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Abstract
Background: Immune cell heterogenicity is known to determine the therapeu-
tic response to cancer progression. Neoadjuvant chemoimmunotherapy (NACI)
has shown clinical benefits in some patients with advanced head and neck
squamous cell carcinoma (HNSCC), but the underlying mechanism behind this
clinical response is unknown. The efficacy of NACI needs to be potentiated by
identifying accurate biomarkers to predict clinical responses. Here, we attempted
to identify molecules predicting NACI response in advanced HNSCC.
Methods: We performed combined single-cell RNA sequencing (scRNA-seq)
and multiplex immunofluorescence (mIHC) staining with tumor samples
derived from NACI-treated HNSCC patients to identify a new tumor-infiltrating
cell (TIL) subtype, CD103+CD8+ TILs, associated with clinical response, while
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both in vitro and in vivo assays were carried out to determine its antitumor
efficiency. The regulatory mechanism of the CD103+CD8+ TILs population was
examined by performing cell-cell interaction analysis of the scRNA-seq data and
spatial analysis of the mIHC images.
Results: We established intratumoral CD103+CD8+ TILs density as a deter-
minant of NACI efficacy in cancers. Our scRNA-seq results indicated that the
population of CD103+CD8+ TILswas dramatically increased in the responders of
NACI-treated HNSCC patients, while mIHC analysis confirmed the correlation
between intratumoral CD103+CD8+ TILs density and NACI efficacy in HNSCC
patients. Further receiver operating characteristic curve analysis defined this TIL
subset as a potent marker to predict patient response to NACI. Functional assays
showed that CD103+CD8+ TILs were tumor-reactive T cells, while programmed
cell death protein-1 (PD-1) blockade enhanced CD103+CD8+ TILs cytotoxicity
against tumor growth in vivo. Mechanistically, targeting the triggering receptor
expressed on myeloid cells 2-positive (TREM2+) macrophages might enhance
the population of CD103+CD8+ TILs and facilitate antitumor immunity during
NACI treatment.
Conclusions: Our study highlights the impact of intratumoral CD103+CD8+

TILs density on NACI efficacy in different cancers, while the efforts to elevate
its population warrant further clinical investigation.

KEYWORDS
CD103, CD8, head and neck squamous cell carcinoma, neoadjuvant chemoimmunotherapy,
predictive marker, tumor-infiltrating lymphocyte

1 BACKGROUND

Head and neck squamous cell carcinoma (HNSCC)
is the seventh most common malignancy worldwide,
with approximately 64% of patients present with locally
advanced disease at diagnosis [1, 2]. Immunotherapy has
been widely tested for treating patients with solid tumors,
including HNSCC [3, 4]. However, recent clinical trials
including neoadjuvant mono- or dual- immunotherapy in
advanced HNSCC only showed modest clinical benefits,
which prompted us to explore the use of immunother-
apy in combination with chemotherapy [5, 6]. Indeed,
Zhang et al. [7] showed that combining paclitaxel plus
cisplatin with camrelizumab, an anti-programmed cell
death protein-1 (PD-1) inhibitor, can improve the clini-
cal outcome of HNSCC; however, a significant proportion
of patients do not respond to it. Although the com-
bined positive score (CPS), a measure of programmed
death-ligand 1 (PD-L1) expression, has been developed to
predict therapeutic response and patient prognosis in solid
cancers (including HNSCC) after treatment with PD-1
inhibitors [8], its performance in predicting immunother-
apy response remains unsatisfactory for clinical applica-

tion [9]. This finding indicated the urgency of identifying
proper markers to effectively predict patients’ responses to
neoadjuvant chemoimmunotherapy (NACI) in advanced
HNSCC.
Accumulating evidence indicates that CD8+ tumor-

infiltrating lymphocytes (TILs) are the key players in
recognizing and eliminating cancer cells in antitumor
immunity, which shapes the fundamental clinical bene-
fit of immunotherapies in different cancers [10]. However,
the prognostic value of CD8+ T cell infiltration is still con-
troversial, primarily due to the functional heterogenicity
of CD8+ TILs [11]. Emerging evidence suggests that only
a small fraction of tumor-infiltrating CD8+ T cells play a
role in tumor control [12, 13], while the majority of CD8+
T cells are considered “bystanders” T cells that recognize
cancer-unrelated antigens, including common viral anti-
gens, and/or are cancer ignorant [14, 15]. Therefore, it is
important to identify the tumor-specific T cell subset that
can predict immunotherapy efficacy. Recent studies have
demonstratedCD103 as amarker of T cell activation,which
could be used to classify a subset of tumor-reactive CD8+ T
cells, and its expression correlated with better prognosis in
various solid tumors [16–18]. CD103+CD8+ TILs also play
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a crucial role in HNSCC [19, 20]. Nevertheless, the clini-
cal significance and characteristics of CD103+CD8+T cells
remain poorly understood in HNSCC patients treated with
NACI.
In this study, we confirmed promising biomarkers for

predicting the NACI effect in advanced HNSCC patients.
Then we explored the biomarker functions and mechanic
insights into how to reverses the immunosuppression
microenvironment to enhance the therapeutic effects of
NACI treatment in advanced HNSCC patients.

2 MATERIALS ANDMETHODS

2.1 Patient cohort characteristics

All patients, comprising a discovery cohort of 8 advanced
HNSCC patients and a validation cohort of 39 advanced
HNSCC patients, were enrolled in this study. Eligible
patients were selected based on the following inclusion
criteria: 1) confirmed diagnosis of HNSCC by two expe-
rienced pathologists; 2) clinical stage III-IVB according
to the eighth edition of the American Joint Committee
on Cancer (AJCC) guideline. These patients had no
previous history of anticancer therapy and received a
treatment regimen of paclitaxel and carboplatin plus
pembrolizumab, administered every 3 weeks for up to 6
weeks before surgery. The human papillomavirus (HPV)-
negative HNSCC tissue samples obtained from tumor
biopsies before NACI treatment. The efficacy of NACI
was evaluated based on the clinical responses and patho-
logic responses. Clinical responses were evaluated based
on radiologic assessments of tumor sizes by magnetic
resonance imaging (MRI) before and after neoadjuvant
therapy according to Response Evaluation Criteria in Solid
Tumors (RECIST, version 1.1) [21]. Patients were classified
into responders (complete response [CR] plus partial
response [PR]) or non-responders (stable disease [SD]),
and progressive disease [PD]) [16]. Pathologic responses
were evaluated based on the percentage of residual viable
tumor [22]. We classified each advanced HNSCC patient
into major pathologic response (MPR) (defined as ≤10%
(residual viable tumor cells, RVT) in the resected tumor
specimens) [23] or incomplete pathologic response (IPR;
defined as >10% (residual viable tumor cells, RVT) in the
resected tumor specimens) [7].

2.2 Cell lines

Cal-27 cells were purchased from American Type Culture
Collection (ATCC). SAS cellswere purchased from theChi-
nese Academy of Sciences. Cal-27 cells and SAS cells were

cultured in DMEM with 10% fetal bovine serum. All cells
were cultured at 37 ◦C with 5% CO2 and grown according
to standard protocols.

2.3 Human sample preparation

All 8 tumor biopsy samples were collected with regular
clinical practice as a discovery cohort and thenwere stored
inMACSTissue Storage Solution (Miltenyi, BergischGlad-
bach, Germany). Next, all samples were enzymatically
digested with a gentleMACS Tumor Dissociation Kit (Mil-
tenyi) at 37◦C for 60 min according to the manufacturer’s
protocol. Subsequently, the dissociated cells were passed
through a 40 μm cell strainer (Biosharp, Hefei, Anhui,
China) and centrifuged at 300 × g for 10 min. The pel-
leted cells were suspended in red blood cell lysis buffer
and then resuspended in phosphate-buffered saline (PBS,
Gibco, Carlsbad, CA, USA) supplemented with 2% fetal
bovine serum (FBS, ExCell, Shanghai, China) after wash-
ing twice with PBS. Peripheral blood mononuclear cells
(PBMCs) were isolated according to the manufacturer’s
protocol [24]. Briefly, 5 mL of fresh peripheral blood was
collected before treatment initiation in EDTA anticoagu-
lant tubes and subsequently extracted by Lymphoprep™
(StemCell, Vancouver, Canada) solution. After centrifuga-
tion, lymphocyte cells were carefully transferred to a new
50 mL tube and washed with PBS. Next, the lymphocyte
cells were incubated on ice for 10 min to lyse red blood
cells. Finally, the cells were resuspended in a sorting buffer
with PBS plus 2% FBS.

2.4 Single-cell RNA sequencing
(scRNA-seq) and library construction

According to the manufacturer’s protocol, scRNA-seq
libraries were constructed [25]. In summary, the density
of cells was determined after washing once with PBS
containing 0.04% bovine serum albumin (BSA, Invitrogen,
Carlsbad, CA, USA). Next, 2 × 105 cells were loaded
on a 10x Genomics GemCode Single-cell instrument
(10x Genomics, San Francisco, CA, USA) that generates
single-cell Gel Bead-In-EMlusion (GEMs). Libraries
were generated and sequenced from the cDNAs with the
Chromium Next GEM Automated Single Cell 3’ cDNA Kit
v3.1 (10x Genomics, San Francisco, CA, USA). Upon dis-
solution of the Gel Bead in a GEM, primers containing an
Illumina R© R1 sequence (read 1 sequencing primer), a 16
nt 10x Barcode, a 10 nt UniqueMolecular Identifier (UMI),
and a poly-dT primer sequence were released and mixed
with cell lysate and Master Mix. Barcoded, full-length
cDNAs were then reverse-transcribed from polyadeny-
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lated mRNA. Silane magnetic beads were used to remove
leftover biochemical reagents and primers from the post-
GEM reactionmixture. Full-length, barcoded cDNAswere
then amplified by quantitative real-time PCR (qRT‒PCR)
to generate sufficient mass for library construction.
Finally, single-cell RNA libraries were sequenced by an
Illumina HiSeq X-Ten sequencer with 150 bp paired-end
reads.

2.5 scRNA-seq data analysis

The Cell Ranger toolkit (version 3.1.0) provided by 10x
Genomics was applied to aggregate raw data, filter low-
quality reads, align reads to the human reference genome
(GRCh38), assign cell barcodes, and generate the UMI
matrix. A Python-based toolkit, Scanpy (version 2.3.4)
[25], was used to analyze the scRNA-seq data. The raw
data were first processed to filter out low-quality reads by
the Cell Ranger toolkit (version 3.1.0) from 10x Genomics
and then mapped with the human reference genome
(GRCh38), cell barcodes were assigned, and the UMI
matrix was generated. Next, the data were analyzed by
Scanpy (version 2.3.4), and Scanpy was used for analyzing
dimension reduction and unsupervised clustering. After
clustering results were obtained, to identify differentially
expressed genes, ANOVA was performed using the R
package limma and the difference between each cluster
pair was tested using the P value of Tukey’s Honest Sig-
nificant Difference test < 0.01 implemented in R function.
Furthermore, the R package was applied to perform
Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Pathway Interaction Database
(PID) analyses. Of note, the uniform manifold approxi-
mation and projection (UMAP) method was used for the
visualization of cell distance in the reduced 2D space. To
identify potential cell–cell interactions, the R package Cell
Chat (version 1.1.3) was used to evaluate the expression
of pairs of ligands and receptors within cell populations.
Briefly, we first pooled cells by subtype across all tumor
samples. To determine available ligands-receptors that
were enriched in individual subtypes, we performed
differential expression analysis of ligand-receptors genes
by a one-sided Wilcoxon rank-sum test.

2.6 Multicolor immunohistochemistry
(mIHC)

According to the manufacturer’s instructions, mIHC
staining of formalin-fixed, paraffin-embedded (FFPE)
tumor samples from 39 advanced HNSCC patients was
performed using an Opal 7-Color Kit (Cat#0004100100,

Panovue, Beijing, China). The following antibodies
were purchased from Cell Signaling Technology (CST,
Danvers, MA, USA) or Abcam (Waltham, MA, USA):
CD8 (1:200, #85336, CST), CD103 (1:200, EPR22590-27,
Abcam), cytokeratin (1:250, #67306, CST), CD68 (1:1000,
#76437, CST), and TREM2 (1:500, #91068, CST). For each
staining, a secondary horseradish peroxidase-conjugated
antibody (Panovue, Beijing, China) was incubated with
a tyramide-coupled fluorophore: Opal 690, Opal 620,
Opal 570, Opal 520, and Opal 480. The selected field of
mIHC images was captured by using Akoya Vectra Polaris
(Akoya Biosciences, Marlborough, MA, USA), and then
the InForm software (Akoya Biosciences, Marlborough,
MA, USA) was used to analyze the images for spectral
unmixing, tissue segmentation (epithelial versus stromal
areas), and cell segmentation followed by cell phenotyping
for identification of cell populations defined by the com-
bination of individual markers. The density (number of
cells per mm2) of CD8+, CD103+CD8+, and CD103−CD8+
cells was determined for each tumor sample in the total
tumor area, as well as in the stromal and intraepithelial
compartments, based on tissue segmentation. The total
CD103+CD8+ cells in the tumor microenvironment were
defined as intratumoral CD8+CD103+ TILs, and the
CD103+CD8+ cells in epithelial regions were defined
as intraepithelial CD8+CD103+ TILs. Images were also
analyzed by HALO R© platform v3.3 (Indica Labs, Albu-
querque, NM, USA), which allows for the identification of
marker of interest colocalization and cellular spatial rela-
tion analysis. HALO R© density heatmaps of CD103+CD8+
TIL compartments were created to visually compare
immune infiltrate patterns. To further investigate the
infiltration pattern of CD103+CD8+ TILs, we quantified
the expression of CD103 and CD8 in both tumor and
stromal compartments by using the HALO R© (Indica
Labs) v3.3 platform, an immune cell spatial analysis
software [26]. Spatial relationships between CD103+CD8+
TILs and triggering receptor expressed on myeloid cells
2-positive (TREM2+) CD68+ macrophage cells were also
evaluated.

2.7 T cell activation and cell sorting

Naive CD8 T cell subsets were isolated by CD8MicroBeads
(Miltenyi, Cat#: 130-045-201), and then 2 × 106 naive T
cells were cultured in complete RPMI-1640 (Gibco, Carls-
bad, CA, USA) containing 10% FBS supplemented with
CD3/CD28 MicroBeads (Miltenyi, Cat#: 130-050-101 and
Cat#: 130-093-247) and 2 ng/mL TGFβ-1 (Peprotech, #100-
21, Cranbury, NJ, USA) according to the manual. After
blockingwith Fc Receptor Blocking Solution (Cat# 422301,
Biolegend, San Diego, CA, USA), the CD8 subsets were
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sorted as CD103− and CD103+ (#350216, Biolegend) by
flow cytometry.

2.8 Flow cytometry (FACS) analysis

After tissue processing and cell counting, approximately
2 × 106 human cell suspensions were stained with a
fixable live/dead dye (Biolegend) for 10 min at room tem-
perature and then stained with fluorophore-conjugated
antibodies for 30 min at 4◦C after blocking with Fc recep-
tor. The fluorescently labeled antibodies were as follows:
FITC anti-CD8 (1:100; #980908; Biolegend), BV421 anti-
CD103 (1:100; #350214; Biolegend), BV650 anti-PD-1 (1:100;
#367430; Biolegend), FITC anti-IFN-γ (1:50; #552887;
BD Biosciences), APC anti-CXCL13 (eBioscience; 1:100;
#DS8CX13, California, USA), APC anti-TNF-α (1:200; #
502912; Biolegend), PE anti-granzyme B (1:100; #561142;
BD Biosciences), BV605 anti-CD69 (1:50; #310937; Biole-
gend), APC anti-IL-2 (1:100; #339008; Biolegend), and PE
anti-Ki-67 (1:100; #567720; BDBiosciences; Franklin Lakes,
NJ, USA).

2.9 Cytotoxic experiments

Cancer cells (2 × 103) were seeded in 96-well plates, and
then T cells were added to the cocultures at different ratios
(E:T ratios of 1.563:1, 3.125:1, 6.25:1, 12.5:1, 25:1, or 50:1)
without the addition of exogenous cytokines. The cytolytic
activity was analyzed by LDH-Glo™ Cytotoxicity Assay
(Promega,WoodsHollowRoad,WI, USA) according to the
manual. The mean percentage of specific cell lysis in trip-
licate wells was calculated using the following formula:
mean percentage of specific cell lysis = test release-
spontaneous release/maximal release-spontaneous release
× 100.

2.10 PD-L1 immunohistochemistry
(IHC)

The experiments were performed as previously described.
All fixed tissue samples were deparaffinized using xylene
and graded concentrations of ethanol, subjected to antigen
retrieval with EDTA at pH 9.0, and incubated with 30%
hydrogen peroxide for 10 min at room temperature. Then,
they were blocked with goat serum for 1 hour at 37◦C and
incubated with the indicated antibody at 4◦C overnight.
PD-L1 expression was evaluated using a PD-L1 22C3 phar-
mDx assay (Dako North America, Carpinteria, CA, USA).
CPSwas defined as the total number of PD-L1-stained cells
(including tumor cells, tumor-associated lymphocytes, and

macrophages) divided by the total number of viable tumor
cells multiplied by 100.

2.11 Animal experiments

Female NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt
mice (NCG) at 3 to 4 weeks of age were purchased from
Gempharmatech (Nanjing, Jiangsu, China). All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Sun Yat-sen University. Mice
were bred in a specific pathogen-free (SPF) animal house
at 28◦C and 50% humidity. For the tumor suppression
experiments, the mice were randomly divided into 3
groups (n = 3 per group). SAS cells (2 × 106) were subcu-
taneously injected into the dorsum of the mice. Tumor
growth was measured every 5 days during a 5-week period
with tumor volume (tumor volume = length × width2 ×
0.5). When the tumors grew to 50 mm3, the mice were
injected with PBS, 2 × 107 CD103+CD8+ T cells, or 2 ×
107 CD103+CD8+ T cells combined with a PD-1 inhibitor
(pembrolizumab; Merck & Co., Inc., Rahway, NJ, USA) at
a 5 μg/g dose per mouse once every week 4 times via the
tail vein. Tumor weight and size of mice were observed
at set time points over a 35-day period, and then animals
were euthanized and prepared for FACS.

2.12 Statistical analysis

Comparisons between patient characteristics were per-
formed using the chi-square or Fisher’s exact test for
discrete variables and unpaired 2-tailed Student’s t-test.
Receiver operating characteristic (ROC) curves were con-
structed, and the areas under the curves (AUCs) were
calculated to evaluate the predictive abilities of the CPS
and CD103+CD8+ TILs. Meanwhile, decision curve anal-
ysis (DCA) was used to validate the clinical utility of the
model based on the net benefit [27]. Survival analyses
were performed using the Kaplan-Meier method and log-
rank test. Progression-free survival (PFS) was calculated
from the date of first immunotherapy until disease pro-
gression or death due to any cause. Overall survival (OS)
was calculated from the date of the first immunotherapy
administration until death due to any cause. Statistical
significancewas determinedwith the paired or unpaired 2-
tailed Student’s t-test or with one-way analysis of variance
(ANOVA) with Bonferroni correction. Pearson correlation
was used to estimate correlations between two groups.
Statistical analyses were performed with GraphPad Prism
software 8 (GraphPad Software Inc., San Diego, CA). Sta-
tistical significance was indicated as P < 0.05, P < 0.01, P
< 0.001.
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3 RESULTS

3.1 Identification of a unique T cell
subset, CD8+CD103+ T cells, in tumors
derived from NACI-responsive patients
with advanced HNSCC

To exploit the complexity of the tumor microenvironment
in determining NACI efficacy, we performed scRNA-seq
on tumor biopsies obtained from 8 patients with advanced
HNSCC who were either responsive or non-responsive
(based on RECIST, version 1.1) [25]. The regimen for NACI
was 2 courses of 3 weeks, and the response to NACI was
evaluated after the end of treatment. In this study, tumor
samples were collected from patients before receiving
NACI and were then subjected to scRNA-seq analysis, and
the results were validated by subsequent FACS and mIHC
analysis as described in the workflow chart (Figure 1A).
After quality filtering of our scRNA-seq data, we obtained
54,955 high-quality cells, and the single-cell transcriptome
data were then visualized followingUMAP dimensionality
reduction and clustered using the Seurat Louvain algo-
rithm [25]. A total of 17 distinct major clusters representing
epithelial, immune, and stromal populations were identi-
fied (Figure 1B). In comparison with the non-responders,
the responders showed a significant increase in the level
of T and natural killer (NK) cell clusters, suggesting that
these cells could be the key players in modulating NACI
efficacy (Figure 1C). Based on our high-resolution T and
NK subset map in HNSCC tumors, we identified 4 CD8+
T cell clusters (CD8-CD103+, CD8-GZMK+, CD8-LEF1+,
and CD8-ISG+), 2 CD4+ T cell clusters (Treg-TNFRSF4+
and CD4-CXCL13+), an NK cell cluster (NK-FCGR3A+),
a gamma delta T cell cluster (gd T-TRDC+), a double-
positive T cell cluster (DP-MKI67+), and a double-negative
T cell cluster (DN-TRDV2+) (Figure 1D). Interestingly, our
results indicated that the cell density of the CD103+CD8+
T cell subtype was significantly higher in responders than
in non-responders (Figure 1E), which was consistent with
the previously observed predictive role of CD103+CD8+
T cells in the immunotherapy response in non-small cell
lung cancer (NSCLC) [16]. Since the application of NACI
has been approved for NSCLC [28] and triple-negative
breast cancer (TNBC) patients [29], we further explored
the role of CD103+CD8+ T cells in patients with NSCLC
and TNBC by reanalyzing the scRNA-seq data obtained
from published papers [25, 30]. As expected, our bioinfor-
matic results revealed that the increased CD103+CD8+ T
cell density strongly correlated with a better response to
NACI in TNBC patients (Supplementary Figure S1A-C).
In contrast, we did not observe an association between
CD103+CD8+ T cells andNACI efficacy inNSCLC patients
(Supplementary Figure S1D-F).

To generate the comprehensive T cell atlas of our
scRNA-seq data, we presented a heatmap to visualize
the heterogeneous T cell subtypes that exhibited distinct
molecular signatures, indicative of their unique cellular
identities (Figure 1F).Overall, ourwork identified a unique
CD8+ T cell subset, known as CD8+CD103+ T cells, in
which its density may correlate with NACI efficacy in
advanced HNSCC patients.

3.2 Characterization of CD103+CD8+ T
cells across molecular features

To explore the biological states of CD103+CD8+ T cells in
the tumor microenvironment, we performed GO, KEGG,
and PID analyses to investigate the functional charac-
teristics of this T cell subset (Figure 2A-C), indicating
that the CD103+CD8+ T cell subset was more enriched
in biological processes associated with immunomodula-
tion, such as “antigen processing and presentation” and
“NK cell-mediated cytotoxicity”, compared to the other T
cell subsets. Consistent with these findings, CD103+CD8+
T cells had relatively high expression of genes involved
in T cell activation and tumor-reactive cytotoxic markers
(Figure 2D).
To gain further insight into the molecular characteris-

tics of CD103+CD8+ T cells, we conducted FACS analysis
with tumor samples obtained from advanced HNSCC,
and the characteristics of CD103+CD8+ T cells were fur-
ther screened and examined (Supplementary Figure S2A).
As expected, our results showed that the expression of
proliferation (Ki-67 and IL-2), activation (CD69), effector
(TNF-α, GZMB, and CXCL13) and immune checkpoint
(PD-1)markers were elevated in CD103+CD8+ T cells com-
pared to CD103−CD8+ T cells (Figure 2E), indicating that
this subset could be capable of killing cancer cells more
efficiently in conjunction with immune checkpoint block-
ade (ICB) responses. Interestingly, our FACS results also
found that CD103+CD8+ T cells were more enriched in
the responders, which was consistent with the distribu-
tion profile displayed in the scRNA-seq data (Figure 2F). In
contrast, our FACS analysis indicated that CD103+CD8+ T
cells were hardly detected in the peripheral blood, suggest-
ing they could be tumor-infiltrating lymphocytes (TILs)
with a tissue-resident memory phenotype. Next, we per-
formed in vitro cytotoxicity assays with CD103− CD8+
or CD103+CD8+ T cells, in which they were first stimu-
lated by TGF-β and then cocultured with tumor cells at
different effector:target (E:T) ratios. The results indicated
that CD103+CD8+ T cells displayed a stronger cytotoxic
capacity against cancer cells than the CD103−CD8+ T
cells, while their cytotoxicity was also enhanced with
an increasing E:T ratio (Supplementary Figure S2B). To
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F IGURE 1 Immune cell profile of advanced HNSCC at single-cell atlas. (A) Schematic overview of the experimental design and
analytical workflow. We performed combined scRNA-seq and mIHC staining with tumor samples derived from NACI-treated HNSCC
patients to identify CD103+CD8+ TILs, associated with clinical response. (B) A total of 17 mega-clusters in advanced HNSCC. The clusters are
visualized and labeled by cell type via UMAP visualization. The distributions of cell clusters between the responders and non-responders are
visualized by UMAP visualization. The distributions of cell clusters from 8 tumor samples are visualized respectively by UMAP visualization.
(C) All cell type clusters are visualized via UMAP visualization in the responders versus non-responders. Boxplots showing the alterations of
cell clusters between the responders and non-responders. (D) UMAP visualization of T and NK cell subclusters. The clusters are visualized
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further explore the function of human CD103+CD8+ T
cells in antitumor immunity in vivo, we subcutaneously
injected human HNSCC cells (SAS) into NCG mice (a
mouse model with triple immunodeficiency and a lack of
functional/mature T, B, and NK cells), which were then
treated with either PBS, solely CD103+CD8+ T cells, or
a combination of CD103+CD8+ T cells and the anti-PD-
1 (Supplementary Figure S3A). Our data revealed that
CD103+CD8+T cell treatment reduced tumor growth in
SAS tumor-bearing mice, while coadministration of anti-
PD-1 and CD103+CD8+ T cells suppressed tumor growth
even further compared to the tumor growth suppres-
sion in mice treated with CD103+CD8+ T cells alone or
PBS (Supplementary Figure S3B-D). Further FACS anal-
ysis of the above tumor samples revealed a significant
increase in the release of the cytokines IFN-γ, GZMB
and TNF-α as well as the CD103+CD8+ T cell popula-
tion in the combinatorial treatment group compared to
the PBS or solely CD103+CD8+ T cell groups (Supplemen-
tary Figure S3E). Collectively, these results showed that the
infiltrated CD103+CD8+ T cells, known as CD103+CD8+
TILs, in HNSCC tumors were tumor-reactive T cells,
which might provide an effective antitumor function for
immunotherapy.

3.3 Intratumoral CD103+CD8+ TILs
predict favorable responses to NACI in
cancer patients

Since our analysis above revealed that CD103+CD8+
TILs might play a central role in antitumor immunity,
we established a retrospective tumor cohort (validation
cohort) of 39 patients with advanced HNSCC treated
with NACI to further examine our findings (Supplemen-
tary Table S1). Tumor samples were collected from the
patients before receiving NACI treatment, and the den-
sity of CD103+CD8+ TILs was evaluated by performing
mIHC. We found that CD103+CD8+ TILs were signif-
icantly enriched in responders (Figure 3A). To better
confirm the contribution of CD103+CD8+ TILs to NACI
efficacy, the pathological responses were evaluated based
on the percentage of residual viable tumor (RVT) cells.
Therefore, we classified each of the 39 patients into the

group with either MPR (defined as ≤10% RVT cells) or IPR
(defined as >10% RVT cells). Since the MPR met the cri-
teria for a surrogate endpoint after neoadjuvant therapy
in a variety of cancers [1, 7, 23], it was strongly associ-
ated with improved survival, which is also reflective of
the treatment impact and captures the magnitude of the
treatment benefit on patient survival [23]. As expected,
the density of CD103+CD8+ TILs had a higher fraction in
the patients with MPR than in those with IPR. However,
CD103−CD8+ TILs showed a weak association with the
response to NACI (Figure 3B). In addition, no strong corre-
lation was observed between the density of CD103+CD8+
TILs and the radiologic response or pathologic response
of the patients (Supplementary Figure S4A). To decipher
the immune cell dynamics during NACI treatment, we
performed mIHC staining experiments to examine the
modulation of CD103+CD8+ TILs subset in tumor sam-
ples obtained from 39 advanced HNSCC patients pre- and
post-NACI treatment (Figure 3C). Our results indicated
that the dynamic alteration of CD103+CD8+ TILs density
was expanded in the responsive patients after treatment
with NACI, whereas the population of CD103+CD8+ TILs
was not different in the non-responsive cohort before and
after NACI treatment (Figure 3D-E). Similarly, the den-
sity of CD103+CD8+ TILs was inclined to increase in
the patients with MPR after receiving NACI treatment
(Supplementary Figure S4B). In contrast, no expansion of
this TIL subset was observed in the non-responders and
patients with IPR after receiving NACI treatment (Sup-
plementary Figure S4B). Unlike CD103+CD8+ TILs, our
results showed that CD103−CD8+ TILs did not respond
to NACI treatment in either responders or non-responders
(Figure 3E, Supplementary Figure S4B).
To better explore the potential diagnostic value of

CD103+CD8+ TILs for clinical study, we sought to deter-
mine the relationship between theCD103+CD8+ TILs den-
sity and the clinical characteristics of advanced HNSCC
patients in our validation cohort. These results demon-
strated that 40.0% (8/20) of the patients with a high
density of CD103+CD8+ TILs were at the T1-T2 stage, but
only 21.1% (4/19) of the patients with a low density of
CD103+CD8+ TILs were within the T1-T2 stage, indicating
that the T1-T2 primary tumors had more CD103+CD8+T
cell infiltration. Similarly, we found that 21.1% (4/19) of

and labeled by cell type. The bar graph represents the proportion of these subclusters in responders and non-responders. (E) The bar graph
represents the proportion of CD103+CD8+ T cells in the T cell expression between the responders and non-responders. (F) Heatmap depicting
the cell-type-specific markers in the T and NK cell subclusters of scRNA-seq analysis. Abbreviations: HNSCC, head and neck squamous cell
carcinoma; scRNA-seq, single-cell RNA sequencing; NK, natural killer; GZMK, Granzyme K; LEF1, lymphoid enhancer binding factor 1; ISG,
interferon stimulated exonuclease gene; TNFRSF4, TNF receptor superfamily member 4; CXCL13, C-X-C motif chemokine ligand 13;
FCGR3A, Fc gamma receptor IIIa; TRDC, T cell receptor delta constant; MKI67, Marker of proliferation Ki-67; TRDV2, T cell receptor delta
variable 2.
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F IGURE 2 The molecular characterization of CD103+CD8+ TILs. (A) GO analysis of gene set from the CD8+ TILs subtypes. (B) KEGG
analysis of gene set from CD8+ TILs subtypes. (C) PID analysis of gene set from the CD8+ TILs subtypes. (D) Heatmap depicting the
cell-type-specific markers in the CD8+ TILs subtypes. (E) FACS analysis of gene expression in CD103+CD8+ T cells and CD103−CD8+ T cells
from advanced HNSCC tissues (n = 4). (F) FACS analysis of CD103+CD8+ T cell population in PBMC (B), responders (R) and non-responders
(NR) tumor tissues, respectively (n = 10). Horizontal bar indicates the median. Significance was determined with an unpaired 2-tailed
student’s t-test or one-way ANOVA with Bonferroni post hoc test. Abbreviations: TIL, tumor-infiltrating cell; HNSCC, head and neck
squamous cell carcinoma; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PID, Pathway Interaction Database; IL-2,
Interleukin 2; TNF-α, tumor necrosis factor; GZMB, Granzyme B; CXCL13, C-X-C motif chemokine ligand 13; PD-1, programmed cell death
protein-1; CCR7, C-C Motif Chemokine Receptor 7; PBMC, peripheral blood mononuclear cell; FACS, flow cytometry.



1152 REN et al.

F IGURE 3 The increased CD103+CD8+ TIL density is associated with better therapeutic response in NACI-treated HNSCC patients. (A)
mIHC image of DAPI, Cytokeratin (CK), CD103, and CD8 staining of advanced HNSCC tissues in the responders and non-responders. Scale
bar, 100 μm. (B) Density of intratumoral CD103+CD8+ TILs and CD103−CD8+ TILs in tumors was assessed in the MPR group (n = 22) and
IPR group (n = 17) patients to NACI via mIHC assay. Density of intratumoral CD103+CD8+ TILs and CD103−CD8+ TILs in tumors was
assessed in the responders (R; n = 19) and non-responders (NR; n = 20) patients to NACI. Image shows CD103+CD8+ (yellow), CD103−CD8+

(red), and CD8+ (red) cells in advance HNSCC (lower panel). Scale bar, 10 μm. (C) MRI showing the tumor size in responders and
non-responders before and after NACI, respectively. (D) mIHC image shows the density of CD103+CD8+ TILs in tumors from responders and
non-responders before and after NACI. Scale bar, 200 μm. (E) The temporal alterations of the density of CD103+CD8+ TILs and CD103−CD8+

TILs from pre- and post-NACI in the responders (n = 19) and non-responders (n = 20) via mIHC assay. (F) Distribution of CD103+CD8+ TILs
between different clinical characteristics in patients with advanced HNSCC. Horizontal lines indicate the mean ± SEM. Significance was
determined with a 2-tailed Mann-Whitney U test. Pearson’s chi-square test was used for studying the distribution of intraepithelial
CD103+CD8+ TILs across different subgroups. Abbreviations: TIL, tumor-infiltrating cell; HNSCC, head and neck squamous cell carcinoma;
mIHC, multiplex immunofluorescent; MRI, Magnetic resonance imaging; MPR, major pathologic response; IPR, incomplete pathologic
response; R, responders; NR, non-responders; SEM, standard error of the mean; NACI, neoadjuvant chemoimmunotherapy; MRI, magnetic
resonance imaging.
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the patients with a low density of CD103+CD8+ TILs
and 35.0% (7/20) of the patients with a high density of
CD103+CD8+ TILs belonged to clinical stage III. Intrigu-
ingly, 12 (70.6%) patients with no lymph node metastasis
were defined as having a high density of CD103+CD8+
TILs. However, only 26.3% (5/19) of the patients with a low
density of CD103+CD8+ TILs had no lymph nodemetasta-
sis. Among the poorly differentiated stage, only 12.5% (1/8)
of the patients had a high density of CD103+CD8+ TILs.
Conversely, 81.3% (13/16) of the patients with good differ-
entiation contained a high density of CD103+CD8+ TILs
(Figure 3F, Supplementary Table S2). We then correlated
the survival data of these patients with CD103/CD8 scores
(the expression of CD103 was divided by CD8 expression).
As shown in Supplementary Figure S4C, patients with
a higher frequency of CD103+ cells among CD8+ TILs
tended to have prolonged PFS or OS compared to patients
with a low frequency of the CD103+CD8+ TIL subtype.
Collectively, our results indicated that the dynamic alter-
ation of CD103+CD8+ TILs density may dictate the NACI
response in advanced HNSCC patients, while the den-
sity of CD103+CD8+ TILs also correlated with the clinical
characteristics of advanced HNSCC patients.

3.4 The intraepithelial CD103+CD8+
TILs subset functions as a strong indicator
of NACI efficacy in HNSCC

Most solid tumors are divided into 3 major immuno-
logical phenotypes, termed immune inflamed, immune
excluded, and immune desert [31]. Accumulating evidence
supports the idea that a higher level of T cell infiltration
in tumors is positively correlated with response rates to
immunotherapies [32]. Thus, examining the infiltration
pattern of CD103+CD8+ T cells could be even more valu-
able in predicting the patient’s response to NACI. To do so,
we classified each mIHC-stained image into tumor nests
and stromal areas using InForm software, a supervised
image analysis system based on machine learning [33].
Next, we identified the nuclear, cytoplasmic, andmembra-
nous outlines using the cell segmentation technique. Cell
phenotyping data were obtained based on the positivity
and relative intensity of all markers in one panel. Finally,
the cell density of CD103+CD8+ TILs was measured sep-
arately in the tumor and stromal compartments of the
tissue samples obtained from the responders and non-
responders (Figure 4A). Our data showed that the density
of intraepithelial CD103+CD8+ TILs was positively corre-
lated with the efficiency of NACI, whether it was based
on radiographical or pathological assessment, whereas the
increased stromal CD103+CD8+ TILs level did not respond
efficiently to NACI treatment (Figure 4B).

As shown in Figure 4C, the interface between tumor
and stromal cells was first identified, while the density
of CD103+CD8+ TILs was then separately quantified
within the tumor and stromal compartments using the
proximity analysis histogram method. Further data anal-
yses indicated that CD103+CD8+ TILs were enriched
among the responders, with a median of 408.1 cells per
mm2. More importantly, the density of CD103+CD8+
TILs, ranging from 58.2 cells per mm2 to 849.3 cells per
mm2, was higher in the intraepithelial region than in
the stroma. However, there were fewer CD103+CD8+
TILs found in the non-responders, with a median of 22.2
cells per mm2, and their CD103+CD8+ TILs density was
only between 6.4 cells per mm2 and 18.8 cells per mm2

in the intraepithelial region, indicating that the density
of intraepithelial CD103+CD8+ TILs was more strongly
associated with antitumor immunity in cancer patients.
Next, we analyzed the clinical value of intraepithelial
CD103+CD8+ TILs by evaluating their correlation with
radiologic response and pathologic response in HNSCC
patients. As shown in Supplementary Figure S5A-B, the
intraepithelial CD103+CD8+ TILs density displayed a
positive correlation with radiologic response (Pearson’s
R2 = 0.211, P = 0.003) and pathologic response (Pearson’s
R2 = 0.170, P = 0.009) in HNSCC patients. Interestingly,
our data showed that most responders possessed a higher
density of intraepithelial CD103+CD8+ TILs after receiv-
ing NACI treatment. In contrast, no expansion of this
subset was observed in the non-responders (Figure 4D).
Similar results were also observed when analyzing the
correlation between the dynamic level of intraepithelial
CD103+CD8+ TILs and patients’ pathologic responses
(Supplementary Figure S5C). Next, we investigated the
predictive value of intraepithelial CD103+CD8+ TILs in
discriminating responders and non-responders. Notably,
to some extent, intratumoral (including both tumor and
stromal compartments) and stromal CD103+CD8+ TILs
could be used to discriminate potential NACI responders
and non-responders (area under curve AUC = 0.761 for
intratumor and AUC = 0.690 for stroma), whereas the
use of intraepithelial CD103+CD8+ TILs improved the
probability of correctly separating responders from non-
responders with more than 80% accuracy (AUC = 0.850;
Figure 4E). These results demonstrated that the intraep-
ithelial CD103+CD8+ TILs density could be used to predict
the response to NACI in HNSCC patients more accurately.
Further, we evaluated the correlation between intraep-
ithelial CD103+CD8+ TILs and the clinical characteristics
of HNSCC patients. Consistent with the features of intra-
tumoral CD103+CD8+ TILs, our data showed that a high
density of intraepithelial CD103+CD8+ TILs was more
correlated with primary tumors with T1-T2, stage IIIand
well-differentiated stages (Figure 4F). In addition, our
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F IGURE 4 Intraepithelial CD103+CD8+ TIL density has a strong predictive value for therapeutic response in HNSCC patients treated
with NACI. (A) Overview of the automated image analysis pipeline via inform analysis (upper panel). The spatial distribution of
CD103+CD8+ TILs in the responders and non-responders (lower panel). Digital markup image shows tumor (red) and stromal (green) zones
of the tumor section defined by cytokeratin staining. Digital markup image shows CD103+CD8+ TILs (red). Scale bar, 100 μm. (B) Density of
intraepithelial and stromal CD103+CD8+ TILs in tumors were assessed in the MPR group (n = 22) and IPR group (n = 17) patients to NACI via
inform analysis. Density of intraepithelial and stromal CD103+CD8+ TILs in tumors were assessed in the responders (R; n = 19) and
non-responders (NR; n = 20) with NACI. (C) HALO R© spatial analyses demonstrate the spatial distribution of CD103+CD8+ TILs in the
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clinical study indicated that the intraepithelial CD103/CD8
score tended to be positively associated with PFS and OS
in advanced HNSCC patients (Supplementary Figure
S5D). Collectively, these data suggested that the intraep-
ithelial CD103+CD8+ TILs density had the strongest
predictive value for NACI response in HNSCC patients
compared to the intratumor or stromal CD103+CD8+ TILs
density.

3.5 Incorporating the CPS with
intraepithelial CD103+CD8+ TILs level
enhances its predictive accuracy of
neoadjuvant chemoimmunotherapeutic
response in HNSCC

To evaluate the correlation between the density of
CD103+CD8+ TILs and the context of distinct clinico-
pathological factors in our cohort, the waterfall plot of
pathological response for individual patients with infil-
tration profiles is shown in Figure 5A. To date, the
CPS has been developed to predict the anti-PD-1 (pem-
brolizumab) therapy response in cancer patients [3].
Although CPS is an evaluating method with a high pre-
dictive value of improved survival across solid tumors
[3, 34], its performance in predicting the responses of
NACI treatments remains unclear especially in the case
of advanced HNSCC. Within the cohort in this study,
our data showed that responders tended to have high
CPSs, whereas patients with low CPS were more likely
to be non-responders (Figure 5B). Similarly, the patients
achieving MPR showed higher CPS than those with IPR
(Supplementary Figure S6A).However, therewas no corre-
lation between the CPS and the radiographic or pathologic
response in HNSCC patients (Figure 5C, Supplementary
Figure S6B). Moreover, in a paired analysis of pre- and
post-NACI-treated tumor samples, a dynamic change in
CPS was not observed in the non-responders. Interest-
ingly, among responders and the MPR group, the CPS

was inclined to decrease after NACI treatment, while this
tendency was observed as inversed in the IPR group (Sup-
plementary Figure S6C-D), suggesting that CPS might be
a weak predictor for NACI response in advanced HNSCC
patients.
Recent studies have reported that TILs can regulate

PD-L1 expression through various signaling pathways [9,
35, 36]. Therefore, we performed a thorough correlation
analysis of PD-L1 and intraepithelial CD103+CD8+ TILs.
Notably, the CPS showed a negligible correlation with
intraepithelial CD103+CD8+ TILs density in our cohort
when analyzed as a continuous variable (Pearson’s R2 =
0.016, P = 0.440) (Figure 5D). Meanwhile, we found that
the infiltrated intraepithelial CD103+CD8+ TILs level was
significantly associated with the response to NACI in both
the CPS < 20 and CPS ≥ 20 groups (Figure 5E, Sup-
plementary Figure S6E). These results demonstrated that
the intraepithelial CD103+CD8+ TILs density could func-
tion as an independent predictor of NACI, which was not
affected by PD-L1 expression. More importantly, our data
showed that 70.0% (14/20) and 75.0% (15/20) of the patients
with a high density of CD103+CD8+ TILs could be iden-
tified as responders and patients with MPR, respectively
(Supplementary Table S3). However, only 52.7% (10/19)
of the patients within the responders had CPS ≥ 20 and
54.4% (12/22) of the patients with CPS ≥ 20 reached MPR
(Supplementary Table S4). In addition, further statisti-
cal analyses showed that the density of intraepithelial
CD103+CD8+ TILs displayed an enhanced predictive value
for NACI in comparison with intratumoral CD103+CD8+
TILs (including both tumor and stromal compartments)
and the CPS method alone (AUC = 0.850 for intraep-
ithelial CD103+CD8+ TILs; AUC = 0.761 for intratumoral
CD103+CD8+ TILs; AUC = 0.661 for CPS; Figure 5F).
Intriguingly, ROC curve analyses showed that combining
CPS with intraepithelial CD103+CD8+ TILs level elevated
the predictive accuracy of CPS even more than either of
them individually. We also revealed that the area under
the decision curve of “intraepithelial CD103+CD8+ TILs

responders and non-responders. Digital markup image shows tumor (red) and stromal (green) zones of the tumor section defined by
cytokeratin staining. Digital markup image shows the density of intratumoral CD103+CD8+ TILs (blue), intraepithelial CD103+CD8+ TILs
(red), and stromal CD103+CD8+ TILs (green). Scale bar, 1 mm, 200 μm. Proximity analysis histograms of CD103+CD8+ TILs within an 800 μm
radius by progressive segments of 200 μm bands in advanced HNSCC tissues. (D) Temporal alterations in the density of intraepithelial
CD103+CD8+ TILs from pre- and post-NACI in the responders (n = 19) and non-responders via inform analysis (n = 20). (E) Predictive value
of intratumoral CD103+CD8+ TILs, intraepithelial CD103+CD8+ TILs, and stromal CD103+CD8+ TILs via ROC analysis. (F) Distribution of
intraepithelial CD103+CD8+ TILs between different clinical characteristics in patients with advanced HNSCC. Horizontal lines indicate the
mean ± SEM. Significance was determined with a 2-tailed Mann-Whitney U test. Pearson’s chi-square test was used for studying the
distribution of intraepithelial CD103+CD8+ TILs across different subgroups.
Abbreviations: TIL, tumor-infiltrating cell; HNSCC, head and neck squamous cell carcinoma; MPR, major pathologic response; IPR,
incomplete pathologic response; ROC, Receiver Operating Characteristic; R, responders; NR, non-responders; SEM, standard error of the
mean; NACI, neoadjuvant chemoimmunotherapy.
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F IGURE 5 Comparison and association of CPS with CD103+CD8+ TIL level. (A) The waterfall plot depicting the correlation between
the density of CD103+CD8+ TILs and clinicopathological features of individual patients who NACI (n = 39). The black horizontal line
represents 90% pathological response. (B) CPS was assessed in the responders (R; n = 19) and non-responders (NR; n = 20) with NACI. (C)
Correlation between CPS and radiographic response (n = 39). (D) Correlation between intraepithelial CD103+CD8+ TILs and CPS (n = 39).
(E) Intraepithelial CD103+CD8+ TILs were assessed in the responders (R; n = 9) and non-responders (NR; n = 11) with NACI from CPS < 20
groups (left panel). Intraepithelial CD103+CD8+ TILs were assessed in the responders (R; n = 10) and non-responders (NR; n = 9) with NACI
from CPS ≥ 20 groups (right panel). (F) Predictive value of intratumoral CD103+CD8+ TIL level, intraepithelial CD103+CD8+ TIL level, and
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plus CPS” was larger than that of any single variable
(Figure 5G). This finding indicated that incorporating CPS
with intraepithelial CD103+CD8+ TILs level significantly
improved the predictive value of CPS, suggesting that this
combined predictive model could be a promising diagnos-
tic tool to identify advanced HSNCC patients who might
be responsive to NACI treatment.

3.6 The TREM2+ macrophage subset
may negatively regulate the density of
CD103+CD8+ TILs in advanced HNSCC
patients

To further dissect the functional characterization of
CD103+CD8+ TILs in the tumor microenvironment, we
utilized a cell-cell interaction analysis to gain insights
into the regulatory mechanism of CD103+CD8+ TILs
(Figure 6A). We observed an extensive interaction of
CD103+CD8+ TILs with various antitumor immunity
cell subsets. In particular, the TREM2+ macrophage
subset showed the strongest potential correlation with
CD103+CD8+ TILs. Consistent with this finding, recent
studies have shown that TREM2+ macrophages possess
a potentially immunosuppressive role in multiple can-
cer types [37, 38], suggesting that the interaction between
CD103+CD8+ TILs and TREM2+ macrophages could be
negatively correlated in the tumor microenvironment.
In Figure 6B, the bar plot shows the relative propor-
tion of interaction strength for each signaling pathway
between the NACI responders and non-responders. The
top signaling pathways colored red were enriched in the
non-responders (NR), and signaling pathways colored
blue were enriched in the responders (R). Intriguingly,
the pathways involved in the regulation of macrophage
activity, such as secreted phosphoprotein 1 (SPP1) and
macrophage migration inhibitory factor (MIF) signaling
[39, 40], were significantly active in the non-responders.
Consistently, our results found that the ligand SPP1
with the multisubunit receptor ITGAV and the ligand
MIF with the multisubunit receptor CD74 were active
from TREM2+ macrophages to CD103+CD8+ TILs in the
increased signaling of the non-responders (Supplemen-
tary Figure S7). Our results showed that the interac-

tions between TREM2+ macrophages and CD103+CD8+
TILs were associated with these specific pathways, sug-
gesting that TREM2+ macrophages might employ the
SPP1-ITGAV or MIF-CD74 immunosuppressive paracrine
signaling axis to regulate CD103+CD8+ TILs. More impor-
tantly, ourmIHC staining results revealed that the number
of CD103+CD8+ TILs was significantly reduced in the
tumor areas proximal to TREM2+ macrophages, whereas
an increase in CD103+CD8+ TILs was observed in the
tumor areas distal to TREM2+ macrophages (Figure 6C).
To better investigate the spatial relationships between
CD103+CD8+ TILs and TREM2+ macrophages, the image
was analyzed through the HALO R© platform (Figure 6D).
Notably, proximity analysis histograms further illus-
trated the infiltration patterns among CD103+CD8+ TILs
and TREM2+ macrophages, indicating that TREM2+
macrophages might abrogate the proliferative capacity of
CD103+CD8+ TILs (Figure 6E). Consistent with this find-
ing, we also found that a negative correlation between
the CD103+CD8+TILs and TREM2+macrophages in both
TNBC (Supplementary Figure S8) and NSCLC (Supple-
mentary Figure S9). These results further supported the
conclusion that CD103+CD8+ TILs subset might be neg-
atively regulated by TREM2+ macrophages within the
tumor microenvironment.

4 DISCUSSION

We showed that advanced HNSCC patients with high
levels of intratumoral CD103+CD8+ T cell infiltration
possessed an increased response rate to NACI (Figure 7).
The role of CD103+CD8+ T cells were further analyzed
in patients with NSCLC and TNBC. Interestingly, the
expression level of CD103+CD8+ T cell also increased
in the responders of TNBC patients. These results indi-
cated that CD103+CD8+ T cells might be important for
predicting the NACI response. We successfully defined
CD103+CD8+ TILs as tumor-specific T cells that could
work synergistically with anti-PD-1 therapy to repress
tumor growth. We showed that incorporating CPS with
intraepithelial CD103+CD8+ TILs level in a diagnostic
model could improve its prediction accuracy of the NACI
response in HNSCC patients. Overall, these findings offer

CPS via ROC analysis. (G) Predictive value of CPS was compared with intraepithelial CD103+CD8+ TIL level and elevated when combined
with intraepithelial CD103+CD8+ TIL level (left panel). Decision curve analysis comparison of CPS, intraepithelial CD103+CD8+ TIL level,
and CPS combined with intraepithelial CD103+CD8+ TIL level. Horizontal lines indicate the mean ± SEM. Significance was determined with
a 2-tailed Mann-Whitney U test. Spearman correlation analyses were used to study the linear association. Abbreviations: TIL,
tumor-infiltrating cell; HNSCC, head and neck squamous cell carcinoma; MPR, major pathologic response; IPR, incomplete pathologic
response; ROC, receiver operating characteristic; R, responders; NR, non-responders; CPS, combined positive score; SEM, standard error of
the mean; NACI, neoadjuvant chemoimmunotherapy.
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F IGURE 6 Correlation between CD103+CD8+ TILs and TREM2+ macrophages. (A) Correlative network showing interactions of cell
subsets identified in advanced HNSCC tissues based on scRNA-seq. The arrow width indicates the degree of correlation between two clusters.
(B) Bar plot shows the relative proportion of interaction strength for each signaling pathway between responders and non-responders. The
pathways labeled blue are enriched in responders, and labeled red are enriched in non-responders. R: responders; NR: non-responders. (C)
mIHC staining of TREM2+ macrophages marker CD68 (pink) and TREM2 (yellow), and CD103+CD8+ TILs marker CD103 (green) and CD8
(red), and DAPI staining (blue) in the advanced HNSCC with NACI. Scale bars, 100 μm. Quantification of CD103+CD8+ TILs at a distance of
250 μm or 500 μm from TREM2+ macrophages. (D) Proximity line series between CD103+CD8+ TILs and TREM2+ macrophages. (E)
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a new guideline for the application of NACI treatment in
advanced HNSCC patients.
Previous studies have suggested that CD103+CD8+ T

cells retain tissue-resident properties and play an indis-
pensable role in immune defense [41–43]. Interestingly,
tissue-resident memory T cells (TRM) have been shown to
represent a lineage of T cells that specialize in function
within tissues and play an important role in the con-
trol of solid tumors [44]. Emerging insights also showed
that a high frequency of TRM cells correlates with favor-

able disease progression in cancer patients [44], while
TRM cells are known to express high levels of immune
checkpoint proteins, thereby exhibiting an exhausted and
tumor-reactive characterization in multiple solid tumors
[45]. Indeed, we showed that CD103+CD8+ T cells had
stronger cytotoxic activity and higher PD-1 coinhibitory
receptor expression than CD103−CD8+ T cells, while they
were predominantly found in tumor tissues but not in
PMBCs, confirming their tumor-infiltrating nature. Fur-
ther functional assays also confirmed CD103+CD8+T cells’

Proximity analysis histograms of CD103+CD8+ TILs to TREM2+ macrophages within a 400 μm radius by progressive segments of 20 μm
bands. Abbreviations: TIL, tumor-infiltrating cell; HNSCC, head and neck squamous cell carcinoma; mIHC, multiplex immunofluorescent;
TREM2, triggering receptor expressed on myeloid cells 2; R, responders; NR, non-responders; NACI, neoadjuvant chemoimmunotherapy;
scRNA-seq, single-cell RNA sequencing.

F IGURE 7 Schematic diagram represents the role of CD8+CD103+ TILs in regulating NACI efficacy. For advanced HNSCC patients
treated with NACI, the responders exhibit a “hot tumor” (immune-inflamed) phenotype, in which the density of intratumoral CD103+CD8+

TILs were increased, and these cells were mostly found in the cancer nest. In contrast, the non-responders may have a “cold tumor”
(immune-desert or immune-excluded) phenotype, in which the cell number of intratumoral CD103+CD8+ TILs were lower, and these cells
were frequently located in the stroma. Abbreviations: TIL, tumor-infiltrating cell; HNSCC, head and neck squamous cell carcinoma; NACI,
neoadjuvant chemoimmunotherapy; NACI, neoadjuvant chemoimmunotherapy.
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tumor reactive nature, as they could more effectively elim-
inate cancer cells compared to the CD103−CD8+ T cells.
We also showed that administration of CD103+CD8+ T
cells could enhance anti-PD-1 therapy efficacy against
tumor growth in vivo, while FACS analyses further demon-
strated that the strategy of anti-PD-1 treatment combined
with CD103+CD8+ T cells effectively increased the release
of antitumor immune response-related cytokines. Based
on these observations, we speculated that the increased
CD103+CD8+ TILs density could help to restore antitumor
T cell responses, thereby becoming an optimal immuno-
logical control of solid tumors in advanced HNSCC. How-
ever, recent studies have shown that CD103+CD39+CD8+
TILs are enriched for tumor-reactive cells in HNSCC [46,
47]. This subset had a distinct T cell receptor (TCR)
repertoire, with T cell clones expanded in the tumor.
CD103+CD39+CD8+ TILs also efficiently kill autologous
tumor cells in an MHC-I-dependent manner. Meanwhile,
higher frequencies of CD103+CD39+CD8+ TILs inHNSCC
patients are associated with better OS and response to
immunotherapy [19]. Therefore, we will further analyze
the proportion of CD39 coexpression on the CD103+CD8+
TILs populations in our future studies in an effort to
explore the role of CD103+CD39+CD8+ TILs in HNSCC
patients with NACI treatment.
By performing a spatial image analysis of CD103- and

CD8-immunostained tissue sections, we showed that the
density of CD103+CD8+ TILs within cancer islands was
more significantly associated with the efficacy of NACI in
advanced HNSCC patients. The discovery of the intratu-
moral CD103+CD8+ T cell infiltration pattern highlighted
the importance of lymphocyte infiltration in advanced
HNSCC. Recent studies have defined 3 basic immune pro-
files that correlate with the response to immunotherapy
[48]. The first profile was the immune-inflamed pheno-
type, where immune cells infiltrated the nests ofmalignant
cells as well as the surrounding and intervening stroma.
The second profile was the immune-excluded pheno-
type, in which most immune cells were retained in the
stroma. The third profile, the immune-desert phenotype,
was characterized by a paucity of T cells in either the
parenchyma or the tumor stroma [31]. In particular, the
immune-inflamed phenotype generally correlated with
higher response rates to immunotherapy in cancer patients
[32]. Therefore, the spatial feature of CD103+CD8+ TILs
tended to be the immune-inflamed phenotype, indicat-
ing a favorable response to NACI treatment. To further
confirm the superior predictive power of CD103+CD8+
TILs for NACI, we evaluated the predictive value of
CD103+CD8+ TILs level and CPS. To date, CPS has been
used as a method to predict the clinical response of
immunotherapy in HNSCC [8]. Interestingly, our data
established intraepithelial CD103+CD8+ TILs as an inde-

pendent predictor, which was superior to the CPSmethod.
Notably, combining the CPS value with the intraepithelial
CD103+CD8+ TILs level statistically elevated its predic-
tive value and accuracy of NACI efficacy when compared
with either CPS or CD103+CD8+ TILs alone. Collectively,
our results suggested that the construction of a compre-
hensive, precise, and multivariable model using both CPS
and CD103+CD8+ TILs evaluation data to predict NACI
response in HNSCC is needed in clinical treatment if we
want to improve patient outcome.
Considering the importance of CD103+CD8+ TILs, an

in-depth understanding of the regulatory mechanisms for
CD103+CD8+ TILs could provide the possibility of con-
verting non-responsive cold tumors into responsive hot
tumors, subsequently allowing non-responders to benefit
from NACI. We found that the density of CD103+CD8+
TILs and TREM2+ macrophages might be negatively
correlated in the tumor microenvironment of HNSCC.
Interestingly, consistent with this finding, we also demon-
strated that CD103+CD8+ TILs showed a negative cor-
relation with TREM2+ macrophages in both TNBC and
NSCLC. Recent studies have demonstrated that TREM2+
macrophages exhibit an immunosuppressive phenotype
in multiple solid tumors. Additionally, coculturing CD8+
T cells with TREM2+ macrophages has been shown to
impede T cell proliferation, while knockdown of TREM2
in thesemacrophages led to favorable preclinical outcomes
[49]. Therefore, we speculated that TREM2+ macrophages
could suppress the expansion of CD103+CD8+ TILs in
the tumor microenvironment. Furthermore, our ligand-
receptor network analyses revealed the cellular crosstalk
between TREM2+ macrophages and CD103+CD8+ TILs,
indicating that the SPP1 and MIF signaling pathways
were specifically active from TREM2+ macrophages to
CD103+CD8+ TILs. Previous work showed that SPP1 is an
integrin-binding glycophosphoprotein secreted by a vari-
ety of cell types, includingmacrophages, andmediates sev-
eral signaling networks that participate in cancer progres-
sion through interactions with the integrin family. Inte-
grins are a family of heterodimeric transmembrane glyco-
proteinsmediating cell-cell adhesion, migration, prolifera-
tion, and survival. The expression of SPP1 by macrophages
has recently attracted considerable attention. Liu et al.
[50] showed that blocking SPP1 or macrophage-specific
deletion of Spp1 in mice could increase cytotoxic T cell
infiltration and sensitize hepatocellular carcinoma cells to
immunotherapy. In addition, the knockdown of SPP1 in
macrophages mitigated lung cancer progression and acti-
vated T cells, while SPP1 was shown to be highly expressed
in glioma-associatedmacrophages andwas associatedwith
poor prognosis in human glioblastoma [50]. Meanwhile,
MIF is a ligand for membrane receptors, namely, the
cluster of differentiation 74 (CD74) and chemokine (CXC
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motif) receptor (CXCR) 4 [51]. Based on the inflammatory
context and cell types, MIF binds to individual recep-
tors or receptor complexes that determine the functional
activity of MIF. The established signaling receptor com-
plexes include CD74/CXCR4 [52]. Macrophages are the
predominant source of MIF. A recent study indicated that
MIF activates myeloid-derived suppressor cells (MDSCs)
and tumor-associated macrophages (TAMs), which act
together to inhibit cytotoxic T cell and NK cell activity
and thus allow tumor cells to escape antitumor immu-
nity. Activation of MIF signaling has also been demon-
strated to induce the expression of inflammatory cytokines
and tumor progression in melanoma [40]. Thus, these
SPP1-ITGAV or MIF-CD74 immunosuppressive signaling
pathways may play a key role in regulating CD103+CD8+
TILs density by TREM2+ macrophages. Overall, these
results demonstrated the potential of targeting TREM2+
macrophages as an effective strategy for enhancing the
population of CD103+CD8+ TILs, which could ultimately
reactivate the antitumor immune response in conjunction
with chemoimmunotherapy.

5 CONCLUSIONS

In summary, our study demonstrated that patients with
a high density of intratumoral CD103+CD8+ TILs had a
superior response to NACI in advanced HNSCC, while
these cells exhibited a strong cytotoxic phenotype against
tumor cells in vitro and in vivo. Moreover, incorporat-
ing CPS with the CD103+CD8+ TILs level in a combined
predictive model enhanced diagnosis with potential impli-
cations for personalized patient counseling and chemoim-
munotherapy treatment selection. Thus, with an in-depth
understanding of the molecular mechanisms of intratu-
moral CD103+CD8+ TILs formation, function, and ther-
apeutic benefit, we anticipated strategies that might help
guide personalized precision medicine in NACI.
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