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Abstract

Background Monocytes are recruited to tumors and undergo transcriptional reprogramming resulting in tumor-pro-
moting functions. Epigenomic features, such as post-translational modification of histones and chromatin accessibil-
ity, are key determinants of transcription factor binding and thereby play an important role in controlling transcrip-
tional responses to the tissue environment. It remains unknown whether systemic tumor-associated signals could
alter the epigenomic landscape of peripheral monocytes before they reach the tumor, thus shaping their subsequent
response to the tumor microenvironment.

Methods We used a combination of genome-wide assays for chromatin accessibility and multiple histone modifica-
tions (H3K4me1, H3K4me3, H3K27ac) in a mouse tumor model to investigate changes in the epigenomic landscape
of peripheral monocytes. We then integrated these epigenomic data with transcriptomic data to link altered regula-
tory elements to gene expression changes in monocytes occurring in the periphery or during tumor infiltration.

Results We found that tumor-induced systemic inflammation was associated with transcriptional and epigenomic
preconditioning of peripheral monocytes. The distal tumor caused extensive remodeling of both H3K4me3* promot-
ers and H3K4me1* enhancers. Specifically, this involved the repression of interferon-responsive regulatory elements
as well as the establishment of enhancers harboring binding motifs for transcription factor families downstream

of pro-inflammatory signaling, such as C/EBP, AP-1, and STAT. Reprogrammed enhancers in peripheral monocytes
were linked to sustained gene expression changes that persisted after tumor infiltration. In addition, key pro-tumor
genes upregulated in tumor-infiltrating monocytes showed epigenetic priming already in the circulation.
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Conclusions These results suggest that cancer-associated remodeling of the epigenomic landscape in peripheral
monocytes can shape the gene expression programs they acquire in the tumor, highlighting the role of the epig-
enome in redirecting monocyte function to support cancer progression.
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Background

Classical monocytes play an essential role in host
defense through their ability to rapidly migrate to sites
of injury or infection where they initiate an inflamma-
tory response [1]. Similar to inflamed tissues, classical
monocytes are mobilized to tumors where they either
differentiate into tumor-associated macrophages or
accumulate without differentiation, depending on the
cytokine milieu [2, 3]. Both monocytes and mono-
cyte-derived macrophages can exert tumor-promoting
activities, including suppression of anti-tumor T-cell
responses, promotion of angiogenesis, and facilita-
tion of metastatic colonization [3]. These activities
arise due to extensive transcriptional reprogramming
of monocytes when transitioning from the blood to
the tumor, involving the activation of genes encoding
inflammatory cytokines, pro-angiogenic factors, and
growth factors [4-7]. However, recruited monocytes
can also acquire an immunostimulatory phenotype
and promote anti-tumor immunity in certain con-
texts. Specifically, the presence of type I interferon in
the tumor can induce an immunostimulatory pheno-
type which supports the anti-tumor T-cell response [8,
9]. Such interferon-responsive monocytes can also be
detected during the course of successful cancer immu-
notherapies, and their abundance is associated with a
better response to treatment [9-12]. Overall, these
observations indicate that the transcriptional response
of monocytes to microenvironmental signals is para-
mount in determining their phenotype and conse-
quently their impact on disease outcome.

It is increasingly appreciated that cancer can disrupt
immune homeostasis not only locally but also systemi-
cally [13]. Indeed, multiple studies have demonstrated
that modulation of monocyte function in cancer occurs
already prior to their infiltration into the tumor [14].
Phenotypic changes that have been observed in mul-
tiple tumor types include the acquisition of immu-
nosuppressive activity and reduced responsiveness
to interferon stimulation [14—18]. Peripheral blood
monocytes from cancer patients show a distinct gene
expression profile compared to healthy controls, and
these changes are largely cancer type-specific [19, 20].
Importantly, transcriptional alterations in blood mono-
cytes can also be detected in patients with localized
early-stage tumors [20].

Although transcriptomic changes in peripheral mono-
cytes in the context of cancer are well documented, it is
currently unknown to what extent the epigenomic land-
scape of monocytes is altered by a distant tumor. Epig-
enomic features, such as post-translational modification
of histones and chromatin accessibility, are key deter-
minants of DNA binding and thus genome-wide locali-
zation and activity of transcription factors activated by
external signals [21]. The preformed epigenomic land-
scape determined by these features plays a key role in
directing transcriptional responses to the cues of the
microenvironment. Importantly, epigenetic marks are
typically less dynamic than the activity of upstream
signaling pathways and can therefore convert transient
signals into long-lasting transcriptional alterations or
transcriptional memory by acting as bookmarks which
could persist even after cessation of the stimulus [22,
23]. The preformed epigenomic landscape is likely to be
important in shaping the responses of monocytes when
they encounter new signals upon tumor infiltration.
Nonetheless, it remains unknown whether some tumor-
induced transcriptional changes already in peripheral
monocytes could be programmed at the epigenomic level
and whether epigenomic changes could prime genes for
activation upon tumor infiltration.

In this study, we aimed to address these knowledge gaps
in a murine model by using an array of complementary
genome-wide assays for mRNA expression (RNA-seq),
histone modifications (H3K4me3 CUT&Run, H3K4mel,
and H3K27ac CUT&Tag) and chromatin accessibility
(ATAC-seq) to detect potential cancer-induced changes
in the epigenomic landscape of peripheral monocytes
and link these to gene expression changes occurring in
the periphery or upon tumor infiltration.

Methods

Mice

All experiments were performed with age-matched
female mice. C57BL/6 ] mice were from Janvier. All pro-
cedures followed the guidelines of the Belgian Council
for Laboratory Animal Science and were approved by the
Ethical Committee for Animal Experiments of the Vrije
Universiteit Brussel (licenses 15-220-3 and 19-220-8).
Mice were kept in conventional cages, on a 12-h light/
dark cycle, with water and food ad libitum. Euthanasia
was performed using carbon dioxide inhalation.
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Tumor models and animal cohorts

For tumor implantation, 3 X 10° Lewis lung carcinoma
(LLC) were injected subcutaneously into the right flank
of mice in HBSS. Blood and tumors were collected
16-17 days after tumor implantation. Immune profil-
ing was performed, and CD11b*Ly6G™Ly6C""MHC-II~
monocytes were sorted for downstream analyses from
the blood and tumor of tumor-bearing mice as well as
the blood of age-matched healthy mice. Separate mouse
cohorts were used for each downstream assay. Plasma
was collected from multiple mouse cohorts for cytokine
measurements. The sorted cell numbers and the num-
ber of replicates in each cohort are indicated below in
the description of the downstream assays.

Cell lines

LLC cells were from ATCC. LLC-eGEFP cells were gen-
erated previously [24]. The cell lines were maintained
in DMEM (Gibco) supplemented with 10% (v/v) heat-
inactivated fetal calf serum (FCS; Capricorn Scientific),
300 pg/ml L-glutamine (Sigma), 100 units/ml penicil-
lin, and 100 pg/ml streptomycin (Gibco).

Blood collection and tumor dissociation

Blood was collected from mice in 1 ml syringes con-
taining 0.5 mol/L EDTA. Plasma was separated by cen-
trifugation and collected for cytokine measurements.
For immune profiling, 3 pl blood was collected through
a tail snip. Red blood cells were lysed using Ammo-
nium-Chloride—Potassium (ACK) lysis buffer. Tumors
were excised, cut into small pieces, incubated with 10
U/ml collagenase I (Worthington), 400 U/ml colla-
genase IV (Worthington) and 30 U/ml DNase I (Wor-
thington) in RPMI for 30 min at 37 °C, squashed, and
filtered. Following red blood cell lysis with ACK buffer,
LymphoPrep density gradient was used to remove
debris and dead cells.

Cell sorting

Blood and tumor cell suspensions were resuspended
in HBSS with 2 mmol/L EDTA and 0.5% (v/v) FCS.
To prevent nonspecific antibody binding to Fcy recep-
tors, cells were pre-incubated with CD16/CD32-spe-
cific antibody (clone 2.4G2). Cell suspensions were
then incubated with fluorescently labelled antibodies
diluted in HBSS with 2 mmol/L EDTA and 1% (v/v)
FCS for 20 min at 4 °C and then washed with the same
buffer. The following fluorochrome-conjugated anti-
body clones were used: CD11b (M1/70), Ly6G (1A8),
Ly6C (HK1.4), MHC-II (M5/114.15.2). Ly6C" mono-
cytes were gated as CDI11b*Ly6G Ly6CMMHC-II~
cells. All macrophages in LLC tumors are Ly6C~ and

Page 3 of 17

were therefore excluded [25]. Fluorescence-activated
cell sorting was performed using a BD FACSAria II (BD
Biosciences).

Cytokine measurements

The following cytokines were measured by ELISA
(n=9-10  mice/group): IL-1p (R&D  Systems
#MHSSLBO00), IL-4 (R&D Systems #DY404), IL-6 (Biole-
gend #431,317), IL-36a (R&D Systems #DY2297), IL-36f
(R&D Systems #DY2298), GM-CSF (R&D Systems
#DY415), TNFa (R&D Systems #DY410), IFNy (R&D
Systems #DY485). IL-1a, IL-33, and G-CSF were meas-
ured in plasma using multiplex immunoassay (Bio-Rad,
#171G5001M, #171G5002, #171G5015M, respectively).
All measurements were performed according to the man-
ufacturers’ protocol.

Kinetic immune profiling of blood and tumor samples

Peripheral blood was collected from healthy mice at 7,
10, and 16 days after tumor inoculation (n=6-8 mice/
group at each time point). Tumors were collected and
processed at 7, 10, and 15 days post-inoculation (n=4
mice/time point). Following RBC lysis and viability stain
(BD Horizon Fixable Viability Stain 575 V #565,694)
the cells were pre-incubated with CD16/CD32-spe-
cific antibody (clone 2.4G2). Cell suspensions were
then incubated with fluorescently labelled antibod-
ies and analyzed with flow cytometer (BD Symphony
A3). Within live CD45" cells, the following immune
cell populations were identified: Ly6Ch monocytes
(CD11b*Ly6G~SiglecF” MHCII"F4/80~Ly6C™), mac-
rophages (CD11b*Ly6G~SiglecFLy6C°*F4/80%), neu-
trophils (CD11b*Ly6G™), ¢DC1 (Ly6G CD11lctMH
ClII*SiglecH"CD88 CD64 F4/80"CD11b~XCR1%),
cDC2 (Ly6G7CD11C+MHCII+SigleCH_
CD88 CD64 F4/80-CD11b*XCR1"), B cells
(CD19*B2207), NK cells (TCRb"NKI1.1T), CD4*
T cells (CD11b"TCRB*CD4"), CD8" T cells
(CD11b"TCRB*CD8™). The following antibodies were
used: CD45 (clone 30-F11, BD #748,370), Ly6G (clone
1A8, BD #612,921), CD19 (clone 1D3, BD #563,157),
B220 (clone RA3-6B2, Biolegend #103,210), CD11b
(clone M1/70, Biolegend #101,239), SiglecF (clone E20-
2440, BD #740,388), SiglecH (clone 440c, BD #747,668),
CD11c (clone HL3, BD #550,261 and clone N418, Biole-
gen #117,318), MHCII (clone 2G9, BD # 743,876), XCR1
(clone ZET, BD #148,216), CD3e (clone 145-2C11, BD
#612,771), TCRP (clone H57-597, BD #612,821), CD4
(clone RM4-5, Biolegend #100,559), CD8a (clone 53-6.7,
BD #750,024), NK1.1 (clone PK136, BD #7,441,477),
Ly6C (clone AL-21, BD #560,596), CD88 (clone
REA1206, Miltenyi Biotec #130-106-122), CD64 (clone
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X54-5/7.1, Biolegend #139,303), F4/80 (clone T45-2342,
BD #565,787).

T cell suppression assay

Single-cell suspension of spleens was prepared by
squashing the spleens between two 100-um mesh filters.
Following red blood cell lysis, splenocytes were counted
and labelled with CellTrace Violet (Invitrogen #C34557).
The labelled splenocytes were resuspended in complete
medium (RPMI with 10% FCS, 1% P/S, 1% glutamine
supplemented with 1% sodium-pyruvate, 1% NEAA,
and 0.003% beta-mercaptoethanol). T cell activation was
induced by CD3/C28 beads (Dynabeads "~ Mouse T-Acti-
vator CD3/CD28, Gibco #1146D). CD3/CD28 beads
were prepared and used according to the manufacturer’s
instructions. Splenocytes and sorted monocytes were
co-cultured at a 1:1 ratio (100,000 splenocytes: 100,000
sorted monocytes) for 42 h in a 96-well flat bottom plate
(n=6 T-cell donor animals/condition, data pooled from
two independent experiments). For sample collection, the
plate was centrifuged at 450 g for 5 min; then, the super-
natant was collected and kept for ELISA measurement.
The cells were washed off in HBSS with 2 mM EDTA and
0.5% (v/v) ECS and stained for flow cytometry analysis
with TCRp (clone H57-597, Invitrogen #11-5961-85),
CD4 (clone RM4-5, Biolegend #100,516), CD8a (clone
53-6.7, BD #553,033) and CD44 (clone IM7, Biolegend
#103,029).

Monocyte—cancer cell co-culture

For co-culture with monocytes, 500 LLC-eGEFP cells were
added in 100 pl culture medium in a 96-well flat-bottom
plate the day before the start of the co-culture. The next
day, 5000 sorted monocytes were added in 100 pl culture
medium (n=12 replicates, data pooled from two inde-
pendent experiments). The plate was placed in a Cytation
10 Confocal image reader (Agilent BioTek) and the wells
were imaged in 2 h intervals for 78 h using a 4 X objective.
Cancer cell growth was assessed based on the detected
GFP signal (ratio of GFP area compared to the total
imaged area). Image analysis was performed in the Gen5
Image Prime 3.16 software (Agilent Biotek).

RNA-seq

RNA-seq was performed in three biological replicates
per group. RNA from sorted cells was isolated using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. RNA-Seq libraries were prepared
using the TruSeq RNA Sample Preparation Kit (Illumina)
according to the manufacturer’s protocol. Libraries were
sequenced with the Illumina HiScanSQ sequencer.
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RNA-seq data analysis

Raw sequencing reads were processed by the nfcore
RNA-seq pipeline (v3.10.1) with default parameters [26].
Briefly, the reads were trimmed with trimgalore (v0.6.7)
and cutadapt (v3.4) then mapped to the mmI0O genome
using STAR (v2.6.1d) [27] and quantified with Salmon
(v1.9.0) [28]. Genes with low counts were removed using
edgeR’s filterByExpr function (min.count=3) [29]. Prin-
cipal component analysis (PCA) was performed using
PCATools R package (removeVar=0.1). EdgeR was used
for normalization and differential gene expression analy-
sis with a threshold of FDR less than 0.05 and absolute
log, fold-change greater than 0.5. K-means clustering
(k=6) and heatmaps were generated using pheatmap.
We used EnrichR for functional annotation of clusters
against the MSigDB Hallmark 2020 database [30]. Mono-
cyte polarization state and cytokine drivers were pre-
dicted using the Immune Response Enrichment Analysis
(IREA) [31] tool using the list of significantly upregulated
genes (FDR<0.05, log2FC>0.5). The regulatory activity
of transcription factors (TFs) was inferred using the Uni-
variate Linear Model (ULM) approach from decoupleR
(R package version 2.12.0) [32]. The’run_ulm’function
was run on the log-transformed TPM values and with the
CollecTRI network containing a curated collection of TFs
and their gene targets as prior knowledge.

ATAC-seq

ATAC-seq was performed in three biological replicates
per group. ATAC-seq was carried out as described ear-
lier with minor modifications [33]. Fifty thousand Ly6C™
monocytes were sorted into ice-cold PBS. After centrif-
ugation, the cell pellet was resuspended in ATAC lysis
buffer (10 mmol/L Tris—HCl pH7.4, 10 mmol/L NaCl,
3 mmol/L MgCl2, 0.1% IGEPAL). After centrifuga-
tion, cell nuclei were tagmented using the Nextera DNA
Library Preparation Kit (Illumina). After tagmentation,
DNA was purified with the MinElute PCR Purification
Kit (QIAGEN). Tagmented DNA was amplified with the
Kapa Hifi Hot Start Kit (Kapa Biosystems) using 9 PCR
cycles. Amplified libraries were purified again with the
MinElute PCR Purification Kit. Fragment distribution of
libraries was assessed with the Agilent Bioanalyzer and
libraries were sequenced on a HiSeq 2500 platform.

ATAC-seq data analysis

Raw sequencing reads were processed by the nfcore
ATAC-seq pipeline (v1.2.1) with default parameters.
Briefly, the reads were trimmed with trimgalore (v0.6.4_
dev) then mapped to the mml0 genome using BWA
(v0.7.17-r1188). Low quality reads and reads mapping
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to blacklisted regions were discarded. Duplicated reads
were merged. We used MACS2 [34] to identify signifi-
cantly enriched genomic regions using FDR 5%.

H3K4me3 CUT&Run

Sorted Ly6C" monocytes (100,000 cells per condi-
tion in two replicates) were cryopreserved in ice cold
cryopreservation solution consisting of 50% FBS, 40%
complete RPMI and 10% DMSO. The CUT&RUN pro-
tocol was performed using the Epicypher CUTANA
CUT&RUN kit according to the manufacturer’s instruc-
tions with some minor modifications. Briefly, monocytes
were recovered from freezing media by quickly thawing
samples at 37 °C. Cells were spun down at 600 g for 3 min
at room temperature. Cells were then resuspended in
105 pl of room temperature wash buffer and cell viabil-
ity was confirmed. Cells were then incubated with con-
cavilin A beads for 10 min at room temperature. 0.5 ug
of antibodies for target proteins were then added and
incubated overnight on nutator at 4 °C. The following
day, cells were washed with cell permeabilization buffer,
before the addition of the pAG-MNase. Cells were incu-
bated with the pAG-MNase for 10 min at room tempera-
ture. To digest and release target chromatin, 100 mM
Calcium Chloride was added to the reaction. After a 2-h
incubation on nutator at 4 °C, the reaction was halted by
the addition of a stop mastermix. Reactions were placed
on a thermocycler at 37 °C for 10 min. DNA was puri-
fied using SPRISelect beads (1.4 X volume). Libraries were
then prepared with Epicypher’s CUT&RUN Library Prep
Kit according to the manufacturer’s protocol and then
subjected to paired-end sequencing on a NextSeq2000
machine (1 x50 bp reads).

H3K4me1 and H3K27ac CUT&Tag

Sorted Ly6C" monocytes (200,000 cells per condition
in two replicates) were cryopreserved in ice-cold cryo-
preservation solution consisting of 50% FBS, 40% com-
plete RPMI, and 10% DMSO. Cryopreserved samples
were sent to Active Motif for CUT&Tag in two replicates.
Thawed cells were incubated overnight with Concanava-
lin A beads and 1 pl of the primary anti-H3K4mel anti-
body per reaction (Active Motif, catalog number 39297)
and 1 pl of the primary anti-H3K27ac antibody per reac-
tion (Active Motif, catalog number 39135). After incuba-
tion with the secondary anti-rabbit antibody (1:100), cells
were washed, and tagmentation was performed at 37 C
using protein-A-Tn5. Tagmentation was halted by the
addition of EDTA, SDS, and proteinase K at 55 ‘C, after
which DNA extraction and ethanol purification were per-
formed, followed by PCR amplification and barcoding
(see Active Motif CUT&Tag kit, catalog number 53160
for recommended conditions and indexes). Following
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SPRI bead cleanup (Beckman Coulter), the resulting
DNA libraries were quantified and sequenced on Illumi-
na’s NextSeq 550 (PE38).

CUT&Run and CUT&Tag data analysis

Raw sequencing reads were processed by the nfcore
cutandrun pipeline (v3.0.0) with default parame-
ters. Briefly, the reads were trimmed with trimgalore
(v0.6.6) then mapped to the mmlI0 genome using Bow-
tie2 (v2.4.4). Low quality reads and reads mapping to
blacklisted regions were discarded. Duplicated reads
were merged. We used MACS2 to identify significantly
enriched genomic regions using FDR 5%. Genomic anno-
tation of the peaks was done using ChIPseeker [35]. We
used DiffBind (filter =3, minOverlap=2) to identify dif-
ferential genomic regions using edgeR. Distance to near-
est DEG’s transcription start site (TSS) was calculated
using plyranges (+100 kb). Coverage files were created
using deepTools, normalized with RPKM. Read density
plots and corresponding boxplot quantification were cal-
culated by deepTools and profileplyr. For motif enrich-
ment analyses, we used HOMER findMotifsGenome.pl
with default parameters or monaLisa [36].

Results

Tumor-induced systemic inflammation is associated

with transcriptional preconditioning of peripheral
monocytes

In order to determine potential links between peripheral
alterations in monocytes and their local reprogramming
in the tumor, we sought to identify genes whose expres-
sion was modulated by the tumor either in the periphery
or upon tumor infiltration. To this end, we performed
bulk RNA-sequencing on CD11b" Ly6Ch Ly6G~ MHC-
II” classical monocytes isolated from the tumor and
blood of Lewis lung carcinoma (LLC) tumor-bearing
mice as well as from the blood of healthy syngeneic mice
(Fig. 1A). The comparison between cells from genetically
identical tumor-bearing and healthy mice allowed us
to exclude the impact of genetic variation and precisely
identify tumor-induced changes in the gene expression of
peripheral monocytes (Fig. 1A). The LLC model was cho-
sen as this tumor recruits a large number of monocytes
which show immunosuppressive features [25]. Indeed,
we observed that progressive LLC tumors increased sys-
temic Ly6C" monocyte levels and gradually accumulated
large numbers of macrophages (Additional file 1: Fig.
S1A, B).

We found that the transcriptome of tumor-infil-
trating monocytes was very different from monocytes
in the blood, while the tumor also induced distinct,
albeit less pronounced, changes in the transcriptome
of peripheral monocytes (Fig. 1A, B). A fraction of
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Fig. 1 Tumor-induced systemic inflammation is associated with transcriptional preconditioning of peripheral monocytes. A Experimental scheme
to examine peripheral and local programming of monocytes by the tumor and bar graphs showing the number of differentially expressed genes
(DEGs) for the indicated comparisons, with different absolute log2(fold change) value thresholds. B Principal-component analysis of RNA-seq
profiles of Ly6C" monocytes sorted from the blood of healthy mice, blood of LLC tumor-bearing mice and LLC tumors (n=3). C Heatmap showing
genes that were differentially expressed in at least one comparison between different conditions (P < 0.05 and absolute log2[fold change] >0.5),
and separated into six clusters by k-means clustering. D Enrichment of MSigDB Hallmark gene sets in the different gene expression clusters. Top 5
enriched gene sets are shown for each cluster based on combined score. E Table showing the enrichment of different monocyte polarization states
when compared to the upregulated genes in peripheral monocytes from tumor-bearing mice (log2FC > 0.5, FDR < 0.05) we identified, determined
by the Immune Response Enrichment Analysis (IREA) algorithm. F Table showing the enrichment of different cytokine-induced transcriptome
profiles when compared to the upregulated genes in peripheral monocytes from tumor-bearing mice, determined by the Immune Response
Enrichment Analysis (IREA) algorithm. G Plasma levels of different pro-inflammatory cytokines in LLC tumor-bearing and healthy mice (n=9-10/
group, unpaired t-test, *P < 0.05,**P < 0.01, ***P < 0.001; ns, not significant; ND, not detected)

the differential genes in peripheral monocytes over-
lapped with differential transcripts previously identi-
fied in myeloid progenitors from tumor-bearing mice
[37], suggesting that at least some of the transcriptomic
changes in peripheral monocytes likely originated in
monocyte precursors in the bone marrow (Additional
file 1: Fig. S2, Additional file 2: Table S1).

Differentially expressed genes (P<0.05 and absolute
log2[fold change]>0.5) could be split into six major
clusters with distinct gene expression patterns (Fig. 1C,
Additional file 3: Table S2). This approach enabled us
to identify two gene clusters (Clusters 3 and 6) whose
expression was modulated in the periphery in tumor-
bearing mice, and these alterations persisted following
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tumor infiltration. Cluster 3 included genes whose
expression was induced by the tumor in peripheral
monocytes, and their expression level remained elevated
following tumor infiltration. Similarly, Cluster 6 included
genes whose expression was repressed in blood mono-
cytes of tumor-bearing mice and remained repressed
following tumor infiltration. We also identified gene clus-
ters (Clusters 1 and 2) whose expression was altered in
peripheral monocytes in response to the distal tumor,
but this was reversed upon tumor infiltration. Finally, we
found two large gene clusters (Clusters 4 and 5) whose
expression did not show major differences in the blood
but showed marked down- or upregulation during blood-
to-tumor transition.

In order to link functional gene programs to these
gene expression clusters, we analyzed the enrichment of
Hallmark gene sets (Fig. 1D). Genes induced in periph-
eral monocytes of tumor-bearing mice (Clusters 2 and
3) showed specific enrichment of proliferation-related
gene sets (“G2-M checkpoint,” “Mitotic spindle,” “E2F
targets”), suggesting enhanced monocyte production in
response to the tumor, in line with the observed increase
in systemic monocyte levels (Additional file 1: Fig. S1A).
Cluster 3 genes, which were induced by the tumor in the
periphery and remained induced within the tumor, also
included genes related to protein secretion and heme
metabolism, the latter being an important driver of mac-
rophage reprogramming in tumors [38—40]. Genes that
were only turned on upon tumor infiltration (Cluster
5) showed specific enrichment for gene sets related to
inflammation and the hypoxia response, indicating local
activation and adaptation to the tumor microenviron-
ment. We found that the gene cluster repressed upon
tumor infiltration (Cluster 4) was enriched for inter-
feron response genes. Interestingly, however, interferon
response-related genes showed the strongest enrichment
in the gene cluster which was already repressed in the
periphery and remained repressed following tumor infil-
tration (Cluster 6).

These transcriptomic changes in monocytes were asso-
ciated with a gradual increase in their T-cell suppressive
activity ranging from blood monocytes from healthy
mice, through blood monocytes from tumor-bearing
mice, to tumor-infiltrating monocytes (Additional file 1:
Fig. S3A,B). In contrast, the ability of monocytes to sup-
port cancer cell proliferation was not altered appreciably
by the tumor, neither systemically nor locally (Additional
file 1: Fig. S3C).

By comparing our data to previously published mono-
cyte polarization states [31], we found a highly significant
enrichment of an IL-1-driven transcriptional program in
peripheral monocytes from tumor-bearing hosts (Fig. 1E,
F). Accordingly, analysis of pro-inflammatory cytokines
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in the blood of tumor-bearing mice revealed significantly
higher levels of IL-1 family cytokines IL-1p and IL-36f,
along with IL-6 and the IL-1B-dependent cytokine G-CSF
(Fig. 1G) [41].

Overall, these results demonstrate that the transcrip-
tome of Ly6C" monocytes undergoes major changes
upon tumor infiltration. However, peripheral monocytes
in tumor-bearing mice already show transcriptomic
alterations, which could be linked to systemic tumor-
associated inflammation. Tumor-induced changes in the
expression of specific gene sets in peripheral monocytes,
including those related to interferon response, persist
following tumor infiltration, suggesting a tumor-driven
preconditioning of monocytes impacting their transcrip-
tional program within the tumor.

Tumor-induced epigenetic alterations at promoters

in peripheral monocytes lead to repression

of interferon-responsive promoters and activation

of pro-tumoral genes

Our observation that some genes in peripheral blood
monocytes showed durable expression changes in the
tumor-bearing state suggested that some of these genes
were programmed at the epigenetic level in the periph-
ery, making their transcriptional induction or repression
more stable in the tumor.

In order to detect potential tumor-induced epigenomic
alterations in monocytes, we first assessed the genome-
wide distribution of Histone H3 Lysine 4 trimethylation
(H3K4me3), a key histone modification for transcrip-
tional initiation characteristic of promoter regions [42],
using the CUT&Run method. We detected H3K4me3
signal predominantly (88%) at or near promoter regions,
as expected (Additional file 1: Fig. S4). Comparative anal-
ysis between blood monocytes from LLC tumor-bearing
and healthy mice revealed a set of promoters with altered
H3K4me3 signal (166 induced and 312 repressed sites
with P<0.05, absolute log2[fold change] >0.5) (Fig. 2A, B,
Additional file 4: Table S3).

By linking the nearest gene to each changing pro-
moter, we found that genes with induced promoters were
related to cellular functions such as cell division (e.g.,
Cdkl, Cdknla, Plkl), cell adhesion and migration (e.g.,
Rhov, F11r), and immunosuppression (e.g., Socs3, Siglece,
Cd38). Among the genes with repressed promoters, we
found several genes linked to the interferon response
(e.g., Ifit206, Rsad2, Mx2) (Fig. 2A). These observations
were further supported by the significant enrichment of
the corresponding Hallmark gene sets related to cell divi-
sion and the interferon response among the genes with
induced and repressed promoters, respectively (Fig. 2C).

While no known motifs were significantly enriched
among induced promoters, we found significant



Kiss et al. Genome Medicine (2025) 17:82

enrichment of interferon-responsive IRF and ISRE motifs
among repressed promoters (Fig. 2D). In line with these
data, nearly all IRF transcription factor family members,
except for Irf9, showed significantly reduced expression
in peripheral monocytes of tumor-bearing mice, with Irf1
and Irf7 showing the greatest downregulation (Additional
file 1: Fig. S5).

We then performed ATAC-seq to map chromatin
accessibility across the genome of blood monocytes
from healthy and LLC tumor-bearing mice and used
these data to compare chromatin accessibility specifi-
cally at differential promoters. This analysis showed
that average chromatin accessibility slightly decreased
at repressed promoters in tumor-bearing mice (Fig. 2E).
In addition, promoters that were induced by the tumor
showed higher chromatin accessibility already at baseline
in healthy mice, and accessibility at these sites did not
increase further in response to the tumor (Fig. 2E).

In order to obtain information about promoter activ-
ity, we used CUT&Tag to analyze the genome-wide dis-
tribution of Histone H3 Lysine 27 acetylation (H3K27ac),
a histone modification characteristic of promoters and
enhancers with active transcription [43-46]. Similar to
chromatin accessibility, promoters that were induced
in tumor-bearing mice already showed higher average
H3K27ac signal in healthy mice compared to repressed
promoters, indicating higher baseline activity. In addi-
tion, the H3K27ac signal was further enhanced on this
set of promoters in response to the distal tumor (Fig. 2E).

Next, we asked whether genes with differential pro-
moters showed changes in their expression either in
the blood or upon tumor infiltration and, if so, which
previously identified gene expression cluster (shown
in Fig. 1C) they can be linked to. Remarkably, less
than half of the genes with altered promoters showed
expression changes in the blood or upon tumor infiltra-
tion, indicating that promoter alterations were not nec-
essarily associated with a direct change in transcription

(See figure on next page.)
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(Fig. 2F). Among the genes where promoter reprogram-
ming could be linked to transcriptional change, we
found that genes induced in the circulation (Clusters
2 and 3 in Fig. 1C) could be almost exclusively linked
to induced promoters (Fig. 2G). Such epigenetically
programmed genes included Cd38 and Trem2, which
have well-established roles in driving immunosup-
pressive and pro-tumoral functions of monocytes/
macrophages [47-54]. These genes showed increased
H3K4me3 at their promoters in the circulating mono-
cytes from tumor-bearing mice, and this was associated
with a persistently enhanced transcription upon tumor
infiltration (Fig. 2H, I). Similarly, repressed genes in the
circulation (Clusters 1 and 6 in Fig. 1C) could only be
linked to repressed promoters (Fig. 2G), further indi-
cating a close correspondence between the direction
of changes in promoter H3K4me3 levels and in gene
expression. Such repressed genes included Slamf8, a
negative regulator of ROS production, and Cleci2a,
an inhibitory receptor involved in cell death sensing
(Fig. 2J, K) [55, 56].

Interestingly, genes that were upregulated only upon
tumor infiltration (Cluster 5 in Fig. 1C) could be prefer-
entially linked to promoters induced in the circulation
(Fig. 2@G). This raised the possibility that tumor-induced
epigenetic changes at promoters could prime genes
for activation upon tumor infiltration. This gene set
included Socs3, Thbs1, and Myc, which have been previ-
ously linked to immunosuppressive and tumor-promot-
ing functions in macrophages (Fig. 2L, M, Additional
file 1: Fig. S6) [57-60].

Overall, these data indicate that a set of promoters
exhibit tumor-induced alterations in monocytes prior
to tumor infiltration. This involves the repression of
interferon-responsive promoters and the potential
priming of key pro-tumoral genes for expression in the
tumor microenvironment.

Fig. 2 Tumor-induced epigenetic alterations at promoters in peripheral monocytes lead to repression of interferon-responsive promoters

and activation of pro-tumoral genes. A Volcano plot showing genomic sites with differential H3k4me3 signal between Ly6C" monocytes

from the blood of LLC tumor-bearing versus healthy mice (P <0.05 and absolute log2[fold change] > 0.5). Representative closest protein-coding
genes are highlighted. B Read distribution plot showing H3K4me3 signal at genomic sites with differential H3K4me3 signal. C Enrichment

of MSigDB Hallmark gene sets among genes annotated to genomic sites with differential H3K4me3 signal. Top 5 gene sets are shown

by p-value. D Top 5 known transcription factor (TF) motifs enriched among genomic sites showing repressed H3K4me3 signal in Ly6C™
monocytes from the blood of LLC tumor-bearing mice versus healthy mice. E Chromatin accessibility (ATAC-seq) and H3K27ac signal

in Ly6C" monocytes from the blood of healthy and LLC tumor-bearing mice at genomic sites with repressed or induced H3K4me3 signal

when comparing tumor-bearing vs. healthy. Boxes show the median and the interquartile range (IQR), whiskers show highest and lowest values
within 1.5 1QR. Wilcoxon test; ns: not significant, *P <0.05, **P<0.01, ***P < 0.001. F Frequency of genes with differential H3K4me3 signal that are
among the differentially expressed genes identified in Fig. 1C (DEG) or not (non-DEG). G Frequency of different cluster identities (determined

in Fig. 1C) among the genes with induced or repressed H3K4me3 signal. H-M Genome browser snapshots showing average H3K4me3 signal

in Ly6C" monocytes from the blood of healthy and LLC tumor-bearing mice at representative genes from different expression clusters. Bar plots
show mRNA expression of the same genes determined by RNA-seq. Bar plots show mean + SEM
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The enhancer landscape in peripheral monocytes
is remodeled in response to the tumor, affecting a distinct
set of transcription factor binding motifs
We hypothesized that enhancers of peripheral monocytes
may also show changes in response to the distal tumor.
Hence, we used CUT&Tag to analyze the enhancer
landscape of peripheral monocytes from healthy and
LLC tumor-bearing mice by assaying the genome-wide
distribution of histone H3 Lysine 4 monomethylation
(H3K4mel), a histone modification which marks enhanc-
ers [61].

Differential analysis between peripheral monocytes
from tumor-bearing and healthy mice revealed more
than 3000 genomic regions with altered H3K4mel signal,
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which represented approximately 10% of all detected
H3K4mel" enhancers (1757 induced and 1427 repressed
sites at P<0.05, absolute log2[fold change]>0.5 among
33,110 total detected H3K4mel* regions) (Fig. 3A, B,
Additional file 5: Table S4). Most of these tumor-modu-
lated enhancers were located in distal intergenic regions
or introns (Fig. 3C).

Average chromatin accessibility significantly decreased
at repressed enhancers, whereas it increased at induced
enhancers, indicating chromatin remodeling at these sites
(Fig. 3D). Average H3K27ac levels significantly increased
at induced enhancers in tumor-bearing mice, indicat-
ing elevated enhancer activity, whereas H3K27ac levels
remained unaltered at repressed enhancers (Fig. 3D).
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Fig. 3 The enhancer landscape in peripheral monocytes is remodeled in response to the tumor, affecting a distinct set of transcription factor
binding motifs. A Volcano plot showing genomic sites with differential H3K4me1 signal between Ly6C" monocytes from the blood of LLC
tumor-bearing versus healthy mice (P<0.05 and absolute log2[fold change] > 0.5). B Read distribution plot showing H3K4me?1 signal at genomic
sites with differential H3K4me1 signal. C Genomic distribution of sites with differential and unaltered H3K4me1 signal. D Chromatin accessibility
(ATAC-seq) and H3K27ac signal in Ly6C" monocytes from the blood of healthy and LLC tumor-bearing mice at genomic sites with repressed

or induced H3K4me?1 signal when comparing tumor-bearing vs. healthy. Boxes show the median and the interquartile range (IQR), whiskers show
highest and lowest values within 1.5 x IQR. Wilcoxon test; ns: not significant, ***P < 0.001. E Top 5 transcription factors (TF) matched to de novo
motifs enriched among genomic sites showing repressed or induced H3K4me1 signal in Ly6C" monocytes from the blood of LLC tumor-bearing
mice vs. healthy mice. De novo motif sequences and similarity scores to matched known motifs are shown in Figure S7
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Transcription factor motif enrichment analysis on
differential enhancers revealed enrichment of the PU.1
motif both at repressed and induced sites (Fig. 3E,
Additional file 1: Fig. S7). This was expected, as PU.1
is a myeloid lineage-determining factor which has an
essential role in maintaining cell type-specific enhanc-
ers [21]. Among the repressed enhancers, we found
strong enrichment of the PU.1-IRF composite motif,
adding further support to the notion that IRF activity
is suppressed in peripheral monocytes in response to
the tumor (Fig. 3E). Among the induced enhancers, the
most significantly enriched motifs could be linked to
C/EBP, AP-1, RUNX, and STAT transcription factor
families, all of which can mediate response to extra-
cellular inflammatory signals and cytokines (Fig. 3E).
Expression levels of transcription factors belonging
to these families were largely unaltered in periph-
eral monocytes, but many of them showed marked
upregulation following tumor infiltration (Additional
file 1: Fig. S8A). In line with this, gene regulatory net-
work inference based on transcriptomic data revealed
high inferred activities in tumor-infiltrating mono-
cytes for C/EBPJ, multiple AP-1 members (e.g., FOS,
JUN) and STAT3, whereas no marked tumor-induced
changes could be observed in peripheral monocytes in
the activity of these transcription factors (Additional
file 1: Fig. S8B, Additional file 6: Table S5).

Altogether these results indicate that a distal tumor
is able to remodel the enhancer landscape in periph-
eral monocytes. Specifically, this involves repression
of enhancers capable of binding interferon-responsive
IRF transcription factors as well as the establishment
of enhancers harboring motifs for transcription fac-
tor families that can be activated by inflammatory and
cytokine signaling, including C/EBP, AP-1, and STAT.

(See figure on next page.)
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Remodeled enhancers in peripheral monocytes are linked
to lasting gene expression programs and to subsequent
gene activation in the tumor microenvironment

Finally, we sought to link differential enhancers to genes
modulated by the tumor either in the periphery or upon
tumor infiltration. To this end, we analyzed the frequency
of induced and repressed enhancers in a+100 kilobase
(kb) window around the transcription start site of differ-
entially expressed genes belonging to different clusters
described in Fig. 1C (Fig. 4A). The observed enhancer
frequencies were then compared to enhancer frequencies
detected around random gene sets of the same size, in
order to determine the enrichment or depletion of differ-
ential enhancers around distinct gene clusters (Fig. 4A).
This analysis revealed the strongest enrichment of
induced and repressed enhancers around the previously
defined C3 and C6 gene expression clusters, respectively
(Fig. 4B, Additional file 1: Fig. S9). These clusters com-
prised genes that showed induction or repression in the
periphery, which persisted following tumor infiltration
(e.g., Hebpl and Soat2 from C3; Ifi2712a and Tir11 from
C6, Fig. 4C-F). Interestingly, genes whose peripheral acti-
vation or inhibition could be reversed in the tumor (C2
and Cl1, respectively) did not show such a strong asso-
ciation with altered enhancers (Fig. 4B, Additional file 1:
Fig. S9). Notably, genes that were only induced in the
tumor microenvironment (C5) showed a marked enrich-
ment of induced enhancers and a significant depletion of
repressed enhancers in their vicinity (e.g., Nos2 and Rhov,
Fig. 4B, G, H, Additional file 1: Fig. S9). In addition, we
also found significant enrichment of repressed enhanc-
ers but no depletion of induced enhancers, around genes
which were downregulated upon tumor infiltration (C4)
(Fig. 4B, Additional file 1: Fig. S9).

The association of induced enhancers with C5 genes
indicated that a large number of genes that are induced
upon tumor infiltration show increased H3K4mel in
their vicinity in response to the tumor already in the

Fig. 4 Remodeled enhancers in peripheral monocytes are linked to lasting gene expression programs and to subsequent gene activation

in the tumor microenvironment. A Scheme summarizing the approach to determine enrichment of differential enhancers (increased or decreased
H3K4me1 signal in tumor-bearing mice) + 100 kilobase (kb) around the transcription start site of differentially expressed genes (DEGs) identified

in Fig. 1C. B Fold change and z-test p-value of the comparison of the number of differential enhancers found + 100 kb around genes belonging

to the indicated expression clusters versus random gene sets of the same sizes. The number of differential enhancers found for each cluster

and the corresponding random gene sets are shown in Fig. $9. C-H Genome browser snapshots showing average H3K4me1 signal in Ly6C"
monocytes from the blood of healthy and LLC tumor-bearing mice at representative genes from different expression clusters. Bar plots show mRNA
expression of the same genes determined by RNA-seq. Bar plots show mean + SEM. I Cartoon showing analysis method for motif enrichment

at enhancer sets linked to C3 and C5 gene clusters defined in Fig. 1C. J Heatmap showing transcription factor binding motifs with significant
enrichment at induced enhancers linked to either Cluster 3 (C3) or Cluster 5 (C5) (=91 enhancers linked to C3, n=431 enhancers linked to C5,
HOMER known motifs, FDR < 0.05). K Heatmap showing enrichment of different STAT transcription factor motifs from the JASPAR motif collection
to either C3 or C5 genes (=91 enhancers linked to C3, n=431 enhancers linked to C5, motifs with FDR < 0.05 are shown in bold; monaLisa motif

enrichment analysis)
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circulation. To further examine these genes and their
associated enhancers, we linked induced H3K4mel®
enhancers to nearby C5 genes (<100 kb). We found that
a subset of these genes showed slightly but significantly
increased transcription already in the periphery (Addi-
tional file 1: Fig. S10), but the majority of them was not
altered.

In order to determine whether C5-associated enhanc-
ers contain distinct transcription factor binding motifs
compared to enhancers linked to C3 genes (induced
already in periphery), we performed motif enrichment
analysis on these two enhancer sets (Fig. 4I). We found
that both C3- and C5-associated enhancers showed
enrichment of C/EBP, AP-1, and ETS-related transcrip-
tion factor motifs (Fig. 4J) with C3-linked enhancers
exhibiting the strongest enrichment for C/EBP motifs.
Notably, STAT motif enrichment could only be detected
at enhancers associated with C5 genes. Specific enrich-
ment of STAT motifs at C5-linked enhancers was fur-
ther confirmed by an independent approach, using the
monalLisa enrichment tool with the JASPAR motif data-
base (Fig. 4K).

We also performed motif enrichment analysis on
repressed H3K4mel™ enhancers which could be linked
to Cluster 6 genes (genes with durable repression
maintained in the tumor). This analysis revealed sig-
nificant enrichment of SpiB, PU.1 and PU.1-IRF motifs
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(Additional file 1: Fig. S11), which corresponded to
the three most significantly enriched motifs we previ-
ously found when considering all repressed H3K4mel*
enhancers (Fig. 3E).

Overall, these results indicate that altered enhanc-
ers are enriched primarily around genes with peripheral
gene expression changes that persist throughout the
blood-to-tumor transition of monocytes. This suggests
that epigenomic alterations can instruct sustained gene
expression changes that are less likely to be reversed in
the tumor microenvironment. In addition, strong enrich-
ment of enhancers induced in the periphery around
genes activated upon tumor infiltration suggests an epi-
genetic priming effect at these loci.

Discussion

This study provides proof-of-principle evidence in mice
for tumor-induced peripheral epigenomic alterations in
monocytes and their association with gene expression
changes occurring before and after tumor infiltration.
Specifically, our results suggest a model whereby epi-
genomic programming in the periphery can shape the
monocyte transcriptome in multiple ways (Fig. 5). First,
activation of promoters and/or enhancers in peripheral
monocytes can initiate transcription in the periphery
and maintain gene expression following tumor infiltra-
tion. Second, repression of promoters and/or enhancers
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Fig. 5 Graphical summary showing the proposed model of different ways by which tumor-induced epigenomic preconditioning can alter gene
expression in monocytes. Genes with direct induction show activation of the promoter and/or nearby enhancers in the periphery. This is associated
with increased transcription in the periphery that persists upon tumor infiltration. Genes with direct repression show the opposite pattern:

a repressed promoter and/or nearby enhancers are associated with durable repression of gene transcription that persists following tumor
infiltration. Epigenetic changes at promoters and/or enhancers may also prime genes for activation in the tumor microenvironment

without causing major changes in gene expression in the periphery. Characteristic transcription factor (TF) motifs associated with each distinct

enhancer set are indicated
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in peripheral monocytes can lead to durable repression
of gene expression (e.g., interferon-responsive genes),
even after the cells infiltrate the tumor. Third, epige-
netic changes at certain promoters and/or enhancers
in peripheral monocytes can prime genes for activation
within the tumor without causing major changes in gene
expression in the periphery. The latter is likely due to the
fact that transcriptional activation of these genes requires
enhancer binding by transcription factors that are only
activated in the tumor microenvironment. This model,
particularly the proposed epigenomic priming mecha-
nism, will require further experimental validation. Future
studies should assess whether perturbing upstream path-
ways and epigenetic regulators driving deposition of his-
tone marks at potentially primed genes could impair gene
induction upon tumor infiltration.

We observed that peripheral epigenomic programming
of monocytes by the distant tumor involves repression
of interferon-responsive promoters and enhancers har-
boring IRF and ISRE motifs. These findings are in line
with previous observations of a suppressed interferon
response of peripheral monocytes in cancer patients
[16-18, 62]. Our results suggest that epigenetic repres-
sion of interferon-responsive promoters and enhancers
could represent one possible mechanism by which the
systemic influence of a tumor desensitizes monocytes to
immunostimulatory interferons and thereby suppresses
anti-tumor immunity.

By integrating data on peripheral epigenomic changes
and the transcriptional response during blood-to-tumor
transition of monocytes, we found that genes activated
in the tumor microenvironment associate with enhanc-
ers that are already induced in the periphery in response
to the tumor. Generally, establishment of the enhancer
repertoire is governed by lineage-specific differentiation
programs and prior stimuli received by the cell [21]. In
macrophages, pre-established enhancers are the domi-
nant genomic sites where signal-dependent transcrip-
tion factors, such as NF-kB, AP-1, and STAT members,
can bind the DNA and activate transcription in response
to microenvironmental stimuli [21]. Our results indi-
cate that new H3K4mel™ enhancers harboring bind-
ing motifs for signal-dependent transcription factors,
including AP-1 and STAT, are established in peripheral
monocytes in response to the distal tumor. An impor-
tant consequence of this may be an amplified transcrip-
tional response to signals that activate these transcription
factors upon tissue infiltration. We observed that the
expression levels and inferred activities of several key
transcription factors (e.g,, C/EBPP, AP-1, STATS3)
increase following tumor infiltration, which could fur-
ther facilitate the activation of pre-established enhanc-
ers containing their binding motifs. It will be important
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to investigate to what extent such remodeling of the
enhancer landscape prior to tumor infiltration can bias
monocyte fate and macrophage polarity in the tumor
through altering the transcriptional response to the
microenvironment.

This study adds support to the emerging notion that
systemic immune perturbations induced by tumor-asso-
ciated signals can influence localized responses to the
tumor [63]. Specifically, our work uncovers epigenomic
programming of monocytes as a previously unexplored
tumor-induced systemic immune perturbation. This
observation opens up several important avenues for pos-
sible future investigation.

It remains to be elucidated which of these changes are
established already during monocyte development and at
which stage of differentiation. This will require genome-
wide analysis of different histone modifications, chroma-
tin accessibility, and transcriptome in multiple different
progenitor populations along the monocyte differentia-
tion trajectory.

It will be also important to identify how systemic
tumor-associated signals drive this process. Our compu-
tational predictions and blood cytokine measurements
nominated IL-1 family cytokines (IL-1p and IL-36p) as
key drivers of the observed transcriptomic changes in
peripheral monocytes. This is in line with recent find-
ings about the role of IL-1f in the systemic programming
of pro-tumor neutrophils [37]. In addition, we found
elevated circulating levels of IL-6 and G-CSF in tumor-
bearing mice, which could contribute to the observed
preconditioning of monocytes. Correspondingly, down-
stream transcription factors linked to these cytokines
showed motif enrichment at induced enhancers in
tumor-bearing mice (AP-1 for IL-1 [64], C/EBPJ for
G-CSF [65], STAT3 for IL-6 [66]). Further studies involv-
ing proteomics and metabolomics analyses to detect
tumor-associated signals, followed by in vivo perturba-
tions of candidate pathways combined with epigenomic
and transcriptomic profiling of monocytes, will likely
yield valuable insights into the causal role of specific sig-
nals. Tumor-derived factors reaching the systemic circu-
lation are often dictated by the specific genetic alterations
of a tumor [67]. Hence, it will be interesting to determine
to what extent epigenomic programming and its drivers
are specific for each tumor type.

A limitation of the current study is the lack of epig-
enomic data from tumor-infiltrating monocytes. Hence,
detailed analysis of the epigenomic landscape upon
tumor infiltration of monocytes, particularly at genes
with features of epigenetic priming, will require further
investigation.

This work also paves the way for future studies, which
should assess epigenomic alterations in peripheral
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monocytes in cohorts of cancer patients. Such studies
could potentially identify novel epigenetic biomarkers for
diagnosis and disease follow-up.

Conclusions

Overall, this study identifies the epigenomic landscape as
a regulatory layer disrupted in peripheral monocytes by
the systemic effects of a tumor. Our results suggest that
this epigenomic preconditioning is important both in
establishing lasting gene expression programs in mono-
cytes prior to tumor infiltration and in shaping their
subsequent transcriptional response to the tumor micro-
environment. These findings provide new insights into
how the fate of monocytes is redirected to support can-
cer progression and position the monocyte epigenome as
a potential future therapeutic target and biomarker.
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