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BACKGROUND. Immune checkpoint blockade (ICB) is an effective treatment in a subset of patients diagnosed with 
head and neck squamous cell carcinoma (HNSCC); however, the majority of patients are refractory.

METHODS. In a nonrandomized, open-label Phase 1b clinical trial, participants with recurrent and/or metastatic 
(R/M) HNSCC were treated with low-dose 5-azacytidine (5-aza) daily for either 5 or 10 days in combination with 
durvalumab and tremelimumab after progression on ICB. The primary objective was to assess the biologically 
effective dose of 5-aza as determined by molecular changes in paired baseline and on-treatment tumor biopsies; the 
secondary objective was safety.

RESULTS. Thirty-eight percent (3 of 8) of participants with evaluable paired tissue samples had a greater-than 
2-fold increase from baseline in IFN-γ signature and CD274 (programmed cell death protein 1 ligand, PD-L1) 
expression within the tumor microenvironment (TME), which was associated with increased CD8+ T cell infiltration 
and decreased infiltration of CD4+ T regulatory cells. The mean neutrophil-to-lymphocyte ratio (NLR) decreased by 
greater than 50%, from 14.2 (SD 22.6) to 6.9 (SD 5.2). Median overall survival (OS) was 16.3 months (95% CI 1.9, NA), 
2-year OS rate was 24.7% (95% CI: 4.5%, 53.2%), and 58% (7 of 12) of treated participants demonstrated prolonged 
OS of greater than 12 months.

CONCLUSION. Our findings suggest that low-dose 5-aza can reprogram systemic host immune responses and the local 
TME to increase IFN-γ and PD-L1 expression. The increased expression of these established biomarkers correlated with 
prolonged OS upon ICB rechallenge.
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can improve tumor antigenicity through epigenetic modulation 
of  immune suppressive cells and the reexpression of  epigeneti-
cally silenced HLA class I APM components and/or immuno-
genic tumor antigens (TAs) to improve clinical outcomes upon 
rechallenge with immune checkpoint blockade (ICB). A Phase 
1b clinical trial was performed to assess the efficacy of  low-dose 
5-aza on reprogramming the tumor and immune cells within the 
tumor microenvironment (TME) in patients diagnosed with R/M 
HNSCC who were refractory to anti-PD-1 therapy.

Results

Participants
Between March 31, 2017, and November 4, 2020, 13 participants 
were enrolled. The trial was conducted during the COVID-19 
pandemic, and, due to the hospital constraints surrounding the 
pandemic, the trial terminated before completing enrollment. 
This analysis focuses on the participants (n = 12) who received 
5-aza subcutaneously. The median age was 62.1 years (range: 
50.2–75.0), 92% (11 of  12) were male and 8% (1 of  12) were 
female, and 50% (6 of  12) had oropharyngeal primaries, fol-
lowed by 25% (3 of  12) oral cavity, and 17% (2 of  12) larynx 
(Table 1). Of  the participants with oropharyngeal cancer, 83% 
(5 of  6) were HPV16-mediated, as determined by HPV-16 RNA 
ISH testing (Table 2).

The primary therapy at the time of  the initial diagnosis of  
HNSCC was the following: 58% (7 of  12) were treated with con-
current chemoradiation therapy; 25% (3 of  12) received induc-
tion chemotherapy followed by concurrent chemoradiation ther-
apy; and 17% (2 of  12) underwent surgical resection followed by 
adjuvant chemoradiation therapy. Seventy-five percent (9 of  12) 
of  our participants developed metastatic disease. Three patients 
(3 of  12, 25%) had persistent locoregional disease after treat-
ment with concurrent chemoradiation therapy at the time of  the 
initial cancer diagnosis. The overall mean disease-free interval 
(DFI) for those participants who developed metastatic disease 
was 8.5 months (Supplemental Table 1; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI181671DS1). DFI was calculated as the time from date of  the 
last treatment that was administered at the time of  initial cancer 
diagnosis to the date of  diagnosis of  metastatic disease.

As part of  the trial inclusion criteria, all participants received 
and progressed on immunotherapy prior to enrolling in this trial: 
50% (6 of  12) progressed on nivolumab, 42% (5 of  12) progressed 
on pembrolizumab, and 8% (1 of  12) progressed on durvalumab. 
A total of  56% (5 of  9) had prior radiation therapy for the treat-
ment of  metastatic disease and 33% (3 of  9) had received prior 
chemotherapy for metastatic disease. Eleven percent (1 of  9) had 

Introduction
The overall survival (OS) of  patients diagnosed with recurrent 
and/or metastatic (R/M) head and neck squamous cell carcino-
ma (HNSCC) can be improved by targeting the PD-1:PD-L1 axis 
(1–4). However, improved OS is achieved in only 18%–20% of  
patients with R/M HNSCC (2). Increasing evidence highlights 2 
main barriers to achieving clinical responses with immunotherapy 
in cancer patients: (a) the tumor’s overall poor antigenicity, which 
limits the generation of  antitumor immunity, and (b) innate and 
adaptive immune suppressive mechanisms that result in immune 
tolerance. The overall poor antigenicity of  HNSCCs, which can 
be attributed in part to the downregulation of  the HLA class I 
antigen processing machinery (APM) components and immuno-
genic antigens through epigenetic silencing, can result in a “cold” 
immunophenotype (5). In this clinical study, we hypothesized 
that epigenetic reprogramming through the administration of  a 
low-dose DNA methyltransferase inhibitor, 5-azacytidine (5-aza), 

Table 1. Clinical demographic characteristics

Dose Level 1  
(n = 7)

Dose Level 2  
(n = 5)

Overall  
(n = 12)

Age
Mean (SD) 62.9 (6.5) 61.4 (9.6) 62.3 (7.6)
Median (Range) 65.5 (55.1–72.2) 58.6 (50.2–75.0) 62.1 (50.2–75.0)

Sex
Female 0 (0%) 1 (20.0%) 1 (8.3%)
Male 7 (100%) 4 (80.0%) 11 (91.7%)

Race
White 6 (85.7%) 4 (80.0%) 10 (83.3%)
Black/African American 1 (14.3%) 1 (20.0%) 2 (16.7%)

Ethnicity
Non-Hispanic 7 (100%) 5 (100%) 12 (100%)

Primary Disease SiteA

Oral Cavity 1 (14.3%) 2 (40.0%) 3 (25.0%)
Oropharynx 4 (57.1%) 2 (40.0%) 6 (50.0%)
Larynx 1 (14.3%) 1 (20.0%) 2 (16.7%)
OtherB 1 (14.3%) 0 (0%) 1 (8.3%)

Stage
IV 2 (28.6%) 1 (20.0%) 3 (25.0%)
IV A 4 (57.1%) 3 (60.0%) 7 (58.3%)
IV C 1 (14.3%) 1 (20.0%) 2 (16.7%)

ECOG Performance Status
0 5 (71.4%) 0 (0%) 5 (41.7%)
1 2 (28.6%) 5 (100.0%) 7 (58.3%)

Smoking History
No 2 (28.6%) 2 (40.0%) 4 (33.3%)
Yes 5 (71.4%) 3 (60.0%) 8 (66.7%)

Number of Pack Years
≤10 0 (0%) 2 (66.7%) 2 (25.0%)
>10 5 (100%) 1 (33.3%) 6 (75.0%)

Alcohol History
No 1 (14.3%) 1 (20.0%) 2 (16.7%)
Yes, current 1 (14.3%) 0 (0%) 1 (8.3%)
Yes, former 5 (71.4%) 4 (80.0%) 9 (75.0%)

ASee Table 2 for HPV status for oropharynx patients. BUnknown primary site.

Table 2. HPV status

HPV Status  
(among oropharynx patients)

Dose Level 1  
(n = 4)

Dose Level 2  
(n = 2)

Overall  
(n = 6)

HPV-16 3 (75.0%) 2 (100%) 5 (83.3%)
HPV Negative 1 (25.0%) 0(0%) 1 (16.7%)
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arthralgia, and pruritus. There was a slight increase in median 
time-on-treatment in the 5-day cohort compared with the 10-day 
cohort (median 3.7 months [range 1.1–5.7 months] versus 2.8 
months [0.1–3.9 months], respectively), suggesting that low-
dose 5-aza of  40 mg/m2 administered for 5 days per cycle may 
be better tolerated than 10 days per cycle.

Clinical outcome
Clinical responses were assessed by RECIST 1.1 at 8 weeks. 
Thirty-three percent (4 of  12) experienced stable disease as best 
overall response (Supplemental Table 3). The 3-month progres-
sion free survival (PFS) was 42.9% (95% CI: 9.8%, 73.4%) for 
dose level 1, 20% (95% CI: 0.8%, 58.2%) for dose level 2, and 
33.3% (95% CI: 10.3%, 58.8%) overall (Supplemental Table 4). Of  
particular interest, at a median follow up of  20.6 months (range: 
4.9–24.0 months), median OS was 16.3 months (95% CI 1.9, NA), 

undergone prior metastasectomy to treat distant metastatic dis-
ease. Subsequent treatments received after the completion of  this 
trial are outlined in Supplemental Table 2.

Treatment and safety
The study design and participating patients are outlined in Fig-
ure 1. Low-dose 5-aza (40 mg/m2) was administered daily for 
either 5 or 10 days to assess whether the duration of  treatment 
with 5-aza resulted in differences in toxicity and/or in epigenetic 
reprogramming of  the TME. Seven participants received 5-aza 
for 5 days per cycle (dose 1), and 5 participants received 5-aza 
for 10 days per cycle (dose 2). There was 1 grade 4 treatment-re-
lated neutrophil count decrease and 1 grade 3 febrile neutro-
penia in participants treated with 10 days of  5-aza (Table 3). 
Treatment-related toxicities in the 5-day cohort included 1 grade 
2 diarrhea, as well as grade 1 toxicities such as nausea, fatigue, 

Figure 1. Clinical trial schema and multi-omics datasets included in the study. (A) Participants with locoregional or metastatic head and neck cancer 
that progressed on prior ICB were enrolled into the clinical trial (www.clinicaltrials.gov; NCT3019003). Participants were treated with escalating doses of 
a DNA methyltransferase inhibitor, 5-azacytidine (5-aza), and fixed doses of durvalumab (α-PD-L1) and tremelimumab (α-CTLA-4). The primary objective 
was determining the biologically effective dose (BED) of 5-aza. The secondary outcome was assessing the safety of the combination therapy. (B) Tissue 
specimens were collected (black arrows) prior to 5-aza treatment (green arrow) and after combination therapy with durvalumab and tremelimumab (purple 
arrows), which were given at the same time as the second dose of 5-aza (on-treatment).

https://doi.org/10.1172/JCI181671
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Tissue sample availability
A schematic of  the clinical trial procedures is shown in Figure 1B. 
Due to the COVID-19 pandemic, there were challenges in obtain-
ing the paired on-treatment tissue biopsies required for this clinical 
trial. Thus, of  the total 12 participants treated, 5 participants (par-
ticipants 2, 3, 4, 5, and 6) treated with 5-aza for 5 days and 3 partic-
ipants (participants 8, 10, and 11) treated with 5-aza for 10 days had 
paired baseline and on-treatment tissue biopsies and are included in 
the correlative biomarker analyses (Supplemental Table 6).

Low-dose 5-aza is linked to differential changes in global methylation 
based on the baseline epigenetic signature
Changes in global methylation within the TME after 5-aza treat-
ment were assessed in all participants using the Illumina Human-
Methylation EPIC BeadChip (Supplemental Figure 1A). Seventy-
five percent of  participants (6 of  8) experienced a decrease in global 
methylation after 5-aza treatment. However, the extent to which 
global methylation decreased varied between participants based on 
their baseline epigenetic signature. No statistically significant differ-
ence in the frequency of  methylation changes within the promot-
ers or CpG sites was detected between the 5-day and 10-day 5-aza 
treatment groups using a cut off  of  greater-than 25% methylation 
decrease (Supplemental Figure 1, B–F). Neither was there a strong 
methylation effect across differentially methylated regions (DMRs) 
among participants. For example, only 10 DMRs (adjusted P < 
0.05) were identified with the 5-day 5-aza treatment and 11 DMRs 
with the 10-day treatment. Therefore, treatment with low-dose 5-aza 
for 5 days versus 10 days resulted in a similar global methylation 
effect, although the specific methylation changes varied among par-
ticipants based on their individual baseline epigenetic fingerprint.

Low-dose 5-aza can upregulate IFN-γ signature and CD274 (PD-L1) 
expression within the TME
To assess whether low-dose 5-aza treatment can improve tumor 
immunogenicity, we evaluated changes in the IFN-γ signature 
score based on 6 genes known to be involved in IFN-γ path-

1-year OS rate was 64.8% (95% CI: 31.0%, 85.2%) and 2-year OS 
rate was 24.7% (95% CI: 4.5%, 53.2%) (Figure 2A). Fifty-eight 
percent (7 of  12) of  treated participants demonstrated prolonged 
OS of  greater than 12 months. Three participants (participants 5, 
11, and 12; 1 HPV-mediated and 2 HPV-nonmediated HNSCCs, 
respectively) were still alive at time of  final analysis. Due to the 
COVID-19 pandemic and associated hospital restrictions, an 
on-treatment research biopsy was unable to be obtained for par-
ticipant 12. However, participants 5 and 11 had relevant changes 
in the TME as assessed by biomarker analyses.

Biomarker outcomes
Neutrophil-to-Lymphocyte ratio. In cancer patients, a pretreatment 
neutrophil-to-lymphocyte ratio (NLR) greater-than 10 is associat-
ed with poorer survival outcomes, with a reported median OS of  
3.8 months (6). Several studies have reported on the association 
between NLR and clinical efficacy in cancer patients treated with 
immunotherapy. A NLR above 10 is also associated with a worse 
prognosis in patients receiving immunotherapy. In this trial, the 
mean NLR of  the overall cohort (n = 12) at the time of  adminis-
tration of  the first cycle of  5-aza was 14.2 (SD 22.6). At the last 
cycle of  study treatment, the mean NLR of  the overall cohort (n 
= 11) decreased by greater than 50% to 6.9 (SD 5.2). Participant 9 
had only a baseline NLR because this participant received only 1 
cycle of  study drug before experiencing disease progression (NLR 
at baseline was 85). Figure 2B depicts the individual participants 
with matched NLR at baseline and at the time of  last cycle of  
study therapy. Seventy-five percent (3 of  4) of  participants in dose 
level 2 (participants 8, 10, 11) had an NLR of  greater than 10 at 
baseline. Of  these participants, 67% (2 of  3, participants 8 and 
11) had a reduction in NLR after 5-aza treatment. The change in 
NLR in the overall cohort and individual participants suggest that 
5-aza treatment was modulating systemic host immune respons-
es in a favorable clinical direction (Supplemental Table 5). The 
paired tissue sample analyses confirm local immune reprogram-
ming within the TME after 5-aza therapy.

Table 3. Treatment-related toxicitiesA by dose level among participants who received 5-aza
Dose Level 1 (n = 7) Dose Level 2 (n = 5)

Grade Grade
Category 1 (n) 2 (n) 1 (n) 3 (n) 4 (n)
Blood and lymphatic system disorders Febrile neutropenia – – – 1 –
Gastrointestinal disorders Diarrhea – 1 – – –

Lip pain 1 – – – –
Nausea 1 – 1 – –

General disorders and admin site conditions Fatigue 1 – – – –
Investigations Neutrophil count decreased – – – – 1

Weight loss 1 – – – –
Metabolism and nutrition disorders Hypernatremia 1 – – – –
Musculoskeletal and connective tissue disorders Arthralgia 1 – – – –
Reproductive system and breast disorders Pelvic pain 1 – – – –
Skin and subcutaneous tissue disorders Pruritus 1 – – – –
Worst degreeB 4 1 1 1 1
ADefined as possibly, probably, and definitely. BThe worst grade toxicity experienced by a given patient (i.e., grade 1 treatment-related toxicity was the highest grade 
experienced for 4 patients in dose level 1).

https://doi.org/10.1172/JCI181671
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ure 3, A and B). In addition, the expression of  CD274, which 
is the single best clinically proven biomarker of  response to 
ICB (8), increased more than 2-fold in participants 2, 5, and 
11, which was significantly higher than others (average FC: 2.8 
versus 0.9, P = 0.036) (Figure 3, A and C). Low dose 5-aza (40 
mg/m2) administered for 5 days was identified as the biologi-
cally effective dose (BED), and participants 2, 5, and 11 were 
considered molecular responders in the study.

way signaling (i.e., IDO1, CXCL10, CXCL9, HLA-DRA, STAT1, 
and IFNG) (7) and evaluated the change in expression of  CD274 
between paired baseline and on-treatment biopsies for individ-
ual participants. Three participants [participants 2 and 5 (both 
5-day treatment) and participant 11 (10-day treatment)] demon-
strated a greater-than 2-fold increase in the IFN-γ signature 
score, which was significantly higher than the fold change in 
other participants (average FC: 3.5 versus 0.8, P = 0.036) (Fig-

Figure 2. Swimmer plot of overall survival. (A) Swimmer plot demonstrates each participant’s (deidentified IDs in the y-axis) response to treatment in 
months (x-axis). Blue and orange bars denote Dose level 1 (5-days of 5-aza treatment) and Dose level 2 (10-days of 5-aza treatment), respectively. Partic-
ipants with HPV-mediated disease are labeled with an asterisk (*). (B) The neutrophil-to-lymphocyte ratio at baseline (blue bars) and upon completion of 
the study (orange bars) is plotted for each participant.

https://doi.org/10.1172/JCI181671
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We next determined whether the increases in IFN-γ signature 
and CD274 expression were either a result of  the direct or indirect 
hypomethylation of  these genes by 5-aza. On-treatment hypometh-
ylation of  the promoter region of  CD274 was observed only in 
participants 3, 4, and 6, but there was no correlation between 
hypomethylation and expression changes of  the IFN-γ signature 
genes and CD274 in the available paired tissue samples (data not 
shown). Thus, these 3 participants (participants 2, 5, and 11) had 
substantial increases in biomarker expression within the TME, and 
2 of  these 3 patients (participants 5 and 11) were alive at 24.0 and 
20.6 months after trial registration, respectively, at the time of  final 
analysis. Ongoing post-study surveillance of  1 participant (partici-
pant 11) has shown no evidence of  disease for over 3 years. Partic-
ipant 2 began hospice shortly after stopping the trial and all treat-
ment was ceased. Based on these molecular and clinical results, 
we investigated possible mechanism(s) for the observed increased 
proinflammatory TME with the administration of  low dose 5-aza.

Cell type deconvolution reveals increased infiltration of CD8+ T cells 
and decreased CD4+ T regulatory cells
To investigate the inflammatory changes induced within the TME, 
we characterized the tumor-infiltrating immune and nonimmune 
cells in each participant using cell type deconvolution with the 
DNA methylation dataset. We estimated the proportions of  10 cell 
types, including cancer cells and 9 noncancer cell types. The propor-
tions of  CD4+ T regulatory cells (Tregs) decreased by an average of  
approximately 35% across all 8 participants with evaluable matched 
pre- and on-treatment biopsies, suggesting a strong influence of  epi-
genetic regulation of  the FOXP3 locus with low dose 5-aza treat-
ment (9, 10) (Figure 4A). Correspondingly, infiltrating CD8+ T cells 
were increased in 50% (4 of  8) of  participants with paired biopsy 
samples after study drug treatment: participant 2 (approximate-
ly 50% increase relative to baseline), participant 3 (approximately 
30% increase relative to baseline), participant 4 (approximately 11% 
increase relative to baseline), and participant 5 (approximately 169% 

Figure 3. The IFN-γ signature and CD274 expression increased by greater 
than 2-fold with 5-azacytidine in a subset of patients. (A) Summary of 
plotted data. (B) IFN-γ signature score. (C) Expression of CD274 (PD-L1). 
Participants 2, 5, and 11 (red) showed significant increase in FC compared 
with others (black) (P = 0.036 for IFN-γ signature score and P = 0.036 for 
CD274 expression).

https://doi.org/10.1172/JCI181671
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Figure 4. Cellular deconvolution indicates a decreased proportion of 
cancer cells in molecular responders, accompanied by an increased 
frequency of immune effector cells and decreased frequency of Tregs. 
(A) Methylation-based deconvolution shows that the proportion of 
cancer cells decreased in participants 2, 5, and 11 (responders, red) 
compared with nonresponders (black), which was associated with an 
increase infiltration of CD8+ T cells (participants 2 and 5) and fibro-
blasts (participant 11). The proportion of Tregs decreased with 5-aza 
based on DNA methylation deconvolution. (B) Membrane CD8 and 
nuclear FOXP3 expression was quantified and analyzed in the baseline 
and on-treatment tissue sections. *P < 0.05, paired t test. (C) The 
expression ratio of M1-polarized macrophages versus M2 macrophages 
between baseline and on-treatment samples also increased in 75% of 
participants. Scale bars: 50 μm.

https://doi.org/10.1172/JCI181671
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than 50% increase in infiltrating cytotoxic CD8+ T cells, up to 10% 
decrease in infiltrating immune suppressive CD4+ Tregs cells, and an 
increase in the M1/M2 ratio, which correlated with the observed 
2-fold increase in an IFN-γ signature and CD274 expression within 
the TME (Figure 3). These changes translated into a reduction in 
the proportion of  cancer cells in the on-treatment biopsies (approx-
imately 8% in participant 2 and approximately 18% in participant 
5 relative to baseline) (Figure 4A) and improved OS (12.7 months 
and 24.0 months, respectively).

Enhanced expression of genes related to antigen presentation, 
processing, and antigenicity
We also performed whole exome sequencing (WES) to determine 
whether mutations in HLA or APM genes may be the reason that 
HNSCC participants are resistant to ICB. Only 1 participant (par-
ticipant 3) with HPV-mediated HNSCC had 2 frameshift muta-
tions identified in HLA-A (HLA-A* 68010102) (Supplemental 

increase relative to baseline) (Figure 4A). To confirm these transcrip-
tional changes, we performed IHC for CD8+ and FOXP3+ T cells on 
the paired pre- and on-treatment biopsy samples. We demonstrated 
that there was an increase in CD8+ T cells and decrease in FOXP3+ 
T cells after 5-aza treatment (Figure 4B).

As a high CD32, CD64, CD68, CD80, CD86, and IFN-γ–
expressing M1 to CD163 and CD204 M2 macrophage polariza-
tion often correlates with a better prognosis in patients with cancer 
(11), we also calculated M1/M2 ratios based on the expression of  
188 genes associated with M1 and 159 genes associated with M2 
gene signatures (12) and evaluated the values in individual partici-
pants at baseline and on treatment. The expression ratio of  M1-po-
larized macrophages versus M2-polarized macrophages between 
baseline and on-treatment samples increased in 75% (6 of  8) of  
participants (Figure 4C). Participant 2 demonstrated the highest 
fold change in M1/M2 ratio (FC = 1.3). Overall, these findings 
demonstrate that 2 participants (participants 2 and 5) had a greater 

Figure 5. Fold change expression of genes relevant to tumor antigenicity after 5-aza treatment. (A) Participants 5 and 11 had increased expression of 
HLA and (B) APM compared with participants that did not respond to 5-aza treatment. (C and D) Participant 11 had the greatest number and diversity of 
cancer testis antigen (CTA), demonstrating at least a 2-fold-change in expression, while participants 2, 6, and 10 did not express any CTAs. (E) Participants 
2, 5, and 11 had increased expression of STING pathway genes compared with participants that did not respond to 5-aza treatment.
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primary reason for progression on ICB, we next assessed whether 
epigenetic silencing of  HLA and APM genes, a known mecha-
nism for tumor immune evasion in HNSCC (14, 15), could be 
reversed with low-dose 5-aza treatment. Gene set enrichment 
(GSE) of  cytobands testing between on-treatment versus baseline 
samples revealed that cytoband 6p21.3 was significantly upreg-
ulated (FDR = 6.8710–13) among the 5-day treated participants. 

Table 7), which may explain the lack of  clinical and molecular 
response in this participant. Although B2M truncating mutations 
are more frequent in HPV-mediated HNSCCs (13), we did not 
observe any deleterious mutations in the B2M gene in any of  
the trial participants. Thus, HLA and APM mutations were not 
deemed a major mechanism for the progression on ICB in our 
study participants. Since HLA mutations were unlikely to be a 

Figure 6. Gene set enrichment analysis of both methylation and expression datasets demonstrate hypomethylation and upregulation of immune 
response gene pathways (Participants 2 and 5) and developmental and differentiation pathways (Participant 11). Participants 2 and 5 show simultane-
ous hypomethylation and upregulation of immune activation and response pathways (red), while participant 11 shows simultaneous hypomethylation and 
upregulation of developmental, differentiation, and morphogenesis pathways (blue). The size of each dot represents the number of genes associated with 
the GOBP terms, and the intensity scale of the dot represents the –log10(P).
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tion of  CTA expression. None of  the other participants had a notable 
group of  cancer-related terms as significant as the above.

Hypomethylation and increased expression of tumor suppressor genes 
observed with low dose 5-aza treatment
Tumor suppressor genes (TSGs) are known to be hypermethylated 
in HNSCC (23, 24). Therefore, we sought to investigate whether 
5-aza treatment could alter the methylation status of  TSGs. We 
identified 268 TSGs with hypermethylated promoters in HNSCCs 
between tumor and normal samples (see Methods; Supplemental 
Table 12), as identified in the TCGA-HNSC methylation array data 
(13) and assessed the methylation changes in these 268 TSGs in 
our cohort. The on-treatment methylation profile of  2 participants 
(participants 5 and 11) most resembled the normal, noncancer 
samples in the TCGA-HNSC dataset (Figure 7A). Concordantly, 
the on-treatment samples of  these 2 participants clustered with the 
normal samples in TCGA-HNSC using principal component anal-
ysis (PCA) (Figure 7B). These 2 participants also had the greatest 
decrease in methylation of  the TSGs (average methylation decrease 
for participants 5 and 11 was approximately 12% and approximate-
ly 23%, respectively) (Figure 7C). Together, these results suggest 
low-dose 5-aza could reverse the TSG hypermethylation phenotype 
to a near-normal methylation signature in participants 5 and 11. 
Further analysis of  the number of  TSGs with more than a 25% 
decrease in promoter methylation and an associated more than 
2-fold increase in expression showed that participants 3, 5, and 11 
had equal or more than 15 TSGs reexpressed in the tumor after 
treatment (Figure 7D). Some of  the hypomethylated and reex-
pressed TSGs identified in participants 5 and 11 include import-
ant cellular genes relevant to tumorigenesis such as ST5, IRX1, 
MAP3K8, PRDM1, and SOX7.

Discussion
ICB has revolutionized the treatment of  patients diagnosed with 
R/M HNSCC (3, 4, 25–27). However, more than 80% of  patients 
with R/M disease progress on ICB treatment (2) and, at the time 
of  tumor recurrence, OS is 6–12 months (28). Salvage radiotherapy 
(29) and further adjuvant chemotherapy (5, 30) have not improved 
outcomes for patients with R/M disease who have progressed on 
ICB. Thus, we performed an investigator-initiated Phase 1b clinical 
trial that assessed the effects of  a DNA methyltransferase inhib-
itor, 5-aza, in participants diagnosed with R/M HNSCC. Given 
that HLA class I APM downregulation or loss is a known mech-
anism of  immune evasion utilized by HNSCC (31), we explored 
the use of  5-aza to improve the tumor antigenicity of  HNSCCs and 
improve clinical outcomes upon rechallenge with ICB therapy.

Since 5-aza is FDA-approved for treating myelodysplastic syn-
drome and myelomonocytic leukemia, we were concerned about 
its potential off-target hematologic effects. Thus, we evaluated 2 
regimens of  low-dose 5-aza (40 mg/m2), a 5- and a 10-day treat-
ment course per cycle to assess whether 5-aza can modulate the 
TME sufficiently without the associated hematological toxicity. As 
shown in Supplemental Figure 1, although there was no difference 
in the global methylation changes of  participants between the two 
dose cohorts, our data suggest that a 5-day course of  low dose 5-aza 
provides a similar capacity for epigenetic reprogramming with few-
er hematological adverse effects (Table 3).

This cytoband contains a cluster of  HLA complex genes that 
encodes cell-surface proteins responsible for presenting antigens 
on the cell surface. Thus, we hypothesized that 5-aza treatment 
may also impact HLA Class I APM expression. Participants 2 
and 5 demonstrated an overall upregulation in fold-change of  
HLA gene expression by 1.6 and 2.5, respectively (Figure 5A). 
All 18 HLA genes at cytoband 6p21.3 were upregulated in par-
ticipant 2, and 17 out of  the 18 were upregulated in participant 5 
(Supplemental Figure 2). Furthermore, increased expression of  a 
broader set of  genes related to antigen presentation and process-
ing machinery was observed in the same 2 participants (Figure 5B 
and Supplemental Table 8).

In the setting of  increased HLA and APM expression, we also 
explored changes in the expression of  neoantigens and cancer tes-
tis antigens (CTAs), which could potentially expand the presented 
TA repertoire to induce a robust antitumor cell-mediated immune 
response (16, 17). We investigated the expression and methylation 
changes of  1,019 CTA genes (Supplemental Table 9). In total, 
23 CTA genes were found to be upregulated (greater-than 2-fold 
change) in the TME by 5-aza treatment in all 8 participants with 
paired baseline and on-treatment biopsies, of  which 17% (4 of  23) 
were increased in participant 5 and 52% (12 of  23) in participant 
11 (Figure 5, C and D). The increased CTA repertoire after low-
dose 5-aza could be responsible for the observed changes in the 
IFN-γ signature and CD274 expression in participant 11, which was 
accompanied by a 20% reduction in the proportion of  cancer cells 
in the TME after 5-aza treatment.

The Stimulator of  Interferon Genes (STING) pathway plays 
a critical role in the innate immune response to viral infections 
(18, 19), and it has been reported that hypomethylating agents 
can induce STING activation mediated by the DNA sensor cyclic 
GMP-AMP synthase (cGAS) and cyclic GMP-AMP (cGAMP), 
leading to the production of  type 1 interferons (IFN-α and IFN-β) 
(20, 21). To further investigate whether STING signals were 
enhanced in responders, we calculated STING signature scores 
(i.e. geometric mean of  44 STING genes’ expression) (22) and 
compared the change between on-treatment and baseline for each 
patient. Remarkably, all molecular responders (participants 2, 5, 
and 11) showed 1.5- to 2-fold increase in STING signature score 
after the treatment, whereas nonresponders had minimal or even 
decreased STING gene expression (Figure 5E). This finding sug-
gests an induced viral mimicry immunogenic response among the 
molecular responders.

Immune-related gene sets were significantly hypomethylated and 
upregulated after low-dose 5-aza treatment
Using an unbiased approach, we then determined which tumor 
and/or immune-related pathways were markedly hypomethylated 
and upregulated in each paired biopsy sample. By visualizing the 
top 5 statistically significant hypomethylated and upregulated Gene 
Ontology biological process (GO BP) terms in each participant, we 
observed that participants 2 and 5 had strong responses in lymphocyte 
activation, regulation of  immune response, and related terms (Figure 6 
and Supplemental Tables 10 and 11), whereas participant 11 had an 
overrepresentation of  hypomethylation and upregulation in embryo 
development, epithelial cell differentiation, tissue morphogenesis, regionaliza-
tion, and other related terms, consistent with the observed upregula-
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Figure 7. 5-aza treatment resulted in 
hypomethylation of tumor suppressor 
genes (TSGs). (A) Treatment with 5-aza 
resulted in hypomethylation of TSGs 
commonly hypermethylated in HNSCCs. 
Specifically, the methylation profile of 
Participants 5 and 11 reversed to a methyl-
ation pattern observed in noncancer tissue 
samples representative within the HNSCC 
cohort in the Tumor Cancer Genome 
Atlas (TCGA). (B) PCA analysis based on 
the methylation of TSGs demonstrated 
that the on-treatment samples from 
participants 5 and 11 were most similar 
to normal tissue within the TCGA-HNSC 
cohorts. (C) Participants 5 and 11 had the 
greatest average decrease in methylation, 
approximately 12% and approximately 
23%, respectively. (D) Participants 5 and 11 
also had the greatest number of TSGs with 
at least a 25% hypomethylation change 
and 2-fold increase in expression.
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In our clinical trial, 42% (5 of 12) of the treated participants with 
R/M HNSCC had HPV-mediated HNSCC, which is a population 
with known improved OS. Furthermore, as part of the inclusion crite-
ria, all participants had progressed beyond several lines of treatment, 
including ICB therapy. Across the treated participants in our trial, the 
median OS was 16.3 months, a 2-year OS rate was 24.7% (95% CI: 
4.5%, 53.2%), and 58% of participants had greater than 12-month OS 
after the initiation of study treatment, suggesting that 5-aza in combi-
nation with ICB has a clinically meaningful impact independent of  
HPV status. Our trial was terminated early due to the hospital con-
straints of running clinical trials and performing tumor biopsies during 
the COVID-19 pandemic. However, the available data from the treated 
participants highlight several important concepts. First, in the era of  
combinatorial immunotherapeutic strategies, the incorporation of bio-
marker analyses can assist in determining treatment efficacy, especially 
in small cohort studies. Second, intervening therapies can reprogram 
the TME and alter PD-L1 levels (34). Therefore, retesting for PD-L1 
expression between intervening therapies may help to provide a ratio-
nale for rechallenge with ICB. We conclude that low-dose 5-aza can 
reprogram systemic and local host immune responses sufficiently to 
increase the expression of molecular markers of response to ICB, and 
that tumor and/or immune cell reprogramming may translate into 
prolonged OS compared with historical controls.

Methods
Sex as a biological variable. Our study was open to enrollment to both male 

and female participants. HNSCC has an estimated 3:1 higher incidence 

in men than in women (35), and an even higher imbalance in HPV-medi-

ated HNSCCs, wherein approximately 80% of  HPV-mediated HNSCC 

cases are in men in the United States (U.S.) (36). The distribution of  our 

clinical trial cohort reflects the sex prevalence of  HNSCC in the U.S.

Study participants. The study was a clinical trial performed at the 

Massachusetts General Hospital (Boston, MA, USA). Participants were 

eligible for enrollment if  they were diagnosed with R/M HNSCC and 

had progressed on ICB therapy (anti-PD-1, anti-PD-L1, anti-cytotoxic 

T lymphocyte associated protein 4 (CTLA4)) (NCT03019003). Other 

inclusion criteria were the presence of  measurable disease according to 

RECIST 1.1, and an Eastern Cooperative Oncology Group (ECOG) 

performance status of  0 or 1.

Therapy timing and dosing. Participants received low dose 5-aza (40 

mg/m2) via subcutaneous (s.c.) injection either on days 1–5 (‘dose lev-

el 1,’ 5-day treatment group), or low dose 5-aza (40 mg/m2) on days 

1–5 and 8–12 (‘dose level 2,’ 10-day treatment group) of  each 4-week 

cycle for up to 12 cycles. All participants received durvalumab 1,500 

mg intravenously on day 1 of  each 4-week cycle for up to 12 cycles and 

tremelimumab 75 mg intravenously on day 1 of  each 4-week cycle for 

up to 4 cycles. 5-aza was administered alone in cycle 1 to prime the 

tumors and the combination of  5-aza, durvalumab, and tremelimumab 

therapy started in cycle 2. An amendment was added in 2019 to replace 

the s.c. injection with oral decitabine and to remove tremelimumab.

Trial objectives and disease assessment. The primary objective was to 

determine the BED of  5-aza after s.c. injection in combination with 

durvalumab and tremelimumab. BED was defined as the dose of  

the DNA methyltransferase inhibitor that resulted in at least a 10% 

decrease in molecular markers from the baseline biopsy to the 8-week 

on-treatment tumor biopsy in at least 50% of  participants within the 

same dose level. Two dose levels were tested.

Several studies have reported on the association between NLR 
and clinical efficacy in patients treated with immunotherapy. A large 
metaanalysis was performed that included 4,154 cancer patients 
across 38 studies (32). Six studies demonstrated that the NLR level in 
patients without a clinical response to immunotherapy may increase 
after immunotherapy treatment. The upward trend in NLR was asso-
ciated with a shorter OS (pooled HR: 2.05, 95% CI: 1.79–2.35, P < 
0.001) and a downward trend in NLR was associated with longer OS 
(pooled OR: 0.49, 95% CI: 0.42–0.58, P < 0.001) (32). In our trial, 
after low-dose 5-aza treatment, a greater-than 50% reduction in mean 
NLR (14.2 to 6.9) was observed. Moreover, not only was systemic 
reprogramming of  the host immune response detected after 5-aza 
treatment, but also local reprogramming within the TME identified 
through the study of  paired pre- and on-treatment biopsy samples.

Thirty-eight percent (3 of  8) of  participants with evaluable paired 
tissue samples had a greater than 2-fold increase from baseline in 
the IFN-γ, CD274, and STING signaling pathways within the TME 
after 5-aza treatment. Our data support findings from prior studies 
that demonstrate that increased IFN-γ, CD274, and STING signaling 
correlate with response to ICB (2, 7, 33). The increase in STING sig-
naling upon low-dose 5-aza administration suggests STING-induced 
viral mimicry immunogenicity. However, no noticeable increase in 
the expression of  endogenous retroviruses (ERVs), mitochondrial 
antiviral signaling gene (MAVS), or 6 repetitive elements (Alu, L1, 
L2, LTR, MIR and Satellite) was observed (data not shown). This 
indicates that the induction of  STING signaling was not likely due to 
reactivation of  those elements. Instead, our results suggest several oth-
er mechanisms for the observed increase in biomarkers of  response 
to ICB with 5-aza treatment. One mechanism is through increased 
HLA and APM expression in the setting of  increased expression of  
CTAs, both of  which are associated with increased CD8+ T cell infil-
tration. Another mechanism may be the hypomethylation and reex-
pression of  TSGs, as we observed a 12%–23% decrease in promoter 
methylation regions of  TSGs among responders. The role of  TSGs 
in modulating host antitumor immune responses has not yet been 
fully explored in the field.

Most importantly, the reprogramming of  the TME with low-
dose epigenetic therapy and associated increases in biomarker sig-
natures correlated with prolonged OS. From the KEYNOTE-40 
trial, the median OS in the intention-to-treat population was 8.4 
months (95% CI 6.4–9.4) with pembrolizumab monotherapy in 
participants diagnosed with R/M HNSCC who had progressed on 
IC (27). However, prior treatment with 3 or more systemic regi-
mens administered for R/M disease was an exclusion criterion to 
the clinical trial. In the KEYNOTE-048 trial, pembrolizumab alone 
or with chemotherapy was administered in the first-line therapy set-
ting. The median OS was 11.6 months (95% CI 10.5–13.6 months) 
in the pembrolizumab-alone treated group, and the median OS 
was 13.0 months (95% CI 10.9–14.7 months) in the pembrolizum-
ab-plus-chemotherapy–treated group (4). In a Phase III clinical trial 
administering anti-PD1 therapy to both HPV positive and negative 
HNSCC patients (CheckMate 141), a post-hoc exploratory anal-
ysis was performed involving 178 patients with R/M HNSCC 
for whom tumor p16 status was available. Among head and neck 
cancer patients with p16-positive tumors, the median OS was 9.1 
months after treatment with anti-PD1 therapy. Among patients 
with p16-negative tumors, the median OS was 7.5 months (3).
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v0.11.2 with the “union” mode option and alignment quality > 30 (41). 

Normalization and calculation of  log2RPKM values (log2 Reads Per 

Kilobase of  transcript, per Million mapped reads) were performed using 

the rpkm function in the edgeR Bioconductor package (42). The batch 

effect was corrected using the RUVg method in the RUVSeq R Bio-

conductor package (43). Differentially expressed genes (DEG) between 

the paired on-treatment and baseline samples were identified using the 

model with the group (baseline, 5-day treatment group (dose level 1), 

and 10-day treatment group (dose level 2)) as the main factor and par-

ticipant as a covariate. The glmQLFTest was used to identify significant 

differential genes (FDR < 0.05) for on-treatment-5 day versus baseline 

or on-treatment-10 day vs. baseline comparisons. The RNA-seq data is 

available at European Genome-Phenome Archive as described below.

Gene lists used to assess tumor antigenicity and regulation. The 6 genes 

associated with IFN-γ signaling were reported by Ayers et al. (7), and the 

geometric means of the expression of the 6 genes(RPKM) were calculated 

and defined to be the IFN-γ signature scores for each sample. The genes 

related to APM (n = 15, Supplemental Table 8) and cancer testis genes (n 

= 1,019, Supplemental Table 9) were extracted from Andtbacka et al. and 

Almeida et al., respectively (44, 45). Tumor suppressor genes (TSGs) (n 

= 1,217, Supplemental Table 12 were downloaded from the Tumor Sup-

pressor Gene Database (https://bioinfo.uth.edu/TSGene/download.

cgi?csrt=7565779572534791767) on February 3, 2023.

To further identify hypermethylated TSGs in HNSCC, we first 

downloaded Illumina’s Infinium HumanMethylation450 BeadChip 

data for the TCGA-HNSC cohort (https://www.cancer.gov/tcga), 

including 528 HNSCC and 50 normal samples. The eBayes approach 

implemented in the R package limma (46) was employed to identify the 

differentially methylated probes (DMPs) between tumor and normal 

based on the cutoffs of  FDR < 0.05 and absolute methylation difference 

≥ 10%. The genomic locations of  the CpG probes were annotated by 

Illumina’s accompanying annotation data file (IlluminaHumanMeth-

ylation450kanno.ilmn12.hg19 (47)). Next, we extracted the subset of  

the downloaded TSGs with at least 1 hypermethylated promoter DMPs 

(hyper-DMPs, methylation difference ≥ 10%) between tumor and nor-

mal in TCGA-HNSC and examined their methylation levels in our 

cohort (Supplemental Table 12).

Cell type deconvolution using DNA methylation data. MethylCIBER-

SORT was applied on the Methylati1pic BeadChip data to estimate 10 

cell type fractions in each sample (48): Fibroblasts, Neutrophils, CD4+ 

T, CD8+ T, Treg, CD14 [Macrophages], CD19 [B cells], CD56 [NK 

cells], Eosinophils, and Cancer cells. The reference for cell type decon-

volution, intrinsic to MethylCIBERSORT, and specifically designed 

for Head and Neck cancer, contained 1,197 CpG sites. We intersected 

the reference with our data to retain only the overlapping CpG sites, 

resulting in 933 CpGs, and proceeded with the analysis via the online 

platform (https://cibersort.stanford.edu).

IHC and scoring. Five-micron–thick unstained tissue slides from forma-

lin-fixed, paraffin-embedded (FFPE) tissue were cut onto charged slides. 

For IHC, slide pretreatment and staining used reagents provided with the 

EnVision Flex Mini Kit, High pH (Agilent Dako, Cat K8023) and followed 

the manufacturer’s recommendations. In brief, antigen retrieval (pH 9) 

was performed using a pressure cooker for 2 minutes at 120° C followed 

by stepwise cooling. Slides were incubated overnight with primary antibod-

ies against CD8 (CD8-4B11-L-CE Thermo Fisher Scientific) and FOXP3 

(Ab20034 Abcam) at 4° C at a 1:400 and 1:100 dilution, respectively. After 

washing, slides were incubated with Mouse Linker (K802221 Dako), and 

The second objective was safety, and each dose was also assessed 

for safety. Adverse events (i.e. dose limiting toxicity [DLT]) were to be 

assessed through 28 days after cycle 2. A total of  6 participants were to be 

entered into dose level 1. If  less than 2 of  the 6 participants treated at dose 

level 1 experienced a DLT, a subsequent group of  6 participants were to 

receive dose level 2. If  2 or more of  the first 6 subjects experienced a DLT, 

then the dose was to be reduced, and an additional 6 participants were 

to be treated at the reduced dose. If  2 or more of  the 6 participants at 

the reduced dose experienced a DLT, then accrual to the study was to be 

suspended. Approximately 22 participants were estimated to be accrued 

(n = 6 across 2 doses plus n = 10 into an expansion cohort).

Sample collection. Per protocol, a paired biopsy and peripheral blood 

draw at baseline (pretreatment) and at week 8 (on treatment) were to 

be performed.

NLR in the peripheral blood. NLR was calculated by dividing the abso-

lute number of  neutrophils by the absolute number of  lymphocytes.

Tissue sample preparation for methylation EPIC Array and RNA-seq. 

Core tissue biopsies were performed under image guidance to ensure 

the biopsy was targeted to the tumor. H&E-stained slides were reviewed 

by in-house pathologists to confirm presence of  tumor. DNA and RNA 

coextractions were performed by the Broad Institute of  MIT and Har-

vard using Qiagen AllPrep DNA/RNA kits (Cat. 80204). RNA samples 

were quantified using Qubit 2.0 Fluorometer and RNA integrity was 

analyzed using an Agilent TapeStation. Genome-wide DNA methyl-

ation was assessed using the Illumina Infinium Methylati1PIC Bead-

Chip array that provides a genome-scale interrogation of  the entire 

human methylome, with the sampling of  more-than 850,000 CpG sites 

in the human genome by the USC Molecular Genomics Core. RNA 

library preparations, sequencing reactions, and initial bioinformatics 

analyses were conducted at GENEWIZ, LLC.

Genome-wide DNA methylation analysis. Raw data files of  Infinium 

MethylationEPIC BeadChip were quality controlled, preprocessed, 

and normalized using the ChAMP Bioconductor package (v2.16.2) in 

R (v3.6.0) (37). The Slide and Plate ID were identified to be substantial 

batch effects by champ.SVD function, and the batch effects were cor-

rected by champ.runCombat. The CpG sites exhibiting high detection P 

value (detection P > 0.01) or low bead count (< 3) for over 5% of  sam-

ples were excluded. Probes with SNPs, that aligned to multiple loca-

tions, and non-CpG probes or probes from X and Y chromosomes were 

also excluded. In total, 674,322 probes were retained for downstream 

analysis. A β value, defined as the ratio between methylated (M) and 

total signal intensities (M + unmethylated [U]) ranging from 0 (fully 

unmethylated) to 1 (fully methylated), was assigned to each CpG site, 

and its log2 transformed M value (i.e. log2(β/1 – β)) was used in the 

differential probe/region analysis. The differentially methylated probe 

(DMP) and differentially methylated region (DMR) analysis between 

the paired on-treatment and baseline samples was conducted using the 

champ.PairedDMP and champ.PairedDMR functions. The bumphunter 

(38) method was used to tile the CpG sites with default settings. Signifi-

cant DMPs were identified using Benjamini-Hochberg adjusted P value 

< 0.05, and the significant DMRs using the permutation-adjusted p.val-

ueArea cutoff  < 0.05. The Methylati1PIC BeadChip data is available at 

the European Genome-Phenome Archive as described below.

RNA-seq analysis. The raw RNA-seq data were aligned to hg38 

using STAR 2.7.1a (39) with default alignment parameters. Quality 

control was performed using FastQC and MultiQC (40) before and 

after alignment. Gene expression levels were quantified using HTSeq 
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