgently needed. Immunoglobulin-
like transcript 4 (ILT4) is an immunosuppressive molecule
expressed in both myeloid innate cells and malignant tumor
cells. However, the role of tumor-derived ILT4 in regulating
cancer biology and tumor immunity remains unclear.
Methods ILT4 expression in tumor cells and patient samples
was determined by real-time PCR, flow cytometry, and
immunohistochemistry. T cell senescence induced by tumor
was evaluated using multiple markers and assays. Moreover,
metabolic enzyme and signaling molecule expression and
lipid droplets in tumor cells were determined using real-
time PCR, western blot and oil red O staining, respectively.
Loss-of-function and gain-of-function strategies were used
to identify the causative role of ILT4 in tumor-induced T cell
senescence. In addition, breast cancer and melanoma mouse
tumor models were performed to demonstrate the role of
ILT4 as a checkpoint molecule for tumor immunotherapy.
Results We reported that ILT4 is highly expressed in human
tumor cells and tissues, which is negatively associated with
clinical outcomes. Furthermore, tumor-derived ILT4/PIR-B
(ILT4 ortholog in mouse) is directly involved in induction

of cell senescence in naive/effector T cells mediated by
tumor cells in vitro and in vivo. Mechanistically, ILT4/PIR-B
increases fatty acid synthesis and lipid accumulation

in tumor cells via activation of MAPK ERK1/2 signaling,
resulting in promotion of tumor growth and progression, and
induction of effector T cell senescence. In addition, blocking
tumor-derived PIR-B can reprogram tumor metabolism,
prevent senescence development in tumor-specific T cells,
and enhance antitumor immunity in both breast cancer and
melanoma mouse models.

Conclusions These studies identify a novel mechanism
responsible for ILT4-mediated immune suppression in the
tumor microenvironment, and prove a novel concept of ILT4
as a critical checkpoint molecule for tumor immunotherapy.

INTRODUCTION

It is well established that the suppressive
tumor microenvironment (TME) is a signif-
icant obstacle for effective antitumor immu-
nity and immunotherapy. Different types of
suppressive and/or dysfunctional T cells are

the key components in the TME.' 2 There-
fore, improving the quality and effector
function of tumor-specific T cells is the deter-
minant for successful tumor immunotherapy.
Current tumor immunotherapies, including
immune checkpoint blockade therapy and
adoptive T cell transfer therapy (ACT), have
become the most important breakthroughs
in the field and obtained promising results
in patients with different types of cancer.””
The immune checkpoint blockade thera-
pies with anti-CTLA-4 and anti-PD1/PD-L1
antibodies can significantly modulate the
pre-existing T cell activity in the TME.” *°
However, the clinical effective rates are varied
and achieved no more than 40% in solid
tumors, whereas it is even lower in tumors
harboring a low mutation burden (primary
resistance).6 Furthermore, relapses are also
observed in approximately one-third of the
checkpoint blockade therapy patients after
disease control for several months (secondary
resistance).7 8 These more recent clinical
evidence indicate that anti-PD1/PD-L1/
CTLA-4 therapy is insufficient to break the
complex immunosuppressive TME in certain
types of cancers. Therefore, exploring novel
mechanisms responsible for tumor-induced
immune tolerance and identification of alter-
native checkpoint molecules are urgently
needed to overcome the immune resistance
and maximize the clinical benefit.”
Immunoglobulin-like transcript 4 (ILT4) is
an inhibitory molecule of the immunoglob-
ulin superfamily that is mainly expressed
in myeloid cells, including monocytes,
macrophages, dendritic cells (DCs), and
granulocytes.'”™ The ortholog of ILT4 in
mouse is paired Ig-like receptor-B (PIR-
B)."” ILT4 functions to suppress myeloid
cell activation, antigen presentation, and
immune 1response.12 "5 Increasing evidence
suggests that ILT4 is also highly expressed in
various tumor cells and stroma cells, such as
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myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs) in the TME, directly
modulating tumor growth, progression and metas-
tasis."®*" Furthermore, ILT4 expression levels in tumors
are negatively associated with clinical outcomes.'? *!
However, the molecular processes responsible for ILT4-
mediated regulation of tumor behaviors are still unclear.
In addition to regulate tumor cells, recent studies have
shown that ILT4 can promote tolerogenic DC develop-
ment, TAM and MDSC polarization, which in turn induce
both CD4" and CD8" Treg cell development and effector
T cell dysfunction and amplify the immunosuppression in
the TME.!420%2 However, whether and how tumor-derived
ILT4 directly affects T cell development and function
remain unknown.

Malignant tumor cells can use multiple strategies
to suppress antitumor immune response and sustain
a suppressive TME. Induction of T cell senescence has
recently been identified as a novel strategy used by tumor
cells to evade immune surveillance.”*® Different types
of human tumor cells, including melanoma, breast,
colorectal, ovarian, prostate, head and neck cancers,
can directly convert effector T cells into senescent T
cells.” * Furthermore, tumor-associated Treg cells can
also induce responder T cell senescence.” ** 2" * Impor-
tantly, increased senescent T cells have been observed
in tumor-infiltrating lymphocytes (TILs) and peripheral
blood in patients with various types of cancer.”™! Senes-
cent T cells express unique phenotypes, including expres-
sion of senescence-associated B-galactosidase (SA-B-gal),
loss of costimulatory molecules CD27, CD28, upregula-
tion of cell cycle molecules P16, P53, and P21, secretion
of proinflammatory and inhibitory cytokines, and possess
potent suppressive activity.”>® Therefore, blockage of
effector T cell senescence in the suppressive TME is a
critical checkpoint for antitumor immunity and immu-
notherapy. However, the mechanism (s) responsible for T
cell senescence mediated by malignant tumors is incom-
pletely identified. Recent studies have demonstrated
tumor-derived cyclic adenosine monophosphate (cAMP)
is involved in T cell senescence induction.”” Further-
more, Treg cells can mediate glucose competition with
responder effector T cells to promote development of T
cell senescence during their crosstalk.” * These studies
suggest that metabolic regulation is the key for senescent
T cell development. Given that ILT4 is highly expressed
in tumor cells, whether ILT4 is involved in the molecular
processes of tumor-mediated T cell senescence is unclear.
An improved understanding of this mechanism will facil-
itate the development of novel strategies targeting 1LT4
for tumor immunotherapy.

To explore the functional role of ILT4 in regulation
of tumor biology and antitumor immunity, we identified
that ILT4 is a critical immune checkpoint molecule in the
TME. We demonstrated that tumor-derived 1L.T4/PIR-B
is responsible for the induction of senescence in naive/
effector T cells mediated by different types of tumor cells
in vitro and in vivo. Furthermore, we identified that ILT4/

PIR-B increases fatty acid synthesis and lipid accumulation
in tumor cells molecularly controlled by MAPK ERK1/2
signaling, resulting in promotion of tumor growth and
progression, as well as induction of T cell senescence. In
addition, blockage of tumor-derived PIR-B significantly
prevents senescence development in tumorspecific T
cells and improves antitumor immunity in the breast
cancer and therapeutic melanoma mouse tumor models.
These studies identify novel mechanism responsible for
ILT4-mediated immune suppression in the TME, and
provide proof of concept for targeting ILT4 as a check-
point molecule for enhanced tumor immunotherapy.

Materials and methods

T cells and tumor cell lines

All human and mouse tumor cell lines (lung cancer,
breast cancer, melanoma, and prostate cancer cells) were
either purchased from American Type Culture Collec-
tion (ATCC, Manassas, Virginia, USA) or generated
by our laboratory. All the cells were cultured in RPMI-
1640 or dullbecco’s modified eagle medium (DMEM)
with 10% fetal bovine serum (FBS) (Sigma-Aldrich).
Human mammary gland endothelial cell line MCF10A
was cultured in DME/F12 supplemented with 2% horse
serum, hydrocortisone (l1pg/mL), epidermal growth
factor (EGF) (20ng/mL), cholera toxin (0.1 pg/mL), and
insulin (1.2pg/mL). Mouse mammary gland endothelial
cell line FSK4 was maintained in DMEM supplemented
with 2% FBS, 1% 4-(2-hydroxyethyl)-1-piperazineethan
esulfonic acid (HEPES) buffer (1 M), 10pg/mL insulin
and bng/mL EGF. Bufty coats from healthy donors were
obtained from the Gulf Coast Regional Blood Center at
Houston. Peripheral blood mononuclear cells (PBMCs)
were purified from buffy coats using the Ficoll-Paque.
Human naive CD4" and CD8" T cells were purified from
PBMCs of healthy donors by EasySep enrichment Kkits
(StemCell Technologies). The purity of T cells was >97%,
as confirmed by the flow cytometry. Human T cells were
maintained in T cell medium containing 10% human AB
serum and 50u/mL recombinant human interleukin-2

(IL-2).

Reverse-transcription PCR and real-time quantitative RT-PCR
Total RNA was extracted from cells or tissues using Trizol
reagent (Invitrogen), and cDNA was transcribed using a
SuperScript II RT kit (Invitrogen). The mRNA expres-
sion of ILT4, PIR-B, or key enzymes related to glycolysis
and lipid metabolism in each sample were determined
by the real-time quantitative reverse-transcription PCR
(qRT-PCR) using specific primers, and mRNA levels in
each sample were normalized to the relative quantity of
B-actin as previously described.?” * All experiments were
performed in triplicate. The specific primers used are
listed as in the online supplemental table 1.

Flow cytometry analysis
The expression markers on tumor cells or T cells were
determined by flow cytometry analysis after surface
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staining or intracellular staining with anti-human or anti-
mouse-specific antibodies conjugated with PE or Alexa
Flour488. The human antibodies included anti-ILT4
(clone 287219), anti-CD27 (clone M-T271), anti-CD28
(clone CD28.2), anti-P53 (clone 7F5), anti-P21 (clone
12D1), anti-phospho-ATM, anti-phospho-H2AX, anti-
phospho-CHK2, and anti-phospho-53BP1. The mouse
antibodies include anti-PIR-B (clone 326414), anti-CD4
(clone RM4-5), anti-CD8 (clone 53-6.7), anti-IFN-y
(clone XMG1.2), anti-granzyme B (clone QA16A02),
and anti-perforin (clone S16009A). All these antibodies
were purchased from BD Biosciences, Biolegend, R&D
system, or Cell Signaling Technology. All stained cells
were analyzed on a FACS Calibur flow cytometer (BD
Bioscience) and data were analyzed with Flow]Jo software
(Tree Star).

Immunohistochemical staining of ILT4 and quantification
method

The cell populations of ILT4" cells in human cancer and
normal tissues (paraffin-embedded) were determined
using immunohistochemical staining with the Elivision
Plus Polymer Horseradish Peroxidase IHC Kit (Maixin
Biotech, Fuzhou, China), as we described previously.”
Immunohistochemical reactions were performed using
rabbit polyclonal antibodies against ILT4 at a dilution
of 1:20. Controls were performed by incubating slides
with the isotype control antibody instead of primary anti-
bodies. ILT4" cells in tissues were evaluated by two inde-
pendent pathologists using a computerized image system
composed of a cellSens Dimension system equipped on
an Olympus U-TV0.63XC microscope (Tokyo, Japan).

Lentivirus generation and gene overexpression/knockdown in
tumor cells
The methods for generation of recombinant lentivirus
carrying target genes and shRNAs have been described
previously.” shRNAs specific for ILT4 (TRCN000057033,
TRCN000057034 and TRCN000057035) and PIR-B
(TRCN0000067203 and TRCN0000067205), control
shRNA and packaging plasmids (psPAX2 and PMD2.G)
were purchased from the Sigma-Aldrich. ILT4/
PIR-B overexpression plasmids (EX-Z3241-Lvl05 and
EX-Mm34323-Lv105), control plasmids and HIV expres-
sion packaging kit were purchased from GeneCopoeia
(Rockville, Maryland, USA) and LV-pReceiver-Lvl05/
ILT4/PIR-B were constructed following their exact proto-
cols. For lentivirus infection, concentrated lentiviral
supernatant with a multiplicity of infection (MOI) of 5-10
in a total volume of 2mL culture medium was added to
the tumor cells growing in 6-well plates containing 5pg/
mL polybrene (Sigma), and then centrifuged at 1000 x g
for 1 hour at room temperature. The infected tumor cells
were cultured for 48-72hours and then harvested for
subsequent RNA/protein analyses and in vivo injection.
In some experiments, the lentiviral constructs for
ILT4/PIR-B shRNA or genes were directly transfected

into tumor cells for the studies using X-tremeGENE HP
DNA Transfection Reagent (Roche).

Cell growth and proliferation assay

Human or mouse tumor cells infected with lentivirus
carrying ILT4 or PIR-B genes or respective shRNAs were
cultured in 6-well plates at an initial concentration of
1-2 x 10° cells/well. Cell numbers were counted every
3days for determination of cell growth. In addition, cell
proliferation was evaluated by the 3-(4,5-dimethyl-2-thiaz
olyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay.
Briefly, 5000 tumor cells/well were seeded into the flat-
bottom 96-well plates. After 24 hours of culture, 15pL of
MTT (5mg/mL) was added and the cells were cultured
for an additional 4 hours for detection of MTT absorption
at a wavelength of 570 nm.

ADHESION ASSAY

The adhesion of cancer cells was determined as we previ-
ously described.* Flat-bottom 96-well plates were coated
with 50 pL/well fibronectin (10 pg/mL, BD Biosciences)
overnight at 4°C and blocked with 2% bovine serum
albumin (BSA) at 37°C for 2 hours. Tumor cells (1 x 10°)
were seeded into each well and incubated at 37°C for
45 min. Wash three times with phosphate-buffered saline
(PBS) to remove non-adherent cells. The adherent cells
on the plates were fixed with 4% formaldehyde for 4 min
and stained with 0.5% crystal violet for 15min. Adherent
cells were counted and averaged in 10 fields at high
magnification (x 400) with a microscope.

Wound healing and migration assay

Tumor cells were plated in 6-well plates and grew to 80%
confluence. A wound area was generated by scraping cells
with a 200 pLL pipette tip across the entire diameter of the
well and extensively rinsed with the medium to remove
all cellular debris. The scratches were photographed after
additional 0 and 12 hours of culture. The closure was esti-
mated as the wounded area relative to the initial area.**®

SENESCENCE-ASSOCIATED B-GALACTOSIDASE STAINING
Senescence-associated B-galactosidase (SA-B-Gal) activity
in senescent T cells was detected as we previously
described.” 2* 2 Human naive T cells were activated in
anti-CD3 and anti-CD28 (2pg/mL) precoated 12-well
plates, and then cocultured with tumor cells. After
24 hours of coculture, the T cells were separated and
cultured for additional 3 days in medium of RPMI-1640
containing 50 u/mL IL-2 and 10% FBS, and then stained
for SA-B-Gal.

For some experiments, the cocultured T cells were
determined for SA-B-Gal expression after the tumor
cells pretreated with the MAPK inhibitor U0126 (10 pM)
(Calbiochemistry), or FASN inhibitor C75 (5pM)
(Cayman Chemical Company), anti-ILT4 antibody
(500ng/mL), or anti-HLA-G antibody (10 pg/mL) (R&D
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System). In addition, tumor cells were infected with lenti-
virus carrying ILT4 gene or ILT4-specific shRNAs to over-
express ILT4 or knockdown ILT4 expression, and then
cocultured with T cells and SA-B-Gal expression in T cells
were determined.

Western blotting analysis

Whole cell lysates of ILT4-overexpressed/downregu-
lated tumor cells were prepared for western blotting.
Western blots were developed with chemiluminescent
substrate (KPL, Maryland, USA). The antibodies used in
western blotting are as follows: anti-ILT4 (Abgent, San
Diego, California, USA), anti-PIR-B (Abiocode, Belgrade,
Serbia), anti-ERK, anti-phospho-ERK (Thr180/Tyr182),
anti-P38, anti-phospho-P38 (Thrl80/Tyr182), anti-JNK,
anti-phospho-JNK (Thrl83/Tyrl85), and anti-GAPDH
rabbit polyclonal antibodies (Cell Signaling Technology,
Danvers, Massachusetts, USA).

OIL RED 0 STAINING

The treated different types of tumor cells were washed in
PBS (pH 7.2), fixed with 4% formaldehyde for 30 min,
and treated with 60% isopropanol for 2-5min. Cells were
further stained with freshly prepared Oil Red O staining
solution (Sigma-Aldrich) in isopropanol (60%) for 5 min,
followed by quick rinse with isopropanol (60%). The
stained tumor cells were then washed with H,O thor-
oughly and lipid droplets in tumor cells were evaluated
using a light microscope.

Analysis of prognostic significance of ILT4 in lung and breast
cancers

The online tool of KM-plotter (http://kmplot.com/) data-
base was used to analyze ILT4-based survival in patients
with non-small cell lung cancer (NSCLC). A total of 1926
and 982 patients were included for overall survival (OS)
and progress-free survival (PFS) analyses, respectively.
Patients in each cohort were divided by ‘auto selected best
cut-off” and all other parameters were at default settings.
The HRwith 95% CIs and log-rank p values were displayed
online. Another independent mRNA expression dataset
with clinical parameters (GSE1456) was obtained from
the Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/). GSE1456 was based on
GPL96 and GPLI7 (Affymetrix Human Genome U133A
and U133B Array), and included 159 patients with breast
cancer. The series matrix file data of the datasets were
downloaded and normalized by R package ‘limma’. The
expression data of ILT4 were extracted and the survival
data were integrated for survival analysis. Patients with
breast cancer were divided into two groups according to
ILT4 expression with the cut-off value of 6.37. The rela-
tionship between ILT4 expression and patient survival
was verified by Kaplan-Meier survival and the log-rank
(Mantel-Cox) test.”

In vivo studies
NOD/SCID IL2RY™ mice (NSG) (Stock No. 005557),
C57BL/6 mice (B6, Stock No. 000664) and B6.Cg-Thyla/

Cy Tg (TcraTcrb) 8Rest/] mice (Pmel-1 TCR transgene
mice, Stock No. 005023) were purchased from The
Jackson Laboratory and maintained in the institutional
animal facility. All animal studies have been approved by
the Institutional Animal Care Committee at Saint Louis
University (Protocol No. 2411).

Mouse tumor growth models

E0771 tumor cells (2 x 10° cells/mouse) infected with
lentivirus carrying LV-PIR-B, LV-PIR-B-shRNA, or LV-con-
trol vector were subcutaneously injected into female
CH7BL/6 or NSG mice (6-8weeks old). Five mice were
included in each group. Tumor size was measured with
calipers every 2-3 days. Tumor size was calculated based
on two-dimensional measurements. At the end of experi-
ments, the mice were sacrificed and tumors were isolated
and weighed. The fresh tumor tissues from NSG mice
were prepared for real-time qPCR or western blotting
analyses as described above. Furthermore, in the immuno-
competent C57BL/6 mice, lymphocytes from the blood,
spleen, lymph nodes, and tumors were also isolated using
Ficoll-Paque for subsequent SA-B-Gal expression and flow
cytometry analyses.

Mouse T cell adoptive transfer therapy models

CH7BL/6 mice (6-week to 8-week-old female) were
injected with B16F0 tumor cells (2 x 10° cells/mouse)
infected with lentivirus carrying LV-PIR-B-shRNA or
LV-control-shRNA. Splenocytes from Pmel-1 TCR/Thyl.1
transgenic mice were prepared and activated in the pres-
ence of plate-coated anti-CD3 (2pg/mlL) and anti-CD28
(1 pg/mL) antibodies for 6-9 days. The activated Pmel-1
T cells (2 x 10° cells/mouse) were adoptively transferred
into B16F0-bearing mice at day 9 (tumor diameter
reached a size of 5-6mm) post tumor inoculation. The
B16F0 tumor-bearing mice were radiated with a non-
myeloablative dose (500 cGy) using an XRAD 320 irra-
diator (Precision X-RAY) to induce lymphopenia 1 day
before T cell adoptive transfer. Five mice were included
in each group. Tumor size was measured with calipers
every 3 days and tumor size was calculated based on two-
dimensional measurements. At the end of experiments,
the mice were sacrificed and tumors were isolated and
weighed. Furthermore, blood, spleens, and tumors were
harvested and the transferred CD8" T cells from different
organs and tumor tissues were isolated by antibody-
coated microbeads (StemCell Technologies) for subse-
quent SA-B-Gal staining, and phenotypic and functional
analyses.

STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prismb
software. Data are expressed as mean + SD. One-way anal-
ysis of variance (ANOVA) was employed for multiple-
group comparisons. The paired Student’s t-test was used
for a single comparison between two groups, and the
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non-parametric t-test was also employed if the sample size
was too small and unfit for Gaussian distribution.

RESULTS

Enriched ILT4 expression in tumor cells is associated with
poor outcomes in patients

Increased ILT4 expression has been identified in certain
types of cancers.'? ' 773 To determine whether ILT4 is
a general prognosis biomarker for malignant tumors, we
first detected ILT4 gene expression in different human
tumor cell lines, including lung cancer (A549, H1299
and H1650), breast cancer (MCF7 and ZR751), mela-
noma M628, and prostate cancer PC-3 cells. We found
high expression of ILT4 mRNA in all the tumor cell
lines compared with that in the normal epithelial cells
(MCF10A) (figure 1A). The gene expression results
of ILT4 were further confirmed in its protein expres-
sion levels in those tumor cell lines (figure 1B). We also
detected PIR-B (ILT4 ortholog) expression levels in
mouse lung cancer (MLE12 and LL/2), breast cancer
(E0771) and melanoma (B16F0) cell lines. Consistent
with ILT4 expression in human cancer cells, both gene
and protein expressions of PIR-B were also abundant in
mouse tumor cells (online supplemental figure 1A,B).
To further determine ILT4 expression in the TME, we
collected tumor tissues from patients with lung cancer and
breast cancer and performed histochemical staining. Our
results demonstrated that ILT4 was strongly expressed in
the tumor tissues rather than in adjacent normal tissues
in both tumor types (figure 1C). These results clearly
indicate an accumulated expression of ILT4 in tumors.

To explore the role of ILT4/PIR-B in the pathogenesis
of tumor development, we determined the effects of PIR-B
gene expression levels (overexpression or knockdown) on
mouse tumor cell proliferation, adhesion and migration
of breast cancer and melanoma. The efficiencies of over-
expression and knockdown of PIR-B in mouse cell lines
were determined using infection of lentivirus carrying
PIR-B-shRNA, control shRNA, PIR-B or control vector
at the MOI of 5-10 for 48 hours (online supplemental
figure 2A,B). Furthermore, knockdown of PIR-B gene
expression with the lentivirus-based shRNAs dramatically
inhibited tumor proliferation and growth of both E0771
and B16F0 tumor cells (online supplemental figure 2C).
In contrast, overexpression of PIR-B gene in tumor cells
significantly promoted the tumor cell growth during the
culture. Furthermore, knockdown of PIR-B gene expres-
sion strongly inhibited the abilities of tumor cell adhesion
and migration of E0771 and B16F0 tumor cells, whereas
overexpression of PIR-B in tumor cells promoted those
biological behaviors (online supplemental figure 2D,E).
These results suggest that ILT4 is a critical molecule to
drive tumor growth and progression.

We further retrospectively analyzed the correlations
between ILT4 expressions in tumor tissues and clinical
outcomes in patients with cancer using the Gene Expres-
sion Omnibus (GEO) database. We observed that high

ILT4 expression indicated shortened PFS and OS in
patients with breast cancer and NSCLC (figure 1D and
E). Collectively, enriched ILT4 expression in tumor cells
promotes tumor growth and biologic functions, and
predicts poor outcomes of patients with cancer.

Tumor-derived ILT4 is responsible for the induction of T cell
senescence

Recent studies have identified that induction of T cell
senescence mediated by malignant tumors is a novel
mechanism for tumor immune escape.” * We then
determined the generality of T cell senescence induced
by different types of tumor cells. We found that coculture
with different tumor cells, including lung, breast, mela-
noma and prostate cancers, significantly promoted the
development of senescent CD4" and CD8" T cell popu-
lations in cocultures (figure 2A and B and online supple-
mental figure 3A). Furthermore, coculture with different
types of tumor cells dramatically downregulated expres-
sion of costimulatory molecules CD27 and CD28, and
increased the expression of cell cycle regulatory mole-
cules P53 and P21 in senescent T cells (figure 2C and
D and online supplemental figure $B,C).* 7728 Recent
studies have shown that increased expression of ILT4 in
the TME is associated with the reduced TILs in patients
with cancer, suggesting that ILT4 could be an immune
inhibitory molecule, 6 19 2237 40 Therefore, we reasoned
that tumor-derived ILT4 could be involved in senescence
induction in T cells mediated by tumor cells.”” ** To test
this possibility, we determined whether the development
of T cell senescence can be prevented if we block ILT4
activity in the cocultures. We observed that neutralization
of ILT4 significantly decreased both senescent CD4" and
CDS8" T cell populations and prevented the loss of CD27
and CD28 expression in senescent T cells mediated by
tumor cells (figure 2E and F and online supplemental
figure 3D,E).

To elucidate the sources of ILT4 responsible for T
cell senescence, we pretreated the tumor or T cells with
anti-ILT4 neutralizing antibody, and then cocultured
with T cells or tumor cells, respectively. We observed
that only pretreatment of tumor cells but not T cells
with the neutralizing antibody can prevent induction of
T cell senescence mediated by tumor cells (figure 2G).
To further explore the functional role of ILT4 in tumor-
induced T cell senescence, we downregulated or overex-
pressed ILT4 gene expression in tumor cells and then
determined its effect on T cell senescence induction.
Tumor cell lines infected with lentivirus carrying I1LT4
shRNA or ILT4 gene at the MOI of 5-10 for 48 hours
showed significant downregulation or upregulation of
ILT4 gene expression levels in human tumor cells, respec-
tively (online supplemental figure 3F,G). In addition, we
observed that knockdown of ILT4 expression in tumor
cells (ILT4 protein high expression) with lentivirus-based
shRNAs significantly prevented tumor-induced T cell
senescence (figure 2H and online supplementary figure
3H). In contrast, overexpression of ILT4 in tumor cells
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Figure 1 Upregulated immunoglobulin-like transcript 4 (ILT4) expression in human tumors predicts poor patient survival. (A,
B) Gene and protein expression levels of ILT4 were upregulated in different human cancer cell lines using real-time quantitative
PCR (gPCR) and flow cytometry analyses. Tumor cell lines included non-small cell lung cancer (NSCLC) (A549, H1299,

H1650), breast cancer (MCF7, ZR751), melanoma (M628), and prostate cancer (PC-3). The mammary gland endothelial cell

line (MCF10A) was included as a control. mRNA levels in each cell line were normalized to the relative quantity of -actin
expression and then adjusted to ILT4 level in MCF10A cells (served as 1). Results shown in the histogram are mean + SD from
three independent experiments. “*p<0.001 compared with MCF10A cells (in A). Protein levels in cell lines were determined
using the flow cytometry analysis (in B). (C) ILT4 expression was highly increased in NSCLC and breast cancer tissues but rare
in the adjacent normal tissues analyzed by the immunohistochemical staining. The positive staining was displayed as brown
granules and mainly observed in the membrane and cytoplasm of tumor cells. Scale bar: 20um. (D, E) ILT4 expression levels in
human breast cancer (in D) and NSCLC (in E) tissues were negatively associated with patient progress-free survival (PFS) and
overall survival (OS). Transcriptional expression levels of ILT4 and patient survival information in patients with breast cancer
and NSCLC were obtained from the GEO database. One hundred fifty-nine patients with breast cancer from GSE1456 dataset
were included for PFS and OS analysis with the cut-off value of 6.37. While the sample sizes for pooled PFS and OS analysis in
patients with NSCLC were 1926 and 982, respectively, and the best cut-off values were auto-selected by the online tool of KM-
plotter database. The relationships between ILT4 and patient survivals were further verified by the Kaplan-Meier survival analysis
and the log-rank (Mantel-Cox) test.
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Figure 2 Tumor-derived immunoglobulin-like transcript 4 (ILT4) is responsible for T cell senescence. (A, B) Coculture with
different tumor cells significantly increased SA-B-Gal* T cell populations in cocultured CD4* (in A) and CD8" (in B) T cells.
However, T cells cocultured with the breast epithelial cell line MCF10A had no or little senescence-associated 3-galactosidase
(SA-B-Gal) expression. Anti-CD3 pre-activated naive T cells were cocultured with tumor cells or control MCF10A cells at a

ratio of 1:1 for 24 hours. Cocultured CD4" and CD8" T cells were then separated and cultured for additional 3 days for SA-B-
Gal activity analyses. Tumor cell lines included non-small cell lung cancer (NSCLC) (A549, H1299 and H1650), breast cancer
(MCF7 and ZR751), melanoma (M628) and prostate cancer (PC-3). Results shown in the histograms are mean + SD from three
independent experiments. ***p<0.001. (C, D) Tumor cell treatment decreased expression of costimulatory molecules CD27 and
CD28 (in C) but upregulated expression of cell cycle regulatory molecules P53 and P21 (in D) in senescent T cells. Cell treatment
and procedure were the same as in (A). Expression levels of CD27, CD28, P53, and P21 in cocultured T cells were analyzed by
the flow cytometry analyses. (E, F) Blockade of ILT4 through an anti-ILT4 neutralizing antibody remarkably prevented tumor-
induced senescence in both CD4" (in E) and CD8" (in F) T cells. The cell coculture procedures are identical to (A) and (B).
Anti-ILT4 neutralizing antibody (500ng/mL) or isotype control antibody were included in the coculture system. Results shown

in the histogram are mean + SD from three independent experiments. **p<0.01 and ***p<0.001. (G) Tumor cells but not T cells
pretreated with anti-ILT4 antibody decreased SA-B-Gal* cell populations in cocultured CD4* T cells. Different tumor cells or
anti-CD3 pre-activated naive CD4" T cells were pretreated with anti-ILT4 antibody (500 ng/mL) for 2 hours, and then cocultured
with untreated T cells or tumor cells, respectively, as described in (A). Results shown in the histogram are mean + SD from three
independent experiments. **p<0.01 and ***p<0.001. (H) Knockdown of ILT4 in tumor cells prevented T cell senescence induced
by tumor cells. Tumor cell lines (A549, H1299, ZR751 and M628) with ILT4 high expression were infected with lentivirus carrying
ILT4 shRNA or control shRNA at the multiplicity of infection (MOI) of 5-10 for 48 hours and then cocultured with T cells as
described in (A) and (B). SA-B-Gal* cell populations in cocultured CD4* T cells were determined. Results shown in the histogram
are mean + SD from three independent experiments. *p<0.05, **p<0.01, and ***p<0.001, compared with the control shRNA
(LV-Ctr-shRNA) group. (I) Overexpression of ILT4 in tumor cells promoted T cell senescence induced by tumor cells. Tumor cell
lines (H1650, MCF7, and PC-3) with ILT4 low expression were infected with lentivirus carrying ILT4 or control vector at the MOI
of 5-10 for 48 hours and then cocultured with T cells as described in (A) and (B). SA-B-Gal” cell populations in cocultured CD4*
T cells were determined. Results shown in the histogram are mean + SD from three independent experiments. *p<0.05and
**p<0.01, compared with the control vector group. (J) Blockade of ILT4 prevented tumor-induced DNA damage response in
CD4" T cells. Different tumor cells were pretreated with anti-ILT4 neutralizing antibody (500 ng/mL) for 2 hours, then cocultured
with anti-CD3 pre-activated naive CD4* T cells at the ratio of 1:1 for 24 hours. Cocultured CD4* T cells were separated and
cultured for additional 3 days. Phosphorylation levels of ATM, H2AX, CHK2, and 53BP1 in cocultured T cells were analyzed by
the flow cytometry analyses.
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(ILT4 protein low expression) promoted tumor-induced
T cell senescence (figure 2I and online supplementary
figure 3I). The results clearly suggest that tumor-derived
ILT4 is the key molecule involved in tumor-induced T cell
senescence.

Our studies have shown that initiation of ATM-
associated DNA damage is the cause for T cell senes-
cence and dysfunction induced by both human Treg cells
and tumor cells.”” * We therefore determined whether
ILT4 regulates ATM-associated DNA damage responses,
resulting in T cell senescence induced by tumor cells. We
observed that different types of tumor cells significantly
induced activation and phosphorylation of DNA damage
molecules in responder CD4" T cells, including ATM,
H2AX, 53BP1, and CHK2 (figure 2]). Furthermore, func-
tional blockage of ILT4 in tumor cells with the neutral-
izing antibody can markedly prevent phosphorylated
activation of DNA damage molecules in senescent CD4"
T cells mediated by tumor cells (figure 2]). These results
identify the mechanistic relationships among the ILT4
regulation, DNA damage initiation, and cell senescence
in T cells during the crosstalks between tumors and T
cells.

HLA-G is an important ligand for ILT4 to induce T cell
senescence

Increasing evidence suggests that crosstalk between I1LT4
and specific ligands is required for its unique biological
functions.” HLA-G is an important ligand for ILT4, which
is abundantin tumor cells and participates in immunosup-
pression and increases migration and metastasis of tumor
cells.” *#* HLA-G is also expressed in T cells and involves
T cell suppressive function.” ** Therefore, we reasoned
that ILT4-HLA-G ligation is required for tumor-induced T
cell senescence. We found that HLA-G is highly expressed
in naive, activated, and senescent CD4" and CD8" T cells
(figure 3A). Furthermore, HLA-G is also expressed in
different types of tumor cells (figure 3B). To identify the
role of HLA-G in tumor-derived ILT4-mediated T cell
senescence, we added the neutralizing antibody against
HLA-G activity and then determined whether we can
prevent T cell senescence induced by tumor cells. Our
studies clearly showed thatneutralization of HLA-G signifi-
cantly prevented T cell senescence induced by different
types of cancer cells (figure 3C). We then determined
whether tumor-derived HLA-G or T cell-derived HLA-G
is responsible for ILT4-mediated T cell senescence. We
pretreated T cells or tumor cells with anti-HLA-G neutral-
izing antibody, and then cocultured with tumor cells or T
cells, respectively. We found that pretreatment of either
tumor cells or T cells with the neutralizing antibody can
preventinduction of T cell senescence mediated by tumor
cells, suggesting that tumor-derived ILT4 might regulate
both tumor and T cells for the induction of T cell senes-
cence (figure 3D and E). In addition, pretreatment of T
cells with the HLA-G neutralizing antibody dramatically
suppressed the tumor-induced activation and phosphor-
ylation of ATM-associated DNA damage molecules in

responder CD4" T cells, including ATM, H2AX, CHKZ2,
and 53BP1 (figure 3F). These studies collectively suggest
that ILT4-HLA-G ligation is critical for controlling tumor
cell-induced T cell senescence in the TME.

We next explored whether ILT4 expression status
controls HLA-G expression in tumor cells. We found that
knockdown of ILT4 in lung (A549 and H1299) and breast
cancer (ZR751) cell lines with high ILT4 expression
significantly decreased surface expression but not intra-
cellular expression of HLA-G in these tumor cells (online
supplemental figure 4A,B). In addition, overexpression
of ILT4 in melanoma (M628), breast cancer (MCF7) and
prostate cancer (PC-3) cell lines also promoted surface
expression but not intracellular expression levels of
HLA-G in the tumor cells (online supplemental figure
4G,D).

ILT4 promotes lipid metabolism in tumor cells, resulting in T
cell senescence

Recent studies have shown that tumor cells require
increased energy metabolism to support their rapid
growth and progression, which causes nutrient depri-
vation or toxic metabolite accumulation that in turn
restrict T cell function.? *° Furthermore, we have iden-
tified that tumor-derived cAMP is directly involved in
T cell senescence induction mediated by tumor cells.”
These studies prompted us to determine whether I1LT4
can regulate tumor cell metabolism and subsequently
induce T cell senescence. We determined the changes of
the key metabolic enzyme genes involving glucose and
lipid metabolism in tumor cells after neutralization of
ILT4 using real-time quantitative PCR analyses.® Those
molecules include glucose transporters Glutl and Glut3,
glycolysis-related enzymes hexokinase 2 (HK2), glucose-
6-phosphate isomerase (GPI), phosphofructokinase 1
(PFKI), triosephosphate isomerase 1 (TPIl), enolase
1 (ENO1), pyruvate kinase muscle 2 (PKM2), as well as
lipid-related enzymes 3-hydroxy-3-methyl-glutaryl-CoA
reductase (HMGCR), 3-hydroxy-3-methylglutaryl-CoA
synthase 1 (HMGCSI), squalene monooxygenase
(SQLE), isopentenyl-diphosphate delta isomerase 1
(IDI1), carnitine palmitoyltransferase I (CPT-1), fatty
acid synthase (FASN) and acetyl-CoA carboxylases 1
(ACC1).%® We found that mRNA expression levels of the
enzymes involved in glucose and cholesterol metabolism
were varied in different tumor cells induced by ILT4
neutralization and we did not obtain consistent alteration
results (online supplemental figure 5A). However, 1LT4
neutralization in tumor cells significantly downregulated
gene expression of limiting enzymes ACCI and FASN
in de novo fatty acid synthesis (figure 4A). We further
used the gain-of-function and loss-of-function strategies
and demonstrated that knockdown of ILT4 with shRNAs
in tumor cells significantly decreased ACCl and FASN
expression in tumor cells (figure 4B). In contrast, overex-
pression of ILT4 in tumor cells markedly increased ACC1
and FASN expression in tumor cells (figure 4C). We next
determined whether PIR-B has a similar role as ILT4 in
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Figure 3 HLA-G is important for tumor-derived immunoglobulin-like transcript 4 (ILT4)-induced T cell senescence. (A) HLA-G is
expressed in naive, activated and senescent CD4* and CD8" T cells. Naive CD4* and CD8" T cells were purified from peripheral
blood mononuclear cells (PBMCs) of healthy donors. Activated T cells were obtained from naive T cells cultured in the plate-
coated anti-CD3/CD28 (2 ug/mL) for 24 hours. Senescent T cells were induced from pre-activated naive CD4*/CD8" T cells
cocultured with human lung cancer A549 cells as described in figure 2A. HLA-G expression was determined by intracellular
staining with the flow cytometry analysis. (B) HLA-G expression in human non-small cell lung cancer (NSCLC) (A549, H1299
and H1650), breast cancer (MCF7 and ZR751), melanoma (M628) and prostate cancer (PC-3) cell lines determined by surface
staining with the flow cytometry analysis. (C) Neutralization of HLA-G significantly prevented tumor-induced CD4* T cell
senescence. Anti-CD3/CD28 pre-activated naive CD4* T cells were cocultured with different tumor cells at the ratio of 1:1 for
24 hours in the presence of 10 ug/mL anti-HLA-G neutralizing antibody or isotype antibody in the coculture system. CD4* T
cells were then separated and senescence-associated -galactosidase (SA-B-Gal) activity was determined as described in
figure 2. Results shown in the histogram are mean + SD from three independent experiments. **p<0.01and ***p<0.001. (D, E)
Blockade of HLA-G either in CD4* T cells (in D) or tumor cells (in E) decreased tumor-induced CD4"* T cell senescence. Anti-
CD3 pre-activated CD4* T cells or tumor cells were pretreated with 10 ug/mL anti-HLA-G neutralizing antibody for 2 hours,

and then cocultured with respective untreated tumor or T cells, as described in figure 2. T cell senescence was determined by
SA-B-Gal staining. Results shown in the histogram are mean + SD from three independent experiments. *p<0.05, **p<0.01and
***p<0.001. (F) Neutralization of HLA-G significantly prevented tumor-induced DNA damage response in CD4* T cells. Anti-
CD3 pre-activated CD4* T cells were treated anti-HLA-G neutralizing antibody and then cocultured with different tumor cells
as described in (D). Phosphorylation levels of ATM, H2AX, CHK2, and 53BP1 in cocultured T cells were analyzed with the flow
cytometry analyses.

regulation of lipid metabolism in mouse tumor cells. (online supplemental figure 5B). Furthermore, over-
However, unlike ILT4, knockdown of PIR-B in B16F0 expression of PIR-B in E0771 cells increased the gene
cells significantly decreased gene expressions in enzymes expression of those enzymes (online supplemental figure

involved in both fatty acid and cholesterol metabolism 5C).
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Figure 4 Tumor-derived immunoglobulin-like transcript 4 (ILT4) promotes T cell senescence via upregulation of tumor lipid
metabolism. (A) Neutralization of ILT4 significantly reduced gene expression of key enzymes for fatty acid synthesis (ACC1

and FASN) in tumor cells. Human tumor cell lines were treated with anti-ILT4 neutralizing antibody (500 ng/mL) or isotype
control antibody for 48 hours, and mRNA expression levels of ACC1 and FASN were determined by real-time quantitative

PCR (gPCR). The expression of ACC1 and FASN genes was normalized to B-actin and adjusted to the levels in corresponding
isotype antibody-treated cells (served as 1). Results shown are mean + SD from at least three independent experiments.
*p<0.05, *p<0.01and ***p<0.001, compared with the cells treated with isotype antibody. (B) Knockdown of ILT4 in tumor cells
downregulated expression levels of ACC1 and FASN by tumor cells. Tumor cell lines (A549, ZR751 and M628) were infected
with lentivirus carrying ILT4 shRNA or control shRNA at the multiplicity of infection (MOI) of 5-10 for 48 hours and then mRNA
expression of ACC1 and FASN were analyzed by real-time gPCR. The expression levels of ACC1 and FASN gene were
normalized to B-actin and adjusted to the level in respective control group (served as 1). Results shown in the histogram are
mean + SD from at least three independent experiments. *p<0.05, compared with the control shRNA (LV-Ctr-shRNA)-transfected
cells. (C) Overexpression of ILT4 in tumor cells upregulated expression levels of ACC1 and FASN by tumor cells. Tumor cell lines
(H1650, MCF7, and M628) were infected with lentivirus carrying ILT4 or control vector at the MOI of 5-10 for 48 hours and then
mRNA expression of ACC1 and FASN were analyzed by real-time gPCR as described in (B). “p<0.05and **p<0.01, compared
with the respective cells infected with lentivirus carrying control vector. (D, E) Neutralization of ILT4 significantly reduced

lipid droplet (LD) formation in tumor cells. Different types of tumor cell lines were treated with anti-ILT4 neutralizing antibody
(500ng/mL) or isotype control antibody for 48 hours, and then stained for Oil red O. For cell lines with high LD accumulation
(H1299, H1650, MCF7 and PC-3), positive cells were counted based on the cells with LDs of more than 1/3 cytoplasm. Results
in (D) showed the typical images of tumor cells with the Oil red O staining. Results shown in (E) are mean + SD from three
independent experiments. *p<0.05, **p<0.01and ***p<0.001. (F) Knockdown of ILT4 in tumor cells decreased LDs in tumor cells.
Tumor cell lines were infected with lentivirus carrying ILT4 shRNA or control shRNA at the MOI of 5-10 for 72 hours and then
stained for Oil red O. Results shown are mean + SD from three independent experiments. *p<0.05, **p<0.01 and ***p<0.001,
compared with the control shRNA (LV-Ctr-shRNA)-transfected cells. (G) Overexpression of ILT4 in tumor cells promoted LD
accumulation in tumor cells. Tumor cell lines (H1650, MCF7, and M628) were infected with lentivirus carrying ILT4 at the

MOI of 5-10 for 72 hours and then stained for Oil red O. Results shown are mean + SD from three independent experiments.
**p<0.01and **p<0.001, compared with the respective cells infected with lentivirus carrying control vector. (H, ) Inhibition of
FASN activity in tumor cells reversed ILT4-induced CD4" (in H) and CD8" (in |) T cell senescence. Tumor cells were pretreated
with FASN inhibitor C75 (5 uM) for 24 hours, and then infected with lentivirus carrying ILT4 for 48 hours in the presence of C75.
The transfected cells were further cocultured with pre-activated T cells and T cell senescence were determined as described

in figure 2. Results shown are mean + SD from three independent experiments. **p<0.001, compared with the LV-Ctr vector-
transfected cells. ##p<0.001, compared with the corresponding LV-ILT4-transfected cells.
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Our studies clearly suggest that tumor-derived ILT4
facilitates fatty acid biosynthesis in tumor cells, which is a
key component for lipid droplets (LDs) that are lipid-rich
cytoplasmic organelles directly regulating inflammation
and cancer.’” *® Therefore, we determined whether ILT4
can regulate LD formation in tumor cells using the Oil
red O staining. As expected, we observed significant accu-
mulation of Oil red O tumor cell populations in different
types of tumor cell lines (figure 4D and E). However,
neutralization of ILT4 markedly reduced LD accumula-
tion in tumor cells, suggesting that ILT4 promotes lipid
storage in tumor cells (figure 4D and E). Furthermore,
knockdown of ILT4 with shRNAs or overexpression of
ILT4 in different tumor cell lines dramatically decreased
or increased LD formation and accumulation in tumor
cells, respectively (figure 4F and G). To further dissect
the causative relationship between ILT4-induced upregu-
lation of tumor fatty acid synthesis and induction of T cell
senescence, we blocked FASN activity in tumor cells with
a pharmacological inhibitor C75 and then determined
ILT4 overexpression-induced T cell senescence. Consis-
tent with previous results shown in figure 2, overexpres-
sion of ILT4 significantly promoted tumor-induced T
cell senescence. However, blockage of fatty acid synthesis
with C75 dramatically prevented ILT4-induced promo-
tion of T cell senescence in both CD4" and CD8" T cells
mediated by tumor cells (figure 4H and I). In addition,
blockage of fatty acid synthesis significantly prevented
ILT4 overexpression-induced tumor cell proliferation
and adhesion abilities (online supplemental figure
5D-F). Collectively, our results clearly indicate that tumor-
derived ILT4 promotes lipid metabolism of tumor cells,
which is responsible for tumor-induced T cell senescence.

ILT4 controls tumor fatty acid synthesis and T cell senescence
via activation of ERK1/2 signaling

We next explored the downstream signaling in tumor
cells regulated by ILT4 to promote lipid metabolism and
induce T cell senescence. Previous studies have shown
that ILT4 in tumor cells or DCs can potentially acti-
vate ERK1/2, AKI'-mTOR, NF-xB or CaMK signaling to
perform its biological functions.” * Therefore, these
signaling pathways were priorities for our study. We set
two panels of tumor cell lines with knockdown or over-
expression of ILT4, respectively. As shown in figure 5A,
knockdown of ILT4 in A549, ZR751 and M628 tumor
cells with shRNAs significantly downregulated phosphor-
ylation of ERKI1/2 but not P38 and JNK. Furthermore,
overexpression of ILT4 in H1650, MCF7, M628 and PC-3
tumor cells dramatically promoted phosphorylation of
ERKI1/2 but not P38 and JNK (figure 5B). Notably, knock-
down or overexpression of ILT4 did not alter activation
and expression of p-AKT and p-mTOR levels (data not
shown). We then functionally blocked ERK1/2 signaling
with specific pharmacological inhibitor U0126 and
further confirmed whether ERK1/2 signaling is involved
in control of ILT4-promoted lipid metabolism of tumor
cells and T cell senescence. We found that overexpression

of ILT4 significantly increased gene expressions of ACCl
and FASN, and promoted LD formation in H1650, MCF7
and M628 tumor cells. However, pretreatment of tumor
cells with U0126 dramatically prevented ILT4-induced
promotion of ACCI1 and FASN gene expression and LD
accumulation in the tumor cells (figure 5C and D). In
addition, blockage of ERKI1/2 signaling with U0126 in
tumor cells markedly decreased both senescent CD4"
and CD8" T cell populations induced by the ILT4-
overexpressed tumor cells (figure 5E and F). Our studies
clearly demonstrate that ERK signaling in tumor cells is
critical for regulation of ILT4-mediated lipid metabolism
promotion in tumor cells and cell senescence induction
in responder T cells.

Tumor-derived PIR-B promotes tumor growth and induces T
cell senescence in vivo
Our current in vitro studies have indicated that tumor-
derived ILT4 is the cause of T cell senescence. In addi-
tion, ILT4 can also promote tumor growth, adhesion and
transmigration. We next explored whether ILT4 is critical
for controlling tumor development and T cell senescence
in vivo. We first used the mouse E0771 breast cancer
model in immunocompetent C57BL/6 mice to deter-
mine how PIR-B in tumor cells (human ILT4 homolog)
affects tumor development and T cell functions.” E0771
tumor cells (2 x 10° cells/mouse) infected with lentivirus
carrying PIR-B gene (overexpression), shRNAs against
PIR-B (knockdown), or control vector (control) were
injected subcutaneously into female C57BL/6 mice.
Tumor growth was evaluated. At the end of the experi-
ments, tumors were isolated from the sacrificed mice and
weighed. Furthermore, T cells in tumor-bearing mice
were purified and recovered from different groups and
organs at the end of experiments, and analyzed for the
effects on T cell functions and senescence induction.
E0771 tumor cells infected with lentivirus carrying
LV-Ctr vector grew progressively in mice. However, knock-
down of PIR-B expression in tumor cells significantly
inhibited E0771 tumor growth. In contrast, overexpres-
sion of PIR-B markedly accelerated tumor growth in vivo
(figure 6A). Furthermore, tumor sizes collected from the
E0771 with PIR-B knockdown group (LV-PIR-B-shRNA)
on day 24 post inoculation were significantly smaller
than those in control vector group of E0771 tumor, while
tumor sizes from the E0771 cells with PIR-B overexpres-
sion group (LV-PIR-B) were much larger than those in
control vector infection group (figure 6B). In addition,
we obtained consistent results of the average tumor
weights from the three groups (figure 6C). We confirmed
the molecular and functional changes of recovered T cells
in vivo from different organs and tumors. Consistent with
the results shown in in vitro studies, we observed signifi-
cantly increased senescent T cell (SA-B-Gal") populations
in T cells obtained from blood and TILs in tumor-bearing
mice compared with blood T cells from normal tumor-
free mice (figure 6D). Furthermore, overexpression of
PIR-B in tumor cells significantly promoted induction of
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Immunoglobulin-like transcript 4 (ILT4) controls fatty acid synthesis and T cell senescence via ERK1/2 signaling

pathway. (A) Knockdown of ILT4 expression decreased the phosphorylation of ERK1/2 but not P38 or JNK in tumor cells.

Tumor cells were transfected with LV-ILT4-shRNA or LV-Ctr-shRNA for 72 hours, and the whole cell lysates were prepared for
analysis of phosphorylated and total ERK1/2, P38, and JNK protein expression by the western blot. (B) Overexpression of

ILT4 promoted activation and phosphorylation of ERK1/2 but not P38 or JNK in tumor cells. Tumor cells were transfected with
lentivirus-based ILT4 or control vector for 72 hours, and the whole cell lysates were prepared for analysis of phosphorylated

and total ERK1/2, P38, and JNK protein expression by the western blot. (C, D) Inhibition of ERK signaling restored ILT4-induced
upregulation of ACC1 and FASN gene expression (in C) and accumulation of lipid droplets (LDs) (in D) in tumor cells. Different
types of tumor cells were pretreated with ERK inhibitor U0126 (10 uM) for 24 hours, and then transfected with lentivirus-based
LV-ILT4 or control LV-Ctr vector for 72 hours in the presence of 10 pM U0126. The gene expression levels of ACC1 and FASN
were evaluated using the real-time gPCR (in C). LD accumulation was determined by the QOil red O staining (in D). Results shown
in (C) and (D) are mean + SD from three independent experiments. **p<0.01 and ***p<0.001, compared with cells transfected
with the LV-Ctr vector. #*p<0.001, compared with the cells transfected with the LV-ILT4. (E, F) U0126 pretreatment in tumor cells
prevented ILT4-induced CD4" (in E) and CD8" (in F) T cell senescence. Different types of tumor cells were pretreated with ERK
inhibitor U0126 (10 uM) for 24 hours and then infected with lentivirus carrying ILT4 or control vector for 72 hours in the presence
of U0126 (10 uM). Treated tumor cells were further cocultured with pre-activated T cells as described in figure 2, and SA-B-Gal
activity in T cells was determined. Results shown in the histogram are mean + SD from three independent experiments. *p<0.05,
*p<0.01and **p<0.001, compared with the respective LV-Ctr vector group. #p<0.01 and *#p<0.001, compared with the

respective LV-ILT4 group.

senescent T cells, while knockdown of PIR-B markedly
prevented T cell senescence (figure 6D). These results
clearly suggest that tumor cells can induce T cell senes-
cence in vivo, and PIR-B on tumor cells is responsible
for tumor-induced T cell senescence.” We also accessed
whether PIR-B expression levels affect T cell numbers

in tumor tissues. We did not observe changes of total T
cell numbers in TILs from three tumor-bearing groups
regardless of PIR-B expression (figure 6E). However,
knockdown of PIR-B in tumor cells increased fraction
of CD8" T cells rather than CD4" T cells in the TILs in
tumor-bearing mice (figure 6F). In addition to the effect
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Figure 6 Tumor-derived PIR-B promotes tumor growth and induces T cell senescence in vivo. (A) Knockdown of PIR-B gene
in EO771 breast cancer cells markedly inhibited transplanted cancer growth in immunocompetent C57BL/6 mice. However,
overexpression of PIR-B in EO771 promoted tumor growth. Mouse breast cancer cell line EO771 (2 x 10° cells/mouse) infected
with lentivirus carrying PIR-B gene or shRNA against PIR-B were subcutaneously injected into female C57BL/6 mice. Tumor
size was measured every 3days and presented as mean + SD (n=5 mice/group). (B) Representative tumor images obtained
from the indicated groups at the endpoint of the experiments (day 24). (C) EQ771 breast cancer cells with PIR-B knockdown had
decreased tumor weights, but cancer cells overexpressing PIR-B had increased tumor weights. Results shown are mean + SD
of tumor weights from indicated groups at the endpoint of the experiments (day 24) (n=4 mice/group). **p<0.01 and ***p<0.001,
compared with the LV-Ctr vector group. (D) Knockdown of PIR-B gene in EO771 breast cancer significantly prevented T cell
senescence in blood and tumor-infiltrating lymphocytes (TILs). In contrast, overexpression of PIR-B in tumor cells remarkably
induced T cell senescence. Lymphocytes were separated from blood and tumor tissues, and SA-B-Gal expression determined.
Results are presented as mean + SD (n=4 mice/group). “p<0.05and ***p<0.001, compared with the LV-Ctr vector group. (E)
Knockdown or overexpression of PIR-B in E0771 did not alter lymphocyte infiltration in tumor tissues. Tumor tissues from
different groups were isolated and the absolute numbers of TILs in each mouse were counted and divided by the tumor
volume. Data shown are mean + SD from different groups (n=4 mice/group). (F) Knockdown of PIR-B gene in EQ771 tumor
cells increased CD8" T cell populations but not CD4" T cells in TILs. However, overexpression of PIR-B gene in tumor cells

did not alter CD4* and CD8* T cell subsets in TILs. TILs were separated from tumor tissues of each group and fractions of T
cell subsets were evaluated by the flow cytometry analysis. Results shown are mean + SD from different groups (n=4 mice/
group). **p<0.01, compared with the LV-Ctr vector group. (G, H) Knockdown of PIR-B gene in EQ771 breast cancer significantly
increased IFN-y" cell populations in both tumor-infiltrating CD4" and CD8" T cells (in G), and granzyme B* and perforin® cell
populations in tumor-infiltrating CD8* T cells (in H). In contrast, overexpression of PIR-B in tumor cells dramatically decreased
those populations in tumor-infiltrating CD4* and CD8" T cells. TILs were separated from tumor tissues, and different T cell
subsets/populations were analyzed by the flow cytometry. Data shown are mean + SD from different groups (n=4 mice/group).
*p<0.05and **p<0.01, compared with the LV-Ctr vector group. (I-K) Knockdown of PIR-B gene in EQ771 cells inhibited tumor
growth and decreased tumor sizes and weights in immunodeficient NSG mice. However, overexpression of PIR-B gene in tumor
cells promoted tumor growth and increased tumor sizes and weights in NSG mice. Cell preparation, cell injection numbers

and procedures were identical to descriptions in (A). Tumor sizes were measured every 3days (in ). Mice were sacrificed and
tumors in different groups were separated and weighed (in J and K) at day 22 after tumor injection. Data shown in (I) and (K)
are mean + SD from different groups (n=4 mice/group). **p<0.01and ***p<0.001, compared with the LV-Ctr vector group (in K).
(L) PIR-B knockdown in tumor cells downregulated the gene expression levels of key enzymes involved in lipid metabolism,
while PIR-B overexpression enhanced their expression levels in tumor cells from NSG mice. Total RNAs were extracted from
fresh tumor tissues of each tumor-bearing NSG mouse and gene expression levels of each enzyme were determined by the
real-time quantitative PCR analysis. All the data are expressed as mean + SD from different groups (n=4 mice/group). *p<0.05,
**p<0.01and ***p<0.001, compared with the LV-Ctr vector group.
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on T cell fractions, we observed that knockdown of PIR-B
in tumor cells significantly augmented T cell effector
functions, showing increased IFN-y" populations in both
tumor-infiltrating CD4" and CD8" T cells, and granzyme B"
and perforin® CD8" T cell populations in TILs (figure 6G
and H). In contrast, overexpression of PIR-B in tumor
cells markedly suppressed production of effector mole-
cules IFN-y, granzyme B and perforin in T cells (figure 6G
and H). Notably, we did not observe dramatic alterations
of IL-17-producing CD4" T cell and FoxP3'CD4" T cell
populations in blood and TILs of tumor-bearing mice
induced by either knockdown or overexpression of PIR-B
in tumors (data not shown). These results collectively
suggest that ILT4/PIR-B controls T cell fate and functions
in the TME.

To further dissect the importance of tumor-derived
PIR-B-mediated regulation of T cells on tumor growth,
we next performed complementary in vivo studies,
using E0771 cells in humanized NSG mouse model, and
explored how PIR-B directly affects tumorigenesis in vivo.
We observed that overexpression or knockdown of PIR-B
expression in E0771 cells can also increase or inhibit
tumor growth in NSG mice, respectively (figure 6I-6K).
However, differences in E0771 tumor growth and sizes
between overexpression and knockdown of PIR-B groups
with control vector group were much smaller than those
of E0771 tumor in immunocompetent C57BL/6 mice
(figure 6A—6C), suggesting that immune system is regu-
lated by PIR-B and critical for control of tumor growth
in vivo. In addition, we observed a remarkable increase
or decrease in gene expression levels of the key enzymes
associated with fatty acid and cholesterol metabolism in
the isolated tumors from respective PIR-B overexpression
or knockdown groups. These results further confirmed
that PIR-B directly regulates tumor lipid metabolism
(figure 6L). Collectively, these studies indicate that PIR-B
is a critical inhibitory molecule for tumor immunity, and
knockdown of PIR-B could be an effective strategy to
suppress tumor cell metabolism and reverse T cell senes-
cence and dysfunction for tumor treatment.

Reversal of tumor-specific effector T cell senescence by
inhibiting PIR-B enhances antitumor immunity in vivo in the
adoptive transfer therapy model

We further investigated the potential translation of this
novel concept that inhibition of ILT4/PIR-B in tumor
cells could be an effective and novel strategy for tumor
immunotherapy. We used the well-established B16 mela-
noma and Pmel (gpl00-specific) TCR transgenic (Tg)
mouse models to test our hypothesis.”” BI6F0 tumor cells
(2 x 10° cells/mouse) infected with lentivirus carrying
shRNA against PIR-B (knockdown), or control scrambled
shRNA, were injected subcutaneously into C57BL/6 mice.
Pre-activated gp100-specific CD8" T cells were adoptively
transferred into B16F0-bearing mice through intravenous
injection at day 9 after tumor cell inoculation (tumor size
over 5 x 5mm). Tumor growth was evaluated. Further-
more, the adoptively transferred gpl00-specific CD8" T

cells were purified and recovered from different groups
and organs at the end of experiments, and analyzed for
the effects of the PIR-B manipulation on T cell senes-
cence and function. We observed that B16F0 tumor cells
grew very fast in mice. When tumorspecific Pmel-1 T
cells were adoptively transferred into mice, tumor growth
was inhibited. Knockdown of PIR-B in BI6F0 tumor cells
with shRNAs dramatically promoted the inhibition of
tumor growth mediated by gpl00-specific CD8" T cells
(figure 7A). Furthermore, tumor sizes collected from the
PIR-B knockdown tumor group (B16F0-LV-PIR-B-shRNA)
were much smaller than those in the T cell therapy
groups with B16F0 tumor alone and B16F0 tumor cells
transfected with control shRNAs at day 39 post tumor
inoculation (figure 7B). In addition, the average tumor
weights obtained from the B16F0-LV-PIR-B-shRNA group
were much lower than that from the other two control
groups (figure 7C). These results suggest that knockdown
of PIR-B in tumor cells enhances antitumor ability medi-
ated by tumor-specific effector T cells. We then deter-
mined senescence induction and functional alterations
in T cells obtained from different groups. Consistent
with the findings in our previous report, we observed
that increased senescent T cell populations in adoptively
transferred Pmel T cells were induced in B16F0 tumor-
bearing mice.” Furthermore, knockdown of PIR-B in
tumor cells significantly prevented senescence induction
in transferred Pmel T cells in blood and tumor tissues
(figure 7D). In addition, knockdown of PIR-B in tumor
cells markedly increased IFN-y production from Pmel T
cells in blood and tumor tissues (figure 7E). These in vivo
studies strongly suggest that blockage of PIR-B/ILT4 can
prevent T cell senescence and enhance subsequent anti-
tumor immune responses, which is a novel and effective
strategy for tumor immunotherapy.

DISCUSSION

Current immunotherapies, including checkpoint
blockade therapy and adoptive T cell transfer therapy,
has dramatically changed therapeutic paradigm for
patients with cancer and resulted in encouraging
results.*? However, these immunotherapeutic strate-
gies exert limited clinical benefits in patients with solid
tumors due to the potent suppressive TME with dysfunc-
tional T cells.! 2 Therefore, identification of alternative
novel checkpoint molecules is urgently needed for the
development of novel and effective immunotherapies to
overcome the tumor intrinsic and extrinsic immune resis-
tance in solid tumors.”” " ** Our previous and current
studies have clearly demonstrated that ILT4 is a poten-
tial checkpoint molecule for tumor immunotherapy.” In
this study, we further identified that tumor-derived I1LT4
is involved in induction of effector T cell senescence and
dysfunction mediated by tumor cells. Furthermore, we
demonstrated that ILT4 in tumor cells promote fatty acid
synthesis and lipid accumulation in tumor cells controlled
by MAPK ERKI1/2 signaling, which is responsible for T
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Figure 7 PIR-B blockade enhances antitumor efficacy mediated by the adoptively transferred tumor-specific CD8" T cells

in vivo. (A-C) PIR-B knockdown showed enhanced antitumor immunity mediated by the adoptively transferred CD8* T cells.
Mouse melanoma cell line B16F0 cells (2 x 10° cells/mouse) infected with/without lentivirus carrying shRNA against PIR-B or
control shRNA were subcutaneously injected into 6-8 week C57BL/6 mice. When the tumor diameter reached 5-6 mm, all the
mice were intravenously injected with anti-CD3/anti-CD28 pre-activated Pmel CD8" T cells (2 x 10° cells/mouse) after irradiation
with a dose of 500 cGy. Tumors sizes were measured every 3 days (in A). When mice were euthanized, tumors in each group
were isolated and weighed (in B and C). All the data are presented as mean + SD (n=5 mice/group). **p<0.01, compared with
the LV-Ctr-shRNA group (in C). (D) Knockdown of PIR-B in tumor cells significantly prevented senescence induction in the
adoptively transferred CD8" T cells in blood and TILs from tumor-bearing mice. The transferred Pmel CD8* T cells were isolated
from blood and tumor tissues, and stained for SA--Gal. Data shown are mean + SD from different groups (n=4 mice/group).
**n<0.001, compared with the LV-Ctr-shRNA group. *#p<0.001, compared with the Pmel T only group. (E) Knockdown of
PIR-B in tumor cells enhanced IFN-y-producing cell populations in adoptively transferred CD8* T cells in the blood and TILs.
IFN-y*CD8" T cell populations in blood and TILs were determined by the flow cytometry analysis. Results shown are mean + SD
from different groups (n=4 mice/group). ***p<0.001, compared with the LV-Ctr-shRNA group.

cell senescence mediated by tumor cells. In addition, our
in vivo studies using both breast cancer and melanoma
tumor models indicated that blockage of ILT4 can signifi-
cantly prevent senescence in tumor-specific T cells and
enhance antitumor efficacy for tumor immunotherapy.
Studies from our group and others have demon-
strated that ILT4 is highly expressed in different
types of malignant cancers in both hematopoietic and
solid tumors in addition to the myeloid cells, which

is positively associated with advanced disease stages
and poor survivals in patients with cancer.'? *' ILT4
directly regulates cancer cell proliferation, differentia-
tion, invasion, metastasis and epithelial-mesenchymal
transformation.'® ' 193738 5354 Thege results indicate
that ILT4 is an important driver for tumor devel-
opment and progression and could be a prognosis
biomarker for patients. However, the molecular
mechanism responsible for ILT4-mediated cancer
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promotion is still unclear. In this study, we discovered
that ILT4 selectively regulates tumor cell lipid metab-
olism rather than glucose metabolism. Increasing
studies suggest that glycolysis is critical for cancer
proliferation, growth and biological behaviors.”™’
However, using loss-of-function and gain-of-function
strategies, we found that ILT4 in tumor cells signifi-
cantly promote fatty acid synthesis and lipid accumu-
lation in tumor cells, resulting in tumor proliferation,
growth and migration. These novel results further
suggest that both glucose and lipid metabolism are
important and required for cancer cell biological
functions, and that targeting ILT4 could be an effec-
tive strategy to reprogram tumor cell lipid metabo-
lism for cancer treatment. Indeed, our in vivo studies
have demonstrated that tumor-derived I1LT4/PIR-B
promotes tumor growth in vivo, and knockdown of
ILT4 significantly suppresses tumor development and
progression.

In addition to regulate tumor metabolism and func-
tions, our current studies identify a novel mechanism
that tumor-derived ILT4 is responsible for tumor-
mediated induction of T cell senescence. ILT4 was
initially identified in innate immune cells, such as
DCs and macrophages, regulating innate immune cell
functions and promoting development of tolerogenic
DCs and MDSCs.'* #* %% Increasing evidence suggests
that ILT4 is a potent suppressive molecule and ILT4
in tolerogenic DCs can promote the development of
both CD4" and CD8" Treg cells.'* **°% " However, very
limited information is known about whether ILT4
directly affect T cell development and function. More
recent study suggests that LILRB4 (ILT3) expression
on AML leukemia cells can mediate T cell suppression
and tumor infiltration.® However, whether and how
tumor-derived ILT4 can affect the effector T cells in the
suppressive TME is unknown. We have demonstrated
that different types of tumor cells can induce effector/
naive T cell senescence.? Furthermore, studies from
our and other groups showed accumulation of senes-
cent T cells in the suppressive TME from patients with
cancer, and senescence is a critical dysfunctional state
for tumor-infiltrating T cells.”*® *°! However, the
molecular mechanism responsible for tumor-induced
T cell senescence remains incompletely understood.
Our current studies have made significant progress in
understanding these challenging issues in the field. We
first identified that tumor-derived ILT4 is a key mole-
cule involved in induction of DNA damage response
and senescence in T cells mediated by different types
of tumor cells in vitro and in vivo. We then showed
that ILT4 promotes lipid metabolism and increases
lipid accumulation in tumor cells, which promotes
T cell senescence mediated by tumor cells. Studies
from other groups have shown that lipid accumula-
tion in tumor cells and stroma cells including DCs
and MDSCs suppressed T cell activation and immune
responses, suggesting that the lipid metabolic process

in tumor cells can reprogram the functional state of
T cells.’! % In addition, we identified that ERK1/2
signaling molecularly controls ILT4-mediated promo-
tion of lipid metabolism and tumor-induced T cell
senescence. Importantly, our in vivo studies have
demonstrated that PIR-B blockade can prevent tumor-
specific T cell senescence in the TME and enhance
their antitumor efficacy in mouse tumor models.
Collectively, our current studies identify the causative
links among the ILT4 signaling, tumor cell metab-
olism and functions, and T cell senescence. Our
previous studies showed that tumor-derived cAMP can
activate LCK/cAMP/PKA/CREB signaling in T cells
and induce T cell senescence.” Therefore, future
studies will focus on the identification of the mech-
anistic relationship between ILT4-mediated lipid
metabolism, cAMP production, and T cell senescence.
Notably, our studies have also identified that HLA-G
may be involved in regulation of ILT4-mediated
induction of T cell senescence. It is established that
HLA-G is one of the important ligands for ILT4.* *
Our current studies have clearly showed that HLA-G is
highly expressed on both T cells and tumor cells, and
blockage of HLA-G can prevent T cell DNA damage
response and senescence mediated by tumor cells.
However, how the crosstalk between tumor-derived
ILT4 and HLA-G in both tumor and T cells promotes
the development of T cell senescence is still unknown
in the current study. An improved understanding of
these molecular processes will facilitate the develop-
ment of novel strategies for tumor immunotherapy.
Our studies have also brought a novel concept that
ILT4 is an important checkpoint for tumor immu-
notherapy.”® Although current checkpoint blockade
therapies using anti-CTLA-4, PD1 and PD-L1 have
resulted in promising benefits in patients with cancer,
only around 30% patients respond to these therapeu-
tics.”™* These clinical trial results prompt us to explore
other potential tolerogenic mechanisms utilized by
malignant tumors and further identify alternative
checkpoint molecules for tumor immunotherapy.
Our recent studies have suggested that induction of
T cell senescence is a novel mechanism for tumor
immune escape, and blockage of effector T cell senes-
cence in the TME should be an emerging target for
tumor immunotherapy.”** Our previous and current
studies have clearly shown that tumor-derived ILT4
is a driver for tumor growth and proliferation, inva-
sion and progression.'” * Our current studies further
identified that tumor-derived ILT4 is responsible for
induction of effector/naive T cell senescence medi-
ated by tumor cells. In addition, studies from other
groups have shown that ILT4/PIR-B can promote
MDSCs, TAM and Treg cell development in the
TME.'"®" All these studies collectively indicate that
ILT4 is an important checkpoint molecule controlling
both tumor cells and immune cells in the suppressive
TME. In support of this assertion, our in vivo studies
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using the breast cancer E0771 model showed that
knockdown/blockage of PIR-B in tumor cells can
significantly prevent T cell senescence and suppress
tumor growth and progression. In addition, our in
vivo therapeutic studies demonstrated that combi-
nation of ILT4 blockage and adoptive transfer T cell
therapy can dramatically enhance antitumor efficacy
mediated by adoptively transferred tumor-specific T
cells. ACT, especially CAR-T therapy, has achieved
an immense success in the treatment of hematologic
malignancies.63 64 However, it is difficult to translate
into solid tumors because of the suppressive TME
that presents a major barrier for its successful clin-
ical application.'* Our recent and current studies also
suggested that tumor cells can convert transferred
tumor-specific T cells to become senescent T cells,
resulting in T cell dysfunction and impaired antitumor
irnmunity.25 %6 1n this study, using melanoma B16 and
gpl00-specific TCR Tg T cell models, we discovered
that the endogenous blockade of tumor-derived PIR-B
(ILT4) remarkably prevents the adoptively trans-
ferred CD8" T cell senescence, enhances their anti-
tumor efficacy, and suppresses tumor growth. These
results further suggest that ILT4 blockade is an effec-
tive strategy to reverse T cell senescence and over-
come the ACT unresponsiveness to solid tumors. We
will continue our efforts to develop novel strategies
combining ILT4 blockade with other immunothera-
peutics in different tumor models.

In summary, we report that increased expression of
ILT4 in various types of tumors, driving tumor growth,
progression and poor clinical outcomes. Further-
more, tumor-derived ILT4 can induce senescence in
effector T cells and promote T cell dysfunction for
tumor immunity. In addition, we elucidate the molec-
ular and metabolic mechanisms responsible for ILT4-
induced T cell senescence, which involve initiation
of DNA damage response, reprogramming of lipid
metabolism and activation of MAPK ERK1/2 signaling
in tumor cells. Using both breast cancer and mela-
noma tumor models, as well as the T cell adoptive
transfer therapy model, we further establish the novel
concept that ILT4 is a promising checkpoint target for
tumor immunotherapy.
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