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ABSTRACT

Aim: This study addresses the challenge of predicting the response of head and neck squamous cell

carcinoma (HNSCC) patients to immunotherapy.

Methods: Using DNA methylation cytometry, we analyzed the immune profiles of six HNSCC patients
who showed a positive response to immunotherapy over a year without disease progression.

Results: There was an initial increase in CD8 T memory cells and natural killer cells during the first
four cycles of immunotherapy, which then returned to baseline levels after a year. Baseline CD8 T
cell levels were lower in HNSCC immunotherapy responders but became similar to those in healthy

subjects after immunotherapy.

Conclusion: These findings suggest that monitoring fluctuations in immune profiles could
potentially identify biomarkers forimmunotherapy response in HNSCC patients.

1. Background

Head and neck squamous cell carcinoma (HNSCC)
accounts for about 4% of malignancies in USA [1]. In
2023, it is estimated that about 66,920 individuals will
be diagnosed with HNSCC and that 15,400 deaths will
result [1]. The overall 5-year survival rate for all oral and
pharyngeal cancer is low, at approximately 68% [2]. The
5-year survival rate for advanced patients is even lower, at
around 40% and over 50% of these patients will suffer a
recurrence within 2-3 years [2-4]. Radiation, chemother-
apy and debilitating surgery are current standards of care
for HNSCC.

Immune checkpoint inhibitors (ICls; nivolumab and
pembrolizumab) have recently been approved for
advanced and metastatic HNSCC. While immunotherapy
has improved prognosis [5,6], the average percentage
of HNSCC patients who respond to immunotherapy
remains low at 15-20% [7]. There are still significant gaps
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in understanding immunotherapy response, including a
limited clinical ability to identify patients who would ben-
efit from ICls. While some biomarkers like PD-1 and PD-L1
expression levels are potential indicators of response,
no biomarkers are currently in place clinically for HNSCC
patients [8].

We previously developed a cell deconvolution method
from DNA methylation profiles to estimate peripheral
blood cell type proportions; this method is referred to
as methylation cytometry [9-11]. Methylation cytome-
try has been widely utilized to identify associations of
peripheral blood immune cell composition in health and
disease, including outcomes in cancer patients [12-15].
In addition, this method has been applied to determine
neutrophil-lymphocyte ratio (methylation-derived NLR
[MNLR]), whichis a well-studied prognostic factor for poor
survival in malignant diseases, including head and neck
cancer [16-18].
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This study aimed to provide potential clinical
biomarker utility of methylation cytometry in HNSCC
as there is a lack of biomarkers in monitoring response
to immunotherapy in HNSCC patients. This study uti-
lizes methylation cytometry to describe immune profile
changes in the peripheral blood of HNSCC patients
who responded to immunotherapy for 1 year without
progression. Methylation cytometry provides a conve-
nient method to track immune profiles longitudinally as
fresh blood is not required and can determine immune
profiles of additional, specific immune cell types as
compared with traditional complete blood count dif-
ferential tests. The immune profiles of responders were
also compared with those of healthy donors to address
whether immunotherapy response is related to restoring
a healthy immune landscape. Our ultimate goal is to
predict the response of head and neck squamous cell
carcinoma patients toimmunotherapy using methylation
cytometry.

2. Materials & methods
2.1. Study population

Adults with HNSCC slated to undergo immunotherapy
were prospectively enrolled at Dana Farber Cancer Insti-
tute (DFCI). Patients provided written consent to par-
ticipate in the study, following the DFCI Institutional
Review Board guidelines (IRB Protocol #: 18-548). Enrolled
subjects received immunotherapy, or immunotherapy
with chemotherapy, every 3 weeks. Blood from each
patient was collected prior to the initial treatment and
at each treatment during routine clinical blood draws.
Of the enrolled subjects, six who survived for a year on
immunotherapy orimmunotherapy/chemotherapy treat-
ment regimen without disease progression were included
in this analysis. Subjects with treatment-terminating
adverse effects were excluded in this study. Some blood
samples of subjects included in the study were missing
due to COVID-19 pandemic restrictions. Subjects in this
group were composed of five males and one female with
an average age of 65 years (range: 55-83). The description
of each subject is detailed in Table 1. Longitudinal blood
samples from an 11-month period from one healthy 30-
year-old male subject were available for DNA methylation
analysis.

Longitudinal sampling for B, CD4 T, CD8 T and monocyte
cell counts from healthy populations (n = 15), as mea-
sured by three colored flow cytometry, were abstracted
from Backteman and Ernerudh [19]. To extract values from
the graphs, screenshots were captured and loaded into a
‘WebPlotDigitizer’ found at https://apps.automeris.io/wp
d/. The plot type selected was ‘2D (X-Y) Plot’ Axes were
aligned by clicking two known points on the x-axis (X1,

X2) and two known points on the y-axis (Y1, Y2). Based
on this scale, the center of the data points was estimated.

2.2. Methylation cytometry

Blood DNA was extracted using Zymo Quick-DNA
Miniprep Plus kit (Catalog #D4069) following the manu-
facturer’s instructions. DNA was quantified using Qubit
Broad Range assay (Thermo Scientific Catalog #Q32853),
per manufacturer’s instructions. DNA was sent to the
Avera Institute of Human Genetics (SD, USA) for methyla-
tion measurement on the lllumina MethylationEPIC v1.0
Beadchip. The samples from the healthy donor was mea-
sured with lllumina Methylation450 Beadchip. To prepare
for DNA methylation-based immune cell deconvolu-
tion, raw BeadArray data were preprocessed using the
normal-exponential out-of-band (Noob) pipeline from
minfi, including single-sample background and dye bias
correction [20]. The Noob pipeline was recommended
for the 12-immune-cell-type deconvolution [11]. Once
processed, FlowSorted.BloodExtended.EPIC was used to
estimate the proportions of 12 immune cell types in
whole blood [11].

As in our previous publication [21], we calculated the
EAA (Extrinsic epigenetic Age Acceleration) using the
residuals of the linear model of Horvath's age as the out-
come and the chronological age as the exposure to eval-
uate the increase in biological aging for the subjects. We
also calculated the IAA (Intrinsic epigenetic Age Acceler-
ation) using the residuals of the linear model of Horvath’s
age [22] as the outcome and the chronological age as the
exposure adjusted for the immune cell composition (12
cell types) to evaluate the increase in biological aging for
the subjects unrelated to changes in the leukocyte com-
position. To avoid multicollinearity and remove the exact
zero constraints, the proportions of the scaled immune
cell composition (bound between 0 and 1) were trans-
formed using the Smithson & Verkuilen [23] procedure
before adjustment.

2.3. Statistical analysis

PERMANOVA analysis was performed to evaluate com-
plete, longitudinal immune profiles of HNSCC patients
who responded to immunotherapy. PERMANOVA analysis
using the Aitchison distance metric was conducted with
vegan (v.2.6-4) R package [24,25]. T-tests were performed
to compare immune cell type counts between HNSCC
patients who responded to ICl and healthy controls. Two-
sided t-tests were performed with tsum.test function in
BSDA (v.1.2.2) R package [26]. The statistical significance
threshold was set to p-value <0.05.

To measure and compare temporal variability in the
cellular landscape between patient samples (N = 6) and
with the healthy control sample (N = 1), an adapted ver-
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sion of the Consecutive Disparity Index (CDI) [27] was
applied. The CDI (Equation 1) is a temporal variability
index that takes into account the chronological order of
the values, assessing the average rate of change between
consecutive values. The formulation of the CDI is given

below:
Yikt+1)
DIy, = — (M
' T, Z ( Yik)
Where i =1,2,...,Nis an index for subject, t =1,2,...,T;

is an index for time, and k = 1,2,...,K is an index for cell
type. Finally, y, ) represents the predicted cell proportion
for cell type k in subject i at time t. The CDI is exactly
equal to zero if there is no variation in y,, over all t
(e.g., same value over time) and greater than zero other-
wise. Larger values of the CDI are indicative of a greater
magnitude of fluctuation in y,,, over time. As the above
formulation of the CDI assumes that the time intervals
are equally spaced, we created an adapted version of the
CDI (aCDI) that accounts for the unequal spacing between
time intervals, a feature of our particular data. The formu-
lation of the aCDI (Equation 2) is as follows:

T
acCDI, = ! > 1 x |In <M> 12)
(T =M = Ky = Xir) Ykt

Where  x;, represents the observed time
(e.g., 2 months) at time t for subject i. In contrast to
the CDI in which each time interval is treated equiv-
alently, the aCDI weights each time interval inversely
proportional to the difference in time between the
(t + D™ and (O™ time. Thus, a large variation in the
response, y, occurring over a short time interval will have
a larger impact on the final aCDI value than the same
degree of variation in y over a longer time interval. The
aCDl was independently computed for each cell type and
subject (N = 7, patient samples plus healthy control), and
the results were visualized using a heatmap.

3. Results

Six patients with HNSCC who received pembrolizumab
(N = 5) or pembrolizumab with chemotherapy (N = 1)
survived 1 year without progression (Table 1). Blood for
methylation profiling was obtained from each patient
during routine clinical draws, starting with pre-treatment
(baseline) and continuing before each treatment at 3-
week intervals (N =67 blood samples). Some blood draws
were not collected due to safety restrictions imposed dur-
ing the early stages of the COVID-19 pandemic. Blood
cell DNA methylation was measured using the Illumina
HumanMethylation EPIC array platform. Immune cell
type proportions and counts of 12 cell types were esti-
mated with FlowSorted.BloodExtended.EPIC [11]. Epige-

netic age, extrinsic and intrinsic age acceleration at base-
line and each treatment time point were estimated with
Zhang et al's epigenetic clock [21] (Supplementary Fig-
ure S1).

Within the initial four treatment cycles of ICl, rela-
tive and absolute memory CD8 T (CD8mem) cell lev-
els and natural killer (NK) cells increased (Figure 1,
Supplementary Figure S2). The initial spike in memory
CD8 T and NK cells decreased closer to baseline levels
after 15-18 cycles of treatment (45-54 weeks following
the initial immunotherapy treatment). Small increases in
monocytes (Mono) were also observed within the first
three cycles of immunotherapy. In contrast, neutrophil
(Neu) proportions and counts decreased during the first
four treatment cycles of immunotherapy. Although, lev-
els of Neu also returned to near baseline levels in 15-
18th cycles of ICI. A slight increase in memory and naive
B cells (Bmem and Bnvy, respectively) was observed within
theinitial 10 cycles ofimmunotherapy. The levels of other
cell types [basophils (Bas), eosinophils (Eos), naive and
memory CD4 T cells (CD4nv, CD4mem) and regulatory T
cells (Treg)] as well as mNLR, remained relatively stable
over the course of the year (Supplementary Figure S3).
To further evaluate the complete peripheral immune pro-
files among long-term ICl responders, we conducted a
PERMANOVA analysis using the Aitchison distance met-
ric [24,25]. Our findings indicate statistically significant
differences (999 permutations, F = 3.594, P = 0.009) in
peripheral immune profiles across the treatment course,
from baseline to treatment 18 (Supplementary Table S1).
To quantify the changes in immune profiles of these
patients from those that would be found in healthy
individuals, we compared the immunotherapy respon-
der immune profiles with publicly available immune pro-
files of healthy controls (Figure 2A). Based on availability,
samples for baseline through 3.5 and 10.5-12.5 months
were selected for analyses (Figure 1). Total B (memory
and naive) and total CD4 T (naive and memory) cells
were significantly lower in the responders at baseline and
throughout treatments. Only B cells at 11 months post-
treatment showed no statistically significant difference
between responders and healthy controls. Monocyte lev-
els were significantly higher in the ICl responders at base-
line and during the course of the treatment regimen.

As increases in memory CD8 T cells were observed in
the initial ICl treatment cycles, we hypothesized that
this increase would lead to similar proportions of CD8 T
cells in HNSCC immunotherapy responders as observed
in healthy controls. Despite lower mean counts, the
total CD8 T cells were not significantly different from
healthy controls at baseline or at any time throughout
the treatment regimen (Figure 2A). Following our hypoth-
esis, the mean counts for total CD8 T cells of HNSCC
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Figure 1. Methylation-derived cell type proportions from peripheral blood for selected samples over approximately 1 year of
immunotherapy. Each point indicates the median proportion at each treatment time point. Vertical bars around the point indicate the
minimum and maximum proportion at each time point. Methylation cytometry methods reveal the proportions for 12 immune cell
types for patients exhibiting response to immunotherapy treatment over the course of 18 cycles. While several cell types do not appear
to show substantial changes over time, memory CD8 T and NK populations exhibit a pronounced boost over the initial 100 days (the
typical time-frame for which progression-free survival is considered ‘response’) with a near return to pre-treatment baseline levels at

the 1 year mark.

immunotherapy responders were more comparable to
the mean counts for healthy controls at 1.5 months post-
treatment and at 10.5 and 11 months post-treatment as
evidenced by no statistical differences in medians, and
were higher at 2 and 3.5 months post-treatment although
not statistically significant (Figure 2A). Our results suggest
immunotherapy may raise total CD8 T cell levels to be
more comparable to healthy controls'total CD8 T cell lev-
els.

Assessments of temporal variability in the immune
composition in relation to cell counts derived from a DNA
methylation cytometry of a healthy subject in the 1-year
period were evaluated for each cell type within each sub-
ject, independently, using the aCDI. Larger values of the
aCDl are indicative of greater temporal variability of some
measurements. Our results showed that the healthy con-
trol has uniformly low and stable values of the aCDl across
the cell types, whereas the patient samples exhibit more
volatility across the different cell types (Figure 2B). Across
both the patient and healthy control samples, CD8 naive
cells, monocytes and neutrophils appear to be fairly tem-
porally stable, whereas other cell types (Eos and CD4
memory and naive) exhibit more volatility within certain
patient samples (Figure 2B, Supplementary Figure S4).
Interestingly, CD4 and CD8 naive cells were much lower
in the HNSCC subjects longitudinally compared with the

healthy subject. However, some portion of the differences
between the HNSCC subjects and the healthy donor is
likely due to the difference in age. Together with our com-
parisons to cell counts derived from healthy subjects from
flow cytometry, our results suggest immunotherapy may
be raising specifically CD8 T memory cell counts to be sim-
ilar to the levels found in healthy subjects.

4. Discussion

Although only 15-20% of HNSCC patients respond to
immunotherapy, major gaps exist in understanding who
will respond. To our knowledge, few studies have inves-
tigated longitudinal immune cell profiles for cancer
patients who display a long-term response to ICls, and no
studies of HNSCC patients undergoing ICI immunother-
apy have presented detailed immune profiles thatinclude
naive and memory cell types or regulatory T cells.

The immune cell profiles were determined for six
HNSCC patients with a durable response to ICl treat-
ment: progression-free for 1 year. Dynamic changes in
immune cell profiles were identified during immunother-
apy throughout the course of 1 year of ICI. Clinically,
patients are considered to be ‘responders’ when no
progression has occurred on therapy at the 100-day
(3.5 months) point. At this 100-days, increased levels
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Figure 2. Immune composition of head and neck squamous cell carcinoma immunotherapy responders in comparison to healthy
subjects. (A) Although limited by longitudinal data availability for healthy donors, mean counts (1000/ul) for B, total CD4 T, total CD8 T
cells (both naive and memory sub-types for each population) and monocytes, are shown for healthy and HNSCC immunotherapy
responders at baseline, time period of initial immunotherapy treatment cycles (1.5, 2 and 3.5 months following initial treatment), and at
around the 1-year mark (10.5 and 11 months post start of treatment). Error bars indicate one standard deviation above and below the
mean. Red columns indicate mean counts for healthy controls; blue columns indicate mean counts for HNSCC immunotherapy
responders. Distribution of each cell type proportion between healthy donors and HNSCC immunotherapy responders were compared
with t-tests. P-value for each comparison is indicated above the bars at each timepoints. (B) Heatmap of adapted consecutive disparity
index (aCDI) for each subject per cell type where ‘P'is the healthy subject reference and 'S1'- ‘S6” are responders. Larger values of the
aCDl are indicative of greater temporal variability of cell type proportions.

of CD8 T memory cells and NK cells were identified,
compared with pre-treatment/baseline levels. The CD8 T
memory and NK cell levels then stabilized back to base-
line within 10.5-12.5 months of treatment.

While the comparison of full immune profiles was
restricted due to differences in cytometry methods and
a lack of publicly available longitudinal immune pro-
files for healthy populations, this study begins to investi-
gate/compare the profiles ofimmunotherapy responders
to those of a healthy reference population. The consistent
volatility in immune profiles of HNSCC ICI patients com-

pared with healthy populations suggests a limited ability
of immunotherapy to restore a ‘healthy’ immune profile,
even in patients who have shown promising responses.
Only the CD8 T memory population from immunother-
apy responders exhibits a change (increase) in cell lev-
els comparable to ‘healthy’ profiles following treatment.
Although the current study did not reveal statistically sig-
nificant differences in baseline CD8 T cell levels between
HNSCCimmunotherapy responders and healthy subjects,
baseline CD8 T cells (total) exhibited the largest differ-
encein CD8T cells between the two groups. A larger sam-



ple size may identify significantly lower CD8 T cells prior
to immunotherapy treatments in HNSCC immunotherapy
responders compared with healthy controls.

Previous studies have suggested the role of
immunotherapy in inducing dynamic changes of tumor-
infiltrating CD8 T cells in the tumor microenvironment
to provide therapeutic benefit in various tumor types,
including HNSCC [28,29]. Moreover, CD8 T memory cells
have been identified to increase upon other immune
checkpoint blockade treatments and were associated
with responding to immunotherapy in melanoma and
other tumor types, but not in HNSCC [30-32]. Supporting
previous literature, our study was one of the first to iden-
tify that CD8 T memory cells increase in the peripheral
blood of HNSCC immunotherapy responders to be of
clinical utility. As the increases in CD8 T memory cells can
be detected in the first few immunotherapy treatment
cycles, our results suggest methylation cytometry-based
immune profiling may be a useful tool to identify respon-
ders early in immunotherapy treatment for HNSCC.

Other oral diseases like periodontitis and preneoplas-
tic oral lesions like oral lichen planus have been asso-
ciated with development of oral squamous cell carci-
noma [33-35]. As the epigenetic modifiers like miRNA
can play a role in malignant transformation into oral
cancers [36], examining other epigenetic factors may be
important in understanding oral lesions. Furthermore,
drugs like tacrolimus and other anti-inflammatory treat-
ments have been found to reduce severity of oral lichen
planus [37]. Methylation cytometry may also be used to
assess responders to other treatments in other oral dis-
eases.

As only 15-20% of HNSCC patients respond to
immunotherapy [7], accrual of a larger sample size
over a long period of time is difficult. Our conclusions
are limited due to a smaller sample size for both HNSCC
and non-diseased subjects. However, we incorporate
numerous samples per subject across a span of a year,
including 67 blood samples of HNSCC immunotherapy
responders and 191 blood samples of healthy subjects.
This study characterized the immune composition of 12
immune cell types from HNSCC long-term ICl responders,
which, to our knowledge, has not previously been done.
Moreover, while it is difficult to collect longitudinal sam-
ples from non-responders as they succumb to disease
quickly, we expect to collect some longitudinal peripheral
blood samples from non-responders as this study pro-
gresses. Further investigation with longitudinal data from
HNSCC immunotherapy responders, non-responders and
healthy subjects is needed to validate this study.

EPIGENOMICS (&) 805

5. Conclusion

This study utilized methylation cytometry to deter-
mine levels of 12 specific immune cell types in HNSCC
patients on immunotherapy, allowing tracking changes
in immune cell proportions that are not measured using
the standard complete blood count differential. Most
notably, changesin CD8 memory T cells and NK cells were
observed over the course of immunotherapy. Our results
suggest the potential utility of methylation cytometry-
derived immune cell profiles as biomarkers to under-
stand better the effects of immunotherapies on the
immune systems of HNSCC patients that enable long-
term responses.

Article Highlights

« While immunotherapy has improved prognosis, the average
percentage of head and neck squamous cell carcinoma (HNSCC)
patients who respond to immunotherapy remains low at 15-20%.

« There are still significant gaps in understanding immunotherapy
response, including a limited clinical ability to identify patients
who would benefit from immune checkpoint inhibitors.

« This study revealed significant variations in the complete immune
profile of these patients at different treatment stages, from the
baseline to the 18th treatment cycle.

« There was an initial increase in CD8 T memory cells and natural
killer cells during the first four cycles of immune checkpoint
inhibitor therapy, which then returned to baseline levels after a
year.

« compared with healthy individuals, HNSCC responders had
significantly lower levels of CD4 T and B cells and higher levels of
monocytes, both at baseline and throughout the year of immune
checkpoint inhibitor treatment.

- Baseline CD8 T cell levels were lower in HNSCC immunotherapy
responders but became similar to those in healthy subjects after
immunotherapy.
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