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ABSTRACT

An estimated 10% of coronavirus disease (COVID-19) survivors suffer from persisting symptoms referred to as long COVID
(LC), a condition for which approved treatment options are still lacking. This systematic review (PROSPERO: CRD42024499281)
aimed to explore the pathophysiological mechanisms underlying LC and potential treatable traits across symptom-based pheno-
types. We included studies with primary data, written in English, focusing on omics analyses of human samples from LC patients
with persistent symptoms of at least 3months. Our search in PubMed and Embase, conducted on January 8, 2024, identified
642 studies, of which 29 met the inclusion criteria after full-text assessment. The risk of bias was evaluated using the Joanna
Briggs Institute appraisal tool. The synthesis of omics data, including genomics, transcriptomics, proteomics, metabolomics,
and metagenomics, revealed common findings associated with fatigue, cardiovascular, pulmonary, neurological, and gastro-
intestinal phenotypes. Key findings included mitochondrial dysfunction, dysregulated microRNAs associated with pulmonary
dysfunction, tissue impairment, blood-brain barrier disruption, coagulopathy, vascular dysfunction, microbiome disturbances,
microbial-derived metabolite production and persistent inflammation. Limitations include cross-study heterogeneity and varia-
bility in sampling methods. Our review emphasizes the complexity of LC and the need for further longitudinal omics-integrated
studies to advance the development of biomarkers and targeted treatments.

1 | Introduction effects persist [1]. Chronic symptoms post-infection, known as

Long COVID (LC), post-acute sequelae of COVID-19, or post-
Coronavirus disease (COVID-19) caused the most recent pan- COVID-19 condition manifest in ~10% of COVID-19 cases [2].
demic with high incidence and mortality rates. While today the Most LC patients, despite negative polymerase chain reaction
virus seems to cause less severe disease, the long-term health (PCR) tests, experience delayed recovery [3]. A clear definition
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of LC is lacking, although the World Health Organization
(WHO) describes it as symptoms lasting for > 12weeks post-
infection, but it is also described as the persistence of at least
one symptom for more than 4weeks after the clearance of
SARS-CoV-2 without the presence of an alternative diagnosis
[4, 5].

LC is multi-systemic, affecting multiple organs, resulting in a
broad array of symptoms that can be categorized into fatigue,
respiratory, neurological, cardiovascular and gastrointestinal
complaints [6-8]. Globally, observational studies aim to eluci-
date LC mechanisms and identify treatable traits [6-8], but clin-
ical trials and efforts to repurpose drugs remain limited, while
treatment options are desperately needed [9, 10].

LC's complexity and heterogeneity demonstrate the need for
precision medicine, requiring an understanding of the interplay
of biomolecules. The analysis of various biological molecules in
large quantities simultaneously has revolutionized our ability
to gain deep knowledge in biological systems on many scales.
Combined data from various omics layers, including the (epi)ge-
nome, transcriptome, proteome, metabolome, and metagenome,
could provide novel insights into the pathophysiology of LC, in
association with the reported symptoms or phenotypes. This in-
tegrated knowledge holds the potential to drive target and drug
discovery efforts that can ultimately be translated to personal-
ized prevention and treatment strategies in LC. However, as-
sessing large-scale multi-omics data is challenging and requires
multidisciplinary approaches [11-13]. The objective of this study
was to systematically review the literature to assess how omics-
based analyses across various symptom-based phenotypes con-
tribute to understanding pathophysiological mechanisms and
identifying potential biomarkers and treatable traits relevant to
precision medicine in LC patients compared with recovered in-
dividuals or healthy controls.

2 | Methods
2.1 | Protocol and Registration

Prior to the start of this systematic review, a detailed pro-
tocol was developed and registered with the International
Prospective Register of Systematic Reviews. (PROSPERO,
CRD42024499281). This review was conducted following a pro-
tocol in accordance with the PRISMA 2020 statement [14].

2.2 | Search Strategy

Initial, limited searches were performed in PubMed to identify
relevant key words and index terms, which resulted in the final
search term (Figure S1). The search syntax was then adapted
for Embase (Figure S2). The final search was performed by N.B.

2.3 | Inclusion and Exclusion Criteria
The inclusion criteria for papers were: (1) LC defined as the per-

sistence of symptoms post-COVID for at least 3 months, consis-
tent with the WHO definition [15], (2) inclusion of primary data,

(3) omics analyses had to be based on human samples, and (4)
subjects had to be alive at the time of sample collection.

Exclusion criteria for papers were: (1) not written in English, (2)
abstracts only, (3) preprints, and (4) retracted papers. Studies
identified through the systematic search underwent title, ab-
stract screening, and full-text eligibility assessment, performed
by N.B. and EMAS, after which relevant studies were included
in this systematic review. There were no restrictions concerning
study criteria for group sizes or study design.

2.4 | Quality and Risk of Bias Assessment

Following title and abstract screening, a quality and risk of bias
assessment was performed independently by two reviewers
(N.B. and E.M.A.S.), using the 2020 revised critical appraisal in-
struments from the Joanna Briggs Institute [16]. Disagreements
were discussed with a third reviewer (K.G.).

2.5 | Data Extraction

Data extraction was conducted systematically by two indepen-
dent reviewers (N.B. and E.M.A.S.) to ensure consistency and
accuracy, with discrepancies resolved through discussion or
consultation with a third reviewer (K.G.). For each study, we ex-
tracted data on the lead author, publication year, study design,
patient characteristics, sample size per group, biological sample
type (such as blood, urine etc.), timeframe for LC (in months
post-infection), omics layers, sample collection time points (post-
infection), outcome parameters (omics outcomes such as path-
ways and other parameters such as cytokine measurements or
medical data) and omics analysis platforms. Findings were cate-
gorized by the omics layers, such as genomics, transcriptomics,
proteomics, metabolomics, or metagenomics. Longitudinal data
were extracted where applicable, and we considered whether
studies controlled for confounding factors.

2.6 | Data Analysis, Synthesis and Reporting

Data analysis, led by N.B. and reviewed with the team, system-
atically synthesized omics findings on LC. A qualitative syn-
thesis identified recurring themes, patterns, and trends across
omics layers, categorized by common LC symptom-based phe-
notypes. While the classification of symptom-based pheno-
types may be somewhat arbitrary, we focused on key categories
frequently mentioned in relation to LC symptoms, including
fatigue, pulmonary, neurological, cardiovascular, and gastroin-
testinal symptoms [6-8, 17, 18]. Results were presented in tables,
figures, and narrative summaries to provide a comprehensive
overview of omics signatures in LC, outlining key findings, im-
plications, and recommendations for future research.

3 | Results

On 8 January 2024, the search yielded 642 results, all of which
were screened for eligibility according to the inclusion and ex-
clusion criteria. Figure 1 provides an overview of the number of
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FIGURE1 | Flow diagram of included studies in this systematic review according to the PRISMA 2020 statement [14].

studies that were found to be suitable for further exploration and
analysis, following a critical appraisal (Tables S1-S3). Quality
assessment across cross-sectional, cohort, and case—control
studies indicated generally high methodological rigor, with all
studies meeting key criteria such as reliable outcome measure-
ment and appropriate statistical analysis. Microbiome studies
utilized the shotgun metagenomics technique, which includes
the totality of the microbial genomes to study the microbiome.
Figure 2 provides additional clarification on the studied omics
layers. Table 1 shows a description of the general characteristics
of included studies, and Table S4 includes additional extracted
data on LC sample collection time points, outcome parameters,
and omics analysis platforms.

While omics results in this review are categorized according to
symptom-based phenotypes, it is important to acknowledge that
symptoms in LC typically do not occur in isolation and may af-
fect multiple organ systems simultaneously. This suggests that
the underlying mechanisms contributing to LC are complex
and interconnected, often manifesting in multiple phenotypes
across the body. Figure 3 illustrates what efforts of omics stud-
ies related to the symptom-based phenotypes were made and

shows that, until now, most studies have focused on proteom-
ics and metabolomics for cardiovascular and fatigue symptoms,
respectively.

3.1 | Fatigue and Altered Energy Metabolism

Post-COVID fatigue is among the most commonly reported
symptoms in LC [17].

3.1.1 | Metabolomics and Proteomics

Saito et al. identified distinct metabolomics profiles in LC pa-
tients with myalgic encephalitic/chronic fatigue syndrome (ME/
CFS) symptoms a year post-COVID, compared with controls,
showing altered amino acid and energy metabolism pathways
[47]. Lopez-Hernandez's study revealed 53 and 27 metabolites to
be dysregulated compared to acute COVID-19 (AC) patients and
controls, respectively [31]. LC patients could be distinguished
according to lactic acid, lactate/pyruvate, ornithine/citrulline,
and arginine [31]. Changes indicated mitochondrial dysfunction
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FIGURE 2 | Omics layers included in this systematic review and the totality of biomolecules that they measure in a biological sample. The ar-

rows illustrate how genomics to metabolomics are connected; DNA undergoes epigenetic modifications regulating gene activity, RNA transcription

produces RNA transcripts, which are consequently translated into proteins that perform various cellular functions, ultimately driving metabolic

processes and resulting in metabolite production.

and redox imbalances in LC patients 2years post-infection [31].
Nuclear magnetic resonance (NMR) metabolomics indicated
variations in lactate, pyruvate, glucose, and other metabolites
between LC and AC patients, suggesting changes in energy me-
tabolism [25]. Furthermore, LC patients had higher levels of
citrate, histidine, and ornithine compared to AC and healthy
controls (HC) [25]. The study explored the role of gender and age
on their findings and found a strong gender-age effect on acetate
levels in LC [25].

In peripheral blood mononuclear cells (PBMCs), IDO2 or in-
doleamine 2,3-dioxygenase-2 was upregulated in LC patients
and associated with mitochondrial dysfunction, resulting
from reduced basal and maximal oxygen consumption rates,
and with reduced intracellular Krebs cycle-related compound
levels and amino acids. The aryl hydrocarbon receptor was
correlated with the induction of IDO2 and was therefore pro-
posed as a possible therapeutic target [27]. Iosef et al. also

demonstrated the increased levels of IDO2 in plasma proteomic
samples [28]. The expression of IDO2 is moreover linked to de-
creased levels of tryptophan and increased kynurenine quan-
tities, which have been proposed to cause fatigue symptoms
[48]. Taenzer et al. reported a lower kynurenine/tryptophan
ratio in LC patients with fatigue, with decreased levels of ky-
nurenine and tryptophan [37]. Furthermore, this study also
reported reduced levels of other amino acids, including phe-
nylalanine and tyrosine [37]. The authors hypothesized the
lower kynurenine/tryptophan ratio to be caused by impaired
gut function or IDO function [37].

Targeted plasma metabolomics found low levels of amino acids
and triglycerides, deregulated acylcarnitines, and defects in
lipid oxidation, as well as elevated anti-inflammatory osmolytes
like taurine and hypaphorine [30]. The same study found pro-
tein alterations related to macrophage-derived secreted proteins
and fewer acute phase proteins [30].
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3.1.2 | Transcriptomics and Proteomics

Gene expression changes in muscle biopsies of LC patients in-
dicated matrix remodeling, angiogenesis, and immune dys-
regulation linked to interferons (IFN), type I and III, and the
complement system, alongside decreased mitochondrial ac-
tivity and energy production capacity. The study reported no
sex-related influence in their principal component analysis.
Moreover, increased serum protein levels related to complement
pathways were found in LC patients compared to controls [24].

LC and ME/CFS exhibited similar protein profiles, including B2M,
BCL2, CD4, and HLA-DRBI [34]. Clustering of 162 differentially
regulated proteins in LC revealed main clusters related to viral infec-
tions (SARS-CoV-2, Epstein-Barr) and immune responses (natural
killer cell cytotoxicity, Fc epsilon R1 signaling) [34]. Mitochondrial
dysfunction pathways were also affected, leading to reduced energy
production and potential oxidative stress [34].

3.1.3 | Genomics and Transcriptomics

Genomics linked LC fatigue risk factors to metabolic/JNK
signaling and genes shared with ME/CFS, involving insulin
and circadian rhythm regulation. Single nucleotide polymor-
phisms (SNPs) more abundant in LC than ME/CFS were re-
lated to ATP9A, CLOCK, SLC15A14, INSR, and GPC5. CLOCK
regulates circadian rhythm and mitochondrial function [38].
Thrombocytopenia has been linked to post-viral fatigue com-
plaints. A longitudinal transcriptomics analysis in the blood of
COVID-19 convalescents by Ryan et al. revealed distinct pro-
files in individuals that developed LC. In the transcriptome of
LC patients, downregulation of genes related to platelet factor
4, platelet glycoprotein IX, thrombopoietin receptor, and coagu-
lation in platelet-related pathways was found at 6 months post-
COVID [22].

3.1.4 | Metagenomics

From a microbiome perspective, in fecal samples that were
collected 6months post-COVID, Clostridium innocuum and
Actinomyces naeslundii were significantly associated with fa-
tigue symptoms [20].

Together, these studies indicate associations between LC fatigue
symptoms and neuroinflammation, mitochondrial dysfunction,
alterations in lipid metabolism, thrombocytopenia, and micro-
biome disturbances.

3.2 | Pulmonary

Commonly reported respiratory symptoms in LC include short-
ness of breath and cough [17].

3.2.1 | Transcriptomics and Proteomics

Plasma profiling identified microRNAs, miR-9-5p and miR-
486-5p, linked to impaired lung diffusion capacity (<80%) and
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FIGURE 3 | The frequency of omics findings related to LC symptom-based phenotypes. The symptom-based phenotypes and omics layers are
each represented with a variety of bright and light colored bands, respectively. Percentages in the outer circle show to what extent studies involving
specific omicslayers or phenotypes were included in this systematic review. This figure was created with Circos Table Viewer v0.63-10 from the

Genomes Science Centre.

involved in inflammation, angiogenesis, tissue repair, and cell
senescence pathways. RNA sequencing and proteomics further
emphasized these pathways in patients with pulmonary dys-
function, who were mostly older patients with a relatively more
severe disease course. As part of the targetome of both miR-
NAs, key upregulated genes included PXDN, ITGA2, MXRA?7,
TMEMZ200A, RNF187, and FATI, while downregulated genes
included NELL2, RAI14, SLC24A2, PPPIR9A, and CHRMS3.
Identified proteins, PTN and KIM1, are key players in tissue re-
pair pathways [44].

Proteomics studies on blood and airway samples from LC pa-
tients with persistent radiological abnormalities 3-6months
post-discharge revealed abnormal airway proteomes by the pres-
ence of CASP3, EPCAM, KRT19, and TGFA, indicative of epi-
thelial injury and apoptosis. These disruptions in tissue repair
pathways were absent in HC [23]. Additionally, increased num-
bers of cytotoxic lymphocytes were associated with epithelial
damage and impaired lung function, emphasizing the immune
system's role in pulmonary phenotypes [23]. From an immuno-
logical perspective, proteomics studies found that pulmonary
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dysfunction in LC at 4 months post-infection was associated
with upregulated pathways of chemotaxis of phagocytes, leu-
kocyte activation, and cardiac dysfunction, and with elevated
levels of chemokine CXCL9 during AC [35]. Furthermore, cor-
relations were found between serum levels of glucocorticoid re-
ceptor and dyspnea in LC patients [33].

3.2.2 | Metagenomics

Persistent pulmonary symptoms were correlated with increased
abundance of opportunistic gut pathogens such as streptococ-
cus anginosus, Streptococcus vestibularis, Streptococcus gor-
donii, and Clostridium disporicum in fecal samples collected at
6 months post-COVID [20].

These findings collectively demonstrate that in pulmonary LC,
miRNA dysregulation was associated with impaired diffusion
capacity. Findings also indicated potential impairments in tissue
repair mechanisms and ongoing immune responses, including
dysregulated CD8* T cell responses associated with pulmonary
abnormalities.

3.3 | Neurological

Neurological manifestations can include cognitive impairment
(brain fog), memory deficits, and also neuropsychiatric symp-
toms, defining the involvement of the central nervous system
in LC [7].

3.3.1 | Proteomics and Genomics

LC patients with neurologic complaints exhibit a distinctive
plasma proteomic profile compared to COVID-19 convales-
cents, characterized by reduced pro-inflammatory and antivi-
ral response proteins, alongside increased immunoregulatory
proteins, correlating with neurocognitive dysfunction [39].
Genetic associations were identified between SNPs and neu-
rological symptoms, in which FURIN and SLC6A20 were em-
phasized [29]. Taylor et al. identified 73 genes related to severe
LC and fatigue-dominant cohorts, with five genes (D2ZHDGH,
GUCY1A2, PCSK2, CCDCI146, PGPEPI) involved in metabolism
and regulatory pathways present in both. Combinatorial analyt-
ics highlighted 42 genes as potential therapeutic targets, with 13
already linked to existing drugs. Pathway analysis showed these
genes were mostly related to neurological and cardiometabolic
diseases. TLR4 was proposed for drug repurposing [38].

3.3.2 | Transcriptomics

Brain fog, a neurological manifestation of LC, can lead to cog-
nitive impairment. Greene et al. found significantly increased
concentrations of S100f3, a marker of blood-brain barrier (BBB)
dysfunction that was also positively associated with age, in AC
patients. A transcriptomics study in LC patients with brain
fog revealed differentially expressed genes compared to recov-
ered individuals that showed dysregulated immune responses.
Upregulated genes were related to T-cell activation, angiogenesis

(including HIF1A, HESI and DLLI) and TGF-signaling (includ-
ing SMAD3, SNAIl, SMURFI), crucial for BBB regulation.
Downregulated genes involved platelet activation and hemosta-
sis, suggesting systemic alterations and vascular abnormalities.
Compared to LC patients without brain fog, those affected had
distinct gene expression profiles related to T-cell differentiation
and activation (including TNFSF9, IFNG and RUNX3), but also
the negative regulation of immune responses, pointing to sus-
tained systemic inflammation (including WASL, TNFAIP3 and
ID2) and BBB disruption [45].

3.3.3 | Metagenomics and Metabolomics

A higher abundance of Clostridium innocuum and Actinomyces
naeslundiiin LC patient's fecal samples is linked to neuropsychi-
atric symptoms, suggesting a microbial component to LC's neu-
rological impact [20]. Saito et al. reported an inverse correlation
between reduced plasma metabolite sarcosine and LC symp-
toms, cognitive dysfunction, and depression scores. Similarly,
lower serine levels were inversely associated with anxiety and
depression in LC patients with ME/CFS [47]. Taenzer et al. re-
ported altered concentrations of serotonin, catecholamines, and
dopamine in LC [37].

Collectively, these findings illustrate that persistent systemic
inflammation, BBB disruption, vascular abnormalities, micro-
biome imbalances, and metabolic changes are related to the
spectrum of neurological symptoms experienced during LC.

3.4 | Gastrointestinal

Briviba et al. stated that while COVID-19 is a respiratory condi-
tion, 20%-50% of LC patients experience gastrointestinal symp-
toms [42]. Nausea, diarrhea, and loss of appetite are common
gastrointestinal symptoms linked to LC [17].

3.4.1 | Metagenomics

Research indicates a decreased alpha and beta diversity of the
gut microbiome, as evidenced by data from fecal samples col-
lected 3months post-COVID among patients with persistent
gastrointestinal symptoms [41]. This decreased relative abun-
dance at the phylum level included Proteobacteria, Fusobacteria,
Spirochaetes, Actinobacteria, and Uroviricota. Moreover, based
on stool and saliva samples of these LC patients, ectopic colo-
nization of the oral cavity by gut microbes was detected by
27 differentially abundant genera of the Proteobacteria phy-
lum. Among these, bacteria such as Neisseria, Lautropia, and
Agrobacterium were linked to potentially harmful serum me-
tabolites, including estradiol valerate, 5-sulfoxymethylfurfural,
and 4-chlorophenylacetic acid [41]. At 3months post-infection,
changes in gut microbiome composition included an increased
abundance of butyrate-producing bacteria like Roseburia and
Faecalibacterium prausnitzii. This study also emphasized that
antibiotic use during AC infection could alter bacterial abun-
dance. Moreover, lower alpha diversities during the acute in-
fection were related to LC compared to recovered individuals.
Notably, the recovered group had an increased abundance of
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Prevotella species, potentially revealing a protective effect.
However, among the included patients in this study, it remained
unclear how many participants experienced gastrointestinal
symptoms [42].

So far, microbiome imbalances have been identified, and toxic
metabolite production has been associated with gastrointestinal
health.

3.5 | Cardiovascular

Cardiovascular symptoms such as palpitations and chest pain in
LC patients suggest ongoing pathologies [49].

3.5.1 | Transcriptomics and Proteomics

At 3 months post-COVID, gene expression analysis revealed
that upregulation in pathways related to proteoglycan synthesis,
extracellular matrix alteration, and viral mRNA replication was
related to vascular smooth muscle cell dysfunction and vascular
fibrosis development in LC [36]. Rho-kinase inhibitors, target-
ing these changes, are proposed as potential therapeutic options
for restoring vascular homeostasis [36].

A plasma proteomics study compared LC patients to HC and AC
subjects. LC patients showed a shift in natural killer cell pheno-
type from active to resting and neutrophils forming extracellular
traps, linked to vascular alterations mediated by angiopoietin-1
and VEGF-A. Activation of TGF-, TNF-o, and HIF-1 pathways
indicated systemic inflammatory responses. This profiling sug-
gests cardiovascular and potential neurologic dysfunction due
to protein expression patterns affecting neuronal and cognitive
functions [28].

Other proteomic findings suggest changes in iron metabolism
proteins including transferrin, hemopexin, lipocalin, superox-
ide dismutase 1, and ceruloplasmin in LC. Furthermore, it was
found that lipoxygenase was activated, possibly through an iron-
dependent post-translational mechanism. The authors hypothe-
size that leukotriene (LT) B4 and lipocalin 2 could be explored as
novel targets for the treatment and prevention of LC [26].

Longitudinally, Cervia-Hasler et al. found evidence of increased
complement activation during the acute infection phase, which
persisted in LC patients. Additionally, proteome analysis iden-
tified thrombo-inflammatory markers in blood samples at
6months, including elevated levels of von Willebrand factor
(VWF), suggesting endothelial activation and red blood cell
lysis. In patients where LC symptoms persisted for 12 months,
increased monocyte-platelet aggregates and platelet activation
markers were observed at 6 months, indicating a pro-thrombotic
environment [43].

3.5.2 | Proteomics and Metabolomics
A proteomics study analyzed the content of fibrin amyloid mi-

croclots and found dysregulated pro-inflammatory markers in-
volved in coagulation, cellular function, and lipid metabolism

[21]. Specifically, elevated levels of von Willebrand factor (VWF)
and increased platelet factor 4 activation were observed, while
plasma kallikrein levels were reduced in long COVID patients
compared to HC [21]. Additionally, the authors reported the
presence of antibodies within the microclots, suggesting these
could elicit an autoimmune response to persistent fibrin amyloid
microclots [21]. Wang et al. identified increased plasma levels
of microbiota-derived metabolites such as trimethylamine and
phenylacetylglutamine that were associated with cardiovascu-
lar disease in LC [40].

In LC patients with or without postural orthostatic tachycardia
syndrome (POTS), which can also be regarded as a neurological
condition, proteomic analysis showed similar protein dysregula-
tion affecting coagulation/hemostasis, immune response, angio-
genesis, and metabolism [32]. Key proteins included SERPINE,
linked to increased clotting susceptibility, and CCL5, associated
with hyper-inflammation and T-cell involvement, suggesting a
shared pathophysiological profile [32].

3.5.3 | Metagenomics

Moreover, microbiome analyses revealed significant gut flora
differences between POTS and LC patients compared to con-
trols, with variations in microbial diversity and specific taxa
potentially related to gastrointestinal and fatigue symptoms.
LC was associated with alterations in the abundance of phyla
Ascomycota and Firmicutes compared with controls [46].
Together, these findings show how cardiovascular symptoms in
LC are related to vascular dysfunction, systemic inflammation
and coagulation, and microbiome disturbances.

3.6 | Persistent Involvement
of the Immune System

While the presented results show that the different symptom-
based LC phenotypes are related to specific findings in the stud-
ied omics layers, the observed biomolecular signatures suggest
significant overlap, such as mitochondrial and vascular dys-
function, and indicate that a dysregulated immune system is a
common underlying factor.

Persistent systemic inflammation, characterized by elevated
cytokine levels and T cell activation, affects multiple organ sys-
tems in LC. Elevated IL-17 levels in LC patients’ plasma 2 years
post-infection indicate ongoing immune activation [31]. IL-17,
primarily produced by T helper cells, is crucial during AC and
islinked to chronic inflammatory diseases such as rheumatoid
arthritis, psoriasis, and metabolic syndrome [50, 51]. These
conditions share common pathologic IL-17-related characteris-
tics such as vascular dysfunction and hypertension, increasing
the risk of cardiovascular disease [52]. This suggests that per-
sistently elevated IL-17 levels in LC could similarly contribute
to cardiovascular complications. In LC, elevated IL-17 levels
have moreover been correlated with pre-existing hypertension,
suggesting a complex interaction between chronic post-COVID
manifestations, including pulmonary fibrosis, and pre-existing
health conditions [53, 54]. Proteomic analysis further sup-
ported the role of immune dysregulation, showing significant
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upregulation of CXCL10 in LC patients relative to COVID-19
convalescents and HC [19]. This finding is corroborated by
Green et al. who also report elevated CXCL10 levels in blood
samples, demonstrating a sustained IFN-induced inflamma-
tory response [45].

A proteomic study identified inflammation-related proteins
that could serve as potential biomarkers for LC, including
Siruin 1, Natriuretic Peptide B, Hemopexin, and Arachidonate
5-Lipoxygenase. Multivariate analysis demonstrated significant
protein changes from HC. It was notable that findings also var-
ied among LC patients, demonstrating the heterogeneity of the
disease [33].

A persistent pro-inflammatory state was identified in all
symptom-based phenotypes, indicating the importance of the
role of the immune system in the development of LC.

3.7 | Multi-Omics and Long COVID

Several of the included studies have employed multi-omics ap-
proaches, referring to the measurement of two or more omics
layers from the same samples, to understand the interplay of
biomolecules in LC. Serum proteomics identified increased ac-
tivation of the complement system in the serum of LC patients
by increased soluble C5bC6 complexes and decreased lev-
els of C7-containing terminal complement complexes. Other
than innate immune responses, thrombo-inflammation was
seen. In single-cell transcriptomic signatures of monocytes,
NR4A1 was decreased while interferon-induced transcripts,
including IFITM3, were increased, suggesting an inflam-
matory response [43]. Proteomics and metabolomics find-
ings in a study by Wang et al. showed significant alteration
in acute phase proteins and platelet degranulation that are
indicators of inflammatory and immune responses, but also
persistent dysregulation of metabolites of the TCA cycle and
glucose metabolism that reflect adjustments to inflammation.
Furthermore, both layers reflected metabolic dysregulation
[40]. Other studies demonstrated overlapping findings on pro-
teomics and metabolomics concerning energy imbalance and
inflammatory alterations [25, 30]. Unsupervised clustering
identified three distinct disease phenotypes based on the omics
profiles, demonstrating the heterogeneity of LC. Cluster B was
characterized primarily by a signature of triglycerides and or-
ganic acids, while cluster C, which included a higher propor-
tion of women, was associated with molecules enriched in the
HIF-1a pathway, known for gender-specific differences [40].
Garcia-Hildago et al. found pathways of tissue repair includ-
ing focal adhesion, MET signaling, and LICAM interaction,
and on a proteomic level, found increased proteins involved in
tissue repair in patients with persistent pulmonary abnormal-
ities [44]. Among the 73 genes that Taylor et al. identified in
their genomics analysis, primarily related to neurological and
cardiometabolic disease pathways, 14 were also differentially
expressed in a transcriptomic study assessing whole blood
from LC patients [38]. Zhang et al. correlated the presence of
ectopic bacteria in the oral cavity with serum metabolites [41].
Together, studies utilizing multiple omics layers have demon-
strated that examining various layers can confirm findings or
provide additional context.

4 | Discussion

To our knowledge, this systematic review is the first to provide
a comprehensive omics overview of symptom-based phenotypes
in LC, contributing to our understanding of its pathophysiology
and identification of potential biomarkers and treatable traits.
Our findings reveal that LC symptoms demonstrate a complex
interplay of biomolecules, with inflammation and immune dys-
regulation as central mechanisms driving multi-systemic effects
across multiple organ systems. Figure 4 illustrates treatable
traits for LC management; however, further validation is needed
to determine the clinical significance of these findings.

Distinct biomolecular patterns are evident in LC symptoms
across omics layers. Fatigue was related to neuro-inflammation,
mitochondrial dysfunction, and lipid metabolism imbalances.
Mitochondrial dysfunction and inflammation, including the im-
munomodulatory IDO2, were observed in relation to altered en-
ergy metabolism and kynurenine metabolism in LC. Furthermore,
altered fatty acid metabolism, including lipid oxidation, may affect
overall energy homeostasis. Parallels are often drawn between LC
fatigue and ME/CFS [55-57]; this condition can also be caused
by other viral pathogens like influenza, enteroviruses, cytomeg-
aloviruses, Epstein-Barr virus, and herpesviruses [58-61]. In pul-
monary LC, miRNA dysregulation was associated with impaired
diffusion capacity, emphasizing the significance of long non-
coding RNA. Pulmonary symptoms were also associated with im-
paired tissue repair, which could eventually lead to fibrosis similar
to that seen in idiopathic pulmonary fibrosis, potentially providing
a guideline for its management [62]. Moreover, other aspects may
play a role in the inflammatory phenotypes seen in pulmonary
LG, such as neutrophil extracellular traps that were identified in
patients with respiratory LC sequelae at 6 months post-COVID
[63]. Furthermore, mast cell activation was associated with im-
mune dysfunction post-COVID [64]. Gastrointestinal symptoms
indicated microbiome imbalances and toxic metabolite produc-
tion that can worsen gastrointestinal health. Targeting toxic me-
tabolites, including estradiol valerate, 5-sulfoxymethylfurfural,
and 4-chlorophenylacetic acid, could be targets to further inves-
tigate in this context. Overall, the scarcity of omics data related
to gastrointestinal LC symptoms emphasizes the need for more
research to better understand these associations and their impli-
cations for affected patients. In cardiovascular symptoms of LC,
vascular dysfunction may play a role in changes in endothelial
and smooth muscle function in which Rho-kinase alterations are
involved. A pro-inflammatory state has also been related to car-
diovascular phenotypes, including leukotriene B4, lipocalin 2, and
the HIF-1 pathway. Moreover, enhanced clotting tendencies were
identified through immune and vascular alterations. Neurological
symptoms showed blood-brain barrier disruption, neurotrans-
mitter dysregulation, and persistent neuro-inflammation through
Notch signaling, TGF-8, TNF-and IFN pathways. Furthermore,
upregulated CXCL10 levels were found in blood, indicating a
sustained interferon-induced response. While the involvement of
the immune system is broad, cytokine levels may be altered, and
human leukocyte antigen complex alterations (HLA-DR) and IFN
responses may also contribute to symptom persistence and sever-
ity. Compared to other viral respiratory infections, coronaviruses
inhibit IFNs, causing a delayed type I and III response that can
lead to uncontrolled viral replication and severe disease outcomes
[65]. Severe COVID-19 and LC are associated with elevated type
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Mitochondrial dysfunction
. Inflammatory-induced fatigue
Fatty acid metabolism

. Neuro-inflammation
Blood-Brain Barrier Disruption

Neurotransmitter Dysregulation

. miRNA dysregulation
e Impaired Tissue Repair

¢  Immune Dysregulation

e  Vascular dysfunction
e  Pro-inflammatory state

. Thrombotic risk

e  Microbiome dysbiosis

o  Toxic metabolite production

FIGURE 4 | Treatable traits in long COVID stratified by phenotype.
This figure summarizes the key biological disruptions identified in LC,
such as mitochondrial dysfunction, neuroinflammation, and immune
dysregulation, organized by symptom category (fatigue, neurological,
pulmonary, cardiovascular, and gastrointestinal). Created with BioRe
nder.com.

I IFN-a responses through cGAS-STING pathway activation,
contributing to sustained inflammation [66]. In LC, persistent
inflammation has also been associated with autoimmunity, viral
persistence, latent viral reactivation, and dysfunctional brainstem
signaling [17].

This review has several limitations. Variability in study designs,
timing of sample collection, and inconsistent LC definitions and
timeframes complicate direct comparisons of data, currently
precluding meta-analysis. Limited omics data collection across
various time points post-infection limits the analyses of consis-
tent LC stages. Additionally, factors like comorbidities such as
diabetes or kidney disease, genetic predispositions, nutritional
deficiencies, medication use, age, sex, reinfections, and expo-
sure to different viral variants could have influenced findings,
such as the levels of metabolites. Furthermore, the search strat-
egy may not have captured all relevant studies.

The reported findings support the potential of precision medi-
cine in LC management, using biomarkers and targeted treat-
ments. To validate and expand on these findings, future studies
should aim to provide longitudinal insights, include a broader
range of LC subgroups, and ensure data accessibility for other re-
searchers. Standardized protocols for sample collection and pro-
cessing, as well as bioinformatics tools to minimize batch effects
[67], would increase study robustness and facilitate stratified

analyses by factors such as age, sex, comorbidities, and disease
severity, and meta-analysis. While the included studies provided
valuable insights into LC at different time points, future studies
focusing on samples collected at more standardized time points
could offer a clearer perspective on the dynamics of omics layers
during specific stages of the disease, improving consistency and
advancing our understanding of the molecular changes occur-
ring at different phases of LC. Furthermore, future studies may
consider the longitudinal measurement of SARS-CoV-2-specific
IgG antibodies as a potential indicator of reinfection risk or un-
derlying immune dysfunction. Declining SARS-CoV-2-specific
antibody levels were found within months after the initial in-
fection [68]. Alterations, such as persistently elevated levels or
delayed reduction, could indicate reinfection or persistent anti-
genic stimulation, both relevant to LC pathology [68]. Some of
the current included studies measured SARS-CoV-2-specific
antibodies (Table S5), but not to assess reinfections. The mea-
surements of PCR and antibodies before LC sample collection
could increase the validity of findings in the context of reinfec-
tions [69]. Also, the impact of viral variants may be assessed to
understand long-term viral effects.

We focused on LC findings from (epi)genetic, transcriptomic, pro-
teomic, metabolomics, and microbiome perspectives. Additional
omics layers such as lipidomics, exposomics, and breathomics
could provide further insights [32, 70]. Figure 2 outlines areas to
improve validity and reveal biomolecule-phenotype associations.
The majority of the included studies investigated proteomics and
metabolomics, associated with cardiovascular fatigue symptoms,
respectively, while epigenomics and metagenomics remain rela-
tively unexplored. Several studies performed multi-omics studies,
showing how studying multiple layers can confirm and contex-
tualize findings. Combining proteomics, metabolomics, and
transcriptomics has shown promising results. Metagenomics and
metabolomics revealed significant correlations that illustrated
the effects of ectopic microbial colonization in the oral cavity.
While different omics layers are related, their integration is still
lacking in most studies. A published protocol by Wang et al. de-
scribes multi-omics data analysis methods applicable to diseases
other than LC, demonstrating efforts to help researchers under-
stand how these data can be used to elucidate disease phenotypes
in future studies [71].

While this was not the focus of this review, understanding the re-
lationship between AC and LC from an omics perspective could
be another valuable future direction to identify high-risk indi-
viduals for LC development. AC reflects immediate changes in
multiple omics layers, while LC is characterized by evolving and
persistent alterations in these omics layers. Cai et al. reported
that the burden of LC at 3years post-COVID is highest among
previously hospitalized patients, demonstrating the impact of
AC heterogeneity on LC [72]. Su et al. employed an integrated
multi-omics approach to identify LC biomarkers, emphasizing
latent virus reactivation and autoantibodies as key factors, and
classified patients on immune endotypes [73]. Stratification by
acute disease severity has shown significant differences in the
composition of the oral microbiome over time and the circulat-
ing proteome, linked to time after infection, as well as gene ex-
pression differences [22, 74, 75]. Furthermore, severe COVID-19
was related to an increased risk of developing neuropsychiat-
ric disorders, specifically Alzheimer's disease [76]. However, it
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is also suggested that the acute infection phase may not always
provide insights into long-term post-viral effects [77].

5 | Conclusion

This systematic review provided a comprehensive omics over-
view of LC symptom-based phenotypes and offered recommen-
dations for potential treatable traits. The findings demonstrate
the progress in understanding the biomolecular mechanisms
underlying LC and identify the next steps for future research.
This will enhance our understanding of this complex condition
and aid in developing targeted prevention and treatment strate-
gies for precision medicine in LC.
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