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Methylation cytometric pretreatment
blood immune profiles with tumor
mutation burden as prognostic indicators
for survival outcomes in head and neck
cancer patients on anti-PD-1 therapy

Check for updates

Ze Zhang 1,2,13 , Kartik Sehgal 3,4,5,13, Keisuke Shirai2, Rondi A. Butler6,7, John K. Wiencke 8,9,
Devin C. Koestler10, Geat Ramush6,7, Min Kyung Lee1,2,11, Annette M. Molinaro8, Hannah G. Stolrow1,2,
ArielBirnbaum12, LucasA.Salas 1,2,11, Robert I.Haddad3,4,5, Karl T.Kelsey6,7 &BrockC.Christensen 1,2,11

Tissue biomarkers for immune checkpoint inhibitor (ICI) response are limited by tumor sample
heterogeneity and availability. This study identifies clinically actionable pretreatment blood
biomarkers that are associated with ICI treatment response and survival in recurrent/metastatic head
and neck squamous cell carcinoma. A prospective multi-center study enrolled 100 patients before
standard-of-care immunotherapy. Blood immune profiles, measured by methylation cytometry, were
assessed alongside tumor mutational burden (TMB) and PD-L1 combined proportion score (CPS).
TMBandPD-L1CPSwere available for 56 and91patients, respectively. High neutrophils,monocytes,
and neutrophil-to-lymphocyte ratio were associated with worse survival, while high CD4T cells,
especially naïve CD4T cells, and lymphocyte-to-monocyte ratio were associated with better survival.
Significant interactions between TMB and peripheral immune profiles for both progression-free and
overall survival were found. Clinically relevant pretreatment peripheral immune biomarkers were
identified, demonstrating the potential of DNA-based immune profiling to predict ICI response before
treatment.

An estimated 58,450 new cases of head and neck squamous cell carcinoma
(HNSCC) will be diagnosed in 2024 in the US1. Late-stage distant HNSCC
has a five-year survival rate between 23% and 41%2, and significant
improvement in overall survival (OS) with immune checkpoint inhibitors
(ICI) has been reported3–6. Programmed cell death ligand-1 (PD-L1)
expression, microsatellite instability (MSI), and tumor mutational burden

(TMB) are FDA-approved biomarkers for ICI response7. In recurrent/
metastatic (R/M)HNSCC, PD-L1 expression is used to guide ICI treatment
decisions based on theKEYNOTE-048 trial3, whereasTMBandMSI are not
yet standardized for clinical decision-making. PD-L1 expression has shown
inconsistent predictive value inHNSCC8, andhigher levels ofTMBandMSI
havebeenassociatedwith favorable survival outcomes5,9,10.All threemarkers
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require adequate archival tumor and/or invasive biopsy, and there remains a
pressing need for noninvasive biomarkers that can be assessed before
initiation of ICI therapy to predict response.

Abnormalities in peripheral blood immune cell counts have been
associated with cancer treatment outcomes. In HNSCC managed with
curative intent treatments (surgery and/or chemoradiation), post-
treatment lymphopenia and increased neutrophil-to-lymphocyte ratio
(NLR) have been associated with poor survival11,12. Lymphopenia is
associated with lower response to concurrent definitive pem-
brolizumab and radiation therapy in locoregional disease13, as well as to
Nivolumab in R/M HNSCC14. Low pretreatment absolute lymphocyte
counts (<600 cells/μL) have also been reported to be associated with
poor response to PD-1 inhibitors in R/M HNSCC15. These studies are
consistent with reported associations of peripheral blood immune cell
counts with ICI response in melanoma16, lung17, gastric18, and eso-
phageal cancers19.

T-cell andmonocyte subtypes have previously been associated with
survival outcomes in patients with cancer receiving ICIs20,21. However,
the depth of immune profiling has been limited, and with advances in
high-resolution cell-type deconvolution based on DNA methylation in
blood using methylation cytometry, we can now assess more detailed
immune profiles22. Methylation cytometry has examined changes in cell
composition across various diseases, including cancer23, hypertension24,
and trisomy 2125. In clinical and large-scale research, traditional cell
typing methods like flow cytometry need fresh biospecimens with intact
cell membranes, limiting their use. These methods also face technical,
logistical, and cost challenges, especially in population-scale studies
where fresh samples are scarce. Variations in marker panels and sub-
jective results further reduce reproducibility and rigor. Methylation
cytometry, on the other hand, works with banked DNA samples and
does not require intact cells. This makes it more scalable and cost-
effective. It provides an objective and detailed analysis of immune cell
types, subtypes, and activation states. These benefits make it ideal for
clinical settings with both fresh and archived samples. We applied
advances in methylation cytometry to interrogate a repertoire of 47
immune profile variables at baseline (before initial infusion) as bio-
markers of ICI response and survival outcomes in patients with R/
M HNSCC.

Methods
Study population
Patients with R/M HNSCC were consecutively recruited for an ongoing
prospective multi-center study at the Dana-Farber Cancer Institute, Dart-
mouth Cancer Center, and Rhode Island Hospital. Eligible patients were at
least 18 years old and were advised by their medical oncologists to initiate
ICI-based therapy. There were no restrictions on prior lines of therapy. The
majority of the patients in the cohort received standard-of-care che-
motherapy and radiation therapy, with only six patients without a history of
prior treatment. Patients with carcinoma in situ, cutaneous malignancies,
and salivary gland cancers were not eligible for participation in the study.
The institutional review boards approved the study protocol at each parti-
cipating center.

Blood DNA methylation measurement
Pretreatment whole blood was collected via venipuncture on the same
day but before the initiation of ICIs, immediately delivered to the clinical
laboratory, and frozen at −80 °C. Complete blood counts (CBCs) were
evaluated for all samples at their respective institutions. All blood
samples were transported to the Laboratory for Molecular Medicine at
Brown University, where DNA was uniformly processed. DNA was
extracted and processed using the Zymo Quick DNAMiniprep Plus kit
and quantified using a Qubit dsDNA Broad Range Assay kit (Thermo).
DNA was sent to the Avera Institute for Human Genetics for DNA
methylation quantification using the Illumina Infinium Methylation
EPICv1 and EPICv2 array platforms. The ENmix andminfi packages in

Bioconductor were implemented for data processing and quality
control26,27. The normal-exponential out-of-band (Noob) method was
used to generate DNAmethylation beta values. The Noob preprocessing
method (normal-out-of-band background correction plus linear dye
bias correction) was chosen as it is recommended for methylation-based
deconvolution22. Probes were filtered using probability Out-Of-Band
probe-Hybridization Analysis (pOOBHA), which compares the inten-
sity signals of the probes considering the expected target hybridization
and the potential out-of-band hybridization. Probes with a
pOOBHA > 0.05 were masked. Samples with >5% of probes masked, or
probes across all samples with >5% masked content, would be flagged
and removed. A sample would also be flagged if the average signal for the
bisulfite conversion probes per sample exceeded 3 IQR. In this study, all
samples passed these quality control criteria. A k-nearest neighbor beta
value imputation was performed for those samples with partial probes
masked. Per design, known polymorphic, X, Y, and mitochondrial
probes are not used for cell deconvolution. As the EPICv2 array uses
internal technical replicates, the rm.cgsuffix function was used for those
persisting after quality control to average the beta values for EPIC v2
BeadChips for technical replicates into a single beta value.

Methylation cytometry
Methylation-based cell-type deconvolution, also known as methyla-
tion cytometry, was performed to estimate the immune cell profile of
the samples22. The FlowSorted.BloodExtended.EPIC method was
employed to infer 12 immune cell type proportions in whole blood
samples22. The cell proportions were calibrated by incorporating the
reported lower bound limit of detection, assuming that any values
below the limit are unreliable28. Here, we used the imputeBDLs func-
tion from the robCompositions R package to account for the compo-
sitional data (cell proportions)29. We used partial least squares to
predict missing values using 100 repetitions, a convergence criterion of
0.1, and a maximum number of iterations of 1000. Briefly, the algo-
rithm iteratively imputes the parts of the composition below the limit
of detection in the following steps: 1. compositional data are expressed
in pivot coordinates using isometric log-ratio transformation; 2. Tobit
regression is applied; 3. the values below the limit of detection are
replaced by the expected values; 4. the corresponding inverse isometric
log-ratio is applied. After all parts are imputed, the algorithm starts
again until the imputations do not change using the convergence cri-
terion. Additionally, absolute counts for the 12-cell types were calcu-
lated based on CBC data. Twenty-three-derived immune variables
were calculated using the 12 immune cell proportions and counts. In
total, a panel of 45 primary and derived immune variables were
included in this study.

A comprehensive list of the immune variables, abbreviations, and their
calculations is presented in Supplementary Table 1. A multidimensional
scaling plot of baseline methylation cytometry immune profiles, colored by
the three centers, was used to assess the inter-center effect across all subjects.
The methylation cytometry algorithm is available at https://github.com/
immunomethylomics/FlowSorted.BloodExtended.EPIC.

Reference group for the immune profiles
A previous study established reference levels of immune variables through
methylation cytometry in post-menopausal women from the Women’s
Health Initiative (WHI) cohort30. A comprehensive summary is included in
Supplementary Table 2.

TMB and PD-L1 CPS measurements
TMB was obtained through clinically directed comprehensive genomic
profiling on patients’ tumor samples. Commercially available from Foun-
dation Medicine (FoundationOne CDx) or Oncopanel, the Dana-Farber/
Brigham Cancer Center platform for genomic analysis was utilized. TMB
was reported as the number of mutations permegabase harbored by tumor
cells. PD-L1 CPS was measured by immunohistochemical quantitative
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analysis using Dako22C3 pharmDx™ companion diagnostic assay at
Foundation Medicine or institutional assay at DFCI using E1L3N clone
(Cell Signaling Technology). It was reported within a range of 0–100.

Patient outcomes
Progression-free survival (PFS) was defined as the time interval between the
initiation of treatment and tumor progression, death, or censoring. Overall
survival (OS) was defined as the time interval between the initiation of
treatment and death or censoring. The durable benefit group regarding
treatment with ICI was defined as patients who did not experience pro-
gression of disease or death within 365 days from the start of ICI-based
treatment. The non-durable benefit group was defined as patients pro-
gressing or dying of the disease between 100 and 365 days after the start of
ICI treatment. The non-benefit group was defined as patients experiencing
progression of disease or death within 100 days after the start of treatment.

Statistical analyses
Multivariable linear regressionmodels were fitted to assess the relationships
between each pretreatment immune variable and the benefit outcomes. The
models were adjusted for sex, age, and a blood methylation-based smoking
score31. Similarly, TMB and PD-L1 CPS were investigated in relation to the
benefit outcomes usingmultivariable linear regressionmodels, adjusting for
sex, age, and smoking. Cox proportional hazard models were fitted for
survival outcomes to investigate the association between (i) pretreatment
immune variables and PFS/OS, adjusting for sex, age, and smoking and (ii)
TMB/PD-L1 CPS and PFS/OS, adjusting for sex, age, and smoking with
pretreatment immune variables. A data-based statistical cut-point was
optimized to dichotomize the variables using the surv_cutpoint() in the
survminer R package. This outcome-oriented method provides a cut-point
value corresponding to the most significant relationship with the outcome.
The minimal proportion of observations per group was set to 20% of the
total population. A sensitivity analysis was performed to examine the
relationship between pretreatment immune variables and PFS/OS in
patients who received anti-PD-1 monotherapy only at DFCI. Interaction
effects of peripheral immune profiles and tumor-based biomarkers on
survival outcomes were investigated. A series of Cox proportional hazard
models were fitted with interaction terms for TMB and the 45 peripheral
immune variables, adjusting for sex, age, and smoking. The same models
were used for PDL1-CPS. A stratification analysis was conducted for
immune variables that significantly interacted with TMB on survival out-
comes. The subjects were only stratified by their median values for the
significant immune variables. The log-rank test within each stratum was
used to study the association of TMB with survival outcomes. Pearson’s
correlation coefficient was used to evaluate the association between pre-
treatment TMB and immune variables. To assess the predictive value of
methylation cytometry immune variables, TMB, PD-L1 CPS, sex, age, and
smoking status on survival outcomes, the C-index in the Cox proportional
hazard models for PFS and OS were calculated. The C-index for each
variablemodelwas calculatedby removing the respective variable compared
to the full model. Each Cox model’s proportional hazard assumption was
checked using the cox.zph() function within the survival R package, and all
modelswere adjusted to ensure theproportional hazard assumptionwasnot
violated32. Statistical significance was established for all models with a P-
value < 0.05. The Benjamini–Hochberg false discovery rate (FDR)33 based
on the P-valueswere generated by eachmodel. All analyseswere performed
in R version 4.3.0.

Ethics approval and consent to participate
This study involved human participants and was approved by the Institu-
tional Review Boards of Dartmouth Cancer Center (approval number:
STUDY02001227), Dana-Farber Cancer Institute (approval number: 18-
548), and Brown University (approval number: 1901002321). Participants
gave informed consent to participate in the study before taking part. Our
research was conducted in full compliance with the ethical principles out-
lined in the Declaration of Helsinki.

Results
100 patients were recruited from August 2019 to January 2024
(Table 1). There were 75 males and 25 females, with an average age of
64. 78 patients received anti-PD-1 monotherapy, 21 patients received
anti-PD-1 therapy with chemotherapy, while 1 patient received anti-
PD-1 therapy with the EGFR inhibitor cetuximab. Four patients
received manual CBCs and were excluded from the immune variable
calculations.

56 and91patients hadavailabledata forTMB(SupplementaryTable 3)
and PD-L1 CPS (Supplementary Table 4), respectively. The study design
and analysis pipelines for peripheral immune profiling are shown in Fig. 1,
forTMB inSupplementary Fig. 1, and for PD-L1CPS in Supplementary Fig.
2. No inter-center effect was observed in the pretreatment immune profiles
(Supplementary Fig. 3).

Table 1 | Baseline characteristics of the study subjects

Patients’ characteristics N = 100 %

Recruitment site

Dana-Farber Cancer Institute 88 88

Dartmouth Cancer Center 10 10

Rhode Island Hospital 2 2

Sex

Female 25 25

Male 75 75

Age, in years

Mean (standard deviation) 64.4 (11.8)

Location of primary tumor

Oral cavity 44 44

Oropharynx 34 34

Hypopharynx 8 8

Larynx 7 7

Paranasal sinuses and nasal cavity 3 3

Unknown 4 4

HPV status in oropharyngeal carcinomas (=34)

Positive 25 73.5

Negative 6 17.6

Missing 3 8.8

Smoking history

Current/former smoker 51 51

Never smoker 40 40

Missing 9 9

Initial treatment type

Immunotherapy only 78 78

Immunotherapy+Chemotherapy 21 21

Immunotherapy+ EGFRi 1 1

Progression-free survival, in days

Median 132

Overall survival, in days

Median 538

Vital status

Alive 63 63

Deceased 37 37

Still continuing treatment among alive (=63)

Yes 47 74.6

No 16 25.4
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Fig. 1 | Overview of study design and analysis pipeline. A Schematic representation of the study design, including patient enrollment, sample collection, and methylation
cytometry workflow. B Analysis pipeline showing statistical modeling to evaluate associations between immune profiles and clinical outcomes.

Fig. 2 | Association of pretreatment peripheral immune profiles and tumor-based biomarkers with benefit to anti-PD-1 monotherapy. A CD4nv-related immune
variables, B TMB, and C PDL1-CPS.
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Comparison of immune profiles between pretreatment patients
with HNSCC and a reference group
There were elevations in neutrophil and monocyte counts and pro-
portions and reductions in lymphocyte counts and proportions
among patients with HNSCC compared to reference levels in theWHI
cohort. All lymphocyte subtypes exhibited reduced counts and pro-
portions in patients compared to reference subjects in theWHI cohort
(Supplementary Table 2).

Pretreatmentperipheralblood immuneprofilesbybenefitgroups
CD4nv cell levels exhibited significant differences between the durable
(N = 13) and non-benefit groups (N = 35) in anti-PD-1 monotherapy
patients. The durable benefit group showed a significantly higher CD4nv/
CD4mem ratio (Δ = 0.22, P = 0.013), CD4nv proportion (Δ = 0.75%,
P = 0.017), andCD4nv/CD4proportion compared to thenon-benefit group
(Δ = 11.58%, P = 0.031) (Fig. 2A). A higher TMB was noted in the non-
durable benefit (N = 10) group compared to the non-benefit group (N = 23)
(Δ = 2.80/Mb,P = 0.036, Fig. 2B). The combined group showing any benefit
(N = 19) had a significantly higherTMBcompared to the non-benefit group
(Δ = 2.20/Mb, P = 0.04, Supplementary Fig. 4A). While no significant dif-
ferences were observed in PD-L1 CPS across the three groups, a monotonic
downward trend of was observed from the durable (N = 13) to the non-
durable (N = 16) to thenon-benefit group (N = 32) (Fig. 2C).A similar trend

was observed in the combined group showing any benefit (N = 29) com-
pared to the non-benefit group (Δ = 11.03 CPS, P = 0.2, Supplementary
Fig. 4B)

Pretreatment peripheral blood immune profiles by survival
outcomes
The impact of pretreatment blood peripheral immune variables on
survival outcomes was initially examined in 75 patients who received
anti-PD-1monotherapy exclusively. As binary variables, higher levels of
neutrophil proportion andmonocyte count were associated with shorter
PFS (Fig. 3A). Similar trends were observed in OS with an additional
NLR (Fig. 3B). Conversely, elevated levels of lymphocyte cell types,
majorly including CD4T cell types, were associated with longer PFS and
OS (Fig. 3A, B). As a continuous variable, a higher CD4mem count was
significantly associated with longer OS (P = 0.04). Kaplan–Meier plots
are shown for the significant binary immune variables in monotherapy
patients, Supplementary Figs. 5 and 6. Analysis of all 96 patients yielded
findings consistent with the monotherapy data with binary immune
variables (Fig. 3C,D). As a continuous variable, a higher CD4memcount
was associated with longer OS (P = 0.03). Kaplan–Meier plots are shown
for the significant binary immune variables in all patients, Supplemen-
tary fig. 7-8. FDRs are shown to have significant associations between
immune variables and survival outcomes (Supplementary Table 5). In

Fig. 3 | Association of pretreatment immune variables with survival outcomes in HNSCC. A PFS in the anti-PD-1 monotherapy subgroup. B OS in the anti-PD-1
monotherapy subgroup. C PFS in the all-treatment group. D OS in the all-treatment group.
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the sensitivity analyses stratified to patients who received anti-PD-1
monotherapy at DFCI, 7 of the 10 significant immune variables for PFS
(Supplementary Fig. 9A) and 8 of the 12 significant variables forOS from
the full anti-PD-1 monotherapy patients were successfully replicated
(Supplementary Fig. 9B). The C-index analysis showed that when
removing methylation cytometry immune variables in the model, the
C-index decreased by over 0.3, while removing TMB and smoking
decreased the C-index by <0.01, with minimal contributions from other
factors (Supplementary Fig. 10A). A similar result was found for overall
survival, withmethylation cytometry again boosting the C-index by over
0.3, while PD-L1 CPS contributed <0.01 (Supplementary Fig. 10B).
These findings highlight the strong predictive value of pretreatment
methylation cytometry immune variables for survival outcomes, beyond
other demographic and clinical factors.

TMB and survival outcomes
Fifty-six out of 100 subjects (42: anti-PD-1 monotherapy, 5: along with
chemotherapy, 1: along with cetuximab) with available TMB data were
investigated for survival outcomes. TMB3/Mbwas selected as theoptimized
cut-off for both PFS and OS using the surv_cutpoint function. In anti-PD-1
monotherapy recipients, patients with high TMB had significantly longer
PFS (HR for progression or death: 0.35, 95%CI: 0.15–0.80, Fig. 4A) and OS
(HR for death: 0.22, 95% CI: 0.08–0.61, Fig. 4B) compared to patients with
low TMB. Consistently, in all-treatment patients, those with TMB > 3/Mb
also had significantly longer PFS (HR for progressionor death: 0.34, 95%CI:

0.16–0.71, Supplementary Fig. 11A) and OS (HR for death: 0.22, 95% CI:
0.09–0.54) compared to patients with TMB ≤ 3/Mb (Supplementary
Fig. 11B).

TMB and peripheral immune profile interaction
Since a high tumor mutation burden may generate numerous novel
tumor antigens, we hypothesized that the immune profiles may differ in
responders and non-responders by their TMB. In the 47 patients
receiving anti-PD-1 monotherapy, peripheral Monocyte proportion,
CD4T cell proportion, and NK count also had a significant interaction
with TMB and impacted OS (Interaction term P < 0.05). When stratified
by the median value, higher TMB was a better predictor of OS in the
lower monocyte proportion group (Log-rank P: Lower Group 0.003 vs.
Higher Group 0.49, Fig. 5A), lower CD4T cell proportion group (Log-
rank P: Lower Group 0.013 vs. Higher Group 0.19, Fig. 5B), and higher
NK count group (Log-rankP: LowerGroup 0.27 vs. Higher Group 0.016,
Fig. 5C). NK count andNeu count significantly interactedwith TMBand
affected PFS (Interaction term P < 0.05). Higher TMB was a better
predictor of PFS in the higher NK group (Log-rank P: Lower Group 0.69
vs. Higher Group 2.4e−04, Supplementary Fig. 12A) and higher Neu
count group (Log-rank P: Lower Group 0.62 vs. Higher Group 0.023,
Supplementary Fig. 12B). FDRs are shown for significant immune
variables and TMB interactions (Supplementary Table 6). Pearson’s
correlation was used to assess the association between pretreatment
TMB and immune variables. The top 5 most significant correlations,

Fig. 4 | Tumor-based biomarkers in anti-PD-1 monotherapy survival outcomes. A TMB and PFS. B TMB and OS. C PDL1-CPS and PFS. D PDL1-CPS and OS.
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ranked by P-value, are shown in Supplementary Fig. 13A. Pretreatment
NK cell proportion showed a statistically significant correlation with
TMB (Pearson’s r = 0.28, P < 0.05), as illustrated in Supplementary Fig.
13B. NK cells and monocytes emerged as the top two cell types most
strongly correlated with TMB, with both showing significant interac-
tions in Fig. 5, thoughmonocytes did not reach statistical significance in
the correlation analysis.

PD-L1 CPS and survival outcomes
Ninety out of 100 subjects (53: anti-PD-1 monotherapy, 6: along with
chemotherapy, 1: along with cetuximab) had available PD-L1 CPS. PD-L1
CPS at 5 was selected, using the surv_cutpoint function, as the optimized
cut-off for PFS andOS. In anti-PD-1monotherapy recipients, patients with
PD-L1 CPS > 5 had a significantly longer PFS compared to patients with
PD-L1CPS ≤ 5 (HR: 0.39, 95%CI: 0.20–0.78) (Fig. 5C). A similar trendwas

Fig. 5 | TMB and OS in anti-PD-1 monotherapy subgroup according to immune variables stratified by median. A monocyte proportion, B CD4T proportion, and
C absolute NK count.
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observed with OS but not statistically significant (HR: 0.45, 95% CI:
0.17–1.23) (Fig. 5D). In all treatment patients, patients with PD-L1 CPS > 5
had a significantly better PFS (HR: 0.53, 95% CI: 0.30–0.95, Supplementary
Fig. 11C) andOS compared to patients with PD-L1CPS ≤ 5 (HR: 0.41, 95%
CI: 0.19–0.88, Supplementary Fig. 11D). No significant interactions were
observed between the peripheral immune profile and PD-L1 CPS.

Discussion
We utilized methylation cytometry in peripheral blood samples to identify
key pretreatment immune variables linked to survival outcomes in patients
with HNSCC undergoing palliative intent ICI therapy. We also found an
interaction between peripheral immune profiles and TMB, perhaps arising
as a result of the action of specific immune subtypes on novel tumor anti-
gens. While further research is warranted to develop sophisticated models
with aggregated immune variables for ICI response and prognosis predic-
tion in patients with HNSCC, our findings establish significant associations
between specific immune variables and survival outcomes: elevated levels of
neutrophil- and monocyte-related immune variables were correlated with
poorer prognosis, whereas higher levels of lymphocyte cell types, especially
CD4T cells, were associated with better prognosis.

These results are consistent with previous findings associating pre-
treatment absolute lymphocyte counts of <600 cells/μL with poor response
to ICI in a smaller study15. Methylation cytometry provided us with more
granular details of the immune profile (e.g., delineating lymphocyte sub-
types), revealing that CD4T cells were primarily responsible for the prog-
nostic benefit. While memory T cells are recognized for their propensity to
mount a robust immune response to ICIs due to prior antigen exposure, our
findings highlight the significant contribution of naïve CD4T cells to
prognostic outcomes in HNSCC, consistent with previous findings in lung
and bladder cancers34,35. This underscores their pivotal role in initiating and
augmenting the anti-tumor immune response upon PD-1 pathway
blockade36. It is well-recognized that standard chemoradiation can induce
lymphopenia11,37. This may partially explain the poor prognostic outcomes
for patients with the development of recurrent/metastatic disease within
6 months of the end of curative intent chemoradiation therapy6.

Regarding myeloid cells, previous studies have associated elevated
blood neutrophil and monocyte levels with worse survival outcomes in
other cancers38–42, consistent with our observations in R/M HNSCC. Neu-
trophils and monocytes play a key role in cancer development and
progression43,44. Neutrophils suppress the immune response against cancer
cells, allowing them to evade destruction by the immune system and limit
the efficacy of immunotherapy, while circulating monocytes can differ-
entiate into macrophages upon entering the tumor microenvironment,
promoting chronic inflammation, angiogenesis, and extracellular matrix
remodeling. Although we observed higher monocyte count associated with
worse prognosis, future studies are needed to distinguish the precise nature
of the immune modulation associated with changes in monocyte subsets.

Two variables that we found consistently associated with prognosis are
NLR and LMR. Elevated pretreatment NLR levels were associated with
poorer survival outcomes, aligningwith prior research findings across other
cancer types, including lung cancer45,melanoma46, andkidney cancer47. This
correlation underscores NLR’s role in reflecting the balance between pro-
inflammatory neutrophils and anti-tumor lymphocytes, pivotal compo-
nents of the immune response against cancer. Conversely, higher LMR
levels were associated with improved survival outcomes in our HNSCC
cohort receiving ICIs, congruent with previous research findings48,49. This
relationship underscores LMR’s utility in gauging the balance between anti-
tumor lymphocytes and pro-inflammatory monocytes in response to
immunotherapy.

Despite TMB and PD-L1 CPS being commonly used, FDA-approved,
tumor tissue-based markers, their interactive effects with peripheral blood
immune profiles on the prognosis of patients with HNSCC receiving ICIs
have not been previously explored. Here, we identified several immune cell
types that strongly interacted with TMB in predicting prognosis. High-level
TMB in patients with lower levels of peripheral monocyte and CD4T cell

proportions, and higher levels of peripheral NK cell counts is a stronger
predictor of better OS. Tumors with a higher TMB tend to have more
neoantigens, potentially providing the immune systemwith a broader range
of targets in response to immunotherapy50. Prior research has also indicated
the potential of NK cells to contribute to the effectiveness of cancer
immunotherapy by providing a targeted and memory-based immune
response against cancer cells51. Our data suggests that a low level of per-
ipheral monocytes and a high level of NK cells can assist in cancer cell
elimination through TMB-associated enhanced neoantigen recognition
through immunotherapies. Moreover, the favorable impact of CD4 T cells
onOS appears tomitigate the adverse prognostic effect of lowTMB, thereby
attenuating the predictive capacity of TMB for OS in the high CD4 T
cell group.

Our study has some limitations. Firstly, the sample size may limit the
power to detect significant associations.While we calculated the FDR, we set
the statistical significance at the P-value cut-off of 0.05 without adjusting for
the family-wise error rate due to limited power. Future studies with larger
sample sizes must train, test, and validate these biomarkers. Secondly,
although 12 cell types can be deconvolved with the current technology, an
even higher resolution deconvolution approach is necessary for more gran-
ular monocyte and effector/memory cell subtypes. For example, the asso-
ciation between peripheral monocytes, worse survival rates, and their
interaction with TMBmay be primarily attributed to mMDSCs suppressing
the immune response to cancer. Additionally, studies have showndifferential
rolesof central andeffectormemoryTcells in the immunotherapyresponse52.
Finally, validation of the markers in larger studies in other cancer types will
helpusunderstand theuniversal tumor-agnostic implicationsof ourfindings.

High-resolution DNAmethylation-based immune cell deconvolution
in pretreatment peripheral blood identified immune variables associated
with survival outcomes in patients with R/M HNSCC receiving ICIs. Fur-
thermore, peripheral immune profiles interacted with TMB on survival
outcomes in these patients. Taken together, our results demonstrate the
potential of detailed immune profiles to predict immunotherapy response
and survival outcomes prior to the start of treatment.

Data availability
All data used in this study are publicly available on Gene Expression
Omnibus with the accession number GSE277573.

Code availability
The methylation cytometry algorithm is available under a free license for
academic purposes. Licensing algorithm information is available at https://
github.com/immunomethylomics/FlowSorted.BloodExtended.EPIC and
the code used to generate the figures in the manuscript can be accessed at
https://github.com/zzhang23/HNSCC_ICI_Methylation_Cytometry.
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