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ABSTRACT

Identifying tumor-relevant T cell subsets in the peripheral blood (PB) has become a potential strategy for
cancer treatment. However, the subset of PB that could be used to treat cancer remains poorly defined.
Here, we found that the CX3CR1* T cell subset in the blood of patients with lung cancer exhibited effector
properties and had a higher TCR matching ratio with tumor-infiltrating lymphocytes (TILs) compared to
CX3CR1™ T cells, as determined by paired single-cell RNA and TCR sequencing. Meanwhile, the anti-tumor
activities, effector cytokine production, and mitochondrial function were enhanced in CX3CR1* T cells
both in vitro and in vivo. However, in the co-culture system of H322 cells with T cells, the percentages of
apoptotic cells and Fas were substantially higher in CX3CR1* T cells than those in CX3CR1™ T cells. Fas-
mediated apoptosis was rescued by treatment with an anti-PD-1 antibody. Accordingly, the combination
of adoptive transfer of CX3CR1* T cells and anti-PD-1 treatment considerably decreased Fas expression
and improved the survival of lung xenograft mice. Moreover, an increased frequency of CX3CR1* T cells in
the PB correlated with a better response and prolonged survival of patients with lung cancer who received
anti-PD-1 therapy. These findings indicate the promising potential of adoptive transfer of peripheral
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CX3CR1* T cells as an individual cancer immunotherapy.

Introduction

Lung cancer is the leading cause of morbidity and mortality
worldwide.' Although traditional anticancer strategies are used
to treat lung cancer, there is a huge need to explore novel therapies
to improve the outcomes of patients with lung cancer.*” Recent
advances have been made in immune checkpoint inhibitors (ICIs)
and adoptive cell therapy (ACT) for malignancies.”” A majority
of patients with ICI therapy resistance do not benefit from this
novel treatment.'®!! In ACT, patients receive an infusion of ex
vivo expanded TILs or chimeric antigen receptor T cells (CAR-T)
with tumor specificity. For instance, durable regression with TILs
has been reported in several types of cancer, including
melanoma,” colorectal,'? breast,'> and lung cancers.'* However,
there are challenges associated with this treatment. CAR-T cell
therapy against CD19 has been successfully used to treat B-cell
lymphomas'>'% A durable therapeutic response has rarely been
achieved in CAR-T cell therapies for lung cancer.'” 2! Moreover,
the absence of stable tumor antigen expression and decreased
lymphocyte infiltration are major issues in ACT.**** Thus, to
overcome these obstacles, innovative therapeutic approaches are
urgently required.

Increasing evidence indicates that immune cells frequently
target tumor-specific antigens in PB and can be more exploited

to develop effective immunotherapy.“‘26 Recently,

a chemokine receptor CX3CR1 was used to identify “tumor-
matching” T cells in PB by paired single-cell RNA and T cell
receptor (TCR) sequencing in a mouse model and patients with
melanoma.”” CX3CR1 is expressed in T cells and exhibits
robust cytotoxicity ~during anti-tumor responses.’®
Furthermore, overexpression of CX3CR1 in CAR-T cells can
overcome the immunosuppressive effects of myeloid-derived
suppressor cells.”” Moreover, circulating CX3CR1*CD8"
T cells are dynamic biomarkers of the clinical response to anti-
PD-1 treatment.’® These findings provide evidence for the
clinical application of CX3CR1" T-cells in immunotherapy.
However, it remains unknown whether T cells expanding
from CX3CR1" PB lymphocytes can be used to treat patients
with lung cancer as tumor-relevant T cells.

In this study, we detected tumor-matching clones in the PB
of patients with lung cancer using single-cell RNA and TCR
sequencing. We further identified that CX3CR1" T cells in PB
exhibited robust tumor reactivity in vitro. However, activated
CX3CRI1" T cells were more easily to undergo apoptosis owing
to the high expression of Fas when cocultured with tumor cells.
Furthermore, the anti-PD-1 antibody rescued Fas-mediated
apoptosis and enhanced the antitumor efficacy of adoptively
transferred CX3CR1" T-cells in mice. Finally, the expression of
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CX3CRI1 in the PB of patients with lung cancer who received
anti-PD-1 therapy was analyzed, and it was verified that the
expression of CX3CR1 was associated with the clinical
response and survival of patients. Collectively, these results
suggest that combining CX3CR1" T cells in the PB with anti-
PD-1 therapy is a promising strategy for improving lung cancer
therapy.

Materials and methods
Clinical samples

Patients diagnosed with lung cancer were enrolled for T cell
function analysis and single-cell sequencing. Paired blood and
tumor tissue samples were collected from these patients. The
four patients included three females and one male, aged
between 50 and 68 years. The type of tumor is lung adenocar-
cinoma, and the clinical stages were IA, IA, IIIA, and IA. Blood
samples were collected from cancer patients before and after
receiving anti-PD-1 antibody treatment, comprising 20 sam-
ples from responders (R) and 20 samples from non-responders
(NR). The patient characteristics are summarized in Table 1.
Tumor tissues from 26 lung cancer patients were used for
immunofluorescence experiments. The patient characteristics
are summarized in Supplementary Table S5. Written informed
consent was obtained from all patients and healthy donors,
following the guidelines of the Ethical Committee of the First
Aftiliated Hospital of Zhengzhou University.

Mice

Mice (6-8-week-old) were used for all animal experiments.
Wild-type (WT) female C57BL/6] and CD45.1 OT-I mice
were maintained at the Animal Center of Zhengzhou
University in specific pathogen-free facilities under standard
housing and husbandry and on a standard diet. All the experi-
mental procedures were approved by the Institutional Animal
Care and Use Committee of the First Affiliated Hospital of
Zhengzhou University.

Cell lines

The murine LLC-OVA cell line and human lung cancer cell
line H322 were grown in DMEM high glucose (Sigma-Aldrich,
St. Louis, MO, USA) containing 10% fetal bovine serum (FBS;
Lonsera, Uruguay), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin without mycoplasma (DMEM complete medium) at
37°C in a humidified 5% CO, incubator.

Lymphocyte isolation from human samples

Peripheral blood mononuclear cells (PBMCs) were isolated
using a lymphocyte isolation solution (TBD, China) according
to the manufacturer’s instructions. Tumor tissues from
patients were enzymatically digested using a tumor dissocia-
tion kit and GentleMACS (Miltenyi, Germany) to prepare TILs
and autologous tumor cells, as previously described.”’ CD3*
T cells were sorted using human CD3 MicroBeads (Miltenyi,
Germany).

Single cell sequencing

Single-cell suspensions were prepared for Single-cell TCR-seq
and 5’ gene expression profiling using the Chromium Single
Cell V(D)J Solution from 10X Chromium Platform (10X
Genomics). Briefly, 5mL of fresh blood was collected and
PBMCs were isolated using a lymphocyte isolation solution.
Fresh tumor samples were enzymatically digested to obtain
single-cell suspensions. CD3" T cells from four paired tumor
tissue and blood samples were sorted as previously described.
The purity of CD3" T cells was approximately 85%. All sub-
sequent steps were performed according to the manufacturer’s
protocols.

Data processing, filtering, and normalization

Raw reads were processed using Cellranger 3.0.2 (10 x Genomics)
to generate raw count matrices of gene expression and CSV files
corresponding to the TCR clonality. The scRNA-seq reads were
aligned with the GRCh38 reference genome. For each sample, row
count data were filtered using the following parameters: features
ranging from 300 to 6000, gene counts ranging from 500 to
50,000, a mitochondrial ratio of less than 25%, and
a hemoglobin gene ratio of less than 5%. Filtered counts were log-
normalized, and 3000 variable genes were selected as highly vari-
able genes. The data were then scaled using the ScaleData function
with default parameters in Seriation.

Unsupervised cell clustering and cell type annotation

Canonical Correlation Analysis was used to integrate all
samples, and the top 20 principal component analyses were
used to identify neighboring components. Resolution 0.9 was
used to cluster cells in the first cycle, and they were visua-
lized using Uniform Manifold Approximation and Projection
(UMAP). Non-T-cells and low-quality cells were excluded
from the analysis. A total of 14 clusters of cells were selected.

Table 1. The clinical characteristics of 40 patients (responder: n =20, non-responder: n = 20) who received anti-PD-1

therapy.
R NR p-value
Age (years) Median 61 (47-75) 61 (48-80) 4323
Gender Male 10 8 525
Female 10 12
Clinical Stage 1 2 1 .8708
2 1 1
3 5 7
4 12 11
Types of pathology Adenocarcinoma 18 14 1138
Squamous carcinoma 2 6




The marker gene of each cluster was analyzed using the
FindAllMarkers() function, with genes expressed in>25%
of the cells, log, fold change (FC) > 0.5, and p<.05 in
Seriation.

TCR analysis

R package “scRepertoire” was used to identify the unique
TCR for each CD8" T cell in tumor tissue and PB. Tumor-
matching (TM) cells were defined as having the same TCR in
the tumor tissue and PB. To identify TM cell markers, count
data from this study and GSE99254 in the Gene Expression
Omnibus (GEO) were transformed into Transcripts Per
Million. R package “limma” was used to analyze the differ-
ently expressed genes (DEGs) with threshold of | log,FC

| > 1 and adjust p-value <.05 between TM and non-TM
cells. The DEGs from both datasets overlapped, and the top
20 overlapping DEGs based on the adjusted p-value are
shown as a bar plot. CX3CR1-positive cells were defined as
those with CX3CR1 levels>1. TM cells among CX3CR1"
and CX3CR1™ T cells were selected based on the same
TCR shared in the tumor tissue and PB, and the remaining
cells were non-TM cells. The proportion of TM cells was
defined as the number of TM cells to that of CX3CR1" and
CX3CR1™ cells in the PB.

Exploring the function of CX3CR1* and CX3CR1™ T cells

Normalized count data were used to compare the expression of
genes related to naive, effector, costimulatory, and coinhibitory
functions. Single-sample gene set enrichment analysis (GSEA)
was used to analyze the activation and exhaustion states of
CX3CR1" and CX3CR1™ T cells in tumor tissue and PB using
the gene expression data listed in Supplementary Table S1. The
significant DEGs were selected based on the threshold of |
log,FC | > 1 and adjust p-value < .05.

Immunofluorescence

Immunofluorescence was performed on tumor tissues from 26
patients with lung cancer (Xinchao Biotechnology Co., Ltd,,
Shanghai, China). In brief, we simultaneously labeled tumor
tissues with CD3 (abcam, ab135372) and CX3CR1 (proteintech
13,885-1-AP) antibodies, along with their corresponding fluor-
escent secondary antibodies. We then scanned the stained results
and analyzed the co-expression pattern of CD3 and CX3CRI.

Human CX3CR1* and CX3CR1~ T cell isolation and culture

CD3" T cells from PBMCs were purified using the Pan T Cell
Isolation Kit (human, Miltenyi) and were activated with T Cell
TransAct (Miltenyi, Germany) and IL-2 (200 IU/mL) for 2
days. For sorting CX3CR1" and CX3CR1~ cells, the activated
CD3" T cells were stained with PE anti-CX3CR1 human anti-
body. Then, anti-PE microbeads (Miltenyi, Germany) were
added in double volume, and the CD3*CX3CR1" and
CD3*CX3CR1™ cells were sorted according to the manufac-
turer’s instructions. CX3CR1™ T and CX3CR1™ T cells were
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cultured in RPMI 1640 (Sigma, USA) containing 10% FBS and
IL-2 for 3 days to assess their function.

In vitro cytotoxicity assay

Tumor cells were incubated with PB CX3CR1" T, CX3CR™
T cells, or TILs at effector: target (E:T) ratio=>5:1. Anti-
human PD-1 blocking antibodies (Clone J116; BioXCell) were
added at a final concentration of 20 pg/mL for 24 h. Tumor lysis
or T cells apoptosis were stained by Annexin-V and PI. CD107a,
Fas, and intracellular granzyme B in T cells and FasL in H322
cells were stained with fluorochrome-conjugated antibodies.

Tumor inoculation

LLC-OVA cells were subcutaneously injected (s.c.) into WT
mice. Tumor growth was monitored every two days. The
tumor volume was calculated using the following formula:
tumor volume = length x (width?)/2.

Lymphocyte isolation from mice

CD3"* T cells from spleens of OT-1 mice were purified using
the mouse CD3e MicroBead Kit (Miltenyi, German) and were
incubated with CD3 antibody (clone 145-2C11, 5 pg/mL,
Biolegend), CD28 antibody (clone 37.51, 2pg/mL,
Biolegend), and IL-2 for 3 days. CX3CR1" and CX3CR1"™ cells
were sorted from CD3" T cells, as previously described, using
a PE anti-CX3CRI1 mouse antibody.

Treatment regimens

For ACT, mice were intravenously (i.v.) treated 7 days post-
tumor injection with 1x10° in wvitro-activated CD3",
CD3"CX3CR1", CD3"CX3CR1" cells or TILs. For PD-1 block-
ade, anti-PD-1 Ab (#BE0146, Bio X Cell) or PBS were intra-
peritoneally (i.p.) administered every three days starting from
3 days after ACT at a dose of 200 pg/mouse.

Flow cytometry

Single cells were labeled with antibodies against surface mole-
cules for 15 min at 4°C. Dead cells were labeled with viability
staining (Fixable Viability Dye eF506, eBioscience). For intracel-
lular cytokine detection, cells were stimulated with PMA (50 ng/
mL, Sigma) and ionomycin (750 ng/mL, Solarbio) in the pre-
sence of Brefeldin A Solution (1000x, Biolegend) for 6 h. After
stimulation, the cells were fixed with fixative (Servicebio) for 30
min, followed by 1x Intracellular Staining Perm Wash Buffer
(Biolegend), then labeled with antibodies. Samples were analyzed
using an FACS Canto II flow cytometer (BD Biosciences, USA)
and DxFLEX (Beckman Coulter, China). Fluorochrome-
conjugated antibodies are listed in Supplementary Table S2.

Mitochondrial activity and ATP production rate measured
by Seahorse

Human CD3*CX3CR1" and CD3"CX3CR1™ cells were
seeded in XFe96 plates (5x 10> cells per well), and their
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oxygen consumption rates (OCR) were measured using an
XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) as
previously described.”> Basal OCR, OCR coupled with ATP
production, and spare respiratory capacity (SRC) were auto-
matically calculated using the Seahorse machine operating
software (Wave).

Measurement of mitochondrial mass (MM) and low
membrane potential (MMP'°")

Blood from patients was used to detect the mitochondrial mass
and MMP'"" of T cells by flow cytometry, as previously
described.” Briefly, CD8 and CX3CR1 antibodies were added
to blood and incubated for 15 min. Hemolysin were used to
dissolve the red blood cells. Cell suspension (200 uL) was
aspirated for counting. The remaining cells were washed and
re-suspended in a tube containing MitoTracker-APC (UBBIO
Co., Ltd., China), incubated at 37°C, then analyzed by flow
cytometry. The MM parameters were calibrated using a human
lymphocyte mitochondrial function analysis system.

Mitochondrial area statistics

The CX3CR1" T and CX3CR1™ T cells isolated from PB of
patients and spleens of OT-I mice were fixed in electron micro-
scopy fixative for subsequent transmission electron micro-
scopy observation (Wuhan Servicebio Technology Co., Ltd.,
China). Multiple mitochondria were chosen from each image
to gauge their area (um?), and the average area of each mito-
chondrion per image was calculated.

Western blot analysis

The cells were lysed in RIPA lysis buffer supplemented with
protease inhibitor (Sigma, USA). The supernatant was mixed
with a loading buffer and denatured at 100°C. Subsequently,
the proteins were separated on SDS-PAGE gels (DAKEWE,
China) and transferred onto nitrocellulose membranes (GE
life, USA). Non-specific binding sites were blocked and the
membranes were incubated with primary antibodies and then
incubated with the secondary antibodies, and the blots were
visualized by chemiluminescence. Primary antibodies: -Actin
(Cell Signaling Technology, 8H10D10, 1:1000), Fas/CD95
(proteintech 13,098-1-AP, 1:2000), and cleaved caspase-3
(Aspl75) (5A1E) Rabbit monoclonal antibody (Cell Signaling
Technology, #9664, 1:1000).

Statistical analyses

Unpaired Student’s t-test was used to compare independent
groups. Two-tailed paired ¢-test was used to compare molecule
expression between CX3CR1"/™ T cells. Two-way analysis of
variance (ANOVA) was performed to determine the signifi-
cance of tumor growth, and survival curves were analyzed
using the logrank Mantel-Cox test. All statistical analyses
were performed using the GraphPad Prism 9 software.
Statistical significance is shown as *(p <.05), **(p <.01), ***
(p <.001), and **** (p <.0001); ns indicates no significance

(p>.05).

Results
Characterization of tumor-matching T cells in the PB

To identify the marker of “tumor-matching” T cell in the PB,
we performed single-cell RNA and paired TCR sequencing of
T cells isolated from tumor tissue and PB for four treatment-
naive patients (Figure la). After quality control 41,085 cells
were used in this study. Unsupervised clustering using UMAP
revealed 14 cell clusters based on canonical markers and DEGs,
including six CD8 clusters, six CD4 clusters, one natural killer
T cell (NKT) cluster, and one NK cell cluster (Figure 1b,
Supplementary Figure S1, Supplementary Table S3). We
observed that most cell clusters were shared between the
tumor and PB, whereas the ratios varied, indicating substantial
heterogeneity, as observed in the TME (Figures lc,d). We
found a considerable proportion of TM cells in PB, defined
as T cells that share the same TCR as that of TILs (Figure le).
To identify the markers of these TM cells, we compared DEGs
between TM and non-TM cells using the public GEO dataset
(Supplementary Table S4). Among these DEGs, CX3CRI was
highly ranked as a cell surface gene (Figure 1f). In line with
these results, CX3CR1" T cell in PB shared a higher TCR with
TILs than that of CX3CR1™ T cells, suggesting that CX3CR1
could be a marker of “tumor-matching” T cell in PB
(Figure 1g). We next detected the expression of CX3CR1 in
PB by flow cytometry and found that both CD3" and CD8"
T cell populations showed increased expression of CX3CRI in
patients with lung cancer compared with that in healthy
donors (Figure 1h). These results suggest that the CX3CR1"
T-cell subset in the blood corresponds to similar clones in the
tumor and may be relevant for tumor killing.

Expression signatures in CX3CR1* subset predict T cell
anti-tumor function

Next, we analyzed CX3CR1 expression and found that CX3CR1
was highly expressed in the PB and was distributed in various
clusters in both the PB and tumors (Figures 2a,b). CX3CR1"
T cells displayed a higher level of effector gene signature and
lower level of exhausted gene signature than those of CX3CR1~
T cells both in the PB and tumor (Figures 2¢,d). We further
analyzed the DEGs between CX3CR1" and CX3CR1™ T cells in
the PB and tumor tissue (Figure 2e). Pathway enrichment ana-
lysis revealed that the T cell activation-related pathways (such as
the T cell receptor signaling pathway and immune response
activation signal transduction) were upregulated in CX3CR1"
T cells compared to those in CX3CR1™ T cells both in the PB and
tumor (Figure 2f). Furthermore, mitochondrial function-related
pathways in CX3CR1" T cells (such as oxidative phosphoryla-
tion and ATP synthesis-coupled electron transport) were sub-
stantially upregulated, and this finding was supported by GSEA
(Figure 2g, Supplementary Figure S2). Analysis of tumor tissues
from 26 lung cancer patients showed that patients with higher
infiltration of CD3"CX3CR1" T cells had significantly longer
survival than those with lower infiltration (Supplementary
Figure S3a and S3b). These findings demonstrate that
CX3CR1" T cells may have anti-tumor functions by upregulat-
ing cytotoxicity-related genes and activation pathways.
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Figure 1. The characterization of T cells with TCRs in the blood. (a) Experimental design for scRNA-seq. (b) UMAP visualization of 14 cell clusters based on canonical
markers and DEGs clustering. Cells are color-coded for clusters. (c and d) UMAP visualization and percentage distribution of clusters for paired blood and tumors. (e)
UMAP visualization of TM and non-TM cells in the PB. (f) The top 20 ranked DEGs of TM and non-TM cells in this study and the public GEO dataset. (g) The proportion of
TM and non-TM cells among the CX3CR1* and CX3CR1™ T cells in the blood. (h) Proportion of CX3CR1* in CD3* T cells (left, gated on CD3*) or CD8™ T cells (right, gated
on CD8") in the blood of patients and HD (n = 6) by flow cytometry. Results are expressed as mean=SD. HD, healthy donor.

Peripheral CX3CR1" T cells exhibit the properties of
activated effector cells

To further investigate the anti-tumor properties of CX3CR1"
T cells, we first detected the expression of inhibition markers,
such as PD-1, TIM-3, and TIGIT in T cells derived from
patients with lung cancer before and after culture. Our results
showed that the expression of these inhibitory markers was
decreased in CX3CR1" T cells when compared with that in
CX3CRI1™ T cells (Figures 3a,b). Meanwhile, the secretion of
pro-inflammatory cytokines, including granzyme B and per-
forin, was substantially increased in the CD3*CX3CR1™ T cell
subset before and after culture, as well as in CD8"CX3CR1"
T cells (Figures 3c-e). There is increasing evidence that the

measurement of mitochondria-associated parameters may help
identify T cells with longer survival and better anti-tumor
function.***® Here, we used MitoTracker to evaluate the MM
and MMP™" of peripheral CX3CR1* T cells. MM refers to the
effective protein content in the mitochondrial respiratory
chain, which reflects the actual strength of the immunity of
the body, whereas MMP refers to the voltage difference
between the inside and outside of the mitochondrial mem-
brane, which reflects the instantaneous state of the immune
function of the body. The results showed that CX3CR1" T cells
from the PB exhibited a substantial reduction in MMP'"*" while
exhibiting a higher MM (Figure 3f), indicating that they were
in an immune-activated state. Importantly, the average area
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per mitochondrion in CX3CR1" T cells was increased
(Figures 3g,h), indicating that these cells contained high-
quality mitochondria. Finally, we examined the metabolism
of CX3CR1" T cells and found that basal OCR, ATP, and
SRC were also substantially enhanced in this subset compared
to that in CX3CR1™ T cells (Figure 3i). These results indicate
that T cells expressing CX3CR1 display better effector
functions.

CX3CR1* T cells display robust anti-tumor reactivity ability
and decreased Fas-mediated apoptosis by anti-PD-1
antibody

To confirm whether the CX3CR1" T cell subset exerts a potent
ability to kill tumors, a cytotoxicity assay was performed based on
the co-incubation of peripheral CX3CR1" T cells with paired
tumor cells from patients with lung cancer. The CX3CR1"~
T cells and TILs served as control (Figure 4a). We found that the
autologous tumor cell lysis rate of the PB CX3CR1" group was
higher than that of the PB CX3CR1™ group (Figure 4b). CD107a,
a marker of cytotoxicity, and granzyme B production were also
substantially increased in the PB CX3CR1" and TILs groups
(Figure 4b). Further functional analysis revealed that the lysis
rate of non-paired tumor cells or H322 cells in the PB CX3CR1"
group was higher than that in the PB CX3CR1™ group (Figures 4c,
d). CD107a and granzyme B levels were similar in the PB
CX3CR1" group. However, when co-incubated with unpaired
tumor cells, no difference was detected in CD107a expression
between the PB CX3CR1" and PB CX3CR1~ groups (Figures 4c,
d). Taken together, our findings indicate that the cytotoxicity of
CX3CRI1™ T cells in the PB is superior to that of CX3CR1™ T cells.

Considering the decreased number of CD8-C8-CX3CR1
clusters in tumors, we further analyzed the DEGs between
peripheral and tumor-derived CX3CR1" T cells (Figure 4e).
Pathway analysis of DEGs revealed that the apoptotic pathway
was more active in tumors than that in blood (Figure 4f).
Additionally, no significant differences were observed in che-
mokine receptor expression between CX3CR1" and CX3CR1~
T cells in both the PB and tumor tissues (Figure 4g). These
results suggest that the lower abundance of the CX3CR1 sub-
population in tumor tissues may be attributed to apoptosis
during the process of tumor resistance. Fas/FasL signaling can
induce activation-induced cell death (AICD), and caspase-3
plays an important role in this pathway.”’*° To determine
whether Fas mediated the apoptosis of CX3CR1" T cells, we co-
cultured this subset with auto/allo-tumor cells and H322 cells.
Our results suggest that after co-incubation with tumor cells,
the expression of Fas is higher in T cells from the CX3CR1"
group than that in the CX3CR1™ group, and the anti-PD-1
antibody can alleviate this increase in Fas expression
(Figure 4h). Additionally, after co-incubation with H322 cells,
the apoptosis of T cells increased in the CX3CR1" group, and
the expression of FasL in H322 cells also increased (Figures 4i,j).
This suggests that the Fas/FasL signaling pathway mediates
CX3CR1" T cell death. Furthermore, anti-PD-1 antibody inhib-
ited cell death (Figure 4i). Western blot results also confirmed
the previous findings by showing changes in the expression of
Fas and cleaved caspase-3 in the different groups (Figure 4Kk).

Thus, we found that CX3CR1" T cells derived from the PB
exhibited superior anti-tumor capabilities in vitro compared to
those of CX3CR1™ T cells. Additionally, the application of an
anti-PD-1 antibody decreased the percentage of apoptosis in
CX3CRI1" T cells compared to that in tumor cells.

Combination therapy with CX3CR1" T cells and anti-PD-1
therapy in a lung cancer mouse model

Next, we investigated the in vivo anti-tumor efficacy of
CX3CRI1" T cells, sorted CX3CR1" T and CX3CR1™ T cells
from the spleen of OT-I mice, and adoptively transferred them
to LLC-OVA tumor-bearing mice (Figure 5a). We measured the
mitochondrial area of T cells before infusion, CX3CR1™ T cells
displayed a higher area per mitochondrion (Figures 5b,c).
Subsequently, we examined the function of transferred T cells
in tumor-bearing mice and found that T cells from CX3CR1"
group expressed lower levels of PD-1"TIM-3" (Figure 5d) and
produced more granzyme B and perforin than that from
CX3CR1™ and CD3" group (Figures 5e,f). The H&E staining
results showed that the necrosis of tumor tissue in the CX3CR1"
T cell treatment group is more severe compared to the other two
groups (Supplementary Figure S4). To further assess whether the
combination therapy showed better efficacy in the lung cancer
mouse model, we assessed overall survival (OS) and Fas expres-
sion following treatment with an anti-PD-1 antibody and
CX3CR1" or CX3CR1™ T cells (Figure 5g). We observed that
the expression of Fas was increased in tumorous T cells from the
CX3CR1" group compared to that from the CX3CR1~ group,
but the anti-PD-1 antibody reduced Fas expression (Figure 5h).
Moreover, the tumor volume in the CX3CR1"* T cell treatment
group was substantially smaller than that in the CX3CR1™ group.
When combined with anti-PD-1 therapy, the anti-tumor func-
tion was enhanced (Figures 5i,j). The OS of mice treated with
CX3CR1" T cells and the anti-PD-1 antibody also substantially
improved (Figure 5k). However, there was no significant differ-
ence in tumor growth and survival between mice treated with
CX3CR1* T cells and those treated with TILs (Supplementary
Figure S5). Considering the clinical applications of CX3CR1"
T cells, the safety of this subset was evaluated. After administer-
ing CX3CRI1" T cells to mice, no significantly greater side effects
were evident in their heart, lung, and kidney tissues in compar-
ison to the other two treatment groups (Figure 51). These results
indicate that the combination of CX3CR1" T cells and anti-PD-1
antibody treatment induces an enhanced immune response
against cancer cells.

The frequency of circulating CX3CR1" T cells correlates
with effective ICl therapy

An increase in the percentage of peripheral CX3CR1*CD8"
T cells early after the initiation of anti-PD-1 treatment corre-
lated with the response and OS of patients with non-small cell
lung cancer (NSCLC).*® To further validate the role of periph-
eral CX3CR1" T cells in patients with lung cancer who received
ICI therapy, we detected the expression of CX3CR1 in the PB
before and after four cycles of treatment. We found that the
frequency of CX3CR1 was higher in patients with R than in
those with NR at baseline (Figure 6a). In addition, based on the
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Figure 4. CX3CR1* T cells display robust anti-tumor reactivity ability and decrease Fas-mediated apoptosis by anti-PD-1 antibody. (a) Experimental design for
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expression ratio of CX3CR1 in CD3™ T cells and patient prog-
nosis, an ROC curve was generated (with an area under the
curve (AUC) of 83.03%), and an optimal cutoff score of 9.5%
was determined (data not shown). A CX3CR1 expression ratio
> 9.5% was classified as CX3CR1™" and < 9.5% as CX3CR1"".
The results showed that the CX3CR1™€" group had longer
progression-free survival (PFS) and OS than those of the
CX3CR1"" group (Figures 6b,c). To confirm the effect of anti-
PD-1 antibody treatment on CX3CR1 expression levels, we
calculated the ratio of (expression proportion after four cycles
of treatment - baseline expression proportion) to the baseline
expression proportion to visualize the change in CX3CRI1
expression. The results showed that the change in the value
in the R group was significantly higher than that in the NR
group (Figure 6d). Next, the AUC and corresponding 95%

Baseline b
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confidence interval (CI) were obtained using a logistic regres-
sion model as well as the optimal cutoff score (69.53%) for
discriminating between groups using Youden’s index criterion
(Figure 6e). As shown in Figure 6f, in the change score >69.53%
group, the proportion of R was higher than that of NR, whereas
in the change score <69.53% group, the results were reversed.
The median PFS and OS among patients with a change score
of <69.53% were 4.55 and 12.9 months respectively, whereas
the median PFS and OS among patients with a change score >
69.53% were 12.95 and 20.3 months, respectively. Taken
together, CX3CR1 expression was highly correlated with the
clinical response and survival of patients with lung cancer
treated with ICI therapy. Therefore, CX3CR1" T cell therapy
combined with anti-PD-1 therapy may be a promising strategy
for immunotherapy.
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Figure 6. The frequency of circulating CX3CR1™ T cells correlates with effective ICI therapy. (a) Baseline expression of CX3CR1 on peripheral CD3* T cells in patients who
responded or did not respond to anti-PD-1 therapy. (b and c) CX3CR1 expression levels were associated with OS and PFS in patients with lung cancer treated with anti-
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Discussion

Although ACT for solid tumors has received enormous scien-
tific and clinical attention,*' achieving efficacy with tumor-
specific T cells has proven challenging. Identifying biomarkers
of tumor-reactive T-cell subsets in the PB from patients with
malignancy using TCR and single-cell RNA sequencing could
provide a novel noninvasive strategy to develop personalized
therapies. Combination biomarkers, such as CD39, NKG2D,
and CX3CR1, can be used to detect the “tumor-matching”
component from the blood of patients with melanoma.”’”
However, the characteristics and efficacy of these T cell subsets
for potential immunotherapy are still not understood. In our
study, to validate whether cell surface markers of the PB could
be used to identify tumor-reactive T cells in patients with lung
cancer, paired blood and tumor samples were analyzed using
single-cell sequencing. We found that CX3CR1" T cells in the
PB shared more overlapping clones with paired TILs.
Moreover, this subset exhibited higher expression levels of
activated gene signatures and T cell activation-related path-
ways than those of CX3CR1™ T cells both in the PB and tumor,
suggesting that CX3CR1" T cells from the PB were positively
associated with anti-tumor function. Zwijnenburg et al.
reported that the graded expression of CX3CR1 affects the
T cell differentiation spectrum in humans.*?> Herein, we
observed that CX3CR1" T cells in the PB from patients with
lung cancer displayed low levels of expression of inhibitory
markers. Furthermore, effector cytokine secretion was
increased in this subset, as previously reported. However,
given that surgical treatment is typically not an option for
lung cancer patients with advanced stages, the samples we
utilized primarily originated from early-stage patients. In our
future study, we will try our best to collect samples from
patients with advanced stages for analysis.

It is important to point out that mitochondria play a crucial
role in regulating T cell fate and activation.*> For instance,
linoleic acid enhanced the T cell cytotoxicity by improving
the ability of oxidative phosphorylation.** Importantly, dys-
functional TILs showed a loss of mitochondrial mass and
confirmed damage in the OCR.*>* Our data indicate that
the pathways of oxidative phosphorylation and copulated elec-
tron transport were upregulated in CX3CR1" T cells, which
may be associated with the high quality of mitochondrial
function in these T cells. We further confirmed the cytotoxicity
of CX3CR1" T cells by co-culture with tumor cells, and our
encouraging results showed that peripheral CX3CR1" T cells
have a strong killing ability for tumor cells. However, the
overactivation of T cells can lead to AICD, in which the Fas/
FasL signaling pathway plays an important role.*®*’ Herein, we
observed that the expression of Fas in CX3CR1" T cells co-
cultured with tumor cells was substantially elevated as well as
the apoptotic cells. Blocking the PD-1/PD-L1 interaction can
rescue Fas-mediated T cell apoptosis.”® Therefore, the effect of
anti-PD-1 therapy in combination with CX3CR1" T cells was
evaluated in vitro and in vivo. We found that both tumor
growth and Fas expression were inhibited by adoptive transfer
of CX3CR1" cells together with an anti-PD-1 antibody.
Moreover, CX3CR1" T cells were positively associated with
the survival of lung cancer mouse models and the response of

patients with lung cancer treated with anti-PD-1 therapy.
Although minor inflammation was observed in the lungs of
mice, CX3CR1" T cells did not exhibit more pronounced
pulmonary toxicity compared to CD3" T cell treatment.
Given that our study prioritized the antitumor effects of
CX3CR1" T cells, a thorough investigation of bone marrow
toxicity was not conducted. In future studies, we will place
greater emphasis on toxicity assessment. Taken together,
these findings provide compelling evidence that peripheral
CX3CR1" T cells combined with anti-PD-1 antibodies can be
used for ACT.

Conclusions

Our findings demonstrated that peripheral CX3CR1" T cells
from lung cancer patients show a higher TCR matching ratio
with TILs. In vitro experiments have demonstrated that
CX3CRI1" T cells possessed greater effector function than that
of CX3CR1™ T cells, possibly owing to their superior mito-
chondrial function and oxidative respiration capacity. In addi-
tion, both in vivo and in vitro studies have confirmed the strong
anti-tumor activity of CX3CR1" T cells, and the combination
with anti-PD-1 treatment alleviated activation-induced apop-
tosis. Therefore, the use of peripheral CX3CR1" T cells in
combination with anti-PD-1 therapy may be a potential ther-
apeutic strategy against ACT.
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