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Abstract: Approaches to identification of metabolites have progressed from early biochemical
pathway evaluation to modern high dimensional metabolomics which is a powerful tool to identify
and characterize biomarkers of health and disease. While traditionally considered relevant in the
context of classic metabolic diseases, immunometabolism has emerged as an important area of study
as leukocytes generate key metabolites important to innate and adaptive immunity. Herein we
discuss the metabolomic signatures and pathways perturbed during infection as well as vaccination.
For example, changes in lipid and amino acid pathways (e.g., tryptophan, serine, and threonine)
have been noted during infection while carbohydrate and bile acid pathways have shift upon
vaccination. Metabolomics holds substantial promise to provide fresh insight into the molecular
mechanisms underlying host response to infection and vaccination, and its integration with other
systems biology platforms will add further impact to our studies of health and disease.
Keywords: metabolomics; vaccines; infections; integrative metabolomics; systems biology,
diagnosis, response detection

1. Introduction
Metabolites are small molecules (e.g., 50 to 1500 Daltons) that are produced as a result of
regulatory mechanisms and cellular processes or acquired from exogenous sources such as dietary,
drug, and xenobiotic components [1]. Metabolites collectively provide a snapshot of the complex
interplay between the genome, environment, and intermediary processes [2]. They play critical roles
in biological pathways and serve as valuable bioindicators of changes in cell physiology [3].
As early as 1955, biochemical research provided the first perspective of a comprehensive cellular
metabolome comprised of ~20 metabolic pathways [4]. As mass spectrometry evolved in the next few
decades, it enabled a dramatic expansion in the range and detail of biochemical chart mapping [2].
From that time forward, the term "metabolomics" emerged as the final frontier of systems biology [5].
Metabolomics, as a study of the collection of metabolites in a biosample, uses high-throughput
technology to assess these small molecules. With metabolism relevant to most if not all aspects of
biology, this emerging and rapidly evolving technology measures a vast array of molecules with
distinct properties [6]. Metabolomics identifies the entire collection of metabolites (e.g., lipids,
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carbohydrates, and amino acids) in a given sample and is a new and powerful approach for clinical
diagnostics.

While mapping of the entire metabolome is a challenge due to heterogeneity in

molecular characteristics and the wide range of metabolite concentrations, development of several
assay platforms such as liquid chromatography mass spectrometry (LC-MS) or nuclear magnetic
resonance (NMR) based spectroscopy has enabled categorization of the metabolome into subsets
based on molecular properties such as, polarity, structure, or function [7].
Within the framework of precision medicine and, in comparison to other systems biology
approaches, metabolomics provides a nearly instantaneous physiological measurement. The
metabolome rapidly responds to any even minor stimulation, rendering metabolomics a powerful
approach to assessing responses to stress [8], nutritional changes [9], disease states [10], hostpathogen interactions [11] and especially short- and long-term metabolic effects mediated by
infection [12] and vaccination [13]. Similarly, this systems biology detects changes in various
pathways and products that span beyond multiple scientific fields and also even domains of life [14].
The multitude of metabolite changes across space and time and the snowball effect of these changes
to downstream biological processes produces a wealth of data but also adds complexity to their
interpretation, necessitating sophisticated detection methods, separation and analyses based on
various structural characteristics and molecular differences. Of note, a large portion of the
metabolome includes relatively underexamined lipid families [15]. There are thus still uncharted
areas of the metabolome that may be key to the host response to infection [16-20] and vaccines [21].
In this review, we highlight metabolomics as an emerging tool for the identification of signatures
and pathways as a response of the host to infection and vaccination. We will explore how
metabolomics complements and integrates with other well-studied systems biology components to
provide the most useful information of altered biochemical phenotypes. We will focus on how
metabolomics determines the developmental, physiological, and pathological states of a biological
system thereby representing a powerful tool for precision medicine.
2.

Metabolomics combined with other 'omics as systems immunology tools
Systems biology approaches that focus on a single class of molecules such as transcripts

(transcriptomics) or proteins (proteomics) can provide important but limited insights into the
biological mechanisms of disease [3]. The addition of metabolomics provides insight into
complementary and synergistic interactions across different cellular and molecular levels [22]. To
provide a holistic understanding of a dynamic biological system, incorporating multi-omic variables
addresses gaps in our current knowledge of disease pathogenesis and evolution and offers
opportunities for early diagnosis, prevention and potentially treatment of disease [23].
Multiple approaches that integrate metabolomics and other systems biology data from the same
sample enable a systematic dive in disease characterization. These approaches enable temporal
associations between identified signatures and pathways and disease progression, or it the case of
vaccinology, vaccine protection [24, 25]. Identification of disease phenotypes or vaccine efficacy
markers using metabolomics has the advantage of not requiring elaborate amplification of
nucleotides or protein digestion [6]. Assays that detect specific metabolites such as eicosanoid,
arginine, and citrulline testing are currently employed for clinical use after being associated with
immune regulatory pathways [26-28] as well as metabolic diseases [29-31]. Metabolite tests that are
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now routinely available in the U.S. for point of care testing include glucose, 1,5 anhydroglucitol,
carbohydrates, lipid, and amino acid panels that can be readily ordered by clinicians [32]. Given such
proof of concept examples, further expansion of clinical metabolic biomarkers may help fill the unmet
need for biomarkers of infectious diseases and immunization.

Figure 1. Metabolomics can complement other systems immunology tools for multi-omic integration with
immunologic data to identify biomarkers of infection and vaccination.

From conventional immunology and reductionistic approaches, recent methodologies of systems
immunology have enabled comprehensive analysis of multiple features in the immune system in
parallel [33]. Systems immunology characterizes complex systems-wide measurements, assessing the
relationship of each of the properties in the systems biology space with a known perturbation of the
system such as vaccination or infection (Figure 1). Data integration, predictive modeling, and
sophisticated machine learning algorithms facilitate hypotheses generation ultimately leading to new
mechanistic insights in various biological processes.
Emerging as a high-throughput technology, mass spectrometry-based metabolomics defines
molecular signatures of biochemical activity corresponding to distinct phenotypes. Overcoming
blood volume limitations by employing a sample-sparing protocol, a recent multi-omic study of
newborn peripheral blood demonstrated marked changes in numerous metabolic pathways across the
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first week of human life [34]. These included changes in steroids and carbohydrate metabolites that
may play important roles in neurodevelopment, cell proliferation, and uptake of nutrients in early life
[34].
The availability of mass spectrometry (MS)-based analysis of the metabolome has enabled rapid
progress towards an in-depth understanding of the interaction between pathogen and host-cell
metabolism and therefore disease pathogenesis. Furthermore, when applied to patient plasma or
serum, metabolomics can profile metabolomic alterations in an infected patient which reflect
systemic metabolic responses of diverse cell types in various organ systems affected by a specific
pathogen, thereby identifying potential biomarkers of infection. Since metabolomics has the
capability of identifying the entire collection of metabolites (e.g., lipids, carbohydrates, and amino
acids) in a given sample, it is an emerging approach in clinical diagnostics.
3. Immunometabolism
The interplay between metabolism and the immune response is increasingly recognized, and
distinct metabolic needs and demands across ages define responses to infection and vaccination [35].
Immunometabolism is a rapidly evolving field of immunology, and metabolites produced by
leukocytes serve as potent immune signaling molecules, both during primary and trained immunity
[36]. Trained immunity, the phenomenon of antigen-agnostic memory responses by innate immune
cells subjected to a variety of environmental threats, is an evolutionary process mediated by
epigenetic modulations [37]. Global or targeted metabolomic analysis of pre-defined immune cell
populations can lead to novel discoveries of metabolic pathways or molecules that serve as epigenetic
or transcriptional regulators. For example, mammalian target of rapamycin (mTOR) signaling,
primarily through activating the transcription factor hypoxia-inducible factor-1 (HIF-1α), increases
aerobic glycolysis and regulates the differentiation of CD4+ T cells, favoring differentiation into Th17
cells versus Tregs and production of pro-inflammatory cytokines in response to T cell receptor
activation [38]. In contrast, adenosine monophosphate-activated protein kinase (AMPK), an energy
sensor kinase, serves as an immunometabolic checkpoint in T cell development and effector
responses, as well as memory T-cell differentiation by regulating the metabolic switch from aerobic
glycolysis to oxidative phosphorylation of lipids [39]. Lipids are used by immune cells for the
synthesis of cell membranes, or posttranslational modifications of proteins [40] and lipid metabolism
is of particular interest as it is implicated in epigenetic reprogramming of the immune response [41].
Integration of metabolomics with other 'omic readouts can lead to the discovery of mechanistic
immunity networks and the validation of immune signatures [34]. Understanding the metabolic state
and immunometabolic reprogramming of innate and adaptive immune cell populations during their
exposure to pathogens or pathogen-associated molecular patterns (PAMPs) may inform discovery
and development of target-based therapeutics and vaccines.
3.


Impact of infection on host metabolic signatures

During infection, several metabolic changes occur with reciprocal effects between the pathogen and
the host. Metabolic adaptations occurring in eukaryotic hosts upon acute infection by bacterial or
viral pathogens are complex, as the pathogen tries to profit from host nutrients and other metabolites
to satisfy its bioenergetic and biosynthetic requirements while the host response is aimed at
elimination of the invading pathogen [42]. Most bacteria and viruses enhance specific anabolic
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pathways in the host and are highly dependent on these alterations, suggesting that understanding
and describing the pathogen-induced metabolic alterations in the infected host cell is a promising
strategy for diagnostic, prognostic and therapeutic applications[43]. However, mapping accurate
metabolic signatures produced by pathogens in infected hosts is challenging. Most of the studies so
far provide only little information on metabolic changes triggered, due to the variable nature of
metabolic responses to microbial pathogens. Select studies investigating metabolic signatures of
infection in the human host are listed in Table 1.
Table 1. Metabolomic studies of selected infections in humans
Infectious
microbe

Examples of host metabolic pathways/ signatures perturbed

References

Azelaic acid, Mandelic acid, Methylguanidine, D-Maltose, Ethanol, 2-Hydroxycaproic
Chikungunya

acid, Gluconolactone, Carnitine, Galactitol, Glycine, serine and threonine metabolism,

[44]

Galactose metabolism and Citrate cycle

SARS-CoV-2

Tryptophan, kynurenine, free fatty, sphingomyelin, diacylglycerols, glucose,
glucuronate, bilirubin, bile acids, malic acid, glycerol 3-phosphate, triglycerides,

[18, 45-49]

phosphatidylcholines

Bile acids, purines, acylcarnitines, phospholipids, aminoacids, chenodeoxyglycocholic
acid, uric acid, glycine, serine, threonine, galactose and pyrimidine, kynurenine,
Dengue

serotonin, starch and sucrose, glyoxylate and dicarboxylate, pentose phosphate pathway,

[44, 50-52]

propanoate

Purine, lipid, glutathione, glucose, amino acids and ketone bodies, NInfluenza A

acetylglucosamine(O-GlcNAc), cAMP

[53-56]

Tryptophan, glutamate, sulfoxymethionine, aspartate, glutamine, methionine,
Tuberculosis

asparagine, fatty acid metabolism, protein digestion pathway, lysosome pathway,

[17, 57-69]

sphingosine-1-phosphate, sphingolipid, amino-acyl tRNA

Common metabolic reactions are part of the host cell defense upon bacterial infection [70] to
prevent access to nutrients by the respective pathogen [71]. Specific host responses triggered by
bacterial pathogens include: (a) induction of host cell reactive oxygen species (ROS) and reactive
nitrogen intermediates (RNI), (b) enhancement of glucose uptake which stimulates the host cell's
anabolic activity, (c) a switch to enhanced glutaminolysis and citrate lyase reaction enhancing fatty
acid/lipid biosynthesis, and (d) an overall increase in lipid metabolism, especially biosynthesis of
steroids and eicosanoids [72, 73]
Metabolic signature identification in pulmonary tuberculosis (TB) employing plasma highresolution metabolomics (HRM) revealed that tryptophan metabolism is highly regulated
throughout the spectrum of TB infection and disease, and is characterized by increased catabolism of
tryptophan to kynurenine, which occurs not only in persons with TB disease but also in
asymptomatic persons with latent TB infection (LTBI) [57]. Increased tryptophan catabolism may
enable survival of M. tuberculosis (Mtb) at the site of infection by inducing immune tolerance and
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bacterial persistence and could also protect the host from excessive inflammation. Untargeted
metabolite profiling of Mtb growing on 13C-labeled carbon substrates also revealed that Mtb could
catabolize multiple carbon sources (dextrose, acetate, and glycerol) simultaneously to achieve
augment growth [58]. Another TB study also demonstrated that levels of serum metabolites could
differentiate adults with active pulmonary TB from both adults with LTBI and adults with no TB
infection. Metabolic profiles revealed higher serum levels of glutamate, sulfoxy-methionine, and
aspartate and lower serum levels of glutamine, methionine, and asparagine in active TB patients than
in LTBI subjects or healthy controls [59].
Metabolomics can also be used as an effective method for identifying individuals at high risk of
progression to active TB disease as ~10% of individuals latently infected with Mtb will progress to
active disease at some point in their lives. Several key immunometabolic pathways associated with
TB disease progression discriminate active TB from latent TB [65]. Fatty-acid metabolic networks are
critical in TB progression as Mtb favors fatty acids as its cellular nutrient source and hosts several
genes dedicated to fatty acid metabolism, higher than any other microorganism [66, 67]. The
sphingolipid metabolic pathway is another established mediator of the host response to TB [69].
Sphingolipid metabolism is a key building block pathway of cell membranes which also play
important roles in immune signaling and represent major constituents of the mucus secreted by lung
alveolar epithelial cells [17]. Lastly, the amino-acyl tRNA pathway is associated with progression of
TB infection to disease, with progressors showing a significant decrease of amino-acid levels
compared to controls.
Viruses depend on the host cell to obtain the macromolecules and biosynthesis machinery for
their replication and shape host-cell metabolism according to their specific needs [74].
Reprogramming of host metabolism supports viral pathogenesis by fueling viral proliferation and
survival, enhancing access to free amino acids, fatty acids and host-derived lipid membranes, and
eventually augmenting intercellular transmission and evading the host's immune system [75]. Some
of the major cellular metabolic pathways, including glycolysis, fatty acid synthesis and
glutaminolysis, are significantly altered by multiple virus families such as HCMV, HCV, HSV-1, and
Poliovirus [74]. Serum metabolomics of chikungunya and/or dengue (co)infection revealed that
glycine, serine, threonine, galactose and pyrimidine metabolisms are the most perturbed pathways
in both single and co-infection conditions [44]. Tryptophan metabolites serotonin and kynurenin are
differently enriched in patients with dengue hemorrhagic fever (DHF) suggesting that these
metabolites can be used in combination with IFN-γ as accurate metrics for early prognosis of DHF
[51]. Analysis of Influenza A virus-infected cells reveals alterations in several metabolites of the
purine, lipid and glutathione pathways, resulting in acceleration of viral replication [20].
Interestingly, the interaction between glucose metabolism and the inflammatory cytokine network
might trigger a systemic inflammatory response in the host. Metabolomics of peripheral blood
mononuclear cells (PBMCs) challenged with Influenza A virus (IAV) or H1N1 showed that increase
in glucose metabolism promotes viral replication and cytokine production [55]. Plasma metabolomics
of study participants with H1N1 influenza A pneumonia or bacterial community-acquired
pneumonia (CAP) demonstrated changes in the concentration of some common and specific
metabolites in H1N1 pneumonia compared with CAP with positive bacterial cultures. These studies
demonstrated a decrease in citrate, fumarate, alanine and tyrosine and an increase in carnitine,
glycine and acetoacetate in H1N1 patients [54].
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Detecting changes in the metabolome of infected patients might guide diagnosis and prognosis.
In the context of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic, advances
in metabolomics can shed light on the pathogenesis of coronavirus disease 2019 (COVID-19) that
could inform development of therapeutics for these patients. Patients with COVID-19 exhibit changes
in serum tryptophan metabolism and increased circulating levels of glucose and free fatty acids,
consistent with altered carbon homeostasis, compared with SARS-CoV-2–negative controls.
Interestingly, these findings correlate with clinical laboratory markers of inflammation (interleukin6 (IL-6) and C-reactive protein) and renal function (i.e., blood urea nitrogen) [46]. Plasma lipid
alterations (i.e. enhanced levels of sphingomyelins (SMs) and monosialodihexosylgangliosides
(GM3s), and reduced diacylglycerols (DAGs)) associated with COVID-19 detected by targeted and
untargeted tandem mass spectrometry analysis of the plasma lipidome and metabolome in mild,
moderate, and severe COVID-19 and unaffected controls, suggest that SARS-CoV-2 might take
advantage of host-derived lipid membranes [47], as has been described for other coronaviruses [48].
Metabolic signatures may predict early detection of infected patients at risk for severe disease in
advance of severe clinical manifestations. Proteomic and metabolomic profiling of sera from COVID19 and control individuals demonstrated that elevation of glucose, glucuronate, bilirubin degradation
products, and four bile acid derivatives potentially indicates compromised liver detoxification
function in those with severe COVID[18]. Plasma metabolite and lipid alterations are more extensive
in fatal COVID-19 cases than in patients with severe and mild symptoms [49]. Among the most
differentially regulated metabolites, malic acid and glycerol 3-phosphate, which are metabolites from
carbohydrates pathway, show the greatest reduction in patients who die, followed by dramatic
reductions in severely or mildly symptomatic patients compared to healthy volunteers. Plasma
lipidomic alterations relate to clinical symptoms of COVID-19; diglyceride (DG), free fatty acid
(FAA), and triglyceride (TG) levels increase with disease deterioration while phosphatidylcholines
(PC) levels decrease over the course of COVID-19 fatal illness [49].
4.

Metabolic signatures of vaccine-induced responses
Application of metabolomics to vaccine research may identify metabolites that correlate with

immunogenicity and allow for individualized vaccination regimens for different populations.
Through the application of global molecular 'omic techniques, systems vaccinology has set out to
provide new insights into distinct age- and sex- specific vaccine-induced responses [76-78]. The
metabolome, reflecting both genetic and epigenetic influences, shifts upon immune activation and
can, in turn, shape immune responses. Plasma metabolic components, including small molecules and
lipids, have immunomodulatory effects that may impact vaccine immunogenicity and responses to
infection.
Limited systems vaccinology studies have sought to identify critical metabolic pathways
correlating to vaccine induced signatures of protection [13, 79, 80] (Table 2). Metabolomic studies of
influenza immunization of antibiotic-treated study participants demonstrated significant changes in
cofactor/vitamin-related metabolism at Day 7 postvaccination compared to baseline [79]. Similarly,
dysbiosis of bile acid metabolism occurs with the administration of antibiotics after influenza vaccines
and IgG1 response was associated with metabolic clusters in fatty acid metabolism. This demonstrates
that the perturbation of the microbiome regulates the availability of critical metabolites altering the
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immune responses to vaccination [79]. Plasma metabolomic analysis of immune responses to herpes
zoster (shingles) vaccines demonstrates a strong association of transcriptomic pathways with multiple
metabolic pathways, including lipid (e.g., glycerophospholipid, glycosphingolipid, and linoleate
metabolism) and amino acid pathways (methionine and cysteine) at Day 3 postvaccination [13]. These
metabolic pathways are also strongly associated with genes expressing MHC-TLR7/8 cluster, antigen
presentation, dendritic cell (DC) activation, and B cell signatures [13]. Although no association
between transcriptomics and metabolomics at Day 7 postvaccination and negative association was
found on purine and lysine metabolism, the kinetics of vaccine-induced metabolic shifts may be
dependent on gene expression [13]. In a phase III multicenter clinical trial, Hantavax vaccination
(Hantavirus vaccine) reveals dose-dependent upregulation in folate biosynthesis, nicotinate, and
nicotinamide, arachidonic acid, thiamine, and pyrimidine in the high responder group [80]. Different
levels of response among participants signify robust differential metabolic phenomena. Antibody
responses of high-responders strongly correlated with the metabolites cholesteryl nitrolinoleate,
octanoyl-carnitine, tyrosine, ubiquinone-9, and benzoate, while chenodeoxycholic and methyl
palmitate are upregulated in non- and low-responders. Such systems vaccinology studies have
identified metabolic pathways that may be important to vaccine immunogenicity and may ultimately
inform future vaccine design.
Table 2. Metabolomic studies of human vaccine responses
Microbial
Target
Francisella
tularensis

Hantavirus

Influenza

Shingles

Vaccine
formulation
studied
F. tularensis (LVSDynPort Vaccine)

Hantavax
(GreenCross)

Fluzone (2014-2015,
2015-2016)*coadministered with
antibiotics

Zostavax

Small Pox

DryVax or ACAM
2000

Tuberculosis

BCG (Connaught
strain)

Examples of metabolic pathways perturbed

References

2-oxocarboxylic acid, purine, asparagine, glycolysis,
TCA-cycle, pyruvate

[81]

Arginine, phenylalanine, cholesteryl nitrolinoate,
octanoylcarnitine, chenodeoxycholic acid, methyl
palmitate, tyrosine, N-stearoyl tyrosine, 16hydroxyplamitate, ubiquinone-9, benzoate, indole 3acetaldehyde, arachidonic acid

[80]

Tryptophan metabolism, primary and secondary bile
acids

[79]

TCA cycle, glycolysis, gluconeogenesis, propanoate,
ascorbate, aldarate, tryptophan, sterol, inositol
phosphate

[13]

Creatinine, lysine, propylene glycol, lactate/threonine,
alanine, lactate, 2-aminobutyrate, choline, glutamate,
glutamine, methionine, creatinine, fructose, histidine,
serine
Glucose processing metabolites, de novo purine
synthesis, 1,5-anhydroglucitol, alpha-ketobutyrate, N6carbomoyltheronyladenosine, methylguanine

[82]

[83]

Metabolomics is also being applied to study vaccine safety. A human plasma metabolomics
study of two hundred individuals pre- and post- small pox immunization discovered novel
biomarkers for an adverse event following immunization (AEFI) reaction including redness at the local
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site of vaccination or severe allergic reaction[84]. This study reported that individuals who
experienced clinically verified myocarditis or asymptomatic elevation of troponins were metabolically
distinct compared to controls or those who only experienced systemic symptoms[84]. Creatinine,
fructose, phenylalanine, histidine, and serine metabolites were decreased in those with an identified
adverse event, implying certain vaccine adverse events may be metabolically-mediated[84].
Metabolomics, coupled with machine learning approaches, may predict the effects of vaccines and
potentially help avoid serious adverse events following immunization, thereby improving the riskbenefit ratio of immunization. In the race of a SARS-CoV-2 vaccine, metabolomic approaches may help
identify vaccine candidates that demonstrate relatively low reactogenicity and high protection.
Leveraging systems biology approaches, including metabolomics, may further enhance benefit to risk
ratios and the quality of immunization programs a topic of critical importance in an era of frequent
vaccine hesitancy.
5.

Integrative metabolomics- challenges and emerging horizon
The application of metabolomics for precision medicine is dependent on the ability to categorize

e.g. infectious disease states or vaccine immunogenicity based on reproducible metabolic signatures
that reflect specific discernible phenotypes, and can be used as a consistent readout [7]. For all its
many strengths, the field of metabolomics is lagging behind other omics fields in terms of
standardization of protocols [31] and routine usage of repositories for mass spectrometry data [85].
Close coordination between researchers, clinicians, and biomedical centers, will be necessary to
identify reproducible and generalizable metabolic signatures in order to realize the full potential of
metabolomics.
A potential obstacle to broader application of metabolomics for precision medicine has been the
prohibitive cost of clinical metabolite profiling. Currently the typical cost of metabolomics is
hundreds of dollars per sample, such that broad application of the technology would be unaffordable,
limiting metabolomics-based precision medicine to well-funded clinical trials and perhaps the most
privileged patients. To overcome this limitation, technologies such as NMR, which is more affordable
than mass spectrometry [86], could be employed, acknowledging limitations in their detection
abilities. Current efforts to reduce the cost of mass spectrometry-based methods by several companies
might result in a significant reduction in the metabolite profiling costs over the next few years.
As the metabolomics research community finds ways to overcome the current limitations of this
powerful technology, this will pave the way be personalized metabolic phenotyping [87, 88], which
holds great promise in early diagnosis [89], informed treatment choices [90], and accurate prediction
of response to therapy [91]. Of note, metabolomics data has advantages as compared to other
screening methods as it directly measures drug metabolism, inflammation markers, and other everchanging indicators of the patient's disease status. Such metabolomics data is most useful when
integrated with clinical data (such as race, age, gender, clinical history of the patient, etc.) and
molecular data (genomic, transcriptomic, and proteomic data) to inform a comprehensive report of
the patient’s health status.
Finally, robust structures and incentives for data sharing will be important to the success of the
metabolomics field. Extensive studies by investigators in the fields of infectious diseases, vaccinology
and metabolomics, coupled with data-sharing, such as that via the Human Immunology Project
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Consortium ImmPort database[92, 93] (www.immport.org) will enable discovery and validation of
signatures important to infection and immunization. Eventually such knowledge, when integrated
with clinical information and validated in clinical contexts, may provide healthcare providers and
vaccinologist the tools to leverage metabolic signatures for infectious disease diagnosis and vaccine
development. Given its power and growing evidence that metabolic pathways are relevant to
immune responses to infection and vaccination, we predict that collaborative data verification and
integration efforts will eventually enable use of metabolic signatures to inform clinical decision
making.
6.

Conclusions
As the field of metabolomics evolves in accessibility, usability, and sophistication, metabolomic

data will increasingly be integrated with clinical and other systems biology data to gain deep insights
into the biology of health and disease. Given emerging evidence that metabolism plays key roles in
infection and vaccine responses, a growing number of metabolites will likely emerge as targets for
the development of biomarkers, prognostic factors, therapeutic targets and preventative modalities.

Author Contributions: Conceptualization, J.D-A.; Writing- Original Draft Preparation, J.D-A; M.G.C; B.P; N.K;
A.A; O.L; Writing- Review & Editing, J.D-A; M.G.C; B.P; N.K; A.A; O.L; All authors have read and agreed to the
published version of the manuscript.
Funding: This study was supported by the National Institute of Health/National Institute of Allergy & Infectious
Diseases Human Immunology Project Consortium Grant U19AI118608 as well as funds from the BCH Precision
Vaccines Program.
Acknowledgments: We thank Kristin Johnson for illustration and Diana Vo for programmatic support.
Conflicts of Interest: Ofer Levy is a named inventor on several Boston Children's Hospital patent applications
relating to human in vitro assays systems and vaccine adjuvants. The other authors declare no competing
financial interests.

References:
1.

Viant, M.R., et al., How close are we to complete annotation of metabolomes? Curr Opin Chem Biol, 2017.
36: p. 64-69.

2.

Johnson, C.H., J. Ivanisevic, and G. Siuzdak, Metabolomics: beyond biomarkers and towards mechanisms.
Nature Reviews Molecular Cell Biology, 2016. 17: p. 451-459.

3.

Sun, Y.V. and Y.J. Hu, Integrative Analysis of Multi-omics Data for Discovery and Functional Studies of
Complex Human Diseases. Adv Genet, 2016. 93: p. 147-90.

4.

Atkinson, D.E., An Introduction to Metabolic Pathways. S. Dagley , Donald E. Nicholson. The Quarterly
Review of Biology, 1971. 46(3): p. 288-290.

5.

Veenstra, T.D., Metabolomics: the final frontier? Genome Med, 2012. 4(4): p. 40.

6.

Li, S., et al., Systems biological approaches to measure and understand vaccine immunity in humans.
Seminars in Immunology, 2013. 25(3): p. 209-218.

7.

Clish, C.B., Metabolomics: an emerging but powerful tool for precision medicine. Cold Spring Harb Mol
Case Stud, 2015. 1(1): p. a000588.

8.

Yuan, H., et al., Metabolomics analysis reveals global acetoin stress response of Bacillus licheniformis.
Metabolomics, 2019. 15(3): p. 25.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2020

9.

doi:10.20944/preprints202009.0004.v1

Blighe, K., et al., Vitamin D prenatal programming of childhood metabolomics profiles at age 3 y. Am J Clin
Nutr, 2017. 106(4): p. 1092-1099.

10.

Sun, C., et al., Spatially resolved metabolomics to discover tumor-associated metabolic alterations. Proc Natl
Acad Sci U S A, 2019. 116(1): p. 52-57.

11.

Liu, N.N., et al., Phosphoric Metabolites Link Phosphate Import and Polysaccharide Biosynthesis for Candida
albicans Cell Wall Maintenance. mBio, 2020. 11(2).

12.

Beale, D.J., et al., Untargeted metabolomics analysis of the upper respiratory tract of ferrets following influenza
A virus infection and oseltamivir treatment. Metabolomics, 2019. 15(3): p. 33.

13.

Li, S., et al., Metabolic Phenotypes of Response to Vaccination in Humans. Cell, 2017. 169(5): p. 862-877 e17.

14.

Ramirez, T., et al., Metabolomics in toxicology and preclinical research. ALTEX, 2013. 30(2): p. 209-25.

15.

German, J.B., et al., Lipidomics and lipid profiling in metabolomics. Curr Opin Lipidol, 2007. 18(1): p. 6671.

16.

Abu-Farha, M., et al., The Role of Lipid Metabolism in COVID-19 Virus Infection and as a Drug Target. Int J
Mol Sci, 2020. 21(10).

17.

Sharma, L. and H. Prakash, Sphingolipids Are Dual Specific Drug Targets for the Management of
Pulmonary Infections: Perspective. Front Immunol, 2017. 8: p. 378.

18.

Shen, B., et al., Proteomic and Metabolomic Characterization of COVID-19 Patient Sera. Cell, 2020. 182(1):
p. 59-72 e15.

19.

Smith, C.L., et al., Identification of a human neonatal immune-metabolic network associated with bacterial
infection. Nat Commun, 2014. 5: p. 4649.

20.

Tian, X., et al., Metabolomic Analysis of Influenza A Virus A/WSN/1933 (H1N1) Infected A549 Cells during
First Cycle of Viral Replication. Viruses, 2019. 11(11).

21.

Niki, M., et al., Nutritional status positively impacts humoral immunity against its Mycobacterium
tuberculosis, disease progression, and vaccine development. PLoS One, 2020. 15(8): p. e0237062.

22.

Chen, R., et al., Personal omics profiling reveals dynamic molecular and medical phenotypes. Cell, 2012.
148(6): p. 1293-307.

23.

Petersen, A.K., et al., Epigenetics meets metabolomics: an epigenome-wide association study with blood serum
metabolic traits. Hum Mol Genet, 2014. 23(2): p. 534-45.

24.

Wu, Y., et al., Multilayered genetic and omics dissection of mitochondrial activity in a mouse reference
population. Cell, 2014. 158(6): p. 1415-1430.

25.

Shin, S.Y., et al., An atlas of genetic influences on human blood metabolites. Nat Genet, 2014. 46(6): p. 543550.

26.

Lone, A.M. and K. Tasken, Proinflammatory and immunoregulatory roles of eicosanoids in T cells. Front
Immunol, 2013. 4: p. 130.

27.

Yui, K., et al., Eicosanoids Derived From Arachidonic Acid and Their Family Prostaglandins and
Cyclooxygenase in Psychiatric Disorders. Curr Neuropharmacol, 2015. 13(6): p. 776-85.

28.

Wijnands, K.A., et al., Arginine and citrulline and the immune response in sepsis. Nutrients, 2015. 7(3): p.
1426-63.

29.

Nikolaus, S., et al., Increased Tryptophan Metabolism Is Associated With Activity of Inflammatory Bowel
Diseases. Gastroenterology, 2017. 153(6): p. 1504-1516 e2.

30.

Lu, J.Y., et al., Metabolic perturbations of post-load hyperglycemia vs. fasting hyperglycemia. Acta Pharmacol
Sin, 2019. 40(2): p. 216-221.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2020

31.

doi:10.20944/preprints202009.0004.v1

Long, N.P., et al., Toward a Standardized Strategy of Clinical Metabolomics for the Advancement of Precision
Medicine. Metabolites, 2020. 10(2).

32.

Bergman, M., et al., Review of methods for detecting glycemic disorders. Diabetes Research and Clinical
Practice, 2020. 165: p. 108233.

33.

Nakaya, H.I., S. Li, and B. Pulendran, Systems vaccinology: learning to compute the behavior of vaccine
induced immunity. Wiley Interdiscip Rev Syst Biol Med, 2012. 4(2): p. 193-205.

34.

Lee, A.H., et al., Dynamic molecular changes during the first week of human life follow a robust developmental
trajectory. Nat Commun, 2019. 10(1): p. 1092.

35.

Kumar, V., Immunometabolism: Another Road to Sepsis and Its Therapeutic Targeting. Inflammation, 2019.
42(3): p. 765-788.

36.

Conti, M.G., et al., Immunometabolic approaches to prevent, detect, and treat neonatal sepsis. Pediatr Res,
2020. 87(2): p. 399-405.

37.

Netea, M.G., et al., Trained immunity: A program of innate immune memory in health and disease. Science,
2016. 352(6284): p. aaf1098.

38.

Dang, E.V., et al., Control of T(H)17/T(reg) balance by hypoxia-inducible factor 1. Cell, 2011. 146(5): p. 77284.

39.

Araki, K. and R. Ahmed, AMPK: a metabolic switch for CD8+ T-cell memory. Eur J Immunol, 2013. 43(4):
p. 878-81.

40.

Lochner, M., L. Berod, and T. Sparwasser, Fatty acid metabolism in the regulation of T cell function.
Trends Immunol, 2015. 36(2): p. 81-91.

41.

O'Neill, L.A.J., R.J. Kishton, and J. Rathmell, A guide to immunometabolism for immunologists. Nature
Reviews Immunology, 2016. 16(9): p. 553-565.

42.

Mayer, K.A., et al., Hijacking the Supplies: Metabolism as a Novel Facet of Virus-Host Interaction. Frontiers
in Immunology, 2019. 10(1533).

43.

Eisenreich, W., et al., How Viral and Intracellular Bacterial Pathogens Reprogram the Metabolism of Host
Cells to Allow Their Intracellular Replication. Front Cell Infect Microbiol, 2019. 9: p. 42.

44.

Shrinet, J., et al., Serum metabolomics analysis of patients with chikungunya and dengue mono/co-infections
reveals distinct metabolite signatures in the three disease conditions. Sci Rep, 2016. 6: p. 36833.

45.

Mehta, P., et al., COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet, 2020.
395(10229): p. 1033-1034.

46.

Thomas, T., et al., COVID-19 infection alters kynurenine and fatty acid metabolism, correlating with IL-6
levels and renal status. JCI Insight, 2020. 5(14).

47.

Song, J.W., et al., Omics-Driven Systems Interrogation of Metabolic Dysregulation in COVID-19
Pathogenesis. Cell Metab, 2020. 32(2): p. 188-202 e5.

48.

Hong, W., Combating COVID-19 with Chloroquine. J Mol Cell Biol, 2020. 12(4): p. 249-250.

49.

Wu, D., et al., Plasma metabolomic and lipidomic alterations associated with COVID-19. National Science
Review, 2020. 7(7): p. 1157-1168.

50.

Cui, L., et al., Serum metabolome and lipidome changes in adult patients with primary dengue infection. PLoS
Negl Trop Dis, 2013. 7(8): p. e2373.

51.

Cui, L., et al., Serum Metabolomics Reveals Serotonin as a Predictor of Severe Dengue in the Early Phase of
Dengue Fever. PLoS Negl Trop Dis, 2016. 10(4): p. e0004607.

52.

Cui, L., et al., Serum metabolome changes in adult patients with severe dengue in the critical and recovery
phases of dengue infection. PLoS Negl Trop Dis, 2018. 12(1): p. e0006217.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2020

53.

doi:10.20944/preprints202009.0004.v1

Serezani, C.H., et al., Cyclic AMP: master regulator of innate immune cell function. Am J Respir Cell Mol
Biol, 2008. 39(2): p. 127-32.

54.

Banoei, M.M., et al., Plasma metabolomics for the diagnosis and prognosis of H1N1 influenza pneumonia.
Crit Care, 2017. 21(1): p. 97.

55.

Wang, Q., et al., O-GlcNAc transferase promotes influenza A virus-induced cytokine storm by targeting
interferon regulatory factor-5. Sci Adv, 2020. 6(16): p. eaaz7086.

56.

Cui, L., et al., Metabolomics Investigation Reveals Metabolite Mediators Associated with Acute Lung Injury
and Repair in a Murine Model of Influenza Pneumonia. Sci Rep, 2016. 6: p. 26076.

57.

Collins, J.M., et al., Tryptophan catabolism reflects disease activity in human tuberculosis. JCI Insight, 2020.
5(10).

58.

de Carvalho, L.P., et al., Metabolomics of Mycobacterium tuberculosis reveals compartmentalized cocatabolism of carbon substrates. Chem Biol, 2010. 17(10): p. 1122-31.

59.

Cho, Y., et al., Identification of serum biomarkers for active pulmonary tuberculosis using a targeted
metabolomics approach. Scientific Reports, 2020. 10(1): p. 3825.

60.

Frediani, J.K., et al., Plasma metabolomics in human pulmonary tuberculosis disease: a pilot study. PLoS
One, 2014. 9(10): p. e108854.

61.

Zhou, A., et al., Application of (1)h NMR spectroscopy-based metabolomics to sera of tuberculosis patients.
Journal of proteome research, 2013. 12(10): p. 4642-4649.

62.

Weiner, J., 3rd, et al., Biomarkers of inflammation, immunosuppression and stress with active disease are
revealed by metabolomic profiling of tuberculosis patients. PLoS One, 2012. 7(7): p. e40221.

63.

Sun, L., et al., Utility of Novel Plasma Metabolic Markers in the Diagnosis of Pediatric Tuberculosis: A
Classification and Regression Tree Analysis Approach. J Proteome Res, 2016. 15(9): p. 3118-25.

64.

Weiner, J., 3rd, et al., Metabolite changes in blood predict the onset of tuberculosis. Nat Commun, 2018. 9(1):
p. 5208.

65.

Duffy, F.J., et al., Immunometabolic Signatures Predict Risk of Progression to Active Tuberculosis and Disease
Outcome. Front Immunol, 2019. 10: p. 527.

66.

Lee, W., et al., Intracellular Mycobacterium tuberculosis exploits host-derived fatty acids to limit metabolic
stress. J Biol Chem, 2013. 288(10): p. 6788-800.

67.

Kinsella, R.J., et al., Fatty acid biosynthesis in Mycobacterium tuberculosis: lateral gene transfer, adaptive
evolution, and gene duplication. Proc Natl Acad Sci U S A, 2003. 100(18): p. 10320-5.

68.

MacGurn, J.A. and J.S. Cox, A genetic screen for Mycobacterium tuberculosis mutants defective for
phagosome maturation arrest identifies components of the ESX-1 secretion system. Infect Immun, 2007. 75(6):
p. 2668-78.

69.

Garg, S.K., et al., Sphingosine 1–Phosphate Induces Antimicrobial Activity Both In Vitro and In Vivo. The
Journal of Infectious Diseases, 2004. 189(11): p. 2129-2138.

70.

Bogdan, C., M. Rollinghoff, and A. Diefenbach, Reactive oxygen and reactive nitrogen intermediates in
innate and specific immunity. Curr Opin Immunol, 2000. 12(1): p. 64-76.

71.

Appelberg, R., Macrophage nutriprive antimicrobial mechanisms. J Leukoc Biol, 2006. 79(6): p. 1117-28.

72.

Eisenreich, W., et al., Metabolic host responses to infection by intracellular bacterial pathogens. Front Cell
Infect Microbiol, 2013. 3: p. 24.

73.

Antunes, L.C., et al., Impact of salmonella infection on host hormone metabolism revealed by metabolomics.
Infect Immun, 2011. 79(4): p. 1759-69.

74.

Sanchez, E.L. and M. Lagunoff, Viral activation of cellular metabolism. Virology, 2015. 479-480: p. 609-18.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2020

75.

doi:10.20944/preprints202009.0004.v1

Izquierdo-Useros, N., et al., HIV and mature dendritic cells: Trojan exosomes riding the Trojan horse? PLoS
Pathog, 2010. 6(3): p. e1000740.

76.

Nakaya, H.I. and B. Pulendran, Vaccinology in the era of high-throughput biology. Philos Trans R Soc
Lond B Biol Sci, 2015. 370(1671).

77.

Nakaya, H.I. and B. Pulendran, Systems vaccinology: its promise and challenge for HIV vaccine
development. Curr Opin HIV AIDS, 2012. 7(1): p. 24-31.

78.

Pulendran, B., S. Li, and H.I. Nakaya, Systems Vaccinology. Immunity, 2010. 33(4): p. 516-529.

79.

Hagan, T., et al., Antibiotics-Driven Gut Microbiome Perturbation Alters Immunity to Vaccines in Humans.
Cell, 2019. 178(6): p. 1313-1328 e13.

80.

Khan, A., et al., A Systems Vaccinology Approach Reveals the Mechanisms of Immunogenic Responses to
Hantavax Vaccination in Humans. Sci Rep, 2019. 9(1): p. 4760.

81.

Goll, J.B., et al., Transcriptomic and Metabolic Responses to a Live-Attenuated Francisella tularensis Vaccine.
Vaccines (Basel), 2020. 8(3).

82.

McClenathan, B.M., et al., Metabolites as biomarkers of adverse reactions following vaccination: A pilot study
using nuclear magnetic resonance metabolomics. Vaccine, 2017. 35(9): p. 1238-1245.

83.

Kuhtreiber, W.M., et al., Long-term reduction in hyperglycemia in advanced type 1 diabetes: the value of
induced aerobic glycolysis with BCG vaccinations. NPJ Vaccines, 2018. 3: p. 23.

84.

McClenathan, B.M. and K.M. Edwards, Vaccine safety: An evolving evidence-based science. Br J Clin
Pharmacol, 2019. 85(12): p. 2649-2651.

85.

Tsugawa, H., et al., Mass Spectrometry Data Repository Enhances Novel Metabolite Discoveries with
Advances in Computational Metabolomics. Metabolites, 2019. 9(6).

86.

Deelen, J., et al., A metabolic profile of all-cause mortality risk identified in an observational study of 44,168
individuals. Nat Commun, 2019. 10(1): p. 3346.

87.

Wilson, I.D., Metabolic phenotyping by liquid chromatography-mass spectrometry to study human health and
disease. Anal Chem, 2015. 87(5): p. 2519.

88.

Holmes, E., I.D. Wilson, and J.K. Nicholson, Metabolic phenotyping in health and disease. Cell, 2008.
134(5): p. 714-7.

89.

Fernandez-Garcia, M., et al., Metabolomic-Based Methods in Diagnosis and Monitoring Infection
Progression. Exp Suppl, 2018. 109: p. 283-315.

90.

Zurfluh, S., et al., The role of metabolomic markers for patients with infectious diseases: implications for risk
stratification and therapeutic modulation. Expert Rev Anti Infect Ther, 2018. 16(2): p. 133-142.

91.

Beger, R.D., M.A. Schmidt, and R. Kaddurah-Daouk, Current Concepts in Pharmacometabolomics,
Biomarker Discovery, and Precision Medicine. Metabolites, 2020. 10(4).

92.

Bhattacharya, S., et al., ImmPort: disseminating data to the public for the future of immunology. Immunol
Res, 2014. 58(2-3): p. 234-9.

93.

Bhattacharya, S., et al., ImmPort, toward repurposing of open access immunological assay data for
translational and clinical research. Sci Data, 2018. 5: p. 180015.

