
 | Host-Microbial Interactions | Research Article

Bordetella adenylate cyclase toxin elicits chromatin remodeling 
and transcriptional reprogramming that blocks differentiation of 
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ABSTRACT Bordetella pertussis infects human upper airways and deploys an array of 
immunosuppressive virulence factors, among which the adenylate cyclase toxin (CyaA) 
plays a prominent role in disarming host phagocytes. CyaA binds the complement 
receptor-3 (CR3 aka αMβ2 integrin CD11b/CD18 or Mac-1) of myeloid cells and delivers 
into their cytosol an adenylyl cyclase enzyme that hijacks cellular signaling through 
unregulated conversion of cytosolic ATP to cAMP. We found that the action of as little 
CyaA as 22 pM (4 ng/mL) blocks macrophage colony-stimulating factor (M-CSF)-driven 
transition of migratory human CD14+ monocytes into macrophages. Global transcrip­
tional profiling (RNAseq) revealed that exposure of monocytes to 22 pM CyaA for 
40 hours in culture with 20 ng/mL of M-CSF led to upregulation of genes that exert 
negative control of monocyte to macrophage differentiation (e.g., SERPINB2, DLL1, and 
CSNK1E). The sustained CyaA action yielded downregulation of numerous genes involved 
in processes crucial for host defense, such as myeloid cell differentiation, chemotaxis 
of inflammatory cells, antigen presentation, phagocytosis, and bactericidal activities. 
CyaA-elicited signaling also promoted deacetylation and trimethylation of lysines 9 and 
27 of histone 3 (H3K9me3 and H3K27me3) and triggered the formation of transcription­
ally repressive heterochromatin patches in the nuclei of CyaA-exposed monocytes. These 
effects were partly reversed by the G9a methyltransferase inhibitor UNC 0631 and by 
the pleiotropic HDAC inhibitor Trichostatin-A, revealing that CyaA-elicited epigenetic 
alterations mediate transcriptional reprogramming of monocytes and play a role in 
CyaA-triggered block of monocyte differentiation into bactericidal macrophage cells.

IMPORTANCE To proliferate on host airway mucosa and evade elimination by patrol­
ling sentinel cells, the whooping cough agent Bordetella pertussis produces a potently 
immunosubversive adenylate cyclase toxin (CyaA) that blocks opsonophagocytic killing 
of bacteria by phagocytes like neutrophils and macrophages. Indeed, chemotactic 
migration of CD14+ monocytes to the infection site and their transition into bacteri­
cidal macrophages, thus replenishing the exhausted mucosa-patrolling macrophages, 
represents one of the key mechanisms of innate immune defense to infection. We 
show that the cAMP signaling action of CyaA already at a very low toxin concentration 
triggers massive transcriptional reprogramming of monocytes that is accompanied by 
chromatin remodeling and epigenetic histone modifications, which block the transition 
of migratory monocytes into bactericidal macrophage cells. This reveals a novel layer of 
toxin action-mediated hijacking of functional differentiation of innate immune cells for 
the sake of mucosal pathogen proliferation and transmission to new hosts.
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T he pertussis agent Bordetella pertussis is a Gram-negative aerobic coccobacillus that 
infects the upper airways of humans and eventually can provoke fatal pneumonia 

in infants and the elderly (1–3). To proliferate on ciliated airway epithelia, the bacteria 
deploy an array of functionally redundant adhesins, several complement resistance 
factors, and at least four immunomodulatory protein toxins, including the notoriously 
known pertussis toxin playing a key role in pertussis pathology by eliciting the charac­
teristic hyperleukocytosis (4, 5). The other potent immunosubversive toxin of classical 
Bordetella is the cell-invasive adenylate cyclase toxin-hemolysin (CyaA, ACT, AC-Hly) that 
plays a key role in subversion of both the innate and adaptive immune responses of host 
mucosa to B. pertussis infection (6–8). Binding to the CD11b subunit of the comple­
ment receptor 3 (CR3, aka the CD11b/CD18 αMβ2 integrin, or Mac-1), the CyaA toxin 
disarms the bactericidal functions of host phagocytes by delivering into their cytosol 
its N-terminal adenylyl cyclase (AC) enzyme domain (9). This is activated by calmodulin 
and catalyzes the uncontrolled conversion of cytosolic ATP to the key second messenger 
signaling molecule, cAMP. The signaling of CyaA-produced cAMP through protein kinase 
A (PKA) and the Exchange protein directly activated by cAMP (Epac) then deregulates 
numerous cellular signaling pathways and instantly ablates the bactericidal capacities of 
sentinel phagocytes, such as oxidative burst and neutrophil extracellular trap formation 
(10, 11). CyaA action further blocks opsonophagocytic uptake and killing of bacteria 
by macrophages (12) and eventually provokes their apoptosis through activation of the 
Bim-Bax pro-apoptotic cascade (13).

Circulating monocytes (CD14high, CD11b+) play an important role in host defense and 
are chemoattracted into infected or injured tissue where they differentiate into a range 
of effector cells, such as dendritic cells, macrophages, or bone-remodeling osteoclasts 
(14). Recently, we have shown that cAMP signaling of as low CyaA concentrations as 
22 pM (4 ng/mL) through hijacking of PKA provokes an arrest of M-CSF-elicited ex 
vivo differentiation of primary human circulating monocytes into bactericidal macro­
phage cells. Moreover, CyaA/cAMP signaling could trigger ex vivo de-differentiation of 
terminally differentiated primary human alveolar macrophages back into a monocyte-
like cell type, whereas treatment with equal amounts of the enzymatically inactive 
CyaA-AC− toxoid, unable to convert ATP into cAMP, had no impact (15, 16). Therefore, in 
this study, we analyzed the transcriptional reprogramming of primary human monocytes 
exposed to the action of such a low CyaA toxin concentration. We show that sustained 
cAMP signaling elicited by low CyaA amounts triggers epigenetic modifications that are 
accompanied by enhanced accumulation of transcriptionally repressive heterochromatin 
in monocyte nuclei and that the CyaA toxin activity provokes alteration of transcription 
of numerous genes involved in immune functions, upregulating genes that interfere with 
monocyte to macrophage differentiation.

RESULTS

CyaA/cAMP signaling deregulates gene expression involved in monocyte 
differentiation

We have previously demonstrated that cAMP signaling resulting from exposure to very 
low concentrations of the CyaA toxin (22 pM) blocks the differentiation of migratory 
CD14+ monocytes into bactericidal macrophages (15). The circulating CD14+ monocytes 
cultured ex vivo for 5 days with 20 ng/mL M-CSF and 4 ng/mL of CyaA (22 pM) remained 
small, rounded, and undifferentiated (Fig. 1A). In contrast, M-CSF-stimulated control 
cells cultured in the absence of CyaA, or in the presence of the enzymatically inactive 
CyaA-AC− toxoid unable to convert cellular ATP to cAMP (17), remained adherent and 
differentiated into large macrophage cells (Fig. 1A). To analyze the pathways involved 
in the block of monocyte differentiation, we performed unbiased deep sequencing of 
the transcriptome (RNAseq) of toxin-exposed cells. Highly purified circulating human 
CD14+ monocytes (>95% purity, Fig. S1) of anonymous blood donors were sub-cultured 
ex vivo for 40 hours in triplicates with the differentiating stimulus of human M-CSF 
(20 ng/mL) and in the presence or absence of 4 ng/mL (22 pM) of CyaA. The alterations 
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of global gene expression profiles were next analyzed by RNAseq technology using total 
cellular RNA that was reverse transcribed into cDNA and analyzed by next-generation 
sequencing. Differentially expressed genes (DEG) in the control and toxin-treated cell 
samples were identified using a cutoff of >2-fold change at a P value < 0.05. This yielded 
356 genes with altered transcription (listed in Table S1) depicted in the volcano plot with 
annotated spots of genes with the highest fold change (Fig. 1B), with 85 upregulated and 
271 down-regulated genes (Fig. 1C).

Out of the genes with significantly altered transcription levels, we further focused on 
those relevant for host-pathogen interaction, monocyte-macrophage transition, and for 
which published findings allow to formulate interpretable hypotheses on the impact of 

FIG 1 CyaA-elicited arrest of monocyte differentiation is accompanied by transcriptional reprogram­

ming. (A) Scheme of the experimental procedure for analysis of differentiation of monocytes. CD14+ 

monocytes were exposed either to 4 ng/mL of CyaA, or to catalytically inactive toxoid CyaA-AC−, or were 

mock-treated in the presence of recombinant human M-CSF (20 ng/mL), and the cells were analyzed 5 

days after exposure to toxin. Representative bright field images are shown. (B) Volcano plot of the DEGs 

after culture of CD14+ monocytes in DMEM containing 20 ng/mL M-CSF and 4 ng/mL CyaA, compared to 

gene expression levels in mock-treated control cells. Gene expression alterations are given as fold change 

(FC) vs P-value. Spots corresponding to genes with P ≤ 0.05 and log2 FC ≥ 1 are colored in red, and spots 

representing genes with P ≥ 0.05 and log2 FC ≤ 1 (not significant) are colored in green. Spots of genes 

with the highest fold change are annotated. (C) Total number of significantly altered genes (P ≤ 0.05 and 

log2 FC ≥ 1) in CD14+ monocytes after culturing in DMEM containing 20 ng/mL of M-CSF with or without 

4 ng/mL of CyaA.

Research Article mBio

April 2025  Volume 16  Issue 4 10.1128/mbio.00138-25 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

7 
Ja

nu
ar

y 
20

26
 b

y 
15

8.
19

4.
10

1.
36

.

https://doi.org/10.1128/mbio.00138-25


the alteration of transcription. The genes with most prominently altered transcription 
levels (Fig. 1B) included genes involved in innate and adaptive immunity, such as CCL24 
encoding for an eosinophil attracting chemokine, MRC1 a macrophage marker gene, 
EGR2 a zinc finger transcription factor gene, CSF1 encoding a growth factor for mono­
cyte differentiation to macrophages, the HLA-DRA and HLA-DMB genes for molecules 
involved in antigenic peptide presentation on cell surface to T cells, VSIG4 a macrophage 
signature gene (18), DUSP4 phosphatase that inactivates MAP kinases (19), zinc importer 
SLC39A14, which imports zinc ions required for the activation of some HDACs and the 
iron homeostasis regulating BMP6 gene.

To verify that the RNAseq results can be generalized, we isolated monocytes from 
the blood of multiple anonymous healthy donors, treated them with 22 pM CyaA for 40 

FIG 2 Validation of RNAseq data by qPCR and protein product detection. (A, B) Total RNA was extracted from CD14+ monocytes after 40 hours of incubation with 

CyaA (4 ng/mL), reverse-transcribed, and the mRNA transcripts of indicated genes were quantified by qPCR using appropriate primers (Table S2). Alteration of 

transcription is shown as fold change relative to the transcript levels in control cells after normalization to β-actin and β-2 microglobulin mRNA levels. *P < 0.05, 

**P < 0.005; ***P < 0.0005, ****P < 0.00001. (C) After 40 hours of exposure to CyaA (4 ng/mL), the CD14+ monocytes were lysed and protein levels were detected 

by specific antibodies using immunoblot. ImageJ software was utilized to quantify the protein levels that were normalized to the β-actin band intensity and are 

shown as fold change relative to the expression in mock-treated cells, n = 4, *P < 0.05. (D) CD14+ monocytes were cultured with CyaA (4 ng/mL) and 20 ng/mL 

M-CSF for 5 days and cells were analyzed for surface marker levels by FACS using directly labeled specific antibodies and isotype controls, n = 4. Percent of cell 

population expressing the indicated protein is shown by representative contour plots. (E) Decreased relative surface expression of indicated markers on positive 

cells is shown as fold change relative to control (median fluorescence intensity [MFI]), n  = 4; **P < 0.005; ***P < 0.0005. (F) CD14+ monocytes were treated with 

CyaA toxin (4 ng/mL, 22 pM) or mock-treated for 40 hours. The levels of IL-10 secreted into the media were quantified using ELISA (n = 3, ****P < 0.00001).
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hours in the presence of 20 ng/mL of M-CSF, and quantified the transcription levels of a 
set of genes by qPCR using specific primers (Table S2). These results provided a robust 
validation of the transcriptional trends observed by the RNAseq analysis of triplicate 
samples of monocytes from a single donor (Fig. 2A and B). The qPCR analysis on cells 
from multiple donors confirmed that the selected genes were deregulated by the cAMP 
elevating capacity of the CyaA toxin (Fig. S2), with the caveat that qPCR quantification 
could not be used for validation of CyaA-triggered alterations of transcripts with a copy 
number of 100 per sample, or less. As further verified for selected genes by determina­
tion of protein product levels using immunoblotting, the EGR2 and SERPINB2 encoded 
proteins EGR2 and PAI-2 amounts followed the trends of CyaA-elicited transcript level 
alterations (Fig. 2C). Next, we validated the RNAseq data by FACS analysis, confirming 
the CyaA action-triggered reduction of cell surface levels of the protein products of five 
genes (e.g., MRC1, ITGAM, CD36, FCGR2B and FCGR1A) that encode for the Fc receptors 
FcγR1A and FcγR2B, and the macrophage markers CD36, CD11b, and MRC1 (Fig. 2D and 
E). Furthermore, the determination of the levels of secreted IL-10 in the culture media of 
CyaA-exposed monocytes revealed a significant increase in IL-10 secretion, corroborating 
the finding of the RNAseq analysis that CyaA action elicits the overproduction of IL-10 
(Fig. 2F). All these performed assays, thus, validated the RNAseq results for further 
analysis.

Exposure of CD14+ monocytes to CyaA toxin triggers inhibition of immune 
gene expression and transcription of genes required for differentiation into 
macrophages

To corroborate the analysis of transcriptional alterations elicited by CyaA action, gene set 
enrichment analysis of RNAseq data was performed using clusterProfiler (20). Among the 
enriched terms were primarily those representing host “defense response to organism,” 
e.g., primarily the innate immune response to infection, regulation of the immune 
system, and multiple terms related to the cytokine and chemokine secretion. Addition­
ally, many terms were related to inflammatory response (Fig. 3A). Furthermore, terms 
related to antigen processing and presentation, leukocyte differentiation, complement 
activation, metabolic processes, regulation of MAPK cascade, and cellular ion homeosta­
sis were quite prominent. The genes that are known to be involved in host immune 
response to infection and in monocyte differentiation were next selected for further 
analysis, listing the selected downregulated genes in key functional categories in Table 
1 and the upregulated genes in Table 2. The genes with the most altered levels of 
transcription were then grouped by cellular processes for visualization of transcription 
level alterations for individual genes. As shown in Fig. 3B through F, CyaA action led 
to important downregulation of transcription of many genes essential for recruitment 
of circulating immune cells, antigen presentation, myeloid cell differentiation, and 
bactericidal functions. The CyaA-treated CD14+ monocytes exhibited reduced expression 
of genes for chemokines that drive migration of immune cells, such as CXCL9, CXCL10, 
CCL8, and CCL24 (Fig. 3B) and cytokines that regulate the key bactericidal functions 
of myeloid cells, such as IFNγ and IL12B (Fig. 3C). Indeed, IFNγ levels are known to 
trigger the production of chemokines like CXCL9 and CXCL10 (21). CyaA action trig­
gered concurring downregulation of genes involved in antigen processing, loading, and 
presentation to T cells, such as the CIITA, HLA-DRA, HLA-DMA, HLA-DMB, CD74, TAP1, CD1B, 
PSMB9, and OLR1 (Fig. 3D). Hence, CyaA exposure locked the CD14+ monocytes in a state 
of reduced capacity to present peptide antigens through the MHC class I and class II 
pathways to trigger adaptive T cell immune responses.

Most importantly, transcription of a whole set of genes involved in myeloid cell 
differentiation and monocyte to macrophage transition was strongly downregulated, 
providing a mechanistic explanation for the observed CyaA-elicited block of monocyte 
to macrophage differentiation process (15). Among the most strongly downregulated 
genes was the CSF1 gene encoding for a growth factor that directs monocyte differentia-
tion to macrophages by autocrine signaling. Transcription of the EGR2 gene for a 

Research Article mBio

April 2025  Volume 16  Issue 4 10.1128/mbio.00138-25 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

7 
Ja

nu
ar

y 
20

26
 b

y 
15

8.
19

4.
10

1.
36

.

https://doi.org/10.1128/mbio.00138-25


transcription factor regulating the monocyte differentiation to macrophages (22, 23) was 
prominently downregulated, as well as the JUN gene for the AP-1 transcription factor 
that initiates the nuclear signaling of M-CSF and, thus, drives monocyte differentiation to 
macrophages (24). Moreover, transcription of a set of macrophage-specific signature 

FIG 3 Clustering of functional categories of genes with altered transcription. (A) Selected gene ontology (GO) terms 

associated with genes exhibiting altered transcription levels after 40 hours of monocyte exposure to 22 pM CyaA toxin. 

Enrichment was assessed based on the ranking of genes by fold change using clusterProfiler (20). Horizontal axis shows the 

number of genes for each GO term that were at least minimally expressed in our data set (at least 60 reads in total over all 

samples), where the same gene can be annotated with multiple GO terms. (B and C) Chemokine and cytokine, (D) antigen 

processing and presentation, (E) myeloid cell differentiation, and (F) anti-bacterial pathways log2 ratios of absolute expression 

values. Induced genes are represented in purple and repressed genes are rendered in maroon color. n = 3, *P < 0.05, **P < 

0.005, ***P < 0.0005, ****P < 0.00001.
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genes was importantly suppressed, such as of the ITGAM, MRC1, VSIG4, SIGLEC1, and 
CD36 genes, respectively (Fig. 3E).

In turn, CyaA/cAMP signaling action triggered upregulation of genes for inhibitors 
of myeloid cell differentiation (Table 2 and Fig. 3E), such as the SERPINB2 gene for 
plasminogen activator inhibitor 2 (PAI-2) that impairs monocyte differentiation and the 
genes CSNK1E for Casein Kinase 1 Epsilon, the activities of which are known to interfere 
with myeloid cell differentiation and promote rounded cell appearance (Fig. 3E) (25, 26). 
Finally, CyaA action further upregulated transcription of the IL10 gene for the immu­
nosuppressive cytokine IL-10 that downregulates the immune response to pathogens 
(Table 2 and Fig. 3C) (27).

In the category of genes directly involved in crucial antibacterial defense mecha­
nisms, such as phagocytic uptake and killing of bacteria opsonized by complement 
components and/or by antibodies, there was downregulation of transcription of genes 
for the Fc receptor family, such as FCGR1A, and the ASAP2 gene encoding a protein 
located beneath the phagocytic cup of the IgG-opsonized particle (28). Moreover, toxin 
action not only suppressed transcription of genes encoding crucial components of the 
phagocytosis machinery but also upregulated genes such as DYSF for the dysferlin 
protein that blocks phagocytosis (29). On the side of complement-mediated phagocyto­
sis, CyaA action reduced transcription of genes encoding the C3 convertase component 
C2 (Fig. 3F) and upregulated PAI-2 (SERPINB2) that reduces the activity of plasmin and 
thereby blocks the alternative processing of C5 (Table 2) (30). Moreover, CyaA action 
suppressed the expression of the NCF1 gene, the product of which plays an eminent 
role in NOX2-dependent superoxide generation (31, 32). Taken together, these findings 
suggest that CyaA toxin-exposed CD14+ monocytes were severely impaired in the 
production of chemokines that attract the inflammatory cells to infected tissue, had 
reduced antigen-presenting capacities and bactericidal functions, and were locked in a 
cell state that is insensitive to the differentiation stimulus of M-CSF.

TABLE 1 Set of downregulated genes in key functional categories

Regulators Functions/processes

CXCL10, CCL24, CCL8, CXCL9, CCL13, CCL1, CCL19, CCL5, ALOX15B, XCL1 Chemotaxis
IL12B, IFNG, TNFS13B, SCIMP, IRF1, STAT1, IL31RA Cytokines and their regulators
UBD, CD1B, CD1E, HLA-DMB, HLA-DPA1, HLA-DRB6, HLA-DQB1, HLA-DRA, 

HLA-DRB5, HLA-DMA, HLA-DPB1, OLR1, CIITA, HLA-DRB1, CD74, HLA-DBQ2, 
PSMB9, TAP1, CD40

Antigen processing and presentation

SPP1, TFAP2A, EGR2, CSF1, VSIG4, MMP12, SIGLEC1, ITGAM, BATF2, MRC2, 
ST3GAL5, CD276, IL17RC, CD4, CCR5, ESR1, CD36, DC-STAMP, MRC1, JUN

Myeloid cell differentiation

FBP1, APOL4, CDS1, ME1, CD36, SLC1A3, HK3, APOL6, APOL1, APOL3 Cell metabolism
COLEC12, FPR3, FCN1, GBP1, IFNG, CEACAM3, GBP4, FCGR1A, FCGR2C, C2, 

RNASE6, ASAP2, NCF1C, NCF, GBP2, GBP5, CD226
Phagocytosis/anti-bacterial

STEAP4, SLCO2B1 Metal ion and heme importer
SLC9A7, SYNPO2, CTTN Lamellipodia formation, ER, and Golgi size regulation

TABLE 2 Upregulated genes in key categories

Regulators Functions/processes

IL24, IL10 Block of Th17 differentiation, Th1 dysfunction, NFκB inhibition
SERPINB2, DLL1, CSNK1E Negative regulators of monocyte to macrophage differentiation
DYSF Inhibits phagocytosis
SLC25A37, SLC39A14, BMP6 Metal ion homeostasis
KANK2 Block of gene expression via SRC proteins
TNFRSF21 Pro-apoptotic, triggers Bax oligomerization
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CyaA-treated cells contain methylated histones and abundant heterochroma­
tin patches

The observed extent of transcriptional reprogramming indicated that CyaA action might 
induce alterations of the chromatin organization. Indeed, observations from transmission 
electron microscopy (TEM) revealed that CyaA action triggered chromatin remodeling 
and alteration of heterochromatin content in CD14+ monocytes exposed to 4 ng/mL 
CyaA for 5 days. Compared to cells exposed to the CyaA-AC− toxoid, or to mock-treated 
cells cultured with 20 ng/mL M-CSF only, the CyaA-exposed cells remained undifferenti-
ated and ~3 times smaller in size than mock or toxoid-treated cells. A striking impact 
of toxin action on heterochromatin content in cell nuclei was clearly apparent. Whereas 
nuclei of mock-treated or toxoid-exposed (4 ng/mL CyaA-AC−) cells contained predom­
inantly open and decondensed euchromatin, large densely stained patches of hetero­
chromatin were observed in locations close to the nuclear envelope in toxin-exposed 
cells (Fig. 4A). Quantification using ImageJ (https://imagej.net/) revealed an ~8 to 10-fold 
increase in heterochromatin content in patches distributed across the sections of nuclei 
of toxin-treated cells, as compared to control cells (Fig. 4B).

Apart from DNA methylation, the presence of histone 3 (H3) epigenetic marks, such as 
methylation or acetylation of specific H3 residues, is the major driver determining the 
condensation state of chromatin (33–40). Therefore, we investigated if CyaA action 
triggered transcriptionally repressive modifications of H3. Indeed, quantification of H3 
modifications by residue-specific ELISA analysis of total histone extracted from cells 
exposed for 40 hours to 4 ng/mL CyaA (Fig. S3) revealed a substantially increased amount 
of mono-methylation of K9 residue of H3 (H3K9me1) that precedes further methylation 
by the SUV39 methyltransferase (35). Furthermore, a markedly increased dimethylation 
of K79 (H3K79me2), trimethylation of K27 (H3K27me3), and importantly decreased 
acetylation of K18 (H3K18ac) were also detected in histone extracts from toxin-treated 
cells (Fig. 4C). Indeed, H3K18 acetylation positively correlates with the transcriptionally 
permissive euchromatin state (41) and trimethylation of K27 (H3K27me3) and dimethyla­
tion of K79 of H3 (H3K79me2) are established markers of a transcriptionally repressive 
heterochromatin state (42–44). Furthermore, as shown in Fig. 4D and E, at 4 hours of 
exposure to the differentiating signal of M-CSF, a similar level of trimethylated K9 residue 
of H3 was still detected in toxin-exposed and control cells by immunoblot analysis of 
whole cell lysates. However, already at 16 hours after toxin exposure, an inhibitory effect 
of toxin action on M-CSF-triggered demethylation of trimethylated H3 lysine residues K9 
(H3K9Me3) was apparent, compared to the differentiating mock-treated cells (Fig. 4D and 
E), whereas there was an increase in trimethylation of the K27 residue (H3K27me3), 
indicating maintenance of a transcriptionally repressive heterochromatin state. A clear 
toxin action-elicited difference was then observed on both H3K9me3 and on H3K27me3 
at 40 hours after CyaA exposure (Fig. 4D and E). Furthermore, the pan-acetylation levels 
of histone H3 were assessed, and a significant decrease in pan-acetylation of H3 was 
observed by immunoblotting as early as 4 hours after exposure to 4 ng/mL CyaA (Fig. 4D 
and E). This reduction in acetylation levels remained consistent throughout the duration 
of the experiment, with no further significant changes detected at 16 and 40 hours (Fig. 
4D and E).

These findings demonstrate that exposure to already very low amounts of CyaA toxin 
(22 pM) triggers significant epigenetic modifications in monocytes, revealing the 
mechanism by which CyaA toxin action inhibits the M-CSF-elicited transcriptional 
program required for monocyte differentiation to macrophages.

HDAC inhibitor trichostatin-A and G9a methyltransferase inhibitor UNC 0631 
alleviate CyaA-elicited effects on gene expression and the block of monocyte 
to macrophage transition

Deacetylation is a prerequisite for the transcription-silencing methylation of H3. 
Therefore, we used the class II histone deacetylase (HDAC II) inhibitor trichostatin-A (TSA) 
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to corroborate the mechanism by which CyaA-elicited signaling triggered chromatin 
remodeling. qPCR analysis revealed that inhibition of HDAC II in CD14+ monocytes 

FIG 4 CyaA signaling drives heterochromatin formation and transcriptionally suppressive epigenetic 

marking of histones. TEM images of CD14+ monocytes cultured in DMEM containing 20 ng/mL M-CSF 

with or without 4 ng/mL (22 pM) CyaA or CyaA-AC−. Heterochromatin is visualized using uranyl acetate 

staining. CyaA-treated cells remain small and undifferentiated with distinct heterochromatin patches 

around the nuclear envelope, compared to mock-treated control or CyaA-AC− toxoid-exposed cells. 

Representative image sections from multiple TEM images are shown. H, heterochromatin; E, euchromatin; 

N, Nucleus. (B) Heterochromatin-covered areas per six images per sample were quantified using ImageJ 

and expressed as fold-enrichment of heterochromatin in CyaA-related cells compared to mock-treated 

cells. **P < 0.005. (C) CD14+ monocytes were exposed to 22 pM CyaA for 40 hours in the presence of 

20 ng/mL of M-CSF, and the levels of respective H3 modifications in toxin-treated cells were detected 

after normalization to total H3 levels using ELISA (EpiQuik Histone H3 Modification Multiplex Assay from 

EpigenTek). Percent change relative to the level of histone modification in control cells is shown, n = 2. 

(D) Detection of trimethylated residues K9me3 and K27me3 and pan-acetylation of the H3 histone. CD14+ 

monocytes were cultured with 22 pM CyaA in the presence of 20 ng/mL of M-CSF for 4, 16, and 40 hours. 

Histone proteins were acid-extracted and subjected to immunoblot analysis using specific antibodies. 

Total H3 level was used as loading control. (E) Quantification of the three immunoblots from panel 

D using ImageJ and expressed as fold change relative to signal in mock-treated control of respective 

samples following normalization with total H3 signal. n = 3, *P < 0.05, **P < 0.005, ***P < 0.0005.
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exposed to CyaA (4 ng/mL) for 40 h in the presence of 160 nM TSA alleviated the 
transcriptional downregulation of selected immunity-related genes (Fig. 5A), such as 
GBP1, HLA-DPA1, STAT1, and EGR2. At the same time, TSA inhibited the CyaA-triggered 
upregulation of transcription DUSP4 involved in the deactivation of the MAPK pathways, 
limiting cytokine production and interfering with monocyte differentiation into macro­
phages (SERPINB2, DLL1), or involved in intercellular adhesion (CD93), inflammatory 
monocyte proliferation (PFKB3), and regulation of cell death and angiogenesis (RUNX3, 
VEGFA), respectively (Fig. 5B). In line with these observations, HDAC inhibition by TSA 
alleviated, in part, the CyaA-induced block of M-CSF-driven monocyte to macrophage 
differentiation, as documented by the increase in the numbers of cells expressing the 
macrophage markers CD206 and CD204 (Fig. 5C).

The increased methylation at several H3 residues (c.f. Fig. 4) is a prerequisite for the 
formation and spread of condensed chromatin in cell nuclei (40). We, thus, examined if 
inhibition of methyltransferase activity by a set of known inhibitors would alleviate the 
block of monocyte differentiation imposed by CyaA toxin action. Of the several tested 
compounds (data not shown), the UNC 0631 inhibitor specific for the G9a methyltrans­
ferase, known to methylate both H3K9 and H3K27 (45–47), efficiently relieved the 
CyaA-elicited block of monocyte differentiation (Fig. 6A and B). The addition of 160 nM 
UNC 0631 alleviated the block of monocyte differentiation elicited by 22 pM CyaA and
yielded a significant increase in the number of M-CSF-differentiated cells expressing 

FIG 5 TSA alleviates the CyaA-elicited transcriptional reprogramming and arrest of monocyte differentiation. (A, B) Transcript levels of indicated genes of CD14+ 

monocytes treated with 4 ng/mL of CyaA in the presence or absence of the HDAC inhibitor TSA (160 nM) were quantified using qPCR. (A) Downregulated genes 

and (B) upregulated genes. Gene expression was normalized to β-actin and β-2 microglobulin mRNA levels. Results are presented as fold change relative to 

control (n = 4, *P < 0.05, **P < 0.005). (C) CD14+ monocytes cultured for 5 days with the differentiation stimulus of human M-CSF (20 ng/mL) along with CyaA 

(4 ng/mL) in the presence or absence of 160 nM TSA were analyzed for the levels of macrophage surface markers CD206 and CD204 by FACS. Contour plots 

representative of three independent experiments are shown.
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the CD36, CD206, and CD204-macrophage markers (Fig. 6A). Moreover, compared to 
monocytes treated with CyaA alone, the CyaA-exposed cell cultures with the 160 nM 
G9a inhibitor UNC 0631 exhibited notably higher flow cytometry side scatter values, 
reflecting increased intracellular complexity, which is a macrophage feature (Fig. 6B). 
However, the inhibition of G9a activity under the used condition was likely not complete, 
as the monocytes took 8 days to differentiate into macrophages in the presence of 
160 nM UNC 0631 and 22 pM CyaA. These data, nevertheless, clearly indicate that 
inhibition of G9a-mediated methylation of K9 and K27 residues of H3 was crucial for 
overcoming the CyaA-imposed downregulation of the gene products that play a key role 
in monocyte differentiation into macrophage cells.

To further elucidate the impact of H3 acetylation/methylation balance on CyaA-medi­
ated deregulation of gene expression, chromatin immunoprecipitation (ChIP) analysis 
was performed on CD14+ monocytes exposed to 22 pM CyaA for 40 hours. The DNA 
fragments enriched by immunoprecipitation of chromatin complexes with antibodies 
specific for the modified H3K18ac (Fig. 7A) and H3K9me3 or H3K27me3 residues (Fig. 7B) 
were quantified by qPCR using a set of selected promoter-specific primers (Table S3). As 
documented in Fig. 6C decreased pull-down yield due to decreased H3K18 acetylation 
at several specific gene promoters of downregulated genes was observed, whereas an 
increased acetylation of H3K18 was found at the promoter of the highly transcribed 
SERPINB2 gene (Fig. 7A). Concurrently, an increase in methylation at H3K9 and H3K27 
residues was detected at numerous promoters of genes downregulated upon cell 
exposure to CyaA (Fig. 7B). Notably, reduced H3K18 acetylation at promoters of genes 
encoding the transcription factors JUN, EGR2 and simultaneous increase in trimethylated 
H3K9me3 or H3K27me3 residues at promoters of the JUN, CSF1 genes was observed. 
Altogether, these data underscore the crucial role of H3 acetylation and methylation 

FIG 6 Inhibition of the G9a methyltransferase relieves the CyaA-elicited monocyte differentiation block. (A) CD14+ monocytes were exposed to 22 pM CyaA for 8 

days in the presence or absence of the G9a methyltransferase inhibitor UNC 0631 (160 nM). Monocyte differentiation to macrophages was assessed by analyzing 

the expression of macrophage markers CD36, CD206, and CD204. The representative contour plot illustrates the differentiation status of the monocytes under 

these conditions (n = 3). (B) Side scatter histograms of control and CyaA-treated cells, with or without UNC 0631 (160 nM), are shown; the histograms depict the 

changes in intracellular complexity (n = 3).
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in the epigenetic mechanism of CyaA-elicited downregulation of the pro-differentiation 
gene expression program in monocytes exposed to CyaA toxin.

DISCUSSION

We report that CyaA toxin action blocks monocyte to macrophage transition through 
epigenetic reprogramming of monocytes. When monocytes differentiate into macro­
phages, their cycle is arrested, and instead of proliferation, the cell volume grows to 
attain the large macrophage cell type. This transition of primary circulating monocytes 
into macrophages is accompanied by remarkable changes in morphology and cell 
function, which requires the products of a number of newly transcribed gene sets (48, 
49). We show by RNAseq transcriptional profiling that the cAMP-mediated signaling of 
very low amounts of B. pertussis CyaA toxin provokes the downregulation of transcrip­
tion of numerous genes, as schematically summarized in Fig. 8. We report that CyaA 
elicits epigenetic modifications that are known to block the opening of chromatin 
for transcription and promote the formation of condensed heterochromatin that can 
restrict the access of the transcriptional machinery to specific promoter and enhancer 
sequences. This CyaA action appears to be mediated by the activation of histone 
deacetylation, followed by methylation of the lysine residues of histone H3 (c.f. Fig. 4), 
required for bridging of adjacent nucleosomes and heterochromatin formation (35, 50). 
Indeed, CyaA action on monocytes resulted in deacetylation of H3K18, known to cause 
a block of gene expression (41). Moreover, the observed CyaA-triggered trimethylation 
of H3K27 and dimethylation of H3K79 would instigate the formation of closed chroma­
tin and prevent the association of transcription factors with the respective promoter 
regions (42, 51). Furthermore, the observed increase in the amounts of monomethyla­
ted H3K9 (H3K9me1, c.f. Fig. 4C), recognized by the SUV39 methyltransferase (52, 53), 
yielded trimethylation of H3K9, with the accumulation of H3K9me3 being a hallmark of 
heterochromatin formation and gene silencing (54).

FIG 7 H3 methylation and acetylation at specific promoters. ChIP analysis of H3 acetylation (A) and methylation (B) at promoters of selected genes involved in 

immune response and monocyte differentiation. CD14+ monocytes were treated with 22 pM CyaA for 40 hours and ChIP assay was performed using an antibody 

against H3K18ac (A) or against H3K9me3 and H3K27me3 (B) to enrich for histone H3 acetylated at lysine 18 (A), or for H3 trimethylated at lysine 9 and lysine 

27 residues (B), respectively. Promoter regions of the enriched DNA fragments were quantified by qPCR, and the results are presented as fold change following 

normalization to sheared chromatin of the input sample, n = 3, *P < 0.05, **P < 0.005.
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The CyaA/cAMP signaling-elicited block of monocyte differentiation appears to be 
downstream of G9a methyltransferase (c.f. Fig. 6), as the G9a methyltransferase inhibitor 
UNC 0631 alleviated the CyaA effect on differentiation block, likely due to upregulation 
of G9a expression by the cAMP-activated protein kinase A (PKA) signaling axis (57). 
Furthermore, previous findings suggested a role for PKA in blocking the nuclear export 
of histone deacetylases HDAC4 and HDAC5 (58, 59). This is in line with our earlier 
observation that CyaA toxin action promoted the dephosphorylation of HDAC5 and 
may block its nuclear export (60). Furthermore, zinc ions are essential for HDAC activity 
(61, 62) and CyaA action yielded upregulation of the zinc ion importer gene SLC39A14 
(c.f. Table 2 and Fig. 2B). Conversely, the presence of the HDAC inhibitor TSA, which 
blocks HDAC activity by chelating zinc ions (63), alleviated, in part, the toxin-mediated 
suppression of transcription of some genes and the block of CyaA-mediated M-CSF-
driven monocyte differentiation (Fig. 5). On the contrary, CyaA action also upregulated 
transcription of certain groups of genes, and this was reversed, in part, by TSA treatment 
(c.f. Fig. 5B). A plausible explanation of this seemingly contradictory observation would 
be that the activity of some transcriptional repressors is maintained by acetylation 
(64). Hence, their HDAC-mediated deacetylation would convert them to transcriptional 
activators (65). It is plausible to speculate that through cAMP signaling, the CyaA activity 

FIG 8 Signaling of very low amounts of B. pertussis CyaA toxin causes transcriptional reprogramming of CD14+ monocytes. Numerous cellular processes are 

altered upon exposure of CD14+ monocytes to as little as 4 ng/mL (22 pM) CyaA for 40 hours. CyaA-elicited cAMP signaling reduces chemokine and cytokine 

gene expression and the expression of genes involved in antigen processing and presentation to T cells, such as PSMB9, TAP1, HLA-DMB, CD1E, HLA-DRA, 

CD74. CyaA-exposed cells are metabolically affected, as deduced from decreased expression of the APOL4, ME1, CD36, and HK3 genes involved in the provision 

of essential lipids during monocyte differentiation into macrophages (55). Complement-based bactericidal functions are compromised due to low C2 level, 

whereas higher expression of PAI-2 blocks the alternate way of plasmin-mediated C5 cleavage (30). Phagocytosis is primarily affected by the reduction of 

expression levels of the phagocytic receptor FCGR1A and the phagocytic cup component ASAP2 (28). Lower levels of proteins encoded by the IFNG, ITGAM,

and NCF1 genes further compromise the bactericidal functions of CyaA-exposed cells. Toxin action decreases the expression of positive regulators of monocyte 

differentiation, such as EGR2, and the AP-1 transcription factor components. CyaA triggers Bax association with mitochondria, likely due to the increased levels of 

TNFRSF21 transcription and Bim stabilization, as these molecules can trigger Bax oligomerization at the outer mitochondrial membrane and elicit release of the 

pro-apoptotic mitochondrial intermembrane molecules, such as the cytochrome c (Cyt c) (13, 56).
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provokes retention of some of the HDACs in the nucleus and thereby enhances the 
deacetylation of histones and some non-histone proteins. This would facilitate the 
assembly of heterochromatin patches across the genome while activating, at the same 
time, the selective expression of genes that negatively regulate cell differentiation, such 
as SERPINB2 (PAI-2) (25).

Another layer of CyaA-triggered transcriptional regulation and inhibition of monocyte 
differentiation would depend on the modulation of the activity of transcriptional factors 
AP-1 and EGR2. We have previously shown that CyaA/cAMP-mediated upregulation of 
tyrosine phosphatase SHP-1 activity results in dephosphorylation of the c-fos compo­
nent of the AP-1 transcription factor, which blocks its activity (66). Moreover, cAMP 
signaling was shown to attenuate the expression of EGR2, as well as of the JUN 
dimerizing partners, which are involved in the formation of the active AP-1 transcription 
factor (67, 68). Since both EGR2 and AP-1 are known to be involved in the transcrip­
tional program required for monocyte transition to macrophage cells (23, 69), their 
poor expression due to the reduced K18 acetylation and enhanced trimethylation at 
respective gene promoters in CyaA-treated cells would further contribute to the block 
of monocyte differentiation (c.f. Fig. 7A and B). Furthermore, CyaA/cAMP-promoted 
upregulation of the negative regulators of monocyte differentiation, encoded by the 
genes CSNK1E and SERPINB2 (PAI-2) (c.f. Fig. 2 and 3), would yield locking of the CD14+ 

monocyte in an undifferentiated state (15, 25, 26, 70, 71).
Differentiation of incoming circulating monocytes into bactericidal macrophages 

represents a key element of innate mucosal immune protection from bacterial infection. 
Previous work revealed that the action of B. pertussis CyaA at low concentrations blocks 
the capacity of macrophage cells to phagocytose complement-opsonized particles 
(12, 15), which is an important mechanism of immune protection of the mucosa in 
naïve infants lacking specific antibodies to B. pertussis antigens. The transcriptional 
profiling work reported here reveals that CyaA toxin action can further attenuate the 
macrophage-mediated immune defense of host mucosa by blocking the transition of 
chemoattracted monocytes into bactericidal macrophage cells. Hence, exposure to CyaA 
blocks the employment of a number of immunity-related functions of macrophages, 
yielding the here reported downregulation of expression of phagocytic receptor genes 
FCGR1A and the phagocytic cup component gene ASAP2 or the upregulation of DUSP4 
which inactivates the MAP kinase signaling (c.f. Fig. 3F). Our results suggest new ways 
of blocking B. pertussis-mediated reprogramming of monocytes by “epigenetic” drugs 
that are currently undergoing clinical trials for cancer therapy. It will be of interest to 
examine their effects on the outcome of B. pertussis infection in suitable animal models 
of catarrhal pertussis (72).

MATERIALS AND METHODS

Antibodies and reagents

EpiQuik histone H3 modification multiplex assay kit (Cat. No. P-3100) and EpiQuik 
total histone extraction kit (Cat. No. OP-0006) were from Epigentek. Anti-CD206 (clone 
MR6F3) and anti-CD204 (clone PSL204) were purchased from Invitrogen; anti-CD14 
(MEM-18), anti-CD11b (clone ICRF44), anti-CD36 (clone TR9), and anti-fcgr1a (clone 
10.1) were obtained from Exbio. anti-Fcgr2B (clone 19072) from Bio-Techne; polyclonal 
anti-H3K27me3 and anti-H3K9me3 were from Active Motif. Recombinant Human M-CSF 
(Cat. No. #300-25) was from PeproTech, and CD14 MicroBeads (Cat. No. #130-050-201) 
were from Miltenyi Biotec. DMEM was from Sigma-Aldrich (Cat. No. #D6429), Trichostatin-
A and UNC 0631 were from MedChemExpress and Ficoll from GE Health Care.

CyaA and CyaA-AC− purification

Recombinant CyaA and CyaA-AC− proteins were produced in E. coli XL1-Blue (Stratagene, 
La Jolla, CA) expressing cyaC and cyaA genes from the pT7CACT1 plasmid (17) and the 
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proteins purified by a combination of ion-exchange chromatography and hydrophobic 
chromatography as described previously (17). Endotoxin was removed from protein 
preparations by on-column washing of the resin-bound proteins with 60% isopropanol 
(73), and the endotoxin level was analyzed using chromogenic limulus amebocyte lysate 
assay kit (QCL-1000; Lonza, Walkersville, MD). The level of endotoxin was less than 0.1 
endotoxin units (EU) of E. coli LPS per 1 µg of protein.

Total RNA extraction and library construction for deep sequencing

CD14+ monocytes were seeded in 6-well plates at a density of 1  ×  106 cells/mL in 
5 mL of DMEM with 10% FCS and 20 ng/mL of human recombinant M-CSF (PeproTech). 
After an hour of cell resting, CyaA toxin or the CyaA-AC− toxoid was added to a final 
concentration of 4 ng/mL (22 pM), and the culture was continued for 40  hours without 
change of media at 37°C in a humidified 5% CO2 atmosphere. Culture supernatant was 
aspirated, cells were washed once with ice-cold PBS, and total RNA was extracted using 
the RNA-blue reagent (Top-Bio, Czech Republic) according to manufacturer’s instruc­
tions. The amount of RNA was quantified by microspectrophotometry (DeNovix), and 
RNA quality was assessed using an Agilent Bioanalyzer. High-quality RNA with a RIN 
score >7 was used for cDNA library preparation from total mRNA using NEB Next Ultra 
II Directional RNA with polyA mRNA isolation module kit. Tagged NGS libraries were 
loaded onto NovaSeq 6000 (Illumina) with a sequence output of 20 M reads per sample.

Quantitative PCR

cDNA was prepared from total RNA samples of CD14+ monocytes using high-capacity 
cDNA reverse transcription kit (Applied Biosystems) and used for qPCR amplification 
using gene-specific primers (Table S2). The CT values were normalized to levels of β-actin 
and β-2 microglobulin gene transcripts, and the relative expression levels of genes were 
compared to the expression levels of respective genes in mock-treated control cells.

CD14+ monocyte separation from PBMCs

Human peripheral blood mononuclear cells (PBMCs) were purified from leukopaks 
obtained after processing of blood of anonymous healthy donors at the Blood Transfu­
sion Center of the Thomayer Hospital in Prague, Czech Republic. Cells were concentrated 
using density gradient centrifugation over Ficoll-Paque (GE Healthcare) according to the 
Miltenyi Biotec protocol. PBMCs were washed with ice-cold PBS containing 1 mM EDTA, 
the cell pellet was resuspended into 0.5 mL of PBS with 0.5% BSA, and 1 mM EDTA 
(bead buffer) and 40 µL of anti-human CD14 microbeads were added per sample prior to 
incubation at 4°C for 40 min. The cells were pelleted and washed with bead buffer, and 
CD14+ monocytes were separated using Possel_s program of the MACS cell separation 
instrument (Miltenyi Biotech). The CD14+ cells were counted, and purity was assessed 
by fluorescence-activated cell sorting (FACS) using a fluorophore labeled CD14 antibody. 
The obtained cells were highly homogeneous, exhibiting more than 95% purity (Fig. S1).

Analysis of monocyte differentiation and toxin treatment

Purified CD14+ monocytes were cultured in DMEM containing 10% FCS and 20 ng/mL 
of M-CSF (differentiation media), incubated with or without CyaA toxin or the CyaA-AC− 

toxoid (4 ng/mL) at 37°C in a humidified 5% CO2 atmosphere for the indicated time. 
Where appropriate, cells were pre-incubated with trichostatin-A (160 nM) or UNC 0631 
(160 nM) prior to toxin addition. The culture media was replaced every 48 hours with 
fresh differentiation media along with toxin or toxoid. Wherever applicable, the TSA or 
UNC 0631 inhibitors were added at the indicated concentrations, and the cells were 
incubated for the indicated time. Cells were next washed with ice-cold Hanks’ balanced 
salt solution (HBSS) and detached with Accutase solution (Cat. No. A6964), washed with 
HBSS, pelleted, and resuspended in HBSS with 1% FCS. The viability of cells at the end of 
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the incubation experiments was systematically analyzed by staining with Hoechst 33258 
(1 μg/mL). The cells were next incubated with fluorophore-labeled antibodies against 
indicated surface markers and analyzed using the LSR II flow cytometer (BD Bioscien­
ces). Cytometric data were analyzed using FlowJo (Tree Star, Ashland, OR). For immu­
noblotting, cell lysates were acid-extracted using the EpiQuik total histone extraction 
kit from EpigenTek according to the manufacturer’s instructions. Briefly, the cells were 
treated with 4 ng/mL of CyaA and incubated at 37°C for various time points. Follow­
ing incubation, cells were immediately fixed with 0.8% formaldehyde for 5 minutes at 
room temperature, and the remaining reactive aldehyde groups were quenched by the 
addition of 125 mM glycine. The cells were washed three times with ice-cold PBS and 
permeabilized with 0.2% Triton X-100 for 15 minutes on ice. The cell membrane was 
disrupted by three cycles of high-speed vortexing for 20 seconds, followed by centrifuga­
tion at 5,000 RPM for 5 minutes. The pellet was washed with ice-cold PBS and dissolved 
in the acidic lysis buffer from the EpiQuik Total Histone Extraction Kit (EpigenTek). 
Following incubation for 30 minutes on ice, the samples were heated at 65°C for 2 
hours to reverse protein crosslinking. The extracted proteins were separated on a 12.5% 
SDS-PAGE gel and transferred onto a nitrocellulose membrane. The respective proteins 
were then detected using specific primary and HRP-conjugated secondary antibodies 
and visualized using enhanced chemiluminescent substrate (SuperSignal West Femto, 
ThermoFisher) in a GBOX-Chemi-XRQ-E system (Syngene, Frederick, MD, USA). Wher­
ever applicable, the luminescence signal was quantified using ImageJ software (https://
imagej.nih.gov/ij/).

Chromatin immunoprecipitation

CD14+ monocytes were cultured in DMEM supplemented with 10% fetal calf serum 
(FCS) and 20 ng/mL of M-CSF. Cells were incubated at 37°C in a CO2 incubator for 40 
hours, with or without the addition of the CyaA toxin or its CyaA-AC− toxoid (22 pM, 
4 ng/mL). ChIP was next performed using antibodies against H3K9me3, H3K27me3, and 
H3K18Ac by utilizing a kit from Active Motif (ChIP-IT Express Enzymatic Kit, Cat. No. 
53009) according to manufacturer’s instructions. Briefly, cells were fixed immediately 
after removal from the 37°C CO₂ incubator by treatment with 0.8% formaldehyde 
for 7 minutes at room temperature, and the remaining free aldehyde groups were 
quenched with 125 mM glycine. Cells were next washed three times with ice-cold 
PBS, and the cell pellet was resuspended in 600 µL of lysis buffer from the kit supple­
mented with a cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche, Cat.alog 
number: 11836170001), and 1 mM PMSF. The suspension was incubated on ice for 
15 minutes to allow cell lysis. Subsequently, the cells were transferred to an ice-cold 
Dounce homogenizer and lysed by performing 60 strokes. Cell nuclei were collected by 
centrifugation in Eppendorf tubes at 5,000 RPM for 10 minutes at 4°C. The supernatant 
was carefully discarded, and the nuclear pellet was resuspended in 200 µL of digestion 
buffer containing micrococcal nuclease (final concentration: 1666 U/mL), cOmplete, Mini 
(Roche, Catalog. No. 11836170001) protease inhibitor cocktail, and 1 mM PMSF. The 
suspension was incubated at 37°C for 10 minutes to allow chromatin digestion. To stop 
the digestion reaction, 5 µL of ice-cold 0.5 M EDTA was added, and the samples were 
chilled on ice for 10 minutes. The samples were centrifuged at 15,000 RPM for 10 minutes 
in a chilled microcentrifuge, and the chromatin-containing supernatant was collected 
for subsequent use. Ten microliters of aliquots of sheared chromatin was saved as the 
input sample. For chromatin de-crosslinking, 50 µL of sheared chromatin was treated 
with 150 µL of distilled water, followed by the addition of 10 µL of 5 M NaCl, and samples 
were heated at 65°C for 4 hours to reverse crosslinking. 1 µL of RNase A was then 
added, and the samples were incubated for 15 minutes at 37°C. 10 µL of proteinase K 
was added next, and the samples were incubated for an additional 1.5 hours at 42°C. 
The chromatin was purified using the Monarch PCR and DNA Cleanup Kit (New England 
Biolabs, Catalog. No. T1030L) and subsequently analyzed by gel electrophoresis on a 2% 
agarose gel. Chromatin was then subjected to ChIP, and the enriched fragments were 
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collected following the manufacturer’s protocol. The DNA fragments obtained from the 
ChIP assays were analyzed for enriched promoter fragments using specific primer sets 
(Table S3), and the enrichment was quantified by qPCR upon normalization to sample 
input.

Transmission electron microscopy

CD14+ monocytes differentiated in the presence or absence of CyaA or CyaA-AC− 

(4 ng/mL) for 5 days were washed three times with ice-cold PBS and fixed with 2% 
glutaraldehyde–PBS on ice for 2 hours. The fixed cells were washed three times with 
ice-cold PBS prior to post-fixing with 0.5% osmium tetroxide-PBS overnight at 4°C. 
Post-fixed cells were dehydrated by using ethanol series and embedded in epoxy 
resin (EMBed-812 Embedding kit; Electron Microscopy Sciences). Ultrathin sections 
were contrasted using uranyl acetate and lead citrate (Reynolds 1963). Contrasted 
sections were examined in an FEI Morgagni 268(D) electron microscope (FEI, Brno, Czech 
Republic) at 80 kV. Digital images were recorded with MegaViewIII slow scan camera and 
processed by AnalySis 3.2 (Olympus Soft Imaging Solutions GmbH, Münster, Germany) 
using standard software modules (shading correction, digital contrast enhancement).

RNAseq data analysis

Sequencing reads were processed with Nextflow version 22.10.4 (74) using the 
nf-core/RNAseq pipeline version 3.10.1 (https://zenodo.org/records/4323183) with 
default settings. Differential expression was assessed against the null hypothesis 
of absolute log fold change <1 using the DESeq2 R package version 1.38.3 (75), 
using the apeglm package version 1.20.0 for shrinkage (76). Gene set enrichment 
was computed with clusterProfiler version 4.6.0 (20) and fgsea version 1.24.0 (77) 
packages. Code and data to reproduce the analysis are available at Zenodo: https://
zenodo.org/records/8189564.

Determination of histone modification by ELISA

CD14+ monocytes were cultured in DMEM supplemented with 20 ng/mL human 
recombinant M-CSF (Peprotech), and cells were treated with CyaA (4 ng/mL) for the 
indicated time. Total histone proteins were extracted using the EpiQuik total histone 
extraction kit (EpigenTek) as above. Multiple histone H3 modifications were analyzed by 
ELISA (EpiQuik histone H3 modification multiplex assay kit) according to the manufactur­
er’s instructions.

Quantitative detection of IL-10 by ELISA

Purified CD14+ monocytes were cultured in DMEM supplemented with 10% FCS. Cells 
were seeded at a density of 1 × 106 cells/mL in 12-well plate. Monocytes were treated 
with 4 ng/mL of CyaA for 40 hours at 37°C in a humidified atmosphere containing 5% 
CO₂. The concentration of IL-10 in the supernatants was measured using an IL-10 ClinMax 
Human IL-10 ELISA Kit (Cat. No. CRS-B005) according to the manufacturer’s instructions. 
The concentration of IL-10 in the samples was determined by comparing the absorbance 
values to a standard curve generated using known concentrations of IL-10. Results were 
expressed as pg/mL of IL-10.

Statistics

Statistical analysis was performed using the GraphPad embedded paired t test algorithm.
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