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Abstract

Sepsis, characterized as life-threatening organ dysfunction resulting from dysregulated host responses to infection,
remains a significant challenge in clinical practice. Despite advancements in understanding host-bacterial interac-
tions, molecular responses, and therapeutic approaches, the mortality rate associated with sepsis has consistently
ranged between 10 and 16%. This elevated mortality highlights critical gaps in our comprehension of sepsis etiology.
Traditionally linked to bacterial and fungal pathogens, recent outbreaks of acute viral infections, including Middle East
respiratory syndrome coronavirus (MERS-CoV), influenza virus, and severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2), among other regional epidemics, have underscored the role of viral pathogenesis in sepsis, particu-
larly when critically ill patients exhibit classic symptoms indicative of sepsis. However, many cases of viral-induced
sepsis are frequently underdiagnosed because standard evaluations typically exclude viral panels. Moreover, these
viruses not only activate conventional pattern recognition receptors (PRRs) and retinoic acid-inducible gene-I (RIG-
)-like receptors (RLRs) but also initiate primary antiviral pathways such as cyclic guanosine monophosphate adeno-
sine monophosphate (GMP-AMP) synthase (cGAS)-stimulator of interferon genes (STING) signaling and interferon
response mechanisms. Such activations lead to cellular stress, metabolic disturbances, and extensive cell damage
that exacerbate tissue injury while leading to a spectrum of clinical manifestations. This complexity poses substantial
challenges for the clinical management of affected cases. In this review, we elucidate the definition and diagnosis cri-
teria for viral sepsis while synthesizing current knowledge regarding its etiology, epidemiology, and pathophysiology,
molecular mechanisms involved therein as well as their impact on immune-mediated organ damage. Additionally,
we discuss clinical considerations related to both existing therapies and advanced treatment interventions, aiming

to enhance the comprehensive understanding surrounding viral sepsis.
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Background

Sepsis, as defined by Sepsis-3.0, is characterized by life-
threatening organ dysfunction resulting from a dys-
regulated host response to infection [1, 2]. Clinically, it
manifests as an acute elevation in the Sequential Organ
Failure Assessment (SOFA) score of >2, and timely inter-
ventions can potentially mitigate organ dysfunctions
through effective infection control, hemodynamic sta-
bilization, and supportive care for affected organs [1, 3].
Despite these therapeutic measures, the mortality rate
associated with sepsis remains approximately 10 to 16%
[1, 4], underscoring the urgent need for a deeper under-
standing of its etiological factors.

Bacterial, fungal, protozoa, and viral pathogens can all
induce sepsis [5], which remains a leading cause of mor-
tality among patients infected with these agents, includ-
ing those suffering from visceral leishmaniasis. However,
detection rates for these pathogens in septic cases range
from 25 to 40%, with bacterial detection being the most
prevalent [6]. Bacteria are typically identified via cul-
ture and advanced molecular techniques, while fungi are
detected through serological assays and culture methods.
Conversely, viral sepsis is often underdiagnosed due to
standard evaluations not routinely incorporating viral
panels. This diagnostic gap became particularly evident
during pandemics of acute viral infections such as coro-
navirus disease 2019 (COVID-19), Middle East respira-
tory syndrome (MERS), and influenza. Many critically ill
patients exhibited classic symptoms of sepsis similar to
those seen in bacterial infections despite the absence of
bacterial or fungal co-infections [7-9]. Notably, estimates
indicate that mortality associated with viral sepsis is sig-
nificantly higher, such as COVID-19-associated sepsis
mortality ranging from 22 to 40% [10, 11], highlighting
the critical role of viruses in the etiology of sepsis [7].

Viruses exhibit distinct mechanisms for eliciting
immune responses compared to bacteria and
fungi. While bacteria and fungi utilize endotoxins,
superantigens, and various toxins, viruses primarily
exploit their nucleic acid genomes or protein structures
[5]. Viruses may infect non-immune host cells, resulting
in cellular damage that amplifies both immune responses
and tissue injury. Moreover, viruses often target immune
cells (e.g., T and B cells) to stimulate the humoral immune
response [4], leading to increased antibody production
that may further exacerbate tissue damage. Additionally,
viruses can modulate natural killer (NK) cells, crucial
components of the immune defense, which may
inadvertently harm uninfected tissues. Upon invading
host cells, viruses engage traditional pattern recognition
receptor (PRR) or retinoic acid-inducible gene-I (RIG-
I)-like receptors (RLRs) signaling pathways. They also
enhance first-line antiviral defenses such as cyclic
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guanosine monophosphate adenosine monophosphate
(GMP-AMP) synthase (cGAS)-stimulator of interferon
genes (STING) and interferon signaling that lead to
cellular stress, metabolic disruptions, and cell death,
resulting in diverse clinical manifestations [4]. These
intricate  pathophysiological processes contribute
additional layers of complexity to virus-induced sepsis.

Here, we characterize sepsis triggered by several com-
mon acute viral infections, encompassing the definition,
diagnosis, epidemiology, organ damage, and immune
pathogenesis. We also discuss the clinical considerations
regarding therapeutic interventions for these conditions.
This comprehensive analysis aims to enhance our under-
standing of virus-induced sepsis and provide insights into
relevant therapeutic strategies.

Definition and diagnosis of viral sepsis

Definition

Sepsis-3.0, the most recent international consensus
on sepsis, represents a substantial advancement in
its definition by emphasizing organ dysfunction and
dysregulated immune responses [1, 2]. However,
it does not fully encompass the diversity caused
by specific pathogens or host factors (Fig. 1). This
distinction is crucial, as different pathogens may trigger
similar immune responses and cause organ damage
but necessitate distinct therapeutic approaches.
Consequently, terms such as bacterial and fungal sepsis
have been introduced to highlight the importance of
pathogen-specific identification and tailored treatment
strategies [4].

Defining viral sepsis poses significant challenges due to
the intricate interactions between viruses and host cells.
Chronic viral infections, such as hepatitis B virus (HBV)
and hepatitis C virus (HCV) progress slowly, result-
ing in minimal damage during the initial stages. In con-
trast, latent infections like herpes simplex virus (HSV),
cytomegalovirus (CMV), Epstein-Barr virus (EBV),
and human immunodeficiency virus (HIV) can remain
asymptomatic for extended periods. Ultimately, these
infections may present with high SOFA scores that fulfill
the Sepsis-3.0 criteria in their terminal stages, typically
indicating end-stage disease rather than sepsis caused by
irreversible organ damage.

In HIV patients, elevated cytokine levels of interleukin
(IL)-1, IL-6, IL-10, and tumor necrosis factor (TNF)
are associated with the pathogenesis of sepsis in acute
cases. These elevated cytokine levels arise from a primed
immune state that leads to hyper-responsiveness to
translocated microbial products from the gut [12].
Additionally, HIV can severely impair the immune
system, increasing vulnerability to invasive infections;
however, this immune system is only partially restored by
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Fig. 1 Timeline of virus outbreak associated with organ dysfunction and the evolution of sepsis definition. Reports of illnesses clinically compatible
with dengue fever can be traced back to a Chinese medical encyclopedia from 992 a.d. The first documented epidemic of dengue virus (DENV)
occurred between 1953 and 1954, presenting clinical symptoms involving DHF, DSS, and AKI. RSV was first identified in infants in 1955, with critical
cases progressing to ARDS. Hantavirus infection causing HFRS was first recorded in Russian clinical records as early as 1913, while HPS was identified
for the first time in 1993. Lassa virus (LASV) was recognized as the causative agent of Lassa fever in 1969. In 2003, SARS-CoV triggered an epidemic
outbreak that resulted in ARDS and myocarditis. Influenza viruses have caused several global outbreaks, including HIN1 pandemics in 1918, 1976,
and 2009, along with H7N9 outbreaks in 2013. All of these strains can capable of inducing ARDS, myocarditis, AKI, and DIC. Dabie bandavirus

was discovered for the first time in 2010 and is linked to SFTS and DIC. MERS-CoV, which can induce ARDS and myocarditis, emerged in 2012.

Zika virus (ZIKV) has been associated with GBS since its identification in 2007 and meningitis during the period from 2015 to 2016. Between 2013
and 2016, Ebola virus (EBOV) led to a significant outbreak characterized by clinical manifestations including DIC, myocarditis, and acute hepatic
failure. Most recently, SARS-CoV-2 has instigated a global pandemic since its emergence in 2019, leading to multiple organ dysfunctions such

as ARDS, myocarditis, acute hepatic failure, AKI, and DIC. a.d. Anno Domini, DHF dengue hemorrhagic fever, DSS dengue shock syndrome, AKI
acute kidney injury, RSV respiratory syncytial virus, HFRS haemorrhagic fever with renal syndrome, ARDS acute respiratory distress syndrome,

DIC disseminated intravascular coagulation, MERS-CoV Middle East respiratory syndrome coronavirus, SFTS severe fever with thrombocytopenia
syndrome, HPS hantavirus pulmonary syndrome, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, AHF acute heart failure

combination antiretroviral therapy [12]. Consequently,
when patients with HIV/acquired immunodeficiency
syndrome meet the Sepsis-3.0 criteria, their condition
should not be solely attributed to viral sepsis.

Moreover, patients with chronic or latent viral infec-
tions, in the absence of bacterial, fungal, or parasitic
infections, may experience acute deterioration due to
impaired immune responses, leading to distinct organ
dysfunction. In such cases, rapid changes in SOFA scores
and timely interventions can effectively reverse this dys-
function, similar to bacterial sepsis. These situations
should be recognized as sepsis induced by viruses.

Therefore, viral sepsis should be considered when an
acute viral infection causes potentially reversible, life-
threatening organ dysfunction while excluding cases of

chronic and latent infections that do not involve organ
dysfunction and those caused by other pathogens.

Diagnosis
The diagnostic approach to viral sepsis requires a syner-
gistic integration of clinical assessments and laboratory
evaluations. Clinically, a thorough patient assessment
should include a detailed history of recent travel and
potential exposure risks, in conjunction with common
indicators of systemic inflammatory response syndrome.
Laboratory examinations, such as blood cultures,
are essential for excluding bacterial etiologies. The
emergence of viral-specific polymerase chain reaction
(PCR) techniques enables the detection of viral nucleic
acids [10]. Moreover, advanced molecular tools,
including metagenomic next-generation sequencing
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[13],  high-throughput  sequencing,  nanopore
sequencing, and the CRISPR-based Fast Integrated
Nuclease Detection in Tandem (FIND-IT), have
demonstrated performance comparable to Centers
for Disease Control and Prevention-recommended
RT-qPCR  assays, significantly enhancing our
diagnostic capabilities [14—16].

Viral serology is also instrumental in assessing
the host’s immune response and is essential for
differentiating between current and past viral
infections. Other significant evaluations encompass
biomarker analysis, imaging studies, SOFA score
assessment, and a thorough differential diagnosis.
In summary, when acutely ill patients present with
unexplained organ dysfunction, indicated by a SOFA
score of > 2 from baseline and in the absence of evident
bacterial, fungal, or parasitic sources, there should be a
heightened suspicion of viral sepsis. These diagnostic
evaluations are depicted in Fig. 2.

Confirmation of organ failure

Viruses

i Yes
Bacteria

Fungus
ASOFA score =2

Patients with suspected infections

SOFA score:
Respiration: PaO,/FiO,
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Predominant pathogens: epidemiological profiles
and clinical manifestations

Nearly 20 viruses are associated with multi-organ fail-
ure, a critical feature of sepsis, and exhibit specific geo-
graphic, seasonal, and endemic distributions (Table 1)
[17-38].

Respiratory viruses

Respiratory viruses, including rhinovirus, adenovirus,
respiratory syncytial virus (RSV), influenza viruses,
parainfluenza, and coronavirus, frequently lead to severe
pneumonia (Table 1) [19-22]. Over 60% of such severe
cases may present with sepsis [39, 40].

RSV

RSV affects individuals across all age groups and is
increasingly recognized as a significant cause of acute and
often severe respiratory illness, particularly in children
under 5 years old and adults aged 60 and older, where
hospitalization and mortality rates can be considerable
[17, 41]. In high-income countries, RSV accounts for
4-12% of acute respiratory infection hospitalizations

Identification of viral pathogens

\U

Molecular diagnostic
testing

= B

Special bacteria
/Fungus evaluations

Culture

Negative
Non-sepsis

Uralegice] evictnes Bacteriological/Mycological

Coagulation: platelets positive evidence positive
Liver: bilirubin
Cardiovascular: hypotension b (@
Central nervous system: Glasgow Coma Score (GCS)
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Fig. 2 Diagnostic framework for viral sepsis. In cases where a patient exhibits infection markers or there is suspicion of an infection,

and concurrently has a SOFA score >2 compared to baseline, it is imperative to exclude bacterial, parasitic, and fungal sources. If viral antigen
or nucleic acid assays yield positive results, especially when supported by relevant epidemiological findings, the clinical presentation suggests
a diagnosis of viral sepsis. Molecular diagnostic testing methods include viral-specific PCR, high-throughput sequencing, nanopore sequencing,
and CRISPR-based FIND-IT. FIND-IT Fast Integrated Nuclease Detection in Tandem, PCR polymerase chain reaction, CRISPR clustered regularly
interspaced short palindromic repeats, SOFA Sequential Organ Failure Assessment, PaO,/FiO, the ratio of arterial oxygen partial pressure

to fractional inspired oxygen
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among adults aged 60 and older. National surveillance
data from Brazil indicates a steady increase in RSV-
related severe acute respiratory illness within this age
group in recent years, with fatality rates exceeding 30%
[17].

Influenza viruses

Influenza affects 5-10% of adults annually and is respon-
sible for 3-5 million cases of severe illness and up to
650,000 deaths every year [19]. The influenza virus can
lead to severe complications, including acute respiratory
distress syndrome (ARDS), myocarditis, encephalopa-
thy, and sepsis [42—-44]. Avian influenza A (H1N1) and
influenza A (H7N9), which cause community-acquired
viral pneumonia, often result in multi-organ injury [45].
Notably, 38.5% of H7N9 cases may progress to septic
shock [45], while the 2009 HIN1 pandemic significantly
increases the risk of septic shock [46]. Similarly, avian
influenza A (H5N1) frequently leads to multi-organ fail-
ure [47].

Coronaviruses

Lethal human coronaviruses include severe acute respira-
tory syndrome coronavirus (SARS-CoV), Middle East
respiratory syndrome coronavirus (MERS-CoV), and
SARS-CoV-2 [48]. SARS-CoV infections present sepsis-
like symptoms such as fever, shortness of breath, and
ARDS [49]. Approximately 78% of COVID-19 patients in
Intensive Care Units (ICUs) meet the Sepsis-3.0 criteria
[50, 51]. Research from Wuhan indicates that nearly all
fatalities associated with SARS-CoV-2 involved sepsis,
with 59 and 20% progressing to sepsis and septic shock,
respectively [52]. MERS-CoV, primarily transmitted
locally in the Middle East and reported in 27 countries by
January 2020, has a mortality rate of 35%, often leading to
death through septic shock, renal failure, and coagulative
disorders [48].

Dengue virus (DENV)

DENYV, a mosquito-borne pathogen endemic to over
100 countries, predominantly affects the Americas,
Southeast Asia, and the Western Pacific (Table 1) [24—
26]. While many cases present as mild dengue fever with
flu-like symptoms, severe dengue typically manifests
with high fever, intense headaches, low white blood cell
counts, and significant bleeding [53]. Dengue-related
pulmonary complications, such as edema and alveolar
hemorrhage, can mimic septic presentations [20]. Conse-
quently, dengue is a prevalent cause of sepsis and severe
sepsis among tropical infectious diseases in Southeast
Asia. A study conducted in Thailand found that approxi-
mately 14% of sepsis patients tested positive for dengue
via PCR assays of serum samples [42, 54]. Additionally,
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thrombocytopenia is a common and serious symptom
that ranks among the most prevalent manifestations and
significantly contributes to the severity of the disease.

Dabie bandavirus (DBV)

DBV, a novel phlebovirus belonging to the Bunyaviridae
family that causes severe fever with thrombocytopenia
syndrome (SFTS), was first identified in rural areas of
China in 2009 and has since been reported in East Asia
and potentially the USA, highlighting its growing public
health concern (Table 1) [27-29]. Primarily transmitted
through tick bites, DBV has an incubation period of 6-14
d, with symptoms ranging from mild fever to severe,
potentially fatal conditions. Severe cases of SFTS exhibit
systemic, sepsis-like symptoms including hemorrhagic
and neurological complications, thrombocytopenia, and
disseminated intravascular coagulation (DIC), often lead-
ing to multi-organ failure characterized by acute kidney
and liver impairments [55].

Ebola viruses (EBOV)

EBOV, members of the Filoviridae family, cause
Ebola virus disease (EVD), a severe and often fatal ill-
ness in humans (Table 1) [32]. First identified near the
Ebola River, there have been at least 17 EVD outbreaks
reported across Gabon, Guinea, and the Republic of the
Congo [18]. EVD initially presents with fever and gastro-
intestinal symptoms, progressing to septic-like reactions
and multi-organ damage. Clinical manifestations include
hypotension, rhabdomyolysis, DIC, acute renal failure,
hepatic failure, and central nervous system (CNS) com-
plications [30, 56]. The average mortality rate for EVD is
around 50% [30]. A critical factor in reducing Ebola mor-
tality rates has been the successful deployment of vac-
cines, which hold promise for shaping future epidemic
prevention strategies.

Hantaviruses

Hantaviruses, classified within the Bunyavirales order,
are increasingly recognized as significant public health
concerns due to rodent transmission (Table 1) [34]. These
viruses cause severe diseases such as hemorrhagic fever
with renal syndrome (HFRS), characterized by acute kid-
ney injury (AKI) and renal failure, and hantavirus pulmo-
nary syndrome (HPS), which can progress to ARDS [34].
These conditions frequently lead to shock and elevated
mortality rates. A multinational study identifying the
causes of sepsis in Southeast Asia revealed hantaviruses
as leading emerging pathogens [57]. With a mortality rate
of approximately 12% for HFRS and significantly higher
at 35-50% for HPS, focused research and surveillance of
hantaviruses are essential [58].
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Lassa virus (LASV)

LASYV, an enveloped RNA virus belonging to the Arena-
viridae family, is primarily transmitted by the Mastomys
natalensis rodent (Table 1) [38]. Approximately 20% of
those infected develop severe disease, with the viruses
impacting multiple organs such as the liver, spleen, and
kidneys [21]. Research using a cynomolgus monkey
model has shed light on LASV’s pathogenesis, indicat-
ing multi-organ failure similar to septic-shock syndrome
[59]. Case fatality rates vary by region, with 10-20% of
hospitalized Lassa fever patients succumbing to the dis-
ease [60, 61].

Organ-specific dysfunctions in viral sepsis

The term “sepsis” has not been consistently applied to
describe organ dysfunction resulting from viral infections
[62]; however, the intrinsic cytotoxicity of the virus and
the host’s immune responses contribute to organ damage
and various complications (Fig. 3). Additionally, the
number of organ failures is significantly correlated with
increased mortality.

Cardiovascular dysfunction and acute myocardial injury
Cardiovascular disturbances, including elevated troponin
levels, rhythm abnormalities, myocardial dysfunctions,
and vasomotor disorders, are grouped under septic car-
diomyopathy, primarily triggered by bacterial systemic
inflammation. This condition is generally reversible with
timely intervention [63, 64]. Similarly, viral infections
such as influenza [65], SARS-CoV-2 [66], dengue fever
[67], hantavirus [68], and Ebola [69] can elicit systemic
inflammatory responses that lead to virus-induced sep-
tic cardiomyopathy, which also typically responds well to
appropriate management.

However, viruses such as coxsackievirus B3 (CVB3),
adenovirus, parvovirus B19, MERS-CoV, SARS-CoV, and
particularly SARS-CoV-2 exhibit a significant propensity
for myocardial invasion, resulting in acute viral myocar-
ditis [66]. While recovery is frequently observed, unre-
solved myocarditis may progress to chronic heart failure
[70]. Myocardial complications associated with viral
infections generally present poor prognostic outcomes.
In one study involving hospitalized COVID-19 patients,
myocardial injury was correlated with an in-hospital
mortality rate of 51% [71].

Lung injury and ARDS

In the context of viral sepsis, the heightened immune
response, while essential for viral clearance, damages
the vascular and alveolar structures of the lung, leading
to lung injury and ARDS, which presents as dyspnea,
hypoxemia, and respiratory distress [72]. Viruses such as
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specific influenza subtypes (e.g., HIN1, H3N2) and coro-
naviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) are
prominent etiological agents for ARDS [73, 74]. Hanta-
viruses can lead to HPS, a severe respiratory condition
potentially progressing to ARDS. Although less common,
pathogens such as RSV, adenoviruses, human metapneu-
movirus, parainfluenza viruses, and rhinoviruses can also
trigger ARDS, particularly in susceptible populations like
children [75].

During the 2009 HIN1 pandemic, ARDS affected
18-33% of patients admitted to ICU, with mortality rates
ranging from 25 to 40% [76]. The SARS-CoV outbreak
resulted in ARDS in approximately 20-30% of hospital-
ized patients, with a mortality rate nearing 50% [77]. In
the COVID-19 pandemic, ARDS-related fatalities varied
between 26 and 44% [77-80].

Kidney injury and AKI

AKI in the context of viral sepsis is characterized by a
sudden decline in renal function, leading to disruptions
in fluid and electrolyte balance. Its etiology is multi-
factorial, involving direct viral invasion of renal cells,
immune-mediated injuries, hemodynamic changes, and
adverse effects from antiviral therapies. Viruses such as
influenza, hantavirus, dengue fever, adenoviruses, poly-
omaviruses, and particularly SARS-CoV-2, are implicated
in the pathogenesis of AKI [81].

In H1N1, avian influenza, and SARS-CoV-2 infections,
AKI results from direct renal assault, rhabdomyoly-
sis, cytokine storms, and systemic effects [81]. Dengue-
induced AKI may arise from systemic inflammatory
response syndrome, hypotension, or direct renal invasion
[82]. Conversely, hantaviral infections can lead to HERS,
resulting in kidney injury [83].

The reported incidence of AKI in HIN1 influenza
ranged from 34 to 53%, with an in-hospital mortality rate
of approximately 36% [84]. Up to 40—-50% of patients with
MERS-CoV infection may develop acute renal failure [85,
86]. During the COVID-19 pandemic, the occurrence of
AKI varied between 0.5 and 46% [87], with higher rates
observed in ICU settings, and corresponding mortality
rates around 50%, ranging from 7% to as high as 100%
[81, 88, 89].

Haematological dysfunction

Hematological dysfunction in viral sepsis arises from
direct viral effects on the hematopoietic system and
immune-mediated damage. This dysfunction typically
manifests as thrombocytopenia, coagulopathies, and DIC
[90]. Thrombocytopenia is frequently observed in severe
viral sepsis [91], with viruses such as influenza, DENV,
hantavirus, and DBV causing severe thrombocytopenia
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and coagulation disorders [92, 93]. Notably, 40-50%
of SARS-CoV-2 cases exhibit thrombocytopenia, with
in-hospital mortality rates ranging from 17.5 to 92.1%
[94, 95]. DIC is characterized by systemic microvascular
thromboses that impair organ perfusion, leading to
multi-organ dysfunction such as AKI, ARDS, and
cerebral stroke while predicting mortality [96]. The
EBOV often induces DIC, resulting in hemorrhagic fever
and systemic organ failure [97].
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CNS disorder

The CNS is particularly susceptible to viral infections
that can lead, either directly or indirectly, to various neu-
rological disorders [98]. Directly, viruses such as herpes
simplex virus types 1 and 2 (HSV-1, HSV-2), arboviruses
including Zika virus (ZIKV) and West Nile virus (WNV),
and SARS-CoV-2 target CNS components such as neu-
rons and vascular endothelial cells (ECs), resulting in
conditions including encephalitis, meningitis, stroke,
and cognitive disruptions [98, 99]. Indirectly, viruses like
DENYV, influenza virus, and SARS-CoV-2 may cause CNS
complications via mechanisms such as cytokine release,
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Fig. 3 Viral sepsis pathogenesis and targeted organ vulnerability. The predominant etiological agents in viral sepsis are respiratory
and vector-borne viruses. Respiratory viruses primarily transmit via the respiratory system, while vector-borne counterparts, such as tick-transmitted

viruses, rely on insect vectors for transmission. Hantavirus and DBV spread through contact with rodents and exposure to their excreta.

a Upon encountering these viruses, hosts often experience targeted cellular infections, and weaken the endothelial barrier in the vasculature.

b Specifically, respiratory viruses penetrate alveolar epithelial cells or alveolar immune cells, multiplying within them. After inducing cellular
damage, these pathogens migrate into the bloodstream, jeopardizing organs like such as liver, heart, kidneys, and intestines. ¢ Conversely,
arboviruses access the host circulatory system through skin contact or insect bites, and primarily target cells like platelets and fibrin meshwork.
d The above mechanisms eventually induce coagulation disorders, manifesting symptoms reminiscent of hemorrhagic fever. Severe cases

may result in extensive organ damage. Moreover, certain viruses, such as HSV, preferentially affect the nervous system, whereas others target
the intestinal lining, including noroviruses and rotaviruses. The inherent cytotoxic effects of these viruses combined with host immune defenses

heighten the potential for systemic organ damage that may culminate in multi-organ dysfunction. DBV Dabie bandavirus, HSV herpes simplex virus,

ADEM acute disseminated encephalomyelitis, AKI acute kidney injury, CVB3 coxsackievirus B3, LASV Lassa virus, ARDS acute respiratory distress
syndrome
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CNS-antibody cross-reactions, cytotoxic T cell activa-
tion, and disruption of the blood-brain barrier (BBB).
Systemic factors such as hypoxia and multi-organ failure
can further exacerbate these conditions [98]. Autopsies of
COVID-19 patients have shown the presence of SARS-
CoV-2 in cortical neurons accompanied by immune cell
infiltration [99].

Hepatic dysfunction

Hepatic dysfunction in viral infections is influenced by
both viral pathogenesis and host factors, including age,
immune status, and pre-existing liver conditions [100].
While hepatitis viruses are primary contributors to liver
impairment, other systemic viruses such as EBV, CMV,
DENYV, yellow fever virus, DBV, ZIKV, EBOV, and SARS-
CoV-2 also play a significant role [101]. These viruses
can directly target hepatocytes and Kupffer cells, lead-
ing to apoptosis, necrosis, or pyroptosis. Addition-
ally, liver injury in the context of viral sepsis may result
from aggressive immune responses or hypoxic damage
[100-102]. Hepatic impairment has been observed in
up to 60% of SARS cases [103] and between 15 and 50%
of COVID-19 cases [102]. Similar findings have been
reported in MERS-CoV infections [104].

Intestinal dysfunction

Intestinal dysfunction in viral sepsis stems from direct
viral damage to epithelial cells, as well as indirect effects
such as immune-mediated injuries and disruptions in gut
microbiota [105]. Viral cytopathic effects increase intes-
tinal permeability, leading to fluid loss-induced hypo-
tensive shock and elevated risk of secondary bacterial
infections [105]. Concurrently, systemic inflammation
exacerbates mucosal damage in the gut and promotes
bacterial translocation into the bloodstream, thereby
amplifying the inflammatory cycle. Disturbances in the
gut microbiota significantly worsen intestinal dysfunc-
tion and contribute to the progression of sepsis. Viruses
including noroviruses, rotaviruses, enteroviruses, HSV,
CMYV, influenza virus, and SARS-CoV-2 are recognized
contributors to these pathologies [106].

Mechanism of organ dysfunction in virus
infection-induced sepsis

Organ dysfunction induced by viruses may exhibit com-
parable clinical manifestations, yet it entails distinct sign-
aling pathways.

Activation of signaling pathways and viral immune evasion
strategies

Upon viral infection of the host, PRRs such as Toll-
like receptors (TLRs), nucleotide-binding and
oligomerization domain (NOD)-like receptors (NLRs),
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and intracellular sensors including RIG-I, absent in
melanoma 2 (AIM2) and cGAS recognize the viral
components. This recognition triggers a signaling
cascade that primarily leads to the secretion of type I
interferons (IFNs) to combat the virus [107]. In cases of
viral sepsis, dysfunctional signaling may impede viral
clearance, facilitate viral evasion, and exacerbate tissue
injury.

TLRs signaling pathway unmethylated
cytosine-phosphate-guanine

TLRs consist of 10 members. Surface TLRs (TLR1, TLR2,
TLR4, TLR5, TLR6, and TLR10) detect viral coat proteins
[108], while endolysosomal TLRs (TLR3, TLR7, TLRS,
and TLR9) recognize specific viral nucleic acids [109].
Specifically, TLR3 identifies double-stranded RNA, such
as that from DENYV [110]. Whereas both TLR7 and TLR8
recognize single-stranded RNA from viruses including
influenza viruses, coronaviruses, and flaviviruses [111].
Additionally, TLR9 detects unmethylated cytosine-phos-
phate-guanine DNA motifs [109]. Upon ligand binding,
these receptors initiate signaling cascades through mye-
loid differentiation factor 88 or the Toll/interleukin-1
receptor/resistance protein (TIR) domain-containing
adapter inducing IFN-f, which are crucial for targeting
viral infections. However, some viruses, including vac-
cinia virus, MERS-CoV, and SARS-CoV-2, manipulate
the signaling pathways of TLRs to enhance their replica-
tion by deactivating the TIR domain-containing adaptor
inducing interferon-f adaptor, inhibiting inhibitor kappa
B kinase alpha and inhibitor kappa B kinase beta kinases,
and upregulating suppressor of cytokine signaling pro-
teins. This manipulation exacerbates viral evasion mech-
anisms and adverse outcomes [112—114].

NLRs signaling pathway

NLRs are categorized into subfamilies based on their
N-terminal domains, which include acidic transactiva-
tion (NLRA), baculoviral inhibitory repeat-like (NLRB),
caspase activation and recruitment (NLRC), and pyrin
(NLRP) [115]. The NLRA exclusively comprises the
major histocompatibility complex (MHC) class II trans-
activator, while NLRB suppresses apoptosis by inhibiting
caspases-3, -7, and -9. The NLRC subfamily comprises
NLRC1-5 and NLRX, characterized by a caspase acti-
vation and recruitment domain for facilitating caspase
recruitment [116, 117].

Specifically, NLRC2 (NOD2) detects cytoplasmic
viral components, such as single-stranded RNA from
RSV, vesicular stomatitis virus, influenza A virus (IAV),
parainfluenza virus 3, MERS-CoV, and SARS-CoV-2,
triggering the production of IFN-f via the mitochondrial
antiviral signaling (MAVS) pathway, essential for antiviral
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defense [118—120]. Other members of the NLRC family
such as NLRX1, NLRC5, and NLRC3, mainly modulate
the IEN pathways [121]. For example, NLRC3 binds
to HSV dsDNA, enhancing type I IFN production by
limiting its interaction with STING and TRAF family
member-associated NF-kB activator (TANK)-binding
kinase 1 (TBK1) [122]. Additionally, NLRC5 inhibits
viral infection by blocking RIG-I and anti-melanoma
differentiation-associated protein 5 (MDAS5) activation
while regulating MHC class I expression.

The NLRP subfamily, characterized by pyrin domains,
forms inflammasomes. The NLRP3 inflammasome, acti-
vated by viral RNA and proteins, is implicated in lung
injuries and ARDS during infections with MERS-CoV,
SARS-CoV-1, and SARS-CoV-2 [123], as well as caus-
ing significant renal damage during ZIKV infection
[124]. NLRP1 is activated by double-stranded RNA,
while NLRP6 collaborates with RNA helicase DEAH-
box helicase 15 and MAVS to enhance antiviral defenses.
Notably, deficiency of NLRP6 in mice is associated with
increased gastrointestinal viral loads [121].

RIG-I-like receptors signaling pathway
RLRs, including RIG-I, MDAS5, and laboratory of genet-
ics and physiology 2 (LGP2), play a critical role in the
antiviral immune response [125]. Both RIG-I and MDAS5
contain caspase activation and recruitment domains,
whereas LGP2 lacks these domains and primarily regu-
lates the activities of RIG-I and MDAS5. These receptors,
using a central helicase domain, recognize the 5’-triphos-
phate ends of RNA from various viruses, including Her-
pesviridae (e.g., HSV, EBV), vaccinia virus, Flaviviridae
(e.g, WNV, HCV, ZIKV), coronaviridae (e.g., SARS),
Filoviridae (e.g., EBOV, Marburg virus), HIV, and HBV.
Specifically, MDAS recognizes adenovirus and IAV [126].
Upon the detection of RNA, RLRs initiate a signaling
cascade through interactions with MAVS, which sub-
sequently activates TBK1. TBK1 then phosphorylates
interferon regulatory factor (IRF)3 and IRF7, leading to
the production of type I IFN-a/-p and pro-inflammatory
cytokines [126]. This pathway is crucial in SARS-CoV-2
infection and is associated with increased disease sever-
ity [125]. Additionally, RIG-I interacts with components
of the inflammasome such as apoptosis-associated speck-
like protein containing a caspase-recruitment domain
(ASC) and caspase-1, thereby promoting the formation
of virus-specific inflammasomes during viral infections
including vesicular stomatitis virus and IAV [125].

CGAS-STING signaling pathway

The cGAS-STING pathway serves as a broad-
spectrum cytosolic sensor that detect nucleotides
from various viruses, including DNA viruses (e.g.,
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vaccinia virus, HSV-1, Kaposi’s sarcoma-associated
herpesvirus, adenoviruses), retroviruses (e.g., HIV-1,
HIV-2), and RNA viruses (e.g., DENV, norovirus, IAV,
encephalomyocarditis virus, SARS-CoV-2) [127]. Upon
the detection of DNA, cGAS synthesizes 2’-3’-cyclic-
GMP-AMP, which subsequently activates STING.
STING then translocates to the Golgi, facilitating the
transcription of antiviral genes via TBK1-IRF3 signaling
and NF-«B activation [128].

Furthermore, STING directly responds to RNA viruses
by interacting with viral proteins. For example, the open
reading frame (ORF) 9b protein of SARS-CoV-2 impairs
IRF3 phosphorylation [128], while the nonstructural pro-
tein 1 (NS1) protein of ZIKV reduces IFN-I responses
[129]. The activation of the STING pathway is linked
to pulmonary inflammation in COVID-19 as well as
increased intestinal inflammation in cases of abdominal
sepsis [130].

Cellular stress responses and metabolic disorders

Viruses can also manipulate host cellular processes,
including endoplasmic reticulum (ER) stress, enhanced
glycolysis, and lipid biosynthesis, thereby exacerbating
inflammation and contributing to further organ damage.

ER stress

ER stress and the unfolded protein response are critical
for restoring cellular homeostasis during viral infections.
Persistent viral-induced ER stress exacerbates inflam-
mation and organ damage through pathways such as
protein kinase R-like ER kinase (PERK)-eukaryotic ini-
tiation factor 2 alpha (elF2a)-activating transcription
factor 4 (ATF4) and C/EBP homologous protein (CHOP)
[131, 132]. The ORFS8 protein and accessory protein 3a
of SARS-CoV-2 amplify ER stress by activating ATF6,
inositol-requiring enzyme 1, ATF4, and CHOP [133].
This stress can lead to conditions such as ARDS and
other organ complications. Similar roles of ER stress in
viral pathology have been observed in Crimean-Congo
hemorrhagic fever virus [133], influenza B viruses, WNV,
CVB3, and HIV.

Mitochondrial dysfunction and intracellular metabolic
disorders

Viruses exploit mitochondria to enhance replication and
evade immune responses. Certain viruses, such as HBV,
HCV, and EBV, promote mitochondrial fission [134],
while SARS-CoV and DENV facilitate fusion [135]. This
disruption of mitochondrial function can lead to cell
death and organ failure [136]. Additionally, virus-induced
ER stress may further compromise mitochondrial func-
tion by altering calcium homeostasis [137].
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Furthermore, mitochondria play a critical role in energy
production through pathways such as the tricarboxylic
acid cycle, fatty acid oxidation, the electron transport
chain, and oxidative phosphorylation (OXPHOS). Viral
infections can disrupt these pathways. For example,
human cytomegalovirus affects both the tricarboxylic
acid cycle and the electron transport chain, leading to an
increase in reactive oxygen species (ROS) and subsequent
mitochondrial damage. This damage results in the release
of mitochondrial DNA, which acts as mitochondrial
damage-associated molecular patterns (mtDAMPs),
intensifying systemic inflammation via the cGAS-STING
pathway. Elevated levels of mtDAMPs are associated with
severe outcomes in bacterial sepsis [138, 139].

Viral infections can also shift metabolism from
OXPHOS to glycolysis [140], promoting viral replication
and leading to lactate accumulation and mitochondrial
dysfunction [141]. This dysfunction may result in cardiac
issues, weakened immune defenses, particularly in dis-
eases such as dengue fever [142], and neuroinflammation
in neurons that rely on OXPHOS.

Pathological lipid accumulation due to viral replica-
tion can exacerbate ARDS in SARS-CoV-2-infected hosts
[141], leading to cardiac dysfunction, and compromising
BBB integrity. Disruption in amino acid metabolism can
also affect neurotransmitter balance and BBB integrity,
impacting CNS diseases, as evidenced by alterations in
tryptophan metabolism [141].

Cell death pathways activation

Cell death mechanisms such as apoptosis, necroptosis,
pyroptosis, ferroptosis, and PANoptosis, are conserved
strategies employed to restrict viral replication. However,
their excessive activation can result in lymphocyte deple-
tion, immunosuppression, tissue injury, and organ fail-
ure, leading to adverse outcomes [143].

Apoptosis
Viruses often manipulate the host’s apoptotic
machinery through both extrinsic and intrinsic

pathways. Disruptions of these pathways by viruses
induce mitochondrial membrane permeabilization
and cytochrome-c release, triggering the formation of
the apoptosome and activating the caspase cascade,
ultimately leading to apoptosis. Additionally, viruses
can amplify intrinsic apoptosis via interferon-stimulated
genes, RLRs, and cGAS [109]. Autopsy results from
COVID-19 patients reveal increased T cell apoptosis,
mirroring patterns observed in infections caused by
IAV and DENV [144]. In bacterial sepsis, uncontrolled
apoptosis significantly depletes immune cells such as
B cells and CD4* T lymphocytes, thereby weakening
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immune defenses [145] and increasing vulnerability to
secondary infections, which often correlates with poor
prognoses.

Necroptosis

When viruses inhibit apoptosis, necroptosis serves
as an alternative cell death pathway. Necroptosis can
be triggered by death receptors such as TNF receptor,
factor-related apoptosis (FAS/CD95), TLR3, TLR4, and
Z-DNA binding protein 1 (ZBP1). Upon activation,
ZBP1 interacts with receptor-interacting protein kinase
3 (RIPK3), facilitating the phosphorylation of mixed
lineage kinase domain-like protein. This process results
in mixed lineage kinase domain-like protein oligomeri-
zation, cell membrane rupture, and the release of high
mobility group box 1 protein, cytokines, and histones,
leading to significant inflammation and exacerbating
organ damage.

Several viruses, including IAV, SARS-CoV-2, HSV-
1, CVB3, and RSV, can induce necroptosis. IAV acti-
vates ZBP1, leading to lung epithelial cell death and an
increased risk of ARDS [146]. SARS-CoV-2 infection
induces the formation of Z-RNA, thereby activating
the ZBP1-RIPK3 pathway [147]. Elevated plasma levels
of RIPK3 in sepsis patients are linked to a higher inci-
dence of ARDS and AKI. In neural tissues, HSV-1 utilizes
infected cell protein 6, the large subunit of ribonucleotide
reductase, to suppress caspase-8 [148], initiating necrop-
tosis and leading to encephalitis. CVB3 induces necrop-
tosis in cardiac cells, resulting in myocarditis.

Pyroptosis

Similar to necroptosis, pyroptosis releases intracellular
materials, including IL-1p, IL-18, and high mobility group
box 1, leading to tissue injury [149]. Pyroptosis relies on
the formation of inflammasome, involving NLRP family
members (NLRP1 and NLRP3) as well as hematopoi-
etic interferon-inducible nuclear proteins with a 200-
amino acid repeat (HIN200)-containing proteins such
as AIM2 and interferon-inducible protein 16. AIM2 and
interferon-inducible protein 16 are DNA receptors that
induce inflammasome formation and promote interferon
production, respectively [150]. NLRP1 and NLRP3 detect
viral activities and trigger inflammasome assembly. The
SARS-CoV-2 N (nucleocapsid) protein facilitates the
assembly of the NLRP3 inflammasome, leading to IL-1
production and lung injury in mice [151, 152]. IAV may
increase the risk of lung injury by activating the NLRP3
inflammasome through galectin-3 in respiratory epi-
thelial cells [153]. CVB3 and ZIKV activate pyroptosis
in cardiomyocytes and neural cells, causing myocarditis
and potential encephalitis, respectively. DENV induces
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pyroptosis via the NLRP3 inflammasome by directly
engaging caspase-4, thereby amplifying organ damage,
particularly in the liver and heart during acute phases
[148].

Ferroptosis

Ferroptosis is a non-apoptotic programmed cell death
characterized by the accumulation of iron-dependent
lipid peroxides [149, 154]. Viruses frequently exploit
ferroptosis to facilitate viral transmission and cause
host organ damage. Viruses such as CVB3, IAV, mouse
mammary tumor virus, and canine parvovirus, bind to
transferrin receptor 1 to enter cells, leading to iron accu-
mulation and subsequent ferroptosis. EBV indirectly
influences ferroptosis by promoting nuclear factor eryth-
roid 2-related factor 2, which inhibits glutathione per-
oxidase 4 (GPX4), a key regulator of ferroptosis, while
simian immunodeficiency virus, SARS-CoV-2, and New-
castle disease virus directly suppress GPX4 to induce fer-
roptosis. Additionally, coxsackievirus (CV)-A6, ZIKV,
and TAV activate lipid peroxidation, while mouse hepa-
titis virus-A59 upregulates acyl-CoA synthetase long-
chain family member 1, inducing ferroptosis through the
NF-«kB and TLR4 pathways [155]. In septic progression,
decreased hepatic GPX4 and glutathione levels, along
with increased indicators of ferroptosis such as malondi-
aldehyde, lipid ROS, and Fe?*, are observed [156).

PANoptosis

PANoptosis is an inflammatory programmed cell death
pathway that integrates features of pyroptosis, apoptosis,
and necroptosis [157]. This process is primarily coordi-
nated by the PANoptosome complex, which involves
RIPK1, RIPK3, caspase-8, NLRP3, ASC, and FAS-associ-
ated protein with death domain (FADD) [157]. Upon viral
infection, ZBP1 acts as an upstream sensor, assembling
the ZBP1-PANoptosome with proteins such as RIPK3
and caspase-8, leading to lung injury in infections like
IAV [158]. Elevated levels of ZBP1 have been observed
in severe COVID-19 patients [130]. The AIM2-PANop-
tosome mediates PANoptosis during HSV-1 infections
[158]. Moreover, cytokine release induced by viruses,
especially those enhanced through interactions between
TNF and IFN-y, can amplify caspase-8/FADD-mediated
PANoptosis, exacerbating lung injury [158].

Autophagy

Autophagy can degrade viral proteins or virions [159].
However, many viruses exploit this process to enhance
replication, facilitate transmission, and cause host organ
damage. Viruses such as mouse hepatitis virus, MERS-
CoV, SARS-CoV, and SARS-CoV-2 induce double-
membrane vesicles that serve as sites for replication and
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assist in exporting viral RNAs to the cytosol, leading to
cytokine release and organ damage [160]. Some viruses
inhibit the fusion of autophagosomes with lysosomes
by targeting components such as soluble N-ethylma-
leimide-sensitive factor attachment protein receptors,
Ras-related protein in the brain (Rab) GTPases, tether-
ing factors, or lysosomal functions. For instance, CVB3
protease 3C, human parainfluenza virus type 3 P protein,
and Ebola viral protease target SNARE-binding protein
synaptosomal-associated protein of 29 kD to inhibit
autophagy flux. SARS-CoV-2 proteins ORF3a and ORF7a
disrupt lysosomal fusion [161], while IAV M2 and DBV
NSs proteins block autophagosome-lysosome fusion
by interacting with Beclinl [162]. Additionally, viruses
such as ZIKV, HCV, WNYV, and DENV exploit secretory
autophagy for viral maturation, egress, and cell-to-cell
spread, significantly enhancing their replication within
the host [162—-164].

Cytokine and histones release

Cytokines and intracellular histones are well-established
inflammatory molecules released by activated or dying
cells, and their release can directly elevate the risk of tis-
sue damage and organ failure [149].

Cytokine release

Viruses such as influenza, SARS-CoV, MERS-CoV, and
SARS-CoV-2, induce a state of hyperinflammation char-
acterized by elevated levels of IL-1p, IL-6, and IFN-y. This
condition disrupts the alveolar-capillary interface, result-
ing in pulmonary complications such as ARDS [165]. The
cytokine storm involving IFN-«, C—C chemokine motif
ligand 2, IL-6, and TNE, is often associated with mortality
related to influenza [165] and heightens the risk of AKI
and neuroinflammation. Similarlyy, DENV and EBOV
exacerbate cytokine release, leading to increased vascu-
lar permeability in dengue hemorrhagic fever and fatal
shock in EBOV [166].

Histones release

During viral infections, histones such as H1, H2A, H2B,
H3, and H4 are released extracellularly through processes
like NETosis, apoptosis, and necrosis, acting as DAMPs
that bind to TLRs. This activation triggers the release
of cytokines and chemokines, initiating inflammatory
responses that recruit immune cells and result in
organ damage. Extracellular histones also upregulate
endothelial adhesion molecules such as E-selectin and
intercellular adhesion molecule 1, facilitating leukemia
cell adhesion and migration while contributing to
endothelial and epithelial cell damage as well as platelet
aggregation [167, 168]. In severe cases of COVID-19,
elevated levels of circulating extracellular histones are
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linked to myocardial infarction, stroke, coagulopathy, and
systemic hyperinflammation [169-171]. Citrullinated
histone H3-positive neutrophils indicate thrombotic
inflammation in COVID-19 [172]. Additionally,
accumulation of extracellular histones along with
pulmonary microvascular thrombosis has been observed
in both influenza-infected mice and human cases [173].

Immune cell activation and virus clearance

The innate immune system, consisting of neutrophils,
macrophages, and dendritic cells, is the first line of
defense that detects and responds to viral infections
in tissues (Table 2) [174—183]. If the virus successfully
evades this initial response, the adaptive immune system
activates T cells to target infected cells and B cells to pro-
duce neutralizing antibodies. However, if the infection
persists, it may lead to viremia and excessive activation of
immune cells [184].

Neutrophil activation and neutrophil extracellular traps
(NETs) formation

Upon viral infection, neutrophils engage in phagocy-
tosis, degranulation, and the release of NETs to combat
pathogens (Table 2) [174, 175]. These cells activate pro-
inflammatory signaling pathways, thereby amplifying
ROS production via the reduced nicotinamide adenine
dinucleotide phosphate oxidase complex. Increased ROS
levels promote the translocation of neutrophil elastase to
the nucleus, where it collaborates with myeloperoxidase
to induce chromatin decondensation and NET forma-
tion, a process known as NETosis [174]. NETs, composed
of DNA fibers and histones, facilitate fibrin deposition,
platelet capture, and thrombus stabilization [174]. Exces-
sive NET formation in the lungs has been associated
with ARDS and coagulation abnormalities in COVID-19
[175]. Elevated serum markers for NETs correlate with
disease severity in influenza, dengue fever, and COVID-
19. Remnants of NETs have been identified in various
organs during post-mortem examinations of COVID-19
patients [175].

NK cell activation

NK cells are innate lymphocytes that play a crucial role in
responding to acute viral infections [176]. They eliminate
viruses and coordinate adaptive immunity through cyto-
toxic actions and cytokine release. Upon activation, NK
cells secrete perforin and granzymes (Table 2) [175, 176],
which destroy infected cells but may also damage adja-
cent healthy cells, leading to tissue injury. For instance,
hantavirus infections can activate NK cells, resulting in
damage to ECs and inducing thrombosis in the lungs,
liver, and kidneys. Additionally, activated NK cells release
pro-inflammatory cytokines such as IFN-y, TNF, and
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granulocyte—macrophage  colony-stimulating  factor
(GM-CSF) [177], which can trigger a potentially dan-
gerous “cytokine storm” that compromises organ func-
tion. This phenomenon is observed in flavivirus and IAV
infections, characterized by significant NK cell activity
and cytokine production in the lungs [177]. In COVID-
19, chemokines released by NK cells exacerbate inflam-
mation by attracting additional immune cells, thereby
affecting T and B cell dynamics.

B cell activation and exhaustion

B cells are essential at all stages of the immune response.
They become activated upon recognizing viral anti-
gens through their B cell receptor or via PRRs such as
TLR7 and TLR9. Once activated, they differentiate into
plasma cells that produce antibodies to neutralize and
eliminate viral particles (Table 2) [177, 178]. However,
excessive antibody production can lead to inflamma-
tory tissue damage, including glomerulonephritis [185,
186]. In addition to producing antibodies, B cells secrete
pro-inflammatory cytokines such as IL-6, B cell activat-
ing factor, and a proliferation-inducing ligand, which
can damage endothelial integrity and impair organ func-
tion in severe viral infections like EBOV, influenza, and
SARS-CoV-2 [178, 179]. This cytokine release, combined
with B cell-derived antibodies, can disrupt coagulation
processes, increasing the risk of DIC and contributing to
severe outcomes such as ARDS [187].

Viral exposure can also result in B cell exhaustion or
apoptosis. For example, IAV can induce B cell death,
thereby compromising protective immunity. Further-
more, certain viruses promote the development of immu-
nosuppressive regulatory B cells, leading to immune
paralysis and secondary infections, ultimately exacerbat-
ing outcomes in sepsis [180].

T cell activation and exhaustion

T cells are pivotal components of adaptive immune
responses and play a crucial role in viral elimination.
Activated by antigen-presenting cells such as dendritic
cells via MHC I or II molecules, T cells trigger intracel-
lular signaling cascades through their T-cell receptors,
involving steroid receptor coactivator-family kinases and
Zap70 (Table 2) [181, 182]. Cytokines including IL-2,
IL-6, IL-12, and IL-23 facilitate T cell activation, expan-
sion, and maturation, thereby enabling their migration to
sites of infection.

Activated CD4* T cells facilitate B cell activation and
antibody production, while CD8" T cells specifically
target virus-infected cells [182]. These processes are
vital for controlling infections caused by viruses such
as measles, CMV, HCV, and HIV. However, excessive
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T cell activation can result in tissue damage and
exacerbate conditions such as COVID-19 and influenza
by amplifying inflammatory responses and increasing
vascular permeability, leading to complications like
ARDS [182] and microthrombosis.

Persistent viral infections can result in T cell exhaus-
tion. Severe cases, such as those involving SARS-CoV-2,
frequently exhibit lymphopenia, which is associated with
poor clinical outcomes (Table 2) [183]. Regulatory T cells
can also suppress antiviral responses, thereby promoting
viral persistence and further complicating the immune
response [188].

Immunosuppression in viral sepsis

Immunosuppression in viral sepsis compromises both
the innate and adaptive immune systems, characterized
by imbalanced cytokine profiles, lymphocyte apoptosis,
and exhaustion, increased expression of inhibitory recep-
tors such as programmed death-1 and cytotoxic T-lym-
phocyte antigen 4, elevated levels of myeloid-derived
suppressor cells (MDSCs), and weakened pathogen
defense. This state is typically evident in the bloodstream
from the onset of infection through hospitalization [189],
heightening susceptibility to secondary infections [42],
prolonged illness, organ damage, and increased mortality
rates [190].

Viruses such as CMV, EBOV, measles virus, influenza
virus, and particularly SARS-CoV-2, are closely asso-
ciated with this immunosuppressive condition [42].
In severe COVID-19 cases, there is a significant rise
in MDSC levels in both blood and lung tissues [191].
Viruses like influenza induce immune cell apoptosis and
disrupt cytokine balances, impairing the function of T
cells, B cells, and NK cells, while increasing the presence
of suppressive cells such as regulatory T cells and MDSCs
[192].

Non-immune component activation and virus clearance
Non-immune components such as ECs, platelets, and
the complement systems are also primary targets of
cytokines and intracellular materials. While their activa-
tion can facilitate virus clearance, it also triggers endothe-
lial damage, and coagulation dysfunction, and increases
the risk of tissue injury and organ failure.

EC activation

ECs are activated to limit pathogen spread [193], but
excessive activation increases endothelial permeability
perturbations, as evidenced by glycocalyx degradation
and disruptions in junction proteins such as vascular
endothelial-cadherin. Viruses like the DENV NS1 protein
damage the glycocalyx, while hantaviruses destabilize
endothelial integrity by inhibiting B3 integrins [193, 194].
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SARS-CoV-2 further exacerbates these perturbations,
leading to ARDS and myocardial ischemia [195]. In
the gastrointestinal tract, these disruptions can lead
to bacterial translocation, thereby increasing the risk
of sepsis. Activated ECs also express elevated levels of
adhesion molecules such as E-selectin and vascular cell
adhesion protein 1, promoting immune cell adhesion
[193]. Their interaction with platelets can result in
coagulation abnormalities, driving thrombin generation
and microthrombosis, characteristic of DIC observed
in severe COVID-19. Additionally, viral damage to
ECs exposes subendothelial collagen and releases von
Willebrand factor, both of which activate platelets [196].

Platelet activation

Platelets can interact with viral components through
their receptors, including TLRs, NLRs, Fc receptors, and
complement receptors [197]. Upon activation, platelets
can sequester and eliminate pathogens directly while
releasing substances that inhibit viral replication, thereby
aiding in infection control [198]. However, excessive
activation may induce microthrombi formation in vital
organs, leading to conditions such as ARDS and myocar-
dial infarction. In IAV-infected mouse models, activated
platelets recruit and interact with neutrophils, regulat-
ing NET release and exacerbating coagulopathy as well as
lung pathology [199]. This increase in platelet activation
is often associated with thrombocytopenia, which serves
as a poor prognostic indicator. For example, DENV
enhances platelet adhesion and degradation, leading to
hemorrhagic outcomes [200], while DBV targets glyco-
protein VI to further exacerbate platelet activation and
contribute to thrombocytopenia [201]. Similarly, SARS-
CoV-2 infection is also linked to thrombocytopenia and
an elevated mortality rate [190].

Activation of the complement system

The complement system, bridging innate and adaptive
immune responses, comprises over 30 types of solu-
ble plasma proteins and membrane-associated proteins.
Sensitive to cellular damage and pathogens, it can be
exploited by viruses for tissue invasion. However, exces-
sive complement activation during viral sepsis can trig-
ger a “cytokine storm’, leading to endothelial dysfunction,
thrombus formation, intravascular coagulation, and
ultimately resulting in multiple organ failure and death.
This is observed in severe cases of COVID-19 where high
mortality rates correlate with extensive complement acti-
vation [202]. Similar detrimental effects of uncontrolled
complement activity are noted in diseases such as influ-
enza, MERS, and dengue [203-205].
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Disruption of the coagulation system

Perturbations in the coagulation system are prevalent
in acute infections such as Ebola, Lassa fever, yellow
fever, hantavirus, DENV, and SARS-CoV-2. These
disruptions, initially intended to limit viral spread,
can induce thrombosis, secondary hemorrhage, and
even DIC, leading to multi-organ dysfunction and
increased mortality [153]. For instance, approximately
71% of COVID-19 fatalities met the DIC criteria [155].
IAV models also demonstrate the critical impact of
coagulopathy on worsening pulmonary injury [146].

The pathophysiology of coagulation dysfunction in
viral infections includes aberrant release of tissue fac-
tor and impairments in the protein C and S systems
[206]. Viruses such as SARS-CoV, SARS-CoV-2, and
EBOV induce expression of tissue factors in circulating
blood cells, contributing to DIC and thrombosis [207].
HIV impairs the anticoagulant system by inducing pro-
tein S deficiency. Activated protein C, a plasma protease
observed in severe sepsis, may exacerbate endothelial and
epithelial cell dysfunction while influencing lung inflam-
mation or survival during severe influenza [208]. Fur-
thermore, activation of protease-activated receptor 1 by
host thrombin enhances interactions between coagula-
tion and inflammation, potentially increasing viral infec-
tivity [209]. AMP-like peptides encoded by viruses, such
as SARS-CoV-2, activate protease-activated receptor 2
to enhance coagulation [210]. These pathways culminate
in widespread microvascular obstructions that lead to
severe complications including AKI, ARDS, and stroke.

Management and treatment strategies for viral
sepsis

Management of viral sepsis integrates both etiological
and supportive approaches. Unlike bacterial sepsis, for
which antibiotics have been clinically proven effective,
viral sepsis often lacks highly effective antiviral agents,
leading to suboptimal outcomes. Care strategies primar-
ily focus on symptomatic support to stabilize vital func-
tions and manage secondary complications, frequently
representing the only viable treatment option in clinical
settings. Advanced therapeutic modalities such as immu-
nomodulation, convalescent plasma (CP), and thera-
peutic plasma exchange (TPE), may potentially enhance
patient outcomes by modulating the immune response.

Supportive treatment

Supportive care can mitigate the risk of multi-organ
failure and mortality in the management of sepsis,
regardless of its etiology. The foundation of this care
involves restoring microcirculation and addressing
tissue hypoperfusion, particularly in severe cases of
viral-induced sepsis [211]. Interventions include fluid
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resuscitation, vasopressor use, and blood transfusion.
Patients with EVD, severe dengue, and DBV infections
significantly benefit from prompt fluid resuscitation
supplemented with vasopressors [19, 212]. In acute cases
of EVD, blood transfusions are crucial for managing
hemorrhagic complications.

As the disease progresses, supporting the respiratory,
cardiac, and renal systems becomes paramount. Mechan-
ical ventilation, including both non-invasive methods
and early intubation, remains fundamental for respira-
tory support. In severe cases, extracorporeal membrane
oxygenation has proven transformative, particularly for
patients with refractory hypoxemia and severe myocar-
dial depression [213, 214]. Extracorporeal membrane
oxygenation has been associated with reduced mortal-
ity in conditions such as MERS, HIN1, and COVID-19
[215]. Additionally, renal replacement therapy assists
patients with AKI by optimizing fluid balance [19, 216].

Direct antiviral strategies

Most antiviral drugs are unsuitable for clinical use due to
the lack of clinically proven efficacy against many preva-
lent viruses. Mechanistically, viruses, as obligate intracel-
lular parasites, exploit host cellular mechanisms for their
survival, complicating efforts to selectively target them
adversely affecting host cells. The following sections pro-
vide a detailed overview of some antiviral drugs (Table 3)
[217-236].

The inhibitors of virus attachment/entry

This class of antiviral agents targets host receptors, co-
receptors, or viral spike proteins to inhibit viral attach-
ment and entry, thereby disrupting the early stages of the
viral replication cycle.

DAS181 (Fludase) is a sialidase fusion protein that
enzymatically cleaves sialic acids from the host respira-
tory epithelium, thereby blocking viral entry. Preclinical
and clinical studies have shown that DAS181 possesses
broad-spectrum antiviral activity without inducing cel-
lular toxicity against various strains of influenza, includ-
ing HIN1 and avian influenza [225, 237]. It effectively
inhibits the replication of H7N9 and its oseltamivir-
resistant R292K variants in mice, achieving a 100% sur-
vival rate in lethally infected mice when administered
daily shortly after infection onset. In a phase III clinical
trial involving hospitalized patients with parainfluenza
virus infections, DAS181 significantly reduced viral load
and improved pulmonary function [237]. These findings
position DAS181 as a promising candidate for therapeu-
tic intervention.

Azedoxifene acetate, a selective estrogen receptor
modulator, demonstrates potential efficacy against coro-
naviruses. It functions as an entry inhibitor by targeting
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the post-attachment penetration stage. This mechanism
effectively inhibits pseudovirus infections of SARS-
CoV-2, including the Delta and Omicron variants, as
well as SARS-CoV, while also reducing IL-6 levels both
in vitro and in vivo [226].

Fostemsavir (brand name Rukobia), a recently Food
and Drug Administration (FDA)-approved attachment
inhibitor, is a prodrug of temsavir. Upon metabolism, it
binds to the gp120 subunit of the HIV-1 envelope glyco-
protein gpl160, thereby effectively inhibiting viral attach-
ment to CD4 receptors in the host immune system [238].
In the phase III trial (NCT02362503), patients with
advanced HIV-1 disease and limited therapeutic options
who received fostemsavir exhibited a significantly greater
decrease in HIV-1 RNA levels compared to those receiv-
ing placebo treatment. This efficacy was maintained over
48 weeks. Additionally, fostemsavir was generally well
tolerated and demonstrated increasing virological and
immunological response rates up to 96 weeks [239].

Human recombinant soluble angiotensin-converting
enzyme 2 (ACE2), targeting the ACE2 receptor to block
entry of SARS-CoV-2 Spike (S) protein, exhibits thera-
peutic potential for reducing viral loads and protecting
organoids. This effectiveness has been observed during
treatment of a female COVID-19 patient, and confirmed
through phase I and II trials involving both healthy vol-
unteers and COVID-19 patients [217, 218].

Fusion inhibitors

Membrane fusion inhibitors, which target enveloped
viruses, act on components such as the fusion peptide
and heptad repeat (HR) 1 and 2 to obstruct viral entry.
Antibodies like CA45, ADI-15878, and ADI-15742 [222],
along with hydrophilically enhanced HR2 analogs, have
demonstrated efficacy against viruses including EBOV
and MERS-CoV, significantly reducing viral titers in mice
by over 1000-fold [223, 240]. Pan-coronavirus inhibitors
that target HR1 domains have shown substantial inhibi-
tion of SARS-CoV-2 membrane fusion in mouse models
[224]. Specific pyrimidine compounds targeting flavivi-
rus E proteins, such as pyrimidine 2-12-2 and 3-110-22,
inhibit membrane fusion and have exhibited the ability to
counteract infections like ZIKV and Japanese encephali-
tis virus in vitro [219].

Chloroquine and hydroxychloroquine (HCQ), while
influencing endocytosis and various stages of viral
assembly and replication in flaviviruses, retroviruses,
and coronaviruses [219], demonstrate a lack of clinical
efficacy against coronaviruses. Pre-exposure to HCQ
among healthcare workers did not reduce the risk of
SARS-CoV-2 infection and was associated with an
increased incidence of adverse events [241, 242]. Larger
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trials have indicated that HCQ use is linked to higher
mortality rates [243].

Viral replication inhibitors
RNA-dependent RNA polymerase (RdRp) and DNA
polymerase are pivotal in the replication of genomic
material (DNA or RNA) and serve as prime targets for
antiviral strategies. Remdesivir, an adenosine analog that
targets RdRp, has demonstrated therapeutic potential
against a broad spectrum of viruses, including EBOV,
RSV, SARS-CoV, MERS-CoV, and SARS-CoV-2. Research
indicate that remdesivir effectively mitigates the pro-
gression of ARDS and reduces mortality in SARS-CoV-2
infections [244, 245]. A 3-day course of remdesivir has
been shown to reduce the risk of hospitalization or death
in non-hospitalized patients [246]. Favipiravir, another
RdRp inhibitor, has yielded promising results in clinical
trials but is not yet widely approved (Table 3) [227, 228].
Clinical study suggests that favipiravir can facilitate rapid
viral clearance in influenza cases and significantly lower
mortality rates among DBV-infected patients [227].
VV116, an oral nucleoside antiviral approved in Uzbek-
istan for targeting the RdRp of SARS-CoV-2, shows
significant antiviral activity against various strains of
SARS-CoV-2, including the Omicron variant, while
exhibiting no genotoxicity in preclinical evaluations.
A phase III trial (NCT05341609) conducted in China
revealed that VV116 has comparable efficacy to PAX-
LOVID (nirmatrelvir packaged with ritonavir), with
individuals treated with VV116 experiencing faster
clinical recovery and fewer safety concerns. Other FDA-
approved RdRp inhibitors include molnupiravir and
azvudine, underlining the therapeutic potential of this
target mechanism in adult patients with mild-to-moder-
ate COVID-19 [247].

Viral protease inhibitors

Viral replication necessitates post-translational modifica-
tions mediated by proteases. In coronaviruses, the main
protease (MP™ or 3CLP™) plays a crucial role. Identified
inhibitors of CoV MP™ include disulfiram, ebselen, car-
mofur, and notably boceprevir, which were originally
approved for HCV [168]. Other hepatitis C protease
inhibitors, such as telaprevir and simeprevir, have also
undergone clinical validation.

Nirmatrelvir, an oral MP™ inhibitor, impedes viral rep-
lication while ritonavir enhances its plasma stability by
inhibiting metabolism through the cytochrome P-450
3A4 (CYP3A4) pathway. The phase II/III evaluation of
protease inhibition for COVID-19 in high-risk patients
(EPIC-HR) trial demonstrated that nirmatrelvir/ritona-
vir reduces the risk of mortality and accelerates viral load
reduction in high-risk outpatient COVID-19 patients,
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with greater benefits observed in individuals exhibiting
more severe risk factors. Further studies are needed to
identify the populations most likely to benefit [248].
Additionally, SY110 has shown efficacy in reducing
viral loads across various coronaviruses in animal
models. Olgotrelvir (STI-1558), a dual inhibitor of SARS-
CoV-2 MP™ and cathepsin L, exhibited a favorable safety
profile and antiviral activity in phase I trials, emerging
as a potent oral antiviral candidate [249]. Ensitrelvir
(5-217622), targeting SARS-CoV-2’s main protease,
significantly lowers viral load and mitigates disease
severity in hamsters infected with SARS-CoV-2 [250].

Immunomodulatory therapy

Sepsis is characterized by an imbalance in the immune
system, manifesting as excessive inflammation and
immunosuppression. Therapeutic strategies are designed
to rectify this imbalance, constituting a crucial compo-
nent of supportive treatment for viral sepsis.

Cytokine antagonists and interferon therapy

Cytokines such as IL-1, IL-6, TNEF, and IFNs serve as key
inflammatory mediators in viral infections. Anti-cytokine
therapies, including IL-1 inhibitors (like anakinra) and
IL-6 inhibitors (such as tocilizumab and sarilumab),
effectively mitigate inflammation in severe cases of
COVID-19. Anakinra has been shown to reduce venous
and arterial complications in critically ill patients [251],
while tocilizumab significantly decreases mortality and
intubation rates among ARDS patients [252]. Addition-
ally, TNF neutralization has been found to reduce neu-
rotoxicity and mortality in DENV-infected mice [253].
However, both anakinra and tocilizumab do not sig-
nificantly shorten clinical recovery times [254]. Further-
more, anti-IL-6 therapies may impair viral clearance and
increase susceptibility to secondary infections, necessi-
tating rigorous monitoring for respiratory and infectious
complications [255, 256].

Type I IFNs, including IFN-a and IFN-f, are essen-
tial for antiviral defense; however, insufficient levels can
exacerbate infections [257]. Early administration of IFNs
has shown protective effects against lethal SARS-CoV
and MERS-CoV infections in animal models [231, 233].
A retrospective cohort study found that early administra-
tion of IFN-a2b (within 5 d of admission) is associated
with reduced in-hospital mortality among COVID-19
patients, whereas delayed administration correlates with
increased mortality and offers no significant benefit to
moderately ill patients [258]. Furthermore, excessive
levels of IFN may trigger autoimmune or inflammatory
conditions [257]. Therefore, careful monitoring of IFN
therapy is essential to manage potential adverse effects.
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Glucocorticoids
Corticosteroids are typically used to modulate host cell-
mediated immune responses and inflammatory cytokines
in various infectious diseases [259]. However, their use
should be restricted to specific situations for certain viral
infections, such as SARS-CoV-2 with hypoxemia, rather
than being applied broadly outside these indications.
Dexamethasone, a preferred glucocorticoid, signifi-
cantly reduces 28-day mortality in severe COVID-19
patients requiring respiratory support [260, 261]. Its
administration is critical during the progression to ARDS
in COVID-19 patients [262] and is also utilized in the
treatment of SARS, influenza, varicella zoster, and HSV
encephalitis [42, 263]. In critically ill COVID-19 patients,
corticosteroids can decrease both mortality and hospi-
talization days without increasing the risk of secondary
infections, as observed in cases of SARS and influenza.
Nevertheless, the long-term consequences of dexa-
methasone, including hypertension, cardiac hypertro-
phy, and hyperglycemia, necessitate careful monitoring
of blood pressure and hemoglobin Alc levels throughout
treatment [264]. Additionally, its immunosuppressive
properties warrant caution in conditions such as dengue
fever and influenza [263].

Immune enhancers

In response to the detrimental effects of immunosuppres-
sion in viral sepsis, immunostimulants such as GM-CSF
and IL-7 are garnering increasing attention. GM-CSF
has potential applications in alleviating pulmonary com-
plications [265], while IL-7 enhances T cell responses to
both HIV-1 and SARS-CoV-2 [266]. The programmed
death-1 pathway, which is implicated in sepsis-induced
T cell dysfunction and mortality [42], is also emerging
as a promising therapeutic target, particularly in severe
influenza cases [267]. Overall, the therapeutic strategy
for viral sepsis is evolving towards a synergistic approach
that integrates anti-inflammatory effects with immune
enhancement.

Cell therapy

Cellular therapies, including T cell-, NK cell-, and mes-
enchymal stem cell-based therapies, offer promising
treatment options for viral infections. These approaches
utilize engineered immune cells to target infected cells
and enhance antiviral responses without exacerbating
systemic inflammation. NK cells naturally detect and
neutralize infected cells without prior exposure, while
virus-specific T cells bolster targeted antiviral defenses
with minimal inflammatory response [268]. Mesenchy-
mal stem cell-based therapies exhibit a range of beneficial
properties, including antimicrobial, anti-inflammatory,
regenerative, angiogenic, antifibrotic, antioxidative, and
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anti-apoptotic effects, and have been extensively stud-
ied in clinical settings. A systematic review assessing the
therapeutic potential and safety of various stem cell types
for COVID-19 and ARDS revealed encouraging results
[269]. Although these studies did not specifically address
MERS or SARS, they consistently highlighted the advan-
tages of stem cell therapy in modulating immune and
inflammatory pathways associated with lung damage in
patients suffering from COVID-19 and ARDS [270].

CP treatment

CP therapy, which involves transfusing plasma from
recovered patients into infected individuals, can provide
specific antibodies that neutralize viral agents and allevi-
ate septic symptoms. It has demonstrated efficacy during
various viral outbreaks, including SARS, MERS, Ebola,
and certain strains of influenza [271, 272]. For instance,
during the SARS epidemic, meta-analyses suggested that
CP therapy significantly reduced both viral loads and
mortality rates [273]. Additionally, it has proven effective
in reducing mortality rates associated with Ebola [274]
and has shown benefits in H7N9 infections where con-
ventional treatments have failed [275]. Plasma enriched
with H5N1 antibodies has also been found to decrease
the risk of mortality [276].

Despite historical successes, the application of CP ther-
apy in COVID-19 requires careful interpretation [275].
Observational studies have indicated that CP is generally
safe for COVID-19 patients and may reduce viral loads
as well as coagulation disorders [276-278]. However, an
exploratory analysis involving 4330 patients revealed no
significant benefits in reducing mortality at 7 d. Further-
more, a large-scale randomized controlled trial revealed
that CP therapy did not significantly impact the pro-
gression to severe COVID-19, clinical status, or overall
mortality [278, 279]. These findings highlight the vari-
ability in CP’s effectiveness and underscore the necessity
for further research to elucidate its role in treating viral
infections.

TPE

TPE functions by excreting toxic compounds and
small viral constituents, while enhancing endothe-
lial activity. It surpasses conventional methods such
as heparin therapy and significantly reduces the inci-
dence of ARDS, AKI, bleeding episodes, and other
sepsis-associated complications [280]. In 2009, TPE
was demonstrated to be a life-saving intervention for
pediatric patients suffering from HIN1-induced acute
lung injury and shock [281]. Additionally, lectin affin-
ity plasmapheresis has achieved up to 80% clearance
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of MERS-CoV within a 3-hour window in vitro [282].
A meta-analysis further highlighted TPE’s potential in
rectifying coagulative disorders and diminishing mor-
tality among COVID-19 patients, particularly when
combined with antithrombin and tissue fibrinogen
inhibitors derived from fresh frozen plasma [283].

Prevention of secondary infections

Secondary infections, including bacterial, fungal, or
viral pathogens, complicate primary viral ailments,
particularly in patients with viral sepsis who experi-
ence immune suppression. These secondary infections
can result in severe outcomes such as respiratory fail-
ure, shock, extended ICU stays, and increased mortal-
ity [284]. During the influenza pandemic, secondary
bacterial infections significantly contributed to elevated
mortality rates [285]. Similarly, MERS-CoV and SARS-
CoV-2 infections have been aggravated by secondary
infections, leading to prolonged hospitalizations, multi-
organ failure, and heightened mortality rates [286].
Additionally, cases of SFTS complicated by secondary
Aspergillus infections exhibit a high 28-day mortality
rate [287].

Common pathogens associated with influenza include
Streptococcus pneumoniae, Staphylococcus aureus,
and Haemophilus influenzae. In COVID-19, respira-
tory infections often involve Staphylococcus aureus,
Haemophilus influenzae, Acinetobacter, Klebsiella, and
Pseudomonas species, while bloodstream infections
may involve Escherichia coli and Staphylococcus aureus.
Other significant secondary pathogens in severe cases
encompass Mycoplasma pneumoniae, Chlamydia pneu-
moniae, and Legionella pneumophila [288].

However, the prolonged use of antibiotics to target
these pathogens has contributed to increased antimi-
crobial resistance [289], complicating treatment strat-
egies and elevating patient risk. Effective management
of secondary infections requires an integrated approach
that emphasizes judicious and timely use of antimicro-
bials alongside rapid diagnostic techniques. Collecting
high-quality microbiological samples, such as bron-
choalveolar lavage fluid, is crucial for accurate patho-
gen identification and tailored treatment. A strategic
evidence-based approach is essential for combating
secondary infections in severe viral cases while reduc-
ing overall mortality.

Evolving landscape of viral sepsis: challenges

and future directions

Identifying viral sepsis presents significant challenges due
to the potential for bacterial co-infection and the incon-
sistent application of the term “viral sepsis’, complicating
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both prospective and retrospective diagnostics. Prospec-
tive diagnostic efforts are often hindered by uncertainties
regarding bacterial co-infections in critically ill patients,
while retrospective methods, which frequently rely on
billing codes, may fail to accurately capture the incidence
or characteristics of viral sepsis. These challenges high-
light the urgent need for standardized criteria and tools
specifically designed to identify viral sepsis.

The similar clinical presentations and overlapping
inflammatory responses between viral and bacterial
infections further complicate diagnosis, particularly
when bacterial infections occur after viral ones. Although
advanced diagnostic tools for viral diseases exist, they
are often constrained by issues related to sensitivity,
specificity, and availability in resource-limited settings.
Additionally, the high costs associated with these diag-
nostics and the mutable nature of RNA viruses intro-
duce further complexity. The emergence of viruses such
as SARS-CoV-2 emphasizes the necessity for adaptable
diagnostic techniques that can keep pace with viral evo-
lution. Therefore, developing standardized diagnostic cri-
teria and screening tools for viral sepsis would enhance
diagnostic precision, improve patient outcomes, and
strengthen epidemiological data.

Challenges also persist in the management and treat-
ment of viral sepsis. Despite significant advancements
in understanding the signaling pathways and molecular
mechanisms involved, this field remains contentious.
Viruses interact with a wide range of host signaling path-
ways, often in ways that differ among various patho-
gens, making it difficult to generalize findings from one
viral infection to another. Moreover, viruses are adept
at manipulating host pathways, complicating efforts to
identify therapeutic targets without disrupting normal
cellular functions. These challenges are further exacer-
bated by variable clinical outcomes and organ responses.

The future of managing viral sepsis presents several
opportunities for improvement. Regardless of whether
sepsis is induced by bacteria, viruses, parasites, or fungi,
timely detection and intervention can prevent progres-
sion to septic shock and multi-organ failure. This review
explores the epidemiology, clinical manifestations, and
complex signaling pathways associated with organ dam-
age in sepsis, along with molecular dynamics and diag-
nostic challenges. By deepening the understanding of
viral interactions, these insights will enhance both public
awareness and professional knowledge, while improving
prevention and treatment strategies.

The complexity of viral sepsis has also catalyzed
advancements in medical treatments, including
immunomodulatory therapies such as CP and
innovations in nanomedicine. These approaches aim
to modulate inflammatory responses and provide
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broad-spectrum antiviral effects, holding promise for
future therapeutic developments. Although many of
these treatments remain in the early stages of research,
the integrated strategy of combining organ support
with immunomodulation shows potential benefits for
critically ill patients.

In summary, ongoing efforts to elucidate the complexi-
ties of viral pathogens, refine therapeutic strategies, and
translate preclinical findings into clinical practice are
poised to revolutionize the management of viral sepsis.
The future appears promising, with advanced antivirals
and multifaceted therapies converging to offer compre-
hensive and effective treatment options.
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