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Toxoplasma gondii (T. gondii) is an obligate intracellular parasite that can infect almost all
warm-blooded animals, causing serious public health problems. Lysine crotonylation (Kcr)
is a newly discovered posttranslational modification (PTM), which is first identified on
histones and has been proved relevant to procreation regulation, transcription activation,
and cell signaling pathway. However, the biological functions of histone crotonylation have
not yet been reported in macrophages infected with T. gondii. As a result, a total of 1,286
Kcr sites distributed in 414 proteins were identified and quantified, demonstrating the
existence of crotonylation in porcine alveolar macrophages. According to our results,
identified histones were overall downregulated. HDAC2, a histone decrotonylase, was
found to be significantly increased, which might be the executor of histone Kcr after
parasite infection. In addition, T. gondii infection inhibited the crotonylation of H2B on K12,
contributing on the suppression of epigenetic regulation and NF-kB activation.
Nevertheless, the reduction of histone crotonylation induced by parasite infection could
promote macrophage proliferation via activating PI3K/Akt signaling pathway. The present
findings point to a comprehensive understanding of the biological functions of histone
crotonylation in porcine alveolar macrophages, thereby providing a certain research basis
for the mechanism research on the immune response of host cells against T.
gondii infection.

Keywords: Toxoplasma gondii, porcine alveolar macrophage, posttranslation modification, histone crotonylation,
immune response
INTRODUCTION

As a member of the phylum Apicomplexa, Toxoplasma gondii (T. gondii) is an important food-borne
and water-borne zoonotic pathogen (1). This obligate intracellular parasite can infect all warm-blooded
animals including approximately one third of population around the world (2). Rapidly proliferated
tachyzoites stages are usually controlled by immune responses of hosts, thus immunocompetent hosts
org July 2021 | Volume 12 | Article 6960611
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generally maintain asymptomatic status as bradyzoite cysts after
infection (3). However, individuals with immunocompromise or
congenital infection may lead to life-threatening disseminated
infection such as ophthalmitis, encephalitis, abortion, and even
death (4, 5). Current studies have indicated that consumption of
undercooked meat infected with T. gondii may be one of the
primary sources of human toxoplasmosis cases (6, 7), which is
considered to account for at least 30% in the route of human
toxoplasmosis transmission (8). Pigs are one of the most
susceptible hosts of T. gondii, and porcine model is proved to be
superior to the murine model (9). In addition, the threat of porcine
toxoplasmosis to humans is also exposed to great challenges with
the growing risk of porcine organ transplantation (10). Considering
that T. gondii has a serious impact on public health with the
development of the pig industry, the prevention and control of
swine infected with T. gondii are of remarkable significance for the
prevention of human toxoplasmosis. Macrophages, essential
effector cells, are directly involved in host defense against
protozoon infection, which can produce high levels of IL-12 and
IFN-g to inhibit parasite growth in the innate immune response
(11, 12). Tachyzoites fail to acidify and rapidly proliferate in normal
macrophages, which ultimately leads to the lysis of the host cell (13,
14). In turn, the signaling pathway in infected cells can be
interfered by T. gondii, allowing the parasite to evade the innate
immune response (15). However, research on the mechanism of
porcine macrophages in response to Toxoplasma infection is
still limited.

Protein posttranslational modification (PTM), a crucial
protein function regulation, is essential to the structure and
function of proteins under physiological and pathological
conditions, such as gene expression and regulation, cell
growth, embryonic development, metabolism, and disease
treatment (16, 17). Lysine crotonylation (Kcr) of both histone
and non-histone proteins is a newly identified modification,
which exists in mammals and is relevant to active transcription
and cell signaling pathway (16, 18). Recent studies have
demonstrated that YEATS2, a protein containing the YEATS
domain, is a histone crotonylation reader that can directly
concatenate histone crotonylation to activate transcription
(19). In fact, histone crotonylation is an evolutionarily
conserved modification, which presents in a wide range of
eukaryotic organisms (20). Nevertheless, the functional impact
of histone Kcr in macrophages remains unclear. The regulatory
enzymes of histone crotonylation have also been widely
investigated. It has been actively studied that classic histone
acetyltransferases CBP/p300 and MOF are also involved in the
catalytic histone crotonylation (21, 22), and class I histone
deacetylases (HDACs) have been found to be the major
histone decrotonylases under different conditions (23–25).
An increasing body of evidence reveals that HDACs are
involved in the modulation of various cell functions, including
regulation of inflammatory gene expression, DNA repair, and
cell proliferation by altering the status of protein acylation
(26, 27). Additionally, previous research reported that the
inhibition of class I HDAC1/2/3 leads to histone Kcr significant
induction and affects gene expression and epigenome, thereby
Frontiers in Immunology | www.frontiersin.org 2
affecting cell function and regulating immune responses (28).
However, it has never been clearly identified whether and how
HDACs regulate histone Kcr in macrophages infected with
T. gondii.

In the present study, a method of LC-MS/MS coupled with
highly sensitive affinity enrichment was first applied to
quantitatively analyze the differentially expressed Kcr proteins
in porcine alveolar macrophages infected with T. gondii.
Furthermore, T. gondii infection induces the overall
downregulation of histone crotonylation mediated by HDAC2
in 3D4/21 cells, which is reflected in the inhibition of H2BK12cr
epigenetics, thereby suppressing the activation of NF-kB.
Unexpectedly, the decrease of histone Kcr modification
promotes macrophage proliferation. Our work provides
comprehensive insights into the biological functions of histone
crotonylation in porcine alveolar macrophages, which may pave
the way for exploring the specific mechanisms of histone
crotonylation in the immune response of host cells against T.
gondii infection.
EXPERIMENTAL PROCEDURES

Parasites Infection and Sample Collection
Porcine alveolar macrophages (3D4/21 cells) and PK-15 cells
were infected with tachyzoites of T. gondii type I strain
RHDhxgprt (MOI = 5) propagated in human foreskin
fibroblast cells (obtained from ATCC, Maryland, USA) in
DMEM supplemented with 2% FBS at 37°C with 5% CO2 or
mock infected with an equal amount of phosphate-buffered
saline (PBS, pH 7.4) (herein referred to as 3D4/21 + RH and
Control, PK-15 + RH and Control), respectively. After 24 h post-
infection, all samples were harvested and stored at −80°C for
subsequent protein and chromatin extraction.

Western Blot Analysis
The total protein was extracted according to the manufacturer’s
protocols. Equal amounts of proteins (20 mg) were separated by 12%
SDS-PAGE prior to transferring to PVDF membranes (Millipore,
Massachusetts, USA), and then the PVDFmembranes were blocked
in 2% BSA at room temperature for 2 h. The membranes were
incubated with primary antibodies against pan Kcr (1:1,000
dilutions; PTM Bio, PTM-502, Hangzhou, China), H2BK12cr
(1:1,000 dilutions; PTM Bio, PTM-509, Hangzhou, China), H2B
(1:1,000 dilutions, PTM Bio, PTM-1006, Hangzhou, China),
H3 (1:1,000 dilutions, Beyotime, AF7101, Shanghai, China),
HDAC1 (1:1,000 dilutions; CST, 5356, MA, USA), HDAC2
(1:1,000 dilutions; CST, 5113, MA, USA), Akt (1:1,000 dilutions,
CST, 4691, MA, USA), p-Akt (Ser473) (1:1,000 dilutions, CST,
4060, MA, USA), NF-kB-p65 (1:1,000 dilutions, CST, 6956, MA,
USA), b-actin (1:1,000 dilutions, CST, 4970, MA, USA), HDAC3
(1:1,000dilutions,Abcam,ab187139,Cambridge,UK)andHDAC8
(1:1,000 dilutions, Abcam, ab32369, Cambridge, UK) at 4°C
overnight. Subsequently, the membranes were detected with
secondary antibodies (1:2,000 dilutions; Beyotime, Shanghai,
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China) at room temperature for 1 h after washing with TBST five
times. Eventually, the protein signal was detected with an ECL Plus
Western Blotting Detection System (Image Quant LAS 4000mini,
United States).

TMT Labeling and Quantitative
Proteomics Analysis
The TMT labeling crotonylation quantitative proteomics
analysis was performed by Jingjie PTM BioLab Co. Ltd
(China). The digested peptide was desalted by Strata X C18
(Phenomenex, CA, USA) and vacuum freeze-dried, and then the
peptide was labeled according to manufacturer’s protocol for
TMT kit. Briefly, the labeling reagent was dissolved in
acetonitrile. The mixtures were incubated for 2 h at room
temperature, desalted, and dried by vacuum centrifugation. In
order to enrich crotonylated modified peptides, the peptides
were dissolved in IP buffer (100 mMNaCl, 1 mM EDTA, 50 mM
Tris-HCl, 0.5% NP-40, pH 8.0), and the supernatant was
incubated with pre-washed crotonylated resin beads (PTM Bio,
Hangzhou, China) at 4°C overnight with gentle shaking. After
incubation, the resin beads were washed with IP buffer four times
and deionized water twice. Eventually, the beads-bound peptides
were eluted with 0.1% trifluoroacetic acid, and the collected and
vacuum dried eluate was desalted with C18 ZipTips (Millipore)
according to the manufacturer’s instructions for subsequent LC-
MS/MS analysis.

LC-MS/MS was performed as described previously (20, 29).
Briefly, peptides were dissolved in solvent A (0.1% formic acid),
and peptide separation was conducted using an EASY-nLC 1000
ultra-performance liquid chromatography system. The liquid
phase gradient was as follows: 7 to 22% solvent B (0.1% formic
acid in 98% acetonitrile) for 26 min, 22 to 35% for 8 min and
increased from 35 to 80% over 8 min then hold at 80% at the last
3 min; all flow rates were maintained at 350 nl/min.
Subsequently, the separated peptides were ionized using NSI
source (voltage was 2.0 kV) and then analyzed by Orbitrap
Fusion™ mass spectrometry. A data-dependent scanning
(DDA) program was applied to acquire the data. To improve
the efficient utilization of mass spectrometry, the automatic gain
control (AGC) was set at 5E4 and the signal threshold is set to
5,000 ions/s.

A Maxquant search engine (v.1.5.2.8) was employed to search
secondary mass spectrometry data against UniProt Sus scrofa
database (40,708 sequences) concatenated with reverse decoy
database, which was added to calculate the false positive rate
(FDR). The cleavage enzyme was set to Trypsin/P allowing a
maximum of four missing cleavages, a minimum peptide length
of seven amino acid residues, and a maximum of five modified
peptides. The mass error tolerance for precursor ions was set as
20 ppm in First search and 5 ppm in Main search, respectively,
and the mass error tolerance for secondary fragment ions was set
as 0.02 Da. Furthermore, carbamidomethyl on cysteine was
specified as fixed modification; oxidation on methionine,
deacylation on asparagine and glutamine, acetylation on
protein N-terminal, and crotonylation on lysine were specified
as variable modifications. TMT-6plex was the method for
Frontiers in Immunology | www.frontiersin.org 3
quantification, FDR values set less than 1% were used for
identification of both modified proteins and peptides, and
minimum score for modified peptides was set >40.

Bioinformatics Analysis
Soft MoMo (http://meme-suite.org/tools/momo) was performed
to analyze the model of peptide sequences that comprised amino
acids at specific positions of modified 21-mers (10 amino acids
upstream and downstream of the site) for all proteins. Minimum
number of occurrences was set to 20 with p value <0.000001.
Secondary structures were predicted using NetSurfP. Subcellular
localization was predicted by Wolfpsort. Eukaryotic Orthologous
Group (KOG) annotation was obtained from the NCBI-COG
database (https://www.ncbi.nlm.nih.gov/COG/). GO term and
protein domain enrichment were performed by a two-tailed
Fisher’s exact test that was used to test the enrichment of the
differentially modified protein against all identified proteins, and
a corrected p-value <0.05 was considered significant.
Differentially modified protein database accession or sequences
were searched against the STRING (v.10.5) protein network
interaction database. The differential modified protein
interaction was obtained according to a confidence score >0.7
(high confidence). Interaction network form STRING was
visualized in R package “networkD3”.

Histone Extraction
Histone-enriched fractions were extracted from 3D4/21 cells using
an acid extraction method (23, 30). Briefly, the cell pellet was
resuspended with lysis buffer (10 mM Tris–HCl pH 8.0, 1 mM
KCl, 1.5 mM MgCl2, 1 mM DTT, 2 mM PMSF, and protease
inhibitors) and then incubated at 4°C for 1 h. Subsequently, the
nucleus was pelleted by centrifuging at 10,000×g for 10 min at 4°C.
Histones were harvested by adding 0.4 N H2SO4 to resuspend
nucleus, and 100% trichloroacetic acid (trichloroacetic acid final
concentration 33%) was added to precipitate histones. Finally, the
precipitated histones were pelleted at 16,000×g for 10 min at 4°C
and washed with ice cold acetone twice. The collected samples
were stored at −80°C for subsequent analysis.

ChIP and ChIP-Seq Assays
The chromatin immunoprecipitation and ChIP-seq were
performed by Wuhan igenebook Biotechnology Co. Ltd
(China). Briefly, 3D4/21 cells were cross-linked with 1%
formaldehyde for ran chromatin extraction. After sonication,
fragmented DNA was obtained and then incubated with
antibody (anti-H2BK12cr)-coated beads for 12 h at 4°C. After
extensive washing, 20 m l 5M Nacl was added into
immunoprecipitated chromatin to de-cross-linked overnight,
and the concentration of purified de-cross-linked product was
measured for subsequent sequencing. Enriched DNA fragments
were subjected to library preparation and sequencing was
constructed on Illumina HiSeq 2000 with PE 150 method.
Clean data were filtrated using FastQC (version: 0.11.5) and
mapped to the reference genome (https://www.ncbi.nlm.nih.gov/
genome/84) by BWA (version: 0.7.15-r1140). ChIPseeker R
package was applied to draw vennpie diagram of the
July 2021 | Volume 12 | Article 696061
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distribution of Reads on gene functional elements. Deeptools
(version: 2.5.4) was used to describe the read density distribution.
MACS was used to analyze peak information in the genome, and
the threshold for screening the significant Peak was a value of
q <0.05. Peaks with FDR value <0.05 and Fold > or <0 in both
replications were considered as differentially expressed peaks,
and Integrated Genome Viewer was utilized to generate signal
plotting of individual genes (31).

Quantitative Real-Time Polymerase Chain
Reaction Assay
The total RNA was extracted using Trizol reagent (Transgen
Biotech, Beijing, China) following the manufacturer’s protocols.
Subsequently, the total RNA (1 mg) was reverse-transcribed to
cDNA using a reverse transcription kit (Vazyme, Nanjing,
China). Gene-specific primers for quantitative real-time PCR
were designed using Premier 7.0 software (Premier Biosoft
International, Palo Alto, CA, United States); the gene-specific
quantitative real-time PCR primes are listed in Table 1.
Quantitative RT-PCR was performed on ABI Step one plus
real-time PCR instrument using SYBR Green qPCR Master
Mix (Vazyme, Nanjing, China). The expression levels of target
genes were normalized to b-tubulin levels using the
2-DDCt method.

Cell Transfection and Nucleus–
Cytoplasmic Fractionation
Porcine alveolar macrophages were transfected with small
interfering RNA or corresponding SiRNA NC (GenePharma,
Shanghai, China) using Exfect Transfection Reagent (Vazyme,
Nanjing, China) according to the manufacturer’s instructions.
The cells were harvested 36 h after transfection for subsequent
experiments. Nuclear–cytoplasmic fractionation was conducted
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Thermo Fisher Scientific, 78833, MA, USA) according to the
manufacturer’s protocol.

Cell Proliferation Assays
Cell proliferation was determined using CCK-8 (Vazyme,
Nanjing, China) and EdU incorporation assays (Beyotime,
Shanghai, China), respectively. For CCK-8 assay, 10 ml CCK-8
solution was added to each well after treatment. After 1 h of
continuous incubation, the optical density (OD) of each well was
measured at wavelength of 450 nm on a microplate reader (Bio-
Tek, Vermont, USA). EdU incorporation assay was conducted
according to the manufacturer’s protocol. Briefly, treated cells
were incubated with EdU for 2 h and then subjected to EdU
Frontiers in Immunology | www.frontiersin.org 4
immunostaining. EdU positive cells were determined using a
fluorescence microscope (BX53, Olympus, Japan) and CytoFLEX
LX flow cytometer (Beckman Coul t e r , Brea , CA,
USA), respectively.

Statistical Analysis
All values were performed with GraphPad Prism 6 (GraphPad
Software Inc., La Jolla, CA, USA) and presented as the mean ± SEM.
The statistical differences between groups were determined using
Student’s t-test. A value of p <0.05was defined as statistically significant.
RESULTS

Global Analysis of Kcr Proteome in
Porcine Alveolar Macrophages
The existence and difference of protein modification in porcine
alveolar macrophages were determined by Western blot with
anti-crotonyllysine antibody (Figure 1A). Additionally, a
proteomic method based on immunoaffinity enrichment and
high-resolution LC-MS/MS with two replications was applied to
quantify differentially expressed crotonylated proteins and
modification sites (Figure 1B). In the present study, 56,763
secondary spectra were obtained, and the number of available
and effective spectrum was 3,871 (6.82%) after searching the
library of protein theoretical data by mass spectrometry
secondary spectrum; in addition, 1,896 peptides and 1,542
crotonylated peptides were identified (Figure S1A). In order to
further verify the MS data, we first conducted the detection of the
mass error of these identified peptides, and the distribution of
peptide mass error was near zero, which proved the accuracy of
the MS data (Figure S1B). The length of most peptides ranged
from 7 to 22 amino acid residues in line with the attribute of
tryptic peptides, indicating the high quality of protein samples
(Figure S1C). Then on the basis, a total of 1,557 unique
crotonylation sites in 458 proteins were identified, and among
which 1,286 Kcr sites in 414 proteins were quantified. Among
these Kcr proteins, 192 (46.4%) had a single Kcr site, which
accounts for the majority, and 62 (15.0%) had more than six Kcr
sites (Figure 1C and Table S1).

To explore the sequence properties of Kcr sites and presume
the specific motifs, we performed the MoMo software to analyze
the enriched motifs in all identified crotonylated proteins.
LXXKcrXXXXE , Kc rE , AXKcrKc r , Kc rXXXDKcr ,
KcrXXXXXXXKcr, AKcr, AXXXKcr, KcrF, KcrD, KcrH,
KcrKcr, KcrXXXXXXXXR, and KXXXXKcr were identified with
different abundances (Figures 1D, E), and these motifs were
TABLE 1 | Primers used for qRT-PCR.

Name Primer sequence (5′–3′) GenBank accession number Product size (bp)

HDAC1 CGCATGACTCACAATTTGCT AGCCATCAAATACCGGACAG XM_013999116 211
HDAC2 ACAGGAGACTTGAGGGAT CACATTTAGCGTGACCTT XM_001925318 232
HDAC3 GCTGCTGGACGGATGAGA CTGGATGGAGCGTGAAGT NM_001243827 108
HDAC8 CCATTAAAGTATCTCAAGGC GTGGGCCAATGTGATTGGTG XM_021080458.1 227
b-actin TCCACGAAACTACCTTCAACTCCAA GATCTCCTTCTGCATCCTGTC XM_003124280.5 131
July 2021 | Volume 1
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distinct from the reported motifs of Kcr in other PTMs (32, 33).
We next applied NetSurfP to investigate the relationship between
lysine crotonylation and protein secondary structures; the
structural analysis revealed that approximately 33.9% of Kcr
sites were identified in a-helices, 5.5% of Kcr sites were found
in b-strand, and the rest of 60.7% were in disordered coils
(Figure 1F). Consideration of no remarkable difference of
distribution pattern between all protein lysine residues and
crotonylated lysine residues implies that there was no preference
on structure for Kcr in 3D4/21 cells after T. gondii infection.
Similarly, the surface accessibility of Kcr showed no significant
difference from the total protein lysine residues (Figure 1F),
suggesting the surface attributes of modified protein residues
may not be affected by Kcr.

Quantitative Analysis of Lysine
Crotonylation in Porcine Alveolar
Macrophages After T. gondii Infection
We next quantitatively analyzed the changes of protein Kcr in
response to T. gondii infection in comparison with total protein
abundances in 3D4/21 cells. Modification sites in both two
replicates with p <0.05 were considered as significant different
modification, and the standard for up- or downregulated
modification sites was set as a fold change >1.2 or <0.83,
respectively. Based on the above data and standards, 295
modification sites in 149 proteins were upregulated, and 383
modification sites in 185 proteins were downregulated in
3D4/21+RH vs. control group (Figure 2A and Table S2).
Frontiers in Immunology | www.frontiersin.org 5
The subcellular location analysis of quantifiable proteins
manifested that most of upregulated modified proteins were
predicted to be in the cytoplasm (52%) and nucleus (16%), and
11% of identified proteins were related to mitochondria. In terms
of downregulated proteins, three main types of subcellular
components were also associated with the nucleus (35%),
cytoplasm (32%), and mitochondria (18%) (Figure 2B).
Overall KOG analysis of differentially modified proteins in
RH+3D4/21 vs. control group was conducted using NCBI
database, and the results revealed that the largest group of
differentially modified proteins were functionally clustered in
the categories of posttranslational modification, protein
turnover, chaperones, translation, ribosomal structure and
biogenesis, and RNA processing and modification (Figure 2C).

In order to better clarify the potential function of lysine
crotonylation and the biological function of differentially modified
proteins in 3D4/21 cells after T. gondii infection, we next performed
GO enrichment analysis of differentially modified proteins on three
major categories (biological processes, cellular components, and
molecular function). In terms of downregulated crotonylated
proteins, the significant biological processes were chromatin
organization, DNA conformation change, and protein–DNA
complex assembly, while a large proportion of upregulated
modified proteins were involved in cell redox homeostasis,
oxidoreduction coenzyme metabolic process, and single-organism
carbohydrate catabolic process (Figure 2D). The above results
indicated that Kcr proteins played essential functions in diverse
biological processes in macrophages after T. gondii infection. Most
A B C

D E F

FIGURE 1 | Global analysis of Kcr proteome in porcine alveolar macrophages. (A) SDS-PAGE and Western blot analysis of the total protein content of porcine
alveolar macrophages infected with T. gondii and the control group probed with anti-crotonyllysine. (B) Schematic representation of experimental workflow for TMT
quantification of Kcr in 3D4/21+RH and control cells. (C) Pie chart revealing the distribution of the number of identified Kcr sites per protein. (D) Heat map showing
the frequency of the different of amino acids around the Kcr. (E) Number of the crotonylated peptides in each motif. (F) Distribution of lysine crotonylation in different
protein secondary structures and the predicted surface accessibility of Kcr sites.
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of the enriched proteins in protein domain enrichment analysis
were downregulated, which were involved in nucleotide-binding
alpha-beta plait domain, RNA recognition motif domain, histone
H2A/H2B/H3, and histone-fold (Figure 2E). The results of protein–
protein interaction (PPI) analysis revealed that Kcr levels on most
ribosome and spliceosome-related proteins were downregulated,
which indicated that T. gondii infection might negatively regulate
Kcr in macrophages (Figure 2F).

T. gondii Infection Negatively Regulates
Histone Kcr in Porcine Alveolar
Macrophages
Histone PTMs have been proved to play a vital role in numerous
biological processes, such as cell growth, differentiation, and
epigenesis (34, 35). Lysine is an evolutionarily conserved histone
posttranslational modification marker, which has been suggested
as a robust indicator of active promoters in histones (16). Hence,
we focused on lysine crotonylation of histones, and it could be
observed from a map of canonical histones with crotonylation
Frontiers in Immunology | www.frontiersin.org 7
that a total of 17 histone Kcr sites were identified and quantified.
These identified histones were mainly distributed in histone
H2A, histone H2B, histone H4, and all identified sites
presented significant decreases in crotonylation levels, which
was consistent with the changes of Kcr levels of histones in the
Western blot results (Figures 3A, B). Next, we thus focus on
H2BK12cr to investigate the regulatory effect of histone Kcr in
macrophages infected with T. gondii. LC-MS/MS detected a 0.67-
fold decrease in H2BK12cr in 3D4/21 cells after T. gondii
infection, and the results of Western blot further confirmed the
reduction of H2BK12cr levels (Figures 3C, D). The above results
supported that T. gondii infection negatively regulates histone
Kcr in porcine alveolar macrophages.

T. gondii Infection Inhibits H2BK12
Crotonylation via Epigenetic Modification
To explore chromatin function of H2BK12 crotonylation, we
performed anti-H2BK12cr chromatin immunoprecipitation-
sequencing (ChIP-seq) assays of control and 3D4/21+RH cells.
A

C

D

B

FIGURE 3 | T. gondii infection negatively regulates histone crotonylation in porcine alveolar macrophages. (A) Detection by immunoblotting of Kcr in histone isolated
from control and 3D4/21+RH cells. (B) Histone Kcr sites detected by quantitative proteomics analysis. (C) Full MS and MS/MS spectra for K12cr of H2B. (D) Western
blot analysis of the expression levels of H2BK12cr. The data are presented as the mean ± SEM of three independent experiments. *p < 0.05, one-way ANOVA.
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It could be observed from the results that H2BK12cr was well
characterized in the genome with three replications (Figure 4A),
and H2BK12cr levels peak in the vicinity of transcription start sites
(TSS) (Figures 4B, C). In order to explore the link between
H2BK12cr and transcription, we combined the chip-seq with
previously reported RNA-seq for conjoint analysis (36). We
found that significant decreases in H2BK12cr levels of 454 genes
synchronized with the reduction of transcription levels (more than
50% of the total significant downregulated genes), which further
supported that T. gondii infection restrained H2BK12
crotonylation thereby inhibiting gene expression (Figure 4D).
To further confirm the epigenetic regulation of H2BK12cr on T.
gondii infection, we observed H2BK12cr modification levels were
dramatically upregulated in the exon region of NF-kB inhibitor
zeta (NF-kBIZ), which might imply the inhibition of NF-kB
Frontiers in Immunology | www.frontiersin.org 8
(Figure 4E). Moreover, KEGG pathway analysis revealed that
genes with downregulated levels of H2BK12cr were significantly
enriched in transcriptional regulation- and proliferation-related
pathways, such as MAPK signaling, Wnt signaling pathway, and
Rap1 signaling pathway (Figure 4F).

HDAC2 Primarily Regulates the Kcr Level
in Porcine Alveolar Macrophages After
T. gondii Infection
Given previous studies have indicated that class I histone
deacetylases are the crucial regulators of histone crotonylation in
multiple mammalian cells, which function as histone
decrotonylases (24, 25). And HDACs are the primary epigenetic
modulators involved in many human diseases. Hence, we
measured the expression levels of class I histone deacetylases
A

C

B

D

F

E

FIGURE 4 | T. gondii leads to a decrease in H2BK12cr in porcine alveolar macrophages. (A) Browser view of a segment from chromosome NC_010443.5 showing
a representative profile of the distribution of H2BK12cr peaks in 3D4/21+RH and control cells, respectively. (B) Average ChIP coverage levels of H2BK12cr in 3D4/
21+RH and control cells at transcription sites. (C) ChIP-seq density heatmaps in 3D4/21+RH and control cells for H2BK12cr at TSS ± 5,000 bp. (D) Venn diagram
showing the correlation analysis of downregulated peaks in ChIP-seq and downregulated DEGs in RNA-seq. (E) IGV enrichment tracks of H2BK12cr at USP4 in
3D4/21+RH and control cells, respectively. (F) Bubble diagram showing the KEGG pathways enriched by the top 20 genes with downregulated H2BK12cr.
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HDAC1, HDAC2, HDAC3, and HDAC8 in 3D4/21 cells and PK-
15 cells after T. gondii infection, respectively. As shown in
Figure 5, the T. gondii stimulation merely induced a significant
increase of HDAC2 expression levels among class I histone
deacetylases, which may imply the modulatory role of HDAC2.
We next confirmed a regulation function of crotonylation of
HDAC2 in porcine cells infected with T. gondii. Observably,
Western blot analysis using pan-Kcr antibody revealed that the
levels of Kcr in porcine cells with silence of HDAC2 after T. gondii
Frontiers in Immunology | www.frontiersin.org 9
infection were similar to that of uninfected cells (Figure 6), and we
further observed that the modification levels of H2BK12cr can also
be effectively recovered with silence of HDAC2, which indicated
that HDAC2 was highly correlated with dynamic changes of Kcr
induced by T. gondii stimulation (Figure 3D). Collectively, these
data illustrated that the reduction in Kcr modification levels
caused by T. gondii infection was indeed mediated via HDAC2,
which might play a major role in histone decrotonylation in T.
gondii-infected porcine alveolar macrophages.
A

C

D

B

FIGURE 5 | T. gondii leads to a decrease in HDAC2 in porcine alveolar macrophages and PK-15 cells. (A) Western blot analysis of the expression levels of class I
HDACs in 3D4/21+RH and control cells. (B) RT-PCR analysis of the expression levels of class I HDACs in 3D4/21+RH and control cells. (C) Western blot analysis of
the expression levels of class I HDACs in PK-15+RH and control cells. (D) RT-PCR analysis of the expression levels of class I HDACs in PK-15+RH and control cells.
The data are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, Student’s t-test.
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HDAC2-Regulated Histone Crotonylation
Suppresses NF-kB Activation and
Promotes Proliferation of Porcine Alveolar
Macrophages Infected With T. gondii
NF-kB is a family of dimeric transcription factors and plays an
important role in immune responses modulated by parasite
infection in macrophages. Given that H2BK12cr was
significantly upregulated in the exon region of NF-kBIZ, we
next measured the activation of the NF-kB pathway in cells after
Toxoplasma infection. Our finding showed downregulated
expression levels of NF-kB p65 in nucleus extracts and
upregulated expression levels of NF-kB-p65 in cytoplasmic
extracts of T. gondii-infected cells than those of control cells,
while NF-kB-p65 expression levels in HDAC2-silenced cells
infected with T. gondii were consistent with those of
uninfected cells (Figure 7). Overall, these data illustrated that
histone crotonylation regulated by HDAC2 suppressed the
activation of transcription factor NF-kB. In order to further
Frontiers in Immunology | www.frontiersin.org 10
investigate whether histone Kcr modulated macrophage
proliferation, we measured cell proliferation after parasite
infection. As shown in Figures 8A–C, T. gondii infection
enhanced cell proliferation, while silencing of HDAC2
expression neutralized the increases. Next, we analyzed which
signaling pathway mediated macrophage proliferation caused by
T. gondii infection. Previous studies have demonstrated that the
activation of PI3K/Akt signaling pathway can promote cell
proliferation (37, 38), and our results revealed that
macrophage proliferation caused by T. gondii infection was
indeed mediated via the activation of PI3K/Akt signaling
pathway (Figure 8D).
DISCUSSION

Posttranslational modification (PTM) of protein can strictly
regulate various cell biological processes by merely dictating
A

C D

B

FIGURE 6 | Effects of HDAC2 on crotonylation in porcine alveolar macrophages and PK-15 cells. (A) Western blot analysis of the expression levels of HDAC2 in Si-
NC and Si-HDAC2 of 3D4/21 cells. (B) Western blot analysis showing the influence of HDAC2 knockdown on Kcr proteins levels in porcine alveolar macrophages.
(C) Western blot analysis of the expression levels of HDAC2 in Si-NC and Si-HDAC2 of PK-15 cells. (D) Western blot analysis showing the influence of HDAC2
knockdown on Kcr proteins levels in PK-15 cells. *p < 0.05, Student’s t-test.
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protein function, localization, and stability. For the past few
years, more than 400 PTMs related to cellular functions and
diseases have been explored with the development of mass
spectrometry technology (39). Previous research has
substantiated that significant alterations of lysine acetylation
occurred in cortical astrocytes after T. gondii infection (40).
Lysine crotonylation is a new PTM discovered in 2011, which is
completely different from the previously studied lysine
acetylation in structure and function. Lysine crotonylation was
first identified on histones, which was proven to play an essential
role in regulating gene transcription (25, 41). Macrophages have
been used as a model cell for the studies of the interaction
between T. gondii and host cells (42). However, the biological
functions of this newly identified PTM have not yet been
reported in macrophages infected with T. gondii. Here we first
conducted a comprehensive analysis of lysine crotonylation in
porcine alveolar macrophages after T. gondii infection, which
demonstrated extensive existence and significant difference of
lysine crotonylation in porcine alveolar macrophages.

In the current study, we found that numerous proteins presented
significant changes in Kcr levels, and especially histone Kcr levels
were all dramatically downregulated after T. gondii infection.
Therefore, we can infer that Toxoplasma infection inhibits histone
Kcr modification. In addition, bioinformatics analysis was in
accordance with our expectations, which revealed that
downregulated Kcr proteins were basically enriched in gene
transcription control pathways. In mammalian cells, HDACs
comprise a family of 18 enzymes that are grouped in four typical
categories (43). HDACs are first found to remove acetyl group from
ϵ-N-acetyl lysine amino acids, and it is well recognized that HDACs
are important in the epigenetic regulation of gene expression and
the control of cell activities (44, 45). Unexpectedly, it has been
reported that class I histone deacetylases are major executors of
histone decrotonylation in mammalian cells, and selective HDACs
Frontiers in Immunology | www.frontiersin.org 11
are relevant to a broad transcription inhibition (25). Base on this, we
speculated that parasite infection might affect the expression levels
of class I histone deacetylases in porcine alveolar macrophages. It
was found that merely HDAC2 expression levels in cells infected
with T. gondii were observably increased. This observation, in
conjunction with our results, indicates the importance of HDAC2
in modulating histone crotonylation in porcine alveolar
macrophages, and the increase of HDAC2 could be the reason for
the overall downregulation of histone crotonylation after T.
gondii stimulation.

The PTM of histones plays a key role in epigenetic regulation
and chromatin remodeling, thus broadly affecting gene expression
(46). Crotonylation is first identified on histones, which not only in
the N-terminal but also in various residues of the spherical domain
is strongly modified (16). The positive charge of histone can reduce
after the introduction of negatively charged crotonyl, which will lead
to the looser binding of negatively charged DNA and is conducive to
the binding of transcription factors. Many lines of evidence
indicated that histone crotonylation has a role in regulating gene
transcription, specifically marking the enhancers and transcription
start site of genomic regions (16, 21). Widespread biological
processes, including replication, transcription, and DNA damage
repair are determined by histone modification, which represents
important mechanism of epigenetic regulatory networks (41).
Histone crotonylation has also been proved to play a catalytic role
in epigenetic maintenance (47). Whereupon, we concluded that T.
gondii infection might regulate epigenetics by altering histone Kcr
modification. To data, it has been proven that regulatory enzymes of
histone crotonylation are responsible for diversified lysine sites on
histones, such as H3K18cr, H3K14cr, and H4K8cr (20, 24, 25).
CDYL, as a Crotonyl-CoA hydratase, is demonstrated to negatively
regulate histone Kcr, and CDYL depletion can lead to a significant
increase in H2BK12cr level (41). In addition, the CoAP domain of
CDYL has been shown to bind coenzyme A and recruit HDAC1
A

B

FIGURE 7 | Effects of HDAC2-regulated histone crotonylation on NF-kB activation. (A) The expression levels of NF-kB p65 in 3D4/21 cells were measured by
Western blotting. (B) The expression levels of NF-kB p65 in PK-15 cells were measured by Western blotting. *p < 0.05, **p < 0.01, one-way ANOVA.
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FIGURE 8 | Effects of HDAC2-regulated histone crotonylation on cell proliferation after T. gondii infection. The effect of T. gondii infection on the macrophage
proliferation was measured by CCK-8 (A) and EdU (B, C) assays. (D) The expression levels of Akt in 3D4/21 cells and PK-15 cells were measured by Western
blotting. The data are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.
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and HDAC2 (48). In apparent correspondence with our
expectation, H2BK12cr expression level was notably decreased
after T. gondii treatment, which might suggest in another aspect
that H2BK12cr was a specific catalytic site for HDAC2. We
observed a small but significant decrease in H2BK12cr in the
vicinity of TSS in 3D4/21 cells infected with T. gondii, which
controlled the expression of responsive genes. Conjoint analysis
between Chip-seq and RNA-seq revealed that T. gondii infection
could downregulate histone Kcr and thus restrain gene expression,
which was consistent with a role for histone Kcr in positively
correlating with gene expression (20).

Furthermore, we also observed that the enrichment of
H2BK12cr on the exon region of NF-kB inhibitor zeta was
markedly increased, which may act as an inhibitor of NF-kB
(49). NF-kB is the vital component of innate and adaptive
immunity, and the translocation of NF-kB to the nucleus can
induce the expression of a wide range of genes in the immune
response (50). Notably, the polymorphic rhoptry protein ROP18
in T. gondii type I strains can target the host p65 protein and cause
its ubiquitin-dependent degradation, thereby preventing the
nuclear translocation of p65 and inhibiting the NF-kB pathway
(15). Furthermore, Toxoplasma can regulate the NF-kB pathway
according to the parasite genotype and host cell lineage, and EZH2
Frontiers in Immunology | www.frontiersin.org 13
can facilitate the epigenetic silencing of NF-kB thereby construing
to the parasite persistence in mice (51). More evidence shows that
there is a regulatory relationship between HDAC2 and NF-kB.
Previous research suggests that HDAC2 can function to negatively
regulate NF-kB transcriptional activity and that HDAC2 inhibitor
leads to increased expression of NF-kB-dependent reporter genes
with indirect interaction after TSA stimulation (52). HDAC2 has
also been confirmed to specifically recruit NF-kB at the target
promoter and subsequently affects acetylation, which may play an
important role in regulating iNOS and other NF-kB-dependent
genes involved in inflammation (53). Additionally, HDAC2
knockdown enhances the activity of NF-kBp65, thereby
increasing IL-8 and TNF-a levels in murine emphysema model
(54). USP4, a target gene of HDAC2, can downregulate TNF-a-
induced NF-kB activation (55). Therefore, we inferred that T.
gondii RH strain could inhibit NF-kB activation, which was
regulated by HDAC2 that could mediate histone crotonylation.

KEGG pathways suggested that genes with downregulated
H2BK12cr were enriched in diversified pathways related to cell
proliferation. Indeed, we demonstrated that T. gondii infection
could promote macrophage proliferation. However, it was
unexpected that T. gondii stimulation promoted proliferation
by reducing histone crotonylation. PI3K/Akt signaling pathway
FIGURE 9 | Schematic diagram of biological functions of histone crotonylation in the immune response of porcine alveolar macrophages against T. gondii infection.
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has been demonstrated to be involved in a variety of biological
processes, which are critical to mediate various cell functions,
including metabolism, apoptosis, cell growth, and survival (56,
57). An increasing number of evidence have shown that PI3K/
Akt signaling pathway plays an important role in host cells
infected with T. gondii, and the activation of host PI3K/Akt
pathway can suppress the apoptosis of host cells to achieve
parasite survival (58, 59). In previous research, Akt has been
shown to be a downstream protein of HDAC2 that is positively
regulated by HDAC2 in isoproterenol-induced cardiac
hypertrophy (60). Besides, neuropathic pain stimulation can
increase the expression level of HDAC2 and activate the PI3K/
Akt/GSK-3b signaling pathway, and bone marrow macrophages
(BMMs) show increased HDAC2 expression during
osteoclastogenesis, thereby activating Akt and inhibiting
FOXO1 (61, 62). Together the above studies fully support that
Akt as a downstream target of HDAC2 is positively regulated by
HDAC2. Next, we explored the potential mechanism of parasite-
induced macrophage proliferation. Our data indicated that T.
gondii infection-mediated histone Kcr was required for HDAC2-
mediated activation of PI3K/Akt pathway, which might be the
major reason for macrophage proliferation.

In conclusion, our research provides a comprehensive
understanding of the biological processes of histone crotonylation
in porcine alveolar macrophages after T. gondii. To our knowledge,
our study firstly revealed the existence of crotonylation in porcine
alveolar macrophages. HDAC2 is the major histone decrotonylase in
porcine alveolar macrophages infected with T. gondii. The expression
levels of HDAC2 significantly increase due to T. gondii infection,
thereby inhibiting histone crotonylation modification. In addition,
parasite infection can control epigenetics to reduce the levels of
transcription factor NF-kB by inhibiting H2BK12 crotonylation, but
it in turn activates the PI3K/Akt pathway to promote host cell
proliferation, contributing to parasite survival in host cells
(Figure 9). Unveiling of the functions of histone Kcr can provide a
certain research basis for the mechanism research on the immune
response of host against T. gondii, which may also provide novel
insights into the evasion mechanisms of parasite immune evasion.
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