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DNA methyltransferase
1 correlates with immune
modulation in pancreatic
neuroendocrine tumors
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Epigenetic regulation is a key driver of pancreatic neuroendocrine tumors (PNETs), yet the interplay
between epigenetics and immune infiltration in the PNET tumor microenvironment remains poorly
understood. This study investigates associations between epigenetic regulators and immune

markers in PNETSs to evaluate the potential for a combination of epigenetic-targeted therapy and
immunotherapy. Immunohistochemical staining was performed on specimens from twenty-five
Grade 1 or Grade 2 PNET patients, along with matched adjacent benign controls from each individuval.
Quantification was conducted using ImageJ software, followed by statistical analysis to assess
correlations between epigenetic regulation and immune modulation. DNA methyltransferase 1
(DNMT1) was significantly upregulated in PNET samples, positively correlated with higher tumor
grades and negatively correlated with 5-hydroxymethylcytosine (5-HMC) levels. Overexpression of
DNMT3A and DNMT3B was also observed. Additionally, immune markers such as CD3, CD8, CCL5,
and NFkB were significantly elevated, with CCL5 showing a grade-dependent increase. Interestingly,
while PD-L2 was upregulated in tumors, there were no differences in the expression levels of PD-L1
and FOXP3 between PNET and adjacent benign controls. Additionally, DNMT1 expression positively
correlated with Ki67, CD3, PD-L2, and CCL5 while inversely correlating with Menin. These findings
suggest DNMT1 plays a significant role in immune modulation during PNET progression, highlighting
the potential of combining DNMT1 inhibitors with immune checkpoint blockade as a therapeutic
strategy to enhance outcomes for PNET patients.

Keywords DNA methyltransferase 1, Pancreatic neuroendocrine tumor, Immune modulation, Epigenetic
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Pancreatic neuroendocrine tumors (PNETS) are rare neoplasms, accounting for 2-7% of all pancreatic cancers,
with an incidence of 1-2 cases per 100,000 individuals annually. Nonfunctional PNETs, which do not secrete
hormones, represent the most common subtype. These tumors are characterized by slow disease progression,
yet approximately 40-50% of patients present with metastatic disease at diagnosis, leading to poor survival
outcomes! . Five-year survival rates vary depending on disease stage, with localized disease offering a survival
rate of 60-100%, regional metastasis 40%, and distant metastatic disease only 25%°.

The standard of care includes treatment with somatostatin analogues (SSA) which provide antiproliferative and
antisecretory effects on PNET’. In addition, the chemotherapy regimen capecitabine-temozolomide (CAPTEM),
which is generally well-tolerated for metastatic disease, has been commonly employed, either alone or combined
with other therapies, including SSA, mTOR inhibitors, and tyrosine kinase inhibitors. However, resistance to
these agents frequently develops and surgical resection remains the cornerstone treatment for localized PNETs,
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underscoring the need for novel therapeutic approaches>®!!. An emerging area of research is epigenetic
therapy, which targets reversible DNA methylation changes without altering the DNA sequence. In PNETs,
epigenetic silencing of tumor suppressor genes such as MEN1, DAXX, and RASSF1 through hypermethylation
has been shown to promote tumor growth!"!2. Preclinical studies indicate that hypermethylation of these tumor
suppressor genes is primarily mediated by the enzyme DNA methyltransferase (DNMT1). The FDA-approved
drug 5-azacytidine (5-AZA), a DNMT1 inhibitor used in the treatment of myeloproliferative disorders, has
shown promise in inhibiting DNMTI activity, thereby preventing the hypermethylation and subsequent
silencing of tumor suppressor genes'?. We previously demonstrated that 5-azacytidine, combined with the
chemotherapy agent 5-fluorouracil, enhanced tumor regression compared to chemotherapy alone in murine
STC-1 cells. Moreover, treatment of PNET cell lines with 5-azacytidine revealed a significant upregulation in
several immunomodulatory pathways, suggesting a potential mechanism for epigenetic roles as key regulators
of immune cell function and anti-tumor immunity and providing an avenue for combination therapy involving
epigenetic agents and immunotherapy'>.

Combination therapies of epigenetic therapy with immunotherapy are currently being investigated in several
cancers, including advanced-stage pancreatic ductal adenocarcinoma, metastatic colorectal cancer, and stage
IV non-small cell lung cancer as a strategy to overcome the limitations of immunotherapy in isolation!*. Early
clinical data on immune checkpoint blockade in PNETs has been less successful, likely attributable to factors
such as low tumor mutational burden, insufficient T-cell infiltration, and lower expression of immune regulatory
markers like Programmed Cell Death Proteinl and its ligands PD-L1 and PD-L2'3!4. The heterogeneity in
morphology, behavior, and genetic alterations within PNETs? has also led to inconsistent prognostic implications
for these markers'®. Our study aims to investigate the tumor microenvironment of PNETs in human tissue,
including tumor suppressor genes and immune markers present, to determine the extent of immune modulation
and explore whether there is an association between DNA hypermethylation and immune infiltration that
could be leveraged for therapeutic intervention. We provide a comprehensive analysis of methylation processes
in human PNETSs, emphasizing the role of DNA methyltransferases on nuclear factor kappa B (NF-kB), a
transcription factor that is central to immune and inflammatory responses with duality in promoting tumor cell
survival and modulating the immune microenvironment!®~'°. Aberrant activation of NF-kB has been linked to
epigenetic alterations, including promoter methylation and DNMT overexpression, which drive transcriptional
changes favoring tumor progression?*-2%. This study investigates the effect of elevated DNMT1 expression on
the upregulation of NF-kB and the correlation leading to the downstream impact on immune regulation and
inflammatory pathways. This information can be utilized to define characteristics correlated with tumor and
immune cell interaction and identify novel therapeutic targets that may improve outcomes for patients with
PNETs.

Results

Baseline characteristics of PNET patients

A total of 25 patients were included in this study, comprising 17 males and 8 females. The cohort’s median age
was 65 years (IQR 59.5-72 years). All PNET specimens were histologically confirmed as well-differentiated
PNETs. Among the specimens, 13 were classified as Grade 1 tumors, while 12 were Grade 2. Ki-67 scores were
documented for all specimens, with a median score of 2% (IQR 1.0-4.0%) to support the grading of each WD-
PNET based on the proliferative index?*. Data on perineural invasion, perivascular invasion, nodal involvement,
and metastasis were comprehensively recorded and are detailed in Fig. 1A and Supplementary Table S1. The
median overall-survival for the cohort was 60 months (IQR 24-96 months). Beyond 60 months, survival rates
declined sharply, with most patients not surviving beyond 7.5 years (Fig. 1B). Hematoxylin and eosin (H&E)
staining confirmed tumor grade and diagnosis for all specimens, with adjacent benign tissue used as a baseline
comparison. Representative images of three distinct patient samples, highlighting architectural differences
between Grade 1 non-functional, Grade 1 functional, and Grade 2 non-functional PNETs, are shown in Fig.
1C. Adjacent benign tissues displayed uniformly globular acinar cells with well-preserved architecture, serving
as a control for comparison. In contrast, Grade 1 non-functional tumors exhibited a transition from globular to
linear and ribbon-like acinar cell morphology, with mild cellular disorganization and minimal nuclear atypia.
Grade 1 functional tumors retained well-preserved architecture but displayed subtle atypical features, including
increased vascularity and evidence of hormone-secreting activity, characterized by prominent nucleoli and mild
cytoplasmic clearing. The more advanced Grade 2 tumors showed advanced pathological changes, including
pronounced architectural disarray, a significant loss of globular acinar cell structures, increased nuclear splitting,
and visible mitotic activity, indicative of higher tumor grade. Therefore, this cohort of PNET samples confirms
the diagnosis of PNET and highlights the morphological differences between benign and malignant tissue and
between tumor grades, ensuring accurate grade designation for all specimens’.

DNMT1 is overexpressed in PNETs

To evaluate the clinical and pathological significance of DNMT1 in PNETs, PNET patient tumor samples
were used for immunohistochemical (IHC) analysis, which was quantified using Image J software (Fig. 2 and
Supplementary Fig. S1). IHC Staining revealed that DNMT1 demonstrated consistent overexpression across all
tumor samples, with intensity correlating with tumor grade, suggesting an association with disease progression
(Fig. 2A-C,V-X). In addition to DNMT1, DNMT3A, and DNMT3B, key enzymes involved in de novo DNA
methylation were overexpressed in 90% of the tumor samples, particularly in higher-grade tumors (Fig.
2D-C,V-X). Furthermore, 5-HMC, an epigenetic mark associated with active DNA demethylation, exhibited
intense nuclear staining in benign tissues but was nearly absent in Grade 1 and Grade 2 PNETs samples (98.6%,
Fig. 2H-I and V-W). Image Density scoring further revealed significant downregulation of Menin, a tumor
suppressor and epigenetic modifier known to interact with DNMT1 in pancreatic cancer. Menin expression

Scientific Reports |

(2025) 15:41497 | https://doi.org/10.1038/s41598-025-25384-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Median (IQR) Number (%)

Benign Adjacent Tumor

Age at surgery, year

Gender

Male

Female
Histology
Tumor Location

Head

Body

Tail
Tumor Size, cm
WHO Grade

1

2

Ki-67 labeling index, % 2(1.0-4.0)
Perineural Invasion

Perivascular Invasion

Nodal Involvement

NO
N1
Metastasis

Overall Survival, months 60 (24 - 96)

65 (59.5 - 72)

T

17 (68) g

8(32) =
Well Differentiated '3 |

w

=z

4(16) -

6(24) [

15(60) -

20(1.5-4.1) 6
13(52) -
12 (48) i

)

8(32) g

12(48) L

w

-

17 (68) o

8(32) k-]
2(8) SE

(L)

120
1004

Percent of Overall survival
o
o
I

0

Survival from Initial Diagnosis (months)

20

40 60 80 100 120

Grade 2 NF-Tumor

Fig. 1. Baseline characteristics of PNET patients. (A) The cohort of 25 patients had a median age of 65 years,
with 68% male and 32% female, and predominantly well-differentiated tumors. Tumors were most frequently
located in the tail of the pancreas, with a median size of 2.0 cm, and a median overall survival of 60 months.
(B) Logarithmic curve depicting overall survival in the PNET cohort. The graph demonstrates that survival the
initial diagnosis was relatively stable for the first 60 months. Beyond 60 months, survival rates experienced a
sharp decline, with majority of patients not surviving beyond 7.5 years. (C) Representative H&E-stained slides
of surgically resected PNET specimens were analyzed to confirm pathology, differentiate tumor from benign
tissue, and determine tumor grade. Samples include adjacent benign tissue, Grade 1 nonfunctional (NF)
tumors, Grade 1 functional tumors, Grade 2 tumors, and their corresponding adjacent benign tissues. Insets
in each panel highlight the morphological abnormalities characteristic of each tissue type. Scale bars represent
50 um.

was markedly reduced in Grade 2 tumors compared to Grade 1 (Fig. 2M-0,V-X), supporting its role in tumor
suppression and highlighting its progressive loss in advanced disease. RASSF1, another tumor suppressor known
to be regulated by DNMT1-mediated hypermethylation, exhibited reduced expression in 92% of tumor samples.
While benign tissues demonstrated intense RASSF1 staining, tumor tissues displayed a significant reduction
(Fig. 2P-R,V-W). In contrast, PTEN, a commonly lost tumor suppressor in other solid tumors*, showed no
statistically significant differences between tumor and benign samples (Fig. 25-X), suggesting its loss may not
be a universal feature in PNETS.

DNMT1 expression correlates with PNET-Specific markers

To elucidate whether DNMT1 overexpression is associated with immune PNETs, Spearman correlation
analysis was conducted between DNMT1 and key biological markers (Fig. 3 and Supplementary Table S2).
DNMT]1 expression exhibited a strong positive correlation with Ki67, a PNET proliferation marker (r=0.4713,
p=0.0174), and a negative correlation with Menin (r = — 0.5138, p=0.0086), reinforcing DNMTT1’s role as a
driver of tumor growth and epigenetic silencing. No significant correlation was found between DNMT1 and
other PNET-specific markers.

Immune signaling is upregulated in PNETs

Next, Immune marker expression was similarly evaluated in all human PNET samples via IHC. All 25 tumor
samples (100%) exhibited positive staining for CD3 (Fig. 4A-C) and CD8 (Fig. 4D-F), markers indicative of T
cell infiltration. Notably, CD3 and CD8 expression levels were more significant in Grade 2 than Grade 1 tumors
(Fig. 4T-U), consistent with increased immune activity in more aggressive disease states. We further assessed
the expression of immune checkpoint ligands PD-L1 and PD-L2, which are involved in immune evasion through
the Programmed Cell Death Protein 1 signaling pathway. While PD-L1 staining yielded equivocal results,
suggesting variable expression across PNET samples (Supplementary Fig. S2), PD-L2 demonstrated significant
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Fig. 2. DNMT]1 is overexpressed in PNETs. (A-U) Representative IHC Staining immune markers including
DNMT1, DNMT3A, DNMT3B, 5-HMC, MEN1, RASSFI1, PTEN, in adjacent benign, Grade 1, and Grade 2
tissue sections, respectively. Scale bars represent 50 pm. (V) Bar graph depicting abovementioned percentages
of upregulation/downregulation of each marker, with Standard of Error plotted. (W) Box and whisker plot
showing the range and median of density scores determined using the Mann-Whitney U test. The boxes
represent the interquartile range (IQR), with whiskers extending to the minimum and maximum values within
1.5 x IQR. The horizontal line within each box indicates the median. Statistical significance is stratified by
tumor versus benign groups. Statistical significance is denoted as follows: *p <0.05, **p <0.01 ***p <0.001,

and “ns” indicates not statistically significant. (X) Box and whisker plot showing the range and median of
density scores determined using the Mann-Whitney U test. The boxes represent the interquartile range

(IQR), with whiskers extending to the minimum and maximum values within 1.5 X IQR. The horizontal line
within each box indicates the median. Statistical significance is stratified by Grade 1 versus Grade 2 groups.
Statistical significance is denoted as follows: *p <0.05, **p <0.01 ***p <0.001, and “ns” indicates not statistically
significant.

overexpression in high-grade tumors (Fig. 4G-1,T-U). Additionally, CCL5, a chemokine known to recruit T
regulatory cells and facilitate Programmed Cell Death Protein 1 signaling, was significantly upregulated in
Grade 2 tumors compared to Grade 1 (Fig. 4]-L,T-U). However, FOXP3, a transcription factor regulating Treg
function and a downstream target of CCL5, showed no significant differences in expression between benign
tissues and Grade 1 or 2 PNETs (Fig. 4M-O,T-U). The NF-«kB pathway, a master regulator of inflammatory
signaling and CCL5 activation®, was also examined. NF-xB demonstrated significant upregulation in all tumor
samples, with expression levels more than twice those observed in benign tissues (Fig. 4P-S). Importantly, NF-
KB expression did not vary significantly between tumor grades, suggesting its activation may be an early event
in PNET tumorigenesis (Fig. 4U).

DNMT1 expression correlates with immune modulation in PNETs

To elucidate whether DNMT1 overexpression is associated with immune responses in PNETSs, Spearman
correlation analysis was conducted between DNMT1 and key immune markers (Fig. 5 and Supplementary
Table S2). DNMT1 expression exhibited a strong positive correlation with Ki67, a PNET proliferation marker
(r=0.4713, p=0.0174), and a negative correlation with Menin (r = — 0.5138, p=0.0086), reinforcing DNMT1’s
role as a driver of tumor growth and epigenetic silencing. DNMT1 expression also correlated significantly with
CD3 (r=0.4313, p=0.0313) and demonstrated strong correlations with PD-L2 (r=0.7877, p <0.0001) and CCL5
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Fig. 3. DNMT]1 expression correlates with PNET-specific markers. Spearman Rho Correlation Test was
performed to test correlation between DNMT1 density score against seven additional variables including
other DNMTs and PNET markers. p-values <0.05 considered statistically significant. “+” indicates positive

correlation. “-” indicates negative correlation. Solid lines represent the fitted regression models, while data
points correspond to individual samples.

(r=0.6882, p=0.0001). These findings suggest that DNMT1 overexpression may influence tumor progression
through modulation of T cell-mediated immune responses and checkpoint ligand expression. Interestingly, no
significant correlations were observed between DNMT1 and CD8 (r=0.2639, p=0.2025), FOXP3 (r=0.3255,
p=0.1123), or NF-kB (r=0.2985, p=0.1373), implying that DNMT1’s regulatory effects on these markers may
be indirect in the parameters of this study.

Multiple signaling pathways correlate with immune modulation in PNET progression

In addition to DNMT1, we explored correlations between other epigenetic and immune markers to uncover the
relationships underlying PNET progression. DNMT3A expression significantly correlated with CD3 (r=0.4702,
p=0.0176), highlighting a potential link between de novo methylation and T-cell infiltration. Conversely, Menin
expression exhibited a negative correlation with PD-L2 (r = — 0.4931, p=0.0122), suggesting a role for Menin
loss in immune evasion. RASSF1, a hypermethylation target, demonstrated significant negative correlations with
CD3 (r=-0.6563, p=0.0004) and CD8 (r = — 0.4254, p=0.0034) while showing a positive correlation with PD-
L2 (r=0.4216, p=0.0358), indicating complex epigenetic regulation of immune responses. The multivariable
matrix test presents a comprehensive list of all markers analyzed in this study (Fig. 6 and Supplementary Table
S2).

We further performed hierarchical clustering heatmap analysis to validate the correlation between epigenetic
markers and immune infiltration across distinct tumor groups. This analysis stratified biological groups based
on correlations among gene expression patterns. Overall, 25 PNET patient samples were effectively grouped into
benign tissues, Grade 1 tumors, and Grade 2 tumors, with a few outliers (Fig. 7). Notably, immune-related markers
such as CCL5, PD-L2, CD3, and CD8 were closely clustered, reflecting the validation of their interconnected
roles in PNET immune microenvironment. These findings underscore distinct expression patterns of molecular
signaling pathways involved in epigenetic regulation and immune infiltration during PNET progression.

Discussion

Our study reveals DNMT1’s dual role in promoting PNET progression by silencing tumor suppressors and
disrupting immune regulation. DNMT1 overexpression strongly correlates with immune activity markers like
PD-L2 and CCLS5, indicating its role in driving immune evasion through epigenetic reprogramming. These
findings are consistent with observations in other solid tumors, where DNMT overexpression silences immune-
regulatory genes, activates immune checkpoints, and facilitates tumor progression and escape'.

The strong association between DNMT1 expression and immune markers highlights its potential as a
prognostic biomarker and therapeutic target in PNETs. Epigenetic therapies, such as DNMT inhibitors (e.g.,
decitabine or 5-AZA), could reverse DNMT1-driven immune suppression and enhance the effectiveness of
immune checkpoint inhibitors.

Our study also identifies significant immune microenvironment alterations in PNETS, including increased
T cell infiltration (CD3 + and CD8 +) and upregulation of immune checkpoint ligands, particularly PD-L2.
These changes were more pronounced in higher-grade tumors, indicating a robust immune response. However,
the overexpression of PD-L2 in Grade 2 tumors suggests additional immune evasion via the Programmed Cell
Death Protein 1 /PD-L2 axis, consistent with observations in gastrointestinal neuroendocrine tumors and other
malignancies, where PD-L2 upregulation correlates with poor immune response and tumor progression?>-25,
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Fig. 4. Immune signaling is upregulated in PNETs. (A-R) Representative IHC Staining immune markers
including CD3, CD8, PDL2, FOXP3, CCL5, and NF«B, in adjacent benign, Grade 1, and Grade 2 tissue
sections, respectively. Scale bars represent 50 um. (S) Bar graph depicting abovementioned percentages

of upregulation/downregulation of each marker, with Standard of Error plotted. (T) Box and whisker plot
showing the range and median of density scores determined using the Mann-Whitney U test. The boxes
represent the interquartile range (IQR), with whiskers extending to the minimum and maximum values within
1.5 x IQR. The horizontal line within each box indicates the median. Statistical significance is stratified by
tumor versus benign groups. Statistical significance is denoted as follows: *p <0.05, **p <0.01 ***p <0.001,

and “ns” indicates not statistically significant. (U) Box and whisker plot showing the range and median of
density scores determined using the Mann-Whitney U test. The boxes represent the interquartile range

(IQR), with whiskers extending to the minimum and maximum values within 1.5 x IQR. The horizontal line
within each box indicates the median. Statistical significance is stratified by Grade 1 versus Grade 2 groups.
Statistical significance is denoted as follows: *p <0.05, **p <0.01 ***p <0.001, and “ns” indicates not statistically
significant.

Additionally, we observed significant CCL5 upregulation, particularly in higher-grade tumors. As a chemokine
known to recruit T regulatory cells and modulate immune checkpoint pathways, elevated CCL5 likely contributes
to an immunosuppressive tumor microenvironment that supports tumor progression®’. Notably, FOXP3, a
marker of Treg function, showed no significant variation across tumor grades or between benign and malignant
tissues, nor did it correlate with DNMT1. The elevated CD3 and CD8 levels observed in our study suggest an
active tumor microenvironment with robust T cell infiltration that do not rely heavily on FOXP3-dependent
CD4 + Tregs in PNETSs. Instead, the immune suppression in PNETs may involve CCL5-mediated recruitment of
other suppressive immune subsets.

NF-kB levels were more than twice as high in all tumor samples when compared with benign tissues and
were activated early in PNET development, independent of tumor grade, suggesting that it is a critical regulator
of inflammation and immune signaling. Given NF-kB’s role in driving CCL5 expression and immune cell
recruitment?>?, this pathway likely underpins the chronic inflammation and immune landscape alterations
characteristic of PNETs. Hierarchical clustering and correlation analyses further underscored the interplay
between epigenetic regulation and immune modulation in PNETs*'-32, The clustering of immune markers, such
as PD-L2, CCL5, CD3, and CDS8, highlights a strong immune response alongside the activation of immune
evasion mechanisms, particularly in higher-grade tumors. These results support of a model where DNMT1
overexpression drives epigenetic silencing of tumor suppressors and immune-regulatory genes, facilitating
immune evasion, chronic inflammation, and tumor progression”. Future follow-up experiments, including
gain- and loss-of-function experiments that utilize siRNA or small-molecule DNMT1 inhibitors to modify
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Fig. 5. DNMT1 expression correlates with immune modulation in PNETs. Spearman Rho Correlation Test
was performed to test correlation between DNMT1 density score against six additional variables of immune
signaling markers. p-values <0.05 considered statistically significant. “+” indicates positive correlation. “-”
indicates negative correlation. Solid lines represent the fitted regression models, while data points correspond
to individual samples.

DNMT activities in PNET tumor cell lines and xenograft mouse models, will be needed to further validate
the regulatory network linking epigenetics to immune response in this study. Due to the limited sample size,
even though a substantial portion of epigenetic and immune infiltration markers were significantly upregulated
in tumor samples compared to benign samples, the correlation analysis did not reveal statistically significant
positive associations. Moving forward, our group aims to collaborate across multiple medical institutions to
include a larger cohort of PNET samples, thereby expanding the scope of the correlation study. This approach
will enhance our understanding of the molecular events underlying PNET progression and facilitate the
development of improved diagnostic and predictive tools, potentially leveraging the ever-advancing artificial
intelligence technology. Additionally, Genome-wide transcriptomic analyses could further elucidate DNMT1’s
role in regulating immune-related gene expression and its downstream effects on the tumor immune
microenvironment.

In the present study, we mainly focused on the relationship between DNA methylation and T cell modulation
in PNET, as our primary objective was to investigate the link between epigenetic regulation and immune response,
thereby identifying potential targets for immunotherapy. T cells, as central components of adaptive immunity,
remain a cornerstone of immunotherapeutic strategies due to their antigen specificity and robust tumor-killing
capabilities**3°. It needs to be pointed out that PNET progression is closely related with the tumor associated
microenvironment, which includes not only T cells but also other immune cell types such as tumor-associated
macrophages, natural killer cells, and mast cells**~*°. In future studies, we plan to expand our analysis to explore
the correlation between DNMT1 and other immune cell types. This broader investigation could help identify
novel combinations of epigenetic and immunotherapeutic strategies for PNET, particularly given the emerging
success of non-T cell-based immunotherapies in treatment of both PNET and other malignancies*®*!.

Evidence from other malignancies indicates that targeting DNMT1 with epigenetic therapies can restore
immune sensitivity and enhance the efficacy of immune checkpoint inhibitors*>%*. Mechanistically, DNMT1 can
promote immune evasion by silencing genes which are critical to anti-tumor immune responses*!. For example,
DNMT1 has been shown to regulate PD-L1 expression, a key immune checkpoint molecule that enables tumor
cells to escape immune surveillance. Additionally, DNMT1 also limits the anti-tumor effects of interferon-
beta (IFN-P), a cytokine involved in innate and adaptive immunity*>. Given the observed correlation between
DNMT1 expression and immune modulation in our study, further investigation is warranted to evaluate the
therapeutic potential of DNMT1-specific inhibition in PNET treatment. Our ultimate goals are to better define
the nature of immune response in the PNET tumor microenvironment*® and explore preclinical models to
evaluate the therapeutic potential of combining DNMT inhibitors with immunotherapy, particularly focusing
on PD-L2 and CCL5 pathways.

Methods

All patients were diagnosed via symptoms and tissue confirmation with an endoscopic ultrasound guided
pancreatic biopsy. None of these patients received neoadjuvant therapy. These patients underwent surgery
between 2013 and 2019, after which their tumor tissue was processed by the Cooper Hospital pathology labs and
samples were embedded in paraffin. All patients underwent radial resection. 21 out of 25 patients underwent a
distal pancreatectomy and splenectomy for a PNET located in the tail of the pancreas and 4 out of 25 patients
underwent a pancreaticoduodenectomy for a PNET located in the head of the pancreas. All patients had
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Fig. 6. Multiple signaling pathways correlate with immune modulation in PNET progression. A correlation
matrix analysis of 25 PNET tumor samples was performed using GraphPad Prism’s correlation matrix module.
Spearman correlation coefficients and statistical significance are indicated for each variable pair (*p <0.05;
**p<0.01; ***p <0.001; ns). The histogram on the right indicates the correspondence between color hues and
Rho values.

appropriate lymph node harvesting as well. 19 out of the 25 patients did not have adjuvant chemotherapy due to
their low grade, well-differentiated PNET as recommended by the NCCN criteria at the time of surgery. 4 out
of the 25 patients did undergo adjuvant chemotherapy with octreotide due to metastatic disease at the time of
surgery. Finally, 2 out the 25 patients deceased prior to discharge due to infectious complications.

Formalin-fixed, paraffin-embedded tissue blocks were sectioned at 5-pm intervals and mounted onto slides
for subsequent analysis. Immunohistochemical staining was performed as described previously'’. Adjacent
benign tissues served as controls. In brief, tissue sections were first deparaffinized in xylene and rehydrated
through a graded ethanol series, followed by distilled water. Antigen retrieval was performed using Tris-EDTA
buffer in a microwave pressure cooker. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide
for 30 min. Sections were then incubated in blocking serum (Optimax buffer, BioGenex, San Ramon, CA) for 1
h, followed by overnight incubation with primary antibodies in Optimax buffer at 4 °C. The next day, sections
were washed with phosphate-buffered saline with tween-20, then probed with a biotinylated anti-mouse IgG
antibody (dilution 1:200, Cat No. BA-2000, Vector Laboratories, CA) for 30 min. After further PBS-T washes, an
avidin-biotin complex (ABC, Cat No. PK-6100, Vector Laboratories, CA) was applied for 30 min, and sections
were visualized using 3,3’-diaminobenzidine. Sections were counterstained with hematoxylin, dehydrated
through increasing concentrations of ethanol, cleared with xylene, and mounted in Permount. Epigenetic
markers were assessed using specific antibodies, including 5-hydroxymethylcytosine (5-HMC), DNMT],
DNMT3A, and DNMT3B. Additionally, tumor suppressor genes of interest were evaluated, including MEN1,
RASSF1, and PTEN, along with transcription factor NF-kB. Immune markers, including CD3, CD8, CCL5,
FOXP3, PD-L1, and PD-L2, were also included in the analysis. A detailed description of antibodies in this study
is provided in Supplementary Table S3. Stained sections were quantitatively analyzed using Image J software and
reviewed by a board-certified pathologist using an Olympus BX43 microscope. Negative controls were prepared
by substituting primary antibodies with phosphate-buffered saline.

Statistical analyses, including Mann Whitney U Test, Spearman Rho Correlation Test, and multiple variable
matrix test, were performed using GraphPad Prism 10 to assess differences in epigenetic and immune expression
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Fig. 7. Hierarchical clustering heatmap analysis stratifies distinct PNET groups. A heatmap with hierarchical
clustering illustrates the differential expression of tumor markers between tumor and benign tissues. Clustering
was based on correlation distance and linkage. Rows represent tumor samples, and columns represent tumor
marker clusters. The top-right histogram indicates the correspondence between color hues and z-scores.

patterns between tumor and benign tissues. Unsupervised hierarchical analysis was conducted utilizing the
online platform provided by the Los Alamos National Laboratory.

Data availability

Supplementary figures are provided. Additional data supporting the conclusions of this study are available from
the corresponding author upon request through Cooper University Hospital. Access to these data is subject to
restrictions in accordance with HIPAA guidelines to ensure patient confidentiality.
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