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A B S T R A C T

Objective: The present study aimed to investigate the functional role of bortezomib in the development of acute
allograft rejection (AR) after renal transplant.
Methods: The mouse model of AR was established by allograft kidney transplant followed by the treatment of
bortezomib. The serum cytokines, renal function, and the percentage of T follicular helper (Tfh) cells in CD4+ T
cells were measured. The effect of miR-15b and interferon-regulatory factor 4 (IRF4) on Tfh cell proliferation
and differentiation was assessed by cell transfection technology and CCK-8 assay. The interaction between miR-
15b and IRF4 was assessed by luciferase reporter assay.
Results: Bortezomib relieved acute AR after renal transplant by suppressing Tfh cell proliferation and differ-
entiation. Meanwhile, bortezomib treatment markedly increased miR-15b expression in AR renal tissues. The
upregulation of miR-15b inhibited Tfh cell proliferation and differentiation by reducing IRF4. In addition,
bortezomib ameliorated AR by suppressing Tfh cell proliferation and differentiation through miR-15b/IRF4 axis
in vitro and in vivo.
Conclusion: Our findings indicated the mechanism underlying the bortezomib in treating acute AR after renal
transplant, and suggested the critical role of miR-15b in Tfh cell proliferation and differentiation, which pro-
vided a therapeutic target in attenuating acute AR.

1. Introduction

Renal transplant is considered as the ideal therapy for patients with
end-stage renal disease (ESRD) such as renal failure, and it has been
proven to dramatically improve the prognosis and early survival rate of
these patients [1]. However, postoperative allograft rejection (AR) re-
mains a risk factor for the long-term graft survival [2]. It is well known
that the AR after renal transplant consists of several steps including
antigen recognition, lymphocyte proliferation and differentiation, and
target cells injury, leading to a series of immunoreactions [3]. There-
fore, it is crucial to identify the mechanism behind AR in order to find
out the preventive and therapeutic strategies of AR.

Several studies have suggested that the incidence of AR was ob-
servably decreased with the use of novel immunosuppressive agents,
such as actinomycin D [4] and alemtuzumab [5]. As a highly selective
proteasome inhibitor approved by the Food and Drug Administration
(FDA), bortezomib has been initially used for the treatment of multiple

myeloma by specifically eliminating activated plasma cells [6]. It has
been proven that bortezomib had a stronger humoral im-
munosuppressive effects relative to conventional drugs, such as ritux-
imab [7], and recent studies have demonstrated the therapeutic effect
of bortezomib on AR after renal transplant [8–10]. Evidence has
showed that bortezomib may stabilize estimated glomerular filtration
rate (eGFR) for 3–6months in pediatric kidney transplant recipients
with antibody-mediated rejection [8]. Nevertheless, little is known
concerning the action mechanism of bortezomib in acute AR after
kidney transplant.

The IFN-regulatory factor (IRF) family were originally identified as
transcriptional regulators in the type I interferon system, consisting of
nine members in mammals. Indeed, it has recently been shown that IRF
family performed versatile functions in various biological processes
containing immunoreaction, cytokine signal transduction as well as cell
proliferation and regulatory mechanism [11]. Remarkably, IRFs played
crucial roles in regulating T-helper (Th) cell differentiation.
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Particularly, IRF1 was decisive for Th1 cell generation while IRF4
controlled Th2, Th9 and Th17 cell differentiation [12]. Previous studies
have demonstrated that IRF4 was also an intrinsic prerequisite for B cell
differentiation and plasma cell maturation, devoting itself to positively
regulating Tfh cell differentiation [13].

MicroRNAs (miRNAs), noncoding small RNAs containing en-
dogenous 21–23 nucleotides, were involved in regulating eukaryotic
gene expression post-transcriptionally via binding to 3′-UTR of mRNA
of the target genes. Increasing miRNAs dysregulation has been noted in
circulating immune after renal transplant [14], implying their potential
roles in the renal insufficiency. For instance, Matz et al. [15] found that
miR-15b expression was significantly decreased in patients with T-cell
mediated rejection together with urinary tract infection as opposed to
patients with stable graft function. Moreover, Singh et al. [16] reported
that miR-15b overexpression in CD4+ T cells promoted the induction of
regulatory T cells (Tregs), downregulating the autoimmune response. A
recent study reported that bortezomib treatment induced an upregu-
lation of miR-15b expression in hepatocellular carcinoma cells [17].
Thus, the present study aimed to discover the underlying molecular
mechanisms and biological function of bortezomib in AR after kidney
transplant.

2. Material and methods

2.1. AR model and animal grouping

12–14weeks of male C57BL/6 mice (H2b) and female BALB/c mice
(H2d) weighing 24–28 g obtained from Center for Animal Experiment of
Henan province (Zhengzhou, Henan, China) were used as donors and
recipients, respectively, in this study. The mouse model of renal
transplant was established as previously described [18], mice with
acute AR after renal transplant were enrolled, while mice with early
complications including thrombus, bleeding, and urinary fistule were
excluded and immediately sacrificed. In brief, mice underwent a stan-
dard midline abdominal incision under anesthesia with inhalation of
2% isoflurane (Abbott GmbH, Vienna, Austria). Then, the left kidneys
of donors along with aorta, inferior vena cava and ureter were removed
under a microscope followed by lavage in situ with histidine-trypto-
phane-ketoglutarate (HTK) solution. The isolated kidneys were then
implanted below the level of native renal vessels of recipients with left
nephrectomy, while the infrarenal aorta and the inferior vena cava
were perfectly anastomosed to the recipients. In addition, the ureter
was directly anastomosed into the bladder for urinary tract re-
construction. Mice were randomized into 4 groups (n=7 in each
group): auto kidney transplant group (auto TX), stable graft function
without AR (Stable), AR group, and bortezomib treatment group. Auto
kidney transplant was performed in the BALB/c mice. In the bortezomib
treatment group, bortezomib (LC Laboratories, Woburn, MA, USA) that
was dissolved in dimethyl sulfoxide (DMSO) and then diluted in 100mL
sterile normal saline was intravenously administered to the recipients at
a dose of 1.3mg/m2 on the day 1, 4, 8, and 11 following the surgery.
After 2 weeks, the serum creatinine and mean eGFR were detected, and
then the mice were euthanatized and blood samples were collected for
measuring serum levels of IFN-γ, TNF-α, IL-2, IL-4, and IL-10. Kidney
tissues were dissected for HE staining, immunohistochemistry staining,
and for detection of the percentage of Tfh cells (CD4+ CXCR5+). All
animal protocols were approved by the Institutional Animal Care and
Use Committee at the First Affiliated Hospital of Zhengzhou University
and performed compliance with the Guide for the Care and Use of La-
boratory Animals.

2.2. Serum levels of cytokines

The serum levels of regulatory and pro-inflammatory cytokines in-
cluding IFN-γ, TNF-α, IL-2, IL-4 and IL-10 were assessed as biomarkers
of allograft function using the enzyme-linked immunosorbent assay

(ELISA) kit (R&D Systems, Minneapolis, MN, USA) following the man-
ufacturer's instructions. Each blood sample was tested in duplicate.

2.3. Assessment of renal function

Renal function was assessed with the serum creatinine utilizing SOE
assay (Shanghai Kehua Dongling Diagnostic Products, Shanghai, China)
and eGFR calculated by the abbreviated MDRD equation based on
serum creatinine measurements. In short, blood samples were cen-
trifuged at 3600 rpm for 10min. The absorbance at wavelength of
546 nm was measured after supernatant was incubated in mixed solu-
tion containing creatine hydrolyzyme, sarcosine oxidase and catalase at
37 °C for 5min.

2.4. Cell isolation and cell transfection

Tfh cells separated from inguinal lymph nodes of mice in AR group
were enriched by magnetic activated cell sorting (MACS), sorted using
CXCR5 as well as Programmed Death 1 (PD-1) as additional markers on
an ARIA II flow sorter (BD Biosciences, San Diego, CA, USA). Tfh cells
were transfected with miR-15b mimic or pre-NC (negative control of
miR-15b mimic) (Shanghai GenePharma Co., Ltd., Shanghai, China)
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer's instructions. After 48 h of transfection,
cells were collected for assessing cell proliferative capacity using CCK-8
assay.

CD4+ T cells were isolated from peripheral blood mononuclear cells
(PBMCs) derived from peripheral blood of mice in AR group by density
gradient centrifugation using the EasySep™ Naïve CD4+ T Cell Isolation
Kit (Miltenyi Biotec, Gladbach, Germany). Subsequently, cells were
seeded in 96-well plates at a density of 7.5× 104 cells/well in AIM-V
medium (Life Technologies, Carlsbad, CA, USA) supplemented with
Dynabeads Human T-Activator CD3/CD28 (2 μl/well, Life
Technologies), recombinant rat activin A (50 ng/ml, BD Biosciences)
and recombinant human IL-12 (5 ng/ml, Peprotech, Rocky Hill, NJ,
USA). After incubated at 37 °C with 5% CO2 for consecutive 5 days,
CD4+ T cells were finally transfected with miR-15b mimic or pre-ne-
gative control. After 48 h, cells were harvested for detection of the
proportion of Tfh cells using flow cytometry.

2.5. Luciferase reporter assay

The 3′-UTR fragments of IRF4 and the potential target sequences of
miR-15b predicted by bioinformatics tools including Targetscan
(http://www.targetscan.org) and microrna.org (http://www.microrna.
org) were amplified and sub-cloned into pGL3 plasmids (Promega,
Madison, WI, USA). HEK293T cells (American Type Culture Collection,
Manassas, VA, USA) grown to about 70% confidence were seeded in 24-
well plates and then co-transfected with 50 ng of pGL3-IRF-WT vectors
or pGL3-IRF-MUT vectors along with miR-15b mimic/inhibitor or their
corresponding empty vectors (pre-negative control/negative control)
using Lipofectamine 2000 (Invitrogen). Luciferase activity was mea-
sured 24 h after transfection using a Dual-Luciferase Reporter 1000
Assay System (Promega) according to the manufacturer's instructions.
In addition, the expression of IRF4 at mRNA and protein levels was
measured using qRT-PCR and western blot after HEK293T cells were
transfected with miR-15b mimic or inhibitor as well as pre-negative
control or negative control (negative control of miR-15b inhibitor).
Each experiment was conducted in triplicate. In this study, both the
miRNA-15b mimic and inhibitor were synthesized by Shanghai
GenePharma.

2.6. In vivo experiments

We also explored the function of bortezomib in vivo. AR mice were
assigned into 3 groups (n=7 in per group): control group, bortezomib
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+negative control, and bortezomib+miR-15b inhibitor. Mice in bor-
tezomib+negative control and bortezomib+miR-15b inhibitor group
were intravenously injected with 1.3 mg/m2 of bortezomib containing
antagomir control or antagomir-15b (60mg/kg body weight) via tail
vein. 2 weeks later, with the serum creatinine and mean eGFR eval-
uated, all mice were sacrificed and the blood samples were taken for
measuring serum levels of cytokines as well as the expression levels of
miR-15b and IRF4. Flow cytometer was used to test the proportion of
Tfh cells in kidney tissues.

2.7. Cell proliferation assay

After 48 h of transfection, Tfh cells were seeded into 96-well plates
at a density of 2× 103cells/well and cultured for 48 h. Cell

proliferation was determined using cell counting kit-8 (CCK-8) assay
(Beyotime) according to the manufacturer's protocol. Absorbance was
detected at the wavelength of 450 nm.

2.8. Flow cytometry analysis

The kidney tissues were cut into pieces of approximately 2mm2, and
digested by tyrosinase plus 0.5% type II collagenase (Gibco, Carlsbad,
CA, USA) at 37 °C with 5% CO2 for 1–2 h and meshed through a 200-
gauge stainless steel filter. Cells were collected by centrifugation at
1500 rpm for 10min at 4 °C and resuspended in PBS after supernatant
was discarded. Single nucleus cell suspension was harvested for flow
cytometry analysis.

The percentage of Tfh cells in the mouse kidney and activated naïve

Fig. 1. The effect of bortezomib on acute rejection in a mouse model of renal allograft. The mouse model of AR was established by allograft kidney transplant
followed by the treatment of bortezomib. Mice were randomized into 4 groups (n=7 in each group): auto kidney transplant group (auto TX), stable graft function
without AR (Stable), AR group, and bortezomib group. (A) HE staining and immunohistochemistry staining images of renal tissues; (B) serum creatinine and mean
eGFR; (C) serum levels of IFN-γ, TNF-α, IL-2, IL-4, and IL-10 were detected using ELISA; (D) mRNA expression of the inflammatory cytokines in renal tissues was
detected using qRT-PCR; (E) percentage of Tfh cells (CD4+ CXCR5+) in CD4+ T cells in mouse renal tissues was detected using flow cytometry analysis; (F)
Cumulative Banff score. ⁎P < 0.05 compared with the AR group.
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CD4+ T cells that isolated from PBMCs was also determined by flow
cytometry. Briefly, cell suspension at 106/tube was stained in duplicate
with FITC-anti-CD4 (eBioscience, San Diego, CA, USA) and PE-anti-
CXCR5 (R&D Systems) at room temperature for 30min in the dark.
After being washed with PBS, the cells were subjected to flow cyto-
metry detection on the FACSCalibur (BD Biosciences) with FACSDiva
software (Tree Star, Ashland, OR, USA). At least 50,000 lymphocytes

per sample were analyzed.

2.9. QRT-PCR

To detect relative expression levels of miR-135a, miR-199a-3p, miR-
15b, miR-140-3p and miR-130b together with IRF4 mRNA, total RNA
was extracted from the whole kidney tissues using Trizol reagent

Fig. 2. The effect of bortezomib on miRNA expressions. The relative expression levels of miR-135a, miR-199a-3p, miR-15b, miR-140-3p and miR-130b in renal
tissues of mice in auto TX, Stable, AR, and bortezomib groups (n= 7 in each group) were determined by qRT-PCR. ⁎P < 0.05 compared with the auto TX or Stable
group; ⁎⁎P < 0.05 compared with the AR group.

Fig. 3. The effect of miR-15b on the proliferation and differentiation of Tfh cells. Tfh cells were derived from lymph nodes of AR mice. CD4+ T cells were isolated
from peripheral blood of AR mice. Tfh and CD4+ T cells were transfected with miR-15b mimic or pre-negative control. (A) Tfh cell proliferation was measured by
CCK-8 assay; (B) proportion of Tfh cells (CD4+ CXCR5+) in CD4+ T cells was analyzed using flow cytometry. ⁎P < 0.05 compared with pre-negative control group.
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(Invitrogen) following the manufacturer's protocol. Total RNA was then
reversely transcribed into cDNA using a MiRcute miRNA First-strand
cDNA synthesis kit (Tiangen Biotech, Beijing, China) for miRNA or
using Primer-Script TM one step RT-PCR kit (Takara, Shiga, Japan) for
the reverse transcription of mRNAs. The SYBR Green I real time PCR kit
(CoWin Bioscience Co., Beijing, China) was used to amplify targets on
an ABI 7500 Real-Time PCR system (Applied Biosystems, Carlsbad, CA,
USA) and calculated by the 2−ΔΔCt method. The relative expression of
mRNAs and miRNAs were normalized to β-action and U6 snRNA ex-
pression, respectively.

2.10. Western blot

Prior to western blotting, blood samples were diluted with saline

solution, resuspended in lymphocyte separation medium and cen-
trifuged at 3000 rpm for 25min at 4 °C. Supernatant was removed and
the remaining mononuclear cells were collected. The separated cells
along with Tfh cells were washed once with cold PBS, incubated with
Radio-Immunoprecipitation Assay (RIPA) buffer (Beyotime, Shanghai,
China) for 30min and centrifuged at 14,000 rpm for 15min at 4 °C.
Then, the cell extract was run on 10% SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred onto polyvinylidene fluoride
(PVDF) membranes and blocked in 5% skim milk in tris buffered saline
tween (TBST) at 4 °C overnight. Blots were probed with rabbit anti-
mouse IRF-4 polyclonal antibody (1:250; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), then incubated with horseradish-peroxidase-
coupled goat anti-rabbit antibodies (1:200; Abcam) at 37 °C for 2 h and
visualized on a Molecular Imager ChemiDoc XRS System (Bio-Rad

Fig. 4. The interaction between MiR-15b and IRF4. (A) Potential binding sites of miR-15b and IRF4 were predicted using bioinformatical analysis; (B) HEK293T cells
were transfected with wild type (WT) or mutant (MUT) IRF4 3′-UTR luciferase reporter vectors and miR-15b mimic. The relative luciferase activity, the mRNA and
protein expressions of IRF4 were determined; (C) HEK293T cells were transfected with WT or MUT IRF4 3′-UTR luciferase reporter vectors and miR-15b inhibitor.
The relative luciferase activity, the mRNA and protein expressions of IRF4 were determined. ⁎P < 0.05 compared with the pre-negative control group; #P < 0.05
compared with the negative control group.
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Laboratories, Hercules, CA, USA) using an ECL Plus Western Blotting
Substrate (Thermo Scientific, Shanghai, China). In addition, β-action
(Sigma-Aldrich) served as an internal control.

2.11. Statistical analysis

Data were expressed as the mean ± standard deviation (S.D.).
Comparisons between two groups were assessed by two-sided Student's
t-test using the SPSS 22.0 (IBM, Armonk, NY, USA). The comparisons
among groups were done using one-way analysis of variance (ANOVA),
followed by Tukey post hoc testing. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Bortezomib suppressed acute rejection in a mouse model of renal
allograft

After renal transplant, about 10% mice in each group were dis-
carded because of complications after kidney transplant. For the rest
mice, the renal tissues were isolated for HE staining and im-
munohistochemistry staining to analyze the pathology of renal. As
shown in Fig. 1A, much inflammatory cell infiltration was found in the
AR group (n=7) when compared with the auto TX (n= 7) and Stable
group (n=7), while it was relieved after bortezomib treatment (bor-
tezomib, n= 7). Meanwhile, the serum creatinine was markedly higher
in the AR group than in the auto TX and Stable group, but it was re-
duced in the bortezomib-treated group; and the mean eGFR was higher
in the bortezomib-treated group than in the AR group (Fig. 1B,
P < 0.05). The serum levels of typical pro-inflammatory cytokines
including IFN-γ, TNF-α, IL-2, IL-4, and IL-10 were significantly de-
creased after bortezomib administration in a mouse AR model after
renal transplant, in contrast to those in AR group (Fig. 1C, P < 0.05),
as well as the mRNA expression of these inflammatory mediators
(Fig. 1D, P < 0.05). Bortezomib treatment also resulted in the in-
creased proportion of Tfh cells (CD4+ CXCR5+) in mouse kidney tis-
sues (Fig. 1E, P < 0.05), which indicated the increase of Tfh cells
differentiation. Cumulative Banff score was notably lower in the bor-
tezomib-treated mice than that in the AR group (Fig. 1F, P < 0.05). All
these data demonstrated that bortezomib ameliorated acute AR in
mouse after renal transplant.

3.2. Bortezomib significantly upregulated miR-15b in AR

To identify which miRNA changed in response to bortezomib ad-
ministration in acute AR after renal transplant, the expression levels of
several representative miRNAs, which were reported to participate in
the acute rejection after kidney transplant [19], were evaluated in the
whole kidney tissues of the mice in the four groups (auto TX, Stable,
AR, bortezomib; n=7 in each group). The results showed that the
expression levels of miR-135a, miR-199a-3p and miR-15b were lower
while miR-140-3p and miR-130b were higher in AR group relative to
the auto TX and Stable group (Fig. 2, P < 0.05). However, only miR-
15b was observably upregulated after bortezomib treatment (borte-
zomib group) as compared with the AR group, while no significant
difference was found in the expression of miR-135a, miR-199a-3p, miR-
140-3p, and miR-130b (Fig. 2, P < 0.05). These findings illustrated
that bortezomib led to a clear upregulation of miR-15b expression in a
mouse model of acute renal AR, which may be associated with its effect
on suppressing acute allograft rejection.

3.3. MiR-15b overexpression inhibited the proliferation and differentiation
of Tfh cells

To further study the role of miR-15b in regulating the proliferation
and differentiation of Tfh cells, the Tfh cells derived from lymph gland
and CD4+ T cells were transfected with miR-15b mimic or pre-negative
control. It was shown that the growth of Tfh cells was inhibited after
miR-15b mimic transfection (Fig. 3A, P < 0.05). As expected, miR-15b
overexpression descended the percentage of Tfh cells in CD4+ T cells
(Fig. 3B, P < 0.05). Taken together, miR-15b overexpression exerted
inhibitory effect on the proliferation and differentiation of Tfh cells.

3.4. MiR-15b negatively regulated IRF4

Bioinformatics analysis used for predicting recognition sequences
on IRF4 revealed the presence of miR-15b binding sites (Fig. 4A). We
further examined whether IRF4 was a direct target gene of miR-15b by
using luciferase reporter assay. Our data manifested that in IRF4-WT
group, miR-15b mimic induced a prominently reduction of luciferase
activity in comparison with the pre-negative control group (Fig. 4B,
P < 0.05), whereas, miR-15b inhibitor led to an enhanced luciferase
activity relative to the negative control group (Fig. 4C, P < 0.05). In
contrast, neither miR-15b mimic nor inhibitor notably affected

Fig. 5. miR-15b regulated Tfh cell proliferation and differentiation by targeting IRF4. Tfh cells were transfected with vectors and grouped into: pre-negative control,
miR-15b mimic, miR-15b mimic+pcDNA3.1, and miR-15b mimic+pcDNA3.1-IRF4. (A) Tfh cell proliferation was measured by CCK-8 assay; (B) the percentage of
Tfh cells (CD4+ CXCR5+) in CD4+ T cells was analyzed using flow cytometry. ⁎P < 0.05 compared with the pre-negative control group; #P < 0.05 compared with
miR-15b mimic+ pcDNA3.1 group.
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luciferase activity in the IRF4-Mut group. To verify our findings, miR-
15b mimic or inhibitor were transfected into HEK293T cells followed
by evaluation of IRF4 expression at mRNA and protein levels. Our re-
sults demonstrated that miR-15b overexpression downregulated IRF4
expression (Fig. 4B, P < 0.05), while miR-15b knockdown augmented
IRF4 expression (Fig. 4C, P < 0.05). Collectively, miR-15b negatively
regulated IRF4 expression.

3.5. MiR-15b mediated Tfh cell proliferation and differentiation through
regulating IRF4

We further determined whether miR-15b regulated Tfh cell

proliferation and differentiation via targeting IRF4. The isolated Tfh
cells and naïve CD4+ T cells activated by recombinant rat activin A and
human IL-12 were respectively randomized into 4 groups: pre-negative
control, miR-15b mimic, miR-15b mimic+ pcDNA3.1 and miR-15b
mimic+pcDNA3.1-IRF4. As a result, a decrease in Tfh cell proliferation
(Fig. 5A, P < 0.05) and the proportion of Tfh cells (CD4+ CXCR5+)
was observed after overexpressing miR-15b (Fig. 5B, P < 0.05). Con-
versely, co-overexpression of miR-15b and IRF4 caused an opposite
effect. Conjointly, our finding revealed that miR-15b suppressed the
proliferation and differentiation of Tfh cells by directly targeting IRF4.

Fig. 6. Bortezomib inhibited Tfh cell proliferation and differentiation through the miR-15b/IRF4 pathway. Tfh cells were divided into 5 groups: control, bortezomib,
bortezomib+negative control, bortezomib+miR-15b inhibitor and bortezomib+miR-15b inhibitor+ siRNA-IRF4. (A) The expression of IRF4 at mRNA and protein
levels in Tfh cells was measured with qRT-PCR and western blotting, and the Tfh cell proliferation was measured by CCK-8 assay; (B) the proportion of Tfh cells
(CD4+ CXCR5+) in CD4+ T cells was analyzed using flow cytometry. ⁎P < 0.05 compared with the control group; #P < 0.05 compared with bortezomib+negative
control group; &P < 0.05 compared with bortezomib+miR-15b inhibitor group.
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Fig. 7. Bortezomib ameliorated acute rejection in a mouse model of renal allograft via upregulating miR-15b. Renal allograft mice were allocated into three groups:
control, bortezomib+negative control, and bortezomib+miR-15b inhibitor. (A) The serum levels of IFN-γ, TNF-α, IL-2, IL-4, IL-10 and serum creatinine and mean
eGFR of mice were measured; (B) the expression of miR-15b and the expression of IRF4 at mRNA and protein levels were evaluated; (C) the percentage of Tfh cells
(CD4+ CXCR5+) in CD4+ T cells was detected. ⁎P < 0.05 compared with control group; #P < 0.05 compared with bortezomib+negative control group.
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3.6. Bortezomib-mediated IRF4 downregulation inhibited Tfh cells
proliferation and differentiation by upregulating miR-15b

To further investigate the molecular mechanism and biological role
of bortezomib affecting Tfh cells proliferation and differentiation, Tfh
cells as well as activated naïve CD4+ T cells were randomly divided
into 5 groups: control, bortezomib, bortezomib+negative control,
bortezomib+miR-15b inhibitor and bortezomib+miR-15b inhibitor
+siRNA-IRF4. Cells were treated with 50 nM of bortezomib for 24 h,
followed by transfected with miR-15b inhibitor or siRNA-IRF4 for 48 h.
It turned out that bortezomib resulted in a larger reduction in IRF4
expression at mRNA and protein levels (Fig. 6A, P < 0.05), along with
a lower Tfh cells proliferative rate (Fig. 6A, P < 0.05) and a decreased
percentage of Tfh cells (Fig. 6B, P < 0.05) as compared with the
control group. On the contrary, an increase in IRF4 expression was
observed in cells treated with bortezomib and transfected with miR-15b
inhibitor (Fig. 6A, P < 0.05), as well the Tfh cells proliferation
(Fig. 6A, P < 0.05) and the proportion of Tfh cells (Fig. 6B, P < 0.05).
However, the combination of miR-15b overexpression and IRF4
knockdown restored the function of bortezomib on IRF4 expression and
Tfh cells proliferation as well as differentiation, implying that borte-
zomib effectively inhibited the proliferation and differentiation of Tfh
cells through regulation of the miR-15b/IRF4 pathway.

3.7. Bortezomib meliorated acute rejection of renal transplant through
decreasing Tfh cells proliferation and differentiation mediated by miR-15b/
IRF4 axis in vivo

To validate the functional roles of bortezomib in vivo, AR mice were
inoculated by bortezomib together with antagomir-15b or negative
control, respectively. As expected, the cytokines serum levels, the
serum creatinine and mean eGFR (Fig. 7A, P < 0.05) in bortezomib
group were lower than those in AR group. Moreover, the mRNA ex-
pression levels of miR-15b were upregulated, while IRF4 mRNA and
protein expression were decreased (Fig. 7B, P < 0.05) in addition to
the reduction of percentage of Tfh cells (Fig. 7C, P < 0.05) after bor-
tezomib injection, nonetheless, bortezomib plus antagomir-15-treat-
ment reversed the trends. Taken together, bortezomib could alleviate
acute AR after renal transplant by inhibiting Tfh cells proliferation and
differentiation by regulating the miR-15b/IRF4 axis.

4. Discussion

It has been well documented that bortezomib has a critical effect on
the treatment of AR after renal transplant [9,10], however little is
known about the specific mechanism of bortezomib in the progression
of AR. In the present study, we established an AR mouse model to in-
vestigate the immunotherapeutic role of bortezomib in renal AR. Our
findings displayed that bortezomib regulated IRF4 expression via in-
creasing miR-15b, thereby decreasing the proliferation and differ-
entiation of Tfh cells. Lastly, the functional role of bortezomib in vivo
was clarified, revealing that bortezomib treatment ameliorated renal
AR.

In view of the impact of bortezomib on miRNAs expression [20,21],
we determined the RNA expression levels of a series of representative
miRNAs, including miR-135a, miR-199a-3p, miR-15b, miR-140-3p and
miR-130b, in AR group and bortezomib-treated group. Our data de-
monstrated that bortezomib increased miR-15b expression in AR, sug-
gesting that bortezomib might exert its effect on AR through upregu-
lating miR-15b. Analogously, Jiang et al. [17] have found that
bortezomib led to miR-15b upregulation in hepatoma carcinoma cells
to promote cell survival. To further explore the biological function of
miR-15b in renal AR process, in vitro experiments were conducted. We
demonstrated that overexpression of miR-15b significantly suppress the
proliferation and differentiation of Tfh cells. The current study high-
lighted the role of miR-15b in AR relief mediated by bortezomib. In

regard to how bortezomib can specifically upregulate the 15b miRNA
and not the other miRNAs, we hypothetically attribute it to some
lncRNAs that could bind with miR-15b [22], which is associated with
the role of lncRNAs as competing endogenous RNAs [23]. Such me-
chanisms deserve further investigations in the future.

In the past years, emerging evidence has considered IRF4 as a pi-
votal transcription factor in the progression of Tfh cells differentiation
[24]. Besides, IRF4 is closely correlated with Treg cell function [25] and
it mediates a vital regulatory circuit of T cell dysfunction in transplant
[26]. In the B-cell lineage, IRF4 plays an important role in plasma cell
differentiation and isotype switching [27]. In this study, we confirmed
that IRF4 expression promoted Tfh cell differentiation and demon-
strated that IRF4 was a downstream target of miR-15b. In addition, the
function of IRF4 in AR after renal transplant was discovered, offering a
novel target for AR prevention and treatment.

Although we demonstrated that the serum pro-inflammatory cyto-
kines, such as IFN-γ, TNF-α, IL-2, IL-4 and IL-10, and the serum crea-
tinine, were significantly decreased by bortezomib. The effects of bor-
tezomib on systemic inflammation have not been explored yet, which
deserves further interpretation in the future.

In summary, the current study provided a novel insight into the
mechanism of AR after renal transplant, demonstrating that bortezomib
alleviated AR after renal transplant by regulating miR-15b/IRF4 axis,
which contributed to inhibiting Tfh cell proliferation and differentia-
tion. The present study provided significant insight into developing
effective measures for prevention and reduction of this negative prog-
nostic factor.
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