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Cytokine-induced chromatin
accessibility in whole blood
neutrophils links to sepsis
transcriptional states

Justin Cayford*, Brandi Atteberry*, Akanksha Singh-Taylor",
Andrew Retter*, Benjamin P. Berman"? and Theresa K. Kelly*

!Innovation Lab, Volition America, Carlsbad, CA, United States, 2Department of Developmental Biology
and Cancer Research, The Hebrew University of Jerusalem, Jerusalem, Israel

Background: Neutrophils play an important role in the immune system by sensing
environmental perturbations, including pathogens. Upon activation, neutrophils
extrude their chromatin to form neutrophil extracellular traps (NETS), which trap
and remove pathogens. Chromatin decondensation during NET formation is a
regulated process that re ects both the inducing pathways and the cellular
environment. However, most studies rely on non-physiological stimuli like
phorbol 12-myristate 13-acetate (PMA), which bypass key regulatory
mechanisms. As a result, how physiologically relevant in ammatory signals
change neutrophil chromatin accessibility and relate to disease associated
transcriptional states remains poorly understood.

Methods: We used the Assay for Transposase-Accessible Chromatin with
sequencing (ATAC-Seq) to pro le chromatin accessibility in neutrophils
stimulated in whole blood with PMA and physiologically relevant in ammatory
natural factors (NFs), including TNF-a, GM-CSF, fMLP, C5a, and IL-1b, alone and in
combination. Chromatin responses were compared across conditions and
integrated with publicly available transcriptomic sepsis cohorts.

Results: NF stimulation induced stimulus speci ¢ chromatin accessibility
programs distinct from PMA. Individual NFs enriched speci c transcription
factor (TF) motif enrichments in a stimulus dependent manner, with GM-CSF
associated with STAT motifs, TNF-a with NF-kB, and C5a/fMLP with AP-1, while
the combined condition showed a cooperative response including CEBP.
Integration with sepsis transcriptomic datasets revealed that promoter
accessibility changes under NF stimulation corresponded to transcriptional
states associated with disease severity, highlighting the upstream regulatory
programs linked to clinical outcomes.

Conclusions: These ndings demonstrate that NF stimulation in whole blood
reveals chromatin accessibility programs in neutrophils that correlate with disease
severity in sepsis. This approach provides a framework for linking cytokine driven
neutrophil regulation to heterogenous in ammatory states in sepsis and other
NET-associated diseases.
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1 Introduction

Neutrophils are central to the innate immune system and can
form neutrophil extracellular traps (NETSs), web-like structures of
decondensed chromatin and antimicrobial proteins designed to
immobilize and kill microbes (1-3). While NET formation contrib-
utes to host defense, excessive or dysregulated NET release is linked
to immunothrombosis, vascular injury, organ dysfunction, and
increased mortality (4-8). These maladaptive effects are particularly
evident in NET associated in ammatory diseases such as sepsis,
which was associated with ~11 million deaths worldwide in
2017 (9).

Despite extensive evidence implicating NETSs in disease pathol-
ogy, the mechanisms underlying individual sensitivity to excessive
NET formation and immune dysregulation remain poorly under-
stood (10-12). Clinical outcomes in sepsis vary widely even among
patients with similar infectious triggers, suggesting that immune
regulatory mechanisms contribute to disease heterogeneity (10, 11,
13-15). Large transcriptomic studies have demonstrated that sepsis
comprises multiple immune endotypes rather than a uniform
in ammatory state (13, 14, 16, 17). However, the regulatory
mechanisms that shape neutrophil transcriptional programs and
responses to NET inducing stimuli remain poorly de ned.

Chromatin accessibility is a crucial regulatory layer that pre-
cedes and constrains transcription by controlling transcription
factor (TF) binding (18, 19). Pro ling chromatin accessibility
provides a powerful framework for linking in ammatory signaling
to functional immune states. However, neutrophils present unique
challenges for epigenomic pro ling due to their short lifespan, rapid
activation, and sensitivity to isolation protocols (20).

To address these limitations, we previously established a xed
ATAC-Seq strategy that preserves chromatin accessibility following
stimulation and enables robust pro ling of neutrophils directly
from whole blood without prior isolation (21, 22). Using this
approach, we characterized chromatin accessibility changes in
neutrophils in isolation and in whole blood stimulated with phorbol
12-myristate 13-acetate (PMA), a known potent inducer of NET
formation that acts mainly through protein kinase C (PKC) (18, 23—
25). These studies demonstrated that neutrophil chromatin is highly
structured, responds in a coordinated manner to stimulation, and
exhibits more robust accessibility changes in whole blood consistent
with complex immune system signaling (22).

In these studies, whole blood was collected in K2 EDTA tubes.
While calcium chelation impacts some neutrophil functions, such
as respiratory bursts, prior studies have reported variable effects of
EDTA, citrate, and heparin on neutrophil activation and function
depending on the assays and stimulus (26, 27). This lack of
consensus highlights that no single anticoagulant fully recapitulates
in-vivo conditions. PMA stimulation was consistent across EDTA,
citrate, and heparin blood collection tubes showing limited differ-
ences in neutrophil counts and functional read-outs (27). Further
we have shown that natural factors are capable of inducing NET
formation in EDTA whole blood (28) and goal of the current study
is to address the upstream mechanistic changes that precede
NET release.
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While PMA has been widely used to study NETS, it bypasses many
physiological regulatory pathways by directly activating PKC (24, 29).
However, neutrophils in vivo are exposed to complex mixtures of
naturally occurring cytokines and chemokines (natural factors; NFs)
that engage distinct signaling pathways (10, 11). In sepsis, circulating
levels of tumor necrosis factor-a (TNF-a), granulocyte-macrophage-
colony-stimulating factor (GM-CSF), complement component Cba,
interleukin-1b (IL-1b), and formylated peptides (fMLP) are often
elevated (11, 30-34) and have been implicated in neutrophil priming,
activation, and NET formation (35, 36).

Here, we sought to de ne how physiologically relevant NF
stimulation remodels neutrophil chromatin accessibility in whole
blood, and whether these accessibility changes correspond to clini-
cally relevant transcriptional states. Building on our previous high-
throughput NET formation studies identifying cytokine combina-
tions capable of inducing NET release (28, 37), we stimulated healthy
whole blood with individual NFs and in combination. We show that
NF stimulation engages a broader in ammatory landscape than PMA
and that promoter accessibility changes correlate with transcriptional
endotypes observed in sepsis cohorts (1517, 38). Together, these
data establish a framework for potentially linking NF driven chro-
matin regulation in neutrophils to endotypes in sepsis or other NET-
associated in ammatory diseases (11, 15-17, 38).

2 Materials and methods
2.1 Ethics approval

Whole blood was obtained from healthy donors in K2 EDTA
tubes (BD #366643; PrecisionMed, San Diego). Research was
approved under WCG IRB Protocol number 20181025, and all
human participants gave written informed consent. Donors
were self-reported healthy, aged 18-50, with BMI < 30, and
not taking NSAIDs for at least 24 hours prior to donation
(Supplementary Table 1).

2.2 Whole blood treatment

Whole blood stimulation with PMA was performed as previ-
ously described (22), and expanded to include naturally occurring
factors (NFs). Brie y, 2 mL of pooled whole blood was aliquoted
into 5 mL tubes and stimulated with PMA (250 nM), TNF-a (10 g/
mL), GM-CSF (10 g/mL), fMLP (10 g/mL), C5a (10 g/mL), IL-
1b (85 ng/mL), a combination of all NFs (Combo), or vehicle
controls at 37 C for 120 minutes with inversion every 30 minutes
(Supplementary Table 2).

Whole blood was xed with a 10x formaldehyde solution
(Sigma #252549), 1M NaCl, 0.1 mM EDTA (Fisher Scienti ¢
#AM9010), and 0.5 mM HEPES (ThermoFisher #15630080) for
10 minutes at room temperature and quenched with 2.5M glycine.
Fixed neutrophils were isolated using the MACSxpress Whole
Blood Neutrophil Isolation Kit (Miltenyi Biotec) and ATAC-Seq
was performed on 125,000 neutrophils per sample.
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2.3 ATAC-Seq library preparation and
processing

ATAC-Seq libraries were generated using recombinant Tn5
transposase (Active Motif #81284) as previously described (19, 21,
22, 39) and sequenced on an lllumina NovaSeq platform (Active
Motif). Data were processed using the nf-core/atacseq Next ow
pipeline (v2.1.2) (https://nf-co.re/atacseq/2.1.2) (40) with alignment
to the hg38 reference genome. Peaks were called using an
FDR<0.01, and ENCODE quality standards were applied (41)
(Supplementary Figure 1; Supplementary Table 3).

To generate overlapping peak sets, peaks detected in at least one
technical replicate were retained and combined across donors.
Peaks present in at least two-thirds of donors were retained for
downstream analysis. Variance partitioning was performed using a
linear mixed-effects model to estimate the relative contributions of
stimulation, donor, and residual variance (42).

2.4 Differential accessibility analysis

Differentially accessible regions (DARS) were identi ed using
DESeq2 (31) as previously described (22). Brie y, peaks with a
baseMean>10, adjusted p-value<0.01, and [log,(fold change)|>1
were retained for downstream analysis. Principal Component
Analysis (PCA) was performed using prcomp, heatmaps were
generated using pheatmap (https://cran.r-project.org/web/pack-
ages/pheatmap/index.html). UpSetR plots (https://cran.r-
project.org/web/packages/UpSetR/index.html) were generated
using the.boolean.annotatePeaks.txt output les.

2.5 Enrichment analysis

Motif enrichment analysis was performed using HOMER (43)
( ndMotifsGenome.pl, hg38) with default parameters (22).
Background regions were generated by random sampling from
the full set of ATAC peaks. Odds ratios (ORs) were calculated as:

DARs with motif=DARSs without motif
Backgroundwith motif=Backgroundwithout motif

Odds ratios were used as effect-size measures rather than for
statistical inference. Motifs were grouped into transcription factor
(TF) families for comparative analysis. Promoter associated DARS
were identi ed using annotatePeaks.pl (43) and resulting promoter
peaks were retained.

Genomic Regions Enrichment of Annotations Tool (GREAT)
(44, 45) was used for functional interpretation. BED les were
uploaded with default parameters and whole genome background
was used. GREAT’s binomial test with FDR correction was used and
terms with FDR<0.05 were retained.

2.6 Clustering analysis of DARs
DARs from all vehicle-vs-stimulus comparisons, excluding

PMA, were combined for unsupervised clustering. A composite
signi cance score was calculated per region and comparison as:
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Hierarchical clustering was performed using Euclidean distance
and Ward’s linkage (ward.D2) with the number of clusters (k=10)
was selected using elbow and silhouette analyses (Supplementary
Figure 3B). Cluster level accessibility pro les were calculated as the
mean composite score per cluster and stimulus and z-score nor-
malized for visualization.

2.7 VANISH and SUBSPACE transcriptomic
cohort integration and ROC analysis

The VANISH and SUBSPACE cohorts are previously published
clinical datasets and are described in detail in the original studies
(14, 15). The VANISH cohort (14) was used to de ne neutrophil-
associated transcriptional modules (CTS1-CTS3 (15)) and calculate
per-gene mean expression values across donors. Genes with over-
lapping promoter DARs (pDARs) were assigned to CTS modules
based on relative expression patterns.

Gene expression data from the SUBSPACE cohort (15) were
extracted for genes overlapping pDARs and donors were strati ed
by annotated clinical severity. Receiver operating characteristic
(ROC) analysis was performed using the pROC R package (46)
and con dence intervals for area under the ROC curve (AUC)
estimates were calculated using bootstrap resampling.

3 Results

3.1 Stimulation of whole blood with PMA
and natural cytokines induce a neutrophil
response

Healthy donor whole blood (K2 EDTA) was treated with PMA,
individual NFs (TNF-a, GM-CSF, fMLP, Cba, IL-1b;
Supplementary Table 2), or NFs in combination (Combo), followed
by xation, neutrophil isolation, and ATAC-Seq (Figure 1A). Peaks
were called across donors to generate an overlapping peak set for
each condition (Methods; Figures 1B, C; Supplementary Figure 2A).

PMA induced the largest number of peaks (26,563), followed by
the Combo (23,125 peaks), whereas individual NFs induced fewer
peaks (9,339-14,432) (Figure 1B). The vehicle controls exhibited
8,386 peaks, indicating increased chromatin accessibility across all
stimulation conditions (Figure 1B).

Peak overlap was highly reproducible across donors, with all
stimuli except GM-CSF showing >70% overlap and both PMA and
Combo exceeding 85%. Stronger stimuli appeared to reduce donor-
to-donor variability, suggesting that they can partially overcome
donor-to-donor variability (Figure 1C).

Analysis of peak overlaps revealed 5,789 peaks were shared
across all conditions, suggesting a core neutrophil accessibility
signature (Figure 1D). PMA induced 8,287 unique peaks, whereas
Combo had 2,701 unique peaks, suggesting a distinct regulatory
signature not recapitulated by PMA. Despite these differences, PMA
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and Combo shared 4,320 peaks, indicating a robust shared activa-
tion of chromatin. Interestingly, we observed that fMLP was the
only treatment condition without a unique accessibility pat-
tern (Figure 1D).

Variance partitioning demonstrated that PMA and Combo ac-
counted for the largest fraction of accessibility variance (43% and 38%,
respectively), and were the only stimuli for which stimulation variance
overcame donor variance (PMA: 19%, Combo: 28%; Figure 1E).
Individual NFs showed greater donor-to-donor variance, suggesting
less robust stimulation. Together, these results indicate that weaker
stimulation accentuates donor-speci ¢ differences in chromatin acces-
sibility and may also re ect speci ¢ pathway activation.

3.2 PMA and combo treatments induce a
similar, yet distinct neutrophil response

Based on their robust stimulation effect, we next focused on
PMA and Combo. PCA revealed clear separation between vehicle,
PMA, and Combo, with minimal donor-dependent clustering,
indicating stimulus driven remodeling (Figure 2A).

10.3389/fimmu.2026.1796580

Next, we identi ed differentially accessible regions (DARS) identi-
ed a large set of DARS (4,643 regions) shared between PMA-versus-
vehicle and PMA-versus-Combo, suggesting PMA accessibility changes
that were not recapitulated by Combo (Figure 2B). Combo stimulation
produced a smaller unique set of 702 DARs speci ¢ to Combo-versus-
vehicle, and an additional 1,403 DARs that were in both Combo-versus-
vehicle and Combo-versus-PMA (Figure 2B). PMA and Combo shared
a common set of DARs (2,436) relative to vehicle, suggesting a similar
yet distinct response from the two stimulations (Figure 2B).
Visualization of the top third of DARs (n=5,000) following z-score
normalization showed attenuated responses can be seen with distinct
subsets of regions between PMA and Combo stimulation (Figure 2C).
Volcano plots demonstrated that PMA induced nearly double the
number of DARs as Combo (11,457 versus 5,913; Figure 2D;
Supplementary Table 4), with PMA showing a large fraction of
DARs exhibiting reduced accessibility (n=6,493 decreasing versus
n=4,964 increasing) (Figure 2E, left). In contrast, Combo produced a
more balanced pattern of increasing (n=2,815 DARs) and decreasing
accessibility (n=3,098 DARs) (Figure 2D, middle). Direct comparison
of PMA to Combo highlighted stronger PMA-associated accessibility
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Stimulation of whole blood with PMA and natural cytokines induce neutrophil response: (A) Experimental schematic. Whole blood was collected
(n=5) and then stimulated with water (Vehicle), 250 nM phorbol 12-myristate 13-acetate (PMA), 10 pg/mL TNF-a, fMLP, C5a, GM-CSF, 85 ng/mL IL-
1b, and Combo containing the same concentrations (TNF-a, fMLP, C5a, GM-CSF, and IL-1b; n=4) and incubated for 120 minutes, formaldehyde

xed, neutrophils were isolated, and then ATAC-Seq was completed. (B) Total number of consensus peaks across all donors and stimulation
conditions, the peak must have been retained in one replicate and then in at least 3 donors (66% of donors), where there were n=4 donors for
Combo and n=5 donors for all other conditions. (C) The percentage of consensus peaks that were overlapping across each stimulation condition
among the donors. There were n=5 donors for all stimulation conditions, except Combo which had n=4 donors. (D) UpSetR plot showing the
shared peaks across the stimulation consensus peaks. (E) Variance partitioning analysis across the consensus peak set of each individual stimulation
(PMA, Combo, TNF-a, GM-CSF, C5a, fMLP, and IL-1b). Blue indicates the stimulus fraction contribution, yellow indicates the fraction contributed by
the donor, and grey indicates all residual fraction contributions. The percent is indicated for each category and stimulation.
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FIGURE 2
PMA and combo treatments induce a similar, yet distinct neutrophil response: (A) Principal Component Analysis across all donors (donors are
indicated by: circle: 94, triangle: 99, square: 100, plus: 101, square with x: 103) and selected stimulation conditions (black: vehicle, green: PMA, blue:
Combo). PC1 (x-axis) represents 39.1% of the total variance and PC2 (y-axis) represents 12.3% of variance. Donor numbers are indicated by the
number adjacent to the datapoint. (B) UpSetR plot showing the overlap of differentially accessible regions (DARs) comparing the three conditions
(Vehicle vs PMA, Vehicle vs Combo, and PMA vs Combo). (C) Z-score normalized peak counts across the top 5,000 DARs (sorted based on
p.adjusted value) from the three comparisons (grey: Vehicle, green: PMA, blue: Combo) across all donors (pink: 94, blue: 99, green: 100, purple: 101,
orange: 103). Donors were hierarchically clustered. (D) Volcano plots of DARs in each comparison (Left: vehicle vs PMA, middle: vehicle vs Combo,
right: PMA vs Combo) with log2(fold change) (x-axis) and -log10(p.adjusted) (y-axis). The DARs are colored by signi cance and dashed lines indicate
threshold (-log10(p.adjusted) > 4, log2(fold change) > 1.25 or log2(fold change) < -1.25) in each comparison (grey: not signi cant (NS), black: vehicle,
green: PMA, blue: Combo). (E) HOMER motifs within the signi cant DARs in each comparison from (D) (Left: vehicle vs PMA, middle: vehicle vs
Combo, right: PMA vs Combo). Results are plotted by -log10(p.value) (y-axis) and HOMER rank (x-axis). Increased motifs are indicated in red (right
side of individual panel) and decreased motifs are indicated in blue (left side of individual panel). (F) Merged donor tracks (grey: vehicle, green: PMA,
blue: Combo) visualized using the IGV genome browser at various loci with normalized ATAC signal. Signi cant DARs indicated by bars (PMA (dark
grey) vs Vehicle (light grey), Combo (dark grey) vs Vehicle (light grey), and PMA (light grey) vs Combo (dark grey)). Shared accessibility increase
compared to vehicle of PMA and Combo shown at CXCL8 (chr4:73,728,00-73,746,000), shared decrease accessibility compared to vehicle of PMA
and Combo shown at CXCR1/2 (chr2:218,123,766-218,168,872). Increased accessibility in Combo versus PMA shown at ATF3 (chrl1:212,561,485-
212,624,522) and TNFAIP3 (chr6:137,842,066-137,888,293), separate and unique increased accessibility in PMA and Combo shown at NFKBIA
(chr14:35,392,154-35,421,647), and unique increased accessibility of Combo at ILIRN (chr2:113,078,591-113,138,395). (G) Dot plot showing GREAT
pathway analysis of increasing accessible DARs from comparing PMA and Combo to vehicle. These were broken up to unique in Combo (left) or
PMA (middle) and shared (right). Dot size indicates the square root of the absolute value log2(fold enrichment) and color indicates the -log10
(binomial p value) generated by GREAT. Abbreviations: reg., regulation; +reg., positive regulation; reg., negative regulation; resp., response; act.,
activation; diff., differentiation; prod., production; biosynth., biosynthetic process; costim., costimulation; stim., stimulus; Leu, leukocyte; Lym,
lymphocyte; Neut, neutrophil; Myeloid, myeloid cell; T, T cell; ab T, alpha-beta T cell; IL, interleukin; TNF, tumor necrosis factor; uPA, urokinase
plasminogen activator. (H) Similar to (G) but the pathway analysis was completed using the decreasing accessible DARs from the same comparisons.

gains relative to Combo (PMA increasing, n=3,814 DARs; Combo increased accessibility following PMA stimulation, consistent with
increasing, n=5,641 DARs) (Figure 2D, right). previous reports (22) (Supplementary Figure 2B; Figure 2E, left).

Motif enrichment analysis (HOMER) revealed strong enrich- ~ Combo stimulation also enriched AP-1 motifs but showed addi-
ment of AP-1 family motifs (JUN/FOS/FRA) in regions with  tional enrichment of STAT (STAT1/3/4/5/6) and NF-kB motifs,
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