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Post-translational modifications in sepsis: 
Mechanistic insights and therapeutic 
opportunities
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4Department of Infectious, The First Affiliated Hospital of Dalian Medical University, Dalian, Liaoning, 
China

Microbes & Immunity

Abstract
Sepsis, a life-threatening condition marked by systemic inflammation and multi-organ 
dysfunction, poses a persistent clinical challenge. Post-translational modifications 
(PTMs) dynamically regulated inflammatory signaling, immune responses, and cell 
death, positioning them as a pivotal focus in sepsis research. This review systematically 
explores the regulatory networks of five key PTMs – phosphorylation, ubiquitination, 
SUMOylation, acetylation, and lactylation – in sepsis. In this review, we highlight 
recent discoveries of genes and molecules that modulate these PTMs, influencing 
inflammation and organ dysfunction, and evaluate their potential as therapeutic 
targets or prognostic biomarkers. Furthermore, we discuss how PTMs offer novel 
therapeutic opportunities, providing novel insights to address the shortcomings of 
traditional anti-infective approaches.

Keywords: Sepsis; Post-translational modifications; Phosphorylation; Ubiquitination; 
SUMOylation; Acetylation; Lactylation; Inflammation

1. Introduction
Sepsis arises from a dysregulated host response to infection, resulting in systemic 
inflammation and multiple organ dysfunctions.1 Complications such as acute kidney 
injury (AKI), acute lung injury (ALI), and myocardial injury are frequent and severe, 
contributing to elevated morbidity and mortality rates.2-4 Despite progress in anti-
infective therapies and organ support, the intricate pathogenesis of sepsis continues to 
hinder effective clinical management.

In eukaryotes, protein function is diversified through post-translational modifications 
(PTMs), which dynamically regulate cellular processes.5 Increasingly, PTMs have 
been recognized as central regulators of sepsis progression, modulating inflammatory 
signaling, immune cell polarization, and programmed cell death.6 This review examines 
five major PTMs – phosphorylation, ubiquitination, SUMOylation, acetylation, and 
lactylation, an emerging form of modification – focusing on their roles in sepsis, and 
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explores their potential as biomarkers and therapeutic 
targets to enhance sepsis treatment enhance.

2. Host response dysregulation in sepsis
Sepsis arises from a dysregulated host immune response, 
characterized by a vicious cycle of hyperinflammation, 
immunosuppression, coagulation abnormalities, and 
metabolic dysregulation. This cascade disrupts immune 
homeostasis, driving complex molecular interactions that 
culminate in multi-organ dysfunction.

In the early phase of sepsis, pathogen-associated 
molecular patterns and damage-associated molecular 
patterns engage pattern recognition receptors, such as toll-
like receptors (TLRs), on immune cells. This interaction 
activates signaling cascades, including nuclear factor-
kappa B (NF-κB) and mitogen-activated protein kinase 
(MAPK) pathways, triggering a surge of pro-inflammatory 
cytokines, such as tumor necrosis factor alpha (TNF-
α), interleukin 6 (IL-6), and interleukin 1 beta (IL-1β).7 
Concurrently, excessive activation of the complement 
system (e.g., C3a, C5a) and the formation of neutrophil 
extracellular traps further amplify inflammation, damaging 
vascular endothelium, causing capillary leakage and tissue 
edema.8,9 These processes exacerbate tissue injury and set 
the stage for systemic complications.

Following the initial inflammatory storm, the host 
immune system often transitions into a compensatory 
anti-inflammatory response syndrome. During this phase, 
pro-inflammatory cytokine production declines, while 
anti-inflammatory mediators (e.g., IL-10, transforming 
growth factor beta) are overexpressed, suppressing immune 
cell function.10 This shift is accompanied by widespread 
apoptosis of T cells and B cells, impaired antigen-
presenting capacity of dendritic cells, and expansion of 
myeloid-derived suppressor cells. In addition, upregulation 
of immune checkpoint molecules (e.g., programmed cell 
death protein 1 [PD-1], cytotoxic T-lymphocyte-associated 
protein 4 [CTLA-4]) on T cell surfaces induces T cell 
exhaustion.11 This immunosuppressive state increases 
susceptibility to secondary infections, impairs pathogen 
clearance, and significantly increases mortality risk.

Dysregulated coagulation forms a positive feedback 
loop with inflammation, exacerbating sepsis pathology. 
Inflammatory cytokines inhibit the thrombomodulin-
protein C system, impairing anticoagulation while 
upregulating tissue factor expression to activate the 
extrinsic coagulation pathway. Simultaneously, increased 
levels of plasminogen activator inhibitor-1 suppress 
fibrinolysis, promoting platelet activation and fibrin 
deposition.12,13 These changes lead to microthrombi 
formation, compounded by complement activation 

products that further damage the endothelium and 
enhance platelet aggregation. The resulting disseminated 
intravascular coagulation disrupts organ microcirculation, 
causing ischemic injury and worsening multi-organ 
failure.14

Metabolic reprogramming is a hallmark of sepsis, driven 
by inflammatory signals that shift immune cell metabolism 
toward glycolysis, leading to lactate accumulation and 
metabolic acidosis.15 Excessive reactive oxygen species 
(ROS) induces mitochondrial dysfunction, while lipid 
peroxidation promotes ferroptosis, a form of programmed 
cell death. These processes impair immune cell function 
and contribute to multi-organ metabolic failure.16,17 
Together, these metabolic disruptions exacerbate the 
systemic effects of sepsis and hinder recovery.

PTMs intricately regulate these dysregulated host 
responses, serving as critical molecular switches in 
sepsis pathogenesis. For instance, phosphorylation 
of NF-κB modulates excessive inflammation,18 while 
phosphorylation of lymphocyte-specific protein-1 (Lsp1) 
triggers B cell apoptosis.19 In addition, the E3 ubiquitin 
ligase TRIM47 promotes TNF-α-induced endothelial cell 
activation through ubiquitination,20 and lactate-mediated 
lactylation of mitochondrial fission protein 1 (Fis1) drives 
mitochondrial dysfunction.21 These PTM-mediated 
mechanisms, detailed in subsequent sections, highlight 
potential therapeutic targets for mitigating sepsis-induced 
organ damage.

3. Phosphorylation and sepsis
Protein phosphorylation, the earliest discovered PTM, 
is a well-studied mechanism in sepsis. It involves the 
kinase-mediated transfer of a phosphate group from 
ATP to specific amino acid residues,6 regulating cellular 
signaling, metabolism, and inflammation.22 In sepsis, 
phosphorylation modulates key pathways – such as NF-κB, 
MAPK, STAT3, and PI3K/ATK – affecting inflammation, 
immunity, and apoptosis, and thus influencing disease 
progression and outcomes.

3.1. NF-κB signaling pathway

NF-κB, a pivotal transcription factor in immune and 
inflammatory responses, comprises five subunits: p50, 
p52, RelA (p65), c-Rel, and RelB.23 In resting cells, NF-κB 
is sequestered in the cytoplasm by its inhibitor, IκB.24 
Activation proceeds through two distinct pathways: 
classical and non-classical.25

The classical pathway, initiated by inflammatory 
cytokines, involves IKK complex-mediated 
phosphorylation and subsequent degradation of IκB, 
releasing NF-κB dimers (e.g., p50/p65), which translocate 
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to the nucleus and drive pro-inflammatory gene 
transcription.23 TNF-α-induced protein 8-like 2 (TIPE2) 
and echinatin (Ecn) inhibit p65 nuclear translocation, 
reducing inflammation and damage in sepsis.26,27 In contrast, 
the microRNA-210 host gene (MIR210HG) enhances 
IκBα phosphorylation and p65 nuclear translocation, 
exacerbating sepsis-associated AKI.18 In addition, p65 
phosphorylation is a critical regulatory step; transcription 
factor Kruppel-like factor 13 (KLF13) and astragaloside IV 
(AST) suppress p65 phosphorylation, mitigating sepsis-
related myocardial injury and inflammation,28,29 whereas 
transcription coactivator PPARG coactivator 1 alpha 
(PGC-1α) promotes it, enhancing cytokine release and 
inhibiting cardiomyocyte apoptosis.30 Parkinson’s disease 
protein 7 (PARK7) protects against sepsis-induced AKI 
by simultaneously blocking p65 nuclear translocation and 
phosphorylation.31

The non-classical pathway is typically activated by 
specific stimuli, this pathway involves phosphorylation of 
p100, its processing to p52, and subsequently dimerization 
with RelB for nuclear translocation and target gene 
transcription.23 SHP-1, a protein tyrosine phosphatase, 
inhibits this pathway by suppressing p52 phosphorylation 
and nuclear translocation, dampening hyperinflammation 
and ALI in sepsis. SHP-1 also negatively regulates the 
classical pathway by inhibiting the p50 phosphorylation 
and reducing p65 transcription and translation.31

Targeting dysregulated NF-κB signaling through 
molecules such as TIPE2, MIR210HG, KLF13, and SHP-
1, alongside bioactive compounds such as Ecn and AST, 
offers promising anti-inflammatory strategies for sepsis 
management.

3.2. MAPK signaling pathway

MAPKs, a family of serine/threonine kinases, regulate 
proliferation, apoptosis, and inflammation, playing a 
pivotal role in sepsis pathogenesis through aberrant 
activation and subsequent overproduction of pro-
inflammatory cytokines.32 The MAPK signaling pathway 
encompasses four primary cascades: extracellular signal-
regulated kinase (ERK) 1/2, c-Jun N-terminal kinase 
(JNK), p38, and ERK5. These cascades are phosphorylated 
and activated by upstream MAPK kinases to modulate 
downstream targets.33 In sepsis, ERK1/2, JNK, and p38 are 
the most extensively studied subtypes, with their activation 
intricately linked to the inflammatory response and disease 
progression.

ERK1/2 is primarily activated by growth factors (e.g., 
epidermal growth factor) and inflammatory signals 
(e.g., TLR4) stimulation. Upon activation, ERK1/2 
phosphorylates transcription factor c-Fos, promoting 

the expression of pro-inflammatory cytokines, including 
IL-1β and IL-6.34 Beyond inflammation, ERK1/2 supports 
adaptive immunity by regulating cell proliferation and 
inhibiting apoptosis through the mitochondrial pathway. 
This sustains T and B cell survival, enhancing host defense 
against infection.35,36 For instance, adrenomedullin 
2 (ADM2) stimulates ERK1/2 phosphorylation, 
promoting T and B cell proliferation and bolstering anti-
infective immunity.37 Similarly, artesunate enhances 
ERK1/2 phosphorylation in CD4+ and CD8+ T cells, 
reducing apoptosis and mitigating sepsis-induced 
immunosuppression.38

JNK, activated by stress signals such as oxidative stress 
and pro-inflammatory cytokines, phosphorylates c-Jun and 
facilitates activating transcription factor 4 (ATF4) nuclear 
translocation. These events drive the transcription of 
inflammatory genes, amplifying the inflammatory response 
in sepsis.39 JNK’s role in exacerbating inflammation makes 
it a critical target for therapeutic intervention.

Several compounds have shown promise in modulating 
ERK1/2 and JNK activity to attenuate sepsis-induced 
inflammation. Tetrahydrocurcumin (THC) inhibits 
phosphorylation of both JNK and ERK1/2, reducing pro-
inflammatory cytokine production and improving cardiac 
function in sepsis models.40 Similarly, pinaverium bromide 
(PVB) suppresses ERK1/2 and JNK phosphorylation in 
neutrophils by decreasing ROS production. This attenuates 
inflammatory factor production and mitigates early-stage 
sepsis-induced inflammation. In addition, PVB inhibits 
phosphorylation of IκBα and p65, key components 
of NF-κB signaling pathway, further reducing pro-
inflammatory responses in neutrophils.41 These findings 
highlight the therapeutic potential of targeting MAPK 
pathways to balance inflammatory and immune responses 
in sepsis.

MAPK p38 drives inflammatory factor expression by 
phosphorylating transcription factors such as ATF2 and 
C/EBP homologous protein (CHOP).42 It also directly 
regulates NLRP3 inflammasome assembly, promoting 
IL-1β/IL-18 maturation and release. Anti-inflammatory 
mediators such as maresin-1 (MaR1) and fisetin suppress 
p38 MAPK phosphorylation, decreasing pro-inflammatory 
factor expression and alleviating sepsis-induced organ 
damage.43,44 Peptide-proline isomerase Pin1 enhances 
NLRP3 inflammasome transcription and activation 
through p38 MAPK phosphorylation, amplifying the 
inflammatory response and exacerbating organ damage in 
sepsis.45 Furthermore, p38 MAPK enhances the activity of 
caspase-1, promoting gasdermin D cleavage and inducing 
pyroptosis.46 In the pathogenesis of sepsis-associated AKI, 
the TLR4/MyD88 signaling pathway promotes p38 MAPK 
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phosphorylation, exacerbating renal tubular epithelial 
cell pyroptosis,47 while the endogenous regulator Wild-
type p53-induced phosphatase 1 (WIP1) exerts a negative 
regulatory effect by dephosphorylating p38 MAPK, 
alleviating pyroptosis-related kidney injury.48

Thus, targeting the MAPK pathway offers promising 
avenues for suppressing inflammation and balancing 
immune responses. Its interactions with NF-κB, 
the NLRP3 inflammasome, and cell death pathways 
demonstrate its potential in treating sepsis. Molecules 
such as ADM2, MaR1, peptidyl-prolyl cis/trans isomerase 
(Pin1), WIP1, and TLR4 provide opportunities for precise 
intervention by modulating MAPK phosphorylation. 
Natural products and synthetic compounds, including 
THC, PVB, artesunate, and fisetin, exhibit therapeutic 
potential by improving organ function and survival rates 
through multi-target effects.

3.3. Signal transducer and activator of transcription 
3 (STAT3) signaling pathway

STAT3, a member of the STAT protein family, is a central 
transcription factor in immune and inflammatory 
signaling.49 Following phosphorylation, STAT3 
translocates to the nucleus, driving transcription of 
genes involved in inflammation, cell proliferation, 
differentiation, and apoptosis during the acute phase of 
sepsis, thereby modulating immune responses and multi-
organ dysfunction.50,51

Colchicine inhibits NLRP3 inflammasome activation 
by suppressing STAT3 phosphorylation, reducing 
inflammation, pyroptosis, and oxidative stress in sepsis-
induced ALI.52 Conversely, phospholipase D2 (PLD2) 
enhances STAT3 phosphorylation through phospholipid 
acid, negatively regulating tight junction protein 
expression in pulmonary vascular endothelium and 
exacerbating ALI.53 In sepsis-associated AKI, Lyn (a Src 
family kinase) and pectolinarigenin (a flavonoid) suppress 
STAT3 phosphorylation, inhibiting inflammatory 
factor release and reducing renal cell apoptosis, thus 
protecting against AKI.54,55 In addition, 4-octyl itaconate, 
a multi-target itaconate derivative, suppresses STAT3 
phosphorylation to mitigate renal inflammation and 
oxidative stress while promoting mitophagy and 
cell homeostasis.56 Mesenchymal stem cells regulate 
inflammatory response by inhibiting both STAT1 and 
STAT3 phosphorylation, modulating T helper (Th) cell 
subset numbers and functions, reducing organ damage, 
and improving survival in septic models.57

The pivotal role of STAT3 in sepsis highlights the need 
to develop therapies that downregulate its signaling. Newly 
identified regulators such as PLD2 and Lyn offer novel 

therapeutic targets, while colchicine, pectolinarigenin, 
4-octyl itaconate, and mesenchymal stem cells show 
promise as STAT3-targeting agents in sepsis management.

3.4. PI3K/AKT signaling pathway

The PI3K/AKT pathway is a vital intracellular signaling 
network wherein phosphatidylinositol 3-kinase (PI3K) 
activates AKT through phosphorylation.58 Activated AKT 
regulates inflammation, oxidative stress, and apoptosis by 
influencing downstream effectors.59

Targeted modulation of the PI3K/AKT pathway can 
mitigate sepsis-induced organ damage by balancing 
inflammation and tissue repair. Blocking hepatocyte 
growth factor binding to c-Met inhibits PI3K/AKT 
phosphorylation, reducing oxidative stress, pro-
inflammatory cytokine production (e.g., IL-6), and 
cardiomyocyte apoptosis in early sepsis, though 
prolonged inhibition may impair tissue regeneration.60,61 
Alternatively, inhibiting sphingosine 1-phosphate lyase 
(S1P) and activating S1P receptor type  3 suppress AKT 
phosphorylation, preserving lung and kidney microvascular 
barriers and reducing systemic inflammation, offering 
potential for antibiotic-resistant cases.62 AKT-driven 
NF-κB phosphorylation amplifies pro-inflammatory 
cascades, but compounds such as annexin A1 (Ac2-26) 
and hibifolin inhibit NF-κB, protecting against renal 
and lung injury.63-65 In contrast, the traditional Chinese 
medicine compound Xuebijing (XBJ) activates AKT 
phosphorylation by increasing vascular endothelial growth 
factor A expression to improve intestinal microcirculation 
in sepsis.66 Similarly, phenylpropylene (BNP) exerts anti-
inflammatory effects by inducing AKT phosphorylation 
and reducing IL-6 expression.67

The dual role of the PI3K/AKT pathway in sepsis 
– both protective and detrimental – complicates its 
therapeutic application. Nevertheless, hibifolin, XBJ, and 
phenpropylline merit further exploration as potential 
sepsis treatments.

4. Ubiquitination and sepsis
Ubiquitination, mediated by E1-E2-E3 cascades, critically 
regulates immune responses and cell death in sepsis.68 This 
process involves the attachment of ubiquitin, a 76-amino 
acid protein with seven lysine residues (K6, K11, K27, K29, 
K33, K48, K63), to substrate proteins, forming monomeric, 
branched and linear chains.69 E3 ubiquitin ligases, 
categorized into RING, HECT, and RBR families, confer 
substrate specificity.70 Ubiquitination modification plays a 
key role in modulating NLRP3 inflammasome activation 
and programmed cell death pathways, influencing sepsis 
pathogenesis.
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4.1. NLRP3 inflammasome

The NLRP3 inflammasome, a multiprotein complex, 
is crucially regulated by ubiquitination in terms of its 
degradation or activation.71,72 RING-type  E3 ligases 
Cbl-b and RNF125 prevent sepsis by targeting NLRP3 
for K63-  and K48-linked polyubiquitination, inhibiting 
NLRP3 inflammasome activation.73 β-TrCP1, another E3 
ubiquitin ligase, promotes NLRP3 degradation through 
K27-linked ubiquitination, while the transcriptional 
coactivator yes-associated protein (YAP) stabilizes 
NLRP3 by blocking its interaction with β-TrCP1.74 
Conversely, the cullin-RING-type  E3 ligase KBTBD7 
promotes NLRP3 activation and pro-inflammatory 
factors release by ubiquitinating and degrading the 
transcription factor KLF15, exacerbating brain injury 
in sepsis.75 Furthermore, heat shock protein family A 
member 8 (HSPA8) inhibition promotes the E3 ligase 
SKP2 degradation, attenuating NLRP3 ubiquitination, 
thereby exacerbating pyroptosis and sepsis-induced 
ALI.76 Tissue inhibitor of metalloproteinase 2 (TIMP2) 
exerts a renoprotective role in sepsis-associated AKI by 
enhancing the E3 ligase MARCH7-mediated NLRP3 
ubiquitination degradation and attenuating downstream 
pyroptosis.77

These findings highlight the therapeutic potential of 
targeting NLRP3 ubiquitination in sepsis. Newly identified 
regulators such as YAP, KLF15, HSPA8, and TIMP2 offer 
novel avenues for therapeutic intervention by modulating 
NLRP3 degradation and activation.

4.2. Programmed cell death

Sepsis induces programmed cell death, a process 
dynamically regulated by ubiquitination.78 RING-type E3 
ligase FBXW7 promotes alveolar epithelial cells ferroptosis 
and aggravates sepsis-induced ALI by mediating AUF1 
ubiquitination and degradation.79 Conversely, HECT-
type  E3 ligase WWP2 inhibits oxidative stress and 
ferroptosis in cardiomyocytes by promoting long-chain 
acyl CoA synthetase 4 (FACL4) ubiquitination, improving 
myocardial injury and cardiac function in sepsis.80 In 
pyroptosis regulation, CHIP (a chaperone-dependent 
E3 ligase) inhibits NLRP3 activation and pyroptosis by 
promoting KPNA2 poly-ubiquitination, thus alleviating 
sepsis-induced cardiac dysfunction.81 YL-109, a small 
molecule compound that upregulated CHIP expression, 
demonstrates therapeutic potential by inhibiting this 
pathway in various tissues, improving septic multi-organ 
damage.82 Similarly, samotolisib, the PI3K/mTOR pathway 
inhibitor, activates HECT-type E3 ligase Nedd4, inducing 
caspase-11 ubiquitination, thereby specifically blocking 
hepatocyte pyroptosis and improving ALI in sepsis.83 The 

TRIM family, a RING-type E3 ligases subfamily,70 exhibits 
dual role of cell death regulation in sepsis. TRIM21 
mediates OAS3 K48-linked polyubiquitination in lung 
epithelial cells, inhibiting apoptosis, thus attenuating 
sepsis-induced ALI.84 It also promotes interferon regulatory 
factor 1 (IRF1) ubiquitination, reducing IRF1 enrichment, 
further improving sepsis-induced ALI.85 However, 
TRIM31 activates the NF-κB pathway by binding to TAK1 
and enhancing its ubiquitination, inducing cardiomyocyte 
apoptosis and a “pro-injury” phenotype in sepsis.85

These findings highlight the therapeutic potential of 
modulating E3 ligase networks – particularly through small-
molecule compounds such as YL-109 and samotolisib – to 
reprogram programmed cell death pathways and improve 
sepsis outcomes.

5. SUMOylation and sepsis
Small ubiquitin-like modifier (SUMO), a protein containing 
~100 amino acids, is covalently attached to lysine residues 
of target proteins through a three-step enzymatic cascade 
mediated by E1, E2 (UBC9), and E3 ligases.86 This process, 
known as SUMOylation, participates in regulating 
diverse biological processes, including cell signaling, gene 
transcription, cell proliferation, and apoptosis.87

In sepsis, SUMOylation plays a critical role in 
modulating inflammation and immune homeostasis. 
Ubiquitin-conjugating enzyme 9 (UBC9), the sole 
E2 ligase for SUMOylation, its deficiency leads to 
dendritic cell hypermaturation, aberrant release of 
IL-18/IL-1β and enhances T cell activation, increasing 
mortality in septic mice by enhancing, which indicating 
a protective role for SUMOylation in suppressing 
excessive inflammation.88 SUMO can competitively 
bind to the same site on IκBα as ubiquitin, inhibiting its 
ubiquitination and degradation, thus blocking NF-κB 
nuclear translocation and downstream pro-inflammatory 
factor transcription.86 SUMOylation deficiency abolishes 
this inhibition, resulting in abnormal NF-κB-dependent 
inflammatory factors and type  I interferon secretion, 
potentially by regulating interferon-β (Ifnb1) expression 
and suppressing unanticipated amplification of TLR 
signaling.87 Macrophages are important immune cells, 
with a significant impact on immune homeostasis and 
inflammatory processes in sepsis.89 SUMO-specific 
protease 1 (SENP1) regulates transcription factor KLF4 
activity through deSUMOylation. As a key regulator 
of macrophage polarization, KLF4 upon SENP1-
mediated deSUMOylation enhances NF-κB signaling, 
driving M1 macrophage polarization and exacerbating 
inflammation.90 SENP1 also promotes Sp3 expression 
through deSUMOylation and interaction with NF-κB, 
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enhancing lipopolysaccharide-induced macrophage 
inflammation.91 Conversely, ginkgolic acid inhibits 
SUMOyation, promoting NF-κB p65 phosphorylation and 
nuclear translocation, increasing the release of macrophage 
inflammatory factors and apoptosis, thereby exacerbating 
sepsis-induced organ damage.92

In summary, SUMOylation exerts an anti-inflammatory 
and protective role in sepsis by stabilizing IκBα to inhibit 
NF-κB signaling, regulating macrophage polarization, 
inflammatory responses, and cell apoptosis. The dynamic 
balance of the core regulatory nodes UBC9 and SENP1 

profoundly impacts disease progression, suggesting that 
targeting UBC9 and SENP1 may offer novel sepsis treatments.

6. Acetylation and sepsis
Acetylation, a PTM catalyzed by acetyltransferase, 
modulates gene expression and participates in cellular 
processes, including gene transcription and signal 
transduction.5 Aberrant acetylation within the TLR4 
signaling complex is implicated in dysregulated immune 
responses, suggesting acetylation as a potential therapeutic 
target in sepsis.93

Table 1. Roles of regulatory factors involved in different PTMs and the corresponding targets in sepsis

Targets Regulatory factors Impact on sepsis References

Phosphorylation

NF‑κB MIR210HG, PGC‑1α Promote 18,30

TIPE2, Ecn, KLF13, AST, PARK7, SHP‑1, PVB Inhibit 26‑29,31,41

MAPK Pin1, TLR4 Promote 45,47

THC, PVB, ADM2, artesunate, MaR1, fisetin, WIP1 Inhibit 37,38,40,41,43,44,48

STAT3 PLD2 Promote 53

Lyn, PEC, colchicine, 4‑OI, MSCs Inhibit 52,54‑57

PI3K/ATK HGF, S1P Promote 60,62

S1PR3, Ac2‑26, Hibifolin, XBJ, BNP Inhibit 62,64‑67

Ubiquitination

NLRP3 Cbl‑b, RNF125, β‑TrCP1, TIMP2 Promote 73,74,77

YAP, KBTBD7, HSPA8 Inhibit 74‑76

Other target FBXW7 Promote 79

WWP2, CHIP, YL‑109, samotolisib Inhibit 80‑83

SUMOylation

NF‑κB SENP1, GA Promote 91,92

UBC9, KLF4 Inhibit 88,90

Acetylation

SIRTs GITR Promote 99

GAS5, AVS, NMN, MK‑4, Zn2+ Inhibit 95‑97,101,102

Lactylation

Histone METTL3, EGR1, RhoA Promote 105‑107

Non‑histone Fis1, HMGB1 Promote 21,109

PDHA1 Inhibit 21

Abbreviations: Ac2‑26: Annexin A1; ADM2: Adrenomedullin 2; AST: Astragaloside IV; AVS: Nicaraven; BNP: Phenpropylline; Cb1‑b: Casitas B‑lineage 
lymphoma proto‑oncogene b; Ecn: Echinatin; EGR1: Early growth response protein 1; Fis1: Mitochondrial fission protein 1; GA: Ginkgolic acid;  
GAS5: Growth arrest‑specific transcript 5; GITR: Glucocorticoid‑induced TNFR‑related protein; HGF: Hepatocyte growth factor; HMGB1: High 
mobility group box 1; HSPA8: Heat shock protein family A member 8; KLF: Kruppel‑like factor; MaR1: Maresin‑1; MIR210HG: MicroRNA‑210 
host gene; MK‑4: Menadione 4; MSCs: Mesenchymal stem cells; NMN: Nicotinamide mononucleotide; 4‑OI: 4‑Octyl itaconate; PARK7: Parkinson’s 
disease protein 7; PDHA1: Pyruvate dehydrogenase E1 component subunit α; PEC: Pectolinarigenin; PGC‑1α: Peroxisome proliferator‑activated 
receptor gamma coactivator 1‑alpha; Pin1: Peptidyl‑prolyl cis/trans isomerase; PLD2: Phospholipase D2; PVB: Pinaverium bromide; S1P: Sphingosine 
1‑phosphate lyase; S1PR3: S1P receptor type 3; SENP1: SUMO‑specific peptidase 1; SHP‑1: Src homology region 2 domain‑containing phosphatase‑1; 
THC: Tetrahydrocurcumin; TIMP2: Tissue inhibitor of metalloproteinase 2; TIPE2: TNF‑α‑induced protein 8‑like 2; TLR4: Toll‑like receptor 4;  
β‑TrCP1: Beta‑transducin repeats‑containing protein 1; UBC9: Ubiquitin‑conjugating enzyme 9; WIP1: Wild‑type p53‑induced phosphatase 1; XBJ: 
Xuebijing; YAP: Yes‑associated protein.
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Sirtuins (SIRTs), a family of nicotinamide adenine 
dinucleotide (NAD)-dependent deacetylases (SIRT1-7), 
exhibit antioxidant, anti-apoptotic, and anti-inflammatory 
properties, positioning them as key regulators in sepsis.94 
Specifically, SIRT1 activation, mediated by growth 
arrest-specific transcript 5 (GAS5), nicaraven (AVS), 
and nicotinamide mononucleotide (NMN), attenuates 
inflammation by inhibiting high mobility group box 
1 (HMGB1) and NF-κB p65 acetylation, respectively, 
thereby improving survival and mitigating organ damage 
in sepsis models.95-97 NMN also inhibits NF-κB p65 
phosphorylation, thereby preventing sepsis-induced ALI.97

SIRT2 is a negative regulatory factor of autophagy. 
Its inhibition promotes autophagy and attenuates 
septic AKI through increasing FOXO1 acetylation.98 
Furthermore, the costimulatory molecule glucocorticoid-
induced TNFR-related protein (GITR) induces SIRT2 

degradation by recruiting E3 ligase MARCH7, reducing 
NLRP3 ubiquitination but increasing its acetylation, 
thereby exacerbating macrophage pyroptosis, and 
systemic inflammatory injury.99 SIRT3, localized in the 
mitochondrial matrix,100 mitigates oxidative stress and 
inflammation in sepsis-induced ALI by inhibiting p53 
acetylation, an effect enhanced by menadione 4 (MK-4).101 
SIRT7 (the only sirtuin located in the nucleolus) is required 
for ribosomal DNA transcription.100 SIRT7 inactivation 
by Zn2+ increases parkin acetylation, promoting parkin-
mediated mitophagy and inhibiting NLRP3 activation, 
thus ameliorating AKI in sepsis.102

SIRTs and acetylation critically regulate inflammation 
and sepsis progression, making them promising 
therapeutic targets. Molecules such as GAS5, AVS, NMN, 
GITR, MK-4, and Zn2+ may offer avenues for targeted 
intervention.

Figure 1. Overview of the regulatory mechanisms of post-translational modifications in sepsis. The main types of protein translation post-translational 
modifications involved in sepsis and multiple organ dysfunction syndrome are phosphorylation, ubiquitination, SUMOylation, acetylation, and lactylation. 
The schematic diagram was created on www.figdraw.com.
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7. Lactylation and sepsis
Lactylation, the addition of lactyl groups to lysine residues, 
represents another PTM implicated in sepsis.103 In 
sepsis, increased glycolysis leads to lactate accumulation, 
driving both histone and non-histone lactylation, thereby 
dynamically controlling gene expression and contributing 
to organ dysfunction.104

7.1. Histone lactylation

Histone H3 lysine 18 lactylation (H3K18la), a specific 
lactylation site, promotes METTL3 expression and 
transcription factor early growth response protein 1 
(EGR1) enrichment, exacerbating ALI in sepsis.105,106 
Lactate-induced H3K18la activates RhoA protein and 
mediates downstream inflammation and apoptosis, 
leading to kidney injury. It also activates ezrin K263 
lactylation, identifying ezrin as a lactate substrate for the 
1st time.107 Lactate also increases H3K14la levels, activating 
inflammation of endothelial cells and lung injury by 
promoting transcription of ferroptosis-related genes 
TFRC and SLC40A1.108 These findings suggest histone 
lactylation as a regulator of sepsis-induced organ damage, 
with METTL3 and EGR1 represents promising therapeutic 
targets.

7.2. Non-histone lactylation

While initially identified on histones, non-histone 
lactylation is also a focus of current research. Lactate 
promotes HMGB1 lactylation and acetylation through 
a p300/CBP-dependent pathway, leading to its release 
and endothelial barrier dysfunction, promoting sepsis 
development.109 In addition, lactate mediates mitochondrial 
fission 1 protein lysine 20 (Fis1 K20la) lactylation, 
promoting excessive mitochondrial fission and exacerbating 
sepsis-induced AKI. Notably, this process is driven by 
SIRT3 downregulation-mediated hyperacetylation and 
inactivation of pyruvate dehydrogenase E1 component 
subunit α (PDHA1), leading to lactate excess in 
endothelial cells of renal tubules.21 The interplay between 
lactylation and acetylation, driven by lactate and acetyl-
CoA, respectively, highlights the importance of metabolic 
homeostasis in sepsis.110 Targeting HMGB1 and PDHA1 
may offer novel therapeutic strategies by modulating the 
dynamic homeostasis between acetylation and lactylation.

8. Conclusion and perspectives
Sepsis pathogenesis involves an initial hyperinflammation 
phase driven by excessive inflammatory cytokines release, 
followed by immunosuppression characterized by anti-
inflammatory cytokine production, immune cell death, and 
regulatory cell proliferation.111 PTMs, critical regulators of 

protein function, are implicated in sepsis pathogenesis, 
offering potential therapeutic targets.112

This review summarizes the potential role of PTMs 
in sepsis and sepsis-induced multiple organ dysfunction 
identified in recent years (Figure  1 and Table  1). 
Phosphorylation, ubiquitination, and SUMOylation 
primarily contribute to the early inflammatory storm, with 
NF-κB, MAPK, and STAT3 phosphorylation driving pro-
inflammatory cytokine release, and E3 ligase regulating 
NLRP3 inflammasome activation and cell death. The PI3K/
AKT pathway exhibits dual role in sepsis. XBJ improves 
intestinal microcirculation by activating the PI3K/AKT 
pathway,66 while hibifolin inhibits this pathway to alleviate 
lung injury,65 highlighting the need for tissue-specific 
regulation. Acetylation and lactylation are dynamically 
regulated by metabolites (acetyl-CoA, lactate), forming 
a “metabolism–PTM-gene expression” cascade. SIRT3 
downregulation-mediated PDHA1 acetylation induces 
Fis1 lactylation, suggesting that targeting metabolic 
enzymes may regulate multiple PTMs simultaneously.21 
Furthermore, NAD+ precursor NMN inhibits NF-κB 
by activating SIRT1, providing a strategy for combined 
metabolic and immune regulation.97

However, most studies are limited to single PTM or 
organ, lacking systematic analysis of multi-modification 
interactions like ubiquitination-acetylation competition, 
and systemic effects. Tissue-specific E3 ligase distribution, 
such as the opposing effects of TRIM21 in lung epithelium 
versus TRIM31 in myocardium, highlights the need 
for organ-targeted delivery systems, reducing off-target 
toxicity.85,113 Future studies can focus on developing dual-
function molecules such as inhibiting phosphorylation 
and activating deacetylation, synergistically regulating 
immune balance, or combining PTM inhibitors with drugs 
targeting various mechanisms to improve sepsis treatment 
efficacy.

In conclusion, exploring PTMs-related regulatory 
factors offers a novel strategy for developing sepsis 
therapeutics. However, translation to clinical application 
requires further investigation to shift sepsis treatment 
from “broad-spectrum anti-inflammation” to “precise 
modification and regulation.”
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Abstract
Varicella-zoster virus (VZV) is a highly prevalent pathogen primarily recognized for 
causing chickenpox during primary infection, and herpes zoster (HZ), also known 
as shingles, upon reactivation. While post-infectious complications of VZV, such as 
encephalitis, pneumonia, and post-herpetic neuralgia, are well-established, recent 
large population-based studies suggest that HZ may increase the risk of occult 
cancers. This has sparked discussions on the need for cancer screening in patients 
with HZ to improve early diagnosis and prognosis. However, the specific types of 
cancers most strongly associated with VZV reactivation have not been systematically 
identified, and the subsequent cancer risk remains inconclusive. Emerging evidence 
suggests that VZV may also modulate key oncogenic pathways, such as the inhibition 
of apoptosis, alteration of cell cycle regulatory enzymes, and interference with 
immunosurveillance, which could potentially promote cancer development. These 
findings indicate that VZV’s role in cancer biology extends beyond merely increasing 
cancer risk and may involve direct cellular manipulation that facilitates oncogenesis. 
Understanding the interplay between VZV and cancer is critical for public health. 
Further exploration of the mechanisms of viral oncogenesis could provide valuable 
insights into how VZV contributes to cancer development and open avenues for 
targeted preventive and therapeutic strategies.

Keywords: Varicella-zoster virus; Herpes zoster; Post-herpetic neuralgia; Cancer; 
Apoptosis; Cell cycle regulatory enzymes; Immunosurveillance; Oncogenesis

1. Introduction
Varicella-zoster virus (VZV), a member of the DNA virus family Herpesviridae, is a 
highly prevalent pathogen primarily recognized for causing chickenpox during primary 
infection and shingles, also known as herpes zoster (HZ) upon reactivation.1 Chickenpox 
is a common, self-limiting childhood disease characterized by a vesicular rash and fever, 
whereas HZ occurs later in life when the virus reactivates, often following periods of 
immunosuppression.2 Beyond these well-known presentations, VZV is associated with 
a range of post-infectious complications. Neurological conditions such as encephalitis 
and cerebellar ataxia, respiratory issues such as varicella pneumonia, and chronic pain 
syndromes, including post-herpetic neuralgia (PHN), are well-documented in the 
medical literature. These complications not only contribute significantly to the disease 
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burden but also underscore the systemic impact of VZV 
beyond its primary manifestations.

Following primary infection, viral latency occurs 
in neurons, where it resides until reactivation, either 
spontaneously or due to an immunocompromised state 
in the host.3 Although there are not typically any clinical 
symptoms that occur during the latency period, VZV may 
reactivate from ganglia in the entire neuraxis, causing 
a multitude of clinical pathology.4 The most common 
clinical manifestation of VZV reactivation is a pruritic 
dermatomal rash; however, there are other infrequent and 
more serious complications that can occur if it is reactivated 
in the cranial nerves or if cerebral vasculature is affected.5 
At the molecular and cellular level, it is the interaction of 
VZV’s genome with the host’s immune cells, which are of 
particular importance in the link between VZV infection 
and cancer development.6

The link between chickenpox and VZV was first 
described in 1888; however, conclusive evidence proving 
this connection was not established until the 1950s.7 
Although chickenpox and HZ have been clinically 
characterized from the 16th and 17th centuries, respectively, 
the pathophysiology involving viral latency, reactivation 
triggers, and the role of the immune response in controlling 
VZV remains poorly understood. This is partly because 
VZV is a human-specific virus, limiting the use of most 
animal and animal-derived neuron models.8

Interestingly, emerging evidence suggests that VZV 
may have oncogenic potential. Previous studies have 
investigated potential links between VZV infection and the 
development of certain neoplasms, such as glioblastomas 
and other malignancies, though the mechanisms 
underlying this association remain unclear.9 It is 
hypothesized that chronic inflammation, immune evasion 
strategies, or viral genome integration may play a role in 
promoting tumorigenesis associated with VZV infection.10 
Others have suggested that cancer diagnosis could result 
from immune system insufficiency, hypothesizing that a 
weakened immune system may allow HZ to occur, which 
could serve as an early sign of hidden cancer. The virus 
may also reduce immune surveillance, enabling tumors to 
escape detection.11 However, other studies have strongly 
suggested that VZV infection is not associated with occult 
malignancy.12

This review evaluates the existing literature on the 
association between VZV and various cancer types, 
examining potential correlations with oncogenesis, 
addressing discrepancies and inconsistencies in the 
findings, and discussing the suggested mechanisms 
responsible for VZV’s potential oncogenic effects.

2. Epidemiology of VZV
VZV is highly contagious, primarily spreading through 
respiratory droplets and direct contact with vesicular fluid 
from skin lesions.13 The contagious period for varicella 
starts 1 – 2 days before the rash appears and continues until 
all lesions have crusted over, usually 5 days after rash onset 
in immunocompetent individuals.14 VZV infection has 
been noted to follow a seasonal pattern, peaking during 
the winter and spring months, with many environmental 
factors influencing its transmission. These factors include 
elements such as ultraviolet radiation, which can reduce 
the rupture of vesicles.15 In addition, population density 
increases contact rates, allowing for more infectivity. Both 
of these factors taken together may explain why there is a 
higher chance of VZV infection in temperate regions than 
in urban regions.16

The Centers for Disease Control and Prevention (CDC) 
estimated that from 1980 to 1990, there were 4 million 
annual cases of varicella, with 77% of cases in children 
under 9 and over 90% in those under 15. Seroprevalence 
data from 1988 to 1994 showed that the majority of adults 
(95.5% of those aged 20 – 29, 98.9% of those aged 30 – 
39, and 99.6% of those 40 and older) were immune to 
varicella.17 The varicella vaccination program, introduced 
in the United States in 1996, has had a profound impact on 
the incidence and complications of varicella infections over 
the past 25 years by significantly decreasing the number of 
VZV infections per year and reducing complications due 
to infection.18 Varicella-related hospitalizations and deaths 
have been reduced by 94% and 97%, respectively, among 
those aged <50  years. Moreover, more than 91 million 
cases of varicella, 238,000 hospitalizations, and close to 
2,000 deaths were prevented during the period between 
1996 and 2020.19

During primary infection, VZV enters sensory nerve 
endings and establishes latency in the dorsal root ganglion. 
This latency period can last from 5 to 40 years or even longer. 
During this time, the virus resides in a non-replicative 
state within the neurons of the dorsal root ganglia, cranial 
nerve ganglia, and autonomic ganglia.20 Although VZV 
latency is highly prevalent, only approximately 10 – 30% 
of individuals experience symptomatic reactivation. 
This reactivation is known as HZ and presents as a 
vesiculopapular rash along a single dermatome, which 
classically does not cross the midline.21 Like primary VZV 
infection, HZ is typically a self-limiting condition and 
usually resolves within 2 – 4 weeks. However, HZ is most 
associated with the development of PHN, which is defined 
as pain that persists for at least 90 days after the resolution 
of the acute rash and can be debilitating, occurring in 
approximately 10 – 20% of HZ cases.22,23 There are several 
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less common but significant complications associated 
with HZ, such as HZ ophthalmicus, disseminated zoster, 
meningitis, encephalitis, cranial nerve palsies, and 
more.24 However, one complication that has yet to reach a 
consensus is the development of cancer secondary to HZ 
infection.

3. VZV’s effects on the immune system
The reactivation of latent VZV in the dorsal root ganglia 
remains poorly understood. Immunodeficient states 
caused by coinfections, medications, or other diseases 
strongly correlate with reactivation.25 Age is another key 
factor, with 68% of HZ cases occurring in individuals 
over 50.26 Further clarification is needed to determine if 
HZ effects on the immune system make the body prone 
to cancer manifestation or if cancer diagnosis after HZ 
infection is a result of undetected cancer-suppressing 
the immune system allowing for VZV reactivation. In 
addition, understanding how VZV manipulates the 
immune system to establish latency could provide insights 
into its reactivation mechanisms and potential oncogenic 
properties.3

After exposure to infected respiratory droplets, VZV 
initially infects epithelial cells and resident dendritic 
cells in the upper respiratory tract. It then reaches local 
lymphoid tissues and transfers to mature T-lymphocytes.27 
Early theories suggested VZV preferentially infected 
T cells with specific phenotypes, but newer evidence 
indicates that VZV activates T cell signaling and remodels 
surface proteins, impairing immune function.28 RNA 
sequencing of T cells from the lungs of simian varicella 
virus (SVV)-infected rhesus macaques showed that genes 
involved in gene regulation, cell cycle progression, and 
antiviral immune responses were activated, whereas genes 
related to antigen presentation and cellular metabolism 
were suppressed.29 In addition, VZV disrupts immune 
responses by altering apoptotic signaling, interferon (IFN) 
signaling, and immune-related genes such as CXCL10 and 
IRF1.30,31 The infection progresses through dissemination 
into the bloodstream to internal organs before undergoing 
a 2-week incubation period. The infection progresses by 
disseminating through the bloodstream to internal organs 
during a 2-week incubation period. It then moves from 
the respiratory mucosa to the skin, infecting keratinocytes 
and causing vesiculopustular exanthema, which manifests 
as highly contagious lesions across the body and mucous 
membranes, including the oral cavity.

In immunocompetent individuals, primary VZV 
infection is typically self-limiting and resolves within 
2  weeks. However, immunocompromised individuals 
may experience more extensive dissemination and 

complications. Regardless of immune status, VZV 
establishes lifelong latency in sensory ganglia through 
retrograde axonal transport and potentially through 
hematogenous spread.32 Hematogenous dissemination 
may lead to less common but serious infections associated 
with VZV. Complications include VZV encephalitis,33 
cerebellar ataxia,34 demyelinating neuropathy,35 myelitis,36 
pneumonia,37 meningitis,38 and vasculopathy.39

Foreign DNA detection is necessary to amount an 
innate immune response during VZV infection. VZV can 
evade DNA sensing through antagonism of the cytosolic 
DNA sensor cyclic GMP-AMP synthase (cGAS) using 
VZV tegument protein ORF9.40 The cGAS pathway 
ultimately leads to the production of type I IFN; however, 
inhibition of this pathway allows for viral persistence 
and chronic inflammation, which are known risk factors 
for oncogenesis.41 Inhibition of the cGAS is especially 
important in this discussion as interruption of this 
pathway has been shown to have significant implications 
in cancer biology. In a normal physiological state, cGAS 
interferes with homologous recombination-mediated 
DNA repair, thus promoting tumor growth.42 In addition, 
cGAS localization in the mitochondria helps maintain 
mitochondrial function, reduces reactive oxygen species 
accumulation, and prevents ferroptosis which facilitates 
tumor growth.43 Alternatively, tumorigenesis may be 
promoted by a decrease in type  I IFN, as discussed later 
in this review, making cancer manifestation through cGAS 
modulation a multifaceted subject.

Controlled process of programmed cell death that helps 
maintain the balance of cell life and death in the body with 
key roles in the elimination of damaged or abnormal cells, 
removal of infected cells during an immune response, 
and prevention of autoimmune responses by eliminating 
cells with autophagy potential. The usual viral infection 
immune response is accompanied by induction of 
programmed cell death.44 Literature suggests VZV plays a 
role in the modulation of apoptotic processes in neuronal 
cells through Bcl-2 upregulation.45 In immune cells, VZV 
has been shown to induce apoptosis; however, Steain et al.46 
observed increased apoptosis in human fetal fibroblasts 
compared to human fetal sensory neurons. This anti-
apoptotic tropism in neuronal cells has been identified 
in other studies observing the genes associated with the 
inhibition of apoptosis (Trail-R4, BIRC5 [SURVIVIN], 
and BAG3) in human embryonic stem cell-derived 
neurons. It was found that genes protective of apoptosis 
were increased in neuronal cells as opposed to non-
neuronal cells. In addition, non-neuronal cells were found 
have increased expression of pro-apoptotic genes, such as 
caspase-3; proteins, such as Fas-associated death domain, 
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BH3 interacting domain death agonist, cytochrome C, 
and apoptotic protease activating factor-1; and ligands 
and receptors associated with apoptosis, such as tumor 
necrosis factor-alpha (TNF-α), TNFR1, TRAIL-R, and 
interleukin-1 (IL-1). The authors conclude that neurons 
infected with VZV do not undergo apoptosis, whereas 
other cells do.47

3.1. Survivin’s effect on the immune system

Inhibition of apoptosis is one of the many biological 
mechanisms in cancer manifestation and has been linked 
to multiple cancers.48 Survivin, one of the genes associated 
with the inhibition of apoptosis, plays a key role in the 
intrinsic pathway of apoptosis, serving as an inhibitor of 
caspase-9, effector caspase-3, and effector caspase-7.49 The 
interaction interrupts the caspase cascade and cleavage 
process, leading to reduced apoptosis.50 Another mediator 
affected by survivin and that plays a role in apoptosis is 
the mitochondrial protein apoptosis-inducing factor 
(AIF). Survivin prevents the release of AIF from the 
mitochondrial intermembrane space and its movement 
to the nucleus, thereby blocking caspase-independent 
apoptosis.51 Furthermore, survivin overexpression in 
human lung cancer cells inhibits p53-dependent apoptosis, 
suggesting it regulates the p53-dependent apoptotic 
pathway.52 Similar findings between altered expression of 
p53 and survivin in oral squamous cell carcinoma were 
noted by Aggarwal et al.53 where there was a significantly 
higher level of both p53 and survivin in the experimental 
group versus the control group. Altering survivin’s function 
has provided strong evidence of its role in apoptosis, 
as a mutation in survivin (T34A) triggers the release of 
cytochrome c from the mitochondria, thereby promoting 
apoptosis.54 It is through these mechanisms that survivin 
plays a critical role in inhibiting apoptosis by blocking key 
pro-apoptotic events and promoting cell survival under 
stressful conditions, contributing to its involvement in 
oncogenesis. Further investigations into the mechanism 
of VZV’s ability to induce oncogenesis in non-neuronal 
cells through survivin-manipulating pathways need to be 
conducted, especially considering that it is only neuronal 
cells that experience anti-apoptotic effects, but these cells 
have not been reported to show a significant increase in 
cancer development compared to non-neuronal cells.

Investigations into the effects VZV has on the cell 
cycle of human foreskin fibroblasts determined the 
dysregulation of multiple key regulatory proteins.55 
In VZV-infected confluent fibroblasts, there was an 
unusual increase in the levels of CDK1, CDK2, cyclin B1, 
cyclin D3, and cyclin A proteins, along with significant 
activation of CDK2, CDK4, and cyclin B1 kinase 
activities.56 Further, CD1d transcription is targeted by 

VZV, causing downregulation of the expression of the 
antigen presentation molecule, disrupting the cytokine 
response responsible for the connection between the 
innate and adaptive immune responses.57 Reports have 
shown that CD1d downregulation and disappearance are 
seen in late-stage cancer progression.58 An increase in 
these key cell cycle regulators has been detected in many 
types of cancers, including many cancers discussed in 
this discussion.59 Reports of epidermal hyperplasia found 
on skin biopsies support the possibility of increased cell 
proliferation caused by the cell cycle dysregulation caused 
by VZV.60

3.2. ORF’s effects on the immune system

3.2.1. Downregulation of IFN-β

VZV’s genome contains over 70 distinct open reading 
frames (ORFs), each of which encodes proteins that 
contribute to various aspects of viral pathogenesis.61 
These include structural proteins that form the viral 
particle, enzymes that aid in viral DNA replication,62 and 
regulatory proteins that help the virus evade the host 
immune system63 or facilitate the transition to latency.64 
ORF66 phosphorylates the IE62 protein, the gene product 
of ORF12, preventing the nuclear import of IE62, causing 
it to accumulate in the cytoplasm.65 The cytoplasmic 
accumulation of IE62 has significant implications by 
causing the inhibition of IFN regulatory factor 3 (IRF3) 
phosphorylation by TANK-binding kinase 1 (TBK1), 
which is crucial for IRF3 activation. This inhibition prevents 
IRF3 from undergoing the necessary conformational 
changes required for its dimerization and nuclear 
translocation. Without phosphorylation, IRF3 cannot 
bind to the IFN-β promoter or activate the transcription 
of IFN-β66 (Figure  1). IFN-β plays a crucial role in the 
host’s immune response, serving as a key mediator in 
the defense against viral infections and malignant cells; 
therefore, inhibition of IFN-β production through TBK1-
mediated processes leaves the host susceptible to cancer 
manifestation.67

3.2.2. ORF66’s role in preventing apoptosis

VZV gene products, including ORF66, are involved in 
inhibiting apoptosis. Specifically, ORF66 prevents apoptosis 
in T cells, as T cells infected with a virus lacking functional 
ORF66 protein are more prone to undergoing apoptosis 
through unspecified mechanisms.68 In addition, ORF66 also 
modulates caspase 8 and IFN-γ antiviral effects.2 Finally, 
previous studies have shown that ORF66 sequesters major 
histocompatibility complex (MHC) class I molecules in the 
Golgi of infected MeWo cells and fibroblasts; however, the 
viral gene product(s) and molecular mechanisms involved 
in modulation of cell-surface immune molecule expression 
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on mature monocyte-derived dendritic cells are not well 
defined68 (Figure 2).

3.2.3. Immunomodulatory effects of glycoprotein C

The gene product of VZV, glycoprotein C (gC), is involved 
in immunomodulation and has been shown to bind 
IFN-γ,69 inducing multiple chemokines and adhesion 
molecule intercellular adhesion molecule 1 (ICAM1), 
and, most importantly in oncogenesis.70 IL4I1-producing 
cells in the tumor microenvironment suppress the anti-
tumor immune response by inhibiting cytotoxic T cell 
proliferation and T helper 1 (Th1) cells while promoting 
T regulatory cell (Treg) accumulation through several 
mechanisms.70 IL4I1 produces hydrogen peroxide as a 
byproduct of its enzymatic activity, which is toxic to effector/
memory T cells, thereby inhibiting their proliferation. 
Furthermore, IL4I1 limits Th1 polarization by inhibiting 
the mammalian target of the rapamycin complex 1 
(mTORC1) signaling pathway, which is crucial for T-cell 
activation and differentiation.71 The effects on Tregs are 
due to IL4I1 promoting the differentiation of naive CD4+ 
T cells into FoxP3+ Tregs through inhibition of mTORC172 

(Figure 1). These mechanisms collectively contribute to the 
immunosuppressive tumor microenvironment, facilitating 
tumor growth and immune evasion.

3.3. VZV’s effects on major histocompatibility 
complexes

3.3.1. VZV’s effects on MHC class I molecules

MHC molecules are cell-surface proteins that present 
peptides to T cells, enabling the immune system to 
recognize and respond to pathogens and tumorigenic 
cells.73 Therefore, MHC molecules are key factors in tumor 
immunosurveillance and maintaining a robust immune 
system to prevent immune evasion.74 VZV infection has 
been shown to prevent the expression of MHC class  I 
molecules on the surface of cells by keeping them in the 
Golgi compartment. This immune evasion is facilitated 
by the viral protein VZV IE4, which sequesters the MHC 
class  I molecules in the Golgi, reducing their surface 
expression.75 VZV also inhibits the nuclear factor kappa 
B (NF-κB) pathway, which is crucial for the expression of 
various immune molecules, including MHC class  I. The 

Figure 1. ORF’s modulation of the immune system and its components. VZV’s genome encodes multiple proteins that help it evade the immune response, 
including IE62 and STPK, which manipulate host cell processes such as IRF3 activation, inhibiting IFN-β production and weakening immune defenses. 
In addition, VZV’s gC induces IL4I1, which suppresses anti-tumor immune responses by inhibiting T cell proliferation, inhibiting Th1 polarization, and 
promoting the differentiation of naive CD4+ T cells into FoxP3+ Tregs, thereby contributing to a tumor-friendly microenvironment. Schematic created by 
the authors.
Abbreviations: CD4+: Cluster of differentiation 4; FoxP3+: Forkhead box P3; gC: Glycoprotein C; IE62: Immediate early 62; IFN-β: Interferon beta; 
IFN-γ: Interferon gamma; IL4I1: Interleukin-4-induced-1; IRF3: Interferon regulatory factor 3; MTORC1: Mammalian target of rapamycin complex 1; 
ORF: Open reading frame; TBK1: TANK-binding kinase 1; Th1: Type 1 T helper; VZV: Varicella-zoster virus.
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VZV ORF61 protein has been identified as an inhibitor of 
NF-κB activity by interfering with the degradation of IκBα, 
the inhibitor of NF-κB. Normally, IκBα is phosphorylated, 
ubiquitinated, and subsequently degraded, allowing 
NF-κB subunits (p50 and p65) to translocate to the nucleus 
and activate transcription of target genes. However, VZV 
ORF61 prevents the ubiquitination of IκBα, thereby 
stabilizing it and preventing its degradation. ORF61 
retains NF-κB subunits in the cytoplasm, preventing their 
nuclear translocation and subsequent activation of NF-κB-
dependent genes76 (Figure 2).

3.3.2. VZV’s effects on MHC class II molecules

In addition, VZV infection impairs IFN-γ-induced 
MHC class  II expression by the disruption of the Janus 
kinase transducer and activator of the JAK-STAT signal 
transduction pathway. It causes infected cells to be less 
responsive to cytokine signals. This disruption specifically 
inhibits the expression of JAK1, JAK2, and STAT1 
proteins, which are critical components of the IFN-γ 
signaling pathway. Reduction in protein levels prevents the 
phosphorylation and subsequent nuclear translocation of 

STAT1, which is essential for the transcriptional activation 
of IFN-γ-inducible genes, including those encoding MHC 
class  II molecules30 (Figure  2). MHC class  II molecule 
downregulation is further supported by Abendroth et al.77 
who showed that during natural skin infection, VZV-
infected dermal and epidermal cells did not express MHC 
class II transcripts, while nearby uninfected bystander cells 
did show MHC class II expression. With that said, not all 
cells experience the downregulatory effects of VZV. For 
example, while mature MDDCs showed no significant 
change in MHC class II expression but exhibited reduced 
levels of other immune molecules, including MHC class I, 
CD80, CD83, and CD86, opposite effects were noted with 
monocytes.78 MHC class I and II proteins have been proven 
to play an important role in cancer immunosurveillance 
with a reported MHC class I downregulation in 40 – 90% 
of human tumors and be associated with a worse prognosis 
in disease.79

4. Reactivation of VZV
VZV reactivates from latency in sensory, enteric, and 
other autonomic neurons, leading to HZ. While many 

Figure 2. VZV’s effects on major histocompatibility protein expression. VZV infection disrupts the JAK-STAT pathway by decreasing the levels of JAK1, 
JAK2, and STAT1 proteins, preventing the phosphorylation and nuclear translocation of STAT1, which is essential for the transcriptional activation of 
IFN-γ-inducible genes, including those encoding MHC class II molecules. Furthermore, VZV modulates NF-κB activity by preventing the ubiquitination 
of IκBα through the action of the ORF61 protein, leading to the cytoplasmic retention of NF-κB subunits and inhibition of NF-κB-dependent gene 
transcription. Finally, ORF66 disrupts the transport of MHC class I molecules from the Golgi apparatus to the cell surface, leading to their retention in the 
Golgi compartment. Schematic created by the authors.
Abbreviations: IFN-γ: Interferon-gamma; IκBα: Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha; JAK: Janus kinase; 
MHC: Major histocompatibility complex; NF-κB: Nuclear factor-kappa B; ORF: Open reading frame; STAT: Signal transducer and activator of transcription; 
Ub: Ubiquinone; VZV: Varicella-zoster virus.
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correlations for VZV reactivation have been observed, such 
as immunosuppression due to age, medication, concurrent 
infection, and disease, the specific mechanistic cause has 
yet to be determined. A notable factor is decreased T-cell 
immunity, particularly in aging individuals or those 
undergoing immune-suppressive treatments, which can 
trigger VZV reactivation and lead to HZ. This suggests that 
CD4+ and CD8+ T cells play a critical role in maintaining 
VZV latency and preventing reactivation.80

Evidence for this postulation comes from research 
by Arnold and Messaoudi29 on primate models studied, 
where animals with higher viral loads in their nerve 
clusters (ganglia) were more likely to experience mild, 
asymptomatic reactivation compared to those with 
lower viral levels. Subclinical reactivation was associated 
with higher viral levels in the ganglia.29 In SVV-infected 
BSC-1  cells, significant reductions in key proteins such 
as STAT1, JAK1, and JAK2 were observed. In addition, 
the activation and nuclear movement of STAT1 were 
blocked, though this was not due to cellular or viral 
enzymes.81 Furthermore, VZV reactivation has been 
linked to co-infections, such as mycobacterial infections 
and reactivated herpes simplex virus 1 (HSV-1). However, 
it remains uncertain whether specific antigens are directly 
associated with VZV reactivation or these occurrences 
simply reflect a weakened immune response.82

Investigations into the severity of disease progression 
following reactivation and viral load provided valuable 
insight into anticipation of VZV pathogenesis. Real-time 
quantitative polymerase chain reaction (qPCR) is used 
to quantify the genome copies of pathogens in samples.83 
Using qPCR, it was found that in patients with PHN, 
higher viral loads persisting over time are linked to a 
longer recovery period. Viral loads measured in patients 
with neurologic symptoms; however, showed significantly 
lower viral loads compared to patients with HZ without 
neurological symptoms. In addition, less than half of the 
patients experiencing neurological symptoms in one 
study had detectable serum levels of VZV DNA.84 Viral 
load detection may be valuable in patient prognosis; 
unfortunately, there are limited studies investigating viral 
load and cancer manifestation.

4.1. Nerve growth factor’s (NGF) effects in VZV 
latency and reactivation

NGF is crucial for the survival and maintenance of sensory 
neurons and plays a significant role in the reactivation 
of VZV from latency. Because both HSV and VZV 
establish latency in neurons, HSV animal models have 
been used to study the intricate mechanism of latency 
and reactivation.85 Animal studies on neuronal cultures 

from embryonic rats demonstrated that latent HSV-1 was 
reactivated in response to NGF deprivation.86 The study by 
Thellman et al.87 utilized an immortalized human dorsal 
root ganglion cell line (HD10.6) to model HSV-1 latency 
and reactivation. They found that HSV-1 infection in these 
human neurons resulted in a quiescent state resembling 
latency, and reactivation could be induced by depletion 
of NGF, indicating that NGF is crucial for maintaining 
latency in human neurons as well. Furthermore, Cohrs 
et al.88 found that interruption of NGF signaling in human 
trigeminal ganglia led to an increase in VZV DNA, although 
full viral replication was not noted. Sadaoka et al.89 further 
demonstrated that treatment of latently infected human 
neurons with antibodies to NGF resulted in the production 
of infectious VZV in about 25% of the cultures, indicating 
that NGF deprivation can trigger reactivation. HSV, in the 
same Herpesviridae family as VZV, on the other hand, is 
able to reactivate fully in vitro in cadaver ganglia.90 These 
findings highlight the importance of NGF in maintaining 
VZV latency and suggest that its interruption can lead to 
viral reactivation, although additional factors or conditions 
are likely required for complete viral replication and 
reactivation.89

4.2. PI3-Kinase/Akt pathway in VZV latency and 
reactivation

The PI3-kinase/Akt pathway is involved in regulating 
several cellular functions, including cell survival, growth, 
and metabolism, which are essential for maintaining viral 
latency and facilitating reactivation. Studies have shown 
that the PI3-kinase/Akt pathway is activated during VZV 
infection and is necessary for efficient viral replication. 
Inhibition of this pathway can lead to a decline in viral 
replication and an increase in apoptosis.91 Specifically, the 
VZV ORF12 protein activates the PI3K/Akt pathway to 
regulate cell cycle progression, which is crucial for viral 
replication in both dividing and non-dividing cells.92 In 
human stem cell-derived neurons, VZV can establish a 
persistent non-productive infection that can be reactivated 
by inhibiting the PI3-kinase pathway.93 This suggests that 
the PI3-kinase/Akt pathway is involved in maintaining 
latency and that its disruption can trigger reactivation.

4.3. c-Jun N-terminal kinase (JNK) pathway in VZV 
latency and reactivation

The JNK pathway is a critical component of the mitogen-
activated protein kinase (MAPK) signaling pathways. It is 
primarily involved in regulating cellular processes such as 
apoptosis, inflammation, and stress responses. Activation 
of the JNK pathway leads to the phosphorylation of c-Jun, 
a transcription factor that forms part of the activator 
protein-1 (AP-1) complex, which then transactivates 
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various genes involved in these cellular processes.94 In 
the context of VZV latency and reactivation, studies have 
shown that VZV infection activates the JNK pathway, 
which is essential for efficient viral protein expression and 
replication. Specifically, the activation of JNK following 
VZV infection leads to the phosphorylation of c-Jun, 
which is crucial for the transactivation of viral genes 
necessary for lytic infection and reactivation. Interestingly, 
inhibition of the JNK pathway in melanoma cells led to an 
increase in VZV replication94 but resulted in a decrease 
in replication in fibroblasts, suggesting that the role of 
JNK in VZV pathogenesis depends upon the type of cell 
infected.95 Furthermore, inhibition of the JNK pathway 
has been shown to block viral replication and significantly 
reduce reactivation in human neuronal models. Zapata 
et al.95 found that the competitive inhibitor SP600125 
effectively reduced VZV yield in human fibroblast cells 
by eliminating phosphorylated c-Jun, thereby confirming 
the specificity and efficacy of the inhibitor. Further studies 
with SP600125 resulted in a marked reduction in VZV 
reactivation, indicating that the JNK pathway is critical 
for the reactivation process.96 These findings underscore 
the critical role of the JNK pathway in VZV replication 
and reactivation, highlighting SP600125 as a potential 
therapeutic agent for controlling VZV reactivation and 
related diseases.

5. VZV in cancer
5.1. VZV in cancer overview

VZV’s ability to manipulate host cell functions, evade 
immune surveillance, and remain dormant in a latent 
state raises questions about its potential role in the onset 
and progression of certain cancers. While VZV is not 
traditionally classified as an oncogenic virus such as 
human papillomavirus or Epstein-Barr virus (EBV), 
emerging research has suggested its involvement in tumor 
development. Specifically, VZV’s ability to trigger chronic 
inflammation97 and interact with cancer-associated 
pathways may contribute to the formation of malignant 
lesions.98 Cotton et al.11 outline some of the earliest 
publications linking VZV infection to cancer diagnosis, 
noting that while early studies failed to establish a clear 
association, recent evidence indicates otherwise, but due 
to differences in methods, demographics, and cancer types 
reported by various articles on this topic, it is still difficult 
to determine if there is a clear association between VZV 
infection and cancer diagnosis.

One critical observation is the increased relative risk (RR) 
of certain cancers, particularly hematologic malignancies 
such as lymphoma and leukemia, in the 1st year following 
HZ infection.99 This heightened risk may be linked to 

immune suppression, such as through the upregulation 
of immune checkpoint receptors and ligands such as 
programmed cell death protein 1 (PD-1) and programmed 
death-ligand 1 (PD-L1),6 and subsequent VZV reactivation, 
which could facilitate tumor development.100 In addition, 
the inflammatory response triggered by HZ infection 
through the release of pro-inflammatory cytokines, along 
with the virus’s effects on cellular pathways associated 
with cancer, such as JAK-STAT, NFκB, and TNF-α, likely 
plays a role in this increased risk.101 Research has shown 
that the 1st year following HZ infection is a crucial period 
for cancer risk. For example, a population-based study 
conducted by Sorensen et al.102 reported an RR of 4.0 in 
the first 3  months of hospitalization due to HZ, which 
decreased over time but remained elevated at 2.1 between 
9 and 12 months. The RR further declined to 1.9 between 
1 and 5  years, and 1.3 between 5 and 10  years with a 
higher prevalence of distant metastases within 1  year of 
follow-up compared to control groups when considering 
multiple cancer types. Of note, because the population 
used in this study is hospitalized individuals, the results 
in this report may be subject to selection bias, reverse 
causality, or confounding by comorbidity. Cotton et al.11 
accounted for this in their retrospective cohort study 
of a primary care population, where they also found an 
increased risk of cancer diagnosis within the first 90 days 
when controlling for patients using immunosuppressive 
agents. Mahale et al.103 state similar findings reporting 
that HZ was significantly associated with several cancers 
when diagnosed 13 – 35 months before cancer diagnosis 
or control selection. A meta-analysis published by Schmidt 
et al.104 reviewed 46 studies investigating an association 
between HZ and cancer, reporting an overall RR of 1.42 for 
any type of cancer and 1.83 for the risk of cancer following 
1 year after an HZ diagnosis. These findings highlight the 
importance of the 1st year after HZ infection as a critical 
window for cancer risk, though further studies are needed 
to better understand the underlying mechanisms that 
contribute to this elevated risk.105

A case–control study done on the U.S. elderly population 
ages ≥65 reported similar results of an increased cancer 
diagnosis with HZ infection in 2016 when investigating 
the link of VZV infection to 48 different cancer types. 
Hematologic malignancies had a higher association with 
cancer diagnosis versus solid tumor malignancy in HZ 
patients. Stages of solid tumors of the cancers diagnosed 
in this study were also reported which most papers on 
this topic fail to report. HZ was most strongly associated 
with solid cancers diagnosed at regional or distant stages. 
Significant associations were found for regional stage 
colon cancer (OR: 1.13), non-melanoma skin cancer 
(OR: 1.97), and distant stage oral cavity/pharyngeal cancer 
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(OR: 1.74) and lung cancer (OR: 1.17) after adjustment for 
risk factors. No significant associations were observed for 
localized-stage cancers.103 These findings require further 
investigation as data on cancer stage diagnosis in VZV 
patients is limited, and this paper serves as one of the only 
papers investigating this topic.103

5.2. VZV and oropharyngeal cancer

Just as other viruses of the Herpesviridae family that are 
able to affect the oropharynx, such as EBV’s association 
with nasopharyngeal carcinoma or HSV-1’s association 
with esophagitis, VZV has shown some association with 
oropharyngeal cancer (OPC). A nationwide case–control 
study utilizing Taiwan’s Longitudinal Health Insurance 
Database 2010 found a significantly higher odds ratio (OR) 
for HZ of OPC patients versus controls. The study reported 
an odds ratio of 2.198  (95% confidence interval [CI]: 
2.001 – 2.415) for head and neck cancers, including these 
specific subtypes, after adjusting for comorbidities and 
risk factors. Specific OPCs found to have an elevated OR 
were oral cavity cancer, oropharynx, larynx, hypopharynx, 
nasopharynx, and salivary gland cancers.106 Furthermore, 
a case–control study by Mahale et al.103 found a significant 
association between HZ and an increased risk of oral 
cavity/pharyngeal cancers, with an adjusted odds ratio 
(aOR) of 1.21. Schmidt et al.104 further supported these 
findings, reporting an RR of 1.76  (95% CI: 1.13 – 2.50). 
With that said, population-based studies and meta-analysis 
which included investigations into OPC and HZ infection 
found no significant association or even a lower risk of 
these cancers.11,102,104,107,108

5.3. VZV and hematological cancer

Given the established links between viral diseases and 
hematological cancers, such as EBV’s role in Hodgkin’s 
lymphoma, Burkitt lymphoma, and non-Hodgkin’s 
lymphoma, there has been growing interest in investigating 
the potential association between VZV and hematological 
cancers. Of all the meta-analysis and population-based 
studies investigating the risk of multiple cancers after 
HZ infection used for this review, all of them showed 
a significant increase in one or multiple hematologic 
malignancies.11,102,104,107,108 A longitudinal follow-up study 
in the Korean population by Choi et al.109 reported an 
increased risk of lymphoid neoplasms in patients with HZ, 
with an adjusted HR of 1.58  (95% CI: 1.23 – 2.02). This 
study also found that the risks of Hodgkin’s disease and 
multiple myeloma/malignant plasma cell neoplasms were 
significantly elevated in patients with HZ. In addition, a 
case–control study in the U.S. elderly population by Mahale 
et al.103 identified significant associations between HZ and 
various hematologic malignancies, including myeloma 

(aOR = 1.38), diffuse large B-cell lymphoma (aOR = 1.30), 
lymphoplasmacytic lymphoma (aOR = 1.99), and chronic 
lymphocytic leukemia/small lymphocytic lymphoma 
(aOR = 1.55). A  nationwide population-based matched-
control study in the Taiwan region by Liu et al.110 found 
that patients with HZ had a significantly higher risk of 
developing lymphoid malignancies, with an adjusted 
hazard ratio (HR) of 1.68 (95% CI: 1.35 – 2.42). The most 
common lymphoid malignancies observed were non-
Hodgkin’s lymphoma and multiple myeloma. Buntinx 
et al.111 found a significantly increased risk of developing 
lymphoid malignancies, particularly Hodgkin’s disease 
and multiple myeloma, in the Korean population in a 
retrospective cohort study reporting an adjusted hazard 
ratio (HR) of 1.58  (95% CI: 1.23 – 2.02) for lymphoid 
malignancies in patients with HZ.

5.4. VZV and pulmonary cancer

As stated before, VZV can spread through respiratory 
droplets when an infected person coughs, sneezes, 
or talks, possibly linking to lung cancer development 
following VZV infection. Sim et al.108 investigated this in 
a nationwide population-based matched control study in 
South Korea, reporting that the diagnosis is most evident in 
PHN patients, with a hazard ratio (HR) of 1.65 compared 
to non-PHN patients. A population-based study by Chiu 
et al.105 found that the hazard ratio (HR) for subsequent 
cancer, particularly lung cancer, was significantly higher 
during the first 2  years after an initial diagnosis of HZ. 
Specifically, the HR for lung cancer was elevated within 
the 1st year (HR = 1.58, 95% CI: 1.38 – 1.80) and remained 
significant between 1 and 2 years (HR = 1.30, 95% CI: 1.15 
– 1.46). Mahale et al.103 also reported a modestly increased 
risk of lung cancer associated with HZ, with an aOR of 
1.11. Cotton et al.11 also reported a significantly elevated 
hazard ratio for developing lung cancer with a reported 
HR of 2.90  (95% CI: 2.23 – 3.76). Just as with OPC, 
other population-based studies and meta-analyses which 
included investigations into pulmonary cancers and HZ 
infection found no significant association or even a lower 
risk of these cancers.102,107,108

5.5. VZV and gastrointestinal (GI) cancer

The enteric nervous system (ENS) plays a crucial role in 
regulating GI function, and growing evidence suggests that 
VZV can infect and establish latency in enteric neurons, 
similar to its behavior in sensory neurons.112 One of the 
earliest population-based cohort studies investigating 
the link between VZV and an increased risk of cancer 
was conducted in 1982.113 Although limited by sample 
size, the study reported a modestly elevated RR of 1.1 for 
colon and bladder tumors in women. Schmidt et al.104 also 
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reported a positive significant RR of 1.27 (95% CI: 1.05 – 
1.53) in colorectal cancer development after HZ diagnosis. 
Cotton et al.11 also reported a significantly positive HR of 
1.87 27 (95% CI: 1.45 – 2.40) in colorectal cancer but no 
association in stomach cancer with an HR of 1.04 27 (95% 
CI: 0.40 – 2.72). Interestingly, Sim et al.108 reported a 
decreased risk of GI cancers in HZ patients without PHN, 
with a hazard ratio (HR) of 0.86  (95% CI: 0.81 – 0.91). 
However, an increased risk of GI cancer diagnosis was 
evident in PHN patients, with an HR of 1.33  (95% CI: 
1.20 – 1.47), compared to non-PHN patients. Contrary to 
the positive associations found in the previous studies, a 
large retrospective cohort study by Leyh et al.113 analyzed 
data from over 200,000 outpatients in Germany and found 
no significant association between HZ infection and the 
subsequent development of GI cancer. The study included 
103,123 patients with a first diagnosis of HZ and a matched 
cohort of 103,123 patients without HZ. Over a follow-up 
period of up to 10  years, the incidence of GI cancer did 
not differ significantly between the two cohorts (HZ 
cohort: 2.26 cases/1000 patient-years vs. non-HZ cohort: 
2.37 cases/1000 patient-years, p=0.548). The hazard ratio 
(HR) for developing GI cancer in the HZ cohort was 
0.97  (95% CI: 0.89 – 1.05).114 Further, population-based 
studies and meta-analysis publications investigating 
associations between HZ infection with GI cancer 
diagnosis also refute any significant associations.102,107

6. Studies in cancers potentially associated 
with VZV
While several studies have explored the potential link 
between VZV and cancer, not all research has found a 
clear association. Some studies have failed to establish 
any significant connection between VZV infection or 
reactivation and cancer diagnosis, suggesting that the 
virus may not play a major role in tumor development. 
Meanwhile, studies that determine a clear association of 
VZV with some cancers fail to replicate the association 
with cancers as shown in different papers. For example, 
Chiu et al.105 offer suggestions for the discrepancy detected 
in their results to four other studies, stating that the lack 
of statistically significant associations may suggest either 
insufficient statistical power or a weak or non-existent 
relationship when comparing results to populations of 
men and women in the other papers. Leyh et al.114 concurs 
with this hypothesis of insufficient statistical power when 
their comparison yielded no association of HZ infection 
with subsequent GI cancer as determined in another study 
that suggests a statistically significant increase in cancer 
rates after HZ infection. It is plausible to speculate that a 
cancer diagnosis made shortly after the onset of HZ could 
suggest the existence of an undiagnosed, latent tumor at 

the time the individual developed HZ. In this context, the 
occurrence of HZ may serve as a clinical manifestation of 
tumor-associated immunodeficiency, where the immune 
system is weakened by the presence of the tumor, facilitating 
the reactivation of VZV.115 Sim et al.108 provides an 
explanation to their findings when noting an inconsistency 
with previous publications after determining a lower risk 
of cancers in the oropharynx, GI, and respiratory systems 
in a South  Korean population-based matched control 
study. They claimed that their inconsistent results could be 
attributed to controls matching by age, gender, and health 
status, or to a trend specific to the Korean population. 
Preferential incidence of cancers caused by Herpesviridae 
family viruses would not be unique to VZV as EBV has 
also shown significantly higher rates of nasopharyngeal 
cancer in Asian and Pacific islander populations.116 Choi 
et al.109 offer another explanation for conflicting results 
determined by Liu et al.110 and Wang et al.107 in lymphoid 
neoplasms, stating that the conflicting data may be due 
to differences in ethnicity (Han vs. Korean) or variations 
in study methods, such as differing criteria for subject 
inclusion. These studies often point to the complexities 
of cancer etiology, where multiple factors – genetic, 
environmental, and viral – may influence disease onset. 
While VZV’s role in cancer remains a topic of debate, 
these findings underscore the need for further research to 
clarify whether VZV has any direct or indirect influence 
on cancer risk.9

7. Conclusion
In recent years, there has been growing evidence linking 
VZV infection, particularly in individuals with a history 
of HZ, to certain types of cancers, such as hematologic, 
pulmonary, and GI cancers. Studies have consistently 
shown higher cancer incidence rates in patients diagnosed 
with VZV-related conditions and the risk of cancer seems 
to be highest in the 1st  year after HZ infection, with the 
risk decreasing in the following months which may be 
through its modulation of immune checkpoint proteins, 
cell-surface proteins, chemokines, apoptotic enzymes, and 
cell cycle regulatory enzymes. This raises the question of 
whether VZV infection triggers the manifestation of a 
pre-existing, subclinical malignancy, or wheher VZV’s 
impact on the immune system enables opportunistic 
cancer development. While some even suggest enhancing 
post-HZ infection cancer detection efforts, which others 
never attempted.113,117,118 Nonetheless, despite numerous 
studies suggesting a link between certain cancers and VZV 
infection, many others contradict these findings, and the 
results remain conflicting, with no consensus having been 
reached. Further investigation into how VZV interacts with 
cellular pathways, particularly those related to apoptosis 
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and cell survival, may help clarify potential connections 
between the virus and tumorigenesis. Understanding how 
VZV manipulates host cell functions – such as inhibiting 
apoptosis or altering cell cycle regulation – could shed 
light on how normal cells might transform into cancerous 
ones. These insights are crucial in determining whether 
VZV is merely a viral pathogen or if it could also act as 
an oncogenic factor, contributing to cancer development 
in certain cells or conditions, similar to other viruses in the 
Herpesviridae family.
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Abstract
The historical journey of probiotics is fascinating, from their ancient roots in fermented 
foods to their potential as personalized medicine. This paper honors the pioneers 
who paved the path to current advancements. Significant progress has been made in 
understanding probiotics, including their mechanisms of action, such as competitive 
exclusion and immune modulation. For example, Lactobacillus plantarum has 
been shown to improve eczema and the common cold, whereas Bifidobacterium 
longum aids in nutrient absorption and fights off harmful organisms. In addition, 
Saccharomyces boulardii has been demonstrated to be effective in preventing 
antibiotic-associated diarrhea. Probiotics are applied in various fields, including 
digestive health, immunity enhancement, and chronic condition management. 
This review discusses the applications of probiotics and addresses challenges such 
as strain specificity, safety considerations, and regulatory oversights. The future of 
probiotics lies in precision medicine, with personalized interventions combined with 
prebiotics (food for probiotics) to unlock their full potential for enhancing human 
health and well-being. The paper serves as a valuable resource and a gateway for 
further research.

Keywords: Gut health; Microbiome; Microbiota; Flora; Digestion; Yoghurt; Sauerkraut; 
Kimchi

1. Introduction
The growing understanding of the human microbiome and its profound impact on 
human health has led to a surge of interest in probiotics – live microorganisms that 
can confer health benefits when administered in adequate amounts, according to the 
International Scientific Association for Probiotics and Prebiotics.1 The degree of interest 
can be gauged by the number of publications. Figure 1 illustrates the trend in the number 
of publications, based on a 5-year moving average of articles with “probiotic” in the 
title, retrieved from PubMed (pubmed.ncbi.nlm.nih.gov). The number of publications 
nearly doubled in the last 5 years, highlighting the growing prominence and relevance 
of probiotic research.

Fermented foods have been a staple in human diets for millennia, with evidence of 
their consumption dating back to ancient civilizations.2-4 These foods are a source of 
essential nutrients and are believed to possess health benefits. The scientific basis for 
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these traditional practices is now being elucidated through 
the study of probiotics, live microorganisms that confer 
health benefits on the host.1 The field of probiotics is 
growing rapidly, as indicated by Figure 1.

This review aims to explore the origins of probiotics 
and summarize their mechanisms of action. Their diverse 
applications will be discussed, and the challenges in current 
probiotic research and future directions will be evaluated. 
While this is not a meta-analysis, it aims to provide a 
comprehensive overview of the field and identify areas for 
future research.

1.1. Impact on human endeavors

The global microbiome is a vast and diverse community 
of microorganisms, including bacteria, archaea, fungi, 
viruses, and bacteriophages (viruses that infect bacteria). 
The microbiome lives in symbiosis with humans and has a 
profound impact on human health. These microorganisms 
are found everywhere – from the soil, water, and air 
to every part of the human body, including the brain, 
skin, and gut. Their habitat is so pervasive that it can be 
considered a distinct community.5 The association of this 
pervasive nature with humans is succinctly summarized as 
follows:6

•	 Health implications: Dysbiosis, a deviation from 
normal microbial composition, can lead to adverse 
health effects. The microbiome affects health in 
various ways, influencing areas such as mental health, 
reproductive health, and immune response.

•	 Agricultural applications: Beneficial bacteria play 
crucial roles in agriculture, including decomposing 
organic matter, enhancing soil fertility, and acting as 
biopesticides and biofertilizers. These applications are 
critical for sustainable farming practices.

•	 Environmental remediation: Certain bacteria are 
involved in the remediation of environmental 

pollutants in water, air, and soil, helping in the 
degradation of pollutants, such as hydrocarbons, 
heavy metals, and synthetic dyes.

•	 Food industry: Microorganisms are used in the 
production of fermented foods and beverages, which 
offer various health benefits. They are involved in 
the fermentation of dairy and non‐dairy products, 
enhancing flavor, texture, and nutritional value.

•	 Probiotics and health: Probiotics, which are beneficial 
microorganisms, play a significant role in maintaining 
gut health and overall well‐being. They can help 
in restoring healthy microbiome communities and 
preventing infections.

•	 Pharmaceutical and nutraceutical applications: 
Microbial products are used in the pharmaceutical 
industry for their antimicrobial, antioxidant, and 
immunomodulatory properties. They also have 
applications in nutraceuticals and cosmeceuticals.

Furthermore, recent findings demonstrated that skin-
associated bacterial communities may serve as more 
distinctive personal identifiers than the human genome.7

2. Modulation of gut microbiome
Shifting the focus from the broader ecosystem of microbes 
to the human gut, the gut microbiome is a complex 
community of trillions of microorganisms, including 
(unsurprisingly) bacteria, archaea, fungi, and viruses.8 The 
gut microbial community plays a critical role in human 
health, affecting digestion, nutrient absorption, immune 
function, and even mental well-being.9 Probiotics are 
thought to modulate the gut microbiome by promoting 
the growth of beneficial bacteria and suppressing the 
growth of harmful ones.10 Lactobacillus plantarum and 
Bifidobacterium longum are two of the most commonly 
studied probiotic strains. These strains have been shown 
to exert their beneficial effects through a variety of 
mechanisms. To better understand their morphology 
and how they interact with the environment, the relevant 
micrographs and details are provided in Figure 2.

The scanning electron micrographs (Figure 2) provide 
a visual representation of L. plantarum and B. longum, 
highlighting their distinctive morphological features, such 
as cell shape, size, and arrangement (Table 1).

2.1. WebMD overview of L. plantarum

WebMD (https://www.webmd.com/), a comprehensive 
online resource providing health information and tools, 
suggests L. plantarum is potentially effective for:
•	 Eczema (atopic dermatitis): Oral intake of 

L. plantarum has been associated with improvements 
in eczema symptoms in children and adults.

Figure 1. Number of articles published with “probiotic” in the title. Graph 
created by the author using Microsoft Excel. Data source: PubMed.
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•	 Common cold: Oral intake of L. plantarum with 
another probiotic, Lactobacillus paracasei, has been 
associated with improvements in common cold 
symptoms.

•	 High cholesterol: Oral intake of L. plantarum has 
been associated with modest reductions in cholesterol 
levels.

•	 Irritable bowel syndrome, a long-term disorder of the 
large intestine that causes stomach pain: Oral intake 
of L. plantarum alone or with other probiotics has 
been associated with improvements in irritable bowel 
syndrome.

•	 Infection of the airways: Oral intake of L. plantarum 
alone or with other probiotics has been associated 
with preventing airway infections in adults.

•	 Ulcerative colitis, a type of inflammatory bowel 
disease: Oral intake of L. plantarum, together with 
standard treatment, has been associated with increased 
remission and prevention of relapse in people with 
ulcerative colitis.

2.2. WebMD overview of B. longum

According to WebMD, B. longum resides in the intestines 
and produces lactic and acetic acids, which aid in food 
digestion, nutrient absorption, and defense against 
potentially harmful microorganisms.

2.3. Mechanisms of probiotic action

As with many scientific endeavors, understanding is 
deepened when considered in conjunction with the 
mechanisms of action.13,14 B. longum and L. plantarum 
exert their health benefits through several mechanisms,15,16 
including:
•	 Competition with pathogens: Both probiotics 

compete with harmful bacteria for nutrients and 
adhesion sites, preventing the harmful bacteria from 
colonizing the intestinal epithelium (gut wall). This is 
shown graphically in Figure 3, where a slug of lumen 
is traced as it passes through the intestine. The clock 
faces depicted here merely mark the passage of time 
(and not the time of day).

•	 Inactivation of pathogenic toxins: Some strains can 
neutralize toxins produced by pathogenic bacteria.

•	 Production of beneficial substances: These probiotics 
produce substances, such as lactic acid, that inhibit the 
growth of harmful bacteria.

•	 Enhancement of mucosal barrier: They interact with 
epithelial cells to strengthen the mucosal barrier, 
protecting against infections.

•	 Modulation of immune responses: These probiotics 
can interact with immune cells, enhancing the body’s 
immune response by stimulating the production of 
immune mediators, such as cytokines and secretory 
immunoglobulin A. These help to protect the host 
against infection.17

•	 Metabolic modulation: Some strains can influence 
metabolic processes, such as insulin resistance 
and cholesterol metabolism. They can ferment 
carbohydrates in the gut, resulting in the production 
of short-chain fatty acids that promote gut health, 
including butyrate, which has anti-inflammatory 
properties.18

•	 Neurological effects: Emerging research suggests 
these probiotics may impact neurological signaling 
pathways.19

•	 Protection: These probiotics can exert their effects 
through the production of antimicrobial substances, 
such as bacteriocins, which inhibit the growth of 
pathogenic bacteria. “Friendly” gut bacteria may 
eliminate pathogens by competing for energy 
resources.20,21 In addition, these probiotic strains 
can modulate gut motility, further contributing to a 
healthy gut environment.

Figure 4 graphically illustrates how probiotics occupy 
the gut mucus lining, preventing harmful bacteria and their 
toxins from gaining access. By competitively inhabiting 
the mucosal area, a beneficial climate is created for other 
beneficial bacteria to grow.

Figure  2. Micrographs and details of the most commonly studied 
probiotic strains, (A) Lactobacillus plantarum11 and (B) Bifidobacterium 
longum12

Table 1. Typical morphological and microscopic 
characteristics of Lactobacillus plantarum and 
Bifidobacterium longum

Probiotic strains L. plantarum B. longum

Magnification Typically×1,000 Typically ×~5000

Staining method Gram staining Nil staining

Cell shape Rod‑shaped Rod‑shaped with a 
characteristic Y‑shape or 
bifurcation

Cell size 0.7 – 1.1 μm in 
diameter, 2 – 4 μm in 
length

0.5 – 1.2 μm in diameter,  
2 – 5 μm in length

Arrangement Single cells or short 
chains

Single cells or short chains

BA
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2.4. Shelf life of probiotic products

A 2017 nationally representative survey of 1,006 American 
adults found that about one-third had not cleaned out their 
medicine cabinet in the past year, and nearly one-fifth had 
not done so in the past 3  years.22 Consequently, many 
households store pharmaceuticals past their use-by dates. 
This poses a concern, as manufacturers are legally required 
to guarantee product safety only up to the indicated use-by 
date; any use beyond that point cannot be assumed to be 
safe.

To assess the implications of product expiration, one 
study investigated the viability of microorganisms in 
expired probiotic products and how packaging and storage 
conditions impact their efficacy.23 Of the 33 expired 
products evaluated, 22 still had viable contents despite 
being expired, on average, for more than 11 years. However, 
only five met or exceeded their original cell count claims. 
Microbial viability was significantly influenced by factors 
such as packaging type, storage conditions, and time since 
expiry.

Figure 3. Timeline idealization of Bifidobacterium longum and Lactobacillus plantarum, protecting the intestinal wall from harmful bacteria (shown pink 
with flagella). By author uses Corel Graphics Suite 2017.

Figure 4. Schematic cross-section of the intestine shows the protective mechanisms of gut mucus against harmful bacteria (shown pink with flagella) 
invasion and toxin release. Image created by author using Corel Graphics Suite 2017. Information is attributed to WebMD.
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While some expired probiotics retained viability, 
the total counts in this research were mostly below the 
recommended effective dose, suggesting that consuming 
expired probiotics may not provide the intended health 
benefits. Therefore, it is crucial to follow storage guidelines 
and use probiotics before their expiration dates to ensure 
their effectiveness.

2.5. Disposal of unused medication

Improper disposal of unused medication poses several 
significant risks:
•	 Environmental contamination: Flushing medications 

down the toilet or discarding them in the rubbish 
can contaminate water supplies and soil. Wastewater 
treatment plants are often not designed to remove 
pharmaceutical chemicals, resulting in their release 
into the environment, where they may harm aquatic 
life, disrupt ecosystems, and pose risks to human 
health through contaminated drinking water.

•	 Accidental poisoning: Unsecured and improperly 
disposed medications can be easily accessed by 
children and pets, resulting in accidental poisoning 
with serious health consequences, including 
hospitalization and even death. Even seemingly 
harmless over-the-counter medications can be 
dangerous in the wrong hands or when overdosed.

•	 Antibiotic resistance: Improper disposal contributes 
to the growing problem of antibiotic resistance. When 
antibiotics are released into the environment, they 
can promote the development of antibiotic-resistant 
bacteria, making infections harder to treat and posing 
a serious threat to public health.

•	 Drug abuse: Unused medications left unsecured in 
homes can be a source of drug abuse, particularly 
among teenagers and young adults, potentially leading 
to addiction, overdose, and other serious health 
problems.

•	 Ineffective medication: Improper storage, such as in 
humid or hot environments, can degrade medications, 
making them less effective or even harmful, even if 
they are still within their use-by dates. The improper 
disposal of such degraded medications still carries the 
risks mentioned above.

•	 Financial waste: Unused and expired medications 
represent a financial waste for individuals and health-
care systems. This waste can be reduced through better 
medication management and adherence to prescribed 
regimens.

A study assessed the accumulation of waste around the 
world caused by poor pharmaceutical disposal practices.24 
Their data tables categorize disposal habits across various 
countries, distinguishing between discarding medications 

in the rubbish, flushing them into the sewer system, 
or returning them to pharmacies. Aggregating the 
data for Germany, Sweden, and the Netherlands under 
“Europe,” and for the United States of America (USA) 
and England under “English” for comparison, the average 
rates of disposal by rubbish and return to the pharmacy 
– approximated from the chart data in the study – are as 
follows:
•	 Disposal by rubbish by “English” was 43% against 

“Europe” at 6%
•	 Disposal by return to pharmacy by “Europe” was 56% 

against “English” at 27%.

While the “English” group heavily favors disposing 
of rubbish, the “Europe” group prefers returning it to 
pharmacies. This reflects a significant cultural difference 
in disposal practices, suggesting that the “English” group 
may lack convenient pharmacy return programs or that 
people are not aware of them. In contrast, pharmacy-
based disposal appears to be the dominant method in the 
“Europe” group. This difference could have implications 
for environmental concerns (e.g., landfill issues and public 
health), as improperly disposed medications pose a risk. 
It highlights a potential area for improvement in England 
and the USA.

3. History of probiotics
The use of fermented foods for health purposes dates back 
to ancient civilizations. For example, Egyptians consumed 
fermented milk products, such as yogurt, whereas Chinese 
people consumed fermented soybean.25,26 These practices 
were likely driven by empirical observations of the health 
benefits associated with consuming fermented foods. The 
term “probiotic” was first introduced by Elie Metchnikoff, 
who hypothesized that consuming bacteria from yogurt 
could promote longevity.27

The discovery of antibiotics during and after World 
War I and World War II led to a temporary shift away from 
the focus on probiotics, with some exceptions. Over the 
decades, the term “probiotics” was redefined by various 
scientists to refer specifically to beneficial live microbial 
supplements.28

The contribution of Elie Metchnikoff cannot be 
understated, as we recall his Messina story: While his 
family was at the circus, Metchnikoff, being alone with his 
microscope, observed motile cells in a starfish larva. He 
theorized that these cells could defend against invaders, 
such as a splinter in a finger. He immediately tested this by 
inserting rose thorns into the larva. The next morning, he 
excitedly found that the motile cells had surrounded the 
thorns, proving his hypothesis. This Messina experiment 
became the foundation for his theory of phagocytosis 
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(from the Greek words “to eat,” a process where cells 
engulf large particles), which he explored for the next 
25 years.29

The historical progression of probiotics traces its 
origins to age-old fermentation traditions. Along this 
journey, we recognize the trailblazing contributions of 
scientists, such as Louis Pasteur (Figure 5), to the cutting-
edge field of precision medicine. In this context, probiotics 
are harnessed as microscopic allies for personalized 
health. Figure  5 presents a pictorial timeline of these 
key milestones, with the photo collage highlighting the 
pioneers whose contributions have shaped the field.

The discoveries do not end with the pioneers in Figure 5. 
There is a long list of masters in the field, among whom are:

(a) Gregor Reid:36

•	 1980s: Started his research on probiotics, focusing 
on their role in women’s health and gut health

•	 2001 – 2002: Chaired the United Nations/World 
Health Organization expert panel that defined the 
modern term “probiotics”

•	 Ongoing: Continues to advocate for the use 
of probiotics in health care and develop novel 
probiotic therapies.

(b) Mary Ellen Sanders:37

•	 1990s – present: A  leading figure in the field, 
focusing on the scientific substantiation of 
probiotic benefits and their safe use

•	 Ongoing: Actively involved in research, education, 
and advocacy related to probiotics.

(c) Francisco Guarner:38

•	 1990s – present: Has extensively studied the 
mechanisms of action of probiotics and their 
impact on gut health.

•	 Ongoing: Continues to contribute to the 
understanding of probiotics and their potential 
therapeutic applications.

Figure 5. The faces of probiotics: Pioneers in microbial health. Years indicate years of main contribution to science. The public domain image of Antonie 
van Leeuwenhoek was reprinted from commons.wikimedia.org.30 The public domain image of Louis Pasteur was reprinted from nlm.nih.31 The public 
domain image of Hans Christian Gram was reprinted from commons.wikimedia.org.32 The public domain image of Elie Metchnikoff was reprinted from 
loc.gov.33 The public domain image of Alexander Fleming was reprinted from nobelprize.org.34 Image of Carl Woese was reprinted from en.wikipedia.org.35 
CC3.0 Don Hamerman – Hansen and Weller.
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(d) Lorenzo Morelli:39

•	 1980s – present: Specializes in the characterization 
and application of probiotic strains, particularly 
in infant health

•	 Ongoing: Continues to research and develop new 
probiotic products for various health needs.

(e) Danisco:
•	 1990s – present: A  global bioscience company 

with a strong focus on probiotic research and 
development

•	 Ongoing: Danisco is now part of DuPont and 
continues to invest in research and innovation in 
the field of probiotics, contributing to new product 
development and scientific advancements.

4. Human microbiome project (HMP)
The HMP was a groundbreaking research initiative 
launched by the USA National Institutes of Health 
in 2007.40 Its primary goal was to characterize the 
microbial communities inhabiting the human body, 
including bacteria, viruses, fungi, and archaea. Through 
comprehensive sampling and analysis of microbial DNA, 
the HMP generated a wealth of data on the composition 
and function of the human microbiome across various 
body sites, including the gut, skin, oral cavity, and 
respiratory tract. This project significantly advanced 
our understanding of the complex interplay between 
human health and the microbial world, providing a 
crucial foundation for the field of microbiome research. 
The mention of HMP here is relevant to underscore the 
profound impact of the human microbiome on human 
health and disease.

5. The influence of genetics on the 
gut microbiome: Insights from the 
United Kingdom Twins study
The United  Kingdom Twins Study provides invaluable 
insights into the interplay between genetics and the 
gut microbiome.41 By examining the microbiome of 
monozygotic (identical) and dizygotic (fraternal) twins, 
this study offers a unique opportunity to disentangle the 
relative contributions of genetic and environmental factors 
to the composition and function of the gut microbiota. 
The findings of this study are highly relevant to this 
review, as they emphasize the importance of considering 
individual genetic variations and their influence on the 
gut microbiome when developing personalized probiotic 
interventions.

This study analyzed the gut microbiomes of 2,731 
individuals, including monozygotic and dizygotic 
twins. It aimed to quantify the heritability of various gut 

microbiota components and investigate the association 
between microbial abundances and host genetic variations. 
The expanded dataset enabled researchers to refine 
heritability estimates for previously identified microbial 
taxa. In addition, it uncovered novel associations between 
heritable microbes and host genes involved in diet, 
immunity, and other key biological processes. Notably, 
the study demonstrated that host genetics can influence 
the gut microbiome through shaping dietary preferences, 
which are heritable traits. These findings emphasize the 
crucial role of host genetics in shaping the gut microbial 
landscape. In addition, they highlight the importance of 
considering individual genetic variations when developing 
personalized probiotic interventions.

6. Potential applications of probiotics
The contribution of WebMD referred to only two of the 
most common probiotics. Probiotics have been investigated 
for a much wider range of potential applications in human 
health, including (but not limited to):
•	 Gastrointestinal disorders: Probiotics have been 

shown to be effective in preventing and treating 
diarrhea, including antibiotic-associated diarrhea and 
traveler’s diarrhea.42-44

•	 Inflammatory bowel disease (IBD): Probiotics may be 
beneficial in managing IBD, such as ulcerative colitis 
and Crohn’s disease.45

•	 Allergic diseases: Probiotics may help to prevent and 
treat allergies, such as eczema and asthma.46

•	 Metabolic disorders: Probiotics are being investigated 
for their potential role in managing obesity, diabetes, 
and non-alcoholic fatty liver disease.47,48

The practice of matching a strain of probiotics for a 
particular disorder condition is vast and well beyond 
the scope of this article. Nevertheless, we present a table 
of reported successes for given maladies with selected 
probiotics in Table  2. It should be noted that other 
combinations of probiotics may also work successfully for 
the particular condition.

Table 2. Successful matches of probiotics and maladies – 
gastrointestinal disorders

Condition Probiotics

Antibiotic‑associated diarrhea44 Saccharomyces boulardii

General digestive discomfort49 Lactobacillus plantarum 299v

Irritable bowel 
syndrome+diarrhea50

S. boulardii

Irritable bowel 
syndrome+constipation51

Bifidobacterium lactis

Leaky gut52 Lactobacillus rhamnosus GG
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7. Personalized medicine and probiotics
The concept of personalized medicine or precision 
medicine is transforming health care by tailoring 
treatments to individual patients based on their unique 
genetic and microbial profiles. This approach holds great 
promise for the field of probiotics, as the composition of the 
gut microbiome varies significantly between individuals.53 
By analyzing an individual’s gut microbiome, researchers 
can identify specific probiotic strains that may be most 
beneficial for that individual. This personalized approach 
can help to maximize the efficacy and safety of probiotic 
interventions.

Practitioners will need to understand both the pathology 
of a patient’s dysbiosis and the specific strain of probiotics 
that has the propensity to address the problem – an essential 
foundation for effective treatment. Strategies for developing 
personalized probiotic therapies can then include 
comprehensive microbiome profiling, strain-specific 
testing, and potentially the use of artificial intelligence (AI) 
to predict individual responses to different probiotic strains.

Some companies(e.g Zoe.com)53 now offer at-home 
microbiome tests. Typically, stool samples are taken at 
home and sent in for analysis. One consumer advocacy 
group.54 Evaluated three such companies and offered some 
caution:
•	 If you are curious about your gut health, a gut 

microbiome test can be interesting
•	 However, if you have gastrointestinal symptoms, it 

is best to see your health-care provider for routine 
clinical testing to detect common pathogens

•	 Companies offering these services caution against 
making major dietary changes based on home gut 
microbiome test results

•	 They recommend seeking further advice from 
qualified health-care professionals before making 
significant changes to your diet

•	 Remember, these tests are fascinating but are not yet 
diagnostic tools.

As an aside, this trend presents a great opportunity for 
gathering vast amounts of microbiome data, though it also 
raises important privacy and ethical considerations.

7.1. Strain specificity

The effects of probiotics are highly strain-specific. Not all 
probiotic strains are equally effective or safe for all individuals.55 
This further supports the need to account for both the 
particular strain of probiotics as well as the target disease.

Lactobacillus rhamnosus GG (LGG) is a well-researched 
probiotic strain, first isolated by scientists Sherwood 
Gorbach and Barry Goldwin, hence the “GG” designation. 

This strain is known for its ability to survive stomach acid 
and bile, allowing it to reach the gut alive and provide 
health benefits. A  study analyzed 100 different strains 
of L. rhamnosus.56 Out of the 100 strains considered 
identified strain A and strain B, which were different 
strains of L. rhamnosus. Both strains could be found in the 
intestines, but strain B could be characterized similarly to 
the well-known GG strain. Strain A and strain B can be 
distinguished by the following:
•	 Lack of pili: Strain A does not have the hair-like pili, 

which are crucial for adhesion to the mucus gut lining
•	 Carbohydrate metabolism: Strain A metabolizes 

different carbohydrates, including D-lactose and 
D-maltose. This is indicative of its adaptation to a 
dairy-like environment (making cheese).

On the other hand, strain B has traits that make it 
well-suited for the intestinal tract, such as bile resistance, 
the production of pili, and the ability to utilize L-fucose, 
a type of sugar. Thus, strain B survives stomach gastric 
juices better and lasts longer in the intestines, adhering to 
the mucus lining. It is therefore not surprising that strain 
B performs better in fixing the illness above. Whatever 
number of strain A survives the hostile environment of the 
stomach, it just passes through, not having pili to anchor. 
All of which is to illustrate the importance of getting the 
type of strain right to suit the intended disease application.

7.2. Limitations of probiotics

To illustrate this section, we offer an excerpt from a Social 
Media post,57 as follows:

Taking certain strains of probiotics years ago gave 
me severe health problems, when before I was perfectly 
healthy. My body initially reacted to them as if I (had) 
caught a severe stomach bug. After taking them, I got 
diarrhea, nausea, swollen lymph nodes, fatigue, nerve 
pain, severe chronic belching, chronic mal-digestion of 
foods, constant sore throat, etc. It continued to progress to 
the point of panic attacks, having zero appetite, and having 
severe flu-like symptoms all the time. I  did an antibiotic 
regiment and recovered in less than a week, being able 
to eat anything and everything without any problems 
besides feeling completely amazing. I then took a different 
probiotic with different strains, and my body got just as 
sick from it. I  was never able to truly recover after that 
point. Antibiotics helped again temporarily but stopped 
working. Without severe intervention on my part, my body 
slips quickly into misery, and I basically go insane. Medical 
tests are inconclusive, and my gastroenterologist thinks it’s 
my immune system overreacting and I agree.

I think I am a one in a million case where taking 
certain probiotics shifted the bacteria in my gut to a point 
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where my immune/nervous system is in a constant state 
of reaction . I  do not think it’s that the bacteria are bad 
necessarily, it’s how my immunity reacts to whatever is 
going on in my microbiome. The only things that provide 
me relief are antibiotics (which eventually stop working 
completely) and osmotic laxatives.

Not all probiotics are without side effects. Here are some 
things to watch out for:
•	 Digestive symptoms: Some people may experience 

temporary digestive issues, such as gas, bloating, 
constipation, or increased thirst, when first 
introducing probiotics. To minimize discomfort, it is 
generally recommended to begin with a low dose and 
gradually increase as tolerated.

•	 Allergic reactions: Probiotics can occasionally trigger 
allergic reactions in sensitive individuals. Some people 
may also experience intolerance due to increased 
histamine levels, which can trigger symptoms such as 
itching, watery eyes, runny noses, or difficulty breathing. 
Particular caution may be warranted with strains such 
as Lactobacillus buchneri, Lactobacillus helveticus, 
Lactobacillus hilgardii, and Streptococcus thermophilus.

•	 Infections: People with weakened immune systems or 
serious health conditions may be at a higher risk of 
infections from probiotics. People with venous catheters, 
recent surgery, acute pancreatitis, or prolonged 
hospitalizations should avoid taking probiotics.

•	 Headaches: Certain probiotic-rich foods contain 
biogenic amines, which can trigger headaches in 
sensitive individuals.

•	 Regulation and quality: Probiotics are not regulated 
by the USA Federal Drug Authority (FDA), which can 
lead to inconsistencies in the quality and contents of 
probiotic products. To reduce the risk of ineffective 
or contaminated products, it is advisable to avoid 
off-brand options and purchase from reputable, well-
established suppliers.

8. Delivery methods
The focus so far has been on the ingestion of probiotics, 
with benefits attributed largely to their occupation and 
proliferation in the intestines. However, emerging research 
is beginning to explore applications beyond the gut – an 
area still in its early stages of development. The delivery 
methods are listed in the following sections.

8.1. Topical applications (creams, ointments, and 
lotions)

•	 Mechanism: Topical probiotics aim to deliver 
beneficial bacteria directly to the skin, where they 
can interact with the skin microbiome and potentially 
influence skin health.

•	 Applications:
•	 Eczema (atopic dermatitis): Some studies 

suggest that topical probiotics may help reduce 
inflammation and improve skin barrier function 
in eczema.58

•	 Acne: Topical probiotics may help control acne 
by reducing inflammation and the growth of 
Cutibacterium acnes (formerly Propionibacterium 
acnes), the bacteria implicated in acne 
development.59

•	 Rosacea: Probiotics may help manage rosacea by 
reducing inflammation and restoring the balance 
of the skin microbiome.60

•	 Wound healing: Preliminary research suggests 
topical probiotics might promote wound 
healing.61

•	 Anti-aging: Some cosmetic products incorporate 
probiotics, claiming they can improve skin 
hydration, reduce wrinkles, and enhance skin 
radiance. However, more robust scientific 
evidence is needed to support these claims.62

8.2. Vaginal suppositories/capsules

•	 Mechanism: These methods deliver probiotics directly 
to the vaginal area to restore and maintain a healthy 
vaginal microbiome.

•	 Applications:
•	 Bacterial vaginosis: Vaginal probiotics can be an 

effective treatment for bacterial vaginosis, helping 
to restore the balance of beneficial bacteria such 
as Lactobacillus.63

•	 Yeast infections: Probiotics may help prevent 
recurrent yeast infections by competing with 
Candida and restoring a healthy vaginal flora.64

8.3. Oral rinses/toothpastes

•	 Mechanism: These products deliver probiotics to the 
oral cavity to promote oral health.

•	 Applications:
•	 Periodontal disease: Probiotics may help reduce 

inflammation and improve gum health in people 
with periodontal disease65

•	 Dental caries (cavities): Some studies suggest that 
probiotics may help reduce the levels of bacteria 
that contribute to cavities66

•	 Halitosis (bad breath): Probiotics may help reduce 
bad breath by targeting the bacteria that produce 
odor-causing compounds.67

8.4. Injections and intravenous delivery

•	 Prevalence:68 The practice of probiotic delivery 
through injection or intravenous methods has little 
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support in the literature, given that introducing 
a live culture to enter the bloodstream may have 
unpredictable consequences.
•	 An example is found in a case report of a 25-year-

old who was accidentally injected intravenously 
with 2 billion spores of Bacillus clausii. It took 
5 months of various antibiotic treatments before 
blood tests finally confirmed clearance of the 
infection69

•	 A study showed that extracellular vesicles (EVs) 
secreted by B. longum and L. plantarum could 
be used for intravenous and subcutaneous 
administration in mice, with the subcutaneous 
pathway showing particular promise70

•	 Mechanism: EVs71 offer a promising avenue for 
circumventing the risks associated with the direct 
administration of live probiotics.
•	 EVs are nanosized particles released by cells, 

composed of a cellular membrane and associated 
proteins, enclosing an aqueous core containing 
soluble molecules, such as proteins and nucleic 
acids. Figure  6 is an artist’s impression of EVs 
being transferred from a donor cell to a recipient 
cell.

•	 EVs play a crucial role in various physiological 
and pathological processes by facilitating the 
transfer of biological molecules between cells.72

•	 In the study conducted using a pre-clinical 
myocardial infarction animal model, intravenous 

intervention led to a significant improvement 
in cardiac function.73 The authors concluded: 
“Our results suggest the cell-derived, genetically 
engineered EVs may be used therapeutically 
for the delivery of miRNAs for the rescue of 
myocardial infarction and may benefit patients in 
the future.”

8.5. Other delivery methods

•	 Nasal sprays: Probiotics are being explored for 
their potential to improve sinus health and prevent 
respiratory infections. In a pioneering effort, one 
study developed a probiotic nasal spray that showed 
success in treating upper respiratory issues.74

•	 Inhalable probiotics: Research into the use of inhaled 
probiotics delivered for lung health is ongoing, 
though it remains in the early stages. Nonetheless, 
the development of a dry powder inhaler formulation 
offers a promising avenue for targeting the lower 
respiratory tract.75

9. Challenges and considerations
Despite their potential benefits, the use of probiotics also 
presents some challenges:
•	 Strain specificity: The effects of probiotics are highly 

strain-specific. Not all probiotic strains are equally 
effective or safe for all individuals. McFarland et al.55 
concluded from their work: “Strong evidence was 
found supporting the hypothesis that the efficacy of 
probiotics is both strain-specific and disease-specific.” 
This further supports the need to account for both the 
particular strain of probiotics and the target disease.

•	 Variability in clinical outcomes: The results of 
clinical trials with probiotics have been inconsistent, 
highlighting the need for further research to identify 
the most effective strains and dosages for specific 
conditions.76 Achieving reliable, credible, and 
repeatable results remains a significant challenge in 
the field.

•	 Safety concerns: While generally considered 
safe, some probiotic strains may pose risks for 
immunocompromised individuals, such as those with 
acquired immunodeficiency syndrome or undergoing 
chemotherapy.77

•	 Regulatory issues: The regulatory landscape for 
probiotics varies across different countries, which can 
create challenges for the development and marketing 
of new probiotic products. For example, the European 
Food Safety Authority takes a stringent approach to 
regulating the probiotic landscape as “must do good” 
rather than “does no harm.” This becomes particularly 
challenging as many diseases have long incubation 

Figure 6. Schematic illustration of extracellular vesicles being transferred 
from a donor cell to a recipient cell. Image created by the author using 
Gemini artificial intelligence (CorelDraw Graphics Suite 2017).
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periods, complicating compliance.78 In contrast, the 
US FDA approves probiotics as “generally recognized 
as safe” (GRAS). However, this designation does 
not equate to “tested safe.” While the FDA does not 
specifically “approve” probiotics, it regulates them 
based on their intended use. GRAS status is a common 
designation for probiotics in food and supplements, 
but it differs from the “tested safe” standard applied to 
drugs.

•	 Labeling: Recognizing that consumers are increasingly 
making informed choices about probiotic products, 
a goal of improved labeling has emerged in the 
industry.79 Organizations, such as the International 
Probiotics Association and the Council for Responsible 
Nutrition, have developed guidelines for probiotic 
labeling to promote transparency and consistency.

•	 Limitations of current probiotic research include 
inconsistent study designs, short-term follow-up 
periods, and a lack of standardization in probiotic 
formulations. This makes it difficult to draw definitive 
conclusions about their efficacy and safety.

10. Future directions
Future probiotics will likely be personalized, targeting 
specific health needs and leveraging advanced technologies, 
such as gene editing, to enhance their efficacy and delivery.

10.1. AI

The global conversation around AI is intensifying. 
Although AI-driven systems have demonstrated superior 
performance over humans in some analytical tasks in the 
health-care sector, the persistent issue of “explainability” 
remains a source of criticism. The so-called “black box” 
decisions often lead to user apprehension. Explainability, 
in essence, refers to opening the system to scrutiny – an 
area of active research that lies beyond the scope of this 
paper. While explainability can engender trust, trust 
may also be cultivated in other ways, such as consistent, 
successful application, independent validation, and cross-
verification. One such approach includes comparing 
outputs across different large language models (LLMs), as 
illustrated below. Here is an example of cross-checking a 
simple question posed to four LLMs:

“I have been taking Yakult for the last few weeks and 
feel no different.”
•	 Reply from GPT-4o Mini: “It is not uncommon to feel 

no immediate changes after taking probiotics such as 
Yakult, as their effects can vary from person to person. 
Probiotics work gradually to support gut health and 
may not produce noticeable results right away. Factors 
such as your overall diet, lifestyle, and individual gut 
microbiome can influence how you respond. It is also 

important to give your body some time to adjust; some 
people may experience benefits after several weeks or 
even months of consistent use. If you have specific 
health concerns or conditions, consulting a health-
care professional may provide more personalized 
insights.”

•	 Reply from Poe: “While many people report positive 
effects from taking Yakult, such as improved digestion 
and gut health due to its probiotic content, individual 
experiences can vary widely. Factors such as diet, 
overall health, and personal microbiome composition 
can influence how you feel after consuming probiotics. 
It may take time for some individuals to notice 
significant changes, or they might not experience 
any noticeable effects at all. If you are not feeling any 
difference, it is worth considering other aspects of your 
lifestyle or consulting with a health-care professional 
for personalized advice.”

•	 Reply from Gemini: “Yakult is a probiotic drink that 
contains live bacteria. Probiotics are believed to be 
beneficial for gut health. However, it is important to 
note that the research on the benefits of probiotics is 
still ongoing. Some studies have shown that probiotics 
can help with digestive issues, such as constipation 
and diarrhea. However, other studies have shown 
no benefit. It is also important to note that not all 
probiotics are created equal. Different strains of 
bacteria have different effects on the body. Yakult 
contains a strain of bacteria called Lactobacillus casei 
Shirota. This strain has been shown in some studies to 
be beneficial for gut health. However, more research is 
needed to confirm these findings.”

•	 Reply from CoPilot: “It is understandable to feel a bit 
disappointed if you have not noticed any difference 
after a few weeks of taking Yakult. It is a popular 
probiotic drink, and while some people experience 
positive changes quickly, others might not notice 
any immediate effects. Probiotics work by promoting 
the growth of beneficial bacteria in the gut, but this 
process can vary from person to person depending on 
individual microbiomes and other factors such as diet 
and lifestyle. It might take more time, or you might 
benefit from consulting with a health-care professional 
to explore other options or adjustments that could 
work better for you. Keep in mind that patience and 
consistency are key when it comes to probiotics.”

The four responses were analyzed for consistent threads 
throughout. Rather than evaluating each response as a 
whole, the analysis focused on individual steps – assessing 
whether each step was logical and followed coherently 
from the previous one.
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•	 All four LLM responses acknowledge that the effects of 
Yakult (or probiotics in general) can vary significantly 
from person to person.

•	 They all mention factors such as individual gut 
microbiome, diet, lifestyle, and existing health 
conditions as potential influences on whether or not 
someone experiences noticeable benefits.

•	 They also point out that it may take time to see results.
•	 All four suggest consulting a health-care professional 

for personalized advice if concerns persist.

While it is entirely possible that all four LLMs might 
each be misguided, their reliance on distinct underlying 
data sources helps mitigate the risk of shared errors or 
hallucinations. In essence, cross-referencing multiple 
models reduces the likelihood of misinformation. Taken 
together, this reflects a broader trend toward AI adoption, 
which will undoubtedly influence the trajectory of 
probiotic research.

10.2. Directions of future research

Continued research is crucial to address the current 
limitations in probiotic research, develop robust clinical trial 
methodologies, and establish clear regulatory guidelines for 
the production and marketing of probiotic products. Future 
research in the field of probiotics should focus on:
•	 Identifying new probiotic strains: Continued 

exploration of the human microbiome will lead to 
the discovery of novel probiotic strains with unique 
health benefits.

•	 Developing personalized probiotic therapies: 
Advances in genomics and metagenomics will enable 
the development of personalized probiotic therapies 
tailored to individual needs.

•	 Investigating the role of probiotics in preventing and 
treating chronic diseases: Further research is needed 
to investigate the potential of probiotics in preventing 
and treating chronic diseases, such as obesity, diabetes, 
and cardiovascular disease.

•	 Improving the quality and safety of probiotic products: 
Ensuring the quality and safety of probiotic products 
is crucial for consumer confidence and public health.

•	 Expanding probiotic applications beyond the gut: 
Potential applications of probiotics include their use 
in skincare products to improve skin health, reduce 
inflammation, and promote wound healing. In addition, 
research is exploring the potential of probiotics as 
antimicrobial agents, leveraging their ability to inhibit 
the growth of harmful bacteria and fungi.

•	 Engineered probiotic strains: Lactic acid bacteria are 
considered appropriate chassis organisms that can be 
genetically engineered for therapeutic and industrial 
applications.80

Educating the public about the appropriate use of 
probiotics and raising consumer awareness of the importance 
of selecting high-quality products are essential for ensuring 
the safe and effective use of these beneficial microorganisms.

11. Conclusion
Probiotics have a rich history rooted in traditional 
medicine and offer diverse health benefits by modulating 
the gut microbiome. They enhance digestive health, boost 
immunity, and reduce disease risks. The development of 
personalized probiotic therapies tailored to individual 
needs and microbial profiles represents the future of this 
field. Continued research is crucial to fully harnessing the 
potential of probiotics in improving human health. Amply 
illustrated, the paper offers the following:

•	 Historical significance: It acknowledges the long 
history of probiotic use in traditional medicine. It also 
acknowledges those credited with advances in science 
along the way.

•	 Mechanisms of action: It emphasizes the ability of 
probiotics to modulate the gut microbiome through 
various mechanisms, such as competitive exclusion 
and immune modulation. An example is provided 
of different strains of the same probiotic causing 
different results, highlighting the importance of strain 
specificity.

•	 Health benefits: Showcasing the diverse health benefits 
of probiotics, including improved digestive health, 
enhanced immunity, and good potential for reducing 
the risk of certain diseases.

•	 Personalized medicine: It underscores the importance 
of personalized probiotic therapies tailored to 
individual needs and microbial profiles, with examples 
illustrating when it all went wrong.

•	 Future directions: It emphasizes the need for future 
research to fully explore the potential of probiotics 
for improving human health, both for internal use 
and applied topically. The future of probiotics is also 
discussed in terms of regulation and standardization.
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Abstract
The lungs emerge from the foregut during the embryonic stage, and as they mature, 
they go through additional morphological and functional changes that extend 
into the postnatal stage of development. Each developmental stage of the lung is 
tightly regulated by specific signaling pathways. Nkx2.1 signaling, which is essential 
for lung specification, is improved by Wnt/β-catenin signaling but necessitates 
active bone morphogenic protein signaling. Branching morphogenesis of the lungs 
requires fibroblast growth factor, while vascular endothelial growth factor signaling 
promotes endothelial cell survival and capillary development. Disruption at any 
of these developmental stages can result in congenital lung disorders. Although 
the lungs are quiescent in adulthood, they retain the capacity for regeneration in 
response to injury caused by infectious and non-infectious agents. Essentially, the 
lung’s microbiota plays a role in maintaining lung health and disease. Treatment with 
probiotics has been established in many infectious lung diseases; however, further 
research is necessary to fully establish their therapeutic potential in treating these 
conditions.

Keywords: Development; Embryogenesis; Lungs; Regeneration; Signaling

1. Introduction
The development of the lungs is a complex and coordinated process that spans from 
embryogenesis to postnatal maturation. The process involves cellular differentiation 
and tissue morphogenesis. Lung development begins at approximately 3 – 4  weeks 
of gestation and evolves through six major developmental stages characterized by 
structural and functional changes necessary for effective gas exchange. These stages 
include the embryonic stage, pseudoglandular stage, canalicular stage, saccular stage, 
alveolar stage, which begins just before birth and continues into the first few years of 
life, and the microvascular stage.1 Each developmental stage is regulated by signaling 
that drives the functional and structural changes from embryogenesis to postnatal 
maturation.
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According to the prevailing historical theory, the lung 
originated as an aquatic organ that resembles a swim 
bladder.2 Due to the presence of epithelial cells lining the 
swim bladder that contains surfactant proteins, lipids, 
and lamellar bodies – organelles that transport surfactant 
to the cell surface – sonic hedgehog expression in the 
endoderm is essential for swim bladder development in 
zebrafish. It is also known that the development of the 
heart’s inflow and outflow tracts is regulated by signals 
from the pulmonary and pharyngeal endoderm. This 
implies that the cardiovascular system and lungs may have 
coevolved.3

The developmental stages are regulated by signaling 
pathways that drive the functional and structural changes 
from embryogenesis to postnatal maturation. The 
formation of a localized expression of Nkx2-1 (also known 
as Titf1) in the ventral wall of the anterior foregut marks 
the initiation of lung development. SRY-box transcription 
factor 2 (Sox2), wingless-type  MMTC integration site 
family member 2 (Wnt2), and Wnt2b are all involved in 
this process, which lasts until the lungs reach full maturity.4

This review aims to provide clear insights into the 
interplay of molecular mechanisms involved in lung 
maturation and respiratory adaptation both in utero 
and after birth. In addition, it captures the genetic and 
epigenetic influences on lung development, as well as the 
lung’s regenerative potential following injury caused by 
infectious and non-infectious agents.

2. Stages of lung development in human
Lung development spans three major periods of life, 
namely the embryonic, fetal, and postnatal stages. Lung 
organogenesis begins during the embryonic stage, 
followed by the fetal period, which encompasses the 
pseudoglandular, canalicular, and saccular stages. The 
postnatal period includes alveolarization and microvascular 
maturation. Figure  1 highlights these developmental 
stages, which overlap as growth advances from proximal to 
peripheral regions.5 A comprehensive summary of the lung 
developmental process is shown in Table 1.

2.1. Key signaling pathways involved in lung 
development

The developmental stages of the lung are tightly regulated. 
This section of the review explores central signaling 
pathways eliciting the initiation of lung specification 
from the ventral foregut through to lung vascularization. 
summary of the signaling pathways active at each stage of 
lung development is shown in Table 2.

The earliest known stage in respiratory system 
development, encompassing the trachea and lungs, is 

marked by the localized expression of Nkx2-1 in the 
ventral wall of the anterior foregut. Sox2 expression is most 
prominent dorsally in the prospective esophagus, whereas 
Nkx2-1 expression, which designates the prospective 
trachea, is most prominent ventrally.16 This spatial 
patterning is regulated by signals from the surrounding 
mesenchyme, such as fibroblast growth factors, Wnts, 
bone morphogenetic proteins, and their antagonist, 
noggin. Deficiencies in any of these genes can result in 
foregut separation failure and aberrant mesenchymal and 
epithelial differentiation.17 Wnt signaling, in particular, 
plays an important role at this stage. The loss of Nkx2-1 
expression, expansion of Sox2 expression, and failure of 
foregut separation occur when Wnt2 and Wnt2b, expressed 
in the mesoderm surrounding the anterior foregut, are 
coupled with beta-catenin in the endoderm.18

2.2. Transition from embryonic to postnatal 
development: First breath and respiratory 
adaptations

Surfactants are a mixture of lipids and proteins that are 
released during labor. Alveolar stretch caused by the onset 
of breathing further increases the release of surfactants.19 
The release of surfactants into the fetal airways at the 
initiation of labor induces significant physiological 
changes in the lungs. Concurrent secretion increases 
surfactant content in the fetal lung fluid.20 This secretion 
is primarily mediated by increased catecholamine levels, 
which activate beta-adrenergic receptors. In addition, 
purinergic agonists such as ATP may influence this pre-
delivery secretion. After birth, the initiation of ventilation 
causes type II alveolar cells to stretch and deform within 
the alveoli, which results in more secretion.21 Type  II 

Figure 1. Stages of lung development. This diagram illustrates how the 
airway tree develops step-by-step from the trachea to the alveoli during 
the important developmental phases of embryonic, pseudoglandular, 
canalicular, saccular, and alveolarization. To ensure complete respiratory 
function in the adult lung, microvascular maturation continues after 
birth. Copyright © The Author(s) 2017.5
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alveolar cells, also referred to as type II pneumocytes, play 
an essential role in maintaining lung function. They are 
responsible for producing and releasing surfactant to lower 
surface tension within the alveoli, thereby preventing 
collapse. Moreover, these cells also act as progenitors for 
alveolar epithelial regeneration following injury.3 As adult 
tissue stem cells, type  II alveolar cells also contribute to 
the maintenance, repair, and regeneration of lung tissue to 
support pulmonary homeostasis.22

Alveolar type II cells play a crucial role in maintaining 
the unique microenvironment of the alveoli. They secrete 
pulmonary surfactants and collections such as surfactant 
protein A and surfactant protein D, along with a range 
of substances that possess anti-inflammatory and anti-
microbial properties, including lysozyme, β-defensin 2, 
secretory leukocyte proteinase inhibitor, and lipocalin 2.20 
These polar molecules help reduce alveolar surface tension, 
thereby lowering pressure within the lungs23 and promoting 
gas exchange.

Also, the clearance of fetal lung fluid commences 
before birth and is accelerated by labor, typically 
completed within 2 h following delivery.24 Following birth, 
newborns establish respiratory patterns that are more 
regular than in utero. Both term and preterm babies will 
initiate spontaneous breathing unless affected by severe 
hypoxemia, which suppresses breathing.25 Gas exchange 
stabilizes in most babies within 2 min after vaginal delivery, 
with an improved heart rate serving as the strongest clinical 
indicator of effective breathing.26 However, preterm babies 
may experience delays and often require assistance through 
mechanical ventilation.

2.3. Epigenetic regulation of lung development 
from early lung development to advanced age

Epigenetic mechanisms such as DNA methylation, 
histone modifications, and non-coding RNA activity 
regulate extracellular processes that are essential for 
lung development and remodeling. These processes are 
important in chronic remodeling disorders, including 

Table 2. Development stages and associated signaling

Development stage Key signal and factors References

Lung specification Nkx2.1 expression in the ventral foregut endoderm triggers this process. Wnt/β-catenin signaling 
enhances Nkx2.1, but requires active BMP signaling.

4,6

Lung bud initiation Retinoic acid signaling is critical to lung budding. Deficiency of this leads to hypoplasia.
RAR-γ mutations affect alveolar development.

7,8

Airway branching Epithelial branching is important for airway branching, and it is induced by peripheral lung mesenchyme. 9

Branching morphogenesis FGF signaling (FGF10, FGFR2b) regulates branching morphogenesis; FGF10 mutations or FGFR2b 
inactivation prevents branching completely.
FGF10 deficiency or increased Sprouty 2 expression causes tiny, poorly branching lungs.

10-12

Histone modifications The balance between HAT and HDAC is essential for proximal cell growth and branching. 13

Vascular development VEGF signaling supports endothelial survival and capillary formation, critical for alveolar development. 
Inhibiting VEGF signaling impairs pulmonary endothelial survival and inhibits postnatal alveolarization.

11,14,15

Abbreviations: BMP: Bone morphogenetic protein; FGF: Fibroblast growth factor; HAT: Histone acetyltransferases; HDAC: Histone deacetylase; 
SOX2: SRY-box transcription factor 2; RAR: Retinoic acid receptor; VEGF; Vascular endothelial growth factor.

Table 1. Summary of human lung development from the embryonic stage to adulthood

Stage Duration Characteristics

Embryonic 4 – 7 weeks of gestation Organogenesis begins with the formation of the lung anlage, main airways, and pleura.

Pseudoglandular 5 – 17 weeks of gestation Formation of large respiratory parenchyma, development of bronchial trees, formation of 
early acinar structures.

Canalicular 16 – 26 weeks of gestation Airway branching is completed, surfactant production begins, and the initial appearance 
of the air-blood barrier.

Saccular (terminal sac) 4 – 38 weeks of gestation Characterized by the expansion of future airspaces, followed by differentiation and 
preparation for postnatal breathing.

Alveolarization (first phase) 36 weeks of gestation – 3 years Immature alveoli emerge, and the septa contain double-layered capillary networks.

Continued alveolarization 2 years–17 – 21 years Alveolar maturation and the formation of single-layered capillary networks in the 
alveolar septa.

Microvascular maturation Term–3 – 21 years Septa remodeling: the capillary beds are transformed into single-layered structures.

Note: Adapted from Schittny5
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idiopathic pulmonary fibrosis (IPF), chronic obstructive 
pulmonary disease (COPD), bronchopulmonary dysplasia 
(BPD), and pulmonary hypertension. They are impacted 
by environmental factors like oxidative stress, infections, 
and aging.27

Lung myofibroblast differentiation has been 
demonstrated to be altered by histone deacetylases 
(HDACs).28 A study involving profibrotic fibroblast 
phenotypes, derived from IPF patient fibroblasts and a 
murine model of lung fibrosis, showed that epigenetic 
modification of the Fas promoter through histone 
acetylation is associated with altered expression of HDAC2 
and HDAC4. Moreover, profibrotic fibroblasts treated with 
HDAC inhibitors had higher expression of Fas and were 
more susceptible to Fas-mediated apoptosis.29 HDACs are 
members of a broad family of multiprotein complexes that 
regulate various biological processes.30 The Fas promoter 
modification indicates a potential way to identify or modify 
the regulatory elements that govern Fas gene expression, 
which produces a cell surface protein involved in apoptotic 
signaling.31 In addition, oxidative stress induced by factors 
such as cigarette smoke, environmental pollutants, and 
aging can alter chromatin folding and gene expression. 
The disruption which involves HDACs and histone 
acetyltransferases (HATs) contributes to inflammation, 
impaired autophagy, and cellular senescence, especially in 
COPD.32

The acetylation of lysine residues, especially those 
located in the N-terminal of core histones, is controlled 
by two opposing enzyme families, such as HDACs 
and HATs.33 HDACs are essential for host defense by 
promoting pro-inflammatory responses. However, certain 
HDACs can also reprogram macrophages and monocytes 
to exhibit immunosuppressive characteristics.33 Histone 
acetylation affects chromatin structure and, consequently, 
gene expression. In addition to histones, certain lysine 
residues in non-histone proteins can also undergo 
acetylation, which affects the stability and biological roles 
of these proteins.34 Monocytes must maintain a proper 
balance in acetylation dynamics to respond to numerous 
physiological and pathological stimuli. Notably, aberrant 
expression or activity of specific HDACs has been 
associated with various chronic inflammatory illnesses, 
including autoimmune disorders, infections, and cancer.30

3. Lung developmental disorders
Congenital lung disorders are the outcome of aberrant 
embryonic development, often caused by disturbed signaling 
pathways or genetic factors. These deformities include a 
variety of anatomical abnormalities affecting the lungs and 
respiratory tract.35 Common congenital lung disorders 

include congenital pulmonary airway malformation (CPAM), 
bronchopulmonary sequestration (BPS), bronchogenic cysts, 
bronchial atresia, congenital lobar emphysema (CLE), and 
congenital tracheal obstruction.

3.1. CPAM

CPAM is a developmental anomaly of the lower respiratory 
tract.36 Formerly known as congenital cystic adenomatoid 
malformation, CPAM is a benign lung disorder marked 
by the presence of cystic lesions. It is the most prevalent 
cystic lung lesion detected prenatally, typically between 
18 and 20 weeks of gestation. It accounts for about 95% of 
congenital cystic lung diseases. Since the advent of prenatal 
ultrasound, previously unidentified lesions are now more 
frequently identified. Hence, it is likely that the actual 
prevalence has been underestimated.37 The treatment of 
asymptomatic CPAMs remains under discussion, whereas 
the management of symptomatic CPAMs is generally well-
established.36

3.2. BPS

BPS is an uncommon condition characterized by non-
functioning lung tissue that is detached from the main 
bronchial tree and may obtain blood supply from the 
systemic circulation. Such aberrant tissue frequently leads 
to recurrent respiratory infections and typically requires 
surgical removal.38,39 The intralobar type is defined and 
distinguished by the aberrant lung tissue located within the 
normal lung and sharing its visceral pleura, whereas the 
extralobar type possesses its own distinct pleural covering.40 
Several percutaneous prenatal intervention procedures 
have been found to improve perinatal outcomes for large 
lesions linked to hydrops. These consist of intratumor 
sclerosant injections, thoracocentesis, thoraco-amniotic 
shunt insertion, and combined therapeutic approaches. 
Although hydropic fetuses are rare and evidence of the 
condition remains limited, it is evident that intrusive 
therapy can provide significant benefits.41

3.3. Bronchogenic cysts

Bronchogenic cysts are congenital abnormalities 
originating from the tracheobronchial tree and foregut, 
best known as intrapulmonary bronchogenic cysts. These 
rare cystic anomalies of the respiratory system typically 
develop early in gestation within the mediastinum, while 
later in gestation, they are more likely to arise in the 
thoracic cavity. Nevertheless, they may originate anywhere 
along the foregut.42 The identification of these cysts can 
be difficult due to their diverse clinical and radiologic 
characteristics, especially in areas where hydatid disease 
is prevalent. Despite complications like infection may 
occur, endoscopic drainage has been investigated as 

https://dx.doi.org/10.36922/mi.7719


Microbes & Immunity Understanding lung development, health, and diseases

Volume 2 Issue 3 (2025)	 51� doi: 10.36922/mi.7719

both a diagnostic and potentially therapeutic technique. 
Nonetheless, surgical excision remains the established 
treatment, offering symptomatic relief and enabling 
conclusive diagnosis through pathological testing.43

3.4. CLE

CLE is a rare developmental lung disorder marked by 
hyperinflation of one or more lung lobes. This compresses 
the surrounding lung tissue, potentially causing respiratory 
complications. In severe conditions, surgical removal of 
the hyperinflated lobe may be required.44 CLE develops 
during lung development, with parenchymal deformities 
possibly resulting from abnormalities occurring as early as 
the 3rd week of gestation when the respiratory system starts 
to mature. Alternative terms for CLE include congenital 
lobar overinflation, congenital big hyperlucent lobe, and 
congenital alveolar overdistension.45 Approximately half 
of affected patients experience symptoms within the first 
6  months of life, with nearly 50% exhibiting symptoms 
at birth. Overinflation of the affected lobe results in 
compromised perfusion and ventilation. As overinflation 
worsens, compression of adjacent organs and lung tissue 
further impairs ventilation and perfusion in these regions, 
potentially leading to progressive respiratory failure. 
Clinical symptoms include wheezing, feeding difficulties, 
cyanosis, and chest retractions. In infancy, frequent 
respiratory tract infections, wheezing, and a persistent 
cough are also commonly observed.44

3.5. Congenital tracheal obstruction

Congenital tracheal lesions are rare but important causes of 
morbidity in newborns and children. Their management is 
therefore not centralized, and clinical experience remains 
limited.46 The juvenile diameter of the pediatric trachea 
makes it vulnerable to occlusion, whether from congenital 
anomalies or surgical interventions. It takes a high degree 
of suspicion to diagnose a congenital tracheal obstructive 
abnormality, particularly in newborns and toddlers 
presenting with respiratory distress and retractions.47

4. Mechanism of lung regeneration
Tissues exhibit varying capacities for regeneration in 
response to injury. Some, such as the skin and gut, undergo 
continuous turnover, while others, including the heart 
and brain, possess low regenerative capacity. Positioned 
between these extremes are tissues, such as the lung, liver, 
and pancreas, that are quiescent in adults but can undergo 
regeneration following injury.48 There are several studies 
that have documented the regenerative potential of the 
lung using experimental models. An overview of available 
models used in lung regeneration research is shown in 
Figure 2.

Human-induced pluripotent stem cells (iPSCs) can be 
differentiated into key lung epithelial cell types such as 
alveolar type I and II cells, basal cells, and airway secretory 
cells, which are required for lung function and barrier 
integrity. Figure  3 depicts a proposed pathway for the 
differentiation of proximal and distal epithelial lineages 
in the lung after activation of human iPSC-derived airway 
epithelium through Wnt signaling.

4.1. Infectious injury

The COVID-19 pandemic has emphasized the negative 
impact of infectious injuries on the respiratory system.50 
Infectious diseases that affect the lungs can cause 
cellular damage, resulting in increased permeability and 
susceptibility to secondary infections. While the lungs 
remain quiescent during homeostasis, infections such as 

Figure  2. Available models for lung regeneration. Image created with 
NIH BioArt. (A) Two-dimensional model, (B) Three-dimensional model, 
(C) Animal model.

Figure  3. Wnt signaling directs human induced pluripotent stem cell 
(hiPSC) differentiation into proximal (airway) and distal (alveolar) 
lung lineages. The lower panel models cystic fibrosis using gene-edited 
hiPSCs to restore cystic fibrosis transmembrane conductance regulator 
(CFTR) function. This holds great promise for precision medicine, drug 
screening, disease modeling, and the treatment of cystic fibrosis.49

Abbreviations: hPSC: Human pluripotent stem cell; WT: Wild-type.

CBA
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influenza result in the loss of epithelial cells. This infection 
triggers the activation of many progenitor cells related to a 
particular compartment of the lung. In particular, alveolar 
type 2 cells respond to Wnt signaling and begin to grow 
rapidly during the first 2 – 3 weeks following infection,3,51 
contributing to the restoration of alveolar function.

4.2. Non-infectious injury

Lung injury can also be caused by chemicals such as 
naphthalene and polidocanol, as well as gases like sulfur 
dioxide. Special pollution-resistant Clara-like epithelial 
(CE) stem cells have been demonstrated to survive in 
the terminal bronchioles following naphthalene-induced 
damage that impairs the normal progenitor (Clara) 
cells. The study concluded that due to their resilience to 
pollutants and their role in regenerating and renewing 
the terminal bronchiolar epithelium, CE cells constitute a 
crucial stem cell population for lung repair.52

5. Placenta-gut-lung triad
The placenta-gut-lung triad highlights the overlapping 
developmental and functional relationships among these 
organs. Lung morphogenesis is directly impacted by the 
placenta through its regulation of immunological and 
hormonal signals, as well as its provision of oxygen and 
nutrients.

The foregut is the common embryonic organ that gives 
rise to both the lung and the gut. To generate the two initial 
lung buds, the foregut endoderm specifically evaginates 
and extends into the surrounding mesenchyme.53 As the 
interface between mother and fetus, the placenta facilitates 
the exchange of nutrients and is necessary to preserve a 
healthy intrauterine environment. Through the lung-
gut axis, the gut, which houses diverse microbiota, plays 
a modulatory role in lung immunity. Figure 4 provides a 
schematic description of the placenta-gut-lung triad.

6. Lung microbiota in health and diseases
The term microbiota first appeared in the early 1900s, when 
it was discovered that a vast number of microorganisms, 
such as bacteria, yeasts, and viruses, cohabit in diverse parts 
of the human body. In addition, the human microbiota, 
popularly known as “the hidden organ,” contributes about 
150 times more genetic information than the entire human 
genome.54 The United States National Institutes of Health 
launched the Human Microbiome Project (HMP) in 
2007, which catalyzed a surge in research on the human 
microbiome. The primary purpose of the HMP was to 
discover and characterize microbiomes at critical locations 
across the human body.55 This review focuses specifically 
on the lungs.

According to a 16S rRNA sequencing study, the 
healthy lung microbiota at the family level is dominated 
by Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, 
and Actinobacteria, while at the Operational Taxonomic 
Unit level, Prevotella, Veillonella, and Streptococcus species 
are most prominent.56

Changes in lung microbiota have been implicated in 
chronic lung diseases, such as asthma and COPD. In fact, 
the beneficial lung bacteria may also enhance the efficacy 
of radiotherapy by reducing radiation-induced damage.

The organs in the respiratory system are in charge of 
absorbing oxygen and releasing carbon dioxide. The upper 
and lower respiratory tracts make up the two functioning 
sections of the respiratory system. The lungs facilitate the 
transport of oxygen from inhaled air into the bloodstream 
and the removal of carbon dioxide from the blood into the 
air.57 Given the lung’s extensive surface area and continuous 
exposure to the external environment through breathing, 
they are constantly exposed to foreign substances. 
However, it is surprising that despite this exposure and the 
volume of air inhaled daily, inflammatory responses within 
the lungs are relatively rare.

6.1. Lung microbiota in maintaining homeostasis

A state of immunological tolerance is established and 
maintained by the lung microbiota, which stops superfluous 
and damages inflammatory responses to minor stimuli.

Microbial compounds derived from the lung 
microbiota are detected by pattern recognition receptors 
in the lung, which promote the differentiation of naive T 

Figure  4. Placenta-gut-lung triad. This illustration represents the 
hypothetical interplay among the placenta, gut, and lung. Placental 
signaling promotes early lung development and initiates microbial 
priming. Postnatally, the gut–lung axis facilitates bidirectional immune 
and microbial communication. Together, this triad supports the 
coordinated maturation of mucosal immunity. Image created with NIH 
BioArt.
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cells. The differentiation of T helper (Th) cells into two 
subsets, Th1 and Th2, each producing unique cytokines 
and triggering unique immune responses, is referred to 
as polarization. Th2  cells predominate in the immune 
system before birth. Following birth, naive T lymphocytes 
in the lungs undergo a polarization shift from a Th2 to a 
Th1 phenotype, which helps prevent allergic disorders and 
newborn asthma.58

The polarization of T cells is largely determined by 
cytokines. The presence of interleukin (IL)-12  and/or 
interferon γ (IFN-γ) promotes polarization toward Th1 
cytokine production, whereas IL-4 promotes polarization 
toward Th2 cytokine secretion.

Throughout the first 2  weeks of life, the bacterial 
phyla Gammaproteobacteria and Firmicutes give way to 
Bacteroidetes in the lungs. These microbiome alterations 
are associated with programmed death ligand 1 (PD-L1)-
dependent growth of Helios-negative regulatory T 
cells (Tregs) in the lungs. Inhibition of PD-L1 or loss of 
microbiota leads to a heightened inflammatory response 
to allergens persisting into adulthood.59

For instance, amphiregulin produced by Tregs protects 
lung tissue after inflammation caused by viruses.54 Loss of 
C-C motif chemokine receptor 7 affects Treg homeostasis 
and trafficking within the lungs, which further impacts 
wound healing in pulmonary fibrosis.55 Furthermore, 
CD73-dependent adenosine synthesis by Tregs contributes 
to the recovery from acute lung injury.56 Tregs also aid in 
limiting damage by lowering allergic airway inflammation 
and disrupting the epithelial barrier in house dust mite-
derived protease-induced allergy diseases.

6.2. Lung microbiota in diseases

Certain illnesses may feature disturbances in the balance 
of lung microbiota. This includes, but is not limited to, 
asthmatic conditions, COPD, IPF, cystic fibrosis (CF), 
COVID-19, and influenza.

6.2.1. Asthma

Asthma is a chronic, complex condition impacted by 
environmental factors such as allergens and air pollution, 
as well as hereditary factors. It is more prevalent in 
industrialized nations, where the diversity and composition 
of the lung microbiota are influenced by living conditions, 
which in turn greatly influences the disease onset. Studies 
have demonstrated that asthma patients exhibit different 
lung microbiota than healthy individuals, with a lower 
prevalence of Bacteroidetes and a higher prevalence of 
Proteobacteria.60,61 As a result, the development and course 
of asthma are heavily dependent on the composition of the 
lung microbiota and its interaction with the host.

In recent years, probiotics have shown promise in 
the treatment of asthma. Studies employing organisms 
from the genera Bifidobacterium and Lactobacillus 
have shown promising anti-inflammatory properties, 
along with reductions in mucus production and airway 
hyperresponsiveness.62

6.2.2. COPD

COPD is an obstructive lung condition characterized by 
inadequate airflow. Research has shown that, in contrast 
to asthma patients who exhibit notable alterations in their 
lung microbiota even in the early stages of the illness, 
patients with mild-to-moderate COPD possess lung 
microbiota very similar to that of healthy individuals.63 
Alterations in lung microbiota become evident only in 
advanced stages of COPD, whereas Actinomycetes species 
are more common in mild-to-moderate COPD. In more 
severe cases, the microbial shift found in asthma patients is 
characterized by a decrease in Bacteroidetes and an increase 
in Proteobacteria or Firmicutes.63,64 However, given that 
asthma and COPD are distinct illnesses, this suggests that 
factors other than the microbiota composition may play a 
more important role in disease development.64

Furthermore, it has been demonstrated that cigarette 
smoke extract stimulates the release of chemokines and 
pro-inflammatory cytokines in both human and animal 
epithelial cells. Probiotics may reduce the inflammatory 
response in COPD by strengthening the tolerance of 
epithelial cells to the harmful effects of cigarette smoke 
extract.65

6.2.3. CF

CF is a prevalent autosomal recessive genetic disorder that 
primarily impacts the lungs, leading to thickened secretions, 
altered microbiota diversity, and increased susceptibility to 
infections due to progressive airway colonization.66 There 
is ongoing debate regarding the relationship between CF 
pathophysiology and the lung microbiome, particularly 
concerning respiratory pathogens such as Staphylococcus 
aureus and Pseudomonas aeruginosa. In addition, 
alterations in the gut microbiome have also been observed 
in CF patients.67

However, some studies have shown that antibiotic 
treatment does not significantly impact disease progression. 
Clinical investigations have explored the effectiveness 
and safety of probiotics in improving health outcomes 
for CF patients.68 Common probiotic strains used in 
these studies include Lactobacillus spp., Bifidobacterium 
spp., Saccharomyces spp., and Streptococcus spp., typically 
administered as single or multi-strain formulations.66 These 
studies found that probiotics can reduce fecal calprotectin 
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levels, a marker of intestinal inflammation, in both children 
and adults with CF. However, probiotics did not appear to 
influence the rate of pulmonary exacerbations and were 
sometimes associated with side effects such as vomiting, 
diarrhea, or allergic reactions. The researchers conclude 
that while probiotics may offer potential benefits for CF 
patients, further research and validation are necessary to 
confirm these findings.69

6.2.4. IPF

The development and progression of IPF have been linked 
to changes in lung microbiota and bacterial infections. 
Patients with IPF have a higher bacterial load in their 
bronchoalveolar lavage fluid (BALF) compared to healthy 
controls, with an increased prevalence of Streptococcus, 
Pneumococcus, and Staphylococcus species. IPF is a 
rapidly progressing chronic lung disease characterized by 
a progressive decline in lung function and an unknown 
etiology.70,71

Studies have found that bacteria present in the BALF 
of newly diagnosed IPF patients, with a loss of lung 
microbiome diversity, correlates with the progression of 
the disease. This decline in diversity is linked to a decrease 
in Proteobacteria and an increase in Firmicutes and 
Bacteroidetes, including families such as Streptococcaceae, 
Veillonellaceae, and Prevotellaceae. Moreover, these 
microbial changes are linked to important indicators of 
IPF, including decreased 6-min walk distance, decreased 
forced vital capacity, and elevated serum levels of lactate 
dehydrogenase and surfactant protein D. Although this 
study did not include healthy controls, prior research 
has suggested a decrease in microbiome diversity in IPF 
patients compared to healthy individuals.72

6.2.5. COVID-19

Healthy gut microbiota can increase the number of CD8+ 
T cells and enhance the antiviral response in the lungs, 
potentially affecting the severity and clinical symptoms 
of the virus. Studies on COVID-19 patients have revealed 
significant changes in gut microbiota composition, 
including a decrease in beneficial bacteria and an increase 
in opportunistic pathogens. Moreover, oral administration 
of Lactobacillus has been found to increase serum vitamin 
D levels, which may mitigate the severity of COVID-19 
through immunomodulatory effects and inhibition of 
cytokine storms.73

Probiotics may also interfere with SARS-CoV-2 by 
blocking its major receptor, angiotensin-converting 
enzyme 2, through the release of peptides with high binding 
affinity. This relationship is crucial for the progression of 
the illness. Therefore, probiotics may help lower COVID-19 

morbidity and death rates. The lung microbiota, as well 
as the gut microbiota, play a crucial role in the infection 
process.74 The lung microbiomes of COVID-19  patients 
differ markedly from those of healthy individuals. 
Elevated levels of Acinetobacter, Chryseobacterium, 
Burkholderia, Brevundimonas, Sphingobium, and members 
of the Enterobacteriaceae family have been observed in the 
lungs of affected patients. In addition, microbial species 
can be identified through the 16S rRNA sequencing to 
analyze BALF samples from COVID-19 patients. Missing 
microorganisms can be injected into the lungs to promote 
local immunity and boost the immune response.75

6.2.6. Influenza

Influenza is a viral illness that remains a major concern for 
public health officials worldwide. Although vaccination 
is used to prevent the disease, its efficacy is restricted due 
to rapid viral mutagenesis. As a result, boosting natural 
defenses by stimulating cellular immunity may serve as 
an effective method to combat influenza. Lactobacilli 
strains, such as Lactobacillus casei Shirota, have been 
demonstrated to activate lung natural killer cells, resulting 
in greater cytotoxic activity and higher levels of IL-1β, 
tumor necrosis factor (TNF), and MCP-1 mRNA in lung 
cells from probiotic-treated mice.76

In a different study, mice infected with influenza viruses 
(PR8 and H1N1) had a substantially lower viral titter in 
their nasal wash fluid than those not receiving probiotics. 
After intranasal probiotic administration, mediastinal 
lymph nodes were removed, and the node cells were 
cultivated with and without PR8 exposure. Interestingly, 
these cells produced cytokines such as IL-12, IFN-γ, and 
TNF-α, similar to what was observed during in vivo viral 
infection. Notably, Lactobacillus casei Shirota, a bacterium 
used in fermented milk production, has demonstrated 
both safety and efficacy in combating respiratory tract 
infections when applied as an aerosol or spray.77,78

The onset and course of chronic lung illnesses are 
influenced by the lung microbiome. However, several 
questions remain unresolved, such as the reasons behind 
microbiota variation in chronic lung disorders and whether 
these alterations are a result of or a cause of the illness.

7. Discussion
Lung development is a highly regulated process that involves 
six major stages such as embryonic, pseudoglandular, 
canalicular, saccular, alveolar, and microvascular, with 
each stage governed by intricate signaling pathways. 
These pathways drive cellular differentiation and tissue 
morphogenesis, ensuring the lungs’ structural and 
functional maturation.5 Understanding these mechanisms 
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is vital for improving neonatal care, especially for preterm 
infants at risk of respiratory distress due to incomplete 
lung development.

The transition from fetal to neonatal life requires key 
respiratory adaptations, including fetal lung fluid clearance 
and surfactant production for efficient gas exchange. 
Disruptions in these processes can lead to neonatal 
respiratory complications.19,21 While interventions such 
as surfactant therapy and mechanical ventilation have 
enhanced survival rates in preterm infants, further research 
is needed to optimize these treatments and reduce long-
term pulmonary complications.

Epigenetic regulation significantly influences lung 
development and disease, modifying gene expression 
through DNA methylation, histone modifications, and 
non-coding RNA activity.79 These mechanisms contribute 
to chronic lung diseases such as IPF, COPD, and BPD.80 
Environmental factors such as oxidative stress, infections, 
and pollutants further impact epigenetic patterns, 
potentially leading to long-term lung dysfunction.81 Future 
research should focus on therapeutic interventions that 
can modulate epigenetic changes and prevent disease 
progression.

Congenital lung disorders, including CPAM, BPS, and 
CLE, result from developmental abnormalities.82 Some 
cases remain asymptomatic, while others require surgical 
intervention. Advances in prenatal imaging have improved 
early detection, yet optimal management strategies remain 
uncertain. More studies are needed to evaluate the long-
term outcomes of surgical and non-surgical approaches.21

Lung regeneration is another critical aspect of 
pulmonary biology. While the lungs generally remain 
quiescent, they activate progenitor cells for repair following 
injury. The COVID-19 pandemic underscored the 
importance of lung regeneration in recovering pulmonary 
function post-infection. However, chronic exposures to 
pollutants and smoking can impair these regenerative 
mechanisms, contributing to progressive lung diseases.83

The placenta-gut-lung triad highlights the 
interconnectedness of organ systems, particularly in 
immune regulation. Although lung microbiota is less 
studied compared to the gut microbiota, it influences 
respiratory health, with dysbiosis linked to asthma and 
COPD.21,67 Probiotic interventions show promise, but 
further research is necessary to clarify their role in lung 
function modulation.84

8. Conclusion
The normal development of the lungs is a multistage 
process involving structural and functional changes that 

are tightly controlled by signaling pathways. Alterations 
of this process result in congenital lung disorders. The 
lungs possess regenerative potential, which suggests the 
possibility of healing and functional restoration following 
injury caused by infectious and non-infectious agents. 
Future research endeavors should be directed toward 
bridging the gaps in the understanding of molecular and 
epigenetic mechanisms that influence postnatal lung 
disorders such as COPD. Continued investigation using in 
vivo models and organoid systems to evaluate therapeutic 
strategies for the management of both congenital and 
acquired lung illnesses holds significant promise. In 
particular, advancements may emerge by harnessing the 
lung’s regenerative capacity and integrating probiotics into 
standardized treatment protocols.
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Abstract
The resurgence of phage therapy as a potent countermeasure against antimicrobial 
resistance has been accompanied by significant challenges in patent protection. 
This perspective paper examines the patentability of natural phages as therapeutics, 
focusing on the United States and extending to the European Union and 
Australia – jurisdictions at the forefront of this biotechnological innovation. We 
dissect the legal frameworks and identify the patent claims that have successfully 
navigated the complex intellectual property landscape. Our analysis reveals a 
dichotomy between the natural origin of therapeutic phages and the inventive steps 
required for patent eligibility. Despite hurdles, we highlight strategic innovations 
and specific patent claims that have been granted, suggesting a path forward for the 
commercialization and protection of phage therapy. We conclude with a call for a 
more adaptive legal framework to foster innovation and recognize the transformative 
potential of phage therapy in modern medicine.

Keywords: Phage therapy; Patentability; Natural phage; Biological invention; Legal 
regulation

1. Introduction
The advent of antimicrobial resistance has propelled phage therapy back into the spotlight, 
offering a biological solution to the crisis. As the field advances, so does the complexity 
of securing intellectual property (IP) rights. Upon a thorough examination of the IP 
landscape within the realm of burgeoning biotechnologies, the topic of phage therapy 
patentability emerges as a particularly intriguing one. The natural origin of therapeutic 
phages poses significant hurdles in securing patent protection for related products 
and inventions.1 This lack of robust IP safeguards acts as a deterrent for commercial 
enterprises, hindering their investment in promoting and advancing phage therapy.

This perspective paper provides an in-depth analysis of the patentability of natural 
phages as therapeutics, with a focus on the United States (US), then extending to the 
European Union (EU) and Australia. We explore legal challenges and identify strategies 
that have led to successful patent grants and draw parallels between the patentability 
challenges faced by natural phages, oncolytic viruses, and other microbes, offering 
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a roadmap for future research and commercialization 
efforts.

2. Patentability in the US
In the US, the patentability of natural phages has been fraught 
with debate. Traditionally, a discovery must fulfill the criteria 
of “any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement 
thereof” (35 U.S.C. 101) to be eligible for being granted a 
patent. Concurrently, the discovery must not encompass laws 
of nature, natural phenomena, and abstract ideas.2 Given 
these parameters, obtaining patents for natural phages has 
historically been inherently challenging due to the debatable 
nature of whether their use in killing bacteria constitutes a 
creative invention or merely a manifestation of natural laws, 
and whether it falls under the category of an abstract idea. 
As discussed by Todd,2 three significant cases have further 
complicated the patentability of phages.

First, in the landmark case of Mayo Collaborative 
Services v. Prometheus Laboratories, Inc., 566 U.S. 
66 (2012), the Supreme Court of the US ruled that a patent 
claiming a method of determining the proper dosage of a 
drug was invalid. The court deemed that the patent merely 
recited a natural law that a high dosage of the drug may be 
dangerous while a low dosage may be ineffective.3 Relating 
this to phage therapy, courts may similarly conclude that 
phage therapy merely involves applying a natural principle, 
whereby a phage is utilized to kill its host bacteria. Second, 
in the case of Assoc. For Molecular Pathology v. Myriad 
Genetics, Inc., 569 U.S. 576  (2013), the Supreme Court 
ruled that the DNA sequences patented by Myriad were 
invalid because one cannot patent something naturally 
occurring. Conversely, the court upheld the patentability 
of cDNA derived from those DNA sequences, as the 
cDNA was artificially created.4 This ruling casts again 
doubt on the patentability of natural phages and their 
DNA, simultaneously offering hope for genetically or 
chemically modified phages that are out of the scope of 
natural occurrence and endow the patented therapy with 
an inventive step. More details regarding the patentability 
of novel technologies, including phage therapy, are 
illuminated in the third case, Alice Corp. v. CLS Bank Int’l, 
573 U.S. 208 (2014), which led to the establishment of the 
Mayo/Alice test. The ruling in this case invalidated a patent 
pertaining to a computerized trading platform, deeming 
it as an abstract idea.5 Subsequently, this case gave rise to 
the Mayo/Alice test, which employs a two-step process 
to evaluate the eligibility of a patent. Initially, it examines 
whether the patent merely delineates a natural law. If 
affirmative, the subsequent step involves assessing whether 
the patent incorporates an inventive concept sufficient to 
transform the ineligible abstract idea into a patent-eligible 

subject matter. This test outlines a framework for assessing 
patent eligibility in cases involving controversial subject 
matters.

3. Patentability in the EU and Australia
In the EU, the European Patent Convention (EPC) serves 
as the cornerstone legislation outlining the criteria for 
patentability, and it is complemented by the European 
Biotech Directive, which provides additional clarity for 
biological inventions. Specifically, Rule 27 (a) and Rule 
29  (2) of the EPC allow the patentability of biological 
isolates and products derived from technical processes, 
even if they naturally exist.6 While European patents 
cannot be granted to plant or animal varieties and their 
production processes, Article 53 (b) offers exceptions 
for microbiological processes and related products.7 
Furthermore, Article 54(4) enables the patentability of 
inventions claiming novel substances or compositions 
for therapeutic purposes that were previously unknown.7 
These provisions open abundant spaces for patenting 
inventions related to phage therapy, encompassing claims 
based on genetic identity, phage cocktail compositions, 
phage-derived products, and numerous other aspects.

However, Article 53(c) of the EPC excludes “methods 
for treatment of the human or animal body by surgery or 
therapy and diagnostic methods practiced on the human 
or animal body,” with the exception of products such as 
substances or compositions used in those processes.7 
This provision raises queries regarding the extent of 
its limitation and introduces a degree of uncertainty 
surrounding the patentability of therapeutic biological 
inventions, including those related to phage therapy.

In Australia, the legal framework governing the 
patentability of inventions pertaining to phage therapy 
falls under the umbrella of biological inventions, and IP 
Australia stipulates that biological materials are patentable 
only if they have been isolated from their natural state or 
synthetically/recombinantly produced.8 Beyond directly 
patenting biological materials, Australia recognizes the 
patentability of methods and processes that involve the 
application of these materials. IP Australia provides 
a comprehensive array of examples showcasing the 
breadth of biological inventions that can be patented,8 
offering insights into the potential for granting patents 
related to phage therapy. This includes but is not limited 
to, inventions claiming genetic modifications, cocktail 
compositions, methods utilizing these compositions, 
phage delivery techniques, and phage-derived products. 
However, it is crucial to note that patents asserting claims 
related to the genetic identity of naturally occurring DNA 
and gene sequences are not permissible, regardless of the 

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 62� doi: 10.36922/mi.4758

production method employed. Nevertheless, one leeway 
in this restriction is that if a claim pertains to a specific 
utilization of a gene, a patent encapsulating the specific 
method of employing that gene may be eligible for a grant.

4. Overview of representative granted 
patents in phage therapy
Despite the legal complexities, dozens of patents related 
to natural phage therapy have been granted. These 
achievements underscore an intriguing interplay between 
biological ingenuity and legal constraints, demonstrating 
the resilience and perseverance of researchers and 
stakeholders in this domain despite stringent barriers. 
To illustrate this point, Table  1 presents a curated list 
of natural therapeutic phage-related patents granted to 
several representative companies in the industry in the 
US and the patents’ corresponding registrations in the EU 
and Australia if exist. This compilation was meticulously 
made by screening the granted patents of these companies 
through the US Patent and Trademark Office’s (USPTO) 
website. The “Basic Search” option was used to sort for the 
keyword “phage” and the phage-based companies’ names. 
Once potential patents were found, a closer examination 
of them was done by reading their abstracts and claims. 
Further refinement was applied to ensure that only patents 
pertaining to therapeutic phage applications and with 
successful grant status were included, resulting in a total of 
21 patents. Patents regarding bioengineering modification 
methods and manufacturing processes are not included 
for their more obvious patentability and less relevance 
to the biological nature of phage therapy. Following the 
selection process on USPTO, another sorting process 
was performed on Espacenet to link the selected patents 
from the US to their corresponding applications in the 
EU and Australia if exist. Note that there may be repeated 
corresponding patents for a single patent from the US 
in other regions. This is caused by various legal reasons 
that are not of concern here. While A1 and A2 patents are 
recorded for the ones in the EU and Australia, focus should 
be emphasized on B-patents because A-patents represent 
published patent applications, but only B-patents are 
granted.

Overall, these 21 patents were exclusively held by four 
companies: Armata Pharmaceuticals, Intralytix, Locus 
Bioscience, and Pherecydes Pharma. It is worth mentioning 
that although other organizations including SNIPR Biome, 
Adaptive Phage Therapeutics, Eligo Biosciences, BiomX, 
Fixed Phage, and PhageLux possess a considerable number 
of patents in bacterial infection treatment, such patents are 
not directly related to natural therapeutic phages or are not 
yet granted. As such, they were excluded from this analysis. 

The selected patents can be categorized based on their 
respective claims that encompass three categories: Single 
phage, phage combination, and phage combination and 
method pertaining to its use. This taxonomy highlights 
the diversity and depth of innovations within the natural 
phage therapy landscape.

It might seem counterintuitive that many patents, 
particularly those concerning single phages or 
straightforward phage combinations, have been granted 
within the current framework of biological product 
patentability. To delve deeper into this phenomenon, 
a two-pronged analysis was conducted. First, the 
temporal shifts in the prevalence of various phage patent 
categories were examined. It was found that patents for 
single, naturally occurring phages surfaced only once, 
in 2009. Meanwhile, patents for phage combinations 
were predominantly granted in and before 2010, with 
a solitary exception granted in 2023. In contrast, the 
frequency of patents for phage combinations and their 
associated usage methods has remained consistent 
from 2008 to 2023. Another trend among more recently 
granted patents is an increased likelihood of including 
claims that specify sequence similarity thresholds. 
Before 2014, no patents featured claims with such 
thresholds. However, in 2014, Intralytix received two 
patents (10517908-B2; 11253557-B2) that incorporated 
Restriction Fragment Length Polymorphism (RFLP) 
DNA profiles, albeit with a vague threshold described 
as “substantially equivalent.” A pivotal shift occurred in 
2018 when Pherecydes secured a patent (10077431-B2) 
with a defined 97% DNA sequence similarity threshold, 
marking the first instance of a precise quantitative 
threshold. Following this precedence, more subsequent 
patents established this standard in their claims, all 
setting thresholds at over 90% (Table 1).

Second, we conducted a comparative analysis between 
the claims in the granted patents and their original 
applications to identify any rejected claims. Our analysis 
revealed that there was no blanket rejection of any specific 
type of claim. Instead, the granted patents typically exhibited 
a higher degree of specificity compared to their initial 
applications, often achieved by introducing additional 
limitations within the scope of the claims. For example, 
in some instances, the sequence similarity thresholds 
were raised (e.g., from 90% in 20210228659-A1 to 99% in 
11779617-B2). In others, the patented compositions were 
amended to necessitate a minimum of two phages instead 
of just one (e.g., from 20200171108-A1 to 11253557-B2) 
(Table A1 in Appendix). These adjustments underscore 
the importance of precision and clarity in patent claims to 
enhance their chances of approval.

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 63� doi: 10.36922/mi.4758

Ta
bl

e 
1.

 R
ep

re
se

nt
at

iv
e 

gr
an

te
d 

pa
te

nt
s i

n 
ph

ag
e 

th
er

ap
y 

in
 th

e 
U

S

U
S 

Pa
te

nt
 

nu
m

be
r

Is
su

e 
da

te
 (m

on
th

/
da

y/
ye

ar
)

A
ss

ig
ne

e
Ti

tle
Ta

rg
et

M
ai

n 
cl

ai
m

 (s
)

Se
qu

en
ce

 
si

m
ila

ri
ty

 
th

re
sh

ol
d

C
er

ta
in

 p
ha

ge
 (s

)
EP

 R
ec

or
d

AU
 R

ec
or

d 

76
35

58
4‑

B2
D

ec
em

be
r 2

2,
 2

00
9

In
tr

al
yt

ix
O

15
7:

 H
7 

ba
ct

er
io

ph
ag

e 
an

d 
us

es
 th

er
eo

f
E.

 co
li

A
 n

at
ur

al
 p

ha
ge

N
A

AT
C

C
 N

o.
 P

TA
‑7

94
8

75
07

57
1‑

B2
M

ar
ch

 2
4,

 2
00

9
In

tr
al

yt
ix

Li
ste

ria
 m

on
oc

yt
og

en
es

 
ba

ct
er

io
ph

ag
es

 a
nd

 u
se

s 
th

er
eo

f 

Li
ste

ria
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
N

A
AT

C
C

 N
o.

 
PT

A‑
53

72
, 

PT
A‑

53
73

, 
PT

A‑
53

74
, 

PT
A‑

53
75

, 
PT

A‑
53

76
, a

nd
 

PT
A‑

53
77

76
22

29
3‑

B2
N

ov
em

be
r 2

4,
 2

00
9

In
tr

al
yt

ix
P.

 a
er

ug
in

os
a:

 
ba

ct
er

io
ph

ag
e 

an
d 

us
es

 
th

er
eo

f

P.
 a

er
ug

in
os

a
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
N

A
AT

C
C

 N
o.

 
PT

A‑
83

58
, 

PT
A‑

83
59

, 
PT

A‑
83

60
, 

PT
A‑

83
61

, 
PT

A‑
83

62
, 

PT
A‑

83
63

, a
nd

 
PT

A‑
83

64

76
25

73
9‑

B2
D

ec
em

be
r 1

, 2
00

9
In

tr
al

yt
ix

C.
 p

er
fr

in
ge

ns
 

ba
ct

er
io

ph
ag

e 
an

d 
us

es
 

th
er

eo
f 

C.
 p

er
fr

in
ge

ns
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
N

A
AT

C
C

 N
o.

 
PT

A‑
94

79
, 

PT
A‑

84
79

, a
nd

 
PT

A‑
84

80

76
25

74
0‑

B2
D

ec
em

be
r 1

, 2
00

9
In

tr
al

yt
ix

C.
 p

er
fr

in
ge

ns
 

ba
ct

er
io

ph
ag

e 
an

d 
us

es
 

th
er

eo
f 

C.
 p

er
fr

in
ge

ns
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
N

A
AT

C
C

 N
o.

 
PT

A‑
84

81
, a

nd
 

PT
A‑

84
83

76
74

46
7‑

B2
M

ar
ch

 9
, 2

01
0

In
tr

al
yt

ix
Sa

lm
on

ell
a 

ba
ct

er
io

ph
ag

e 
an

d 
us

es
 th

er
eo

f
Sa

lm
on

ell
a

N
at

ur
al

 p
ha

ge
 

co
m

po
sit

io
ns

N
A

AT
C

C
 N

o.
 

PT
A‑

52
80

, 
PT

A‑
52

81
, 

PT
A‑

52
82

, 
PT

A‑
52

83
, 

PT
A‑

52
84

, a
nd

 
PT

A‑
52

85

EP
16

63
30

2B
1

76
25

55
6‑

B2
D

ec
em

be
r 1

, 2
00

9
In

tr
al

yt
ix

E.
 co

li 
ba

ct
er

io
ph

ag
e 

an
d 

us
es

 th
er

eo
f

E.
 co

li
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
 

an
d 

a 
m

et
ho

d 
of

 
its

 u
se

 in
 fo

od

N
A

AT
C

C
 N

o.
 

PT
A‑

83
47

, 
PT

A‑
83

48
, 

PT
A‑

83
51

, a
nd

 
PT

A‑
83

52

76
25

74
1‑

B2
D

ec
em

be
r 1

, 2
00

9
In

tr
al

yt
ix

E.
 co

li 
O

15
7:

 H
7 

ba
ct

er
io

ph
ag

e 
an

d 
us

es
 

th
er

eo
f 

E.
 co

li
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
 

an
d 

a 
m

et
ho

d 
of

 
its

 u
se

 in
 fo

od

N
A

AT
C

C
 N

o.
 

PT
A‑

79
50

, a
nd

 
PT

A‑
79

49

(C
on

t’d
...

)

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 64� doi: 10.36922/mi.4758

Ta
bl

e 
1.

 (C
on

tin
ue

d)

U
S 

Pa
te

nt
 

nu
m

be
r

Is
su

e 
da

te
 (m

on
th

/
da

y/
ye

ar
)

A
ss

ig
ne

e
Ti

tle
Ta

rg
et

M
ai

n 
cl

ai
m

 (s
)

Se
qu

en
ce

 
si

m
ila

ri
ty

 
th

re
sh

ol
d

C
er

ta
in

 p
ha

ge
 (s

)
EP

 R
ec

or
d

AU
 R

ec
or

d 

86
85

69
7‑

B1
Ap

ril
 1

, 2
01

4
In

tr
al

yt
ix

Li
ste

ria
 m

on
oc

yt
og

en
es

 
ba

ct
er

io
ph

ag
es

 a
nd

 u
se

s 
th

er
eo

f

Li
ste

ria
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
 

an
d 

a 
m

et
ho

d 
of

 
its

 u
se

 in
 fo

od

Sa
m

e 
RF

LP
 

pr
ofi

le
AT

C
C

 N
o.

 
PT

A‑
83

53
, 

PT
A‑

83
54

, 
PT

A‑
83

55
, 

PT
A‑

83
56

, a
nd

 
PT

A‑
83

57

86
85

69
6‑

B2
Ap

ril
 1

, 2
01

4
In

tr
al

yt
ix

Sa
lm

on
ell

a 
ba

ct
er

io
ph

ag
e 

an
d 

us
es

 th
er

eo
f

Sa
lm

on
ell

a
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
 

an
d 

a 
m

et
ho

d 
of

 
its

 u
se

 in
 fo

od

Sa
m

e 
RF

LP
 

pr
ofi

le
AT

C
C

 N
o.

 
PT

A‑
12

38
1,

 
PT

A‑
12

38
2,

 
PT

A‑
12

37
9,

 
PT

A‑
83

65
, 

PT
A‑

12
38

0,
 

PT
A‑

83
66

, a
nd

 
PT

A‑
83

67
 

10
71

12
52

‑B
2

Ju
ly

 1
4,

 2
02

0
In

tr
al

yt
ix

Sh
ig

ell
a 

ba
ct

er
io

ph
ag

es
 a

nd
 

us
es

 th
er

eo
f

Sh
ig

ell
a

N
at

ur
al

 p
ha

ge
 

co
m

po
sit

io
ns

, 
do

sa
ge

, a
nd

 it
s 

us
e 

in
 m

am
m

al
s

Sa
m

e 
RF

LP
 

pr
ofi

le
AT

C
C

 N
o.

 
PT

A‑
12

12
36

, 
PT

A‑
12

12
34

, 
PT

A‑
12

12
38

, 
PT

A‑
12

12
41

, 
PT

A‑
12

12
39

, 
PT

A‑
12

12
40

, 
PT

A‑
12

12
42

, 
PT

A‑
12

12
37

, a
nd

 
PT

A‑
12

12
35

 E
P3

25
32

15
B1

; 
EP

32
53

21
5C

0
AU

20
16

20
92

52
B2

10
51

79
08

‑B
2

D
ec

em
be

r 3
1,

 2
01

9
A

rm
at

a 
Ph

ar
m

ac
eu

tic
al

s
Th

er
ap

eu
tic

 b
ac

te
rio

ph
ag

e 
co

m
po

sit
io

ns
S.

 a
ur

eu
s

A
 m

et
ho

d 
of

 u
sin

g 
na

tu
ra

l p
ha

ge
 

co
m

po
sit

io
ns

 (a
t 

le
as

t o
ne

 p
ha

ge
) 

in
 m

am
m

al
s, 

su
rf

ac
e, 

or
 fo

od

N
A

Sa
87

, J
‑S

a3
6,

 a
nd

 
Sa

83

11
25

35
57

‑B
2

Fe
bu

ra
ry

 2
2,

 2
02

2
A

rm
at

a 
Ph

ar
m

ac
eu

tic
al

s
Th

er
ap

eu
tic

 b
ac

te
rio

ph
ag

e 
co

m
po

sit
io

ns
 (c

on
tin

ua
tio

n 
of

 U
.S

. P
at

. N
o.

 1
05

17
90

8)

S.
 a

ur
eu

s
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
, 

qu
al

ity
, d

os
ag

e, 
an

d 
de

liv
er

y 
fo

r p
ul

m
on

ar
y 

in
fe

ct
io

n

N
A

Sa
87

, J
‑S

a3
6,

 a
nd

 
Sa

83

(C
on

t’d
...

)

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 65� doi: 10.36922/mi.4758

Ta
bl

e 
1.

 (C
on

tin
ue

d)

U
S 

Pa
te

nt
 

nu
m

be
r

Is
su

e 
da

te
 (m

on
th

/
da

y/
ye

ar
)

A
ss

ig
ne

e
Ti

tle
Ta

rg
et

M
ai

n 
cl

ai
m

 (s
)

Se
qu

en
ce

 
si

m
ila

ri
ty

 
th

re
sh

ol
d

C
er

ta
in

 p
ha

ge
 (s

)
EP

 R
ec

or
d

AU
 R

ec
or

d 

11
65

41
66

‑B
2

M
ay

 2
3,

 2
02

3
A

rm
at

a 
Ph

ar
m

ac
eu

tic
al

s
Th

er
ap

eu
tic

 b
ac

te
rio

ph
ag

e 
co

m
po

sit
io

ns
 fo

r t
re

at
in

g 
in

fe
ct

io
n

S.
 a

ur
eu

s
N

at
ur

al
 p

ha
ge

 
co

m
po

sit
io

ns
, 

qu
al

ity
, d

os
ag

e, 
an

d 
fo

rm
ul

at
io

n

90
%

 
(f

ra
gm

en
t)

Sa
87

, J
‑S

a3
6,

 a
nd

 
Sa

83
EP

37
35

27
5A

1
AU

20
19

20
52

42
A

1

10
07

74
31

‑B
2

Se
pt

em
be

r 1
8,

 2
01

8
Ph

er
ec

yd
es

 
Ph

ar
m

a
Ph

ag
e 

th
er

ap
y 

fo
r 

Ps
eu

do
m

on
as

 in
fe

ct
io

ns
 

P.
 a

er
ug

in
os

a
A

 m
et

ho
d 

of
 u

sin
g 

na
tu

ra
l p

ha
ge

 
co

m
po

sit
io

ns
 (a

t 
le

as
t t

w
o 

ph
ag

es
 

an
d 

th
ei

r d
os

ag
e, 

an
d 

fo
rm

ul
at

io
n)

 
in

 m
am

m
al

s

97
%

 
(f

ra
gm

en
t)

BP
13

84
, B

P1
42

9,
 

BP
14

30
, B

P1
43

3,
 

BP
14

50
, B

P1
64

4,
 

BP
16

47
, B

P1
64

8,
 

BP
16

49
, B

P1
65

0,
 

BP
16

58
, B

P1
66

1,
 a

nd
 

BP
16

62

 E
P3

06
02

26
B1

AU
20

14
33

88
59

B2

10
26

00
51

‑B
2

Ap
ril

 1
6,

 2
01

9
Ph

er
ec

yd
es

 
Ph

ar
m

a
Ph

ag
e 

th
er

ap
y 

of
 

Ps
eu

do
m

on
as

 in
fe

ct
io

ns
 

(c
on

tin
ua

tio
n 

of
 U

.S
. P

at
. 

N
o.

 1
00

77
43

1)

P.
 a

er
ug

in
os

a
A

 m
et

ho
d 

of
 u

sin
g 

na
tu

ra
l p

ha
ge

 
co

m
po

sit
io

ns
 (a

t 
le

as
t o

ne
 p

ha
ge

 
an

d 
its

 d
os

ag
e, 

an
d 

fo
rm

ul
at

io
n)

 
in

 m
am

m
al

s

97
%

 
(f

ra
gm

en
t)

BP
13

84
, B

P1
42

9,
 

BP
14

30
, B

P1
43

3,
 

BP
14

50
, B

P1
64

4,
 

BP
16

47
, B

P1
64

8,
 

BP
16

49
, B

P1
65

0,
 

BP
16

58
, B

P1
66

1,
 a

nd
 

BP
16

62

EP
30

60
22

6B
1

AU
20

14
33

88
59

B2

10
89

85
30

‑B
2

Ja
nu

ar
y 

26
, 2

02
1

Ph
er

ec
yd

es
 

Ph
ar

m
a

Ph
ag

e 
th

er
ap

y
P.

 a
er

ug
in

os
a

A
 m

et
ho

d 
of

 u
sin

g 
na

tu
ra

l p
ha

ge
 

co
m

po
sit

io
ns

 (a
t 

le
as

t t
w

o 
ph

ag
es

 
an

d 
th

ei
r d

os
ag

e, 
an

d 
fo

rm
ul

at
io

n)
 

in
 m

am
m

al
s

99
%

 
(f

ra
gm

en
t)

BP
13

84
, B

P1
77

7,
 

BP
17

92
, B

P1
79

7,
 

BP
18

00
, B

P1
90

2,
 a

nd
 

BP
19

40

EP
32

15
60

7B
1

AU
20

15
34

16
83

B2

11
77

96
17

‑B
2

O
ct

ob
er

 1
0,

 2
02

3
Ph

er
ec

yd
es

 
Ph

ar
m

a
Ph

ag
e 

th
er

ap
y 

(c
on

tin
ua

tio
n 

of
 U

.S
. P

at
. 

N
o.

 1
08

98
53

0)

P.
 a

er
ug

in
os

a
A

 m
et

ho
d 

of
 u

sin
g 

na
tu

ra
l p

ha
ge

 
co

m
po

sit
io

ns
 (a

t 
le

as
t o

ne
 p

ha
ge

 
an

d 
its

 d
os

ag
e, 

an
d 

fo
rm

ul
at

io
n)

 
in

 m
am

m
al

s

99
%

 
(f

ra
gm

en
t)

BP
17

77
, B

P1
79

2,
 

BP
17

97
, B

P1
80

0,
 

BP
19

02
, a

nd
 B

P1
94

0 

EP
32

15
60

7B
1

AU
20

15
34

16
83

B2

(C
on

t’d
...

)

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 66� doi: 10.36922/mi.4758

Ta
bl

e 
1.

 (C
on

tin
ue

d)

U
S 

Pa
te

nt
 

nu
m

be
r

Is
su

e 
da

te
 (m

on
th

/
da

y/
ye

ar
)

A
ss

ig
ne

e
Ti

tle
Ta

rg
et

M
ai

n 
cl

ai
m

 (s
)

Se
qu

en
ce

 
si

m
ila

ri
ty

 
th

re
sh

ol
d

C
er

ta
in

 p
ha

ge
 (s

)
EP

 R
ec

or
d

AU
 R

ec
or

d 

10
91

86
80

‑B
2

Fe
br

ua
ry

 1
6,

 2
02

1
Ph

er
ec

yd
es

 
Ph

ar
m

a
Ph

ag
e 

th
er

ap
y 

fo
r E

. c
ol

i 
in

fe
ct

io
ns

 
E.

 co
li

A
 m

et
ho

d 
of

 u
sin

g 
na

tu
ra

l p
ha

ge
 

co
m

po
sit

io
ns

 (a
t 

le
as

t t
w

o 
ph

ag
es

 
an

d 
th

ei
r d

os
ag

e, 
an

d 
fo

rm
ul

at
io

n)
 

in
 m

am
m

al
s

99
%

 
(f

ra
gm

en
t)

BP
53

9,
 B

P7
00

, 
BP

75
3,

 B
P8

14
, 

BP
95

3,
 B

P9
54

, 
BP

97
0,

 B
P1

00
2,

 
BP

11
51

, B
P1

15
5,

 
BP

11
76

, B
P1

19
7,

 
BP

12
26

, a
nd

 B
P1

22
9

EP
30

91
99

2B
1

AU
20

15
20

55
12

B2

11
69

08
85

‑B
2

Ju
ly

 4
, 2

02
3

Ph
er

ec
yd

es
 

Ph
ar

m
a

A
nt

i‑b
ac

te
ria

l 
co

m
po

sit
io

ns
 a

nd
 u

se
s 

th
er

eo
f

S.
 a

ur
eu

s
A

 m
et

ho
d 

of
 u

sin
g 

na
tu

ra
l p

ha
ge

 
co

m
po

sit
io

ns
 (a

t 
le

as
t o

ne
 p

ha
ge

 
an

d 
its

 d
os

ag
e, 

an
d 

fo
rm

ul
at

io
n)

 
in

 h
um

an
, 

an
im

al
, o

r 
de

co
nt

am
in

at
io

n

95
%

 
(f

ra
gm

en
t)

PN
11

37
, P

N
14

93
, 

PN
18

15
 a

nd
 P

N
19

57
EP

33
72

08
5A

1;
 

EP
35

92
15

0A
1

AU
20

18
23

14
08

B2

11
31

15
82

‑B
2

Ap
ril

 2
6,

 2
02

2
Lo

cu
s 

Bi
os

ci
en

ce
s

Ba
ct

er
io

ph
ag

e 
co

m
po

sit
io

ns
 a

nd
 m

et
ho

ds
 

of
 u

se
 th

er
eo

f

E.
 co

li
A

 m
et

ho
d 

of
 u

sin
g 

na
tu

ra
l p

ha
ge

 
co

m
po

sit
io

ns
 (a

t 
le

as
t t

w
o 

ph
ag

es
) 

fo
r t

re
at

in
g 

or
 p

re
ve

nt
in

g 
a 

ba
ct

er
ia

l 
in

fe
ct

io
n 

in
 a

n 
in

di
vi

du
al

95
%

 
(f

ra
gm

en
t)

p0
03

1,
 p

00
32

, p
00

33
, 

an
d 

p0
03

4

N
ot

es
:

(i)
 �N

A
 (n

ot
 ap

pl
ic

ab
le

) f
or

 se
qu

en
ce

 si
m

ila
rit

y 
th

re
sh

ol
d:

 n
or

m
al

ly
 th

e 
sa

m
e 

ph
en

ot
yp

ic
 ch

ar
ac

te
ris

tic
s a

nd
 th

e 
sa

m
e 

ly
tic

 a
ct

iv
ity

 a
ga

in
st

 ce
rt

ai
n 

ba
ct

er
ia

 R
es

tr
ic

tio
n 

Fr
ag

m
en

t L
en

gt
h 

Po
ly

m
or

ph
ism

 (R
FL

P)
 p

ro
fil

e
(ii

) ��P
he

re
cy

de
s P

ha
rm

a 
ha

s b
ee

n 
m

er
ge

d 
w

ith
 E

ry
te

ch
 to

 P
ha

xi
am

.
(ii

i) 
Th

e 
ta

bl
e 

w
as

 u
pd

at
ed

 u
nt

il 
M

ay
 2

02
4.

A
bb

re
vi

at
io

n:
 E

. c
ol

i: 
Es

ch
er

ich
ia

 co
li;

 P.
 a

er
ug

in
os

a:
 P

se
ud

om
on

as
 a

er
ug

in
os

a;
 C

. p
er

fr
in

ge
ns

: C
lo

str
id

iu
m

 p
er

fr
in

ge
ns

; S
. a

ur
eu

s: 
St

ap
hy

lo
co

cc
us

 a
ur

eu
s.

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 67� doi: 10.36922/mi.4758

5. Comparative analysis of patentability in 
oncolytic viruses and microbial therapies
Phage products, oncolytic viruses, and other microbial 
therapies exhibit similar biological characteristics, which 
subject them to analogous legal complexities in the realm of 
patentability. Consequently, advancements in patentability 
within these related fields can provide significant insights 
and value for the progression of phage therapy patentability. 
Preliminary patent searches reveal the presence of several 
oncolytic virotherapy-related patents in the US and EU, 
primarily falling into two categories: methods of treatment 
using oncolytic virotherapy and patents for recombinant 
oncolytic viruses with distinct characteristics. Notable 
examples of granted patents include US10238698B2, which 
is associated with EP2806883B1 and relates to treatment 
methodologies, and US9862932B2, which is associated 
with EP3473708B1 and concerns genetic recombination. 
These granted patents bolster the prospects for achieving 
patentability in phage therapy through claims involving 
genetic modifications and innovative methodologies, as 
previously discussed. In the past decade, there has been 
a notable increase in the prevalence of patents related to 
phages with biochemical modifications or conjugations 
such as encapsulating phage compositions in polymer 
microcapsules for delivery and binding phages to a plurality 
of particles to enhance performance, reflecting a strategic 
shift in patent applications to address the legal challenges.

While comprehensive reviews on the patentability 
in therapeutic phages and oncolytic viruses are scarce, 
FitzGerald and Spek provide an exhaustive analysis of 
patent protection in microbial therapies, specifically 
concerned with various bacterial therapies including 
therapeutics based on fecal microbiota transplantation, 
defined bacterial consortia, single commensal bacterial 
strains, and single engineered bacterial strains.9 The review 
echoes similar concerns about the challenges posed by the 
current US legal framework but also outlines potential 
future trajectories. These include the ongoing evolution of 
legal patent guidelines and the development of innovative 
approaches that are in harmony with regulatory principles. 
The analysis further highlights the progress made by 
key companies in their respective therapeutic areas, 
underscoring the dynamic nature of the field and the 
potential for further advancements in patentability.

6. Conclusion
The legal complexities surrounding phage therapy 
patentability, stemming from its reliance on natural 
elements, have not extinguished innovation within the 
field. Despite some challenges, examples of granted 
patents showcase how targeting aspects such as phage 

combinations and methods pertaining to their usages 
may be useful. The perspective here reaffirms the critical 
need to protect IP while nurturing innovation. Resolving 
the patentability issues regarding phage therapy also has 
immense economic implications. Stronger IP protections 
are positively correlated with pharmaceutical investments 
and R&D expenses in general.10 This is expected to hold 
in phage therapy, encouraging its market dynamics and 
promoting its sources of funding for advancements. 
Furthermore, the patentability issues resonate with 
current regulatory hurdles revolving around phage 
therapy. For instance, as the FDA classifies phage therapy 
as a biological product, patenting it must align with 
the relevant regulatory framework to facilitate broader 
market access and clinical application.11 Only by carefully 
analyzing existing patents, adhering to the principles 
of specificity and innovation established by precedent 
cases, and learning from the progress made in similar 
therapeutic areas such as oncolytic virotherapy and other 
microbial therapies can the full potential of phage therapy 
to revolutionize global health be unlocked, transforming 
this century-old therapy into a cornerstone of modern 
medicine.

Looking into the times ahead, it can be argued that 
the future of phage therapy patentability lies in fostering 
a more dynamic and adaptive legal framework. Countries 
with more flexibility can serve as examples for others, 
potentially leading to a more uniform and encouraging 
global patent environment for phage therapy. With more 
upcoming innovations and biological discoveries, the field 
of phage therapy will eventually welcome more diverse and 
mind-altering technologies.
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Table A1. Comparison of claims in the application and granted form of two patents

Patent Application form (20210228659-A1) Granted form (11779617-B2) Note

Patent 1 1. �An antibacterial composition comprising 
at least one bacteriophage having lytic 
activity against a P. aeruginosa strain, 
said at least one bacteriophage selected 
from the bacteriophages having a genome 
comprising a nucleotide sequence of any 
one of SEQ ID NOs: 1 – 7 or a sequence 
having at least 90% identity thereto. 2 – 4. 
(canceled)

1. �An antibacterial composition comprising at least one 
bacteriophage having lytic activity against a P. aeruginosa 
strain and a pharmaceutically acceptable excipient or 
carrier, said at least one bacteriophage being selected 
from the bacteriophages having a genome comprising 
a nucleotide sequence of any one of SEQ ID NOs: 2 – 7 
or a sequence having at least 99% identity thereto, and 
said pharmaceutically acceptable excipient or carrier 
comprising a preservative in an amount effective to 
preserve the activity of the bacteriophage.

Canceled SEQ ID NO1; sequence 
identity requirement changed from 
90% to 99%

5. �The composition of claim 1, comprising 
at least one bacteriophage of Table 1.

6. (canceled)

2. �The composition of claim 1, comprising at least one 
bacteriophage selected from the group consisting 
of BP1777, BP1792, BP1797, BP1800, BP1902, 
and BP1940, said bacteriophage having a genome 
comprising the nucleotide sequence of SEQ ID NOs: 
2 – 7, respectively.

The phage names and sequences 
were specified

7. �The composition of claim 1, which is lytic 
against antibiotic-resistant P. aeruginosa 
strains.

3. �The composition of claim 1, which is lytic against 
antibiotic-resistant P. aeruginosa strains.

Unchanged

8. �The composition of claim 1, which is lytic 
against more than 90% of all bacterial 
strains of the LMG collection.

4. �The composition of claim 1, which is lytic against more 
than 90% of all bacterial strains of the LMG collection.

Unchanged

9. �The composition of claim 1, which 
further comprises a pharmaceutically 
acceptable excipient or carrier.

5. �The composition of claim 1, wherein the 
pharmaceutically acceptable excipient or carrier 
comprises buffered physiological saline.

Pharmaceutically acceptable 
excipients or carriers were 
specified

10. �The composition of claim 1, in the 
form of a liquid, semi-liquid, solid, or 
lyophilized formulation.

6. �The composition of claim 1, in the form of a liquid, 
semi-liquid, solid, or lyophilized formulation.

/

11. �The composition of claim 10, which 
comprises between 10e4 and 10e12 PFU 
of each bacteriophage.

7. �The composition of claim 6, which comprises between 
10e4 and 10e12 PFU of each bacteriophage.

/

12. �A method of treatment of an infection in 
a mammal in need thereof comprising 
contacting the mammal with a 
composition of claim 1.

8. �A method of treatment of an infection in a mammal in 
need thereof comprising contacting the mammal with 
an effective amount of an antibacterial composition, 
wherein said composition comprises at least one 
bacteriophage having lytic activity against a  
P. aeruginosa strain, said at least one bacteriophage 
being selected from the bacteriophages having a 
genome comprising any one of SEQ ID NOs: 2 – 7 or a 
sequence having at least 99% identity thereto.

The phage composition amount 
and sequence identity were 
specified

13. �The method of claim 12, wherein 
the infection is an infection of the 
respiratory tract.

9. �The method of claim 8, wherein the infection is an 
infection of the respiratory tract.

Unchanged

14. �A method for improving the condition 
of a mammal by modifying the 
microbial flora in said mammal 
comprising contacting the mammal with 
a composition of claim 1.

10. �A method for improving the condition of a mammal 
by modifying the microbial flora in said mammal 
comprising contacting the mammal with an effective 
amount of an antibacterial composition, wherein said 
composition comprises at least one bacteriophage 
having lytic activity against a P. aeruginosa strain, said 
at least one bacteriophage being selected from the 
bacteriophages having a genome comprising any one 
of SEQ ID NOs: 2 – 7 or a sequence having at least 
99% identity thereto.

The phage composition amount 
and sequence identity were 
specified

Appendix

(Cont’d...)

http://dx.doi.org/10.36922/mi.4758


Microbes & Immunity Natural phage patentability in the U.S.

Volume 2 Issue 3 (2025)	 70� doi: 10.36922/mi.4758

Table A1. (Continued)

Patent Application form (20210228659-A1) Granted form (11779617-B2) Note

15. �A method for decontaminating a 
material, comprising exposing the 
material to a composition of claim 1.

11. �A method for decontaminating a material, comprising 
exposing the material to an effective amount of an 
antibacterial composition, wherein said composition 
comprises at least one bacteriophage having lytic 
activity against a P. aeruginosa strain, said at least one 
bacteriophage being selected from the bacteriophages 
having a genome comprising any one of SEQ ID NOs: 
2 – 7 or a sequence having at least 99% identity thereto.

The phage composition amount 
and sequence identity were 
specified

16 – 17. (canceled) 12. �The method of claim 8, wherein the composition 
comprises at least one of the bacteriophages selected 
from the group consisting of BP1777, BP1792, BP1797, 
BP1800, BP1902, and BP1940, said bacteriophage 
having a genome comprising the nucleotide sequence 
of SEQ ID NOs: 2 – 7, respectively.

The phage names and sequences 
were specified

13. �The method of claim 10, wherein the composition 
comprises at least one of the bacteriophages selected 
from the group consisting of BP1777, BP1792, BP1797, 
BP1800, BP1902, and BP1940, said bacteriophage 
having a genome comprising the nucleotide sequence 
of SEQ ID NOs: 2 – 7, respectively.

The phage names and sequences 
were specified

14. �The method of claim 11, wherein the composition 
comprises at least one of the bacteriophages selected 
from the group consisting of BP1777, BP1792, BP1797, 
BP1800, BP1902, and BP1940, said bacteriophage 
having a genome comprising the nucleotide sequence 
of SEQ ID NOs: 2 – 7, respectively.

The phage names and sequences 
were specified

Patent Application form (20200171108-A1) Granted form (11253557-B2) Note

Patent 2 1. �A bacteriophage composition comprising 
one or more bacteriophages selected from 
Sa87, J-Sa36, and Sa83.

1. �A bacteriophage composition comprising at least two 
bacteriophages selected from Sa87, J-Sa36, and Sa83.

A minimum of two phages instead 
of just one for a composition

2. �The bacteriophage composition of claim 
1, comprising at least two bacteriophages 
selected from Sa87, J-Sa36, and Sa83.

3. �The bacteriophage composition of claim 
1, comprising purified bacteriophages 
Sa87, J-Sa36, and Sa83.

2. �The bacteriophage composition of claim 1, comprising 
purified bacteriophages Sa87, J-Sa36, and Sa83.

Unchanged

4. �A bacteriophage composition consisting 
essentially of Sa87, J-Sa36, and Sa83.

3. �A bacteriophage composition consisting essentially of 
Sa87, J-Sa36, and Sa83.

Unchanged

5. �The bacteriophage composition of claim 
1, further comprising an antibiotic.

4. �The bacteriophage composition of claim 1, further 
comprising an antibiotic.

Unchanged

6. �The bacteriophage composition of claim 
1, further comprising a pharmaceutically 
acceptable carrier, diluent, excipient, or 
combinations thereof.

5. �The bacteriophage composition of claim 1, further 
comprising a pharmaceutically acceptable carrier, 
diluent, excipient, or combinations thereof.

Unchanged

7. �The bacteriophage composition of claim 
3, wherein the composition comprises 
1×1011 PFU/mL per phage.

6. �The bacteriophage composition of claim 2, wherein the 
composition comprises 1×1011 PFU/mL per phage.

Unchanged

8. �The bacteriophage composition of claim 
7, wherein the composition has a final 
endotoxin level <1000 EU/mL.

7. �The bacteriophage composition of claim 6, wherein the 
composition has a final endotoxin level <1000 EU/mL.

Unchanged

9. �The composition of claim 8, wherein the 
composition is diluted 1:10.

8. �The composition of claim 7, wherein the composition is 
diluted 1:10.

Unchanged

10. �The composition of claim 8, wherein the 
composition is diluted 1:100.

9. �The composition of claim 7, wherein the composition is 
diluted 1:100.

Unchanged

(Cont’d...)
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Table A1. (Continued)

Patent Application form (20210228659-A1) Granted form (11779617-B2) Note

11. �The composition of claim 1, wherein 
the composition is administered to a 
mammal in a dosage range between 
about 1×107 to about 1×1011 PFU of each 
phage at least once daily.

10. �The composition of claim 1, wherein the composition 
is administered to a mammal in a dosage range 
between about 1×107 to about 1×1011 PFU of each 
phage at least once daily.

Unchanged

12. �A bacteriophage composition 
comprising two or more purified 
bacteriophage populations selected from 
Sa87, J-Sa36, and Sa83.

11. �A bacteriophage composition comprising two or more 
purified bacteriophage populations selected from Sa87, 
J-Sa36, and Sa83.

Unchanged

13. �The bacteriophage composition of claim 
12, further comprising an antibiotic.

12. �The bacteriophage composition of claim 11, further 
comprising an antibiotic.

Unchanged

14. �The bacteriophage composition of claim 
12, further comprising a pharmaceutically 
acceptable carrier, diluent, excipient, or 
combination thereof.

13. �The bacteriophage composition of claim 11, further 
comprising a pharmaceutically acceptable carrier, 
diluent, excipient, or combination thereof.

Unchanged

15. �The bacteriophage composition of claim 
12, wherein the composition comprises 
1×1011 PFU/mL per phage.

14. �The bacteriophage composition of claim 11, wherein 
the composition comprises 1×1011 PFU/mL per phage.

Unchanged

16. �The bacteriophage composition of claim 
15, wherein the composition has a final 
endotoxin level <1000 EU/mL.

15. �The bacteriophage composition of claim 14, wherein 
the composition has a final endotoxin level  
<1000 EU/mL.

Unchanged

17. �The composition of claim 16, wherein 
the composition is diluted 1:10.

16. �The composition of claim 15, wherein the composition 
is diluted 1:10.

Unchanged

18. �The composition of claim 16, wherein 
the composition is diluted 1:100.

17. �The composition of claim 15, wherein the composition 
is diluted 1:100.

Unchanged

19. �The composition of claim 16, wherein 
the composition is administered to a 
mammal in a dosage range between 
about 1×107 to about 1×1011 PFU of each 
phage at least once daily.

18. �The composition of claim 15, wherein the composition 
is administered to a mammal in a dosage range 
between about 1×107 to about 1×1011 PFU of each 
phage at least once daily.

Unchanged

20. �A kit comprising: 
a. �bacteriophage composition according 

to claim 1; and
b. instructions for use of the same.

19. �A kit comprising: 
a. �bacteriophage composition according to claim 1; 

and
b. instructions for use of the same.

Unchanged

21. �The kit of claim 20, further comprising 
an antibiotic and instructions for the 
use of the same in combination with the 
bacteriophage composition.

20. �The kit of claim 19, further comprising an antibiotic 
and instructions for the use of the same in 
combination with the bacteriophage composition.

Unchanged

22. �The kit of claim 21, wherein said 
instructions are for use of the same in 
treating a S. aureus infection, preferably 
a S. aureus pulmonary infection.

21. �The kit of claim 20, wherein said instructions are for 
use of the same in treating a S. aureus infection.

Unchanged

22. �The kit of claim 21, wherein the S. aureus infection is a 
pulmonary infection.

Unchanged

Abbreviations: PFU: Plaque-forming unit; LMG: Laboratory of Microbiology, Ghent University; P. aeruginosa: Pseudomonas aeruginosa; S. aureus: 
Staphylococcus aureus.
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Abstract
Carotenoids, known for their immunomodulatory and gut microbiota-modulating 
effects, have drawn attention as potential dietary adjuvants to enhance vaccine 
efficacy and maintain gut health. This study aimed to evaluate the effect of carotene 
supplementation on immune response with insight into gut microbiome using an 
in vivo animal model. The BALB/c mice were fed daily with CaroGaia (50 mg/kg of 
body weight), a carotene supplement that contained 33.3% α-carotene and 66.6% 
β-carotene, by oral gavage for 70 days. Mice fed with the vehicle served as controls. 
The mice in the vaccinated groups received two doses of the CoronaVac inactivated 
virus vaccine on days 14 and 42. Flow cytometry revealed no significant modulation 
of lymphocyte subsets (total T lymphocytes, T-helper cells, cytotoxic T lymphocytes, 
and B cells) with carotene supplementation. In addition, there were no significant 
differences in the levels of SARS-CoV-2 immunoglobulin G and interferon-gamma in 
plasma between treatment and control groups. In contrast, the vaccinated carotene 
group showed an increased SARS-CoV-2 antigen-specific splenocyte proliferation. In 
the gut microbiome, carotene supplementation appeared to alter the gut microbiota 
composition. However, no significant changes were observed in the short-chain fatty 
acids (SCFA) levels, such as acetic acid, butyric acid, and propionic acid. Furthermore, 
the differential abundance analysis showed that carotene supplementation reduced 
the levels of SCFA producers (Odoribacter and Monoglobus genera) in unvaccinated 
mice compared to the control group, while it enriched the level of SCFA producers 
(Ruminococcaceae family) and reduced pathobiont levels, commensal bacteria that 
have pathogenic potential (Mucispirillum genus), in the vaccinated group.

Keywords: COVID-19; SARS-CoV-2; Vaccination; Carotenoid; Carotene; Immune-
modulation; Gut microbiota; Short-chain fatty acid

1. Introduction
The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), emerged in China in late 2019.1 By March 
2020, the World Health Organization had declared it a pandemic. The virus rapidly 
spread worldwide, causing severe disruptions to societies, economies, and politics. The 
pandemic had led to millions of infections and deaths without signs of abating. Given 
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the ability of vaccines to expose the immune system to 
antigens and activate targeted immune responses, there was 
an urgent need to roll out vaccination programs to reduce 
the morbidity and mortality associated with COVID-19. 
Therefore, mass vaccination against SARS-CoV-2 has been 
widely implemented to curb the spread of the disease.

Vaccination offers substantial protection by generating 
immunological memory against the virus, enabling 
the rapid production of neutralizing antibodies upon 
subsequent exposure. Among the COVID-19 vaccines, 
the mRNA platform has garnered significant attention as 
it represents the first widespread application of mRNA 
vaccination in humans. Despite this advancement, the 
seemingly traditional inactivated virus vaccines continue to 
be administered due to factors including public hesitancy 
toward mRNA vaccines and the logistical challenges 
posed by the stringent storage and delivery requirements.2 
However, inactivated virus vaccines have generally 
demonstrated lower efficacy against COVID-19 than their 
mRNA counterparts.3 Two to three doses of inactivated 
COVID-19 vaccines were reported to provide 90.15% 
protection against severe and critical COVID-19  cases, 
even in the most vulnerable elderly population (≥60 years 
old).4 However, the immune response specific to SARS-
CoV-2 elicited by two doses of CoronaVac, an inactivated 
virus vaccine, was reported to wane significantly after 
6  months.5 Consequently, a booster or third dose of the 
vaccine was highly recommended.5 Hence, there is a need 
to improve and maintain the immune response to the 
vaccine. Various factors affect the normal functioning of 
the immune system, including nutrition, lifestyle habits, 
stress levels, and sleep quality.

The immune system comprises a repertoire of cells, 
tissues, and molecules that work together to mediate 
resistance against infections.6 It is well established that B 
cells, cluster of differentiation 4-positive (CD4+) regulatory 
T (Treg) cells, and CD8+ cytotoxic T lymphocytes (CTLs) 
are the three essential components of the adaptive immune 
system responsible for controlling SARS-CoV-2 infection.7 
Clinical trials reported that inactivated SARS-CoV-2 
vaccination activates both innate and adaptive immunity, 
resulting in the upregulation of immune cells, such as 
CD16+ monocytes, CD4+ Treg cells, and CD8+ CTLs, 
along with increased levels of neutralizing antibodies.8 B 
cells play a pivotal role in antibody-mediated (humoral) 
immunity.9 Upon activation, the activated antigen-specific 
B cells differentiate into plasma cells, which produce 
antigen-specific antibodies, and memory B cells, which 
enable a swift response upon reinfection.9 The T-helper 
(Th) cells secrete cytokines that can regulate B cell 
activation and CTLs,7 while the CTLs kill virus-infected or 

abnormal cells.10 A well-balanced diet is widely recognized 
as crucial for optimal cellular functioning, including those 
in the immune system.11 When the immune system is 
activated during an infection, it requires abundant energy 
for clonal expansion and the production of new proteins 
and structures. Therefore, optimal nutrition is essential for 
immune cells to respond to pathogens rapidly and effectively. 
Micronutrients, such as vitamins and trace elements, are 
essential to support both the innate and adaptive immune 
systems.11 Research suggests that deficiencies or low levels 
of these micronutrients can weaken immune function and 
reduce resistance to infections.11

Nutritional interventions have potent effects on the 
activation of host immune systems. Carotenoid supplements 
are nutritional interventions that exhibit diverse 
bioactivities, including antioxidant, anti-inflammatory, 
and anticancer properties.12 The main carotenoids in crude 
palm oil are α-  and β-carotenes, which comprise 41.3% 
and 41.0% of the total carotenoids in commercial red palm 
oil, respectively.13 Carotenes are fat-soluble Vitamin A pre-
cursors metabolized in the gut or liver to produce retinol, 
commonly known as Vitamin A. Vitamin A deficiency is the 
most common micronutrient deficiency globally, especially 
in developing countries with low meat and protein intake.14 
In addition, Vitamin A deficiency in infants and children 
has been associated with reduced immune response and 
is a risk factor for several diseases, particularly vision 
impairment.15 Besides animal products, Vitamin A can 
be obtained from Vitamin A pre-cursors, such as α-  and 
β-carotenes.14 Carotenoids have been reported to have 
immunomodulatory effects by increasing the activity 
of natural killer (NK) cells and plasma interferon-
gamma (IFN-γ) levels in a xenograft model of human 
breast cancer.16 In this model, carotene supplementation 
upregulated anti-inflammatory markers (interleukin 4 
[IL-4] and IL-13) while downregulating pro-inflammatory 
markers (IL-β, IL-6, and tumor necrosis factor-α) in nude 
mice.17 In addition, carotene supplementation enhanced the 
production of peripheral blood NK cells and B cells, thus 
supporting the immunomodulatory effects of carotenes.17 
Numerous cellular models concluded that β-carotene 
and its metabolites display antioxidant activity through 
the inhibition of reactive nitrogen (ONOO−) and oxygen 
species (H2O2), respectively, reducing lipid peroxidation 
activity.15 In addition, Vitamin A supplementation in 
porcine circovirus type 2-vaccinated pre-pubertal gilts has 
been reported to significantly increase circovirus antibody 
titers compared to the control group.18 Although numerous 
studies have demonstrated the immunomodulatory 
potential of Vitamin A and its pre-cursors as dietary 
supplements, their mechanism of action remains poorly 
understood.
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The gastrointestinal tract (GIT) is the home to the gut-
associated lymphoid tissue (GALT), the largest immune 
organ in the human body.19 GALT forms part of the mucosa-
associated lymphoid tissue and comprises many immune 
cells. Hence, GIT is a primary site for immune activities. At 
the same time, the GIT, particularly the colon, serves as an 
invaluable repository for gut microbiota, such as bacteria, 
viruses, and fungi.19 The comprehensive collection of gut 
microbiomes can contribute to a vast palette of metabolic 
enzymes and pose a greater metabolic potential than 
their host.19 Due to the proximity between gut microbiota 
and GALT, they inevitably affect one another as these 
gastrointestinal inhabitants can interact with nutrition and 
selectively promote or inhibit specific bacteria, thereby 
modulating gut microbiota populations.20 In addition, the 
gut microbiome plays crucial roles in nutrition metabolism, 
energy metabolism, and immunomodulation.20 Studies 
reported that short-chain fatty acids (SCFAs), metabolites 
produced by the gut microbiota, can enhance B-cell 
metabolism to support the production of the energy 
required to generate antibodies and cytokines.21 These 
metabolites also upregulate genes responsible for plasma 
cell differentiation and class switching, vital for immune 
responses to pathogens or vaccines. The present literature 
suggests that carotene supplementation can modulate host 
gut microbiota and SCFA production.

The SCFAs are key metabolites produced by gut 
microbiota, which can modulate immune response and 
regulate the activity of innate cells, such as macrophages, 
neutrophils, and dendritic cells.22 For example, SCFAs were 
reported to limit SARS-CoV-2 infection by downregulating 
the level of angiotensin-converting enzyme 2, the main 
receptor responsible for viral infections, while improving 
antiviral immunity.23 In addition, SCFAs can also control 
SARS-CoV-2 infection by downregulating transcription 
of genes responsible for modulation of viral entry and 
replication, such as IFN, transmembrane protease 
serine 2, and retinoic acid-inducible gene 1 receptors, 
while maintaining the permeability of intestinal cells.19 
Moreover, SCFAs can modulate the differentiation of T 
lymphocytes and B cells, which are responsible for the 
adaptive immune response.22

This study used a mouse model to investigate how daily 
carotene supplementation modulates the immune response 
to COVID-19 vaccination. This research aimed to unveil 
the mechanism of action of carotene supplementation in 
immune response post-vaccination and provide evidence 
of its health benefits. In addition, this study also explored 
how carotene influences gut microbiota and SCFA 
production, offering insights into the overall action of 
carotene supplementation.

2. Materials and methods
2.1. Materials

CaroGaia (30% oil suspension) used for dietary 
intervention was a gift from PhytoGaia Sdn Bhd, Malaysia. 
The vehicle used was palm oil (Buruh Cooking Oil, Lam 
Soon, Malaysia). The inactivated SARS-CoV-2 vaccine 
(CoronaVac, Sinovac Biotech Ltd, China) was a kind gift 
from Pharmaniaga Lifescience Sdn Bhd, Malaysia.

2.2. Ethical approval

The ethical approval for this study was obtained from 
the Monash University Animal Ethics Committee (AEC 
Project ID: 29899).

2.3. Animal study design

Ten-week-old male BALB/c mice were obtained and 
housed individually at the animal holding facility of 
Monash University Malaysia. A total of 32 mice were used 
in this study. The mice were acclimated to the housing 
conditions for 1 week before the study began. During the 
study, the mice were subjected to a 12-h light/12-h dark 
cycle with ad libitum access to food and water. A standard 
mouse pellet chow was provided throughout the study. 
The experimental design is illustrated in Figure 1. Briefly, 
32 male BALB/c mice were evenly divided into two dietary 
intervention groups, that is, (i) control (fed with the vehicle 
– palm oil) and (ii) carotene-fed group. The mice were fed 
daily with 100 µL of carotene (50 mg/kg body weight) or 
palm oil (vehicle) through gavage. On day 14, the mice in 
each dietary group were split into two sub-groups, that 
is, (i) non-vaccinated (phosphate-buffered saline [PBS]) 
and (ii) vaccinated (CoronaVac) (Table  1). Vaccination 
was administered by an intramuscular injection into the 
hind leg of the mice using a 30G needle, with 0.1  mL 
of CoronaVac (0.6  µg) as vaccine intervention for the 
vaccinated subgroup and 0.1 mL of PBS as control for the 
non-vaccinated subgroup. On day 42, plasma samples were 
collected from the mice and were given a second dose of 
CoronaVac or PBS. At the study’s endpoint (day 70), the 
mice were humanely euthanized, and samples of plasma, 
feces, and spleens were collected for analysis.

2.4. Mice euthanasia

On day 70, the mice were weighed to calculate and 
prepare the dosage for a ketamine and xylazine cocktail, 
at concentrations of 100 mg/kg and 10 mg/kg, respectively. 
The concoction was administered through intraperitoneal 
injection. Once the mice were determined to be fully 
anesthetized, euthanasia was performed by cardiac 
puncture.
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Table 1. Animal grouping

Dietary intervention Vaccine intervention Number of 
mice

Vehicle (palm oil) PBS 8

C19V 8

Carotene (50 mg/kg body weight) PBS 8

C19V 8

Total 32

Abbreviations: C19V: CoronaVac vaccine; PBS: Phosphate‑buffered 
saline.

2.5. Isolation of splenocyte

During the autopsy, the spleen was aseptically collected and 
transferred to a petri dish containing 6 mL of RPMI 1640 
culture medium (11875-093, Gibco, USA) supplemented 
with 5% fetal bovine serum (FBS; A5256701, Gibco, USA), 
1% penicillin-streptomycin (15140122, Gibco, USA), and 
1% glutamine. The splenic capsules were carefully snipped 
to release the splenocytes into the medium. The resulting 
splenocyte suspension was transferred into 15 mL Falcon 
tubes and kept on ice. Splenocytes were isolated through 
centrifugation (1,200 rpm for 10 min at 4°C).

2.6. Splenocyte proliferation assay

This assay was carried out to determine the proliferation 
of splenocytes in response to stimulation with CoronaVac. 
The supernatant was discarded, and the splenocytes were 
resuspended in 1 mL of complete culture medium (RPMI 
1640 medium supplemented with 10% FBS and penicillin-
streptomycin). The cell density was adjusted to 5 × 10⁴ 
splenocytes/mL in complete medium containing 10 µg/mL 
of COVID-19 vaccine. The cells were seeded into a 96-well 
culture plate at 200 µL per well (5 × 10³ cells/well), and 
the plate was incubated for 72 h at 37°C in a humidified 
incubator with 5% CO₂. Splenocyte proliferation was 
assessed using the Cell Counting Kit-8 (CK04-01, Dojindo, 
Japan). The culture supernatants were harvested and stored 
at -80°C for subsequent cytokine analysis.

2.7. Immunophenotyping using flow cytometry

The peripheral blood lymphocytes collected in heparinized 
tubes were analyzed using fluorochrome-labeled antibodies 
to CD3+ T lymphocytes, CD4+ Th cells, CD8+ CTLs, and B 
cells, and a flow cytometer (FACSVerse cell analyzer, BD, 
USA). The immunostaining was carried out according to 
the manufacturer’s protocol.

2.8. IFN-γ production

The amount of IFN-γ, a cytokine crucial for macrophage 
activation and antigen presentation, in the supernatant of 
splenocyte cultures, was quantified using a commercial 
mouse IFN-γ enzyme-linked immunosorbent assay 
(ELISA) kit (#88-7314-88, Invitrogen, USA) using the 
manufacturer-recommended protocol.

2.9. Plasma SARS-CoV-2 recombinant receptor-
binding-domain antibody levels

The plasma SARS-CoV-2 recombinant receptor-binding-
domain (RBD) antibody level was quantified using the 
SARS-CoV-2 RBD mouse immunoglobulin G (IgG) 
ELISA kit (CoV2-RBD mIgG, Novatein Biosciences, USA) 
as per the manufacturer-recommended protocol. A mouse 
SARS-CoV-2 spike-neutralizing antibody (#40592-MM57, 
Sino Biological, China) was used as a positive control. 
The assay was carried out according to the recommended 
protocol.

2.10. Characterization of gut microbiota

2.10.1. DNA purification and sequencing

To evaluate the impact of carotene supplementation on 
gut microbiota, 16S amplicon sequencing was performed 
on fecal samples collected at the endpoint, day 70. The 
bacterial genomic DNA (gDNA) was extracted using 
the QIAamp® PowerFecal® Pro kit (QIAGEN, Germany) 
according to the manufacturer’s instructions. The 
quality and concentration of the gDNA were determined 
using a nano-spectrophotometer. The V3–V4 region 
was targeted for sequencing, using forward primer 

Figure 1. The animal study design. In the supplementation period, half the mice were fed daily with 100 µL vehicle (palm oil), while the other half 
were fed with 100 µL carotene (50 mg/kg body weight) by oral gavage for 70 days. For vaccination, half the mice in each supplementation arm received 
intramuscular injections of 100 µL (0.6 µg) of the CoronaVac or 100 µL PBS (control) on days 14 and 42.
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5’-CCTAYGGGRBGCASCAG and reverse primer 
5’-GGACTACNNGGGTATCTAAT. The DNA samples 
were sent to an accredited laboratory (NovogeneAIT 
Genomics, Singapore) for library preparation, sequencing, 
and bioinformatics analysis.

2.10.2. Bioinformatics analysis pipeline

The raw FASTQ files from sequencing were analyzed using 
the bioinformatics methods outlined in Table 2.

2.11. Determination of SCFA levels in fecal samples

The levels of SCFAs in fecal samples were identified and 
determined using gas chromatography-mass spectrometry 
(GC-MS) (Agilent 7890A Gas Chromatograph, Agilent, 
USA). The water-methanol (80:20, v/v, pH 1.5 – 2.5) diluent, 
standard stock, and internal standards were prepared 
according to Gray et al.24 with slight modifications. Stock 
solutions of acetic acid (30.0 μL), propionic acid (30.3 μL), 
isobutyric acid (39.0 μL), and butyric acid (32.7 μL) 
were prepared in acidified diluent to achieve the final 
concentrations of 52.60 mM, 39.43 mM, 42.05 mM, and 
36.80 mM, respectively. The internal standard (4-methyl 
valeric acid) was spiked into all calibration standards at a 
concentration of 7.9 mM. The calibration curves of all SCFA 
standards were then established to allow quantification of 
SCFA levels in fecal samples.

The fecal samples were withdrawn from −80°C storage, 
thawed, and homogenized in 1,993 μL of the water-methanol 
diluent with 7 μL of phosphoric acid (85% w/w) and mixed 
thoroughly for 10 min using a vortex (Vortex-Genie 2, Scientific 
Industries, USA). The fecal suspensions were centrifuged 
(12,000 rpm for 10 min), and 1,800 μL of the supernatant was 
transferred to 2 mL GC vials. The 46.7 μL of internal standard 
(7.9 mM) was added to each vial before analysis.

SCFA s were quantified using an Agilent 8890 gas 
chromatograph (G3542A, Agilent Technologies, USA) 
paired with a 5977C mass selective detector (G7077C, 

Agilent Technologies, USA), and a 7693A automatic liquid 
sampler (G4513A, Agilent Technologies, USA). Hydroguard 
FS water-resistant guard column (5 m length, 0.25 mm ID, 
10079, Restek, USA) was used in combination with a high 
polarity, DB-FATWAX Ultra Inert PEG column (30 m length, 
0.25  mm ID, 0.25 film thickness, G3903-63008, Agilent 
Technologies, USA). Data were analyzed using the Enhanced 
ChemStation software (version E.02.02.1431, Agilent, USA).

2.12. Statistical analysis

All statistical analyses were performed using Prism 10.3.1 
(GraphPad, USA). Comparisons between two groups 
were evaluated with a two-tailed unpaired t-test with 
Welch’s correction, while multiple group comparisons were 
conducted using analysis of variance (ANOVA) with Tukey 
post hoc test. A p<0.05 was considered statistically significant.

3. Results
This section outlines the results of the study.

3.1. Modulation of immune responses by carotene 
supplementation

The effect of carotene supplementation under various 
conditions is outlined in the following subsections.

3.1.1. Effect of carotene supplementation on 
lymphocyte subsets

The data from the flow cytometry analysis revealed no 
significant differences in CD3+ T lymphocytes, CD4+ Th 
cells, CD8+ CTLs, and B cells between the baseline groups 
and carotene supplementation groups (Figure  2 and 
Table A1).

3.1.2. Effect of carotene supplementation on  
SARS-CoV-2-specific antibody production

The plasma samples collected on days 42 and 70 of the 
intervention were used to determine the SARS-CoV-2-specific 

Table 2. Methods used for bioinformatics analysis

Data processing Description Methods/packages

Sequence assembly Merge paired‑end reads BBMap

Data split Trimming primer sequences QIIME

Amplicon sequence variant (ASV) denoise Reconstruct ASVs from noisy amplicon sequencing reads DADA2 in QIIME

Taxonomy classification Classify pre‑processed reads to the respective taxonomy QIIME using silva138 AB V3–V4 classifier

Generation of phyloseq object Export QIIME artifact into phyloseq QIIME2R

Heatmap Visualization of microbiome compositions pheatmap in R

Alpha diversity Estimation of alpha diversity Tidyverse in R

Beta diversity Estimation of beta diversity mia and miaViZ in R

Differential abundance analysis Identify differentially abundant microbes LEfSe, DESeq2, and corncob in R
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IgG antibody level (Figure  3). There were no significant 
differences in the plasma SARS-CoV-2 levels between the 
carotene supplementation group and the vehicle group.

3.1.3. Effect of carotene supplementation on SARS-
CoV-2 antigen-induced splenocyte proliferation

Splenocytes from carotene-fed mice cultured in the 
presence of the SARS-CoV-2 antigen showed significantly 
higher proliferation than splenocytes from the vehicle-
vaccinated animals (p<0.05, Figure 4 and Table A2).

3.1.4. Effect of carotene supplementation on IFN-γ 
production

The supernatant of splenocyte cultures from the carotene-
vaccinated group showed higher levels of IFN-γ production 
(Figure  5). However, the difference was not statistically 
significant (p>0.05).

3.2. Modulation of gut microbiota by carotene 
supplementation

3.2.1. Alpha diversity

Alpha diversity determines the structure of single microbial 
communities based on richness and evenness.25 Richness 
represents the total number of species present in a community, 
whereas evenness represents the uniformity of relative 
species abundances within a community.25 Several alpha 
diversity indices, such as Chao1, Inverse Simpson, Pielou, and 
Shannon, are applied to determine alpha diversity. The Chao1 
index is a diversity estimator of species richness, highlighting 
rare species. The inverse Simpson index measures both 
richness and evenness.25 Pielou’s index indicates the evenness 
of species distribution. The Shannon index also measures 
species richness and evenness, emphasizing rare species 
more than the Simpson index.25 Carotene supplementation 
did not significantly affect the alpha diversity in vaccinated 
and unvaccinated subjects compared across all groups 
(Figure 6), suggesting that carotene supplementation did not 
substantially impact the overall microbial diversity in terms 
of richness and evenness.

3.2.2. Beta diversity

Beta diversity is a comparative analysis of the composition of 
different microbial communities. It measures how distinct 
one microbial community is from another, illustrating the 
variability of microbial composition between samples.25 
No significant differences were observed across the groups 
in the principal coordinate analysis scatter plot based on 
multidimensional scaling of Aitchison distance (Figure 7).

Figure  2. Quantification of (A) cluster of differentiation 3-positive 
(CD3+) T lymphocytes, (B) CD4+ T-helper cells, (C) CD8+ cytotoxic T 
lymphocytes, and (D) B cells in the peripheral blood of mice from the 
four study groups: (i) baseline (control mice fed daily with the vehicle 
palm oil), (ii) baseline vaccinated (control mice fed daily with the 
vehicle and injected with CoronaVac), (iii) carotene (mice fed daily with 
carotene), and (iv) carotene vaccinated (mice fed daily with the carotene 
and injected with CoronaVac). Multiple comparisons using ordinary 
one-way ANOVA revealed no significant differences in the percentage of 
lymphocytes between these groups (p>0.05). Data are presented as mean 
± SD, derived from three mice (n=3) per group.

A

C D

B

Figure  3. Quantification of plasma SARS-CoV-2 immunoglobulin G 
(IgG) levels from mice in the baseline vaccinated (control mice fed daily 
with the vehicle and injected with CoronaVac) and carotene vaccinated 
(mice fed daily with the carotene and injected with CoronaVac) groups 
on days (A) 42 and (B) 70. Data are presented as mean ± SD, derived from 
three mice (n=3) per group.

A B
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Figure 4. Splenocyte proliferation rate across baseline (fed daily with the 
vehicle), baseline vaccinated (fed daily with the vehicle and injected with 
CoronaVac), carotene (fed daily with carotene), and carotene vaccinated 
(fed daily with carotene and injected with CoronaVac) groups at day 70. 
The splenocytes were cultured in the presence of CoronaVac (10  µg/
mL) for 72  h. Splenocyte proliferation was determined using the Cell 
Counting Kit-8. Data are presented as the percentage of cell culture 
compared to proliferation observed in the splenocyte cultured from mice 
in the baseline group, expressed as mean ± SD, derived from six mice 
(n=6) per group.
Note: *p<0.05.

3.2.3. Taxonomic abundance cluster heatmap

The composition of the microbial community was 
visualized with a composition heatmap (Figure  8). The 
Y-axis represents the bacterial taxa, and the X-axis 
represents samples. The colour of each intersection depicts 
the taxon abundance in the sample.

3.2.4. Differential abundance analysis

Differential abundance analysis is carried out to determine 
the differences between microbial communities. In this 
project, multiple differential abundance analysis methods 
(e.g., DESeq2, LEfSe, and Corncob) were utilized to cross-
validate results as different methods varied in statistical 
assumptions regarding data distribution, sparsity, and the 
handling of zero inflation.26 Applying multiple methods 
yielded overlapping and distinct sets of differentially 
abundant taxa. The differences can be attributed to the 
varying statistical assumptions. Overlapping taxa suggest a 
high level of confidence in the biological relevance of these 
taxa, as they are robustly detected across methods that 
handle data differently. This combined approach allows 
for a comprehensive assessment of microbial changes, and 
taxa that were consistently identified across methods were 
prioritized for interpretation in this study.

(a)	 Modulation of gut microbiome by carotene in 
unvaccinated groups

Carotene supplementation in the unvaccinated group 
displayed a reduction in Odoribacter, as identified by both 
LEfSe and DESeq2 analyses, and a reduction of Monoglobus, 
as indicated by DESeq2 and corncob methods (Figure 9).

(b)	 Modulation of gut microbiome by carotene in 
vaccinated groups

The DESeq2 and corncob analyses reported 
enrichment of the Ruminococcaceae family and reduction 
of the Mucispirillum genus in the vaccinated carotene 
supplementation group (Figure 10).

3.3. Effect of carotene supplementation on SCFA 
production

SCFAs are crucial metabolites produced by intestinal 
microbiota that contribute to intestinal and immune 
homeostasis. Targeted metabolomics was carried out to 
quantify the levels of SCFAs in fecal samples using GC-MS 
(Figure 11). There were no significant differences observed 
in the fecal acetic acid, butyric acid, or propionic acid 
across the four groups.

4. Discussion
In this study, the effects of carotene supplementation 
from palm oil as an adjuvant to enhance or modulate the 

Figure  5. Quantification of interferon-gamma (IFN-γ) across baseline 
(fed daily with the vehicle), baseline vaccinated (fed daily with the 
vehicle and injected with CoronaVac), carotene (fed daily with carotene), 
and carotene vaccinated (fed daily with the carotene and injected with 
CoronaVac) groups at day 70. The splenocytes were cultured in the 
presence of CoronaVac (10 µg/mL) for 72  h. The IFN-γ concentration 
in each group’s culture supernatant was determined using a commercial 
IFN-γ enzyme-linked immunosorbent assay kit. Data are presented as 
mean ± SD, derived from three mice (n=3) per group.
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immune response to an inactivated COVID-19 vaccine 
were explored in a mouse model. The results from the 

flow-cytometry analysis showed no significant difference 
in the percentages of adaptive immune cells, such as B 
cells, CD4+ Th cells, and CD8+ CTLs, across the study 
groups. The daily supplementation of carotene did not 
significantly modulate lymphocyte counts in vaccinated 
and unvaccinated mice. The result aligns with an earlier 
random clinical trial, where the effect of daily β-carotene 
supplementation on immunity was investigated.27 The 
β-carotene supplementation reported no significant 
changes in in vitro lymphocyte proliferation and production 
of IL-2. In addition, β-carotene supplementation resulted 
in no significant difference in profiles of leukocyte 
subsets (CD3+ total T lymphocytes, CD4+ Th cells, CD8+ 
CTLs, and B cells). In contrast, the results from another 
random clinical trial demonstrated that moderate daily 
supplementation of β-carotene (15  mg/day for 26  days) 
enhanced cell-mediated immune responses in non-
smoking males through upregulating the expression of 
major histocompatibility class  II proteins, for example, 
the human leukocyte antigen-DR – a functional surface 
protein on monocytes associated with improved host 
immune response to antigenic stimulation.28

Humoral immunity was evaluated by quantification 
of antibody levels. In this study, daily carotene 

Figure 6. Box plots of alpha diversity indices (Chao1, Inverse Simpson, Pielou, and Shannon) of microbial diversity in feces of Baseline (fed with the 
vehicle), Baseline_C (fed with the vehicle and vaccinated with CoronaVac), CRT (fed with carotene), and CRT_Cov (fed with carotene and vaccinated 
with CoronaVac) groups. No significant differences were observed across the four groups in all indices. Data are presented as mean ± SD, derived from 
three mice (n = 3) per group.

Figure  7. Scatter plot of principal coordinates analysis illustrating the 
beta diversity of microbial communities in feces from Baseline (fed 
with the vehicle), Baseline_C (fed with the vehicle and vaccinated with 
CoronaVac), CRT (fed with carotene), and CRT_Cov (fed with carotene 
and vaccinated with CoronaVac) groups. No significant differences were 
observed across the four groups. Data are derived from three mice (n=3) 
per group.
Abbreviation: MDS: Multidimensional scaling.
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Figure 8. Taxonomic abundance cluster heatmap illustrating the abundance information of the top 20 phyla of all samples from Baseline (fed with the 
vehicle), Baseline_C (fed with the vehicle and vaccinated with CoronaVac), CRT (fed with carotene), and CRT_Cov (fed with carotene and vaccinated with 
CoronaVac) groups. The scale and legend in the upper right corner of the figure depict the colors in the heatmap associated with the relative abundance of 
operational taxonomic unit (y-axis) within each sample (x-axis).
Abbreviations: CC: Carotene vaccinated; CP: Carotene; PC: Baseline vaccinated; PP: Baseline.

Figure  9. Comparison of differentially abundant bacterial taxa between unvaccinated groups receiving carotene supplementation (CRT) and vehicle 
palm oil (Baseline). (A) LEfSe histogram of linear discriminant analysis (LDA) scores for significant abundance differential in bacterial taxa. An LDA >4 
represents species whose abundance shows differences between groups. (B) DESeq2 analysis graph showing log2 fold change to measure the significant 
abundance of the bacterial taxa (p<0.05) between groups. (C) Corncob plot using 5% false discovery rate-adjusted p-value (q-value) cutoff to measure the 
significant abundance of the bacterial taxa between groups. Data are derived from three mice (n=3) per group.
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supplementation reported no significant effect on SARS-
CoV-2 IgG levels compared to the baseline group. A similar 
result was observed in Vitamin A dietary intervention in 
calves inoculated with an inactivated bovine coronavirus 
(BCoV) vaccine, where there were no significant 
differences in antibody responses (serum IgG2, IgM, IgA 
and fecal IgA) between groups fed with high Vitamin A 

(3,300 U/kg) and low Vitamin A (1,100 U/kg).29 However, 
the high Vitamin A-supplemented group displayed 
significantly higher serum IgG1 titers than the low Vitamin 
A-supplemented group after two doses of the inactivated 
BCoV vaccine. Similar findings were also reported in 
influenza A-infected BALB/c mice supplemented with 
Vitamin A, where the control group (4,000  IU/kg diet) 

Figure  11. Quantification of short-chain fatty acids in mouse fecal samples after 70  days of nutritional interventions (carotene or vehicle) using gas 
chromatography-mass spectrometry. (A) Acetic acid. (B) Butyric acid. (C) Propionic acid. Data are presented as mean ± SD, derived from three mice (n=3) 
per group, and were analyzed using one-way ANOVA with Tukey post hoc test.
Notes: Baseline: mice fed with vehicle (palm oil); Baseline vaccinated: Mice fed with vehicle and vaccinated with CoronaVac; Carotene: mice fed with 
carotene; Carotene vaccinated: mice fed with carotene and vaccinated with CoronaVac.

A B C

Figure 10. Comparison of differentially abundant bacterial taxa between vaccinated groups receiving carotene supplementation (CRT_Cov) and vehicle 
palm oil (Baseline_C). (A) LEfSe histogram of linear discriminant analysis (LDA) scores for significant abundance differential in bacterial taxa. An LDA 
>4 represents species whose abundance shows differences between groups. (B) DESeq2 analysis graph showing log2 fold change to measure the significant 
abundance of the bacterial taxa (p< 0.05) between groups. (C) Corncob plot using 5% false discovery rate-adjusted p-value (q-value) cutoff to measure the 
significant abundance of the bacterial taxa between groups. Data are derived from three mice (n=3) per group.
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reported a significantly higher IgG response than the high 
Vitamin A-supplemented group (250,000 IU/kg diet).30

The proliferation rate of splenocytes in response to an 
antigen represents the spleen’s multiplication rate in response 
to the antigenic stimulus. This serves as an indicator of 
vaccine response, immune activation, and T-cell and B-cell 
responses. In this study, the splenocytes from vaccinated 
mice fed with carotene showed a higher proliferation rate 
(p<0.05) than those from vaccinated mice fed with the 
vehicle, suggesting that carotene supplementation can 
modulate the host immune system. A  similar result was 
reported in a study on astaxanthin, a type of carotenoid, 
in BALB/c mice, where lipopolysaccharide (LPS)-induced 
lymphocyte proliferation was significantly increased by 
astaxanthin administration.31

Interferon‐gamma is a pro-inflammatory cytokine 
produced by activated Th1  cells, CTLs, and NK cells.32 
This cytokine is pivotal in stimulating and modulating 
cell-mediated immune responses and class-switching 
antibodies to the IgG class.7,31 Therefore, IFN‐γ is a 
key biomarker to evaluate cellular immune response, 
where it is primarily produced by Th1  cells.33 In this 
study, the differences in the levels of IFN‐γ produced by 
antigen-stimulated splenocytes across all groups were 
not statistically significant (p>0.05), indicating that the 
supplementation of carotene did not affect the production 
of IFN‐γ regardless of the status of vaccination. However, 
both the vaccinated control and carotene groups displayed 
elevated levels of IFN‐γ compared to their unvaccinated 
counterparts, indicating the activation of T lymphocytes 
by the inactivated virus vaccine. In contrast to the present 
result, cultured splenocytes from BALB/c mice fed with 
β-carotene and immunized with ovalbumin were reported 
to produce higher IFN‐γ and show increased IFN‐γ mRNA 
expression compared to the control group.34 In another 
study, supplementation of astaxanthin, a carotenoid, to 
BALB/c mice showed significantly higher IFN-γ production 
in response to LPS or concanavalin A.31 The results of 
the present study suggest that daily supplementation of 
carotene after vaccination can increase SARS-CoV-2-
specific humoral responses by promoting the proliferation 
of lymphocytes.

In the present study, daily carotene supplementation 
in unvaccinated BALB/c mice was observed to have 
reduced Odoribacter and Monoglobus in the gut 
microbiome compared to unvaccinated controls. 
Odoribacter is a member of the SCFA producers in 
a healthy, balanced gut microbiota.35 Monoglobus is 
primarily represented by Monoglobus pectinilyticus, a gut 
bacterium that breaks down pectin.36 On the other hand, 
carotene supplementation in vaccinated mice caused 

the enrichment of the Ruminococcaceae family and the 
reduction of the Mucispirillum genus compared to the 
vaccinated control group. The Ruminococcaceae family 
is a prominent butyrate producer.37 The Mucispirillum 
genus, primarily represented by Mucispirillum 
schaedleri, is a mucus-resident intestinal bacterium in 
rodents and is considered a pathobiont, a commensal 
organism that may contribute to disease.38 This indicates 
the potential of carotene supplementation to inhibit 
harmful bacteria in the gut. The findings from this 
study revealed that carotene supplements significantly 
decreased the abundance of SCFA producers (e.g., 
Odoribacter) and pectin-degrading bacteria in 
the feces of unvaccinated mice. In contrast, in the 
carotene-supplemented vaccinated group, there was an 
increase in the abundance of butyrate producers (e.g., 
Ruminococcaceae) and a decrease in the abundance of 
potential pathobionts (e.g., Mucispirillum) in the host 
gut microbiome. The Ruminococcaceae and Odoribacter 
enriched by carotene supplementation were reported 
to have a strong association with the metabolism and 
absorption of β-carotene.39

In this study, the GC-MS analysis revealed that 
carotene supplementation did not significantly modulate 
SCFA (e.g., acetic acid, butyric acid, and propionic acid) 
levels in the fecal samples. This result is in contrast 
to recent research that deployed an in vitro anaerobic 
fermentation model to study gut microbiome interaction 
with β-carotene, where β-carotene significantly 
increased the production of acetic acid and propionic 
acid compared to the control group.10 The discrepancy 
in findings can be due to the difference in the research 
models, where quantification of SCFAs was affected 
by absorption of SCFAs in the colon but not in the in 
vitro model. Besides, this animal study was challenged 
by vaccination. The immunological challenge can cause 
an inflammatory reaction associated with gut dysbiosis, 
potentially inhibiting SCFA producers. This finding was 
supported by a recent study where COVID-19  patients 
reported significantly reduced SCFA levels.19

5. Conclusion
This study used the BALB/c mice model to explore 
the interaction of carotene supplementation with an 
inactivated SARS-CoV-2 virus vaccine. To evaluate the 
association between carotene and vaccine response, 
this study investigated the effect of carotene on immune 
parameters, gut microbiome, and SCFA levels. Carotene 
supplementation did not significantly affect the antibody 
levels related to the inactivated SARS-CoV-2 vaccine, 
IFN-γ levels, and fecal SCFA levels. However, it increases 
the proliferation rate of splenocytes in vaccinated mice.
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Table A1. Raw data for CD3+ T lymphocytes from peripheral 
blood samples

Sample % parent 

Baseline 1 57.8

Baseline 2 67.8

Baseline 3 74.1

Baseline vaccinated 1 71.5

Baseline vaccinated 2 79.9

Baseline vaccinated 3 69.4

Carotene 1 74.1

Carotene 2 72.9

Carotene 3 59.9

Carotene vaccinated 1 24.0

Carotene vaccinated 2 69.0

Carotene vaccinated 3 53.7

Table A2. Raw data for splenocyte proliferation

Sample % over baseline 

Baseline vaccinated 1 91.2

Baseline vaccinated 2 82.8

Baseline vaccinated 3 97.2

Baseline vaccinated 4 94.2

Baseline vaccinated 5 87.3

Baseline vaccinated 6 96.0

Carotene 1 90.9

Carotene 2 128.3

Carotene 3 96.4

Carotene 4 143.5

Carotene 5 99.4

Carotene 6 87.1

Carotene vaccinated 1 139.9

Carotene vaccinated 2 163.3

Carotene vaccinated 3 90.4

Carotene vaccinated 4 121.9

Carotene vaccinated 5 194.2

Carotene vaccinated 6 124.6
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Abstract
The present classification of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) variants plays a central role in shaping public health policies, vaccine 
strategies, and global risk communication. However, existing designations of 
variants of concern (VOCs) rely on evolving epidemiological and phenotypic criteria 
rather than quantitative genetic divergence thresholds. In this study, we evaluated 
the genetic divergence of SARS-CoV-2 variants relative to human immunodeficiency 
virus type 1 (HIV-1), hepatitis C virus (HCV), and influenza A virus, and proposed a 
framework integrating genetic, functional, and epidemiological criteria for variant 
classification. Comparative phylogenetic analysis assessed the divergence of 
SARS-CoV-2 (S) relative to HIV-1 (env), HCV (E1), and influenza A virus (HA). Maximum 
likelihood phylogenies with bootstrap support were constructed using MEGA6, 
and pairwise genetic distances were calculated through the maximum composite 
likelihood model. Monte Carlo simulations (n = 1,000) using adjusted SARS-CoV-2 
evolutionary rates (0.0006 – 0.003 substitutions/site/year) estimated time to reach 
divergence thresholds defined by other viruses. SARS-CoV-2 variants showed 
a maximum divergence of 0.006 substitutions/site – far below thresholds for 
HIV-1  (0.157), HCV (0.371), and influenza A (1.956). Projections estimate HIV-1-like 
divergence in 53.7 years, HCV-like in 126.8 years, and influenza A-like in 668.6 years. 
No present VOC met all proposed functional criteria: transmissibility, immune escape, 
disease severity, and global dominance. Omicron exhibited partial immune escape 
but insufficient divergence for lineage reclassification. While present classification 
supports short-term response, integrating evolutionary benchmarks would enhance 
their biological relevance as the virus continues to diversify. A new evidence-based 
framework is needed to reduce public alarm, guide rational policymaking, and 
prioritize durable countermeasures over variant-specific responses.
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1. Introduction
Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is a member of the family Coronaviridae 
that was first characterized in early 2020.1-3 This virus is the 
causative agent of coronavirus disease 2019 (COVID-19) 
and long COVID.4,5 COVID-19 has been recognized as the 
pandemic of the 21st century.6 It ranges in manifestations from 
asymptomatic infections and mild cold-like illnesses to more 
severe forms that result in significant morbidity and mortality, 
especially in elderly patients with chronic illnesses.7-11

Like other members of Coronaviridae, SARS-CoV-2 
has a genome comprising a positive-sense, single-
stranded RNA with a linear configuration.12,13 Despite the 
lack of accurate characterization of the exact origins of 
SARS-CoV-2, the early spread of the virus has been well 
documented.14-18 Phylogenetic analyses of SARS-CoV-2 
sequences from the early infections in China suggested 
that the first human cases likely occurred in late 2019.19,20 
The present evidence suggests that the emergence of 
SARS-CoV-2 resulted from recombination events 
between bat SARS-like coronaviruses and, possibly, 
coronaviruses found in pangolins, leading to cross-species 
transmission.21-24 More recent research suggested that 
direct spillover from bats remains the most likely scenario, 
with limited genomic evidence supporting a significant 
role of pangolins in the emergence of SARS-CoV-2.25,26

The earliest available SARS-CoV-2 genomes were 
obtained from patients in December 2019.27 These 
early viral sequences provided key insights into the 
genetic structure and early divergence of SARS-CoV-2.3 
Chinese researchers conducted phylogenetic analyses 
comparing these genomes with known bat and pangolin 
coronaviruses to infer the likely ancestral form of the 
virus.28 Based on mutational differences, they identified 
an ancestral genome type, designated “S”, and a more 
dominant derived type, labeled “L”, to reflect specific 
amino acid substitutions.29 Concurrently, Western 
researchers conducted independent analyses using similar 
methodologies but assigned different nomenclatures to 
describe the early divergence of SARS-CoV-2. Instead of 
“S” and “L,” they labeled the ancestral strain as “A” and the 
derived strain as “B”.30-33 Over time, the B lineage continued 
to mutate, giving rise to sub-lineages, including B.1, which 
became the predominant SARS-CoV-2 lineage globally.34 
This lineage eventually diversified into major global 
variants of concern (VOCs), which the World Health 
Organization (WHO) formally labeled as Alpha, Beta, 
Gamma, Delta, and Omicron variants.35 The early genomic 
studies illustrated the complex evolutionary dynamics of 
SARS-CoV-2, highlighting both early genetic bottlenecks 
and the subsequent rapid adaptation of the virus.36

During the initial phase of the COVID-19 pandemic, 
the relatively low number of infections limited the 
opportunities for genetic diversification within the SARS-
CoV-2 genome. With fewer viral replication cycles, the 
accumulation of mutations was constrained, resulting in a 
lower frequency of SARS-CoV-2 variant emergence.37 At 
this stage, mutations in the spike (S) protein, particularly 
within the receptor-binding domain (RBD), which 
mediates interaction with the human angiotensin-
converting enzyme-2 (ACE2) receptor, were rarely 
observed.37 As transmission increased globally, the virus 
evolved, with a positive selection of certain substitutions 
that conferred higher transmissibility (e.g., D614G).38,39 
Over time, specific S protein substitutions that enhanced 
SARS-CoV-2’s ability to bind more efficiently to human 
cells became more prevalent and led to the emergence of 
genetic variants with epidemiological advantages. Notably, 
the Alpha (B.1.1.7) variant, first identified in the UK, and 
the Delta (B.1.617.2) variant, which originated in India, 
both demonstrated significantly higher transmission rates 
than earlier circulating strains.40-42 These variants carried 
key S protein mutations, such as N501Y in the Alpha 
variant and L452R and P681R in the Delta variant, which 
enhanced their ability to infect host cells and possibly 
contributed to their global dominance at different phases 
during the pandemic.43,44 The progressive emergence of 
more transmissible variants indicates the role of natural 
selection in shaping SARS-CoV-2 evolution, favoring 
mutations that increase infectivity while the virus continues 
to adapt to human hosts.45

At present, SARS-CoV-2 variants are designated 
as distinct viral lineages when they exhibit genetic 
changes deemed significant enough to warrant separate 
classification, as determined by the WHO Coronavirus 
Network (CoViNet).35,46 Since the onset of the COVID-19 
pandemic, the continuous evolution of SARS-CoV-2 has 
led to the identification of multiple VOCs and variants 
of interest (VOIs).43,47,48 These designations have been 
based on the projected capacity of emerging variants 
to outcompete previously circulating strains through 
increased transmissibility or the necessity to adjust public 
health interventions.49-51 This classification system has been 
important to facilitate epidemiological surveillance and 
risk assessment. However, its primary reliance on limited 
genetic divergence and evolving phenotypic criteria, rather 
than on consistent, functionally meaningful differentiation, 
highlights the opportunity for refining the system. 
Incorporating genetic and evolutionary benchmarks could 
enhance the alignment between nomenclature and the 
underlying virological or clinical significance of emerging 
SARS-CoV-2 variants.52-54
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Certain SARS-CoV-2 variants are classified as VOCs 
due to their ability to maintain or enhance replication 
fitness despite increasing levels of population immunity – 
either through natural infection or vaccination.43,45 These 
variants often exhibit mutations that provide a selective 
advantage, allowing them to spread more efficiently in 
partially immune populations.55 A defining feature of 
many VOCs is the presence of mutations in the RBD of 
the S protein, which plays a critical role in host cell entry 
through the human ACE2 receptor.56 Thus, the designation 
VOC is reserved for SARS-CoV-2 lineages in which specific 
genetic changes significantly enhance RBD binding affinity 
– as seen with substitutions such as N501Y – while also 
demonstrating epidemiological evidence of increased 
transmissibility.57,58

Before being categorized as a VOC, an emerging 
SARS-CoV-2 lineage is often first labeled as a VOI or, in 
some national surveillance frameworks, a variant under 
investigation.35 If subsequent data confirm enhanced 
transmissibility, immune escape potential, or increased 
disease severity, the variant is formally designated 
as a VOC.35 Once a variant reaches VOC status, it is 
systematically classified within the Pango nomenclature 
system, which provides detailed lineage assignments based 
on phylogenetic relationships.48 In addition, the variant is 
assigned to specific clades within Nextstrain and Global 
Initiative on Sharing All Influenza Data (GISAID), two 
global platforms used for genomic epidemiology and 
viral evolution tracking.59,60 These classification systems 
facilitate real-time monitoring of SARS-CoV-2 evolution, 
aiding in public health responses and vaccine adaptation 
strategies.

The WHO played a central role in the classification and 
monitoring of SARS-CoV-2 variants, regularly updating its 
framework to reflect emerging evidence on viral evolution, 
transmissibility, and immune escape potential.35,47 Thus, 
the identification and designation of SARS-CoV-2 variants 
rely on genomic surveillance efforts, with submissions 
from member states analyzed through global platforms 
such as GISAID. This is followed by field investigations to 
assess the public health impact of SARS-CoV-2 variants.61 
Over time, the WHO expanded its classification system 
to include additional categories beyond VOCs. The 
updated framework now includes VOIs and variants under 
monitoring.60 A VOI is defined as a variant possessing 
genetic changes that are predicted or known to affect viral 
characteristics, such as transmissibility, virulence, antibody 
evasion, therapeutic susceptibility, or detectability.35,47 In 
addition, to be classified as a VOI, a variant must exhibit 
increasing circulation in at least one WHO region, 
raising concerns about potential global public health 

implications.35 Other public health agencies, such as the 
United States Centers for Disease Control and Prevention 
(CDC), maintain independent classification criteria, 
which can lead to differences in the timing of variant 
de-escalation.62,63 For example, the CDC, the European 
Centre for Disease Prevention and Control (ECDC), and 
the WHO de-escalated SARS-CoV-2 variants at different 
times, reflecting regional epidemiological assessments and 
risk evaluations.35,64,65

At this point, it is important to consider the foundational 
pillars in the field of virus evolution. It is well established 
that the accumulation of sufficient genetic divergence to 
produce a biologically distinct virus lineage – one with 
unique properties affecting transmission dynamics, 
pathogenicity, or immune interactions – typically requires 
several years of sustained evolutionary pressure.66-70 The 
present classification framework for SARS-CoV-2, which 
designates new variants based on short-term genetic 
fluctuations, contradicts this fundamental understanding 
of viral evolution.71 The issue is particularly pronounced in 
SARS-CoV-2 due to its genomic stability relative to other 
RNA viruses, such as human immunodeficiency virus type 1 
(HIV-1), hepatitis C virus (HCV), and influenza A virus, 
all of which evolve under stronger selection pressures and 
exhibit markedly higher mutation rates.72-75 Unlike HIV-
1, HCV, and influenza A virus, SARS-CoV-2 possesses a 
proofreading exonuclease (nsp14-ExoN), a unique feature 
among the majority of RNA viruses that reduces the 
accumulation of replication errors.76,77 This proofreading 
mechanism results in a significantly slower evolutionary 
rate for SARS-CoV-2, estimated between 0.0004 and 
0.002 substitutions per site per year (s/s/y).49,73,78 This 
evolutionary rate allows for gradual adaptation; however, 
it does not support the level of rapid divergence seen 
among other RNA viruses.79 Consequently, it is plausible 
to assume that the frequent designation of SARS-CoV-2 
variants as distinct entities, based on transient mutational 
changes rather than sustained functional divergence, 
represents a departure from well-established evolutionary 
virology principles.

Thus, the present study argues that the currently adopted 
classification of SARS-CoV-2 lineages has introduced 
significant challenges in COVID-19 risk communication. 
The existing SARS-CoV-2 classification systems are often 
the source of unnecessarily amplified public concern and 
inconsistent scientific justification that influences policy 
decisions, leading to a cycle of reactionary responses 
rather than well-balanced epidemiological measures. 
Accordingly, the present study aimed to: (1) Assess the 
genetic divergence of SARS-CoV-2 variants in comparison 
to established RNA virus speciation models (e.g., HIV-1, 
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HCV, and influenza A virus); (2) estimate the minimum 
evolutionary timeframe required for SARS-CoV-2 to reach 
a level of genetic divergence equivalent to that observed 
in HIV-1, HCV, and influenza A virus; and (3) propose a 
complementary classification framework for SARS-CoV-2 
that is based on evolutionary and phylogenetic principles.

2. Materials and methods
2.1. Study design, dataset acquisition, and sequence 
selection

This study aimed to propose a practical and evolutionarily 
informed classification framework for SARS-CoV-2, 
grounded in a conservative, objective threshold of 
genetic divergence that could support the identification 
of biologically distinct lineages as the virus continues to 
evolve. To achieve this, the evolutionary divergence of 
SARS-CoV-2 variants was compared with that of three 
well-characterized RNA viruses – HIV-1, HCV, and 
influenza A virus. These viruses were selected as their 
lineage differentiation is associated with substantial 
biological and functional differences in transmissibility, 
immune evasion, and pathogenesis.

The viral genomes and corresponding genes chosen 
for analysis were: (1) SARS-CoV-2: S gene (3,822 bases); 
(2) HIV-1: env gene (2,592 bases); (3) HCV: E1 gene (576 
bases); and (4) influenza A virus: HA gene (1,707 bases). 
These regions were selected due to their relevance in viral 
entry, immune evasion, and vaccine targeting, besides 
being recognized as rapidly evolving genomic regions of 
each virus.80-83 Full-length viral sequences were retrieved 
from the Los Alamos HIV Database, Los Alamos HCV 
Database, GenBank Influenza Virus Database, and 
NCBI Virus Database.84-87 Selection criteria included: 
(1)  Complete coding sequences (removal of sequences 
with large gaps or ambiguous bases, defined as >1% 
nucleotide base); (2) diversity in collection date and 
geographical origin to ensure representation of global 
viral evolution; (3) exclusion of recombinant sequences, 
except where recombination is inherent to viral evolution 
(e.g., HIV-1 circulating recombinant forms [CRFs]); and 
(4) at least 40 representative sequences per viral subtype/
lineage to ensure robust phylogenetic reconstruction.88 The 
selection of 50 (SARS-CoV-2), 58 (HIV-1), 40 (HCV), and 
49 (influenza A virus) sequences adhered to this standard.

2.2. Selection of viral subtypes/lineages

To ensure a comprehensive comparison of SARS-CoV-2 
genetic divergence with well-characterized RNA viruses, 
representative subtypes and lineages for HIV-1, HCV, 
and influenza A virus were selected based on their global 
prevalence and established phylogenetic classification. 

For SARS-CoV-2, sequences from the major VOCs were 
included in the analysis. These variants were selected 
based on their distinct S protein mutations and their role 
in altering transmissibility, immune escape, and vaccine 
efficacy.

HIV-1 exhibits significant genetic diversity, with distinct 
subtypes and CRFs contributing to its global dissemination. 
The following subtypes/CRFs, representing the most 
common lineages, were selected: A1, B, C, D, CRF01_AE, 
and CRF02_AG.89 These subtypes were chosen due to their 
high epidemiological relevance and established divergence 
patterns, which serve as a benchmark for evaluating the 
evolutionary dynamics of SARS-CoV-2.90

HCV classification is based on well-defined genotypes 
and subtypes, which exhibit substantial genetic diversity.91 
The following subtypes were selected: subtype  1a, 
subtype  1b, subtype  3a, and subtype  4a. These subtypes 
represent widely studied lineages with distinct evolutionary 
trajectories, providing an appropriate comparison for 
assessing SARS-CoV-2 divergence. Influenza A virus 
evolves through antigenic drift and shift, leading to the 
emergence of distinct subtypes with significant genetic and 
antigenic variation. The following subtypes were included: 
H1N1 and H3N2.92 These subtypes were selected as they 
represent the dominant circulating influenza lineages over 
the past century, providing a well-documented model of 
viral evolution and antigenic variation. For SARS-CoV-2, 
sequences from the five major VOCs designated by the 
WHO were analyzed, representing key evolutionary 
lineages that have dominated transmission waves globally: 
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 
(B.1.617.2), and Omicron (B.1.1.529).43

2.3. Sequence alignment and genetic distance 
estimation

Multiple sequence alignments were performed separately 
for HIV-1, HCV, influenza A, and SARS-CoV-2 using 
MAFFT v7.490, employing the L-INS-i algorithm, which 
optimizes alignment accuracy for sequences with frequent 
insertions and deletions, particularly in the HIV-1 env and 
influenza HA genes.93 Alignment quality was manually 
reviewed in MEGA6, and sequences with poor alignment 
were excluded.94 Genetic distances were estimated using the 
maximum composite likelihood (MCL) model, with rate 
variation among sites modeled using a gamma distribution 
(shape parameter = 1). Codon positions included 1st, 2nd, 
and 3rd coding positions, as well as non-coding regions.94,95 
All positions containing gaps or missing data were 
removed before analysis. The final alignment of HIV-1 
(n = 58) consisted of 2,214 nucleotide positions; HCV 
(n = 40) consisted of 513 nucleotide positions; influenza 
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A virus (n = 49) consisted of 939 nucleotide positions; 
and SARS-CoV-2 (n = 50) consisted of 3,089 nucleotide 
positions. Evolutionary analyses were conducted using 
MEGA6 to compute pairwise genetic distances across all 
sequence groups.94

To enhance the temporal signal in assessing the genetic 
divergence of the viruses, we included sequences spanning 
multiple years and epidemic phases as follows. For HIV-1, 
the sequence collection years spanned 1993 – 2017, from 20 
countries, including Argentina, Australia, Brazil, Botswana, 
China, Cyprus, Spain, Ethiopia, Finland, Indonesia, 
India, Iran, Kenya, Nigeria, Sweden, Thailand, Tanzania, 
Uganda, UK, and US. For HCV, the sequence collection 
years spanned 1993 – 2023, from 15 countries, including 
Australia, Switzerland, China, Cuba, Germany, Egypt, 
Spain, France, Ireland, India, Japan, Pakistan, Thailand, the 
UK, and the US. For influenza A, sequences were collected 
in multiple locations in Sweden spanning 1992 – 2010. For 
SARS-CoV-2, sequences were collected during 2020 – 2025 
from Canada, Ghana, Japan, New Zealand, and several 
locations in the US, including Arizona, California, the 
District of Columbia, Iowa, Indiana, Michigan, Minnesota, 
North Carolina, Nevada, New Jersey, North Carolina, 
Oklahoma, Oregon, Pennsylvania, South Carolina, South 
Carolina, and Washington.

2.4. Maximum likelihood phylogenetic analysis

To assess evolutionary relationships and determine 
whether SARS-CoV-2 variants exhibit lineage divergence 
comparable to that observed in HIV-1, HCV, and influenza 
A virus, maximum likelihood (ML) phylogenetic trees 
were constructed using MEGA6.94,95 The MCL model was 
employed for nucleotide substitution, with rate variation 
among sites modeled using a gamma distribution (shape 
parameter = 1). The analysis included all nucleotide 
sequences, with codon positions (first, second, third, and 
non-coding regions) considered. Sequences containing 
gaps or missing data were removed before analysis.94,95 
An unrooted ML tree was generated with 100 ultrafast 
bootstrap replicates to evaluate branch support, with 
bootstrap values exceeding 70% considered statistically 
significant.96 The resulting tree was visualized using 
FigTree software to facilitate the interpretation of lineage 
relationships.97 The inclusion of ≥40 sequences per virus 
provided sufficient phylogenetic resolution.96,98

2.5. Defining the genetic divergence threshold for 
variant classification

To establish an objective cutoff for defining distinct 
viral variants, the genetic distances of SARS-CoV-2 
were compared to the following benchmarks: (1) HIV-1 
subtypes (env region) mean divergence; (2) HCV subtypes 

(E1 region) mean divergence; and (3) influenza A virus 
subtypes (HA gene) mean divergence. ANOVA and 
Kruskal–Wallis tests were used to compare mean genetic 
divergence values among viral groups, and the analysis was 
conducted using IBM SPSS Statistics for Windows, Version 
26.0 (IBM Corp, United States). It was hypothesized that 
if SARS-CoV-2 variants do not surpass the established 
genetic divergence thresholds derived from HIV-1, HCV, 
and influenza A virus, this would indicate that their present 
classification is driven more by transient mutations than by 
meaningful virological differentiation.

2.6. Estimation of speciation time for SARS-CoV-2 
based on genetic distances compared to HIV-1, HCV, 
and influenza A virus

To estimate the time required for SARS-CoV-2 to reach 
speciation-level divergence, we compared its genetic 
distances to those observed in HIV-1, HCV, and influenza 
A virus. Speciation thresholds were defined based on 
the minimum genetic distances observed between 
recognized subtypes or genotypes in these viruses. Using 
the established evolutionary rate of SARS-CoV-2 (0.0004 
– 0.002  s/s/y), we applied the formula: Years = Genetic 
distance threshold/evolutionary rate. The evolutionary rate 
of SARS-CoV-2 was set at 0.0004 – 0.002 s/s/y, consistent 
with published estimates.17,51,99-103 To evaluate how 
recombination affects divergence, an adjusted evolutionary 
rate model was incorporated based on the estimated 
recombination frequency in SARS-CoV-2 genomes (~2.7% 
recombinant ancestry).104,105 A 1.5× acceleration factor was 
applied, as recombination has been shown to elevate the 
viral evolutionary rate,106,107 yielding adjusted evolutionary 
rates: lower bound, 0.0006 s/s/y; upper bound, 0.003 s/s/y. 
Monte Carlo simulation was performed by generating 
1,000 random evolutionary rates sampled uniformly from 
the adjusted range. Simulated rate values and calculated 
time estimates were compiled into a structured dataset 
and analyzed using the IBM SPSS Statistics for Windows, 
Version 26.0 (IBM Corp, United States). Descriptive 
statistics (mean, standard deviation, and 95% confidence 
intervals [CIs]) were computed for the estimated time 
required to reach each threshold.

2.7. Basis of the proposal of new SARS-CoV-2 
classification scheme

To establish a robust and biologically meaningful 
classification system for SARS-CoV-2 variants, a two-
pronged methodological approach was employed, 
integrating (1) genetic divergence thresholds derived 
from well-characterized viral evolution patterns, and 
(2) functional impact criteria identified through a 
comprehensive review of literature on viral pathogenesis, 
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transmissibility, and immune escape mechanisms. Genetic 
divergence thresholds were established by analyzing the 
evolutionary distances between recognized subtypes 
or genotypes of HIV-1, HCV, and influenza A virus, as 
outlined in the sections above.

A review of the literature was conducted in PubMed/
MEDLINE to identify key functional parameters that have 
historically defined viral lineages in other RNA viruses, 
including HIV-1, HCV, influenza A virus, and previous 
SARS-CoV-2 designated as VOCs. The exact search strategy, 
concluded on 31 January 2025, was: ((“SARS-CoV-2” OR 
“COVID-19” OR “HIV-1” OR “Hepatitis C Virus” OR 
“HCV” OR “Influenza A”) AND (“variant of concern” 
OR “VOC” OR “subtype” OR “genotype” OR “lineage” 
OR “clade”) AND (“transmissibility” OR “replication 
fitness” OR “R0” OR “immune escape” OR “neutralizing 
antibodies” OR “vaccine resistance” OR “vaccine escape” 
OR “clinical severity” OR “hospitalization” OR “mortality” 
OR “epidemiological dominance” OR “variant persistence” 
OR “lineage replacement”)).

Criteria were categorized into four virologically relevant 
domains: (1) Transmissibility: Evidence of increased 
replication fitness40,91,108-112; (2) Immune escape potential: 
≥2-fold reduction in neutralizing antibody effectiveness, 
impacting vaccine efficacy, or convalescent immunity92,113; 
(3) Clinical impact: Increased hospitalization, mortality, or 
multisystem complications compared to prior circulating 
variants114-119; and (4) Epidemiological dominance: Variant 
must persist for >12 months, indicating sustained selective 
advantage.89,120-122

3. Results
3.1. HIV-1 env dataset description and ML 
phylogenetic analysis

A total of 58 full-length HIV-1 env sequences were analyzed, 
representing six major subtypes and CRFs. The ML 
phylogenetic tree robustly supported the classification of 
these subtypes into distinct lineages, with bootstrap values 
exceeding 0.99, indicating high confidence in the inferred 
evolutionary relationships (Figure 1). The distances ranged 
from 0.157  s/s (A vs. CRF02_AG) to 0.235  s/s (D vs. 
CRF01_AE), with an overall mean divergence of 0.21 s/s. 
The highest divergence was observed between subtypes D 
and CRF01_AE (0.235 s/s), whereas the lowest was found 
between subtypes A and CRF02_AG (0.157 s/s) (Table 1).

3.2. HCV E1 dataset and evolutionary distance 
estimation

A total of 40 HCV E1 sequences were analyzed, representing 
four major subtypes: 1a, 1b, 3a, and 4a. The dataset was 
curated to ensure full-length coding sequences, with all 

ambiguous bases and incomplete sequences removed 
before analysis. The final alignment contained a total 
of 2,214 nucleotide positions, with discrete clustering 
observed in the ML phylogenetic analysis (Figure 2).

The evolutionary divergence between subtypes was 
assessed using pairwise genetic distances (Table  2). The 
genetic distances among HCV subtypes ranged from 
0.371 s/s (1a vs. 1b) to 0.674 s/s (3a vs. 4a), reflecting the 
well-documented high genetic diversity of HCV. The mean 
divergence across all subtype comparisons was 0.57  s/s, 
which is notably higher than that observed in HIV-1 env 
sequences.

3.3. Influenza A virus dataset and evolutionary 
distance analysis

The influenza dataset included 49 full-length HA 
sequences, representing two major subtypes, H1 and H3, 
as indicated in the ML phylogenetic tree (Figure  3). The 
genetic divergence between these subtypes was estimated at 
1.956 s/s, which is substantially higher than the divergence 
observed in both HIV-1 and HCV subtypes.

3.4. SARS-CoV-2 dataset and evolutionary distance 
analysis

The SARS-CoV-2 S sequence dataset in the ML phylogenetic 
analysis showed a clear separation into five different 
statistically supported monophyletic clades (Figure  4). 
Pairwise genetic distance analysis of SARS-CoV-2 variants 
revealed minimal divergence, with nucleotide substitution 
rates ranging from 0.002 to 0.006 s/s. The highest genetic 
distance was observed between Omicron and Beta 
(0.006 s/s) and Omicron and Alpha (0.006 s/s), while the 
lowest was between Beta and Gamma (0.002 s/s). Variants 
Delta, Beta, and Gamma exhibited similar divergence levels 
relative to Alpha (0.003 – 0.004  s/s), indicating limited 
evolutionary separation. These findings demonstrate that 
SARS-CoV-2 variants remain within a constrained genetic 
space, with divergence levels substantially lower than those 
observed in HIV-1 subtypes, HCV genotypes, or influenza 
A virus subtypes (Table 3).

3.5. Establishing the genetic divergence threshold 
based on sequences analyzed

To objectively classify viral genetic divergence, three 
evolutionary divergence thresholds were established 
based on the minimum observed genetic distances in 
HIV-1, HCV, and influenza A virus. Three thresholds, 
shown in Figure 5, are as follows: low divergence, below 
0.157 s/s (based on HIV-1 subtype minimum); moderate 
divergence, between 0.157 and 0.371 s/s (based on HCV 
subtype minimum); and high divergence, above 0.371 s/s 
(with influenza A virus defining the upper bound at 
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1.956  s/s). HCV exhibited the highest mean genetic 
distance (0.5747 s/s, 95% CI: 0.4619 – 0.6874), consistent 
with the established differentiation of HCV genotypes. 
HIV-1 displayed moderate divergence (0.2159  s/s, 
95% CI: 0.2043 – 0.2274), reflecting known subtype 
diversification. SARS-CoV-2 demonstrated extremely 
low divergence (0.004  s/s, 95% CI: 0.00299 – 0.00501), 
with all pairwise genetic distances ranging from 0.002 
to 0.006  s/s, placing it well within the low divergence 
threshold. One-way ANOVA revealed highly significant 
differences in mean genetic distances among viral 
groups (F = 606.821, p<0.001), confirming that SARS-
CoV-2 exhibits markedly lower divergence compared to 
HIV-1 and HCV. Kruskal–Wallis test further confirmed 
significant divergence differences (H = 26.75, df = 3, 
p<0.001).

3.6. Speciation time for SARS-CoV-2 based on 
genetic distances compared to HIV-1, HCV, and 
influenza A virus

Using 1,000 Monte Carlo-simulated evolutionary rates 
sampled uniformly from the adjusted range of 0.0006 
to 0.003  s/s/y – to reflect SARS-CoV-2’s empirically 
observed substitution rate, modified to account for 
recombination – we estimated the time required for the 
virus to reach genetic divergence thresholds comparable 
to those defining well-established subtypes of HIV-1, 
HCV, and influenza A virus.

For the HIV-1 divergence benchmark of 0.157  s/s, 
the estimated mean time for SARS-CoV-2 to reach an 
equivalent level of genetic divergence was 53.7 years (95% 
CI: 52.0 – 55.3), corresponding to a projected speciation 

Figure 1. Maximum likelihood phylogenetic tree of HIV-1 subtypes/CRFs. Statistically supported branches are highlighted in red. The tree was 
visualized using the FigTree software. 
Abbreviations: CRF: Circulating recombinant form; HIV-1: Human immunodeficiency virus 1.
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year of 2074 (range: 2046 – 2148). The median estimate 
was 43.8  years, or the year 2064, with a right-skewed 
distribution reflecting variability in substitution rates. 
For HCV-level divergence (0.371 s/s), the mean estimated 
timeframe was 126.8  years (95% CI: 123.0 – 130.6), 

Table 1. Estimates of evolutionary divergence over sequence 
pairs between HIV‑1 subtypes/CRFs

HIV‑1 species 1 HIV‑1 species 2 Genetic distance (s/s)

CRF01_AE C 0.231

CRF02_AG CRF01_AE 0.200

CRF02_AG C 0.227

A CRF02_AG 0.157

A CRF01_AE 0.203

A C 0.223

B D 0.188

B A 0.220

B CRF02_AG 0.223

B CRF01_AE 0.226

B C 0.227

D A 0.219

D CRF02_AG 0.230

D CRF01_AE 0.235

D C 0.229

Abbreviations: CRFs: Circulating recombinant forms; HIV‑1: Human 
immunodeficiency virus 1; s/s: Substitutions per site.

Figure 2. Maximum likelihood phylogenetic tree of HCV subtypes. Statistically supported branches are highlighted in red. The tree was visualized using 
the FigTree software. 
Abbreviation: HCV: Hepatitis C virus.

corresponding to a projected divergence year of 2147 
(range: 2082 – 2324), with a median of 103.5 years (year 
2124). For the influenza A virus threshold (1.956  s/s), 
the mean estimated time to comparable divergence 
was 668.6 years (95% CI: 648.4 – 688.7), translating to a 
projected year of 2689 (range: 2346 – 3620), with a median 
of 545.7 years, or the year 2566 (Figure 6).

3.7. Application of the new literature-based 
classification system to existing SARS-CoV-2 variants

To evaluate whether existing SARS-CoV-2 variants met the 
criteria for variant classification, each was assessed using 
the new literature-based classification system as follows: 
(1) Genetic distance analysis: None of the examined 
SARS-CoV-2 variants exceeded the moderate divergence 
threshold (0.157  s/s); (2) Functional and epidemiological 
review: While some variants demonstrated increased 
transmissibility and immune escape, none met all 
classification functional criteria. Omicron sub-lineages 
exhibited notable immune evasion but did not substantially 
increase clinical severity or hospitalization rates 
beyond prior VOCs; and (3) Longitudinal surveillance: 
No SARS-CoV-2 variant maintained dominance for 
>12 months or necessitated a fundamental vaccine update, 
which would indicate a stable antigenic drift pattern. 
These findings suggest that the present classification of 
SARS-CoV-2 variants as distinct lineages is not supported 
by genetic, virological, or epidemiological data. Under 
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the suggested classification system, none of the examined 
SARS-CoV-2 variants qualify as VOCs by both genetic and 
functional impact criteria, reinforcing the need for a revised 
classification framework based on objective thresholds.

Table 2. Estimates of evolutionary divergence over sequence 
pairs between HCV subtypes

HCV species 1 HCV species 2 Genetic distance (s/s)

1a 1b 0.371

1a 3a 0.613

1b 3a 0.554

1a 4a 0.599

1b 4a 0.637

3a 4a 0.674

Abbreviations: HCV: Hepatitis C virus; s/s: Substitutions per site.

Figure 3. Maximum likelihood phylogenetic tree of influenza A virus subtypes. Statistically supported branches are highlighted in red. The tree was 
visualized using the FigTree software.

4. Discussion
Although the present SARS-CoV-2 classification schemes 
played a role in early variant detection and response 
planning, several shortcomings remain that could be 
addressed with a complementary evolutionary and 
biologically based system. First, the present schemes 
overgeneralize risk, frequently triggering disproportionate 
public reactions before sufficient epidemiological data are 
available. Second, they lack robust quantitative severity 
metrics, often prioritizing genetic alterations over concrete 
clinical outcomes or real-world vaccine effectiveness. 
Third, they inadvertently amplify public anxiety by 
reinforcing the notion that each new variant constitutes an 
existential crisis, rather than a predictable feature of viral 
evolution.123,124 A shift toward a refined, biologically relevant 
classification system is therefore needed. Rather than 
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abandoning existing surveillance efforts, a new approach 
would re-anchor SARS-CoV-2 variant designation in a 
long-term phylogenetic context – improving public health 
communication, reducing overreaction, and aligning 
public health policy with actual risk.

The recurrent emergence of new SARS-CoV-2 variants 
has repeatedly led to heightened concern. These concerns 
were amplified by media coverage with reactive health 
policy shifts despite limited evidence of substantial 
biological divergence of these variants.125 From Alpha 
to Omicron and its subsequent sub-lineages, the actual 
epidemiological impact of these variants has exhibited 
substantial variability.126,127 While certain mutations have 
been associated with enhanced transmissibility, immune 
evasion, or altered pathogenicity, the magnitude of these 
changes is often overstated in public discussions.114,128-130 
The assumption that every newly designated variant 
introduces a profound shift in SARS-CoV-2 behavior 
lacks consistent empirical validation. Most SARS-CoV-2 
variants remain genetically and phenotypically constrained 
within a narrow evolutionary space, exhibiting only minor 
incremental changes rather than the transformative 
antigenic shifts observed in viruses such as influenza A 
virus.131,132

The classification of SARS-CoV-2 variants has 
dominated scientific discourse and public health decision-
making, yet findings from the present study reveal 
fundamental flaws in the system currently in use. The 

Figure 4. Maximum likelihood phylogenetic tree of SARS-CoV-2 VOCs. Statistically supported branches are highlighted in red. The tree was visualized 
using the FigTree software. 
Abbreviations: SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; VOCs: Variants of concern.

Table 3. Estimates of evolutionary divergence over sequence 
pairs between SARS‑CoV‑2 VOCs

SARS‑CoV‑2 
species 1

SARS‑CoV‑2 
species 2

Genetic  
distance (s/s)

Omicron Delta 0.005

Omicron Beta 0.006

Delta Beta 0.003

Omicron Gamma 0.005

Delta Gamma 0.003

Beta Gamma 0.002

Omicron Alpha 0.006

Delta Alpha 0.003

Beta Alpha 0.003

Gamma Alpha 0.004

Abbreviations: SARS‑CoV‑2: Severe acute respiratory syndrome 
coronavirus 2; s/s: Substitutions per site; VOCs: Variants of concern.
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existing system, which rapidly designates emerging lineages 
as VOCs based on relatively minor genetic mutations, 
lacks quantifiable thresholds rooted in evolutionary 
virology. This study establishes a comparative framework 
by analyzing genetic divergence in well-characterized RNA 
viruses, including HIV-1, HCV, and influenza A virus, to 
determine whether SARS-CoV-2 variants exhibit levels 
of genetic differentiation that justify their classification as 
distinct viral entities. Results indicated that SARS-CoV-2 
genetic distances are orders of magnitude below those 
observed in these benchmark viruses, demonstrating that 
the repeated designation of SARS-CoV-2 variants has been 
driven more by reactionary classification than by true viral 
evolution.

The classification of RNA viruses into lineages, variants, 
subtypes, clades, or genotypes has historically been based on 
genetic divergence thresholds that correlate with functional, 
epidemiological, or antigenic differentiation.133-135 In 
this study, HIV-1 subtype classification was defined 
by a minimum genetic distance of 0.157  s/s, with clear 
distinctions in antigenicity, immune evasion, and drug 
resistance between HIV-1 subtypes/CRFs, as indicated by 
previous studies.136-138 In addition, HCV subtypes exhibited 
even greater divergence (≥0.371 s/s), with genetic differences 
that impact both viral pathogenesis and treatment responses, 
as indicated by a multitude of previous studies.139-142 
Influenza A virus subtypes, which undergo antigenic 
shift, demonstrate a genetic divergence of approximately 
1.956  s/s, corresponding to profound structural and 
functional changes in the hemagglutinin (HA) protein that 
drive immune escape and reinfection dynamics.143,144

In contrast, the analysis revealed that SARS-CoV-2 
variants exhibited a maximum genetic distance of only 

Figure 5. Genetic distance distributions among HIV-1, HCV, and 
SARS-CoV-2 
Notes: Circles indicate mild outliers (1.5 – 3× interquartile range (IQR) 
from Q1 or Q3); asterisks indicate extreme outliers (>3× IQR). 
Abbreviations: HCV: Hepatitis C virus; HIV-1: Human 
immunodeficiency virus 1; SARS-CoV-2: Severe acute respiratory 
syndrome coronavirus 2; s/s: Substitutions per site. 

Figure 6. Projected time required for SARS-CoV-2 to reach speciation-
level divergence based on comparative viral benchmarks 
Abbreviations: HCV: Hepatitis C virus; HIV-1: Human 
immunodeficiency virus 1; SARS-CoV-2: Severe acute respiratory 
syndrome coronavirus.

0.006 s/s, placing them significantly below the minimum 
divergence threshold established for the HIV-1 subtype. This 
indicates that the widely publicized SARS-CoV-2 variants, 
including Alpha, Delta, and Omicron, fall within the range 
of normal intra-lineage variation rather than approaching 
the level of divergence that would justify classification as 
separate viral lineages. The absence of substantial genetic 
separation challenges the rationale behind the present 
SARS-CoV-2 classification system. Emerging data from 
the later stages of the COVID-19 pandemic (2023 – 2024) 
support the view that SARS-CoV-2 continues to evolve 
within a constrained genetic landscape.145 For example, 
Markov et al.49 described the appearance of VOCs as “shift-
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like” events – abrupt, mutation-rich transitions following 
prolonged periods of undetected evolution. These contrast 
with the more gradual, “drift-like” evolution observed 
within the Omicron lineage.49 Complementary CDC 
genomic surveillance during 2023 – 2024 indicated that 
dominant Omicron sub-lineages (e.g., XBB.1.5, JN.1) 
remained genetically close to earlier variants.146,147

To further contextualize the slow evolutionary 
trajectory of SARS-CoV-2, the time required for the 
virus to reach genetic divergence thresholds observed 
in HIV-1, HCV, and influenza A was modeled. Using 
the estimated evolutionary rate of SARS-CoV-2  (0.0004 
– 0.002  s/s per year), the timeframes necessary for the 
accumulation of genetic distances comparable to those of 
other RNA viruses were calculated as follows: On average, 
HIV-1-like divergence would require 54  years; HCV-
like divergence would require 127  years; and influenza 
A virus-like divergence would require 669  years. Even 
under accelerated evolutionary scenarios that incorporate 
recombination events, the time required for SARS-CoV-2 
to evolve into a distinct viral lineage is projected to exceed 
the present pandemic timeline. This finding disputes the 
variant-driven narrative that suggests SARS-CoV-2 is 
undergoing rapid evolutionary shifts with each new lineage 
designation. Instead, the data support a preliminary 
conclusion that SARS-CoV-2 remains evolutionarily 
constrained, undergoing relatively slow genetic drift rather 
than true speciation.

As stated earlier, the WHO classification framework for 
SARS-CoV-2 variants is not entirely based on established 
genetic divergence thresholds but rather on epidemiological 
trends and qualitative assessments of transmissibility, 
immune escape, and severity.35 However, the findings of 
this study suggest several contradictory aspects. Variant 
designations are applied inconsistently, with transient 
genetic mutations (e.g., D614G, N501Y) serving as the 
primary justification for labeling variants, despite similar 
mutations occurring in other viruses without warranting 
separate classification.45,148

Further supporting the hypothesis that some 
SARS-CoV-2 variant classifications may lack robust 
biological justification is the consistent observation that 
functional changes attributed to SARS-CoV-2 variants 
are quantitatively minor, particularly in comparison 
to antigenic shifts in influenza A virus.75,149 While 
Omicron sub-lineages exhibit a 3 – 4-fold reduction in 
neutralizing antibody titers, this pales in comparison to 
the differences observed between HIV-1 subtypes/CRFs, 
highlighting the exaggerated portrayal of SARS-CoV-2 
mutations as profound evolutionary shifts.150,151 Thus, 
the epidemiological dominance of a SARS-CoV-2 

variant at a given time point was often misinterpreted as 
increased viral fitness, without sufficient consideration of 
immune landscape effects, stochastic founder effects, and 
shifting population-level immunity in shaping variant 
emergence.43 By relying on short-term epidemiological 
observations rather than virological principles, the present 
classification system of SARS-CoV-2 VOCs appears to 
promote an illusion of continuous viral emergence, despite 
genetic evidence indicating relative evolutionary stability 
of SARS-CoV-2, as shown by Lv et al.71

A more rigorous and biologically grounded framework 
for classifying SARS-CoV-2 variants would complement 
the existing system by providing clearer genetic and 
functional thresholds. This integrative approach could 
enhance the present SARS-CoV-2 classification schemes, 
offering additional context for long-term surveillance while 
preserving their relevance for rapid public health response. 
This approach would help to ensure that SARS-CoV-2 
variant classifications are based on measurable 
evolutionary changes, rather than transient mutations that 
have contributed to public anxiety and misdirected public 
health responses.123,124 A robust classification system must 
first define genetic divergence thresholds aligned with 
the established evolutionary dynamics of RNA viruses. 
In the case of HIV-1, HCV, and influenza A virus, genetic 
distances serve as a key determinant of whether a viral 
strain is classified as a distinct subtype/CRF, genotype/sub-
genotype, or lineage.

While genetic divergence serves as the foundation of viral 
classification, the functional consequences of mutations 
must also be considered. A variant should not be designated 
solely based on genetic alterations, but rather on whether 
these changes confer a meaningful impact on transmission, 
immune evasion, or disease severity. Functional criteria 
must also be met in conjunction with genetic divergence 
thresholds to ensure that only biologically significant 
variants are designated as VOCs. These functional criteria 
include: (1) A demonstrable increase in transmissibility 
compared to the previously dominant variant; (2) a 
significant reduction in neutralizing antibody titers, 
confirmed in real-world immunological studies rather than 
isolated in vitro assays, indicating a meaningful immune 
escape advantage; (3) a significant increase in hospitalization 
rates attributable to increased intrinsic virulence, rather 
than confounding factors such as healthcare system burden 
or case misclassification; and (4) sustained epidemiological 
dominance lasting ≥12 months, ensuring that the emergent 
variant represents a sustained shift in viral evolution rather 
than a transient lineage fluctuation.

To put these criteria into practical aspects, influenza 
emerges as a stark example with antigenic shifts between 
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H1N1 and H3N2 being associated with near-complete 
immune escape and requiring substantial vaccine 
reformulation with a long period of circulation.152,153 
In contrast, no SARS-CoV-2 variant has maintained 
epidemiological dominance for over 12  months, a key 
criterion for distinguishing transient genetic shifts from 
long-term evolutionary changes. For instance, while 
Delta emerged as the dominant strain for several months, 
it was rapidly displaced by Omicron, which, in turn, has 
continued to generate multiple sub-lineages without a 
single, stable successor.154 This pattern strongly suggests 
that SARS-CoV-2 evolution is characterized by alternating 
variant prevalence rather than sustained antigenic 
evolution, a hallmark of viruses undergoing immune-
driven lineage differentiation. On the other hand, HIV-1 
subtypes/CRFs, HCV genotypes/subtypes, and influenza A 
subtypes maintain long-term epidemiological dominance, 
persisting for decades despite selective pressures from 
immune responses and antiviral therapies.138,141

An important aspect that motivated this study can be 
presented as follows. By failing to incorporate both genetic 
divergence thresholds and functional impact assessments, 
the present WHO SARS-CoV-2 VOCs classification 
system may have resulted in unnecessary alarm and 
misdirected public health interventions.155,156 The repeated 
reclassification of variants might have eroded public trust 
by creating the impression that SARS-CoV-2 is undergoing 
rapid, unpredictable evolutionary leaps, despite evidence 
indicating that it remains a genetically stable virus with a 
slow rate of change. This has also led to inefficient resource 
allocation, with disproportionate emphasis placed on 
variant-specific vaccine formulations, booster campaigns, 
and travel restrictions, rather than investing in broad-
spectrum immunological strategies that provide durable 
protection against viral evolution.47

The potential misclassification of SARS-CoV-2 variants 
could have far-reaching consequences, influencing 
public health policies, economic stability, and scientific 
priorities, often in ways that lack a solid virological 
foundation. Reactive policy decisions, including travel 
bans, lockdowns, and stringent restrictions, were hastily 
implemented in response to the emergence of Beta, 
Gamma, and Omicron, despite these variants exhibiting 
genetic distances well within the bounds of normal intra-
lineage variation.157,158 Such responses were not only 
scientifically unjustified but also economically disruptive, 
fueling cycles of uncertainty that undermined long-term 
pandemic planning. Compounding this issue, the frequent 
and often sensationalized designation of new variants has 
significantly eroded public trust in health authorities. The 
portrayal of SARS-CoV-2 as an unpredictable, rapidly 

evolving virus – despite genomic evidence indicating 
relatively slow evolutionary change – has led to widespread 
misinformation, fostering public skepticism toward 
vaccination efforts and pandemic control measures.159 In 
addition, scientific resources have been misallocated, with 
an excessive focus on sequencing minor genetic mutations 
rather than investing in broadly protective vaccines, long-
term antiviral solutions, and cross-reactive immunological 
strategies. This relentless pursuit of tracking and naming 
every emerging sub-lineage has diverted focus from more 
sustainable public health interventions, including endemic 
virus management and the development of durable, 
pan-coronavirus strategies better suited for long-term 
mitigation efforts.

Building on the findings of this study, several 
areas for future research are warranted. Comparative 
genomic analyses should be expanded to include other 
coronaviruses – such as SARS-CoV-1, Middle East 
respiratory syndrome coronavirus (MERS-CoV), and 
endemic human coronaviruses – to establish divergence 
thresholds that are biologically tailored to the coronavirus 
family, rather than relying solely on benchmarks derived 
from HIV-1, HCV, and influenza A virus. Evolutionary 
rate modeling should be extended to longer timeframes, 
incorporating host adaptation, immune-driven selection, 
and antiviral pressure, all of which may alter divergence 
trajectories over time. Given the unique RNA proofreading 
mechanisms in coronaviruses, future work should also 
assess the role of recombination in shaping long-term 
evolution. Studies should investigate whether observed 
genetic divergence corresponds to antigenic drift by 
utilizing neutralization assays across multiple viral proteins 
beyond the spike. Moreover, large-scale meta-analyses are 
needed to clarify whether specific mutations consistently 
associate with increased clinical severity. Variant-specific 
models should be integrated into real-world vaccine 
effectiveness studies to better quantify the impact of 
mutations on breakthrough infections and the duration of 
immunity. Finally, the framework proposed in this study 
could be integrated with existing nomenclature systems 
such as Pango and the WHO variant classifications. By 
delineating transient, antigenically responsive sub-lineages 
from those exhibiting sustained phylogenetic divergence, 
this approach could provide a complementary strategy that 
improves evolutionary resolution and may help prevent 
overinterpretation of SARS-CoV-2 genomic changes, 
thereby reducing unnecessary public health interventions.

Finally, this study is subject to several limitations that 
should be taken into account as follows. First, SARS-CoV-2 
has circulated in humans for a relatively short period, and 
while evolutionary projections were made based on the 
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present mutation rates, unforeseen selective pressures may 
alter these trajectories. Second, although SARS-CoV-2 has 
exhibited limited divergence to date, the potential for future 
recombination or adaptive mutations remains. Third, while 
the analysis included the most epidemiologically significant 
SARS-CoV-2 variants, it may not capture the evolutionary 
dynamics of rare or geographically restricted lineages. 
Fourth, evolutionary rate estimates are constrained by the 
availability and geographic distribution of sequencing data, 
which may overrepresent certain SARS-CoV-2 variants 
due to sequencing concentration in high-income countries. 
Fifth, although recombination was incorporated into the 
modeling, its true long-term impact on divergence is not 
fully understood. Sixth, inferences about transmissibility 
were drawn from epidemiological data rather than direct 
experimental comparisons, which were beyond the scope of 
this study. Finally, while the proposed classification system 
aims to guide future policy and research, its global adoption 
will require coordination and consensus among international 
public health authorities with potentially divergent priorities.

5. Conclusion
The classification of SARS-CoV-2 variants has profoundly 
shaped public health policy, vaccine development, and 
global perceptions throughout the pandemic. However, the 
analysis suggests that many of these classifications have not 
been consistently anchored in robust virological criteria, 
highlighting an opportunity to enhance the present system 
with more biologically grounded standards. Comparative 
genomic analyses demonstrate that the maximum 
divergence among SARS-CoV-2 variants (0.006  s/s) is 
substantially below the thresholds used to define subtypes 
in HIV-1, HCV, or influenza A virus. Even under accelerated 
evolutionary scenarios, the virus would require centuries 
to reach divergence levels warranting lineage designation. 
These findings challenge the prevailing narrative of rapid, 
unpredictable viral evolution and instead suggest that 
SARS-CoV-2 remains evolutionarily constrained. The 
frequent and inconsistent designation of VOCs has led 
to public confusion, reactionary policy decisions, and the 
diversion of scientific resources. To address these issues, an 
evidence-based framework integrating genetic, functional, 
and epidemiological criteria is proposed to classify SARS-
CoV-2 variants. Under this proposed framework, none 
of the existing SARS-CoV-2 VOCs meet the combined 
genetic and functional thresholds typically required for 
lineage-level classification in other RNA viruses. Rather 
than replacing present classification systems, the proposed 
approach advocates for a paradigm shift that distinguishes 
persistent evolutionary patterns from short-term genetic 
fluctuations – to support more proportionate, evidence-
based responses in future phases of the pandemic.
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Abstract
The COVID-19 pandemic has driven the need for accurate data analysis and 
forecasting to support public health decision-making. This study applied 
autoregressive integrated moving average (ARIMA) models and ARIMA models 
with exogenous variables to predict short-term trends in confirmed COVID-19 cases 
across several regions, including the United States of America, Asia, Europe, and 
Africa. Model performance was compared between ARIMA and the automated 
model selection function, auto.arima, and anomaly detection was performed 
to investigate discrepancies between predicted and observed case numbers. 
Additionally, the study explored the relationship between vaccination rates and 
new case trends while also examining the influence of socioeconomic factors—such 
as gross domestic product per capita, human development index, and healthcare 
resources availability—on COVID-19 incidence across countries. The findings 
provide valuable insights into the effectiveness of predictive models and highlight 
the significant role of socioeconomic factors in the spread of the virus, thereby 
contributing to the development of more effective strategies for future epidemic 
prevention and control.

Keywords: Autoregressive integrated moving average model; COVID-19; Public health; 
Socioeconomic factors; Time series forecasting; Vaccination rates

1. Introduction
Since the onset of the COVID-19 pandemic in late 2019, the pandemic has had profound 
and widespread effects on global public health, economies, and daily life. As of 2024, it 
continues to pose challenges to healthcare systems worldwide, underscoring the ongoing 
need for accurate forecasting of case trends for effective policy-making decisions and 
intervention strategies. Statistical modeling, particularly time series analysis, has proven 
to be a valuable tool in predicting the trajectory of the pandemic and supporting the 
development of effective public health responses.1

Among the range of statistical models, the autoregressive integrated moving average 
(ARIMA) model has been widely employed in epidemiological studies for short-term 
forecasting due to its simplicity and effectiveness in modeling temporal data.2 ARIMA 
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models have been utilized to predict COVID-19 case trends 
across different countries, often producing reasonably 
accurate forecasts over limited time horizons.3 However, the 
accuracy of ARIMA-based forecasts can vary significantly 
depending on the region and time period, influenced by 
factors such as viral mutations, government interventions, 
and changes in population behavior.4 One notable 
limitation of ARIMA models is their exclusive reliance 
on historical data, without considering external factors 
that might influence future trends—such as vaccination 
rates, policy changes, or behavioral adaptations—which 
introduces greater uncertainty in long-term predictions.

To address these limitations, the ARIMA with 
exogenous variables (ARIMAX) model incorporates 
external variables—such as vaccination rates—to enhance 
its predictive capabilities. By incorporating vaccination 
data, the model enables researchers to assess the potential 
impact of vaccination campaigns on future case trends, 
providing a more comprehensive understanding of 
epidemic dynamics.5 Although previous studies have 
shown that vaccination plays a crucial role in mitigating the 
spread of COVID-19—leading to significant reductions in 
new case numbers following mass immunization efforts6—
most of these studies are region-specific or limited to 
particular periods and do not fully capture the complex 
interactions between vaccination efforts, virus mutations, 
and policy interventions.

In addition to time series forecasting, examining 
the relationship between COVID-19 incidence and 
socioeconomic factors is crucial. Previous research 
has highlighted the influence of indicators—such as 
gross domestic product (GDP) per capita, healthcare 
infrastructure, and other socioeconomic variables—in 
shaping the impact of the pandemic across different 
regions.7 For example, countries with greater healthcare 
spending and more robust medical systems tend to manage 
the crisis more effectively, resulting in lower mortality rates 
and more effective containment strategies.8 However, most 
of the existing research relies on single-variable analyses 
and does not fully capture the complex, multifaceted 
interactions among socioeconomic factors, which may 
contribute to significant disparities in COVID-19 outcomes 
across different countries.

This study aims to advance existing research by applying 
both ARIMA and ARIMAX models to predict short-term 
COVID-19  case trends in the United States (US) and 
globally. In the ARIMAX model, vaccination rates are 
incorporated as an exogenous variable to enhance predictive 
accuracy and provide deeper insights into the relationship 
between vaccination efforts and new case trends. 
Discrepancies between predicted and actual case numbers 

are examined to investigate potential causes for forecast 
anomalies, such as policy changes and virus mutations. 
Additionally, the study explores the socioeconomic 
factors—including GDP per capita, healthcare resources, 
and human development index (HDI)—on COVID-
19 case numbers across countries. This multidimensional 
approach allows for a more comprehensive comparison 
of ARIMA and ARIMAX models performance, while also 
offering valuable perspectives on the broader determinants 
of the pandemic’s spread, contributing to future epidemic 
prevention and control strategies.

2. Data collection
To conduct a comprehensive analysis of the COVID-19 
pandemic and its associated factors, a diverse set of 
datasets was obtained from reputable sources, including 
the World Health Organization (WHO), Centers for 
Disease Control and Prevention, World Bank, and other 
national and international agencies. These datasets were 
selected based on their relevance, comprehensiveness, and 
frequency of updates to ensure that the analysis reflects 
the most accurate and current information available. 
As shown in Table  1, the data include daily and weekly 
reports of COVID-19  cases, deaths, and vaccination 
trends, alongside key socioeconomic indicators such as 
GDP per capita, HDI, Gini index, healthcare expenditures, 
and healthcare infrastructure data. These variables were 
essential for modeling the progression of the pandemic and 
for evaluating the impact of various factors on infection 
rates.

All statistical analyses were conducted using R 
version 4.4.3.

3. Methodology
3.1. Theoretical basis of the ARIMA model

The ARIMA model is a statistical method commonly used 
for analyzing and forecasting time series data. The general 
form of an ARIMA model with order (p, d, q) is represented 
by the following equation:

ϕ(B)∇dxt = θ(B)εt� (I)

where:
(i)	 ∇d = (1−B)d is the differencing operator, with B 

representing the backshift operator,9

(ii)	 ϕ(B) = 1−ϕ1B − · · · − ϕpB
p is the autoregressive (AR) 

coefficient polynomial,9

(iii)	θ(B) = 1−θ1B − · · · − θqB
q is the moving average (MA) 

coefficient polynomial,9

(iv)	 εt denotes white noise error terms that satisfy the 
following properties: E (εt) = 0, Var (εt) = σ2,

(v)	 E (εtεs) = 0 for s ≠ t,9
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Table 1. Overview of key datasets

Data source Data description Link

WHO Daily COVID‑19 case and death data reported to the WHO, 
updated weekly and incorporating corrections to historical 
records based on newly received information

https://data.who.int/dashboards/covid19/data?n=c

United 
Nations 
Development 
Programme

The HDI measures key dimensions of human development, 
such as a long and healthy life, access to education, and a 
decent standard of living

https://hdr.undp.org/data‑center/human‑development‑index#/
indices/HDI

CDC COVID‑19 vaccination trends in the US at both national and 
jurisdictional levels, regularly updated to reflect changes over 
time

https://data.cdc.gov/Vaccinations/

Archived weekly data on COVID‑19 cases and deaths in the 
US, providing state‑level trends and historical records

https://data.cdc.gov/Case‑Surveillance/
Weekly‑United‑States‑COVID‑19‑Cases‑and‑pwn4‑m3yp/
about_data

County‑level data on COVID‑19 vaccinations in the US, 
including detailed trends and demographic breakdowns

https://data.cdc.gov/Vaccinations/
COVID‑19‑Vaccinations‑in‑the‑United‑Stat8×kx‑amqh/about_
data

World Bank GDP per capita (in current US$), representing the monetary 
value of all final goods and services produced per person in a 
given year

https://data.worldbank.org/indicator/NY.GDP.PCAP.CD

The Gini index measures the distribution of income across a 
population, representing inequality

https://data.worldbank.org/indicator/SI.POV.GINI

Current health expenditure per capita (in current US$) 
represents the average national spending on healthcare per 
individual

https://data.worldbank.org/indicator/SH.XPD.CHEX.PC.CD

Hospital beds per 1,000 people, indicating the availability of 
healthcare infrastructure

https://data.worldbank.org/indicator/SH.MED.BEDS.ZS

Population density, measured as the number of people per km2 
of land area, reflects how concentrated a population is within a 
specific area

https://data.worldbank.org/indicator/EN.POP.DNST

Bureau of 
Economic 
Analysis

GDP and personal income by state for the first quarter of 2024, 
providing insights into regional economic performance

https://www.bea.gov/data/gdp/gdp‑state

US Census 
Bureau

Historical population density data (1910 – 2020) provides 
population density trends over the past century

https://www.census.gov/data/tables/time‑series/dec/
density‑data‑text.html

State population totals and components of change from 2020 
to 2023, highlighting trends in population growth, decline, and 
migration patterns

https://www.census.gov/data/tables/time‑series/demo/
popest/2020s‑state‑total.html

Kaiser Family 
Foundation

Healthcare expenditures per capita by state of residence, 
providing detailed insights into state‑level spending on 
healthcare

https://www.kff.org/other/state‑indicator/
health‑spending‑per‑capita/?currentTimeframe= 
0&sortModel=%7B%22colId%22:%22L 
ocation%22%22sort%22:%22asc%22%7D

Number of hospital beds per 1,000 people by ownership type, 
providing insights into the distribution and availability of 
healthcare resources

https://www.kff.org/other/state‑indicator/
beds‑by‑ownership/?currentTimeframe= 
0&sortModel=%7B%22colId%22:%22L 
ocation%22%22sort%22:%22asc%22%7D

Abbreviations: GDP: Gross domestic product; HDI: Human development index; US: United states; WHO: World health organization.

(vi)	 E (xsεt) = 0 for all s < t, ensuring that the noise terms 
are uncorrelated with past values of the series.10

The ARIMA model consists of three main components:
(i)	 Autoregressive: Captures the relationship between a 

current observation and its past (lagged) values.9

(ii)	 Integrated: Represents the differencing of observations 
required to achieve stationarity in the time series.9

(iii)	Moving average: Models the relationship between a 
current observation and the residual errors from an 
MA model applied to past (lagged) observations.9
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The ARIMA modeling process began with a stationarity 
test, commonly conducted using the augmented Dickey–
Fuller test.11 If the time series is found to be non-stationary, 
transformations such as differencing or logarithmic scaling 
are typically applied to achieve stationarity.10 Model 
identification involved determining the orders of the model, 
specifically the values of p and q, which represent the AR 
and MA terms, respectively. This step is usually performed 
by analyzing the autocorrelation function (ACF) and partial 
autocorrelation function (PACF) plots.9 The differencing 
order (d) was determined based on the transformations 
applied during the stationarity testing phase.

Following model identification, the parameters ϕi and 
θj were estimated, typically using maximum likelihood 
estimation.10 Model validation was then performed using 
statistical tests such as the Ljung-Box test to ensure that the 
residuals exhibited white noise behavior, indicating that 
the model adequately captured the time series structure.12 
Model selection was based on information criteria such 
as the Akaike information criterion (AIC) or Bayesian 
information criterion (BIC), with preference given to 
the model with the lowest criterion value.13 Finally, once 
validated, the model was employed to forecast future 
values of the time series.9

Figure  1 summarizes this process, illustrating the 
sequence of steps from stationarity assessment to 
forecasting.

3.2. Rolling window cross-validation and 
comparison with auto.arima

In this study, rolling window cross-validation was used 
to evaluate the performance of ARIMA models for time 
series forecasting. The primary goal was to identify the 
optimal ARIMA model parameters by minimizing the root 
mean squared error (RMSE) and to compare the results 
with those obtained from the automated model selection 
function, auto.arima.14

Rolling window cross-validation is a method 
specifically designed for time series data as it preserves 
the temporal order of the data. In each iteration, the 
model was trained on a fixed-length window of historical 
data and validated on the subsequent observation. 
This approach ensures that the evaluation reflects real-
world forecasting conditions, where future values must 
be predicted using only past data.15 For each ARIMA 
model evaluated, the one-step-ahead forecast errors were 
calculated, and RMSE was used as the primary evaluation 
metric. RMSE is given:

Figure 1. The autoregressive integrated moving average model construction flow chart
Abbreviations: ACF: Autocorrelation function; ARIMA: Autoregressive integrated moving average; PACF: Partial autocorrelation function.
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where xi is the actual value, and xˆi is the predicted value. 
Lower RMSE values indicate better model performance.16

A grid search was conducted across various 
combinations of the p and q parameters, with the d-order 
fixed at 1. This process was parallelized to efficiently explore 
the parameter space.14 RMSE was used as the evaluation 
metric due to its effectiveness in quantifying average 
prediction errors while placing greater emphasis on larger 
errors.17 This characteristic makes RMSE particularly 
useful in contexts where significant forecasting errors 
could lead to significant consequences, as it penalizes large 
discrepancies more heavily than other metrics, such as 
mean absolute error (MAE). Additionally, since RMSE is 
measured in the same units as the original data, it provides 
results that are interpretable in practical applications.

To compare the performance between manual and 
automated model selections, the auto.arima function 
was employed. This function automatically identifies the 
optimal ARIMA model by optimizing information criteria 
such as the AIC or BIC.18 While auto.arima provides a 
rapid and efficient global fit over the entire dataset, rolling 
window cross-validation offers a more robust evaluation 
by assessing the model’s predictive performance across 
different time periods.19 This approach enabled a detailed 
comparison of the consistency and reliability of automated 
versus manually selected models.

By visualizing the RMSE values across various 
parameter combinations, the best-performing model 
identified through rolling window cross-validation was 
compared with the model selected by auto.arima. This 
comparison provided insights into the trade-offs between 
automated selection and manual tuning in ARIMA-based 
time series forecasting.

3.3. Anomaly detection

Anomaly detection in time series data is crucial for 
identifying irregular patterns, such as sudden spikes 
in COVID-19  case numbers. In this study, a statistical 
approach was employed to detect anomalies directly from 
the time series data without fitting a complex model like 
ARIMA. This method, known as residual-based anomaly 
detection, identifies outliers based on their deviation from 
expected behavior within the data.14

The anomaly detection approach relies on statistical 
rules that identify observations as anomalies when they 
significantly deviate from surrounding values. Specifically, 
outliers are detected by analyzing the residuals after 

accounting for typical patterns in the time series.20 In 
this study, the residuals were examined, and points were 
classified as outliers if their deviation from the local mean 
exceeded a certain threshold.

The theoretical basis for this method involves 
identifying points that significantly deviate from the local 
mean or expected value of the time series. Mathematically, 
a data point xt is considered an outlier if it satisfies the 
condition:

|xt−µ| > k×σ� (III)

where:
(i)	 µ represents the local mean,
(ii)	 σ is the standard deviation of the surrounding data 

points,
(iii)	k is a threshold factor that determines the sensitivity 

of the detection.21

Typically, k is set to values such as 2 or 3, corresponding 
to confidence intervals commonly used in outlier 
detection.20

This method is particularly effective for detecting 
additive outliers, which appear as sudden spikes or drops 
in the time series—events that may result from external 
shocks such as the emergence of a new COVID-19 
variant.14 Identifying and analyzing these outliers provides 
valuable insights into how unexpected events influence 
overall trends, enabling more informed adjustments to 
forecasting models.

The detected anomalies were then visualized in 
a time series plot, highlighting points of significant 
deviation to facilitate further investigation and model 
adjustments.21

3.4. Theoretical basis of the ARIMAX model

To improve the accuracy of time series forecasting, the 
ARIMAX model was employed, integrating external factors 
into the standard ARIMA model. This extension allows the 
model to account for factors beyond the inherent patterns 
in the target time series.14 In this study, vaccination rates 
were included as an exogenous variable to determine 
whether they would improve forecast accuracy compared 
to the ARIMA model, which relied solely on historical 
time series data.

The ARIMAX model expanded upon the ARIMA 
framework by introducing exogenous regressors—external 
variables believed to influence the dependent variable. 
Mathematically, the ARIMAX model is expressed as:

y y Xt
i

p

i t i
j

q

j t j t
k

r

k t k� � � � �
�

�
�

�
�

�� � �� � � �0
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where:
(i)	 yt represents the value of the dependent variable at 

time t,
(ii)	 ϕi are the AR coefficients,
(iii)	θj are the MA coefficients,
(iv)	 ϵt is the error term,
(v)	 Xt−k represents the exogenous variable lagged by k 

periods.22

Exogenous variables were incorporated to capture 
additional influences on the time series that could not be 
explained solely by its historical values.9

The ARIMAX model was fitted using an automated 
selection of ARIMA parameters (p, d, and q) while 
incorporating the selected exogenous variable. Model 
performance was evaluated by comparing the ARIMAX 
model against the ARIMA model using standard evaluation 
metrics, such as AIC, RMSE, and MAE.14,16

Model forecasts were generated for a holdout period 
to assess predictive accuracy. The inclusion of exogenous 
variables in the ARIMAX model enables an assessment 
of whether incorporating external factors can improve 
the forecasting performance and provide a more 
comprehensive understanding of the dynamics affecting 
the time series. This comparison between ARIMA and 
ARIMAX models provided insights into the benefits 
and limitations of incorporating external factors into the 
forecasting process.22

3.5. Evaluating the impact of vaccination on new 
COVID-19 cases

To analyze the relationship between vaccination rates and 
the number of new COVID-19  cases, several statistical 
methods were employed, including Granger causality testing, 
segmented regression, and regression discontinuity design 
(RDD). These methods support a clearer understanding of 
both the temporal relationships and potential causal effects 
of vaccination on the incidence of new cases.9,14

3.5.1. Granger causality test

The Granger causality test was employed to evaluate 
whether past vaccination rates provided predictive 
information for future new COVID-19  case numbers. 
This test determines whether one time series provides 
statistically significant information for forecasting another 
time series, suggesting a potential causal relationship.23 In 
this context, the null hypothesis states that vaccination rates 
do not Granger-cause new COVID-19  cases—implying 
that past vaccination rates do not provide additional 
predictive value for future case numbers after accounting 
for past cases. A detailed mathematical formulation of the 
model is provided in the Supplementary File.

It is important to note that the Granger causality test 
does not confirm true causality in a philosophical or 
structural sense but rather indicates that past values of one 
series are useful in predicting another.

3.5.2. Segmented regression analysis and Chow test

Segmented regression analysis was employed to 
quantify the impact of vaccination on the trend of new 
COVID-19 cases. This method estimates changes in trends 
before and after an intervention, such as the introduction of 
a vaccination program.24 The resulting coefficients provide 
estimates of the immediate change in case numbers and 
the change in the trend following the intervention.

To validate these findings, a Chow test was conducted to 
assess the presence of a structural break at the intervention 
point. This test evaluates whether the relationship between 
time and new COVID-19 cases differs significantly before 
and after the intervention.25 Rejecting the null hypothesis 
indicates a statistically significant change in the trend 
post-intervention. A detailed mathematical formulation of 
both the segmented regression model and the Chow test is 
provided in the Supplementary File.

3.5.3. RDD

An RDD was employed to estimate the causal effect of 
vaccine introduction on new COVID-19  cases, using 
the start of mass vaccination as the cutoff point.26 RDD 
assumes that observations just before and after the cutoff 
are comparable except for the treatment effect. This effect is 
estimated by comparing new COVID-19 cases immediately 
before and after vaccination introduction. The parameter 
of interest (β) represents the effect of the intervention at 
the cutoff. A non-parametric approach was used to flexibly 
model the relationship between time and new cases on 
either side of the cutoff. Detailed mathematical formulation 
and implementation of the RDD model are provided in the 
Supplementary File.

While RDD strengthens causal inference through 
a quasi-experimental design, it remains dependent on 
the assumption that other confounding factors vary 
continuously at the cutoff. As such, it does not provide 
definitive proof of causality.

3.6. Regression analysis of COVID-19 infection rates 
and determinants

3.6.1. Linear regression analysis of COVID-19 
infection rates and economic development

To investigate the relationship between COVID-19 
infection rates and economic development, a linear 
regression analysis was conducted with the infection 
rate as the dependent variable and GDP per capita as 
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the independent variable. This analysis aimed to assess 
whether a country’s economic development is associated 
with its COVID-19 infection rate. Additionally, Pearson’s 
and Spearman’s correlation coefficients, along with the 
maximal information coefficient (MIC), were calculated 
to evaluate the strength of linear relationships.27 Pearson’s 
correlation measured the strength of linear relationships, 
Spearman’s assessed the monotonic relationships, and MIC 
captured both linear and nonlinear associations. Detailed 
mathematical formulations for these analyses are provided 
in the Supplementary File.

3.6.2. Multiple regression analysis with additional 
socioeconomic and health variables

To further investigate the determinants of COVID-19 
infection rates, a multiple regression model was employed, 
incorporating additional variables such as the HDI, Gini 
coefficient, health expenditure per capita, number of 
hospital beds per 1,000 people, and population density. 
This analysis was used to evaluate the relative influence 
of various socioeconomic and healthcare-related factors 
on COVID-19 infection rates across various countries.28 
Interaction terms were included to explore potential 
synergistic effects between variables.29 The detailed 
mathematical formulation of the expanded regression 
model is provided in the Supplementary File.

3.6.3. Addressing multicollinearity: Stepwise 
regression, principal component regression (PCR), 
and partial least squares (PLS)

Given the potential for multicollinearity among 
socioeconomic and healthcare-related predictors, 
several strategies were implemented to improve model 
interpretability and estimation stability. First, stepwise 
regression was employed to refine the linear model by 
iteratively adding or removing predictors based on their 
statistical significance. The selection process aimed to 
minimize the AIC, balancing model fit with complexity.30 
To further evaluate multicollinearity, the variance inflation 
factor (VIF) was calculated for each predictor. Variables 
with VIF values exceeding 10 were considered to exhibit 
significant multicollinearity, which can inflate the variance 
of coefficient estimates and reduce model reliability.31

To address multicollinearity more robustly, two-
dimensionality reduction techniques were applied: PCR 
and PLS regression. Both methods transformed the 
original set of correlated predictors into a smaller set of 
uncorrelated components, which were then used in place 
of the original variables in regression analysis.32

The PCR analysis constructed components solely 
based on the variance structure of the predictor variables, 

identifying principal components that captured the 
largest proportion of variance in the input space.33 These 
components were then used to predict the dependent 
variable, regardless of their relevance to it. In contrast, 
PLS regression incorporated information from both the 
predictors and the response variable during component 
extraction, enabling it to select components most relevant 
for predicting the outcome by maximizing the covariance 
between predictors and response.34

The appropriate number of components for each 
method was determined using cross-validation procedures, 
and model performance was assessed based on the mean 
squared error of prediction (MSEP). Full mathematical 
formulations and implementation details for both PCR 
and PLS are provided in Supplementary File.

3.7. Spatial autocorrelation and hotspot analysis of 
COVID-19 cases

In this study, spatial analysis techniques were applied to 
examine the distribution of COVID-19 infection rates 
across various regions. Moran’s I was calculated to assess 
global spatial autocorrelation, and the Getis-Ord Gi* 
statistic was performed to identify local hotspots and 
coldspots. The results were visualized using traditional 
red-blue color schemes, effectively highlighting areas 
with significant spatial clustering of high or low infection 
rates.35,36

3.7.1. Spatial autocorrelation: Moran’s I

Moran’s I is a widely used measure of global spatial 
autocorrelation that quantifies the degree of spatial 
clustering of a variable across geographical regions.37 It 
identifies whether similar values (e.g., infection rates) tend 
to cluster spatially. A positive Moran’s I indicates that similar 
values clustered together, while a negative value indicates 
that dissimilar values are adjacent. For this analysis, a spatial 
weights matrix was generated based on shared boundaries 
between geographic regions, and Moran’s I was calculated 
to assess the overall spatial autocorrelation of COVID-19 
infection rates.35 The detailed mathematical formulation of 
Moran’s I is provided in the Supplementary File.

3.7.2. Hotspot analysis: Getis-ord Gi* statistic

The Getis-Ord Gi* statistic is a local spatial statistic used to 
identify geographic hotspots and coldspots, representing 
areas with significant clustering of high or low values, such 
as COVID-19 infection rates. Hotspots indicate clusters 
of high values, while coldspots indicate clusters of low 
values. The significance of these clusters is determined 
by comparison with a reference distribution under the 
null hypothesis of spatial randomness.38 For this analysis, 
the Getis-Ord Gi* statistic was calculated using a spatial 
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weights matrix to identify regions with statistically 
significant clustering of high or low infection rates.36 The 
detailed mathematical formulation of the Getis-Ord Gi* 
statistic is provided in the Supplementary File.

4. Results and discussion
4.1. Short-term forecasting and anomaly detection 
in COVID-19 case counts using ARIMA models

To evaluate the short-term predictive performance of 
ARIMA models on COVID-19 case counts, forecasts were 
generated for four distinct time periods using training 
data from prior months. Predictive accuracy was assessed 
by comparing these forecasts with actual observed data.

The first forecast, covering September 27 – December 
27, 2020, utilized data from January 5 to September 27, 
2020. As shown in Figure 2A, the forecast generally follows 
the actual case trajectory, though deviations near the end 
of the period highlight the model’s limitations in capturing 
sudden changes in the data. The ACF and PACF plots 
(Figure  2B and C) reveal some residual autocorrelation, 
highlighting potential areas for model improvement. The 
Ljung-Box test yields a p=0.3746, indicating no significant 
residual autocorrelation.

The second forecast, covering December 27, 2020 
– March 28, 2021, utilized data up to December 

27, 2020. Figure  2D illustrates a closer alignment 
between the predicted and actual observed cases, 
with only minor deviations. The ACF and PACF plots 
(Figure 2E and F) further support the model’s adequacy, 
though some residual correlations persist. The Ljung-Box 
test for this period yields a p=0.6327, further indicating 
that residual autocorrelation is not a concern.

The third forecast, covering March 28 – June 27, 
2021, was generated using data up to March 28, 2021. As 
illustrated in Figure 2G, the model closely aligns with the 
actual case counts throughout the period, demonstrating 
strong predictive capability. The corresponding ACF 
and PACF plots (Figure  2H and I) show that the model 
effectively captures the data’s temporal structure, though 
the Ljung-Box test yields a p=0.0728, suggesting the 
presence of minor residual autocorrelation.

In the final forecast period, covering September 26 – 
December 26, 2021, the model included data from January 
3, 2021, to September 26, 2021. As illustrated in Figure 2J, 
the model maintains strong performance, with forecasts 
closely aligning with the actual case counts. The ACF and 
PACF plots (Figure  2K and L) indicate that the model 
has successfully captured the underlying patterns, with 
the Ljung-Box test demonstrating a p=0.2876, indicating 
minimal residual autocorrelation.

Figure 2. ARIMA model analysis of COVID-19 case forecasts in the United States across four time periods. First forecast period: Actual versus predicted 
(A), ACF (B) and PACF (C); second forecast period: Actual versus predicted (D), ACF (E) and PACF (F); third forecast period: Actual versus predicted 
(G), ACF (H) and PACF (I); and fourth forecast period: Actual versus predicted (J), ACF (K) and PACF (L).
Abbreviations: ACF: Autocorrelation function; CI: Confidence interval; PACF: Partial autocorrelation function; USA: United States of America.
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Throughout these periods, the ARIMA model 
demonstrates consistent predictive accuracy, although the 
residual autocorrelation observed in the ACF and PACF 
plots highlights areas for further refinement to improve 
model performance. These findings indicate that while 
the ARIMA model effectively captures overall trends, it 
does not fully account for short-term dependencies or 
sudden structural changes in the data. The presence of 
residual autocorrelation—especially mild positive lags 
at short intervals—suggests the presence of unmodeled 
impacts, such as seasonal effects or external shocks. To 
address this, ARIMAX models incorporating vaccination 
rates as exogenous variables were then explored, with the 
findings discussed in Section 4.5, demonstrating improved 
performance in certain forecasting scenarios.

Among the four forecast periods analyzed using ARIMA 
models, the first forecast period demonstrates the lowest 
predictive accuracy. Several factors may contribute to this 
discrepancy between the predicted and actual observed 
data. One possibility is the inherent limitation of the 
ARIMA model itself—a linear model designed to predict 
future values based on past data. This model may struggle 
to capture sudden nonlinear changes or external shocks 
that occur during the forecast period. ARIMA models 
assume a degree of stationarity in the data. Therefore, 
structural breaks or sudden shifts in the underlying time 
series can reduce the reliability of the model’s predictions.

Additionally, significant outliers or unexpected spikes 
in COVID-19 cases during the forecast period can affect 
predictive accuracy. Such anomalies may result from the 
emergence of new virus variants, changes in public health 
policies, or sudden shifts in public behavior. These rapid 
increases in case numbers reduce the effectiveness of 
models trained solely on historical data.

To investigate this hypothesis, outlier detection analysis 
was conducted on data from January 5 to December 
27, 2020. The identified outliers, shown in Table  2 
and illustrated in Figure S1, highlight key dates where 
significant anomalies were observed. These anomalies 
correspond to periods with sharp increases in case counts, 
suggesting that forecast discrepancies may be linked to 
these sudden and unexpected changes.

As shown in Table 2, significant outliers were detected 
on November 8, November 15, and December 13, 2020, 
corresponding to sharp rises in cumulative cases. These 
dates likely reflect specific events or conditions that 
triggered case surges, such as the emergence of more 
transmissible variants or changes in testing or reporting 
practices.

To explore potential anomalies in COVID-19  case 
trends, an outlier detection analysis was performed on 

Table 2. The detected outliers in COVID‑19 cases in the United 
States of America from January 5 to December 27, 2020

Date reported (year 2020) Cumulative cases

November 8 9,920,253

November 15 10,925,098

December 13 16,012,396

cumulative case data for both the US and global datasets. 
This analysis aimed to identify time points where actual 
case numbers significantly deviated from expected 
trends, potentially indicating periods associated with the 
emergence and spread of new COVID-19 variants.

Figure  3A displays the detected outliers in 
COVID-19 cases in the US from January 5 to December 
27, 2020, with a summary of these outliers provided in 
Table S1. Notably, several of these dates align with the 
emergence of significant COVID-19 variants—such as the 
Omicron variant (B.1.1.529)—which was first identified 
in November 2021 in South Africa and Botswana.39 Other 
variants—such as BQ.1 and BQ.1.1—spread rapidly in 
late 2022, contributing to the increased number of cases 
that may have reduced predictive accuracy.40 Figure  3B 
presents the time series plot of COVID-19 cases in the US, 
highlighting the detected outliers.

Further analysis was conducted on a global 
scale, with the results presented in Figure S2. The 
corresponding dates and case numbers for the detected 
global outliers are summarized in Table S1. Similar to 
the US data, these global outliers correspond to key 
dates when emerging variants—such as XBB, CH.1.1, 
and BF.7—were identified and began spreading across 
various regions, leading to significant increases in case 
numbers.41 These variants, first reported in late 2022 
and early 2023, significantly impacted regions such as 
Asia and Europe, leading to significant deviations from 
the predicted trends.42

The detected outliers in both the US and global datasets 
highlight the significant impact of emerging COVID-19 
variants on the spread of the virus. Although the Alpha 
(B.1.1.7) and Gamma (P.1) variants were not explicitly 
captured by the outlier detection process—possibly 
due to their emergence near the end of 2020—the trend 
illustrated in Figure 3A (US outlier detection plot) exhibits 
a marked increase in cases during this period.39 This surge 
aligns with the period when Alpha and Gamma variants 
began to spread rapidly, suggesting that their enhanced 
transmissibility and potential for immune evasion 
contributed to the surge in case numbers. Consequently, 
almost all significant surges in the data correspond with 
the emergence of new variants.
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The outlier dates listed in Tables 1 and 2 closely align 
with the timelines of variant emergence and global 
spread. For example, the sharp rise in the US case counts 
observed between November 2021 and February 2022 
aligns with the emergence of the Omicron variant and its 
subvariants.40 Similarly, the global spikes identified from 
late 2021 through 2022 align with the spread of Omicron 
and its subvariants, further supporting the notion that 
these variants had a significant impact on the accuracy of 
predicted versus actual case numbers.

4.2. Regional COVID-19 forecasting across 
continents

The ARIMA model was employed to forecast 
COVID-19 cases across various continents, including Asia, 
Europe, Africa, the Americas, and South America. To isolate 
trends specific to South America, the Americas dataset 
excluded Canada, the US, and Mexico. Figure S3 illustrates 
the forecast results for each continent, with predictions 
covering the period from January 2020 to early 2021.

In Asia, the ARIMA model’s predictions closely align 
with the actual observed data, effectively capturing the 
overall upward trend in COVID-19 cases. The prediction 
intervals encompass the actual case numbers, indicating 
the model’s robustness in this region.

In Europe, the ARIMA model’s predictions are less 
accurate, as the predicted cases significantly deviate from 
the actual observed data. This discrepancy is particularly 
evident toward the end of 2020 when a sharp and sudden 
increase in COVID-19  cases occurred—an event the 
ARIMA model failed to predict effectively. Based on 
the forecast’s patterns, the earlier anomaly detection for 
the US and global data, and reports from the WHO on 
emerging variants, it is plausible to attribute this rapid rise 
to the Alpha variant (B.1.1.7). First detected in September 
2020 in the United Kingdom, this variant was the first to 

be classified by the WHO as a “variant of concern.” Its 
high transmissibility likely contributes to the significant 
increase in cases, which is not fully captured by the 
ARIMA model, thereby highlighting the challenges of 
forecasting during periods of rapid epidemiological 
change.

In Africa, the model demonstrates a good fit with 
the actual observed data, although the sharp rise in 
cases toward the end of the year pushes the limits of 
the prediction interval—similar to the pattern observed 
in Europe. In the Americas, the ARIMA model 
demonstrates good performance, with predictions 
closely matching the rapid increase in case numbers. 
Despite this region experiencing one of the most 
significant surges in cases, the predictions remain 
within the confidence intervals, indicating the model’s 
robustness in capturing the trend.

In South America, after excluding the northern 
countries, the ARIMA model continues to show good 
model performance. The predicted cases remain within 
reasonable bounds compared to the observed data, similar 
to the other continents.

Across all regions, the Ljung-Box test p-values remain 
well above the 0.05 threshold, indicating no significant 
autocorrelation in the residuals. This suggests that 
the ARIMA models successfully capture the temporal 
patterns of COVID-19 case progression in each region. 
Occasional underestimations, particularly during rapid 
case surges, highlight the challenges posed by the 
pandemic’s dynamic nature and the emergence of new 
variants that earlier model training data may not fully 
capture. Nonetheless, the ARIMA models demonstrate 
robust overall performance across various regions, 
providing valuable insights into the transmission of 
COVID-19 during the forecast periods.

Figure 3. Outlier detection and time series plot of cumulative COVID-19 cases in the United States from January 2020 to December 2023. (A) Detected 
outliers in the cumulative COVID-19 case data. (B) Time series plot of cumulative COVID-19 cases with detected outliers.
Abbreviation: US: United States.
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4.3. Rolling window cross-validation and 
comparison with auto.arima

In the previous ARIMA forecasting efforts, the auto.
arima function was used to automatically select the model 
parameters p, d, and q. This function optimizes the model 
by minimizing the AIC, which balances the model fit 
and complexity by penalizing excessive parameters. This 
approach offers several advantages—including speed, 
automation, and generally reliable results. However, relying 
solely on AIC may not always produce the most accurate 
forecasts, especially when working with nonstationary 
time series or for long-term predictions.

To explore whether other parameter selection methods 
could improve forecast accuracy, a rolling window cross-
validation technique was applied to optimize the p and 
q parameters, while the d parameter remains fixed as 
determined by the auto.arima function. The differencing 
order d is fixed because it addresses the time series’ 
stationarity by removing trends or seasonality—a concept 
well-supported by statistical theory. For example, once a 
time series is made stationary through differencing, the 
order of d generally remains unchanged to maintain that 
stationarity, even as p and q are adjusted.

In this analysis, the period where ARIMA predictions 
significantly diverged from the actual observed data—such 
as in the US and Europe from January 5 to December 27, 
2020—was examined. These discrepancies are primarily 
due to sudden surges in cases associated with the emergence 
of new variants, highlighting the limitations of traditional 
ARIMA models in capturing such sudden changes.

The rolling window cross-validation approach was 
employed to evaluate different combinations of p and 
q based on the RMSE metric. This approach, which 
assesses out-of-sample performance across multiple 
training windows, is particularly valuable for forecasting 
nonstationary time series with evolving patterns. Table 3 
summarizes the RMSE values for the US’s ARIMA model 
using parameters selected through cross-validation, 
compared to those obtained using auto.arima, while 
Figure  4A provides a heatmap visualizing RMSE across 
different p and q combinations.

As illustrated in Figure  4A, the RMSE heatmap 
shows that the cross-validated ARIMA parameters (p=2, 
q = 2) achieve better performance compared to the auto.
arima parameters (p=1, q = 0). The heatmap provides a 
comprehensive view of how different combinations of 
p and q affect forecast accuracy, with lower RMSE values 
indicating better performance.

Furthermore, Figure  4B compares the forecasted 
COVID-19  cases in the US using ARIMA models with 

Table 3. Comparison of RMSE values for ARIMA models 
with parameters selected by auto.arima and cross‑validation 
for COVID‑19 case data in the United States

Model ARIMA 
parameters

RMSE

p d q

auto.arima 1 2 0 27,648.12

Cross‑validation‑based ARIMA 2 2 2 22,949.3

Abbreviations: ARIMA: Autoregressive integrated moving average; 
RMSE: Root mean squared error.

parameters selected by auto.arima and cross-validation. 
While both models exhibit significant deviations from 
the actual observed data due to the sudden surge in cases, 
the cross-validated model’s predictions are more closely 
aligned with the actual observed data than those of auto.
arima. This suggests that the cross-validation approach can 
improve forecast accuracy under certain conditions.

A similar approach was employed in the European 
ARIMA model. Table S2 presents the RMSE values 
comparing parameters selected by cross-validation 
and auto.arima, while the RMSE heatmap in 
Figure S4A visualizes the model performance across 
different combinations of p and q.

Figure S4B compares the forecasted COVID-19 cases in 
Europe using ARIMA models with parameters selected by 
auto.arima and cross-validation. The forecast line generated 
by the cross-validated model aligns more closely with the 
actual observed data than that of auto.arima, although both 
models show notable deviations from the actual trajectory. 
These findings are consistent with the results observed 
in the US, highlighting the potential advantages of using 
cross-validation for parameter selection in ARIMA models 
when dealing with highly volatile and non-stationary time 
series data.

4.4. The effect of vaccination on new COVID-19 cases

Beginning in December 2020, global vaccination efforts 
against COVID-19 raised a critical question of whether 
the vaccination campaigns effectively reduce the number 
of new COVID-19  cases. To address this issue, several 
statistical methods were applied, including the Granger 
causality test, segmented regression analysis, the Chow 
test, and RDD.

The Granger causality test was performed to evaluate 
whether the number of vaccinated individuals could 
predict future new COVID-19  cases while accounting 
for past case counts. Two models were compared: One 
incorporating lags of both new cases and vaccination 
counts, and another including only lags of new cases. 
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The results demonstrate no significant causal relationship 
between vaccination numbers and a reduction in new 
cases, as evidenced by an F-statistic of 0.24 and a p=0.9746. 
This suggests that the inclusion of vaccination data does 
not improve the predictive power of the model within 
the tested lags. Specifically, with a lag of 7 (equivalent 
to 49  days), the Granger causality test demonstrates no 
significant effect of vaccination on new cases during this 
period, as shown in Table 4.

To further investigate the potential impact of 
vaccination on the trend in COVID-19 cases, segmented 
regression analysis was employed by introducing a 
breakpoint at the onset of the vaccination campaign. The 
regression model included time—an indicator for the post-
intervention period—and the interaction between time 
and the post-intervention phase. The analysis shows that 
while the overall trend in new cases has a positive slope 
(β = 18,987, p=0.0214), the interaction term (time–post-
intervention) is negative and significant (β = −24,115, 
p=0.0044), indicating a reduction in the growth rate of 
new cases following the intervention. However, the post-
intervention indicator itself is not statistically significant 
(p=0.31), which is consistent with the results of the Granger 
causality test, further suggesting that the immediate effect 
of vaccination on reducing new cases is not significant. 
Regardless, the significant negative interaction term 
suggests that vaccination has a significant long-term effect 
in reducing new cases, indicating a beneficial impact over 

Table 4. The Granger causality test results

Model Lags Res.
Df

Df F Pr(> F)

Model 1 (new cases and 
vaccination counts)

New cases=1:7; 
vaccination 
counts=1:7

151 ‑ ‑ ‑

Model 2 (new cases only) New cases=1:7 158 −7 0.24 0.9746

Notes: Df: Degrees of freedom; F: F‑statistic; Pr(> F): P-value;  
Res.Df: Residual degrees of freedom.

time. Figure 5A illustrates the segmented regression results, 
showing how the predicted number of cases diverges from 
the actual cases over time. As shown in Table S3, the 
segmented regression results clearly reflect these trends.

Additionally, the Chow test was conducted to assess the 
presence of a structural break at the intervention point. 
The test provides strong evidence of a structural change, 
with a p=6.437×10–6, indicating that the introduction of the 
vaccination campaign significantly alters the underlying 
relationship between time and new cases. This finding is 
consistent with the results of the segmented regression 
analysis, suggesting that vaccination leads to a structural 
shift in the trend of new cases.

Finally, RDD analysis was applied to further validate 
these findings. This method focused on the sharp change 
in the trend of new cases at the intervention point, yielding 
a conventional coefficient estimate of 76,662.154 with a 

Figure 4. Performance and forecasts of ARIMA models for COVID-19 cases in the United States of America. (A) Heatmap of RMSE for ARIMA models 
with parameters selected by auto.arima and cross-validation for COVID-19 cases in the United States. (B) Forecast comparison of COVID-19 cases in the 
United States for ARIMA models with parameters selected by auto.arima and cross-validation.
Abbreviations: ARIMA: Autoregressive integrated moving average; CI: Confidence interval; MA: Moving average; RMSE: Root mean squared error;  
USA: United States of America.
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non-significant p=0.636. This suggests that while there 
may be an observable shift in the trend of new cases at 
the intervention point, it is not statistically significant 
at conventional levels. As shown in Table S4, the RDD 
results further support the idea that the immediate impact 
of vaccination is not statistically significant. Figure  5B 
provides a visualization of the RDD results, highlighting 
the discontinuity at the intervention point. The non-
significant result from the RDD analysis is consistent 
with the findings from both the Granger causality test 
and the segmented regression analysis, indicating that the 
immediate impact of vaccination is not significant.

4.5. Forecast on COVID-19 cases using ARIMAX 
model, with vaccination rates as the exogenous 
variable

Based on the results in the previous section, where 
vaccination demonstrates a significant long-term impact 
on the reduction of new COVID-19  cases, a logical 
extension was made to incorporate the number of 
vaccinations as an exogenous variable in ARIMAX models. 
It was hypothesized that the inclusion of this variable 
could improve forecast accuracy compared to the standard 

ARIMA model, which does not account for such external 
factors.

To test this hypothesis, the dataset starting from 
December 13, 2020—the beginning of the vaccination 
campaign—was employed. Given the evidence that the 
impact of vaccination is more pronounced over time, 
the first forecast period selected spanned from January 
5, 2020, to June 27, 2021—approximately 6 months after 
vaccination began. This period was used to predict the 
cumulative number of cases for the subsequent 3 months. 
Following this, the training data period was gradually 
extended across 3 time periods:
(i)	 January 5, 2020 – June 27, 2021,
(ii)	 January 5, 2020 – December 26, 2021,
(iii)	January 5, 2020 – September 25, 2022.

Figures  6, S5, and S6 compare the ARIMA and 
ARIMAX model predictions across these periods, while 
Tables 5, S5, and S6 present the evaluation metrics (AIC, 
RMSE, and MAE) for both models.

These results indicate that the ARIMAX model 
generally produces forecasts that are closer to the actual 
data than those of the ARIMA model, as evidenced by 
lower RMSE and MAE values in certain time periods. 
However, in some cases, the ARIMAX model exhibits 
greater deviation from the actual data, resulting in higher 
RMSE values. Notably, improvements in RMSE and 
MAE do not always correspond to lower AIC values. 
For example, in the third period, although the ARIMAX 
model provides more accurate predictions (reflected by 
lower RMSE and MAE values), its AIC value is higher than 
that of the ARIMA model. This highlights the trade-off 
between model complexity and goodness-of-fit inherent in 
the AIC calculations.

4.6. Multivariate regression analysis of global 
COVID-19 infection rates

To investigate the factors influencing COVID-19 
infection rates across different countries, it was initially 
hypothesized that countries with advanced healthcare 
systems and greater access to medical resources would 
exhibit lower infection rates. However, an analysis of the 
top 10 countries by infection rate as of December 31, 2023 
(Figure S7) contradicts this assumption. Several highly 
developed countries, including Luxembourg, Denmark, 
and Austria, appear among those with the highest infection 
rates, challenging the initial hypothesis.

To further examine this relationship, a linear 
regression analysis was conducted using GDP per capita 
as an indicator of a country’s level of development and 
the COVID-19 infection rate as the outcome variable. The 
scatterplot with the fitted regression line is illustrated in 

Figure  5. Segmented and regression discontinuity analysis of 
COVID-19 cases. (A) Segmented regression analysis of COVID-19 cases. 
(B) Regression discontinuity plot, where blue points represent 
the observed data and the red line indicates the fitted regression 
discontinuity model. The vertical black line marks the intervention date 
(December 13, 2020).
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Figure 6. Comparison between ARIMA and ARIMAX models for the first forecast period
Abbreviations: ARIMA: Autoregressive integrated moving average; ARIMAX: Autoregressive integrated moving average with exogenous variables; 
CI: Confidence interval; USA: United States of America.

Table 5. Comparison between ARIMA and ARIMAX models 
for the first forecast period

Model AIC RMSE MAE

ARIMA 1,919.556 4,082,257 3,063,789

ARIMAX 1,919.935 4,011,124 3,004,951

Abbreviations: AIC: Akaike information criterion;  ARIMA: 
autoregressive integrated moving average; ARIMAX: autoregressive 
integrated moving average with exogenous variables; MAE: Mean 
absolute error; RMSE: Root mean squared error.

Figure 7. The analysis (Table 6) demonstrates a statistically 
significant positive relationship between GDP per capita 
and infection rate, with the regression coefficient for GDP 
per capita being positive and highly significant (p<2×10−16). 
This suggests that countries with higher GDP per capita 
tend to have higher reported infection rates. However, the 
model yields a relatively low R2 value of 0.4763, suggesting 
that GDP per capita accounts for approximately 47.63% of 
the variance in infection rates.

In addition to the regression analysis, three correlation 
metrics were calculated to further assess the relationship 
between GDP per capita and COVID-19 infection rate. 
Pearson’s correlation coefficient yields a value of 0.6902, 
which indicates a moderately strong positive linear 
relationship between the two variables. Spearman’s rank 
correlation coefficient is higher, at 0.8593, suggesting a 
strong monotonic relationship. Additionally, the MIC 
yields a value of 0.7256, reflecting a strong association that 

may capture nonlinear relationships between GDP per 
capita and infection rate. Collectively, these correlation 
measures suggest that higher GDP per capita is associated 
with increased infection rates, although other factors likely 
contribute to the remaining unexplained variance.

The relatively low infection rates observed among low-
GDP per capita countries may reflect underreporting due 
to limited testing capacity rather than true differences in 
transmission. Testing data is sparse and inconsistent across 
countries, especially in low-income regions, making it 
difficult to correct this effect quantitatively. Nonetheless, 
this under-detection is a plausible contributor to the 
observed pattern.

Given the relatively low R2, it is evident that factors 
beyond GDP per capita may influence infection rates. 
Therefore, the model was expanded to incorporate 
additional variables that could plausibly affect infection 
rates, including HDI, Gini coefficient, health expenditure 
per capita, the number of hospital beds per 1,000 people, 
and population density. The resulting multivariate 
regression model incorporated both main effects and 
interaction terms among these variables.

The analysis reveals a more complex relationship 
between the predictors and the infection rate. While GDP 
per capita remains a significant factor (p=0.0065), other 
variables like health expenditure and certain interaction 
terms also emerge as significant predictors.
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Table 6. Linear regression results: Infection rate versus gross 
domestic product (GDP) per capita

Coefficients Estimate Standard error t‑value Pr(>|t|)

(Intercept) 7.523×10−2 1.254×10−2 6.001 1.05×10−8***

GDP per 
capita

5.736×10−6 4.470×10−7 12.831 <2×10−16***

Notes: Residuals: Minimum=−0.3404; first quartile: −0.0784; 
median=−0.0503; maximum=0.4639. Residual standard error=0.1352 
on 181 degrees of freedom. Multiple R2=0.4763; adjusted R2=0.4734; 
F‑statistic=164.6 on 1 and 181 degrees of freedom; p=2.2×10−16. Three 
asterisks (***) represent p<0.001.

For example, the interaction between GDP per capita 
and HDI (p=0.0064), as well as between GDP per capita 
and the Gini coefficient (p=0.0297), are both statistically 
significant. These findings suggest that the effect of GDP per 
capita on infection rates is moderated by a country’s level of 
HDI and income inequality. Additionally, the interaction 
between HDI and health expenditure (p=0.0007) is 
also significant, suggesting that their combined effect 
significantly influences infection rates. The detailed results 
of the regression analysis, including coefficients, standard 
errors, t-values, and p-values, are provided in Table S7.

Despite these findings, the model’s R2 increased 
significantly to 0.8179, indicating that approximately 
81.79% of the variance in infection rates can be explained 
by the expanded set of predictors and their interactions. 
However, residual plots (Figure  8A) reveal potential 
issues with model fit, including non-constant variance 

(heteroscedasticity) and deviations from normality, as 
indicated by the Q–Q plot.

The scatterplot matrix (Figure  8B) and coefficient 
plot (Figure S8) further illustrate the complexity of the 
relationships among the predictors. The scatterplot matrix 
shows the correlations between variables, with some 
expected relationships, such as a positive correlation 
between GDP per capita and HDI (0.729) and a negative 
correlation between GDP per capita and the Gini coefficient 
(−0.330). The coefficient plot shows the magnitude and 
direction of the effects, with GDP per capita, health 
expenditure, and certain interaction terms having the most 
pronounced impacts on infection rates.

4.7. Addressing multicollinearity in the regression 
model

The initial multivariate regression model, which 
incorporated interaction terms, significantly improved the 
model’s explanatory power, as indicated by a significant 
increase in the R2 value. However, this complexity 
introduced severe multicollinearity, as evidenced by 
extremely high VIF values. Predictors such as GDP per 
capita, HDI, and health expenditure, along with their 
interaction terms, exhibited VIF values in the tens of 
thousands, indicating that multicollinearity is indeed a 
significant problem. This multicollinearity can destabilize 
regression coefficients and complicate their interpretation, 
thereby necessitating a more rigorous approach to model 
simplification and stabilization.

Figure 7. The scatterplot with fitted regression line
Abbreviations: GDP: Gross domestic product; USD: United States dollars.
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To address these issues, stepwise regression was 
employed as an initial strategy to reduce model complexity 
by removing less significant predictors. The simplified 
model retained key variables and interaction terms that 
contributed meaningfully to the model’s explanatory 
power while excluding those with minimal impact. 

Although the resulting model was more manageable, 
notable multicollinearity persisted, with several VIF values 
remaining high, albeit reduced from their initial levels.

To further address the issue of multicollinearity, 
alternative approaches such as PLS and PCR were 

Figure 8. Diagnostic residual plots and correlation analysis of model predictors. (A) Residual plots and (B) scatterplot matrix.
Note: Asterisks (*) indicate levels of statistical significance: p<0.05 (*), p<0.01 (**), and p<0.001 (***).
Abbreviations: GDP: Gross domestic product; HDI: Human development index.

A

B
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employed. These techniques are specifically designed to 
mitigate multicollinearity by transforming the predictor 
variables into a set of uncorrelated components.

The PLS and PCR models were applied to the dataset, 
with each method aiming to reduce the dimensionality of 
the predictor variables while maximizing the explained 
variance in the response variable—namely, the infection 
rate. In particular, the PLS analysis—as shown in Table 7—
is effective, demonstrating 67.22% of the variance in 
infection rates using five components—identified as the 
optimal number of components through cross-validation 
(Figure 9). Beyond these components, the model’s MSEP 
begins to increase, suggesting that additional components 
may introduce noise rather than improve predictive 
accuracy.

In addition to the error plot, Table S9 provides 
detailed cross-validation results for each model. This table 
presents the MSEP for different numbers of components, 
highlighting how the error decreases as the number of 
components increases up to five and then rises with the 
inclusion of additional components. These results support 
the findings illustrated in Figure  9, which identify five 
components as optimal.

The component loadings from the PLS model, as 
illustrated in the heatmap (Figure S9), highlight the 
contribution of each variable to the principal components. 
Predictors such as GDP per capita, HDI, and health 
expenditure demonstrate significant loadings on the first 
few components, indicating their strong influence on the 
model. Additionally, more complex interactions—such as 
those between GDP per capita and population density or 
health expenditure and population density—play critical 
roles in the later components.

In addition to the heatmap, detailed PLS loadings are 
provided in Table S10. This table lists the specific loading 
values for each variable across the first five components, 
further illustrating the contributions and interactions 
among variables in shaping the principal components.

By reducing the predictors into principal 
components, the PLS model provides a more stable set 
of coefficients, as shown by the reduced VIF values and 
improved interpretability of the regression coefficients. 
The final regression coefficients obtained from the PLS 
model (Table S11) reveal both the direct and interaction 
effects of the predictor variables on infection rates, 
offering a clearer insight into the complex underlying 
relationships.

In contrast, PCR (Table S8) demonstrates similar 
results but with slightly lower explained variance for the 
same number of components. While PCR effectively 

reduces multicollinearity, this comes at the cost of reduced 
predictive power compared to PLS. Specifically, PCR 
explains 59.43% of the variance in infection rates using six 
components, increasing to 75.81% with 17 components, 
but it does not exceed the overall performance of the PLS 
model.

Figure 9. Cross-validation mean squared error plot for the partial least 
squares model analysis
Abbreviation: MSEP: Mean squared error of prediction.

Table 7. The partial least squares analysis results showing 
variance explained by the number of components

Number of 
components

Predictor 
variables (%)

Infection 
rates (%)

1 47.98 48.67

2 66.98 55.79

3 81.77 59.75

4 88.76 65.34

5 94.81 67.22

6 97.28 70.14

7 98.05 72.68

8 98.92 73.76

9 99.48 73.93

10 99.78 74.10

11 99.85 74.56

12 99.90 75.47

13 99.95 75.98

14 99.97 76.27

15 99.98 76.49

16 99.99 76.84

17 99.99 77.45

18 100.00 77.79

19 100.00 78.81

20 100.00 81.62

21 100.00 81.79
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4.8. Spatial autocorrelation and hotspot analysis of 
COVID-19 cases across states in the United States

A spatial autocorrelation and hotspot analysis of 
COVID-19  cases across states in the US was conducted. 
Spatial autocorrelation assessed the degree to which 
COVID-19  cases are geographically clustered, while 
hotspot analysis identified regions with significantly high 
or low case counts.

Using the most recent COVID-19  case data across 
states in the US, the number of cases per 100,000 people 
was calculated to account for population differences. 
Figure  10A illustrates the spatial distribution of these 
normalized case counts. States with higher case rates per 
100,000 people are shown in red, while those with lower 
rates are shown in blue. Notably, Alaska and several 
southern states exhibit particularly high case rates.

In addition to the spatial visualization, Table S12 
presents the detailed rankings of the top 10 and bottom 10 
states based on COVID-19  cases/100,000 people. Alaska 
reports the highest case rates, with 40,576.16 cases/100,000 
people, followed by Rhode Island and Kentucky. 
Conversely, New  York, Maryland, and Oregon report 
the lowest case rates, with New York ranking lowest with 
18,251.51 cases/100,000 people.

To further understand the spatial pattern, Moran’s I 
test—a commonly used measure of spatial autocorrelation—
was conducted. The results demonstrate a Moran’s I value 
of 0.1578 with a p=0.0317, indicating a significant positive 
spatial autocorrelation. This suggests that states with high 
COVID-19 case rates tend to be geographically clustered 
rather than randomly distributed.

To identify specific clusters of high or low case rates, the 
Getis-Ord Gi* statistic was employed, providing a measure 
of local spatial clustering. As shown in Figure  10B, the 
hotspot analysis reveals several hotspots and coldspots. 
Southern states—such as Arkansas, Georgia, and 
Mississippi, as well as parts of Texas and Ohio—are 
identified as hotspots, with high Gi* values, indicating 
significant clustering of high case rates. Conversely, states 
like Alaska, Delaware, New Hampshire, and Vermont are 
identified as coldspots, suggesting significant clustering of 
low case rates.

In addition, Table S13 lists the top 10 hotspot and 
coldspot states along with their corresponding Gi* values. 
For instance, Arkansas has the highest Gi* value of 1.0004, 
indicating that it is a significant hotspot, while Alaska has 
the lowest Gi* value of −1.2373, making it a prominent 
coldspot. These detailed Gi* values provide a quantitative 
basis for understanding the spatial clustering patterns 
observed in the map.

For Alaska, given that it does not share borders with any 
other state, Washington is designated as its sole neighbor. 
Despite this adjustment, Alaska—which has the highest 
infection rate among all states—is classified as a coldspot in 
the Getis-Ord Gi* hotspot analysis. This counterintuitive 
result may be due to the isolation of Alaska, where the 
absence of adjacent states reduces the influence of its 
high case rate on surrounding areas. Additionally, its 
high infection rate does not align with a broader regional 
trend, causing the Gi* statistic to categorize it as a coldspot 
rather than a hotspot. This highlights the importance of 
considering geographic and relational context in spatial 
analyses, particularly for isolated regions.

Figure 10. Geographic distribution and hotspot analysis of COVID-19 cases/100,000 people across the United States of America. (A) COVID-19 cases/100,000 
people by state. (B) Getis-Ord Gi* hotspot analysis of COVID-19 cases/100,000 people.

A

B
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5. Conclusion
The comprehensive statistical analysis of COVID-
19 trends—employing ARIMA, ARIMAX, multiple 
regression, and spatial autocorrelation models—provides 
valuable insights into the dynamics of the pandemic both 
globally and within the US. These findings highlight the 
strengths and limitations of different modeling approaches 
and the complexity of factors influencing COVID-19 case 
numbers.

The ARIMA models demonstrate robust performance 
in predicting short-term COVID-19 trends, particularly 
when case dynamics follow relatively stable patterns.14 
However, the models show limitations when sudden 
changes occur in infection rates, such as those caused 
by sudden policy shifts or the emergence of new virus 
variants.43 These situations often reduce predictive 
accuracy, suggesting that while ARIMA models effectively 
capture general trends, they may require augmentation 
or combination with other models to better account for 
sudden, non-linear changes.44

The ARIMAX models, which incorporate exogenous 
variables such as vaccination data, provide a more 
nuanced analysis by accounting for external influences 
on COVID-19 case numbers.22 However, the effectiveness 
of the ARIMAX model depends heavily on the specific 
characteristics of the time period and the data. For 
instance, during periods when the impact of vaccination 
on case numbers is delayed or less pronounced, the model 
struggles to accurately capture the true relationship 
between variables.45 This is particularly evident when 
vaccine uptake is gradual or when vaccination effects take 
time to appear in the population. Under these conditions, 
the model may overestimate or underestimate the influence 
of vaccination, leading to skewed forecasts.46

Several challenges arise in applying the ARIMAX 
model. Firstly, the model assumes a direct and linear 
effect of the exogenous variable (vaccination rates) on the 
dependent variable (COVID-19 cases), which may not fully 
capture the complex, non-linear relationships involved.14 
Factors such as varying vaccine efficacy, the emergence 
of new virus variants, shifts in public behavior, and policy 
interventions (e.g., lockdowns, mask mandates) influence 
the effectiveness of vaccination efforts in reducing case 
numbers.47 If these factors are not properly incorporated, 
the ARIMAX model may incorrectly attribute changes 
in case numbers to vaccination, leading to inaccurate 
predictions.

Moreover, including vaccination data as an exogenous 
variable introduces the risk of multicollinearity, particularly 
if the vaccination rates correlate with other factors 

influencing the spread of COVID-19. Multicollinearity 
causes instability in coefficient estimates, reducing the 
reliability of the model’s predictions.31 In some cases, this 
instability leads the ARIMAX model to perform worse 
than the simpler ARIMA model, which does not encounter 
this complication.

Timing also plays a crucial role in the performance of 
the ARIMAX model. The effects of vaccination on COVID-
19 cases often involve variable and unpredictable lags.45 If 
the model fails to capture the appropriate lag structure, 
it could lead to inaccurate predictions. For example, the 
time required for immunity to develop post-vaccination or 
differences in response across population groups can cause 
mismatches between vaccination data and observed case 
changes, further complicating the accuracy of ARIMAX 
predictions.

Additionally, the ARIMAX model carries a risk of 
overfitting, especially when it becomes overly complex in 
relation to the available data. Overfitting occurs when the 
model captures noise or random fluctuations in the training 
data as meaningful patterns, reducing its predictive accuracy 
on new data.32 This issue becomes more pronounced when 
vaccination data are included, as the added complexity 
could reduce the model’s generalizability.

In the multiple regression analysis, several 
socioeconomic factors emerge as significant predictors of 
COVID-19 case numbers. For example, previous research 
indicates that factors such as population density, median 
income, and access to healthcare services demonstrate 
strong correlations with case numbers.48 These findings 
highlight the unequal impact of the pandemic across 
various demographic groups and regions. Specifically, 
areas with higher population density and lower income 
levels tend to report higher case numbers, likely due to the 
challenges in practicing social distancing and the limited 
access to healthcare services.8

The regression analysis further emphasizes the 
importance of incorporating a broad range of socioeconomic 
factors when assessing the spread of COVID-19. However, 
the model also reveals certain limitations. The relationships 
between the independent variables and COVID-19  case 
numbers are not always linear, suggesting the need for 
more advanced modeling approaches that can capture 
these complexities.29 Moreover, the presence of interaction 
effects among the variables, such as the combined impact of 
income and healthcare access, suggests that future models 
should explore these interactions to better understand the 
pandemic’s dynamics.

Spatial autocorrelation analyses provide additional 
insights, particularly regarding the geographic clustering 
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of COVID-19  cases. The results reveal significant spatial 
clusters of high infection rates, suggesting that local 
factors—such as public health policies, population density, 
and mobility patterns—play crucial roles in the spread 
of the virus.35 These findings suggest that a one-size-fits-
all approach is insufficient for managing the pandemic, 
highlighting the necessity of region-specific strategies.

In conclusion, while the ARIMA and ARIMAX models 
serve as valuable tools for understanding and predicting 
COVID-19 trends, their limitations underscore the need 
for more complex models that can effectively capture the 
dynamic and non-linear nature of the pandemic.47 The 
multiple regression analysis highlights the crucial role of 
socioeconomic factors in determining COVID-19  case 
numbers, suggesting that public health interventions 
should be tailored to address these disparities. The 
spatial autocorrelation analysis further emphasizes the 
importance of region-specific strategies in controlling 
the spread of the virus. Future research should focus on 
refining these models, incorporating more real-time 
data, and improving the granularity of spatial analyses 
to enhance their predictive accuracy and applicability in 
public health decision-making. Additionally, the effect 
of vaccination on COVID-19  case numbers, as explored 
through various statistical techniques, highlights the 
critical role of timely and effective vaccination efforts in 
controlling the pandemic. However, the variability in 
outcomes across different regions suggests that a tailored, 
region-specific approach is essential for optimizing public 
health responses.
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Abstract
The World Health Organization’s 2016 and 2021 classifications of central nervous system 
(CNS) tumors emphasize the integration of histopathological and molecular profiling 
for improved prognostic and therapeutic precision. Understanding the molecular 
hallmarks of low-grade CNS tumors is essential for enabling precision therapies and 
minimizing off-target effects while preventing malignant transformation. This study 
investigated key oncogenic features in surgically resected low-grade  CNS tumors 
of varying cellular lineages and anatomical locations, alongside associated clinical 
metadata. Tumors were histologically classified and analyzed for molecular markers 
using immunohistochemistry, immunofluorescence microscopy, and flow cytometry. 
Assessed hallmarks included proliferation (Ki-67, propidium iodide index), invasiveness 
(matrix metalloproteinase [MMP]-2), neovascularization (vascular endothelial 
growth factor receptor 2 [VEGFR2], epigenetic modulation (DNA methyltransferase 
1 [DNMT1], and immune microenvironment (Cluster of Differentiation 11b [CD11b], 
Iba1, silver-gold macrophage staining). Statistical analyses included t-tests, one-way 
ANOVA, and Kruskal–Wallis tests (p<0.05). In diffuse astrocytoma and myxopapillary 
ependymoma, a proliferation–invasion dichotomy was observed, with lower-
proliferative ependymomas exhibiting higher MMP-2 expression. Astrocytomas 
exhibited elevated DNMT1 expression, indicative of increased epigenetic alterations. 
Immune profiling revealed tumor-specific differences: CD11b+ macrophages 
were more prominent in meningiomas, while Iba1+ microglia were enriched in 
astrocytomas, reflecting distinct immune microenvironments. Despite their low-
grade classification, these tumors demonstrated hallmark cancer characteristics, 
variably expressed across astrocytoma, ependymoma, and meningioma. The 
combined assessment of Ki-67, MMP-2, VEGFR2, DNMT1, CD11b, and Iba1 provides 
a prognostically informative and therapeutically exploitable profile. These findings 
support the integration of molecular profiling into risk stratification and adjunctive 
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1. Introduction
Primary central nervous system (CNS) tumors represent 
a broad category of malignancies with an incidence rate of 
approximately 5 – 10  cases/100,000 individuals in India. 
Although they account for only 2 – 2.5% of all malignancy 
cases, they are associated with significant morbidity and 
mortality.1 A foundational cross-sectional study analyzing 
39,509 cancer patient records from multiple hospitals and 
institutions in Kolkata, India, reported that 2.4% of all CNS 
malignancies were primary CNS tumors, among which 60% 
were gliomas, followed by meningioma, medulloblastomas, 
primitive neuroectodermal tumors, and others.2 Another 
prospective epidemiological study reported that 59.6% of 
all astrocytic tumors were high-grade astrocytomas, which 
account for 38.7% of all astrocytic neoplasms in the study 
population.3 More recently, a clinico-epidemiological study 
from Gauhati Medical College, Assam, India, reported 
that 30% of all diagnosed brain tumors were glioblastoma 
multiforme, followed by 15% each for grade II and grade III 
astrocytomas.4

CNS tumors are found to be more common in males 
and frequently occur in individuals aged 40 – 60  years. 
Over two decades of surveillance have shown an increasing 
trend in CNS tumor incidence in the Indian population, 
with overall poor due to the relatively high prevalence 
of gliomas despite recent therapeutic advancements.1,2,5 
Similarly, data from the Central Brain Tumor Registry of 
the United States indicate that malignant brain tumors are 
higher in males, with a modest increase in overall survival 
in recent years; however, outcomes in elderly glioblastoma 
multiforme patients have demonstrated only marginal 
improvement.6

These findings suggest that the middle-aged Indian 
population is more susceptible to glial-origin CNS 
tumors than others, with prognosis heavily dependent 
on early diagnosis and treatment modules. Since 
radiological assessments are often limited by diagnostic 
variability, and other non-invasive diagnostic methods 
remain elusive,7 molecular profiling has emerged as a 
critical tool for identifying detailed tumor phenotypes – 
essential for accurate prognostication and personalized 
therapeutic interventions.8 Accordingly, molecular 
profiling is now prominently featured in the revised 

editions of the World Health Organization (WHO) 
Classification of Tumors of the CNS, particularly the 
4th  and 5th  editions. In 2016, the WHO introduced 
integrated molecular and histological criteria for CNS 
tumor classification, which were further expanded in 
the 2021 edition with greater emphasis on molecular 
characterization.9,10 The importance of these changes is 
increasingly evident as tumor samples reveal molecular 
features that are either type-  or grade-specific, or in 
some cases, shared across subtypes.

The molecular characterization of CNS tumors 
has advanced significantly with the identification 
of key biomarkers. Ki-67 is a reliable marker of cell 
proliferation, with expression levels markedly elevated in 
high-grade tumors.11 Matrix metalloproteinase (MMP)-2 
shows moderate expression in low-grade gliomas, 
reflecting limited invasiveness and an intact blood–brain 
barrier (BBB), but becomes significantly upregulated 
in high-grade tumors, facilitating extracellular matrix 
degradation and invasive growth.12 Vascular endothelial 
growth factor receptor 2 (VEGFR2) is minimally 
expressed in low-grade tumors, indicating relatively 
stable vascular architecture and limited angiogenesis, 
but is highly expressed in advanced CNS neoplasms, 
where it is related to pathological angiogenesis and 
microvascular proliferation.13 Immune markers, such 
as Cluster of Differentiation 11b (CD11b), a leukocyte/
macrophage marker, and Iba1, a CNS macrophage/
microglia marker, play important roles in shaping the 
tumor immune microenvironment. In high-grade  CNS 
tumors, expression levels of CD11b and Iba1 increase 
substantially, reflecting an altered immune landscape with 
greater invasion potential.14 Moreover, tumor-associated 
macrophages in high-grade tumors tend to polarize 
toward the CD206+ M2 phenotype, which promotes pro-
tumorigenic activity – a feature largely absent in low-
grade tumors.15 DNA methyltransferase 1 (DNMT1) also 
displays grade-specific expression, remaining relatively 
low in low-grade tumors, consistent with stable DNA 
methylation patterns. In contrast, DNMT1 is significantly 
upregulated in high-grade tumors, contributing to 
widespread CpG island hypermethylation and silencing 
of tumor suppressor gene.16 Given the strong associations 
between these molecular markers, tumor phenotypes, 

treatment strategies to improve prognosis and reduce malignant progression in low-
grade CNS tumors.

Keywords: Low-grade tumor; Astrocytoma; Ependymoma; Meningioma; Proliferation; 
Neo-vascularization; Invasion; Immune microenvironment

https://dx.doi.org/10.36922/MI025190040


Microbes & Immunity Characterizing low-grade CNS tumors

Volume 2 Issue 3 (2025)	 132� doi: 10.36922/MI025190040

and their prognostic and therapeutic relevance, the 
present study incorporated Ki-67, MMP-2, VEGFR2, 
CD11b, Iba1, and DNMT1 for characterization.

In the present work, we analyzed histopathology and 
molecular hallmarks of three types of low-grade  CNS 
tumors: spinal myxopapillary ependymoma, fibroblastic 
meningioma, and diffuse astrocytoma. Low-grade  CNS 
tumors pose considerable clinical challenges due to 
their unpredictable progression and the lack of reliable 
prognostic biomarkers. Present diagnostic modalities 
often fail to predict which tumors will undergo malignant 
transformation, when this transition might occur, and 
how aggressively the disease may evolve. Consequently, 
therapeutic strategies remain suboptimal, adversely 
affecting patient outcomes.

Moreover, the tumor microenvironment and cellular 
dynamics that drive progression from indolent to 
aggressive phenotypes remain poorly characterized, 
representing a critical knowledge gap in neuro-oncological 
research. Accordingly, this study aimed to: (i) conduct a 
comparative analysis of key molecular ontogenic profiles 
between glial and non-glial low-grade  CNS tumors to 
reveal physiological differences; (ii) determine whether 
these molecular hallmarks represent viable, subtype-
specific therapeutic targets; and (iii) explore whether these 
molecular characterizations could inform the development 
of targeted therapies with improved efficacy and reduced 
off-target toxicity.

Although limited by a small sample size, this study 
offers a unique contribution to understanding the 
molecular landscape of low-grade  CNS tumors. It may 
aid in diagnosis, risk stratification, and therapeutic 
decision-making. Ultimately, this approach seeks to bridge 
fundamental tumor biology with clinical application, 
offering potential pathways for early intervention strategies 
that could prevent malignant transformation and enable 
more effective targeted therapies.

2. Methodology
2.1. Tumor samples, histology, and metadata

Post-operative CNS tumor tissues were collected from 
the Bangur Institute of Neurosciences, Institute of Post 
Graduate Medical Education and Research (IPGME&R), 
Kolkata, India. Samples were preserved in (i) 10% 
buffered formalin (CDH, India) for histopathological and 
immunohistochemical analysis, (ii) 4% paraformaldehyde 
(MERCK, India) for immunofluorescence studies, and (iii) 
serum-free Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco Invitrogen, United States of America [USA]) for 
live cell isolation and flow cytometry.

Formalin-fixed tissues were processed with 
embedding and sectioned at 10  µm using a microtome 
(WESWOX, India). Sections were mounted on glass slides, 
deparaffinized through alcoholic dehydration, stained 
with hematoxylin and eosin (Merck, India), and observed 
under a bright field microscope (TS100F Eclipse, Nikon 
Corp., Japan). Images were captured using a CCD camera 
(DS-Fi2-U3, Nikon Corp., Japan).

Tumor type and grade were determined by a 
collaborating pathologist based on histological features, 
following the 2016 WHO classification of CNS tumors. 
A total of 10 low-grade tumor samples were obtained: three 
spinal myxopapillary ependymomas, four fibroblastic 
meningiomas, and three diffuse astrocytomas. These 
tumors are frequently underdiagnosed and are typically 
identified only after progression to higher-grade lesions, 
which limits the number of available samples. Additional 
clinical data included magnetic resonance imaging (MRI) 
scans with T1-  and T2-weighted contrast-enhanced 
imaging and magnetic resonance spectroscopy (MRS), 
focusing on N-acetylaspartate (NAA) peaks and choline/
creatine ratios. The use of post-operative human tumor 
tissues adhered to ethical guidelines approved by the 
Institutional Ethical Committee, IPGME&R, Kolkata (vide 
Memo No. Inst/IEC/553, dated January 15, 2014).

2.2. Silver/gold (SG) staining of paraffin-embedded 
tissue

Silver staining and gold toning were performed on 
10 μm paraffin-embedded tissue sections. After fixation 
and deparaffinization, sections were stained using freshly 
prepared ammoniacal silver carbonate (CDH, India), 
followed by rinsing in 10% formalin. Subsequently, the 
sections were toned in gold chloride (Loba Chemie, 
India) and then fixed in sodium thiosulfate (MERCK, 
India). Microscopic analysis was carried out using the 
same imaging system as described in Section 2.1. Images 
were acquired using the NIS Element-BR software (Nikon 
Corp., Japan) to identify electron-dense macrophages and 
microglia.

2.3. Tissue preparation for immunofluorescence 
microscopy

Tissues were fixed in 4% paraformaldehyde (MERCK, 
India), washed, and stored in phosphate-buffered saline 
(PBS; CDH, India) at 4°C. Specimens were sectioned at 
a thickness of 10 µm, and separate immunofluorescence 
staining protocols were applied using the following 
antibodies: glial fibrillary acidic protein (GFAP)-Alexa 
Fluor 488-conjugated monoclonal antibody (mAb) (Cat. 
No.  561449, BD Pharmingen, USA), CD11b-FITC mAb 
(Cat. No.  101205, BioLegend, USA), and Iba1 mAb 
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(Cat. No. ab5076, Abcam, USA) with a PE-conjugated, 
anti-mouse, human cross-reactive polyclonal secondary 
antibody (Cat. No. ab98742, Abcam, USA). In addition, 
VEGFR2 mAb (Cat. No. sc-6251, Santacruz, USA) was 
used with a TRITC-conjugated secondary antibody (Cat 
No. ab6786, Abcam, USA), and MMP-2 mAb (Cat. No. 
NB200-114, Novus Biologicals, USA) was paired with a 
FITC-conjugated secondary antibody (Cat. No. ab6785, 
Abcam, USA).

Non-conjugated primary antibodies were used at a 
1:500 dilution, while conjugated primary and secondary 
antibodies were used at a 1:1000 dilution. All antibodies 
were diluted in 5% fetal bovine serum (GIBCO, USA) 
in PBS. Incubations were performed in a dark, humid 
chamber. A blocking-permeabilizing buffer was prepared 
using 5% FBS in PBS containing 0.25% Tween-20 (MERCK, 
India). Fluorescence imaging was conducted using the 
previously mentioned microscope equipped with EpiFL-
B2A and EpiFL-G2A filters (for Alexa Fluor 488/FITC and 
PE/TRITC, respectively; Nikon Corp., Japan). Images were 
captured and processed using the previously mentioned 
CCD camera and imaging software. Mean fluorescence 
intensity (MFI) was quantified, plotted, and subjected to 
statistical analysis.

2.4. Immunohistochemistry with counterstaining

Tissue sections were incubated at 54°C overnight, then 
hydrated and washed with PBS. Blocking was performed 
using 3% bovine serum albumin (LOBA, India), followed 
by overnight incubation with non-conjugated Ki-67 mAb 
(Cat. No. sc-23900, Santacruz, USA) and DNMT1 mAb 
(Cat. No. sc-271729, Santacruz, USA) at a 1:200 dilution. The 
slides were then washed and incubated with a horseradish 
peroxidase-conjugated secondary antibody (Cat. No. 
ab97030; Abcam, USA) at 1:500 in ×1 PBS. Development 
was achieved using 3,3-diaminobenzidine (SRL, India) in 
buffered H2O2 (1M TRIS, pH 7.4) supplemented with 0.5% 
cupric sulfate, in the dark for 20  minutes. Sections were 
counterstained with hematoxylin (Merck, India), followed 
by graded alcohol dehydration, air drying, and mounting. 
Slides were examined using the same microscopic system. 
For Ki-67 quantification, the number of Ki-67-positive cells 
were counted and divided by the total number of cells within 
each microscopical field to calculate the proliferative index. 
Data were tabulated, graphed, and statistically analyzed.

2.5. Cell isolation, culture, and immunophenotyping

Freshly excised tumor samples were aseptically collected 
in serum-free DMEM at 4 – 6°C and mechanically 
minced. Samples were enzymatically dissociated using 
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) 
(Sigma Aldrich, USA). FBS (MP Biomedicals, USA) 

was added to neutralize trypsin, and the suspension 
was filtered through a 70  µm nylon mesh (HiMedia, 
India). The filtrate was centrifuged and resuspended in 
DMEM. Cells were counted and seeded in 60 mm culture 
dishes (Greiner, Germany) at a density of 2 × 106 cells in 
DMEM supplemented with 10% FBS and 2% antibiotic-
antimycotic solution (HiMedia, India). Cultures were 
maintained in a humidified incubator at 37°C with 5% 
CO2 (New Brunswick, Eppendorf, United  Kingdom) for 
2  days. Following incubation, cells were detached using 
Accutase (Sigma-Aldrich, USA), washed, and fixed with 
4% paraformaldehyde. Cell pellets were treated with 
permeabilizing blocking buffer (5% FBS in PBS with 
0.5% Tween-20) and then washed. Immunostaining was 
performed using MMP-2 mAb (Cat. No. NB200-114, Novus 
Biologicals, USA) at a 1:500 dilution and a PE-conjugated 
secondary antibody (Cat. No. ab97024, Abcam, USA) at 
a 1:700 dilution. After staining, pellets were washed and 
analyzed using a BD-FACS Verse flow cytometer with 
Verse-Suit 1.0 software (BD Biosciences, USA).

2.6. Cell cycle analysis from paraffin-fixed tissue

Cell cycle ploidy analysis was performed on paraffin-
embedded tumor tissues as previously described.10,17 
Briefly, 90 µm ribbons were sectioned from paraffinized 
tissue blocks and treated with xylene (MERCK, India). 
The resulting pellet was collected through centrifugation, 
subjected to descending alcohol gradation, and washed 
repeatedly with PBS. Antigen retrieval was performed 
using citrate buffer, followed by incubation. Samples 
were then digested with 0.25% trypsin-EDTA, washed 
in PBS, and filtered through a 70  µm nylon mesh. The 
filtrate was centrifuged and resuspended in PBS. RNaseA 
(1 mg/mL; Invitrogen, USA) was added and incubated at 
37°C. Propidium iodide (PI; 0.5 mg/mL; Life Technologies, 
USA) was then added, followed by incubation. Samples 
were analyzed using the BD Accuri C5 flow cytometer (BD 
Biosciences, USA). The cumulative percentage of cells in 
the S+G2M phases was used as an indicator of proliferation 
and was subsequently graphed and analyzed statistically.

2.7. Statistical analysis

All experiments were performed in triplicate for 
each sample. Depending on the data distribution and 
experimental design, non-parametric tests and/or t-tests 
were applied. Statistical significance was assessed using 
the Kruskal–Wallis test and nested one-way ANOVA, 
performed with GraphPad Prism® 10 for Windows 64-bit, 
version 10.4.2 (633). A p≤0.05 was considered statistically 
significant. Additional statistical tests were employed where 
appropriate. Full statistical details, including significance 
levels, are provided in the figure legends.
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3. Results
3.1. Histopathological findings, MRI metadata, and 
evaluation of glial/non-glial nature

Histopathological analysis at ×100 and ×400 magnifications 
revealed distinct architectural features for each tumor type. 
Ependymoma exhibited lobulated, island-like patterns 
with hyalinized fibrovascular cores and characteristic 
perivascular pseudorosettes (Figures  1B and 1C). 
Meningioma demonstrated classic “whorling” formations 
resulting from interlacing fascicles of fibroblastic origin 
(Figure 1F and 1G). In diffuse fibrillary astrocytoma, we 
noted increased glial cell density and a prominent fibrillary 
network (Figure  1J and 1K). Among the astrocytoma 
specimens, nuclear atypia and pleomorphism – hallmarks 
of malignancy – were most pronounced. Vascular 
proliferation was most extensive in astrocytoma, followed 
by lobular-specific vascular islands in ependymoma and 
moderate, sprouting vasculature in meningioma.

Dystrophic microcalcifications were most abundant 
within the lobules of ependymoma, moderately dispersed 
in astrocytoma, and sparse in meningioma. Each tumor 
type exhibited a distinct histoarchitectural profile. The 
progressive increase in nuclear atypia and vascular 
proliferation from meningioma to ependymoma to 
astrocytoma suggests an escalating degree of biological 
aggressiveness, even within low-grade classifications.

MRI of myxopapillary spinal ependymoma (Figure 1A) 
revealed a heterogeneous lesion extending from L1 to 
L5, with a loss of normal lumbar curvature. The lesion 
appeared iso-  to hyperintense on T2-weighted images. 
MRS demonstrated a markedly elevated choline peak 
and a significantly reduced NAA peak. In meningioma 
(Figure 1E), imaging revealed a large extra-axial mass in the 
midline basifrontal region, showing intense post-contrast 
enhancement. The mass appeared iso- to hypointense on T1 
and iso- to mildly hyperintense on T2-weighted sequences, 

Figure 1. Radiological, histopathological, and immunofluorescence analysis of tumor samples. Low-grade spinal myxopapillary ependymoma: T1- and 
T2-weighted magnetic resonance (MR) images of (A); Hematoxylin and eosin (H&E)-stained histopathological sections at ×100 (scale bar: 100 µm) and 
×400 (scale bar: 50 µm) magnification (B and C); Glial fibrillary acidic protein (GFAP) immunofluorescence (D), with glial cells indicated by orange arrows; 
Low-grade fibroblastic meningioma: MR images (E); H&E-stained sections at ×100 (scale bar: 100 µm) and ×400 (scale bar: 50 µm) magnification (F and 
G); GFAP immunofluorescence, with glial cells indicated by orange arrows (H); Low-grade diffuse astrocytoma: MR images (I); H&E-stained sections at 
×100 (scale bar: 100 µm) and ×400 (scale bar: 50 µm) magnification (J and K); GFAP immunofluorescence, with glial cells indicated by orange arrows (L).
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with mild midline shift and compression effects. MRS 
indicated increased choline and predominantly reduced 
NAA levels. Intracranial diffuse astrocytoma (Figure  1I) 
demonstrated an ill-marginated region of altered signal 
intensity in the left temporo-parietal region, appearing 
hypointense on T1 and hyperintense on T2-weighted 
images. The lesion was associated with a distinct mass 
effect and midline shift. MRS showed highly elevated 
choline levels and significantly reduced NAA peaks. 
Across all tumor types, consistently increased choline and 
reduced NAA levels reflected altered cellular metabolism 
characteristic of neoplastic transformation. Among these, 
astrocytoma displayed the most pronounced metabolic 
disruption, consistent with its higher malignant potential.

GFAP immunofluorescence revealed extensive 
astrocytic involvement in low-grade astrocytoma 
(Figure 1L), with numerous GFAP-positive cells indicating 
glial hypercellularity. Spinal ependymoma exhibited 
significantly fewer GFAP-positive cells (Figure 1D), while 
meningioma demonstrated minimal GFAP expression 
(Figure 1H), consistent with its origin from GFAP-negative 
meningio-epithelial cells.

3.2. Immunocytochemistry and immunofluorescence 
assay corroborates cell-cycle, proliferation, and 
neo-angiogenesis

Immunohistochemical analysis of Ki-67 expression 
revealed distinct proliferative profiles among the three 
tumor types. Astrocytoma demonstrated the highest Ki-67 
expression (Figure 2C), whereas ependymoma (Figure 2A) 
and meningioma (Figure  2B) exhibited comparatively 
lower expression. Quantitative assessment of Ki-67-
positive cell indices yielded mean values of 0.62 ± 0.09 for 
ependymoma, 1.34 ± 0.36 for meningioma, and 2.1 ± 0.16 
for astrocytoma. Statistical analysis confirmed significant 
differences in proliferative indices across all tumor 
types, with the most marked disparity observed between 
ependymoma and astrocytoma (Figure 2D).

Flow cytometric analysis using PI staining corroborated 
the Ki-67 findings. Cell cycle distribution analysis 
demonstrated that astrocytoma exhibited the highest 
percentage of cells in active proliferative phases (S+G2/M: 
20.40 ± 2.06%) (Figure 2I and 2J), followed by meningioma 
(S+G2/M: 12.60 ± 0.70%) (Figure  2G and 2H) and 
ependymoma (S+G2/M: 8.63 ± 0.51%) (Figure 2E and 2F). 
Comparative analysis revealed statistically significant 
differences, confirming that astrocytoma displayed 
markedly elevated proliferative activity relative to the other 
two tumor types (Figure 2K).

Given that neoangiogenesis represents a fundamental 
hallmark of malignancy, we further assessed the 

angiogenic potential of these tumors through VEGFR2-
targeted immunofluorescence using TRITC-conjugated 
antibodies. Qualitative examination revealed enhanced 
neovascularization in astrocytoma (Figure  2N) 
compared to meningioma (Figure  2M) and spinal 
ependymoma (Figure  2L). Quantitative analysis of MFI 
values demonstrated statistically significant differences: 
astrocytoma (59.66 ± 2.55), ependymoma (30.10 ± 2.38), 
and meningioma (21.35 ± 2.35) (Figure 2O).

These findings collectively indicate a progressive 
increase in angiogenic activity that correlates with the 
observed proliferative indices. This suggests a coordinated 
upregulation of both proliferative and angiogenic signaling 
pathways in astrocytoma, distinguishing it from other low-
grade CNS tumor types.

3.3. MMP-2 expression and invasive potential in 
low-grade tumor types

Flow cytometric analysis revealed that the MFI of 
MMP-2-PE was highest in ependymoma (Figure  3A), 
followed by astrocytoma (Figure  3C), and with the 
lowest expression observed in meningioma (Figure  3B). 
To further assess gelatinase-dependent invasiveness, we 
conducted immunofluorescence using MMP-2-FITC. 
Ependymoma (Figure  3D) exhibited intense, regionally 
clustered MMP-2 expression, in contrast to the sparse and 
scattered signal in meningioma (Figure 3E) and the diffuse 
moderate expression pattern in astrocytoma (Figure 3F). 
Quantitative analysis of MFI values showed statistically 
significant differences in MMP-2 expression across tumor 
types (Figure 3G). Notably, ependymoma, despite its lower 
proliferative index, demonstrated the highest MMP-2 
expression (62.03 ± 9.50), followed by astrocytoma 
(40.90 ± 2.04) and meningioma (21.30 ± 2.62).

These findings suggest an inverse relationship between 
proliferative activity and MMP-2-mediated invasive 
potential, with ependymomas demonstrating the highest 
gelatinase-dependent invasiveness despite limited 
proliferation. This observation highlights ependymomas as 
a potentially underexplored therapeutic target for MMP-2 
inhibitors. Furthermore, profiling MMP-2 expression 
may serve as a diagnostic tool for personalized treatment 
strategies for low-grade CNS tumors.

3.4. Immune cell infiltration profiles in the studied 
low-grade CNS tumors based on silver-gold staining, 
CD11b, and Iba1 expression

SG histochemical staining was employed to visualize 
electron-dense mononuclear immune cell populations 
within the tumor microenvironment, leveraging the 
differential affinity of metallic ions for cytoplasmic 

https://dx.doi.org/10.36922/MI025190040


Microbes & Immunity Characterizing low-grade CNS tumors

Volume 2 Issue 3 (2025)	 136� doi: 10.36922/MI025190040

components of immune cells. At low magnification (×100), 
ependymomas (Figure 4A) and astrocytomas (Figure 4E) 
exhibited comparable levels of immune cell density, 
whereas meningiomas showed substantially greater 
infiltration (Figure  4C). High-magnification imaging 
(×400) revealed the characteristic dark punctate staining of 
activated macrophages and microglia. Quantitative analysis 
revealed statistically significant differences in SG-positive 
cell density across tumor subtypes. Meningiomas exhibited 
the highest immune cell infiltration (62 ± 3.40; Figure 4D), 

representing a 1.9-fold increase over ependymomas (32 ± 
3.60; Figure 4B) and a 3.4-fold increase over astrocytomas 
(18 ± 2.5; Figure 4F). Post hoc analysis confirmed significant 
pairwise differences among all tumor groups (Figure 4G), 
indicating distinct immune microenvironments among 
CNS tumor subtypes.

Immunofluorescence analysis using CD11b revealed 
that meningiomas exhibited the highest MFI (27.57 ± 
1.23; Figure 4I), followed by ependymomas (9.73 ± 0.60; 
Figure 4H) and astrocytoma (4.8 ± 0.55; Figure 4J). This 

Figure 2. Evaluation of cellular proliferation and associated neoangiogenesis. Ki-67 immunohistochemistry showing proliferative activity (areas marked 
with green arrows) in: (A) low-grade spinal myxopapillary ependymoma (scale bars: 50 µm; magnification: ×400), (B) low-grade meningioma (scale 
bars: 50 µm; magnification: ×400), and (C) low-grade astrocytoma (scale bars: 50 µm; magnification: ×400). (D) Quantified Ki-67 proliferative indices 
plotted and analyzed ***p≤0.001 (p=0.0002; ependymoma versus astrocytoma, unpaired t-test); **p≤0.01 (p=0.001; all tumors, Kruskal–Wallis test). Cell 
cycle analysis using propidium iodide: (E and F) low-grade spinal myxopapillary ependymoma, (G and H) low-grade meningioma, (I and J) low-grade 
astrocytoma. (K) Cumulative S+G2 phase percentages plotted, with **p≤0.01 (p=0.001; Kruskal–Wallis test). VEGFR2-TRITC IF images (×100, scale bar: 
100 µm) (areas marked with green arrows) showing angiogenesis: (L) low-grade spinal myxopapillary ependymoma, (M) low-grade meningioma, (N) 
low-grade astrocytoma. (O) Box plot of VEGFR2 mean fluorescence intensity data: ***p≤0.001 (p=0.0001; ependymoma vs. astrocytoma, t-test); **p≤0.01 
(p=0.001; all tumors, Kruskal–Wallis test).
Abbreviations: VEGFR2: Vascular endothelial growth factor receptor 2; TRITC: Tetramethylrhodamine; IF: Immunofluorescence.
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Figure 4. Evaluation of tumor-associated immune cells. Silver-gold (SG)-stained tissue sections at ×100 (scale bar: 100 µm) and ×400 (scale bar: 50 µm) 
magnification showing SG-positive immune cells (green arrows): (A and B) low-grade spinal myxopapillary ependymoma, (C and D) low-grade 
meningioma, (E and F) low-grade astrocytoma. (G) Violin plot comparing SG-positive cells density: ****p≤0.0001 (ependymoma vs. astrocytoma, t-test); 
**p≤0.001 (Kruskal–Wallis test); Immunofluorescence using CD11b-FITC (for detecting leukocytes, marked with orange arrows): (H) low-grade spinal 
myxopapillary ependymoma, (I) low-grade meningioma, (J) low-grade astrocytoma. Immunofluorescence using Iba1-PE (for detecting macrophage, 
marked with blue arrows): (K) ependymoma, (L) meningioma, (M) astrocytoma. (N) Clustered box plot for MFI values of CD11b-FITC and PE-Iba1: Not 
statistically significant (Kruskal–Wallis test). (O) Comparison of mean MFI (cumulative) of both CD11b and Iba1 across tumors analyzed through nested 
one-way ANOVA: ***p≤0.001.
Abbreviations: FITC: Fluorescein isothiocyanate; MFI: Mean fluorescence intensity.
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Figure  3. Evaluation of gelatinase-dependent invasiveness. Flow cytometry with PE-conjugated MMP-2 for (A) low-grade spinal myxopapillary 
ependymoma, (B) low-grade meningioma, (C) low-grade astrocytoma. MMP-2-FITC immunofluorescence images (×100, scale bar: 100 µm) (MMP-2 
positive regions marked with orange arrows): (D) low-grade spinal myxopapillary ependymoma, (E) low-grade meningioma, (F) low-grade astrocytoma. 
(G) Mean fluorescence intensity data plotted: *p≤0.05 (p=0.019; ependymoma vs. astrocytoma, t-test); **p≤0.01 (p=0.001; all tumors, Kruskal–Wallis test).
Abbreviations: MMP-2: Matrix metalloproteinase 2; FITC: Fluorescein isothiocyanate.
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pattern was consistent with the SG staining results and 
confirms a predominance of CD11b+ myeloid cells in 
meningioma microenvironments.

In contrast, Iba1 immunofluorescence, which marks 
both resting and activated microglia, revealed a different 
pattern. Meningiomas exhibited the highest Iba1 MFI 
(27.72 ± 1.44; Figure 4L), followed by astrocytomas (19.23 
± 1.26; Figure  4M), and ependymomas (10.46 ± 0.96; 
Figure  4K). Although individual group comparisons for 
Iba1 did not reach statistical significance, these trends 
provided insights into the relative contributions from 
resident microglia and infiltrating macrophages (Figure 
4N). Nested one-way ANOVA incorporating cumulative 
MFI values for CD11b and Iba1 revealed statistically 
significant differences in total mononuclear immune cell 
infiltration among all tumor subtypes (Figure  4O). This 
integrated analysis indicates that, despite variability in 
individual marker expression, each CNS tumor subtype 
exhibits a distinct immune microenvironment signature.

Astrocytomas exhibited a pronounced Iba1-
predominant profile (Iba1:CD11b = 4:1), indicating 
preferential activation of resident microglial populations 
rather than recruitment of peripheral macrophages. 
This pattern aligns with the relative preservation of 
BBB in lower-grade astrocytic tumors, which limits 
peripheral immune cell infiltration while favoring 
localized microglial activation. These findings suggest 
that therapeutic strategies targeting microglial function, 
such as colony-stimulating factor 1 receptor (CSF1R) 
inhibitors or microglial repolarization agents, may be 
particularly effective in preventing tumor progression in 
astrocytomas. In addition, our observation of an inverse 
correlation between immune cell density and tumor 
aggressiveness challenges the conventional association 
between inflammation and malignancy in CNS tumors. 
The high immune cell infiltration in typically benign 
meningiomas, compared to the sparse immune presence 
in more aggressive astrocytomas, suggests that immune 
cell abundance may be a defining component of the CNS 
tumor microenvironment rather than a mere consequence 
of malignancy.

3.5. DNMT1 expression and epigenetic regulation 
patterns

Immunohistochemical analysis of DNMT1 expression in 
fixed tumor sections revealed distinct epigenetic patterns 
across CNS tumor subtypes. DNMT1-positive cells, 
identified by dark brown nuclear staining, demonstrated 
minimal expression in ependymomas (Figure 5A), a focal 
patchy distribution in meningiomas (Figure  5B), and 
markedly elevated expression in astrocytomas (Figure 5C). 
These findings suggest that differential epigenetic 
regulatory mechanisms may be operative across these 
tumor types.

The observed gradient of DNMT1 expression 
(ependymoma < meningioma < astrocytoma) implies 
that epigenetic dysregulation may serve as a key driver 
distinguishing indolent from more aggressive CNS tumors. 
This finding supports the notion that epigenetic alterations 
contribute significantly to malignant transformation. The 
elevated DNMT1 expression observed in astrocytomas 
identifies this tumor type as a potential candidate for 
methyltransferase inhibitor therapy, which could reverse 
the epigenetic silencing of tumor suppressor genes 
and potentially prevent progression to higher-grade 
malignancy.

4. Discussion
Comprehensive molecular characterization of low-
grade CNS neoplasms represents a significant gap in the 
present neuro-oncological research, particularly when 
compared to their high-grade counterparts – particularly 
within the glioma spectrum.1,18 This disparity may partly 
result from the often-subtle clinical manifestation of 
low-grade CNS tumors, resulting in delayed diagnosis or 
underreporting. However, such tumors can occasionally 
exhibit unexpected complications and poor prognostic 
outcomes.19-21

To address this gap, we conducted a study on selected 
low-grade primary CNS tumors, including grade  I 
meningioma and ependymoma, and grade  II diffused 
astrocytoma (noting that grade I astrocytomas are extremely 

Figure 5. Epigenetic marker analysis. DNMT1 immunochemical imaging (×400, scale bar: 50 µm) showing methylation (brown patchy areas): (A) low-
grade spinal myxopapillary ependymoma, (B) low-grade meningioma, and (C) low-grade astrocytoma.
Abbreviation: DNMT1: DNA methyltransferase 1.
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rare and typically undiagnosed). Despite the limited sample 
size, our investigation revealed distinct patterns of cellular 
organization, proliferative potential, and tissue architecture. 
These features were closely associated with biological 
behavior and carry significant prognostic implications. Our 
findings highlight the critical need for enhanced molecular 
stratification strategies for low-grade  CNS tumors. Such 
approaches could improve prognostic accuracy and guide 
therapeutic decisions. This preliminary investigation 
suggests an emerging pattern that may support prognostic 
assessment in low-grade CNS tumors.

Immunohistochemical and flow cytometric 
analyses revealed that neoplastic proliferation in WHO 
grade  II diffuse astrocytomas – as quantified by GFAP 
immunoreactivity and Ki-67 index – demonstrated 
strong correlations with tumor cell proliferative activity 
and patient median overall survival.22 Complementary 
demographic analyses conducted in South Indian 
populations corroborate these findings, demonstrating 
statistically significant associations between tumor 
proliferative capacity and clinical outcomes.23 Although 
myxopapillary ependymomas comprise approximately 
15% of all intramedullary spinal cord neoplasms and are 
traditionally classified as benign lesions with low Ki-67 
indices, our molecular profiling paradoxically revealed 
elevated MMP-2 expression at both the cellular and tissue-
architectural levels. This observation indicates an inverse 
correlation between proliferation and invasive potential, 
revealing a critical paradigm in CNS tumor biology. MMPs 
orchestrate extracellular matrix degradation, facilitate 
basement membrane disruption, and promote tumor cell 
invasion and potential metastasis. Previous investigations 
have documented significant correlations between 
elevated MMP-2 and MMP-14 expression levels across 
WHO grade  I–III ependymomas and enhanced invasive 
behavior, which in turn correlate with poorer patient 
survival outcomes.24

Our comparative analysis of VEGFR2 expression, 
reflecting neoangiogenic activity, revealed heterogeneous 
patterns in myxopapillary ependymomas. These patterns 
suggest the presence of focal angiogenic switching in 
areas of gross total resection, despite the typically low 
proliferative indices observed. The angiogenic switch 
is governed by complex regulatory networks involving 
growth factor signaling pathways (e.g., epidermal growth 
factor, platelet-derived growth factor, and transforming 
growth factor) and tissue inhibitors of metalloproteinases 
modulation, which are influenced by tumor cells, stromal 
fibroblasts, infiltrating macrophages, and other immune 
cells. These elements collectively regulate MMP expression 
and VEGFR2-mediated signaling cascades.25-27

Taken together, our findings support a proliferation–
invasion dichotomy with associated angiogenic 
implications among low-grade  CNS tumors. Based 
on the molecular profiles observed, we propose that 
combination therapy targeting both MMP activity and 
neo-vasculogenesis may enhance treatment efficacy 
in low-grade spinal ependymoma. Similarly, dual 
inhibition of cell proliferation and neo-vasculogenesis 
may offer therapeutic benefits in low-grade astrocytic 
tumors. These approaches hold promise for preventing 
malignant progression while minimizing off-target 
cytotoxic effects.

Our previous investigations demonstrated a progressive 
accumulation of both brain-resident microglia and 
infiltrating macrophages across the malignancy spectrum 
from WHO grade II to grade IV astrocytomas. These myeloid 
cell populations play key roles in orchestrating extracellular 
matrix remodeling, which correlates directly with patient 
morbidity indices.28 In the present study, quantitative analysis 
revealed the highest density of SG-stained, electron-dense 
microglia and macrophages in meningioma specimens, 
compared to astrocytomas and ependymomas. These findings 
were further corroborated through immunophenotyping 
using CD11b and Iba1 markers.

Previous reports have shown that the extradural 
location and arachnoid-derived origin of meningiomas 
– outside the constraints of the BBB – facilitate immune 
cell infiltration. In particular, meningiomas overexpress 
monocyte chemoattractant protein-1 (MCP-1), leading 
to the accumulation of tumor-associated macrophages 
of monocytic lineage and CD8+ tumor-infiltrating 
lymphocytes. These immune cell populations are 
frequently associated with peri-tumoral edema, 
reflecting the complex interplay between tumor-
secreted chemokines and vascular permeability factors. 
Conversely, the relatively sparse CD11b+ cell populations 
observed in low-grade astrocytomas are consistent 
with the preserved integrity of the BBB. Tight junction 
proteins, such as claudin-5, occludin, and zonula 
occludens-1 help maintain BBB selectivity, thereby 
restricting the trans-endothelial migration of circulating 
monocytes and other peripheral immune effector cells 
at early stages of tumor development.29,30 This barrier 
function, coupled with the typically low expression 
of MCP-1, limits peripheral monocyte recruitment. 
Instead, these tumors demonstrate predominant 
activation of brain-resident Iba1+ microglia, which 
contribute to tumor progression through the evolving 
tumor–immune synapse.31,32

The differential abundance and spatial organization of 
resident microglia versus infiltrating macrophages within 
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CNS tumors represent a fundamental pathophysiological 
determinant of tumor progression, therapeutic response, 
and clinical outcomes.33 These immune microenvironmental 
characteristics are emerging as critical prognostic factors 
that merit further investigation.

Our findings support the development of precision 
therapeutic strategies that target microglia to prevent 
malignant progression in low-grade astrocytomas. CSF1R 
antagonists may effectively disrupt the CSF1/CSF1R 
signaling axis,34 which is essential for microglial survival, 

Table 1. Comparative profiles of low‑grade ependymoma, meningioma, and astrocytoma

Experimental 
parameters

Defining characteristics WHO grade I myxopapillary 
ependymoma

WHO grade I fibrous 
meningioma

WHO grade II diffuse astrocytoma

Site of occurrence Sub‑regional location (as seen 
in MRI)

Extradural, spinal, involving 
the spinal canal extending from 
L1 – L5

Extracranial, midline 
basifrontal region

Intracranial, left temporo‑parietal 
region

Magnetic 
resonance imaging 
(MRI)

T1 Hypointense Iso to hypointense Hypointense

T2 Overall iso‑ to hyperintense Iso to hyperintense Markedly hyperintense

Midline shift Mild to negligible Mild Vividly observed

Mass effect Mild to negligible Mild Vividly observed

Magnetic 
resonance 
spectroscopy

Choline peak High High High

NAA peak Low Very low Low

Histopathology 
under bright field 
microscopy

Hematoxylin and eosin 
staining (observed both in×10 
[lower] and×40 [higher] 
magnification)

Lobulated islands, hyalinized 
fibrovascular core, perivascular 
pseudo‑rosettes, lobulated 
blood islands, dystrophic 
micro‑calcification

“Whorling” intercrossing 
fascicles, vascular 
sprouting, dystrophic 
micro‑calcification

Fibrillary astrocytic processes, 
pleomorphic nucleus, conspicuous 
neovascularization, dystrophic 
micro‑calcification

Astrocytic glial 
origin and 
proliferation

IF with GFAP‑Alexa Fluor 
488 to measure expressional 
intensity

Moderate Least Maximum 

Gross proliferation Proliferative index with IHC 
with Ki‑67‑HRP+hematoxylin 
counterstaining

Minimum 
(index value 0.62±0.09 SD)

Intermediate (index 
value1.34±0.36 SD)

Maximum (index value 2.1±0.16 SD)

Tissue cell cycle analysis with 
PI

Total percentage of S+G2/M is 
minimum (8.63±0.51% SD)

Total percentage of 
S+G2/M is intermediate 
(12.60±0.70% SD)

Total percentage of S+G2/M is 
maximum (20.40±2.06% SD)

Angiogenic 
switching or 
neovascularization

IF with VEGFR2‑TRITC to 
measure levels of angiogenic 
receptor expression (MFI)

Clustered/Patchy
 (30.1±2.38 SD)

Lowest (21.35±2.35 SD) Highest (59.66±2.55 SD)

Metastatic nature 
or invasiveness

Cellular FC with MMP‑2‑PE Highest Intermediate Lowest 

IF with MMP‑2‑FITC (MFI) Regional intense expression
 (62.03±9.50 SD)

Low scattered expression 
(21.3±2.62 SD)

Diffused moderate expression 
(40.9±2.04 SD)

Association of 
mononuclear 
monocytic lineage 
Immune cells

S/G staining on fixed tissue 
(positive cells)

Moderate (32±3.60 SD) Highest (62±3.40 SD) Lowest (19±2 SD)

IF with CD11b‑FITC (MFI) Moderate (9.73±0.60 SD) Highest (27.57±1.23 SD) Lowest (4.8±0.55 SD)

IF with Iba1‑PE (MFI) Lowest (10.46±0.96 SD) Highest  
(18.927.72±1.44 SD)

Moderate (19.23±1.26 SD)

Epigenetic 
alteration

Global methylation pattern 
detection by IHC with 
DNMT1‑HRP+hematoxylin 
counterstaining

Scarce Patchy and moderate Diffuse but intense

Abbreviations: CD11b: Cluster of Differentiation 11b; DNMT1: DNA methyl transferase 1; FC: Flow cytometry; FITC: Fluorescein isothiocyanate; 
GFAP: Glial fibrillary acidic protein; HRP: Horse radish peroxidase; IHC: Immunohistochemistry; IF: Immunofluorescence; Ki‑67: Kiel cell proliferating 
antigen protein 67; L1 – L5: Lumber region 1 – 5; MFI: Mean fluorescence index; MMP‑2: Matrix metalloproteinase 2; NAA: N‑acetylaspartate; PE: 
Phycoerythrin; PI: Propidium iodide; TRITC: Tetramethylrhodamine; SD: Standard deviation; S/G: Silver‑gold staining; VEGFR2: Vascular endothelial 
growth factor receptor 2.
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proliferation, and pro-tumorigenic M2 polarization. In 
addition, microglial repolarization strategies – employing 
CD40 agonists and/or STAT6 pathway inhibitors – may 
facilitate phenotypic switching from pro-tumorigenic M2 to 
anti-tumorigenic M1 activation states, thereby restraining 
transformation to higher-grade malignancies.35,36

In another aspect of the present study, DNMT1 
expression across low-grade  CNS tumor subtypes 
revealed the highest immunoreactivity in WHO grade  II 
astrocytoma specimens, followed by intermediate levels 
in ependymomas. Non-glial meningiomas demonstrated 
moderate DNMT1 expression, suggesting distinct 
epigenetic regulatory mechanisms across tumor types. 
In our previous research, we observed a general trend of 
increasing epigenetic perturbation with higher glioma 
grades. However, a comprehensive analysis of epigenetic 
alterations in post-operative CNS tumor samples across 
different subtypes remains largely unexplored and may 
offer prognostic benefits.37,38 The present study highlights 
the need for further rigorous investigations involving 
epigenomic profiling of grade-specific CNS neoplasms. 
Such studies could provide meaningful prognostic insights 
and facilitate the identification of novel therapeutic targets, 
including DNMT inhibitors, histone deacetylase (HDAC) 
inhibitors, O6-methylguanine-DNA methyltransferase 
(MGMT) inhibitors, and isocitrate dehydrogenase 
inhibitors. These agents may block malignant 
transformation through epigenetic reprogramming while 
reducing therapeutic resistance and minimizing off-target 
side effects.39,40

In summary, histopathological evaluation alone is 
insufficient for guiding anti-neoplastic treatment strategies. 
Prognostic success lies in understanding the functional 
potential of tumor cells and their microenvironmental 
interactions. Therefore, molecular characterizations at the 
cellular and tissue levels are indispensable for revealing 
hallmark tumor features, including proliferation, invasion, 
metastasis, neo-vasculogenic potency, and immune cell 
infiltration.41

Integrating cellular and molecular data with 
histopathological assessment is thus crucial for the rational 
design of effective anti-cancer treatment regimens. These 
findings underscore the importance of molecular and 
genetic tumor characterization, as emphasized in several 
recent studies.10,42,43 Moreover, they highlight the need to 
examine inter-  and intra-tumoral cellular organization 
within the CNS microenvironment – a highly influential 
factor influencing tumor progression and dissemination, 
even in low-grade lesions. To improve outcomes for 
patients with CNS tumors, including prolonged survival 
and enhanced quality of life, such diagnostic advancements 

must be incorporated at the early stages of clinical decision-
making.

5. Conclusion
The study of low-grade  CNS tumor samples from a 
hospital-based population revealed a non-linear and 
heterogeneous biological landscape (Table  1). The 
pathophysiological dynamics observed in WHO grade  II 
diffuse astrocytomas and myxopapillary ependymomas – 
particularly the inverse correlations between proliferative 
capacity, invasive potential, and neoangiogenic activity 
– highlight the necessity of multimodal therapeutic 
approaches. These findings suggest that targeting 
interdependent oncogenic pathways simultaneously may 
be more effective than conventional single-agent strategies. 
For low-grade ependymomas, the strategic combination 
of MMP inhibitors with anti-angiogenic agents could 
synergistically disrupt the invasion–angiogenesis axis 
while minimizing the cytotoxic effects associated with anti-
proliferative therapies. In contrast, patients with low-grade 
astrocytomas may benefit from the use of anti-proliferative 
agents, such as temozolomide in combination with 
therapies tailored to their unique molecular characteristics. 
These could include CSF1/CSF1R pathway antagonists or 
microglial repolarization agents targeting Iba1+ microglial 
activity, anti-angiogenic therapies, and/or epigenetic 
reprogramming agents, such as DNMT inhibitors, 
MGMT inhibitors, and HDAC inhibitors. In low-grade 
meningiomas, where CD11b+ macrophage infiltration 
is facilitated by their extradural location and absence of 
BBB constraints, immunotherapeutic interventions may 
hold particular promise, such as mTOR inhibitors (e.g., 
everolimus), CDK4/6 inhibitors, anti-invasive agents, and/
or epigenetic modifiers depending on the minute biological 
properties of the tumor and physiological tolerance of the 
patients. Overall, this preliminary investigation suggests 
that several key hallmarks of cancer – proliferation, 
invasion, angiogenesis, and immune cell infiltration – may 
manifest distinctly even at early tumor grades, depending 
on CNS tumor subtype. Recognizing and addressing 
these subtype-specific patterns is essential for advancing 
personalized therapeutic strategies and optimizing clinical 
outcomes in patients with low-grade brain tumors.
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Candida hyphae and healthspan: Hypothesis
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Abstract
Candida is traditionally considered an opportunistic pathogen. However, recent 
research, accelerated by COVID-19, has raised thought-provoking questions about 
the limitations of this view. Dietary carbohydrates and ethanol have been shown to 
enable its pathogenic transition. Its hyphae express epitopes that may initiate celiac 
and Crohn’s diseases. Hyphal mannan is potentially linked to Gq-coupled G-protein 
coupled receptors. Antibodies to these receptors include chemotactic cytokine 
receptors, which may mediate the escape of latent Epstein–Barr virus. Candida 
hyphae induce mast cells to release histamine and tryptase, which are associated 
with paroxysmal orthostatic tachycardia syndrome, mast cell activation syndrome, 
and hypermobility spectrum disorder—conditions frequently observed in long 
COVID (LC). Hyphae are also implicated in periodontitis, a condition linked to and 
potentially serving as a sentinel risk indicator for cancer, dementia, autoimmune 
disease, atherosclerotic cardiovascular disease, and chronic diseases in general. 
Candida yeast and hyphae can produce their own indoleamine dioxygenase (IDO), 
which antagonizes host IDO, impacting tryptophan metabolism. Altered tryptophan 
metabolism is observed in cancer, dementia, autoimmune diseases, and LC. Candida 
overgrowth (CO) also releases candidalysin, a toxin that suppresses competing 
intestinal bacteria, triggers inflammasomes, and causes hypercitrullination, a process 
associated with several autoimmune diseases and cancers. In addition, CO produces 
aspartyl protease, leading to the release of zonulin from intestinal epithelial cells, 
which increase intestinal and endothelial permeability – hallmarks of autoimmune 
diseases. Candida-induced acetaldehyde amplifies the harmful effects of a genetic 
variant, highly prevalent in Americans, linked to cancer, dementia, and autoimmune 
diseases. The gut microbiome is increasingly recognized as critical to overall health, 
and hyphae may play a major role in determining its composition. In this review, 
the roles of cholecalciferol, tryptophan, and magnesium in counteracting the yeast-
to-hyphae transition and invasion are explored. The approach presented here is 
conceptual rather than empirical.

Keywords: Periodontitis; Mast cell; Cancer; Dementia; Zonulin; Candida; Microbiome

1. Introduction
The overarching goal for humanity is to enhance both the quality and length 
of life. Although life expectancy has generally increased due to technological 
advancements, the quality of life has often declined. A growing deficit in proper diet 
and exercise has significantly contributed to this deterioration. The vital importance 
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of the gut microbiome is now recognized as a primary 
determinant of overall health. Data from long COVID 
(LC) research may have elevated Candida from a mere 
opportunist to a key player in healthspan. Traditionally 
considered incidental or opportunistic, more recent 
findings suggest that invasive Candida plays a critical 
and wide-ranging pathogenic role, even in individuals 
who are not overtly immunocompromised. Candida has 
now been identified as a collaborator with numerous 
other pathogens. The overconsumption of refined 
carbohydrates and alcohol has unleashed Candida, 
the primary hyphae-producing gut fungus, which 
is normally present as a commensal organism in its 
yeast form. These hyphae release candidalysin, a toxin 
capable of inducing autoantibodies. As Hippocrates 
observed, “All diseases begin in the gut,” and the gut, 
in turn, begins in the mouth. In this context, Candida 
potentiates pathogenic bacteria, and it is unsurprising 
that periodontitis (and Candida) has been linked to 
pervasive health issues, including autoimmune diseases, 
cancer, dementia, atherosclerotic cardiovascular disease 
(ASCVD), and other systemic conditions. Candida 
overgrowth (CO)-induced periodontitis may serve as 
a pre-cursor to a shortened healthspan; however, the 
precise mechanisms remain unclear. Several distinct but 
overlapping mechanisms have been proposed:
1)	 Hyphal aspartyl protease induces the release of zonulin
2)	 Hyphal epitopes generate autoantibodies
3)	 Candidalysin induces the production of citrullinated 

peptide antibodies
4)	 Citrullinated autoantibodies facilitate Epstein–Barr 

virus (EBV) escape
5)	 Hyphae stimulate mast cells to release histamine and 

tryptase
6)	 Altered tryptophan metabolism (ATM) results from 

fungal indoleamine dioxygenase (IDO)
7)	 Candida-induced acetaldehyde suppresses methionine 

synthase
8)	 Histone deacetylase release is triggered by Candida.

2. Inflammaging, Candida, and periodontitis
Aging is characterized by systemic chronic inflammation, 
known as inflammaging,1 and is associated with 
autoimmunity,2 dementia,3 and cancer.4 Periodontitis 
triggers inflammaging5 and is directly linked to cancer 
risk,6 dementia,7,8 and autoimmune diseases, including 
systemic lupus erythematosus (SLE),9,10 systemic sclerosis,11 
Hashimoto’s disease,12 and multiple sclerosis.13

Porphyromonas gingivalis has been implicated in the 
generation of anti-citrullinated protein antibodies (ACPAs) 
in patients with rheumatoid arthritis (RA), indicating a 
direct biological link between periodontitis and RA.14

Periodontitis is also linked to ASCVD15 and obesity.16 
Gut profiling revealed an elevated abundance and diversity 
of Candida species among people who are obese.17 Indeed, 
periodontitis is associated with systemic disease in 
general18 and specifically with the NOD-, LRR-, and pyrin 
domain-containing protein 3 (NLRP3) inflammasome19 
and transglutaminase,20 both CO markers.21 Periodontitis 
is directly related to COVID-19 severity22 and is also linked 
to LC.23 Candida is directly associated with periodontitis, 
dysphagia, and hyposalivation.24 CO may precede and 
potentiate P. gingivalis25 in addition to Treponema denticola, 
Tannerella forsythia, and other periodontopathic bacteria, 
inducing periodontitis.26 Refined carbohydrates increase 
the risk of periodontitis and CO.27 CO can be both the cause 
and effect of xerostomia,28 a frequent oral complaint in LC.29 
Candida and periodontitis are also linked to zonulin,30 
the primary determinant of intestinal and endothelial 
permeability. In a study of 33  patients with various 
inflammatory and autoimmune diseases, 60% of those with 
high zonulin levels tested positive for yeast overgrowth.31 
Additional links between zonulin, autoimmune disease, 
and Candida have recently been reported. Zonulin is a 
biomarker for the development of celiac disease32 and 
is elevated in inflammatory bowel disease (IBD).33 CO 
has recently been implicated in the etiology of ulcerative 
colitis.34 It may be a primary determinant of chronic disease 
because invading hyphae present mannan epitopes that 
appear to elicit Gq proteins coupled to G-protein coupled 
receptor (GPCR) antibodies.35 Gq is one of the four types 
of G alpha protein, which also include Gi, Gs, and G12/13. 
Gq proteins are associated with chronic diseases.36 They 
can also induce pain37,38 and loss of taste/smell.39 The 
effects of histamine40 and bradykinin41 are also dependent 
on Gq-coupled GPCRs. These interconnecting linkages are 
shown in Figure 1.

3. Hyphal protease and zonulin
Candida hyphae secrete aspartyl protease, which 
activates the protease-activated receptor 2,42 leading to 
zonulin release from intestinal epithelial cells.43 Zonulin 
is directly associated with increased intestinal and 
endothelial permeability. Yeast overgrowth is reported 
in most individuals with elevated zonulin levels.31 
Aspartyl protease facilitates hyphae development, biofilm 
formation, host invasion, and immune evasion. Biofilm 
formation contributes to cancer progression,44 dementia,45 
periodontitis, ASCVD,46 and autoimmune diseases.47

4. Hyphal epitopes and autoantibodies
Candida hyphal epitopes include a hyphal wall protein 
that mimics gliadin, associated with celiac disease. 
Mannan is another hyphal epitope that may bind lectins 
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linked to Gq-coupled GPCRs35 and chemotactic cytokine 
receptors (CCRs). GPCRs associated with Gq-coupled 
GPCRAbs may contribute to dysfunction in taste, smell, 
and histamine/bradykinin release, as well as various LC 
symptoms. CCRs, which are also Gq-coupled GPCRs, may 
mediate pain48 and are implicated in psoriasis,49 alopecia 
areata,50 and vitiligo51—all of which are common in LC.

5. Hyphae candidalysin and citrullinated 
autoantibodies
Candida hyphae release candidalysin, which triggers 
citrullination and drives the formation of neutrophil 
extracellular traps (NETs) and additional citrullination.52 
Candidalysin-induced hypercitrullination can lead to 
the production of ACPAs, which are associated with 
autoimmune diseases53 and periodontitis.54 ACPAs have 
been implicated in RA, multiple sclerosis, Alzheimer’s 
disease, psoriatic arthritis, SLE, and juvenile idiopathic 
arthritis.55 NETs release numerous citrullinated antigens, 
driving further ACPA production, which can, in turn, 
generate more NETs.56 Anti-cyclic citrullinated peptide 
antibodies (CCPAbs), a subset of ACPAs, are associated with 

severe COVID-1957 and are a hallmark of RA. ACPAs are 
reported in 5 – 10% of primary Sjögren’s syndrome cases.58 
Candida, periodontal pathogens, and EBV have been 
linked to both RA and periodontitis.59 ACPAs are observed 
in up to 50% of patients with SLE and arthritis (Rhupus).60 
Alopecia areata and vitiligo, which are observed in both 
SLE and LC, involve aberrant CCRs61 that bind to gliadin, 
mimicked by hyphal wall epitopes (Figure 1), specifically 
CXCR3.62 Candida and candidalysin are associated not 
only with inflammation and autoimmune diseases but also 
with cancer.63

6. Hypercitrullination and antinuclear 
antibodies (ANAs)
B lymphocytes bearing CCP receptors normally 
tolerate circulating CCP antigens,64 but when exposed 
to hypercitrullination, B lymphocytes may produce 
CCPAbs53 Although EBV-laden B lymphocytes are present 
in virtually all humans,65 EBV typically remains latent. 
EBV reactivation could occur through the loss of viral 
surveillance by T-cell receptors (Gq-coupled GPCRs)35 or 
through hypercitrullination-induced CCPAbs targeting 

Figure 1. Diagrammatic representation of Candida hyphal growth linked to various autoimmune diseases and associated markers 
Notes: Numbers indicate references. Green arrows indicate promotion, blue arrows indicate bidirectional relationships, and red boxes indicate impacts on 
healthspan. See the glossary for additional abbreviations.
Abbreviations: AA: Alopecia areata; ACP: Anti-citrullinated protein; ANA: Antinuclear antibody; CCP: Cyclic citrullinated peptide; CCR: Chemotactic 
cytokine receptor; CeD: Celiac disease; CrD: Crohn’s disease; EBV: Epstein–Barr virus; GPCR: G-protein coupled receptor; Hwp: Hyphal wall protein; P: 
Psoriasis; UC: Ulcerative colitis; V: Vitiligo.
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EBV-laden B cells,53 leading to the release of EBV 
nuclear antigen (ENA) into the general circulation. This 
reactivation correlates with the coincident appearance of 
ANAs and ENA.66 Such CCPAb activity has been observed 
in RA67 and SLE.68,69 ANAs are positive in approximately 
one-fourth of postural orthostatic tachycardia syndrome 
(POTS) cases.70 EBV reactivation has been reported in 
up to 27% of those with COVID-1971 and 68% of those 
with LC.72 The released but viable EBV may not only 
generate ANAs against ENA secreted by the virus but also 
shuttle between immune and epithelial cells,65 inducing 
autoimmune diseases related to intracellular ENA. 
Examples include SLE, multiple sclerosis, RA, IBD, celiac 
disease, type 1 diabetes, and juvenile idiopathic arthritis.73 
Autoantibodies induced by different regions of ENA may 
cross-react with SLE autoantigens such as SmB, SmD, and 
Ro.74

7. Hyphae and mast cells/histamine/
tryptase
This section explores the connections between hyphae, 
periodontitis, candidalysin-induced antibodies, and the 
trifecta of POTS, mast cell activation syndrome (MCAS), 
and hypermobility spectrum disorder (HSD). Mast cells are 
recognized as biomarkers of periodontitis,75,76 and hyphae 
associated with periodontitis can activate mast cells.77 The 
incidence of periodontitis is higher in individuals with 
LC compared to controls.78 Anticardiolipin antibodies 
(antiphospholipid antibodies) are detected in 15 – 20% of 
individuals with periodontitis.79 Oral symptoms in POTS 
include refractory periodontitis, xerostomia, dysgeusia, 
and burning mouth.80 Periodontal disease in HSD is 
primarily genetic in origin,81 although CO may exacerbate 
it. Mast cells are key players in periodontitis82 and are 
also prominent in dementia,83 cancer,84 ASCVD,85 and 
autoimmune diseases. Tryptase-  and chymase-positive 
mast cells are frequently found in skin biopsies from 
individuals with systemic and cutaneous lupus.86 Mast 
cells collaborate with ACPAs in RA87 and play significant 
roles in Sjögren’s syndrome,88 Graves’ disease,89 IBD,90 and 
various other autoimmune diseases, including multiple 
sclerosis, psoriasis, and atopic dermatitis.91 Mast cells and 
tryptase serve as crucial links in the trifecta of HSD, MCAS, 
and POTS and may also contribute to antiphospholipid 
syndrome (APS)92 (Figure 2).

ACPAs activate mast cells, which are associated with 
RA, spondyloarthritis, psoriatic arthritis, and HSD,93 
all observed in LC.94 MCAS and HSD are linked,95 as are 
POTS/MCAS96 and POTS/HSD. Nearly 80% of patients 
with HSD displayed POTS.97 MCAS,98 HSD,99 and POTS100 
are all linked to SLE, as is APS.101,102 In a large community-
based survey, the most common autoimmune conditions 

coexistent with SLE were Hashimoto thyroiditis (6%), celiac 
disease (3%), Sjögren syndrome (3%), and RA (2%).100

8. ATM in cancer, dementia, autoimmunity, 
and ASCVD
These diseases collectively contribute to the reduction 
of both healthspan and lifespan. Their pathogenesis is 
complex; however, they appear to be interconnected. 
Autoimmune diseases are associated with cancer,103 
dementia,104 and ASCVD.105 Specifically, SLE and RA are 
linked to ASCVD,106,107 dementia,108,109 and cancer.110,111 In 
addition, IBD has been associated with dementia.112

Candida may actively contribute to this linkage not only 
through hyphae and candidalysin-induced autoantibodies 
but also through yeast/hyphae release of IDO and D3 
deficiency. CO is a growing concern due to the increasing 
prevalence of (1) a more sedentary lifestyle with reduced 
sunlight exposure and (2) the nutritional decline of the 
Western diet, characterized by higher consumption of 
alcohol, refined sugars, and processed meats. This is 
significant because IDO expression has been detected in both 
the yeast and hyphal forms of Candida.113 IDO metabolizes 
tryptophan, which opposes the transition of commensal 
yeast to its pathogenic hyphal form.113 Pathogenesis seems 
to proceed through ATM, a physiological abnormality 
central to various diseases, including LC.114 ATM has 
also been reported in periodontitis115 and is a hallmark of 
most chronic inflammatory diseases.116 The IDO-releasing 
potential of CO113 may not only induce ATM but may also 
be potentiated by it.117 Moreover, short-chain fatty acids 
(SCFAs) produced by gut bacteria inhibit Candida hyphal 
invasion118 and help prevent ATM.119

9. Candida and ATM
Increasing interest in the gut microbiome and ATM has 
underscored their underappreciated roles in cancer,120 
autoimmune disease,121 dementia,122,123 and chronic 
inflammation.124 CO may potentiate ATM113 due to the 
following mechanisms:
1)	 Candida expresses its own IDO, which shares 31% 

homology with mammalian IDO
2)	 Tryptophan inhibits fungal IDO, while fungal IDO 

inhibits tryptophan
3)	 Interferon-gamma (IFN-γ) drives mammalian IDO 

activity
4)	 Fungal IDO promotes yeast-to-hyphae morphogenesis
5)	 Tryptophan, mammalian IDO, and IFN-γ inhibit 

yeast-to-hyphae morphogenesis
6)	 Fungal IDO and mammalian IDO are antagonists and 

are typically balanced in individuals with a healthy gut 
microbiome.
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Recent research has highlighted the critical role of the 
aryl hydrocarbon receptor (AhR) in aging,125 dementia, 
autoimmune disease, cancer,126 and ASCVD.127 AhR 
activity depends on its ligands. For instance, nuclear factor 
kappa-light-chain-enhancer (NF-κB) mediates the NLRP3 
inflammasome, whereas kynurenines—AhR ligands—
accelerate aging and neurodegeneration. In contrast, 
indoles derived from intestinal bacteria act as ligands that 
counteract these effects.125 ATM disrupts the immune 
response-dependent function of AhR. Elevated IDO 
levels and abnormal AhR signaling have been observed in 
Alzheimer’s disease.120 In addition, AhR has been shown 
to play a protective role in periodontitis.128 These findings 
suggest that a sustained increase in IDO release by Candida 
hyphae, accompanied by a reduction in indole and SCFA 
levels and an increase in kynurenine and NF-κB levels, 
may result in unopposed detrimental AhR ligands. Such 
an imbalance could significantly influence healthspan.

This biochemical relationship between Candida, 
tryptophan, IDO, AhR, and SCFAs (e.g., butyrate) may 
associate CO with diseases characterized by ATM, such as 
cancer, dementia, autoimmunity, and ASCVD. Furthermore, 

it may link CO to diseases associated with a gut microbiome 
deficient in both biodiversity and SCFAs, such as LC, 
myalgic encephalomyelitis/chronic fatigue syndrome, and 
fibromyalgia. The association between CO and butyrate—a 
GLP-1 agonist similar to semaglutide (Ozempic®)—may 
further implicate CO in dementia,129,130 cancer,131 and obesity.

10. Therapeutic interventions
The active form of vitamin D (1,25(OH)2D3) supports 
intestinal barrier integrity, enhances microbial biodiversity, 
and increases bacterial butyrate production. Notably, it 
is less widely recognized that D3 independently inhibits 
yeast-to-hyphae morphogenesis. This unique effect of D3 is 
not mediated through endocrine, intracrine, autocrine, or 
paracrine pathways but instead reflects an intra-alimentary 
fungicidal property independent of host receptors.132,133 
The significant but underappreciated benefits of D3 in this 
context are often underestimated. Could supplemental D3 
provide benefits that match or surpass those derived from 
solar exposure?

Tryptophan, a neutral or non-polar amino acid, is 
one of the nine essential amino acids. It inhibits hyphal 

Figure 2. Diagrammatic representation (in continuation of Figure 1) of Candida hyphae involvement in ATM, promoting the growth of Porphyromonas 
gingivalis, Treponema denticola, and Tannerella forsythia
Notes: Numbers indicate references. Green arrows indicate promotion, red arrows indicate inhibition, blue arrows indicate bidirectional relationships, and 
red boxes indicate impacts on healthspan.
Abbreviations: ATM: Altered tryptophan metabolism; HSD: Hypermobility spectrum disorder; IDO: Indoleamine dioxygenase; MCAS: Mast cell 
activation syndrome; POTS: Postural orthostatic tachycardia syndrome.
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morphogenesis and fungal IDO.113 This is especially 
critical for individuals with COVID-19 and LC. Intestinal 
epithelial cells are rich in ACE2 receptors, which must form 
a complex with B0AT, a neutral amino acid transporter, 
to enable tryptophan absorption.134 The loss of ACE2 
receptor-bearing cells due to SARS-CoV-2 invasion may 
explain the low levels of tryptophan and serotonin reported 
in COVID-19 and LC.135 (Figure  3). This leaves fungal 
IDO unopposed and suggests that Candida might act as 
a collaborator with SARS-CoV-2. Methionine, another 
essential neutral amino acid, is critical for methylation 
(Figure  4). Aberrant methylation, which is linked to 
cancer, dementia, and autoimmune disease, is facilitated by 
the 677T methylenetetrahydrofolate reductase (MTHFR) 
variant allele. According to the Centers for Disease 
Control and Prevention (CDC), most Americans carry this 
allele.136 Acetaldehyde, elevated in CO, inhibits methionine 
synthase,137 further compromising methylation in such 
individuals (Figure  4). This methylation deficiency may 
pre-dispose them to COVID-19 and LC.138 Furthermore, 
CO may exacerbate this vulnerability.

Intestinal bacterial cytochrome P450 enzymes 
metabolize tryptophan into its indole derivatives 

(Figure 3),139 which enhances the integrity of both intestinal 
and brain barriers. All CYP450 enzymes require Mg2+140, 
highlighting its critical role and the importance of the 
Ca: Mg ratio. Dietary calcium and magnesium compete for 
absorption through the calcium-sensing receptor. Mg2+ is 
also necessary for converting tryptophan to serotonin (for 
mood regulation) and serotonin to melatonin (for sleep). 
It serves as a required cofactor for multiple steps in the 
synthesis of the active form of vitamin D from D3 and is 
essential for its transport by the vitamin D-binding protein. 
In addition, Mg2+ is required for methylation (Figure  4), 
exacerbating risks associated with CO and the 677T allele. 
Magnesium exhibits fungicidal properties in vitro.141 In 
1989, Jean Durlach, founder of the International Society 
for Development of Research on Magnesium, reported 
that a ratio of 2.0 (cation concentrations in mmol/volume) 
was the ideal target. A high Ca: Mg ratio is characteristic 
of conditions such as cancer, autoimmune diseases,142 and 
ASCVD,143 with the optimal ratio being between 1.7 and 
2.8.144 The Asian diet is typically low in calcium, whereas the 
Western diet is often deficient in magnesium.145 According 
to the National Health and Nutrition Examination Survey, 
the mean dietary Ca: Mg intake ratio for Americans has 

Figure 3. Altered tryptophan metabolism (ATM) characterizes long COVID, autoimmunity, cancer, dementia, and other diseases. Interferon-gamma 
(IFN-γ) and transforming growth factor beta (TGF-β) counterbalance each other: TGF-β governs tolerogenesis, with excessive levels leading to tolerance of 
cancer antigens and insufficient levels resulting in intolerance of host antigens. Candida can release its own indoleamine dioxygenase (IDO), contributing 
to ATM and potentiating cancer and dementia.
Notes: Numbers indicate references. Arrow thickness denotes pathway preference.
Abbreviations: AhR: Aryl hydrocarbon receptor; NAD+: Oxidized nicotinamide adenine dinucleotide.
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increased from 2.6 in 1977 to over 3.0 since 2000. When 
this ratio falls outside its recommended range, similar 
diseases tend to emerge, such as dementia,145,146 colon 
cancer,144 and ASCVD.144

Candida morphogenesis, virulence, biofilm formation, 
and dissemination are regulated by fungal histone 
deacetylase (HDAC), particularly Sirtuin2.147 Sirtuin2 is 
NAD+-dependent and may be upregulated through the 
kynurenine pathway (Figure  3). The dietary inclusion of 
a pre-biotic (e.g., d-mannose), probiotic (e.g., yogurt), 
and post-biotic (e.g., butyrate) can counteract CO. 
Bifidobacteria stimulate butyrogenic bacteria,148 whereas 
lactobacilli enhance butyrate absorption.149 Both dominate 
the colony-forming units in probiotics. Lactobacilli 
significantly inhibit Candida hyphal morphogenesis and 
biofilm formation.150 Butyrate, a potent HDAC inhibitor,153 
suppresses Candida.152,153 HDAC also plays a critical role 
in carcinogenesis154 and is associated with dementia,155 
autoimmune diseases, and even periodontitis.156 Autism 
spectrum disorder should also be considered part 
of this list.157 Butyrate immunomodulates IFN-γ and 
transforming growth factor beta,158 which are cytokine 
reciprocals linked to autoimmune disease159 and cancer,161 
respectively (Figure 3). In summary, probiotics containing 
bifidobacteria and lactobacilli may enhance healthspan.161 
They work synergistically through butyrate to promote 
longevity.162 The HDAC-inhibiting properties of butyrate 
have been directly linked to increased lifespan.163

Candida thrives on a diet high in refined carbohydrates 
and alcohol, both of which are metabolized to acetaldehyde 
(rate-limiting step). Acetaldehyde is associated not only 

with short-term effects such as brain fog and fatigue but 
also with cancer164 and dementia.165 Alcohol metabolism 
elevates homocysteine levels (while reducing B9 and 
B12),166 which is linked to cancer,167 dementia,168 and 
autoimmune disease.169 The active forms of folate (B9) and 
cyanocobalamin (B12) depend on methylation, a process 
compromised in individuals with the 677T allele. The 
risks of cancer and dementia are further elevated in those 
carrying the 677T MTHFR allele.170,171 According to the 
CDC, nearly half of American adults have pre-diabetes 
or diabetes, conditions driven by increasing insulin 
resistance now linked to CO.172 Recent research indicates 
that methylation may play a role in the development of 
systemic insulin resistance.173 Consequently, CO, which 
is associated with aberrant DNA methylation and histone 
deacetylation, may drive disease through dual pathogenic 
mechanisms involving the epigenome (Figure 4).

Exercise reversibly enhances gut biodiversity.174

In summary, achieving an optimal gut microbiome 
through therapeutic approaches involves the following:
1)	 Vitamin D3 supplementation
2)	 Adequate levels of tryptophan
3)	 Maintaining a Ca: Mg ratio close to 2.0
4)	 Incorporating pre-biotics, probiotics, and post-biotics
5)	 Following a diet that moderates the intake of refined 

carbohydrates and ethanol
6)	 Engaging in exercise.

11. Conclusion
The described linkages are thought-provoking but do not 
establish a cause-and-effect relationship. Furthermore, 

Figure 4. The MTHFR variant allele, present in the majority of Americans, and methionine synthetase (MS), suppressed by acetaldehyde, both highlighted 
in red, contribute to impair methylation.
Notes: Cofactors are shown in green. Molecules are shown in pink.
Abbreviations: Hcy: Homocysteine; MS: Methionine synthetase; MTHFR: Methylenetetrahydrofolate reductase; SAH: S-Adenosyl homocysteine; SAMe: 
S-Adenosyl methionine; THF: Tetrahydrofolate.
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the magnitude of any such impact remains unknown. 
However, as reducing dietary refined carbohydrates 
and alcohol intake is beneficial in numerous other ways, 
the therapeutic approach appears straightforward. 
Vitamin D3 and tryptophan both counteract the yeast-
to-hyphae transition, whereas magnesium seems to 
exhibit fungicidal properties.141 Although incorporating 
sun exposure and supplemental vitamin D3132,133 into 
one’s routine is unequivocally advantageous, consuming 
tryptophan in amounts exceeding 4.5  g/day may be ill-
advised.175 Low-dose tryptophan can enhance mood and 
sleep. Most individuals following a Western diet have an 
elevated body mass index and insulin resistance, which 
is linked to CO.176 This condition can be mitigated by 
introducing a lactobacilli-rich probiotic,172 which not 
only exhibits anticandidal properties177 but also helps 
modulate the immune response.178 Bifidobacteria and 
lactobacilli may significantly contribute to enhancing 
healthspan.161 The Western diet, typically high in calcium 
and low in magnesium, also upregulates zonulin,179 a 
factor contributing to increased intestinal permeability. 
Obesity is directly associated with ATM in both children 
and adults180,181 and is the leading factor potentially 
explaining the otherwise inexplicable increase in early-
onset cancers. Candida may ultimately be recognized as 
a key facilitator, not only for other pathogens but also for 
many autoantibodies – such as anti-gliadin antibodies, 
anti-Gq-coupled GPCR antibodies, anti-CCR antibodies, 
ACPAs, and ANAs – that link cancer, dementia, ASCVD, 
and systemic diseases.

In summary, a healthy gut microbiome is increasingly 
recognized as critical for healthspan and is characterized 
by the following:
1)	 High biodiversity
2)	 Microbiota rich in butyrogenic bacteria and their 

facilitators, such as lactobacilli and bifidobacteria148,149

3)	 Optimal tryptophan metabolism, defined by a balance 
between host IDO and fungal IDO

CO opposes these conditions and promotes the 
following:
1)	 Aberrant methylation, such as the 677T allele found in 

most Americans136 (epigenetic)
2)	 Insulin resistance, present in nearly half of the 

population
3)	 DNA histone deacetylation (epigenetic), contributes 

to pre-mature aging.163

Although these conclusions are conceptual and not 
empirically validated, they align with the 2,400-year-old 
adage of Hippocrates. Although not all diseases originate 
in the gut, the gut microbiome appears to play a central 
role in initiating or potentiating most diseases, even those 

driven by epigenetic abnormalities. Diet and exercise182—
and their impact on the gut microbiome—are clearly 
within our control.
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Abstract
Synovitis, acne, pustulosis, hyperostosis, and osteomyelitis (SAPHO) syndrome is a rare 
polygenic autoinflammatory disorder that is associated with headaches of different 
etiological origins. Herein we report the case of a patient with SAPHO syndrome and 
provide a literature review. The patient was a 64-year-old female who complained of 
a recurrent headache, which had persisted for several years, and diffuse arthralgias. 
A  computed tomography-angiogram demonstrated the narrowing of the left 
carotid canal. The patient had an erythrocyte sedimentation rate of 19 mm/s, and 
her cerebrospinal fluid contained 20 leukocytes/µL (13 mononuclear) and 0.43 g/L of 
proteins. Bone scintigraphy showed radiotracer uptake in the frontal bones and spine. 
The patient’s son had previously been diagnosed with SAPHO syndrome; therefore, 
the possibility of a disorder in the same spectrum was considered. Corticotherapy 
followed by sulphasalazine resolved the symptoms. This case illustrates an atypical 
cranial and meningeal involvement of the SAPHO autoinflammatory process. Our 
findings underscore the importance of considering immune-mediated disorders in 
the differential diagnosis of headaches.

Keywords: Migraine; Headache; Frontal osteitis; SAPHO syndrome; Autoinflammatory 
syndrome

1. Background
The distinction between primary and secondary headache disorders is pivotal in clinical 
practice. Several immune-mediated diseases occur with headache, particularly migraine.1 
Synovitis, acne, pustulosis, hyperostosis, and osteomyelitis (SAPHO) syndrome is a 
polygenic autoinflammatory disorder associated with conditions involving the central 
nervous system, including headache.2

This report presents the case of a patient with SAPHO syndrome, featuring headache 
as the predominant clinical feature, highlighting the multifaceted nature of headache 
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etiology. Besides, we review the existing evidence in the 
literature to corroborate this association.

2. Case presentation
A 64-year-old female presented to the neurology 
outpatient clinic in 2016 with complaints of headaches. She 
described a heavyweight sensation on the left hemicrania 
associated with periods of intense, sharp, frontal pain 
that sometimes lasted for days, often interrupting sleep. 
She had suffered from headaches during adolescence. 
Over-the-counter anti-inflammatory drugs were seldom 
effective in relieving her symptoms. Her past medical 
history showed epidermoid papilloma of the tongue, which 
was removed in 2014. Further inquiry of her past medical 
history revealed inflammatory polyarthralgia occurring 
in her hands, wrists, sternum, and lumbar spine. She also 
reported occasional vesicles appearing in the lower back.

The neurological examination was unremarkable, 
except for the discovery of allodynia in the left hemicrania. 
The patient reported no pain on the superficial temporal 
arteries. A  computed tomography (CT)-angiogram 
(Figure 1) demonstrated absent filling in the left internal 
carotid artery with a small carotid canal opening giving rise 
to a narrow left internal carotid artery (shaped like a pencil 
tip) that was more distally occluded. The posterior and 
anterior communicating arteries granted collateral flow to 
its supraclinoid segment. Her erythrocyte sedimentation 
rate was 19 mm/s (normal level) and there were no other 
anomalies in the blood panel findings, including levels 
of autoantibodies. An attempt to control symptoms with 
escitalopram, amitriptyline, and alprazolam was found to 
be ineffective.

Over the years, the headache attacks have become more 
frequent and severe. In 2018, she reported daily severe and 
throbbing frontal headaches, which generally lasted several 
hours and impacted the left eye, with associated tearing 
and redness, a condition  refractory to acetaminophen 
(1 gr tid) and prophylactic propranolol (80  mg/day). 
During the examination, there was intense allodynia in 
the left hemicrania. Given the atypical features of migraine 
and accompanying symptoms, a lumbar puncture was 
performed to obtain cerebrospinal fluid for analysis, which 
revealed 20 leukocytes/µL (13 mononuclear, normal: 
<5/µL), 44 erythrocytes/µL, 0.52  g/L glucose (normal: 
<0.45 g/L), and 0.43 g/L proteins (normal: <0.5 g/L). No 
oligoclonal bands were present. Results from brain CT and 
magnetic resonance imaging (MRI) were unremarkable 
(Figure 2). The patient refused to undergo a temporal artery 
biopsy. Bone scintigraphy with 99mTC (Figure 3) showed 
slight hyperactivity in the frontal bones and peripheral 
joints, including the sternoclavicular and sacroiliac joints. 

Classical X-ray showed cervical and dorsal syndesmophytes 
and calcified ischiatic and calcanean enthesitis. Human 
leukocyte antigen (HLA) analysis showed that the patient 
does not harbor a risk allele for spondyloarthopaties.

The patient’s 45-year-old son developed 
sternocostoclavicular inflammatory hyperostosis in his 
forties, followed by palmo-plantar pustulosis and cystic 
acne. He had no history of headaches. His scintigraphy 
showed radiotracer uptake in the sternum and pubic 
symphysis. He was diagnosed with SAPHO syndrome and 
was on a treatment of interleukin-17 inhibitors, at the time 
of writing this report, which resulted in a favorable clinical 
outcome. Whole exome sequencing using a 34-gene 
panel for autoinflammatory diseases failed to detect any 
pathogenic variants.

The possibility that our patient also had SAPHO 
syndrome was considered. A trial of prednisolone 10 mg 
daily for 1  month led to an improvement of all the 
patient’s symptoms, with almost complete resolution of 
the headache, and it promptly recurred when she stopped 
taking the medicine. Sulphasalazine and etoricoxib were 
initially enough to control the symptoms, but she further 
needed escalation to adalimumab 40 mg every other week, 
with almost complete remission.

Figure 1. (A and B) Computed tomography-angiogram shows interruption 
in the C4–C5 segments of the left internal carotid artery, after the carotid 
bulb, featuring a “pencil-tip pattern.” The left carotid canal is considerably 
narrower compared to the right one, due to hyperostosis of the walls. 
(C and D) Overall, the images suggest a hypoplasic and eventually dissected 
left internal carotid artery. The posterior and anterior communicating 
arteries granted collateral flow to its supraclinoid segment.
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3. Discussion
The current case revolves around a patient with a 
headache, which features an initial tension-type headache, 
followed by a migraine-like pattern. The advanced age 
of onset, inconsistent phenotype, and lack of response 
to several drugs prompted searching for a secondary 
cause. Besides the headache, this patient complained 

of inflammatory arthralgias affecting both axial and 
peripheral joints, consistent with the characteristics of 
spondyloarthropathy, further corroborating the possibility 
of an underlying systemic immune-mediated disorder. 
This possibility was brought to our attention by the fact 
that her son had been diagnosed with SAPHO syndrome.3  
In our patient, a psoriatic spondyloarthropathy diagnosis 
was also considered; however, findings of the cranial and 
sternum osteitis categorized it as SAPHO syndrome end 
of the spectrum, added by the fact of concurrent SAPHO 
syndrome diagnosis on her son. 

SAPHO syndrome is classically characterized by a 
variety of osteoarticular disorders – synovitis, osteitis, 
hyperostosis, enthesitis – associated with acne or 
pustulosis (large fluid-filled blister-like areas). The 
diagnosis of SAPHO syndrome was conducted according 
to the diagnostic criteria proposed by Benhamou et al.:4 
(i) osteoarticular manifestations in severe acne; (ii) 
osteoarticular manifestations in palmoplantar pustulosis; 
(iii) hyperostosis with or without dermatosis; and (iv) 
recurrent multifocal chronic osteomyelitis involving the 
axial or peripheral skeleton, with or without dermatosis. 
However, the diagnosis of this entity remains controversial 
due to variability in clinical presentations.5,6 Reports of 
patients with an incomplete constellation of the syndrome 
reflect these issues.7,8 The most well-described neurological 
involvements in SAPHO syndrome occur in the form of 
hypertrophic pachymeningitis and/or headache, and, less 
commonly, aseptic meningitis.9 Spinal lesions in the form 
of spondylodiscitis are also common but rarely lead to 
spinal compression.9

Familial clustering of SAPHO syndrome-like 
phenotypes has been previously acknowledged.10 Familial 
transmission is associated with an autosomal-dominant 
neutrophil disorder characterized by impairment of 
internal oxidant production.11 More recently, a study 
using array comparative genomic hybridization in a 
family comprising two SAPHO syndrome cases (mother 
and daughter) unveiled copy number variation in four 
genes (CSF2RA, NOD2, MEGF6, and ADAM5) that were 
validated in 360  case and control samples, establishing 
convincing evidence for a genetic component in this 
autoinflammatory disorder.12

In the literature, the occurrence of headaches 
with relation to skull vault involvement in SAPHO 
syndrome has been reported.2,13-16 Some of these cases are 
summarized in Table 1. The headache is considered to be 
bone-related, even in cases with associated hypertrophic 
pachymeningitis, which may also occur in SAPHO 
syndrome.17 The headache is typically unilateral, recurrent, 
and with prominent hypersensitivity of the overlying 

Figure 2. Brain (A) computer tomography and (B) magnetic resonance 
imaging in the axial plane with normal findings in the brain parenchyma, 
meninges, and bone.

BA

Figure 3. Technetium-99m-hydroxymethylene diphosphonate scintigram 
shows diffuse uptake in the frontal bones (left panel) and cervical/dorsal 
syndesmophytes (right panel).
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skin,2 which is also present in this patient. The MRI 
typically shows a pattern of T1 gadolinium enhancement 
in the involved tissues and bone (Table  1), which was 
not demonstrated in this patient where no contrast agent 
was administered in the routine MRI initially ordered.18 
Considering the inflammatory cerebrospinal fluid, another 
possibility is aseptic meningitis, a condition also associated 
with SAPHO syndrome.15 The absence of focal bone or 
tissue lesions in the MRI and bone scintigraphy could 
lend credence to this possibility. Despite the considerably 
long history of headaches in this patient, recurrent aseptic 
meningitis would have been associated with underlying 
inflammatory syndromes.19 Bone scintigraphy typically 
shows areas of focal hyperactivity in the affected bone, 
but a pattern of diffuse enhancement on the frontal and 
temporal bones has previously been reported.17

The finding of a stenotic internal carotid artery due to 
the narrowing of the carotid canal opening on the skull 
base could potentially be explained by hyperostosis of 
the carotid canal. Narrowing of the proximal segments of 
the internal carotid artery has been previously reported 
in SAPHO syndrome cases.20 The vascular narrowing is 
probably caused by focal hypertrophic pachymeningitis 

due to osteitis of the skull bone, potentially resulting in 
brain infarction12 or even moyamoya disease.21 While no 
signs of an active inflammatory process in the adjacent 
bone were present in brain imaging, we cannot preclude 
the possibility that this process had already occurred 
in the past, leading to the formation of stenotic vessels. 
The other possibility is that the internal carotid artery is 
constitutionally hypoplasic. Of note, hyperostosis in other 
segments (cervical) may lead to neurovascular lesions due 
to cervical spine compression.22,23

In agreement with the existing literature, our patient 
also showed an improvement of headache in response 
to immunosuppression (not only steroids but also 
sulphasalazine and adalimumab).2

We recognize that evident signs of osteomyelitis and 
pustulosis, core features of SAPHO syndrome, were lacking 
in this patient. However, the presence of focal hyperostosis 
accompanied by a predominantly axial arthropathy 
corroborates the diagnosis of SAPHO syndrome. Likewise, 
the occasional vesicles reported by the patient could 
correspond to acne and be associated with the syndrome, 
although no overt signs of palmoplantar pustulosis were 
present. Response to prednisolone, sulphasalazine, and 

Table 1. Clinical and imaging features of previously reported cases of SAPHO syndrome associated with headache

Case report Headache 
type (age at 
presentation)

Associated 
symptoms

CSF composition Radiotracer 
accumulation in 
bone scintigraphy

Gadolinium-
enhancing lesions 
in MRI

Treatment Response

DiMeco et al. 
(2000)14

Recurrent 
incapacitating 
headaches (34)

Allodynia, 
swelling

Normal First left rib Left parietal bone, 
extending to the 
scalp

Surgery Moderate

Hiwatani et al. 
(2008)15

Severe 
headache (52)

Fever Mild pleocytosis 
(101/mm3, 98% 
lymphocytes, 2% 
polymorphs), 
slightly high 
protein (52 mg/dL)

Sternoclavicular joints No Meloxicam 10 mg daily Complete

Uematsu et al. 
(2012)16

Chronic severe 
left temporal 
headache (50)

Allodynia - Left parietal bone, left 
sterno-costo-clavicular 
joint, right femoral head, 
and intervertebral joints

Left temporal 
muscle, left parietal 
bone, and dura 
mater

Intravenous 
methylprednisolone, 
methotrexate

Moderate

Tsugawa et al. 
(2014)2

Recurrent right 
frontal headache 
(57)

Allodynia, 
swelling

Normal Right bone, temporal, 
sternum, and left 
medial clavicula

Frontotemporal 
muscle/fascia

Prednisolone 15 mg daily Complete

Shiraishi et al. 
(2014)17

Severe forehead 
headache (40)

Swelling, 
fever

Normal Frontoparietal bones, 
sternocostoclavicular 
joint and sternum

Right frontoparietal 
bone marrow and 
dura mater

Intravenous 
methylprednisolone, 
prednisolone 15 mg daily

Moderate

Present case Recurrent left 
hemicrania 
headache 
(adolescence)

Arthralgias 20 leukocytes/µL, 
44 erythrocytes/µL, 
0.52 g/L glucose 
0.43 g/L proteins

Frontal bones and 
peripheral joints, 
including the 
sternoclavicular and 
sacroiliac

No Sulphasalazine and 
etoricoxib

Almost 
complete

Abbreviations: SAPHO: Synovitis, acne, pustulosis, hyperostosis, and osteomyelitis, CSF: Cerebrospinal fluid; MRI: Magnetic resonance imaging.
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adalimumab further supports the possibility of a headache 
secondary to a systemic inflammatory process associated 
with the spectrum of SAPHO syndrome.

4. Conclusion
The current case report presents an atypical intracranial 
involvement tied to the inflammatory process inherent in 
SAPHO syndrome through a well documentation of the 
syndrome’s distinctive imaging and analytical features. 
These findings underscore the importance of considering 
systemic inflammatory disorders in the differential 
diagnosis of headaches.
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Abstract
Ephrin type-B receptor 2 (EphB2) is a member of the Eph family tyrosine kinase 
receptors. EphB2 binds to ephrin-B1, ephrin-B2, and ephrin-B3, which are critical 
regulators of vascular and neural development, influencing cell migration and 
axon guidance. EphB2 is overexpressed in several tumors, including glioma, 
breast cancer, hepatocellular carcinoma, and malignant mesothelioma, where 
it functions as a tumor promoter. Therefore, the development of monoclonal 
antibodies (mAbs) targeting EphB2 is essential for the diagnosis and treatment 
of EphB2-positive tumors. In this study, we developed novel mAbs for human 
EphB2 using the Cell-Based Immunization and Screening method. Among the 
established anti-EphB2 mAbs, Eb2Mab-12 (mouse IgG1, kappa) showed reactivity 
toward EphB2-overexpressed Chinese hamster ovary-K1 cells (CHO/EphB2) and an 
endogenously EphB2-expressing cancer cell line (LS174T), as confirmed by flow 
cytometry. The dissociation constant (KD) values of Eb2Mab-12 for CHO/EphB2 and 
LS174T were determined to be 1.7 × 10−9 M and 4.4 × 10−10 M, respectively, using 
flow cytometry. Furthermore, Eb2Mab-12 exhibited no cross-reactivity with other 
members of the EphA and EphB receptors. These results indicate that Eb2Mab-12 
possesses high affinity and specificity in detecting EphB2, suggesting its potential 
application in tumor therapy.

Keywords: EphB2; Monoclonal antibody; Cell-Based Immunization and Screening; Flow 
cytometry

1. Introduction
The mammalian ephrin and Eph system comprises eight cell surface ephrin ligands (five 
ephrin-As and three ephrin-Bs) and 14 receptor tyrosine kinases (nine EphA and five 
EphB receptors).1-6 The interaction between Eph receptors and ephrins occurs through 
dimerization or oligomerization, which leads to the tyrosine phosphorylation of Eph 
receptor and ephrin-B.7 The phosphorylated tyrosine recruits cytoplasmic effectors 
containing Src-homology 2 domains, phosphotyrosine-binding domains, and PDZ 
domains.8 Consequently, the Eph receptor-ephrin complexes activate bidirectional 
signaling – forward signaling from the Eph receptors and reverse signaling from the 
ephrins – which is essential for intercellular communication among similar or different 
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cell types.2,6,9 Through this bidirectional signaling, the Eph 
system regulates tissue development, homeostasis, and 
regeneration; dysregulation of this system is implicated 
in various diseases, including cancer.3,4,10-21 Hence, 
monoclonal antibody (mAb)-based tumor therapies have 
been developed for certain Eph receptors.10,22-29

Dysregulation of the Eph system is observed in both 
tumor cells and tumor microenvironment.19 The Eph system 
plays distinct roles in tumor development, functioning as 
both tumor promoters and suppressors depending on the 
cellular context.19 Ephrin type-B receptor 2 (EphB2) is 
overexpressed in several tumors, such as glioblastoma,30 
breast cancer,31 hepatocellular carcinoma,32 and malignant 
mesothelioma,21 correlating with poor clinical outcomes. 
In these tumors, EphB2 promotes migration and invasion 
through forward signaling.33,34

In contrast, the expression of EphB2 is downregulated in 
certain tumors, such as colorectal cancer.35 In the intestinal 
epithelium, EphB receptors facilitate the proliferation of 
stem and progenitor cells.36 Notably, intestinal epithelial 
cell migration is impaired in mice lacking EphB2 and 
EphB3. Without EphB signaling, there is approximately 
a 50% reduction in the number of proliferating cells.36 
Furthermore, EphB receptor expression is elevated in 
intestinal adenomas,37 but functions as a tumor suppressor 
by inhibiting invasive growth. EphB signaling promotes 
adherens junction formation in colorectal cancer cells, 
thereby suppressing cancer progression by inhibiting 
invasive growth.38 Loss of EphB2 expression occurs during 
the progression to carcinoma and initiation of invasive 
growth.39

To evaluate the expression of EphB2 and target EphB2-
positive cancer cells, the development of mAbs against 
EphB2 is essential. Previous studies have developed anti-
receptor tyrosine kinase mAbs against the human epidermal 
growth factor receptor (EGFR) (clone EMab-17),40 HER2 
(H2Mab-19),41 and HER3 (H3Mab-17)42 using the Cell-
Based Immunization and Screening (CBIS) method. The 
CBIS method involves immunizing antigen-overexpressed 
cells followed by high-throughput hybridoma screening 
using flow cytometry. This study reports the development 
of the novel anti-EphB2 mAbs using the CBIS method.

2. Materials and methods
2.1. Antibodies

OptiBuild™ RB545 mouse anti-human EphB2 mAb 
(clone 2H9; mouse IgG1, kappa) was purchased from BD 
Bioscience (USA). Alexa Fluor 488-conjugated anti-mouse 
IgG was purchased from Cell Signaling Technology, Inc. 
(USA).

2.2. Preparation of cell lines

LS174T (human colorectal cancer), LN229 (human 
glioblastoma), Chinese hamster ovary (CHO)-K1, and 
P3X63Ag8U.1 (P3U1) cell lines were obtained from the 
American Type Culture Collection (USA).

pCMV6-myc-DDK vector with EphB2 (Catalog No.: 
RC223882, Accession No.: NM_004442) was purchased 
from OriGene Technologies, Inc. (USA). The EphB2 
plasmids were transfected into CHO-K1 and LN229 cells 
using a Neon transfection system (Thermo Fisher 
Scientific Inc., USA). Stable transfectants were established 
through cell sorting using the 2H9 conjugated with RB545 
and a cell sorter (SH800; Sony Corp., Japan), followed by 
cultivation in a medium containing 0.5  mg/mL of G418 
(Nacalai Tesque, Inc., Japan).

Other Eph receptor cDNAs, including EphA1 
(Catalog No.: RC213689, Accession No.: NM_005232), 
EphA4 (Catalog No.: RC211230, Accession No.: 
NM_004438), EphA5 (Catalog No.: RC213206, Accession 
No.: NM_004439), EphA6 (Catalog No.: RC223510, 
Accession No.: NM_001080448), EphA7 (Catalog 
No.: RC226293, Accession No.: NM_004440), EphA8 
(Catalog No.: RC220352, Accession No.: NM_020526), 
EphA10 (Catalog No.: RC218374, Accession No.: 
NM_001099439), EphB1 (Catalog No.: RC214301, 
Accession No.: NM_004441), and EphB6 (Catalog No.: 
RC229404, Accession No.: NM_004445), were purchased 
from OriGene Technologies, Inc. (USA). EphA2 (Catalog 
No.: HGY095959, Accession No.: NM_004431), EphA3 
(Catalog No.: HGY053437, Accession No.: NM_005233), 
and EphB3 (Catalog No.: HGX039581, Accession No.: 
NM_004443) cDNAs were purchased from RIKEN DNA 
Bank (Japan).

EphA2 and EphB3 cDNAs were cloned into a pCAGzeo 
vector (FUJIFILM Wako Pure Chemical Corporation, 
Japan), EphB6 cDNA was cloned into a pCMV6 vector, 
EphA1 cDNA was cloned into a pCAGzeo-ssnPA vector, 
while EphA3, EphA4, EphA5, EphA6, EphA7, EphA8, 
EphA10, and EphB1 cDNAs were cloned into a pCAGzeo_
ssnPA16 vector.

The plasmids were transfected into CHO-K1 cells and 
stable transfectants were established through staining with 
mAbs: an anti-EphA2 mAb (clone SHM16; BioLegend, 
USA), an anti-EphB3 mAb (clone 647354; R&D Systems 
Inc., USA), an anti-EphB6 mAb (clone T49-25; BioLegend, 
USA), and an anti-PA tag mAb (clone NZ-1 for EphA2, 
EphA3, EphA4, EphA5, EphA6, EphA7, EphA8, EphA10, 
and EphB1), followed by sorting using SH800. After 
sorting, the cells were cultivated in a medium containing 
0.5 mg/mL of Zeocin (InvivoGen, USA) or 0.5 mg/mL of 
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G418. This process resulted in the establishment of the 
Eph receptors-overexpressed CHO-K1 (e.g., CHO/EphB2) 
clones. In addition, the CHO/PA16-EphB4 cell line had 
been previously established.43

CHO-K1  cells, Eph receptors-overexpressed 
CHO-K1  cells, and P3U1  cells were cultured in a 
Roswell Park Memorial Institute (RPMI)-1640 medium 
(Nacalai Tesque, Inc., Japan), supplemented with 10% 
heat-inactivated fetal bovine serum (FBS; Thermo 
Fisher Scientific Inc., USA), 100 units/mL of penicillin, 
100 μg/mL of streptomycin, and 0.25 μg/mL of 
amphotericin B (Nacalai Tesque, Inc., Japan). LS174T, 
LN229, and EphB2-overexpressed LN229 (LN229/EphB2) 
cells were cultured in Dulbecco’s Modified Eagle Medium 
(Nacalai Tesque, Inc., Japan), supplemented with 10% 
FBS, 100 units/mL of penicillin, 100 μg/mL streptomycin, 
and 0.25 μg/mL amphotericin B. All cells were grown in 
a humidified incubator at 37°C with an atmosphere of 5% 
CO2 and 95% air.

2.3. Development of hybridomas

The animals were housed under specific pathogen-free 
conditions. All animal experiments were approved by the 
Animal Care and Use Committee of Tohoku University 
(Permit number: 2022MdA-001).

Two 5-week-old BALB/cAJcl mice were purchased 
from CLEA Japan (Japan) to develop mAbs against EphB2. 
The immunization protocol involved intraperitoneal 
administration of LN229/EphB2  (1 × 108  cells) mixed 
with 2% Alhydrogel adjuvant (InvivoGen, USA). This 
initial immunization was followed by 3 additional weekly 
injections (1 × 108  cells/mouse), culminating in a final 
booster intraperitoneal injection (1 × 108  cells/mouse) 
2  days before harvesting spleen cells. The harvested 
spleen cells were subsequently fused with P3U1  cells 
using PEG1500 (Roche Diagnostics, USA). Hybridomas 
were cultured in the RPMI-1640 medium with 10% 
FBS, 5% BriClone (NICB, Ireland), 100 units/mL of 
penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL of 
amphotericin B. For hybridoma selection, hypoxanthine, 
aminopterin, and thymidine (Thermo Fisher Scientific 
Inc., USA) were added to the medium. The supernatants 
were subsequently screened using flow cytometry with 
CHO/EphB2 and CHO-K1 cells.

The cultured supernatant of Eb2Mab hybridomas was 
then applied to 1 mL of Ab-Capcher (ProteNova, Japan). 
After washing with phosphate-buffered saline (PBS), the 
antibodies were eluted with an IgG elution buffer (Thermo 
Fisher Scientific Inc., USA). Finally, the eluates were 
concentrated, and the elution buffer was replaced with PBS 
using Amicon Ultra (Merck KGaA, Germany).

2.4. Flow cytometric analysis

Cells were harvested following brief exposure to 0.25% 
trypsin and 1 mM ethylenediaminetetraacetic acid 
(Nacalai Tesque, Inc., Japan). After trypsinization, the 
cells were washed with 0.1% bovine serum albumin in 
PBS (blocking buffer) and treated with 0.01, 0.1, 1, and 
10 μg/mL of primary mAbs for 30 min at 4°C. Subsequently, 
the cells were treated with Alexa Fluor 488-conjugated 
anti-mouse IgG (1:2,000). In addition, the cells were 
suspended in 0.01, 0.1, 1, and 10 μg/mL concentrations 
of the 2H9. Fluorescence data were collected using the 
SA3800 Cell Analyzer (Sony Corp). Cells were gated on 
the dot plot based on side scatter and forward scatter, and 
the fluorescence intensity was determined using FlowJo 
software (BD Biosciences, USA).

2.5. Determination of dissociation constant (KD) by 
flow cytometry

CHO/EphB2 and LS174T cells were suspended in serially-
diluted Eb2Mabs for 30 min at 4°C. The cells were treated 
with Alexa Fluor 488-conjugated anti-mouse IgG (1:200). 
The cells were suspended in serially diluted 2H9 conjugated 
with RB545. Fluorescence data were collected using the BD 
FACSLyric (BD Biosciences, USA). The KD was calculated 
by fitting saturation binding curves to the built-in one-
site binding models in GraphPad PRISM 6 (GraphPad 
Software, USA).

3. Results
3.1. Development of anti-EphB2 mAbs using the 
CBIS method

Mice were immunized with LN229/EphB2 cells to develop 
anti-EphB2 mAb (Figure  1A). The spleen was excised, 
and splenocytes were fused with myeloma P3U1  cells 
(Figure 1B). The developed hybridomas were subsequently 
seeded into ten 96-well plates and cultivated for 6  days. 
The positive wells were screened by selecting CHO/
EphB2-reactive and CHO-K1-non-reactive supernatants 
using flow cytometry (Figure 1C). A total of 133 positive 
wells (13.9%) out of 956 wells were obtained. After limiting 
the dilution of the positive wells and several additional 
screenings, 12 clones were finally established (Figure 1D).

3.2. Flow cytometric analysis using anti-EphB2 
mAbs

Eight mouse IgG1 clones (Eb2Mab-1, 2, 3, 4, 7, 8, 10, and 
12) were selected, and the mAbs were purified from the 
supernatants (Table 1). The specificity of Eb2Mabs and 2H9 
in 14 Eph receptor tyrosine kinases-expressed CHO-K1 
was were investigated. 2H9 exhibited reactivity to not only 
CHO/EphB2 but also to CHO/EphA4, CHO/EphB1, and 
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CHO/EphB3 at a concentration of 1 μg/mL (Figure S1). 
In contrast, Eb2Mab-1, 2, 4, 7, and 12 were recognized as 
specific to CHO/EphB2, with no cross-reactivity observed 
even at 10 μg/mL. Conversely, Eb2Mab-3 demonstrated 
cross-reactivity to EphA3, EphB1, and EphB3. In 
addition, Eb2Mab-8 and 10 also showed cross-reactivity 
to EphB3 (Figures S2-4 and Table  1). Flow cytometry 
was subsequently conducted using the Eb2Mabs and 
2H9 against CHO/EphB2, CHO-K1, LN229/EphB2, 
and LN229  cells. Dose-dependent recognition of CHO/
EphB2 cells was observed for the Eb2Mabs at concentrations 
of 10, 1, 0.1, and 0.01 μg/mL (Figure S5). Among the 
EphB2-specific Eb2Mabs (Eb2Mab-1, 2, 4, 7, and 12), 
Eb2Mab-12 showed the high reactivity (Figure 2A). Dose-
dependent recognition of CHO/EphB2 cells was also noted 
for 2H9 at concentrations of 10, 1, 0.1, and 0.01 μg/mL; 
however, this was less effective compared to Eb2Mab-12 
(Figure 2A). Parental CHO-K1 cells were not recognized 
even at a concentration of 10 μg/mL for either Eb2Mab-12 
and 2H9 (Figure 2B). The superior reactivity of Eb2Mab-12 
compared to 2H9 was also observed in LN229/EphB2 and 
LN229 cells (Figure S6). Weak expression of endogenous 
EphB2 in LN229 had been previously confirmed through 
quantitative PCR and western blot analyses.44

The reactivity of Eb2Mabs and 2H9 against an 
endogenous EphB2-expressing colorectal cancer cell line, 
LS174T, was investigated.45 Eb2Mabs recognized LS174T 
cells dose-dependently at concentrations of 10, 1, 0.1, and 
0.01 μg/mL (Figure S7). Among the Eb2Mabs, Eb2Mab-12 
showed the highest reactivity (Figure 3). In contrast, 2H9 
was found to react with LS174T cells at concentrations 
greater than 0.1 μg/mL (Figure  3). These results suggest 
that Eb2Mab-12 specifically recognizes EphB2 and is 
effective in detecting endogenous EphB2 through flow 
cytometry.

3.3. Determination of the binding affinity of EphB2 
mAbs using flow cytometry

Flow cytometry was conducted, and the geometric mean 
of the fluorescence intensity was plotted against the 
concentration of mAbs to determine the KD values of 
Eb2Mabs and 2H9. The KD values of Eb2Mab-12 and 2H9 
for CHO/EphB2 were determined as 1.7 × 10−9 M and 
3.4 × 10−9 M, respectively (Figure 4A). While the KD values 
for other Eb2Mabs were also determined, Eb2Mab-12 
exhibited the highest affinity among the EphB2-specific 
clones (Table 1). Furthermore, the KD values of Eb2Mab-12 
and 2H9 targeting LS174T were determined to be 4.4 × 10−10 
M and 1.9 × 10−9 M, respectively (Figure 4B). These results 
indicate that Eb2Mab-12 possesses a superior affinity for 
both CHO/EphB2 and LS174T compared to 2H9.

Table 1. Cross‑reactivity and KD values of Eb2Mabs  
(IgG1 isotype) in flow cytometry

Clones Isotype Cross‑reactivity KD (× 10−9 M)

Eb2Mab‑1 IgG1, kappa − 5.9

Eb2Mab‑2 IgG1, kappa − 6.4

Eb2Mab‑3 IgG1, kappa EphA3, EphB1, EphB3 1.1

Eb2Mab‑4 IgG1, kappa − 3.3

Eb2Mab‑7 IgG1, kappa − 5.2

Eb2Mab‑8 IgG1, kappa EphB3 9.5

Eb2Mab‑10 IgG1, kappa EphB3 3.4

Eb2Mab‑12 IgG1, kappa − 1.7*

CHO/EphB2 was used to determine the KD. Cross‑reactivity was 
determined by flow cytometry (Figures S2‑S4). Eb2Mab‑5 is IgG3. 
Eb2Mab‑6, Eb2Mab‑9, and Eb2Mab‑11 are IgM. *The data are 
presented in Figure 4A.
Abbreviations: IgG: Immunoglobin G.

Figure  1. The production of anti-EphB2 monoclonal antibodies. 
(A)  LN229/EphB2  cells were immunized into two BALB/cAJcl mice. 
(B) The spleen cells were fused with P3U1 cells. (C) The supernatant of 
hybridomas producing anti-EphB2 mAbs was screened through flow 
cytometry using CHO-K1 and CHO/EphB2  cells. (D) After limiting 
dilution, the anti-EphB2 mAbs were finally established.
Abbreviations: CHO/EphB2: EphB2-overexpressing Chinese hamster 
ovary-K1 cells; CHO: Chinese hamster ovary; mAbs: Monoclonal antibodies.
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4. Discussion
An anti-EphB2 mAb, clone 2H9, was extensively 
characterized and developed for tumor therapy as an 
antibody-drug conjugate.46 The 2H9 was established 
through the immunization of mice with the EphB2 
ectodomain produced by a baculovirus expression system.46 
However, 2H9 showed cross-reactivity to CHO/EphA4, 
CHO/EphB1, and CHO/EphB3 (Figure S1). This limitation 
highlights the need for more specific antibodies that can 
effectively target EphB2 without such cross-reactivity. In 
this study, anti-EphB2 mAbs were established using the 
CBIS method (Figure  1). Among the established mAbs, 
Eb2Mab-12 exhibited superior reactivity compared to 2H9 
in CHO/EphB2 (Figure  2), LN229/EphB2 (Figure S2), 
and LS174T (Figure  3) cells. Furthermore, Eb2Mab-12 

possesses a higher affinity toward CHO/EphB2 and 
LS174T compared to 2H9 (Figure  4). Importantly, no 
cross-reactivity was observed for Eb2Mab-12 even at high 
concentrations (Figures S2-4 and Table  1). Therefore, 
Eb2Mab-12 is recognized as a highly sensitive and specific 
anti-EphB2 mAb for flow cytometry.

The interaction of EphB2 with ligands was 
effectively blocked by 2H9, which also inhibited the 
autophosphorylation of EphB2.46 However, 2H9 did not 
affect the proliferation of EphB2-positive tumor cells.46 
The identification of the epitope is essential to assess the 
properties of Eb2Mab-12 and 2H9. Hence, the RIEDL 
insertion for epitope mapping (REMAP) and PA insertion 
for epitope mapping (PAMAP) methods was developed 
to determine the conformational epitopes of mAbs. The 
epitopes of anti-EGFR mAb (EMab-134)47 and anti-CD44 

Figure  2. Flow cytometry of EphB2-expressed CHO-K1  cells using Eb2Mab-12 and 2H9. CHO/EphB2 (A) and CHO-K1 (B) cells were treated with 
0.01–10 µg/mL of Eb2Mab-12 or 2H9 conjugated with RB545 (red line). The Eb2Mab-12 treated cells were further incubated with anti-mouse IgG 
conjugated with Alexa Fluor 488. Fluorescence data were subsequently collected using the SA3800 Cell Analyzer. The black line represents the negative 
control (blocking buffer).
Abbreviations: CHO/EphB2: EphB2-overexpressing Chinese hamster ovary-K1  cells; CHO: Chinese hamster ovary; IgG: Immunoglobulin G; mAbs: 
Monoclonal antibodies.
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Figure 3. Flow cytometry of endogenous EphB2-expressing cells using Eb2Mab-12 and 2H9. LS174T cells were treated with 0.01 – 10 µg/mL of Eb2Mab-12 
or 2H9 conjugated with RB545 (red line). The Eb2Mab-12 treated cells were further incubated with anti-mouse IgG conjugated with Alexa Fluor 488. The 
fluorescence data were subsequently collected using the SA3800 Cell Analyzer. The black line represents the negative control (blocking buffer).
Abbreviation: IgG: Immunoglobulin G.

Figure 4. The binding affinity of Eb2Mab-12 and 2H9. CHO/EphB2 (A) and LS174T (B) cells were suspended in serially diluted Eb2Mab-12. The cells 
were treated with anti-mouse IgG conjugated with Alexa Fluor 488. The cells were also suspended in serially diluted 2H9 conjugated with RB545. The 
fluorescence data were subsequently collected using the BD FACSLyric, followed by the calculation of the KD using GraphPad PRISM 6.
Abbreviation: IgG: Immunoglobulin G.
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mAb (C44Mab-46)48 were successfully determined using 
the REMAP method. In addition, the epitopes of anti-
mouse CD39 mAb (C39Mab-1) were identified using 
both REMAP and PAMAP methods.49 Therefore, further 
studies are required to elucidate the epitope and biological 
activities of Eb2Mab-12.

The expression of EphB2 in more than 100 cell lines was 
investigated using flow cytometry, with LS174T exhibiting 
the highest expression (Figure  3). Since LS174T is a 
transplantable cancer cell line in BALB/c nude mice,50 the 
in vivo anti-tumor effects of Eb2Mab-12 can be evaluated. 
To achieve this, conversion of Eb2Mab-12 (mouse IgG1) 
to mouse IgG2a subclass is essential for enhancing effector 
activation ability. Previously, recombinant mAbs were 
produced, converting them into the mouse IgG2a subclass 
from mouse IgG1. In addition, defucosylated IgG2a mAbs 
were produced using fucosyltransferase 8-deficient CHO-
K1  cells to enhance the antibody-dependent cellular 
cytotoxicity and in vivo anti-tumor effect in mouse xenograft 
models.51 Therefore, a class-switched and defucosylated 
version of Eb2Mab-12 could significantly contribute to the 
treatment of EphB2-positive tumors in pre-clinical studies. 
The properties of Eb2Mabs (Eb2Mab-3, 8, and 10), which 
showed cross-reactivity, were also determined (Table  1). 
Such mAbs may be useful when targeting multiple EphBs 
for mAb-based therapies.

Cancer-specific mAbs (CasMabs) have been developed 
against HER2 (H2Mab-250),52 podocalyxin (PcMab-6),53 
and podoplanin (LpMab-2),54 demonstrating reactivity 
with cancer cells, but not normal cells in flow cytometry. 
The strategy used in this study is also applicable for 
selecting anti-EphB2 CasMabs from Eb2Mabs (Table 1) 
or from clones derived from remaining positive wells. It 
has been confirmed that EphB2 is detectable in certain 
normal epithelial cells, prompting the screening of anti-
EphB2 CasMabs. The unique properties of H2Mab-250 
could facilitate the development of HER2-targeting 
chimeric antigen receptor (CAR)-T-cells, which are 
currently undergoing a clinical phase I study in the 
US.55 Therefore, the development of Eb2Mabs for CAR-T 
applications is deemed necessary for treating EphB2-
positive tumors.

5. Conclusion
An anti-EphB2 mAb, Eb2Mab-12 exhibits high affinity and 
specificity to EphB2, suggesting its potential application in 
tumor diagnosis and therapy.
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