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Introduction: Sepsis survivors frequently develop long-term immune
dysfunction, but the epigenetic mechanisms underlying persistent myeloid
suppression remain unclear. Myeloid-derived suppressor cells (MDSCs), whose
function is shaped by host age and sex, are key contributors to post-sepsis
immune dysregulation.

Methods: Here, we present a high-resolution epigenetic map targeting gene
promoters of MDSCs after sepsis and daily chronic stress using MAPit-FENGC, a
single-molecule assay that simultaneously pro les DNA methylation and
chromatin accessibility. In a clinically relevant murine model, including young
and older adult male and female mice, splenic MDSCs were isolated for MAPit-
FENGC and single-cell RNA sequencing.

Results: Unsupervised clustering identi ed nine promoter classes re ecting
chromatin dynamics: age- and sex-dependent sepsis-induced opening (Classes
1-4), persistent closure with varying levels of DNA methylation (Classes 5-7), and
constitutive openness post-sepsis (Classes 8, 9). Transcriptomic pro ling
corroborated these promoter states, linking accessibility with gene expression.
Conclusions: These ndings de ne promoter-level epigenetic classes across a
targeted locus panel in splenic CD11b*Gr1™ cells within this murine sepsis model
and generate mechanistic hypotheses regarding age- and sex-associated
chromatin states.
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Introduction

Sepsis, when the host has organ insuf ciency/failure in response
to infection (1), affects in excess of 1.7 million adults in the United
States, and results in the death of more than 350,000 of these
individuals (2). In addition, sepsis is estimated to cost greater
than $38 billion per year in the US alone (3). Although acute
hospital mortality has improved due to measures such as the
Surviving Sepsis campaign (4), long-term patient outcomes
remain dismal (5, 6). Despite the signi cance and impact of all
the former, few to no therapeutics are available for this patient
population (7).

Myeloid-derived suppressor cells (MDSCs), delineated almost
two decades ago (8), are de ned as pathologically activated myeloid
cells with potent immunosuppressive activity, yet they also possess
some pro-in ammatory properties (9). Although these leukocytes
have been investigated in the cancer eld for some time, research
focused on MDSCs in sepsis is relatively recent (10). MDSCs have
been demonstrated to expand in number, remain circulating in the
sepsis survivor, and are associated with poor outcomes in these
patients (11, 12). Whereas these sepsis-derived MDSCs meet the
key functional de nition of MDSCs (immunosuppressive activity
against lymphocytes, etc.), data indicate that MDSCs from septic
mice are not identical to oncologic-derived MDSCs in both mice
and humans (13-15). Modi cation of MDSCs in the sepsis survivor
represents a potential approach to improve these patients’ outcomes
(16), but still requires a better disease-speci ¢ understanding of
these cells.

In addition to the need for more disease-speci ¢ precision/
personalized therapeutics for sepsis, there is a need to delineate how
sepsis engenders unique effects in certain cohorts, e.g., age and sex
(16-25). Work from our group and others has illustrated that both
sex and age have signi cant effects on the sepsis response, as well as
on the post-infection MDSCs generated by that host (17, 18, 20-22).
Thus, investigating these cohorts will be key to any successful future
interventions for sepsis survivors.

Epigenetics is the study of changes in gene regulation/
phenotype that occur without alteration of DNA sequence,
mediated by DNA methylation, chromatin accessibility, and
histone modi cations. These mechanisms are considered a
potential means of successfully modifying MDSCs to alleviate
their pathology in the host (26). One method for studying the
epigenetics of sepsis-induced MDSCs is Methyltransferase
Accessibility Protocol for Individual Templates (27) combined
with Flap-Enabled Next-Generation Capture (MAPit-FENGC), a
validated method that allows for simultaneous single-molecular-
level analysis of endogenous CpG methylation and chromatin
accessibility at pre-determined target regions (28, 29). Using a
preclinical surgical sepsis animal model that better parallels the
human condition (17, 21), we utilized MAPit to assess the
epigenetic uniqueness of isolated murine splenic Cd11b*Gr1*
MDSCs across several cohorts: sepsis versus control, male versus
female, and young adult versus older adult.
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Materials and methods
Animals

Young (3-5 mo) and old (18-22 mo) C57BL/6J (B6) mice were
purchased from Jackson Laboratory (Bar Harbor, ME). Mice were
cared for by the University of Florida Animal Care Services
(Gainesville, FL) and housed in transparent cages (four animals of
same sex/age per cage) within speci ¢ pathogen-free facilities at
ambient room temperatures (23°C). The animals were provided
standard rodent chow and water ad libitum for the duration of
the experiment.

Young and older adult female (50%) and male (50%) mice
underwent our intra-abdominal sepsis model of cecal ligation and
puncture (CLP) followed by daily chronic stress (DCS). Eight
mouse cohorts (n = 3 for each) were used: young female naive,
young female sepsis, young male naive, young male sepsis, old
female naive, old female sepsis, old male naive, and old male sepsis.
Mice were euthanized seven days post CLP + DCS in compliance
with predetermined IACUC Body Condition Score (BCS) criteria. A
modi cation to this protocol included euthanasia if any one of the
following occurred: 1)  20% weight loss from baseline, 2)  20%
weight loss relative to age-matched controls if the animals were still
growing during the study, 3)  20% weight loss from baseline in
older mice that maintained a BCS > 2 during the rst ve days after
CLP, or 4) > 40% weight loss from baseline in older mice with a BCS
> 2 after the rst ve days following CLP. Based on these criteria, no
mice had to be euthanized for excessive weight loss during the
course of the study. Therefore, animals were euthanized within their
home cages whenever possible to avoid co-mingling, or by
placement in an appropriate enclosure. Carbon dioxide gas (100%
medical grade) was introduced into the enclosure at a displacement
rate of 30-70% of chamber volume per minute, monitored by a ow
meter and maintained for at least 1 minute after respiration ceased.

Intra-abdominal sepsis model

CLP was conducted under iso urane anesthesia as we have
previously described (30). The cecum was ligated 1 cm from its tip
and a 25-gauge needle was used to puncture the cecum.
Buprenorphine analgesia was provided for 48 hours post-surgery.
Antibiotics (imipenem monohydrate; 25 mg/kg diluted in 1 mL
0.9% (w/v) NaCl) were administered 2 hours post-CLP, then
continued for 72 hours. DCS was conducted as previously
described (31). Brie vy, this involved placing mice in weighted
plexiglass animal restraint holders (Kent Scienti ¢, Torrington,
CT) for two hours daily starting the day after CLP. The purpose
was to simulate the ICU environment, where patients are often
bedbound with limited mobility. MDSCs were isolated using a
CD11b*Gr1* positive selection (EasySep' Mouse MDSC (CD11b
+Gr1+) Isolation Kit, StemCell, Cambridge, MA, USA) according to
manufacturer’s instructions and as we have described previously
(21). Our rationale for using CLP + DCS is that it is an established
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model designed to better recapitulate the prolonged physiologic and
psychologic stressors of the ICU environment and to induce
durable postSsepsis immune dysregulation (31). For clarity, we
refer to this CLP + DCS model throughout as ‘sepsis’; however, all
inferences are limited to the CLP + DCS condition and the
loci assayed.

Single-cell RNA sequencing

Splenocytes were obtained and counts were quanti ed using a
Cellometer ™ Auto 2000 Cell Viability Counter (Nexcelom
Bioscience, Lawrence, MA). One million cells with a minimum of
85% viability were obtained for scRNA-seq using 10x Genomics
chemistry (Chromium X instrument, Pleasonton, CA) as described
in the companion paper (Rodhouse et al.).

Methyltransferase accessibility protocol for
individual templates combined with ap-
enabled next-generation capture
epigenetic analysis

MAPIit-FENGC is a validated method that allows for
simultaneous single-molecular level analysis of methylation and
accessibility at target promoter and enhancer regions (28, 29). One
million cells from each mouse were washed with ice-cold PBS, pH
7.2. Cells were centrifuged at 1,000 x g for 5 minutes then washed in
ice-cold cell resuspension buffer (20 mM HEPES, pH 7.5, 70 mM
NaCl, 0.25 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 0.5
mM ethylene glycol tetraacetic acid (EGTA), pH 8.0, 0.5% (w/v)
glycerol, with freshly supplemented 10 mM dithiothreitol and 0.25
mM phenylmethylsulfonyl uoride). Cells were centrifuged at 1,000
x g for 5 minutes before being resuspended with 92 ni of
resuspension buffer containing 0.5% (w/v) digitonin, followed by
staining with trypan blue to ascertain 100% permeabilization. Cells
were then treated with 100 U M.CviPI GpC methyltransferase (32)
(100 U/million cells; New England Biolabs, M0227B-HI) with
freshly added 160 uM S-adenosyl-L-methionine for 15 minutes at
37 °C. The reaction was terminated using an equal volume of 10
mM EDTA, 100 mM NacCl, and 1% (w/v) SDS followed by a quick
vortex at medium speed. The nuclei were treated with 100 pg/ml
RNase A for 30 min at 37 °C followed with 100 ug/ml proteinase K
treatment at 50 °C overnight. Extraction of genomic DNA was
conducted using phenol-chloroform-isoamyl alcohol (25:24:1, v/v)
phase separation, which was followed by ethanol precipitation, then
resuspension in molecular-grade H,O.

The full FENGC targeted enrichment methodology for
concurrent pro ling of chromatin accessibility and CpG
methylation can be found at Zhou et al. (29). Brie vy, a total of 98
target promoters from immune-related genes were located using the
transcription start site (TSS) and ENCODE annotations from the
mm10 genome assembly. Capture and enrichment of the 98 target
sequences was conducted with a total of 294 oligonucleotides ( ap
oligos 1 and 2, as well as nested oligos 3). The gene promoters,
sequences of the targeted regions, and oligos used for FENGC
sequence enrichment are catalogued in Supplementary Table 1. All
three oligos for each target (4 nmole each) were ordered as 100 mM
salt-free solutions in 96-well format (Euro ns Genomics, KY, USA).
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After FENGC sequence enrichment, enzymatic deamination of
cytosines to uracil, and PCR ampli cation, the amplicons were
puri ed and submitted to the University of Florida Interdisciplinary
Center for Biotechnology Research (UF-ICBR, RRID: SCR_019152)
for SMRTbell library construction (Paci ¢ Biosciences, Menlo Park,
CA). Libraries were sequencing on a PacBio SEQUEL Ile
instrument by UF-ICBR. The library pool was loaded at 120 pM,
using diffusion loading and 20- to 30-hour movies with high- delity
(HiFi) generation and demultiplexing. Sequencing Kit 2.0 (PacBio,
101-389-001) and Instrument Chemistry Bundle Version 11.0 were
used with all other steps being performed using recommended
protocol by the PacBio sequencing calculator.

For epigenetic analysis, HiFi circular consensus sequences
(CCS) were generated using default parameters, except for a
setting of 5 single polymerase read passes. CCS reads were
aligned to the mm10 reference sequences using the Python
reAminator pipeline (33). Cut-offs of 95% C-to-U conversion and
95% length of reference sequences alignments were applied. To
unambiguously distinguish endogenous CpG methylation from
M.CviPI-probed GpC methylation, GCG sites were removed from
calculation of HCG and GCH methylation (where H = A, C, or T).
Methylscaper (34) was used to generate tri-colored single-molecule
heatmaps and averaged percent methylated HCG and GCH.

Statistical analyses

To assess epigenetic differences across the assayed promoters in
CD11b*Gr1* MDSCs isolated from murine spleens, we used two
types of data matrices (1): endogenous CpG methylation (HCG sites)
and (2) GpC methylation representing chromatin accessibility (GCH
sites). After ltering read quality for ~ 95% conversion rate and
95% length of reference, each promoter target in each sample was
further Itered for > 25 reads. For each sample, separate matrices of
percent methylation across covered HCG and GCH sites were
generated and Itered to retain loci with 25 informative reads.
Principal component analysis (PCA) was conducted using base R’s
prcomp() function without imputation. Targets were not used in the
PCAs if < 2 samples per cohort had data passing the Iters. PCA
analysis of target reads exceeding all quality measures revealed a far
outlier data point, corresponding to one young naive mouse, reducing
this group from n = 3 to n = 2. The data for this sample was removed
for generation of the PCA plots shown in Supplementary Figures 1, 2
and all male methylscaper images in Supplementary File 2.

Single-molecule accessibility and methylation patterns were
visualized and summarized for each sample and target using the
Methylscaper v1.13.3 R package (34). Line plots of group-averaged
chromatin accessibility and methylation across genomic positions
were separated by sex, disease, and age groups using averages
calculated by the methyl_average_status function with a 50-bp
window size.

Results

Exposure of mice to CLP + DCS induced widespread
reorganization of chromatin accessibility and CpG methylation
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across a targeted panel of in ammatory, metabolic, and
differentiation-associated promoters in splenic CD11b*Gr1* cells,
with additional age- and sex-dependent strati cation of chromatin
states. More speci cally, multiple gene promoters showed increased
accessibility paired with reduced methylation, a con guration
associated with transcriptional activation. Other loci
demonstrated persistent closure and hypermethylation, consistent
with durable repression. This dichotomy de ned nine distinct
promoter classes, of which Classes 1-4 re ected sepsis-induced
opening, whereas Classes 5-7 and Classes 8, 9 captured states with
persistently closed (likely repressed or silenced) and constitutively
open (likely expressed) chromatin, respectively. Importantly, these
patterns (across the assayed promoters) were evident regardless of
host age or sex, underscoring sepsis itself as the primary driver of
epigenetic reprogramming.

Epigenetic structure separates MDSCs by
sepsis, age, and sex

Principal Component Analysis (PCA) of MAPit-FENGC
single-molecule data across the assayed loci revealed clear
distinctions (out to four PCs) in the epigenetic landscape of
CD11b*Gr1" splenic MDSCs based on sepsis exposure, age, and
sex (Supplementary Figures 1, 2). In PCA of endogenous CpG
methylation (Supplementary Figure 1), septic mice formed distinct
clusters compared to naive controls. Notably, after sepsis, the
greatest divergence in CpG methylation patterns was observed in
older adult females relative to younger females and males of both
ages, suggesting age- and sex-dependent remodeling of the
methylome. When PCA was restricted to GpC methylation
(chromatin accessibility) data (Supplementary Figure 2), sepsis
again drove marked separation, particularly among female
samples. Septic females (both young and older adult) clustered
distinctly from their naive counterparts, whereas MDSCs derived

TABLE 1 Gene promoters grouped by epigenetic class.

Epigenetic
class

Representative gene promoters

10.3389/fimmu.2026.1750174

from all adult males displayed a more intermediate shift. These data
suggest that accessibility at the pro led promoters is altered after
CLP + DCS, with larger shifts observed in female samples in
this cohort.

Distinct promoter accessibility classes exist
in MDSCs following sepsis

Unsupervised clustering analysis (34) of individual MAPit-
FENGC promoter copies revealed nine promoter classes (Classes
1-9) in splenic CD11b*Gr1* MDSCs, each with characteristic
chromatin accessibility and DNA methylation patterns across
conditions (Table 1). These classes captured a range of promoter
architectures across this targeted dataset and demonstrated age-
and sex-associated differences in endogenous CpG methylation,
accessibility, or both at speci c¢ loci. Here, we describe qualitative
trends for each class, highlighting how sepsis-induced chromatin
accessibility (nucleosome-free regions, NFRs) and DNA
methylation changes vary by promoter class, age, and sex.

Sepsis induces NFRs at many promoters
(Classes 1-4)

Several promoter classes exhibited marked chromatin opening
due to nucleosome sliding/eviction in response to our sepsis model.
A single Class 1 promoter, S100a9 (encoding the calcium-binding
protein A9, a key MDSC protein that regulates MDSC traf cking,
expansion, and activation, as well as acting as an alarmin) (35, 36),
showed striking, sepsis-driven increases in accessibility (at GCH
sites; each mouse, right within each pair of panels; yellow color;
Figure 1A). Large NFRs, with peak accessibility upstream of the
transcription start site (TSS), formed on $S100a9 promoter copies in
all six total mice in both the septic female (Figure 1A,
Supplementary File 1; promoter copies with NFRs enclosed by

Accessibility

1 $100a9 Opened in all sepsis groups, but greatest in older females
Partial DNA demethylation (of low levels of methylation)
2 Ccl3, Cxcr2, Len2, Lgals9, Nos2, Ptgs2, Rnase2a Opened only in septic old females and septic young and old males
3 Mmp8, $100a8 Opened in all sepsis groups
4 Fyb Opened more in septic females (young and older)
Baseline levels of endogenous DNA methylation
5 Dab2, Empl, F7, Lyz1l, Mmp19, Pmp22, Retn, Serpinala, Vnn1, Vsig4 Closed in all conditions but more closed in septic old female and
septic males (young and old)
Highest levels of endogenous DNA methylation
6 Ambp, Ccl5, Cd9, Cxcl3, Fabp7, Fgr, Gpnmb, Kdméb, Lgals2, Mmp9, Serpinel Lose accessibility in older sepsis
Opened in young sepsis and naive as well as older naive
Intermediate levels of endogenous DNA methylation
7 Car4, Ccl17, Gprebb, Htr2a, Igkv12-44, Igkv4-69, 1110, Mt2, Plac8, S100a10, Lose accessibility in older sepsis
Stabl, Tmem176a, Vcan Opened in young sepsis and naive as well as older naive
Low levels of endogenous DNA methylation
8 Atf6, Cd274, Hdac3, 111r12, 1l4ra, Nfkbiz, Vdr Open in all conditions, with age-dependent partial closure
9 Tet2 Opened in all conditions, sepsis and naive

TABLE 1 Class behaviors re ect patterns within the assayed promoter panel and the CLP + DCS model.
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blue rectangles) and male (Supplementary File 2) cohorts, except for
one young septic mouse of both sexes (PS7YF1 and PS7YMB3).
These NFRs were characterized by promoter copies with
continuous spans of accessible GCH of variable length—some
extending across the entire 523 bp assayed region. This contrasts
with the more random or diffuse accessibility over the $100a9
promoter in naive mice (and mice PS7YF1 and PS7YM3 that did
not mount a sepsis response at this promoter) characteristic of
linkers in randomly positioned nucleosome arrays.

The magnitude of S100a9 NFR formation in Class 1 was
modulated by sex and age. In MDSCs isolated from females, older
septic mice had signi cantly more extensive S100a9 promoter
opening than young septic females (Figure 1A), whereas male
MDSCs showed robust S100a9 NFR formation in sepsis

10.3389/fimmu.2026.1750174

regardless of age (though slightly less pronounced than in
females) (Supplementary File 2). In septic mice, $100a9
demonstrated increased average chromatin accessibility in older
adult females compared to young adult females and older adult
males, with older females showing the largest NFRs and greatest
fraction of molecules with NFRs (indicating a higher proportion of
cells with an open promoter; Figure 1B). This Class 1 promoter had
moderate levels of CpG methylation in naive mice that underwent
partial demethylation in septic mice, in line with an activated
chromatin state (Figure 1C).

Class 2 promoters also gained accessibility in septic conditions
but in a more context-dependent manner. Speci cally, Class 2
chromatin opened (NFRs appeared) in older adult female sepsis
and in male sepsis (both young and older), but not in young female

A Class 1 promoter: S100a9 B Average chromatin accessibility S100a9
Young Naive Young Sepsis Old Naive Old Sepsis Female Male
r r
Condition
= Naive
- | = Sepsis
* |Age
= Old
= Young
0 100 200 300 E’D(;Sitionsiul': t;rget (t;?:) 20 abo 400 500
C Average DNA methylation S100a9
Female Male
% Condition
z = Naive
‘g = Sepsis
Age
;‘7’ - |=0ow
[ wYoung
) <
ion in target (bp) E) 150 %0 350 450 0 150 250 %0 450
HCG GCH HCG GCH HCG GCH HCG GCH Position in target (bp)
D Class 2 promoters: Cxcr2 E Average chromatin accessibility Cxcr2
Young Naive Young Sepsis Old Naive Old Sepsis Female Male
r r r 061
§ 054 Condition
8 041 = Naiive
3 7« | = Sepsis
© 4 .
S Age
8 02 = Old
] o = Young
< ¥
Position in target (bp)
F Average DNA methylation Cxcr2
Female Male
s 075+
% /' |Condition
= = Naive
E 050+ = Sepsis
Age
%025- = Old
E 3 wYoung
rRary = [ e S .
Position in target (bp) E) 150 250 %0 450 E) 150 250 %0 450
HCG GCH HCG GCH HCG GCH HCG GCH Position in target (bp)
FIGURE 1

Class 1 and 2 promoters exhibit robust sepsis-induced chromatin accessibility, with age- and sex-speci c differences and partial demethylation
across MDSC subsets. (A) Representative single-molecule MAPit-FENGC plots for selected Class 1 promoters, showing simultaneous pro ling of
endogenous CpG methylation (HCG, left of each pair of panels, red) and in vitro GpC methylation (GCH, right of each pair, yellow) in Grl™ MDSCs
from four experimental groups: Young Naive, Young Sepsis, Older Naive, and Older Sepsis, all from female mice. Each horizontal line represents a
unique DNA molecule, with the total number indicated on the y-axis. Black and gray marks denote methylated cytosines, while yellow marks
indicate unmethylated (open or accessible) cytosines. Promoters are organized by gene and condition; Class 1 promoters were de ned by consistent
nucleosome-free region (NFR) formation (highlighted by blue boxes) in all septic groups, which co-localizes with the TSS (arrow). The black bar on
top of the base pair scale is the size of a nucleosome particle (147 bp). Particularly robust NFRs are observed in Older Sepsis conditions, especially in
females. (B) Average chromatin accessibility (GpC methylation) across the same S100a9 region, plotted separately for females (left) and males (right).
(C) Average endogenous CpG methylation levels across the S100a9 promoter. In (B) and (C), thin lines represent the average methylation at each

GCH and HCG site in individual mice, respectively, whereas thicker lines represent the mean across the n = 2 or 3 samples in each cohort that
passed Iters. (D—F) Equivalent plots for the Class 2 promoter genes Cxcr2 in Grl* MDSCs.
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sepsis. This pattern indicates that young females failed to open these
promoters unless aged, whereas males of either age mounted an
increase in accessibility. When present, the overall degree of NFR
formation (length and fraction of promoter copies) for Class 2 genes
was similar in females but more variable in males. A representative
Class 2 gene is Cxcr2 (Figure 1D, Supplementary Files 1, 2; encodes
C-X-C chemokine receptor type 2, traf cking and facilitating the
suppressive function of MDSCs within in amed tissue) (37). In
MDSCs from septic hosts, the Cxcr2 promoter remained
nucleosome-occupied (by randomly positioned nucleosomes) in
young females but showed clear NFR formation at the TSS in older
females (and in males of both ages). Concordantly, Cxcr2 and other
Class 2 promoters (e.g., Nos2, Ptgs2) exhibited low-to-moderate
DNA methylation (at HCGs; left; red color) that either remained
stable or slightly decreased with sepsis in the responsive groups
(Figure 1D, Supplementary Files 1, 2). The requirement of advanced
age for female MDSCs to demonstrate open Class 2 loci, versus no
such requirement in males (Supplementary File 2), highlights a
female-speci ¢ age dependency in epigenetic activation of this
promoter set. Average chromatin accessibility at the Cxcr2 locus
was signi cantly increased in septic older adult mice, particularly
females, consistent with an epigenetic state favoring enhanced
expression (Figure 1E). This accessibility gain was not
accompanied by substantial changes in DNA methylation
(Figure 1F), which remained uniformly low upstream of the TSS
across groups, suggesting a permissive chromatin environment at
baseline, with further inducibility following septic challenge.

Class 3 promoters were broadly responsive to sepsis across all
cohorts, showing no signi cant sex- or age-dependent differences in
accessibility. These loci, e.g., S100a8 (S100A8 acts similarly to
S100A9) (35) and Mmp8 (MMP8 facilitates MDSC mobilization
and migration, as well as the immunosuppressive environment)
(38), contained NFRs in some cells at baseline and formed NFRs in
more cells and/or of increased length after septic shock. However,
the NFRs formed to similar extents in MDSCs from septic hosts in
males and females and in both young and older mice. Consequently,
Class 3 represents a core set of promoters that are consistently
opened by sepsis irrespective of host age or sex. Notably, this
pattern was observed even in septic mice (PS7YF1 and PS7YM3)
that did not exhibit chromatin remodeling at Class 1 and 2
promoters. DNA methylation of Class 3 promoters was generally
low to intermediate and showed modest changes (often slight
demethylation), if any, upon sepsis. The uniform NFR formation
at these sites suggests they may drive fundamental sepsis-responsive
genes in MDSCs that are required in all populations. For instance,
S100a8 (encoding S100 calcium-binding protein A8) promoter
exhibited equivalent accessibility gains in septic males and
females, young and older (Supplementary Files 1, 2), mirroring
the behavior of its Class 1 counterpart S100a9, but without the
older-female bias. Similarly, Mmp8 (encoding matrix
metalloproteinase-8) opened consistently in all septic groups,
forming an NFR at the TSS (Figure 2A, Supplementary Files 1, 2).
Concomitantly, compared to naive mice, septic mice (older females
in particular) showed increased inaccessibility upstream and
downstream of the region of TSS accessibility at the Mmp8
promoter (Figure 2B). Thus, Class 3 promoters highlight sepsis-
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induced epigenetic changes that are common to both sexes and
ages, representing an invariant component of the MDSC response
to sepsis. The sepsis-induced increase in chromatin accessibility at
Mmp8 promoter was not associated with true DNA demethylation
(Figure 2C; apparent demethylation of two HCG sites between map
positions 100-200 bp is due to off-target methylation by M.CviPI of
the second cytosine in accessible CCG sites (regions highlighted
red)). Open chromatin in naive mice of both sexes and ages suggests
enhanced transcriptional readiness.

In contrast, a single Class 4 promoter displayed a clear sex-
speci ¢ accessibility pattern. This promoter, Fyb, drives expression
of transcript encoding adhesion and degranulation adaptor protein
(ADAP), a signaling adaptive protein hypothesized to support
MDSC migration, T-cell suppressive activity, and survival (39).
Fyb promoter demonstrated TSS-localized NFRs in older and young
adult naive mice (Figure 2D), which showed an increased number
of NFR-containing MDSCs from septic female mice of both ages. As
observed at Mmp8, regions upstream and downstream of the
accessibility peak at the Fyb TSS in naive mice became
inaccessible after septic shock (Figure 2D). In contrast, septic
males (older or young) showed little to no detectable increase in
chromatin opening (and less concomitant protection) beyond the
initial accessibility of the Fyb TSS region in naive male mice of both
ages. The average chromatin accessibility plot, particularly in female
mice, reveals increased and decreased accessibility in MDSCs from
septic mice compared to naive controls over the TSS region and
upstream regulatory elements of Fyb, respectively (Figure 2E).
Considering average CpG methylation at ACG and TCG sites
(i.e., excluding off-target methylation by M.CviPI of accessible
CCG (shaded red)), Fyb promoter showed low background levels
of methylation at most CpG sites in all cohorts, consistent with an
epigenetic landscape that supports transcriptional activation in
females (Figure 2F). The absence of any chromatin changes in
males, despite an adequate sepsis insult (as veri ed by other classes),
emphasizes a sex divergence in epigenetic regulation, with
preferential activation of the Class 4 locus in MDSCs from female
mice during sepsis.

Persistently closed promoters remain
refractory to induction in sepsis (Classes 5-7)

In contrast to the sepsis-inducible classes above, chromatin at
Class 5-7 loci was closed with no formation of an NFR in any group
(naive or septic, male or female, young or older). Instead,
accessibility was limited to relatively short linkers distributed
across each promoter, indicating that their DNA was packaged
into arrays of randomly positioned nucleosomes. Notably, linker
accessibility in Class 5-7 promoters decreased in MDSCs isolated
from septic mice (older females and males) and young septic male
mice. Therefore, Classes 5-7 represent promoters that underwent
sepsis-speci ¢ loss of linker accessibility in an age- and sex-driven
manner, contrasting with the NFR formation observed in Class 1—-
4 promoters.

The distinction between Classes 5, 6, and 7 lies in their DNA
methylation status: Class 5 promoters were generally characterized
by high levels of endogenous DNA methylation at all CpGs (HCGs)
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Class 3 promoters are consistently accessible in sepsis across all age and sex groups, and Class 4 promoters are activated by sepsis in females only.
(A) Single-molecule MAPit-FENGC plots for Class 3 genes (e.g., Mmp8), showing HCG (left) and GCH (right) signals across Young/Older Female
MDSCs. Sepsis induces NFRs in all septic conditions, regardless of age. The gure is annotated as in Figure 1. (B) Average chromatin accessibility
(GpC methylation) across the same region, plotted separately for females (left) and males (right). (C) Average endogenous CpG methylation levels
across the promoter. (D-F) Equivalent plots for the Class 4 promoter Fyb. Red shading in (C) and (F) marks segments of the curves that overlap CCG
sites, where off-target methylation by the GpC chromatin-probing enzyme can elevate apparent methylation levels but likely re ects chromatin

(hypermethylation), which is consistent with a silenced state; Class
6 promoters exhibited moderate-to-high CpG methylation
(typically showing little to no demethylation); and Class 7
promoters had low baseline methylation. Despite these
differences, all three classes suggest a sepsis-speci ¢ loss of
accessibility in older mice (male and female), and to a lesser
extent, in young adult male mice.

Representative Class 5 genes include Lyz1 (lysozyme 1), Retn
(resistin), and F7 (coagulation factor VII), among others
(Figures 3A-C, Supplementary Files 1, 2). After sepsis, these
promoters exhibited minimal changes in DNA methylation but
showed decreased linker accessibility, speci cally, in older adult
mice (both sexes) and in young males. For example, Lyz1 promoter
remained highly methylated, with no visible formation of large
NFRs capable of supporting active transcription in MDSCs from
either naive or septic mice. Similarly, Retn showed no NFR
formation in any condition, although its methylation level
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declined slightly in older sepsis compared to older naive animals
(Supplementary Files 1, 2).

Exemplifying Class 6, the promoter of Serpinel (Figures 3D-F,
Supplementary Files 1, 2), encoding the brinolytic serine protease
inhibitor Pai-1 (a protein that in uences MDSCs abundance and
activity, often promoting immunosuppression and tumor growth)
(40), was occupied by arrays of randomly positioned nucleosomes
in naive control mice (Figure 3D). Similar to Class 5 promoters,
much of this characteristic linker accessibility was diminished in
MDSCs from older septic mice. Average chromatin accessibility
plots show that Serpinel is less accessible in septic groups,
particularly in older mice, and to a lesser extent, young males,
compared to their naive counterparts (Figure 3E). No true DNA
demethylation was detected (Figure 3F; the apparent demethylation
of ve CpG sites near map position 423 bp in MDSCs from some
septic mice is due to off-target methylation by M.CviPI at accessible
CCG sites (region highlighted red)). Despite baseline CpG
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FIGURE 3

Class 5—7 promoters possess varying levels of DNA methylation but are all packaged into arrays of randomly positioned nucleosomes, where linkers
lose accessibility in Older Sepsis only. (A) MAPit-FENGC plots of Lyz1 showing no detectable NFRs in any condition across MDSCs from young/older
female mice. HCG and GCH signals indicate high methylation and random nucleosome positioning. The gure is annotated as in Figures 1, 2.

(B) Average chromatin accessibility (GpC methylation) across the same region, plotted separately for females (left) and males (right). (C) Average
endogenous CpG methylation levels across the promoter. (D-F) Equivalent plots for the Class 6 Serpinel promoter. (G-I) Equivalent plots for the
Class 7 Vcan promoter. Red shading in (F) and (I) marks segments of the curves that overlap CCG sites, where off-target methylation by the GpC
chromatin-probing enzyme can elevate apparent methylation levels but likely re ects chromatin accessibility rather than genuine CpG methylation.

methylation at the Serpinel TSS (map position 205-367 bp), the  supporting active transcription. Given the role of Serpinel in
chromatin state of the Serpinel promoter is consistent with strong  in ammation, tissue remodeling, and coagulopathy, this
transcriptional silencing due to occupancy by randomly positioned  decreased accessibility may re ect impaired in ammatory
nucleosomes and absence of suf ciently large NFRs capable of  reprogramming of MDSCs during sepsis.
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