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Alexander Simoni{~ 12315 Sepastian J Theobald*!® Anna E Kocl'®' 2, Ram Mummadavarapi® 4,
Julie M Mudler'®*2 Andromachi Pouikti Ulrike Gobé€l, Richard Actor.® 56, Sandra Wintet?
Alexandra Albu$? Dmitriy Holzmanni? Marie-Christine Albert’, Michael Hallek? Henning Walczal=>'>"#
Thomas Ula8'*! Manuel Kock2 712 Peter Tessar.”*>2 Robert Hansel-Hertsc.>/25141516 &

Jan Rybnike/9%2210 g
)
&
&
Abstract Introduction E
=
ki
Immune memory plays a critical role in the development of durable SARS-CoV-2 mRNA vaccines have been essential in controlling theZ
antimicrobial immune responses. How precisely mRNA vaccines coronavirus disease 2019 (COVID-19) pandemic (Baden et alé
train innate immune cells to shape protective host defense 2023 Polack et al202Q Yang et al2023. How exactly these novel
mechanisms remains unknown. Here we show that SARS-CoV-2 vaccine constructs, which driveRNA-dependent expression of %
mRNA vaccination signicantly establishes histone H3 lysine 27 the SARS-CoV-2 spike protein (SP), activate different layers of theg
acetylation (H3K27ac) at promoters of human monocyte-derived innate and adaptive immune system remains not fully understood @
macrophages, suggesting epigenetic memory. However, we found (Verbeke et al202). There is strong evidence that pathogen- &
]

that two consecutive vaccinations were required for the persis- specic immune responses require durable activation of innate S
tence of H3K27ac, which matched with pro-inammatory innate  immune cells, such as macrophages or dendritic cells via adjuvantsf
immune-associated transcriptional changes and antigen-mediated and pathogen-associated molecipatterns (PAMP). The quality, §
cytokine secretion. H3K27ac at promoter regions were preserved quantity and extent of innate immune cell activation dictates long- @
for six months and a single mRNA booster vaccine potently lived memory responses of adaptive immune cells such as B and3
restored their levels and release of macrophage-derived cytokines. T cells (Fitzgerald and Kaga?)2Q Iwasaki and Medzhitoxz01G
Interestingly, we found that H3K27ac at promoters is enriched for Sonnenberg and Hepwort@p19.

G-quadruplex DNA secondary structure-forming sequences in Recently, we were able to show that both SARS-CoV-2 infection§

q

1} G202

macrophage-derived nucleosome-depleted regions, linking epige- and mRNA vaccination prime human monocyte-derived macro- g
netic memory to nucleic acid structure. Collectively, these ndings  phages for potent secretion of pro-emmmatory cytokines follow- §
reveal that mMRNA vaccines induce a highly dynamic and persistent ing restimulation with the SARS-CoV-2 SP ex vivo (Theobald et al, g
training of innate immune cells enabling a sustained pro- 2027 Theobald et al2029. In our studies, we focused on the key 8
in ammatory immune response. cytokine interleukin-1 (IL-1 ), which we linked to macrophage- o
driven activation of effector meory T cells using autologous co- %
Keywords Epigenetic Memory; Trained Innate Immunity; SARS-Cov-2 culture experiments (Theobald et &02). Secretion of IL-1 8
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Received 15 June 2023; Revised 10 February 2025; play a key role in transmitting stimulatory signals between innate
Accepted 24 February 2025 and adaptive immune cells (Tahtinen et &022 Van Den
Published online: 25 March 2025 Eeckhout et al,202Q. Surprisingly, we found SP-dependent

Department | of Internal Medicine, Faculty of Medicine and University Hospital Cologne, University of Cologne, Cologne 50937, Geffenter for Molecular Medicine
Cologne (CMMC), Faculty of Medicine and University Hospital Cologne, University of Cologne, Cologne 50931, Geri@angnan Center for Infection Research (DZIF), Partner
Site Bonn-Cologne, Cologne, Germanjlax Planck Research GroufChromatin and Ageintj Max Planck Institute for Biology of Ageing, Joseph-Stelzmann-Str. 9b, Cologne
50931, Germany®Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of Cologne, Cologne, GBaheadyam Institute,
Cambridge, UK’Institute of Biochemistry |, Faculty of Medicine, University Hospital Cologne, University of Cologne, Cologne, Gerf@amyer for Cell Death, Cancer and

In ammation, UCL Cancer Institute, University College London, London, United Kingt®ystems Medicine, German Center for Neurodegenerative Diseases (DZNE), University
of Bonn, Bonn, Germany’PRECISE Plattform for Single Cell Genomics and Epigenomics, DZNE, University of Bonn, Bonn and West German Genome Center, Bonn, Germany.
Genomics and Immunoregulation, Life & Medical Sciences (LIMES) Institute, University of Bonn, Bonn, Getfiretijute for Dental Research and Oral Musculoskeletal Biology,
Center for Dental, Oral and Maxillofacial Medicine (central facilities), Medical Faculty and University of Cologne, Cologne, Gerfitepartment of Human Biology, Radboud
Institute for Molecular Life Sciences, Faculty of Science, Radboud University, Nijmegen, The Netheff@egsartment of Translational Genomics, Faculty of Medicine and
University Hospital Cologne, University of Cologne, Cologne, Germatystitute of Human Genetics, University Hospital Cologne, Cologne, Germ#fifiese authors
contributed equally: Alexander Simonis, Sebastian J Theobald, Robert Hansel-Hertsch, Jan RybB#weail:robert.haensel-hertsch@uni-koeln.gdan.rybniker@uk-koeln.de

© The Author(s) Molecular Systems Biologplume 21 | Issue 4 | April 2025 | 341360 341


http://crossmark.crossref.org/dialog/?doi=10.1038/s44320-025-00093-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44320-025-00093-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44320-025-00093-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44320-025-00093-6&domain=pdf
http://orcid.org/0000-0003-2945-9897
http://orcid.org/0000-0003-2945-9897
http://orcid.org/0000-0003-2945-9897
http://orcid.org/0000-0003-2945-9897
http://orcid.org/0000-0003-2945-9897
http://orcid.org/0009-0003-1593-9715
http://orcid.org/0009-0003-1593-9715
http://orcid.org/0009-0003-1593-9715
http://orcid.org/0009-0003-1593-9715
http://orcid.org/0009-0003-1593-9715
http://orcid.org/0009-0009-4244-8982
http://orcid.org/0009-0009-4244-8982
http://orcid.org/0009-0009-4244-8982
http://orcid.org/0009-0009-4244-8982
http://orcid.org/0009-0009-4244-8982
http://orcid.org/0000-0003-1378-9648
http://orcid.org/0000-0003-1378-9648
http://orcid.org/0000-0003-1378-9648
http://orcid.org/0000-0003-1378-9648
http://orcid.org/0000-0003-1378-9648

Molecular Systems Biology Alexander Simonis et al

maturation of IL-1 to be highly selective with no or very little IL- cell$ typical lifespan (Theobald et @021 Theobald et aR023. These
1 secreted in stimulated macrophages of non-vaccinated or SARBhenotypic studies primarily relied on restimulation of macrophages
CoV-2 non-infected individuals. Furthermore, vaccination-inducedwith the af nity-puri ed SARS-CoV-2 spike protein (SP) ex vivo. To
macrophage priming could be enhanced with repetitive antigemvestigate in detail whether SARS-CoV-2 mRNA vaccination induces a
exposure following the second SARS-CoV-2 mRNA vaccinationomprehensive and non-specireprogramming of monocyte-derived
(Theobald et al202). After a transient decline of macrophage macrophages, which is a key chaggstic of innate immune memory,
responsiveness, we observpdtent secretion of IL-1 from we performed extensive restimulation assays with diverse PAMPs and
macrophages after the third (second booster) vaccination, whictlanger-associated molecular patsgfRAMP) targeting multiple pattern
was applied after six months. Consequently, the data suggest thratognition receptors (FiglA,B). Exploiting our large longitudinal
monocyte-derived macrophages maintain durable alterations farohort of SARS-CoV-2 mRNA-vaccinated individuals, veeevaluated
several months following SARS-CoV-2 mRNA vaccination, despitihe magnitude of IL-1 secretion in macrophages incubated with single-
the fact that circulating monocytes have a lifespan that typicallgtranded RNA (ssRNA) (Toll-like receptor (TLR) 7 and TLR8 agonist),
does not exceed seven days (Whiteld®66. Recent studies zymosan (TLR2 and Dectin-1 agonist), and Pam3CSK4 (TLR2/TLR1
primarily performed in mice, found that innate immune cells agonist) (Dataset EV1). By stimutaji monocyte-derived macrophages
maintain long-lived epigenetic memory following exposure tofrom vaccinated individuals befox@ccination (t0), 2 weeks after the
pathogen-derived antigens, allowing for rapid and potent responsesst (t1) and second (t2) vaccination as well as 10 weeks after the secon,
towards subsequent challenges. This innate immune memory, alsaccination (t3), we observed an increase of secreteddbripared to
termed trained innate immunity, has been linked to long-livedtO (Fig. 1C-E). Of note, for all receptor ligands used, statistically
chromatin modi cations in hematopoietic progenitor cells, which signi cant IL-1 levels were only observed 2 weeks after the second
serve as epigenetic marks allowing mature innate immune cells t@ccination (t2) indicating that a prime-boost regimen is required for
rapidly adjust their transcriptional prde in response to pathogen- substantial activation and reprogramming of macrophages. For cells2
derived antigens (Netea et a)16. stimulated with sSSRNA, reactivitgmained preserved for up to 10 weeks
Notably, epigenetic remodeling extends beyond chromatimfter the second vaccination (FigC).
modi cations and has also been linked to alternative DNA IL-1 secretion induced by the different receptor ligands which
secondary structures. Human DNA can adopt G-quadruplex (G4yvere used for ex vivo stimulation is associated with activation of
structures in repetitive elements, such as telomeres, as well asilnammasomes and pyroptosis, a highly proammatory form of
nucleosome-depleted regions, particularly at highly transcribedrogrammed cell death characterized by membrane rupture (Man
genes (Bif et al,2013 Hansel-Hertsch et ab016 Hansel-Hertsch et al,201%. To con rm that additional pro-inammatory pathways
et al, 2020. G4 DNA has been associated with epigenetiare primed in monocyte-derived macrophages of vaccinated indivi-
remodeling and the regulation of innate immune responsesluals, we performed multiplex cytokine analyses of SP-stimulated3
(Guilbaud et al2017 Makowski et al2018 Miglietta et al202). macrophages showing that several cytokines and chemokines (TNF- o
Epigenetic modications have been observed following vaccinaiL-36, CCL3, CCL20, CCL4, CXCL1) were sigantly elevated in
tion using Bacillus Calmette-Guérin (BCG), a live-attenuated vaccingupernatants of macrophages at t2 compared to those isolated fron$3
derived from Mycobacterium bovis, which is primarily used for unvaccinated individuals (FigsF-I and EV1A,B). Other analytes,
tuberculosis prevention. This vaccine has been shown to induseich as CCL7, CXCL13, and CXCL10 were not affected by S
epigenetic changes and enhance innate immune memory (Sun et stimulation in macrophages at t0 and t2 (Fig. EVEL
2029. It is postulated that this memory response may also confer Finally, to demonstrate the essential role of the master regulator
protection against non-related infectious diseases (Kaufmann et aluclear factor‘kappa-light-chain-enhancernf activated B cells
2018 Kleinnijenhuis et aR019. Similar examples were provided for (NF- B) in cytokine secretion of stimulated macrophages, we
other live-attenuated vaccines such as vaccinia virus or thefirza  treated t2 macrophages with KINK-1 (kinase inhibitor of -NB)
vaccine (Sanchez-Ramon etz019. Whether inactivated vaccines and quantied IL-1 in the cell supernatants. MCC950, a selective
or mRNA-based vaccines, which are believed to revolutionize futulLRP3 in ammasome inhibitor was used as a control substance.
vaccination strategies, lead to long-term alterations of innat8oth inhibitors abrogated IL-1secretion in response to all three
immune cells with corresponding epigenetic alterations is unknowrreceptor agonizts signéantly (Fig. EV1FH).
Here we show that SARS-CoV-2 mRNA vaccines induce persistent Taken together, thesendings conrm that SARS-CoV-2
epigenetic and transcriptomic changes in monocyte-derived macrenRNA vaccination enhances the responsiveness of in vivo-
phages leading to an increased reactivity to a range of SARS-Co\ppimed macrophages to various immunological triggers, which is
related and non-related PAMPSs. mediated by NF B and in ammasome signaling. In our cohort,
two vaccinations were required for the release of sagmit
amounts of cytokines in stimuled cells suggesting the induction
Results of a memory response by thest priming vaccine in monocyte-
derived macrophages.
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Two SARS-CoV-2 mRNA vaccinations are required to
prime a broad pro-in ammatory immune response Cytokine responses match wi global transcriptomic
in macrophages changes in monocyte-derived macrophages of
vaccinated individuals
In previous studies, we could demonstrate that SARS-CoV-2 mRNA
vaccination and SARS-CoV-2 infection can lead to sigmit alterations  Intrigued by our observation that SARS-CoV-2 mRNA vaccination
in monocytes and monocyte-derivathcrophages that last beyond the broadly enhances the cytokine response to different PAMPs, we
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performed RNA-sequencing analyses of SP-stimulated and unssghift of the transcriptome indating a priming effect of the
mulated monocyte-derived macrophages at t0 and t2 to compreraccination of subsequent gene expression upon SP stimulation
hensively quantify the impact of vaccination on a genome-wid€Fig.2B; Dataset EV3). When comparing the transcriptome of SP-
transcriptional level. Here, we sérved substantial differences in stimulated cells of both groups (uaccinated versus vaccinated),
gene expression patterns between the different groups. Sthe two groups were clearly distinguishable based on their gene
stimulation of monocyte-derived macrophages from unvaccinatedxpression prdes (Fig.2C). Gene expression analysis in macro-
individuals (t0) induced only modate changes in gene expressionphages following SP stimulatioopmpared to unstimulated cells,
levels compared to unstimulated t0 cells (P&, Dataset EV2). In  revealed 2519 genes that were differentially expressede@éy a
contrast, SP stimulation of cells isolated at t2 led to a tremendouseg? fold change of +1 and an adjus®dalue < 0.05) exclusively in
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Figure 1. Cytokine release in macrophages following SARS-CoV-2 mRNA vaccination.

(A) Graphical illustration of the working hypothesis.B) Study design: Blood samples from healthy donors were collected in a longitudinal manner for monocyte isolation,
followed by differentiation to macrophages by cultivation with M-CSF and used for downstream applications including ex vivo stimulation expetsmeNA-seq- and
CUT&RUN analyses. Samples were collected prior (t0) and 2 weeks aftest vaccination (t1), 2 weeks after second vaccination (t2), which was applied 4 weeks after the
rst vaccination and 10 weeks after the second vaccination (t3). The upper graph illustratesflsdcretion at different time points upon stimulation with SARS-CoV-2
spike protein (SP) as shown in previous studiesC Monocytes were isolated by CD14selection from peripheral blood mononuclear cells (PBMCs). Cells were seeded
and incubated in the presence of M-CSF for 5 days. Differentiated macrophages were stimulated with SSRNAE035, t1:n = 28; t2: n=42; t3: n= 26), Zymosan (t0:
n=35, t1:in=28; t2: n=43; t3: n=26) (D) or PamyCsk, (t0: n= 35, t1:n=28; t2: n=44; t3: n=33) (E) for 4 h. IL-B secretion was quantied by ELISA. For statistical
analysis, one-way ANOVA with Dunnet multiple comparison test comparing 13 to t0 was used. (F) Monocyte-derived macrophages from unvaccinated (t0) (gray)
and vaccinated individuals (t2) (red) were generated, stimulated with SP (t0: dark gray dots; t2: dark red dots) or left unstimulated (tO: light gratspit2: light red dots) as
described in (). Concentrations of TNF, IL-36G), MIP-1a (CCL3) (H), and CCL20 (), were measured by multiplex analyses. For statistical analysis, two-way ANOVA
with Sidaks multiple comparison analysis was used. Box plots indicate the median, the upper and lower quartile and the minimum and maximum values. Shown déga poi
represent the technical mean of an independent experimePRtvalues less than 0.05 were considered statistically sigmiant. Source data are available online for thigure.

. . g . 3K27ac ratio changes at different time points. An example genome
macrophages derived from vaccinated individuals. In addition, 26 . S .
. . owser view highlights a moderate increase after thst
differentially expressed genes (DEGs) were shared between both ™~ . L
g vaccination (t1), followed by a substantial increase after the secon
groups, while only 50 DEGs were specto macrophages from

unvaccinated individuals (FigD). vaccination (t2), then a declining trend from t2 to t3 toward t4, and %
E
=

. nally a marked increase after the third vaccination (t5) (#g. To
Furthermore, gene enrichment analyses revealed a stron ) - . .

. . . . . systemically address H3K27ac alterations across time pointsstve
upregulation of genes associated with the innate immune respons

cytokine signaling and the defense response to viruses I(.;.;]bballyassessed the levels of H3K27ac enriched genomic regions I3y

macrophages from vaccinated individuals stimulated with SP ageak calling and associated these H3K27ac peaks by their closeg

. o . istance to annotated genes. Active enhancers are found in gen
€2, compared to those from unvaccinated individuals (EigF; bodies and in distal regulatory regions. To assess whether genef
Datasets EV4 and EV5). These observations further support our 9 Y Teg ’ geneg

hypothesis that mRNA vaccination induces a priming effectassouated peaks gain H3K27ac in enhancers or promoters m§

. - L fesponse to vaccination, we categorized H3K27ac peaks as (
enhancing transcriptional reactivity upon exposure to pathogen- o
associated stimuli ex Vivo promoter, 1 kb upstream to 250 bp downstream of transcription start

sites (TSS), (b) gene body, 251bp downstream of TSS t

S6105B4

. . . . =]

Vaccination instructs pesistent H3K27ac level in transcription end sites (TES), and (c) distal, more than 1_kb o2
100kb away from TSS and TES (Fulco et28l]19. Using this &

gene promoter - o . -
classication, we identied an overall expected short-term increase in g

. . . . H3K27ac levels after all vaccination time points (t1, t2, t5) in
Epigenomic changes of short-lived myeloid cells are necessary to . . ) . =
enhance innate immune signaling upon restimulation with PAMP&oromoters and enhancer regions, including gene bodies and d'StaEB
regions (Fig3B-D; Dataset EV6). Strikingly, at t4, 34 weeks after the [

and DAMPs as observed in our study (Kleinnijenhuis etal,2 o . L 2
Mitroulis et al,2018 Quintin et al,2012. The responsiveness of second vaccination (t2), we found persistent, not declining, H3K27ac3

. . . . . . ._level at gene promoters but not in gene bodies and distal regions o2
trained innate immune cells to time-delayed stimulation via . ; o 3

. . : . acrophages obtained from vaccinated individuals as opposed tay
epigenetic alterations represents one of the hallmarks of inna

. . . &
immune memory (Netea et a202Q Sherwood et aR023. These tﬁose who had not received the vaccine (Rigsand EV2A). This 3

alterations require chromatin remodeling mediated by hlstonestron_gly_sugggsts th?t promote_rs acquire an eplgene_tlc memory F’p‘)"%
. . . . . . vaccination. Pioneering transcription factors can actively or passivelyzs
modi cations such as acetylation or methylation which result in . - A . S
o oo . establish accessible chromatin in monocytes that drive gene®
transcriptional activation or repression (Foster et24l07 Saeed (=]

et al,20149. To examine these effects in individuals having receiveSXprEzS'tzt' dg:s/ge?nr;;&:gdhzreetsr?gzr;g;egozz ;g:g?;ﬁgccr;ﬁglo Iy tag
SARS-CoV-2 mRNA vaccines, we focused on histone 3 lysine y phag '

acetlation (H3K27ac) as a mar for active enhancers and L ¢ OREES B O SR SR e B e
promoters in monocyte-dered macrophages (Wang et a009. gnly ’ p ' P 9

. . . . for transcription factors (Hansel-Hertsch et2016 Hansel-Hertsch
To det the level and t f H3K27 hort-lived ’ _
0 determine he fevel and persistence o ac n shor Iveet{al,2020 Spiegel et ab02]). Perturbation of G4 DNA structures

macrophages, we extended our study and included two additiond . . -
. . . : affect nucleosome density, opening the possibility that they could
time points prior to and after the third (second booster) SARS- upport persistent accessibility of promoters for the transcriptional
CoV-2 mRNA vaccination (t4 and t5). This vaccine was appliec? pport p yorp P

24 weeks (6 months) after administration of thest two vaccines machinery (Esain-Garcia et ak024 Esnault et a|32023. o
(Dataset EV1). address whether the promoters marked by persistent H3K27ac

To determine the level and genome-wide locations of H3K27a%onta|n the potential to adopt G4 secondary structure, we considered

L . . experimentally validated G4-sequences in the human genome that
atthe ve post vaccination time points, tl to t5, we performedoverla with annotated accessible genomic regions of macrophages
Cleavage Under targets and release Using Nuclease (CUT&RUN). P 9 9 phag

o . Marsico et al,2019 Zou et al,202). Analysis of G4 sequence
Importantly, and to assess whether vaccination leads to an increase . . .
. . coverage in H3K27ac peaks revealed a substantial increase in G4
and persistence in H3K27ac at genes, we also mapped H3K27ac prigr . . . .
A-forming sequences in promoters but not in gene bodies and

to vaccination (t0) and normalized H3K27ac sequencing read, . : - .
. . . ) istal regions, also relative to randomized expectation (see methods)
coverages of post vaccination time points (t1 to t5) relative to tO

Interestingly, this approach revealed a highly dynamic landscape g?'g' 3F). Together, these results suggest that H3K27ac persist for
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Identi er or

Reagent/resource Reference or source catalog number

mirVana miRNA isolation kit Thermo Fisher Scientt Cat# AM1561

Bio-Mag Plus Concanavalin Polysciences

A coated beads

Cat# 86057

CD14 MicroBeads, human -

lyophilized

Miltenyi Biotec

Cat# 130-097-052

CUTANA pAG-MNase

EpiCypher

Cat# 15-1016

Ficoll Pague Plus

GE Healthcare

Cat# 17-1440-02

KINK-1 Sigma-Aldrich Cat# SML2098-
5MG
MCC950 Sigma-Aldrich Cat# 5381200001

M-CSF, research grade
(human)

Miltenyi Biotec

Cat# 130-096-491

Nigericin Sigma-Aldrich Cat# N7143
ORNO6/LyoVec™ InvivoGen Cat# tlrl-orn6
Pam3CSK4 InvivoGen Cat# tlrl-pms
SARS-CoV-2 spike protein  This study N/A

ssRNA InvivoGen

Zymosan InvivoGen Cat# tlrl-zyn
Software

Adobe lllustrator v26.4.1 Adobe N/A
bcl2fastg2 v2.20.0 lllumina N/A

bedtools v2.31 Quinlan and Halk010 N/A

Bowtie2 v2.4.5

Langmead and SalzbergN/A

2012
ChiPpeakAnno v3.34 Love et a?014 N/A
clusterPro ler v4.0.5 Yu et al,2012 N/A
DESeqg2 v1.32.0 Bioconductor N/A
enrichplot v1.12.2 Bioconductor N/A
EnhancedVolcano v1.13.2 Bioconductor N/A
Excel Microsoft N/A
fgsea v1.18.0 Bioconductor N/A
GraphPad Prism v9.5.1 GraphPad N/A
LinRegPCR Amsterdam UMC N/A
Metascape Zhou et al2019 N/A
nf-core RNA-seq pipeline  Ewels et al,2020 N/A
v3.0
plotPro le v3.5.4 deepTools N/A
R version v4.1.1 (2021-08-10) R Core Te&fi21 N/A
Samtools v1.17 Li et &009 N/A
SEACR v1.3 Meers et #1019 N/A
XPONENT Diasorin N/A
Other

Human IL-1 beta Uncoated Thermo Fisher Scientic Cat# 88-7261-88

ELISA Kit

Human Lumineg Discovery Biotechne

Assays

Cat# LXSAHM

KAPA Library Quantication KAPA Biosystems

Kit

Cat# KK4824

© The Author(s)

TruSeqg DNA nano Kit lllumina Cat# 20015964

Isolation of monocytes and differentiation
to macrophages

Blood samples were obtained at different time points from healthy,
unvaccinated donors or donors that had received one, two or three
doses of SARS-CoV-2 mRNA vaccine (Comirnatyzg?, New
York City, NY, USA/BioNTech SE, Mainz, Germany] or/and,
Spikevax [Moderna, Inc., Cambridge, MA, USA], respectively. For 2
all human samples, written informed consent was obtained in %
accordance with the declaration of Helsinki and the experiments &
conformed to the principles set out in the Department of Health =
and Human Services Belmont Report. The study was approved by%
the ethics committee of Cologne (Reference number 21-1283). OnI;é
adults were included in the study. Individuals with COVID-19 £
infections before or afteraccination were excluded.

PBMCs (peripheral blood mononuclear cells) were pmati by
density gradient centrifugation (Ficoll Plus, GE Healthcare, Chicago
IL, USA). CD14 cells were isolated from PBMCs by positive selectio
(Miltenyi Biotech, Bergisch Gladbach, Germany). 2.5/ %00
CD14 cells were seeded into 24/96-well plates (TPP Techno Plasti
Products AG, Trasadingen, Switzerland) and cultured for 5 days in S
Roswell Park Memorial Institute (RPMI) 1640 Medium (Thermo
Fisher Scientc, Waltham, MA, USA) containing 10% fetal bovine
serum (Thermo Fisher Sciemt) and 50 ng/ml M-CSF (Miltenyi
Biotec) for macrophage differentiation at 37 °C and 5%.CO

oqUR MMM,/

>
0'ssaud

1

Ex vivo stimulation of macrophages
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Prior experiments medium of differentiated macrophages was
exchanged, and macrophages were incubated for a further 2h a@
37°C and 5% C® After medium exchange, SARS-CoV-2 protein
(0.1 pg/ml), which was recombinantlypeessed as previously described
(Theobald et al,202), zymosan (10 pg/ml; Invivogen, Toulouse,
France), or ssRNA (8 pg/ml, ORNO6/LyoVelmvivogen) were added
for 4 h. Subsequently, nigericin|(51) (Sigma-Aldrich) was added for
2h at 37 °C and 5% CO2. For expenmgewith inhibitors, cells were
incubated prior rst stimulation with either DMSO (Sigma-Aldrich),
MCC950 (10puM) (Sigma-Aldrich) or KINK-1 (10puM) (Sigma-
Aldrich). All assays were perfortheén technical duplicates. Super-
natants were frozen at80 °C for subsequent cytokine analysis.
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Quanti cation of cytokines

Quantitative detection of IL-1was achieved using the IL-1 beta Human
Uncoated ELISA Kit (Thermo Fisher Scienji and performed
according to the manufactuterinstructions. Supernatants of primary
macrophages were diluted in ELISA diluent-1:50. All samples were
measured in technical duplicateand absorbance was measured in a
microplate reader (Hiei Oy, Turku, Finland)For other cytokines, a
Cytokine array was performed via Luminex Discovery Assay (R&D
Systems, Minneapolis, MN, USA) with the indicated analytes according
to the manufacturés instructions. Samples were centrifuged at 1Q00 x
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for 10 min and diluted 1:4 in Calibrator Diluent (R&D Systems) prior to temperature. Cell-bead suspension was then resuspended in antibody
analysis. Cytokines/Chemokinavere measured with Luminex 200 buffer (20 mM MHEPES, 150 mM NacCl, 0.5 mM Spermidine, 0.05%
XMAP system (Luminex) and quantid by comparison to a standard Digitonin, 2mM EDTA) and incubated overnight at 4°C with a
curve. XPONENT software was used for data collection and analysisH3K27ac antibody (Active Motif, Carlsbad, CA, USA #39133) (dilution
1:50). Cell-bead suspension was then washed twice with Digitonin
Transcriptome sequencing (RNA-Seq) analyses Buffer (20 mM MHEPES, 150 mM NacCl, 0.5 mM Spermidine, 0.05%
Digitonin) and incubated with 2.5 yl CUTANA pAG-MNase (EpiCy-
Human macrophages were isolated as described before and seegker, Durham, NC, USA), for 10 minfi&r washing samples twice with
into 24-well plates with 2.5 x ¥@ells per well. Stimulation was Digitonin buffer, 1 ul 100 mM CaCl2 was added to samples which were
performed as described before. In brief, cells were washed 2x witicubated for 2 h at 4 °C, rotating. To stop the reaction, STOP buffer
DPBS and isolation of the RNA was performed with the mirVana(340 mM Nacl, 20 mm EDTA, 4 mM EGTA, 0.02% Digitonin, 50 pg/mli
miRNA isolation kit (Thermo Fisher Scienti) according to the RNase A, 50pug/ml Glycogen, 50pg sheared genomic DNA of
manufacture’s instructions. RNA-Seq library prep was performedSaccharomyces cerevisiae as spike-in control) was added in each tube.
with 100 ng total RNA input and the NEBNext Ultra RNA library Samples were incubated at 37 °C for 10 min at 500 rpm, and after

prep protocol (New England Biolabs, Ipswich, MA, USA) accordingentrifugation, liquid was collected, DNA was ped using aDNA g
to standard procedures. Libraries were validated and quethti clean concentrator kit (Zymo Reseh, Irvine, CA, USA), and DNA 2
(Tape Station 4200, Agilent Technologies, Santa Clara, CA, USAyas eluted in elution buffer. For library preparation, we used the TruSeq%

All libraries were quanted by using the KAPA Library DNA nano kit and protocol from lllumina with 15 cycles of PCR. =
Quanti cation Kit (Roche, Basel, Switzerland) and the 7900HTLibraries were validated and quametil (Agilent Tape Station 4200). A S
Sequence Detection System (Applied Biosystems, Foster City, ol of all libraries was quangéd by using the KAPA Library %:’

USA). Sequencing was done with NovaSeq6000 sequencers (lllumi@aanti cation Kit and the Applied Biosystems 7900HT Sequence £
San Diego, CA, USA) with a PE100bp read length aiming at 50 NDetection System. Sequencing was done with NovaSeq sequenc
reads/sample (RNA-Seq) or a SR50bp read length aiming at 5 (fllumina) and a PE100bp read length aiming at 10 M reads/sample.
reads/sample (small RNA). Demultiplexing and Fadi€generation
were performed using lllumirgbcl2fastg2 software (v2.20.0). CUT&RUN data analysis

RNA-seq was performed with a directional protocol. Quality
control, trimming, and alignment were performed using the nf-coreAll data analysis was performed using the European Galaxy serveg
RNA-seq pipeline (v3.0) (Ewels et 202(). Details of the software (https://usegalaxy.puRaw fastq les were mapped and treated as S
and dependencies for this pipeline can be fourtdtat:/github.com/  described by Zheng et dit{ps://www.protocols.io/view/cut-amp-tag-
nf-core/rnaseq/blob/master/CITATIONS.mdThe reference genome data-processing-and-analysis-tutorial-e6nvw93x7grhk/Paired-end
seguence and transcript annotation used were Homo sapiens genoneads were aligned using Bowtie2 (version 2.4.5), Samtools (versiom
GRCh38 from Ensembl version 103. Differential expression analysisl7) and bedtools (version 2.31) using the following parameters:S
was performed in R version 4.1.1 (2021-08-10) (R Core TaaM) --end-to-end --very-sensitive --no-mixed --no-discordant --phred33 -1
with DESeg2 v1.32.0 to make pairwise comparisons between grouft8.-X 700 for mapping of inserts 10-700 bp in length (Langmead and
Log Fold Change shrinkage estimation was performed with ast8alzberg2012 Li et al,2009 Quinlan and Hall,201(. We used the
(Stephens2017. Only genes with a minimum coverage of 10 reads inGRCh38 human reference genome for alignment and the genomeg
6 or more samples from each pairwise comparison were consideredsacCer3 ofS. cerevisiae for spike-in calibration after adjusting all
candidates to be differentially expressed. Genes were consideteanan libraries to the same read depth For peak calling SEACRS
differentially expressed if they showed a log2 (Fold Change) > 1 arfdersion 1.3) was used; fragment counts were normalized using the3
were below an FDR of 0.05. Genes with a minimum coverage of Hpike-in read count (Meers et aD19. Thus, the normalization option S
reads in 6 or more samples from each pairwise comparison wef SEACR was set tmon”; the numeric threshold used was 0.01.
included in functional enrichment analyses and considered as the
‘gene universefor over-representation-based analyses. Functionabenome-wide coverage ratios of H3K27ac at t1 to t5 relative to tO in
enrichment analysis was performed with clusterRnov4.0.5 (Yu promoters, gene bodies, and distal regions
et al,201). Gene Set Enrichment Analysis (GSEA) was performetlVe quanti ed normalized genome-wide coverage for all 41 H3K27ac

os%Jdoqwe'N\/\&/\
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using the fgsea v1.18.0 algorithm (Subramanian &08&F). The p- libraries using coverageBED (version 2.31.1) and calculated mean
value cutoff was 0.05 by permutation, (using the default values icoverage for each time point across the libraries. Promoters were
clusterProler), for genes rank ordered by log2 (fold change). de ned as regions spanning -1 kb upstream of the transcription start

The GSEA dotplot was plotted with enrichplot v1.12.2. Thesite (TSS) to 250 bp downstream of the TSS. Gene bodies weeslde
Volcano plot was plotted with a modéd version of the as 251bp downstream of the TSS to the transcription end site (TES).

EnhancedVolcano function from EnhancedVolcano v1.13.2. Distal regions were deed as areas located more than 1 kb and up to
100kb away from genes (from TSS to TES). H3K27ac peaks were
CUT&RUN sample preparation called for all 41 samples, concatenated, sorted using sortBED (version

2.31.1), merged with mergeBED (version 2.31.1), dreted to
CUT&RUN was performed on 150 K macrophages per sample adaptimgtain peaks with canonical chromosomal annotations (grep pattern:
a previously described pomol (Skene and Henikof2017. In brief,  chr([0-9XYxyH)\b). To calculate genome-wide ratios of mean
cells were washed twice with Wash Buffer (20 mM MHEPES, 150 mM3K27ac coverage at time points T1 to T5 relative to TO, we
NaCl, 0.5 mM Spermidine) and bound to activated Concanavalin Aomputed the ratio of the sum of mean coverage at each time point to
beads (Polysciences Inc., Wagtbn, PA, USA) for 10 min at room TO for each H3K27ac peak (bedtools_unionbedgraph, version 2.31.1;
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tp_awk_tool, version 9.3). The resulting H3K27ac peaks and the@raphics
associated ratios were further annotated to promoters, gene bodies, and
distal regions using closestBed (version 2.31.1). Graphics were created with BioRender.com and Adobe lllustrator.

Unsupervised iderfication of gene clusters exhibiting similar
H3K27ac alterations across time points Data availability
To derive consistent values for each gene, we averaged the H3K27ac
coverage ratios across peaks associated with each gene fedllne data generated during thisudy are deposited at the European
(promoter, gene body, or distal region) for each time point relativésenome-phenome  Archive  (EGA) under access number
to t0. To resolve the complexity of coverage ratios across time poinfSGAS5000000034which is hosted by the EBI and the CR@ts:/
we employed dynamic hierarchical clustering to identify gene clusteegja-archive.org/studies/EGAS50000000@binputer code is available at
with distinct density, size, and structure (dynamicTreeCut, versionttps:/github.com/HaenselHertdepilab/Epigenetic_memory_of SARS-
1.63-1). Clusters with a positive average silhouette score (clust@QV-2_vaccination_in_macrophages
version 2.1.6; code is provided in the Data availability section) were The source data of this paper are collected in the following
retained for re-clustering, visual representation (F#, and down-  database recordiostudies:S-SCDT-10_1038-S44320-025-00093-6 2
stream analyses such as gene ontology (clustéeRraersion 4.12.6).

Expanded view data, supplementary information, appendices ar
G-quadruplex DNA sequence filimg in H3K27ac peaks that overlap available for this paper attps://doi.org/10.1038/s44320-025-00093-6
with accessible chromatin of macrophages
We considered experimentally validated human G4 DNA sequences . . .
overlapping annotated accessibleoamatin in macrophages. Annotated Peer review information
locations of accessible chromatin (from DNase-seq and ATAC-seq
datasets) were retrieved from CHIP-ATLAS using the peak annotatiof peer review le is available atttps://doi.org/10.1038/s44320-025-00093-6
browser (Zou et alR023. To pro le G4 DNA coverage in H3K27ac
peaks, G4 DNA sequence annotations were converted into bina
coverage les (bigwig format) and analgd with deeptools (plotPrée, References

version 3.5.4; code is provided in the Data availability section). G4 DNA . )
R Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert D, Spector
coverage was prted in H3K27ac peaks annotated to promoters, gene
SA, Rouphael N, Creech CB et al (2021) E&cy and safety of the mRNA-1273

bodies, and distal regions, as well as in promoters of immune genes
. 9 . oy P 9 SARS-CoV-2 vaccine. New Engl J Med 384:4836
from Cluster 1, which were assated with immune-related terms. ) . ) -
Bif G, Tannahill D, McCafferty J, Balasubramanian S (2013) Quantitative

e . visualization of DNA G-quadruplex structures in human cells. Nat Chem
H3K27ac coverage pfiting in promoters of immune genes 5182186

We prepared two sets of H3K27ac peaks overlapping promoter:
prep . . P .pp g P Cﬁ]eong JG, Ravishankar A, Sharma S, Parkhurst CN, Grassmann SA, Wingert CK,
of genes that (a) exhibited increased expression in reSponseLaurentP Ma S, Paddock L, Miranda IC et al (2023) Epigenetic memory of
to SP stimulation (log2FC >1, FDR<0.05), and (b) were immune- o . . Pio . i
. L coronavirus infection in innate immune cells and their progenitors. Cell
associated genes from Cluster 1, annotated with immune-related GO
. . . . 186:3882-3902.e3824
terms such as immune, iammatory, cytokine, chemokine, leukocyte, _ . ) ) - . .
. ., Esain-Garcia I, Kirchner A, Melidis L, Tavares RCA, Dhir S, Simeone A, Yu Z,
and lymphocyte. For further details, please refer to the code provide :
s M Madden SK, Hermann R, Tannahill D et al (2024) G-quadruplex DNA
in “Data availability. Coverage prdes for these peaks were generated ) . - .
using deeptools (plotPrte, version 3.5.4) structure is a positive regulator of MYC transcription. Proc Natl Acad Sci USA
g P P : 121:€2320240121

For gene ontol ir | nd K hw nrichmen
or gene ontology, circus plot and Kegg pathway enrichme E nault C, Magat T, Zine El Aabidine A, Garcia-Oliver E, Cucchiarini A,

ggingsgﬁg?c;f,\z/ggon 3'34) or Metascape were used (Love et aiBouchouika S, Lleres D, Goerke L, Luo Y, Verga D et al (2023) G4access

identi es G-quadruplexes and their associations with open chromatin and
imprinting control regions. Nat Genet 55:1359369
Ewels PA, Peltzer A, Fillinger S, Patel H, Alneberg J, Wilm A, Garcia MU, Di

o . . . Tommaso P, Nahnsen S (2020) The nf-core framework for community-
Statistical analysis was performed with GraphPad Prism 9.5.1 software (2020) v

. . . curated bioinformatics pipelines. Nat Biotechnol 38:27878
(GraphPad). Statistical parameters (value of n, statistical calculation, PP ) . .
. . Fitzgerald KA, Kagan JC (2020) Toll-like receptors and the control of immunity.
etc.) are also provided in theure legendP values less than or equal Cell 18010441066
to 0.05 were considered statistically sigant. Statistical tests were ) )
- . .. .__Foster SL, Hargreaves DC, Medzhitov R (2007) Gene-speccontrol of
used as indicated in thegure legends. Box plots indicate the median

. . s in ammation by TLR-induced chromatin modtations. Nature 447:972978
and the upper and lower quartile. Outliers are plotted as individual dots )
. . Fulco CP, Nasser J, Jones TR, Munson G, Bergman DT, Subramanian V, Grossman
(outside the 190 percentile). Scatter dot plots show mean. Data -
SR, Anyoha R, Doughty BR, Patwardhan TA et al (2019) Activity-by-contact

oints representing biological replicates. All experiments were
P P g. 9 . P . P model of enhancer-promoter regulation from thousands of CRISPR
conducted at least in technical duplicates. Samples between the .

perturbations. Nat Genet 51:1664669

different groups were matched regarding age, sex and vaccination. _ ) .
f.nlbaud G, Murat P, Recolin B, Campbell BC, Maiter A, Sale JE, Balasubramanian
status. Apart from that all samples were selected randomly, and al . ) . )
. . . . .S (2017) Local epigenetic reprogramming induced by G-quadruplex ligands.
other information were blinded. Sample sizes were chosen depending
. . Nat Chem 9:1110117
on the expected variance and available samples.
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(A) Monocytes were isolated by CD14 selection from blood samples from unvaccinated (t0)n(= 6) (gray) and vaccinated individuals (t2) 6= 6) (red) and seeded and
incubated in the presence of M-CSF for 5 days. Differentiated macrophages were stimulated with SP (t0: dark gray dots; t2: dark red dots) or left whstad (t0: light
gray dots; t2: light red dots). Concentrations of CCL4, CXCIH),(CCL7 (C), CXCL13 D) and CXCL10 E), were measured by multiplex analyses. For statistical analysis,

two-way ANOVA with Sidaks multiple comparison analysis was used. Box plots indicate the median, the upper and lower quartile and the minimum and maximum values.

(F) Monocyte-derived macrophages from donors before (t0) and 2 weeks after second vaccination (t2) were generated as described)inifferentiated macrophages
were stimulated with sSRNA, ZymosanQ) or PamsCsk;, (H) for 4 h in the presence of MCC950 (1QM) (n= 20), KINK-1 (5uM) (n= 10) or left untreated. IL-@ secretion
was quanti ed by ELISA. For statistical analysis, one-way ANOVA with Dunrettnultiple comparison test comparing MCC950/KINK-1-treated cells to untreated cells
was used. Box plots indicate the median, the upper and lower quartile and the minimum and maximum values. Shown data points represent the technicabhaea
independent experimentP values less than 0.05 were considered statistically sigruant.
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Figure EV2. H3K27ac coverage across various gene regions and clusters.

(A) Distribution of normalized (counts per million) H3K27ac coverage in peaks of promoters (1 kb upstream to 250 bp downstream of transcription steas $iIr'SS])

(left), gene bodies (251 bp downstream of TSS to transcription end sites [TES]) (middle) and distal regions (1 kb to 100 kb away from TSS and TES). @ilht$tribution
comparisons are signicantly different (P<0.0001). P values were calculated using a Wilcoxon tesk values less than 0.05 were considered statistically sigruant.

Median difference (MD) between t4 and t0 is indicated for all three genomic regionsBY H3K27ac coverage shown as fold change (log2) across time points (t1-t5)
relative to tO for all genes part of Cluster 1.Q) Fold change of H3K27ac read coverage in tx relative to t0 in H3K27ac peaks overlapping with selected gene promoter from
SP-stimulated genesr(=576), Cluster 1 immune-associated genes £ 333), Random promoter 1n= 333), Random promoter 2 rf= 333), Random promoter 3

(n=333). (D) Fisher statistic (—log10P) of H3K27ac peaks in SP-induced gene promoter overlapping with H3K27ac peaks in Cluster 1 immune gene promoter or H3K27ac
peaks in random promoter. Error bar indicates standard deviation of theher statistic from the 3 randomly distributed H3K27ac peaks in all annotated promoterE) (
Genome browser view of 1000 kb of chromosome 2, displaying ratio (log2) of tx over t0 mean H3K27ac coverage across the time points.
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Figure EV3. H3K27ac coverage across different vaccination time points.

(A) Genome browser view of 1000 kb of chromosome 12 and 8)( displaying ratio (log2) of tx over t0 mean H3K27ac coverage across the time points.
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Figure EV4. Cytokine release before and after the third dose booster
vaccination.

Fold change of Lflrelease upon stimulation with ssSRNA, zymosan or
Pam3CSK4 between t1/t0 ¢ = 28) (blue) and t5/t4 ( n=7) (red). For

statistical analysis, a multiple unpaired test was used. Box plots indicate the
median, the upper and lower quartile and the minimum and maximum values.
Shown data points represent the technical mean of an independent experiment.
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