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Romidepsin (FK228) improves the survival of allogeneic skin grafts
through downregulating the production of donor-specific antibody
via suppressing the IRE1α-XBP1 pathway
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Abstract: Antibody-mediated rejection (AMR) is one of the major causes of graft loss after transplantation. Recently, the
regulation of B cell differentiation and the prevention of donor-specific antibody (DSA) production have gained increased attention
in transplant research. Herein, we established a secondary allogeneic in vivo skin transplant model to study the effects of
romidepsin (FK228) on DSA. The survival of grafted skins was monitored daily. The serum levels of DSA and the number of
relevant immunocytes in the recipient spleens were evaluated by flow cytometry. Then, we isolated and purified B cells from B6
mouse spleens in vitro by magnetic bead sorting. The B cells were cultured with interleukin-4 (IL-4) and anti-clusters of
differentiation 40 (CD40) antibody with or without FK228 treatment. The immunoglobulin G1 (IgG1) and IgM levels in the
supernatant were evaluated by enzyme-linked immunosorbent assay (ELISA). Quantitative reverse transcription-polymerase chain
reaction (RT-qPCR) and western blotting were conducted to determine the corresponding levels of messenger RNA (mRNA) and
protein expression in cultured cells and the recipient spleens. The results showed that FK228 significantly improved the survival
of allogeneic skin grafts. Moreover, FK228 inhibited DSA production in the serum along with the suppression of histone
deacetylase 1 (HADC1) and HDAC2 and the upregulation of the acetylation of histones H2A and H3. It also inhibited the
differentiation of B cells to plasma cells, decreased the transcription of positive regulatory domain-containing 1 (Prdm1) and
X-box-binding protein 1 (Xbp1), and decreased the expression of phosphorylated inositol-requiring enzyme 1 α (p-IRE1α), XBP1,
and B lymphocyte-induced maturation protein-1 (Blimp-1). In conclusion, FK228 could decrease the production of antibodies
by B cells via inhibition of the IRE1α-XBP1 signaling pathway. Thus, FK228 is considered as a promising therapeutic agent
for the clinical treatment of AMR.

Key words: Histone acetylation; Romidepsin (FK228); Skin transplantation; Donor-specific antibody; Unfolded protein response

1 Introduction

Histone deacetylases (HDACs) are vital members
of the proteinase family involved in epigenetic regu‐
lation, which can alternate the acetylation status of

chromatin histones in the nucleus and act in the bal‐
ance of acetylation/deacetylation (Rafehi et al., 2017).
Depending on the differences in molecular structure,
HDACs are divided into four classes: class I (HDACs
1–3 and 8), class II (HDACs 4–7, 9, and 10), class III
(Sirtuins (SIRTs) 1–7), and class IV (HDAC 11) (Bezu
et al., 2019; Gujral et al., 2020). Structurally contrib‐
uting to the huge multi-subunit complexes, HDACs
have thousands of histone targets that correlate with
the transcription and expression of various genes,
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exert specific effects on a variety of cellular biological
activities, and play certain roles in human diseases. In
cancer and inflammation research, HDACs have been
reported to be involved in regulating several critical
cellular processes, including DNA damage repair, cell
cycle arrest, metabolism, and oncogene activation
(Peng et al., 2019).

With the continuous improvement of immunosup‐
pressive regimens in transplantation, the incidence of
T cell-mediated acute rejection has been dramatically
reduced, and the short-term survival of grafts has been
significantly prolonged. However, long-term graft sur‐
vival must be urgently improved (Loupy and Lefau‐
cheur, 2018). Antibody-mediated rejection (AMR) has
been identified as the primary cause of end-stage graft
loss (Li et al., 2019; Clotet-Freixas et al., 2020), for
which only limited therapeutic regimens are available,
including plasma exchange, large doses of intraven‑
ous immunoglobulin (Ig), rituximab, and bortezomib,
which can remove pathogenic antibodies. However, the
efficacy of these treatments is limited and they can
result in irreversible complications in patients (Chong,
2019). The production of donor-specific antibodies
(DSAs) in transplant recipients, including pre-existing
DSA and de novo DSA, could hamper the functional‐
ity and long-term survival of grafts. Accordingly, pre‐
venting the generation of de novo DSA and reducing
the level of preformed DSAs are vital to the clinical
treatment of AMR (McCaughan and Tinckam, 2018).

DSAs are produced by plasma cells previously
exposed to major histocompatibility complex (MHC)
antigens by organ perfusion, transfusion, transplanta‐
tion, pregnancy, or de novo post-transplantation (Clat‐
worthy et al., 2010), each of which can generate thou‐
sands of antibodies per second. The expansions of
endoplasmic reticulum (ER) and Golgi complex are
prerequisites for plasma cells to meet the metabolic
demands of antibody production, and the ultrahigh
rate of antibody synthesis must be efficiently regulated
by the expression of several genes, protein modifica‐
tions, and signal pathways to match the Ig folding and
secretion capacity. Moreover, inositol-requiring enzyme
1 α (IRE1α) is the only ER unfolded protein response
(UPR) molecule required to produce antibodies (Ara‐
gon et al., 2012; Jurkin et al., 2014).

Within the HDAC family, class I HDACs exist
in various tissues and play important roles in regulat‐
ing cell metabolism and proliferation. HDAC1 and

HDAC2 are both required for B cell development; the
deletion of genes encoding these HDACs could block
naive B cell development and hamper their prolifera‐
tion and differentiation, but not the activity of mature
resting B cells in HDAC1/2−/− mouse models (Yama‐
guchi et al., 2010). This suggests that the inhibition of
HDACs might be effective for alleviating AMR (Suli‐
man et al., 2012). Although pan-histone deacetylase
inhibitors (pan-HDACis), such as suberoylanilide
hydroxamic acid and valproic acid, have been reported
to alleviate AMR to a certain extent, the specific
HDAC targets have not been identified, and the under‐
lying mechanism remains unclear (Zhang et al., 2013;
Ye et al., 2016). HDACis are a class of enzymatic
compounds that can potently interfere with HDAC-
mediated deacetylation, upregulating the acetylation
of histones and modifying the expression of related
epigenetic genes.

Romidepsin (FK228), a selective class I HDACi
that targets HDAC1 and HDAC2, is a bicyclic dipep‐
tide antibiotic isolated from Chromobacterium viola‐
ceum, which has been reported to have antitumor
activity (Bondarev et al., 2021). Following uptake by
cells, such as tumor cells, FK228 could specifically
inactivate and inhibit HDAC1 and HDAC2, thereby
leading to the modification of gene expression, sup‐
pression of cell differentiation, and promotion of cell
cycle arrest and apoptosis. Moreover, FK228 has been
approved for treating certain hematologic tumors by
the US Food and Drug Administration (FDA). None‐
theless, the effects of FK228 on allogeneic immune
response, especially the immunity, proliferation, dif‐
ferentiation, and function of B cells, remain unclear
and warrant further investigation.

This study aimed to evaluate the effects of FK228
on antibody production using cultured B cells in vitro
and DSA in vivo. In addition, to elucidate the mech‑
anism of FK228 in antibody production, we investi‐
gated the effects of acetylated histones on the IRE1α-
X-box-binding protein 1 (XBP1) pathway.

2 Materials and methods

2.1 Reagents

FK228, purchased from Selleckchem (Houston,
TX, USA), was produced by C. violaceum and diluted
with phosphate-buffered saline (PBS). The mice were
intraperitoneally injected at 0.5 mg/(kg·d) FK228.
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2.2 Animals

Male BALB/c (H-2d) and C57BL/6 (H-2b) spe‐
cific pathogen-free (SPF) mice (8–12 weeks, weight
19–24 g) were obtained from Beijing Vital River La‑
boratory Animal Technology Co., Ltd. (Beijing, China).
All mice were raised in SPF-level animal room.

2.3 Skin transplant

The skin transplant model was created by trans‐
ferring tail skin from the donor to the back of the
recipient as previously reported (Buelow et al., 1995).
The first skin transplant from BALB/c to C57BL/6
mice was operated for sensitization on Day −14. The
secondary skin graft was transplanted to the same
recipient on Day 0. The recipient mice were divided
into three groups: the syngeneic group, the allogeneic
group, and the FK228-treated allogeneic group, with
each group comprising at least 6 recipients. In the syn‐
geneic group, the skin grafts were transplanted from
C57BL/6 to C57BL/6 mice. In the allogeneic and
FK228 groups, the skin grafts were transplanted from
BALB/c to C57BL/6 mice. The FK228 was adminis‐
tered at 0.5 mg/(kg·d) by intraperitoneal injection
from Day 0 until the endpoint of the observation. After
the operation, the survival of the skin grafts was moni‐
tored every day. The rejection of a skin graft was es‐
tablished when the area of skin necrosis of >90%.

2.4 Cell isolation and culture

The splenocytes were isolated from C57BL/6
(H-2b) mice. Then, B cells were purified using Mouse
CD19 Nanobeads (BioLegend, San Diego, CA, USA)
according to the manufacturer’s protocol. Purified B
cells were seeded in Roswell Park Memorial Institute
(RPMI) 1640 (Gibco, Dublin, Ireland) containing
10% (volume fraction) fetal calf serum (FCS) and
100 U/mL penicillin. In the presence of interleukin-4
(IL-4) and anti-clusters of differentiation 40 (CD40)
antibody with FK228 or the vehicle, cells were cultured
in 24-well plates at a density of 3×105 cells/well at
37 °C under a saturated 5% CO2 incubator for 6 d. At
the end of this step, the cells and supernatants were
collected for further detection. Cell counting kit-8
(CCK-8) assays and Annexin V-fluoresceine iso‐
thiocyanate (FITC) Apoptosis Kit (BD Pharmingen,
San Diego, CA, USA) were used for the determination
of cell proliferation rates and apoptosis, respectively
(the details are shown in File S1).

2.5 Flow cytometry

Murine splenocytes were freshly isolated and
stained with antibodies, then washed and detected
by flow cytometry. The antibodies used were FITC/
phycoerythrin (PE)/allophycocyanin (APC)-CD3, PE/
PE/Cyanine7 (Cy7)-CD4, peridinin-chlorophyll-protein
(PerCP)/Cy5.5-CD25, Alexa Fluor® 647/Brilliant Violet
421TM FoxP3, APC-CXCR5, Brilliant Violet 510-PD-1,
PE-CD138 (Syndecan-1), PerCP-CD45R/B220, and
APC-CD19 (all obtained from BioLegend).

2.6 Flow cytometric cross-matching assay

The donor spleen cells were incubated with the
serum of the recipient, and then stained with anti-IgG
and IgM antibodies for flow cytometry (the details
are shown in File S1).

2.7 Histopathological analysis

The collected skin grafts were fixed in 4% (vol‐
ume fraction) paraformaldehyde, embedded in paraf‐
fin, and sliced. The slices were stained with hematox‐
ylin and eosin (H&E) for histological analysis. The
histological changes were assessed in five discontinu‐
ous fields at 100× magnification under an optical
microscope (Olympus, Tokyo, Japan).

2.8 ELISA

The levels of IgG1 (R&D Systems Minneapolis,
MN, USA) and IgM (eBioscience, San Diego, CA,
USA) in the B-cell culture supernatants were analyzed
by enzyme-linked immunosorbent assay (ELISA) kits.
The ELISA reader (Spectra Max M3) was manufac‐
tured by Molecular Devices (USA).

2.9 RNA isolation and RT-qPCR analysis

The RNA was extracted from the recipient mouse
spleens and cell pellets in B cell culture using TRIzol
(Invitrogen, Carlsbad, CA, USA). With glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as the internal
reference, quantitative reverse transcription-polymerase
chain reaction (RT-qPCR) was carried out using the
SYBR Green Master Mix (Toyobo, Tokyo, Japan). The
RT-qPCR cycles were run in a StepOne System (Life
Technologies, Carlsbad, CA, USA) for GAPDH, posi‐
tive regulatory domain-containing 1 (Prdm1), inter‑
feron regulatory factor 4 (Irf4), Xbp1, and activation-
induced cytidine deaminase (Aicda) (the primer se‐
quences are shown in Table S1).
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2.10 Western blot analysis

The total and nuclear proteins were extracted from
the spleen tissues and cultured cells using a Nuclear/
Plasma Protein Extraction kit (Beyotime Biotechnol‐
ogy, Shanghai, China). The protein concentrations were
measured using the Protein BCA Assay Kit (BioTek,
Vermont, USA). The protein samples were pretreated
with loading buffer in boiling water at 95–100 °C for
5 min. The protein was electrophoresed, transferred to
the membrane, and exposed to light, and the gray value
of the band was calculated (the specific details are
shown in File S1).

2.11 Statistical analysis

GraphPad Prism 7 software was used for all sta‐
tistical analyses. The data were expressed as mean±
standard deviation (SD). Student’s t-test or analysis of
variance (ANOVA) was conducted to compare the
means. The differences in graft survival between the
syngeneic transplant, allogeneic transplant, and FK228
groups were compared by the Kaplan-Meier method.
A P-value of less than 0.05 was considered as statistic‑
ally significant.

3 Results

3.1 Effects of FK228 on the DSA levels in mice
with allogeneic skin grafts and the survival of skin
grafts

In order to investigate the effects of FK228 on
the level of DSA, we established a secondary skin
transplantation mouse model. As shown in Fig. 1a,
the median survival time (MST) of the grafts after the
first and secondary allogeneic skin transplantations in
the allogeneic group was 12 and 11 d, respectively.
With the administration of FK228 after the secondary
allogeneic skin transplantation, the survival of skin
grafts was obviously prolonged (MST=25 d, P<0.0001;
Fig. 1a). We then examined the level of DSA in recipi‐
ent sera by flow cytometry, which revealed that the
mean fluorescence intensities (MFIs) of IgG and IgM
in the allogeneic group were increased after the sec‐
ondary skin transplantation compared with those in
the syngeneic group. Furthermore, with the adminis‐
tration of FK228, the production of IgG and IgM was
significantly reduced on Days 7 and 14 (both P<0.01;

Fig. 1b). The overall graphs in the three groups on Day
10 displayed that skin grafts were ruddy soft with
new hair in the syngeneic group, were hardened with
spots and black crusts in the allogeneic group, and
were slightly inflamed at the boundary in the FK228-
treated group. The H&E staining of skin grafts on Day
10 revealed that the hair follicles and epidermis in the
allogeneic group were significantly damaged, along
with the inhibition of keratinization and extensive in‐
filtration of inflammatory cells, as compared with
those in the syngeneic grafts. Notably, the condition
of grafts in the FK228-treated group was improved
(Figs. 1c and 1d). Overall, the administration of FK228
prolonged the survival of secondary skin grafts and de‐
creased the DSA level.

3.2 Effects of FK228 on the differentiation of TFH
and plasma cells

The spleen is a key lymphoid organ for cellular
differentiation and inducing B-lymphocyte (B cell)-
mediated humoral immunity. To explore the effects
of FK228 on mouse immune cells, flow cytometry
was conducted on the recipient spleen cells collected
on Day 10 after secondary skin transplantation. We
found that the ratios of CD4+PD-1+CXCR5+ T follicu‐
lar helper (TFH) cells and B220loCD138+ plasma
cells were significantly suppressed (both P<0.01;
Fig. 2).

3.3 Effects of FK228 on IRE1α-XBP1 pathway
activity in the ER UPR and class switch recombi‐
nation (CSR) in vivo

We further tested the effects of FK228 on the
expression of genes related to plasma cell differentia‐
tion in mice. Specifically, we determined the relative
messenger RNA (mRNA) levels of plasma cell-related
genes Irf4, Prdm1, and Xbp1 in each group. After
FK228 treatment, the relative mRNA levels of Prdm1
and Xbp1 were significantly decreased (P<0.05;
Fig. 3a). The results showed that, in the IRE1α-
XBP1 pathway, FK228 inhibited the expression of
XBP1 and B lymphocyte-induced maturation protein-1
(Blimp-1), as well as the phosphorylation of IRE1α
(P<0.01; Fig. 3b). Furthermore, FK228 treatment
downregulated the transcription of Aicda and the
expression of AID, which is encoded by Aicda (P<
0.05; Fig. 3b).
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3.4 Effects of FK228 on the acetylation levels of
histones H2A and H3 in the spleens of skin-
transplanted mice

The direct effects of FK228 include the inhibi‐
tion of HDAC1 and HDAC2 expression and the alter‐
ation of histone acetylation levels. The results con‐
firmed the inhibitory effects of FK228 on HDAC1 and
HDAC2 expression in vivo (P<0.01; Fig. 4a). The his‐
tones H2A and H3 reportedly have important immuno‑
modulatory roles (Cobaleda et al., 2007; Wu et al.,

2019). We extracted nucleocapsid proteins from recipi‑
ent mouse spleens and detected the acetylation levels
of H2A and H3. The results showed that FK228 sig‐
nificantly upregulated the acetylation levels of both
H2A (Lys4 and Lys5) and H3 (Lys9, Lys27, and
Lys56) (P<0.05; Figs. 4b and 4c).

3.5 Effects of FK228 on the proliferation and
apoptosis of B cells in vitro

To observe the effects of FK228 on B cells
in vitro, we isolated CD19+ B cells by magnetic-activated

Fig. 1 Effects of FK228 on the production of DSA in vivo. (a) The survival of primary skin grafts (MST=12 d), and the
survival of secondary skin grafts from the establishment of skin transplantation models in the syngeneic group (MST>
28 d), allogeneic group (MST=11 d), and FK228-treated group (MST=25 d) (n=8 per group, P<0.0001). (b) The levels of
DSAs including IgM and IgG in the serum of the syngeneic, allogeneic, and FK228-treated groups on Days 0, 7, and 14
after secondary skin transplantation, as detected by flow cytometric cross-matching assay (n=6 per group, * P<0.05, ** P<
0.01). Data are shown as mean±standard deviation (SD). (c) The representative photographs of grafted skins in the
syngeneic, allogeneic, and FK228-treated groups on Day 10 after secondary skin transplantation. The data are
representative of six separate experiments. (d) The representative hematoxylin and eosin (H&E) staining of skin
grafts in the syngeneic, allogeneic, and FK228-treated groups on Day 10 after secondary skin transplantation. The
data are representative of six separate experiments. DSA: donor-specific antibody; MST: median survival time; NS: not
significant; Ig: immunoglobulin; MFI: mean fluorescence intensity.
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Fig. 2 Effects of FK228 on the percentages of T follicular helper (TFH) and plasma cells in splenocytes in vivo. (a) The
percentages of TFH (CD4+PD-1+CXCR5+) cells in CD4+ T cells from splenocytes were compared between the syngeneic,
allogeneic, and the FK228-treated groups (n=6, ** P<0.01). (b) The representative cytometry figures of B220loCD138+

plasma cells in the spleen from the syngeneic, allogeneic, and FK228-treated groups, and the statistical analysis of the
percentages among the three groups (n=6, ** P<0.01). All data are shown as mean±standard deviation (SD).

Fig. 3 Evaluation of mRNA and protein levels of genes involved in antibody production in the spleens with FK228 treatment
in vivo. (a) The mRNA levels of Prdm1, Xbp1, Irf4, and Aicda, in the spleens of skin-transplanted mice (syngeneic, allogeneic,
and FK228-treated groups) were determined by RT-qPCR, and the target genes were normalized to the corresponding
GAPDH. (b) The western blot analyses of AID, Blimp-1, IRE1α, p-IRE1α, and XBP1 in the spleens of skin-transplanted mice
(syngeneic, allogeneic, and FK228-treated groups), with β-actin as a loading control. All data are shown as mean±standard
deviation (SD), and are representative of three separate experiments. * P<0.05, ** P<0.01. mRNA: messenger RNA; Aicda:
activation-induced cytidine deaminase; Xbp1: X-box-binding protein 1; Prdm1: positive regulatory domain-containing 1;
Irf4: interferon regulatory factor 4; RT-qPCR: quantitative reverse transcription-polymerase chain reaction; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; AID: protein encoded by Aicda; Blimp-1: B lymphocyte-induced maturation
protein 1; IRE1α: inositol-requiring enzyme 1 α; p-IRE1α: phosphorylated IRE1α; NS: not significant.
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cell sorting (MACS) from mouse spleens and per‐
formed flow cytometry analysis, which showed a
purity of above 90% (Fig. 5a). We used IL-4 and anti-
CD40 antibody to stimulate the B cells, and then
detected B cell proliferation and apoptosis using the
CCK8 and Annexin V kit.

Based on the cytotoxicity test in a previous study,
we found that FK228 could exert a certain cytotox‐
icity effect on primary B cells at concentrations above
10 nmol/L (data not shown). Thus, we selected 5 and
8 nmol/L FK228 to explore the effects on B cells
in vitro. The results showed that the proliferation of B
cells was significantly inhibited by FK228 on Day 5
as compared with that in the control group (P<0.05;
Fig. 5b). Consistently, the apoptosis rate of B cells
was significantly increased (P<0.01; Fig. 5c).

3.6 Effects of FK228 on plasma cell differentiation
and IgG1 and IgM levels in vitro

IL-4 and anti-CD40 antibody can co-stimulate B
cells in vitro, promoting the proliferation, differentia‐
tion, and secretion of IgG1 via CSR. Our data showed
that the levels of IgG1 and IgM in the supernatant
were decreased dose-independently in the FK228-
treated group (P<0.01; Fig. 6a). The expression levels
of the B-cell co-stimulatory molecules, CD80 and
MHC-II, were downregulated in the FK228-treated
group, indicating that FK228 inhibited B cell activa‐
tion in vitro (Fig. 6b). Moreover, the significant
decrease detected in the proportion of B220loCD138+

plasma cells in FK228-treated cells (P<0.01; Fig. 6c)
demonstrated that the differentiation of plasma cells was
also inhibited by FK228. Therefore, FK228 inhibited

Fig. 4 Regulation of histone deacetylases (HDACs) and acetylated histones by FK228 in vivo. (a) The western blot
analyses of HDAC1 and HDAC2 in spleens from three groups of skin-transplanted mice (syngeneic, allogeneic, and
FK228-treated groups) with β-actin as the control. It is a common control with Fig. 3b. (b, c) The western blot analyses
of acetylated histones H2A (Lys4 and Lys5) and H3 (Lys9, Lys27, and Lys56) separately in spleens from the three groups
of skin-transplanted mice, with histones H2A and H3 as the corresponding control. All data are shown as mean±
standard deviation (SD), and are representative of three separate experiments. * P<0.05, ** P<0.01.
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B cell activation and differentiation as well as the pro‐
duction of antibodies in vitro.

3.7 Effects of FK228 on AID and the IRE1α-XBP1
pathway in the ER UPR in vitro

During the differentiation of B cells into plasma
cells, Prdm1, Irf4, and Xbp1 are the key transcription
factors. AID, encoded by Aicda, can promote CSR of
B cells (Stavnezer et al., 2008). To explore the molecu‑
lar mechanism of FK228, we evaluated the mRNA
expression of Aicda, Prdm1, Xbp1, and Irf4. The tran‐
scription of Aicda, Xbp1, and Prdm1 was dramatically

inhibited by FK228 (P<0.05), whereas Irf4 was not
significantly affected (Fig. 7a). Consistently, FK228
significantly inhibited Blimp-1, XBP1, and AID ex‐
pression at the protein level (P<0.01; Figs. 7b and 7c).
These results indicate that the inhibition of CSR and
plasma cell differentiation by FK228 are related to the
transcriptional downregulation of Aicda, Prdm1, and
Xbp1.

The IRE1α-XBP1 pathway in the ER UPR is
the most important signaling route by which B cells
produce Igs, providing a complete connection among
XBP1, UPR, and plasma cell differentiation. Therefore,

Fig. 5 Effects of FK228 on the proliferation and apoptosis of B cells in vitro. (a) The percentage of isolated and purified
splenic CD19+ B cells via magnetic-activated cell sorting performed through flow cytometry. The data are representative
of three separate experiments. (b) The cellular viability analysis of B cells cultured with different concentrations of
FK228 (2, 5, and 8 nmol/L) after 48 h performed by a CCK8 essay kit in vitro (n=4). (c) The apoptosis analysis of the
effect of different concentrations of FK228 on B cells after 48 h, as detected by flow cytometry. The data are expressed as
mean±standard deviation (SD), n=4. * P<0.05, ** P<0.01, *** P<0.001, compared with the control group. OD450: optical
density at 450 nm.
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to verify whether FK228 inhibits antibody production
by alleviating UPR, western blotting was conducted to
detect the expression of IRE1α. As shown in Fig. 7c,
the phosphorylation levels of IRE1α in the FK228-
treated group were significantly lower than those in
the soluble in dimethyl sulfoxide (DMSO) group (as
control) (P<0.001). These findings indicate that FK228
treatment inhibited the IRE1α-XBP1 pathway.

3.8 Effects of FK228 on histone acetylation in B
cells in vitro

We performed western blot analysis on the cul‐
tured B cells to confirm the HDAC inhibitory activity
of FK228. FK228 treatment resulted in a significant
decrease in the expression levels of HDAC1 and
HDAC2 (P<0.01; Fig. 8a) and an obvious increase in
the expression levels of acetylated histones H2A (Lys4

and Lys5) and H3 (Lys9, Lys27, and Lys56) with
increasing concentration (P<0.01; Figs. 8b and 8c).

4 Discussion

As mediators of epigenetic regulation, HDACs
are known to play vital roles in various diseases, in‐
cluding malignancies, autoimmune diseases, inflam‐
mation, and fibrosis (Lyu et al., 2019; Bondarev et al.,
2021; Tordera and Cortés-Erice, 2021). FK228 has
been characterized as a natural class I HDACi, which
has proved to exert clinically therapeutic effects in my‐
eloid leukemia, T cell lymphoma, multiple myeloma,
and human immunodeficiency virus (HIV), as well
as in mouse models of biliary tract cancer, breast can‐
cer, and bladder cancer cell lines and kidney fibrosis

Fig. 6 Effects of FK228 on the production of IgG1 and IgM and the differentiation of plasma cells in vitro. (a) The levels
of IgG1 and IgM in the supernatant of B cells cultured with 5 and 8 nmol/L FK228 and the vehicle control measured
with ELISA kits (n=4, ** P<0.01). (b, c) The percentages of B220loCD138+ plasma cells and mean fluorescence intensity
(MFI) of CD80 and MHC-II on B cells cultured with FK228 (5 and 8 nmol/L) or vehicle (n=4, ** P<0.01). The data
are expressed as mean±standard deviation (SD); Ig: immunoglobulin; ELISA: enzyme-linked immunosorbent assay;
MHC-II: major histocompatibility complex class II.
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(Yang et al., 2019; Pojani and Barlocco, 2021). How‐
ever, the effects of FK228 on B cell biology and func‐
tion, and related immune diseases have been rarely
explored. Our research group previously found that
FK228 could attenuate renal fibrosis by inhibiting
the small mothers against decapentaplegic (Smad) and
non-Smad pathways in a mouse UUO model (Yang
et al., 2019). Here, we focused on exploring its effects
on B lymphocyte immunobiology in vitro and in vivo.
We established a mouse model of secondary allogene‐
ic skin transplantation to study the effects of FK228
on DSA production and the related mechanism. The
response of B cells could be activated by the first skin
graft, and DSA was subsequently produced in the

recipients. We first reported that FK228 could signifi‐
cantly improve the survival of secondary skin grafts
and downregulate the production of DSAs. Mechanis‐
tically, FK228 was found to upregulate H2A expres‐
sion and H3 acetylation by specifically inhibiting
HDAC1/2 and blocking the endoplasmic reticulum
IRE1α-XBP1 pathway in B cells.

After allogeneic organ transplantation, B cells and
plasma cells are responsible for the production of
DSAs. During the overall complex programs of B cell
activation, proliferation, differentiation, and the se‐
cretion of antibodies, epigenetic modifications are
involved in almost every process, and the expression
profiles of the related genes could be significantly

Fig. 7 Levels of mRNAs and proteins involved in the IRE1α-XBP1 pathway of B cells treated with FK228. (a) The RT-qPCR
analyses of Prdm1, Xbp1, Irf4, and Aicda, genes in cultured B cells treated with FK228 or vehicle, where the target genes
were normalized to the corresponding GAPDH level. (b, c) Western blot analyses of AID, Blimp-1, IRE1α, p-IRE1α, and
XBP1 in cultured B cells treated with FK228 or vehicle, where β-actin served as a loading control. The data are
expressed as mean±standard deviation (SD), and are representative of three separate experiments. * P<0.05, ** P<0.01,
*** P<0.001. mRNA: messenger RNA; IRE1α: inositol-requiring enzyme 1 α; XBP1: X-box-binding protein 1; RT-qPCR:
quantitative reverse transcription-polymerase chain reaction; Aicda: activation-induced cytidine deaminase; Prdm1: positive
regulatory domain-containing 1; Irf4: interferon regulatory factor 4; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
AID: protein encoded by Aicda; Blimp-1: B lymphocyte-induced maturation protein 1; p-IRE1α: phosphorylated IRE1α;
NS: not significant.
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altered (Igarashi et al., 2014; Ise and Kurosaki, 2020).
In our study, with the administration of FK228, the
survival of secondary skin grafts was prolonged, and
HE staining results showed that the number of infil‐
trated immunocytes was decreased. The levels of
DSAs, including IgG and IgM, were significantly
downregulated on Days 7 and 14. As TFH cells play
an active role in promoting the differentiation of B
cells to plasma cells via providing the co-stimulatory
molecules CD40 ligand (CD40L) and inducible T cell
co-stimulatory molecule (ICOS) (Dudreuilh et al.,
2021), we analyzed the distribution of plasma cells and
TFH cells in recipients’ spleens using flow cytometry.
The results revealed that the proportions of TFH and
plasma cells in the FK228-treated group were mark‐
edly reduced.

To determine the underlying transcriptional mech‐
anisms responsible for the decreased plasma cell and
DSA levels in skin transplantation models, the im‐
pacts of FK228 treatment on the related gene tran‐
scription and the synthesis of DSA were determined.
Blimp-1, Irf4, and Xbp1 are the crucial transcription
factors related to the differentiation of B cells in mice
and humans (Kassambara et al., 2015; Nutt et al.,
2015). Specifically, the expression of Blimp-1 and
Irf4 acts on the initiation of B cells to plasma cells
(Shapiro-Shelef et al., 2003; Klein et al., 2006; Sciam‐
mas et al., 2006), and Xbp1 promotes the expression of
genes involved in mitochondria and ER biosynthesis,
such as the gene encoding choline cytidylyltransferase,
which is a lipid component of the ER (Shaffer et al.,
2004; Sriburi et al., 2004; Yang et al., 2021). Upon

Fig. 8 Protein analyses of histone deacetylases (HDACs) and the acetylated (Ac) histones of B cells cocultured with
FK228. (a) The western blot analyses of HDAC1 and HDAC2 in B cells treated with FK228 or vehicle, where β-actin
served as a loading control. (b, c) The western blot analyses of acetylated histones H2A (Lys4 and Lys5) and H3 (Lys9,
Lys27, and Lys56) in cultured B cells treated with FK228 or vehicle, where histones H2A and H3 served as corresponding
controls. The data are expressed as mean±standard deviation (SD), and are representative of three separate experiments.
** P<0.01, *** P<0.001.
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XBP1 deletion in mouse models, the ER of plasma
cells became swollen and the antibody secretion was
inhibited (Reimold et al., 2001; McGehee et al.,
2009). In our study, the mRNA levels of Blimp-1 and
Xbp1 were significantly decreased compared with that
of Irf4 in FK228-treated recipients. This might be
explained by the fact that Blimp-1 and Xbp1 are re‐
quired for normal antibody secretion (Minnich et al.,
2016; Tellier et al., 2016), and Irf4 is mainly required
for the upregulation of Blimp-1 in the initial stage,
whereas it is not essential for the whole sustained pro‐
cess (Trezise and Nutt, 2021). Thus, we speculated that
FK228 might affect antibody secretion by inhibiting
Blimp-1 and Xbp1 expression.

Once plasm cells are formed, their anabolism in
the ER and Golgi complex is dramatically boosted to
meet the requirement of mass antibody synthesis (Shi
et al., 2015; Choi and Morel, 2020). This kind of
hypermetabolism in plasma cells is primarily to re‑
deploy three coordinated signaling branches of UPR,
which could be triggered and initiated individually by
the relevant stress sensor, namely, IRE1α, protein
kinase R (PKR)-like endoplasmic reticulum kinase
(PERK), and activating transcription factor 6 (ATF6),
of which IRE1α is the most powerful and effective
factor to produce antibodies (Yoshida et al., 2001; Ron
and Walter, 2007; Aragon et al., 2012; Jurkin et al.,
2014; Grootjans et al., 2016; Gong et al., 2017; Zhao
et al., 2020). Our results showed that FK228 sup‐
pressed the ER UPR by decreasing the activation of
IRE1α during antibody synthesis both in vitro and
in vivo. As Blimp-1 is an upstream regulatory mole‐
cule of UPR and XBP1, we supposed that the down‐
regulation of Blimp-1 by FK228 may subsequently
enhance the inhibition of the IRE1α-XBP1 pathway.

Histone modification also contributes to the pro‐
cesses of antibody synthesis, including somatic hyper‐
mutation (SHM) and CSR (Crouch et al., 2007; Peng
et al., 2011; Sheppard et al., 2018). AID, which is
encoded by Aicda (Stavnezer et al., 2008), plays a
crucial role in both CSR and SHM (Muramatsu et al.,
2018). Activated AID converts cytosine to uracil,
which initiates the transcription and subsequent ex‐
pression of SHM- and CSR-relevant genes following
the production of specific allogeneic antibodies (Hodg‐
kin et al., 1996; Rush et al., 2005). We found that
with the administration of FK228, the mRNA and pro‐
tein levels of AID were downregulated consistently

both in spleens and in vitro. Based on the above results,
we speculated that FK228 could depress the differenti‐
ation of plasma cells via the reduction of AID expres‐
sion along with the obstruction of CSR and SHM.

Except for malignancies, the modification of his‐
tone acetylation has also been recently reported to con‐
fer therapeutic effects in some diseases, specifically,
improving pathological progression by reducing miR-
149-5p expression in Alzheimer’s disease (AD) (Chen
et al., 2020), suppressing pathogenetic proliferation
and extracellular matrix in Grave’s disease (Ekronar‐
ongchai et al., 2021), expanding tolerogenic dendritic
cells (DCs) and regulatory T cells (Tregs), and inhibit‐
ing autoimmune T cells and B cells in systemic lupus
erythematosus (SLE) (da Costa et al., 2020; Zakzuk
et al., 2020; Datta, 2021). Moreover, other kinds of
HDACi, such as suberoylanilide hydroxamic acid and
valproic acid, have been proved to possess the ability
to inhibit B cell responses and attenuate AMR in
transplant models (Ke et al., 2012; Zhang et al., 2013;
Ye et al., 2016). To confirm the specific target of
FK228 in this model, we examined the acetylation sta‐
tus in cultured B cells, and found that the expression
of HDAC1 and HDAC2 was significantly decreased
and that of acetylated H2A (Lys4 and Lys5) and H3
(Lys9, Lys27, and Lys56) was remarkedly increased
in a concentration-dependent manner. Thus, we in‐
ferred that the decreased HDAC1 and HDAC2 and
upregulated H2A/H3 acetylation might be the mech‑
anism of FK228 leading to reduced DSA production
(Cobaleda et al., 2007; Wu et al., 2019).

This study has some limitations. Firstly, we only
used the morphological appearance and H&E staining
to assess the histological characteristics of skin grafts.
In future studies, we aim to perform immunohisto‐
chemical staining of specific markers to provide quan‐
titative assessments of the extent of skin graft rejec‐
tion and the specific cell types involved. In addition,
more precise evaluations of plasma cells are required,
as numerous subsets may be involved based upon
characterizations using multiple markers. Although
we established a model of AMR, this model did not
eliminate the interference of T cell rejection. Moreover,
it has not been distinctly revealed that how FK228 tar‐
gets the regulation during the overall progress of anti‐
body synthesis. These important issues need to be
elucidated evidentially and comprehensively in the
future investigations.
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5 Conclusions

We showed that FK228 inhibited the production
of antibodies in cultured B cells and DSA production
in secondary skin transplantation mouse models via
epigenetic regulation, followed by prolonged graft
survival. These beneficial effects on transplant immun‑
ity may be attributed to the upregulation of H2A and
H3 acetylation levels and the inhibition of Blimp-1-
IRE1α -XBP1 signaling in the ER UPR. These find‐
ings provide a novel insight into the therapeutic poten‐
tial of FK228 in ameliorating AMR and prolonging
the long-term survival of transplanted organs in clin‑
ical therapy.
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