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Infectious bursal disease (IBD) is one of the main threats to the poultry industry
worldwide. In China, very virulent IBD virus (wIBDV) is the main prevalent virus strain,
causing inflammation, immunosuppression, and high mortality in young chickens. To
determine whether this acute inflammation can trigger lesions or even death in chickens,
it is important to study the mechanism of wIBDV pathogenicity. Thus, in the current
study, we investigated the inflammation response, bursal lesions, and mortality in
chickens caused by wIBDV at different time points postinfection. Results showed an
upregulation of proinflammatory cytokines, including interleukin-18 and interleukin-18,
and macrophage infiltration in bursa in response to wIBDV infection. High-throughput
proteomic sequencing based on isobaric tags for relative and absolute quantitation
showed that chicken macrophage migration inhibitory factor (chMIF) was upregulated
uniguely in primary bursal cells infected with wIBDV compared with infection by
nonpathogenic attenuated IBDV. We confirmed that chMIF was upregulated by wiIBDV
infection both in vivo and in vitro. Moreover, chMIF was extracellularly secreted by
infected DT40 and primary bursal cells. Further experiments revealed that the secreted
chMIF could induce migration of peripheral blood mononuclear cells and promote
transcription of proinflammatory cytokines in chicken primary macrophages. Notably,
these effects of chMIF could be reduced by using an MIF specific inhibitor. Thus, our
study elucidates critical molecular determinants underlying vwIBDV-mediated initiation
of acute inflammation, which might be pivotal to understand the mechanism of
wIBDV pathogenicity.

Keywords: vvIBDV, inflammation, MIF, macrophage, proinflammatory cytokines

INTRODUCTION

Infectious bursal disease virus (IBDV) causes highly contagious and immunosuppressive disease in
young chickens, resulting in great losses in the poultry industry worldwide (Lasher and Davis, 1997;
van den Berg et al., 2000). IBDV is a typical non-enveloped, double-stranded RNA, icosahedral
virus belonging to the genus Avibirnavirus of the family Birnaviridae (Azad et al., 1985). Since
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its first identification in 1957 (Winterfield and Hitchner,
1962), variable virulent strains of IBDV have arisen after
the development of two large mutations. Depending on
the antigenicity and pathogenicity in chickens, IBDV is
now classified as follows: classical IBDV (vIBDV), antigenic
variant IBDV (avIBDV) (Winterfield and Hitchner, 1962),
intermediate IBDV, very virulent IBDV (vvIBDV) (Chettle
et al,, 1989; Annamalai et al, 2016), and attenuated IBDV
(aIBDV) virulent strains (Zhang et al., 1997). The pathological
symptoms of IBDV mainly include bursa of Fabricius (BF)
destruction and immunosuppression (Hirai and Shimakura,
1974; Lasher and Davis, 1997). However, the pathogenic
mechanism underlying IBDV infection is not completely
clear. Recent studies have provided evidence that vIBDV and
vIBDV infections also lead to inflammation, manifested as
upregulation of proinflammatory cytokines and chemokines,
as well as migration of inflammatory cells (Sharma et al,
1989; Abdel-Alim and Saif, 2001; Eldaghayes et al., 2006;
Ruby et al, 2006; Ou et al, 2017; Wang et al, 2019).
Infection of 4-week-old chicken with 2 x 10° EIDsy of
vvIBDV per chicken was reported to result in 64% mortality
(Wang et al., 2004).

The chicken macrophage migration inhibitory factor (chMIF)
was identified in early embryo eye lens in 1993 (Wistow et al.,
1993). ChMIF is composed of 115 amino acids and shows
71% identity with the human and murine MIFs (Kim et al,
2010). ChMIF was able to inhibit random migration of chicken
macrophages in a dose-dependent manner, similar to human
MIF. Also, chMIF can enhance the levels of interleukin (IL)-
18, inducible nitric oxide synthase (iNOS), and interferon
(IEN)-y during peripheral blood mononuclear cell (PBMC)
stimulation with lipopolysaccharide (LPS). Once stimulated
by mitogen, the expression level of IFN-y in lymphocyte
could be upregulated via chMIF, and the mRNA levels of
IL-4 and IL-13 were reduced. Similar to mammalian MIF,
chMIF can mediate inflammatory reactions during antigenic
stimulation (Kim et al, 2010). Both chicken and parasite
MIF molecules can bind to chicken macrophages via the
surface receptor chCD74 (Kim et al., 2014). However, the
exact function of chMIF in virus infection has remained
partially unclear.

The current study was designed to investigate whether
vvIBDV-induced inflammation performs antiviral function
or excess inflammation triggers lesions or even death in
chickens infected with vwvIBDV. To uncover the relationship
between inflammation and bursal lesions caused by vvIBDV
infection, the different host protein changes in primary
bursal cell infected with vvIBDV or alBDV were observed
using high-throughput proteomic sequencing based on
isobaric tags for relative and absolute quantitation (iTRAQ)
technology. Based on our results, we further characterized
the modulation of MIF, which was found to be upregulated
in vvIBDV-infected primary bursal cells. The role of chMIF
in proinflammatory cytokine production triggered by virus
infection was also explored. The results of this study are expected
to significantly contribute toward understanding the mechanism
of vvIBDV pathogenicity.

MATERIALS AND METHODS

Viruses and Reagents

The vvIBDV strain Gx was previously identified and has been
preserved in our laboratory (48). The viral loads of Gx strain were
detected by performing 50% egg lethal dosage (ELDsg). Briefly,
the vwIBDV was diluted by PBS and then inoculated on the
chorioallantoic membrane of 9-day-old SPF egg (purchased from
Harbin Veterinary Research Institute). The mortality of eggs was
observed daily in 7 days postinfection (d.p.i.).

The yeast-expressed recombinant MIF protein was purchased
from Abcam (ab222155). Iodo-6-phenylpyrimidine (4-IPP) was
purchased from Sigma. 4,5-Dihydro-3-(4-hydroxyphenyl)-5-
isoxazoleacetic acid methyl ester (ISO-1) and iguratimod were
derived from Selleck Chemicals (United States). Rabbit anti-MIF
antibody (short peptide antigen) was custom-made by Nanjing
Gen Script Company.

Animals

All animal experiments were approved by the Committee on the
Ethics of Animal Experiments at the Harbin Veterinary Research
Institute (Harbin, China), Chinese Academy of Agricultural
Sciences, and performed in accordance with the Guidelines for
Experimental Animals of the Ministry of Science and Technology
(Beijing, China). All chickens were cared for in accordance
with humane procedures. The animal ethics committee approval
number is Heilongjiang-SYNK-2017-009. SPF White Leghorn
chickens were derived from Harbin Veterinary Research Institute
(China). To establish a chicken model of vvIBDV and alBDV
infections, 140 3-week-old specific-pathogen-free (SPF) chickens
were randomly distributed into two groups and challenged
intranasally with a total volume of 200 pl vwwIBDV (1 x 102
ELDsg, < 20% lethal to chicken for observation as long as 7 days)
or phosphate-buffered saline (PBS; pH 7.0) per chicken; PBS
was used for the viral dilutions. Serum and bursal samples were
collected for the subsequent experiments.

Cell Cultures

DT40 cells (chicken lymphoma cell line) were a generous gift
from Prof. Venugopal Nair at The Pirbright Institute. These cells
were cultured at 37°C in a 5% CO; atmosphere in Roswell Park
Memorial Institute (RPMI)-1640 medium (Gibco, United States)
and supplemented with 10% fetal bovine serum (FBS), 2%
chicken serum (Sigma), 1% L-glutamine (Gibco), and 0.1%
B-mercaptoethanol.

Peripheral blood mononuclear cells were obtained from
the whole blood of SPF chickens and cultured at 37°C
in a 5% CO, atmosphere in RPMI-1640 medium (Gibco)
supplemented with 10% FBS. Chicken whole blood was
added above the liquid level of Histopaque 1119 (Sigma)
and centrifuged at 2,000 rpm for 25 min. Isolated cells
at the interface of the medium and Histopaque 1119
were washed by PBS for three times and resuspended by
RPMI-1640. Cells were then added to upper chamber for
Transwell assays.
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Primary bursal cells were obtained from the BF of
3-week-old SPF chickens and cultured at 42°C in 5%
CO; atmosphere in Iscoves modified Dulbecco’s medium
(IMDM; Hyclone, United States) supplemented with 10%
FBS (Sigma), 3% chick embryo fibroblast supernatant,
2% chicken serum (Sigma), 1% l-glutamine (Gibco), 1%
insulin, transferrin, selenium solution (Sigma), and 0.1%
B-mercaptoethanol (Sigma). Cells were separated according
to previously described methods (Dulwich et al, 2018).
Briefly, bursas were harvested and washed with sterile PBS
and digested by collagenase D (Sigma) in Hanks balanced
salt solution supplemented with calcium (HBSS, Gibco).
Then, the digested tissue was passed through a 40-uM
Falcon cell strainer (Thermo Fisher Scientific) into HBSS
(Gibco). The mixture was resuspended by complete medium
for bursa cells (as described above) and centrifuged over
Histopaque 1083 (Sigma) at 2,000 rpm for 25 min. Cells
at the interface of the medium and Histopaque 1083 were
harvested and washed three times with RPMI-1640 with
10% FBS (Gibco).

Primary chicken macrophages were prepared from the
bone marrow of 3-week-old SPF chickens and cultured at
38.5°C in a 5% CO; atmosphere in RPMI-1640 medium
supplemented with 10% tryptose phosphate broth (Sigma),
5% FBS, 5% chicken serum, 1% sodium pyruvate (Gibco),
and 0.1% PB-mercaptoethanol. Briefly, femurs were collected
in sterile conditions, and the ends of femurs were removed.
Then bone marrow was flushed out and passed through a
40-uM Falcon cell strainer into RPMI-1640 medium with
slight grinding. The mixture was centrifuged over Histopaque
1083 (Sigma) at 2,000 rpm for 25 min. Cells at the interface
of the medium and Histopaque 1083 were harvested and
washed with RPMI-1640 with 10% FBS (Gibco) for three
times. Cells were maintained, supernatants were removed,
and adherent cells were washed twice with RPMI-1640 to
remove nonadherent and semiadherent cells. After being
maintained for 6 days, cells were collected and identified
by flow cytometry (BD Accuri C6 plus) using mouse
anti-chicken ~monocyte/macrophage antibody KULO1-PE
(Southern Biotech) to evaluate the cell surface expression
of markers typically expressed on chicken macrophage
by flow cytometry and then used for other experiments
(Feng et al., 2017).

Isobaric Tag for Relative and Absolute

Quantitation

B lymphocytes were infected with 0.1 multiplicity of infection
(MOQOI) vvIBDV or aIBDV. Cell samples were sent to LC
Sciences (Hangzhou, China) for iTRAQ detection, including
protein extraction, digestion, desalting, iTRAQ labeling and
fractionation, and data analysis.

Histopathology

Bursal samples from the chickens were fixed in 10% formalin for
48 h at room temperature (RT) and then dehydrated, embedded
in paraffin wax, and cut into 5-pm-thick sections. The sections

were stained with hematoxylin and eosin (H&E) and examined
using light microscopy.

RNA Extraction and Quantitative

Polymerase Chain Reaction

Specific primers and TagMan probes for chicken 28S rRNA
(Giotis et al., 2015), IL-1B, IL-18 (Yasmin et al., 2015), chMIF
(Table 1), and IBDV virus load (Wang et al, 2009) were
synthesized by Invitrogen (China). Primer and probe sequences
used for quantitative polymerase chain reaction (QPCR) analysis
were described in Table 1. Total RNA was extracted using
the RNeasy mini kit (Qiagen, Germany), and 2 pg RNA was
reverse transcribed to cDNA using the ReverTra Ace qPCR RT
Master Mix with gDNA Remover (Toyobo, Japan) in a 20-pl
reaction mixture. The cDNA was analyzed by qPCR performed
using Premix Ex Taq (Probe qPCR) (Takara, Japan). The qPCR
was performed under the following cycling conditions: initial
denaturation at 95°C for 30 s, followed by 45 cycles each of 95°C
for 5 s and 60°C for 20 s. All controls and infected samples
were examined in triplicate on the same plate. The cDNA copies
were normalized to 28S ¢cDNA copies measured from the same
samples. The 2742t method was used for data analysis and
relative quantification.

Enzyme-Linked Immunosorbent Assay

The MIF concentrations in the cell culture medium were
tested using an enzyme-linked immunosorbent assay (ELISA)
kit from ABclonal (United States), following the manufacturers’
instructions. The detection limits of the kit were 500 to 10,000
pg/ml. All of the samples were diluted 10-folds to be ensured
within the limitations.

Chemotaxis Assays

Isolated PBMCs were seeded at 10* cells/200 l/well in serum-
free RPMI 1640 medium in the upper Transwell chamber (5-pm
polycarbonate membrane; Costar) of a 24-well plate. The cell
culture medium of DT40 or bursal cells infected with IBDV;

TABLE 1 | Primer and probe sequences used for quantitative polymerase chain
reaction (PCR) analysis.

RNA target Probe/Primer sequence (5'-3')

28S Probe: (FAM-AGGACCGCTACGGACCTCCACCA-
TAMRA) F: GGCGAAGCCAGAGGAAACT R:

GACGACCGATTTGCACGTC

Probe: (FAM- CGGCGTCCATTCCGGACGAC-
TAMRA) F: GAGCCTTCTGATGCCAACAAC R:
CAAATTGTAGGTCGAGGTCTCTGA

Probe: (FAM-CACACTGCAGCTGGA-TAMRA) F:
GCTCTACATGTCGTGTGTGATGAG R:
TGTCGATGTCCCGCATGA

Probe: (FAM-CACACTGCAGCTGGA -TAMRA) F:
AGGTGAAATCTGGCAGTGGAAT R:
ACCTGGACGCTGAATGCAA

Probe: (FAM-CCTTCAGCAGGGATG-TAMRA) F:
GTGCGATATGATTGCGAAGC R:
AGGAGCCATCCATCTGTGAGT

Infectious bursal disease
virus (IBDV) copies

Interleukin (IL)-1p

Interleukin (IL)-18

Macrophage migration
inhibitory factor (MIF)
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4- IPP-, ISO- 1-, iguratimod-, or DMSO (Ameresco)-treated
cell supernatant, and different concentrations of MIF (0, 1, 10,
50, 100, 1,000, 2,000, 3,000, 4,000, or 5,000 ng/ml in serum-
free RPMI 1640) were added to the lower chamber. The cells
were added to the top chamber and incubated at 37°C for 2 h.
The cells in the upper chamber were removed with a sterile
cotton swab, and the cells in the lower chamber were carefully
preserved and fixed with absolute methanol solution at RT.
The transmigrated cells in the lower chamber were stained with
4'-6-diamidino-2-phenylindole (DAPI; Beyotime Biotechnology,
China), and images were captured with an EVOS F1 inverted
fluorescence microscope (AMG, United States). The cell numbers
were calculated with the Image] software.

Cell Counting Kit-8

Cell proliferation was evaluated using Cell Counting Kit 8
(CCK-8; Dojindo, Tokyo, Japan) according to the manufacturer’s
instructions. The absorbance value for each well was measured at
450 nm with a Multiskan FC microplate reader.

Statistical Analysis
Statistical analyses were performed with the one-way
analysis of variance (ANOVA). A P-value less than 0.05
was considered statistically significant. Data are reported as
mean =+ standard deviation.

RESULTS

VvIBDV Infection Led to Inflammation of
the Bursa and Mortality in SPF Chickens

To investigate the pathogenic mechanism underlying vvIBDV
infection, 3-week-old SPF chickens were infected with vvIBDV
(1 x 10%> ELDsg) or were mock-infected with PBS alone. All
chickens were observed for 7 d.p.i. They were sacrificed at the
following time points: 12 h, 24 h, 36 h, 48 h, 60 h, 3 days,
4 days, 5 days, 6 days, and 7 days (seven chickens per group).
The mortality for each group was recorded at each time point,
and survival curves were drawn based on these data (Figure 1A).
Some chickens in the vwvIBDV infection group died within 4 d.p.i.
(two died at 3 d.p.i. and the other two died in 4 d.p.i.), with a
mortality rate of 14.3%. However, no mortality or clinical signs
were found in the PBS control group.

Bursas were collected for analysis of histological lesions and
detecting virus replication. In the vvIBDV infection group,
histological analysis showed macrophage proliferation (black
arrow) in individual follicles at 24 h postinfection (h.p.i.)
and slight hemorrhage (red arrow), depletion of lymphocytes
(blue arrow), lesions in the bursal follicles (green arrow),
proliferation of reticulum cells and macrophages (black arrow),
and infiltration of inflammatory cells (yellow arrow) at 36 h.p.i.
These observations indicated that inflammation was induced by
vvIBDV infection (Figure 1B). No obvious pathological change
was observed in the PBS control groups (Figure 1B). Virus was
verified to replicate effectively in bursa, peaking at 36 h.p.i. until
4 d.p.i. (Figure 1C). Taken together, our findings indicate that

vIBDV infection caused bursal lesions and mortality in SPF
chickens and induced inflammation in the bursa.

To further understand the histological inflammatory response
in the bursa, we assessed whether proinflammatory cytokines
IL-18 and IL-18 were triggered during vvIBDV infection. The
transcription levels of IL-1f (at 12 and 24 h.p.i.) and IL-18
(from 12 to 36 h.p.i.) were significantly (P < 0.05) increased in
the vvIBDV infection group compared with the corresponding
control groups (Figure 1D). Thus, the increased levels of the
proinflammatory cytokines suggested that vvIBDV infection
boosted the mRNA level of major inflammatory cytokines IL-
1B and IL-18.

ChMIF Was Upregulated in VvIBDV

Infection Both in vivo and in vitro

To observe the expression of inflammation-associated proteins
in IBDV-infected target cells, iTRAQ LC-MS/MS was conducted
on vvIBDV- and aIlBDV-infected B lymphocyte samples at
36 h.p.i. In total, 277 proteins were identified and quantified
to be the differentially expressed proteins between vvIBDV-
and aIBDV-infected samples. After data filtering about vvIBDV
relative to alBDV infection samples (>1.2-fold change for
upregulation or <0.8-fold change for downregulation), 58
significant differentially expressed proteins (35 upregulated and
23 downregulated) were observed (Figure 2). Among these
results, three inflammation-associated proteins were identified
(two for upregulation and one for downregulation) based
on the GO analysis of biological process. The expression
level of proinflammatory factors MIF and protein MRP-126
in the vvIBDV-infected group was higher than that in the
aIBDV-infected group. The inflammatory suppression proteins
selenoprotein H were lower in the vvIBDV-infected samples.
Because the exact function of protein MRP-126 was poorly
studied, we chose the proinflammatory cytokine MIF to
investigate the process of vvIBDV-induced inflammation. High
levels of MIF are indicative of autoimmune diseases and severe
inflammatory states (Mizue et al., 2005). For confirming the
iTRAQ data, the bursas in the animal experiments mentioned
above were sampled for chMIF mRNA or protein levels. The
mRNA level of chMIF was significantly (P < 0.05) promoted
by vvIBDV infection compared with the PBS control at 24 h.p.i.
(Figure 3Aa). Furthermore, ELISA indicated that the protein
load of chMIF in the vvIBDV infection group significantly
(P < 0.05) and continually increased from 36 to 72 h.p.i.
(Figure 3Ab). There were no obvious changes at other time
points or in the PBS control. Thus, vvIBDV infection both
promoted the transcription and increased the protein levels of the
host MIF in vivo.

To elucidate whether chMIF increased after vvIBDV
infection in vitro, DT40 cells and primary bursal cells
were infected at 1 or 10 MOI. The cells and supernatants
were collected for qPCR and ELISA. The vvIBDV was
effectively replicated in DT40 (Figure 3Ba) and primary
bursal cells (Figure 3Ca). ChMIF secretion upon vvIBDV
infection significantly increased (P < 0.05) both in the
infected DT40 (6-36 h.p.i) and bursal cell supernatants
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FIGURE 1 | Very virulent infectious bursal disease virus (wIBDV) infection led to inflammation of the bursa and mortality in specific-pathogen-free (SPF) chickens.
Three-week-old SPF chickens were infected with 1 x 102 ELDso wWIBDV or were mock infected with phosphate-buffered saline (PBS) alone. The chickens were
sacrificed at the following time points: 12 h, 24 h, 36 h, 48 h, 60 h, 3 days, 4 days, 5 days, 6 days, and 7 days. (A) Survival curves were based on the mortality
recorded at each time point. (B) For histopathological analysis, bursal samples from vwIBDV-infected chickens stained with H&E were examined using light
microscopy. In the wiIBDV infection group, macrophage proliferation (black arrow) was observed in individual follicles at 24 h.p.i. as well as slight hemorrhage (red
arrow), depletion of lymphocytes (blue arrow), lesions in the bursal follicles (green arrow), proliferation of reticulum cells and macrophages (black arrow), and
infiltration of inflammatory cells (yellow arrow) at 36 h.p.i. (C) VWIBDV replication in bursa samples. (D) The transcription levels of host inflammatory cytokines IL-18
and IL-18 were measured by quantitative polymerase chain reaction (QPCR). *P < 0.05 and **P < 0.01 compared with control groups.
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FIGURE 2 | iTRAQ LC-MS/MS was conducted on very virulent infectious bursal disease virus (wIBDV)- and attenuated IBDV (alBDV)-infected B lymphocyte
samples at 36 h.p.i. The expression level of proinflammatory factor macrophage migration inhibitory factor (MIF) was found to be higher in the wIBDV-infected group

MIF
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FIGURE 3 | Chicken macrophage migration inhibitory factor (chMIF) was upregulated in response to very virulent infectious bursal disease virus (wIBDV) infection
both in vivo and in vitro. (A) The bursas from wIBDV-infected animals were analyzed for chMIF transcription or expression analysis. (a) The transcription level of
chMIF at 24 h.p.i. (b) Enzyme-linked immunosorbent assay (ELISA) of bursal lysis samples to assess the expression of chMIF in response to IBDV infection.

*P < 0.05 and **P < 0.01 compared with control groups. (B) DT40 cells were infected with 1 and 10 multiplicity of infection (MOI) of wiBDV, and cells and
supernatants were collected for quantitative polymerase chain reaction (QPCR) and ELISA. (a) Replication of wiBDV in DT40 cells. (b) Secretion of chMIF in
wiIBDV-infected groups, as detected by ELISA. (C) Bursal cells were infected with 1 and 10 MOI of wIBDV, and cells and supernatants were collected for g°PCR and
ELISA. (a) Replication of wiIBDV in primary bursal cells. (b) Secretion of chMIF in wIBDV-infected groups, as detected by ELISA. *P < 0.05 and **P < 0.01
compared with control groups.
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(6-24 h.p.i; Figures 3Bb,Cb) compared with the mock
infection. These data together indicated that chMIF was
upregulated in vvIBDV infection both in vivo and in vitro.
Moreover, the in vivo induction of MIF by vvIBDV
occurred earlier than the upregulation of IL-18/IL-18
transcription and expression.

Migration of PBMCs That Was Mediated
by chMIF and vviIBDV-Infected DT40 Cell

Supernatants

To further investigate the proinflammatory effect of chMIF,
the PBMC migration index (number of migrating cells in the
experimental group/number of migrating cells in the negative
control) was determined at different concentrations (0, 1, 10,
50, 100, 1,000, 2,000, 3,000, 4,000, or 5,000 ng/ml) of MIF
via a Transwell experiment, as described previously (Bernhagen
et al,, 2007). ChMIF triggered the migration of PBMCs from
100 to 4,000 ng/ml compared with the absence of MIF;
the internalization effect vanished at higher concentrations
(5,000 ng/ml) (Figure 4A).

Chicken macrophage migration inhibitory factor was secreted
upon vvIBDV infection of DT40 and bursal cells; therefore,
we investigated whether the supernatant of infected cells could
promote PBMC migration. DT40 cells were infected with 1 or 10
MOI of vwIBDV, and supernatants were collected at the indicated
time points and added into the lower Transwell chamber to detect
the migration of PBMCs. The supernatants collected at 6, 12, and
48 h.p.i. for 1 MOI and those collected at 12, 24, and 48 h.p.i. for
10 MOI vvIBDV infection could increase the PBMC migration
index compared with the mock infection groups (Figure 4B).

To clarify if the migration promotion of vvIBDV-infected
cell supernatant was directly caused by MIFE the DT40
supernatant (1/10 MOI vvIBDV infected, 6 and 12 h.p.i.) was
incubated with 200 uM 4-IPP (Varinelli et al., 2015), an MIF
antagonist, or DMSO for 4 h at room temperature and then
subjected to the Transwell experiments as described above.
The migration index of vvIBDV-infected supernatants, both at
6 (Figure 4Ca) and 12 h.p.i. (Figure 4Cb), was significantly
reduced by 4-IPP treatment. These results indicated that MIF
was directly involved in the vvIBDV-infected DT40 supernatant-
induced PBMC migration.

To further confirm the MIF-promoted PBMC migration
by vvIBDV infection, MIF antibody and other MIF inhibitors
(ISO-1 and iguratimod) were used. A total of 10 uM of 4-
IPP/ISO-1/iguratimod were incubated with vvIBDV-infected
DT40 supernatant (6 h.p.i.) or equal volume DMSO for 4 h at RT.
Then the supernatants were used for Transwell assay to detect
the PBMC migration. Relative migration index was calculated by
migration index of inhibitor treated groups/migration index of
DMSO-treated group. The results showed that the promotion of
PBMC migration by IBDV infection was significantly inhibited
by 4-IPP and ISO-1, except iguratimod (Figure 4D).

In another experiment, 50 pg/ml anti-MIF antibody (or rabbit
IgG) was incubated with vvIBDV-infected DT40 supernatant
(6 h.p.i.) for 10 h at 4°C. The supernatants were used for
Transwell assay, and the results were calculated as described

above. As Figure 4E described, the anti-MIF antibody was able
to inhibit promotion of PBMC migration by IBDV infection.

Together, our results suggested that the chMIF secreted by
vvIBDV-infected DT40 cells could promote the migration of
PBMC:s to induce the proinflammatory effect.

Transcription of Proinflammatory
Cytokines Mediated by ChMIF and
vviBDV-Infected DT40 and Bursal Cell
Supernatants

To assess whether MIF could induce inflammatory cytokines,
primary macrophages were isolated and the purity (92.2%)
was observed by flow cytometry using chicken macrophage
surface marker KUL01-PE, as Supplementary Figure S1 showed.
Macrophages were treated with different concentrations (0, 1,
10, 100, 1,000, 2,000, 3,000, or 4,000 ng/ml) of chMIF for 6 or
24 h. The qPCR results indicated that chMIF could increase the
transcription levels of IL-1B (Figure 5Aa) and IL-18 (Figure 5Ab)
after treatment for 6 h (3,000 and 4,000 ng/ml for IL-1p and
IL-18, respectively) and 24 h (10-3,000 ng/ml for IL-18 and
3,000-4,000 ng/ml for IL-18).

Since chMIF was secreted by DT40 and bursal cells upon
vvIBDV infection, we also investigated whether the supernatant
of the infected cells could cause upregulation of IL-1f and
IL-18 in response to vvIBDV infection. Primary macrophages
were treated with supernatants from vvIBDV- or mock-infected
DT40 or bursal cells for 24 h. The transcription levels of IL-1f
(24 h.p.i,; Figure 5Ba) and IL-18 (12 and 24 h.p.i., Figure 5Bb)
increased in the macrophages treated with vvIBDV-infected
DT40 supernatant. The vvIBDV-infected bursal cell supernatants
collected at 6 h.p.i. and 24 h.p.i. also increased the mRNA levels
of IL-1p (Figure 5Bc) and IL-18 (Figure 5Bd) in macrophages.

Next, we added different concentrations (1, 10, 50, 100, 200,
and 500 puM) of 4-IPP or equal volume of DMSO solvent
to primary macrophage for CCK-8 experiment to detect the
cytotoxicity of 4-IPP. A concentration of less than or equal
to 200 pM had no effect on the macrophage cell viability
(Figure 6A). The 24 h.p.i. vwvIBDV-infected cell culture medium
was then incubated with two concentrations of 4-IPP (50
or 200 uM) for 4 h and then added to macrophages. The
mRNA levels of IL-1p (Figure 6B) and IL-18 (Figure 6C) were
significantly reduced in the 4-IPP-treated groups compared with
the DMSO-treated group.

To further confirm the function of vvIBDV-induced MIF in
the transcription of IL-1f and IL-18, MIF inhibitor and anti-
MIF antibody were used in the experiments below. Different
concentrations (0, 2.5, 5, 10, 20, 40 pM) of ISO-1, iguratimod,
or an equal volume of DMSO solvent were added to primary
macrophages for CCK-8 experiment to detect the cytotoxicity
of ISO-1 and iguratimod (Figure 6D). A total of 20 uM of 4-
IPP and 10 uM of ISO-1 and iguratimod were incubated with
vvIBDV-infected DT40 supernatant (24 h.p.i.) or equal volume
of DMSO (same as 20 M) for 4 h at RT. Then, the supernatants
were added to primary macrophages and maintained for 24 h.p.i.
The mRNA levels of IL-1f and IL-18 in macrophages were
detected. The results showed that both 4-IPP and iguratimod
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FIGURE 4 | Migration of peripheral blood mononuclear cells (PBMCs) was mediated by chicken macrophage migration inhibitory factor (chMIF) and very virulent
infectious bursal disease virus (wIBDV)-infected DT40 cell supernatants. Transwell migration assays were conducted using PBMCs seeded in the upper chamber
and cell culture medium of wiBDV-infected DT40 cells and different concentrations of MIF added to the lower chamber. (A) The PBMC migration index (number of
migrating cells in the experimental group/number of migrating cells in the negative control), determined at different concentrations (0, 1, 10, 50, 100, 1,000, 2,000,
3,000, 4,000, or 5,000 ng/ml) of MIF via Transwell experiments. (B) DT40 cells were infected with 1 muiltiplicity of infection (MOI) and 10 MOI of wiBDV; supernatant
was collected and added into the lower Transwell chamber, and the PBMC migration index was noted. (C) The DT40 supernatants[1 or 10 MOI wiBDV infected, 6
12 h.p.i. (@) and 12 h.p.i. (b)] were incubated with 200 wm iodo-6-phenylpyrimidine (4-IPP) (MIF antagonist) or DMSO for 4 h at room temperature and then analyzed
for the PBMC migration index. (D) A total of 10 uM of 4-IPP/ISO-1/iguratimod were incubated with wIBDV-infected DT40 supernatant (6 h.p.i.) or equal volume
DMSO for 4 h at room temperature. Then the supernatants were used for Transwell assay to detect the PBMC migration. Relative migration index was calculated by
migration index of inhibitor treated groups/migration index of DMSO-treated group. The promotion of PBMC migration by IBDV infection was significantly inhibited by
4-IPP and ISO-1, except iguratimod. (E) Anti-MIF antibody (or rabbit IgG) was incubated with wIBDV-infected DT40 supernatant (6 h.p.i.) for 10 h at 4°C. The
supernatants were used for Transwell assay, and the results were calculated as described above. The anti-MIF antibody was able to inhibit the promotion of PBMC

migration by IBDV infection. *P < 0.05 and **P < 0.01 compared with control groups.

could inhibit the mRNA level of IL-18 (Figure 6E) and IL-18
(Figure 6F), except ISO-1.

In another experiment, 50 pg/ml anti-MIF antibody (or rabbit
IgG) was incubated with vvIBDV-infected DT40 supernatant
(24 h.p.i.) for 10 h at 4°C. The supernatants were used to incubate
primary macrophages for 24 h.p.i. The mRNA levels of IL-18 and
IL-18 in macrophages were detected. As Figures 6E,F described,
the anti-MIF antibody was able to inhibit the promotion
of IL-18 (Figure 6E) and IL-18 (Figure 6F) mRNA levels
by IBDV infection.

Taken together, both chMIF and secreted MIF from
vvIBDV-infected bursal cell supernatants could promote the
transcription of the proinflammatory cytokines IL-18 and IL-
18 in macrophages.

DISCUSSION

IL-1P and IL-18 are considered to be master cytokines involved in
virus-induced inflammatory and adaptive immune responses; for
example, in porcine reproductive and respiratory syndrome virus
and influenza virus infections (Allen et al., 2009; Ichinohe et al.,
20105 Li et al., 2015). IL-1f is a potent pyrogen responsible for
the fever caused by pathogens and can induce the upregulation
of proinflammatory cytokines (Kanneganti et al., 2006). IL-
18 stimulates CD8" and NK cells to participate in the innate
immune response (Eldaghayes et al., 2006; Lee et al., 2015).
In our study, both IL-1f and IL-18 significantly increased
during infection with vvIBDV, which was in accordance with the
inflammation detected by histopathological analysis. Therefore,
we chose IL-1B and IL-18 for further study on the mechanism
underlying the IBDV-induced inflammatory response.

Previous studies demonstrated that the inflammatory
response during IBDV infection is mainly manifested as
infiltration of inflammatory cells and upregulation of the
expression of proinflammatory factors in the BF (Sharma et al,,
1989; Ruby et al., 2006; Zhao et al., 2016). A series of studies
reported the upregulation of proinflammatory cytokines, such
as IL-1B, IL-6, IL-12, IL-8, and IL-18, in vvIBDV infection both
in vitro and in vivo (Stoute et al., 2013; Rasoli et al., 2015; Quan
et al,, 2017). These results are consistent with those of our study.
However, until now, little was known about the mechanism
underlying the vwIBDV-induced inflammation. In our iTRAQ
assay, we found that the expression level of chMIF increased

significantly during vvIBDV infection of primary chicken bursal
cells. Further analysis indicated that MIF was required for the
induction of inflammation in response to vvIBDV infection.

MIE, discovered in the 1960s, was the first cytokine to be
identified (Bloom and Bennett, 1966; David, 1966), and it was
named for its inhibition of random migration of macrophages
(Bloom and Bennett, 1966; David, 1966). MIF is widely secreted
by various cells, such as immune cells, platelets, hepatocytes,
and endotheliocytes (Calandra et al., 1994). Activating stimuli
can induce the secretion of MIF from preformed cytoplasmic
pools, as mediated by Golgi-associated protein p115, which
subsequently induces the transcription of MIF to replenish
the cytoplasmic pool (Merk et al, 2009). MIF lacks a signal
sequence, so the mechanism of MIF release is unconventional.
Further study indicated that MIF could be released by secondary
neutrophils from stores in the cytosol under conditions of
insufficient clearance of apoptotic neutrophils in the sites of
infection and autoimmunity (Roth et al., 2015). In addition to
mediating acute and chronic inflammatory diseases, MIF is a
chemokine ligand that conjugates CXCR2, CXCR4 (Bernhagen
et al., 2007), and CXCR7 (Alampour-Rajabi et al., 2015). Thus,
leukocyte migration could be trigged by MIF (Bernhagen et al.,
2007). As a potent monocyte/macrophage chemoattractant and
activator, MIF can upregulate various inflammatory cytokines,
such as IL-1, IFNs, and IL-18, as well as the production of
reactive oxygen species (ROS) and nitric oxide (NO) (Cunha
et al., 1993; Calandra et al., 1994; Santos and Morand, 2009).
Furthermore, phagocytosis of macrophages can be promoted
by MIF in response to inflammation (Onodera et al., 1997).
Evidence indicates that MIF is able to bind the cell membrane
receptor CD74 in a CD44-dependent manner, thereby mediating
various signaling cascades (e.g., those involving extracellular
signal-regulated kinase [ERK]1 and ERK2 activation and nuclear
factor kappa B [NF-«kB] and Tap63 expression), which results
in cell proliferation (Shi et al., 2006). Blocking MIF binding to
CD74 could be a pivotal event in regulating monocyte migration
and survival during CNS inflammatory responses (Benedek
et al., 2013). 4-IPP, a selective MIF inhibitor, could inhibit
MIF/CD74 internalization, activate JNK, and dose-dependently
inhibit proliferation by inducing apoptosis and mitotic cell death
(Varinelli et al., 2015).

Several studies have reported that huMIF plays a pivotal
role in pathogenicity and inflammation in Ross river virus
(RRV) (Herrero et al.,, 2011, 2013) and dengue virus (DENV)
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FIGURE 5 | Transcription of proinflammatory cytokines was mediated by chicken macrophage migration inhibitory factor (chMIF) and very virulent infectious bursal
disease virus (wWIBDV)-infected DT40 and bursal cell supernatants. (A) Primary macrophages were isolated and treated with different concentrations (0, 1, 10, 100,
1,000, 2,000, 3,000, or 4,000 ng/ml) of chMIF for 6 or 24 h and then subjected to quantitative polymerase chain reaction (QPCR) for analysis of transcription levels of
interleukin (IL)-18 (a) and IL-18 (b). (B) Primary macrophages were treated with wIBDV or mock-infected DT40 or bursal cell supernatants for 24 h, followed by
determination of the transcription levels of (a,c) IL-1p and (b,d) IL-18. *P < 0.05 and **P < 0.01 compared with control groups.
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FIGURE 6 | The migration of peripheral blood mononuclear cells (PBMCs) caused by very virulent infectious bursal disease virus (wIBDV)-infected cell supernatant
could be inhibited by macrophage migration inhibitory factor (MIF) inhibitor. (A) Different concentrations (1, 10, 50, 100, 200, and 500 wM) of
iodo-6-phenylpyrimidine (4-1PP) or equal volume of DMSO solvent were added to primary macrophages, followed by assay for cell viability using CCK-8. (B,C) 4-IPP
at concentrations of 50 or 200 wM was incubated with wIBDV-infected cell culture medium (24 h.p.i.) and then added to macrophages for 24 h. The mRNA levels of
IL-1B (B) and IL-18 (C) were then determined by quantitative polymerase chain reaction (qPCR). *P < 0.05 compared with control groups. (D) Different
concentrations (2.5, 5, 10, 20, and 40 uM) of ISO-1, iguratimod, or equal volume of DMSO solvent were added to primary macrophages, followed by assay for cell
viability using CCK-8. (E,F) A total of 20 uM of 4-IPP, 10 uM of ISO-1, iguratimod, or 50 pwg/ml anti-MIF antibody were incubated with 10 multiplicity of infection
(MOI) wiBDV-infected cell culture medium (24 h.p.i.) and then added to macrophages for 24 h. The mRNA levels of IL-1 (E) and IL-18 (F) were then determined by

(Assuncao-Miranda et al., 2010) infection. MIF can induce
vascular leakage during DENV infection, thereby promoting
hemorrhagic fever (Chuang et al.,, 2011). During RRV infection,
MIF plays an important role in RRV-induced arthritis and
causes severe inflammation and tissue damage (Herrero et al.,
2011, 2013). Treatment with an MIF antagonist, such as ISO-1,
iguratimod (T-614) can ameliorate MIF-dependent inflammatory
reactions, namely, the production of proinflammatory cytokines
and leukocyte migration, thereby reducing the injury caused
by MIF (Al-Abed et al., 2005; Bloom et al., 2016). Since our
iTRAQ results showed upregulation of chMIF during vvIBDV
infection, we hypothesized that chMIF is engaged in vvIBDV-
induced inflammation.

HuMIF inhibits the random migration of inflammatory
cells and has been found to stimulate the recruitment of
macrophages and other leukocytes (Gregory et al, 2006;
Bernhagen etal., 2007). HuMIF has been demonstrated to control
inflammatory and atherogenic leukocyte recruitment via CXCR2
and CXCR4, and this recruitment also relied on CXCR/CD74
complex. Blocking CD74 inhibits the recruitment of monocytes
(Bernhagen et al., 2007). MIF is required for activation of

NLRP3 inflammasome independent of its role as a cytokine, and
MIF inhibiting could regulate the release of IL-1f and IL-18,
confirming that MIF is a critical factor for NLRP3 inflammasome
activation in the pathogenic processes (Lang et al., 2018). Recent
reports showed that the Ul-snRNP could specifically stimulate
MIF and IL-1f production in human monocytes and support
the upstream regulatory roles for MIF in activating NLRP3
inflammasome and IL-1f production (Shin et al., 2019). 4-
IPP, as an MIF inhibitor, can inhibit the reaction between
MIF and CD74 by binding to MIF. Blocking the HuMIF/CD74
axis inhibits the MIF-triggered inflammatory effect (Benedek
et al., 2013). CD74 is also a receptor for chicken MIF (Kim
et al., 2014). Based on the above, we used 4-IPP to confirm
if the inflammatory effect was caused by MIF secretion from
vvIBDV-infected cell supernatant. Similar with huMIE, chMIF
also inhibits the random migration of chicken macrophages
(Kim et al, 2010); but whether chMIF has chemokine-like
functions similar to those of huMIF is not known. Our study
showed that chMIF could induce the migration of PBMCs
at 100-5,000 ng/ml, indicating that chMIF has a chemokine-
like function. Furthermore, the chMIF and vvIBDV-infected
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cell supernatants could increase inflammatory cell infiltration,
and this phenomenon could be inhibited by selective MIF
inhibitor 4-IPP and ISO-1. These results indicate that chMIF
secreted from vvIBDV-infected bursal cells initiates infiltration of
inflammatory cells. Our data showed that PBMC migration could
not be inhibited by iguratimod alone, consistent with previous
screening results for MIF inhibitors, but iguratimod might have
significant additive effects with glucocorticoids in suppressing
IBDV-induced inflammation as Bloom et al. (2016) reported.
More details still need to be explored.

Our findings indicated that IL-18 and IL-18 were
upregulated by macrophages after treatment with chMIF alone
(~3,000 ng/ml). Another study reported that chMIF alone does
not enhance mRNA levels of proinflammatory cytokines (Kim
et al,, 2010; Park et al., 2016). The differences between these
results might be attributable to the different concentrations of
MIF used in the experiments. vvIBDV-infected DT40 and bursal
cell supernatant could upregulate the mRNA level of macrophage
IL-18/18, and the upregulation could be reduced by treatment
with an MIF inhibitor. Additionally, the vvIBDV infection
triggered MIF in vivo earlier than the upregulation of IL-1/IL-18
transcription. Besides, primary chicken macrophages could not
be effectively infected by vvIBDV (data not shown), suggesting
that vvIBDV induced the mRNA upregulation or the cytokines
via MIF secretion from infected cells. Our study indicated
that MIF was upregulated in the early stage of IBDV infection
and played a positive role in vvIBDV-induced inflammation.
However, the relationship between MIF and viral pathogenicity
was still unclear in the current study. The detailed mechanisms
of MIF in IBD progression still need to be further explored.

In conclusion, our study demonstrates that chMIF, secreted
from vvIBDV-infected target cells, induces inflammatory cell
infiltration and production of inflammatory cytokines during
the disease progression. This study reports our initial work
toward investigating the mechanism underlying IBDV-induced
inflammation; further analyses are required to obtain more
concrete information regarding this mechanism. Nonetheless,
our findings provide sufficient important insights into the
mechanism underlying the virus-induced inflammation to be
able to consider MIF as a potential therapeutic target to
treat IBDV infection.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

Abdel-Alim, G. A, and Saif, Y. M. (2001). Pathogenicity of cell culture-derived
and bursa-derived infectious bursal disease viruses in specific-pathogen-free
chickens. Avian Dis. 45, 844-852.

Al-Abed, Y., Dabideen, D., Aljabari, B., Valster, A., Messmer, D., Ochani,
M., et al. (2005). ISO-1 binding to the tautomerase active site of
MIF inhibits its pro-inflammatory activity and increases survival in

ETHICS STATEMENT

All animal experiments were approved by the Committee on the
Ethics of Animal Experiments at the Harbin Veterinary Research
Institute (Harbin, China), Chinese Academy of Agricultural
Sciences, and performed in accordance with the Guidelines for
Experimental Animals of the Ministry of Science and Technology
(Beijing, China).

AUTHOR CONTRIBUTIONS

AL, HL, and YL performed the experiments. AL, BY, TW,
NY, and YW assembled and analyzed the data and prepared
the figures. YW, XQ, QW, QP, and XW contributed to
the experimental design and interpretation and provided the
reagents. YG, LG, and CL analyzed the data. AL, YW, and
XW wrote the manuscript. All authors critically reviewed
the manuscript.

FUNDING

This work was supported by the major project of National Natural
Science Foundation of China (no. 31430087), Heilongjiang
Provincial Natural Science Foundation of China (YQ2019C029),
the China’s Agricultural Research System (no. CARS-41-G15), the
National Key R&D Program (2016YFD0500800) of the Chinese
Ministry of Science and Technology, and the National Natural
Science Foundation of China (NSFC, 31570930).

ACKNOWLEDGMENTS

We thank Jun Fu, Yuanrui Liu, and Renyi Pang of LC-Bio
Company for helping us analyze the iTRAQ data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02225/full#supplementary- material

FIGURE S1 | Isolated cells were collected and identified by flow cytometry using
mouse anti-chicken monocyte/macrophage antibody KULO1-FITC to evaluate the
cell surface expression of markers typically expressed on chicken macrophage by
flow cytometry. The purity of macrophages is 92.2%.

severe sepsis. J. Biol. Chem. 280, 36541-36544.
3200

Alampour-Rajabi, S., El Bounkari, O., Rot, A., Muller-Newen, G., Bachelerie, F.,
Gawaz, M., et al. (2015). MIF interacts with CXCR7 to promote receptor
internalization, ERK1/2 and ZAP-70 signaling, and lymphocyte chemotaxis.
FASEB . 29, 4497-4511. doi: 10.1096/1j.15-273904

Allen, I. C., Scull, M. A., Moore, C. B., Holl, E. K., McElvania-TeKippe, E., Taxman,
D.J., etal. (2009). The NLRP3 inflammasome mediates in vivo innate immunity

doi: 10.1074/jbc.c50024

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2225


https://www.frontiersin.org/articles/10.3389/fmicb.2019.02225/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02225/full#supplementary-material
https://doi.org/10.1074/jbc.c500243200
https://doi.org/10.1074/jbc.c500243200
https://doi.org/10.1096/fj.15-273904
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

MIF Triggers Inflammation in wIBDV Infection

to influenza a virus through recognition of viral RNA. Immunity 30, 556-565.
doi: 10.1016/j.immuni.2009.02.005

Annamalai, A., Ramakrishnan, S., Sachan, S., Kumar, B. S., Sharma, B. K,
Kumar, V., et al. (2016). Prophylactic potential of resiquimod against very
virulent infectious bursal disease virus (vvIBDV) challenge in the chicken. Vet.
Microbiol. 187, 21-30. doi: 10.1016/j.vetmic.2016.03.005

Assuncao-Miranda, I., Amaral, F. A,, Bozza, F. A., Fagundes, C. T., Sousa, L. P.,
Souza, D. G,, et al. (2010). Contribution of macrophage migration inhibitory
factor to the pathogenesis of dengue virus infection. FASEB J. 24, 218-228.
doi: 10.1096/1j.09- 139469

Azad, A. A, Barrett, S. A., and Fahey, K. J. (1985). The characterization and
molecular cloning of the double-stranded RNA genome of an Australian strain
of infectious bursal disease virus. Virology 143, 35-44. doi: 10.1016/0042-
6822(85)90094-7

Benedek, G., Meza-Romero, R., Andrew, S., Leng, L., Burrows, G. G., Bourdette,
D., et al. (2013). Partial MHC class II constructs inhibit MIF/CD74 binding
and downstream effects. Eur. J. Immunol. 43, 1309-1321. doi: 10.1002/eji.
201243162

Bernhagen, J., Krohn, R., Lue, H., Gregory, J. L., Zernecke, A., Koenen, R. R,,
et al. (2007). MIF is a noncognate ligand of CXC chemokine receptors in
inflammatory and atherogenic cell recruitment. Nat. Med. 13, 587-596. doi:
10.1038/nm1567

Bloom, B. R., and Bennett, B. (1966). Mechanism of a reaction in vitro associated
with delayed-type hypersensitivity. Science 153, 80-82. doi: 10.1126/science.
153.3731.80

Bloom, J., Metz, C., Nalawade, S., Casabar, J., Cheng, K. F., He, M., et al. (2016).
identification of iguratimod as an inhibitor of macrophage migration inhibitory
factor (MIF) with steroid-sparing potential. J. Biol. Chem. 291, 26502-26514.
doi: 10.1074/jbc.m116.743328

Calandra, T., Bernhagen, J., Mitchell, R. A, and Bucala, R. (1994). The macrophage
is an important and previously unrecognized source of macrophage migration
inhibitory factor. J. Exp. Med. 179, 1895-1902. doi: 10.1084/jem.179.6.1895

Chettle, N, Stuart, J. C., and Wyeth, P. J. (1989). Outbreak of virulent infectious
bursal disease in East Anglia. Vet. Rec. 125, 271-272. doi: 10.1136/vr.125.10.271

Chuang, Y. C,, Lei, H. Y,, Liu, H. S,, Lin, Y. S,, Fu, T. F,, and Yeh, T. M. (2011).
Macrophage migration inhibitory factor induced by dengue virus infection
increases vascular permeability. Cytokine 54, 222-231. doi: 10.1016/j.cyto.2011.
01.013

Cunha, F. Q., Moss, D. W,, Leal, L. M., Moncada, S., and Liew, F. Y. (1993).
Induction of macrophage parasiticidal activity by Staphylococcus aureus and
exotoxins through the nitric oxide synthesis pathway. Immunology 78, 563-
567.

David, J. R. (1966). Delayed hypersensitivity in vitro: its mediation by cell-free
substances formed by lymphoid cell-antigen interaction. Proc. Natl. Acad. Sci.
U.S.A. 56,72-77. doi: 10.1073/pnas.56.1.72

Dulwich, K. L., Asfor, A. S., Gray, A. G., Nair, V., and Broadbent, A.J. (2018). An ex
vivo chicken primary bursal-cell culture model to study infectious bursal disease
virus pathogenesis. J. Vis. Exp. 140:¢58489. doi: 10.3791/58489

Eldaghayes, I, Rothwell, L., Williams, A., Withers, D., Balu, S., Davison, F.,
et al. (2006). Infectious bursal disease virus: strains that differ in virulence
differentially modulate the innate immune response to infection in the chicken
bursa. Viral Immunol. 19, 83-91. doi: 10.1089/vim.2006.19.83

Feng, M., Dai, M., Cao, W., Tan, Y., Li, Z., Shi, M, et al. (2017). ALV-] strain SCAU-
HNO6 induces innate immune responses in chicken primary monocyte-derived
macrophages. Poult. Sci. 96, 42-50. doi: 10.3382/ps/pew229

Giotis, E. S., Rothwell, L., Scott, A., Hu, T., Talbot, R, Todd, D., et al. (2015).
Transcriptomic profiling of virus-host cell interactions following chicken
anaemia virus (cav) infection in an in vivo model. PLoS One 10:¢0134866.
doi: 10.1371/journal.pone.0134866

Gregory, J. L., Morand, E. F., McKeown, S. J., Ralph, J. A., Hall, P., Yang, Y. H,,
et al. (2006). Macrophage migration inhibitory factor induces macrophage
recruitment via CC chemokine ligand 2. J. Immunol. 177, 8072-8079. doi:
10.4049/jimmunol.177.11.8072

Herrero, L. J., Nelson, M., Srikiatkhachorn, A., Gu, R, Anantapreecha, S., Fingerle-
Rowson, G., et al. (2011). Critical role for macrophage migration inhibitory
factor (MIF) in ross river virus-induced arthritis and myositis. Proc. Natl. Acad.
Sci. U.S.A. 108, 12048-12053. doi: 10.1073/pnas.1101089108

Herrero, L. J., Sheng, K. C,, Jian, P., Taylor, A., Her, Z., Herring, B. L., et al. (2013).
Macrophage migration inhibitory factor receptor CD74 mediates alphavirus-
induced arthritis and myositis in murine models of alphavirus infection.
Arthritis Rheum. 65, 2724-2736. doi: 10.1002/art.38090

Hirai, K., and Shimakura, S. (1974). Structure of infectious bursal disease virus.
J. Virol. 14, 957-964.

Ichinohe, T., Pang, I. K., and Iwasaki, A. (2010). Influenza virus activates
inflammasomes via its intracellular M2 ion channel. Nat. Immunol. 11, 404-410.
doi: 10.1038/ni.1861

Kanneganti, T. D., Body-Malapel, M., Amer, A., Park, J. H., Whitfield, J., Franchi,
L., et al. (2006). Critical role for cryopyrin/Nalp3 in activation of caspase-1
in response to viral infection and double-stranded RNA. J. Biol. Chem. 281,
36560-36568. doi: 10.1074/jbc.m607594200

Kim, S., Cox, C. M., Jenkins, M. C., Fetterer, R. H., Miska, K. B., and Dalloul, R. A.
(2014). Both host and parasite MIF molecules bind to chicken macrophages via
CD74 surface receptor. Dev. Comp. Immunol. 47, 319-326. doi: 10.1016/j.dci.
2014.07.021

Kim, S., Miska, K. B., Jenkins, M. C., Fetterer, R. H., Cox, C. M., Stuard, L. H.,
et al. (2010). Molecular cloning and functional characterization of the avian
macrophage migration inhibitory factor (MIF). Dev. Comp. Immunol. 34,
1021-1032. doi: 10.1016/j.dci.2010.05.005

Lang, T., Lee, J. P. W, Elgass, K., Pinar, A. A., Tate, M. D., Aitken, E. H., etal. (2018).
Macrophage migration inhibitory factor is required for NLRP3 inflammasome
activation. Nat. Commun. 9:2223. doi: 10.1038/s41467-018-04581-2

Lasher, H. N., and Davis, V. S. (1997). History of infectious bursal disease in the
U.S.A.-the first two decades. Avian Dis. 41, 11-19.

Lee, C. C., Wu, C. C, and Lin, T. L. (2015). Role of chicken melanoma
differentiation-associated gene 5 in induction and activation of innate and
adaptive immune responses to infectious bursal disease virus in cultured
macrophages. Arch. Virol. 160, 3021-3035. doi: 10.1007/s00705-015-2612-y

Li, J., Hu, L, Liu, Y., Huang, L., Mu, Y., Cai, X,, et al. (2015). DDX19A senses viral
RNA and mediates NLRP3-dependent inflammasome activation. J. Immunol.
195, 5732-5749. doi: 10.4049/jimmunol.1501606

Merk, M., Baugh, J., Zierow, S., Leng, L., Pal, U,, Lee, S. J., et al. (2009). The
Golgi-associated protein p115 mediates the secretion of macrophage migration
inhibitory factor. J. Immunol. 182, 6896-6906. doi: 10.4049/jimmunol.0803710

Mizue, Y., Ghani, S., Leng, L., McDonald, C., Kong, P., Baugh, J., et al. (2005). Role
for macrophage migration inhibitory factor in asthma. Proc. Natl. Acad. Sci.
U.S.A. 102, 14410-14415.

Onodera, S., Suzuki, K., Matsuno, T., Kaneda, K., Takagi, M., and Nishihira, J.
(1997). Macrophage migration inhibitory factor induces phagocytosis of foreign
particles by macrophages in autocrine and paracrine fashion. Immunology 92,
131-137. doi: 10.1046/j.1365-2567.1997.00311.x

Ou, C.,, Wang, Q., Yu, Y., Zhang, Y., Ma, J., Kong, X., et al. (2017). Chemokine
receptor CCR5 and CXCR4 might influence virus replication during IBDV
infection. Microb. Pathog. 107, 122-128. doi: 10.1016/j.micpath.2017.03.031

Park, M., Kim, S., Fetterer, R. H., and Dalloul, R. A. (2016). Functional
characterization of the turkey macrophage migration inhibitory factor. Dev.
Comp. Immunol. 61, 198-207. doi: 10.1016/j.dci.2016.04.005

Quan, R., Zhu, S., Wei, L., Wang, J., Yan, X,, Li, Z,, et al. (2017). Transcriptional
profiles in bursal B-lymphoid DT40 cells infected with very virulent infectious
bursal disease virus. Virol. J. 14:7. doi: 10.1186/512985-016-0668-2

Rasoli, M., Yeap, S. K., Tan, S. W., Roohani, K., Kristeen-Teo, Y. W., Alitheen, N. B.,
etal. (2015). Differential modulation of immune response and cytokine profiles
in the bursae and spleen of chickens infected with very virulent infectious bursal
disease virus. BMC Vet. Res. 11:75. doi: 10.1186/s12917-015-0377-x

Roth, S., Agthe, M., Eickhoff, S., Moller, S., Karsten, C. M., Borregaard, N.,
et al. (2015). Secondary necrotic neutrophils release interleukin-16C and
macrophage migration inhibitory factor from stores in the cytosol. Cell Death
Discov. 1:15056. doi: 10.1038/cddiscovery.2015.56

Ruby, T., Whittaker, C., Withers, D. R., Chelbi-Alix, M. K., Morin, V., Oudin, A.,
et al. (2006). Transcriptional profiling reveals a possible role for the timing of
the inflammatory response in determining susceptibility to a viral infection.
J. Virol. 80, 9207-9216. doi: 10.1128/jvi.00929-06

Santos, L. L., and Morand, E. F. (2009). Macrophage migration inhibitory factor:
a key cytokine in RA, SLE and atherosclerosis. Clin. Chim. Acta 399, 1-7.
doi: 10.1016/j.cca.2008.09.014

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2225


https://doi.org/10.1016/j.immuni.2009.02.005
https://doi.org/10.1016/j.vetmic.2016.03.005
https://doi.org/10.1096/fj.09-139469
https://doi.org/10.1016/0042-6822(85)90094-7
https://doi.org/10.1016/0042-6822(85)90094-7
https://doi.org/10.1002/eji.201243162
https://doi.org/10.1002/eji.201243162
https://doi.org/10.1038/nm1567
https://doi.org/10.1038/nm1567
https://doi.org/10.1126/science.153.3731.80
https://doi.org/10.1126/science.153.3731.80
https://doi.org/10.1074/jbc.m116.743328
https://doi.org/10.1084/jem.179.6.1895
https://doi.org/10.1136/vr.125.10.271
https://doi.org/10.1016/j.cyto.2011.01.013
https://doi.org/10.1016/j.cyto.2011.01.013
https://doi.org/10.1073/pnas.56.1.72
https://doi.org/10.3791/58489
https://doi.org/10.1089/vim.2006.19.83
https://doi.org/10.3382/ps/pew229
https://doi.org/10.1371/journal.pone.0134866
https://doi.org/10.4049/jimmunol.177.11.8072
https://doi.org/10.4049/jimmunol.177.11.8072
https://doi.org/10.1073/pnas.1101089108
https://doi.org/10.1002/art.38090
https://doi.org/10.1038/ni.1861
https://doi.org/10.1074/jbc.m607594200
https://doi.org/10.1016/j.dci.2014.07.021
https://doi.org/10.1016/j.dci.2014.07.021
https://doi.org/10.1016/j.dci.2010.05.005
https://doi.org/10.1038/s41467-018-04581-2
https://doi.org/10.1007/s00705-015-2612-y
https://doi.org/10.4049/jimmunol.1501606
https://doi.org/10.4049/jimmunol.0803710
https://doi.org/10.1046/j.1365-2567.1997.00311.x
https://doi.org/10.1016/j.micpath.2017.03.031
https://doi.org/10.1016/j.dci.2016.04.005
https://doi.org/10.1186/s12985-016-0668-2
https://doi.org/10.1186/s12917-015-0377-x
https://doi.org/10.1038/cddiscovery.2015.56
https://doi.org/10.1128/jvi.00929-06
https://doi.org/10.1016/j.cca.2008.09.014
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

MIF Triggers Inflammation in wIBDV Infection

Sharma, J. M., Dohms, J. E., and Metz, A. L. (1989). Comparative pathogenesis of
serotype 1 and variant serotype 1 isolates of infectious bursal disease virus and
their effect on humoral and cellular immune competence of specific-pathogen-
free chickens. Avian Dis. 33, 112-124.

Shi, X., Leng, L., Wang, T., Wang, W., Du, X,, Li, ], et al. (2006). CD44 is
the signaling component of the macrophage migration inhibitory factor-CD74
receptor complex. Immunity 25, 595-606. doi: 10.1016/j.immuni.2006.08.020

Shin, M. S., Kang, Y., Wahl, E. R, Park, H. J., Lazova, R, Leng, L., et al
(2019). Macrophage migration inhibitory factor regulates ul small nuclear RNP
immune complex-mediated activation of the NLRP3 inflammasome. Arthritis
Rheumatol. 71, 109-120. doi: 10.1002/art.40672

Stoute, S. T., Jackwood, D. J., Sommer-Wagner, S. E., Crossley, B. M., Woolcock,
P. R, and Charlton, B. R. (2013). Pathogenicity associated with coinfection
with very virulent infectious bursal disease and Infectious bursal disease virus
strains endemic in the United States. J. Vet. Diagn. Invest. 25, 352-358. doi:
10.1177/1040638713483538

van den Berg, T. P., Eterradossi, N., Toquin, D., and Meulemans, G. (2000).
Infectious bursal disease (Gumboro disease). Rev. Sci. Tech. 19, 509-543.

Varinelli, L., Caccia, D., Volpi, C. C., Caccia, C., De Bortoli, M., Taverna, E.,
et al. (2015). 4-IPP, a selective MIF inhibitor, causes mitotic catastrophe in
thyroid carcinomas. Endocr. Relat. Cancer 22, 759-775. doi: 10.1530/ERC-15-
0299

Wang, Q., Ou, C., Wei, X,, Yu, Y., Jiang, J., Zhang, Y., et al. (2019). CC chemokine
ligand 19 might act as the main bursal T cell chemoattractant factor during
IBDV infection. Poult. Sci. 98, 688-694. doi: 10.3382/ps/pey435

Wang, X. M., Zeng, X. W., Gao, H. L., Fu, C. Y., and Wei, P. (2004). Changes in
VP2 gene during the attenuation of very virulent infectious bursal disease virus
strain Gx isolated in China. Avian Dis. 48, 77-83. doi: 10.1637/7061

Wang, Y., Qi, X., Gao, H., Gao, Y., Lin, H., Song, X., et al. (2009). Comparative
study of the replication of infectious bursal disease virus in DF-1 cell line

and chicken embryo fibroblasts evaluated by a new real-time RT-PCR. J. Virol.
Methods 157, 205-210. doi: 10.1016/j.jviromet.2009.01.001

Winterfield, R. W., and Hitchner, S. B. (1962). Etiology of an infectious nephritis-
nephrosis syndrome of chickens. Am. J. Vet. Res. 23, 1273-1279.

Wistow, G. J., Shaughnessy, M. P., Lee, D. C., Hodin, J., and Zelenka, P. S. (1993). A
macrophage migration inhibitory factor is expressed in the differentiating cells
of the eye lens. Proc. Natl. Acad. Sci. U.S.A. 90, 1272-1275. doi: 10.1073/pnas.
90.4.1272

Yasmin, A. R, Yeap, S. K,, Tan, S. W., Hair-Bejo, M., Fakurazi, S., Kaiser, P., et al.
(2015). In vitro characterization of chicken bone marrow-derived dendritic cells
following infection with very virulent infectious bursal disease virus. Avian
Pathol. 44, 452-462. doi: 10.1080/03079457.2015.1084997

Zhang, L., Zhang, Y., Yan, C, and Yu, J. (1997). The culture of chicken embryo
fibroblast cells on microcarriers to produce infectious bursal disease virus. Appl.
Biochem. Biotechnol. 62, 291-302. doi: 10.1007/bf02788004

Zhao, S., Jia, Y., Han, D., Ma, H., Shah, S. Z., Ma, Y., et al. (2016). Influence of the
structural development of bursa on the susceptibility of chickens to infectious
bursal disease virus. Poult. Sci. 95, 2786-2794. doi: 10.3382/ps/pew192

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Liu, Li, Qi, Wang, Yang, Wu, Yan, Li, Pan, Gao, Gao, Liu, Zhang,
Cui, Li, Wang and Wang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

15

October 2019 | Volume 10 | Article 2225


https://doi.org/10.1016/j.immuni.2006.08.020
https://doi.org/10.1002/art.40672
https://doi.org/10.1177/1040638713483538
https://doi.org/10.1177/1040638713483538
https://doi.org/10.1530/ERC-15-0299
https://doi.org/10.1530/ERC-15-0299
https://doi.org/10.3382/ps/pey435
https://doi.org/10.1637/7061
https://doi.org/10.1016/j.jviromet.2009.01.001
https://doi.org/10.1073/pnas.90.4.1272
https://doi.org/10.1073/pnas.90.4.1272
https://doi.org/10.1080/03079457.2015.1084997
https://doi.org/10.1007/bf02788004
https://doi.org/10.3382/ps/pew192
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Macrophage Migration Inhibitory Factor Triggers Inflammatory Responses During Very Virulent Infectious Bursal Disease Virus Infection
	Introduction
	Materials and Methods
	Viruses and Reagents
	Animals
	Cell Cultures
	Isobaric Tag for Relative and Absolute Quantitation
	Histopathology
	RNA Extraction and Quantitative Polymerase Chain Reaction
	Enzyme-Linked Immunosorbent Assay
	Chemotaxis Assays
	Cell Counting Kit-8
	Statistical Analysis

	Results
	VvIBDV Infection Led to Inflammation of the Bursa and Mortality in SPF Chickens
	ChMIF Was Upregulated in VvIBDV Infection Both in vivo and in vitro
	Migration of PBMCs That Was Mediated by chMIF and vvIBDV-Infected DT40 Cell Supernatants
	Transcription of Proinflammatory Cytokines Mediated by ChMIF and vvIBDV-Infected DT40 and Bursal Cell Supernatants

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


