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Although pathological complete response (pCR) and major pathological
response (MPR) rates of neoadjuvant immunotherapy combined with che-
motherapy in head and neck squamous cell carcinoma (HNSCC) trials remain
suboptimal, emerging evidence highlights the synergistic potential of com-
bining low-dose radiotherapy with immunotherapy to promote the efficacy of
immunotherapy. This phase I, open-label, single-arm, multicenter trial
(NCT05343325) enrolled 28 patients with untreated stage I1I-IVB HNSCC
(NeoRTPCO02). Patients received neoadjuvant low-dose radiotherapy, the
programmed death-1 (PD-1) inhibitor tislelizumab, albumin-bound paclitaxel,
and cisplatin for two cycles, followed by radical resection -4 weeks after
treatment completion. The primary endpoint, pCR rate, was achieved in 14 of
23 patients (60.9%; 23/28, 82.1% of the total cohort underwent surgery). Sec-
ondary endpoints included MPR rate (21.7%, 5/23), RO resection rate (100%),
and objective response rate (64.3%; 18/28). Treatment-related adverse events
were manageable, with grade 3 or 4 treatment-related adverse events occur-
ring in 10 (35.7%) patients. No surgical delays were observed. Single-cell RNA
sequencing revealed remodeling of the HNSCC tumor microenvironment,
which may correlate with improved clinical outcomes. This trial met the pre-
specified primary endpoint, demonstrating a high pCR rate with promising
efficacy and manageable toxicity in locally advanced HNSCC.

Locally advanced head and neck squamous cell carcinoma (HNSCC)
accounts for a significant proportion of HNSCC cases, with an esti-
mated 70-80% of patients first diagnosed at this stage'. Unfortunately,
despite standard treatment options, such as radical resection with
adjuvant chemotherapy or radiochemotherapy, mortality rates con-
tinue to rise. Immunotherapy has emerged as a potential breakthrough
in addressing this therapeutic impasse.

Programmed death receptor 1 (PD-1) antibody, a PD-1 inhibitor, is
a key player in immunotherapy, given that Programmed cell death-
Ligand 1 (PD-L1) is expressed in 50-60% of patients with HNSCC?. The
Checkmate 141 and KEYNOTE-048 studies established the efficacy of
PD-1 antibodies in recurrent metastatic HNSCC>*. With the approval of
PD-1 inhibitors as first-line therapy for recurrent/metastatic HNSCC
based on the study of KEYNOTE-048, the application of
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immunotherapy in HNSCC has gained widespread acceptance. How-
ever, although immunotherapy can induce durable systemic respon-
ses, it is only effective in ~15% patients with HNSCC®.

HNSCC is a relatively immunodeficient tumor with an immuno-
suppressive microenvironment, including dysfunctional tumor-
infiltrating lymphocytes (TILs) and enrichment of regulatory T cells
and tumor-associated macrophages. These factors lead to immune
evasion and a low response rate to immunotherapy, highlighting the
need for combination therapies to improve efficacy®’. Studies indicate
synergistic antitumor effects when combining chemotherapeutic
agents (paclitaxel, carboplatin, gemcitabine) with PD-1 inhibitors®.
Moreover, the combination of PD-1 inhibitors and chemotherapy
shows significant efficacy against various cancers with minimal over-
lapping adverse reactions’. Neoadjuvant treatment combining immu-
notherapy with docetaxel and cisplatin achieves a 48% pathological
response rate in locally advanced HNSCC'. Our group previously
performed a phase Ib clinical study exploring the safety and efficacy of
combined immunotherapy with toripalimab, gemcitabine, and cispla-
tin chemotherapy as neoadjuvant treatment for locally advanced
HNSCC". The results showed that the major pathological response rate
after surgery was 45%. Thus, these findings highlight the promising
application of immunotherapy and chemotherapy combination in
locally advanced HNSCC.

In recent years, the landscape of neoadjuvant immunotherapy for
resectable locally advanced HNSCC has evolved significantly. In some
phase 2 studies (NCT02296684 and NCT02641093) and KEYNOTE-689
(NCT03765918) neoadjuvant and adjuvant pembrolizumab demon-
strated protential efficacy and acceptable safety in patients with
resectable LA HNSCC™ . Many studies have reported that neoadju-
vant chemoimmunotherapy significantly improves the overall
response and pathologic response. In some phase Il trials for locally
advanced HNSCC, the pathologic complete response rate reached
about 17%-42%""'¢, including a 30%-41.4%""® pathologic complete
response rate in patients with locally advanced resectable OSCC.
Nevertheless, there is still a lack of phase 3 randomized trial data of
neoadjuvant chemoimmunotherapy in HNSCC.

Low-dose radiotherapy (LDR) reprogrammed immune-desert
tumors by inducing M1 macrophage polarization, chemokine pro-
duction, and effector T cell recruitment”. LDR activates innate and
adaptive immune responses, controlling tumor growth and reversing
immune suppression. It enhances natural killer cell infiltration and
reduces transforming growth factor-p levels?®. Notably, LDR counters
immunosuppressive tumor environments by manipulating tumor
stromal cells and redirecting immune cells toward them"”. Therefore,
LDR effectively enhances the antitumor effects of immunother-
apy.High-dose radiotherapy (HDR) primarily exerts its effect through
direct tumor cytotoxicity, while also mediating important immuno-
modulatory effects such as activating dendritic cells, releasing danger
signals, and upregulating cytokines, which promote immune respon-
ses and enhance T cell function®**. In contrast, low-dose radiotherapy
(LDR) can safely target the entire body system, reprogramming the
tumor microenvironment (TME), inducing M1 macrophage polariza-
tion, and promoting T cell infiltration, while avoiding the high toxicity
associated with HDR. LDR enhances immune therapy effectiveness by
transiently inflaming tumors and mobilizing both innate and adaptive
immune mechanisms?***, Therefore, LDR and HDR each play unique
roles in cancer treatment, with LDR providing a safer and longer lasting
option for synergizing with immunotherapy.

Previous clinical studies have reported the outcomes of the
combination of LDR and chemotherapy as a neoadjuvant treatment for
patients with HNSCC??%, A study found that two cycles neoadjuvant
treatment with LDR (0.5 Gy twice a day on days 1, 2, 8, and 15) in
combination with weekly paclitaxel plus every-3-week carboplatin
achieved a complete response (CR) rate of 62.5% on imaging, with a
median overall survival (OS) of 107.2 months**. This research

provides valuable insights into the feasibility of using specific LDR
regimes and doses in combination with chemotherapy for HNSCC.

In this work, we show that neoadjuvant low-dose radiotherapy (LDR)
combined with tislelizumab, albumin-bound paclitaxel, and cisplatin
achieves a high pCR rate in patients with resectable, locally advanced
HNSCC. Our findings suggest that this combination therapy may improve
clinical outcomes while maintaining a manageable safety profile.

Results

Patients

From April 29, 2022, to March 27, 2024, 37 patients were assessed for
eligibility, and 28 patients were enrolled after signing an informed
consent form and were thus included in the modified intention-to-treat
(ITT) population. Baseline demographics and disease characteristics
are shown in Table 1. The median age of the patients was 52.9 years,
and the predominant location of the primary tumor site was the oral
cavity (75.0%, 21/28). In addition, 14 (50.0%) patients had T4 tumors,

Table 1| Patient characteristics
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Demographic variables Patients Percent
(N=28) (%)

Age (years) 52.9+9.7
Gender

Male 26 92.9

Female 2 74
Smoker

Never n 39.3

Current or former 17 60.7
Alcohol abuse

No 17 60.7

Yes n 39.3
Tumor Site

Oropharynx 14.3

Larynx 2 71

Hypopharynx 1 3.6

Oral Cavity 21 75.0
T category

T (0] 0.0

T2 3 10.7

T3 " 39.3

T4 14 50.0
N category

NO 7 25.0

N1 4 14.3

N2 15 53.6

N3 2 71
PD-L1 (CPS)

CPS=0 5 17.9

0<CPS<1 & 10.7

1<CPS<19 13 46.4

CPS>20 7 25
HPV (p16)

Negative 15 53.6

Positive 13 46.4
AJCC stage (The eighth edition)

1] 6 21.4

IVA 19 67.9

IVB 3 10.7

Abbreviations: AJCC, American Joint Committee on Cancer.
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l 37 patients assessed for eligibility l

8 failed to meet the criteria
1 refused enroliment

28 patients enrolled

28 received assigned neoadjuvant
treatment

Characteristics and
safety analysis (n = 28)

5 discontinued after two courses
4 withdrew informed consent
1 uneligible for radical surgery

23 proceeded to receive
surgery

l Pathological response evaluation (n = 23) l

Fig. 1| Clinical trial flow chart. In the study, 37 patients were assessed for elig-
ibility, 28 patients were enrolled and included, and 23 patients underwent radical
surgical resection.

and 21 (75.0%) patients presented lymph node metastasis. All patients
were newly diagnosed with stage I1I-IlVB HNSCC before enrollment, and
the most frequent clinical stage was IVA (67.9%, 19/28), which is typical
of previous studies™.

Treatment characteristics

All 28 patients in the modified ITT population received two cycles
neoadjuvant treatment, of whom 23 patients finally underwent surgery
and achieved radical tumor resection. Five of 28 failed to undergo radical
surgical resection: one declined further surgery or radical radiotherapy
due to significant tumor regression and complete symptom remission,
two resisted surgery and opted for radical radiotherapy, one was lost to
follow-up after two cycles, and one was deemed ineligible for complete
resection by the surgeon and proceeded with radical radiotherapy after
Multi-Disciplinary Treatment (Fig. 1). The median time between the last
neoadjuvant treatment and surgery was 38.3 days (95%Cl, 33.7-42.9),
and no surgery-associated morbidity or mortality was observed. No
patients had surgical delays. Among the 23 patients who underwent
radical resection, 18 received postoperative radiotherapy, 2 received
postoperative chemoradiotherapy, and 3 were only monitored with
follow-up without further antitumor treatment. All withdrawn partici-
pants received radical chemoradiotherapy to regress residual tumors
following neoadjuvant treatment (Supplementary Fig. 1).

Response and survival

Among all patients receiving two cycles neoadjuvant treatment and MRI
scan evaluation, 18 of 28 (64.3%) participants exhibited an ORR radio-
graphically as per RECIST 11. Of these, two (7.1%) had a complete
response (CR), and 16 (57.1%) had a partial response (PR). All the other
patients presented stable disease. No progressive disease was observed
during neoadjuvant therapy (Figs. 2 and 3). Patients who underwent
radical surgery had an RO resection rate of 100%. Of the 23 patients
whose tumors were pathologically evaluable for the primary endpoint, 14
(60.9%) achieved pCR in the primary tumor and lymph node, five (21.7%)
had MPR, and four (17.4%) had PPR, respectively. The pathological pro-
files of evaluable patients after surgical resection are summarized in
Fig. 2. Additionally, pCR of pathological response was detected in four
patients with SD of radiographic response. The radiographic response of
SD was also detected as PPR or MPR of pathological response in some
patients. Additionally, patients with an ORR did not have a correlation
with a pathological response (Supplementary Fig. 2a, b). As shown by
patients 02, 06 and 10, all the three participants had a pCR after

evaluating the surgical resected tissue, while the radiographic responses
were CR, PR and SD. Regardless of radiographic response, patients with
PCR observed pathological features including interstitial fibrous tissue
hyperplasia, infiltration of multinucleated giant cells, tissue cells and
chronic inflammatory cells (including lymphocyte and plasma cells
infiltration), and no residual tumor inside the tumor bed (Fig. 4a-c).

In the evaluable cohort of 23 patients, there were 9 HPV-positive
(pl6-positive) patients and 14 HPV-negative (pl6-negative) patients.
Among the 9 pl6-positive patients, 5 (55.56%) achieved pCR, while 9 of
the 14 pl6-negative patients (64.29%) achieved pCR. In terms of MPR, 3
out of 9 plé-positive patients (33.33%) achieved MPR, while 2 out of 14
plé-negative patients (14.29%) achieved MPR. This suggests that while
pl6 status may influence some response types, the overall differences in
pCR and MPR are relatively small. Interestingly, the PPR rate was higher
in plé-negative patients (21.43%) compared to plé-positive patients
(11.11%) (Table 2). Collectively, these findings demonstrate limited
intergroup differences in pathological responses between pl6-positive
and plé-negative subgroups. The 3-year progression-free survival (PFS)
rate and OS rate have not yet been fully elucidated. By September 2024,
no case of non-progressive disease (NPR) had occurred. The median
follow-up time from the first day of treatment is 14.1 months, ranging
from 4.4 months to 28.8 months (Fig. 3). Data on the 1-year and 3-year OS
and PFS rates will be presented in subsequent publications Table 3.

Safety

A total of 28 patients who received a two-cycle neoadjuvant regime of
LDR and tislelizumab combined with albumin-bound paclitaxel and
cisplatin were included in the study population for safety analysis.
Overall, 27 (96.4%) patients suffered from treatment-related adverse
events (TRAEs), and 10 of 28 (35.7%) patients had grade 3-4 AEs. The
most common grade 3 adverse events occurred in 10 cases, primarily
involving neutropenia and decreased white blood cell count. The only
grade 4 adverse event observed was neutropenia, which occurred in 2
patients. Consequently, the dose of cisplatin was adjusted, following the
judgment of the investigators and subsequent approval from the med-
ical ethics committees. Details of this adjustment have been provided in
the protocol. The most common grade 1 or 2 AEs was anemia, which
happened in 16 (57.1%) patients. In the grade 1 adverse events, those
occurring at a frequency exceeding 20% included anorexia (9/28, 32.1%),
nausea (7/28, 25.0%), alopecia (6/28 21.4%), hyperuricemia (6/28, 21.4%),
and hyperglycemia (6/28, 21.4%). None of the AEs reported during the
neoadjuvant treatment resulted in surgical delay, or death.

Biomarker analysis

To explore the immunologic correlates of neoadjuvant treatment and
pathological response, we performed immunohistochemistry and
multiplex immunofluorescence on paired pretreatment biopsies and
surgical resection specimens from the participants. We found that the
expression of CD4 (p=0.0115), CD8 (p=0.0028) and CD20
(p=0.0063) increased after the combination neoadjuvant treatment
(Fig. 5a-c, e, f). And the immunohistochemistry results showed that
the pretreatment levels of CD20 in patients with pCR was significantly
higher than those with Non-pCR (MPR + PPR) (p =0.0332) (Fig. 5d, f).
And there was no significant difference in the pretreatment levels of
CD4 and CD8 between pCR and non-pCR groups (Supplementary
Fig. 3a, b). These results were also verified by detecting the expression
of CD20 using multiplex immunofluorescence in three patients with
pCR, MPR and PPR, respectively (Fig. 5g).

Single-cell RNA sequencing (scRNA-seq) reveals LDR combined
with immunotherapy plus chemotherapy by activating adaptive
immunity and modulating myeloid cell populations to remodel
the HNSCC TME

To gain insights into the mechanisms by which LDR combined with
immunotherapy and chemotherapy as a neoadjuvant treatment
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Fig. 2 | Waterfall plot of characteristic of radiographic response (n =28) and
pathological response (n =23) profiles. Each column indicates one patient,
ranking from highest to lowest rate of radiographic response. Corresponding
sequence numbers of patients are labeled below. The dashed horizontal line
denotes 30% radiographic response, indicating the cutoff points for PR and SD

(Left). Each column indicates one patient. Two dashed horizontal lines denote 50%
and 90% pathological response, indicating the cutoff points for NPR and PPR, PPR
and MPR. Gray vertical axes represent patients who did not undergo surgery
(Right). Source data are provided as a Source Data file.

modulates the tumor microenvironment (TME) in HNSCC, we col-
lected paired pre- and post-treatment biopsy tissues from three
patients with advanced HNSCC who underwent treatment with LDR in
combination with tislelizumab, albumin-bound paclitaxel, and cispla-
tin (a total of 6 samples). Subsequently, single-cell RNA sequencing
was performed using the 10x Genomics platform. Additionally, we
obtained data from 4 paired advanced HNSCC patients before and
after nivolumab treatment from the single-cell RNA sequencing cohort
GSE195832 (a total of 8 samples). After undergoing the quality control
processes described in the Materials section, a total of 90,520 cells
from 14 patient samples were selected for further analysis, including
GSE195832_control (Ctrl) (4 samples), GSE195832_aPD-1 (4 samples),
in-house dataset Ctrl (IHD_Ctrl) (3 samples), and IHD _LDR + aPD-1 +
Chemo (3 samples) (Supplementary Fig. 4a, b).Harmony was then
employed for batch correction and dimensionality reduction, followed
by clustering analysis. Based on the expression of marker genes, the
cells were annotated into seven distinct cell types, including epithelial
cells (EPITHELIAL, highly expressing EPCAM, KRT19, PROM1, ALDHIA1,
CD24), B lymphocytes (B-CELL, highly expressing CD19, MS4Al,
CD79A), myeloid cells (MYELOID, highly expressing CD68, CDI163,

CD14), fibroblasts (FIBROBLAST, highly expressing FGF7, MME),
endothelial cells (ENDOTHELIAL, highly expressing PECAMI, VWF),
mast cells (MAST, highly expressing KIT) and T lymphocytes/NK cells
(LYMPHOID & NK, highly expressing CD3D, CD3E, CD8A, CD8B, CD4 or
highly expressing FGFBP2, FCG3RA, CX3CRI) (Fig. 6a, and Supplemen-
tary Fig. 4c-f).

Prior studies have demonstrated that LDR in combination with
tislelizumab and chemotherapy, as a neoadjuvant treatment, can
reprogram immunologically deserted tumors by modulating immune
cells”. In our analysis, we focused on T cells, B cells, and myeloid cells to
further elucidate the immunological shifts induced by this treatment
regimen. Through subclustering of T and NK cells, we identified a total
of 11 distinct cellular clusters (Fig. 6b, and Supplementary Fig. 5a-c). The
comparison of cell infiltration revealed a significant increase in the
proportion of CD8'IL7R" effector memory T cells (CD8_Tm_IL7R) in the
IHD_LDR + aPD-1 + Chemo group compared to the IHD_Ctrl group, while
no similar change was observed between the GSE195832_aPD-1 and
GSE195832_Ctrl groups, suggesting that LDR combination therapy may
enhance anti-tumor immunity by increasing effector memory T-cell
infiltration (Fig. 6¢, and Supplementary Fig. 5d, e). Notably, we further
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Fig. 4 | Magnetic resonance images (T1 enhanced sequence images) and H&E
staining images (20x) of primary site tumor before and after two courses of
neoadjuvant therapy. a The number 10 patient with a pCR of pathological
response and a CR of radiographic response. b The number 06 patient with a pCR

Patient 06 (PR)

Patient 02 (SD)

of pathological response and a PR of radiographic response. ¢ The number 02
patient with a pCR of pathological response and a SD of radiographic response.
Scale bar =100 pum. Source data are provided as a Source Data file.

analyzed the expression of the B-cell activation marker MS4A1 (CD20)
across the four groups, finding that CD20 expression was significantly
reduced in the GSE195832_aPD-1 group compared to the GSE195832_Ctrl
group, whereas it was markedly elevated in the IHD_LDR + aPD-1 +
Chemo group compared to the IHD_Ctrl group (Fig. 6d), aligning with
previous immunohistochemistry and multiplex immunofluorescence

Table 2 | Treatment Response by p16 Status in the
Evaluable Cohort

HPV status (p16) pCR(n,%) MPR(n,%) PPR(n,%) Total patients (n)
Positive 5(55.6%)  3(33.3%) 1(11.1%) 9
Negative 9 (64.3%) 2 (14.3%) 3 (21.4%) 14

results. A study on LUAD (lung adenocarcinoma) showed that 1 Gy of
LDRT could enhance tertiary lymphoid structures (TLS) formation, and
combining LDRT with anti-PD-1 therapy not only increased the number
of TLS but also improved their maturity, significantly enhancing anti-
tumor effects compared to single treatments®. This upregulation is
consistent with previous findings that LDR co-administration can sti-
mulate adaptive immune responses'. This refined analysis underscores
the potential of LDR combined with immunotherapy and chemotherapy
to reshape the tumor microenvironment by enhancing the activity and
infiltration of specific immune cell populations, thereby potentially
improving treatment outcomes in patients with advanced HNSCC.
Given the capacity of LDR to induce M1 macrophage polarization
and reshape immunologically deserted tumors'®, we conducted a
subclustering analysis of myeloid cells, which yielded 10 distinct
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Table 3 | Treatment-related adverse events (TRAEs) identified
by investigators

Grade 1 Grade 2 Grade 3 Grade 4

No % No % No % No %
All patients withanevent 27 96.4 18 642 10 357 2 74
Anorexia 9 321 2 71 1 3.6 0 0.0
Nausea 7 250 1 3.6 0 00 O 0.0
Vomiting 1 3.6 0 00 O 00 O 0.0
Fatigue 3 107 O 00 O 00 O 0.0
Constipation 1 3.6 0 00 O 00 O 0.0
Diarrhea 0 0.0 1 3.6 0 00 O 0.0
Rash 2 71 0 00 O 00 O 0.0
Dizziness 1 3.6 0 00 O 00 O 0.0
Alopecia 6 214 9 321 O 00 O 0.0
Oral mucositis 0 0.0 1 3.6 0 00 O 0.0
Dermatitis radiation 1 3.6 0 0.0 0 00 O 0.0
White blood cell 5) 179 5 179 5 179 O 0.0
decreased
Neutropenia 7 250 6 214 6 214 2 7.1
Creatinine increased 5 179 O 00 O 00 O 0.0
Anemia 14 500 2 Al 0 00 O 0.0
Alanine aminotransferase 1 3.6 0 00 O 00 O 0.0

increased

Aspartate aminotransfer- 1 3.6 0 0.0 0 0.0 0 0.0
ase increased

Blood bilirubin increased 1 3.6 0 00 O 00 O 0.0
21.4 0.0 0 0.0 0 0.0
21.4 0.0 0 0.0 0 0.0

(@]

Hyperuricemia

(@]

Hyperglycemia

subpopulations (Fig. 6e, and Supplementary Fig. 6a-c). Utilizing the R
package Ucell, we characterized the functional attributes of each
subset based on macrophage-associated pathways and compared the
infiltration patterns across groups. Our findings indicated that the
APOE* macrophages (Macro_APOE) subset, identified as M2 macro-
phages with the highest scores (Fig. 6f), is associated with immuno-
suppressive macrophages. Notably, the infiltration of APOE*
macrophages was significantly reduced in the IHD_LDR + aPD-1 +
Chemo group compared to the IHD_Ctrl group (Fig. 6g, and Supple-
mentary Fig. 6d, e). Subsequently, using this scRNA-seq cohort as a
training set, we employed the deconvolution algorithm CIBERSORTx
to estimate the infiltration abundance of macrophage clusters in the
The Cancer Genome Atlas (TCGA)-Head and Neck Cancer (HNSC)
cohort and calculated the relationship between their infiltration levels
and prognosis. The results showed that high infiltration of APOE*
macrophages was associated with poor outcomes in HNSCC. Similarly,
high infiltration of /L1B* macrophages (Macro_IL1B), and SPPI" mac-
rophages (Macro_SPP1) was also associated with poor prognosis in
HNSCC, whereas high infiltration of FOLR2* macrophages (Macro -
FOLR2) was linked to favorable prognosis. In contrast, high infiltration
of monocytes (Mono) showed no statistically significant association
with prognosis. CXCLI" macrophages (Macro_CXCL1) were minimally
infiltrated or absent in the majority of TCGA-HNSC patients (Fig. 6h,
Supplementary Fig. 6f). Mechanistically, previous studies have sug-
gested that APOE" macrophages are a key factor in the failure of
immune checkpoint inhibitor (ICI) treatment in patients with triple-
negative breast cancer (TNBC)*’. SPP1 has been extensively reported to
promote tumor progression and immune therapy resistance across
various cancers. Additionally, in the pancreatic ductal adenocarcinoma
(PDAC) microenvironment, a conserved /L-18" TAM subpopulation is
enriched in inflammatory response and immune suppression genes®.
Studies have suggested that interactions between FOLR2" tissue-

resident macrophages and CD8" T cells contribute to a better prog-
nosis in breast cancer*.

In the IHD_LDR + aPD-1 + Chemo group, we observed a significant
increase in the infiltration of DC cells, particularly the CDIA* ¢cDC2 cells
(cDC2_CD1A), compared to the IHD_Ctrl group (Fig. 6g, and Supple-
mentary Fig. 6d, e). Recent studies suggest that LDR enhances PD-L1
blockade efficacy by remodeling dendritic cells within the myeloid
compartment®, These findings suggest that LDR combination therapy
may reshape the TME and enhance anti-tumor immunity by reducing
immunosuppressive macrophages and increasing dendritic cell infil-
tration. These findings further highlight the crucial role of myeloid
cells in the tumor microenvironment, and LDR may improve immune
responses by modulating the composition of myeloid cell remodeling,
offering strategies for immunotherapy.

In summary, our findings suggest that the combination of LDR
with tislelizumab and chemotherapy as a neoadjuvant treatment
reshapes the tumor microenvironment in HNSCC by enhancing
adaptive immune responses and modulating myeloid cell populations.
Specifically, this regimen increases the infiltration of CD8'/L7R" mem-
ory T cells. Additionally, the treatment may suppresses the infiltration
of immunosuppressive APOE® macrophages while promoting the
infiltration of the CDIA* cDC2 cells, which may enhance anti-tumor
immunity. These changes highlight the potential of LDR combined
with immunotherapy and chemotherapy to optimize the tumor
microenvironment and improve treatment outcomes in HNSCC
patients.

Discussion

This study evaluates the application of LDR combined with tislelizu-
mab, albumin-bound paclitaxel, and cisplatin as a neoadjuvant ther-
apeutic strategy in patients with resectable, locally advanced HNSCC,
which could provide new insights into optimizing treatment approa-
ches for this population. pCR and MPR are well-established predictors
of improved survival’®. Therefore, pCR was selected as the primary
endpoint. In our study, the primary endpoint of pCR was achieved at a
rate of 60.9% (14/23), and 21.7% (5/23) of patients had a major patho-
logical response, indicating that more than 80% of patients markedly
benefited from neoadjuvant therapy with LDR and immunochem-
otherapy. The addition of LDR to neoadjuvant immunochemotherapy
resulted in a well-tolerated safety profile, no perioperative mortality,
and no delay in planned surgery. Grade 3-4 TRAEs were observed in
35.7% (10/28) of the patients after the study treatment, which was
manageable.

In recent years, significant progress has been made in neoadju-
vant immunotherapy for resectable locally advanced HNSCC. Several
phase II-1l clinical trials, including NCT02296684, NCT02641093, and
KEYNOTE-689"*", have demonstrated promising efficacy and safety
for pembrolizumab as both neoadjuvant and adjuvant treatment, with
pCR rates ranging from 17% to 42%"""¢, and 30%-41.4%""" in patients
with resectable oral squamous cell carcinoma (OSCC). Although the
survival benefits of neoadjuvant chemotherapy in locally advanced
head and neck tumors remain inconclusive, this treatment approach
still shows significant potential, particularly in organ preservation and
treatment deintensification. The pCR rate after conventional che-
motherapy regimens (such as docetaxel, cisplatin, and fluorouracil) is
13.4%*, while adding checkpoint inhibitors increases the pCR rate to
16.7%-37.0%"'¢, highlighting the potential of neoadjuvant che-
moimmunotherapy in locally advanced HNSCC. Another trial using
three cycles of camrelizumab, nab-paclitaxel, and cisplatin achieved a
PCR rate of 55.6% and a pCR/MPR rate of 63.0%, which is higher than
historical data®®. However, our study surpassed these previous results,
with a pCR rate exceeding 60% and a pCR/MPR rate exceeding 80%.
Notably, our study employed only two cycles of neoadjuvant therapy,
fewer than the three cycles used in the aforementioned trial. This
demonstrates  that the  combination of LDR  with
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immunochemotherapy offers a more effective, innovative, and pro-
mising approach for neoadjuvant treatments.

HPV infection has been established as a significant carcinogenic
factor in HNSCC, with infected patients typically demonstrating
improved survival outcomes. Nevertheless, the extent to which HPV
status influences the efficacy of immunotherapy remains a subject of

ongoing investigation. The KEYNOTE-012 trial revealed a differential
response, with HPV-positive patients exhibiting a 24% ORR compared
to 16% in HPV-negative cases among recurrent or metastatic HNSCC
patients. However, subsequent large-scale studies (KEYNOTE-040,
KEYNOTE-04) demonstrated comparable ORR rates across HPV sta-
tuses, with no statistically significant differences in median PFS or
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OS.Recent clinical investigations have provided new insights into this
area. A notable study presented at the 2024 ASCO Annual Meeting
evaluated 27 patients with HPV-positive oropharyngeal squamous cell
carcinoma who underwent neoadjuvant treatment with sintilimab
combined with platinum-based doublet chemotherapy. This regimen
yielded remarkable outcomes, with a MPR rate of 96.0% (24/27
patients) and a pCR rate of 52.0% (13/27 patients). Complementary

findings were reported in Nature Communications, documenting a pCR
rate of 55.6% following neoadjuvant immunochemotherapy, though
only one-third of the cohort comprised HPV-positive oral cancer cases.
In our clinical cohort, the differences in pCR and MPR between pl16-
positive and pl6-negative patients were not significant. These differ-
ences may be influenced by the limited sample size and possibly by the
enhancing effect of LDR on pathological responses in plé6-negative
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Fig. 6 | The immune cell landscape in HNSCC patients receiving neoadjuvant
treatment with LDR combined with aPD-1 and chemotherapy. a UMAP plot
depicting all cells from HNSCC patients, with each cell type indicated by a different
color. b UMAP plot showing the subpopulations of T lymphoid cells and NK cells
from HNSCC patients, also color-coded by cell type. ¢ Cell Type Infiltration Per-
centage Stacked Bar Chart shows the percentage distribution of CD8" T cell sub-
populations. d Violin plot that shows treatment group differences in MS4A1
expression within B cells. Violin plots depict the distribution of expression levels,
with the top and bottom edges indicating the maximum and minimum values,
respectively, white dots representing median values, and black bars showing the
interquartile range (IQR, 25th to 75th percentiles). Statistical significance was
determined using a two-sided Kruskal-Wallis test followed by Dunn’s post-hoc test

(***p < 0.0001). e UMAP plot of myeloid cell subpopulations from HNSCC patients,
color-coded by cell type. f Violin plot illustrating the functional characteristic
scores across monocyte-macrophage subpopulations. Violin plots depict the dis-
tribution of expression levels, with top and bottom edges indicating the maximum
(100th percentile) and minimum (Oth percentile) values, respectively, white dots
representing median values (50th percentile), and black bars showing the inter-
quartile range (IQR, 25th to 75th percentiles). g Cell Type Infiltration Percentage
Stacked Bar Chart shows the percentage distribution of myeloid cell subpopula-
tions. h Kaplan-Meier curve that demonstrates the correlation between the infil-
tration of Macro_APOE and the overall survival (OS) of TCGA-HNSC patients
(n=500). Statistical significance was determined using a two-sided log-rank test,
with Bonferroni correction (o= 0.05/5 = 0.01) for multiple comparisons.

patients. Although pl6 status may have some impact on pathological
response, the overall differences between plé6-positive and pl6-
negative patients are not substantial. This clinical evidence highlights
the need for further research to elucidate the complex interplay
between HPV status and treatment outcomes in HNSCC.

Imaging is a standard method for evaluating therapeutic
response®. The correlation between pathological remission and
radiographic response following neoadjuvant chemoimmunotherapy,
as well as their prognostic value, remains unclear. Some previous
results showed a significant correlation between radiographic
response and pathological response”?®, while other studies have
reported opposing results™*. However, in our study, the correlation
between pathological and radiographic responses was not consistent.
Among 23 patients, 60.9% (14/23) achieved pCR, but only 8.7% (2/23)
had a radiographically complete response (CR). Additionally, four
patients showed stable disease on imaging but achieved pCR in
pathological assessment after surgery. Several factors may contribute
to the observed discrepancies between radiographic and pathological
responses. First, the interval between imaging assessment and surgical
resection may allow for tumor progression or regression. Second,
current imaging modalities have inherent limitations in detecting
microscopic residual disease, potentially leading to an overestimation
of complete response. Third, the heterogeneous nature of tumor
response to neoadjuvant therapy may result in sampling errors during
pathological evaluation. Our study demonstrated that radiographic
response did not correlate with pathological response, confirming that
pathological response is the gold standard for neoadjuvant therapy*’.
Interestingly, we observed discordance between the pathological
response of metastatic lymph nodes and primary sites, similar to a
previous study". In two patients, positive lymph nodes showed pCR or
partial pathological response (PPR) in the primary site, suggesting
different mechanisms of cancer development and treatment
resistance.

LDR enhances immunotherapy by driving T-cell inflammation®.
Two cycles of LDR combined with chemotherapy achieved a 28%
radiographic CR in locally advanced HNSCC?. Subsequent phase I trial
validated the safety and efficacy of LDR plus chemotherapy”. However,
the pathological response is adopted as a surrogate endpoint for
neoadjuvant therapy trials rather than a radiographic response. Here, the
radiographic CR rate may have been lower than the above results;
however, we obtained a higher pCR rate of 60.9%. Presently, high-dose
radiation has also been added to neoadjuvant therapy*>*~*. However,
adjuvant radiotherapy is usually required after surgery in patients with
locally advanced HNSCC, and the high-dose radiation in neoadjuvant
therapy restricts adjuvant treatment strategies. Furthermore, LDR has no
limitations of postsurgical adjuvant radiotherapy and is more applicable
and promising than high-dose radiation in neoadjuvant therapy.

Additionally, our study showed that the immune biomarker of
CD4, CD8 and CD20 increased after neoadjuvant LDR plus immuno-
chemotherapy. That confirms that the study regime can activate
immune infiltration in the tumor bed, which is consistent with previous
reports'******¢ Further examination found that the higher

pretreatment levels of CD20 correlated with pathological response of
pCR. Moreover, existing studies have shown that LDR enhances tumor
sensitivity to immunotherapy by inducing M1 macrophage polariza-
tion and recruiting stem cell-like CD8" Tpex cells through the CXCL10/
CXCR3 axis*'. In contrast, our own single-cell RNA sequencing analysis
of head and neck cancer patients suggests that the combination of low-
dose radiotherapy (LDR) with immunochemotherapy may stimulate
adaptive immune responses and could increase the infiltration of
CDS8'IL7R" memory T cells. Furthermore, this treatment regimen
appears to suppress the infiltration of immunosuppressive APOE*
macrophages while potentially promoting the infiltration of the CDIA*
¢DC2 cells, which might contribute to enhanced anti-tumor immunity.
These observations may provide insights into the possible mechan-
isms by which LDR could augment the efficacy of immunochem-
otherapy. Therefore, LDR significantly enhances the antitumor effects
of immunotherapy.

Although TRAEs occurred in all patients, the rate of grade 3-4
TRAEs was 35.7%, which was somewhat higher than that reported in
previous clinical trials of neoadjuvant chemotherapy and immuno-
chemotherapy for HNSCC™%¥. Most grade 3-4 TRAEs were neu-
tropenia and decreased white blood cell count, likely due to weekly
chemotherapy without granulocyte colony-stimulating factor. These
results show the manageable safety of LDR with chemoimmunother-
apy in locally advanced HNSCC.

Although the primary endpoint results were striking, there are
some limitations. First, the sample size of the present trial was small,
which limits our ability to explore the potential impact of other cov-
ariates. Second, we lacked an analysis of dynamic changes in bio-
markers and treatment efficacy, which we will demonstrate in a future
publication. Third, the translation from short-term to long-term sur-
vival remains unclear. Finally, the single-cell sequencing results lack
validation through basic experimental approaches, requiring further
investigation.

In conclusion, the results of our study suggest that neoadjuvant
LDR with tislelizumab combined with albumin-bound paclitaxel and
cisplatin in resectable locally advanced HNSCC has an encouraging
pathological response and a manageable safety profile. Despite the
aforementioned limitations, we still consider the findings representative
of patients with locally advanced HNSCC and provide a promising
strategy for neoadjuvant therapy. We have also registered and started a
phase Il clinical trial to evaluate the safety and efficacy of LDR combined
with cadonilimab (both anti-PD-1 and anti-CTLA-4) plus chemotherapy
as a neoadjuvant treatment for resectable, locally advanced HNSCC
(Chinese Clinical Trial Registry, ChiCTR2400084430). In the future, a
randomized phase Ill trial to verify the utility, safety, and overall survival
benefits of the trial regimen is warranted.

Methods

Study design and participants

This study (NeoRTPCO2, ClinicalTrials.gov: NCT05343325) was
approved by the Ethics Committees of the Tenth Affiliated Hospital of
Southern Medical University (Dongguan People’s Hospital, Dongguan,
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China) and the Fifth Affiliated Hospital of Sun Yat-Sen University
(Zhuhai, China). All procedures involving human participants com-
plied with relevant ethical regulations, including the Declaration of
Helsinki and International Conference on Harmonization Guidelines
on Good Clinical Practice (ICH-GCP). Written informed consent was
obtained from all participants (n=28) prior to enrollment (April 29,
2022, to March 27, 2024), including consent for the publication of
deidentified medical data. The last patient was enrolled on March 27,
2024. The study design and conduct were authorized by the afore-
mentioned ethics committees, ensuring compliance with regulations
governing human research participants. No monetary compensation
was provided, but all study drugs were supplied free of charge to
participants.

This investigator-initiated, multicenter, open-label, single-arm,
phase 2 clinical trial of LDR, tislelizumab, combined with albumin-
bound paclitaxel and cisplatin in resectable locally advanced HNSCC
was performed at two sites in China: the Tenth Affiliated Hospital of
Southern Medical University and the Fifth Affiliated Hospital of Sun
Yat-Sen University.

Eligible patients were 18-70 years of age with untreated and
clinical stage IlI-IVB (T3-4NOMO or T1-4N1-3MO, as defined by the
American Joint Committee on Cancer, eighth edition) HNSCC. Demo-
graphic data including gender (self-reported per patient) was col-
lected, though was not considered in trial design and study treatment.
The resectability of all tumors was demonstrated by experienced
surgeons and oncologists at a multidisciplinary conference. Other
inclusion criteria included at least one measurable disease per RECIST
version 1.1, Eastern Cooperative Oncology Group performance status
of 0-1, and adequate marrow and organ function. Patients were
excluded if they had allergies to any study drug, active autoimmune
disease, another malignancy within the previous 5 years, or were
pregnant or nursing women. Full inclusion and exclusion criteria were
applied for the study.

Procedures

Patients were administered two 21-day cycles of treatment prior to
surgical resection, including low-dose radiotherapy (LDR), tislelizu-
mab, albumin-bound paclitaxel, and cisplatin. Radiotherapy was
delivered at 1 Gy per fraction on days 1, 2, 8, and 15 of each cycle using
intensity-modulated radiotherapy (IMRT) with a simultaneous inte-
grated boost technique, with a prescribed dose of 8 Gy to the planning
target volume (PTV) in 8 fractions. The PTV was defined as the gross
tumor volume (GTV) plus a 3-mm margin, with the GTV encompassing
the primary tumor and metastatic lymph nodes determined by clinical
examination, MRI, and PET-CT. The maximum dose to the spinal cord
planning organ-at-risk volume (PRV) was limited to 300 cGy, with
doses to other organs at risk kept as low as possible. Tislelizumab
(200 mg, day 1, Q3W), albumin-bound paclitaxel (100 mg/m?, days1, 8,
and 15, Q3W), and cisplatin (25 mg/m?, days 1, 8, and 15, Q3W)were
administered as scheduled. Notably, the originally planned dose of
cisplatin was 30 mg/m? per time, and due to the adverse hematologic
events of the first two participants (who had grade 3-4 hematologic
events), the final dose was changed to 25mg /m? in every che-
motherapy treatment in the modified protocol, which the Medical
Ethics Committee approved.

All patients underwent pretreatment biopsy, enhanced magnetic
resonance imaging (MRI) of the head and neck, positron emission
tomography-computed tomography (or enhanced computed tomo-
graphy and emission computed tomography), and other laboratory
blood tests at staging and assessing eligibility. After two cycles
neoadjuvant treatment, ~20 days later, MRI and physical examination
were scheduled by radiologists and experienced surgeons to evaluate
the tumor response and feasibility of surgery. All patients underwent
planned radical surgical resection -4 weeks after the last day of che-
motherapy (day 15) of the second cycle of treatment. Subsequently,

postsurgical MRI and excisional biopsy were conducted to evaluate the
radiographic and pathological responses. Postoperative adjuvant
treatment, while permitted, was not mandatory and was recom-
mended by a multidisciplinary team based on the subjects’ condition,
including clinical stage, radiographic and pathological responses,
surgical resection margins, and lymph node pathological
positivity rate.

All patients underwent physical examinations and laboratory tests
before each treatment, and adverse events (AEs) were assessed in
accordance with the National Cancer Institute’s Common Terminology
Criteria for Adverse Events version 5.0. AEs were monitored within
30 days after surgical resection or 90 days after the first dose of
tislelizumab. Patients were scheduled to delay or interrupt treatment if
they had a severe AE (grade 3-4), and treatment was resumed when the
criteria for treatment resumption were met. The dose of tislelizumab
could not be reduced.

Pathological response was assessed by at least two expert
pathologists, evaluating the percentage of residual viable tumor (RVT)
in the primary tumor after surgical resection for each patient. The
pathological response is defined and graded based on the percentage
of RVT in the resected tumor bed. All specimens were sectioned par-
allel every 5-10 mm, carefully examined for lesions on each section,
and the three-dimensional dimensions of the residual tumor or fibrous
tumor bed were measured. Lesions were sampled according to the
principle of taking one block per 1cm. Both the resected primary
tumors and lymph nodes underwent routine hematoxylin-eosin (H&E)
staining to estimate the RVT percentage in each sample, followed by
histopathological examination. Based on the RVT percentage, the
pathological response was classified into four grades: pathological
complete response (pCR), where RVT in the primary tumor bed and
draining lymph nodes is 0%; major pathological response (MPR),
where RVT in the primary tumor bed is <10%; partial pathological
response (PPR), where RVT in the primary tumor bed is >10% and
<50%; no pathological response (NPR), where RVT in the primary
tumor bed is >50%. In cases where residual viable tumor could not be
identified under the microscope, especially when the tumor size was
<3 cm, pathologists would sample the entire tumor bed and submit it
for re-examination.

Outcomes

The primary endpoint was pCR, which was defined as the absence of
residual viable tumors in the resected tumor tissue, including primary
site and lymph node. The secondary endpoints were MPR, objective
response rate (ORR; assessed per RECIST version 1.1), and RO resection
rate. The safety endpoints were AEs, no surgical delay. The toxicity
profile was assessed between 30 and 90 days following surgical cre-
section and the initial dose of tislelizumab. Surgical delay was defined
as the date of surgical resection because TRAEs exceeded the sched-
uled date by more than 4 weeks. The exploratory endpoints were the
3-year progression-free survival (defined as the time from the first dose
of neoadjuvant treatment until disease progression, recurrence, death,
or last day of follow-up) and 3-year overall survival (defined as the time
from the first dose of neoadjuvant treatment until death or last day of
follow-up), which were not possible because of insufficient follow-up
time. Data on survival have not matured sufficiently and will be
published later.

Immunohistochemistry and multiplex immunofluorescence

The expression of CD4, CDS8, and CD20 was assessed via immunohis-
tochemistry (IHC) on paraffin-embedded tumor tissue sections col-
lected before neoadjuvant therapy and after surgical resection. Tissue
sections were baked at 65°C for 2-4h, deparaffinized using eco-
friendly deparaffinization solutions (I and II, 20 min each), and rehy-
drated through a graded ethanol series (100%, 95%, 90%, 80%, and 75%,
3 min each), followed by PBS rinsing. Antigen retrieval was performed
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by microwave heating in citrate buffer (pH 6.0) or Tris-EDTA buffer
(pH 9.0) at high power for 15 min, with subsequent natural cooling to
room temperature. Endogenous peroxidase activity was blocked with
3% H,0, for 10 min, and nonspecific binding sites were blocked with 5%
bovine serum albumin (BSA; Beyotime QuickBlock) for 1h. Primary
antibodies targeting CD4 (Proteintech, Cat# 67786-1, 1:1000), CD8
(Proteintech, Cat# 66868-1, 1:10,000), and CD20 (Proteintech, Cat#
60271-1, 1:10,000) were diluted and incubated overnight at 4 °C. After
warming to room temperature, sections were incubated with HRP-
conjugated secondary antibodies (1:500 dilution) for 1h, followed by
nuclear counterstaining with DAPI for 5 min. Chromogenic detection
was achieved using DAB solution (KFBIO; A:B=19:1), with reaction
termination via PBS upon optimal signal development under micro-
scopic monitoring. Sections were counterstained with hematoxylin for
5-10 min, rinsed under running water, dehydrated through a graded
ethanol series, cleared in xylene, and mounted with neutral resin.
Scanning of the slices was done using a Kscanner (KFBIO, Ningbo
Kongfong Biotech International). CD4, CD8, and CD20 levels were
quantified based on positive cell intensity (0-3) and area (0-4)*"*%,
Staining intensity was graded as follows: O (negative), 1 (weak), 2
(moderate), and 3 (strong). Cells were scored according to staining
percentage: 0 (0% staining), 1 (1%-24% staining), 2 (25%-49% staining), 3
(50%-74% staining), and 4 (75%-100% staining). Four pathologists
evaluated immunoreactive scores of four representative regions of
interest (ROIs) under 200x magnification. ROI scores were calculated
using the formula: } (intensity grade x corresponding area).

Multiplex immunofluorescence was performed by Shanghai KR
Pharmtech, Inc., Ltd. (Shanghai, China) using the same experimental
steps. After staining CD20 protein, whole slide scans at 20x magnifi-
cation were conducted with the KR-HTS5 system (KR Pharmtech, Inc.)
and analyzed using inForm 2.4.0 software.

Single-cell transcriptomic data acquisition

Raw sequencing data for the HNSCC single-cell cohorts (GSE195832)
were retrieved from the Gene Expression Omnibus (GEO) database, a
repository supported by the National Center for Biotechnology
Information (NCBI).

Additionally, human tissue samples were procured from three
HNSCC patients at Dongguan People’s Hospital and the Fifth Affiliated
Hospital of Sun Yat-sen University, with single-cell RNA sequencing
performed in collaboration with Shanghai Personal Biotechnology
(Shanghai, China). Tissues were processed in a sterile RNase-free
environment using calcium-free and magnesium-free 1x PBS on ice.
The tissue was minced into 0.5 mm? pieces and washed with 1x PBS to
remove non-target tissues such as blood and fat. Subsequently, the
tissue was dissociated into single cells using a dissociation solution
containing 0.35% collagenase IV, 2 mg/ml papain, and 120 Units/ml
DNase I at 37 °C with shaking at 100 rpm for 20 minutes. The enzymatic
digestion was halted by adding 1x PBS supplemented with 10% fetal
bovine serum (FBS), followed by gentle pipetting using a Pasteur
pipette 5-10 times.

The resulting cell suspension was filtered through a 70-30 um
stacked cell strainer and centrifuged at 300 g for 5 minutes at 4 °C. The
cell pellet was resuspended in 100 pl of 1x PBS containing 0.04% BSA
and treated with 1 ml of red blood cell lysis buffer (MACS 130-094-183,
10x) for 2-10 minutes at room temperature or on ice to lyse residual
red blood cells. After centrifugation at 300 g for 5 minutes at room
temperature, the suspension was resuspended in 100 ul of Dead Cell
Removal MicroBeads (MACS 130-090-101) and passed through the
Miltenyi Dead Cell Removal Kit to eliminate dead cells. This step was
repeated twice, with the cell pellet resuspended in 1x PBS containing
0.04% BSA and centrifuged at 300 g for 3 minutes at 4 °C.

Cell viability was assessed using the trypan blue exclusion
method, ensuring that the viability was above 85%. The single-cell
suspension was counted using a hemocytometer or Countess Il

Automated Cell Counter, and the concentration was adjusted to
700-1200 cells/ul.

For single-cell sequencing, 5000 single cells were captured using
the 10X Genomics Chromium Single-Cell 3 kit (V3) according to the
manufacturer’s instructions. cDNA amplification and library con-
struction were performed following the standard protocol. Libraries
were sequenced on an lllumina NovaSeq 6000 sequencing system with
a paired-end multiplexing run of 150 bp, conducted by LC-Bio Tech-
nology Co., Ltd. (Hangzhou, China), ensuring a minimum sequencing
depth of 20,000 reads per cell.

Acquisition of bulk transcriptomic data

We acquired transcriptomic expression values, patient clinical infor-
mation, and survival data for Head and Neck Cancer (HNSC) from The
Cancer Genome Atlas (TCGA) project. These data were sourced from
the UCSC Xena database, a rich repository for cancer genomics data.
The mRNA expression values we downloaded were presented in
Transcripts Per Kilobase Million (TPM), a normalized measure that
takes into account gene length and sequencing depth. All subsequent
analyzes were performed using R, version 4.3.1, to ensure the com-
putational biology workflows were both robust and reproducible.

Initial processing and quality control of single-cell RNA-Seq
(scRNA-seq) datasets

Raw sequencing data were processed using CellRanger version 4.0.0, a
software suite developed by 10x Genomics. This step encompassed
alignment, quantification, basic filtering, and quality control to gen-
erate preliminary gene expression matrices based on the human
reference genome GRCh38*. Subsequent quality control and analysis
were conducted using the R package Seurat version 4.4.0. High-quality
cells were selected by applying the following filters: (i) cells expressing
between 500 and 6000 genes, (ii) cells with mitochondrial gene UMI
counts constituting less than 20% of the total UMI counts, and (iii)
genes detected in at least three cells. (iv) a filter with an UMI threshold
greater than 500. We also used the R package DoubletFinder to
remove doublets. Following these quality control measures, a total of
90520 high-quality cells were identified and advanced to further
analysis.

Downstream analysis of single-cell RNA-seq datasets

The analysis began with the normalization of gene expression counts
using the NormalizeData function. To identify the most biologically
significant genes, the FindVariableFeatures function was employed,
selecting the top 2000 most variable genes across the cells. This
selection is essential for capturing the heterogeneity within the
dataset.

We then performed principal component analysis (PCA) following
gene expression normalization with the ScaleData function. PCA is a
dimensionality reduction technique that simplifies the data while
retaining the maximum variance, facilitating the visualization of
complex, high-dimensional data.

To address batch effects and ensure that biological signals were
not obscured by technical variations, we applied the Harmony algo-
rithm across samples. Harmony is a powerful tool for harmonizing
multi-batch single-cell RNA sequencing data by aligning the expression
profiles of cells from different batches.

Clustering was conducted at a resolution of 0.6, a parameter
chosen to balance the trade-off between granularity and biological
relevance. The resulting cell clusters were visualized using Uniform
Manifold Approximation and Projection (UMAP), a technique that
captures both global and local data structures in a lower-
dimensional space.

Finally, cell-type annotation was performed by mapping the cells
to known cell-type specific marker genes, categorizing them into eight
distinct cell types: epithelial cells, B cells, macrophages, fibroblasts,
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endothelial cells, T cells, and NK cells. This annotation step is crucial
for providing biological context to the unsupervised clustering results.

CIBERSORTXx deconvolution analysis of immune cell infiltration
To computationally evaluate the immune cell infiltration within the
TME of the TCGA-HNSC cohort, which corresponds to our single-cell
RNA-seq data on head and neck cancer immunotherapy responses, we
employed the online tool CIBERSORTX. Utilizing a reference sig-
nature matrix derived from our single-cell RNA-seq dataset, we infer-
red the relative proportions of various immune cell types within the
TCGA-HNSC cohort.

To determine the correlation between immune cell infiltration
and patient survival time in the TCGA-HNSC cohort, we performed
Kaplan-Meier survival analysis to assess survival differences between
groups. Patients were categorized into high and low infiltration groups
based on the optimal cut-off points for immune infiltration levels,
which were calculated using the surv_cutpoint function from the R
survminer package. The cut-off points were derived from the estimates
obtained from CIBERSORTx (optimal cut-off point: Macro_IL1B:
0.01769533, Macro_ APOE: 0.22886989, Mono: 0.61644567, Mac-
ro_SPP1: 0.15839030, Macro_FOLR2: 0.08724371). The log-rank test
was then used to compare the survival curves between the high and
low infiltration groups, and p-values were calculated to evaluate whe-
ther immune cell infiltration levels were significantly associated with
patient survival outcomes.

Statistical analysis

The NeoRTPCO2 trial is a phase Il study evaluating the efficacy of LDR
(tislelizumab with albumin-bound paclitaxel and cisplatin) to achieve
pCR in newly diagnosed locally advanced HNSCC patients using
Simon’s two-stage minimax design. A previous study reported a 13.4%
pPCR rate with neoadjuvant docetaxel, cisplatin, and 5-FU. The null
hypothesis for neoadjuvant albumin-bound paclitaxel and cisplatin
was a 10% pCR rate. A clinically relevant pCR rate of 35% was assumed
for neoadjuvant LDR, tislelizumab, albumin-bound paclitaxel, and
cisplatin. With a one-sided o of 5%, 80% power, and 10% dropout rate,
25 participants were planned. The first stage enrolled 10 patients, and
the second stage proceeded if at least 1 achieved pCR. A promising
outcome was defined as more than 5 patients achieving pCR. Of 37
patients assessed for eligibility, 9 were excluded (8 failed to meet
inclusion criteria; 1 refused enrollment), and 28 were included in the
modified intention-to-treat population. Among these, 5 did not
undergo surgery: 2 achieved PR on imaging, with 1 declining further
intervention due to significant tumor regression and symptom
remission, and 1 opting for radical radiotherapy; 3 had SD, with 1
refusing surgery and choosing radiotherapy, 1 lost to follow-up after
two cycles, and 1 deemed unsuitable for complete resection upon
surgical reevaluation, proceeding to radiotherapy. This single-arm,
open-label study did not use randomization or blinding.

Point estimates and 95% confidence intervals for pCR, MPR, ORR,
and RO resection rates were descriptively estimated using the Clopper-
Pearson method. AE and nonsurgical delay rates were summarized by
frequency counts and percentages. Paired t-tests analyzed pathologi-
cally immunoreactive scores, while McNemar’s test examined the
correlation between ORR and pathological response.

For the comparison of MS4AI expression across different treat-
ment groups, we first performed the Kruskal-Wallis test to assess
overall differences. For post-hoc pairwise comparisons, Dunn’s Test
was used, and Bonferroni correction was applied to adjust for multiple
comparisons.

For CIBERSORTx-derived immune cell infiltration in the TCGA-
HNSC cohort, Kaplan-Meier survival analysis assessed the association
between subtype infiltration levels (e.g., Macro APOE, Macro IL1B,
Mono) and overall survival. Patients were divided into high and low
infiltration groups using optimal cut-off points (surv_cutpoint, R

package survminer). Two-sided log-rank tests compared survival
curves, with Bonferroni correction (a = 0.05/5 = 0.01) applied to adjust
for multiple comparisons across subtypes.

Statistical analyzes utilized PASS 15.0, SPSS 25.0, and R 4.3.1 with
relevant software packages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Due to confidentiality agreements, patient-related information cannot
be disclosed. The study protocol and statistical analysis plan will be
made available as a supplementary note in the supplementary infor-
mation file. Qualified researchers who wish to access deidentified
participant data must submit a proposal to the corresponding author,
outlining the reasons for their application. The leading clinical site and
sponsor will review the applications to determine their compliance
with the confidentiality agreements and will respond within 8 weeks. A
data access agreement with the sponsor is required before sharing any
data. The single-cell RNA-seq raw data generated in this study have
been deposited in the Genome Sequence Archive for Human (GSA-
Human) database under accession code HRA010554 (https://ngdc.
cncb.ac.cn/gsa-human/submit/hra/subHRA015433/finishedOverview).
These data are available under restricted access to protect participant
confidentiality; access can be obtained by submitting a request via the
GSA-Human platform, reviewed by the study sponsor and ethics
committee within 8 weeks, with a signed data access agreement. The
study protocol and statistical analysis plan are provided in the Sup-
plementary Information. The TCGA-HNSC RNA-seq data used in this
study are available in the UCSC Xena database (https://xenabrowser.
net/datapages/). The single-cell RNA-seq data used in this study are
available in the Gene Expression Omnibus (GEO) database under
accession code GSE195832. Source data are provided with this paper.
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