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Infectious bronchitis is a highly contagious, acute viral respiratory disease of chickens,
regardless of the strain, and its infection may lead to considerable economic losses to
the poultry industry. New nephropathogenic infectious bronchitis virus (NIBV) strains have
increasingly emerged in recent years; hence, evaluating their infection-influenced immune
function changes and the alteration of metabolite profiling is important. Initially, chickens
were randomly distributed into two groups: the control group (Con) and the disease
group (Dis). Here, the partial cytokines were examined, and the metabolome alterations
of the bursa of Fabricius (BF) in NIBV infections in chickens were profiled by gas
chromatography time-of-flight/mass spectrometry (GC-TOF/MS). The results revealed
that the NIBV infection promotes the mRNA expression of inflammatory cytokines.
Metabolic profile analysis indicated that clustering differed between the two groups
and there were 75 significantly different metabolites detected between the two groups,
suggesting that the host metabolism was significantly changed by NIBV infection.
Notably, the following 12 metabolites were identified as the potential biomarkers:
3-phenyllactic acid, 2-deoxytetronic acid, aminomalonic acid, malonamide 5, uric
acid, arachidonic acid, 2-methylglutaric acid, linoleic acid, ethanolamine, stearic acid,
N-alpha-acetyl-I-ornithine, and O-acetylserine. Furthermore, the results of the correlation
analysis showed that a strong correlation existed between metabolic biomarkers and
inflammatory cytokines. Our results describe an immune and metabolic profile for the BF
of chickens when infected with NIBV and provide new biomarkers of NIBV infection as
potential targets and indicators of indicating therapeutic efficacy.

Keywords: metabolome, inflammatory cytokines, bursa of fabricius, nephropathogenic infectious bronchitis virus,
correlation analysis
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FIGURE 1 | Box-whisker plots of the cytokines expression in the chicken’s bursa of Fabricius. Each value indicates the mean + SEM, n = 4.

Metabolome Profile of the Chicken’s BF
With NIBV Infection

In order to distinguish the different groups, PCA was first
performed on the metabolite data. Figure 2A shows the two-
dimensional scatter plots of the PCA model of the QC, Con, and
Dis groups. The closely positioned six QC samples also illustrate
the good compatibility of the PCA model. In addition, PCA
showed that the Con group and the Dis group were completely

separated, indicating that NIBV infection significantly changed
the metabolite profile. The data are further supervised by
OPLS-DA. This model filters the orthogonal signals related
to the Y variable (infection variable), so that it can get a
highly corrected Y variable, thereby obtaining a better model.
As shown in Figure 2B, the OPLS-DA model can perfectly
distinguish the two groups, revealing that the metabolite profile
of the BF was significantly altered with NIBV infection. At
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and red points indicate the potential biomarkers.

FIGURE 2 | Metabolic profile of chicken infected with NIBV obtained through GC-TOF/MS-based metabolomics. (A) The plot of the PCA model. (B) The scatter plot
of the OPLS-DA model. (C) The plot of the 200-permutation test of the OPLS-DA model. (D) Loading plot of the bursa of Fabricius samples obtained from chickens,

0.99176 * pq[1]

the same time, the data results showed that in the OPLS-
DA model of the Con and Dis groups, the values of R2Y =
0.998, R2X = 0.346, and Q2 = 0.892 were obtained. The 200
permutation test was further applied to validate the OPLS-
DA model, and the result was shown in Figure 2C. The Q2
intercept value in the model was —0.75, and the low values
of the Q2 intercept indicate the robustness of the models and
a low risk of over fitting. In addition, a loading plot was
constructed based on the OPLS-DA model, which showed the
contribution of variables to differences (Figure 2D). Each point
in the loading plot represents a metabolite, and the dot far from
the origin was considered to have a higher contribution to the
model classification. The X variables located near the dummy
Y variables have the highest discriminatory power between
the categories.

Differential Metabolites in Response to
NIBV Infection

The difference in metabolites between the Dis group and the
Con group is the most important factor in revealing the coping
mechanism of chickens infected with NIBV or the occurrence of
damage. To complete this analysis, the first principal component
of variable importance projection (VIP) was obtained. Then,
in this study, according to the Students T-test, the different
metabolites were screened with VIP >1 and P < 0.05 as
standards. The results of discrepant metabolites in the Dis
group compared with the Con group were visualized in the
form of volcano plots (Figure 3A). There were 75 annotated
differential metabolites in response to NIBV infection, and its
categories are shown in Figure 3B. Compared with the Con
group, 58 metabolites in the Dis group were upregulated, whereas
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17 were downregulated. The annotated differential metabolite
profiles in response to NIBV infection were displayed in heat
maps (Figure 3C). The number of the upregulated changed
metabolites because of the NIBV infection far overstepped the
downregulated metabolites.

Identification of Metabolite Biomarkers

To select candidate biomarkers among the differential
metabolites, only those metabolites with a high VIP value
were considered. The remaining variables were subsequently
assessed by Student’s T-test (P < 0.05). Based on these analyses,
12 significantly altered BF metabolites between the groups were
obtained, including 3-phenyllactic acid, 2-deoxytetronic acid,
aminomalonic acid, malonamide 5, uric acid, arachidonic acid,
2-methylglutaric acid, linoleic acid, ethanolamine, stearic acid,
N-alpha-acetyl-L-ornithine, and O-acetylserine. Those potential
biomarkers were also shown with red dots in the loading plot of
Figure 2D. Furthermore, the box-whisker plots were drawn to
improve the visualization changes in the potential biomarkers
and describe the distribution of several sets of quantitative data.
As presented in Figure 4, the 12 potential biomarkers exhibited
differences between the Con and model groups.

Correlation Study of Inflammatory

Cytokines and Metabolite Biomarkers

The organism’s antiviral immune response is related to the
extent of the cytokine expression in the case of virus infection.
Combined with the above research findings, it is found
that virus infection can significantly alter the metabolite
profile. Therefore, the relationship between metabolic changes
and pathological phenotypes was investigated by evaluating
the correlation between the inflammatory cytokines and the
abundance of metabolite biomarkers (Figure5). The results
of this cytokine-metabolite correlation study showed that 12
metabolite biomarkers were highly correlated with the expression
of at least one inflammatory cytokine mRNA (Spearman
correlation coefficient |r| > 0.6). The results showed that
most of the selected metabolite biomarkers have a strong
positive correlation with inflammatory cytokines, which were
significantly increased by IBV infection.

DISCUSSION

Similar to mammals, avian cytokines play an important role in
the host’s immune response to pathogen infection (32). Studies
by several scholars have shown that severe pathological damages
caused by virulent IBV strains in immune organs are related
to high levels of virus replication and strong inflammation
(33, 34). In the present study, BF is not only an important
immune organ of chicken but also a target organ for IBV virus
replication. Therefore, systematic investigation of the expression
of inflammatory cytokines during NIBV infection can better
understand the host immune response to pathogenic infection.
Previous studies have found that the biological role of IL-2 is to
participate in the growth, activation, and function of immune
effector cells, including T cells. The expression level of IL-2 in
the body is significantly increased during viral infection, which

can rapidly and extremely drive the inflammation of the BF. In
addition, IL-6 can cooperate with IL-1 to stimulate T cells to
promote the proliferation and differentiation of B cells and the
regeneration of platelets (35, 36). We found that NIBV infection
caused an increase of IL-2 and IL-6 expression in the chicken’s
BF. We also found that NIBV infection caused an increase of IL-2
and IL-1P expression in the chicken’s BF. Studies have found that
viral infection can cause immune organ damage by promoting
the expression of IL-2, which is similar to our results (37). IFN-
y is mainly produced by T helper type 1 (Th1) cells, including
CDAT cells, CD8T cells, and natural killer (NK) cells. It can
directly induce and participate in the synthesis of enzymes in
the respiratory burst and can enhance the immune response.
Similarly, a higher expression level of IFN-y in the BF was
observed in this experiment. Our results are consistent with those
reported by De Silva Senapathi et al. who showed that IFN-y
mRNA was significantly increased in the respiratory tract of the
chickens with IBV infection (38). Besides the above results, we
also observed the upregulation of IL-8, IL-128, IL-18, TNF-a,
IFN-a, and CXCL2 in the BF of NIBV-infected chickens at 10-
day post-infection (Figure 1). In mammals, the cytokine storm
characterized by dysregulation and exaggeration of inflammatory
cytokine production is closely related to the increase in morbidity
and mortality of organisms during pathogen infection (39-41).
In the present study, NIBV caused vaccinated chickens to reach
a peak of death at 10-day post-infection. Based on the above
studies, it is shown that the excessive production of cytokines
(cytokine storm) caused by NIBV infection plays an important
role in the effective elimination of the viruses in chickens.
However, at the same time, this is likely to cause serious immune
pathological damage to the organism and even cause death.

In our research, based on but not limited to the study of
single metabolites, the metabolites were analyzed in multivariate
statistical analysis, such as PCA and OPLS-DA, to understand
the changes in the BF metabolism of chickens with NIBV
infection. The result of OPLS-DA and hierarchical clustering
showed that the metabolite profiles between the Con group and
the Dis group were significantly different, and that combined
with the classification of metabolites, it can be found that the
differential metabolites can be mainly classified into amino acids,
carbohydrates, and fatty acids (Figure 3). As we all know, amino
acids are the most important for organisms, because they can
not only be used in the synthesis of proteins and other bioactive
molecules but also provide the raw material for most of the
synthesis of the cytokine. Nowadays, many metabolomic studies
have found that virus infection can upregulate the synthesis of
amino acids in organisms (42, 43). Similar results were obtained
in this experiment: NIBV infection increased the production of
valine, isoleucine, lysine, methionine, glutamine, and threonine.
The increase of the amino acid content in the organism amino
acid pools contributes to the synthesis of viral proteins and
cytokines. In other words, the alteration of metabolite profiling
by NIBV infection in the chicken’s BF provides ideas for
exploring how virus infection can promote self-proliferation by
regulating host metabolism.

Metabolomics can fill a key gap in the study of disease systems
biology by detecting changes in the abundance of metabolites
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in organisms related to diseases or disturbances by external
factors. In the past, metabolomic studies related to animal models
of viral infections focused on the discovery of biomarkers,
often neglecting the important information about infection and
outcome provided by the metabolite profile (44, 45). In our
research, we provided 12 potential biomarkers for distinguishing
NIBV infection (Figure 4). These biomarkers mapped to four
metabolic pathways, including biosynthesis of unsaturated
fatty acids, biosynthesis of amino acids, glycerophospholipid
metabolism, and purine metabolism. The synthesis of fatty acids
is required for viral infection and/or the maturation of infectious
viruses because they are structural elements of cell membranes
and viral membranes (46). Viruses target lipid synthesis and
signal transduction to remodel their host cells and generate lipids
for the virus envelope (47). In this study, the biomarkers mapped
to the biosynthesis of unsaturated fatty acids are arachidonic

acid, linoleic acid, and stearic acid. Interestingly, there are
many other reports using arachidonic acid as a biomarker of
viral infection, such as hepatitis B virus, hepatitis C virus,
and influenza A (HIN1) (48-50). Previous studies have shown
that the virus regulates purine and nucleotide synthesis and
metabolism, including the de novo synthesis pathways or salvage
synthesis pathways for its own nucleic acid synthesis, which
leads to an increase in uric acid in the purine metabolism
pathway (43, 51). Uric acid may be an important biomarker for
NIBV infection because it causes mitochondrial dysfunction and
endoplasmic reticulum stress, which lead to increased lipogenesis
and overexpression of lipase, respectively (52, 53). Furthermore,
metabolomic analysis can help understand the pathogenesis of
diseases from the perspective of the metabolic pathways and can
be used to discover the potential of new biomarkers, whereas
other high-throughput methods may ignore these molecules.
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FIGURE 4 | Box-whisker plots of the 12 potential biomarkers in the Dis and Con groups.

Therefore, metabolomics also has the potential to discover new,
unexpected metabolic pathways to participate in viral infections,
pathogenesis, and physiological responses to anti-viral strategies.

Interestingly, the results of the correlation analysis between
biomarkers and inflammatory cytokines in this experiment show
that there is a strong correlation (Figure 5). Similarly, recent

research pointed out that the metabolic pathways have recently
been generally involved in directing the immune response, which
may play an important role in the pathogenesis of viral infection-
related diseases. For example, it was shown that the tricarboxylic
acid (TCA) cycle intermediates directly bind to dendritic cells,
causing the production of proinflammatory cytokines, and the

Frontiers in Veterinary Science | www.frontiersin.org

January 2021 | Volume 7 | Article 628270


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Kuang et al.

Immune and Metabolic Changes

IL-6

IL-8

IL-18

IL-1203

CXCL2
IFN-y

aEnnE

IL-2

TNF-a

IFN-a

HEEE

EEEE

strength of the correlation (larger square = higher correlation).
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level of intracellular succinate has an important regulatory effect
on the production of IL-1p in macrophages activated by Toll-like
receptor agonists (54). Based on the above findings, the role of
metabolic pathways in immune function may become another
research hotspot in the field of biology.
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