Neurotropic Viral Persistence:
Mechanisms of Invasion, Latency, and
Chronic Neuropathogenesis

1. Introduction: The Central Nervous System as a Viral
Ecological Niche

The Central Nervous System (CNS), comprised of the brain and spinal cord, has traditionally
been conceptualized as an immune-privileged sanctuary, physically sequestered from the
systemic circulation by the Blood-Brain Barrier (BBB) and chemically insulated from the robust
immune surveillance that characterizes peripheral tissues. This architectural isolation, evolved
to protect non-regenerative neuronal networks from potentially destructive inflammatory
responses, paradoxically renders the CNS a distinct and highly specialized ecological niche
for a specific subset of pathogens: neurotropic viruses.

The query regarding which viruses can live in the brain and why is not merely a question of
cataloging pathogens; it requires a fundamental dissection of the molecular interplay between
viral evolution and neural architecture. "Living" in the brain encompasses two distinct
biological phenomena: acute invasion with high-titer replication (as seen in Rabies or
Japanese Encephalitis) and long-term persistence or latency, where the virus establishes a
chronic residency, often lasting the lifetime of the host (as seen in Herpesviruses or Measles
SSPE).

Recent research has dismantled the binary notion of the BBB as an impenetrable wall,
revealing it instead as a dynamic interface that neurotropic viruses have evolved to unlock,
bypass, or breach. Furthermore, the discovery of the glymphatic system—a macroscopic
waste-clearance system utilizing perivascular tunnels formed by astroglial cells—has
fundamentally altered our understanding of CNS immunology, suggesting that the brain is far
more interacting with the peripheral immune system than previously believed.

This report provides an exhaustive analysis of the viral agents capable of infiltrating the CNS,
the specific cellular and molecular mechanisms they employ to traverse the BBB, the
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sophisticated strategies utilized to establish latency, and the downstream consequences of
this persistence, ranging from acute encephalitis to chronic neurodegenerative conditions
such as Multiple Sclerosis (MS) and Amyotrophic Lateral Sclerosis (ALS).

2. The Architecture of Invasion: Breaching the
Blood-Brain Barrier

The primary obstacle to viral infection of the brain is the blood-brain barrier (BBB), a highly
selective semipermeable border of endothelial cells. These cells are stitched together by tight
junctions (TJs) composed of proteins such as occludin, claudins, and zonula occludens-1
(2O-1), which effectively restrict paracellular diffusion of hydrophilic molecules and
pathogens. For a virus to establish a foothold in the CNS, it must first negotiate this
formidable defense using one of three primary strategies: paracellular entry (breaking the
barrier), transcellular transport (moving through the cell), or the "Trojan Horse" mechanism
(hitching a ride).

2.1 The "Trojan Horse" Mechanism: Hijacking Immune Mobility

One of the most insidious methods of neuroinvasion involves the infection of circulating
leukocytes—monocytes, macrophages, or T cells—which naturally possess the ability to
traverse the BBB during immune surveillance or inflammation. This strategy, known as the
"Trojan Horse" mechanism, effectively camouflages the virus from the endothelial defenses.

This is a primary route for Retroviruses like Human Immunodeficiency Virus (HIV) and Human
T-lymphotropic virus 1 (HTLV-1).% In the context of HIV, the virus targets CD4 and CCR5
receptors on monocytes and macrophages. Under normal physiological conditions, these
cells can cross the BBB to conduct surveillance. However, when infected, these cells not only
transport the viral payload into the brain parenchyma but also secrete viral proteins (such as
Tat and gp120) and inflammatory cytokines that further compromise BBB permeability.® This
creates a self-perpetuating cycle: the entry of the first infected cells triggers a local
inflammatory response, attracting more immune cells, which in turn brings more virus into the
protected space.

This mechanism is not exclusive to retroviruses. Emerging evidence suggests that arboviruses,
including West Nile Virus (WNV) and Zika Virus (ZIKV), may also utilize the diapedesis of
infected immune cells to access the CNS.° In cases of severe Dengue virus infection, the

Prepared for Dr. James Truchard and Benjamin Gustafsson
Drafted by Gemini3.0



recruitment of immune cells to the CNS, ostensibly to fight the infection, inadvertently
increases the viral load within the parenchyma.®

2.2 Transcellular Transport: Receptor-Mediated Endocytosis

Some viruses possess the specific molecular keys to unlock the endothelial cells of the BBB
themselves. This occurs via transcytosis, where virions are endocytosed on the luminal
(blood-facing) side of the endothelial cell and exocytosed on the abluminal (brain-facing) side
without necessarily replicating within the endothelial cell itself.°

Flaviviruses are particularly adept at this. West Nile Virus (WNV) and Japanese Encephalitis
Virus (JEV) can directly infect endothelial cells or pass through them via receptor-mediated
endocytosis. The efficiency of this transport is often dictated by the expression of specific
adhesion molecules. For instance, WNV entry is facilitated by av33 integrin and DC-SIGN
receptors, which are expressed on the surface of microvascular endothelial cells.’ The virus
exploits these receptors, which physiologically function in cell adhesion and signaling, to trick
the cell into internalizing the viral particle.

2.3 Paracellular Entry: Degrading the Tight Junctions

The third mechanism involves the physical disruption of the tight junctions that seal the BBB.
This is rarely a passive process; rather, it is often an active result of the "cytokine storm"
induced by systemic infection.

Pro-inflammatory cytokines, particularly Tumor Necrosis Factor-alpha (TNF-a), Interleukin-1
beta (IL-1B), and Interleukin-6 (IL-6), are potent downregulators of TJ proteins. When a virus
like the Mouse Hepatitis Virus (a coronavirus model) or highly virulent strains of Influenza
infect the host, the resulting systemic immune response leads to a downregulation of ZO-1
and occludin.” This "loosens" the endothelial seal, allowing viral particles to diffuse between
cells (paracellularly) into the CNS.

Furthermore, Matrix Metalloproteinases (MMPs) play a critical, destructive role in this process.
MMPs are enzymes capable of degrading the extracellular matrix and junctional proteins.
During severe viral infections, MMP expression is upregulated, directly digesting the structural
components of the BBB." Interestingly, the host has counter-mechanisms; signaling via
Interferon-beta (IFN-[3) and TAM receptors (Tyro3, Axl, Mer) serves to stabilize endothelial
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tight junctions and enhance barrier integrity."” Thus, the integrity of the BBB during viral
infection is a dynamic equilibrium between viral-induced cytokine damage (MMPs, TNF-a)
and host-mediated repair signals (IFNs, TAMs).

2.4 Retrograde Axonal Transport: The Neural Highway

Certain neurotropic viruses bypass the BBB entirely by infecting peripheral nerve endings and
utilizing the host's own transport machinery to travel inside the axons to the CNS. This is the
hallmark mechanism of the Rabies virus (RABV), Poliovirus, and Herpes Simplex Virus (HSV)."

Rabies virus enters motor neurons at the neuromuscular junction. It binds to nicotinic
acetylcholine receptors (nAChR) or the Neural Cell Adhesion Molecule (NCAM), enters the
axon, and associates with the dynein motor complex. Dynein is the cellular motor responsible
for retrograde transport (moving cargo toward the cell body). RABV effectively hijacks this
system, traveling along microtubules to the neuronal soma in the spinal cord and brainstem.™
This transport is not merely passive; the binding of RABV to the p75 neurotrophin receptor
(p75NTR) may accelerate this retrograde transport, allowing the virus to reach the CNS with
remarkable speed.’®

3. Neuroinvasion Strategies by Viral Family

The specificity of neurotropism—why a virus targets the brain and not the lungs, or specific
neurons and not astrocytes—is dictated by the presence of viral entry receptors on CNS cells.
The following analysis breaks down the specific mechanisms employed by major neurotropic
viral families.

3.1 Flaviviridae: WNV, JEV, and Zika

The Flaviviruses are primarily arboviruses (arthropod-borne) that have evolved efficient
mechanisms to invade the vertebrate CNS. They are responsible for a significant burden of
viral encephalitis worldwide.

e Japanese Encephalitis Virus (JEV): JEV is strictly neurotropic and causes severe
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inflammation. A key mechanistic insight into JEV pathogenesis is its exploitation of the
dopaminergic system. Research indicates that JEV infection leads to elevated dopamine
levels, which in turn enhances viral entry into cells expressing the Dopamine D2 Receptor
(D2R)." This explains the virus's specific tropism for the midbrain and striatum, regions
rich in dopaminergic neurons. By mimicking physiological ligands or exploiting the
signaling cascades of dopamine, JEV gains access to the neuronal cytoplasm.
Additionally, JEV can enter cells via GRP78 (BiP), a heat shock protein overexpressed on
the surface of stressed cells."”

e West Nile Virus (WNV): WNV demonstrates a capacity for long-term persistence,
particularly in the kidneys and CNS, even in immunocompetent individuals. This
persistence is associated with chronic symptoms such as memory loss and weakness.*°
WNV can persist in the CNS of mice for up to 6 months post-infection, suggesting that
what is often termed "recovery" may actually be a transition to a low-level chronic
infection.”’

e Zika Virus (ZIKV): The 2015-2016 Zika epidemic highlighted a novel form of
neurotropism: the targeting of Neural Progenitor Cells (NPCs). Unlike other flaviviruses
that target mature neurons, ZIKV preferentially infects developing NPCs, leading to cell
cycle arrest and apoptosis, which manifests clinically as congenital microcephaly.?? While
initial studies implicated the AXL receptor as the primary entry gate, subsequent in vivo
models (Axl knockout mice) showed that AXL is not essential for replication, suggesting
the existence of redundant entry pathways or alternative receptors like Tyro3.%
Furthermore, ZIKV degrades perineuronal nets (PNNs) in neonates, structures critical for
synaptic stabilization, which may lead to neurodevelopmental deficits even in the
absence of gross morphological defects like microcephaly.?

3.2 Paramyxoviridae: Rabies, Measles, and Nipah

This family includes some of the most lethal neurotropic viruses, characterized by distinct
transport and fusion mechanisms.

e Rabies Virus (RABV): RABV is the archetype of neuroinvasion. Its "living" in the brain is
characterized by a stealthy replication strategy. Unlike JEV or WNV, which cause massive
apoptosis and inflammation, RABV preserves the neuronal network it infects. This is
crucial for its evolutionary strategy: to alter host behavior (aggression) to facilitate
transmission. If the virus killed the host neurons too quickly, the host would become
paralyzed and unable to bite, ending the transmission chain.?® The virus travels
bi-directionally in peripheral neurons (anterograde and retrograde) but shifts to
exclusively retrograde transport to reach the CNS.™

e Measles Virus (MeV): While acute measles is a respiratory and systemic infection, the
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virus can establish a persistent, fatal infection in the brain known as Subacute Sclerosing
Panencephalitis (SSPE). This occurs years after the initial infection. The mechanism of
SSPE is a profound example of viral evolution within the host. The virus that persists in
the brain is distinct from the wild-type virus; it is defective. Specifically, it harbors
hypermutations in the Matrix (M) protein gene that prevent viral assembly and budding.?
Because it cannot bud, it cannot be neutralized by antibodies in the extracellular space.
Instead, it spreads directly from neuron to neuron using a hyperfusogenic Fusion (F)
protein and host Cell Adhesion Molecules (CADM1 and CADM2) as receptors.*® This
“cis-acting" fusion mechanism allows the virus to creep through the brain parenchyma,
hidden inside the cells, slowly destroying the CNS.

3.3 Coronaviridae: SARS-CoV-2

The neurotropism of SARS-CoV-2 is a subject of intense investigation. While the virus clearly
causes neurological sequelae ("brain fog," anosmia, stroke), frank viral encephalitis is rarer
than with other neurotropic viruses.

e The NRP1 Gateway: The primary receptor for SARS-CoV-2, ACE?2, is expressed at very
low levels in the brain parenchyma, making direct infection of neurons via this route
inefficient. However, Neuropilin-1 (NRP1) has been identified as a critical cofactor. NRP1 is
expressed in the olfactory epithelium and arguably in CNS tissues, where it enhances
viral entry by binding to the furin-cleaved Spike protein.*?

e Indirect Neuropathology: Evidence suggests that much of the "living" presence of
SARS-CoV-2 in the brain context refers to the lingering effects of inflammation rather
than active viral replication. The virus may disrupt the BBB via endothelial infection or
cytokine storms, leading to leakage of blood-borne components that trigger
neuroinflammation. Recent models indicate that neuronal infection, while possible,
induces a massive recruitment of leukocytes and BBB dysfunction, which drives the
pathology.®

3.4 Polyomaviridae: JC Virus

The JC Virus (JCV) is a ubiquitous human pathogen, infecting the majority of the population
and establishing latency in the kidneys and bone marrow. It is benign in healthy individuals but
lethal in the immunocompromised, where it causes Progressive Multifocal
Leukoencephalopathy (PML).

Prepared for Dr. James Truchard and Benjamin Gustafsson
Drafted by Gemini3.0



e Receptor Specificity: JCV is unique in its tropism for oligodendrocytes, the
myelin-producing cells of the CNS. Its entry is facilitated by the 5-HT2A serotonin
receptor.*® This finding is clinically significant because it suggests that serotonin receptor
antagonists (like the antidepressant Mirtazapine) could theoretically block viral entry. The
virus uses 5-HT2A as an entry receptor in conjunction with the carbohydrate LSTc. This
specific receptor usage explains why the virus destroys white matter (myelin) specifically,
leading to the demyelinating symptoms of PML.

3.5 Alphaviruses: VEEV and EEEV

Alphaviruses such as Venezuelan Equine Encephalitis Virus (VEEV) and Eastern Equine
Encephalitis Virus (EEEV) represent distinct threats. EEEV is highly lethal but humans are often
"dead-end hosts," meaning the virus replicates in the brain, killing the host, but does not
develop high enough titers in the blood to be picked up by a mosquito for transmission to a
new host.*®

e Aerosol Transmission: VEEV is notable for its potential to infect via aerosolization,
bypassing the BBB via the olfactory nerve. In macaque models, VEEV demonstrates a
biphasic fever, with neurological signs appearing in the second phase. Crucially, the virus
can persist in the brain and lymph nodes for weeks after the acute phase, driven by the
infiltration of T lymphocytes and activated microglia.*’

3.6 Retroviridae: HIV and HTLV-1

Retroviruses are masters of persistence, integrating their genetic material directly into the
host genome.

e HIV-1: HIV enters the CNS early in infection, often within weeks. It does not typically
infect neurons directly due to their lack of CD4 receptors. Instead, it establishes a
reservoir in perivascular macrophages and microglia.*°

e Astrocyte Infection: While microglia are the primary productive reservoir, astrocytes
play a critical, complex role. They can be infected via a mechanism involving cell-to-cell
contact with infected lymphocytes. Immature virions bud off lymphocytes and bind to
CXCR4 receptors on astrocytes, triggering fusion even in the absence of CD4.*? Although
this infection is often non-productive (the virus enters but doesn't always replicate
efficiently), the sheer number of astrocytes in the brain makes them a significant viral
sink and a contributor to neuroinflammation.
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Table 1: Key Receptors and Mechanisms of Viral Entry into the CNS

Virus Family Specific Virus Primary CNS Entry Receptors /
Target Cells Mechanisms
Flaviviridae Japanese Neurons Dopamine D2
Encephalitis (JEV) (Dopaminergic) Receptor (D2R),
GRP78 "
West Nile Virus Neurons, Glia DC-SIGN, av33
(WNV) integrin °

Zika Virus (ZIKV)

Neural Progenitor
Cells (NPCs)

AXL (controversial),

Tyro3, TAM kinases
23

Coronaviridae

SARS-CoV-2

Endothelial cells,
Neurons (?)

ACE2 (low in brain),

Neuropilin-1 (NRP1)
32

Paramyxoviridae

Measles Virus
(SSPE)

Neurons,
Astrocytes

CD150 (SLAM -
absent on
neurons), CADM1/2

(cis-acting fusion)
30

Rabies Virus
(RABV)

Neurons (Motor)

nAChR, NCAM,
pP75NTR (axonal
transport) '

Polyomaviridae

JC Virus (JCV)

Oligodendrocytes

5-HT2A Serotonin
Receptor, LSTc *

Retroviridae HIV-1 Microglia, CD4, CCR5, CXCR4
Astrocytes 41
Alphaviridae VEEV Neurons, Glia LDL receptor class

A domain (LDLRAD)
(putative),
Olfactory entry *°
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4. The Mechanics of Latency: The "Stay and Hide"
Phase

Once inside the CNS, viruses must avoid clearance. In peripheral tissues, infected cells are
rapidly destroyed by cytotoxic T lymphocytes (CTLs). However, neurons are post-mitotic and
non-renewable. The immune system is evolutionarily hesitant to destroy neurons, as this
would result in permanent neurological deficit. Consequently, viruses have evolved molecular
switches to enter dormancy or latency within these protected cells.

4.1 Herpesviridae: The Masters of Neuronal Latency

Herpes Simplex Virus 1 (HSV-1) and Varicella Zoster Virus (VZV) are the paradigmatic examples
of neurotropic latency. Following primary infection in epithelial cells (lip or skin), these viruses
travel retrograde to sensory ganglia—the Trigeminal Ganglia (TG) for HSV and the Dorsal Root
Ganglia (DRG) for VZV—where they establish lifelong latency.**

e Molecular Regulation of HSV Latency: In the neuronal nucleus, the HSV genome
circularizes and associates with host histones, effectively becoming a mini-chromosome.
The lytic genes (required for making new virus) are repressed. The only abundant viral
transcript during this period is the Latency-Associated Transcript (LAT). The LAT is a
non-coding RNA that functions as an epigenetic regulator. It promotes the accumulation
of heterochromatin (tightly packed DNA) on viral lytic promoters, specifically via histone
H3 lysine 9 methylation (H3K9me2/3).%® This effectively silences the virus.

e Reactivation: The virus can reactivate when "stress" signals alter the neuronal
environment. This involves the viral protein ICPO, which acts as a transactivator to reverse
the epigenetic silencing. Reactivation sends the virus back down the axon to the
periphery, causing a cold sore.

e VZV and Enteric Latency: VZV latency is distinct. While it resides in the DRG, recent
evidence proves it also establishes latency in the autonomic nervous system, specifically
the Enteric Nervous System (ENS) of the gut.*® This "enteric zoster" can cause gastric
pain and complications without the characteristic skin rash. Furthermore, VZV
reactivation is temperature-sensitive; lower temperatures (34°C) enhance reactivation,
which may explain its preference for skin (which is cooler than the core) during
replication.”’
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4.2 Measles and SSPE: A Defective Variant

As introduced in Section 3.2, Subacute Sclerosing Panencephalitis (SSPE) is caused by a
persistent Measles Virus infection. The persistence mechanism here is not true latency
(silence) but rather a "smoldering" infection.

e The Matrix Protein Defect: The SSPE virus is characterized by a breakdown in the
interaction between the viral Matrix (M) protein and the nucleocapsid. In wild-type
measles, M proteins line the cell membrane to orchestrate the budding of the virus. In
SSPE, hypermutations render the M protein unstable or non-functional.?® The virus
cannot leave the cell.

e Cis-Acting Fusion (The “Crawler"): Trapped inside the neuron, the virus adapts by
mutating its Fusion (F) protein. It acquires the ability to trigger fusion with neighboring
cells using the host protein CADM1 or CADM2. Crucially, recent research identifies that
specific "short stalk" isoforms of CADM1 are required for this interaction.”’ The
interaction occurs in cis—meaning the viral protein and the host receptor interact on the
same cell membrane to trigger fusion with the adjacent cell.*' This allows the viral
genome (RNP) to pass directly from one neuron to the next through the fusion pore,
never entering the extracellular space. This renders neutralizing antibodies completely
useless, as they cannot reach the intracellular virus.

4.3 HIV: The Proviral Reservoir

HIV persistence in the brain is distinct because it involves the integration of the viral DNA
(provirus) into the host genome of microglia and macrophages.

e Microglial Longevity: Microglia are extremely long-lived cells, capable of self-renewal.
Once HIV integrates into a microglial cell, that cell becomes a permanent reservoir.

e Compartmentalization: The virus within the CNS often evolves independently from the
virus in the blood. This "compartmentalized"” virus can develop distinct genetic traits,
such as macrophage-tropism (using CCR5) rather than T-cell tropism.*' This poses a
major challenge for cure strategies, as drugs that clear the virus from the blood may not
effectively penetrate the BBB to reach the distinct CNS reservoir.>
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5. Immunopathology and the Myth of Immune
Privilege

Historically, the CNS was considered "“immune privileged," a concept suggesting it was
ignored by the immune system. We now know this is incorrect. The CNS is immunologically
specialized, not ignored. This specialization, however, contributes to viral persistence.

5.1 The Glymphatic System and Antigen Drainage

The glymphatic system clears metabolic waste and soluble proteins from the CNS, draining
them into the meningeal lymphatic vessels and subsequently to the deep cervical lymph
nodes." This pathway allows the immune system to "sample" CNS antigens. While this enables
immune surveillance, it also provides a route for viral dissemination. Conversely, the flow of
cerebrospinal fluid (CSF) can carry inflammatory cytokines throughout the brain, turning a
local infection into global neuroinflammation.

5.2 T-Cell Exhaustion

In chronic CNS infections, the immune system faces a dilemma: if it attacks infected neurons
too aggressively, it will cause brain damage. To prevent this, T cells infiltrating the brain often
undergo "exhaustion.”

e Mechanism: Exhaustion is a state of T-cell dysfunction characterized by the expression
of inhibitory receptors like PD-1 and TIM-3, and reduced production of cytokines like
IFN-y and TNF-a. This state is driven by continuous antigen stimulation.>

e The Double-Edged Sword: In models like Lymphocytic Choriomeningitis Virus (LCMV),
T-cell exhaustion is necessary to prevent lethal immunopathology. Mice that do not
develop exhausted T cells often die from severe brain inflammation. However, this
exhaustion effectively prevents the clearance of the virus, allowing it to persist
indefinitely.>® The virus exploits this "truce" to remain in the host.

5.3 Immune Privilege as a Reservoir

Prepared for Dr. James Truchard and Benjamin Gustafsson
Drafted by Gemini3.0



The "immune privilege" sites—the eyes, the testes, and the CNS—can serve as sanctuaries for
viruses even after they have been cleared from the rest of the body. This was dramatically
illustrated during the Ebola outbreaks, where EBOV persisted in the intraocular fluid and the
CNS of survivors long after recovery from acute disease.*® The mechanisms involve the
blood-retina and blood-brain barriers, which block the entry of antibodies, and the local
expression of immunosuppressive molecules (like TGF-B) that inhibit T-cell function.

6. Chronic Sequelae: Neurodegeneration and
Autoimmunity

The persistence of viruses in the brain is increasingly recognized as a driver of chronic
neurodegenerative diseases, challenging the traditional view that conditions like MS and ALS
are purely genetic or idiopathic.

6.1 Multiple Sclerosis (MS) and Viral Triggers

Two viral families are heavily implicated in MS: Herpesviruses (specifically EBV) and
Endogenous Retroviruses (HERVs).

e Epstein-Barr Virus (EBV): Infection with EBV is now considered a prerequisite for
developing MS. The leading mechanistic hypothesis involves "molecular mimicry."
Antibodies produced against the EBV nuclear antigen 1 (EBNA1) have been found to
cross-react with GlialCAM, a protein expressed in the CNS.*® This autoimmune attack
damages the myelin sheath. Furthermore, EBV-infected B cells can infiltrate the MS brain
and form "ectopic lymphoid follicles" in the meninges, creating a local factory for
autoreactive antibodies and T cells that perpetuate the disease.

e HERV-W (MSRV): The Multiple Sclerosis-associated Retrovirus (MSRV), a member of the
HERV-W family, is frequently expressed in MS lesions. The MSRV Envelope (Env) protein
acts as a superantigen. It binds to Toll-like Receptor 4 (TLR4) on microglia and
macrophages, triggering a potent release of pro-inflammatory cytokines that leads to
oligodendrocyte death and demyelination.®? This represents a reactivation of a "fossil"
virus residing in our own genome.
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6.2 Amyotrophic Lateral Sclerosis (ALS) and HERV-K

In ALS, a similar mechanism is observed with HERV-K (HML-2).

e TDP-43 Regulation: In healthy neurons, the protein TDP-43 binds to retroviral elements
in the genome to keep them silenced. In ALS, TDP-43 becomes dysfunctional and
aggregates in the cytoplasm. This loss of nuclear TDP-43 function leads to the
de-repression of HERV-K.%*

e Neurotoxicity: The reactivated HERV-K produces an Envelope protein that is transported
to the neuronal cell membrane. This protein is neurotoxic and causes the degeneration of
motor neurons, leading to the paralysis characteristic of ALS. Transgenic mice expressing
HERV-K Env develop motor dysfunction similar to ALS ®, providing strong evidence for

causality.

Table 2: Viral Associations with Chronic Neurodegenerative Conditions

Condition

Associated Virus

Mechanism of
Pathogenesis

Key
Biomarkers/Findin

gs

Multiple Sclerosis
(MS)

Epstein-Barr Virus
(EBV)

Molecular Mimicry
(EBNA1 vs.

EBNA1 antibodies;
EBER+ B-cells in

GlialCAM); Ectopic meninges *
Lymphoid Follicles
HERV-W (MSRV) Superantigen MSRV Env protein

activation of TLR4;
Pro-inflammatory
cytokine storm

in lesions; Elevated
HERV-W RNA ©?

ALS HERV-K (HML-2) TDP-43 HERV-K Env
dysfunction leads expression in
to viral reactivation; | cortical neurons;
Env protein TDP-43 aggregates
neurotoxicity e

Post-Polio Poliovirus Chronic Deterioration of

Prepared for Dr. James Truchard and Benjamin Gustafsson
Drafted by Gemini3.0




Syndrome inflammation; motor units
Persistence of viral decades after
fragments? infection ©°
(Debated)

Progressive JC Virus (JCV) Lytic infection of 5-HT2A receptor

Multifocal oligodendrocytes usage; LSTc

Leukoencephalop causing binding *

athy (PML) demyelination

7. Evolutionary Implications: Why Target the Brain?

Why do viruses evolve to enter the brain? For many viruses, the brain is a "dead-end."
Infections like EEEV or WNV in humans often result in host death or fail to produce sufficient
viremia to infect a mosquito vector, meaning the virus cannot spread further. These are
"spillover" events, accidents of biology where a virus adapted for birds or horses encounters a
human.®

However, for some viruses, neurotropism is a specific, evolved survival strategy.

7.1 Behavioral Manipulation: The Rabies Strategy

Rabies virus is the ultimate example of adaptive neurotropism. It does not merely infect the
brain; it targets the limbic system (controlling aggression) and the salivary glands
simultaneously.

e Survival of the Host: Unlike EEEV which kills quickly, Rabies keeps the host alive and
mobile during the infectious phase. It inhibits apoptosis (programmed cell death) in the
infected neurons to preserve the neural circuits required for biting behavior.?

e Aggression: By inducing aggression and hydrophobia (preventing swallowing of
saliva-laden virus), it maximizes the chances of transmission to a new host. This is a
sophisticated manipulation of host biology for viral propagation.

7.2 Viruses as Drivers of Brain Evolution
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In a twist of evolutionary irony, the very complexity of the mammalian brain may be due to
ancient viral infections.

e The Arc Gene: The neuronal gene Arc, which is essential for synaptic plasticity and
memory formation, is structurally homologous to the Gag protein of retroviruses. It forms
virus-like capsids that transfer RNA between neurons, a mechanism likely repurposed
from an ancient retroviral infection.®®

e KRAB Zinc Fingers: The expansion of the primate brain has been linked to the "arms
race" between the genome and endogenous retroviruses. The host evolved KRAB zinc
finger proteins to suppress viral promoters. In doing so, these repressors also began
regulating endogenous neuronal genes, inadvertently driving the evolution of complex
neural networks.®’ Thus, the viruses that plague the brain today are distant cousins of the
viruses that helped build it.

8. Therapeutic Implications and Future Outlook

Understanding the mechanisms of viral persistence in the brain opens new avenues for
treatment, moving beyond broad-spectrum antivirals.

1. Blocking Cis-Acting Fusion: For diseases like SSPE, traditional neutralizing antibodies
are ineffective. However, small molecule inhibitors targeting the specific interaction
between the mutated Measles F protein and CADM1 could halt the "creeping" spread of
the virus between neurons.”

2. Reversing T-Cell Exhaustion: In chronic infections, checkpoint inhibitors (like anti-PD-1)
could theoretically reinvigorate the immune response to clear the virus. However, this
carries the high risk of inducing fatal autoimmune encephalitis, requiring a delicate
balance.”

3. Targeting HERVs in Neurodegeneration: Clinical trials using antiretroviral drugs
(originally designed for HIV) are currently underway for ALS patients to suppress HERV-K
activity. If successful, this would fundamentally reclassify ALS as a treatable
viral-mediated condition.”

4. Glymphatic Modulation: Enhancing glymphatic flow could potentially help clear viral
antigens and inflammatory mediators from the CNS, offering a supportive therapy for
post-viral syndromes.

9. Conclusion
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The ability of viruses to "live" in the brain is a testament to their evolutionary plasticity. They
do not merely assault the fortress of the central nervous system; they pick its locks. They
mimic dopamine to enter reward centers, hijack motor proteins to travel up axons, and exploit
the brain's own immune privilege to hide from surveillance.

The data elucidated in this report underscores that viral persistence is not a passive accident
but an active, molecularly regulated state. From the histone modifications silencing HSV to the
matrix protein defects of SSPE, viruses have evolved specific "programs" for neuronal
residency. Furthermore, the emerging links between these persistent pathogens and
catastrophic neurodegenerative diseases like MS and ALS suggest that the burden of
neurotropic viral infection extends far beyond acute encephalitis. The brain, once thought to
be a sterile sanctuary, is increasingly revealed as a reservoir of latent viral ghosts, whose
reactivation may dictate the trajectory of neurological health and disease.
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