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Abstract

In recent times, there has been a significant increase in studies focusing on immunological functions of autophagy,
however, knowledge of its roles and regulations in the central nervous system remains unclear. Present reviews
highlight the molecular cross talk between host cell autophagy with inflammatory pathways in the context of
neuro-infections. Intracellular pathogens might have an ability to manipulate the autophagy regulation process. An
augmented autophagy and inflammation at the site of infection is traditionally considered host protective. Moreover,
host cell autophagy might also facilitate pathogen survivability and multiplication in the brain environment.
Consequently, an excessive autophagy and neuroinflammatory process do put surrounding healthy brain tissue
at risk of pathogen invasion. The question arises, whether there are any known direct interactions of intracellular
neurotropic pathogens with this degradative pathway that favour intracerebral pathogen survival and growth? It
is worth exploring any such cooperation between pathogen factors and altered immune pathways that modulate
autophagy regulatory genes causing massive neuronal damage. A detailed understanding of molecular mechanisms
in microbial pathogenesis, neuroinflammatory and neuronal autophagy pathways might identify novel therapeutic
targets and diagnostic biomarkers.
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INTRODUCTION
Neurotropism of certain microbial pathogens could lead to neurological health problems in humans. It is
suggested that chronic infections in the central nervous system (CNS) might be associated with progressive

© The Author(s) 2018. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.

‘oqa > OAE Publishing Inc. www.nnjournal.net




Page 2 of 14 Sahu et al. Neuroimmunol Neuroinflammation 2018;5:2 | http://dx.doi.org/10.20517/2347-8659.2017.43

neurodegeneration and/or neurobehavioral abnormalities" . Prolonged CNS infections with neurotropic
pathogens, along with other underlying conditions such as autoimmune responses, vascular diseases, head
injury, cerebral edema, changes in neurotransmitter concentrations, nutritional deficiencies, heavy metal
poisoning, and effects of environmental toxins, might play roles in the pathogenesis of neurodegenerative
and/or neurobehavioral diseases®*. However, the role of any CNS infections in specific pathogenesis of
neuronal cell death has been not yet been conclusively established.

Intracellular pathogens can invade host cells, protecting them from the host’s systematic immune response’.,
However, they face a serious challenge within the infected cell, posed as competent hosts possess innate
immune mechanisms specifically tailored to eradicate foreign invaders. To combat this, infectious agents
follow one or more strategies in order to avoid host immune attack. These sophisticated strategies include:
lysis and escape from the phagocytic compartment; modifying the phagosome microenvironment; surviving
in acidic compartment. Some pathogenic agents might use more than one of the above strategies in order to
successfully survive within the host cell”.

Presently, it is important to highlight interactions between the neurotropic pathogens and the host’s immune
system in the brain micro environment to understand the mechanism of pathogen survival mechanisms, and
also the roles of host and pathogen factors in the pathogenesis of neurodegenerative and/or neurobehavioral
diseases. Thus, it is interesting to revisit and update on innate immunity in the CNS, and also to further
discuss the neuroinflammatory pathways which contribute to massive neurodegeneration in CNS infections
by many different neuropathogens.

Recent studies have shown that pathogen induced autophagy negatively influences its replication, as shown
in the case of Japanese encephalitis virus (JEV) infected mouse neuronal cells; autophagy has been found
to delay virus-induced cell death™. On the other hand, for some neuropathogens (Toxoplasma gondii and

other related parasites), an intrinsic role for autophagy has been identified in persistent infections""..

Besides autophagy being an intrinsic cellular defense mechanism against invading microorganisms, it
can also appear to be linked to a number of other human disorders, such as autoimmune diseases, sterile

[12]

inflammation, and even neoplasms"*. Moreover, knowledge of its roles and regulations in the central

nervous system remains unclear"”l.

The main purpose of the present review is to find out possible interactions of neurotropic intracellular
pathogens with neuronal cell autophagic process favoring the pathogen(s) for their intracerebral survival, as
well as multiplication in CNS infectious diseases.

IMMUNE RESPONSES OF THE CENTRAL NERVOUS SYSTEM

The innate immunity of the CNS includes complex signaling pathways and a network of cells. Previously
the brain was considered to be an immunologically privileged site in the human body. However, it is now
known to have the ability to synthesize and release various active mediators, and a few pro-inflammatory
molecules. The human brain also has the capacity to respond to any injury or insult, employing anti-
inflammatory and/or pro-homeostatic mechanisms. Researchers at the University of Virginia, School of
Medicine have discovered the presence of lymphatic vessels in the brain which connect the brain to body’s
immune system"*.

A major part of CNS immunity revolves around the temporal relationship between cellular injury and the
inflammatory response. Acute inflammation is the immediate response that occurs upon commencement
of any injury or insult. The blood components, such as polymorphonuclear leukocytes from peripheral
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circulation, have access to the CNS when the blood brain barrier (BBB) is compromised. In addition, with
the latest discovery of lymphatic vessels between the meninges and skull bones, inflammatory mediators
may have easier access to brain tissues. Even though these cells act as a defense system, they could contribute
to cellular damage when excessively deployed in the interstitial space. Inflammation in the brain becomes
chronic, and often pathological, when usually acute inflammation ceases in a short period and does not
contribute to repair.

The microglia activation mechanism is an important determinant in the protection of the neural parenchyma
in response to various infections, neuroinflammation, stroke, tumors, trauma, and neurodegenerative
diseases"”. Through a variety of mechanisms, activated microglia are the first cells in the CNS to respond
to neuronal damage; they are usually able to exert two opposing functions both promoting neuronal
regeneration, and killing neurons"*'*. Exerting either function is largely determined by the particular
conditions that evoke microglial activation”. However, the specific nature of any such constructive or
destructive mechanisms remains nebulous.

Activated microglial cells release a number of cytotoxic molecules in vitro, (i.e. proteases, reactive oxygen
intermediates, NO, cytokines, arachidonic-acid derivatives, excitatory amino acids, and quinolinic acid)""*,
HIV-infected mononuclear cells are known to produce low molecular weight neurotoxins, possibly causing
neuronal damage via N-methyl-D-aspartate receptors™’. The cytokine tumor necrosis factor-o. (TNF-01)
in the CNS produced by microglial cells could cause bystander damage during the demyelination process.
Moreover, the free oxygen radicals released by microglia have a direct toxic effect, as evident in co-cultures of
neurons and microglia®’. Mostly information on the cytotoxic properties of activated microglia are obtained
from in vitro cultures, and has not yet been replicated in vivo. Furthermore, the cytotoxic properties of
microglial cells are subject to considerable species variation; NO production is established for rat microglia,
but in humans astrocytes might contribute to NO synthesis in addition to microglia®.

AUTOPHAGY AND ITS REGULATING FACTORS UNDER PHYSIOLOGIC CONDITIONS

Autophagy is a cellular process that facilitates delivery of cytoplasmic constituents of eukaryotic cells for
lysosomal degradation for nutrients recycling, and survival during starvation®”. Physiologically, autophagy
removes damaged or obsolete intracellular organelles. Meanwhile, it protects the body against microbial

invasion by eliminating intracellular pathogens™".

Autophagy is induced by both metabolic and immune signals, comprised of pathogen recognition and
proinflammatory cytokine mediated stimulation®.

There are three different types of autophagy known to occur in mammalian cells. (1) Macroautophagy-
which relies on cytosolic double-membrane vesicle (autophagosomes) formation de novo, to sequester and
transport cargo to the lysosome. (2) Chaperone-mediated autophagy-where individual unfolded proteins
are transported directly across the lysosomal membrane. (3) Microautophagy- involving the direct uptake
of cargo through invagination of the lysosomal membrane. All these types of autophagy ultimately lead to
degradation of cargo and release of the breakdown products back into the cytosol for reuse by the cell®.

The degradative autophagy pathway is activated upon starvation, mediated through a protein kinase (Tor)®”. This
kinase might also inhibit the autophagy pathway, either by acting in a signal transduction cascade through
various downstream effectors, or by causing the ATG13 hyperphosphorylation®. Phosphorylated ATG13
has a lower affinity for the ATG1 kinase, and thereby a reduced interaction might inhibit the autophagy
process™!. The Gen2, along with its targets, eIF20, and the Gena transcriptional transactivator proteins in

the downstream, might also play a role in induction of autophagy™.
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Previously, studies on autophagy have been focused on its occurrences and association with nutrient
deprivation, as well as age-associated issues. However, recently, there has been a significant increase in
studies focusing on immunological functions of autophagy"?. In the context of infection, immunity, and
neurodegeneration, autophagy seems to have a pivotal role in neuronal homeostasis®. Its dysfunction
has been linked to several neurodegenerative diseases such as Parkinson’s, Huntington’s, and Alzheimer’s
diseases. As the first line of defense in brain, the autophagic pathway is known to be involved in both
physiological and pathological processes. However, its immunological role in the CNS environment is not
yet clearly studied.

Interplay between inhibitory cytokines and the autophagy process has recently been reported, which
reveals a novel mechanism by which autophagy could control the immune response. Interactions between
autophagy and the regulatory cytokines IL-10, transforming growth factor-f, and IL-27 are evident from
earlier studies"?. IL-37 and IL-35 are two newly discovered anti-inflammatory cytokines. IL-37 inhibits

[32

the production of pro-inflammatory cytokines in response to inflammation®?. IL-35 suppresses T cell
proliferation predominantly, and thereby inhibits its effector functions". The possible interactions between
above two anti-inflammatory cytokines, and autophagy have also been recently!”. However, no such

interaction in the context of the CNS environment is discussed in literature.

AUTOPHAGY INDUCTION AND ITS ALTERATION FOLLOWING INFECTION

Accumulating evidence demonstrates that autophagy plays a protective role against infectious diseases by
diminishing intracellular pathogens, including bacteria, viruses, and parasites. The following section will
summarize the interplay between autophagy induction and infection due to various microbial agents.

Several intracellular bacterial agents, such as Anaplasma phagocytophilum, Brucella abortus, Coxiella
burnetii, Legionella pneumophila, and Staphylococcus aureus, have the potential to alter the autophagic
pathway to their own advantage®. These bacterial agents might stimulate their uptake and internalization
into autophagosomes by secretion of special effector molecules™. Moreover, these pathogens seem
to be efficiently grown within auto-phagosome compartments. Additionally, survival of some of these
microorganisms is experimentally inhibited by using some autophagy inhibitors, and even their survival is
compromised when grown within cells of deficient or defective ATG5 gene**.

Some studies have reported that some pathogenic bacteria also have ability to manipulate autophagy
regulation processes at gene transcription level. For instance, Francisella tularensis, Yersinia enterocolitica,
and Burkholderia cenocepacia can down-regulate the transcription of important autophagy-related (ATG)
genes. Thus, they reduce the activity of autophagy at cellular level during infection. Conversely some
pathogens up-regulate autophagy at gene level, which could augment inflammation at the site of infection.
As previously discussed, prolonged inflammation could result in further injury to surrounding body tissues.
In addition, the autophagic pathway is known to be exploited by RNA viruses (e.g. mouse hepatitis virus,
rhinovirus and poliovirus), for promoting RNA replication with membrane scaffold””. In this review, the
interactions between different CNS intracellular pathogens and autophagic genes, along with the resulting
autophagic and inflammatory processes are being studied.

The presence of pathogenic antigens can induce autophagic genes through a stratified array of principal
immunological processes, and therefore result in augmented autophagy and inflammation at the site of
infection, which limits bacterial proliferation. However, as mentioned above, excessive autophagy and
inflammatory process do put surrounding healthy brain tissue at risk.

A detailed understanding of molecular mechanisms in neuroinflammatory and neural cell death/autophagy
dysfunction pathways might identify interesting targets for drug-discovery and biomarker identification in
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various CNS disorders. Also, there is potential for precise anti-inflammatory drugs in future that may
interfere with these genetic mechanisms, allowing more tailored therapeutics.

Modulation of expression profiles of autophagic genes in response to infection

Listeria Monocytogenes is an intracellular Gram positive bacterium which can cause gastroenteritis. Upon its
hematogenous dissemination it can breach BBB and thus cause meningitis, meningoencephalitis, and brain
abscesses. An experiment using quantitative polymerase chain reaction (q-PCR) arrays containing 84 genes
to analyse the expression profiles of autophagic genes in response to L. monocytogenes infection were carried
out in rat brains. It was shown that 7 out of 84 genes were clearly modified with TNF, which functions to
limit brain damage, being the most highly up-regulated gene after infection”". The expression of chemokine
(C-X-C motif) receptor 4, and the insulin-like growth factor 1 that act as co-regulators of autophagy pathway,
were down-regulated. Only the expression of core autophagy gene ATG12 was modulated by infection.

During primary infection, intracellular L. monocytogenes along with infected host cells are usually targeted
for degradation by autophagy. Once entering human body, L. monocytogenes are endocytosed into a vacuole,
and listeriolysin O (LLO) is secreted to perforate the vacuole membrane, and subsequently gain access into
the host cell cytosol. Subsequently, the product of the actA gene induces the polymerization of host actin,
which eventually forms a tail, propelling bacterial movement within host cytosol for cell-to-cell spread. In this
study of utilizing wild-type L. monocytogenes to infect mouse embryonic fibroblast cells, it is demonstrated
that induction of protective autophagy pathway depends on expression of LLO, suggesting that vacuole
permeabilization is a prerequisite for autophagy. On top of that, a mutant L. monocytogenes strain deficient
of bacterial phospholipase production, has been degraded due to autophagy. It suggests that phospholipases
plays a role in evasion of autophagy. Hence, it is hypothesized that the therapeutic target of actA as well
as genes coding for phospholipases, might enhance autophagy, resulting in eradication of intracellular L.
monocytogenes. Thus, identification of genes modulated upon infection in brain cells, as well as the mechanism

of resulting autophagy, may confer a new strategy for therapeutic intervention in infectious disease**!..

Pathogen adaptations to host cell autophagy

Infectious agents which successfully parasitize their target cells have evolved to develop multiple strategies
to dampen autophagy-dependent activation of host immune responses. So far, the types of identified
microbial adaptation mechanisms can be broadly classified as strategies to: (1) prevent autophagy induction;
(2) avoid pathogen recognition by the autophagic machinery; (3) prevent the autophagosome maturation
into autolysosome; and (4) utilize components or functions of the autophagic mechanism to facilitate

intracellular survival, multiplication, and release of intracellular microbes out of the infected cell*?.

Herpes simplex viruses (HSVs) are able to inhibit autophagy in neurons, and subsequently confer neuro-
virulence by three main mechanisms, including the blockage of autophagy-stimulatory protein kinase
resource (PKR) signaling, blockage of Beclin-1, or via the activation of mTOR signaling. In HSV-1, the
utilization of a single viral virulence protein ICP34.5 to block the Beclin-1 dependent autophagy has been
shown to be essential for HSV-1 encephalitis”. Of interest, it has been suggested that the inefficient fusion
between lysosomes and autophagosomes in HSV-infected cells is caused by oxidative stress, which is
reported to be associated with neurodegeneration™*!.

Coxsackievirus has been shown to utilize autophagosomes for replication, in which it limits autophagosome
and lysosome fusion by increasing light chain 3 (LC3) cleavage. It has been hypothesized that this is achieved
by increasing a protein-activated signaling cascade, known as the calpain-dependent pathway"*.

A proposed mechanism of L. monocytogenes meningitis is that this intracellular pathogen camouflages and
avoids recognition, subsequently rapidly replicating in the host cytosol by assembling host cell proteins to
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the bacterial cell surface via ActA ot InlK proteins. Also, L. monocytogenes phospholipase C is used to avoid
autophagy by decreasing autophagic flux, diminishing host PI3P stores, and inhibiting the maturation of
preautophagosomal structures™**.

It is reported with evidence that autophagy plays a pivotal role as a major defense mechanism in host cells,
not only in the brain, but in other cells as well. Recently, a number of reports have successfully elaborated
the scope of the autophagic process in immunity, being evolved from an antimicrobial defense mechanism
to a complex immunological process that plays a major role in adaptive immunity, innate immunity, and
inflammation. In the support of the importance of autophagy as a key defense mechanism, it is now clear
that highly evolved intracellular pathogens possess specialized anti-autophagic adaptations to block or
hinder their elimination. Looking forward, it will be necessary to further understand how different microbes
manipulate autophagy, and their interaction with host autophagy mechanisms, to provide a potential source
for the development of antimicrobial treatment modalities that antagonize the pro-microbe responses, at
the same time promoting the anti-microbe functions of autophagy.

Autophagy induction and intracellular replication in viral central nervous system infections
There is a growing list of viruses which have been studied for relating their interactions with autophagy.
For numerous viruses, there is a link between infection and autophagy. Certain viruses are responsible for
the induction of an autophagic event, while others are involved in the intermediate processes of autophagy.
Research has shown that autophagy not only plays a role in JEV and dengue infection, but also positively
regulates the virus replication”. It is a well-known fact that energy is required for any cellular replication. In
dengue viral infection, autophagy is shown to be connected to lipid metabolism in the virus, thus providing
free fatty acids for synthesis of ATP". This strongly suggests that the principle role of autophagy in dengue
virus replication is for the regulating lipid metabolism. In contrast to dengue virus, the autophagic vacuole
shows no evidence of being the site of replication for JEV. However, this finding is not consistent with
the experiments conducted by Jin ef al.*” and Wang et al."*”, who stated that the accumulation of the
autophagosome and the autophagosome-lysosome fusion are essential to promote JEV replication”*, In
addition to initiating autophagy, viral intrusion also affects the intermediate step of the event. Evidence
which supports this statement is the accumulation of p62 protein (which is degraded by autophagy process)
in simian immunodeficiency virus (SIV)-infected brain tissues™.

It is also vital to find out if viral-induced autophagy will result in changes in the number of autophagosomes,
which signifies the initiation of autophagy. Intriguingly, in the SIV-infected neurons, there is a significant
reduction in the autophagosomes, in addition to changes in the distribution of the autophagosomes in the
neurons”™. The decrease in the number of autophagosomes may be due to the loss of neurons. This observation
also implies the lack of initiation of autophagy in SIV infection. Further studies to test for the autophagic flux
need to be carried out in order to determine how these two interact. Analysis showed that in SIV-infected
microglia, there was loss of the neuronal processes and a decrease in the number of autophagosomes in the
remaining processes; however the number of autophagosomes in the soma of the neurons remained constant.
These findings demonstrate two reasonings: lack of initiation of the autophagy, and the increased clearance of
the autophagosomes during the intermediate process. Further studies are required to analyze the importance
of autophagosomal distribution in the pathogenesis of viral infection in microglia. It is interesting to note
that rapamycin pre-treatment (an autophagy inducer) protected against the neurotoxic effects of the SIV,
although the pre-treatment failed to recover the number of neurons to baseline level®. This indicates that
autophagy might be one of the many pathways which serves to protect neurons in viral infections.

Increased hepatitis C virus replication and neurotoxicity with elevated autophagy
Even though hepatitis C virus (HCV) is a hepatotropic virus, this infection is also considered a systemic
disease with extra-hepatic manifestations. Up to 50% of patients with chronic HCV infection have
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neuropsychiatric disorders. HCV RNA is detected in CD68+ cells of the CNS (macrophages/microglial)
from 8 cases, suggesting direct HCV neuro invasion™. It is hypothesized that presence of lymphatic vessels
in the brain might be the main pathway allowing infected peripheral blood monocytes to cross the BBB,
and to serve as a precursors of the CNS microglia in addition to TNF-o, and IL- 8 secreted by microglial
cells infected with HCV. These two proinflammatory cytokines are toxic to neurons. They mediate a local
inflammatory response and are highly associated with neuropsychiatric disorders. Transcription factor NF-«xB
is reported to be involved in cytokine gene expression. Therefore, blocking NF-kB can be a therapeutic
approach to controlling HCV mediated neuroinflammation®?.

According to the above study, viral core proteins have been observed to activate microglial cells, astrocytes,
and macrophages of patients infected with HCV. It has been shown that activation of microglial cells
and subsequent diffusion of pro-inflammatory cytokines into the brain occurs as a result of changes in
permeability of the BBB due to induced apoptosis of the brain microvascular endothelial cells in which the
HCYV virus replicates”.

Particularly, HCV proteins (core and non- structural) have been demonstrated to be involved in neurotoxicity
in two ways.

(1) Direct exposure of primary human neurons to core proteins of HCV causes neurite retraction, leading to
suppressed neuronal autophagy in the brain. It has been demonstrated that the level of ILC3 is a marker of
autophagosome formation. LC3 is highly expressed in human fetal neurons (HFN) exposed to Gal protein,
while LC-II expression is significantly reduced in HCV core- exposed HENs. It is suggested that HCV
core proteins have the capability to inhibit LC3-I to LC3-II conversion, thereby reducing autophagosome
formation in HCV core-exposed HFNs. Moreover, Gal-exposed neural cells demonstrated that HCV core
proteins are active at directly at the neuronal membrane, contributing to the death of neurons by modulating
the autophagy pathway'**..

(2) HCV proteins activate by both toll-like receptor 2 (TLR2) signaling and extracellular signal-related
kinase (ERK). Prolonged TLR2 mediated activation of ERK has been found to result in neuronal injury/
neurotoxicity.

In addition, a recent study reported that HCV triggers an unfolded protein response (UPR) and
subsequently activates autophagy. Viral infection is often known to cause stress to endoplasmic reticulum
(ER), and UPR (a signaling network) is specifically activated to restore ER homeostasis, refold misfolded
proteins, and trigger the initiation of forming autophagosomes'*. Consequently, it promotes the replication
of HCV. However, under circumstances where accumulated unfolded and misfolded proteins in ER lumen
are unresolvable, UPR can lead to apoptosis, resulting in chronic disorders such as neurodegeneration. In
contrast, has also been reported that deficiency of ATG7 can reduce the synthesis of infectious HCV virion

particles without significant effects on the viral protein expressions and/or RNA biosynthesis'®.

Moreover, according to the study, interference and subsequently loss of UPR-autophagy by gene silencing
activates the innate immune response. It has been demonstrated that stable silencing of ATGS5, or a UPR-
activated transcriptional factor, CCAAT/enhancer binding protein homologous protein (CHOP) could
further upregulate HCV pathogen-associated molecular pattern (PAMP)-triggered interferon-beta (IFNB)
promoter activity and IFNB mRNA level. In addition, attenuated UPR-autophagy also remarkably elevated
the downstream innate immunity pathways to inhibit replication of HCV in a paracrine fashion. Most
importantly, it also demonstrated that a UPR-autophagy suppressing antiviral innate immune response
can occur independently of this virus infection. Thus, interference in the UPR-autophagic pathway by gene
modification exhibits therapeutic potential in suppressing viral replication®”.
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Proviral role of autophagy in Japanese encephalitis virus and dengue virus infection

JEV is a mosquito-borne enveloped flavivirus with a positive-sense RNA genome, which causes acute
encephalitis with high mortality in humans. Autophagy has been shown to be induced in human natural
killer cells infected with an attenuated (RP-2ms) JEV strain, especially at the later stage, and to a lesser extent
with a virulent (RP-9) strain"*”. In this study, the induction of autophagy by rapamycin was shown to enhance
JEV replication, whereas 3-methyadenine mediated inhibition of autophagy reduced viral replication for
both the strains of JEV. In addition, knockdown of ATG5 or Beclin 1 expression in cells also reduced JEV
replication, suggesting a proviral role of autophagy in JEV multiplication. It has been shown that following
endocytosis, the internalized JEV particles are targeted to preautolysosomal vacuoles (amphisomes) for viral
uncoating. It is also hypothesized that an enhanced autophagy would increase the synthesis of viral RNA,
leading to a raised viral protein expression level and yield of virus. In short, autophagy positively regulates
JEV replication™”.

Lately, the efficient dengue virus replication has been shown to be facilitated by an autophagy-dependent
lipid droplets processing. Free fatty acids release, augmented cellular beta- oxidation, and ATP generation
have provided energy and nutrient sources for viral production. It is noteworthy that dengue virus is also
one of the members of Flaviviridae family™. In other words, therapeutic potential which inhibit autophagy
upon infection has bacteriostatic effect too™,

Contradictory findings of interaction between autophagy and HIV 1 virus in central nervous
system infection

The autophagy in the brains of the HIV patients do not have any direct effect on neurons. However,
neuronal dysfunction due to inflammation and the massive involvements of macrophages in HIV-induced
encephalitis is apparent®’. Wilcox et al."! reported a positive correlation of autophagy and apoptosis in
the viral infected regions of neonatal brains, compared to adult brains which showed a negative relation in
autophagy and apoptosis. This statement is supported by the observation made, that knock-out of ATG7
in neonates resulted in decreased apoptosis'®'. Through this disconnection in the observations, it can be
inferred that autophagic processes may be age dependent, particularly in the developing brains.

HIV destabilizes autophagy to facilitate self-replication, affecting genes essential for HIV replication (ATG7,
MAP1LC3B, ATG12 and ATG16L2 involved in nucleation, and elongation of autophagosomes; CLN3 and
LAPTMS5 involved in lysosomal functioning) which are identified using small RNAi screening'®>*!. Studies
elsewhere also demonstrated that replication of HIV is inhibited due to autophagy-associated silencing of
genes: BECN1 and ATG5 in macrophages and BECN1 and ATG7 in monocytes. BECN1 encodes for Beclin1
which is involved in regulation of autophagy in human body. HIV elicits autophagy activation but blocks
the process of late proteolysis'®.

Furthermore, in recent studies, HIV has been shown to inhibit autophagy in HIV-uninfected bystander
cells. Also HIV Tat is known to inhibit interferon-gamma (IFN-y) induced autophagy in macrophages
that are uninfected by inhibiting STAT1 phosphorylation. As a consequence, immune effector mechanism
for targeted intracellular pathogens destruction is attenuated, and HIV patients are more susceptible to
infections such as tuberculosis and toxoplasmosis'®. In contrast to the effect of Tat on on non-infected
macrophages, HIV Env protein enhances apoptotic death of uninfected neurons and CD4+T cells, through
a mechanism that involves accumulation of BECN1 as well as autophagy induction'®”..

In the postmortem examination of the frontal cortices of both HIV-infected patients and non-infected
individuals, autophagic markers were assessed by Western blotting and microscopy (confocal/electron).
Autophagic proteins Beclin1, autophagy-related genes ATG5, ATG7 and LC-II were observed to be significantly
activated in brains from HIV-1 encephalitis cases. Autophagosome development needs Beclin1 for nucleation,
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whereas covalent binding of ATG5 to ATG12 regulates vesicle elongation, following a pathway catalyzed by
ATG7 and ATG10"". In other words, the level of autophagy is likely increased in encephalitis caused by HIV.
Additionally, autophagic protein levels and autophagosome formation are reported to be increased in the
neurons of those treated with CXCR4- or CCR-tropic HIV-1 gp 120. In contrast, no increase in the extent of
autophagic death is observed in the brains of non-encephalitic HIV patients compared to HIV-uninfected
subjects. Therefore, the above study suggested that although autophagy could help neurons to sustain survival,
the enhancement in autophagic death contributes to encephalitis and so also to cognitive impairment. Hence,
the above study suggested that by combining drugs that reduce autophagic activity alongside anti-retroviral
medications, the neurological deficits associated with HIV-1 infection could be prevented or reversed, since
dysregulation of autophagy is highly correlated with pathogenesis of neurological HIV infection. Experiments
in the future are needed to investigate further whether the process of autophagy leads to completion in the

brains, or if there is any accumulation of autophagic proteins without autophagy-related degradation'®>*").

Sindbis virus infection of central nervous system induces autophagy

In this study, it has been demonstrated that Sindibis virus (SIN) infection induces autophagy in virally
infected neurons in vivo, and viral antigen colocalizes with autophagosomes in neurons. It is important to
note that ATG gene ATGS5 encodes an essential component of ATG5-ATG12-ATG16 conjugation system,
and is required for formation of autophagosomes'**’.

The role of the autophagy gene ATGS5 is very essential for providing protection against infection with lethal
SIN in the mouse CNS. Inactivating ATG5 in SIN-infected murine neurons results in a late viral protein
clearance, an increased accumulation of adaptor protein p62, and enhanced neuronal death, however the
viral replication levels remain unaffected. In vitro, the cellular protein pé2 interacts with capsid protein
of SIN and is required for capsid targeting to the autophagosome. Genetic deficiency of pe2 blocks the
targeting of viral capsids to autophagosomes, accelerates viral capsid aggregation, and thereby increases
virus-induced cell death without hampering virus multiplication. In other words, increased SIN-induced
animal mortality is not due to a direct role of neuronal ATGS5 in the control of viral replication or regulation
of innate immune signaling. Rather, the disruption of neuronal ATG5 function leading to neuronal death
was actually associated with impaired SIN protein clearance. In this study, one plausible explanation is that
in post mitotic cells such as neurons, the failure to properly clear viral proteins by autophagy results in

cellular toxicity and increased animal lethality'*”.

Transmissible spongiform encephalopathies associated pathological implications of autophagy
Though the autophagy process of cell death has been identified in scrapie (experimental infections) for
quite some time this has only recently been reevaluated as a possible cell death process in prion diseases'*”.
However, apoptosis is generally assumed to be the cause of neuronal death in transmissible spongiform
encephalopathies (TSE)"**”.. These pathologies of TSE, and many other neurodegenerative conditions, are
characterized by the accumulation of aggregated and misfolded proteins in the brain; autophagy may be
playing a protective role by removing such “toxic” protein aggregates”™ .

The scrapie responsive gene 1 (Scrgl) encodes a cysteine-rich protein that is highly conserved and expressed
primarily in the CNS. This protein is targeted to the Golgi apparatus as well as large dense-core secretory
granules in neuronal cells'*”. It has been recently demonstrated that the Scrg1 protein is induced widely in
scrapie-infected murine neurons, suggesting that Scrg1 plays a role in the neuronal death and/or the host
response to stress. The consistent association of autophagic structures (typical of scrapie) with Scrgl is in
agreement with the recruitment of Golgi-specific proteins during this process of degradation, and therefore
it is suggested that Scrg1 might be used as a specific probe to identify the process of neuronal autophagy in
TSE'*".
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REGULATION OF AUTOPHAGY IN PERIPHERAL NEURONS

For decades, autophagy has been closely associated with both nutrient acquisition and pathogen destruction.
In the apparent coevolution with pathogens, adaptive immune protection mechanisms of higher eukaryotic
organisms such as human beings have also learned to exploit autophagy. Autophagy has evolved from a
nutrient providing pathway to one which aids in higher functions in the innate, adaptive and cell-intrinsic
immunological pathways.

Hence, it is not a surprise that autophagic pathways do indeed cross talk with innate immunity mechanisms,
contributing to the combat of pathogenic infiltration. Though research into how pathogens obtain nutrients
remains in its infancy, it has always been speculated that pathogens require autophagy as one of the many
sources of intracellular nutrients, to survive and propagate in their host cells. All aspects considered, the
critical questions that remain unanswered are, which nutrients do pathogens acquire from autophagy, and
what is the degree to which they rely on these nutrients.

Neuronal autophagy is regulated uniquely, andis also adapted to a great extent along with local axonal
physiology. Moreover, the detailed mechanism for neuronal autophagy might be significantly different to
classically induced autophagy. In recent times, several studies have shown the importance of autophagy in
various neurodegenerative conditions; studies have also identified autophagic process to be a potential target
in drug discovery. Therefore, further understanding of the process of autophagic death of neuronal cells
would eventually aid in novel drug target identification and rational designing of drug screening protocols

in order to combat various neurodegenerative conditions™.

Itis a good idea to identify some therapeutic agents that can control autophagy during infection, particularly
when massive autophagic neural cell death causes the major pathology that might be induced possibly by
some pathogen factors. Therapeutic manipulation of the interactions between autophagy and inhibitory
cytokines might represent a novel method of regulating the immune response, and thereby a more facilitated

clinical translation?.

Only very limited information is available on possible therapeutics to inhibit autophagy in terms of
providing protection, particularly in the case of excessive autophagic death in neurodegerative disorders.
Inhibiting transglutaminase 2 (T'G2), which is a multifunctional protein having implications in diverse
pathophysiological processes, might offer a novel therapeutic approach for managing excessive autophagy".
Inhibition of the enhancer of zeste homolog 2 (EZH2) gene expression has also been shown to inhibit
autophagy significantly, as reported in a study on human ovarian cancer where EZH2 expression could
reverse the cisplatin resistance by inhibiting autophagy””. Downregulation of the methionine synthase
reductase (MTRR) gene might also be an approach to inhibit the PI3K/Akt autophagy pathway; in a recent
study, MTRR silencing could significantly increase cisplatin-induced apoptosis and reduce the autophagy
induced by cisplatin in SKOV3/DDP cells"™. The glucose regulated protein 78 (GRP78) is also known to
affect autophagy and apoptosis; particularly in ovarian cancer cells. GRP78 is reported to have a regulatory
role in expressions of Beclin1, Bcl-2 and CHOP, thereby affecting the sensitivity to cisplatin in ovarian
carcinoma, which may be a new method for ovarian carcinoma treatment through improvement of the
sensitivity to cisplatin. However, there is no study done to validate such hypotheses regarding the possible
role of inhibiting excessive neurodegeneration due to autophagy in minimizing the bulk self-digestion of

[75

the neuronal cells.

CONCLUSION AND RECOMMENDATION
The presence of antigenic stimuli of pathogens can induce autophagic genes through a stratified array of
principal immunologic processes, and therefore result in augmented autophagy and inflammation at the
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Figure 1. Schematic presentation depicting possible cooperation between pathogen factors altering immune inflammatory pathways in general
influencing host cell autophagy regulatory genes (hypothetical) that cause a massive neuronal damage in certain intracranial infections

site of infection, which is considered to be protective to the host. However, an excessive auto-degeneration
of the neuronal cells can be harmful. The question arises, whether there are any known direct interactions
of intracellular pathogens (having neurotropism) with this degradative pathway that favor the pathogens for
intracerebral survival and growth? It is worth exploring if there is any cooperation between pathogen factors
altering immune inflammatory pathways, thereby influencing host cell autophagy regulatory genes that cause
massive neuronal damage in intracranial infections as hypothesized presently [Figure 1]. Targeting some key
pathways with respect to infectious causes of neurodegeneration will be the need of tomorrow’s new drug
discovery that may or may not include the targeting of autophagy for minimizing brain matter degeneration.
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