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Globally, brucellosis is a widespread zoonotic disease. It is prevalent in more than
170 countries and regions. It mostly damages an animal's reproductive system
and causes extreme economic losses to the animal husbandry industry. Once
inside cells, Brucella resides in a vacuole, designated the BCV, which interacts
with components of the endocytic and secretory pathways to ensure bacterial
survival. Numerous studies conducted recently have revealed that Brucella's
ability to cause a chronic infection depends on how it interacts with the host. This
paper describes the immune system, apoptosis, and metabolic control of host
cells as part of the mechanism of Brucella survival in host cells. Brucella
contributes to both the body’s non-specific and specific immunity during
chronic infection, and it can aid in its survival by causing the body's immune
system to become suppressed. In addition, Brucella regulates apoptosis to avoid
being detected by the host immune system. The BvrR/BvrS, VjbR, BIxR, and
BPE123 proteins enable Brucella to fine-tune its metabolism while also ensuring
its survival and replication and improving its ability to adapt to the
intracellular environment.

KEYWORDS

Brucella, chronic infections, autophagy, metabolism, apoptosis

1 Introduction

Brucellosis is a worldwide zoonotic disease that has brought great harm to both
biosecurity and economic development. Some species of the genus Brucella can cause
brucellosis, whose virulence is mainly reflected in its entry into cells and in its ability to
survive and replicate (Gorvel and Moreno, 2002). Erythritol has been considered as an
important factor in the pathogenesis of Brucella abortus 2308 and its ability to cause
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abortion in ruminants. Macrophages are immune cells, and their
main function is to cause immune reactions and produce immune
responses. Macrophage is one of the main target cells of Brucella
infection. The survival and replication of Brucella in macrophages
represent one of the strategies for Brucella to evade the host’s
immune response, and it is also the reason for the failure of some
patients to use anti-Brucella treatment. In addition, the prolonged
existence of Brucella in macrophages will affect the signal pathway
of the cell, and trigger a complex host response, so that it can adapt
to the intracellular environment and reproduce widely in the host
cell without destroying the basic cell function (Chaves-Olarte et al.,
2002). Compared with acute diseases, the pathogens of chronic
diseases have more virulence genes to ensure the persistence of
infection (Hong et al., 2000). The intracellular environment allows
Brucella to coordinate gene expression during infection. The host
body specific internal resistance induced expression of genes is
usually also an important virulence factor (Boschiroli et al., 2001).

2 Chronic intracellular infection with
Brucella spp.

Brucella is a gram-negative facultatively intracellular bacteria
that can invade and persist within the host cells and lead to chronic
infections. Domestic animals, wild animals, and humans are
susceptible to Brucella. There are six classical species: Brucella
abortus (B. abortus), Brucella melitensis (B. melitensis), Brucella
suis (B. suis), Brucella canis (B. canis), Brucella ovis (B. ovis) and
Brucella neotomae (B. neotomae) (Erkyihun et al., 2022; Kurmanov
et al,, 2022). Among them, B. suis, B. abortus, and B. melitensis are
the most harmful to humans (Olsen and Palmer, 2014). Brucella
expresses atypical virulence factors, including lipopolysaccharide
(LPS), virulence regulatory proteins, and phosphatidylcholine, but
lacks classical virulence factors, such as invasive proteases, toxins, or
virulence plasmids (Roop et al., 2003). Brucella is classified into two
types based on differences in the structure of pathogenic bacteria
LPS: smooth Brucella and rough Brucella (Stranahan and Arenas-
Gamboa, 2021). Smooth LPS (S-LPS) consists of a polysaccharide
O-chain, core, and lipid A, whereas rough strains lacked the O-side
chain. The importance of the O-chain for the virulence of naturally
occurring smooth Brucella strains is well documented. In general,
rough (R) type Brucella shows reduced virulence, except for B. ovis
and B. canis (Lopez-Santiago et al., 2019).

Brucellosis is typically divided into three distinct phases: the
incubation phase before clinical symptoms are evident (within 2
days after infection), the acute phase during which time the
pathogen invades and disseminates in host tissue (within 2 days
to 3 weeks after infection), and the chronic phase that can
eventually result in severe organ damage and death of the host
organism (6 months to 1 year or more). (Grillo et al,, 2012). It is
generally believed that innate immunity is not highly activated
during the incubation period. This allows Brucella to spread
throughout the reticuloendothelial system and establish a
replication mechanism within the phagocytes. There are no
typical endotoxin symptoms (mainly the lipid A of LPS) during
this process, which is different from other gram-negative infections.
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This clinical observation is consistent with brucellosis (Martirosyan
et al,, 2011). In the early stage of Brucella infection, Brucella barely
activates the complement system and induces minimal levels of
cytokines, the recruitment of pro-inflammatory cells at the infected
site is poor (Barquero-Calvo et al., 2007). Since Brucella hardly
activates the complement system through the classical pathway or
activates granulocytes, it causes very little tissue damage and does
not cause obvious blood changes, such as leukocytosis, increased
neutrophilia, and decreased platelets, coagulation lesions rarely
occur during the incubation period (Barquero-Calvo et al., 2007).
After the incubation period, strong adaptive immunity begins to
appear, and obvious clinical symptoms are observed, such as
abortion and infertility in animals and high, undulating fever in
humans. In the acute phase, Brucella begins to replicate actively in
macrophages and dendritic cells (DC). One of the distinguishing
features of Brucella is that the levels of chemokines and cytokines
produced by infected macrophages and DC are low and prolonged,
the production of proinflammatory cytokines released by
polymorphonuclear (PMN) cells is low, and the activation and
demand of natural killer cells (NK) are low (Barquero-Calvo et al.,
2007). Although nonspecific immunity is used to control the
proliferation of Brucella in the acute phase in mice, effective
specific immunity is required in the later stage (Grillo et al., 2012).

The first line of defense against Brucella includes the
phagocytosis action of PMN, macrophages, dendritic cells, NK
cells, chemokines, pattern recognition receptors (PRR), and the
complement system (Diacovich and Gorvel, 20105 Jiao et al., 2021).
The specific immune response caused by Brucella infection has
three main mechanisms. The first is the secretion of interferon by
CD4" T cell, CD8" T cell, Y0 T cell, which activates the bactericidal
function of macrophages and prevents Brucella intracellular
survival; the second is the cytotoxic effect of CD8" T cells, which
can kill infected macrophages; and the third is Thl antibody
subtypes, such as IgG2a and IgG3, which promote phagocytosis
(Martirosyan et al.,, 2011; Grillo et al., 2012). Furthermore, cytokines
such as interleukin-12 (IL-12), interferon-y (IFN-y), and tumor
necrosis factor (TNF) are important in initiating both specific and
non-specific immune responses. Brucella can participate in the
regulation of innate immune mechanisms and the maintenance of
intracellular replication by inhibiting Toll-like receptors (TLR)
signaling pathways, the complement system, phagocytes, and
apoptosis. Several immunomodulatory molecules, for example,
proline racemase protein A (prpA) and the TIR domain-
containing protein (TcpB) can influence the Thl immune
response by inhibiting the secretion of IFN-y and promoting the
secretion of interleukin-10 (IL-10) (Alaidarous et al., 2014; Spera
et al,, 2014). Due to an increase in CD4" and CD25" T cells in the
spleen, chronic Brucella infection causes immunosuppression in the
body (Bahador et al., 2014). The reduced recruitment of
macrophages and DCs after Brucella infection leads to a
decrease in CD8" T lymphocyte activation, thus forming
immunosuppression, which is conducive to immunosuppression
being beneficial to the replication and chronic infection of Brucella
(Pasquali et al., 2010).

In the initial stage of infection, macrophages, trophoblastic cell
(TE), and other phagocytic cells are the main targets of Brucella
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infection (Xiao et al., 2022). For Brucella, they are not only the sites
for both survival and replication but also a vehicle for transmission
to other organ systems. Macrophages play a key role in the
clearance and control of intracellular pathogens. Macrophages
can not only kill pathogens and carry out non-specific immunity
but also participate in antigen uptake and processing steps to
initiate specific immunity. Meanwhile, its secreted cytokines, such
as IL-1, IL-6, and IFN-y, regulate the immune response and activate
more lymphocytes and macrophages, playing a role in regulating
the immune response and inflammatory immunity (Weiss and
Schaible, 2015). Macrophages can eliminate most of the Brucella
invading the body. However, there is still a small part of Brucella
that can evade the immune system and use macrophages, as the host
to invade, survive, and reproduce.

In its long evolutionary history, Brucella has interfered with
both specific and nonspecific immune responses to establish a
persistent infection, making it difficult to remove thoroughly.
However, the specific and comprehensive mechanism of Brucella

intracellular survival remains unknown.

3 Brucella mediates autophagy

More and more evidence suggest that nonspecific host
immunity is important for Brucella intracellular infection.
Autophagy is a non-specific immune process based on lysosomes,
which can decompose non-essential cells or invading pathogens
into cellular components to promote cell survival and provide more
energy sources for cells. Some pathogens have evolved strategies to
in turn use autophagy to survive inside cells, and Brucella can use
the cell autophagy mechanism for intracellular replication to
establish a good living environment. The specific processes
include: quickly escaping from the phagocytic corpuscle to enter
the cytoplasm; delaying the maturation of the phagocytic corpuscle
at different stages before fusion with lysosomes; surviving and
replicating in the degraded phagocytic environment; and
completely or partially avoiding the endocytic pathway. All of
these processes require microbiological agents to interfere with
the function of macrophages (Celli, 2006).

First, Brucella relies on specific lipid rafts to enter macrophages.
The outer membrane of Brucella consists of phospholipids, guanylic
acid, lipoproteins, and nonstandard LPS, which replace the long
aliphatic hydrocarbon chains. The content of negatively charged
sugars in Brucella lipid A and core oligosaccharides (BR-LPS) is
low; moreover, O-chains and associated polysaccharides are
composed of homopolymers of non-reducing N-formyl peroxide
sugars. These features help to reduce the negative charge on the
surface of the bacteria. This special cell membrane structure
prevents Brucella from combining with complement (both the
classical and the MBL-mediated pathways), bactericidal defensin,
bacitracin, or any other cationic bactericidal molecule and is
effective against most bactericidal substances in lysosomal
extracts, lysozyme, phospholipase, and lactoferrin(Fernandez-
Prada et al,, 2001; Cardoso et al., 2006). Specifically, the LPS O-
chain modifies the fusion properties of BCV membranes or
interacts with specific receptors located in lipid rafts to determine
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the entry of permissive cells. The type A scavenger receptor (SR-A)
is considered as the receptor that binds to Brucella LPS, respectively
(Watarai et al,, 2003; Kim et al., 2004). The LPS O-chain also
promotes Brucella survival by delaying fusion with the lysosome.
This process is further enhanced by the disruptive effect of cyclic -
1,2-glucan on BCV lipid rafts (Celli, 2006). Cyclic B-1,2-glucan is
secreted by intracellular Brucella, which disrupts cholesterol-rich
lipid rafts located on the membrane of BCV and interferes with
BCV maturation, thus preventing lysosomal fusion. A deletion
mutant of Cgs, the gene encoding the synthetase of cyclic B-1,2-
glucan, is unable to avoid fusion with the lysosome, suggesting that
the production of cyclic B-1,2-glucan is necessary for Brucella
intracellular cycle (Bohin, 2000; Arellano-Reynoso et al., 2005).

Upon entry into host cells, the Brucella reside in acidified
phagosomal compartments known as endosomal Brucella-
containing vacuoles (eBCVs). The eBCV stage is a necessary step
in the intracellular circulation of Brucella. With the early and late
interaction within the stage, most of the contents of BCV are
subjected to enzymatic degradation, and 90% of internal Brucella
are hydrolyzed and killed. However, the remaining 10% escaped
from the host’s killing mechanisms through unknown mechanisms
(Ke et al.,, 2015). This entire maturation process is in line with the
complete maturation process, but after maturation, BCV still avoids
fusion with the terminally degraded lysosomes, thus ensuring the
intracellular survival of bacteria. This vacuole in this process is
called eBCV (Figure 1). The sustained avoidance of macrophage
degradation also requires VirB type IV secretion system (T4SS) and
the conversion of eBCV into an endoplasmic reticulum-derived
replicating compartment (rBCV). eBCV can provide the conditions
necessary to induce the expression of the VirB operon that encodes
atype IV secretion system (T4SS) and its transformation into rBCV,
including lysosomal pH. In addition, eBCV can trigger intracellular
bacterial growth before rBCV is formed (Porte et al, 1999;
Celli, 2019).

eBCV will gradually lose its endosomal marker and begin to
continuously interact with the endoplasmic reticulum (ER)
structure after interaction with the endosome. The site of action
is the ER export site covered with coated vesicles II (COPII), and the
interaction depends on the VirB IV secretion system, which
controls its organization and function through COPII, and its
activity is controlled by the small GTPase Sarl. The newly
formed vesicles and tubules are fused with the endoplasmic
reticulum-Golgi intermediate compartment (ERGIC) or VTC,
and the coated vesicles I (COPI), controlled by Arfl GTPase, are
transported to the Golgi apparatus or ER to play a role. Vacuoles
containing VirB-deficient Brucella cannot sustain interactions and
fuse with the ER. They eventually fuse with lysosomes. Studies have
shown that eBCV interacts with the COPII coating structure of the
proven functional endoplasmic reticulum exit sites (ERES) but
doesn’t interact with the COPI coating structure (Celli et al.,
2005; Xiong et al,, 2021). Finally, eBCV obtains markers related
to the ER membrane, such as calcium-binding protein, Sec61, and
Pdi, indicating the turnover of the eBCV membrane and the
accumulation of ER-derived membrane. At the same time, these
vacuoles also acquire the structure and functional characteristics of
ER, which further indicates that eBCV is gradually derived from ER
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The formation of eBCV. Brucella enters macrophages via lipid rafts. Hsp60 and Brucella LPS bind to PRPC and SR-A receptors on lipid rafts. Brucella
enters the cell and remains in the membrane envelope cavity, forming BCV containing Brucella. It interacts with early endosomes to obtain small
GTPase Rab5 and early endosomal antigen (EEA-1) and subsequently obtains markers of late endosomes, such as membrane proteins recombinant
lysosomal associated membrane protein 1 (LAMP1) and small GTPase Rab7. It will then be acidified, and the pH will reach 4, which is essential for the
survival of Brucella and for the intracellular expression of the VirB T4SS (Porte et al., 1999; Boschiroli et al.,, 2002). The single arrows represent the flow
of Brucella intracellular processes, and the double arrows represent interactions.

(Pizarro-Cerda et al., 1998; Comerci et al., 2001; Celli et al., 2003).
These changes in structure and function are associated with the
initiation of bacterial replication. The vacuoles are then called
rBCV, where the bacteria replicate.

The effectors of T4SS, BspA, BspB, and BspF inhibit the
secretion of host proteins and promote bacterial replication
(Myeni et al., 2013). Although it is not yet clear how BspA and
BspF work, how BspB works has been revealed. The production of
rBCV and the replication of bacteria are inseparable from BspB.
BspB is delivered to the Golgi apparatus of host cells and interacts
with the conserved oligomeric Golgi (COG) complex. As a result,
the function of COG is changed, and the reverse Golgi vesicles that
depend on COG are transported to BCV, thereby obtaining the
Golgi apparatus source membrane. It is also known that the T4SS
effector, RicA, is involved in controlling the formation of rBCV
(Miller et al., 2017). At the same time, the unfolded protein response
(UPR) transmembrane sensor, inositol-requiring enzyme-1 (IRE1),
is also necessary for bacterial replication (Pandey et al., 2018). YPT-
interacting protein 1A (YiplA) is produced when IREL1 is activated,
and it is then phosphorylated when combined with IRE1, which
triggers XBP-1-dependent transcription (Taguchi et al., 2015). This
activation also acts on the upregulation of COPII-coat complex
subunits (Taguchi et al., 2015). The COPII-coat complex is essential
for the formation of rBCV and is a crucial part of ERES and early
secretory transport (Celli et al., 2005).

After extensive bacterial replication, autophagy BCV (aBCV) is
produced (Figure 2). The production of aBCV requires typical
autophagy nucleation but does not require the extended complex.
Therefore, the lack of Beclin-1, ULK1, and Atgl4 will prevent its
formation, but the lack of Atg5, Atg7, Atg4, or Atgl6L will not affect
it. This is also the performance of Brucella using autophagy to
complete its intracellular circulation. aBCV has the characteristics
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of advanced ribosomes, which are consistent with the mature
autophagosome without ER markers, so its function is different
from that of rBCV, but it is closely related to the release of bacteria
and the spread between cells (Figure 2) (Boschiroli et al., 2002). The
bacteria are released from the pores of the cell membrane into the
intercellular substance, causing cell lysis. During the cell-to-cell
propagation of Brucella, smooth (S) type Brucella may dissociate
and become an R type. This dissociation is also enhanced in an
acidic environment, facilitating the spread of Brucella from acidic
phagocytosis. It is important to note that after dissociating into R
type Brucella, S type Brucella can revert to S type. Therefore, S type
Brucella may become R type when it needs to spread and then revert
to S type when it escapes to resist intracellular killing. Then, Brucella
will infect more macrophages and begin a new cycle of replication
and dissociation. Rough mutants may be killed by complement or
another cationic peptide-mediated cleavage (Pei et al.,, 2014).

4 Brucella regulates metabolism

The ability to regulate its metabolism is also one of the keys to
the successful adaptation of Brucella in vivo. Metabolic systems
adapted to intracellular survival can make better use of nutrients at
all stages of the infectious cycle (Brown et al., 2008; Lamontagne
et al,, 2009). When Brucella enters a cell and persists, its metabolic
system adapts. The regulation of its metabolic system enables
Brucella to take advantage of the metabolic pathways and
intermediates provided by the host to adapt to various
environmental conditions in the host cell. To adapt to different
environments at different stages of the infection cycle, a
comprehensive fine-tuning of gene expression is required to alter
the corresponding functions of the bacteria. B. abortus is considered
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to have a slow metabolism during the period from entering the cell
to starting to replicate (De Bolle et al., 2015). The protein obtained
through sugar absorption, pentose phosphate pathway (PP), and
tricarboxylic acid cycle (TCA) pathways, as well as the biosynthesis
of amino acids, purines, and pyrimidines, is reduced. Brucella, on

the other hand, does not store glycogen or poly-f-hydroxybutyrate,
so it can maintain basic metabolism via protein and amino acid
catabolism (Chain et al., 2005). It has also been suggested that B.
abortus can even use macromolecules such as ribosomes at this
stage. After entering the replication niche, metabolism began to
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strengthen (Lamontagne et al., 2009). Different strains of Brucella
have different carbon sources. B. suis biovars 1 and 5, B. microti, and
B. neotomae use C5 sugars such as xylose, arabinose, and ribose as
the sole carbon source; some strains of B. abortus, B. melitensis, and
B. suis use galactose as the sole carbon source when tested on the
vitamin and mineral based medium; at the same time, some B.
melitensis and B. suis strains grew on fructose and mannose as
carbon sources (McCullough and Beal, 1951). Brucella breaks down
hexose through the PP pathway and the incomplete Embden-
Meyerhof-Parnas glycolytic pathway (EMP), and then further
metabolites through TCA. But for the three most representative
species of Brucella: B. abortus, B. melitensis, and B. suis, hexose is
not the carbon source of choice. Instead, they preferentially utilize a
four-carbon sugar alcohol (erythritol) and catabolize it to produce a
trisaccharide phosphate. In addition, other studies have shown that
some strains of Brucella could use polyols such as lactic acid and
glycerol as peripheral carbon sources (Figure 3) (Barbier et al,
2018). The metabolic pathways of Brucella mainly include active PP
and TCA cycles, potentially active Entner-Doudoroff (ED) and
glyoxylate pathways, and incomplete EMP. Among them, the PP
pathway plays an important role in the production of biological
precursors and the degradation of sugars (Barbier et al., 2011).

The two-component regulation system of Brucella, BvrR/BvrS,
is the most distinctive two-component sensory regulation system of
Brucella so far. BvrS is a membrane-bound homologous dimer
protein belonging to the histidine protein kinase superfamily. It has
three conserved regions: an amino-terminal periplasmic sensing
domain with transmembrane segments, a cytoplasmic dimerization
domain with a specific His residue, and the carboxy-terminal ATP-
binding kinase domain. BvrR is a cytoplasmic protein that is highly
similar to the reaction-regulating protein OmpR/PhoB subfamily,
and its specific Asp residues are located in the conserved regulatory
domain and have the effect domain of DNA binding activity
(Lopez-Goni et al., 2002). It was originally discovered that BvrR/
BvrS regulated the homeostasis and structure of several proteins in
B. abortus cell membranes. However, with further research, it has
been found that it also has functions related to metabolic function,
thus contributing to the adaptation of B. abortus to an intracellular
lifestyle (Lamontagne et al, 2009). Upon exposure to specific
environmental stimuli, BvrS autophosphorylated on conserved
histidine residues and mediated phosphate transfer to conserved
aspartic acid on BvrR. The latter regulates cell expression through
the differential expression of target genes. BvrS/BvrR is important
for the virulence of bacteria, and translocation inactivation leads to
defects in attachment, invasion, and intracellular replication (Sola-
Landa et al., 1998). A recent transcriptional analysis shows that the
BvrR mutation had significant effects on the expression of genes
associated with carbohydrate, amino acid, fatty acid, and nitrogen
metabolism (Viadas et al., 2010).

Quorum sensing (QS) is a regulatory system that can regulate
gene expression at the population level according to the density of
local bacteria. Recent transcriptional and proteomic analyses have
shown that the inactivation of the two QS regulators, VjbR and
BabR, has a strong effect on the genes involved in metabolism,
especially the genes encoding the TCA cycle and glycolysis
(Uzureau et al, 2010; Weeks et al., 2010). Since B. abortus’s
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intracellular expansion is limited until the replication site is
reached, in response, B. abortus uses VjbR to slow down the
metabolism of Brucella until it reaches endoplasmic reticulum
derived rBCV. Subsequently, the BabR regulator acts on the
reactivation of basal metabolism. BvrR can also activate the
transcription of VjbR, so the two regulatory systems seem to be
related (Martinez-Nunez et al., 2010; Viadas et al., 2010). To sum
up, BvrS/BvrR, TCS, and QS systems are helpful to the regulation of
B. abortus metabolism in the intracellular inventory.

The phosphoenolated pyruvate phosphotransferase system
(PTS) provides an integrated system for bacteria to ensure
optimal utilization of carbohydrates in complex environments, a
feature that also plays an important role in host-bacterial
interactions. The three genes, hprK, ptsM, and ptsO, are found
downstream of the conserved two-component system genes (BvrS/
BvrR, Exos/Chvl) associated with infection or symbiosis in all
pathogenic or symbiotic -proteobacteria (Sola-Landa et al., 1998;
Belanger et al., 2009). This genome structure shows a functional link
between PTS and BvrS/BvrR (Boel et al., 2003; Barabote and Saier,
2005). Both BvrR and ptsP seem to modulate the expression of the
QS modifier VjbR. VjbR, in turn, regulates virulence and
metabolic determinants.

BPE123 is a T4SS effector protein of Brucella, indicating that the
bacteria may manipulate the host carbohydrates synthesis or
decomposition pathways through T4SS effector molecules.
BPE123 interacts with the key glycolysis/gluconeogenesis host
enzyme oO-enolase, allowing it to bind to BCV and induce
structural or functional changes that result in o-enolase
activation. When this enzyme is depleted by RNA interference,
the intracellular replication of B. abortus in HeLa cells is impaired,
thus confirming the role of this protein in the infection process
(Marchesini et al., 2016). Current data indicates that T4SS and its
effector proteins could regulate the metabolic pathways of host cells
and contribute to the intracellular survival of bacteria. However,
how to control the secretion and action of effector proteins is still
unclear (Hayek et al., 2019).

5 Brucella regulates apoptosis

Regulating the macrophages’ apoptosis is also one of the
strategies used by Brucella to achieve intracellular persistence. By
regulating the apoptosis of these host cells, especially macrophages,
Brucella can reduce the bactericidal ability of immune cells. Brucella
can promote or inhibit apoptosis in different conditions. Studies
have shown that S type Brucella inhibited macrophage apoptosis,
while attenuated R type Brucella induced macrophage apoptosis
(Im et al,, 2016). This may be related to the dissociation of the
bacteria when they are released from the target cell. Gross et al.
demonstrated that B. suis could disrupt the TNF-o apoptosis
pathway by triggering cell signal transduction, by blocking the
core steps of cell apoptosis (Gross et al., 2000). Galdeiro et al.
found that the apoptosis of cells challenged with the B. abortus S19
strain was delayed when compared with lymphocytes and
monocytes from healthy controls (Galdiero et al, 2000). These
results suggest that Brucella is involved in the induction apoptosis,
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indicating that the immune system of the host in turn adapts them
to infection.

Brucella infection induced the expression of zinc finger protein
A20 in macrophages. A20, also known as tumor necrosis factor
alpha-induced protein 3 (ITNFAIP 3), is a dual inhibitor of
macrophage activation and apoptosis, A20 has important
physiological functions (Priem et al., 2020). On the one hand,
activation of nuclear factor-kB (NF-xB) can inhibit apoptosis
induced by tumor necrosis factor receptor 1 (TNFR1), and A20
can terminate the activity of NF-xB, so A20 can promote cell
apoptosis (Vallabhapurapu and Karin, 2009; Vereecke et al., 2009).
B. melitensis infection, on the other hand, significantly increases the
expression of the TNF-o gene in macrophages, and A20, as one of
the genes induced by TNF-o, also increases significantly (Wang
et al, 2011). TNF-o. induces macrophage apoptosis by signaling
through complex I, Tradd-TRAF2-RIP (Micheau and Tschopp,
2003). A20 can ubiquitinate these proteins for degradation (He
and Ting, 2002; Wertz et al., 2004). Therefore, A20 also has an anti-
apoptotic function in macrophages. The results of Wei et al.
revealed that A20 is involved in the inhibition of macrophage
apoptosis in the process of B. abortus infection. The lack of A20
will inhibit the growth of B. abortus in macrophages, but it is not
enough to trigger the apoptosis of macrophages. B. abortus induces
A20 to promote B. abortus intracellular growth by inhibiting
macrophage activation and apoptosis. This study provides a new
explanation for the ability of B. abortus to grow and replicate in
macrophages in the early stages of infection (Wei et al., 2015).

Reactive oxygen species (ROS) are the second messenger of
apoptosis (Carrasco et al, 2016). When cells receive apoptosis
signals, ROS levels increase, which may lead to increased Ca**
influx, upregulation of Bax, the opening of the mitochondrial
permeability transition pore (MPTP), activation of trypsin, and
eventual cell death (Sun et al, 2016). Different levels of ROS
determine apoptosis, necrosis, or the transformation from
apoptosis to necrosis. Excessive ROS can change the activity of
specific enzymes through redox reactions and participate in the
regulation of autophagy and programmed cell death, thus adversely
affecting the body. Therefore, ROS increased after apoptosis, which
in turn promoted apoptosis. The anti-apoptotic protein BCL-2
inhibits ROS-induced lipid peroxidation by inhibiting ROS
production. B. melitensis 16M can regulate the effects of the AIR
domain on inflammatory factors, autophagy, and apoptosis in
mouse macrophages through the ROS signaling pathway. The
ability of B. melitensis 16M to promote apoptosis increased with
infection time. AIR can also influence B. melitensis 16M-induced
apoptosis via the ROS pathway (Li et al., 2016).

Calcium-activated cysteine protease 2 (Calpain-2) regulates
macrophage apoptosis and necrosis under a variety of
pathological conditions. Normally, an increase in intracellular
calcium leads to the activation of Calpain-2, which induces
macrophage apoptosis. On the other hand, B. abortus infection
inhibits macrophage apoptosis by increasing intracellular calcium
content. Nedd4 participates in apoptosis by ubiquitination and
degradation of its substrates such as PTEN and caspase-9 (Ahn
et al., 2008; Fombonne et al., 2012). Caspase-3 is one of the most
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important executors of apoptosis, and it plays a major role in the
process of apoptosis (Cryns and Yuan, 1998). Current studies have
shown that B. abortus infection triggers the degradation of Calpain-
2 by activating Nedd4, and prevents the activation of the apoptotic
effector caspase-3, thereby, inhibiting macrophage apoptosis.
Calpain-2 is ubiquitinated by Nedd4, after infection with B.
abortus, and degraded as intracellular calcium increases. These
results indicate that after infection, B. abortus inhibits
macrophage apoptosis through Nedd4-dependent Calpain-2
degradation (Cui et al., 2014).

JAK2/STAT3 signal transduction pathway is an important
intracellular signal transduction pathway, as well as a common
pathway for many cytokines and growth factors. It plays an
essential role in cell proliferation, differentiation, apoptosis, and
immune regulation. B. melitensis M5-90 infection regulates the
apoptosis and proinflammatory response of RAW264.7 cells by
activating the JAK2/STAT3 signaling pathway. AG490 is an
inhibitor that inhibits JAK2 activity in macrophages of mice
infected with B. melitensis M5-90 (Luo and Laaja, 2004). AG490 at
various concentrations modulated the activation of the JAK2/STAT3
pathway to varying degrees but essentially inhibited TNF-ou
expression. TNF-o is involved in the induction of several distinct
immune responses to intracellular infections (Aggarwal, 2003).
Furthermore, TNF-o-mediated apoptosis is involved in the
pathology of chronic inflammation and autoimmune diseases
(Wang et al, 2009). TNF-o. activates TNF-o. receptor-1 and
induces apoptosis by activating caspase in the death receptor
pathway (Ashkenazi, 2002), implying that TNF-o can trigger
macrophage apoptosis via the JAK2/STAT3 pathway. At the same
time, TNF-o can also activate caspase-8 and caspase-3 to cause
apoptosis (Dbaibo et al., 1997), and BCL-2 can regulate this effect.
BCL-2 is an anti-apoptotic gene. Bax is a member of the BCL-2 family
and can promote apoptosis (Karabay et al., 2014). The results show
that the expression of caspase-3 and Bax decreased in RAW264.7 cells
infected with B. melitensis M5-90 treated by AG490, whereas the
expression of BCL-2 shows the opposite effect. In summary, B.
melitensis M5-90 activates the JAK2/STAT3 signaling pathway and
regulates TNF-o-induced apoptosis. Inhibition of the JAK2/STAT3
pathway can inhibit the Th1 immune response, inhibit apoptosis, and
contribute to the intracellular survival of B. abortus (Yi et al., 2018).

Other studies have shown that BR-LPS O chain polysaccharide
is also involved in the prevention of macrophage apoptosis. Zhang
et al. found that Brucella outer membrane protein Omp31 inhibited
TNF-o-mediated apoptosis during Brucella infection of
macrophages (Zhang et al., 2016). The study by Liu also proved
that the Omp31 protein could inhibit the apoptosis of microglia
(Liu and Ma, 2017).

6 Conclusions

The interaction mechanism between pathogen and host is very
complex, involving many biological factors and pathways. It is
known that the adaptive regulation of immune response,
metabolism, and apoptosis caused by Brucella after infection is
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necessary for its intracellular persistence and replication, and some
of these biological factors and pathways have multiple roles.
Although there have been a lot of related reports, there are still
many issues worthy of further study.
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Glossary
AcCoA Acetyl coenzyme A
B. abortus Brucella abortus
BCL-2 B-cell lymphoma-2
BCV Brucella-containing Vacuole

B. melitensis

Brucella melitensis

B. microti Brucella microti

B. neotomae Brucella neotomae

B. ovis Brucella ovis

BR-LPS core oligosaccharides

B. suis Brucella suis

Calpain-2 Calcium-activated cysteine protease

COG Conserved oligomeric Golgi

COPI Coated vesicles I

COPII Coated vesicles II

DC Dendritic cells

DHAP 3,4-dihydroxyacetophenone

ED Entner-doudoroff

EEA-1 Early endosomal antigen

EMP Embden-meyerhof-parnas glycolytic pathway
ER Endoplasmic reticulum

ERES Endoplasmic reticulum exit sites

ERGIC Endoplasmic reticulum-Golgi intermediate compartment
GlcK Glycerol kinase

GlpD G3P dehydrogenase

GpsA G3P dehydrogenase

G3P Glyceraldehyde 3-phosphate

Hsp60 Heat shock protein 60

IFN-y Interferon-y

IL-10 Interleukin-10

IRE1 Inositol-requiring enzyme-1

LAMP1 Recombinant lysosomal associated membrane protein 1
LDH L-lactate dehydrogenase

MPTP Mitochondrial permeability transition pore
NF-kB Nuclear factor-kB

NK Natural killer cell

OAA Oxaloacetate

PDH Pyruvate dehydrogenase

PEP Phosphoenolpyruvate

(Continued)
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Continued
PMN Polymorphonuclear
PP Pentose phosphate pathway
PPDK Pyruvate phosphodikinase
PrPc Cellular prion protein
PRR Pattern recognition receptors
PTS Phosphoenolated pyruvate phosphotransferase system
PYC Pyruvate carboxylase
PYR Pyruvate
QS Quorum sensing
ROS Reactive oxygen species
R type Rough type
SR-A Type A scavenger receptor
S type Smooth type
TCA Tricarboxylic acid cycle
TE Trophoblastic cell
TLR Toll-like receptors
TNF Tumor necrosis factor
TNFR1 Tumor necrosis factor receptor 1
T4SS Type IV secretion system
UPR Unfolded protein response
YiplA YPT-interacting protein 1A
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