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 Abstract. Viral diseases remain a major global public health problem 
and the need for rapid, sensitive and accurate diagnostic testing. 
Translational viral diagnostics is based on biomarkers (molecular 
markers of viral infection, host response, severity and treatment 
outcome). This review combines the principal types of biomarkers, 
including pathogen biomarkers (viral nucleic acids, proteins, mutations), 
host response biomarkers (cytokines and chemokines, immune cell 
populations, serological markers), and multi-omics biomarkers from 
transcriptomics, proteomics, metabolomics, epigenetics, and 
microbiome analysis. The technologies for their detection will be 
discussed, including PCR, next-generation sequencing, CRISPR-based 
technologies, immunoassays, biosensors, and Artificial Intelligence (AI), 
as well as the clinical applications of biomarkers in early detection, 
severity assessment, therapeutic response, and vaccine response. 
Progress is still minimal, with biological variability, assay harmonisation, 
and cost and global access to diagnostics still to be addressed. 
Researchers and developers will direct the next generation of 
technologies toward multi-omics integration, point-of-care devices, next-
generation CRISPR, amplification-free detection, and AI-driven predictive 
diagnostics and disease surveillance. The entire shift in biomarker-
based diagnostics in clinical management, public health strategy, and 
preparedness for the emergence of viral diseases is a paradigm shift. 

Keywords: Biomarkers; Viral Diagnostics; Translational Medicine; Host 
Immune Response; Pathogen-Derived Biomarkers; Multi-Omics; 
Transcriptomics; Proteomics. 

 

INTRODUCTION 

While many viral diseases have been a health 
problem locally, seasonally, and globally, some 
are more serious than others, and, in our current 
COVID-19 pandemic, viral diseases will not cease 
to be a significant health issue. Traditional labor-
atory methods such as serology, viral culture, and 
nucleic acid amplification testing (NAATs) have 
been used as the basis for clinical virology but 
have limitations, including limited ability to de-
tect early infection, low sensitivity, technical re-
quirements, and the need to account for genetic 
mutations [1, 2]. As a result, biomolecules (mo-
lecular markers of infection, immune status, dis-
ease severity and treatment response) have 
emerged as an important tool for developing 

next-generation diagnostics for viral infections. 
Researchers closely couple these approaches 
with basic and clinical virology [3]. There are 
many different types of biomarkers. Pathogen 
biomarkers (viral nucleic acids, proteins, and 
mutations) play a fundamental role in lab diag-
nosis and variant surveillance, especially during 
COVID-19, for confirming cases, assessing viral 
load, and monitoring new variants such as Delta 
and Omicron [4].  

However, pathogen detection cannot convey the 
complexities of the immune response and host 
response biomarkers are also important, such as 
cytokines (IL-6, TNF-α, IP-10), lymphopenia, and 
serological markers (IgM, IgG, neutralising anti-
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bodies), which can help to assess risk and guide 
clinical care, for instance in COVID-19 [5]. 

Researchers extend this approach with multi-
omics biomarkers, which they use to identify 
host–viral interactions through transcriptomic 
profiles that distinguish viral from bacterial in-
fection, proteomic and metabolomic changes that 
reveal pathway alterations, and epigenetic 
changes that reflect latent and long-term effects 
of viral infection, as well as microbiome changes 
that indicate susceptibility and severity [6]. This 
includes novel detection technologies such as 
PCR, next-generation sequencing (NGS), CRISPR-
based methods [7], immunoassays, lateral flow 
biosensors, microfluidics, and artificial intelli-
gence (AI), which have revolutionised the sensi-
tivity, speed, and cost of biomarker detection [8]. 
Biomarkers enable early detection and diagnosis 
(before symptoms and for prognosis), detection 
of chronic infections (e.g., HIV, HBV), and as-
sessment of vaccines (e.g., neutralising antibod-
ies as a surrogate marker of protection against 
COVID-19 [9]). But biological variability, lack of 
standardisation, assay performance variability, 
lack of access to new technologies, regulatory 
hurdles, and global diagnostic inequality still 
pose challenges [10]. Integration of multi-omics, 
predictive diagnostics using AI, new CRISPR 
technologies, point-of-care and home testing, and 
global monitoring of biomarkers will be neces-
sary for future advances [11].  

 

Literature Review 

In recent decades, viral diagnostic technologies 
have evolved to rapidly meet the demand for 
sensitive, specific testing to guide outbreak man-
agement. Traditional methods (viral culture, mi-
croscopy, serology) are informative but not sen-
sitive or fast, and depend on the presence of via-
ble virus. Nucleic acid amplification tests 
(NAATs), such as PCR and reverse transcription 
PCR (RT-PCR), are now the preferred methods 
for detecting HIV, HBV, influenza, and SARS-CoV-
2 [4]. Researchers most commonly report patho-
gen biomarkers such as viral nucleic acids, pro-
teins, and genetic mutations. Clinicians currently 
use RT-PCR as the best available method for ear-
ly detection of viral RNA. However, researchers 
have observed false-negative results during the 
emergence of variants because primer mis-
matches can reduce test accuracy [12, 13]. Pro-
tein biomarkers such as dengue virus NS1 and 
HIV p24 remain important for early detection 

despite their lower analytical sensitivity com-
pared with molecular tests [14, 15]. In the pres-
ence of SARS-CoV-2, next-generation sequencing 
has become a key surveillance tool for identifying 
variants, detecting antiviral drug resistance, and 
studying transmission [16, 17]. Biomarkers of 
host response are now recognised as important 
for disease severity and prognosis. The associa-
tion of the most common cytokines (IL-6, TNF-α, 
IP-10) with inflammation in influenza, Ebola, vi-
ral hepatitis and COVID-19 [5, 18]. Lymphopenia, 
decreased CD4+/CD8+ T cells, dysfunctional NK 
cells, and exhaustion markers (PD-1, TIM-3) are 
cellular parameters that reflect immunosuppres-
sion in HIV, HCV, and severe COVID-19 [19–21]. 
The serological markers, especially IgM/IgG lev-
els and neutralising antibodies, have played an 
important role in vaccine evaluation [9, 22]. Mul-
ti-omics technologies provide a more detailed 
understanding of virus-host interactions. Re-
searchers use transcriptomic interferon-
stimulated gene (ISG) signatures, such as OAS1, 
MX1, and IFIT1, to distinguish between viral and 
bacterial infections, and multiple studies consist-
ently link dysregulated interferon responses to 
severe COVID-19 [23, 24]. Proteomics identifies 
dysregulated complement, coagulation, and 
acute-phase responses, while metabolomics re-
veals changes in glycolysis, lipids, and amino ac-
ids [25, 26]. Epigenomic studies (DNA methyla-
tion, chromatin accessibility) are increasingly 
important for understanding the outcomes of 
chronic diseases, such as post-acute COVID-19 
and chronic viral infections [27, 28]. Microbiome 
scientists have linked the depletion of Faecalibac-
terium prausnitzii with the severity of COVID-19 
[29, 30]. Researchers and clinicians can use sev-
eral technologies to measure biomarkers, includ-
ing PCR, digital PCR, next-generation sequencing 
(NGS), CRISPR-based technologies (SHERLOCK 
and DETECTR), immunoassays, biosensors, and 
artificial intelligence (AI). Biological variability, 
standardisation, external validity, cost, regulato-
ry issues and access are among the common 
problems in this area [3, 31]. These challenges 
drive multi-site validation, decentralised and 
cost-effective systems, and global health equity. 
To conclude, biomarker science has transformed 
the way viral diagnostics are conducted, but chal-
lenges in translation and implementation remain, 
and continued development of biomarker dis-
covery, integration, and equity is needed. 
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RESULTS AND DISCUSSION 

Comparative Analysis of Biomarker Categories. 
Translational viral diagnostics rely on bi-
omarkers for early detection, prognosis, therapy 
monitoring, and surveillance. While each bi-

omarker class is discussed separately in later sec-
tions, this section provides a comparative as-
sessment, highlighting similarities and differ-
ences, strengths and limitations, diagnostic per-
formance, implications for clinical integration, 
and reliability and scalability issues. 

 

Table 1 – Comparative Analysis of Viral Biomarker Categories 

Biomarker 
Category 

Representative 
Examples 

Detection 
Methods 

Diagnostic 
Applications 

Strengths Limitations 

Pathogen-
Derived Nucleic 
Acids 

SARS-CoV-2 
RNA, HIV RNA, 
HBV DNA 

RT-PCR, qPCR, 
Digital PCR, 
LAMP, NGS 

Early detection, 
confirmatory 
diagnosis, viral 
load 
quantification, 
occult infections 

Very high sensitivity 
and specificity; 
detects infection 
before immune 
response; quantifies 
viral burden 

Requires lab 
infrastructure; 
expensive 
reagents; 
contamination-
sensitive; false 
negatives with 
variant mutations 

Pathogen-
Derived 
Proteins/ 
Antigens 

SARS-CoV-2 N 
protein, HIV 
p24, Dengue 
NS1 

ELISA, Rapid 
Antigen Tests, 
Biosensors 

Rapid screening, 
point-of-care 
diagnosis, and 
early detection at 
high viral load 

Fast, cheap, field-
deployable; minimal 
equipment; 
immediate clinical 
decisions 

Lower sensitivity; 
reduced accuracy 
at low viral loads; 
antigenic drift 
reduces reliability 

Genomic 
Mutations 
(Variants, 
Resistance) 

Spike mutations 
(N501Y, 
E484K); HIV 
drug-resistance 
mutations 

Whole-
Genome 
Sequencing, 
Targeted NGS 

Variant 
surveillance, 
evolutionary 
tracking, drug 
resistance 
monitoring 

Enables public 
health action; 
essential for vaccine 
and drug updates; 
identifies emerging 
strains 

High cost; requires 
bioinformatics; 
uneven global 
surveillance 
capacity 

Cytokine and 
Chemokine 
Biomarkers 

IL-6, TNF-α, IP-
10 

Multiplex 
cytokine 
panels, ELISA 

Prognosis, 
severity 
prediction, 
therapeutic 
decisions 

Strong correlation 
with severity; early 
indication of 
immune 
dysregulation 

High inter-
individual 
variability; affected 
by comorbidities; 
timing-dependent 

Cellular 
Biomarkers 

CD4/CD8 
counts, NK cell 
activity, T-cell 
exhaustion 
markers 

Flow 
cytometry, 
functional 
assays 

Disease 
monitoring, 
prognosis, and 
immune 
competency 
assessment 

Mechanistic insights 
guide 
immunotherapies; 
valuable in chronic 
infections 

Requires 
specialised labs, 
expensive 
instrumentation, 
and time-
consuming 

Serological 
Biomarkers 

IgM, IgG, 
Neutralising 
antibodies 

ELISA, 
Neutralisation 
assays, LFAs 

Past infection 
confirmation, 
vaccine response, 
and 
serosurveillance 

Essential for 
population 
immunity studies; 
robust for vaccine 
evaluation 

Window periods, 
variable antibody 
durability, and 
lower usefulness in 
early infection 

Transcriptomic 
Biomarkers 

ISGs (OAS1, 
IFIT1, MX1) 

RNA-seq, Host 
gene 
expression 
panels 

Discriminating 
viral vs bacterial 
infections; early 
host response 
profiling 

Very high 
discriminatory 
power; early 
detection via host 
response 

Requires 
sequencing 
facilities; high 
computational 
complexity 

Proteomic 
Biomarkers 

Complement 
proteins, acute-
phase proteins 

Mass 
spectrometry, 
high-
throughput 
proteomics 
 

Severity 
prediction, 
mechanistic 
insights 

Reveals deep 
biological pathways; 
multi-marker power 

High cost; lack of 
standardised 
protocols 
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Biomarker 
Category 

Representative 
Examples 

Detection 
Methods 

Diagnostic 
Applications 

Strengths Limitations 

Metabolomic 
Biomarkers 

Kynurenine, 
lactate, lipid 
profiles 

LC-MS, NMR 
spectroscopy 

Prediction of 
severe disease, 
monitoring 
metabolic 
dysregulation 

Sensitive to 
physiologic shifts; 
integrative with 
other omics 

Highly variable; 
influenced by diet, 
microbiome, and 
comorbidities 

Epigenetic 
Biomarkers 

DNA 
methylation, 
chromatin 
accessibility 

Bisulfite 
sequencing, 
ATAC-seq 

Long-term effects, 
viral latency, 
prognosis 

Stable signals; 
potential for long-
term monitoring 

Emerging field; 
expensive assays; 
limited clinical 
validation 

Microbiome 
Biomarkers 

Gut microbial 
taxa, SCFAs 

16S rRNA 
sequencing, 
shotgun 
metagenomics 

Disease 
susceptibility 
prediction, 
severity 
correlation 

Adds holistic host–
microbe insights; 
emerging 
therapeutic 
potential 

High interpersonal 
variability; 
complex 
interpretation 

AI/ML-
Integrated 
Biomarkers 

Predictive 
panels 
combining 
multi-omics 

Machine 
learning 
platforms 

Early diagnosis, 
risk prediction, 
decision support 

Enables integration 
of massive datasets; 
real-time analytics 

Requires large 
training datasets; 
risk of algorithmic 
bias 

 

Comparative Discussion of Biomarker Categories. 
Typically, the difference between biomarker 
classes lies in the timing of their diagnostic value 
and their sensitivity to change. Pathogen-derived 
nucleic acids provide the earliest and most sensi-
tive detection (days before disease symptoms) 
and are the gold standard for confirmation and 
quantification. Antigens have the advantage of 
detecting infection at high viral load, which 
makes them ideal for screening but not for early 
diagnosis. Host biomarkers go beyond simple 
detection to provide signals of immune activa-
tion, inflammation, and risk of severity, although 
host variability, comorbidities, and timing of as-
sessment affect the accuracy of these markers. 

 

Table 2 – Utility Across the Disease Timeline 
Infection 
Stage 

Most Useful 
Biomarkers 

Rationale 

Pre-
symptomatic 

Viral RNA (PCR), 
transcriptomic 
ISGs 

Viral replication is 
detectable early; 
host ISGs rise 
quickly 

Acute 
symptomatic 
phase 

Antigens, 
cytokines (IL-6, 
IP-10), viral load 

High viral load; 
immune activation 
peaks 

Severe 
disease 

Cytokines, 
proteomics, 
metabolomics 

Reveal immune 
dysregulation and 
organ involvement 

Recovery or 
chronic 
stage 

Antibodies, 
epigenetics, 
cellular markers 

Long-term 
immunity, latency, 
or immune memory 

 

1) Strengths and Weaknesses by Biomarker 
Group. Pathogen-Derived Biomarkers are ex-
tremely specific for the pathogen and facilitate 
the genomic monitoring of evolution, emergence 
and antiviral resistance (very important for HIV 
and HBV). The major drawbacks of their use are 
that they can yield false-negative results due to 
poor sampling or an incorrect primer–variant 
match, and that they require laboratory infra-
structure. Host response biomarkers also reflect 
disease severity and immune dysfunction, even 
when the virus is not detectable. When there is 
inter-individual variability (age, genetics, comor-
bidities, concurrent inflammatory diseases), it is 
unlikely that there will be a universal threshold 
for either prognosis or monitoring. Non-viral 
conditions may also generate signatures similar 
to those of viruses, reducing the specificity of 
these approaches. Multi-omics biomarkers, in-
cluding transcriptomic, proteomic, metabolomic, 
epigenetic, and microbiome signatures, provide 
deep mechanistic insights and enable molecular 
patient stratification but are costly, resource-
intensive, and lack standardised validation pipe-
lines, which limit clinical implementation in the 
near term. 

2) Comparative Clinical Impact. As practical di-
agnostic tools, pathogen-derived biomarkers re-
main the most prevalent due to their direct con-
firmation of infection. PCR and rapid antigen 
tests are leading point-of-care workflows. A key 
example is the use of host biomarkers, especially 
cytokines (e.g., IL-6 and IP-10), as essential prog-
nostic markers in COVID-19 to identify patients 
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at risk of deterioration. Transcriptomic bi-
omarkers are highly useful for discriminating vi-
ral from bacterial infections, thus contributing to 
antimicrobial stewardship. Proteomic and 
metabolomic markers have been used to unravel 
the pathophysiology of COVID-19 and dengue, 
revealing immune, coagulation, and metabolic 
changes. Epigenetic and microbiome biomarkers 
are promising but are only partially established 
and not yet commonly used in clinical diagnos-
tics. 

 

Table 3 – Translational Readiness of Biomarker 
Categories 
Biomarker Category Readiness Level 
Viral nucleic acids 
(PCR) 

Very High – fully integrated 
globally 

Viral antigens High – widely used in POC 
settings 

Serology High – essential for immunity 
monitoring 

Cytokines (e.g., IL-6) Moderate – used clinically but 
not universally standardised 

Transcriptomics Moderate – diagnostic 
potential but costly 

Proteomics/ 
Metabolomics 

Low–Moderate – high research 
value, limited clinical 
deployment 

Epigenetics/ 
Microbiome 

Low – emerging, experimental 

AI/ML integrative 
biomarkers 

Growing – dependent on big 
data and validation 

 

This assessment indicates that pathogen-derived 
biomarkers remain the most clinically mature, 
while multi-omics and AI-supported signatures 
represent the direction of future advances. 

Synthesis: Why Multiple Biomarker Categories Are 
Necessary. There is no single class of biomarkers 
that provides a comprehensive picture of viral 
infection, its progression, and outcome. Patho-
gen-derived markers identify infection; host re-
sponse markers identify severity, immune sys-
tem activation, and physiological impact; and 
multi-omics markers identify mechanistic path-
ways and predict long-term risk. AI and new plat-
forms are woven into the layers. Comprehensive 
diagnostic platforms are then the most effective 
diagnostic frameworks, especially in rapidly 
evolving pandemics, that incorporate multiple 
biomarkers to detect patients earlier. 

Pathogen-Derived Biomarkers. Pathogen-derived 
biomarkers, including pathogen presence, repli-

cation, and viral genome, are fundamental to vi-
ral diagnostics. Viral nucleic acids and proteins 
facilitate sensitive, specific detection, guide clini-
cal management and enable surveillance [2, 4]. 
These are the main methods used to sensitively 
detect RNA viruses (such as SARS-CoV-2 and in-
fluenza) and DNA viruses (such as hepatitis B vi-
rus [HBV] and cytomegalovirus [CMV]) at low 
concentrations [32, 33]. RT-PCR is a gold-
standard test that can provide a diagnosis earlier 
than symptoms, before the onset of symptoms. 
Estimation of viral load helps manage the clinical 
course, predict outcome, and guide treatment. 
The viral load of SARS-CoV-2 is associated with 
symptom severity, whereas viral loads of HIV 
RNA and HBV DNA are used to guide treatment 
[34–36]. Digital PCR is superior to conventional 
PCR in terms of sensitivity for low- and challeng-
ing-to-detect samples [37]. Viral proteins are also 
used as diagnostic markers, such as the SARS-
CoV-2 nucleocapsid and spike proteins, HIV p24, 
and dengue NS1, which help identify active infec-
tion at early stages [14, 38]. Antigen rapid diag-
nostic tests (Ag-RDTs) are point-of-care tests that 
are less sensitive than other tests [15, 39]. Ge-
nomic mutations provide clues to viral evolution, 
spread and immune evasion. Next-generation 
sequencing can measure these variants in real 
time, as seen with COVID [16, 17]. Although ge-
netic mutations do not change a strain's infectivi-
ty, they can affect diagnostic efficiency and influ-
ence therapeutic strategies, including antiviral 
resistance testing (avr) [13, 40]. 

Host-response markers are used in addition to 
pathogen testing to evaluate immune responses. 
Inflammation and severity markers include cyto-
kines such as IP-10, IL-6, and TNF-α [41–43]. 
Type I interferons and interferon-stimulated 
gene products (OAS1, IFIT1) can distinguish be-
tween viral and bacterial infections and their as-
sociated severe disease [23, 24]. Changes in im-
mune cells are reflected in cellular biomarkers. T-
cell changes occur in response to viral infections, 
including depletion and exhaustion in chronic 
infections (HIV, HCV) and the expansion of acti-
vated CD8⁺ T cells in acute infections [20, 44]. 
Exhaustion markers (PD-1, TIM-3, LAG-3) reflect 
dysfunctional states. There are also impaired NK 
cells and lymphopenia, which are linked to se-
vere disease, are easily quantifiable, and there-
fore a reliable predictor of poor prognosis [19, 
21]. Serological markers are indicators of hu-
moral responses. IgM is good for early diagnosis, 
and IgG for exposure. Neutralising antibodies 
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correlate with immunity and are essential in im-
mune, therapeutic, and vaccine evaluations [22, 
45]. Vaccine effectiveness and booster strategies, 
as well as the identification of exposure-risk 
groups, are based on antibody levels and persis-
tence [9]. 

Multi-Omics and Emerging Biomarkers. Research-
ers now use multi-omics approaches, including 
transcriptomics, proteomics, metabolomics, 
epigenomics, and microbiome analysis, to study 
host-pathogen interactions. High-throughput 
technologies enable these approaches by meas-
uring thousands of molecules simultaneously [6]. 
These tools provide novel markers not found in 
standard tests. They are increasingly crucial for 
understanding complex diseases such as long 
COVID, for precision diagnostics and prognostics, 
and for the discovery of new therapies. Tran-
scriptomics (RNA-seq) can be used to identify 
differentially expressed genes during infection, 
including interferon-stimulated genes (ISGs; e.g., 
MX1, OAS1, IFIT1), which can distinguish be-
tween viral and bacterial infections [23]. Gene 
signatures derived from machine learning have 
high diagnostic accuracy, and interferon re-
sponse dysfunction is linked to disease severity 
[24, 46]. Single-cell RNA-seq also identifies cell-
specific immune defects, and host mRNA panels 
are being used clinically. 

Proteomics uncovers protein signature of in-
flammation, coagulation and cell damage. In 
COVID-19, proteins such as CRP, complement, 
and fibrinogen correlate with disease severity [6, 
25]. Influenza, hepatitis C virus, and dengue also 
exhibit similar protein profiles despite their dis-
tinct pathogenic mechanisms. Metabolomics re-
flects metabolic changes in infections. Viral infec-
tions alter processes such as glycolysis and lipid 
and amino acid metabolism, with metabolites 
such as lactate and kynurenine associated with 
disease severity and organ failure [26, 47]. 

Epigenomics: Infection alters gene expression. 
Alterations in DNA methylation and chromatin 
accessibility have been observed in SARS-CoV-2, 
HIV, and HBV and are associated with immune 
responses, disease processes, and viral persis-
tence [27, 28]. These may be implicated in long-
term effects such as long COVID. The microbiome 
also impacts viral infections. Loss of microbiota 
diversity and the absence of protective species 
are linked to increased disease severity in SARS-
CoV-2 and influenza [29, 30]. 

All these advances rely heavily on technological 
advances. The current primary approaches to 
diagnosis are still based on nucleic-acid amplifi-
cation tests such as PCR and LAMP, and variant 
monitoring and resistance profiling (variant Sur-
veillance) still rely on next-generation sequenc-
ing [32, 48]. Newer technologies, such as CRISPR 
diagnostics and biosensors, enable rapid, at-the-
point-of-care testing [49]. The integration of mul-
ti-omics and clinical information is possible 
through machine learning, which can uncover 
complex patterns in biomarker data and enhance 
diagnosis and treatment [11, 46]. 

Biomarker Discovery to Clinical Implementation. 
The discovery of meaningful biomarkers using 
techniques such as transcriptomics, proteomics, 
metabolomics and serology is the first step to-
ward the development of clinical tools. Identifica-
tion is based on biological plausibility, reproduc-
ibility, clinical significance, sample availability, 
and sample stability. To minimise attrition, pa-
tient variability, and the collection and storage 
processes, these should be considered early in 
the pre-analysis stage. Analytical validation con-
firms assay performance (sensitivity, specificity, 
limit of detection, precision and robustness), 
which is important in viral diagnostics as targets 
can be low and related viruses need to be sepa-
rated. Clinical validation is the evaluation of the 
biomarker's ability to distinguish between pa-
tient status and outcome (sensitivity and speci-
ficity; Receiver Operating Characteristic (ROC) 
analysis). It is important to have clinical utility 
(benefit to patients or medical decision-making), 
and there is evidence from multi-site and exter-
nal validation studies. 

Regulatory endorsement corresponds to con-
texts of use. Researchers and developers gener-
ate evidence for programs such as the FDA Bi-
omarker Qualification Program and diagnostic 
approval by demonstrating analytical and clinical 
performance. In an effective translation process, 
early regulatory engagement supports imple-
mentation. Healthcare systems integrate process 
standardisation, quality assurance, training, and 
EMR integration into clinical workflows. Devel-
opers of point-of-care tests must consider user 
interface, speed, and cost, particularly in low-
resource areas. Post-market monitoring teams 
ensure performance and adjust diagnostics to 
account for changes in viral characteristics [50]. 

Integration of multi-omics and AI-based ap-
proaches improves biomarker discovery by 
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blending data to develop predictive diagnostic 
and prognostic signatures. However, there are 
some disadvantages, including data integration, 
data validation, model interpretability, and assay 
development. Equality is also on the agenda, and 
there is a need to make new technologies cost-
effective. 

Lack of reproducibility, validation and clinical 
relevance are issues. The task of translation must 
be carried out in collaboration with other disci-
plines, with validation and clinical relevance. 
Adopted, biomarkers play a key role in the man-
agement of viral diseases. Nucleic-acid testing 
helps in early diagnosis and screening, such as 
SARS-CoV-2 RT-PCR, HIV RNA, HBV DNA, etc., 
and protein (e.g., dengue NS1, HIV p24) and host-
response-based detection during the disease 
course [46]. Predictive markers of disease severi-
ty and outcomes include cellular markers such as 
lymphopenia, T cell exhaustion markers, markers 
for NK cells (dysfunction), prognostic markers 
(e.g., IL-6, CRP, ferritin, IP-10, TNF-α) and metab-
olomic/proteomic markers of inflammation or 
tissue damage [5, 18, 25, 26]. 

Therapy monitoring is based on viral load (gold 
standard) for HIV, HBV and HCV, and on host 
markers for immune recovery and response to 
therapy—the use of IL-6 and D-dimer to guide 
treatment for COVID-19 [51]. Neutralising anti-
bodies are correlates of protection in vaccine de-
velopment, while IgG antibodies and T-cell 
markers indicate immune persistence and T-cell 
responses [9, 45]. Biomarkers also aid post-
vaccination monitoring, such as waning immuni-
ty and variant detection, and are under investiga-
tion for vaccine safety. 

Challenges and Future Prospects. Several obsta-
cles persist. Biomarker expression varies with 
biological factors (age, genetic makeup, disease, 
and immune status), and the lack of standardised 
protocols and reference ranges across laborato-
ries worldwide contributes to variability in re-
producibility. The limitations are substantial: 
PCR, sequencing, multi-omics, and flow cytome-
try technologies are costly and require more ex-
pertise and equipment, which are not available in 
LMIC countries. Progress is hampered by ethical 
and regulatory issues - approval times, privacy, 
and access. High-throughput multi-omics data 

can be complex to aggregate, subject to batch ef-
fects, less well validated, and prone to algorith-
mic bias. It is necessary to improve standards, 
technology, and its costs, access, and regulations 
to solve these problems. 

The forecast is still favourable. In the future, cli-
nicians will use integrated signals from patho-
gens and host immune response readouts for 
multidimensional diagnostics to enable early de-
tection, severity stratification, and therapeutic 
intervention. Novel technologies (such as porta-
ble sequencing, lab-on-a-chip and wearable bio-
sensors, and CRISPR-based diagnostics) will 
move testing to the bedside. Advances in artificial 
intelligence and machine learning will further 
enhance the identification of biomarkers, predic-
tive modelling, and real-time monitoring, and 
multiplexed omics will help elucidate mecha-
nisms of acute infection and post-infection com-
plications. Epigenetics, microbiome science, and 
digital health technologies will expand the range 
of biomarkers and help build an integrated, cost-
effective, and scalable diagnostics platform to 
improve global readiness. 

 

CONCLUSIONS 

Viral diagnostics increasingly rely on biomarkers 
that provide rapid, reliable information on infec-
tion, severity, and therapeutic response. Nucleic 
acids, proteins, and genetic mutations are viral 
biomarkers that have enhanced diagnostic speci-
ficity and enabled global surveillance of viral evo-
lution. Biomarkers of the host response, such as 
cytokines, cell signatures and antibodies, give 
crucial insights into disease course and manage-
ment. Integrative omics technologies have also 
uncovered new aspects of viral pathogenesis. 
There are limitations: variability, lack of stand-
ardisation, costs, and access. Researchers and 
developers must resolve several issues before 
they can widely use this technology. Recent de-
velopments in multi-omics integration, point-of-
care technologies, and AI-based predictive ana-
lytics will improve diagnostic speed, scalability, 
and accuracy. In the future, viral diagnostics will 
continue to rely heavily on biomarkers, which 
are essential for personalised medicine and pan-
demic preparedness. 
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