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ABSTRACT 
Aim: This study addresses the challenge of predicting the response of head and neck squamous cell 
carcinoma (HNSCC) pa tien ts to immunotherapy. 
M etho ds: U sing DNA methylation cyt ometry, w e analyzed the immune pr ofiles of six HNSCC pa tien ts 
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 
poten tially iden tify biomarkers for immunotherapy response in HNSCC pa tien ts. 
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. Background 

ead and neck squamous cell carcinoma (HNSCC)
c c ounts for about 4% of malignancies in USA [ 1 ]. In
023, it is estimated that about 66,920 individuals will
e diagnosed with HNSCC and that 15,400 deaths will

esult [ 1 ]. T he o ver all 5- year survival r ate for all oral and
haryngeal cancer is low, at approximately 68% [ 2 ]. The
- year survival r at e for advanc ed patients is even lower, at
round 40% and over 50% of these pa tien ts will suffer a
 ecurr ence within 2–3 years [ 2–4 ]. Radiation, chemother-
py and debilitating surgery are current standards of care
or HNSCC. 

Immune checkpoint inhibitors (ICIs; nivolumab and
embr olizumab) hav e r ecently been appr ov ed for
dv anced and metasta tic HNSCC. W hile immunother apy
as impr ov ed pr ognosis [ 5 , 6 ], the av erage per centage
f HNSCC pa tien ts who respond to immunotherapy

emains low at 15–20% [ 7 ]. There are still significant gaps
ONTACT Brock Christensen Brock.Christensen@dartmouth.edu 

Supplemental data for this article can be accessed at https:// doi.org/ 10.1080/ 17
2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group 

his is an Open Ac c ess article distributed under the terms of the Cr eativ e Commons A ttribution
 http:// creativecommons.org/ licenses/by- nc- nd/ 4.0/ ), which permits noncommercial re-use, di
nd is not alter ed , transformed , or built upon in any wa y. T he t erms on which this article has be
uthor(s) or with their c onsent . 
in understanding immunotherapy response, including a
limited clinical ability to identify patients who would ben-
efit from ICIs. While some biomarkers like PD-1 and PD-L1
expr ession lev els ar e poten tial indica tors of response,
no biomarkers are currently in place clinically for HNSCC
pa tien ts [ 8 ]. 

We pr eviously dev eloped a c ell dec onvolution 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 out c omes in canc er pa tien ts [ 12–15 ].
In addition, this method has been applied to determine
neutrophil-lymphocyte ratio (methylation-derived NLR
[mNLR]), which is a w ell-studied pr og nostic fact or for poor
surviv al in malignan t diseases, including head and neck
cancer [ 16–18 ]. 
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This study aimed to provide potential clinical
iomarker utility of methylation cytometry in HNSCC
s there is a lack of biomarkers in monitoring response
o immunotherapy in HNSCC pa tien ts. This study uti-
izes methylation cytometry to describe immune profile
hanges in the peripheral blood of HNSCC pa tien ts
ho responded to immunotherapy for 1 year without
r ogr ession. Methylation cytometry provides a conve-
ient method to track immune profiles longitudinally as

resh blood is not required and can determine immune
r ofiles of additional , specific immune cell types as
ompared with traditional complete blood count dif-
erential tests. The immune profiles of responders were
lso compared with those of healthy donors to address
hether immunotherapy response is related to restoring
 healthy immune landscape. Our ultimate goal is to
r edict the r esponse of head and neck squamous cell
arcinoma pa tien ts to immunotherapy using methyla tion
ytometry. 

. Materials & methods 

.1. Study population 

dults with HNSCC slated to undergo immunotherapy
 er e pr ospectiv ely enr olled at Dana Farber Cancer Insti-

ute (DFCI). Pa tien ts provided written consent to par-
icipate in the study, following the DFCI Institutional
 eview B oar d guidelines (IRB Pr ot oc ol #: 18-548). Enrolled
ubjects r eceiv ed immunother apy, or immunother apy
ith chemotherapy, every 3 weeks. Blood from each
a tien t w as c ollect ed prior t o the initial trea tmen t and
t each treatment during routine clinical blood draws.
f the enrolled subjects, six who survived for a year on

mmunother apy or immunother apy/chemother apy treat -
ent regimen without disease progression were included

n this analysis. Subjects with trea tmen t-termina ting
dv erse effects w er e excluded in this study. Some blood
amples of subjects included in the study w er e missing
ue to COVID-19 pandemic restric tions. Subjec ts in this
r oup w er e composed of five males and one female with
n average age of 65 years (range: 55–83). The description
f each subject is detailed in Table 1 . Longitudinal blood
amples from an 11-month period from one healthy 30-
ear -old male subject were available for DNA methylation
nalysis. 
ongitudinal sampling for B, CD4 T, CD8 T and monocyte
 ell c oun ts from healthy popula tions (n = 15), as mea-
ur ed by thr ee color ed flow cytometry, w er e abstracted
rom Backteman and Ernerudh [ 19 ]. To ex trac t values from
he graphs, screenshots were captured and loaded into a
WebPlotDigitizer’ found a t h ttps:// apps.automeris.io/ wp
/. The plot type selected was ‘2D (X-Y) Plot’. Axes w er e
ligned 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 c ent er of the data points was estimated.

2.2. Methylation cytometry 

Blood DNA was ex trac ted using Zymo Quick-DNA
Miniprep Plus kit (Catalog #D4069) following the manu-
fac turer’s instruc tions. DNA w as quan tified using Qubit
Broad Range assay (Thermo Scientific Catalog #Q32853),
per manufacturer’s instructions. DNA w as sen t to the
Avera Institute of Human Genetics (SD, USA) for methyla-
tion measurement on the Illumina MethylationEPIC v1.0
Beadchip. The samples from the healthy donor was mea-
sured with Illumina Methylation450 Beadchip. To prepare
f or DNA meth ylation-based immune c ell dec onvolu-
tion, raw B eadAr ray data w er e pr epr ocessed 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
pr ocessed , FlowSorted.Blo o dExt ended.EPIC w as 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 Ac c eleration) using the
residuals of the linear model of Horv a th’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 Ac c eler-
ation) using the residuals of the linear model of Horv a th’s
age [ 22 ] as the out c ome and the chronological age as the
exposure adjusted for the immune cell composition (12
c ell types) t o ev alua te 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
c ell c omposition (bound between 0 and 1) w er e trans-
formed using the Smithson & Ver k uilen [ 23 ] pr ocedur e
before adjustment. 

2.3. St atistical analy sis 

PERMANOVA analysis was performed to ev alua te com-
plet e, long itudinal immune profiles of HNSCC pa tien ts
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 w er e performed
t o c ompare immune c ell type c ounts between HNSCC
pa tien ts who responded to ICI and healthy contr ols. Tw o-
sided t-tests w er e performed with tsum.test function in
BSDA (v.1.2.2) R package [ 26 ]. The statistical sig nificanc e
threshold was set to p-value < 0.05. 

To measure and c ompare t emporal variability in the
cellular landscape between pa tien t samples ( N = 6) and
with the healthy control sample ( N = 1), an adapted ver-

https://apps.automeris.io/wpd/
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ion of the Consecutive Disparity Index (CDI) [ 27 ] was
pplied. The CDI ( E qua tion 1 ) is a temporal v ariability

ndex that takes into account the chronological order of
he values, assessing the average rate of change between
onsecutive values. The formulation of the CDI is given
elow: 

CD I ik = 
1 

(T i − 1) 

T i −1 ∑ 

t=1 

| ln 

( 

y ik (t+1) 

y ik (t ) 

) 

| (1)

Where i = 1,2,…, N is an index for subject, t = 1,2,…, T i
s an index for time, and k = 1,2,…, K is an index for cell
ype. Finally, y ik(t) r epr esents the predict ed c ell proportion
or cell type k in subject i at time t . The CDI is exactly
qual to zero if there is no v aria tion in y ik(t) over all t

e.g., same value over time) and g reat er than zero other-
ise. Larger values of the CDI are indicative of a g reat er
agnitude of fluctuation in y ik(t) over time. As the above

ormulation of the CDI assumes that the time intervals
r e equally spaced , w e cr eat ed an adapt ed version of the
DI (aCDI) that ac c ounts for the unequal spacing between

ime in terv als, a fea ture of our particular da ta. The formu-
ation of the aCDI ( Equation 2 ) is as follows: 

aCD I ik = 
1 

(T i − 1) 

T i −1 ∑ 

t=1 

1 
(x i(t+1) − x i(t ) ) 

× | ln 

( 

y ik (t+1) 

y ( ik (t ) 

) 

| (2)

Wher e x i(t) r epr esents the observ ed time
e.g., 2 months) at time t for subject i . In contrast to
he CDI in which each time in terv al is trea ted equiv -
len tly, the aCDI weigh ts each time in terv al inversely
roportional to the difference in time between the
 t + 1) th and ( t ) th time. Thus, a large v aria tion in the
esponse, y , occur r ing over a short time in terv al will have
 larger impact on the final aCDI value than the same
egree of v aria tion in y over a longer time in terv al. The
CDI w as independen tly c omput ed for each c ell type and
ubject ( N = 7, pa tien t samples plus healthy control), and
he results were visualized using a heatmap. 

. Results 

ix pa tien ts with HNSCC who r eceiv ed pembr olizumab
 N = 5) or pembrolizumab with chemotherapy ( N = 1)
urviv ed 1 y ear without pr ogr ession ( Table 1 ). Blood for

ethyla tion profiling w as obtained from each pa tien t
uring routine clinical draws, starting with pr e-tr ea tmen t

baseline) and continuing before each trea tmen t a t 3-
eek in terv als ( N = 67 blood samples). Some blood draws
 er e not c ollect ed due t o safety restrictions imposed dur-

ng the early stages of the COVID-19 pandemic. Blood
ell DNA methylation was measured using the Illumina
umanMethylation EPIC array platform. Immune cell

ype proportions and counts of 12 cell types w er e esti-
a ted with FlowSort ed.Blo o dExtended.EPIC [ 11 ]. Epige-
netic age, extrinsic and intrinsic age ac c elera tion a t base-
line and each trea tmen t time poin t w er e estimated with
Zhang et al.’s epigenetic clock [ 21 ] ( Supplementary Fig-
ure S1 ). 

Within the initial four trea tmen t cycles of ICI, 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 trea tmen t (45–54 weeks following
the initial immunotherapy trea tmen t). Small increases in
monocytes (Mono) w er e also observ ed within the first
thr ee cy cles of immunother apy. In contr ast, neutrophil
(Neu) proportions and counts decreased during the first
four trea tmen t 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 naïve
B cells (Bmem and Bnv, r espectiv ely) was observ ed within
the initial 10 cycles of immunotherap y. T he levels of other
cell types [basophils (Bas), eosinophils (Eos), naïve 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 ev alua t e the c omplet e peripheral immune pro-
files among long-term ICI r esponders, w e conducted a
PERMANOVA analysis using the Aitchison distance met-
ric [ 24 , 25 ]. Our findings indica te sta tistically significan t
differences (999 permutations, F = 3.594, P = 0.009) in
peripheral immune profiles across the trea tmen t course,
from baseline to trea tmen t 18 ( Supplementary Table S1 ). 
To quantify the changes in immune profiles of these
pa tien ts from those that would be found in healthy
individuals, w e compar ed the immunotherapy respon-
der immune profiles with publicly available immune pro-
files of healthy contr ols ( Figur e 2 A). Based on availability,
samples for baseline through 3.5 and 10.5–12.5 months
w er e selected for analyses ( Figure 1 ). Total B (memory
and naive) and total CD4 T (naïve and memory) cells
w er e significantly lower in the responders at baseline and
thr oughout tr ea tmen ts. Only B cells a t 11 mon ths post-
trea tmen t showed no sta tistically significan t difference
betw een r esponders and healthy contr ols. Monocyte lev-
els w er e significantly higher in the ICI responders at base-
line and during the course of the trea tmen t regimen. 
As increases in memory CD8 T cells w er e observ ed in
the initial ICI trea tmen t cy cles, w e hypothesized that
this incr ease w ould lead to similar pr oportions of CD8 T
cells in HNSCC immunotherapy responders as observed
in healthy c ontrols. Despit e lower mean c ounts, the
total CD8 T cells w er e not significantly different from
healthy controls at baseline or at any time throughout
the trea tmen t r egimen ( Figur e 2 A). Following our hypoth-
esis, the mean counts for total CD8 T cells of HNSCC
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mmunotherapy responders were more comparable to
he mean counts for healthy controls at 1.5 months post-
rea tmen t and at 10.5 and 11 months post-treatment as
videnced by no statistical differences in medians, and
 er e higher at 2 and 3.5 mon ths post-trea tmen t although
ot sta tistically significan t ( Figur e 2 A). Our r esults suggest

mmunother apy may r aise t otal CD8 T c ell levels t o be
ore c omparable t o healthy c ontrols’ t otal CD8 T c ell lev-

ls. 
A ssessments of t emporal variability in the immune

omposition in relation to cell counts derived from a DNA
ethylation cytometry of a healthy subject in the 1-year

eriod w er e ev alua t ed for each c ell type within each sub-
ect, independently, using the aCDI. Larger values of the
CDI ar e indicativ e of gr eater temporal variability of some
easur ements. Our r esults show ed that the healthy con-

rol has uniformly low and stable values of the aCDI across
he cell types, whereas the pa tien t samples exhibit more
 olatility acr oss the differ ent cell types ( Figure 2 B). Across
oth the pa tien t and healthy con tr ol samples, CD8 naïv e
 ells, monocyt es and neutrophils appear to be fairly tem-
orally stable, whereas other cell types (Eos and CD4
emory and naive) exhibit more volatility within certain

a tien t samples ( Figure 2 B, Supplementary Figure S4 ).
nterestingly, CD4 and CD8 naïve cells were much lower
n the HNSCC subjects long itudinally c ompared with the
 

healthy subject. How ev er, some portion of the differ ences
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 c ell c ounts t o be sim-
ilar to the levels found in healthy subjects. 

4. Discussion 

Although only 15–20% of HNSCC pa tien ts respond to
immunotherapy, major gaps exist in understanding who
will r espond . To our knowledge, few studies hav e inv es-
tigat ed long itudinal immune c ell profiles for canc er
pa tien ts who display a long-term response to ICIs, and no
studies of HNSCC pa tien ts undergoing ICI immunother-
apy hav e pr esented detailed immune pr ofiles that include
naïve and memory cell types or regulatory T cells. 

The immune cell pr ofiles w er e determined for six
HNSCC pa tien ts with a durable response to ICI treat-
ment: pr ogr ession-fr ee for 1 year. Dynamic changes in
immune cell profiles were identified during immunother-
apy throughout the course of 1 year of ICI. Clinically,
pa tien ts ar e consider ed to be ‘r esponders’ when no
pr ogr ession 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 naïve 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 trea tment), and a t 
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 r efer ence and ‘S1’- ‘S6’ are responders. Larger values of the 
aCDI are indicative of greater temporal variability of cell type proportions. 
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f CD8 T memory cells and NK cells w er e identified ,
ompar ed with pr e-tr ea tmen t/baseline levels. The CD8 T
emory and NK cell levels then stabilized back to base-

ine within 10.5–12.5 months of treatment. 
While the comparison of full immune profiles was

estrict ed due t o differenc es in cyt ometry methods and
 lack of publicly available longitudinal immune pro-
les f or health y populations, this study beg ins t o investi-
at e/c ompare the profiles of immunotherapy responders

o those of a healthy r efer enc e population. The c onsist ent
olatility in immune profiles of HNSCC ICI pa tien ts com-
pared with healthy populations suggests a limited ability
of immunotherapy to r estor e a ‘healthy’ immune profile,
even in pa tien ts who have shown promising responses.
Only the CD8 T memory population from immunother-
apy responders exhibits a change (increase) in cell lev-
els c omparable t o ‘health y’ profiles f ollowing trea tmen t.
Although the current study did not r ev eal statistically sig-
nificant differences in baseline CD8 T cell levels between
HNSCC immunotherapy responders and healthy subjects,
baseline CD8 T cells (total) exhibited the largest differ-
ence in CD8 T cells between the two groups. A larger sam-
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le size may iden tify significan tly lower CD8 T cells prior
o immunotherapy trea tmen ts in HNSCC immunotherapy
 esponders compar ed with healthy contr ols. 

Pr evious studies hav e suggested the r ole of
mmunotherapy in inducing dynamic changes of tumor-
nfiltrating CD8 T cells in the tumor micr oenvir onment
o provide therapeutic benefit in various tumor types,
ncluding HNSCC [ 28 , 29 ]. Mor eov er, CD8 T memory cells
ave been identified to increase upon other immune
heckpoint blockade treatments and w er e associated
ith responding to immunotherapy in melanoma and
ther tumor types, but not in HNSCC [ 30–32 ]. Supporting
r evious literatur e, our study was one of the first to iden-

ify that CD8 T memory cells increase in the peripheral
lood of HNSCC immunotherapy responders to be of
linical utility. As the increases in CD8 T memory cells can
e det ect ed in the first few immunotherapy trea tmen t
y cles, our r esults suggest methyla tion cytometry -based

mmune profiling may be a useful tool to identify respon-
ers early in immunotherapy trea tmen t for HNSCC. 

Other oral diseases like periodontitis and preneoplas-
ic oral lesions like oral lichen planus have been asso-
ia ted with developmen t of oral squamous cell carci-
oma [ 33–35 ]. As the epigenetic modifiers like miRNA
an play a role in malignant transformation into oral
ancers [ 36 ], examining other epigenetic factors may be

mportant in understanding oral lesions. Furthermore,
rugs like tacrolimus and other an ti-inflamma tory trea t-
ents have been found to r educe sev erity of oral lichen

lanus [ 37 ]. Methylation cytometry may also be used to
ssess responders to other trea tmen ts in other oral dis-
ases. 

As only 15–20% of HNSCC pa tien ts respond to
mmunotherapy [ 7 ], accrual of a larger sample size
ver a long period of time is difficult. Our conclusions
re limited due to a smaller sample size for both HNSCC
nd non-diseased subjects. How ev er, w e inc orporat e
umerous samples per subject across a span of a year,

ncluding 67 blood samples of HNSCC immunotherapy
esponders and 191 blood samples of healthy subjects.
 his study characteriz ed the immune composition of 12

mmune cell types from HNSCC long-term ICI responders,
hich, to our knowledge, has not previously been done.
or eov er, while it is difficult to collect longitudinal sam-

les from non-responders as they succumb to disease
uickly, we expect to collect some longitudinal peripheral
lood samples from non-responders as this study pro-
r esses. Further inv estigation with longitudinal data from
NSCC immunotherapy r esponders, non-r esponders and
ealthy subjects is needed to v alida te this study. 
 

 

 

 

5. Conclusion 

T his study utiliz ed methylation cyt ometry t o det er-
mine levels of 12 specific immune cell types in HNSCC
pa tien ts on immunotherap y, allo wing tracking changes
in immune cell proportions that are not measured using
the standard c omplet e blood c oun t differen tial. Most
notably, changes in CD8 memory T cells and NK cells w er e
observ ed ov er 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 sy st ems of HNSCC pa tien ts tha t enable long-
term responses. 

Article Highlights 

• W hile immunother ap y has impro ved prognosis, the average 
percentage of head and neck squamous cell carcinoma (HNSCC) 
patients who respond to immunotherapy remains low at 15–20%. 

• Ther e ar e still sig nificant gaps in understanding immunother apy 
response, including a limited clinical ability to identify patients 
who would benefit from immune checkpoint inhibitors. 

• This study r ev ealed 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 
inhibit or therap y, which then returned t o baseline levels aft er 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 trea tment . 

• 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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