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A B S T R A C T

Germinal centers (GC) are vital to adaptive immunity. BCL6 and miR-155 are implicated in control of GC re-
action and lymphomagenesis. FBXO11 causes BCL6 degradation through ubiquitination in B-cell lymphomas.
Chronic psychological stress is known to drive immunosuppression. Corticosterone (CORT) is an adrenal hor-
mone expressed in response to stress and can similarly impair immune functions. However, whether GC for-
mation is disrupted by chronic psychological stress and its molecular mechanism remain to be elucidated. To
address this issue, we established a GC formation model in vivo, and a GC B cell differentiation model in vitro.
Comparing Naive B cells to GC B cells in vivo and in vitro, the differences of BCL6 and FBXO11 mRNA do not
match the changes at the protein level and miR-155 levels that were observed. Next we demonstrated that CORT
increase, induced by chronic psychological stress, reduced GC response, IgG1 antibody production and miR-155
level in vivo. The effect of chronic psychological stress can be blocked by a glucocorticoid receptor (GR) an-
tagonist. Similarly, impaired GC B cell generation and isotope class switching were observed. Furthermore, we
found that miR-155 and BCL6 expression were downregulated, but FBXO11 expression was upregulated in GC B
cells treated with CORT in vitro. In addition, we demonstrated that miR-155 directly down-regulated FBXO11
expression by binding to its 3́-untranslated region. The subsequent overexpression of miR-155 significantly
blocked the stress-induced impairment of GC response, due to changes in FBXO11 and BCL6 expression, as well
as increased apoptosis in B cells both in vivo and in vitro. Our findings suggest perturbation of GC reaction may
play a role in chronic psychological stress-induced immunosuppression through a glucocorticoid pathway, and
miR-155-mediated post-transcriptional regulation of FBXO11 and BCL6 expression may contribute to the im-
paired GC response.

1. Introduction

The immune system is highly sensitive to stress. Positive benefits are
apparent during acute incidences of stress such as increased drive.
However chronic psychological stress may lead to negative physiolo-
gical outcomes such as immunosuppression (Dhabhar, 2014; Aubert,
2008). Furthermore, chronic psychological stress has the potential to
impair host antibacterial and antiviral defenses (Aberg et al., 2007;
Steelman et al., 2009). Chronic psychological stress affects immune
surveillance and is associated with a multitude of pathologies including
tumor development and autoimmune diseases (Neeman and Ben-
Eliyahu, 2013; McEwen, 2000). It is well established that chronic

psychological stress leads to continuous activation of the hypothalamic-
pituitaryadrenal (HPA) axis via increased sex hormone production in-
cluding glucocorticoids (Haczku and Panettieri, 2010). Glucocorticoids,
including endogenously produced corticosterone (CORT), can sig-
nificantly affect both innate and adaptive immunity while simulta-
neously possessing immunosuppressive properties (Webster et al.,
2002; Riccardi et al., 2002). Recent studies have identified im-
munosuppressive effects of increased plasma glucocorticoid levels, in-
cluding impaired CTL responses (Truckenmiller et al., 2006), impaired
DC maturation (Elftman et al., 2007), diminished B cell lymphopoiesis
(Igarashi et al., 2005) and suppression of NK cell cytotoxicity (Rosenne
et al., 2014). However, the exact processes underlying how chronic
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psychological stress negatively impacts humoral immune responses
(adaptive immunity, especially B lymphocytes development and dif-
ferentiation) remain elusive.

B lymphocytes are critical players in the antibody production pro-
cess which is maintained by humoral responses. Upon encountering an
antigen, a differentiation and development process of Naive B cells
generates or yields germinal center (GC) formation. GC is a character-
istic histological structure in which B lymphocytes undergo clonal ex-
pansion, class switch recombination (CSR), somatic hypermutation, and
affinity maturation before eventually differentiating to memory B cells
and plasma cells (Suan et al., 2017; Klein and Dalla-Favera, 2008).
Considerable effort has been made to investigate the mechanisms
governing germinal center development.

BCL6 is a transcription factor that is vital for GC formation (Huang
and Melnick, 2015; Basso and Dalla-Favera, 2012). BCL6 is expressed at
much higher levels in GC B cells than in Naive B cells, and BCL6 is
necessary for B cells to transition into GC B cells (Crotty et al., 2010).
BCL6 expression is regulated by several signaling pathways at the
transcriptional and protein level, and is essential for GC development.
Recently, several observations have identified BCR and CD40 signaling
pathways (Polo et al., 2008; Basso et al., 2004), NF-kB-mediated acti-
vation of IRF4 (Saito et al., 2007) and DNA damage promoted ATM
(ataxia telangiectasia mutated) pathway (Phan et al., 2007) are in-
volved in BCL6 regulation by the transcriptional downregulation or
ubiquitin–proteasome pathway. Notably, a SKP1–CUL1–Fboxprotein
(SCF) ubiquitin ligase complex that containing orphan F-box protein
FBXO11 (Cardozo and Pagano, 2004) was revealed to display an ability
to induce BCL6 ubiquitylation and degradation, mutations and dele-
tions in FBXO11 can lead to lymphoma development because they
stabilize BCL6 in Diffuse Large B Cell Lymphoma Cell Lines (DLBCLs)
(Duan et al., 2012).

MicroRNAs (miRNAs) are small noncoding RNAs post tran-
scriptionally regulating gene expression (Huntzinger and Izaurralde,
2011). MicroRNAs are necessary for many parts of B cell development
and immune function, including GC responses (de Yebenes et al., 2013).
To date very few miRNAs specifically linked to GC B cells have been
identified (Schmidt and Küppers, 2014). One such example is miR-155,
which is highly expressed in GC B cells, and regulates class switching,
affinity maturation, and GC maintenance (Teng et al., 2008; Nakagawa
et al., 2016; Rodriguez et al., 2007). Moreover, fewer GC B cells are
present in miR-155 deficient mice, and its overexpression led to the
opposite phenotype (Thai et al., 2007). However, it is not fully under-
stood as to how miR-155 modulates GC responses at the molecular or
cellular level.

In this study, we showed how chronic psychological stress sup-
pressed GC response in vivo, and CORT prevented GC B cell differ-
entiation in vitro. Additionally, CORT could prevent miR-155 expres-
sion, and result in FBXO11 increase and BCL6 reduction. These
observations suggest that CORT inhibits miR-155 expression.
Furthermore, miR-155 inhibition results in FBXO11 up-regulation,
which yields increased degradation of BCL6 in B cells and apoptosis of
GC B cells via ubiquition. Finally, we revealed a mechanism in impaired
GC response caused by chronic psychological stress.

2. Materials and Methods

2.1. Chronic psychological stress

Male C57BL/6 mice, between 6 and 8weeks old were purchased
from the Institute of Experimental Animals, Academy of Chinese
Medical Sciences. Six mice per cage were housed in accordance with the
care and use of laboratory animal manual standards established by the
309 Hospital in specific pathogen free conditions. For restraint, mice
were held in a 50ml conical tube with ventilation holes. They were
restrained for 12 consecutive nights corresponding to the normal active
day period. After 12 h of horizontal restraint, mice were given 12 h to

rest with food and water ad libitum. Control mice were not restrained,
and had access to food and water only during the same period as the
restrained mice. To assess glucocorticoid function, mice were sub-
cutaneously injected with 25mg/kg RU486, or vehicle control (ichel
propylene glycol/ethanol (7/3 v/v)) for 12 days. RU486 was injected
1 h before stress period.

2.2. Immunization

C57BL/6 mice (8 weeks, female, 6 mice/group) were immunized via
i.p. injection with 100 μg alum-precipitated chicken gamma-globulin
conjugated (4-hydroxy-3-nitrophenyl) acetyl (NP-CGG) (Biosearch
Technologies). NP-CGG was injected 2 h before stress period. Twelve
days after immunization and restraint stress, mice were sacrificed for
GC response and Ab production analyses. Splenic GC response was
analyzed by immunohistochemistry and flow cytometry. Retro-orbital
bleeding was used to collect blood for serum preparation at appropriate
time points.

2.3. Immunofluorescence and histological analysis

Fresh spleen was fixed in 4% PFA overnight and then was sectioned.
Frozen sections were rinsed with PBS once for 5min to remove the
OCT. Block with 3% normal donkey serum (NDS) in PBS at room
temperature (RT) for 30min. Incubate with primary antibodies diluted
in 3% NDS/PBS at 4 °C overnight. The primary antibodies: Rat anti-GL-
7 (eBioscience) for GC B cells, Rabbit anti-CD3 (Dako) for T cells.
Negative control was blotted with 3% NDS/PBS only. Wash sections
with PBS 3 times for 5min each. Add secondary antibodies (diluted
with 3% NDS/PBS) to each section and incubate for 1 h at RT avoid
light. Blot with the following secondary antibodies: FITC-donkey anti-
rat IgG (Invitrogen), PE-donkey anti-rabbit IgG (Invitrogen). Remove
secondary antibodies and wash with PBS for 3 times (5min each time).
Add DAPI (Sigma, 1:1000 diluted) to each section and incubate for
several minutes. Wash sections with PBS for 5min and repeat 3 times. A
fluorescence microscope was used to analyze stained tissue sections
(Eclipse E400; Nikon). Sections were blinded and quantification was
conducted using the IPLab 4.0 software. GC number and size were
quantitated by morphometric analysis of GL7+ staining. GC number
and size, were measured in arbitrary units based on the number of
positively stained pixels, and averaged for all splenic GL7+ clusters
from 3 control or treated mice.

2.4. FACS analysis and sorting

Cell suspensions from mouse spleen and in vitro cell cultures were
prepared and stained according to established protocols. The following
reagents were used to stain cells for FACS analysis and sorting (all from
BD Biosciences unless otherwise indicated): B220-PerCP, GL7-APC
(eBioscience) and Fas-FITC for germinal center B cells phenotype
screen; B220-PerCP, IgG1-FITC (eBioscience) and IgM-PE for class
switch screen. B220-PerCP, CD69-PE, GL7-APC (eBioscience) and Fas-
FITC for Naive B cells (B220+CD69-GL7-Fas- populations) and GC B
cells (B220+CD69-GL7+Fas+ populations) sorting.

2.5. Immunoblot analysis

Cells were lysed and run on a 12% SDS-PAGE gel. Protein was
transferred to polyvinylidene difluoride membranes (Polyscreen;
PerkinElmer) with a mini Trans-Blot apparatus (Bio-Rad). Membranes
were blocked for 2 h, and then were blotted with primary antibodies [
anti-BCL6 (BD Biosciences), anti-FBXO11 (Santa Cruz Biotechnology)
or anti-mouse β-actin (Sigma-Aldrich)] at 4 °C for overnight. Then HRP-
conjugated secondary Abs were used to probe the blot for 1 h at RT, and
protein levels were visualized using ECL substrate (Pierce Chemical).
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2.6. Quantitative real-time PCR

Total RNA was isolated using TRIZOL Reagent (Invitrogen) ac-
cording to manufacturer’s protocol. Total RNA (1 µg) was reverse
transcribed to cDNA using Superscript First Strand Synthesis RT-PCR
System (Invitrogen). cDNA was then used at a 1:100 dilution ratio as a
PCR template for amplification as recommended by the manufacturer.
SYBR Green PCR Master Mix (Applied Biosystems) was used for real
time RNA detection with the following primers: BCL6 forward 5′-CAG
CAACATCTACTCGCCCAA-3′ and

BCL6 reverse 5′-ATGGAGCATTCCGAGCAGAAG-3′,
FBXO11 forward 5′-GGCGAGAGGGATGATGTTCC-3′ and
FBXO11 reverse 5′-TCTGCGAAGTTGGTATGGACTAT-3′,
GAPDH forward 5′-GAAGGTGAAGGTCGGAGTC-3′ and
GAPDH reverse 5′-GAAGATGGTGATGGGATTTC-3′.
For miRNA isolation, the miRNA easy mini kit (Qiagen) was used.

cDNA synthesis was completed with the miScript II RT kit (Qiagen)
according to the manufacturer’s instructions. A miR-155-5p specific
primer was used for qPCR detection of miR-155-5p using the miScript
SYBER Green PCR kit (Qiagen). A ROTOR-GENE Q (Qiagen) was used
for the qPCR reaction. Melt curve analysis was used to confirm primer
specificity.

2.7. Measurement of serum Ab

Anti-NP hapten antibody was checked by ELISA using plates that
were coated with NP-BSA. Briefly, 96 well plates (Falcon; Becton
Dickinson, Oxnard, CA) were incubated with 2.5 µg NP16-BSA (N-
5050–100, Biosearch Tech Inc.) overnight at 4 °C. Plates were washed
twice with wash buffer (0.05% Tween-20 in 1X PBS) and then blocked
with 200 µl 1% BSA in PBS for 1 h at RT. 100 µl of mouse serum from
immunized mice or control mice were added to the plate and incubated
at RT for 2 h. Plates were washed with PBS containing 0.05% Tween 20,
and HRP-rat anti-mouse IgG or IgM were added to the plate with a
dilution of 1:750, diluted with 1% BSA in PBS. After washing, add
100 µl of substrate solution and when desired, terminate the reaction
with 50 µl of Stop Solution. Absorbance at 450 nm was assessed using a
microplate reader.

2.8. B lymphocyte isolation and induced germinal center B cells culture

In-vitro-induced GC B (iGC B) cells culture was modified from the
protocol as described in Takuya Nojima's study (Nojima et al., 2011).
Magnetic separation was used to isolate CD43− naïve splenic B lym-
phocytes (MACS, MiltenyiBiotec). Cell culture plates were coated with
1 μg/ml or 5 μg/ml mCD40L (eBioscience) for 2–3 h, the Naive B cells
were maintained at 1–2× 105/ml in culture medium, and treated with
100 ng/ml BAFF and 100 ng/ml IL4 to induce germinal center B cells.
Cells were collected for FACS, RNA isolation, or protein analysis at
different time points.

2.9. Corticosterone treatment in vitro

The corticosterone (Sigma-Aldrich) was dissolved in DMSO to a
concentration of 1mM. Naive B cells suspension was treated with cor-
ticosterone solution in a dose of 1 μM at the beginning of cells culture.
DMSO (0.1%) was delivered as the vehicle control.

2.10. Measurement of Ab

Naive B cells were treated with a cytokine cocktail for 3 days. The
supernatant was gathered for total IgG or IgM quantification by sand-
wich ELISA. Experiment details are in the guidelines for mouse IgG/IgM
ELISA (MABTECH). Coat a high protein binding ELISA plate with 1 µg/
ml of anti-IgG/IgM antibody (100 µl/well), dilute in PBS, pH 7.4.
Incubate overnight at 4–8 °C. Wash twice with PBS (200 µl/well). Block

with 200 µl/well of 0.1% BSA in PBS with 0.05% Tween 20 (PBST).
Incubate for 1 h at RT and wash with PBST 5 times. Add 100 µl/well of
samples or standard and incubate for 2 h at room temperature. Wash 5
times with PBS-Tween. Add 100 µl/well of anti-IgG/IgM-ALP. Incubate
for 1 h at RT and then wash with PBST 5 times. Add 100 µl/well of
appropriate substrate. Measure absorbance at 405 nm using a plate
reader after suitable developing time.

2.11. Luciferase reporter assay

The 3′-UTR of FBXO11 mRNA containing the miR-155 binding site
was cloned into pcDNA3.1-luc, pcDNA3.1-Luc-wtUTR. A mutated
pcDNA3.1-Luc-muUTR FBXO11 reporter plasmid was made by mu-
tating miR-155 binding sites via site-directed mutagenesis according to
the manufacturer’s protocol (Stratagene). For reporter gene binding
assays, 293 T cells were transfected with using pcDNA3.1-Luc-wtUTR
and pcDNA3.1-Luc-muUTR as well as with miR-155 mimics
(Genepharma, China). The pSV40-Renilla plasmid was used as a con-
trol. After 24 hr, the ratio of luciferase to Renilla was assessed using a
dual luciferase reporter gene kit (Promega).

2.12. Cell culture and transfection

Su-DHL4 cells (5× 105 cells/ml) were grown in a 5% CO2 humi-
dified environment in RPMI 1640 medium (Gibco, Grand Island, NY,
USA) containing 10% heat-inactivated Fetal Calf Serum (FCS), 100 U/
ml penicillin, 100 µg/ml streptomycin and 2mM L-glutamine (Gibco) at
37 °C. Cells were grown overnight and transfected with either hsa-miR-
155 mimic, or negative control miRNA (Genepharma, China) using
Lipofectamine 2000 (Invitrogen, USA). Oligonucleotide sequences
were:

hsa-miR-155 mimic:
Sense: 5′-UUAAUGCUAAUCGUGAUAGGGGU-3′,
Antisense: 5′-CCCUAUCACGAUUAGCAUUAAUU-3′.
Negative control:
Sense: 5′-UUCUCCGAACGUGUCACGUTT-3′,
Antisense: 5′-ACGUGACACGUUCGGAGAATT-3′.

2.13. Lentiviral experiments

To overexpress miR-155 in Naive B cells, lentivirus was generated
using the BLOCK-iT Lentiviral Pol II miR RNAi expression system
(Invitrogen). The pre-miR-155 and its reverse complement were an-
nealed and ligated into the pcDNA6.2-GW/EmGFP-miR vector. After
sequence verification, BP/LR Gateway recombination reactions were
used to transfer the EmGFP-pre-miR-155 into to the pLenti6/V5 ex-
pression construct. The pLenti6/EmGFP–miR-155 vector was trans-
fected into 293FT to generate viral particles. Naive B cells (1× 105)
were activated 24 h before incubation with LV-miR-155. Two days after
infection, the cells were tested for iGC B cell production using FACS
staining. Eight weeks old female C57BL/6 mice were infected with
lentiviral particles via tail vein injection to overexpress miR-155 in
spleen. After tail vein injections, the mice were treated with chronic
restraint stress and immunization. The animals were sacrificed and the
spleens were harvested for analyses 12 days posttreatment. All animal
experiments were approved by the Animal Ethics Committee of the 309
Hospital, and conducted based on the Guide for the Care and Use of
Laboratory Animals from the US National Institutes of Health (NIH
Publication number 85-23, revised 2011).

2.14. Apoptosis analysis with annexin V

Splenocytes or B cells in vitro model were washed twice with cold
PBS, resuspended in 100 μl annexin V buffer (Becton Dickinson) to
1×105 cells and then incubated for 15min at RT. Apoptosis of B cells
(B220+) was analyzed subsequently using a FACS Aria machine (BD
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Biosciences).

2.15. Statistical analyses

Data are represented as mean ± SEM. First, a one-way ANOVA was
used to decide whether an overall statistically significant change oc-
curred. Bonferronni's multiple-comparison test was used to analyze the
differences between all groups. p values < 0.05 (*), 0.01 (**), and
0.001 (***) were considered statistically significant.

3. Results

3.1. miR-155, BCL6 and FBXO11 expression in GC B cells

To investigate the role of miR-155 in GC response, we immunized
C57BL/6 mice with chicken-globulin (CGG) conjugated (4-hydroxy-3-
nitrophenyl) acetyl (NP). Spleens were harvested for immuno-
fluorescence staining and FACS analyses after 12 days. Mice developed
morphologically normal splenic GC in response to NP-CGG immuniza-
tion (Fig. 1A). To study the role of BCL6 and FBXO11 in GC formation,
we FACS sorted Naive B cells and GC B cells from immunized mice’s
splenocytes. BCL6 was increased in CG B cell comparing to Naive B cells
while FBXO11 was decreased (Fig. 1B). However, both BCL6 and

FBXO11 mRNA levels were downregulated in GC B cells compared to
their naïve counterparts (Fig. 1C). However, miR-155 expression level
was significantly upregulated in GC B cells (Fig. 1D).

The above observations agree with the hypothesis that protein levels
of BCL6 and FXBO11 are independently regulated regardless of mRNA
expression. In addition, we observed increased levels of miR-155 in GC
B cells in relative to Naive B cells. This result was consistent with the
finding that reduced number of GC B cells compromised affinity ma-
turation in miR-155-deficient B cells (Rodriguez et al., 2007; Thai et al.,
2007).

3.2. Restraint stress treatment inhibits germinal center response and this
inhibition is blocked by corticoid receptor antagonist RU-486

To investigate the mechanism of stress induced immune system al-
teration, we studied GC response in mice treated with a restraint stress.
After twelve days post-immunization and introduction of a restraint
stress, the mice were sacrificed for GC and Ab analyses. To determine
whether plasma CORT can alter the GC response induced by chronic
restraint stress, plasma from control and restrained animals was col-
lected and analyzed. Plasma CORT level is elevated in restraint stress
treated mice compared to control mice (Fig. 2A). Spleen GC response
was analyzed by immunofluorescence staining and flow cytometry.

Fig. 1. Expression of BCL6, FBXO11 and miR-155 in the germinal center formation process. (A) GCs were observed in immunized mice. Spleens from C57BL/6 mice
were collected on day 12 after immunization with NP-CGG. Splenic sections were stained for CD3 (T cell markers) in red, GL-7 (GC markers) in green, and DAPI in
blue. Representative images of three animals per group were shown. Original magnification, ×200. (B) BCL6 expression was significantly upregulated in GC B cells
compared with Naive B cells. Conversely, FBXO11 expression was significantly downregulated in GC B cells compared with Naive B cells. GC B cells were isolated
from mice splenocytes by FACS sorting. First gated by B220+CD69− for inactivated B cells, and further divided by GL7+Fas+ for GC B cells or GL-7−Fas− for Naive
B cells. Whole cell extracts from GC B cells and Naive B cells were analyzed by Western blotting with antibodies to BCL6, FBXO11 and β-actin. Representative images
of three independent experiments were shown. (C) mRNA expression of BCL6 and FBXO11 were significantly downregulated in GC B cells compared with Naive B
cells. mRNA levels were analyzed by real-time PCR. Data are mean ± SEM of three independent experiments. Asterisks represent statistical differences between
groups; *p < 0.05. **p < 0.01 (D) Expression of miR-155 was significantly upregulated in GC B cells compared with Naive B cells. Expression of miR-155 was
analyzed by real-time PCR. Data are mean ± SEM of three independent experiments. Asterisks represent statistical differences between groups; **p < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Interestingly, GC response was significantly decreased in stressed mice
compared to control mice. Both GC size and frequency were reduced in
the spleens of stressed animals which were blocked by Ru486. How-
ever, no significant changes in GC size and frequency were observed
between RU486 treated controls and non-treated controls (Fig. 2B).
Consistently, flow cytometry demonstrated that GC B-cell population
(GL-7+Fas+) was significantly smaller in stressed mice (Fig. 2C), and
RU-486 significantly blocked this effect. But no significant changes in
GC B-cell population were observed between RU-486 treated controls
and non-treated controls. To study the functional consequence of stress
induced inhibition of GC response, we measured the production of
(IgM) NP-specific Ab levels and class-switched (IgG1) NP-specific Ab
levels in stressed mice and control mice. Our data confirmed a

significant reduction of class switched NP-specific IgG1 Ab production
in stressed mice relative to control mice, and significant increase of NP-
specific IgM Ab levels were observed in stressed mice. Treatment with
RU-486 significantly inhibited this effect, whereas no differences were
seen in NP-specific IgM or IgG1 Ab between RU486 treated controls and
non-treated controls (Fig. 2D).

To determine the effect of stress on in vivo miR-155 levels, mi-155
expression was measured via quantitative PCR in B lymphocytes iso-
lated from mice spleen. We found stress exposure significantly re-
pressed the expression of miR-155 in spleen B cells. Treatment with RU-
486 significantly inhibited this effect, but no significant changes were
observed in miR-155 expression between RU-486 treated control and
non-treated control (Supplement Fig.).

Fig. 2. Effect of chronic psychological stress on germinal center response in vivo. (A) Chronic restraint stress significantly enhanced plasma CORT levels in im-
munized mice. Mice (8 weeks-old, female, C57BL/6) were stressed following immunization with NP-CGG as described in Materials and Methods. On day 12, plasma
was collected from stressed or unstressed (control) mice. The concentration of plasma CORT was determined by RIA. Each symbol represents one mouse and the
horizontal bar corresponds to the media. Asterisks represent statistical differences between groups; ***p < 0.001. (B) Chronic psychological stress significantly
suppressed the ratio of GC number and size to spleen area in immunized mice and which was significantly reversed by treatment with RU-486. On day 12, mice in
each group were sacrificed. Each spleen was collected and was analyzed by immunofluorescence. Graphical representation of GC stained green as described in
Materials and Methods. GC number and size to spleen area were quantitated by morphometric analysis of GL-7+ staining on IHC. Representative images are shown.
Original magnification, ×40. Each symbol represents one mouse and the horizontal bar corresponds to the media. Asterisks represent statistical differences between
groups; **p < 0.01. (C) Chronic psychological stress significantly suppressed the GC B cells proportion of spleen B cells in immunized mice and was significantly
reversed by treatment with RU-486. Splenocytes were prepared aseptically from each group. The percentages of GC B cells out of splenic B cells were assessed by co-
staining with anti-GL-7 and anti-Fas Abs after gated by anti-B220 Abs. Representative images are shown. Percentages of cells in each quadrant are indicated. Each
symbol represents one mouse and the horizontal bar corresponds to the media. Asterisks represent statistical differences between groups; *p < 0.05; **p < 0.01. (D)
Chronic psychological stress mice demonstrated a significant reduction in NP16-specific IgG1 antibody titers and a significant increase in NP16-specific IgM, which
were significantly reversed by treatment with RU-486. NP-specific antibody titers were measured in sera of each group as described in Materials and Methods. All sera
were diluted 1:25,000. The data represent the mean ± SEM from six individual mice in each group. Asterisks represent statistical differences between groups;
**p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Generation of GC phenotype B cells in vitro

To study how CORT affects GC B cell differentiation in vitro, we
cultured naïve splenic B cells by co-stimulation with CD40L, BAFF and
IL-4 to induce GC phenotypic B cells. The phenotype of the induced B
cells was analyzed by flow cytometry. As expected, the B220+ cells
exhibited a GC B cell-surface phenotype: GL7+ Fas+ (Fig. 3A). These
indicated that 1× 105B cell number, 5 μg/ml CD40L stimulating dose
and 3 days culture time were required for optimum induction of B cells
to a GC phenotype. Consistent with the GC B cells, IgG and IgM anti-
body levels were significantly elevated in iGC B cells in relative to Naive
B controls (Fig. 3B), suggesting that iGC B cells undergo Im-
munoglobulin class switch recombination.

To delineate the molecular mechanism that underlying the observed
iGC B cells differentiation, we checked the expression level of BCL6,
FBXO11 and miR-155. As shown in Fig. 3C, BCL6 and FBXO11 mRNA
levels were significantly reduced in iGC B cells. While BCL6 protein was
increased in iGC B cells, and FBXO11 protein level was significantly

downregulated compared with Naive B cells. Consistently, miR-155
levels were significantly elevated in iGC B cells. These findings are in
agreement with the in vivo model and indicate BCL6 and FBXO1l ex-
pression by miR-155 involve iGC B cell generation.

3.4. In vitro GC B cells differentiation were impaired by corticosterone
(CORT)

Low levels of CORT are constitutively produced in vivo, but they are
upregulated in response to stress. Higher levels of CORT act by binding
to the glucocorticoid receptor (GR). To determine how CORT affects the
generation of GC B cells, we treated cultured Naive B cells with CORT
(1 μM) for 72 h. The CORT concentration used was comparable to that
observed in mice responding to stress (Median, 347 ng/ml, approxi-
mately 1 μM). The population of GC B cells (GL7+ Fas+) and CSR
phenotypes (IgM− IgG1+) in cell culture treated with CORT were sig-
nificantly reduced compared with iGC B cells group (Fig. 4A). We fur-
ther addressed whether BCL6, FBXO11 and miR-155 were required for

Fig. 3. In vitro induction of phenotypically GC B cells from naive B cells. (A) Naive B cells were treated with CD40 ligand, IL4 and BAFF to induce it differentiated
into GC B cells in vitro. Coating cell culture plates with mCD40L (1 μg/ml, 5 μg/ml) for 2–3 h, 100 μl Naive B cell suspension (1× 105, 2× 105 cells) and 100 μl
cytokines’ cocktail (BAFF 200 ng/ml+ IL4 200 ng/ml) were added into each well. FACS staining was used for converted GC B cells (B220+ GL-7+ Fas+) screening
after culture in CO2 incubator for 3 days. Representative images were shown. Percentages of cells in each quadrant were indicated. (B) IgG and IgM levels were
significantly elevated in supernatant of iGC B cells compared with Naive B cells. IgG and IgM antibodies in supernatant of iGC B cells were detected by ELISA. The
data represent the mean ± SEM from six independent experiments. Asterisks represent statistical differences between groups; **p < 0.01; ***p < 0.001. (C)
Expression of BCL6 protein was significantly upregulated but BCL6 mRNA level was largely downregulated in iGC B cells compared with Naive B cells. Expression of
FBXO11 mRNA and protein were all significantly downregulated in iGC B cells compared with Naive B cells. Whole cell extracts from Naive B cells or iGC B cells were
analyzed by Western blotting with antibodies to BCL6, FBXO11 and β-actin. Representative images of three independent experiments were shown. The data represent
the mean ± SEM from six independent experiments. Asterisks represent statistical differences between groups; **p < 0.01. (D) miR-155 level was significantly
upregulated in iGC B cells compared with Naive B cells. Expression of miR-155 in aforementioned cells was analyzed by real-time PCR. Data (mean ± SEM) were
obtained from six independent experiments. Asterisks represent statistical differences between groups; *p < 0.05.
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impairment of iGC B cell generation. CORT treatment significantly in-
creased FBXO11 mRNA level, but had no substantial change in BCL6
mRNA level (Fig. 4B). Compared to iGC B cells, CORT treatment sig-
nificantly reduced miR-155 expression (Fig. 4C). However, BCL6 pro-
tein level was downregulated, and FBXO11 protein level was upregu-
lated in iGC B cells treated with CORT (Fig. 4D). In contrast, this effect
was not affected by DMSO. Thus, our data suggest that CORT impairs
GC B cells differentiation through regulation of miR-155, FBXO11 and
BCL6.

3.5. miR-155 target the 3′UTR of FBXO11

Since miR-155 level was negatively correlated with the expression
of FBXO11, we speculated that miR-155 regulates FBXO11 expression.
We identified a putative miR-155 binding site on murine FBXO11 using
TargetScan., We confirmed mmu-miR-155 target the 3′UTR of FBXO11
using luciferase reporter assays. Mutation of the predicted binding sites
abolished the suppression by mmu-miR-155 (Fig. 5A). We analyzed
miR-155 expression in Su-DHL4 cells transfected with hsa-miR-155 or

negative control. As shown in Fig. 5B, we detected significantly more
miR-155 expression in Su-DHL4 cells transfected with hsa-miR-155
than those transfected with a negative control. FBXO11 mRNA and
protein level in hsa-miR-155 transfected Su-DHL4 cells were sig-
nificantly less than in negative control transfected cells (Fig. 5C, D),
suggesting miR-155 regulates FBXO11 expression.

3.6. Overexpressing miR-155 blocks CORT’s inhibition of iGC B cells
differentiation

The data described above suggests that miR-155 could target
FBXO11. Since iGC B cells differentiation was inhibited by CORT, we
attempted to determine the influence of miR-155 overexpression on
CORT using a lentiviral system. We found miR-155 overexpression
significantly blocked the reduction of miR-155 levels in iGC B cells
treated with CORT (Fig. 6A). The CORT induced reduction of GC phe-
notype B cells (GL-7+Fas+) were significantly inhibited by miR-155
(Fig. 6B). CORT treatment on miR-155 transfectant did not affect BCL6
mRNA level, but miR-155 overexpression blocked CORT treatment

Fig. 4. Effects of CORT treatment on iGC B cells differentiation in vitro. (A) CORT (1 μM) suppressed differentiation of Naive B cells to iGC B cells and im-
munoglobulin class switching. DMSO had no effect on iGC B cells differentiation and immunoglobulin class switching. FACS staining of induced GC B cells (GL-7+

Fas+) and IgG1-switched cells (IgG1+ IgM-) were obtained from the following groups: Naive B cells, iGC B cells, iGC B cells+DMSO, iGC B cells+ CORT (1 μM).
Representative images are shown. (B) CORT significantly enhanced FBXO11 mRNA expression in Naive B cells during its differentiation into iGC B cells. CORT had no
effect on BCL6 mRNA expression in B cells. DMSO had no effect on BCL6 and FBXO11 mRNA expression in B cells. Expression of BCL6 and FBXO11 mRNA was
assessed by q-PCR. Data are mean ± SEM of six independent experiments; **p < 0.01. (C) CORT significantly suppressed miR-155 expression in Naive B cells
during its differentiation into iGC B cells. DMSO treatment had no effect on miR-155 expression. Expression of miR-155 was assessed by q-PCR. Data are
mean ± SEM of six independent experiments; *p < 0.05; **p < 0.01. (D) The enhanced FBXO11 expression of Naive B cells during its differentiation into iGC B
cells through CORT (1 μM) treatment was detected. The significant reduction of BCL6 expression in Naive B cells treated with CORT was also observed which might
associated with increased FBXO11 expression. DMSO treatment had no effect on BCL6 or FBXO11 expression. Whole cell extracts from 3 days of cell cultures were
analyzed by Western blotting with antibodies to BCL6, FBXO11 and β-actin. Representative images of three independent experiments were shown.
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induced upregulation of FBXO11 (Fig. 6C). CORT treatment decreased
BCL6 protein level, but increased FBXO11 protein level in iGCB cells.
MiR-155 transfection of differentiated iGC B cells significantly blocked
CORT-induced reduction of BCL6 protein and increased FBXO11 pro-
tein (Fig. 6D). Consistent with BCL6 protein expression level changing,
we found that miR-155 transfection significantly blocked apoptosis in B
cells induced by CORT (Fig. 6E). These results demonstrate that miR-
155 controls GC B cell differentiation through the regulation of FBXO11
expression during the stress hormones stimulation.

3.7. Overexpressing miR-155 blocks restraint stress’s induced impairment of
GC response in mice

To investigate the role of miR-155 in vivo, mice were administered
lentiviral particles containing pre-miR-155 via tail vein injections be-
fore immunization and chronic restraint stress. Stressed animals have
less GC B-cell population (GL-7+Fas+) in contrast to the control group.
This reduction was blocked by miR-155 overexpression (Fig. 7A). Same
as the in vitro model, miR-155 overexpression significantly altered the

stress-induced reduction of miR-155 level in spleen B cells (Fig. 7B).
Furthermore, miR-155 overexpression blocked the stress-induced in-
crease of FBXO11 expression, while it did not alter BCL6 mRNA levels
in spleen B cells (Fig. 7C). MiR-155 overexpression in mice significantly
inhibited stress-induced upregulation of FBXO11 protein, and blocked
the stress-induced reduction in the BCL6 expression (Fig. 7D). Con-
sistently, we found that miR-155 overexpression in mice significantly
inhibited the increase of apoptosis in spleen B cells induced by stress
(Fig. 7E). These findings suggest that miR-155 acts through targeting
FBXO11 expression and regulates BCL6 levels indirectly to reverse the
immunosuppressive effects induced by stress.

4. Discussion

Our studies suggest that chronic, restraint stress has im-
munosuppressive effects through impairment of GC response. This is
supported by both in vivo and in vitro results that CORT is an important
chronic psychological stress hormone and is responsible for the GC B
cells apoptosis. Our study disclosed the molecular mechanism of how

Fig.5. 3′ UTR of FBXO11 is a direct target of miR-155 and its overexpression in DLBCL cell lines results in a reduction of FBXO11 expression. (A) Potential miR-155
targeting sites in the 3′UTR of murine FBXO11 mRNA (Position 198–204) predicted by TargetScan were mutated. HEK293T cells were co-transfected with mmu-miR-
155 mimics and pcDNA3.1-luc vector containing the FBXO11 3′ UTR or the FBXO11 3′ UTR with mutations in predicted miR-155 binding site. They were assessed for
luciferase activity at 24 h after transfection. Data are mean ± SEM of three independent experiments. Significant difference was observed; **p < 0.01. (B) Su-DHL4
cells were transfected with hsa-miR-155 or control miRNA. Data are mean ± SEM of three independent experiments. Significant difference was observed;
***p < 0.001. (C) Significant downregulation of FBXO11 mRNA level was found in Su-DHL4 cells transfected with hsa-miR-155 compared with control miRNA. Data
are mean ± SEM of three independent experiments. Significant difference was observed; **p < 0.01. (D) FBXO11 protein levels were largely downregulated in Su-
DHL4 cells transfected with hsa-miR-155. Whole cell extracts from Su-DHL4 cells at 48 h post transfection were analyzed by Western blotting with antibodies to
FBXO11 and β-actin. Representative images of three independent experiments were shown.
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CORT inhibits GC B cells differentiation. MiR-155 regulates FBXO11
stability which causes the impairment of GC development in response
to chronic psychological stress through BCL6 stabilization (Fig. 8).

Chronic emotional stress can make individuals more susceptible to
disease due to immunosuppression. Chronic stress can lead to elevated
incidence of cell death and of apoptosis or to impaired cell proliferation
(Li et al., 2011). The neuroendocrine mechanisms which regulate im-
mune responses have not been unraveled. Numerous in vitro and in
vivo studies demonstrated that immune cells are susceptible to gluco-
corticoids induced by HPA axis activation (Yin et al., 2000). However,
the role of GC B cells in stress-mediated immune response inhibition is
unexplored. We tested the relevance and underlying mechanisms be-
tween chronic psychological stress and GC response. Using an in vivo
restraint stress mouse model and an induced GC B cell differentiation
model, we demonstrated that chronic psychological stress-induced
CORT substantially impaired the GC B cell generation, ultimately in-
capacitating the GC formation in vivo. Administration of a GR an-
tagonist blocked this impairment in mice, suggesting it is driven by
stress-induced activation of the HPA axis. In contrast, other groups have
shown that unpredictable chronic mild stress (CMS) exposure markedly
altered splenic B cell subset frequency, and glucocorticoid production.
These findings positively correlated with the frequency of immature,
marginal zone and GC B cells, but negatively correlated with the fre-
quency of follicular B cells (Gurfein et al., 2017). Based upon these
observations, we speculated the immunomodulatory impact of stress
may be attributed to two pathways, including B cells development and
the skewing composition of the B cell compartment.

MiR-155 is induced in human B cells when they engage with an
antigen (Yin et al., 2008). MiR-155-deficient mice exhibit impaired GC
B cell responses to immunization, including impaired class switching to
immunoglobulin G1 (Vigorito et al., 2007). These results suggest that
miR-155 plays an active role in cellular immune response (Rodriguez
et al., 2007). We explored that miR-155 deficiency in splenic B cells
caused by chronic psychological stress; might be involved in GC re-
sponse impairment. We showed that miR-155 deficiency induced by
CORT in B cells lead to decreased numbers of GC B cells and IgG pro-
duction. Our data suggests that miR-155 targets FBXO11 and regulates
its expression, which contributes to GC B cells generation. However, it
is well known that miRNAs can regulate several genes affecting the
same biological processes (Esquela-Kerscher and Slack, 2006). It has
been revealed that additional genes such as PU.1 (Thompson et al.,
2011), AID (Teng et al., 2008), SMAD5 (Rai et al., 2010); SHIP1
(Pedersen et al., 2009), and C/EBPbeta (Costinean et al., 2009), are
targets of miR-155 too. Additional studies are needed to assess other
genes targeted by miR-155 and elucidate its pathogenetic role in GC
response.

BCL6 protects GC B cells against apoptosis induced by somatic hy-
permutation and class-switch recombination associated DNA damage
(Ranuncolo et al., 2007). BCL6 has been shown to up-regulate AID via
targeting and repressing miR-155 expression (Basso et al., 2012). Ac-
cordingly, BCL6 and AID contribute to the GC B cells undergoing SHM
and CSR, respectively. However, we observed increased levels of BCL6
and miR-155 in GC B cells. These appeared to be a regulatory circuit of
expression between BCL6 and miR-155 as switch for the different stage
of GC development, such as centroblasts and centrocytes. The previous
study showed that BCL6 was targeted for ubiquitination and subsequent
proteasomal degradation by a FBXO11 in DLBCL cell lines (Duan et al.,
2012). Thus, we considered the possibility of miR-155 mediated reg-
ulation via FBXO1l targeting in GC development. In this study our re-
sults indicate that FBXO11 inhibition by miR-155 is associated with
higher BCL6 protein levels in splenic B cells and enhanced GC B cell
differentiation. These findings demonstrate that FBXO11 inactivation
contributes to up-regulation of BCL6 during the GC reaction and is
critical for GC development. This is consistent with the recent report
which identified a role of FBXO11 in GC homeostasis and lymphoma-
genesis (Schneider et al., 2016). Interestingly, previous studies raised a
question whether phosphorylation of BCL6, induced by MAPK, is in-
volved in the ubiquitin/proteasome degradation process mediated by
FBXO11. It might depends on BCR signaling engagement at the dif-
ferent stage of GC B cells development.

The anti-inflammatory effects of glucocorticoids have long been
thought to directly inhibit proinflammatory transcription factors in-
cluding NF-κB. However, glucocorticoids affect the expression of many
different miRNAs in multiple cell types, such as miR-27a, miR-223,
miR-15b, and miR-16. These miRNAs target the genes involved in
proliferation, differentiation, metabolism, and cell survival (Allen and
Loh, 2011; Rainer et al., 2009; Chuang et al., 2015). The precise mo-
lecular mechanisms of how glucocorticoids regulate miRNAs are not
well understood. Recent studies indicate that altered miRNAs are
transcriptionally induced by glucocorticoids through binding to GRE in
the miRNA promoters (Puimège et al., 2015; Kong et al., 2015), in-
dicating that the GR homodimer can directly bind these sites, poten-
tially leading to altered expression of these miRNAs (Dwivedi et al.,
2015).

Our experiments demonstrate that miR-155 could be down-regu-
lated in splenic B cells induced by CORT. It would be interesting to
examine how miR-155 is regulated under long-term, elevated CORT,
which impairs the GC response. Further studies are needed to determine
whether miR-155 expression is regulated through a glucocorticoid re-
ceptor mediated by a mechanism of direct DNA-binding, or other ac-
tivated signaling pathways that regulate miR-155 transcription. It will
be critical to elucidate a potential mechanism in immunosuppressive

Fig.6. Effects of miR-155 on iGC B cells differentiation treated with CORT. (A) Overexpression of miR-155 prevented miR-155 reduction in Naive B cells during its
differentiation into iGC B cells thorugh CORT treatment (1 μM). Expression of miR-155 in iGC B cells, with or without CORT (1 μM) treatment after pre-miR-155 (LV-
miR-155) lentiviral transfection, was measured by real-time PCR. Data are mean ± SEM of six independent experiments; *p < 0.05; **p < 0.01. (B)
Overexpression of miR-155 blocked decreasing of Naive B cells towards iGC B cells differentiation as CORT (1 μM) treatment. FACS staining of GL-7+ Fas+ was
analyzed in B220+ B cells in vitro as described above. Percentages represent proportion of iGC B cells in each gated population. Representative images were shown.
Each symbol represents a cell culture and the horizontal bar corresponds to the media. Asterisks represent statistical differences between groups; *p < 0.05;
**p < 0.01. (C) Overexpression miR-155 blocked FBXO11 mRNA increasing in Naive B cells during its differentiation into iGC B cells through CORT (1 μM)
treatment. The CORT treatment or overexpression of miR-155 had no effect on BCL6 mRNA level in B cells. mRNA levels of BCL6 and FBXO11 in abovementioned
cells were analyzed by real-time PCR. Data are mean ± SEM of six independent experiments. Asterisks represent statistical differences between groups; **p < 0.01.
(D) Overexpression of miR-155 blocked FBXO11 expression increasing in Naive B cells during its differentiation into iGC B cells through CORT (1 μM) treatment. The
reduction of BCL6 expression in B cells was also significantly blocked. Whole cell extracts from cell cultures were analyzed by Western blotting with antibodies to
BCL6, FBXO11 and β-actin. Representative images of three independent experiments were shown. (E) Overexpression of miR-155 significantly prevented the
enhanced apoptosis rate in Naive B cells during its differentiation into iGC B cells through CORT (1 μM) treatment. With or without CORT (1 μM) treatment after pre-
miR-155 (LV-miR-155) lentiviral transfection, B cell cultures were stained with APC-annexin V for analysis of apoptosis. Representative images were shown. Each
symbol represents a cell culture and the horizontal bar corresponds to the media. Asterisks represent statistical differences between groups; **p < 0.01.
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diseases induced by chronic psychological stress.
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