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Abstract: Due to the sudden emergence and burnout nature of Marburg virus (MARV)
outbreaks, little is known about MARV’s pathogenicity and immunogenicity. These gaps in
knowledge are limiting our understanding of the disease and the implementation of cost-
effective prevention and control measures including case management through safe and
effective therapeutic modalities. Therefore, this review aims to synthesize and summarize
evidence about pathogenicity, immunogenicity, and virulence in humans towards MARV.
Upon infection, MARYV rapidly disseminates throughout various tissues, provoking severe
cellular injury, particularly in lymphatic organs, the liver, kidneys, and the gastrointestinal
tract. The virus takes advantage of host cells by avoiding immune responses, mainly by
disrupting the function of dendritic cells and blocking the signaling pathways for interferon.
As a result, patients experience profound immune dysregulation characterized by early
lymphocyte depletion and a shift towards pro-inflammatory cytokine release, resulting in a
cytokine storm that can lead to hemorrhagic septic shock. Additionally, adaptive immune
responses, including antibody production, are impaired, further complicating recovery and
increasing susceptibility to severe disease outcomes. Understanding these intricate host—
pathogen interactions is critical for developing effective therapeutic strategies and vaccines
against MARV. Continuing research is essential to explain the mechanisms of immune
evasion and to identify potential intervention points for improving patient outcomes.

Keywords: hemorrhagic fever; viral dissemination; pathogenicity; immunogenicity; organs
failure; clinical outcomes

1. Introduction

Marburg virus disease (MVD) is a highly fatal zoonotic hemorrhagic fever viral disease
that is caused by one of two sibling RNA viruses, both belonging to the species Orthomar-
burguirus marburgense under the genus Orthomarburguirus; namely Marburg virus (MARV)
and/or Ravn virus, from the viral family Filoviridae [1-3]. Characterized by a severe viral
hemorrhagic fever that can lead to a high mortality rate of up to 90% [3]. Therefore, the
disease is considered a biological threat to Global Health Security by negatively impacting
human’s security, health, and socioeconomic stability and growth [4,5]. Recent modeling
studies have projected that up to 27 countries hosting over 100 million individuals are at
risk of MARYV outbreaks, underscoring the urgency of improving our understanding of
this virus to develop safe and cost-effective prevention, response, and case management
tools [6]. Globally leading technical agencies of global health, including the World Health
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Organization (WHO) and the Global Alliance for Vaccines and Immunizations (GAVI), are
particularly important in addressing these requirements [7-9].

This review aims to elucidate the intricate kinetic of MARV within the host-body
system and the corresponding host immunological responses towards the virus. Exploring
these critical interactions, we will improve our understanding of MARYV pathogenesis and
uncover pivotal opportunities for the development and implementation of therapeutic
interventions. A thorough analysis of these immune dynamics not only sheds light on
the complexities underlying MVD but also serves as a foundation for developing safe and
effective case management strategies.

2. Overview of MARYV Disease Progression

After an individual acquires MARYV infection, the initial presentation typically includes
flu-like symptoms such as fever, headache, sore throat, and muscle and joint pain [10].
These symptoms generally appear 2 to 21 days after infection [11]. Within the first five days,
gastrointestinal symptoms may arise, including abdominal pain, diarrhea, nausea, and
vomiting [11]. As the disease progresses, particularly between days 5 to 7, patients may
experience a rapid escalation of symptoms [11]. This phase may involve the development
of a rash, conjunctivitis, and the emergence of hemorrhagic fever symptoms, including
bleeding from mucosal surfaces, melena, and hematemesis. Neurological symptoms can
also manifest, which may include confusion, agitation, seizures, and potentially coma
in the late stages of the disease [12,13]. At this advanced stage, the virus spreads to the
kidneys and liver, indicated by elevated liver enzyme levels and increased serum creatinine,
signaling damage to these organs. Throughout the first week of symptom development,
patients typically exhibit a low lymphocyte count and decreased platelet levels [14].

The clinical course of MARYV disease can lead to two outcomes: recovery or death [14].
Fatalities often result from dehydration, bleeding, organ failure, and an immune response
dysregulation exacerbated by systemic factors. Survivors may experience lingering symp-
toms during or after recovery, including arthritis, conjunctivitis, myalgia, and psychosis [15].
Serum samples from recovered patients typically display an IgG response to non-structural
protein (NP) and glycoprotein (GP). However, the neutralizing antibody titer tends to
diminish over time, with notable declines beginning at 21 months post-infection, eventually
dropping below detectable levels by 27 months [16].

3. Viral Entry and Budding

When someone comes into contact with the MARV through a needle or a cut in the
skin, the virus starts to infect the host cells [17]. The process of the virus entering these cells
happens in several important steps. First, the virus sticks to the surface of the cell. Then,
the cell takes the virus inside through a process called endocytosis, and finally, the virus
fuses with the cell’s membrane to enter. This attachment is facilitated by different methods,
including clathrin-mediated endocytosis, macropinocytosis, and the virus’s glycoproteins
helping it bind to cell receptors [18]. The virus needs to interact with various receptors on
the cell, like tyrosine kinase receptors, C-type lectin receptors, and a specific receptor called
Niemann-Pick C1-like 1 (NPC1), to successfully enter the cell [19].

Once attached, MARV can enter the host cell through endocytosis or budding [17].
Notably, the MARV genome consists of seven structural genes: NP, VP35, VP40, VP30, GP,
VP24, and L, comprising a single-stranded negative-sense RNA that assembles to form viral
particles [20]. The matrix protein VP40 is particularly important because it self-assembles to
create virus-like particles. This assembly process is significantly influenced by the levels of
myosin-10 and Cdc42—proteins that play critical roles in filopodia formation and function.
Additionally, VP40 interacts with the viral nucleocapsid, providing a crucial interface for
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MARV subviral particles and filopodia. These filopodia facilitate contact with neighboring
cells and enable the virus to spread effectively, resulting in high viral titers observed in the
blood of infected host [21,22]. The release of viruses from the basolateral membranes of
infected host cells allows access to underlying tissues and the vascular system, which can
lead to severe infections. Both the basolateral aspects of hepatocytes and biliary epithelial
cells are implicated in MARV budding, with the VP40 protein being essential for releasing
infectious particles that promote disease progression [17,21].

4. How Marburg Virus Targets Cells: Receptor-Mediated Infection

MARYV interacts with pathogen-associated molecular patterns (PAMPs) during infec-
tion, which play a critical role in the host immune response [23]. PAMPs are molecules
associated with groups of pathogens, recognized by the immune system as indicators
of infection [24,25]. In the case of MARYV, certain PAMPs can trigger innate immune re-
sponses, leading to the production of interferons and other pro-inflammatory cytokines
(Figure 1) [26,27]. However, MARV has evolved mechanisms to evade these immune
responses, allowing it to replicate and spread [26]. For instance, the virus can inhibit
the activation of dendritic cells and disrupt the signaling pathways that are initiated by
PAMP recognition, which may contribute to its virulence and the severity of disease in
infected individuals. Understanding the interplay between MARV and PAMPs is crucial
for developing strategies aimed at enhancing immune responses during infection.

MARV

TREM Folate receptor a

(Neutrophils and Macrophages) Others 22
Cell surface T |

Asiaglycoprotein receptor Toll like Receptors
(Hepatocyte)

Figure 1. Interaction of MARV with the host’s cell also known as Recognition of MARV cellular
receptors. It illustrates the binding of Marburg virus’s glycoproteins with the host (human) dendritic
cells (DCs) during the virus entry to the cell to establish an infection.

Studies have shown that the MARV primarily targets certain immune cells early in
the infection, including dendritic cells (DCs), monocytes, macrophages and endothelial
cells [28,29]. As the infection continues, MARV can also infect different types of cells in the
body, not just those in the lymphatic system [30].

Several cellular receptors facilitate MARV infection, and those identified appear to be
relatively nonspecific or pattern-based. For example, C-type lectins such as DC-specific
intercellular adhesion molecule 3 (ICAM3)-grabbing non-integrin (DC-SIGN; CD209) and
liver /lymph node-SIGN (L-SIGN; CLEC4M) are sufficient to enable MARV glycoprotein-
mediated infection [31,32]. Additionally, the human macrophage C-type lectin that specifi-
cally recognizes galactose /N-acetylgalactosamine (hMGL), expressed by monocytic cells
such as immature DCs, also enhances MARV entry [33]. The asialoglycoprotein receptor,
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found on hepatocytes, exhibits a particular affinity for the N-linked sugar chains with
terminal galactose residues present in MARV glycoproteins, facilitating viral cell entry [31].
Interestingly, the binding of MARV to C-type lectins can be significantly inhibited by the
carbohydrate mannan, suggesting that the interaction between the MARYV glycoproteins
and host cell surface carbohydrate motifs plays a crucial role in infection [34].

Recent findings indicate that a class of immunorecognition receptors known as TREM
(triggering receptors expressed on myeloid cells) may have a significant early role in MARV
interaction with immune cells like neutrophils, monocytes, and mature DCs [35,36]. These
observations about the binding of MARV to C-type lectin and TREM receptors on myeloid
lineage cells align with in vivo studies. However, MARV is pantropic and can infect other
cell types, such as endothelial and epithelial cells, which do not express C-type lectins or
TREMSs. Other ubiquitous molecules, like heparin-sulfate proteoglycan (HSPG) and folate
receptor-o may also facilitate viral entry in these cell types [37].

The complexity of MARYV interactions with host cells is further amplified by the fact
that MARYV glycoproteins are glycosylated differently depending on the host cell type in
which they are produced. Furthermore, MARV viral particles may bud from lipid rafts,
potentially acquiring host proteins that influence viral tropism [38]. Notably, lactoferrin—an
antimicrobial and immunoregulatory protein released by neutrophils upon MARV binding—
has been observed to enhance the uptake of MARV by immature DCs. Additionally, toll-like
receptors (TLRs) play a vital role in the ability of innate immune cells to detect pathogens
and establish adaptive immune responses. Preliminary data suggest that TLR1 expression,
which signals in conjunction with TLR2, is significantly increased on MARV-activated
neutrophils, while the expression levels of other TLRs remain unaltered [39,40]. Continued
research is necessary to ascertain the pathogenic significance of these early interactions
between MARV and innate immune cells, as well as their potential as intervention targets
in the disease process.

5. Cellular Injury and Viral Targeting

Once the host becomes infected with MARY, the virus spreads quickly to many host
cells [10]. Autopsy reports from infected hosts show that areas like the heart, brain, spleen,
kidneys, and lymph nodes are significantly swollen. In non-human primates, bleeding can
be seen in the mucous membranes and soft tissues, with the most severe damage found in
the lymph nodes, liver, spleen, testes, ovaries, gastrointestinal tract, and the heart’s inner
lining (Figure 2) [41]. These organs contain a high number of reticuloendothelial cells, which
allow the virus to spread and cause increased blood vessel leakage and activate the blood
clotting process. In the later stages of the disease, bleeding occurs in the gastrointestinal
tract and in the cavities around the heart, lungs, and abdomen, often along with the buildup
of fibrin.

5.1. Liver

Upon entering the liver, MARV interacts with the asialoglycoprotein receptor [33].
Following this, various histological changes are observed in hepatocytes and Kupffer
cells [42]. Infected hepatocytes exhibit varying degrees of necrosis, with the extent of
damage depending on the disease stage. Histopathological changes may demonstrate mild
to moderate steatosis and hyperplasia of Kupffer cells [10]. The cytopathic effects of MARV
in hepatocytes include intracellular eosinophilic inclusions, primarily found in periportal
zones and areas surrounding necrosis [43]. Clinically, the infection is reflected in elevated
liver enzymes such as alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), indicating hepatocellular damage [11,44-46]. In advanced stages of infection, severe
liver injury can lead to coagulopathy, characterized by prolonged prothrombin time (PT)
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and partial thromboplastin time (PTT), which increases the likelihood of disseminated

intravascular coagulation (DIC) and multi-organ failure [47].
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Figure 2. Summary of MARV manifestations in different organs of the human body.

5.2. Adrenal Gland

The involvement of the adrenal glands during MARYV infection is marked by the
presence of cortico-medullary foci of necrosis [48]. Additionally, infected adrenal cells show
cytopathic effects, including eosinophilic intracellular inclusion bodies similar to those
found in liver cells [42]. Consequently, patients develop hypotension and hypovolemia
due to impaired steroid synthesis, potentially leading to shock and death [49].

5.3. Pancreas

As the infection spreads to the pancreas, patients may display microabscesses caused
by bacterial emboli, although other pancreatic tissues might appear normal [42]. The
pancreatic islet cells, particularly the beta cells, are the most affected. Approximately half of
the islet cells contain viral inclusions, as confirmed by immunohistochemistry and electron
microscopy. Infected beta cells are significantly more numerous than alpha cells. Some of
the literature notes instances of pancreatitis associated with MARYV, but they often do not
specify the timing of these events [19]. Serum amylase concentrations reported range from
normal to elevated [50], while lipase levels have not been extensively studied [45].
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5.4. Spleen

When MARYV infects the spleen, the virus initiates entry and replication within infected
cells, leading to the disruption of the normal splenic architecture [51]. Moreover, when
the infection reaches the lungs, the alveoli often exhibit diffuse congestion, hemorrhage,
suppurative pneumonia, and bacterial co-infection. In patients infected with the MARY,
small necrotic foci and micronecrosis are commonly identified in alveolar macrophages,
while the endothelia of alveolar capillaries are frequently disturbed [42,52,53].

5.5. Gastrointestinal Tract

In terms of the gastrointestinal tract, a significant presence of plasma cells and mono-
cytes can be observed within the lymphatic organs and mucous membranes of the stomach
and intestines in non-human primates (NHPs) [51]. In humans, severe edema is noted in
the submucosa, characterized by the infiltration of degenerated inflammatory cells, such as
neutrophils, along with multiple foci of hemorrhage. Autolysis of intestinal tissues com-
plicates cellular identification. Mild focal mononuclear penetration occurs in the lamina
propria of the gastric, small intestinal, and colonic mucosa, with macrophages showing
Marburg-like inclusions. The presence of virions in reticular fibrils and debris from necrotic
cells elucidates the mechanisms behind human-to-human transmissions that may arise
from exposure to bloody stools [51].

5.6. Kidney

The kidneys in MARV-infected patients present as swollen, pale, and hemorrhagic,
with tubular necrosis and parenchymal damage resulting in tubular dysfunction and
proteinuria. Multiple suppurative embolic foci associated with Gram-negative bacteria
have been observed [54]. A viral antigen is found multifocally in the glomerulus and
proximal tubular epithelial cells, as well as in interstitial connective tissues near capillaries.
Marburg virus-like inclusions are seen in intertubular tissue macrophages and fibroblast-
like cells, while some virions are noted in glomerular capillaries, although no viral antigen
is detected in the medulla [51].

5.7. Skin and Mucous Membrane

In cases of hemorrhagic disease caused by the MARYV, skin and mucous membranes
often show bleeding abnormalities, resulting in skin lesions [55,56]. While there are few
histopathological changes in the skin, common findings include swelling of endothelial
cells, localized bleeding, tissue death, and fluid buildup in the skin. These skin changes
usually appear between the second and seventh days after symptoms begin, and they may
come back during the recovery phase. Viral antigens can be found in various skin cells,
including epidermal dendritic cells, endothelial cells, connective tissue fibroblasts, and the
cells in sebaceous and sweat glands [55].

5.8. Reproductive System

Furthermore, studies shows that the MARV can remain in semen for up to seven
weeks after symptoms first appear, indicating a risk of sexual transmission [57-59]. Viral
antigens have been found in the seminiferous tubules, which raises concerns about this
possibility. Many patients report scrotal pain, and some experience orchitis, along with
necrotic changes observed in the testicles and ovaries of those with Marburg hemorrhagic
fever (MHF) [44]. In non-human primate survivors, ongoing MARYV infections in testicular
tissues can lead to serious testicular damage, including loss of sperm cells and inflammatory
responses, particularly affecting Sertoli cells and disrupting the blood-testis barrier [60].
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Additionally, the MARYV infection can cause localized orchitis, destruction of germ cells,
and substantial IgG antibody accumulation [60].

5.9. Bone Marrow

The specific changes in bone marrow due to MHF are not fully understood, but MARV
antigens have been detected in normocellular bone marrow, leading to localized tissue
necrosis. Notably, thrombocytopenia can occur without a simultaneous reduction in platelet
production, similar to findings in Ebola virus infections [61].

5.10. Cardiovascular and Nervous System

In the heart and central nervous system, the morphological damage seen in MARV
autopsy cases varies. Some cases have shown multiple suppurative embolic foci along with
lesions containing Gram-negative bacteria, such as Pseudomonas, in the heart muscle, yet
no viral antigens have been associated with these lesions. A few instances have revealed
signs of panencephalitis, characterized by glial nodules and mild lymphocytic infiltration
around blood vessels in the brain.

Regarding vascular changes, endothelial cells serve as primary targets for MARV
replication, which is essential for sustaining and enhancing the viremic phase. Evidence of
the virus budding from the apical plasma membrane supports this idea, while basolateral
budding may facilitate the initial spread of the virus into adjacent tissues [62]. Since
endothelial cells help maintain barriers between blood and surrounding tissues, their
infection may lead to a breakdown of this barrier, facilitating further viral spread. The
activation of endothelial cells and the subsequent release of inflammatory substances can
increase blood vessel permeability, leading to DIC and eventually shock and bleeding [63].

6. Host Immune Response

Severe infection with MARV in humans is marked by immune suppression and
delayed antibody responses [26]. Numerous animal models, including mice and macaques,
have been established to investigate the pathogenesis of MARV.

6.1. Innate Immunity and MARV

Understanding the role of early innate immune activation is crucial for grasping
the pathogenesis of MARYV infections. An effective antiviral response relies on initial
events that ensure a proper balance between activation and inhibitory signals in relation to
antigen detection. Early innate immunity can be conceptualized in two ways: one being a
broadly applicable response that includes pattern-recognition molecules, pro-inflammatory
cytokines, and antiviral cell activities; the other being a more systematic gearing up for
an antigen-specific response involving T cells and antibodies [64]. In the case of MARY,
significant disturbances are observed during these initial immune reactions.

MARY has been shown to impair aspects of the host interferon (IFN) pathway. Key
viral proteins, such as VP35, VP24 and VP40, are involved in effective evasion of immune
responses [65,66]. Specifically, VP35 inhibits the production of type I IFNs (e.g., [IFNo and
IEN(), while VP24 interferes with the signaling pathways of these interferons, as well
as IFNy, which are crucial for establishing an antiviral state in infected cells [23,65,67].
The antagonism of IFN responses has significant implications, contributing not only to
elevated viral loads during later stages of the disease but also to the early dysregulation of
innate immunity and very important for viral replication and pathogenesis. Interestingly,
while the overall IFN response is not completely ablated—in fact, elevated levels of IFIN
can frequently be detected in the bloodstream during acute infections—MARV’s ability to
evade immune activation creates a complex immune landscape.
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Viral and Immunologic course

Dendritic cells (DCs) serve a pivotal role in T-cell responses and T-cell-dependent
antibody responses as antigen-presenting cells (APCs) [68,69]. In MARV-infected human
DCs, an early dysfunction is observed—a failure to transition from the immature to mature
antigen-presenting DC stage [70]. This impairment leads to reduced production of essential
pro-inflammatory cytokines necessary for effective T-cell activation such as alpha interferon
(IFN-«), interleukin 1B (IL-1B), IL-6, IL-10, IL-8, and IL-12 [70]. In comparison, while
monocytes and macrophages can also be productively infected by MARYV, they may respond
differently by producing pro-inflammatory cytokines like TNEF, despite their incapacity to
produce IFNs [23]. This indicates a compromising effect on the co-stimulatory functions of
infected DCs, which affects their ability to stimulate allogeneic T-cell responses.

While the adaptive immune response, including the production of antibodies, is critical
in combating MARYV infection, it is significantly influenced by the early innate immune
dysregulation. Antibodies play a crucial role in neutralizing viral particles and marking
them for destruction by other components of the immune system [71,72]. Evidence from
human sera indicates that immunoglobulin M (IgM) typically appears early in the immune
response, often within the first week of infection (4 to 7 days). IgM serves as an initial
defense mechanism, with titers peaking 1 to 2 weeks after the onset of the illness. Following
this peak, IgM levels begin to decline over the next 1 to 2 months and disappear 30-168 days
after infection. In contrast, immunoglobulin G (IgG) responses may emerge concurrently
with (8-10 days) or after IgM but are associated with long-term immunity. IgG can often
be detected several weeks after the initial infection, providing lasting protection against
future encounters with the virus (Figure 3) [73,74].
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Figure 3. Illustrates the antibody response to MARYV infection. IgM antibodies can appear within 4 to
7 days of symptom onset and may disappear within up to 6 months. Specific IgG antibodies typically
develop 6 to 8 days after symptoms begin and can persist for several years. Additionally, RT-PCR is
capable of detecting the virus generally 3 to 10 days post-symptom onset; however, it is important to
confirm the clearance of the virus from the blood as well.



Pathogens 2025, 14, 323

9of 15

Moreover, a study was conducted in order to investigate the humoral immune re-
sponse to MARYV infection by analyzing serum samples from uninfected controls and
survivors. All survivors developed IgG responses to irradiated MARV antigens, with end
titers ranging from 4.25 to 6 (LOG10 serum dilutions). Specific antibody responses were
observed against the MARV nucleoprotein (NP) and glycoprotein (GP); however, survivors
did not exhibit IgG reactivity to the VP35 or VP24 proteins. Some survivors had antibodies
against VP40, while others responded to VP30. Additionally, neutralization tests revealed
that only two survivors could neutralize MARV effectively in vitro, demonstrating positive
neutralization responses at a threshold of >50% for samples collected 9 and 15 months
post-infection. While the neutralizing antibody titers began to decline after 21 months,
overall antibody levels against irradiated MARYV remained stable over time. In comparison
to Sudan virus (SUDV) survivors, who show long-lasting neutralizing antibody responses,
MARV survivors exhibited more variability in their neutralizing responses. Despite a
small sample size, it was noted that MARV survivors had lower overall neutralizing titers
compared to SUDV survivors, who often had higher and more consistent neutralizing
responses [16].

Understanding the antibody response is crucial for the diagnosis and surveillance
of the MARYV infection, as it provides valuable insights for healthcare professionals to
monitor the immune response and assess disease outcomes. By analyzing antibody levels,
particularly immunoglobulin G (IgG) and neutralizing antibodies, we can gain a clearer un-
derstanding of a patient’s recovery course and potential immunity to future infection. This
information can facilitate targeted interventions. Moreover, knowledge of the variability in
neutralizing responses among survivors underscores the importance of ongoing research
and monitoring to determine the effectiveness of vaccinations and treatments, ultimately
improving patient care.

Natural killer (NK) cells may also play an important role in the early defense against
MARV. However, their effectiveness may be compromised as a result of impaired IFN
production triggered by viral infection, highlighting species-specific differences in the
susceptibility to interferon antagonism [75]. Furthermore, a study using non-human
primates (Cynomolus macaques) demonstrated that after the inoculation of NHP with MARV
Ci67 strain, the number of NK cells declined in the blood after the infection from 15% on
the first day of infection to 5% on day 6 post-infection [76].

In addition to dendritic cells (DCs) and natural killer (NK) cells, MARYV effectively
replicates in monocytes, macrophages, and endothelial cells [70,77]. This persistence is
supported by MARV’s ability to produce proteins that inhibit interferon (IFN) activity
while promoting the release of pro-inflammatory cytokines. Immune cells infected by
MARYV can generate and secrete various cytokines, including IL-6, IL-8, and growth-
regulated oncogene alpha (Gro-alpha/CXCL1) [78]. One hypothesis regarding the severe
pathogenesis associated with MARYV infection suggests that the excessive activation of
immune cells leads to a significant cytokine release, resulting in a cytokine storm [26]. This
cascade of events may induce a severe response akin to hemorrhagic septic shock. While
this phenomenon is well documented in Ebola virus (EBOV), evidence specific to MARV
remains limited.

Moreover, one study indicated that MARV strain Ci67 is associated with a rapid
spike in pro-inflammatory cytokines observed at the time of death [76,77]. In the case of
MARV Angola, a study involving Cynomolgus macaques demonstrated elevated levels of
CCL2, CCL4, interleukin-6 (IL-6), and CXCLS8 by days 7 to 9 post-aerosol challenge [79].
Furthermore, in rhesus macaques infected with MARV Angola, levels of IL-6 and monocyte
chemotactic protein 1 (MCP-1) increased on day 7 before decreasing on day 8 [80]. Clearly,
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more research is needed to elucidate the immune response involved in MARYV infections
overall, as well as in MARV Angola specifically.

Additionally, viral particles have the ability to stimulate polymorphonuclear leuko-
cytes, such as neutrophils, resulting in the release of inflammatory mediators from their
granules. While these initial inflammatory responses can bolster the immune defense, they
might also disrupt the functioning of other immune cells, especially dendritic cells [35].

The role of various cellular proteases, such as cathepsins, furins, and sheddases, war-
rants further investigation in the context of MARYV infections. These enzymes are known
to influence both the entry and exit mechanisms of viruses, including Ebola, shaping
their tropism and interactions with host antibodies [81-83]. Recent research indicates that
endosomal proteolytic enzymes, particularly cathepsins, are released from cells infected
with Ebola virus, with heightened release observed in more virulent strains. This finding
suggests that these proteases may significantly contribute to the virus’s pathogenesis, poten-
tially facilitating vascular leakage and impacting innate immune responses. Understanding
how these enzymes interact with the immune system could provide valuable insights into
the mechanisms underlying MARYV infections and the overall host response.

6.2. Adaptive Immune Response

In the context of MARYV infection, DCs play a critical role in initiating adaptive immu-
nity. However, the functionality of these cells is significantly compromised [84]. In normal
circumstances, activated DCs promote optimal T cell activation, but MARV can manipulate
these cells, leading to their dysfunction [76,84]. Specific co-stimulatory molecules, such
as CD40, CD86, and IL-12, are often downregulated in infected DCs, preventing them
from delivering necessary positive signals to T cells [70,85]. This disruption affects the
sequential phases of the adaptive immune response—activation, antigen-specific expansion,
contraction, and memory formation—making the development of effective vaccines more
challenging [86].

The influence of MARV on DCs and monocytes appears to extend beyond a defi-
ciency in positive signaling; it likely involves active co-inhibition of the immune response.
Clinical evidence from humans and non-human primates infected with MARYV reflects
substantial apoptosis among lymphocyte populations in the peripheral blood and lymph
nodes [76,87,88]. Although lymphocyte contraction is a standard process, the degree of
depletion observed during MARV infections suggests a more severe disruption to im-
mune homeostasis.

Numerous studies utilizing animal models, including mouse species [89], Cynomolgus
macaques [76] and Rhesus macaques [80], have demonstrated that there is a significant loss
of lymphocytes during the early stages of MARYV infection. However, in the later stages,
an increase in double positive (CD4 and CD8) T cells has been observed in macaques
models [79].

Moreover, in general, following viral infection, T-cell co-signaling pathways are typ-
ically activated, involving interactions between CD28 on T cells and B7-family ligands,
such as CD80 and CD86, on DCs [90]. However, these pathways can be exploited by
co-inhibitory molecules like B7-H1 (PD-L1) [91]. This binding with PD1 on activated T and
B cells can lead to T-cell silencing. The overexpression of B7-H1 on DCs and monocytes may
significantly contribute to the dysregulation of T-cell responses. When PD1 engages with its
ligand B7-H1, it transmits negative signals, exacerbating T-cell exhaustion and ultimately
leading to their apoptosis [92,93]. The parallels seen in chronic infections underscore the
potential relevance of B7-H1 and PD1 interactions in the immune dysfunction associated
with viral infection [94].
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Recent studies indicate that populations of CD8+ T cells are progressively diminished
during MARYV infection [76,87]. The lack of a robust immune response prior to the onset of
severe disease further highlights the role of DC dysfunction, exemplified by their inability to
properly regulate co-stimulatory molecules and produce essential cytokines in response to
the MARV. Furthermore, in MARYV infection, the cytokine IFNY is secreted abundantly; yet,
its role may be harmful. While it can have regulatory effects early in the immune response,
excessive levels of IFNYy later in the infection could lead to pro-apoptotic effects on T cells,
promoting further contraction and apoptosis [95]. Alongside IFNYy, other regulatory and
inflammatory cytokines such as IL-10, TGF-f1, and IL-17, which are elevated during the
initial stages of MARYV infection, could further exacerbate immune dysregulation [26].

Additionally, MARYV also impacts natural killer (NK) cells and invariant NKT (iNKT)
cells [87]. The disruption of these cell populations can lead to increased inflammation and
decreased antiviral responses. Co-inhibitory signals received by NK and iNKT cells may
initiate a cascade of events that further contribute to immune dysfunction and cytotoxicity
impairment. In general, the disruption of various adaptive immune cells during MARV
infection illustrates the complexity of the immune response and its dysregulation. While
DCs have been shown to suffer from compromised functionality—resulting in impaired
T-cell activation and support—NK cells and iNKT cells also face significant challenges. NK
cells, known for their rapid response to viral infections, demonstrate diminished cytotoxic
activity due to the presence of co-inhibitory signals, further exacerbating the impact of
MARYV on the immune landscape. Invariant NKT cells play a role in bridging innate
and adaptive immunity; however, their limited engagement and potential dysfunction in
MARY infection hinder their ability to contribute effectively to antiviral responses. The
interplay between these cell types, characterized by altered signaling and cytokine profiles,
ultimately leads to a broader immune dysregulation, culminating in increased inflammation
and reduced pathogen clearance. A comprehensive understanding of these mechanisms
can inform future strategies aimed at restoring immune function and developing effective
vaccines against MARV.

7. Conclusions

In summary, ongoing research continues to illuminate the multifaceted immune dys-
regulation associated with MARV infections. The pressing need for therapeutic strategies
aimed at restoring immune balance is evident. Gaining a deeper understanding of the com-
plex interactions between MARV and immune pathways is crucial for the development of
targeted interventions that enhance outcomes for affected individuals. Future studies will
be vital in clarifying the mechanisms governing these immune responses and establishing
effective treatment approaches.

Author Contributions: Conceptualization, E.E.S. and C.M.M.; methodology, E.E.S., A.A. and CM.M,;
investigation, E.E.S., A.A. and CM.M.; data curation, E.E.S,; visualization, E.E.S., A.A. and CM.M.;
writing—original draft preparation, E.E.S., A.A. and C.M.M,; writing—review and editing, E.E.S.,
N.N., A.A. and C.M.M,; resources, C.M.M.; and supervision, A.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data produced during this study are included in the published article.

Conflicts of Interest: The authors declare no conflicts of interest.



Pathogens 2025, 14, 323 12 of 15

References

1. Biedenkopf, N.; Bukreyev, A.; Chandran, K.; Paola, N.D.; Formenty, P.B.H.; Griffiths, A.; Hume, A.J.; Miihlberger, E.; Netesov, S.V.;
Palacios, G.; et al. ICTV Virus Taxonomy Profile: Filoviridae 2024. ]. Gen. Virol. 2024, 105, 001955. [CrossRef] [PubMed]

2. Muvunyi, C.M.; Mohamed, N.S.; Siddig, E.E.; Ahmed, A. Genomic Evolution and Phylodynamics of the Species Orthomar-
burgvirus Marburgense (Marburg and Ravn Viruses) to Understand Viral Adaptation and Marburg Virus Disease’s Transmission
Dynamics. Pathogens 2024, 13, 1107. [CrossRef] [PubMed]

3. Muvunyi, C.M.; Ngabonziza, ].C.S.; Bigirimana, N.; Ndembi, N.; Siddig, E.E.; Kaseya, J.; Ahmed, A. Evidence-Based Guidance
for One Health Preparedness, Prevention, and Response Strategies to Marburg Virus Disease Outbreaks. Diseases 2024, 12, 309.
[CrossRef]

4. Muvunyi, CM,; Bigirimana, N.; Tuyishime, A.; Mukagatare, I.; Ngabonziza, ].C.; Ahmed, A. Initiatives and Strategies to
Strengthen the National, Regional, and International Global Health Security: A Case Study of Rwanda Biomedical Centre. 2024.
Available online: https://ssrn.com/abstract=4957490 (accessed on 3 October 2024). [CrossRef]

5. Gashegu, M.; Ahmed, A.; Clarisse, M.; Remera, E.; Tuyishime, A.; Rwagasore, E.; Muhizi, D.; Kanesa, N.; Ndayisenga, F;
Thadee, T.; et al. One Health Prioritization for Zoonotic Diseases of Public Health Importance in Rwanda. 2024. Available online:
https:/ /papers.ssrn.com/sol3/papers.cfm?abstract_id=4957490 (accessed on 13 November 2024).

6.  Pigott, D.M.; Golding, N.; Mylne, A.; Huang, Z.; Weiss, D.].; Brady, O.].; Kraemer, M.U.G.; Hay, S.I. Mapping the Zoonotic Niche
of Marburg Virus Disease in Africa. Trans. R. Soc. Trop. Med. Hyg. 2015, 109, 366-378. [CrossRef]

7. WHO. List of Blueprint Priority Diseases. Available online: https://www.who.int/activities /prioritizing-diseases-for-research-
and-development-in-emergency-contexts/ (accessed on 19 May 2019).

8. The Global Alliance for Vaccines and Immunizations (GAVI). The Next Pandemic: Marburg? Available online: https://www.
gavi.org/vaccineswork/next-pandemic/marburg (accessed on 10 October 2024).

9.  The United Nations Environment Programme (UNEP). Preventing the Next Pandemic—Zoonotic Diseases and How to Break
the Chain of Transmission. Available online: http:/ /www.unenvironment.org/resources/report/preventing-future-zoonotic-
disease-outbreaks-protecting-environment-animals-and (accessed on 7 July 2020).

10.  Shifflett, K.; Marzi, A. Marburg Virus Pathogenesis—Differences and Similarities in Humans and Animal Models. Virol. J. 2019,
16, 165. [CrossRef]

11. Mehedi, M.; Groseth, A.; Feldmann, H.; Ebihara, H. Clinical Aspects of Marburg Hemorrhagic Fever. Future Virol. 2011, 6,
1091-1106. [CrossRef]

12.  Stille, W.; Bohle, E. Clinical Course and Prognosis of Marburg Virus (“Green-Monkey”) Disease. In Marburg Virus Disease; Martini,
G.A,, Siegert, R., Eds.; Springer: Berlin/Heidelberg, Germany, 1971; pp. 10-18, ISBN 978-3-662-01593-3.

13.  Hunter, N.; Rathish, B. Marburg Virus Disease. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.

14. Kortepeter, M.G.; Dierberg, K.; Shenoy, E.S.; Cieslak, T.J. Marburg Virus Disease: A Summary for Clinicians. Int. ]. Infect. Dis.
2020, 99, 233-242. [CrossRef]

15. Martini, G.A. Marburg Virus Disease. Postgrad. Med. ]. 1973, 49, 542-546. [CrossRef] [PubMed]

16. Stonier, S.W.; Herbert, A.S.; Kuehne, A.L; Sobarzo, A.; Habibulin, P; Dahan, C.V.A.; James, R M.; Egesa, M.; Cose, S.; Lutwama, J.J.
Marburg Virus Survivor Inmune Responses Are Th1 Skewed with Limited Neutralizing Antibody Responses. J. Exp. Med. 2017,
214, 2563-2572. [CrossRef]

17.  Gordon, T.B.; Hayward, J.A.; Marsh, G.A.; Baker, M.L.; Tachedjian, G. Host and Viral Proteins Modulating Ebola and Marburg
Virus Egress. Viruses 2019, 11, 25. [CrossRef]

18. Bhattacharyya, S.; Hope, T.].; Young, ].A.T. Differential Requirements for Clathrin Endocytic Pathway Components in Cellular
Entry by Ebola and Marburg Glycoprotein Pseudovirions. Virology 2011, 419, 1-9. [CrossRef] [PubMed]

19. Abir, M.H,; Rahman, T; Das, A.; Etu, S.N.; Nafiz, I.H.; Rakib, A ; Mitra, S.; Emran, T.B.; Dhama, K; Islam, A.; et al. Pathogenicity
and Virulence of Marburg Virus. Virulence 2022, 13, 609-633. [CrossRef]

20. Schmidt, K.M.; Miihlberger, E. Marburg Virus Reverse Genetics Systems. Viruses 2016, 8, 178. [CrossRef]

21. Kolesnikova, L.; Ryabchikova, E.; Shestopalov, A.; Becker, S. Basolateral Budding of Marburg Virus: VP40 Retargets Viral
Glycoprotein GP to the Basolateral Surface. J. Infect. Dis. 2007, 196, S232-5236. [CrossRef] [PubMed]

22.  Debroy, B.; Chowdhury, S.; Pal, K. Designing a Novel and Combinatorial Multi-Antigenic Epitope-Based Vaccine “MarVax”
against Marburg Virus—A Reverse Vaccinology and Immunoinformatics Approach. J. Genet. Eng. Biotechnol. 2023, 21, 143.
[CrossRef] [PubMed]

23. Mohamadzadeh, M.; Chen, L.; Schmaljohn, A.L. How Ebola and Marburg Viruses Battle the Immune System. Nat. Rev. Immunol.
2007, 7, 556-567. [CrossRef]

24. Kumar, H.; Kawai, T.; Akira, S. Pathogen Recognition by the Innate Immune System. Int. Rev. Immunol. 2011, 30, 16-34. [CrossRef]

25. Kolli, D.; Velayutham, T.S.; Casola, A. Host-Viral Interactions: Role of Pattern Recognition Receptors (PRRs) in Human Pneu-

movirus Infections. Pathogens 2013, 2, 232-263. [CrossRef]


https://doi.org/10.1099/jgv.0.001955
https://www.ncbi.nlm.nih.gov/pubmed/38305775
https://doi.org/10.3390/pathogens13121107
https://www.ncbi.nlm.nih.gov/pubmed/39770366
https://doi.org/10.3390/diseases12120309
https://ssrn.com/abstract=4957490
https://doi.org/10.2139/ssrn.4957490
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4957490
https://doi.org/10.1093/trstmh/trv024
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts/
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts/
https://www.gavi.org/vaccineswork/next-pandemic/marburg
https://www.gavi.org/vaccineswork/next-pandemic/marburg
http://www.unenvironment.org/resources/report/preventing-future-zoonotic-disease-outbreaks-protecting-environment-animals-and
http://www.unenvironment.org/resources/report/preventing-future-zoonotic-disease-outbreaks-protecting-environment-animals-and
https://doi.org/10.1186/s12985-019-1272-z
https://doi.org/10.2217/fvl.11.79
https://doi.org/10.1016/j.ijid.2020.07.042
https://doi.org/10.1136/pgmj.49.574.542
https://www.ncbi.nlm.nih.gov/pubmed/4207635
https://doi.org/10.1084/jem.20170161
https://doi.org/10.3390/v11010025
https://doi.org/10.1016/j.virol.2011.07.018
https://www.ncbi.nlm.nih.gov/pubmed/21855102
https://doi.org/10.1080/21505594.2022.2054760
https://doi.org/10.3390/v8060178
https://doi.org/10.1086/520584
https://www.ncbi.nlm.nih.gov/pubmed/17940954
https://doi.org/10.1186/s43141-023-00575-w
https://www.ncbi.nlm.nih.gov/pubmed/38012426
https://doi.org/10.1038/nri2098
https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.3390/pathogens2020232

Pathogens 2025, 14, 323 13 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

Connor, J.H.; Yen, J.; Caballero, L.S.; Garamszegi, S.; Malhotra, S.; Lin, K.; Hensley, L.; Goff, A.J. Transcriptional Profiling of the
Immune Response to Marburg Virus Infection. J. Virol. 2015, 89, 9865. [CrossRef]

Marzi, A.; Gramberg, T.; Simmons, G.; Moéller, P.; Rennekamp, A.J.; Krumbiegel, M.; Geier, M.; Eisemann, J.; Turza, N.; Saunier, B.;
et al. DC-SIGN and DC-SIGNR Interact with the Glycoprotein of Marburg Virus and the S Protein of Severe Acute Respiratory
Syndrome Coronavirus. J. Virol. 2004, 78, 12090-12095. [CrossRef]

Prescott, J.; Guito, ].C.; Spengler, J.R.; Arnold, C.E.; Schuh, A.J.; Amman, B.R; Sealy, TK.; Guerrero, L.W.; Palacios, G.F.; Sanchez-
Lockhart, M.; et al. Rousette Bat Dendritic Cells Overcome Marburg Virus-Mediated Antiviral Responses by Upregulation of
Interferon-Related Genes While Downregulating Proinflammatory Disease Mediators. mSphere 2019, 4, €00728-19. [CrossRef]
[PubMed]

Yordanova, I.A.; Lander, A.; Wahlbrink, A.; Towner, J.S.; Albarifio, C.G.; Ang, L.T.; Prescott, ].B. Human Macrophages Infected
with Egyptian Rousette Bat-Isolated Marburg Virus Display Inter-Individual Susceptibility and Antiviral Responsiveness. npj
Viruses 2024, 2, 19. [CrossRef]

Olejnik, J.; Ryabchikova, E.; Corley, R.B.; Miihlberger, E. Intracellular Events and Cell Fate in Filovirus Infection. Viruses 2011, 3,
1501-1531. [CrossRef] [PubMed]

Takada, A.; Fujioka, K.; Tsuiji, M.; Morikawa, A.; Higashi, N.; Ebihara, H.; Kobasa, D.; Feldmann, H.; Irimura, T.; Kawaoka, Y.
Human Macrophage C-Type Lectin Specific for Galactose and N-Acetylgalactosamine Promotes Filovirus Entry. J. Virol. 2004, 78,
2943-2947. [CrossRef]

Simmons, G.; Reeves, ].D.; Grogan, C.C.; Vandenberghe, L.H.; Baribaud, F.; Whitbeck, J.C.; Burke, E.; Buchmeier, M.].; Soilleux,
E.J.; Riley, J.L.; et al. DC-SIGN and DC-SIGNR Bind Ebola Glycoproteins and Enhance Infection of Macrophages and Endothelial
Cells. Virology 2003, 305, 115-123. [CrossRef] [PubMed]

Becker, S.; Spiess, M.; Klenk, H.-D. The Asialoglycoprotein Receptor Is a Potential Liver-Specific Receptor for Marburg Virus. J.
Gen. Virol. 1995, 76, 393-399. [CrossRef]

Matsuno, K.; Kishida, N.; Usami, K.; Igarashi, M.; Yoshida, R.; Nakayama, E.; Shimojima, M.; Feldmann, H.; Irimura, T.; Kawaoka,
Y.; et al. Different Potential of C-Type Lectin-Mediated Entry between Marburg Virus Strains. J. Virol. 2010, 84, 5140-5147.
[CrossRef]

Mohamadzadeh, M.; Coberley, S.S.; Olinger, G.G.; Kalina, W.V,; Ruthel, G.; Fuller, C.L.; Swenson, D.L.; Pratt, W.D.; Kuhns, D.B,;
Schmaljohn, A.L. Activation of Triggering Receptor Expressed on Myeloid Cells-1 on Human Neutrophils by Marburg and Ebola
Viruses. J. Virol. 2006, 80, 7235-7244. [CrossRef]

Roe, K.; Gibot, S.; Verma, S. Triggering Receptor Expressed on Myeloid Cells-1 (TREM-1): A New Player in Antiviral Immunity?
Front. Microbiol. 2014, 5, 627. [CrossRef]

Chan, S.Y,; Empig, C.J.; Welte, E].; Speck, R.F.; Schmaljohn, A.; Kreisberg, ].F.; Goldsmith, M.A. Folate Receptor-« Is a Cofactor for
Cellular Entry by Marburg and Ebola Viruses. Cell 2001, 106, 117-126. [CrossRef]

Olejnik, J.; Hume, A.J.; Leung, D.W.; Amarasinghe, G.K,; Basler, C.F; Miihlberger, E. Filovirus Strategies to Escape Antiviral
Responses. In Marburg- and Ebolaviruses: From Ecosystems to Molecules; Miihlberger, E., Hensley, L.L., Towner, ].S., Eds.; Springer
International Publishing: Cham, Switzerland, 2017; pp. 293-322, ISBN 978-3-319-68948-7.

Basler, C.E. Innate Immune Evasion by Filoviruses. Virology 2015, 479480, 122-130. [CrossRef] [PubMed]

Soltan, M.A.; Abdulsahib, WK.; Amer, M.; Refaat, A.M.; Bagalagel, A.A.; Diri, RM.; Albogami, S.; Fayad, E.; Eid, R.A_; Sharaf,
S.M.A_; et al. Mining of Marburg Virus Proteome for Designing an Epitope-Based Vaccine. Front. Immunol. 2022, 13, 90748]1.
[CrossRef] [PubMed]

Glaze, E.R.; Roy, M.]J.; Dalrymple, L.W.; Lanning, L.L. A Comparison of the Pathogenesis of Marburg Virus Disease in Humans
and Nonhuman Primates and Evaluation of the Suitability of These Animal Models for Predicting Clinical Efficacy under the
“Animal Rule”. Comp. Med. 2015, 65, 241-259.

Geisbert, T.W.; Jaax, N.K. Marburg Hemorrhagic Fever: Report of a Case Studied by Immunohistochemistry and Electron
Microscopy. Ultrastruct. Pathol. 1998, 22, 3-17. [CrossRef] [PubMed]

Bechtelsheimer, H.; Korb, G.; Gedigk, P. The Morphology and Pathogenesis of “Marburg Virus” Hepatitis. Hum. Pathol. 1972, 3,
255-264. [CrossRef]

Borchert, M.; Muyembe-Tamfum, ].J.; Colebunders, R.; Libande, M.; Sabue, M.; Van der Stuyft, P. Short Communication: A
Cluster of Marburg Virus Disease Involving an Infant. Trop. Med. Int. Health 2002, 7, 902-906. [CrossRef]

Kortepeter, M.G.; Bausch, D.G.; Bray, M. Basic Clinical and Laboratory Features of Filoviral Hemorrhagic Fever. ]. Infect. Dis.
2011, 204, S810-5816. [CrossRef]

Spengler, U.; Fischer, H.-P.; Caselmann, W.H. Chapter 34—Liver Disease Associated with Viral Infections. Zakim Boyer’s Hepatol.
2011, 629-643.

Zumbrun, E.E.; Garvey, C.B.; Wells, ].B.; Lynn, G.C.; Van Tongeren, S.; Steffens, ].T.; Wetzel, K.S.; Gomba, L.M.; O’'Brien, K.A;
Rossi, ED.; et al. Characterization of the Cynomolgus Macaque Model of Marburg Virus Disease and Assessment of Timing for
Therapeutic Treatment Testing. Viruses 2023, 15, 2335. [CrossRef]


https://doi.org/10.1128/JVI.01142-15
https://doi.org/10.1128/JVI.78.21.12090-12095.2004
https://doi.org/10.1128/mSphere.00728-19
https://www.ncbi.nlm.nih.gov/pubmed/31801842
https://doi.org/10.1038/s44298-024-00027-3
https://doi.org/10.3390/v3081501
https://www.ncbi.nlm.nih.gov/pubmed/21927676
https://doi.org/10.1128/JVI.78.6.2943-2947.2004
https://doi.org/10.1006/viro.2002.1730
https://www.ncbi.nlm.nih.gov/pubmed/12504546
https://doi.org/10.1099/0022-1317-76-2-393
https://doi.org/10.1128/JVI.02021-09
https://doi.org/10.1128/JVI.00543-06
https://doi.org/10.3389/fmicb.2014.00627
https://doi.org/10.1016/S0092-8674(01)00418-4
https://doi.org/10.1016/j.virol.2015.03.030
https://www.ncbi.nlm.nih.gov/pubmed/25843618
https://doi.org/10.3389/fimmu.2022.907481
https://www.ncbi.nlm.nih.gov/pubmed/35911751
https://doi.org/10.3109/01913129809032253
https://www.ncbi.nlm.nih.gov/pubmed/9491211
https://doi.org/10.1016/S0046-8177(72)80079-0
https://doi.org/10.1046/j.1365-3156.2002.00945.x
https://doi.org/10.1093/infdis/jir299
https://doi.org/10.3390/v15122335

Pathogens 2025, 14, 323 14 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mahanty, S.; Bray, M. Pathogenesis of Filoviral Haemorrhagic Fevers. Lancet Infect. Dis. 2004, 4, 487—498. [CrossRef]

Paolo, W.E,; Nosanchuk, ]J.D. Adrenal Infections. Int. |. Infect. Dis. 2006, 10, 343-353. [CrossRef]

BM]J Best Practice Marburg Virus Infection—Symptoms, Diagnosis and Treatment | BMJ Best Practice. Available online: https:
/ /bestpractice.bmj.com/topics/en-gb /1615 (accessed on 16 November 2024).

Geisbert, T.W,; Hensley, L.E.; Gibb, T.R,; Steele, K.E.; Jaax, N.K,; Jahrling, P.B. Apoptosis Induced in Vitro and in Vivo during
Infection by Ebola and Marburg Viruses. Lab. Invest. 2000, 80, 171-186. [CrossRef] [PubMed]

Martines, R.B.; Ng, D.L.; Greer, PW.; Rollin, PE.; Zaki, S.R. Tissue and Cellular Tropism, Pathology and Pathogenesis of Ebola
and Marburg Viruses. |. Pathol. 2015, 235, 153-174. [CrossRef] [PubMed]

ZAKI, S.R.; GOLDSMITH, C.S. Pathologic Features of Filovirus Infections in Humans. Curr. Top. Microbiol. Immunol. 1999, 235,
97-116. [PubMed]

Rougeron, V.; Feldmann, H.; Grard, G.; Becker, S.; Leroy, E.M. Ebola and Marburg Haemorrhagic Fever. J. Clin. Virol. 2015, 64,
111-119. [CrossRef]

Siegert, R. Marburg Virus. In Canine Distemper Virus: Marburg Virus; Appel, M.].G., Gillespie, ].H., Siegert, R., Eds.; Springer:
Vienna, Austria, 1972; pp. 97-153, ISBN 978-3-7091-8302-1.

Nkoghe, D.; Leroy, E.M.; Toung-Mve, M.; Gonzalez, ].P. Cutaneous Manifestations of Filovirus Infections. Int. ]. Dermatol. 2012,
51, 1037-1043. [CrossRef]

Manohar, M.PM.; Lee, V].; Odunukwe, E.U.C.; Singh, PK.; Mpofu, B.S.; Christine Oxley, M.D. Advancements in Marburg
(MARV) Virus Vaccine Research With Its Recent Reemergence in Equatorial Guinea and Tanzania: A Scoping Review. Cureus
2023, 15, e42014. [CrossRef]

Asad, A.; Aamir, A.; Qureshi, N.E.; Bhimani, S.; Jatoi, N.N.; Batra, S.; Ochani, R.K.; Abbasi, M.K; Tariq, M.A.; Diwan, M.N. Past
and Current Advances in Marburg Virus Disease: A Review. Infez. Med. 2020, 28, 332-345.

Gro83, ].V,; Slanger, T.E.; Cullen, P.; Erren, M.; Erren, T.C. Stopping Possible Sexual Transmission of Filoviruses. Clin. Infect. Dis.
2015, 60, 1871-1872. [CrossRef]

Coffin, K.M.; Liu, J.; Warren, T.K.; Blancett, C.D.; Kuehl, K.A.; Nichols, D.K.; Bearss, J.J.; Schellhase, C.W.; Retterer, C.J.; Weidner,
J.M.; et al. Persistent Marburg Virus Infection in the Testes of Nonhuman Primate Survivors. Cell Host Microbe 2018, 24, 405-416.e3.
[CrossRef]

Zapata, J.C.; Cox, D.; Salvato, M.S. The Role of Platelets in the Pathogenesis of Viral Hemorrhagic Fevers. PLOS Neglected Trop.
Dis. 2014, 8, €2858. [CrossRef]

Schnittler, H.J.; Mahner, E; Drenckhahn, D.; Klenk, H.D.; Feldmann, H. Replication of Marburg Virus in Human Endothelial Cells.
A Possible Mechanism for the Development of Viral Hemorrhagic Disease. J. Clin. Investig. 1993, 91, 1301-1309. [CrossRef]
Zarate-Sanchez, E.; George, S.C.; Moya, M.L.; Robertson, C. Vascular Dysfunction in Hemorrhagic Viral Fevers: Opportunities for
Organotypic Modeling. Biofabrication 2024, 16, 032008. [CrossRef]

Manfrini, N.; Notarbartolo, S.; Grifantini, R.; Pesce, E. SARS-CoV-2: A Glance at the Innate Immune Response Elicited by Infection
and Vaccination. Antibodies 2024, 13, 13. [CrossRef] [PubMed]

Basler, C.F.,; Amarasinghe, G.K. Evasion of Interferon Responses by Ebola and Marburg Viruses. J. Interferon Cytokine Res. 2009, 29,
511-520. [CrossRef] [PubMed]

Ramanan, P.; Shabman, R.S.; Brown, C.S.; Amarasinghe, G.K.; Basler, C.F; Leung, D.W. Filoviral Inmune Evasion Mechanisms.
Viruses 2011, 3, 1634-1649. [CrossRef]

Ramanan, P.; Edwards, M.R.; Shabman, R.S.; Leung, D.W.; Endlich-Frazier, A.C.; Borek, D.M.; Otwinowski, Z.; Liu, G.; Huh, | ;
Basler, C.F,; et al. Structural Basis for Marburg Virus VP35-Mediated Immune Evasion Mechanisms. Proc. Natl. Acad. Sci. USA
2012, 109, 20661-20666. [CrossRef]

Sallusto, F; Lanzavecchia, A. The Instructive Role of Dendritic Cells on T-Cell Responses. Arthritis Res. Ther. 2002, 4, S127.
[CrossRef]

Liu, K. Dendritic Cells. Encycl. Cell Biol. 2015, 741-749. [CrossRef]

Bosio, C.M.; Aman, M.J.; Grogan, C.; Hogan, R.; Ruthel, G.; Negley, D.; Mohamadzadeh, M.; Bavari, S.; Schmaljohn, A. Ebola
and Marburg Viruses Replicate in Monocyte-Derived Dendritic Cells without Inducing the Production of Cytokines and Full
Maturation. J. Infect. Dis. 2003, 188, 1630-1638. [CrossRef]

Neurath, A. Immune Response to Viruses: Antibody-Mediated Immunity. Encycl. Virol. 2008, 56-70.

Kumar, A.; Tripathi, P.; Kumar, P.; Shekhar, R.; Pathak, R. From Detection to Protection: Antibodies and Their Crucial Role in
Diagnosing and Combatting SARS-CoV-2. Vaccines 2024, 12, 459. [CrossRef]

Waulff, H.; Johnson, K.M. Immunoglobulin M and G Responses Measured by Immunofluorescence in Patients with Lassa or
Marburg Virus Infections. Bull. World Health Organ. 1979, 57, 631. [PubMed]

Emperador, D.M.; Mazzola, L.T.; Trainor, B.W.; Chua, A.; Kelly-Cirino, C. Diagnostics for Filovirus Detection: Impact of Recent
Outbreaks on the Diagnostic Landscape. BMJ Glob. Health 2019, 4, e001112. [CrossRef]


https://doi.org/10.1016/S1473-3099(04)01103-X
https://doi.org/10.1016/j.ijid.2005.08.001
https://bestpractice.bmj.com/topics/en-gb/1615
https://bestpractice.bmj.com/topics/en-gb/1615
https://doi.org/10.1038/labinvest.3780021
https://www.ncbi.nlm.nih.gov/pubmed/10701687
https://doi.org/10.1002/path.4456
https://www.ncbi.nlm.nih.gov/pubmed/25297522
https://www.ncbi.nlm.nih.gov/pubmed/9893381
https://doi.org/10.1016/j.jcv.2015.01.014
https://doi.org/10.1111/j.1365-4632.2011.05379.x
https://doi.org/10.7759/cureus.42014
https://doi.org/10.1093/cid/civ188
https://doi.org/10.1016/j.chom.2018.08.003
https://doi.org/10.1371/journal.pntd.0002858
https://doi.org/10.1172/JCI116329
https://doi.org/10.1088/1758-5090/ad4c0b
https://doi.org/10.3390/antib13010013
https://www.ncbi.nlm.nih.gov/pubmed/38390874
https://doi.org/10.1089/jir.2009.0076
https://www.ncbi.nlm.nih.gov/pubmed/19694547
https://doi.org/10.3390/v3091634
https://doi.org/10.1073/pnas.1213559109
https://doi.org/10.1186/ar567
https://doi.org/10.1016/B978-0-12-394447-4.30111-0
https://doi.org/10.1086/379199
https://doi.org/10.3390/vaccines12050459
https://www.ncbi.nlm.nih.gov/pubmed/118812
https://doi.org/10.1136/bmjgh-2018-001112

Pathogens 2025, 14, 323 15 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

Bjorkstrom, N.K,; Strunz, B.; Ljunggren, H.-G. Natural Killer Cells in Antiviral Immunity. Nat. Rev. Immunol. 2022, 22, 112-123.
[CrossRef] [PubMed]

Fritz, E.A.; Geisbert, ].B.; Geisbert, T.W.; Hensley, L.E.; Reed, D.S. Cellular Inmune Response to Marburg Virus Infection in
Cynomolgus Macaques. Viral Immunol. 2008, 21, 355-364. [CrossRef]

Hensley, L.E.; Alves, D.A.; Geisbert, ].B.; Fritz, E.A.; Reed, C.; Larsen, T.; Geisbert, T.W. Pathogenesis of Marburg Hemorrhagic
Fever in Cynomolgus Macaques. J. Infect. Dis. 2011, 204, S1021-51031. [CrossRef] [PubMed]

Stroher, U.; West, E.; Bugany, H.; Klenk, H.-D.; Schnittler, H.-].; Feldmann, H. Infection and Activation of Monocytes by Marburg
and Ebola Viruses. . Virol. 2001, 75, 11025-11033. [CrossRef]

Alves, D.A,; Glynn, A.R;; Steele, K.E.; Lackemeyer, M.G.; Garza, N.L.; Buck, J.G.; Mech, C.; Reed, D.S. Aerosol Exposure to the
Angola Strain of Marburg Virus Causes Lethal Viral Hemorrhagic Fever in Cynomolgus Macaques. Vet. Pathol. 2010, 47, 831-851.
[CrossRef]

Geisbert, T.W.; Daddario-DiCaprio, K.M.; Geisbert, ].B.; Young, H.A.; Formenty, P.; Fritz, E.A.; Larsen, T.; Hensley, L.E. Marburg
Virus Angola Infection of Rhesus Macaques: Pathogenesis and Treatment with Recombinant Nematode Anticoagulant Protein C2.
J. Infect. Dis. 2007, 196, S372-S381. [CrossRef]

Barrientos, L.G.; Rollin, P.E. Release of Cellular Proteases into the Acidic Extracellular Milieu Exacerbates Ebola Virus-Induced
Cell Damage. Virology 2007, 358, 1-9. [CrossRef]

Sanchez, A.; Yang, Z.-Y.; Xu, L.; Nabel, G.J.; Crews, T.; Peters, C.J. Biochemical Analysis of the Secreted and Virion Glycoproteins
of Ebola Virus. J. Virol. 1998, 72, 6442-6447. [CrossRef]

Dolnik, O.; Volchkova, V.; Garten, W.; Carbonnelle, C.; Becker, S.; Kahnt, J.; Stroher, U.; Klenk, H.; Volchkov, V. Ectodomain
Shedding of the Glycoprotein GP of Ebola Virus. EMBO ]. 2004, 23, 2175-2184. [CrossRef] [PubMed]

Hawiger, D.; Inaba, K.; Dorsett, Y.; Guo, M.; Mahnke, K.; Rivera, M.; Ravetch, ].V.; Steinman, R.M.; Nussenzweig, M.C. Dendritic
Cells Induce Peripheral T Cell Unresponsiveness under Steady State Conditions in Vivo. J. Exp. Med. 2001, 194, 769-780.
[CrossRef] [PubMed]

Mahanty, S.; Hutchinson, K.; Agarwal, S.; Mcrae, M.; Rollin, PE.; Pulendran, B. Cutting Edge: Impairment of Dendritic Cells and
Adaptive Immunity by Ebola and Lassa Viruses. J. Immunol. 2003, 170, 2797-2801. [CrossRef]

Chaplin, D.D. Overview of the Immune Response. |. Allergy Clin. Immunol. 2010, 125, S3-S23. [CrossRef]

Fernando, L.; Qiu, X.; Melito, P.L.; Williams, K.J.; Feldmann, F.; Feldmann, H.; Jones, S.M.; Alimonti, ].B. Inmune Response to
Marburg Virus Angola Infection in Nonhuman Primates. |. Infect. Dis. 2015, 212, 5234-5241. [CrossRef]

Guito, ].C.; Kirejczyk, S.G.M.; Schuh, A.J.; Amman, B.R; Sealy, T.K.; Graziano, J.; Spengler, ].R.; Harmon, J.R.; Wozniak, D.M.;
Prescott, ].B.; et al. Coordinated Inflammatory Responses Dictate Marburg Virus Control by Reservoir Bats. Nat. Commun. 2024,
15,1826. [CrossRef] [PubMed]

Warfield, K.L.; Bradfute, S.B.; Wells, J.; Lofts, L.; Cooper, M.T.; Alves, D.A.; Reed, D.K.; VanTongeren, S.A.; Mech, C.A_; Bavari, S.
Development and Characterization of a Mouse Model for Marburg Hemorrhagic Fever. J. Virol. 2009, 83, 6404—6415. [CrossRef]
Ciesielska-Figlon, K.; Lisowska, K.A. The Role of the CD28 Family Receptors in T-Cell Inmunomodulation. Int. J. Mol. Sci. 2024,
25,1274. [CrossRef]

Schildberg, F.A.; Klein, S.R.; Freeman, G.J.; Sharpe, A.H. Coinhibitory Pathways in the B7-CD28 Ligand-Receptor Family. Immunity
2016, 44, 955-972. [CrossRef]

Keir, M.E.; Butte, M.].; Freeman, G.J.; Sharpe, A.H. PD-1 and Its Ligands in Tolerance and Immunity. Annu. Rev. Immunol. 2008,
26, 677-704. [CrossRef] [PubMed]

Arasanz, H.; Gato-Cafas, M.; Zuazo, M.; Ibafiez-Vea, M.; Breckpot, K.; Kochan, G.; Escors, D. PD1 Signal Transduction Pathways
in T Cells. Oncotarget 2017, 8, 51936. [CrossRef] [PubMed]

Blank, C.; Mackensen, A. Contribution of the PD-L1/PD-1 Pathway to T-Cell Exhaustion: An Update on Implications for Chronic
Infections and Tumor Evasion. Cancer Immunol. Immunother. 2007, 56, 739-745. [CrossRef] [PubMed]

Bixler, S.L.; Goff, A.J. The Role of Cytokines and Chemokines in Filovirus Infection. Viruses 2015, 7, 5489-5507. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41577-021-00558-3
https://www.ncbi.nlm.nih.gov/pubmed/34117484
https://doi.org/10.1089/vim.2008.0023
https://doi.org/10.1093/infdis/jir339
https://www.ncbi.nlm.nih.gov/pubmed/21987738
https://doi.org/10.1128/JVI.75.22.11025-11033.2001
https://doi.org/10.1177/0300985810378597
https://doi.org/10.1086/520608
https://doi.org/10.1016/j.virol.2006.08.018
https://doi.org/10.1128/JVI.72.8.6442-6447.1998
https://doi.org/10.1038/sj.emboj.7600219
https://www.ncbi.nlm.nih.gov/pubmed/15103332
https://doi.org/10.1084/jem.194.6.769
https://www.ncbi.nlm.nih.gov/pubmed/11560993
https://doi.org/10.4049/jimmunol.170.6.2797
https://doi.org/10.1016/j.jaci.2009.12.980
https://doi.org/10.1093/infdis/jiv095
https://doi.org/10.1038/s41467-024-46226-7
https://www.ncbi.nlm.nih.gov/pubmed/38418477
https://doi.org/10.1128/JVI.00126-09
https://doi.org/10.3390/ijms25021274
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://www.ncbi.nlm.nih.gov/pubmed/18173375
https://doi.org/10.18632/oncotarget.17232
https://www.ncbi.nlm.nih.gov/pubmed/28881701
https://doi.org/10.1007/s00262-006-0272-1
https://www.ncbi.nlm.nih.gov/pubmed/17195077
https://doi.org/10.3390/v7102892

	Introduction 
	Overview of MARV Disease Progression 
	Viral Entry and Budding 
	How Marburg Virus Targets Cells: Receptor-Mediated Infection 
	Cellular Injury and Viral Targeting 
	Liver 
	Adrenal Gland 
	Pancreas 
	Spleen 
	Gastrointestinal Tract 
	Kidney 
	Skin and Mucous Membrane 
	Reproductive System 
	Bone Marrow 
	Cardiovascular and Nervous System 

	Host Immune Response 
	Innate Immunity and MARV 
	Adaptive Immune Response 

	Conclusions 
	References

