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ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) is one of the most heavily immune infiltrated human
tumors, having distinct immune subtypes associated with different molecular characteristics and clinical
outcomes. The tumor microenvironment (TME) of HNSCC which was dominated by tumor-associated
macrophages (TAMs) had a relatively inferior prognosis. High levels of oxidized low-density lipoprotein
receptor 1 (OLRT) expression are associated with more aggressive and metastatic characteristics in multi-
ple cancers. However, the link between the OLRT expression and immunosuppression of TME, and the
molecular mechanisms which govern intratumoral TAMs behavior are unclear. Here, we performed the
transcriptional analysis based on a single-cell RNA-sequencing (scRNA-seq) dataset of HNSCC, and found
that the OLR1 expression was specifically enriched on the TAMs. Evaluation of protein expression within
histologic sections of primary HNSCC patient samples showed a co-expression pattern of OLRT and CD68
on macrophages. A total of 498 tumor samples of HNSCC patients from The Cancer Genome Atlas (TCGA)
database were also analyzed. Remarkably, OLRT expression was dramatically higher in HNSCC tissues than
that in adjacent normal tissues, and the patients with high levels of OLRT expression had significantly
unfavorable overall survival (Hazard Ratio = 1.724, log-rank P-value = 0.0066) when compared to patients
harboring low expression levels of OLR1. In summary, we reported that the specific expression of OLRT on
the TAMs was significantly correlated with poor survival outcomes, revealing that OLR1 could serve as
a potential prognosis marker and promising target for immunotherapy in HNSCC.
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Introduction

Tumor-associated macrophages reside within the tumor
microenvironment in head and neck squamous cell carci-
noma and generally correlate with poorer outcomes'?.
OLRI is a lectin-like scavenger receptor that could recognize
several ligands, such as oxidized low-density lipoprotein
(LDL)’. The overexpression of OLRI was reported to be
associated with the upregulation of several oncogenes and
the promotion of cell apoptosis, proliferation, and migration
in various cancer types®. Interestingly, recent studies’ showed
that the LDL was one of the most increased regulators and its
receptor OLRI was one of the most overexpressed genes in
polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSC).

Previous studies demonstrated that TAMs were
increased in the TME of HNSCC, and the samples with
a higher abundance of TAMs showed correlated

immunosuppressive effects®. TAMs in HNSCC can also
produce significant levels of macrophage migration inhibi-
tory factor, which is an inflammatory cytokine that stimu-
lates the invasiveness of the tumor cells”®. Therefore,
TAMs may represent a therapeutic target for the HNSCC,
and there are multiple clinical assessments of specific
agents targeting TAMs under development’. Here we per-
formed our analysis to address whether the OLRI gene has
the potential to be a transcriptional marker of TAMs beha-
vior in the tumor microenvironment and a prognosis mar-
ker for the overall survival of HNSCC patients. Our study
supports the utilization of OLRI expression by macro-
phages to predict patient outcomes, which may have
important implications for future clinical use as
a prognosis marker or potential immunotherapy treatment
target for HNSCC.
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Materials and methods
Single-cell sequencing data analysis

The scRNA-seq dataset of head and neck cancer samples was
accessed from NCBI’s Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) through accession num-
ber: GSE103322 and GSE139324. Analyses were then per-
formed using R software (https://www.r-project.org/, version
4.0) and primarily using the package “Seurat”. To process
data, cells were filtered, and a total of 4,541 cells were kept
based on the filtering criteria: 1) the number of genes
detected per cell>300 and<4000, and 2) the percent of mito-
chondrial genes<0.10. Expression profiles were log-
normalized and scaled whereby the percent of mitochondrial
genes was regressed out. Clusters were determined by using
the first 15 principal components and graphed by using the
Uniform Manifold Approximation and Projection (UMAP)
dimensional reduction method for each sample. The identi-
fied cell clusters that, through conventional marker genes,
could be readily assigned to known cell lineages. The TAMs
derived from GSE139324 were redone normalization, scal-
ing, and clustering by UMAP processes and annotated by
canonical markers (CIQA, SPP1, INHBA, NLRP3, CLEC5A,
and HSPAIB).

TCGA patient cohort

The molecular data and clinical annotation from cancer patient
samples (HNSCC, 498 samples) were obtained from public
repositories based upon data generated by TCGA Research
Network (http://cancergenome.nih.gov/). The clinical data
(including overall survival status and time) of cancer samples
were accessed from the cBioPortal for Cancer Genomics data-
base (http://www.cbioportal.org/index.do, February 2020). The
mRNA expression quantification (HTSEQ-FPKM) profiles
based on the RNA-sequencing were downloaded from the
TCGA  data  portal  (https://portal.gdc.cancer.gov/,
February 2020). We use the information integrity based on
the clinical annotation and bulk RNA-seq expression profiles
of the TCGA database to select the HNSCC patients in this
study. Only the cancer patients with available and complete
prognostic annotation and RNA-seq profiles will be kept for
downstream analysis.

Human HNSCC specimens

Patients at the Peking Union Medical College Hospital
(PUMCH) consented preoperatively to take part in the
study following Institutional Review Board approval
(Protocol #S-K795). HNSCC patients with newly diag-
nosed, histopathologically confirmed, untreated patients
were consecutively recruited at PUMCH from July 2019
to December 2019. Written informed consent was obtained
from all patients enrolled in this study. All lesions were
classified according to the histological typing criteria of the
World Health Organization (WHO). The clinical informa-
tion of human subjects providing samples is listed in
Table S1.

Immunohistochemistry (IHC) staining

Sectioning and IHC staining were performed based on the
formalin-fixed, paraffin-embedded (FFPE) HNSCC specimens
and their paired normal mucosae. All sections were 4 um thick.
Antigen retrieval was achieved by heating in citrate acid (pH
6.0) using a programmable microwave. Then, sections were
treated with freshly prepared 3% hydrogen peroxide in metha-
nol for 20 min and further washed in Tris-buffered saline. The
continuous sections were incubated with OLRI antibody
(diluted 1:100, rabbit polyclonal) (Proteintech, Chicago,
Mlinois, USA; 11837-1-AP) and CD68 antibody (diluted
1:1000, mouse monoclonal) (Abcam, Cambridge, MA, USA;
ab233172) at 4°C overnight, respectively. After the tissues had
been rinsed three times with PBS for 5 min, a two-step IHC
detection kit (Servicebio, Wuhan, Hubei, China, G1210-2) was
used. Primary antibodies were visualized with horseradish
peroxidase-linked (HRP-linked) secondary antibodies, and
then followed by diaminobenzidine (DAB) according to the
manufacturer’s instructions. The staining sections were
observed under a light microscope. The staining of tissue was
scanned using Pannoramic Desk Scanner (3DHistech,
Budapest, Hungary) at 20x and viewed using CaseViewer soft-
ware (Version 2.3).

Immunofluorescence (IF) staining

FFPE HNSCC specimens and their paired normal mucosae
were performed to 4 pum thick sections. IF staining was
performed according to standard staining methods, including
deparaffinization and rehydration, endogenous peroxidase
quenching, and then heat-mediated antigen retrieval with
citrate acid (pH 6.0) and blocking with blocking buffer (3%
BSA and 0.2% Triton in PBS). The section was incubated
with both OLRI antibody (diluted 1:200, rabbit polyclonal)
(Sino Biological, Beijing, China; 10585-T26) and CD68 anti-
body (diluted 1:50, mouse monoclonal) (Abcam, Cambridge,
MA, USA; ab233172) at 4°C overnight. After rinsing, the
sections were incubated with Alexa Fluor 568 Anti-Rabbit
IgG (diluted 1:1000) and Alexa Fluor 488 Anti-Mouse IgG
(diluted 1:1000) for 1h at room temperature and counter-
stained with 4,6-diamidino-2-phenylindole dihydrochloride
(Sigma-Arich, #D952) for the staining of nuclei. After wash-
ing with PBS, the coverslips were mounted with antifade
mounting medium (Beyotime, Shanghai, China) on slides.
The staining of tissue was scanned using Pannoramic Desk
Scanner (3DHistech, Budapest, Hungary) at 40x, and viewed
using CaseViewer software (Version 2.3).

Flow cytometry

Rinse the HNSCC tissue in a dish containing PBS to remove
erythrocytes and cut the tissue into pieces. Transfer
a maximum of 1g cancer tissue to a gentleMACS C Tube
containing 5 mL enzyme mix according to the manufacturer’s
instructions of the human Tumor Dissociation Kit (Miltenyi
Biotec, Cologne, Gemany; 130-095-929). Single cells were
resuspended with FACS buffer (calcium and magnesium-free
PBS supplemented with 0.1% BSA) and stained with FITC-
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conjugated anti-human mAbs against OLRI (Abcam,
Cambridge, MA, USA; ab81710) and AF647-conjugated anti-
human mAbs against CD68 (Thermo Fisher, 51-0689-42) and
isotype-matched IgG for 30 min at 4°C, after preincubation
with rabbit IgG to block nonspecific sites. Fluorescence was
quantitated on an Agilent NovoCyte 3005 flow cytometer
equipped with NovoExpress Software (Agilent). Cells were
gated according to their light-scatter properties to exclude
cell debris.

Quantification and statistical analysis

The specific tests used to analyze each set of experiments are
indicated in the figure legends. For the comparison of the
quantitative data between two different groups, the Mann-
Whitney test was used to calculate the P-value. For the ana-
lysis of the contingency tables, Fisher’s exact test was used to
calculate the significance. To perform a patient’s cohort-
based analysis on the overall survival rate (5-year), the prog-
nostic value of discrete variables was estimated by using the
Kaplan-Meier survival curves, and the log-rank test was
employed to estimate the significance among different survi-
val curves. All statistical calculations were performed using
GraphPad Prism software (GraphPad Software, version 8.0,
San Diego, California) or R software (version 4.0, https://
WWWw.r-project.org/).

Results

Firstly, to determine whether OLRI expression is associated
with TAMs infiltration, transcriptional analysis based on
a publicly accessible scRNA-seq dataset'® of HNSCC sam-
ples was initially performed. After quality control filtering
to remove cells with low gene number detection and high
mitochondrial gene coverage, a unified cells-by-genes
expression matrix of a total of 4,541 single cells from 17
head and neck squamous cell carcinoma (HNSCC) patients
was compiled. As shown in Figure 1A, the 12 major cell
phenotypes were identified by using the unsupervised
dimensionality reduction and visualized by the Uniform
Manifold Approximation and Projection (UMAP) algo-
rithm. The canonical marker genes for each cell lineage
were applied to annotate the clusters (Figure 1B). We
investigated the expression distribution of OLRI across
different cell types and found that it was specifically
enriched on the tumor-associated macrophages (N=97)
when compared with other cell types (P-value<0.0001)
(Figure 1C). Besides, a recently published work of an avail-
able scRNA-seq dataset'' with more abundant immune cell
profiled based on the TME of HNSCC was also included
for the validation of our findings based on scRNA-seq
expression profiles (Figure S1). A total of 3930 TAMs
were clustered into 6 different subtypes, which respectively
expressed CIQA, SPPI, INHBA, NLRP3, CLEC5A, and
HSPAIB (Figure 1D & 1E). All these TAM subtypes
expressed OLRI, among which Macro INHBA and
Macro_NLRP3 showed a higher expression level
(Figure 1F).
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Next, to confirm the expression pattern of OLRI on
TAMs of the TME in HNSCC, we co-stained primary
HNSCC samples and paired normal mucosae from 9
HNSCC patients (including three different sub-types) with
OLRI and CD68 to detect the protein expression of OLRI
by macrophages. As expected, OLRI staining was highly
specific and localized to the CD68+ TAMs across different
stages and various subtypes of HNSCC samples, while
OLRI and CD68 were in an extremely low expression
level in their paired normal mucosae tissues (Figure 2A).
In addition, immunofluorescence staining (Figure S2) and
flow cytometric (Figure S3) analysis were also performed to
confirm the localization of OLRI on the macrophages. The
clinical characteristics of the 9 HNSCC patients who had
primary HNSCC within our cohort are summarized in
Supp Table 1. Then, a total of 498 tumor samples of
HNSCC patients with transcriptional data and clinical
annotation based on the largest publicly available cancer-
genomic studies TCGA database were also involved in this
work. The bulk RNA-sequencing data were analyzed using
five different algorithms (CIBERSORT'?, XCELL", EPIC",
TIMER">, and MCPCOUNTER'®) to estimate the intratu-
moral macrophage infiltration, respectively. Remarkably, we
found that all the estimated abundance of macrophages
based on different methods were significantly positively
correlated with the expression of OLRI transcripts
(Figure 2B). Collectively, the transcriptional analysis and
protein staining results revealed the OLRI specifically
expressed on TAMs of the TME in HNCSS, and its expres-
sion value could serve as an indicator for macrophage
infiltration.

Then, we determined the correlation of expression of the
OLRI gene with clinical characteristics in HNSCC samples
from TCGA. The results revealed the transcripts of OLRI
were dramatically enhanced in paired HNSCC samples (N
=42) compared with adjacent normal tissues (P-value=
0.0007) (Figure 3A). The same trend was also observed
when comparing the estimated macrophages abundance
between paired HNSCC samples and adjacent normal tis-
sues (P-value =0.0092) (Figure 3B). Interestingly, we found
a weak association between high OLRI expression value
and advanced clinical stage (Figure 3C) in this data set.
There is no difference in OLRI expression between HPV+
and HPV- status was overserved (Figure 3D). Besides, we
also compared the expression of OLRI with other risk
factors (including alcohol consumption and smoking) of
HNSCC, and as shown in Fig.S4, there is no association
between OLRI expression value and alcohol consumption
and smoking status. Moreover, we systematically analyzed
the clinical data of patient cohorts to evaluate the prognosis
function of different features by using univariate cox
regression analysis, and the results showed the OLRI gene
expression value exhibited a meaningful predictor for the
clinical outcome of HNSCC patients (Figure 3E). The
patients with low levels of OLRI expression had signifi-
cantly better overall survival than those with low OLRI
expression (Hazard Ratio=1.724, log-rank P-value=
0.0066). And it is worth noting that when combining the
survival comparisons with OLRI expression and estimated


https://www.r-project.org/
https://www.r-project.org/

4 P. ZHANG ET AL.

HNSCC scRNA-seq dataset

a (Puram SV, et al. Cell 2017) b
Myocyte [ )
10 Fibroblast [ ]
Endothelial [ J
Average Expression
5 p TumorCell [ ) [ ] R ge =
L ® CD4T
Myocyte ® Treg MastCell ° !
. e cD8T el L 0
Endglfeial o Boell
N ' ® PlasmaCell oc [ ]
% ® Macrophage Percent Expressed
s BgePlasmaCell ® DC ® -0
5 : ® MastCell vacopnage 1 @ - @ oo .2
} ® TumorCell ® 50
Macrphagey ® Endothelial PlasmaCell [ ] ® 75
5 ® Fibroblast @ 100
® Myocyte Beell { @ °
coeT{ @ @ [
-10
p ¥ T {@ ® © @ i
Mag{Cell cuT{@ @ o
-15
-10 0 10 E P L F RPN FT LS L& F
L IVFELFE N 2 (&N
UMAP_1 FFOF T @@ E TS
Features
OLR1
: 25 . . .
520 3 .
515 ) k. A .
210 [ - . .
o
05 By 9 FO T .
X
0.0 - - . . ; ; .
N N N N a
Q;\ /\\0‘) oé\ @oé Cf’\ fﬁo 00 @é R e\‘b \'Pé 6'\@
S S & "N S & & &F ©
& & & B S & -
QN K < <
d HNSCC scRNA-seq dataset N — T
TAM subsets cice e — —
s+ (Cillo AR, et al. Immunity 2020) C1QA MMWHH H‘”N"W “ |
c1ac il
Marco_SPP1 TQ ‘ 0
4 HLQ—S?‘(gQA 1 I
LGMN
APOE | 1[I ey T Iy Wy
acoct | HSHRNN ) A M VR
2 Marco_HSPA1B RNASET il ‘
o Marco_C1QA SPP1 ] UNNER O O AN IR LIRS 0L
| Marco_SPP1 MIF
% Marco_INHBA FABPS
3 Marco_NLRP3 ATPSG3
2 Marco_CLECSA -
0 . CD9
Marco_HSPA1B GSN
RAB13
INHBA
PTGS2
cCL3L3 |
-2 Marco_CLECSA IL1B I | “ i
e I I I T ‘ O
Marco_C1QA CCL4 | I [ Ly |
IL6
B rco_INHBA ccL4L2 TN T
4 XCL: | JHI II\lw W “ I
- U:IIAF' 1 ‘ NP3
4 NLRP3
S100A12
f OLR1 FCN1
APOBECIA
BCL2A1
3 TIMP1 0 00100
S100A8 1 M | | 7 W
AREG
CXCL2 (LRI R
= CLEC5A
%2 Marco_C10A VCAN
2 Marco_SPP1 SERPINBY
S Marco_INHBA FPR1
2 Marco_NLRP3 CORO1A
g Marco_CLECSA VEGFA
3 Marco_HSPA1B. TREM1
1 DNAJB1 |
HSPA1B il
HSPH1
ZFAND2A
HSPA1A [l
0 HSPAG
HSP90AAT I\‘
HSPB L1l
HSPE1

Figure 1. scRNA-seq analysis revealed OLR1 specifically expressed on tumor-associ

ated macrophages. (A) Uniform Manifold Approximation and Projection (UMAP) plots

of the scRNA-seq dataset from HNSCC samples. Infiltrating phenotypic cell clusters are represented in distinct colors. (B) Dot-plot of expression distribution of canonical
markers for each cell type identification. (C) Violin-plot displaying the expression patterns of the OLRT gene within each cell type. (D) UMAP plots of TAMs from a distinct
scRNA-seq dataset. Different TAM subsets are represented in distinct colors. (E) Heatmap of top 10 highly expressed genes in each TAM subsets. (F) Violin-plot displaying

the expression level of the OLRT gene in the different TAM subsets.

TAM infiltration abundance, the HNSCC patients with low
levels of both macrophage infiltration and OLRI expression
had superior survival compared with other subgroups of
patients (Figure 3E). In addition, to determine the general
significance of the association between OLRI expression
and cancer prognosis, we also analyzed the other eight

common cancer types (including BLCA: Bladder urothelial
carcinoma; BRCA: Breast invasive carcinoma; COAD:
Colon adenocarcinoma; KIRC: Kidney renal clear cell car-
cinoma; LUSC: Lung squamous cell carcinoma; OV:
Ovarian serous cystadenocarcinoma; UCEC: Uterine corpus
endometrial carcinoma; STAD: Stomach adenocarcinoma)
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Figure 2. Correlation of intratumoral OLRT expression and macrophage infiltration. (A) Immunohistochemistry staining analysis of OLRT and CD68 in HNSCC tumor
samples. (B) Correlation of estimated tumor-associated macrophage abundances by using different methods and OLRT expression value based on TCGA database.

to define the pan-cancer prognosis value of OLRI expres-
sion. As shown in Figure S5, although a similar trend was
observed in all other cancer cohorts based on the TCGA
database, none of the tumor types could achieve
a significant prognosis threshold, so we conclude that the
prognosis significance OLRI is HNSCC cancer type
specific.

Discussion

Previous studies on OLRI mainly focused on its roles in
cancer development, such as tumorigenesis, cancer devel-
opment, and metastasis. For example, activation of the
TNFa/NF-kB pathway or PI3K/Akt/GSK3p pathway could
upregulate OLRI to facilitate the migration and metastasis
of breast cancer and gastric cancer cells, respectively'” ",
However, the current understanding of the underlying
mechanism of the oncogenesis function of OLRI in the
tumor microenvironment remains limited. HNSCC

develops within a complex cellular environment that
includes many different types of infiltrating immune cells,
which could promote tumor growth but also represent
potential therapeutic targets’”*'. The presence of TAM
within the tumor microenvironment has been implicated
in the growth, aggression, and persistence of HNSCC. And
the numerous present findings revealed the prognostic sig-
nificance of the phenotypes and abundances of TAMs, and
indicated variable degrees of association between TAMs
density and clinicopathologic features of HNSCC.
However, the current methods that evaluating TAMs in
the TME have occasionally been contradictory that result
in the high TAMs levels could both negatively and posi-
tively correlate with the outcome, signifying that the spe-
cific behavior markers of TAMs rather than the quantity of
the infiltrate are a more reliable indicator. We also investi-
gate the expression correlation between OLRI and macro-
phage polarization markers (such as CD163 and HLA-DR)
based on the HNSCC patient cohort of TCGA, and the
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Figure 3. Higher intratumoral OLRT expression levels were associated with worse survival. (A) Change of OLRT mRNA expression between matched tumor and normal
samples (N =42). (B) Change of estimated macrophage abundance between matched tumor and normal samples (N =42). (C) The distribution plot of OLRT gene
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results revealed a strong positive association between OLRI
and CD163 (Figure S6), indicating the OLRI may contri-
bute to recapitulating M2-polarized TAMs in the TME of
HNSCC. So, since one of the major aims of current immu-
notherapy approaches is to target the tumor microenviron-
ment to promote an anti-tumor response of the
surrounding immune cells and OLRI might be an interest-
ing target.

Here, we propose that OLRI could be a mechanical link
between tumor immunosuppression and cancer progres-
sion, and we conducted an integrative study to evaluate
the prevalence of OLRI expression in the tumor micro-
environment and its correlation with TAMs abundance
and clinical characteristics in HNSCC. Our results evalu-
ated the expression of the OLRI gene by TAMs and
provided the first evidence that it could be used to predict
the inferior survival of HNSCC patients. Further investi-
gations in a larger cohort of HNSCC patients are needed
to determine its potential as an ideal candidate prognosis
marker and tailor optimal immunotherapeutic strategies
for clinical use.
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