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Abstract: Advances in diagnostic technologies have led to the identification of an increasing number of viruses associated with
pneumonia, thereby drawing significant attention to viral pneumonia. The primary viral pathogens implicated in pneumonia include
influenza virus, respiratory syncytial virus, coronavirus, adenovirus, parainfluenza virus, human metapneumovirus, and enterovirus.
Post-translational modifications, especially phosphorylation, are pivotal in the lifecycle of these viruses. Phosphorylation affects key
processes such as viral replication, transcription, assembly, and release, thereby influencing their propagation in host cells. Viral
infection can also trigger kinase-associated pathways within host cells, activating host cell phosphatases and related signaling
cascades. This results in alterations to host phosphorylation states, aggravating cellular pathology and facilitating viral proliferation.
This review examines the common viral pathogens involved in pneumonia and highlights the role of phosphorylation in viral
proliferation. Additionally, we explore the potential of phosphorylation inhibitors in controlling viral infections, with the aim of
advancing our understanding of viral phosphorylation and promoting the use of these inhibitors in the treatment of viral pneumonia.
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Introduction

Pneumonia is a prevalent infectious disease that primarily affects the alveoli and distal bronchial tree.! According to the
2019 Global Burden of Diseases study, lower respiratory tract infections, including pneumonia, impacted approximately
400 million people globally.” The most vulnerable populations include the elderly, children® and pregnant women.*
Pneumonia can be caused by various pathogens, such as bacteria, viruses, fungi, and parasites.” Among these, viral
pneumonia has been recognized as a major cause of global morbidity and mortality.® In terms of timing, the incidence of
pneumonia shows recognizable seasonal patterns that vary by climate, with winter—early spring peaks in temperate
regions coinciding with increased circulation of influenza and RSV,” and rainy or high-humidity periods more often
associated with higher incidence in tropical and subtropical settings.® Placing the burden in this temporal context helps
frame subsequent advances in detection and management. Advances in diagnostic techniques have led to the detection of
an increasing number of viruses, resulting in a growing number of diagnosed cases of viral pneumonia. This shift has
redirected research focus from bacterial to viral infections in pneumonia studies.” The primary viral agents responsible
for pneumonia include influenza virus, respiratory syncytial virus (RSV), coronavirus, adenovirus, parainfluenza virus,
human metapneumovirus (hMPV), and enterovirus.'®"”

Post-translational modifications (PTMs) are crucial processes that alter protein structure and function through the
addition or removal of chemical groups during and after protein synthesis, such as phosphorylation, ubiquitination, and
acetylation.'® 2! These modifications not only affect protein conformation but also play a key role in regulating cellular
functions and disease mechanisms. Phosphorylation, in particular, is a significant PTM that modulates protein function by
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adding phosphate groups to specific amino acid residues, thereby influencing viral processes such as replication,
transcription, assembly, and release.”” For example, Glycogen Synthase Kinase-3 (GSK-3) phosphorylates the nucleo-
capsid protein (N protein) of coronaviruses, and GSK-3 inhibitors have been shown to reduce N protein phosphorylation,
disrupt viral replication, and lower viral titers and cytopathic effects.?® The phosphorylation and dephosphorylation of the
influenza virus N protein regulate its nuclear localization, influencing viral replication and assembly.>* In addition to
affecting viral proteins, viral infections can modulate host cell physiological processes. Severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection, for instance, activates host cell kinases and the MAPK pathway.?
The activated MAPK pathway is involved in various physiological processes, including inflammatory responses and cell
cycle regulation, thereby aggravating disease progression while facilitating viral replication.”*>® Therefore, understand-
ing the phosphorylation dynamics of pneumonia-causing viruses is crucial for gaining deeper insights into viral biology
and the pathogenesis of viral pneumonia.

This review provides an overview of the common viral pathogens and their pathological characteristics in viral
pneumonia, with a specific focus on the role of phosphorylation PTMs in the life cycle of viruses such as influenza virus,
RSV, coronavirus, and adenovirus. Additionally, we discuss recent advances in phosphorylation-targeting therapeutics for
treating viral pneumonia, aiming to promote the development of these interventions in clinical settings.

Key Viral Pathogens in Pneumonia: Epidemiology and Pathogenesis

Influenza Virus: Clinical Impact and Mechanisms of Pathogenesis

Influenza viruses are frequently implicated in pneumonia cases, including community-acquired pneumonia (CAP),
hospital-acquired pneumonia, and pneumonia in immunocompromised individuals.*>*° Approximately one-third of
patients seeking medical attention for influenza are diagnosed with pneumonia.’’** A retrospective study involving
666 patients reported that 185 cases of confirmed influenza progressed to pneumonia, accounting for 27.7% of the total
cases. These patients exhibited elevated C-reactive protein levels and reduced blood oxygen saturation.>* Moreover,
severe influenza cases are often complicated by ventilator-associated pneumonia due to secondary infections with
antibiotic-resistant bacteria.**

Influenza viruses belong to the Orthomyxoviridae family and are classified into four subtypes: influenza A, B, C, and D.
Among these, influenza A, B, and C infect humans,*’ while influenza D primarily affects livestock.*® Influenza A and B are the
main causes of seasonal influenza and are RNA viruses prone to frequent antigenic drift due to the lack of proofreading
mechanisms in their RNA polymerase, leading to the emergence of novel strains.*’~* Influenza C, unlike A and B, is less
contagious and generally causes milder symptoms.*® However, all three types—A, B, and C—have been linked to pneumonia.
A study of 1,345 influenza patients revealed that 528 had influenza A, and of these, 211 cases developed pneumonia, with
a significant association between pneumonia and reduced 30-day survival.** The clinical impact of different influenza subtypes
varies; for instance, Minney-Smith et al reported that patients infected with influenza A/H1 exhibited longer hospital stays, higher
ICU admission rates, and more severe pneumonia compared to other subtypes.*' Although influenza B is generally associated
with milder symptoms, a study involving 1,846 patients demonstrated that both influenza A and B infections can result in
pneumonia.*? Research on influenza C is less extensive; it usually causes only mild respiratory symptoms such as colds or coughs,
predominantly in children under the age of 2.** Nevertheless, some reports indicate that influenza C can also lead to pneumonia.**
A study by Principi et al involving 391 children with radiologically confirmed CAP found that respiratory secretions from five
patients tested positive for influenza C, and these children exhibited clinical symptoms comparable to those of influenza A, which
were more severe than those of influenza B.*’

RSV: Epidemiology and Clinical Features
RSV is a member of the Paramyxoviridae family and is a non-segmented, negative-sense RNA virus encoding 11
proteins. The G protein and F protein play key roles in its pathogenesis: the G protein facilitates RSV attachment to

1.* RSV is primarily divided into two subtypes,

epithelial cells, while the F protein mediates viral entry into the host cel
A and B, based on differences in surface antigens, with the G protein being the primary marker for subtype

differentiation.*’ Viral infections are a leading cause of CAP in children, with RSV identified as a major pathogen in
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approximately 42% of cases.''*® RSV is also the most common cause of lower respiratory tract infections in children
under one year of age.*’ A two-year study found that 66.9% of pediatric CAP cases were attributed to viral infections,
with RSV accounting for 32% of these (67 cases total, with 33 of subtype A, 33 of subtype B, and 1 untyped), making it
the most prevalent viral cause.'? Similarly, a study by Berkley et al on 759 children hospitalized with pneumonia showed
that 425 (56%) tested positive for one or more respiratory viruses, with RSV being detected in 260 patients.’® The study
also indicated that RSV detection was associated with severe pneumonia, a correlation not observed with other
respiratory viruses.

RSV is not limited to pediatric infections and can cause pneumonia in adults and the elderly as well.>' In high-risk
adults with chronic cardiac or pulmonary conditions, the outpatient visit rates for RSV infection are comparable to those
for influenza A, and the rates of ICU admission and mortality are similar for both viruses, underscoring the significant
impact of RSV in these populations.”? PCR-based diagnostic methods have improved the accuracy of detecting viral
pathogens in adult CAP cases.”>>* A study of 340 adult CAP patients using PCR diagnostics revealed that the prevalence
of viral infections was comparable to bacterial infections, with influenza A being the most common virus, followed by
adenovirus and RSV subtype A.'"* In elderly populations, RSV is a major cause of lower respiratory tract infections,
accounting for 2%-9% of annual pneumonia hospitalizations in the United States.”> Additionally, in those aged 65 and
older, RSV-bacterial co-infections are associated with higher hospital mortality rates.>®

Coronaviruses: Host Interactions and Disease Severity
SARS-CoV and SARS-CoV-2, both members of the Betacoronavirus genus within the Coronaviridae family, are positive-
sense single-stranded RNA viruses that share a high genetic homology with coronaviruses found in bats.’” Their RNA is
enclosed within a nucleocapsid formed by the N protein, and the viral envelope is embedded with spike protein (S protein),
membrane protein, and envelope protein.”®>® The S protein is crucial as it facilitates the virus’s entry into host cells by
binding to the angiotensin-converting enzyme 2 (ACE2) receptor on the cell surface. Notably, the binding affinity of SARS-
CoV-2 to ACE2 is significantly higher than that of SARS-CoV, which contributes to the higher transmissibility of SARS-
CoV-2.% The S protein of SARS-CoV-2 comprises three components: S1, S2, and a transmembrane domain, with the S1
subunit containing the receptor-binding domain that interacts with the ACE2 receptor.®’** Binding of the S1 subunit to
ACE2 induces conformational changes at the S1/S2 cleavage site, enhancing the susceptibility of these regions to host
protease cleavage.®® Additionally, the binding process triggers a switch-like conformational shift between the k-helix and
the B-strand in the S protein, further promoting viral entry into the host cell.**

Coronaviruses are strongly linked to pneumonia. In a study of 338 cases of CAP in children under three years of age,
22 cases (6.5%) tested positive for coronaviruses, with 9 (40.9%) being co-infections.'> In a Thai study of 734
pneumonia patients, 3% of children and adolescents were found to be infected with human coronaviruses.®> CAP in
children has been associated with human coronaviruses 229E, OC43, NL63, and HKU1.°®” However, SARS-CoV-2
primarily affects middle-aged and elderly individuals, with children showing lower susceptibility and fewer severe or
fatal cases.®® A large-scale study involving 41,640 children and adolescents and 268,945 adults found that the
seropositivity rate was lower in children than in adults, and children had a lower risk of contracting SARS-CoV-2,
with an odds ratio of 0.56 for being an infected contact.*” Additionally, in household transmission scenarios, adult SARS-
CoV-2 patients were found to play a pivotal role in the spread of the virus.”

Adenovirus: Pathogenesis and Clinical Manifestations
Adenoviruses are non-enveloped, double-stranded DNA viruses that primarily consist of capsid proteins and a core.”!

During viral entry, the fibers on the adenoviral capsid bind to receptors on the host cell surface,’*"

triggering
endocytosis and vesicle formation. The acidic environment within the vesicle facilitates viral uncoating and the release
of viral DNA.” This viral DNA then enters the host cell nucleus, where it integrates with the host transcription
machinery to initiate gene expression and viral protein synthesis.”

Adenoviruses primarily infect the upper respiratory tract, but like other viral agents, they can also cause viral
pneumonia.’®"® A study involving 3,356 patients with acute lower respiratory tract infections (ALRTI) reported that

HAdV-B7 and HAdV-B3 were the most prevalent adenovirus types in pediatric ALRTI cases, accounting for 49.0% and
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26.3% of infections, respectively, with HAdV-B7 being associated with more severe clinical symptoms.”® The study also
identified cases of co-infection with HAdV-C2 and HAdV-C57.” Recent data suggest that adenovirus is a major
contributor to respiratory infections in mainland China, responsible for 5.8%-13% of acute respiratory infection cases,
predominantly caused by HAdV types B, C, and E.*® Among these, HAdV-55 is a significant cause of CAP in China.®!
HAdV-55 can result in severe, and even fatal, pneumonia in children, particularly in cases with co-infections involving
other pathogens, leading to complications such as plastic bronchitis and post-infectious bronchiolitis obliterans.®* In
elderly patients, HAdV-55 also shows a higher pneumonia severity index, greater systemic hypotension, more pro-
nounced radiographic abnormalities, and increased hospitalization rates compared to HAdV-B7 and HAdV-B3.** In
contrast, data from the United States collected between 2003 and 2016 indicated that HAdV-3 and HAdV-2 were the
most common adenovirus types.®*

Other Viral Pathogens: Parainfluenza, hMPV, and Enterovirus

In addition to the previously discussed viruses, parainfluenza viruses have also been implicated in pneumonia.'*'> These
viruses initially infect the upper respiratory tract, where they attach to and replicate in ciliated epithelial cells before
spreading to the lower respiratory tract.®> Symptoms of upper respiratory tract infections are typically mild, resembling
a common cold, but when the virus reaches the distal airways, it can lead to pneumonia.®® In adults, parainfluenza virus
infections usually present with mild symptoms.®® However, due to immature immune systems, seasonal epidemics of
human parainfluenza virus (HPIV) pose a substantial disease burden for children, with HPIV responsible for 40% of
hospitalizations due to lower respiratory tract infections in children.®” A study involving 4,755 patients found that 160 of
178 HPIV-positive samples were from children under five years old, accounting for 88.9% of cases, with HPIV-3 and
HPIV-1 being the most prevalent subtypes.®® This observation aligns with Knott’s findings, which reported peak activity
for HPIV-1 in autumn, HPIV-3 in spring and summer, and a lower prevalence of HPIV-2.*

hMPYV, also a member of the Paramyxoviridae family, can cause lower respiratory tract infections. A study of 124
children with CAP identified hMPV in five cases, three of which involved co-infections. The study further revealed that
hMPYV seroconversion increases with age, reaching nearly 100% by school age, suggesting that early-life exposure
establishes natural immunity.”® This may explain the relative rarity of hMPV as a cause of CAP in children. A separate
study of 2,358 children and 2,320 adults hospitalized with pneumonia detected 298 (12.6%) and 88 (3.8%) hMPYV cases,
respectively, indicating that hMPV pneumonia is significantly less common in adults than in children. Moreover, the
study found that clinical symptoms of hMPV pneumonia were more severe in children than in adults,'® highlighting the
need for vigilant management of this condition despite its lower incidence.

Enteroviruses are small, non-enveloped, positive-sense RNA viruses in the Picornaviridae family. Enteroviruses,
particularly EV-D68, have been linked to pneumonia.”’ A report by Imamura et al indicated that 2.6% of severe CAP
cases among children aged 7 to 14 years hospitalized in the Philippines between 2008 and 2009 tested positive for EV-
D68.'7 Children are the most affected group, with infection rates decreasing with age.”” In a study of 907 patients,
individuals under 20 years of age were found to be more likely to test positive for EV-D68 than those aged 20 and above,
with the highest positivity rate observed in the 5-9 years age group.”> EV-D68 is a primary cause of respiratory illnesses
such as CAP. In a screening of respiratory samples from 130 Danish patients, 14 cases were positive for EV-D68, of
which 12 presented with respiratory symptoms, including persistent cough, acute respiratory distress, and asthma-like

wheezing. Two patients were diagnosed with pneumonia and experienced recurrent hospitalizations.”*

Phosphorylation Modifications in Viral Pneumonia: Functions and

Mechanisms

As shown in Figure 1, PTMs, especially phosphorylation, significantly influence multiple processes such as viral
assembly, replication, and transcription, making them indispensable for viral proliferation.”* The key phosphorylation
sites and their respective roles in the proliferation of influenza virus, RSV, coronavirus, and adenovirus are summarized
in Table 1.
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Figure | The impact of phosphorylation post-translational modification on viral processes. In pneumonia-causing viruses, including influenza virus, coronavirus, adenovirus,
and respiratory syncytial virus, phosphorylation modifications can influence viral transcription and translation. For example, phosphorylation of nucleocapsid proteins
promotes the formation of transcriptional complexes, thereby enhancing viral transcription and translation. Additionally, phosphorylation of nucleocapsid proteins affects
their intracellular localization, influencing viral assembly. Beyond viral protein phosphorylation, viral infection activates host cell phosphorylation pathways, which in turn
suppress host protein synthesis.

Phosphorylation Dynamics in Influenza Virus Replication and Transcription

The phosphorylation modification process and its effects in influenza virus are shown in Figure 2. The transcription of
influenza virus involves a unique mechanism known as “cap-snatching,” wherein the viral RNA polymerase, consisting
of the PA, PB1, and PB2 subunits, interacts with the host RNA polymerase II. The PB2 subunit specifically recognizes
and binds to the 5’ cap structure of host mRNA, which is then cleaved by the PA subunit to serve as a primer for viral
mRNA synthesis.''""''? The C-terminal domain (CTD) of RNA polymerase II plays a critical role in mRNA transcription
and is regulated by phosphorylation during mRNA maturation.''* Immunoprecipitation studies have demonstrated that
the viral RNA polymerase binds to the Ser5-phosphorylated CTD, facilitating the subsequent “cap-snatching” process.''*
The activity of the viral RNA polymerase is crucial for transcription, and PKCa-mediated phosphorylation of PB1 and
NS1 enhances its activity.”® Phosphorylation of the PA subunit is essential for its function. Casein kinase II (CK2),
a serine/threonine kinase, phosphorylates several sites on the PA subunit, and mutation of the T157 site results in the loss
of cRNA synthesis from the viral RNA template, although viral RNA transcription remains unaffected.”® The CTD of PA
can also interact with pyruvate kinase M2 (PKM?2), enabling the transfer of a phosphate group to PA, thereby converting
the RNA polymerase from a transcriptase to a replicase.''> Additionally, non-structural protein 1 (Nspl) is phosphory-
lated at threonine 215 by cyclin-dependent kinases (CDKs) and extracellular signal-regulated kinases (ERKSs), promoting
efficient viral replication.’®
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Table | Phosphorylation Modifications Involved in Viral Pneumonia and Their Functional Roles

Virus Phosphorylation Involved Effects Reference
Site Enzyme

Influenza PBI, NSI PKCa Increases viral RNA polymerase activity and promotes viral replication. [28]
PATI57 CK2 The T157 phosphorylation site is crucial for RNA polymerase to [95]

synthesize cCRNA from the viral RNA template, and its mutation impairs

cRNA synthesis without affecting viral RNA transcription.

Nspl T215 CDKs, ERKs Promotes efficient viral replication. [96]

NP S482 PLK3 Enhances NP oligomerization activity and viral RNA binding to RNP. [97]

NP S165, NP S407 PKC Inhibits NP oligomerization and impairs RNP complex assembly [98,99]

NP S486 PKC Promotes the oligomerization of NP. [99]

NP S9, NP Y10 PKG, INSR Weaken the binding ability of NP to importin-a, preventing NP from [24]
entering the nucleus.

NP Y296 INSR Alter the conformation of NES 3, disrupting the interaction between NP | [24]
and CRMI, thereby inhibiting NP’s nuclear export.

NP T188 - Block NP’s transport from the nucleus to the cytoplasm, leading to [100]
reduced polymerase activity and viral replication.

RSV P protein S237 CK2 Promote the phosphorylation of $232. [101,102]
P protein S232 CK2 Activate P protein and promote its oligomerization. [101,102]
P protein S116, CK2 Promote the interaction between N protein and P protein, ensure the [roi]

P protein SI17, correct folding of N protein and the specific encapsidation of RNA,

protein P SI'19 thereby ensuring the virus’s replication capacity.

M protein T205 CK2 Promote M protein oligomerization, enhancing viral infectivity. [103]
M protein S95 CK2 Inhibit the re-entry of M protein into the nucleus and promote its [104]

retention in the cytoplasm, leading to increased oligomerization of
M protein, contributing to viral assembly.

Coronavirus | NP S 177, NP S 189, GSK-3 Enhance the interaction between N protein and 14-3-3 protein, [23,105]
NP S 207 facilitating the localization of N protein with the viral replication complex
in the cytoplasm, thereby promoting viral RNA synthesis
N protein RS motif CDK, MAPK, | Inhibit the multimerization of N protein and its localization in stress [105,106]
CK2 granules, thereby reducing its ability to suppress host cell mRNA
translation.
Nsp|-Nsp4 - Phosphorylation of nsp! stabilizes its binding to the 40S ribosomal [107]

subunit, while phosphorylation of nsp2, nsp3, and nsp4 induces
conformational changes, affecting target protein binding and regulating

viral replication.

Adenovirus | EIA S132 CDKs, CK2 Enhance EIA’s ability to disrupt E2F/DP-pRB complex, promote host cell | [108]
entry into S phase, support viral replication

EIB S490, EIB S491 CK2 Enhance the inhibition of p53 and increase viral replication. [109]

DBP TI195 - Alter the conformation of DBP, thereby changing the replication capacity. | [110]

The nucleoprotein (NP) of influenza virus is a single-stranded RNA-binding protein that encapsulates the viral RNA
to form a helical nucleocapsid, which is essential for viral transcription and replication.''® Inhibition of NP phosphor-
ylation has been shown to delay viral transcription, and phosphorylated nucleocapsids are more sensitive to heat,
suggesting that NP phosphorylation alters the nucleocapsid structure and affects viral transcription.!'” Ren et al demon-
strated that NP is phosphorylated at serine 482 by polo-like kinase 3 (PLK3), which enhances its oligomerization and
promotes ribonucleoprotein (RNP) complex formation with viral RNA.”” Moreover, PLK3 enhances viral polymerase
activity in a dose-dependent manner. Different phosphorylation sites on NP have distinct effects. For example, mutating
S165 to glutamic acid (S165E) or aspartic acid (S165D) inhibits NP oligomerization and RNP assembly.”® Similarly,
phosphorylation at S165 and S407 inhibits NP oligomerization, while phosphorylation at S486 promotes excessive

oligomerization.”’
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Figure 2 Phosphorylation regulation in influenza virus. Upon infection of host cells by influenza virus, host phosphorylation pathways such as PKC, ERK, JNK, and p38 are
activated, leading to an increase in inflammatory cytokines and promoting viral infection and proliferation. The viral RNA polymerase interacts with phosphorylated RNA
polymerase Il, facilitating host mRNA splicing and viral mMRNA maturation. Phosphorylation of the PA subunit of the viral RNA polymerase enhances VRNA synthesis, while
phosphorylation of nucleocapsid proteins regulates transcription and replication by promoting RNP complex formation. Additionally, nucleocapsid protein phosphorylation
affects CRMI binding, regulating the nuclear export of RNP complexes, which influences subsequent viral assembly.

Phosphorylation of NP also influences its intracellular transport, thereby affecting RNP formation. For instance,
phosphorylation at S9 and Y10 reduces NP’s binding affinity to importin-o, preventing its nuclear import, while
phosphorylation at Y296 alters the conformation of nuclear export signal 3 (NES3), inhibiting NP’s interaction with
CRMI1 and its nuclear export.** Likewise, phosphorylation at T188 within the NES2 region hinders NP’s transport from
the nucleus to the cytoplasm, reducing polymerase activity and viral replication.'® Even at the same site, different
phosphorylation states can have varying effects; for example, S482E enhances polymerase activity and RNP assembly,
whereas S482A negatively impacts viral replication.”’ This dynamic regulation of NP phosphorylation-
dephosphorylation ensures precise control of RNP formation, supporting efficient viral replication.

Influenza virus also activates various cellular pathways through phosphorylation to facilitate its replication.''® For
example, PKC activity is significantly increased in mononuclear cells upon influenza infection, and PKC inhibitors
reduce viral infection.''”'** The virus also activates the MAPK pathway (ERK, JNK, and p38) and the PI3K/Akt
pathway.'?'"'?* Activation of p38 and JNK induces the production of pro-inflammatory cytokines like RANTES,
triggering inflammatory responses.'?' ERK activation is associated with RNP nuclear translocation in the late stages
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of infection, and ERK inhibition causes RNP retention in the nucleus, thereby suppressing viral replication.'** The PI3K/
Akt pathway promotes the phosphorylation of PB1 and NS1, enhancing viral replication.?®

Opverall, phosphorylation in influenza spans the entire course of replication and transcription. It affects the activity of
polymerase subunits PA, PB1, and PB2, and regulates NP oligomerization and nucleo-cytoplasmic trafficking, which together
determine the efficiency of RNP assembly. The virus also exploits host signaling pathways, including PKC, MAPK, and PI3K/
Akt, to enhance polymerase function and promote genome replication. Phosphorylation at distinct sites is stage dependent and
directional, with some events promoting assembly while others restrain excessive aggregation; this fine balance ultimately
shapes viral yield and the magnitude of inflammatory responses. Timed interventions that target specific kinases or key sites
may reduce replication and mitigate pathology while preserving essential cellular functions.

Phosphorylation and Its Role in RSV Replication and Host Interaction

The replication and transcription of RSV’s negative-strand genomic RNA are carried out by the viral RNA-dependent
RNA polymerase complex, which primarily comprises the L protein (large RNA polymerase subunit), the P protein
(phosphoprotein), and the N protein.'*> The P protein is the major phosphoprotein, and its phosphorylation is mainly
mediated by CK2."?® The main phosphorylation sites on the P protein include S116, S117, and S119 in the central region
and S232 and S237 at the C-terminus.'?' These phosphorylation sites are interdependent; phosphorylation at S237 alone
does not activate the P protein but promotes phosphorylation at S232, which in turn activates the P protein.'*
Phosphorylation is crucial for P protein oligomerization. P protein expressed in bacterial systems lacks the necessary
PTMs and, due to dephosphorylation, fails to oligomerize. In contrast, P protein expressed in HEp-2 cells oligomerizes
correctly.'”” Additionally, dephosphorylation of the P protein reduces its interaction with the N protein. Removal of
phosphorylation sites S116, S117, S119, S232, and S237 reduces the N-P interaction to only 40% of its original level,
impairing the proper folding of the N protein and the specific encapsidation of RNA, thereby decreasing viral
replication.'®! Furthermore, the P protein can bind to the cellular phosphatase PP1 and mediate the dephosphorylation
of the M2-1 protein, which enhances its binding to newly synthesized viral mRNA in inclusion bodies, thereby increasing
RSV transcriptional efficiency.'*®

In RSV, the matrix (M) protein functions as a structural adapter essential for proper viral assembly, bridging the viral
envelope and the RNP complex.'?® The T205 site of the M protein can be phosphorylated by CK2. A T205D mutant,
which mimics dephosphorylation, disrupts M protein oligomerization, reducing viral infectivity. The S220N mutation
partially compensates for the defect caused by T205D, possibly due to the close proximity of T205 and S220 in the
M protein crystal structure, suggesting that S220 may influence the phosphorylation of T205.'%*'3 During the early
stages of RSV infection, the M protein predominantly localizes to the nucleus, where it binds to chromatin and inhibits
host cell transcription. Later in the infection, it relocates to the cytoplasm to facilitate viral particle assembly.'*''** CK2-
specific inhibitor TBB has been shown to increase nuclear retention of the M protein in infected cells, indicating that the
nuclear-cytoplasmic distribution of the M protein is regulated by phosphorylation. Further studies suggest that phosphor-
ylation at S95 and T205 is critical for this process. M protein lacking phosphorylation at these sites is directed to the
nucleus early in infection, but later phosphorylation by CK2 prevents its re-entry into the nucleus and promotes its
retention in the cytoplasm, thereby enhancing oligomerization and involvement in viral assembly.'®* Both the absence
and excessive phosphorylation of these sites reduce RSV infectivity.'**

RSV also manipulates host protein phosphorylation to support its replication. Upon viral invasion, cells increase the
expression of protein kinase R (PKR), which is activated by phosphorylation. Activated PKR then phosphorylates elF2a,
inhibiting e[F2B and consequently suppressing both cellular and viral protein translation.'**'3* While upregulation of
PKR has been observed in RSV-infected epithelial cells,'*> RNA interference silencing of PKR does not affect RSV
growth.'*® This is because RSV’s N protein binds specifically to PKR, preventing it from interacting with and
phosphorylating eIF20, thus maintaining the translation of viral proteins.'’

In RSV, phosphorylation of the P protein is central to stabilizing the polymerase complex and sustaining efficient
transcription, and it also shapes its interaction with N and the proper assembly of RNPs. The phosphorylation state of
M determines its distribution between nucleus and cytoplasm, enabling suppression of host transcription early in infection and
promotion of assembly and budding at later stages. The virus further tunes the translation switch governed by PKR and elF2a
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to maintain an environment supportive of viral protein synthesis. Taken together, RSV uses phosphorylation checkpoints
across transcription, assembly, and budding to balance replication efficiency against host restrictions. These observations
suggest that precise modulation of key nodes such as CK2, or the interaction between P and host phosphatases, may provide
a therapeutic window that suppresses the virus without excessive disturbance of the host.

Phosphorylation of Coronavirus N Proteins: Implications for Viral Replication and

Host Response

The phosphorylation process in coronavirus, specifically the phosphorylation modifications of the N protein and their
effects, are illustrated in Figure 3. The N protein of coronaviruses is a key structural protein crucial for viral replication,
transcription, and assembly. It interacts with the coronavirus genome to form RNP complexes, which are encapsulated by
the lipid membrane and undergo budding.'*® In infected cells, the N protein is highly phosphorylated, a modification
essential for its maturation.*® Lin et al reported that SARS-CoV exhibits significant phosphorylation at specific sites
within the serine-rich region (amino acids 1-256) of the N protein.'** Wu et al identified that GSK-3 kinase phosphor-
ylates SARS-CoV N protein at S177, S189, and S207, and inhibition of GSK-3 significantly reduces viral RNA
synthesis.”® Additionally, the N protein co-localizes with the viral helicase throughout the infection cycle.'*""'** Apart
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Figure 3 Phosphorylation modifications in coronavirus. Following coronavirus infection, elF2a phosphorylation is promoted, leading to the formation of stress granules and
suppression of host protein translation. Moreover, activation of p38/MAPK and CK2 pathways, along with inhibition of CDK /2 activation, is observed in infected hosts,
which promotes cytokine production, enhances viral spread, and halts cells in the S/G2 phase, thereby facilitating viral replication. Phosphorylation of nucleocapsid proteins
is crucial for viral processes, as it enhances specific binding to viral RNA and suppresses stress granule formation, leading to the inhibition of host protein synthesis.
Phosphorylated N protein also localizes to the nucleus to regulate the cell cycle. Additionally, within the cell, N protein co-localizes with RNA helicase to promote the
release of viral RNA. Phosphorylation of non-structural proteins also affects viral replication, as Nspl phosphorylation suppresses host protein transcription, while
phosphorylation of Nsp3 and Nsp4 promotes the formation of the transcription/translation complex.
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from GSK-3, other kinases, including CDKs, mitogen-activated protein kinases (MAPKs), and CK2, can phosphorylate
the SARS-CoV N protein. Phosphorylated N protein accumulates in the nucleus, binds to 14-3-3 proteins, and
translocates to the cytoplasm.'®> This suggests that N protein phosphorylation may enhance its interaction with 14-3-3
proteins, thereby promoting the formation of replication complexes in the cytoplasm and facilitating viral RNA synthesis.

Coronavirus-infected cells have also been shown to increase the phosphorylation of eukaryotic initiation factor 2a
(eIF2a), leading to a blockade of translation initiation and an increase in stress granules, which induces host translational
arrest without affecting viral replication.'*> Peng et al demonstrated that the SARS-CoV N protein inhibits host mRNA
translation in vitro,'% likely due to its role in stress granule formation. Phosphorylation of the N protein’s RS motif (rich
in arginine [R] and serine [S] dipeptide repeats) reduces its multimerization and accumulation in stress granules.
Therefore, phosphorylation of the RS motif not only impacts N protein multimerization and localization in stress
granules but also weakens its ability to inhibit translation.'’® Moreover, phosphorylated N protein shows higher affinity
for viral RNA over non-viral RNA.'** This indicates that N protein phosphorylation regulates host RNA expression and
affects its oligomerization and interaction with viral RNPs.

SARS-CoV-2, the causative agent of coronavirus disease 2019 (COVID-19), hijacks host cell phosphorylation systems
to enhance its replication and spread.'*> In SARS-CoV-2-infected cells, the p38/MAPK and CK2-mediated cytoskeletal
signaling pathways are upregulated, while CDK 1/2 activity is downregulated.'** Upregulation of the p38/MAPK pathway
promotes excessive production of pro-inflammatory cytokines, leading to uncontrolled inflammation and disease
exacerbation.”® Inhibition of CDK1/2 causes cell cycle arrest at the S/G2 phase, ensuring the supply of nucleotides and
proteins needed for viral replication.'*® CK2 promotes myosin phosphorylation to drive actin polymerization, facilitating
efficient viral spread between cells.'*”'*® Additionally, nsps of SARS-CoV-2 play critical roles in viral replication. Nsp1
binds to the 40S ribosomal subunit, inserting its CTD into the mRNA channel, thus interfering with host mRNA
synthesis.'*” Mass spectrometry and SILAC analyses revealed that nsp2 interacts with 84 cellular proteins involved in
endosomal transport, protein translation, ribosome assembly, and vesicle trafficking, indicating that nsp2 may be crucial for
SARS-CoV-2 infection, especially in host processes like protein synthesis and vesicle transport.'*° The interaction between
nsp3 and nsp4 induces membrane rearrangement, forming a replication/transcription complex for viral genome replication
and mRNA transcription, and disruption of this interaction halts viral replication.'' Phosphorylation of nsp1 stabilizes its
binding to the 40S ribosomal subunit, and significant conformational changes occur in phosphorylated versus depho-
sphorylated forms of nsp2, nsp3, and nsp4,'%” suggesting that phosphorylation modulates the interactions of SARS-CoV-2
nsps with target proteins, thereby regulating viral replication.

In coronaviruses, phosphorylated N functions as a hub that contributes to replication complex formation and
influences RNA preference, subcellular localization, and the state of host translation. These changes are closely linked
to pathways governed by GSK-3, CDKs, MAPKs, and CK2, and intersect with stress-granule dynamics and control of
host protein synthesis. SARS-CoV-2 leverages these circuits, together with altered interactions of several nsps with host
machinery, to expand replication and intensify inflammatory injury. Overall, N and its upstream kinases constitute a key
interface between viral replication and host responses. Selective interventions at these nodes may reduce both replicative
output and excessive inflammation, provided that disease stage and dosing timing are considered to minimize effects on
normal cellular processes.

Adenovirus Phosphorylation Pathways: Viral Replication and Host Defense Evasion

Upon adenovirus infection, the viral genome is transported to the host cell nucleus, initiating the expression of early
genes El to E4, including E1A and E1B.">* The E1A protein can immortalize primary cells and push quiescent cells into
the S phase, creating a favorable environment for viral replication.'>® This process involves E1A binding to the
retinoblastoma protein (pRB) and disrupting the E2F/DP-pRB complex. Phosphorylation of E1A by CDKs or CK2
enhances its ability to disrupt the E2F/DP-pRB complex.'® A critical phosphorylation site on E1A is Ser132, and
mutations at this site (eg, Ser132 to Asp132 or Gly132) significantly reduce its binding affinity for pRB."** The EI1B
protein inhibits apoptosis by binding to the tumor suppressor p53, thereby providing sufficient time for viral
replication.'>> Phosphorylation of serine and threonine residues near the C-terminus of EIB by CK2 enhances its
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inhibitory effect on p53, and the phosphorylated form of E1B significantly increases viral replication compared to the
dephosphorylated mutant (Ser490 and Ser491 mutated to alanine).'*

The early gene E2 encodes the DNA-binding protein (DBP), which is phosphorylated at tyrosine residues, particularly
Tyr195, early in infection.'>® In addition, serine and threonine residues at the N-terminus of DBP are also phosphorylated.'>’
The phosphorylation state of DBP varies during infection, ranging from 4 to 7 phosphate groups, and dephosphorylation does
not affect its ability to bind DNA."® Phosphorylation of DBP alters its sensitivity to chymotrypsin, indicating that
phosphorylation may induce conformational changes in DBP that impact adenoviral replication in host cells.''"®

PKR kinase is a host defense mechanism that typically inhibits protein synthesis by phosphorylating elF2a in
response to viral infection. Studies have shown that in the late stages of adenovirus infection, the E1B and E4orf6
complex inhibits PKR activation, preventing elF2a phosphorylation and thereby promoting efficient viral protein
synthesis.'* Additionally, in the late stages of adenovirus replication, inhibition of eIF-4E phosphorylation suppresses
host protein synthesis, allowing preferential translation of viral late mRNA.'®® Adenovirus infection also induces
phosphorylation of ERK and activation of the Raf/MEK/ERK signaling pathway in the late stages, which supports
high levels of viral protein expression and production of progeny viruses.'®" A model of human adenovirus type 2 (Ad2)
infection in IMR-90 cells demonstrated that viral infection triggers phosphorylation changes related to glycolysis,
consistent with the activation of the Warburg effect.'®® This suggests that adenovirus modulates host signaling pathways
and energy metabolism through phosphorylation to promote viral replication.

In adenoviruses, phosphorylation of E1A, E1B, and DBP sequentially achieves early goals that include driving entry into
S phase, suppressing apoptosis, and optimizing nucleic acid replication, and at later stages sustains high levels of structural
protein synthesis and progeny production through Raf/MEK/ERK signaling. Regulation of translation initiation and cellular
metabolic state gives the virus an advantage in the allocation of host resources. The conformation and function of DBP adjust
with its phosphorylation status, which further stabilizes the progression of replication. In summary, adenoviruses connect cell-
cycle control, apoptosis, protein synthesis, and metabolic reprogramming into a continuous chain, with phosphorylation
serving as a link and amplifier. This framework supports selective targeting of CDKs, CK2, or the ERK pathway, and also
indicates the need to monitor potential effects on host proliferation and metabolism when assessing efficacy.

Therapeutic Strategies Targeting Phosphorylation Pathways in Viral Pneumonia
Traditional Chinese medicine (TCM) extracts have been extensively studied for their antiviral effects, particularly against
pathogens responsible for viral pneumonia,'®® and given that phosphorylation regulates viral replication, assembly, and
host inflammatory responses across respiratory viruses,'*>'®* this section briefly summarizes host-directed kinase-
targeted strategies and TCM-derived candidates acting on CK2, p38 MAPK, PIKfyve, and CDKs, highlighting their
mechanisms, preclinical efficacy, and limitations.

Most of the reported TCM compounds exhibit antiviral activity by inhibiting the phosphorylation of signaling
pathways such as p38 MAPK, INK/SAPK, or ERK, which are activated by pathogens.'®'®® Santin reduced IAV
replication in MDCK and THP-1 cell models while dampening phosphorylation of ERK/JNK and NF-kB, with activity
observed at micromolar concentrations.'® Rhein showed in vitro anti-IAV activity with an EC50 of approximately
1.5 pg/mL and, in PR8-infected mice, oral gavage at 25—75 mg/kg/day for 6 days improved survival, lowered lung index
and viral titers, and reduced inflammatory cytokines.'®® Emodin inhibited AV replication at 3.125-25 pug/mL in cell
culture and, when given orally at 25-75 mg/kg/day for 6 days in infected mice, decreased pulmonary viral load and
cytokine levels and alleviated histopathology.'®” Oxymatrine suppressed IAV replication and airway inflammation
in vitro and showed efficacy in PR8-infected mice at 60—120 mg/kg/day by oral gavage, reducing lung index, viral
titers, and pro-inflammatory readouts.'®® However, given that TCM compounds often possess additional properties such
as anti-inflammatory and antioxidant activities,'® it remains to be fully understood whether their antiviral effects are
solely reliant on the inhibition of phosphorylation pathways. Recent studies have summarized TCM compounds that
inhibit viral pneumonia-related pathogens in Table 2. In particular, Bouhaddou et al have investigated phosphorylation
inhibitors targeting coronaviruses, especially SARS-CoV-2, and found that several key kinase pathways, including CK2,
p38 MAPK, PIKFYVE, and CDKs, play significant roles in SARS-CoV-2 replication and infection. The use of small-
molecule inhibitors targeting these pathways significantly reduces viral replication.'*> A summary of the primary small-
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Table 2 Role of Phosphorylation Inhibitors in the Treatment of Viral Pneumonia

Virus Compounds Model Effects/Mechanism Reference
Influenza A Santin MDCK and THP- | Depress the phosphorylation of p38 MAPK, JNK/SAPK and ERK. [165]
I cells
Rhein C57BL/6) mice Decrease |AV-induced activations of Akt, p38 and JNK MAPK pathways. | [166]
Emodin C57BL/6) mice Reduce the phosphorylation of p38/JNK MAPK induced by IAV [167]
Oxymatrine C57BL/6) mice Inhibit 1AV-induced activations of Akt, ERK1/2 and p38 MAPK [168]
RSV Berberine A549 cells Inhibit the phosphorylation of p38 MAPK and suppress the synthesis of | [170]
viral proteins and mRNA.
Grape Seed A549 cells Inhibit the activation of the ERK, JNK, and p38 pathways, and suppress | [171]
Proanthocyanidin the replication of RSV in airway epithelial cells.
Colchicine Sprague—Dawley | Inhibit the phosphorylation of p38. [172]
rats
SARS-CoV-2 Silmitasertib Vero E6 and Inhibit the CK2 signaling pathway, affecting SARS-CoV-2 replication [145]
Gilteritinib A549-ACE2 cells | Inhibit AXL kinase (upstream of p38) and provide antiviral effects against
SARS-CoV-2.
Ralimetinib Inhibit the p38 MAPK pathway, reducing SARS-CoV-2 replication.
MAPK3-IN-1 Inhibit p38J, preventing viral replication.
ARRY-797 Inhibit the p38f signaling pathway, reducing SARS-CoV-2 replication.
Apilimod Inhibit PIKFYVE, disrupting phosphatidylinositol metabolism balance,
blocking viral replication.
Dinaciclib Inhibit CDK signaling pathways, preventing SARS-CoV-2 replication and
regulating the cell cycle.
Adenovirus FIT-039 SCID mice Inhibit CDK?9 kinase and suppress viral replication. [169]

molecule inhibitors and their mechanisms of action is provided in Table 2. FIT-039, a CDK9 kinase inhibitor, has been
reported to inhibit adenovirus replication, but the results indicate that its intracellular EC50 and EC80 values are lower

than the IC50 values observed in in vitro biochemical assays,'®’

suggesting that its antiviral effects may involve
mechanisms beyond CDKO9 kinase inhibition.

Beyond strategies already applied in viral pneumonia, several phosphorylation-targeted therapies from oncology and
immune-mediated disease settings have been shown in human studies to modulate key kinase pathways and thus hold potential
for cross-disease translation.'”* In oncology, the CK2 inhibitor silmitasertib combined with gemcitabine and cisplatin as first-
line therapy for cholangiocarcinoma has shown acceptable safety and signals of efficacy, suggesting that inhibiting CK2-
mediated phosphorylation networks may dampen pathological signal amplification.'”* Regulation of the PIKfyve pathway,
central to endosomal and lysosomal membrane trafficking, has been targeted by the clinical candidate apilimod, which
selectively inhibits PIKfyve and has shown activity in hematologic malignancy studies, offering a rationale for interfering with
pathogen entry processes that rely on endocytosis.'”> Inhibition of the stress-associated JNK pathway has also been explored
in fibrosing lung disease; the selective JNK inhibitor CC-90001 showed good tolerability and encouraging signals in
functional outcomes in a randomized controlled trial in idiopathic pulmonary fibrosis, providing a pharmacologic rationale
for lung diseases in which inflammation and tissue remodeling coexist.'’® In addition, strategies that act directly on viral
kinases merit attention; the pUL97 kinase inhibitor maribavir outperformed control therapy in a Phase 3 study of refractory
cytomegalovirus infection in transplant recipients, demonstrating the feasibility of achieving antiviral efficacy by modulating
virus-associated phosphorylation events.!”” Taken together, these phosphorylation-related interventions validated outside the

context of viral pneumonia offer clear options for drug repurposing and combination regimen design in this field.'”®

Conclusion and Future Perspectives

Viral pneumonia remains a significant global public health concern, with common pathogens such as influenza virus,
RSV, coronavirus, and adenovirus contributing to its burden. This review comprehensively discusses the mechan-
isms by which these viruses facilitate pneumonia development, emphasizing the pivotal role of phosphorylation in

Infection and Drug Resistance 2025:18

6926



Wang et al

viral replication, transcription, and host interactions. Phosphorylation of viral proteins can regulate their oligomer-
ization, impacting viral nucleic acid replication, transcription, and translation. It also modulates their nuclear-
cytoplasmic localization, thereby influencing viral assembly. Furthermore, viruses can activate host cell signaling
pathways, such as the MAPK and PI3K/Akt pathways, to promote viral replication and elicit inflammatory
responses. These findings suggest that targeting viral phosphorylation may be a promising therapeutic approach to
inhibit pathogens and manage viral pneumonia. While TCM extracts have demonstrated efficacy in inhibiting
phosphorylation, they currently lack specific phosphatase inhibitors. In addition to TCM-derived agents, hos
directed small molecule kinase inhibitors that modulate phosphorylation, targeting CK2, p38 MAPK, PIKfyve,
and CDKs, have reduced viral replication and inflammatory readouts in cellular and animal models, providing
a translational rationale for clinical testing.

Future research should situate phosphorylation within specific disease contexts, paying attention to differences among
viruses, host cell types, and stages of illness, with priority given to time-resolved and single-cell studies that progressively
build decision-ready maps for clinical use. We recommend establishing a clear validation chain that links in vitro systems,
animal models, and patient specimens, prioritizing a small set of kinases and modification sites that are reproducibly validated
and pharmacologically feasible, rather than broad cataloging that lacks translational value. On the therapeutic front, host-
targeted kinase inhibition should continue to advance, with greater emphasis on selectivity, dosing timing, and sequencing, and
with stage-based combinations alongside direct antivirals or anti-inflammatory agents to balance viral replication control and
mitigation of excessive inflammation. In parallel, phosphorylation biomarkers measurable in blood or respiratory samples are
needed for patient stratification, pharmacodynamic monitoring, and dose optimization, thereby shortening the path from
mechanism to clinic. For candidates derived from TCM, efforts should focus on standardizing composition, clarifying targets
and pharmacokinetics, and delineating their true contribution to phosphorylation pathways before entering more rigorous,
higher-quality randomized trials. Regarding clinical trial design, adaptive platform frameworks are recommended to compare
multiple targets and combinations within a unified structure, with stringent safety surveillance and drug—drug interaction
assessment in high-risk populations. Finally, open and reusable data and reporting standards, including harmonized site
annotation and functional curation, will improve comparability and evidence synthesis across groups, enabling more precise,
stage-specific, and personalized interventions for viral pneumonia.
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