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Abstract

Background: Head and neck squamous cell carcinoma (HNSCC) is a common malignancy with high morbidity and mortality. Despite
advances in immunotherapy, including the advent of immune checkpoint inhibitors (ICIs) targeting programmed cell death protein 1
(PD-1)/programmed cell death ligand 1 (PD-L1), only a subset of patients achieves significant benefit. This study aimed to evaluate the
prognostic significance of Dickkopf-related protein 1 (DKK1), a potential modulator of the tumor immune microenvironment (TME), and
to assess the therapeutic impact of combining DKK1 inhibition with ICIs. Methods: Data from The Cancer Genome Atlas (TCGA) and
a clinical cohort of 62 patients with HNSCC from Shanghai General Hospital were used to analyze DKK1 expression and its association
with prognosis and immune cell infiltration. Tumor immune organoids were constructed by co-culturing tumor and immune cells from
patient samples to mimic the TME and evaluate the effects of anti-DKK1 therapy. A preclinical mouse model using the MOC2 (mouse
oral carcinoma 2) cell line was also used to test the therapeutic efficacy of combined anti-DKK1 and anti-PD1 treatment. Immune cell
composition was analyzed using immunohistochemistry, immunofluorescence, and flow cytometry. Results: High DKK1 expression
was found to correlate with poor patient prognosis and an immunosuppressive TME, characterized by reduced CD8+ T cell infiltration
and increased myeloid-derived suppressor cells (MDSCs). In tumor immune organoids, anti-DKK1 treatment reduced organoid growth.
In vivo, combined anti-DKK1 and anti-PD1 treatment led to significantly greater tumor growth inhibition compared to monotherapies,
increased CD8+ T cell activity, and decreased MDSC levels, thereby creating an immune-stimulatory environment. Conclusions: DKK1
drives immune suppression in HNSCC and represents a promising therapeutic target. Tumor immune organoids offer a robust platform
for studying tumor-immune interactions and evaluating combination immunotherapies. Combining anti-DKK1 and anti-PD1 treatment
approaches has the potential to enhance antitumor immunity and improve outcomes in patients with HNSCC.

Keywords: squamous cell carcinoma of head and neck; Dickkopf-related protein 1; tumor microenvironment; immune checkpoint
inhibitors

1. Background

Head and neck squamous cell carcinoma (HNSCC) is
one of the most common malignancies globally, charac-
terized by a high degree of morbidity and mortality [1,2].
Despite advancements in treatment, including surgery, ra-
diotherapy, and chemotherapy, the prognosis for patients
with HNSCC remains poor, particularly in those with ad-
vanced disease [3—5]. New therapeutic options have be-
come available to patients through the rapid development
of new forms of immunotherapy, including immune check-
point inhibitors (ICIs) targeting the programmed cell death
protein 1 (PD-1) and its ligand (PD-L1) [6,7]. However,
ICIs response rates are limited [8,9], with only a subset of
patients benefiting from these treatments. Identifying novel
biomarkers that can predict therapeutic response and modu-
late the immune microenvironment is critical for improving
outcomes in HNSCC.

The tumor microenvironment (TME) is increasingly
recognized as a critical factor influencing the effectiveness
of cancer immunotherapy [10]. Immunosuppressive cells,
such as myeloid-derived suppressor cells (MDSCs), regu-
latory T cells (Tregs), and tumor-associated macrophages
(TAMs), contribute to the resistance against ICIs by in-
hibiting cytotoxic T cell responses [11-13]. Efforts to tar-
get components of the TME with the goal of counteracting
such immunosuppression have shown promise as a means
of enhancing immune responses and improving ICI effi-
cacy [14]. One such target is Dickkopf-related protein
1 (DKK1), a secreted glycoprotein and antagonist of the
Wnt/-catenin signaling pathway [15,16]. DKK1 has been
implicated in the establishment of an immunosuppressive
TME through its ability to alter the migration and activ-
ity of MDSCs [17,18], which are a heterogeneous popu-
lation of immunosuppressive cells crucial for dampening
antitumor immunity [19,20]. Through this pathway, DKK 1
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can foster an immunosuppressive TME, reducing the effi-
cacy of immune-based therapies and promoting tumor pro-
gression [21]. In addition to its effects on MDSCs, re-
cent studies have suggested that DKK1 may also regulate
other immune components within the TME, including den-
dritic cells, macrophages, and T-cell-associated antitumor
responses. These findings indicate that DKK1 may func-
tion as a broader immunomodulatory factor in cancer pro-
gression and immune evasion [22]. Given its immunosup-
pressive function, DKK1 offers promise as a novel thera-
peutic target when seeking to counteract immune suppres-
sion with the TME, especially in combination with ICI
treatment. DKK1 has also recently been suggested to play
a role in resistance to radiotherapy [23], emphasizing its
broad potential clinical relevance. However, the specific
role that DKK1 plays in the modulation of immunother-
apy responses in HNSCC remains unclear. Importantly,
DKK1-targeted therapy has already entered clinical evalu-
ation. The anti-DKK1 monoclonal antibody DKN-01 has
been tested in gastroesophageal adenocarcinoma, includ-
ing in combination with PD-1 blockade, highlighting the
translational potential of DKK1-directed strategies in can-
cer therapy [24,25].

Tumor-derived organoids have revolutionized cancer
research in recent years, providing advanced in vitro mod-
els suitable for more nuanced analyses of tumor biology and
drug responses [26]. As an application of organoid-based
technologies, tumor immune organoids incorporate both tu-
mor cells and immune components, allowing researchers
to replicate the intricate interactions within the TME with
greater fidelity [27]. These organoids offer a unique plat-
form for investigating the immunomodulatory effects of
DKKI1 inhibition and its potential to synergize with ICIs
in HNSCC. By mimicking the native tumor-immune land-
scape, tumor immune organoids facilitate precise modeling
of therapeutic interventions, accelerating the development
of personalized treatment strategies [28].

To address the gaps in knowledge outlined above, this
study was devised with the aim of characterizing the role
of DKK1 in shaping the immune landscape of HNSCC and
evaluating its potential as a therapeutic target. We evaluated
the prognostic significance of DKK 1 expression in HNSCC
using data from The Cancer Genome Atlas (TCGA) and
validated our findings in a clinical cohort. To further ex-
plore the therapeutic relevance of DKK1, we evaluated the
effects of anti-DKK1 therapy, both alone and in combina-
tion with anti-PD1, in preclinical HNSCC models, includ-
ing patient-derived tumor immune organoids. Together, our
findings provide compelling evidence for targeting DKK1
to mitigate immune suppression and enhance the efficacy
of ICIs in HNSCC.

2. Methods

2.1 Data Source and Bioinformatic Analysis

Data from The TCGA database were used to evaluate
DKK1 expression in HNSCC and assess its association with
patient prognosis [29]. Expression data for DKK 1 and clini-
cal characteristics were retrieved, including overall survival
(OS) data. Kaplan-Meier survival analysis was conducted
to examine the association between DKK1 expression lev-
els (categorized as high or low) and OS outcomes [30]. Pa-
tients in the TCGA cohort were divided into high- and low-
DKK1 expression groups according to the median value of
DKKI1 expression. In addition, TCGA data were used to
assess immune checkpoint-related gene expression in the
DKK1-high and -low groups in an effort to investigate the
relationship between this gene and the immune microenvi-
ronment. Single-cell RNA sequencing (scRNA-seq) data
from the GSE103322 dataset [31] were additionally ana-
lyzed to gain further insights into DKK1 expression across
different cell populations within the HNSCC TME. Cell
clustering analysis was visualized using t-SNE plots, and
DKKT1 expression was examined across the identified cell

types.

2.2 Clinical HNSCC Cohort

A cohort of 62 patients diagnosed with HNSCC from
Shanghai General Hospital were enrolled in this study. The
characteristics of the 62 patients HNSCC cohort are sum-
marized in Table 1. Tumor samples were collected, and
patients were grouped based on DKKI1 expression, de-
termined via immunohistochemistry (IHC), into DKKI-
low and DKK 1-high groups. DKK1 immunohistochemical
staining was evaluated using the H-score method. Briefly,
the H-score was calculated based on both staining inten-
sity and the percentage of positive tumor cells, and patients
were classified into high- and low-expression groups ac-
cording to the median H-score. Clinical outcomes were
compared between the two groups, with a primary focus on
patient OS. This study was conducted in accordance with
the ethical principles of the Declaration of Helsinki and ap-
proved by the Institutional Review Board of Shanghai Gen-
eral Hospital (2020KY 144), with informed consent having
been obtained from all participants.

2.3 Immunohistochemistry and Immunofluorescence

IHC-based detection of DKK1 expression was per-
formed on formalin-fixed, paraffin-embedded HNSCC tis-
sue sections [32]. After deparaffinization and rehydration,
sections were subjected to antigen retrieval, followed by in-
cubation with a primary antibody against DKK1 (Abcam,
ab61034, 1:100) at 4 °C overnight. After washing, sections
were incubated with an HRP-conjugated secondary anti-
body for 1 h at room temperature, followed by signal de-
velopment. Immunofluorescence staining was conducted
to detect immune cell markers in the TME [33,34], in-
cluding CD8 (BioLegend, 301002), PD-L1 (Cell Signaling
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Table 1. Characteristics of 62 patients HNSCC cohort.

Variable Category n (%)
Total patients 62
Age, years Median (range) 61 (41-79)
Male 61 (98.4)
Sex
Female 1(1.6)
T1 18 (29.0)
T2 11 (17.7)
T stage
T3 27 (43.5)
T4 6(9.7)
NO 15 (24.2)
N1 14 (22.6)
N stage
N2 24 (38.7)
N3 9(14.5)
MO 59 (95.2)
M stage
M1 3(4.8)
Low 23 (37.1)
Tumor differentiation Medium 5(8.1)
High 34 (54.8)
Positive 14 (22.6)
HPYV status .
Negative 48 (77.4)
. . Yes 49 (79.0)
Smoking history
No 13 (21.0)
Treatment history before tissue collection ~ No prior antitumor treatment 62 (100.0)

Technology, 13684), CD15 (Abcam, ab135377), and CD14
(Abcam, ab314062). Primary antibodies were incubated at
4 °C overnight, followed by incubation with fluorophore-
conjugated secondary antibodies for 1 h at room tempera-
ture in the dark. Fluorescently labeled secondary antibodies
were used, and images were acquired to capture patterns of
immune cell infiltration patterns. Quantification of stained
cells was achieved by counting positive cells per field of
view (FOV).

2.4 Construction of Tumor Immune Organoids

HNSCC tumor immune organoids were generated by
co-culturing tumor cells and immune cells isolated from pa-
tient tumor samples. Primary tumor cells and immune cells
used for organoid construction were freshly isolated from
surgical specimens of HNSCC patients and were not pas-
saged long-term in vitro. Tumor tissues were enzymati-
cally dissociated into single-cell suspensions, and CD45+
immune cells were enriched through a magnetic-activated
cell sorting (Miltenyi Biotec) approach. The post-sorting
purity of CD45+ cells was assessed by flow cytometry and
was typically greater than 90%. Tumor immune organoids
were generated from 10 independent HNSCC patient sam-
ples. For each patient, experiments were performed with
three technical replicates per condition. Tumor cells and
immune cells were mixed at a 3:1 ratio and co-cultured for
24-36 hours treated in the presence of anti-DKK1 (Sino
Biological,10170-R0155) or an isotype control antibody.
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Tumor cells were then embedded in Matrigel droplets in 48-
well plates. Organoids were subsequently cultured in ad-
vanced DMEM/F12 medium supplemented with B27, N2,
and immune-supportive factors, including IL-2, at 37 °C
with 5% CO-. After 7-10 days of culture, organoids were
analyzed. For statistical analysis, each patient was treated
as an independent biological replicate.

2.5 Mouse Model and Therapeutic Interventions

A subcutaneous tumor model was established in
C57BL/6 mice (male, 6-8 weeks old), which were pur-
chased from Shanghai Jiesijie Laboratory Animal Co., Ltd.
(Shanghai, China; production license No. SYXK (Hu)
2022-0017). Male C57BL/6J mice were used to avoid sex-
related variability in immune responses. A priori sample
size estimation was performed using tumor growth inhibi-
tion as the primary outcome. Based on preliminary exper-
iments and comparable syngeneic HNSCC mouse model
studies, the expected treatment effect of combined anti-
DKK1 and anti-PD1 therapy was considered large. Assum-
ing a two-sided o of 0.05, 80% power, and an estimated
standardized effect size of approximately 2.0, at least four
mice per group were required. To account for biological
variability and to comply with the 3Rs principle, five mice
per group were used in the in vivo therapeutic experiment.
The sample size was also consistent with previous publi-
cations [35]. Mice were housed under specific pathogen-
free conditions at 22 + 2 °C, 50 4+ 10% humidity, with a
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12:12 h light-dark cycle and free access to sterile food and
water. The (mouse oral carcinoma 2) MOC?2 cell line was
purchased from Sunncell (Wuhan, China). Cell line authen-
ticity was confirmed by the supplier, and the cells were rou-
tinely tested to ensure absence of mycoplasma contamina-
tion before use. After subcutaneously implanting MOC2
cells (1 x 10° cells in 100 uL PBS) in the right flank of
each mouse [36], tumors were allowed to grow to a measur-
able size. Mice were included for treatment allocation only
when tumors became measurable and when animals showed
no signs of poor general health before treatment initiation.
The mice were randomized to four treatment groups: iso-
type control, anti-PD1 treatment, anti-DKK1 treatment, and
combination therapy (anti-DKK 1 + anti-PD1). Each mouse
was given a unique number from 1 to 20, and a random
number was generated for each mouse using Excel (RAND
function). The mice were then sorted in ascending order
of the random numbers. Twenty mice were randomly as-
signed into four groups (n = 5 per group). The anti-PD1
(Bio X Cell, BE0146) and anti-DKK1 (Sino Biological,
10170-R0155) antibody treatments were administered in-
traperitoneally every three days following tumor establish-
ment [17,35]. Treatment continued for a total of two weeks,
after which the mice were euthanized, and tumors were har-
vested for analysis. Mice in the control group were in-
stead administered an isotype control antibody (Bio X Cell,
BE0090) on the same schedule. Mice were monitored ev-
ery three days for tumor growth, body weight, general ap-
pearance, activity, grooming behavior, and signs of dis-
tress. All mice completed the treatment protocol without
reaching humane endpoints (tumor ulceration, tumor vol-
ume >2000 mm?, body weight loss >20%, impaired mobil-
ity, severe distress, or moribund status). The final sample
size for each group was 5 mice. Tumor volume was mea-
sured every three days using calipers and calculated using
the formula: volume = length x width2/2. Tumour volumes
were measured by an investigator blinded to group alloca-
tion. At the study endpoint, mice were deeply anesthetized
with sodium pentobarbital (50 mg/kg, intraperitoneal in-
jection of a 2.5 solution) and euthanized by cervical dis-
location after loss of consciousness was confirmed. Death
was confirmed by cessation of respiration and heartbeat be-
fore tumor harvest. Tumors were excised, weighed, and
processed for downstream analysis. The primary outcome
measure was tumor growth inhibition, assessed by tumor
volume. Tumor volume was measured every 3 days and
final tumor volume was measured at the study endpoint.
Secondary outcome measures included the proportions of
MDSCs, CD4+ T cells, CD8+ T cells, PD1+CD8+ T cells,
and IFN-y+CD8+ T cells in tumor tissues. All endpoint
analyses were performed after two weeks of treatment. The
study was conducted in compliance with the guidelines of
the Institutional Animal Care and Use Committee of Shang-
hai General Hospital (2025AWS615).

2.6 Flow Cytometry

To facilitate analyses of immune cell populations, tu-
mor tissues were dissociated into single-cell suspensions
for flow cytometry [37]. Flow cytometry was conducted
by an operator blinded to group assignment throughout
data acquisition and analysis. Cells were stained with a
panel of antibodies specific for APC-A750 live/dead stain
(L/D) to exclude dead cells, PB450 anti-CD45 (BioLe-
gend, 103125), PE anti-Ly6g (BD Biosciences, 551461),
PC7 anti-Ly6c (Thermo Fisher Scientific, 25-5932-82), and
APC anti-CD11b (BioLegend, 101211); And APC-Cy7
live/dead stain (L/D), PerCP-Cy5.5 anti-CD45 (BioLegend,
103131), BB515 anti-CD8 (BD Biosciences, 564422),
BV605 anti-CD4 (BD Biosciences, 563151), PE anti-PD1
(BioLegend, 109103), and BV650 (anti-Interferon-v) anti-
IFN-y (BioLegend, 505831). Surface staining was per-
formed for 30 min at 4 °C in the dark. For intracellular
IFN-v staining, cells were stimulated with PMA and iono-
mycin in the presence of a protein transport inhibitor for 4—
6 h, followed by fixation/permeabilization according to the
manufacturer’s instructions and intracellular staining with
anti-IFN-v antibody. A BD LSRFortessa flow cytometer
was used to acquire all data using the BD FACSDiva soft-
ware, followed by analysis with FlowJo (v7.5.5, FlowJo,
LLC, Ashland, Oregon, USA).

2.7 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism software version 9.5.1 (GraphPad Software, San
Diego, CA, USA). For in vivo experiments, the individ-
ual mouse was considered the experimental and statis-
tical unit. Normality was assessed using the Shapiro-
Wilk test, and homogeneity of variance was assessed us-
ing Brown-Forsythe or Levene’s test where appropriate.
For comparisons between two groups, Student’s #-test
was used for normally distributed data with equal vari-
ance, while the Wilcoxon rank-sum test was used for non-
normally distributed data. For comparisons among mul-
tiple groups, one-way ANOVA followed by appropriate
multiple-comparison testing was used for endpoint mea-
surements, and two-way ANOVA was used for tumor
growth curves over time. Kaplan-Meier survival analysis
was performed using the log-rank test. Data are presented
as mean + SD or mean + SEM as indicated in the figure
legends. Exact p values were reported where appropriate,
and p < 0.05 was considered statistically significant.

3. Results

3.1 Elevated DKK1 Expression is Associated With Poor
HNSCC Patient Prognosis

To explore the prognostic significance of DKK1 ex-
pression in HNSCC, we initially analyzed data from TCGA
database. A scatter plot highlighting the association be-
tween DKK1 expression levels and HNSCC patients OS
revealed a positive correlation between higher DKK1 ex-
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pression and increased mortality (Fig. 1a). Kaplan-Meier
survival analysis further confirmed that patients with high
DKKI1 expression (n =251) exhibit significantly shorter OS
compared to those with low DKKI1 expression (n = 252),
with a hazard ratio (HR) of 2.07 (95% CI: 1.57-2.73, p
< 0.001) (Fig. 1b). Significantly higher DKK1 expression
was also observed in tumor tissues compared to normal tis-
sues (p < 0.001) (Fig. 1c), indicating a potential role for
DKKI1 in tumor progression. To examine the association
between DKK1 expression and tumor stage, we further ana-
lyzed DKK1 levels in different pathological T stages within
the TCGA dataset. As shown in Supplementary Fig. 1,
DKKI1 expression was significantly higher in advanced-
stage tumors (T3,T4) as compared to early-stage tumors
(T1, T2) (p < 0.01), suggesting that elevated DKK1 levels
may correlate with tumor progression. To further validate
these findings, we analyzed clinical samples from 62 HN-
SCC patients at Shanghai General Hospital. The patients
were categorized into DKK1-high and DKK1-low groups
based on IHC staining results for DKK1. As expected,
the DKK 1-high group exhibited markedly stronger DKK1
staining intensity in tumor tissues (Fig. 1d). Kaplan-Meier
analysis of this cohort showed that elevated DKK1 expres-
sion was significantly associated with a worse prognosis
(Fig. le), highlighting its correlation with reduced survival
outcomes. These results align with the findings from the
TCGA dataset, underscoring the role of DKK1 as an ad-
verse prognostic factor in HNSCC.

3.2 DKK1 Expression Correlates With Immunosuppressive
Features in the HNSCC Immune Microenvironment

To explore the connection between DKK1 expression
and the immune microenvironment in HNSCC, single-cell
RNA sequencing (scRNA-seq) analysis was conducted us-
ing the GSE103322 dataset. The t-SNE plot shown in
Fig. 2a was used for cell clustering, identifying distinct
immune cell populations, including CD4+ T cells, CD8+
T cells, myeloid cells, endothelial cells, and tumor cells.
When DKKI1 expression was examined across cell types
(Fig. 2b), it was found to be predominantly expressed in
tumor cells, with minimal expression in other cell types.

To further explore how DKKI1 expression affects
immune cell infiltration within tumors, we stratified the
TCGA HNSCC samples into DKK1-high and DKK1-low
groups based on expression data and analyzed the immune
cell composition in each group. As shown in the stacked
bar plot in Fig. 2c, the DKK 1-high group exhibited a lower
proportion of CD8+ T cells and an increased presence of
immunosuppressive cell types compared to the DKK1-low
group. A heatmap was generated to illustrate the abundance
of different immune cell types in these DKK1 expression-
based groups (Supplementary Fig. 2a), revealing signifi-
cant differences in the abundance of CD8+ T cells, CD4+
T cells, and B cells. Correlation heatmap analysis fur-
ther highlighted a significant negative correlation between
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DKKI1 expression and CD8+ T cells, whereas DKK1 lev-
els were positively correlated with the abundance of im-
munosuppressive cells, such as monocytes and neutrophils
(Fig. 2d, Supplementary Fig. 2b). Spearman correla-
tion analysis additionally revealed a negative correlation
between the expression of DKK1 and the T cell, CD8+T cell
and cytotoxic T cell scores (Fig. 2e, Supplementary Fig.
2c¢), further suggesting that high levels of DKK1 expression
may promote an immunosuppressive TME in HNSCC.

3.3 Clinical Validation of DKK1 Expression and Its Impact
on the Immune Microenvironment in HNSCC

To further confirm the association between DKK1 ex-
pression and immune cell infiltration in HNSCC, we an-
alyzed tumor samples from the 62 patients in the Shang-
hai General Hospital cohort detailed above. IHC and im-
munofluorescence staining were performed to detect CDS,
PDL1, CD15, and CD14 expression in tumor tissues with
low and high DKK1 expression (Fig. 3a). Representative
images illustrate that tumors with high levels of DKK1
expression displayed significantly reduced CD8+ T cells
infiltration, together with an increased in the presence of
PDL1+ and CD15+ cells, as compared to tumors exhibit-
ing low levels of DKK1 expression. Quantification of im-
mune cell markers confirmed that tumors with high DKK1
expression harbor significantly fewer CD8+ T cells (p <
0.0001) and higher numbers of PDL1+ (p < 0.0001) and
CDI15+ cells (p < 0.0001) per FOV (Fig. 3b). However,
as shown in Supplementary Fig. 3, no significant dif-
ference in CD14+ cells infiltration was observed between
the DKK1 high and low expression groups. These findings
suggest that high DKK1 expression in HNSCC is associ-
ated with an immunosuppressive microenvironment char-
acterized by decreased cytotoxic T cells infiltration and in-
creased expression of immunosuppressive markers.

3.4 Construction and Analysis of HNSCC Patient-Derived
Tumor Immune Organoids

To investigate the effects of anti-DKK1 treatment on
the TME, we constructed HNSCC patient-derived tumor
immune organoids, incorporating both tumor cells and im-
mune cells to mimic the native tumor-immune interactions.
The schematic in Fig. 4a illustrates the process used to pre-
pare these 3D organoid models, which closely mirror the
architecture and cellular composition of HNSCC tumors.

Representative images of tumor immune organoids
cultured under standard conditions are shown in Fig. 4b.
Following treatment with anti-DKK1, the tumor organoids
exhibited a noticeable reduction in size compared to the
control group, suggesting that anti-DKK1 effectively sup-
presses tumor growth within the tumor-immune microen-
vironment. Quantification of tumor organoid size further
confirmed the inhibitory effect of anti-DKK1 treatment
(Fig. 4c), with a significant reduction in organoid number
compared to the control group.
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Fig. 1. Elevated DKK1 expression correlates with poor prognosis in head and neck squamous cell carcinoma (HNSCC). (a) Anal-
ysis of DKK1 expression in HNSCC patients from the TCGA database. The upper panel shows a scatter plot of DKK1 expression
(Log2(TPM+1)) ranked from low to high expression, color-coded by risk type (high vs. low groups). The middle panel displays a scat-
ter plot of survival time and status, with red representing deceased patients and blue representing surviving patients. The lower panel
is a heatmap showing DKK1 expression levels (z-score) across patient samples. (b) Kaplan-Meier survival analysis based on DKK1
expression in HNSCC patients from the TCGA dataset. Patients with high DKK1 expression (n = 251) show significantly worse over-
all survival compared to those with low DKK1 expression (n = 252), with a hazard ratio (HR) of 2.07 (95% CI: 1.57-2.73) and p <
0.001. Statistical analysis was performed using the Kaplan-Meier method with log-rank test. (c) Comparison of DKK1 expression levels
(Log2(FPKM+1)) between normal and tumor tissues in HNSCC patients, indicating significantly elevated expression in tumor tissues
(***p < 0.001). Statistical significance was evaluated using the Wilcoxon rank-sum test. (d) Representative H&E and immunohisto-
chemistry (IHC) staining images for DKK1 in tumor tissues from clinical HNSCC samples (Shanghai General Hospital cohort), showing
the DKK 1-low and DKK1-high groups. Scale bar, 100 um. (e¢) Kaplan-Meier survival curve for overall survival in the Shanghai General
Hospital cohort (n = 62), comparing patients with high and low levels of DKK1 expression, revealing that high DKK1 expression is
associated with significantly worse prognosis. Statistical significance was evaluated using the log-rank test. DKK1, Dickkopf-Related
Protein 1; TCGA, The Cancer Genome Atlas.
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plot of DKK1 expression levels across different cell types in HNSCC (GSE103322). (c) Stacked bar plot displaying the proportions of
various immune cell types between the groups exhibiting high and low DKK1 expression based on TCGA data. (d) Correlation heatmap
illustrating the relationship between immune scores and gene expression profiles in HNSCC. Red and green respectively denote positive
and negative correlations. Circle size is proportional to correlation strength, with larger circles indicating stronger correlations. Red and
green lines respectively represent negative and positive correlations between immune scores or gene expression and DKK1 expression. (e)
Spearman correlation analysis of the association between DKK1 expression and immune scores in HNSCC. Each scatter plot represents
the correlation between DKK1 expression and different immune cell scores, with each point representing an individual sample. X-axis
denotes DKK1 expression, and Y-axis denotes immune scores. A positive correlation coefficient indicates a direct relationship, while a

negative correlation coefficient indicates an inverse relationship. Statistical analysis was performed using Spearman correlation analysis.
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Fig. 3. Clinical validation of DKK1 expression and its association with the composition of the immune microenvironment in
HNSCC patients. (a) Immunohistochemistry (IHC) and immunofluorescence staining for DKK1, CD8, PDL1, CD15, and CD14 in

tumor samples from HNSCC patients with low and high levels of DKK1 expression (n = 62). Representative images show differences in

immune cell infiltration between the DKK1-low and DKK 1-high groups. Left panel: IHC staining for DKK1; middle panel: immunoflu-

orescence staining for CD8 (green) and PDL1 (red); right panel: immunofluorescence staining for CD15 (orange) and CD14 (purple)
with DAPI nuclear staining (blue). Scale bar, 100 um. (b) Quantification of CD8+, PDL1+, and CD15+ cells per field of view (FOV) in
DKK1-low and DKK1-high groups. Data represent the mean 4= SD, n = 62 HNSCC patients from Shanghai General Hospital (n = 62).

ik < 0.0001.

3.5 Combined Anti-DKK1 and Anti-PD1 Therapy
Enhances Anti-PD1 Efficacy

Given the association between DKK1 and immuno-
suppressive features in HNSCC, we hypothesized that tar-
geting DKK1 may augment the efficacy of anti-PD1 im-
munotherapy. To test this possibility, we utilized the TCGA
dataset to analyze the expression of various immune check-

point genes in DKK1-high and DKK1-low patient groups.
As shown in Fig. 5a, immune checkpoint genes including
PDCDI (encoding PD-1), LAG3, and TIGIT were signifi-
cantly upregulated in the DKK 1-high group, indicating that
patients with elevated levels of DKK1 expression may ex-
hibit an immunosuppressive intratumoral phenotype that
may constrain the efficacy of anti-PD1 treatment. This
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Fig. 4. Construction and analysis of HNSCC patient-derived tumor immune organoids. (a) Schematic illustration of the process
for constructing HNSCC patient-derived tumor immune organoids. Created in BioRender. Yin, Y. (2026) https://BioRender.com/{z
a4mOk. (b) Representative images of HNSCC patient-derived tumor organoids cultured under standard conditions following anti-DKK1

treatment. Scale bars represent 100 um. (c) Quantification of tumor Number of large organoids following anti-DKK1 treatment, showing

a significant reduction in size compared to the control group. Organoids were derived from 10 independent HNSCC patients. Statistical

significance was evaluated using Student’s ¢-test or Wilcoxon rank-sum test. ****p < 0.0001.

increased immune checkpoints molecule expression in the
DKK1-high group suggests that these tumors may rely on
multiple inhibitory pathways to evade immune detection,
further supporting the need to employ a combined targeting
approach.

To further assess the potential benefit of DKK1 inhi-
bition, we utilized the Tumor Immune Dysfunction and Ex-
clusion (TIDE) algorithm to predict tumor responsiveness
to immune checkpoint inhibitor (ICI) treatment. As shown
in Fig. 5b, the TIDE score of DKK1-low patients was sig-
nificantly lower than that of DKK1-high patients, suggest-
ing that these HNSCC patients may respond more strongly
to ICIs as compared to those with high levels of DKK1 ex-
pression (p < 0.01).

We then evaluated the therapeutic effects of anti-
DKKI1 and anti-PD1 combination therapy in a subcuta-
neous mouse model of HNSCC. Tumor images (Fig. 5¢)
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and growth curves (Fig. 5d) revealed that combination ther-
apy significantly reduced tumor size compared to control
tumor growth or monotherapy treatment with anti-PD1, or
anti-DKK1. Final tumor weights (Fig. 5e) also indicated a
substantial reduction in the combination therapy group (p <
0.0001), highlighting the enhanced efficacy of anti-DKK1
and anti-PD1 co-administration.

3.6 Anti-DKK1 and Anti-PD1 Combination Therapy
Modulates the Tumor Immune Microenvironment

To understand how anti-DKK1 and anti-PD1 combi-
nation therapy influences the tumor immune microenviron-
ment, we conducted a flow cytometry-based analysis of
tumor-infiltrating immune cells in our experimental mouse
model system. Representative gating strategies for the iden-
tification of MDSCs and T-cell subsets are shown in Sup-
plementary Fig. 4. As shown in Fig. 6a, staining for Ly6g
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Fig. 5. Anti-DKK1 therapy enhances the efficacy of anti-PD1 treatment in HNSCC. (a) Immune checkpoint gene expression profiles
for tumors in the DKK1-high and DKK1-low groups in the TCGA dataset. The x-axis represents different immune checkpoint genes,
while the y-axis represents expression levels. Box plots compare gene expression between DKK1 high (red) and low (blue) groups.
Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ns p > 0.05), evaluated using the Wilcoxon rank-sum test. (b)
Predicted immune response scores in the DKK1-high and DKK1-low groups based on the Tumor Immune Dysfunction and Exclusion
(TIDE) algorithm. The violin plot shows the distribution of TIDE scores, indicating that the DKK1 low group has a higher predicted
response to immune checkpoint inhibitors. Statistical significance was assessed by Wilcoxon test, with **p < 0.01. (c) Representative
images of tumors in a subcutaneous mouse tumor model treated with control, anti-PD1, anti-DKK1, or a combination of anti-DKK1 and
anti-PD1. Scale bar, 1 cm. (d) Tumor growth curves for the indicated treatment groups, showing that the combination of anti-DKK1 and
anti-PD1 significantly suppresses tumor growth compared to individual treatments (n = 5 mice per group). Data are shown as mean +
SD. (e) Final tumor weights in each treatment group, demonstrating the enhanced antitumor effect of combined anti-DKK1 and anti-PD1
therapy. ****p < 0.0001, indicating a highly significant reduction in tumor weight with combination therapy. Statistical significance
was evaluated using Student’s #-test or Wilcoxon rank-sum test, as appropriate. PD-1, Programmed Cell Death Protein 1.
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Fig. 6. Modulation of the tumor immune microenvironment by combined anti-DKK1 and anti-PD1 therapy. (a) Flow cytometry
plots showing Ly6g and Ly6c staining of CD11b+ cells across treatment groups (Control, anti-PD1, anti-DKK1, and anti-DKK1 + anti-
PD1; n = 5 mice per group). (b) Quantification of MDSC (CD11b+Ly6g+Ly6c¢c+) populations in each treatment group, indicating a
significant reduction in MDSCs with anti-PD1 and anti-DKK1 combination therapy. ****p < 0.0001, ***p < 0.001; ns: not significant.
(c) Flow cytometry plots of CD4+ and CD8+ T cell populations in each treatment group, highlighting the impact of combined therapy
on T cell composition. (d) Quantification of CD8+ and CD4+ T cells (as percentages of CD45+ cells) in each treatment group. Anti-
DKKI1 + anti-PD1 combination therapy significantly increases the proportion of CD8+ T cells, while CD4+ T cell levels show minor
variations. Student’s ¢-test or Wilcoxon rank-sum test, as appropriate. *p < 0.05, ****p < 0.0001, ns p > 0.05. (e) Flow cytometry
histograms showing PD1 expression in CD8+ T cells across treatment groups, with a marked reduction in the anti-DKK1 + anti-PD1
group. (f) Quantification of PD1+ CD8+ T cells, with significantly lower PD1 levels in the anti-DKK1 + anti-PD1 group, indicating
enhanced T cell activation. Statistical significance was evaluated using Student’s ¢-test or Wilcoxon rank-sum test, as appropriate. ****p
< 0.0001, ***p < 0.001. (g) Flow cytometry histograms showing IFN-y expression in CD8+ T cells across treatment groups, with a
notable increase in the anti-DKK1 + anti-PD1 group. (h) Quantification of IFN-y+ CD8+ T cells, demonstrating a significant increase
in IFN-v production with combination therapy, indicative of heightened T cell activity. ****p < 0.0001, ***p < 0.001. Statistical
significance was evaluated using Student’s ¢-test or Wilcoxon rank-sum test, as appropriate. MDSC, Myeloid-Derived Suppressor Cells;

IFN-~, Interferon-v.
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and Ly6c expression among CD11b+ cells revealed a sig-
nificant reduction in MDSCs abundance in the combina-
tion therapy group compared to the control and monother-
apy groups. Quantification of MDSC proportions (Fig. 6b)
further confirmed that the combination therapy group had
the lowest MDSC levels among all treatment groups (p <
0.0001), indicating a reduction in immunosuppression.

Additionally, we assessed CD4+ and CD8+ T cell
infiltration (Fig. 6¢,d). Combination therapy administra-
tion significantly increased the proportion of CD8+ T cells
within the TME compared to the other groups (p < 0.05),
consistent with the enhancement of cytotoxic T cell infil-
tration. With respect to CD4+ T cells, we found that the
combination therapy group exhibited a higher number of
CD4+ T cells than the control and anti-DKKI1 groups (p <
0.05), although the difference was not statistically signifi-
cant compared to the anti-PD1 monotherapy group. Further
analysis of PD1 expression on CD8+ T cells showed that
combination therapy markedly decreased PD1 expression
(Fig. 6e,f), suggesting a reduction in T cell exhaustion. To
evaluate T cell functional activation, we examined IFN-y
production by CD8+ T cells. Flow cytometry histograms
(Fig. 6g) and quantification (Fig. 6h) revealed significantly
higher IFN-v levels in the combination therapy group (p
< 0.0001), consistent with enhanced cytotoxic T cell ac-
tivity. These findings collectively suggest that anti-DKK1
and anti-PD1 combination therapy promotes an immunos-
timulatory microenvironment within HNSCC tumors char-
acterized by reduced immunosuppression, increased CD8+
T cell infiltration, and heightened T cell activation.

4. Discussion

This study offers new insight into the role of DKK1
as a key regulator of the immune microenvironment in HN-
SCC. We found that elevated DKK1 expression is associ-
ated with poor prognosis in HNSCC, potentially owing to
its ability to foster an immunosuppressive TME. Our results
also highlight the potential of targeting DKK1 in combi-
nation with ICIs, as co-administration of anti-DKK1 and
anti-PD1 led to enhanced antitumor immunity and reduced
tumor growth in preclinical models of HNSCC.

The immunosuppressive effects of DKK1 appear to
be mediated, in part, by its influence on immune cell com-
position within the TME. Elevated DKK1 expression was
linked to decreased infiltration of cytotoxic CD8+ T cells,
which are crucial for effective antitumor immunity and
responsiveness to ICIs [38]. Additionally, our data re-
vealed that DKK1 promotes an immunosuppressive envi-
ronment by facilitating the accumulation of MDSCs, which
are known to inhibit T cell activation and expansion [39],
further dampening the antitumor immune response. This
pattern of immune cell distribution likely explains the poor
response to immunotherapy observed in patients with ele-
vated DKK1 levels. A possible molecular explanation for
this effect is that DKK1 may directly regulate MDSC bi-
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ology through suppression of S-catenin signaling. Previ-
ous studies have shown that downregulation of -catenin
in MDSCs is critical for their accumulation and suppres-
sive activity [17], and that DKK1 can directly target these
cells to inhibit S-catenin signaling, thereby promoting both
MDSC expansion and immune suppressive function. In
contrast, DKK1 neutralization was reported to rescue (-
catenin signaling in MDSCs, reduce their accumulation,
and restore T-cell recruitment at tumor sites. Therefore, our
findings raise the possibility that elevated DKK1 in HN-
SCC may contribute to an immunosuppressive microenvi-
ronment, at least in part, by enhancing MDSC-mediated im-
mune suppression through a S-catenin-dependent mecha-
nism.

The inverse relationship that we identified between
DKK1 expression and CD8+ T cell infiltration is particu-
larly relevant for efforts aimed at improving immunother-
apy outcomes. ICIs, such as anti-PD1 therapy, rely on an
active and T cell-enriched immune environment to be effec-
tive. In our study, we observed a less pronounced T-cell-
inflamed signature in the DKK1-high group, suggesting a
less favorable environment for ICI efficacy. By inhibiting
DKKI1, we were able to counteract this immunosuppressive
environment, as evidenced by an increase in CD8+ T cell
infiltration and activation when anti-DKK1 was combined
with anti-PD1 therapy. This combination enhanced the re-
cruitment of cytotoxic T cells while also increasing their
functional activation, as indicated by higher levels of IFN-y
production. In addition, the TIDE analysis in our study sug-
gested that tumors with low DKK 1 expression may be more
likely to respond to immune checkpoint blockade. How-
ever, this result should be interpreted cautiously, as TIDE
is a computational prediction tool and does not constitute di-
rect experimental or clinical validation of immunotherapy
response.

The use of tumor immune organoids, as employed
in our study, provides a powerful in vitro model capa-
ble of simulating the tumor-immune microenvironment and
testing the effects of DKKI1 inhibition in a clinically rel-
evant context. Tumor immune organoids derived from
HNSCC patient samples were constructed through the co-
culture of tumor cells with TME-derived immune cells,
thereby closely mimicking the complex cellular interactions
and immune dynamics of the patient’s TME. This innova-
tive approach allows for the more accurate recapitulation
of immune cell infiltration and tumor growth observed in
vivo, enabling the precise evaluation of combination thera-
pies, including anti-DKK1 and ICls, in a controlled setting.
These models also serve as a versatile platform for screen-
ing other potential immune-modulating compounds. For
example, natural agents such as trans-resveratrol and rho-
dioloside have shown promising immunomodulatory and
anti-tumor effects [40]. Their combination with DKK1-
targeted and ICls therapies could further amplify anti-tumor
immune responses and improve treatment outcomes. This
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ability to establish patient-relevant models underscores the
potential of tumor immune organoids in advancing person-
alized cancer therapy and understanding immune interac-
tions within the TME.

Our findings suggest that DKK 1 may serve as a valu-
able therapeutic target in HNSCC, particularly for patients
who may not respond adequately to anti-PD1 monother-
apy. The use of anti-DKK1 therapy to reduce MDSC lev-
els and boost CD8+ T cell activity within the TME could
enhance the overall efficacy of immunotherapy. This ap-
proach aligns with the growing emphasis on targeting spe-
cific elements of the TME to overcome resistance mecha-
nisms and improve outcomes in immunotherapy-resistant
The relationship between DKK1 and the im-
mune microenvironment also highlights the broader role
of DKKI1 as a context-dependent modulator in cancer bi-
ology. In this study, DKKI1 appears to act as an onco-
genic factor, promoting an immune-suppressive TME that
favors tumor growth and immune evasion. Unlike conven-
tional biomarkers, which often reflect only a single aspect
of tumor biology, DKK1 demonstrates a multifaceted influ-
ence, affecting both the recruitment and functional activity
of immune cells. Further investigation of these effects may
help inform the development of DKK1-targeted therapies
for HNSCC immunotherapy.

cancers.

In conclusion, our findings support a role for DKK1 in
immune suppression in HNSCC and suggest that it may rep-
resent a potential target for combination immunotherapy.
By alleviating DKK 1-mediated immunosuppression, com-
bination therapy with anti-DKK 1 and anti-PD1 therapy may
offer promise as a means of enhancing antitumor immunity
in HNSCC. Future studies will be needed to validate these
findings in clinical settings and to optimize DKK1-targeted
therapies for integration with current immunotherapy proto-
cols. Overall, our results provide a preclinical rationale for
further investigation of DKK1-targeted combination ther-
apy in HNSCC.

5. Limitations

This study has several limitations. Although we in-
tegrated TCGA analysis, a clinical cohort, patient-derived
tumor immune organoids, and an in vivo murine model,
the clinical cohort was relatively small and derived from
a single center, which may limit the generalizability of the
findings. In addition, while our data support an associa-
tion between elevated DKK1 expression and an immuno-
suppressive tumor microenvironment, the precise molec-
ular mechanisms by which DKK1 regulates immune cell
function were not directly dissected in this study. More-
over, although the tumor immune organoid model repre-
sents a major strength of this work, it cannot fully recapitu-
late the complexity of the in vivo tumor microenvironment.
However, these limitations do not affect the main conclu-
sion that DKK1 is associated with an immunosuppressive
microenvironment in HNSCC and may represent a poten-
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tial target for combination immunotherapy. Future studies
with larger multicenter cohorts and more detailed mecha-
nistic investigations will be needed to further validate and
extend these observations.

6. Conclusions

This study highlights the critical role of DKK1 as a
driver of immune suppression in the TME of HNSCC. High
DKK1 expression is correlated with poor patient outcomes
and gives rise to localized immunosuppressive conditions
within tumors by reducing CD8+ T cell infiltration and en-
hancing MDSCs abundance. By targeting DKK1, we were
able to significantly enhance antitumor immunity in pre-
clinical models, particularly when combined with anti-PD1
therapy, which resulted in reduced tumor growth, increased
CD8+ T cell activity, and a more immunostimulatory TME
in both in vivo models and patient-derived tumor immune
organoids. The approach used to grow and utilize tumor
immune organoids in this study also offers an innovative
approach for modeling the TME, enabling precise evalu-
ation of therapeutic strategies. These findings underscore
the therapeutic potential of DKK1 inhibition as a comple-
ment to the use of immune checkpoint inhibitors, offer-
ing a promising avenue for improving immunotherapy out-
comes in HNSCC. Future research should focus on translat-
ing these findings to clinical settings and exploring DKK1-
targeted combination therapies in broader patient popula-
tions.
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