:' frontiers Frontiers in Medicine

@ Check for updates

OPEN ACCESS

EDITED BY

Stefano Cacciatore,

International Centre for Genetic Engineering
and Biotechnology (ICGEB), South Africa

REVIEWED BY

Jianfeng Wu,

The First Affiliated Hospital of Sun Yat-sen
University, China

Fabien Vincent,

Pfizer, United States

*CORRESPONDENCE
Luigina Romani
luigina.romani@unipg.it

RECEIVED 20 February 2024
ACCEPTED 28 May 2024
PUBLISHED 06 June 2024

CITATION
Garaci E, Paci M, Matteucci C, Costantini C,
Puccetti P and Romani L (2024) Phenotypic
drug discovery: a case for thymosin alpha-1.
Front. Med. 11:1388959.

doi: 10.3389/fmed.2024.1388959

COPYRIGHT

© 2024 Garaci, Paci, Matteucci, Costantini,
Puccetti and Romani. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Medicine

TYPE Review
PUBLISHED 06 June 2024
pol 10.3389/fmed.2024.1388959

Phenotypic drug discovery: a case
for thymosin alpha-1
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Phenotypic drug discovery (PDD) involves screening compounds for their
effects on cells, tissues, or whole organisms without necessarily understanding
the underlying molecular targets. PDD differs from target-based strategies
as it does not require knowledge of a specific drug target or its role in the
disease. This approach can lead to the discovery of drugs with unexpected
therapeutic effects or applications and allows for the identification of drugs
based on their functional effects, rather than through a predefined target-based
approach. Ultimately, disease definitions are mostly symptom-based rather
than mechanism-based, and the therapeutics should be likewise. In recent
years, there has been a renewed interest in PDD due to its potential to address
the complexity of human diseases, including the holistic picture of multiple
metabolites engaging with multiple targets constituting the central hub of
the metabolic host—microbe interactions. Although PDD presents challenges
such as hit validation and target deconvolution, significant achievements have
been reached in the era of big data. This article explores the experiences of
researchers testing the effect of a thymic peptide hormone, thymosin alpha-1,
in preclinical and clinical settings and discuss how its therapeutic utility in the
precision medicine era can be accommodated within the PDD framework.
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1 Phenotypic drug discovery

In 1928, at St. Mary’s Hospital in London, Scottish researcher Alexander Fleming was
studying bacteria. While he was away on vacation, he forgot to cover a petri dish containing
staphylococci on his lab bench. When he returned, he found mold had grown on the dish,
surrounding the bacteria. He noted the bacteria seemed suppressed and not spreading where
the mold was. Fleming identified the mold as Penicillium and hypothesized it was producing
something that inhibited bacterial growth, which he named “penicillin” Even though Fleming
saw the potential, he did not pursue it further. It wasn’t until the early 1940s that researchers
Howard Florey and Ernst Chain at the University of Oxford revisited Fleming’s work. They
saw the therapeutic potential of penicillin and worked to isolate and purify it. After extensive
efforts, they successfully produced enough penicillin for clinical trials. Penicillin was highly
effective in treating bacterial infections, especially against deadly pathogens like Streptococcus
and Staphylococcus. This accidental discovery and the subsequent efforts by Florey and Chain
had a transformative impact on the field of medicine, exemplifying a fortuitous observation
that turns out to be highly valuable when the researcher is not even looking for it (1).

01 frontiersin.org


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2024.1388959&domain=pdf&date_stamp=2024-06-06
https://www.frontiersin.org/articles/10.3389/fmed.2024.1388959/full
https://www.frontiersin.org/articles/10.3389/fmed.2024.1388959/full
mailto:luigina.romani@unipg.it
https://doi.org/10.3389/fmed.2024.1388959
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2024.1388959

Garaci et al.

The above is thus a prototypic example of “serendipitous drug
discovery” (2). Whereas serendipitous discovery is characterized by
unexpected and unplanned findings that lead to the identification of
a drug candidate, phenotypic drug discovery (PDD) refers to an
approach in drug development that focuses on the observable
characteristics or phenotypes of diseases and their responses to
potential drug compounds (3, 4). Instead of targeting specific
molecular targets or pathways, PDD aims to identify drug candidates
based on their ability to produce a desired effect on the disease
phenotype. Thus, PDD and serendipitous discovery are two distinct
approaches in the field of drug development, and they differ in their
underlying principles and processes. If, on the one hand, serendipitous
discoveries occurred when researchers observed unexpected effects of
compounds that were initially being investigated for different
purposes, PDD, on the other hand, involves screening compounds
based on their ability to produce desired phenotypic changes in
disease models or patient samples (5, 6). It focuses on observing and
understanding the observable characteristics of diseases and their
response to potential drug compounds. PDD is particularly useful
when the underlying molecular mechanisms of a disease are not fully
understood, or when targeting a specific molecular target has not
yielded successful drug candidates (6-8). As a matter of fact, PDD
allows researchers to explore the complex interactions within
biological systems and discover drugs that act through novel
mechanisms. Moreover, this approach can lead to the discovery of
drugs with greater efficacy and broader therapeutic applications as it
takes into account the complex biology of diseases and their
interactions with the surrounding environment. Despite these
advantages, PDD presents challenges such as hit validation, target
deconvolution and safety issues due to the engagement of multiple
targets. Box 1 further exemplifies the above concepts pointing to a
degree of overlap between PDD and drug repurposing.

Indeed, PPD and drug repurposing share such an overlap in the
sense that both approaches prioritize the observed effects of a compound
on cells, tissues, or organisms, rather than solely focusing on its specific
molecular target. The overlap is rooted in the fact that both methods look
at the broader, observable effects of a compound on biological systems
and can lead to the discovery of new therapeutic applications for existing
compounds or the identification of new compounds with therapeutic
potential. This can be particularly valuable in situations where traditional
target-based approaches have been unsuccessful or when there is a need
to find new treatments more efficiently. In some cases, the phenotypic
response observed during PDD can lead to the repurposing of existing
drugs or identification of potential targets for further drug development.
As the overlap between these two approaches arises from the fact that
both seek to identify new therapeutic opportunities by leveraging
existing compounds, there occur instances whereby compounds
identified through phenotype-based screens may have known
pharmacological activities that make them suitable candidates for
repurposing in other disease contexts. Similarly, drugs identified through
repurposing efforts may have broad-spectrum activities that make them
suitable for phenotype-based screens in multiple disease models. Box 2
epitomizes the principles that qualify a drug as the result of PDD.

Ultimately, the overlap between phenotype-based drug discovery
and drug repurposing reflects the potential for cross-fertilization
between different drug discovery strategies, leading to the identification
of new therapeutic opportunities and the acceleration of drug
development. Ultimately, drug repurposing involves finding new
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therapeutic uses for existing drugs, despite the limited success obtained
so far (9). While all three approaches can contribute to the development
of new medications, their strategies and starting points differ (7).

2 Beyond the reductionist approach of
a drug’s modes of action

In the context of mechanisms of action of drugs, the reductionistic
approach involves studying the drug’s effects at the molecular, cellular,
and physiological levels in order to elucidate how it functions within the
body (8, 10). This approach focuses on identifying and understanding
the specific molecular targets that drugs interact with, and the
subsequent biochemical and physiological changes that occur as a result
of drug-target interactions. At the molecular level, researchers investigate
how drugs bind to specific proteins, receptors, enzymes, or other
molecules involved in biological processes. They analyze the structure-
activity relationship to determine how the drug’s chemical structure
influences its interaction with the target, and how this interaction leads
to molecular changes. Once the specific target or targets are identified,
the reductionistic approach is applied at the cellular level. Researchers
examine how the drug affects cellular signaling pathways, gene
expression, protein synthesis, or other cellular processes. Understanding
these cellular-level interactions helps elucidate how drugs modulate
specific cell functions and influence overall physiological responses. At
the physiological level, researchers investigate the effects of drugs on
organ systems, whole organisms, and clinical outcomes. This includes
studying how drugs affect organ function, systemic processes, and the
overall disease state. By examining the drug’s impact on the entire
organism, researchers gain insights into the broader therapeutic effects
and potential side effects of the drug. Therefore, the reductionistic
approach in mechanisms of action of drugs involves studying drugs at
different levels of complexity, from the molecular to the physiological,
to understand how they interact with biological systems. Yet, it almost
exclusively focuses on modulating specific molecular targets of interest,
namely, the qualitative and quantitative description of the drug/receptor
interaction (11). As a matter of fact, currently, target-based drug
discovery heavily dominates drug discovery approaches in both
academia and the pharmaceutical industry. Little emphasis is placed on
realistic disease conditions whereby the local tissue microenvironment
and/or specific environmental factors might flexibly modulate a patient’s
response. Indeed, due to the complexity of multifactorial diseases, drug
intervention based on single-target drugs with high affinity, high
selectivity, and strong potency may not fit well and does not always
exhibit satisfactory efficacy with the network-based, inter-balanced
regulation mode of the smart biological system (12, 13). Many “target-
based” drugs have indeed numerous “off-target” therapeutic mechanisms
(14). This has been a major bottleneck in the translation of potent single-
target candidates, which inherently possess excellent potential but fail to
demonstrate significant clinical impact due to disease mechanisms,
which are in fact complex subnetworks within the interactome (15).

3 From systems biology to network
pharmacology

Systems biology is an interdisciplinary field that combines biology,
mathematics, and computer science to gain a holistic understanding
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BOX 1 Serendipitous drug discovery, phenotypic drug discovery,
and drug repurposing

1. Serendipitous drug discovery: Serendipity refers to the accidental
discovery of something valuable while searching for something else.
Serendipitous drug discovery occurs when a drug is discovered by chance,
without a specific intention or target in mind. Here's an example: Viagra
(Sildenafil)—Initially developed as a treatment for angina, researchers discovered
during clinical trials that it had an unexpected effect on male sexual function,

leading to its use as an erectile dysfunction treatment.

2. Phenotypic drug discovery: Phenotypic drug discovery involves screening
chemical compounds for their ability to produce a desired therapeutic effect on
a biological system, without initially knowing the underlying molecular target.
This approach focuses on observing the phenotypic response of cells, tissues, or
organisms to identify potential drug candidates. Aspirin (acetylsalicylic acid)—
Originally derived from willow bark, aspirin was found to demonstrate
antipyretic (fever-reducing), analgesic (pain-relieving), and anti-inflammatory

effects, leading to its development and use as a widely used medication.

3. Drug repurposing: Also known as drug repositioning or drug reprofiling,
drug repurposing involves finding new therapeutic applications for existing
drugs that were initially developed for a different indication. Instead of
developing a new drug from scratch, researchers explore existing drugs for their
potential in treating other diseases or conditions. Thalidomide—initially
developed and marketed as a sedative—was later discovered to effectively treat
leprosy and multiple myeloma, illustrating its repurposing for different

therapeutic purposes.

of complex biological systems. It focuses on studying the behavior and
interactions of various components within a biological system such as
genes, proteins, cells, and organisms, with the aim of developing
models and simulations to predict the behavior and responses of these
systems. By integrating large-scale experimental data, computational
modeling, and analysis techniques, systems biology seeks to unravel
the underlying mechanisms and principles governing biological
processes. It aims to provide insights into how these systems function,
adapt, and respond to internal or external perturbations, such as
diseases, drugs, or environmental factors. Systems biology has
applications in various fields such as medicine, drug development,
environmental science, and biotechnology. It can help to identify
potential drug targets, optimize metabolic pathways for
bioengineering, understand disease mechanisms, and develop
personalized medicine strategies (16).

Systems biology has direct applications and strong connections to
pharmacology (17, 18). By studying biological systems as a whole,
systems biology can provide insights into how drugs interact with
these systems, how they affect various components within the system,
and how the system—as a whole—responds to the drug. Pharmacology
traditionally focuses on studying the effects of drugs on specific targets
or pathways within the body. However, systems biology takes a more
holistic approach by considering the interactions and dynamic
changes that occur across multiple biological components and their
networks. With the help of systems biology, pharmacologists can gain
a deeper understanding of the mechanisms of drug action, identify

potential off-target effects or adverse reactions, predict drug efficacy
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BOX 2 Identifying novel drugs according to phenotype

1. Mode of action discovery: In phenotypic drug discovery, the drug's mode
of action is often identified after the initial observation of the desired phenotypic
effect. This is in contrast to target-based drug discovery, where the drug's target
is known before its effects are observed. For example, thalidomide, originally
designed as a sedative, was later found to have anti-inflammatory properties and

is now used to treat multiple myeloma.

2. Multiple targets or pathways: Phenotypic drugs often interact with
multiple targets or pathways simultaneously, leading to a complex mechanism of
action. Examples are the inhibitor of multiple tyrosine kinases, imatinib, for its
clinical use for gastrointestinal stromal tumors and metformin, a widely used

diabetes drug, affects various cellular processes involved in glucose homeostasis.

3. Broad-spectrum activity: Phenotypic drugs sometimes exhibit activity
against multiple disease indications or different strains of organisms. For
example, the antibiotic penicillin has a broad spectrum of activity against

different bacteria and is effective in treating various infections.

4. Limited target bias: Phenotypic drug discovery may allow for the
identification of drugs that act on targets or pathways not traditionally associated
with a particular disease. This can potentially uncover novel therapeutic
approaches. One example is sildenafil, initially developed as a drug for

hypertension, which was later discovered to be effective for erectile dysfunction.

5. Complexity of effects: Phenotypic drugs often have a diverse range of
physiological effects beyond the desired therapeutic effect. This can lead to
unexpected outcomes, both positive and negative. For example, while the
antipsychotic drug thioridazine effectively treats psychosis, it also prolongs the

QT interval in the heart, potentially causing cardiac arrhythmias.

in individual patients, and guide the development of personalized

medicine strategies. Systems biology techniques, such as
computational modeling and simulation, can help pharmacologists to
analyze and interpret large datasets, integrate complex drug-target
interactions, and predict the effects of drugs within the context of the
entire biological system. By combining the principles and methods of
systems biology with pharmacology, researchers can improve drug
discovery processes, optimize drug development pipelines, and
enhance the overall understanding of drug action and drug response
in complex biological systems (19, 20).

A new discipline called network pharmacology (NP) has emerged
which attempts to understand drug actions and interactions with
multiple targets (21). Hopkins proposed NP as the next paradigm in
drug discovery. This distinctive new approach to drug discovery can
enable the paradigm shift from highly specific magic bullet-based
drug discovery to multitargeted drug discovery. It attempts to discover
new drug leads and targets and to repurpose existing drug molecules
for different therapeutic conditions by allowing an unbiased
investigation of potential target spaces (22). NP has the potential to
provide new treatments to multigenic complex diseases and can lead
to the development of e-therapeutics where the ligand formulation
can be customized for each complex indication under every disease
type. This can be expanded in the future and lead to customized and

personalized therapeutics. Hopkins had suggested three strategies to
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the designers of multitarget therapies: the first was to prescribe
multiple individual medications as a multidrug combination cocktail.
Patient compliance and the danger of drug-drug interactions would
be the expected drawbacks of this method. The second proposition
was the development of multicomponent drug formulations. The
change in metabolism, bioavailability, and pharmacokinetics of
formulation as well as safety would be the major concerns of this
approach. The third strategy was to design a single compound with
selective polypharmacology. According to Hopkins, the third method
is advantageous, as it would ease the dosing studies. Also, the
regulatory barriers for the single compound are fewer compared to a
formulation. An excellent example of this is metformin, the first-line
drug for type II diabetes that has been found to have cancer-inhibiting
properties (23). Integration of network biology and polypharmacology
can tackle two major sources of attrition in drug development such as
efficacy and toxicity. Also, this integration holds the promise of
expanding the current opportunity space for druggable targets (24).
However, these efforts require some guidance for selecting the right
type of targets and new scaffolds of drug molecules. Traditional
knowledge can play a vital role in this process of formulation discovery
and repurposing existing drugs. By combining advances in systems
biology and network pharmacology, it might be possible to rationally
design the next generation of promiscuous drugs (25-27). Ultimately,
advances in systems biology and high-throughput in-depth genomic
profiling technologies along with an analysis of the successful and
failed drugs uncovered that the prominent factor to determine drug
sensitivity is the intrinsic robustness of the response of biological
systems in the face of perturbations. In this regard, pleiotropic natural
products are one of the promising strategies due to their multi-
targeting and to lower side effects (28).

The following sections explore the experiences of our group as
well as of other researchers with the thymic peptide hormone,
thymosin alpha-1 (Tal), as a truly phenotypic drug with
pleiotropic activity.

4 Can thymosin alpha-1 be considered
as one instance of phenotypic drug
discovery?

Thymosin alpha-1 (Tal, generic drug name: thymalfasin; trade
name, Zadaxin) is a 28 amino-acid bioactive peptide originally
isolated from the thymus (29-31). While Tal has been shown to
have immunomodulatory effects and potential clinical applications,
its discovery and development were not primarily driven by the
screening of compounds in phenotypic assays but have been more
target-driven, one example being offered by its unexpected activity
in experimental cystic fibrosis (CF), which does represent an
instance of PDD approach. Indeed, Tal’s potential therapeutic
applications were explored based on a variety of roles in different
experimental setting, and not only in immune regulation and its
interactions with specific immune cells and pathways (32, 33).
Overall, Tal exhibits multiple actions across various biological
systems and processes, making it a pleiotropic drug having multiple
effects or actions on different biological systems. When it comes to
mode of action, Tal operates through various mechanisms (Table 1).
Relevant in this regard, the traditional interpretation of a drug that
operates through multiple mechanisms of action is that it has the
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potential to produce a broader and potentially more effective
therapeutic effect compared to a drug that acts through a single
mechanism. This is based on the idea that targeting multiple
biological pathways related to a disease or condition can lead to a
more comprehensive and possibly synergistic treatment approach.
However, it’s important to note that the traditional interpretation
does not guarantee that a drug with multiple mechanisms of action
will always be more effective or have fewer side effects than a drug
with a single mechanism of action, which could represent one major
drawback of PDD. The actual therapeutic outcomes and safety profile
of any drug depend on its specific properties, the nature of the
disease being treated, and individual patient characteristics. As
illustrated above—and in line with the principles of NP, as derived
by systems biology—an emerging concept is likewise that such drugs
may have a more comprehensive or versatile effect on the body,
potentially affecting various pathways or targets to produce their
overall therapeutic outcome. This multidimensional approach can
be advantageous in addressing complex conditions or symptoms that
may have diverse underlying causes. In other terms, they might
provide broader therapeutic benefits: Drugs with multiple
mechanisms of action may have the potential to address a wider
range of symptoms or disease processes, potentially offering a more
holistic approach to treatment.

The following is an overview of the pleiotropic role of Tal in both
physiology and medicine.

5 Tal in physiology

Tal
endopeptidase cleavage of prothymosin o in numerous mammalian

is highly acidic peptide produced by asparagine

organs, including the thymus, spleen, lung, kidney, brain, and blood,
with the largest concentration in the thymus (55). Under natural
conditions, Tal is a short, acidic and highly charged, and inherently
disordered protein but in the presence of cellular membranes or under
low pH conditions, it assumes a partly structured conformation
through interaction with other naturally existing proteins (46, 56, 57).
Thus, despite the lack of specific receptors underlying the activity of
Tal, upon folding on a membrane with negative charge by exposing
phosphatidylserine on the surface, Tal blocked by its acetylated
N-terminal on the membrane may interact with receptors on or near
the membrane resulting in a cascade of signaling responses of
biological meaning (58, 59). Under many respects, Tal can
be considered an example of a protein with an intrinsically disordered
domain or region (IDRs), similar to its precursor prothymosin alpha
(60) (Figure 1). As mentioned above, owing to the absence of a fixed
3D structure, IDRs are—in general—more sensitive to their
physicochemical surroundings than folded domains. This sensitivity
means IDRs are well suited to act as intracellular sensors, whereby
sequence-encoded conformational biases are altered by varying salt,
pH, temperature, metabolites, and other solution changes (61, 62). Of
interest, IDRs can also contribute to the formation of biomolecular
condensates through intracellular phase transitions (63), thus
functioning to concentrate proteins and nucleic acids involved in
diverse processes, including RNA metabolism, ribosome biogenesis,
the DNA damage response and signal transduction. Thus, IDRs,
including Tal (57), are excellently positioned to serve as discerning
detectors and effectors of cellular physicochemistry and their
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TABLE 1 Pleiotropic mode of action of thymosin alpha-1.

10.3389/fmed.2024.1388959

Mode of action In vitro functional In vivo

activity functional
activity

Binding to the N- and C-domains of the angiotensin-converting enzyme resulting in 17.4nM (35) 2.5pg/mL (35) NA

inhibition of its expression in human lung epithelial cells (34, 35)

Activation of the MAPK/JNK (36), PI3K/Akt/mTOR (37), canonical and non-canonical No K, available 10-100 ng/mL range (36), NA

NF-kB kinases and IRFs signaling pathways for immunomodulation and 130 uM (37), 100 ng/mL (38)

immunostimulation (38, 39)

Regulation pf transcription and/or DNA replication for antigen expression (40) No K}, available 1pg/mL NA

Downregulation of STAT3 phosphorylation and transcription of MMP2 in PD-L1 high- No K, available 90-180 uM 20 ug/g

expressing NSCLC cells to suppress migration and invasion (41)

Binding to the VIP receptors in different types of cells with a low affinity (42) No K}, available 1,600nM NA

Binding inhibitory activity of galectin-1 for immune homeostasis (43) Ky =46 pM 50-200 pg/mL range NA

Interaction with phosphatidylserine via its N terminus insertion to promote nearby No K, available 4-8mM NA

proteins and/or receptors activation and biological signaling (44)

Binding to serum albumin (45) and to hyaluronan (46) through the lysine residues of the Kp=0.4mM (45) NA NA

sequence LKEKK at the C terminal domain, to regulate functional activity Kp=2.2mM (46)

Toll-like Receptor (TLR)2, TLR4 and TLRY activation to finely regulate immunity and No K} available 20ng/mL (47) 400 pg/kg (48)

tolerance in infection and antitumor immunity (47-49) 200 pg/kg (49)

Inhibition of ROS production and increase of catalase, peroxide dismutase and No K}, available 3-48 pg/mL (50) NA

glutathione peroxidase in human cells (50, 51)

Activation of the enzyme indoleamine 2, 3-dioxygenase (IDO)-1 to promote autophagy, No K}, available 100 ng/mL (52) 200 pug/kg (52)

restrain inflammation and provide immune tolerance (52, 53)

Activation of the Aryl hydrocarbon Receptor (AhR)/IL-22 axis to protect mice from the No K}, available NA 20-200 pg/kg

metabolic disorders associated with high caloric intake (54)

Chaperon activity in experimental cystic fibrosis to facilitate the correct folding and No K}, available 100 ng/mL (52) 200 pg/kg (52)

trafficking of the mutant CFTR protein, thereby improving their function (52, 53)

Kp, dissociation constant. Shown are ranges of concentrations used in vitro or doses in vivo. NA, not available.

disordered nature appears to be the key for understanding their
promiscuous binding behavior with different targets.

Tal is, indeed, endowed with a plethora of immunoregulatory
activities (39, 64, 65), which include: (1) Maturation, activation and
prevention of apoptosis of various immune cells, such as T and B
lymphocytes and Natural Killer cells, via different signaling pathways,
including TLRs (36-40, 47-49); (2) Activation of CD8* T cells for
cross-priming in antitumor and antiviral responses, via transcriptional
regulation of MHC class I expression (40) and immunostimulation
(66, 67); (3) Activation of innate immune cells for antimicrobial
activity (68); (4) Activation of antigen presenting function of different
dendritic cells subsets via selective TLR stimulation for immunity and
tolerance in infection and antitumor immunity (47-49, 52, 53); (5)
Regulation of cytokines for increased production of interferon-y
(IFN-y), IFN-q, interleukin-2 (IL-2), IL-6, and IL-10 and decreased
production of inflammatory IL-1f and TNF-« via different receptor
signaling pathways (37-39, 47-49, 69, 70); (6) Induction of immune
tolerance via the activation of the tolerogenic IDO1 pathway (52, 53);
(7) Metabolic activity via the AhR/IL-22 axis and the control of lipid
peroxidation in experimental metabolic disorders (54, 71); (8)
Metabolic regulation of the oxidative/anti-oxidative stress pathways
in preclinical murine and human preclinical settings (50, 51); (9)
Direct antitumor activity via PTEN-mediated apoptosis (37) and
other mechanisms (67), including suppression of migration via
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inhibition of STAT3-MMP2 signaling (41). Overall, it appears that
Tal is capable of a multifaceted, pleiotropic immune activation,
resulting in apparently opposing effects on the immune system, an
activity that points to its context-dependent activity, as long suggested
(39). Indeed, the exploitation of the intersection between canonical
and noncanonical signaling pathways of NF-kB, a family of
transcription factors that play a central role in the stress response and
inflammation, and of different Interferon Regulatory Factors is likely
underlying its pleiotropic activity. Although primarily exerting a fine
immunoregulatory activity, Tal also modulated central nervous
system activity (72, 73) by poorly defined molecular mechanisms.

6 Potency and pharmacokinetics
implications

It is clear that much needs be done for a full understanding of
both the mechanism(s) of action and the dose required for the effects
of Tal in both physiology and medicine. Apparently, very few studies
have described the binding of Tal to putative targets and the relative
dissociation constant (Table 1), an observation to which its IDR
behavior affecting various pathways or targets likely contributes. As a
matter of fact, as cited by Sargent and Schweitzer: “a direct ligand-
receptor reaction is replaced by multiple sequential steps including
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a i

FIGURE 1

Thymosin alpha 1 is an intrinsically disordered protein which assumes a two helical conformation with a central unstructured loop. The structure in
phosphatidylserine membrane is reported in (A) where it evident the role of the acetyl group linked to Ser 1 inserted in the membrane. In (B) the
structures obtained by the constraints from NMR spectroscopy maintained aligned the C terminal domains of the protein. The N terminal domain
appears spread due to disorder of the mobile central loop. Adapted from PDB 2MNQ.

surface accumulation of charged ligands, ligand-membrane
interactions, and ultimately binding to the receptor itself” in the case
of peptides interacting with their targets (74). Meaning that the
apparently measured dissociation constant is a function of the whole
system rather than just the receptor. Accordingly, the concentrations
of Tal also vary depending on the type of study and biological system
being used. For instance, low (typically range from 1 to 10ng/mL),
moderate (from 10 to 100ng/mL) and high—up to 1,000 ng/mL—
concentrations have been reported in many in vitro cellular studies.
Drugs used within this range typically indicate a moderate to high
interaction with their receptor, if any. Similarly, in vivo, doses of Tal
can vary greatly depending on the animal model, route of
administration, and type of pathological condition being treated,
ranging from 0.1 to 1 mg/kg body weight, administered subcutaneously
or intraperitoneally to mice and rats, and from 1 to 3 mg administered
subcutaneously or intramuscularly to humans. Consistent with the in
vitro studies, drugs used in vivo in a range from 0.05 to 1 mg/kg
typically indicate a moderate to high interaction with host’s cells. This
concentration range suggests a significant pharmacological effect,
implying that the drug is active at relatively low doses. There are no
reported instances of deliberate or accidental overdosage in humans.
Animal toxicology studies have shown no adverse reactions in single
doses up to 20mg/kg and in repeated doses up to 6 mg/kg/day for
13 weeks, which were the highest doses studied. The highest single
dose tested in animals represents 800-times the clinical dose.

In addition, as to the pharmacokinetics of Tal in humans, the
available information is so far limited. Single-dose and multiple-dose
pharmacokinetic studies were conducted in healthy volunteers. Doses
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ranging from 0.8 to 6.4 mg were evaluated in single-dose studies and
daily doses of 1.6 and 3.2 mg were evaluated in multiple-dose studies
of 5 or 7days’ duration. Tal is rapidly absorbed with a T, (Time to
peak drug concentration) of approximately 2h. A dose-proportional
increase was present in serum levels for C,,,, and AUC. The C,,,, values
were 39, 63, 85, and 130ng/mL and the AUC values were 124, 261,
314, and 679 ng/h/ml, respectively, at 0.8, 1.6, 3.2, and 6.4 mg. Serum
levels returned to basal levels by 24 h after administration. The serum
half-life was approximately 2h, and there was no evidence of
accumulation following multiple administrations. The urine excretion
accounted for up to approximately 50-60% of the single dose and 24%
following multiple doses. A multiple-dose study in healthy volunteers
(at doses of 1.6, 8, and 16 mg twice weekly for 4 weeks) revealed doses
to be well tolerated. A preliminary evaluation of serum drug levels of
Tal indicated a dose-proportional increase; the approximate C,,,x
levels were 30, 180, and 310ng/mL at doses of 1.6, 8, and 16 mg,
respectively. Peak levels occurred at 1 to 2h, and there was no evidence
of accumulation. In a pharmacokinetics study in lung cancer, the
subjects in the loading dose treatment arm showed similar results as
above. Plasma levels returned to basal levels within 24h of
administration and there was no evidence of accumulation (75, 76).

7 Tal in medicine

Consistent with the reduced serum levels of Tal in chronic
inflammatory autoimmune diseases [below 1ng/mL in the
bloodstream as compared to 28.74 (17.98-70.25 interquartile range)
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versus 78.96 (40.80-130.13) in healthy females and males, respectively]
(77), Tal has been extensively studied for its potential therapeutic
applications in various medical conditions, with an excellent safety
profile (78), including:

7.1 Infectious diseases

Tal has been investigated as an adjuvant therapy for viral,
bacterial, and fungal infections (33, 66, 79, 80). It has been used to treat
a variety of illnesses, including chronic hepatitis B and C, (81-83),
acquired immune deficiency syndrome (84), bacterial and mold
pneumonia (33), sepsis (85, 86), and, most recently, COVID-19 (80,
87-103). However, alongside beneficial effects (87, 92-97), clearly
supporting the use of Tal in COVID-19 via multiple immunity-
enhancing and anti-inflammatory protective mechanisms (95), no
effects (98-101) or poor clinical outcomes (102) were also observed in
COVID-19 patients treated with Tal, these being inconsistent findings
to which the heterogeneity of the disease, including the gender (87, 98,
103), could contribute. Interestingly, Tal showed beneficial effects
either in the acute COVID-19 phase or in reinfection even in elderly
patients (89), thus pointing to a potential immunorestorative effect of
Tal in aging, as suggested (104). Its synthetic derivative, thymalfasin,
has been integrated into various clinical products and is now approved
in over 35 countries for the treatment of hepatitis B and C.

7.2 Cancer

It is being explored as an immunotherapeutic agent for certain
types of cancers, such as melanoma, hepatocellular carcinoma, and
lung cancer (105), either alone or combined with chemotherapy (106,
107) or radiotherapy or used as postoperative adjuvant therapy (108).
In combination with Dacarbazine, Tal showed a 3-fold increase in
response rate in patients with stage IV melanoma compared to
Dacarbazine alone (109). The antitumor activity of Tal occurs through
different pathways, including inhibition of cell proliferation and
induction of apoptosis (37), promotion of immunosurveillance by
increasing the expression of MHC I (40) and tumor antigens (110),
counteraction of the immunosuppressive effects associated with
conventional chemotherapy, radiotherapy and targeted therapy (51, 67,
111, 112). More recently, Tl was found to reverse M2 polarization of
efferocytosis-activated macrophages in cancer patients (113) and, in
the context of immune check-point inhibitor therapy, to enhance anti-
tumor activity (114) via the promotion of dendritic cell activity (115).

7.3 Autoimmune diseases
Tal shows potential in the management of autoimmune diseases

like rheumatoid arthritis, multiple sclerosis, and systemic lupus
erythematosus, likely through its anti-inflammatory activity (116, 117).

7.4 Immunodeficiency disorders

Tal has been shown to boost immune function in individuals
with primary immunodeficiency disorders or those who are
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immunocompromised (118). The National Health Commission of
China included Tal as an alternative treatment option for COVID-19
patients with lymphocytopenia or immunodeficiency.

7.5 Other disorders

Tal showed remarkable effects in the treatment of acute
respiratory distress syndrome, severe acute respiratory syndrome and
acute exacerbation of chronic obstructive pulmonary disease,
gastrointestinal and systemic infectious disorders (70, 90, 119, 120).
In cystic fibrosis (CF), in which the hyperinflammatory state is
associated with early and nonresolving activation of innate immunity,
which impairs microbial clearance and promotes a self-sustaining
condition of progressive lung damage, Talsignificantly alleviated the
symptoms associated with the hyperinflammatory pathology. A
finding consistent with its ability to activate the tolerogenic IDO1/
Treg pathway (52-54). Unexpectedly, however, Tal also improved the
cellular trafficking of CFTR via autophagy, a finding consistent with
the ability of IDOI to activate autophagy. Thus, by providing a
multipronged attack against CF i.e., restraining inflammation and
correcting the basic defect, Tal favorably opposed CF symptomatology
in preclinical relevant disease settings. This could represent a teaching
example of how the inherent complexity of the pathogenic
mechanisms requires a polyfunctional drug and emphasizes the
powerful tool of PDD.

8 Conclusion

It is clear that Tal is a definite example of PDD, because its
development was based on observed effects on the immune system
rather than a specific, known molecular target. Originally identified
as a thymic hormone with immune-modulating properties, Tal was
later found to have potential therapeutic applications in enhancing
immune function, combating various diseases and regulating
cellular proteostasis. Tal is currently exploited therapeutically
because and/or despite its pleiotropic activity. Thymalfasin (Zadaxin
from SciClone, the only thymosin-based FDA-approved drug) is
indeed used in over 35 countries for the treatment of hepatitis B and
C, melanoma and a variety of illnesses, including acquired immune
deficiency syndrome, respiratory infections, SARS-CoV-2 and
sepsis. However, a number of patents on Tal and other thymosins
have recently been reported in disparate clinical settings, implying
that the therapeutic utility of these peptides will be further
expanded. Thus, its development as a therapeutic agent exemplifies
the successful use of a phenotypic approach to drug discovery,
where the observed effects on a specific biological system led to its
development as a potential treatment for various conditions. Not
secondarily, Tal belongs to NP due to its ability to modulate
complex biological networks involved in important biological
processes. Additionally, NP approaches can be used to identify
potential drug targets within the immune network that may
be modulated by Tal, providing insights into its mode of action and
potential for combination therapies. Its influence extends across
multiple levels of biological organization, including gene expression,
protein—protein interactions, and cellular signaling pathways. By
affecting these interconnected biological networks, secondarily, Tl
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can have broad-ranging effects on biological functions in health and
diseases. While the inherent poor in vivo stability of peptides (121)
is being overcome by the development of long-acting Tal by
chemical modification (122, 123) or microbial engineering (124,
125), much remains to be learned on how Tal can be accommodated
within the multidimensional nature of human diseases and its
pharmacology. Ultimately, the dependency of a drugs
pharmacological activity on the pathological context is an emerging
concept in pharmacology, exemplified by the context-dependent
pharmacological effects of metformin on the immune system
whereby metformin exhibits immunostimulatory effects in tumor
immunity but has immunosuppressive effects in the context of
autoimmune or inflammatory diseases (126). Moreover, a context-
dependent signaling characterizes the nuanced behavior of G
protein-coupled receptors in physiologically relevant contexts (127).
A similar context-dependent activity is likely characterizing the
effects of Tal on the immune system being experimental and
clinical evidence highlighting either its immune-enhancing effects
on anti-tumor immunity or its tolerogenic, anti-inflammatory
potential in inflammatory conditions. Certainly, a little peptide has
taught us that the “single compound, single target” drug
development model has inherent limitations and that various
networks constructions are needed to decipher its pleiotropy.
Overall, Tal’s impact on interconnected biological networks,
particularly within the immune system, aligns with the principles of
NP and underscores its relevance within this field. Ultimately, classic
views of drug action should be questioned in the light of the
presence of disordered domains—almost 70% of protein domains
might be disordered—that confer a degree of “fuzziness and
imprecision” as an essential feature of protein interactions. As
recently highlighted, “being disordered makes proteins versatile
communicators, able to respond rapidly to changes in the cell,
binding to different partners and transmitting different signals
depending on the circumstance” (128).

References

1. Hutchings MI, Truman AW, Wilkinson B. Antibiotics: past, present and future. Curr
Opin Microbiol. (2019) 51:72-80. doi: 10.1016/j.mib.2019.10.008

2. Pina AS, Hussain A, Roque AC. An historical overview of drug discovery. Methods
Mol Biol. (2009) 572:3-12. doi: 10.1007/978-1-60761-244-5_1

3. Swinney DC, Anthony J. How were new medicines discovered? Nat Rev Drug
Discov. (2011) 10:507-19. doi: 10.1038/nrd3480

4. Lee JA, Berg EL. Neoclassic drug discovery: the case for lead generation using
phenotypic and functional approaches. J Biomol Screen. (2013) 18:1143-55. doi:
10.1177/1087057113506118

5. Moftat JG, Vincent E, Lee JA, Eder J, Prunotto M. Opportunities and challenges in
phenotypic drug discovery: an industry perspective. Nat Rev Drug Discov. (2017)
16:531-43. doi: 10.1038/nrd.2017.111

6. Vincent F, Nueda A, Lee ], Schenone M, Prunotto M, Mercola M. Phenotypic drug
discovery: recent successes, lessons learned and new directions. Nat Rev Drug Discov.
(2022) 21:899-914. doi: 10.1038/s41573-022-00472-w

7. Salame N, Fooks K, El-Hachem N, Bikorimana JP, Mercier FE, Rafei M. Recent
advances in Cancer drug discovery through the use of phenotypic reporter systems,
connectivity mapping, and pooled CRISPR screening. Front Pharmacol. (2022)
13:852143. doi: 10.3389/fphar.2022.852143

8. Beresford MJ. Medical reductionism: lessons from the great philosophers. Q/M.
(2010) 103:721-4. doi: 10.1093/qjmed/hcq057

9. Edwards A. What are the odds of finding a COVID-19 drug from a lab repurposing
screen? | Chem Inf Model. (2020) 60:5727-9. doi: 10.1021/acs.jcim.0c00861

10. Davis RL. Mechanism of action and target identification: a matter of timing in
drug discovery. iScience. (2020) 23:101487. doi: 10.1016/j.is¢i.2020.101487

Frontiers in Medicine

10.3389/fmed.2024.1388959

Author contributions

EG: Conceptualization, Writing - review & editing. MP: Writing
- review & editing. CM: Writing - review & editing. CC: Writing -
review & editing. PP: Writing - original draft, Writing - review &
editing. LR: Conceptualization, Funding acquisition, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by MicroTher (ERC-2018-PoC-813099 to LR).

Conflict of interest

The authors declare that EG, CC, and LR are involved in the “A
phase II trial to assess the activity and tolerability of Thymosin alpha
1 in Cystic Fibrosis Patients” EudraCT Number: 2019-001441-40,
sponsored by SciClone.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

11. Asano S, Engel BD, Baumeister W. In situ Cryo-Electron tomography: a post-
reductionist approach to structural biology. ] Mol Biol. (2016) 428:332-43. doi: 10.1016/j.
jmb.2015.09.030

12. Aguirre-Plans ], Pifero J, Menche J, Sanz E Furlong LI, Schmidt H, et al. Proximal
pathway enrichment analysis for targeting comorbid diseases via network
endopharmacology. Pharmaceuticals (Basel). (2018) 11:61. doi: 10.3390/ph11030061

13. Duval MX. The inadequacy of the reductionist approach in discovering new
therapeutic agents against complex diseases. Exp Biol Med (Maywood). (2018)
243:1004-13. doi: 10.1177/1535370218794365

14. Sadri A. Is target-based drug discovery efficient? Discovery and "off-target"
mechanisms of all drugs. ] Med Chem. (2023) 66:12651-77. doi: 10.1021/acs.
jmedchem.2c01737

15. Menche J, Sharma A, Kitsak M, Ghiassian SD, Vidal M, Loscalzo J, et al. Disease
networks. Uncovering disease-disease relationships through the incomplete interactome.
Science. (2015) 347:1257601. doi: 10.1126/science.1257601

16. Breitling R. What is systems biology? Front Physiol. (2010) 1:9. doi: 10.3389/
fphys.2010.00009

17. Azer K, Kaddi CD, Barrett JS, Bai JPF, McQuade ST, Merrill NJ, et al. History and
future perspectives on the discipline of quantitative systems pharmacology modeling
and its applications. Front Physiol. (2021) 12:637999. doi: 10.3389/fphys.2021.637999

18. Csermely P, Agoston V, Pongor S. The efficiency of multi-target drugs: the network
approach might help drug design. Trends Pharmacol Sci. (2005) 26:178-82. doi:
10.1016/j.tips.2005.02.007

19. Lam S, Bayraktar A, Zhang C, Turkez H, Nielsen J, Boren J, et al. Systems biology
approach for studying neurodegenerative diseases. Drug Discov Today. (2020)
25:1146-59. doi: 10.1016/j.drudis.2020.05.010

frontiersin.org


https://doi.org/10.3389/fmed.2024.1388959
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1007/978-1-60761-244-5_1
https://doi.org/10.1038/nrd3480
https://doi.org/10.1177/1087057113506118
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1038/s41573-022-00472-w
https://doi.org/10.3389/fphar.2022.852143
https://doi.org/10.1093/qjmed/hcq057
https://doi.org/10.1021/acs.jcim.0c00861
https://doi.org/10.1016/j.isci.2020.101487
https://doi.org/10.1016/j.jmb.2015.09.030
https://doi.org/10.1016/j.jmb.2015.09.030
https://doi.org/10.3390/ph11030061
https://doi.org/10.1177/1535370218794365
https://doi.org/10.1021/acs.jmedchem.2c01737
https://doi.org/10.1021/acs.jmedchem.2c01737
https://doi.org/10.1126/science.1257601
https://doi.org/10.3389/fphys.2010.00009
https://doi.org/10.3389/fphys.2010.00009
https://doi.org/10.3389/fphys.2021.637999
https://doi.org/10.1016/j.tips.2005.02.007
https://doi.org/10.1016/j.drudis.2020.05.010

Garaci et al.

20. Pandey AK, Loscalzo J. Network medicine: an approach to complex kidney disease
phenotypes. Nat Rev Nephrol. (2023) 19:463-75. doi: 10.1038/s41581-023-00705-0

21. Hopkins AL. Network pharmacology. Nat Biotechnol. (2007) 25:1110-1. doi:
10.1038/nbt1007-1110

22. Kibble M, Saarinen N, Tang J, Wennerberg K, Miékeld S, Aittokallio T. Network
pharmacology applications to map the unexplored target space and therapeutic potential
of natural products. Nat Prod Rep. (2015) 32:1249-66. doi: 10.1039/C5NP00005]

23.Bost F, Rena G, Viollet B. Editorial: metformin: beyond diabetes. Front Endocrinol
(Lausanne). (2019) 10:851. doi: 10.3389/fend0.2019.00851

24. Boezio B, Audouze K, Ducrot P, Taboureau O. Network-based approaches in
pharmacology. Mol Inform. (2017) 36:1700048. doi: 10.1002/minf.201700048

25. Hopkins AL. Network pharmacology: the next paradigm in drug discovery. Nat
Chem Biol. (2008) 4:682-90. doi: 10.1038/nchembio.118

26. Cho DY, Kim YA, Przytycka TM. Chapter 5: network biology approach to complex
diseases. PLoS Comput Biol. (2012) 8:21002820. doi: 10.1371/journal.pcbi.1002820

27.Fotis C, Antoranz A, Hatziavramidis D, Sakellaropoulos T, Alexopoulos LG.
Network-based technologies for early drug discovery. Drug Discov Today. (2018)
23:626-35. doi: 10.1016/j.drudis.2017.12.001

28. Poornima P, Kumar JD, Zhao Q, Blunder M, Efferth T. Network pharmacology of
cancer: from understanding of complex interactomes to the design of multi-target
specific therapeutics from nature. Pharmacol Res. (2016) 111:290-302. doi: 10.1016/j.
phrs.2016.06.018

29. Low TL, Thurman GB, McAdoo M, McClure ], Rossio JL, Naylor PH, et al. The
chemistry and biology of thymosin. I. Isolation, characterization, and biological
activities of thymosin alphal and polypeptide betal from calf thymus. J Biol Chem.
(1979) 254:981-6. doi: 10.1016/S0021-9258(17)37900-0

30. Goldstein AL, Slater FD, White A. Preparation, assay, and partial purification of a
thymic lymphocytopoietic factor (thymosin). Proc Natl Acad Sci USA. (1966) 56:1010-7.
doi: 10.1073/pnas.56.3.1010

31. Goldstein AL, Goldstein AL. From lab to bedside: emerging clinical applications
of thymosin alpha 1. Expert Opin Biol Ther. (2009) 9:593-608. doi:
10.1517/14712590902911412

32. Garaci E. Thymosin alphal: a historical overview. Ann N Y Acad Sci. (2007)
1112:14-20. doi: 10.1196/annals.1415.039

33. Camerini R, Garaci E. Historical review of thymosin « 1 in infectious diseases.
Expert Opin Biol Ther. (2015) 15:5117-27. doi: 10.1517/14712598.2015.1033393

34. Kharazmi-Khorassani J, Asoodeh A, Tanzadehpanah H. Antioxidant and
angiotensin-converting enzyme (ACE) inhibitory activity of thymosin alpha-1 (Thal)
peptide. Bioorg Chem. (2019) 87:743-52. doi: 10.1016/j.bioorg.2019.04.003

35. Zhang YH, Wang WY, Pang XC, Wang Z, Wang CZ, Zhou H, et al. Thymosin-al
binds with ACE and downregulates the expression of ACE2 in human respiratory
epithelia. Front Biosci (Landmark Ed). (2022) 27:48. doi: 10.31083/.fb12702048

36. Sodhi A, Paul S. Involvement of mitogen-activated protein kinases in the signal
transduction pathway of bone marrow-derived macrophage activation in response to in
vitro treatment with thymosin alpha 1. Int Immunopharmacol. (2002) 2:47-58. doi:
10.1016/S1567-5769(01)00139-4

37.Guo Y, Chang H, Li J, Xu XY, Shen L, Yu ZB, et al. Thymosin alpha 1 suppresses
proliferation and induces apoptosis in breast cancer cells through PTEN-mediated
inhibition of PI3K/Akt/mTOR signaling pathway. Apoptosis. (2015) 20:1109-21. doi:
10.1007/s10495-015-1138-9

38. Zhang P, Chan J, Dragoi AM, Gong X, Ivanov S, Li ZW, et al. Activation of IKK by
thymosin alphal requires the TRAF6 signalling pathway. EMBO Rep. (2005) 6:531-7.
doi: 10.1038/sj.embor.7400433

39. Romani L, Moretti S, Fallarino E, Bozza S, Ruggeri L, Casagrande A, et al. Jack of
all trades: thymosin «al and its pleiotropy. Ann N 'Y Acad Sci. (2012) 1269:1-6. doi:
10.1111/j.1749-6632.2012.06716.x

40. Giuliani C, Napolitano G, Mastino A, Di Vincenzo S, D'Agostini C, Grelli S, et al.
Thymosin-alphal regulates MHC class I expression in FRTL-5 cells at transcriptional
level. Eur ] Immunol. (2000) 30:778-86. doi: 10.1002/1521-4141(200003)30:3<778::AID-
IMMU?778>3.0.CO;2-1

41.Bo C, Wu Q, Zhao H, Li X, Zhou Q. Thymosin ol suppresses migration and
invasion of PD-L1 high-expressing non-small-cell lung cancer cells via inhibition of
STAT3-MMP2 signaling. Onco Targets Ther. (2018) 11:7255-70. doi: 10.2147/OTT.
S177943

42. Pozo D, Guerrero JM, Segura J], Calvo JR. Thymosin alpha 1 interacts with the VIP
receptor-effector system in rat and mouse immunocompetent cells.
Immunopharmacology. (1996) 34:113-23. doi: 10.1016/0162-3109(96)00131-2

43. Matteucci C, Nepravishta R, Argaw-Denboba A, Mandaliti W, Giovinazzo A,
Petrone V, et al. Thymosin al interacts with Galectin-1 modulating the -galactosides
affinity and inducing alteration in the biological activity. Int Immunopharmacol. (2023)
118:110113. doi: 10.1016/j.intimp.2023.110113

44. Mandaliti W, Nepravishta R, Sinibaldi Vallebona P, Pica F, Garaci E, Paci M. New
studies about the insertion mechanism of Thymosin ol in negative regions of model
membranes as starting point of the bioactivity. Amino Acids. (2016) 48:1231-9. doi:
10.1007/500726-016-2169-4

Frontiers in Medicine

10.3389/fmed.2024.1388959

45. Mandaliti W, Nepravishta R, Sinibaldi Vallebona P, Pica F, Garaci E, Paci M.
Thymosin al interacts with exposed phosphatidylserine in membrane models and in
cells and uses serum albumin as a carrier. Biochemistry. (2016) 55:1462-72. doi: 10.1021/
acs.biochem.5b01345

46. Mandaliti W, Nepravishta R, Pica F, Vallebona PS, Garaci E, Paci M. Thymosin ol
interacts with hyaluronic acid electrostatically by its terminal sequence LKEKK.
Molecules. (2017) 22:1843. doi: 10.3390/molecules22111843

47.Romani L, Bistoni E Perruccio K, Montagnoli C, Gaziano R, Bozza S, et al.
Thymosin alphal activates dendritic cell tryptophan catabolism and establishes a
regulatory environment for balance of inflammation and tolerance. Blood. (2006)
108:2265-74. doi: 10.1182/blood-2006-02-004762

48.Romani L, Bistoni F, Gaziano R, Bozza S, Montagnoli C, Perruccio K, et al.
Thymosin alpha 1 activates dendritic cells for antifungal Th1 resistance through toll-like
receptor signaling. Blood. (2004) 103:4232-9. doi: 10.1182/blood-2003-11-4036

49.Bozza S, Gaziano R, Bonifazi P, Zelante T, Pitzurra L, Montagnoli C, et al.
Thymosin alphal activates the TLR9/MyD88/IRF7-dependent murine cytomegalovirus
sensing for induction of anti-viral responses in vivo. Int Immunol. (2007) 19:1261-70.
doi: 10.1093/intimm/dxm097

50. Kharazmi-Khorassani J, Asoodeh A. Thymosin alpha-1; a natural peptide inhibits
cellular proliferation, cell migration, the level of reactive oxygen species and promotes
the activity of antioxidant enzymes in human lung epithelial adenocarcinoma cell line
(A549). Environ Toxicol. (2019) 34:941-9. doi: 10.1002/tox.22765

51.Liu Y, Lu J. Mechanism and clinical application of thymosin in the treatment of
lung cancer. Front Immunol. (2023) 14:1237978. doi: 10.3389/fimmu.2023.1237978

52. Romani L, Oikonomou V, Moretti S, Tannitti RG, D'Adamo MC, Villella VR, et al.
Thymosin al represents a potential potent single-molecule-based therapy for cystic
fibrosis. Nat Med. (2017) 23:590-600. doi: 10.1038/nm.4305

53. Stincardini C, Renga G, Villella V, Pariano M, Oikonomou V, Borghi M, et al.
Cellular proteostasis: a new twist in the action of thymosin 1. Expert Opin Biol Ther.
(2018) 18:43-8. doi: 10.1080/14712598.2018.1484103

54. Bellet MM, Borghi M, Pariano M, Renga G, Stincardini C, D'Onofrio F, et al.
Thymosin alpha 1 exerts beneficial extrapulmonary effects in cystic fibrosis. Eur ] Med
Chem. (2021) 209:112921. doi: 10.1016/j.ejmech.2020.112921

55. Haritos AA, Tsolas O, Horecker BL. Distribution of prothymosin alpha in rat
tissues. Proc Natl Acad Sci USA. (1984) 81:1391-3. doi: 10.1073/pnas.81.5.1391

56. Grottesi A, Sette M, Palamara T, Rotilio G, Garaci E, Paci M. The conformation of
peptide thymosin alpha 1 in solution and in a membrane-like environment by circular
dichroism and NMR spectroscopy. A possible model for its interaction with the
lymphocyte membrane. Peptides. (1998) 19:1731-8. doi: 10.1016/S0196-9781(98)00132-6

57. Mandaliti W, Nepravishta R, Pica E, Vallebona PS, Garaci E, Paci M. Potential mechanism
of thymosin-al-membrane interactions leading to pleiotropy: experimental evidence and
hypotheses. Expert Opin Biol Ther. (2018) 18:33-42. doi: 10.1080/14712598.2018.1456527

58. Nepravishta R, Mandaliti W, Eliseo T, Sinibaldi Vallebona P, Pica F, Garaci E, et al.
Thymosin al inserts N terminus into model membranes assuming a helical conformation.
Expert Opin Biol Ther. (2015) 15:S71-81. doi: 10.1517/14712598.2015.1009034

59. Matteucci C, Argaw-Denboba A, Balestrieri E, Giovinazzo A, Miele M, D'Agostini
C, et al. Deciphering cellular biological processes to clinical application: a new
perspective for Tal treatment targeting multiple diseases. Expert Opin Biol Ther. (2018)
18:23-31. doi: 10.1080/14712598.2018.1474198

60. Yi S, Boys BL, Brickenden A, Konermann L, Choy WY. Effects of zinc binding on
the structure and dynamics of the intrinsically disordered protein prothymosin alpha:
evidence for metalation as an entropic switch. Biochemistry. (2007) 46:13120-30. doi:
10.1021/bi7014822

61. Moses D, Ginell GM, Holehouse AS, Sukenik S. Intrinsically disordered regions
are poised to act as sensors of cellular chemistry. Trends Biochem Sci. (2023) 48:1019-34.
doi: 1041016/j.tibs.2023408.001

62. Wright PE, Dyson HJ. Intrinsically disordered proteins in cellular signalling and
regulation. Nat Rev Mol Cell Biol. (2015) 16:18-29. doi: 10.1038/nrm3920

63. Banani SE, Lee HO, Hyman AA, Rosen MK. Biomolecular condensates: organizers
of cellular biochemistry. Nat Rev Mol Cell Biol. (2017) 18:285-98. doi: 10.1038/nrm.2017.7

64. Romani L, Bistoni F, Montagnoli C, Gaziano R, Bozza S, Bonifazi P, et al. Thymosin
alphal: an endogenous regulator of inflammation, immunity, and tolerance. Ann N Y
Acad Sci. (2007) 1112:326-38. doi: 10.1196/annals.1415.002

65. Pierluigi B, D'Angelo C, Fallarino F, Moretti S, Zelante T, Bozza S, et al. Thymosin
alphal: the regulator of regulators? Ann N Y Acad Sci. (2010) 1194:1-5. doi:
10.1111/j.1749-6632.2010.05465.x

66. Bellet MM, Renga G, Pariano M, Stincardini C, D'Onofrio F, Goldstein AL, et al.
COVID-19 and beyond: reassessing the role of thymosin alphal in lung infections. Int
Immunopharmacol. (2023) 117:109949. doi: 10.1016/j.intimp.2023.109949

67. Costantini C, Bellet MM, Pariano M, Renga G, Stincardini C, Goldstein AL, et al.

A reappraisal of Thymosin Alphal in Cancer therapy. Front Oncol. (2019) 9:873. doi:
10.3389/fonc.2019.00873

68. Serafino A, Pierimarchi P, Pica E Andreola F, Gaziano R, Moroni N, et al.
Thymosin alphal as a stimulatory agent of innate cell-mediated immune response. Ann
NY Acad Sci. (2012) 1270:13-20. doi: 10.1111/j.1749-6632.2012.06707.x

frontiersin.org


https://doi.org/10.3389/fmed.2024.1388959
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/s41581-023-00705-0
https://doi.org/10.1038/nbt1007-1110
https://doi.org/10.1039/C5NP00005J
https://doi.org/10.3389/fendo.2019.00851
https://doi.org/10.1002/minf.201700048
https://doi.org/10.1038/nchembio.118
https://doi.org/10.1371/journal.pcbi.1002820
https://doi.org/10.1016/j.drudis.2017.12.001
https://doi.org/10.1016/j.phrs.2016.06.018
https://doi.org/10.1016/j.phrs.2016.06.018
https://doi.org/10.1016/S0021-9258(17)37900-0
https://doi.org/10.1073/pnas.56.3.1010
https://doi.org/10.1517/14712590902911412
https://doi.org/10.1196/annals.1415.039
https://doi.org/10.1517/14712598.2015.1033393
https://doi.org/10.1016/j.bioorg.2019.04.003
https://doi.org/10.31083/j.fbl2702048
https://doi.org/10.1016/S1567-5769(01)00139-4
https://doi.org/10.1007/s10495-015-1138-9
https://doi.org/10.1038/sj.embor.7400433
https://doi.org/10.1111/j.1749-6632.2012.06716.x
https://doi.org/10.1002/1521-4141(200003)30:3<778::AID-IMMU778>3.0.CO;2-I
https://doi.org/10.1002/1521-4141(200003)30:3<778::AID-IMMU778>3.0.CO;2-I
https://doi.org/10.2147/OTT.S177943
https://doi.org/10.2147/OTT.S177943
https://doi.org/10.1016/0162-3109(96)00131-2
https://doi.org/10.1016/j.intimp.2023.110113
https://doi.org/10.1007/s00726-016-2169-4
https://doi.org/10.1021/acs.biochem.5b01345
https://doi.org/10.1021/acs.biochem.5b01345
https://doi.org/10.3390/molecules22111843
https://doi.org/10.1182/blood-2006-02-004762
https://doi.org/10.1182/blood-2003-11-4036
https://doi.org/10.1093/intimm/dxm097
https://doi.org/10.1002/tox.22765
https://doi.org/10.3389/fimmu.2023.1237978
https://doi.org/10.1038/nm.4305
https://doi.org/10.1080/14712598.2018.1484103
https://doi.org/10.1016/j.ejmech.2020.112921
https://doi.org/10.1073/pnas.81.5.1391
https://doi.org/10.1016/S0196-9781(98)00132-6
https://doi.org/10.1080/14712598.2018.1456527
https://doi.org/10.1517/14712598.2015.1009034
https://doi.org/10.1080/14712598.2018.1474198
https://doi.org/10.1021/bi7014822
https://doi.org/10.1016/j.tibs.2023.08.001
https://doi.org/10.1038/nrm3920
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1196/annals.1415.002
https://doi.org/10.1111/j.1749-6632.2010.05465.x
https://doi.org/10.1016/j.intimp.2023.109949
https://doi.org/10.3389/fonc.2019.00873
https://doi.org/10.1111/j.1749-6632.2012.06707.x

Garaci et al.

69. King R, Tuthill C. Inmune modulation with Thymosin alpha 1 treatment. Vitam
Horm. (2016) 102:151-78. doi: 10.1016/bs.vh.2016.04.003

70. Dominari A, Hathaway Iii D, Pandav K, Matos W, Biswas S, Reddy G, et al.
Thymosin alpha 1: a comprehensive review of the literature. World ] Virol. (2020)
9:67-78. doi: 10.5501/w;jv.v9.i5.67

71. Armutcu F, Coskun O, Gurel A, Kanter M, Can M, Ucar F, et al. Thymosin alpha
1 attenuates lipid peroxidation and improves fructose-induced steatohepatitis in rats.
Clin Biochem. (2005) 38:540-7. doi: 10.1016/j.clinbiochem.2005.01.013

72. Turrini P, Tirassa P, Vigneti E, Aloe L. A role of the thymus and thymosin-
alphal in brain NGF levels and NGF receptor expression. | Neuroimmunol. (1998)
82:64-72. doi: 10.1016/S0165-5728(97)00189-6

73. Yang S, Liu ZW, Zhou WX, Zhang YX. Thymosin alpha-1 modulates excitatory
synaptic transmission in cultured hippocampal neurons in rats. Neurosci Lett. (2003)
350:81-4. doi: 10.1016/S0304-3940(03)00862-0

74. Sargent DE, Schwyzer R. Membrane lipid phase as catalyst for peptide-receptor
interactions. Proc Natl Acad Sci USA. (1986) 83:5774-8. doi: 10.1073/pnas.83.16.5774

75. Rost KL, Wierich W, Masayuki F, Tuthill CW, Horwitz DL, Herrmann WM.
Pharmacokinetics of thymosin alphal after subcutaneous injection of three different
formulations in healthy volunteers. Int | Clin Pharmacol Ther. (1999) 37:51-7.

76. Billich A. Thymosin alphal. SciClone pharmaceuticals. Curr Opin Investig Drugs.
(2002) 3:698-707.

77.Pica F, Chimenti MS, Gaziano R, Bué C, Casalinuovo IA, Triggianese P, et al.
Serum thymosin a 1 levels in patients with chronic inflammatory autoimmune diseases.
Clin Exp Immunol. (2016) 186:39-45. doi: 10.1111/cei.12833

78. Dinetz E, Lee E. Comprehensive review of the safety and efficacy of Thymosin
alpha 1 in human clinical trials. Altern Ther Health Med. (2024) 30:6-12.

79. Espinar-Buitrago MS, Vazquez-Alejo E, Magro-Lopez E, Tarancon-Diez L, Leal
M, Munoz-Fernandez MA. Immune modulation via dendritic cells by the effect of
Thymosin-alpha-1 on immune synapse in HCMYV infection. Int Immunopharmacol.
(2023) 125:111103. doi: 10.1016/j.intimp.2023.111103

80. Tao N, Xu X, Ying Y, Hu S, Sun Q, Lv G, et al. Thymosin alphal and its role in viral
infectious diseases: the mechanism and clinical application. Molecules. (2023) 28:3539.
doi: 10.3390/molecules28083539

81. Wu X, Shi Y, Zhou J, Sun Y, Piao H, Jiang W, et al. Combination of entecavir with
thymosin alpha-1 in HBV-related compensated cirrhosis: a prospective multicenter
randomized open-label study. Expert Opin Biol Ther. (2018) 18:61-9. doi:
10.1080/14712598.2018.1451511

82. Naylor PH, Mutchnick MG. Immunotherapy for hepatitis B in the direct acting
antiviral era: reevaluating the thymosin al efficacy trials in the light of a combination
therapy approach. J Viral Hepat. (2018) 25:4-9. doi: 10.1111/jvh.12807

83. Sherman KE. Thymosin alpha 1 for treatment of hepatitis C virus: promise and
proof. Ann N'Y Acad Sci. (2010) 1194:136-40. doi: 10.1111/j.1749-6632.2010.05460.x

84. Matteucci C, Grelli S, Balestrieri E, Minutolo A, Argaw-Denboba A, Macchi B,
et al. Thymosin alpha 1 and HIV-1: recent advances and future perspectives. Future
Microbiol. (2017) 12:141-55. doi: 10.2217/fmb-2016-0125

85.Liu E Wang HM, Wang T, Zhang YM, Zhu X. The efficacy of thymosin al as
immunomodulatory treatment for sepsis: a systematic review of randomized controlled
trials. BMC Infect Dis. (2016) 16:488. doi: 10.1186/s12879-016-1823-5

86.Li C, Bo L, Liu Q, Jin E. Thymosin alphal based immunomodulatory therapy for
sepsis: a systematic review and meta-analysis. Int ] Infect Dis. (2015) 33:90-6. doi:
10.1016/.ijid.2014.12.032

87. Shang W, Zhang B, Ren Y, Wang W, Zhou D, Li Y. Thymosin alphal use in adult
COVID-19 patients: a systematic review and meta-analysis on clinical outcomes. Int
Immunopharmacol. (2023) 114:109584. doi: 10.1016/j.intimp.2022.109584

88. Ricci D, Etna MP, Severa M, Fiore S, Rizzo F, Iannetta M, et al. Novel evidence of
Thymosin al immunomodulatory properties in SARS-CoV-2 infection: effect on innate
inflammatory response in a peripheral blood mononuclear cell-based in vitro model. Int
Immunopharmacol. (2023) 117:109996. doi: 10.1016/j.intimp.2023.109996

89. Espinar-Buitrago MS, Tarancon-Diez L, Vazquez-Alejo E, Magro-Lopez E,
Genebat M, Romero-Candau F, et al. The use of alpha 1 thymosin as an
immunomodulator of the response against SARS-Cov2. Immun Ageing. (2023) 20:32.
doi: 10.1186/s12979-023-00351-x

90. Tuthill CW, Awad A, Parrigon M, Ershler WB. A pilot trial of Thymalfasin (Tal)
to prevent covid-19 infection and morbidities in renal dialysis patients: preliminary
report. Int Immunopharmacol. (2023) 117:109950. doi: 10.1016/j.intimp.2023.109950

91. Minutolo A, Petrone V, Fanelli M, Maracchioni C, Giudice M, Teti E, et al.
Thymosin alpha 1 restores the immune homeostasis in lymphocytes during post-acute
sequelae of SARS-CoV-2 infection. Int Immunopharmacol. (2023) 118:110055. doi:
10.1016/j.intimp.2023.110055

92. Shehadeh F, Benitez G, Mylona EK, Tran QL, Tsikala-Vafea M, Atalla E, et al. A
pilot trial of Thymalfasin (Thymosin-alpha-1) to treat hospitalized patients with
hypoxemia and Lymphocytopenia due to coronavirus disease 2019 infection. J Infect Dis.
(2023) 227:226-35. doi: 10.1093/infdis/jiac362

93. Soeroto AY, Suryadinata H, Yanto TA, Hariyanto TI. The efficacy of thymosin
alpha-1 therapy in moderate to critical COVID-19 patients: a systematic review, meta-

Frontiers in Medicine

10

10.3389/fmed.2024.1388959

analysis, and meta-regression. Inflammopharmacology. (2023) 31:3317-25. doi: 10.1007/
510787-023-01354-2

94. Bai H, Liang L, Qi X, Xu Y, Liu Y, Ren D, et al. Thymosin alphal modulated the immune
landscape of COVID-19 patients revealed by single-cell RNA and TCR sequencing. Int
Immunopharmacol. (2023) 124:110983. doi: 10.1016/j.intimp.2023.110983

95. Wang Z, Wang C, Fei X, Wu H, Niu P, Shen C. Thymalfasin therapy accelerates
COVID-19 pneumonia rehabilitation through anti-inflammatory mechanisms.
Pneumonia (Nathan). (2023) 15:14. doi: 10.1186/s41479-023-00116-6

96. Huang C, Fei L, Xu W, Li W, Xie X, Li Q, et al. Efficacy evaluation of Thymosin
alpha 1 in non-severe patients with COVID-19: a retrospective cohort study based on
propensity score matching. Front Med (Lausanne). (2021) 8:664776. doi: 10.3389/
fmed.2021.664776

97. Shetty A, Chandrakant NS, Darnule RA, Manjunath BG, Sathe P. A double-blind
multicenter two-arm randomized placebo-controlled phase-III clinical study to evaluate
the effectiveness and safety of Thymosin alphal as an add-on treatment to existing
standard of care treatment in moderate-to-severe COVID-19 patients. Ind J Crit Care
Med. (2022) 26:913-9. doi: 10.5005/jp-journals-10071-24298

98. Sun Q, Xie J, Zheng R, Li X, Chen H, Tong Z, et al. The effect of thymosin alphal
on mortality of critical COVID-19 patients: a multicenter retrospective study. Int
Immunopharmacol. (2021) 90:107143. doi: 10.1016/j.intimp.2020.107143

99.Liu T, Liu S, Li T, Zhang J. Thymosin al use is not associated with reduced
COVID-19 mortality. Am ] Emerg Med. (2022) 53:252-3. doi: 10.1016/j.ajem.2021.04.043

100. Wang Z, Chen J, Zhu C, Liu L, Qi T, Shen Y, et al. Thymosin Alpha-1 has no
beneficial effect on restoring CD4+ and CD8+ T lymphocyte counts in COVID-19
patients. Front Immunol. (2021) 12:568789. doi: 10.3389/fimmu.2021.568789

101. Wang Y, Yan X, Huang C, Sun Y, Yao C, Lin Y, et al. Risk factors of mortality and
contribution of treatment in patients infected with COVID-19: a retrospective
propensity score matched study. Curr Med Res Opin. (2021) 37:13-9. doi:
10.1080/03007995.2020.1853508

102. Liu J, Shen Y, Wen Z, Xu Q, Wu Z, Feng H, et al. Efficacy of Thymosin alpha 1 in
the treatment of COVID-19: a multicenter cohort study. Front Immunol. (2021)
12:673693. doi: 10.3389/fimmu.2021.673693

103. Li X, Liu L, Yang Y, Yang X, Wang C, Li Y, et al. Gender-associated difference
following COVID-19 virus infection: implications for thymosin alpha-1 therapy. Int
Immunopharmacol. (2021) 90:107022. doi: 10.1016/j.intimp.2020.107022

104. Cong H, Wei Z, Wei W, Lei C, Jiwen Z, Fan Z, et al. Assessment the immune
function of aged patients before and after immunotherapy in severe sepsis. Med Res
Innovat. (2019) 3. doi: 10.15761/MRI.1000157

105. Garaci E, Pica E, Matteucci C, Gaziano R, D'Agostini C, Miele MT, et al. Historical
review on thymosin al in oncology: preclinical and clinical experiences. Expert Opin
Biol Ther. (2015) 15:S31-9. doi: 10.1517/14712598.2015.1017466

106. Garaci E, Pica F, Mastino A, Palamara AT, Belardelli F, Favalli C. Antitumor effect of
Thymosin al/Interleukin-2 or Thymosin al/interferon o,p following cyclophosphamide in
mice injected with highly metastatic friend Erythroleukemia cells. J Immunother Emphasis
Tumor Immunol. (1993) 13:7-17. doi: 10.1097/00002371-199301000-00002

107. Mastino A, Favalli C, Grelli S, Rasi G, Pica F, Goldstein AL, et al. Combination
therapy with thymosin alpha 1 potentiates the anti-tumor activity of interleukin-2 with
cyclophosphamide in the treatment of the Lewis lung carcinoma in mice. Int | Cancer.
(1992) 50:493-9. doi: 10.1002/ijc.2910500327

108. Guo CL, Mei JD, Jia YL, Gan FY, Tang YD, Liu CW, et al. Impact of thymosin ol
as an immunomodulatory therapy on long-term survival of non-small cell lung cancer
patients after RO resection: a propensity score-matched analysis. Chin Med J. (2021)
134:2700-9. doi: 10.1097/CM9.0000000000001819

109. Maio M, Mackiewicz A, Testori A, Trefzer U, Ferraresi V, Jassem J, et al. Large
randomized study of thymosin alpha 1, interferon alfa, or both in combination with
dacarbazine in patients with metastatic melanoma. J Clin Oncol. (2010) 28:1780-7. doi:
10.1200/JC0O.2009.25.5208

110. Garaci E, Pica F, Serafino A, Balestrieri E, Matteucci C, Moroni G, et al. Thymosin
al and cancer: action on immune effector and tumor target cells. Ann N'Y Acad Sci.
(2012) 1269:26-33. doi: 10.1111/§.1749-6632.2012.06697.x

111. Liu E Qiu B, Xi Y, Luo Y, Luo Q, Wu Y, et al. Efficacy of Thymosin al in
Management of Radiation Pneumonitis in patients with locally advanced non-small cell
lung Cancer treated with concurrent Chemoradiotherapy: a phase 2 clinical trial
(GASTO-1043). Int J Radiat Oncol Biol Phys. (2022) 114:433-43. doi: 10.1016/j.
ijrobp.2022.07.009

112. Feng Y, Zhu G, Lang S, Hao P, Li G, Chen E et al. The efficacy and safety of
epidermal growth factor receptor tyrosine kinase inhibitor combined with Thymosin in
advanced non-small cell lung Cancer patients harboring active epidermal growth factor
receptor mutations. Front Oncol. (2021) 11:659065. doi: 10.3389/fonc.2021.659065

113. Wei YT, Wang XR, Yan C, Huang F, Zhang Y, Liu X, et al. Thymosin -1 reverses
M2 polarization of tumor-associated macrophages during Efferocytosis. Cancer Res.
(2022) 82:1991-2002. doi: 10.1158/0008-5472.CAN-21-4260

114. Danielli R, Cisternino F, Giannarelli D, Calabro L, Camerini R, Savelli V; et al.
Long-term follow up of metastatic melanoma patients treated with Thymosin alpha-1:
investigating immune checkpoints synergy. Expert Opin Biol Ther. (2018) 18:77-83. doi:
10.1080/14712598.2018.1494717

frontiersin.org


https://doi.org/10.3389/fmed.2024.1388959
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/bs.vh.2016.04.003
https://doi.org/10.5501/wjv.v9.i5.67
https://doi.org/10.1016/j.clinbiochem.2005.01.013
https://doi.org/10.1016/S0165-5728(97)00189-6
https://doi.org/10.1016/S0304-3940(03)00862-0
https://doi.org/10.1073/pnas.83.16.5774
https://doi.org/10.1111/cei.12833
https://doi.org/10.1016/j.intimp.2023.111103
https://doi.org/10.3390/molecules28083539
https://doi.org/10.1080/14712598.2018.1451511
https://doi.org/10.1111/jvh.12807
https://doi.org/10.1111/j.1749-6632.2010.05460.x
https://doi.org/10.2217/fmb-2016-0125
https://doi.org/10.1186/s12879-016-1823-5
https://doi.org/10.1016/j.ijid.2014.12.032
https://doi.org/10.1016/j.intimp.2022.109584
https://doi.org/10.1016/j.intimp.2023.109996
https://doi.org/10.1186/s12979-023-00351-x
https://doi.org/10.1016/j.intimp.2023.109950
https://doi.org/10.1016/j.intimp.2023.110055
https://doi.org/10.1093/infdis/jiac362
https://doi.org/10.1007/s10787-023-01354-2
https://doi.org/10.1007/s10787-023-01354-2
https://doi.org/10.1016/j.intimp.2023.110983
https://doi.org/10.1186/s41479-023-00116-6
https://doi.org/10.3389/fmed.2021.664776
https://doi.org/10.3389/fmed.2021.664776
https://doi.org/10.5005/jp-journals-10071-24298
https://doi.org/10.1016/j.intimp.2020.107143
https://doi.org/10.1016/j.ajem.2021.04.043
https://doi.org/10.3389/fimmu.2021.568789
https://doi.org/10.1080/03007995.2020.1853508
https://doi.org/10.3389/fimmu.2021.673693
https://doi.org/10.1016/j.intimp.2020.107022
https://doi.org/10.15761/MRI.1000157
https://doi.org/10.1517/14712598.2015.1017466
https://doi.org/10.1097/00002371-199301000-00002
https://doi.org/10.1002/ijc.2910500327
https://doi.org/10.1097/CM9.0000000000001819
https://doi.org/10.1200/JCO.2009.25.5208
https://doi.org/10.1111/j.1749-6632.2012.06697.x
https://doi.org/10.1016/j.ijrobp.2022.07.009
https://doi.org/10.1016/j.ijrobp.2022.07.009
https://doi.org/10.3389/fonc.2021.659065
https://doi.org/10.1158/0008-5472.CAN-21-4260
https://doi.org/10.1080/14712598.2018.1494717

Garaci et al.

115. Renga G, Bellet MM, Pariano M, Gargaro M, Stincardini C, D'Onofrio F, et al.
Thymosin al protects from CTLA-4 intestinal immunopathology. Life Sci Alliance.
(2020) 3:€202000662. doi: 10.26508/1sa.202000662

116. Severa M, Zhang J, Giacomini E, Rizzo E, Etna MP, Cruciani M, et al. Thymosins
in multiple sclerosis and its experimental models: moving from basic to clinical
application. Mult Scler Relat Disord. (2019) 27:52-60. doi: 10.1016/j.msard.2018.09.035

117. Pica F, Gaziano R, Casalinuovo IA, Moroni G, Bué C, Limongi D, et al. Serum
thymosin alpha 1 levels in normal and pathological conditions. Expert Opin Biol Ther.
(2018) 18:13-21. doi: 10.1080/14712598.2018.1474197

118. Tuthill C, Rios I, McBeath R. Thymosin alpha 1: past clinical experience and future
promise. Ann N'Y Acad Sci. (2010) 1194:130-5. doi: 10.1111/j.1749-6632.2010.05482.x

119. Manusama O, Singh S, Brooimans RA, Wijkhuijs A, van der Ent M, Drexhage
HA, et al. Reduced numbers of naive CD4 + T cells and an altered CD4/CDS8 balance in
depressed common variable immune deficiency (CVID) patients. Is thymosin-al a
possible treatment? Int Immunopharmacol. (2023) 119:110168. doi: 10.1016/j.
intimp.2023.110168

120. Quagliata M, Papini AM, Rovero P. Therapeutic applications of thymosin
peptides: a patent landscape 2018-present. Expert Opin Ther Pat. (2023) 33:865-73. doi:
10.1080/13543776.2023.2298833

121. Fosgerau K, Hoffmann T. Peptide therapeutics: current status and future
directions. Drug Discov Today. (2015) 20:122-8. doi: 10.1016/j.drudis.2014.10.003

Frontiers in Medicine

11

10.3389/fmed.2024.1388959

122. Binder U, Skerra A. PASylated Thymosin al: a long-acting imamunostimulatory
peptide for applications in oncology and virology. Int J Mol Sci. (2020) 22:124. doi:
10.3390/ijms22010124

123. Wang E, Yu T, Zheng H, Lao X. Thymosin Alphal-fc modulates the immune
system and Down-regulates the progression of melanoma and breast Cancer with a
prolonged half-life. Sci Rep. (2018) 8:12351. doi: 10.1038/541598-018-30956-y

124. Ren Y, Yao X, Dai H, Li S, Fang H, Chen H, et al. Production of Na-acetylated
thymosin «l in Escherichia coli. Microb Cell Factories. (2011) 10:26. doi:
10.1186/1475-2859-10-26

125. Shao C, Tian G, Huang Y, Liang W, Zheng H, Wei ], et al. Thymosin alpha-1-
transformed Bifidobacterium promotes T cell proliferation and maturation in mice by
oral administration. Int Immunopharmacol. (2013) 15:646-53. doi: 10.1016/j.
intimp.2012.12.031

126. Marcucci E Romeo E, Caserta CA, Rumio C, Lefoulon F. Context-dependent
pharmacological effects of metformin on the immune system. Trends Pharmacol Sci.
(2020) 41:162-71. doi: 10.1016/j.tips.2020.01.003

127. Janicot R, Maziarz M, Park JC, Zhao ], Luebbers A, Green E, et al. Direct
interrogation of context-dependent GPCR activity with a universal biosensor platform.
Cell. (2024) 187:1527-1546.€25. doi: 10.1016/j.cell.2024.01.028

128. Noble D. It's time to admit that genes are not the blueprint for life. Nature. (2024)
626:254-5. doi: 10.1038/d41586-024-00327-x

frontiersin.org


https://doi.org/10.3389/fmed.2024.1388959
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.26508/lsa.202000662
https://doi.org/10.1016/j.msard.2018.09.035
https://doi.org/10.1080/14712598.2018.1474197
https://doi.org/10.1111/j.1749-6632.2010.05482.x
https://doi.org/10.1016/j.intimp.2023.110168
https://doi.org/10.1016/j.intimp.2023.110168
https://doi.org/10.1080/13543776.2023.2298833
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.3390/ijms22010124
https://doi.org/10.1038/s41598-018-30956-y
https://doi.org/10.1186/1475-2859-10-26
https://doi.org/10.1016/j.intimp.2012.12.031
https://doi.org/10.1016/j.intimp.2012.12.031
https://doi.org/10.1016/j.tips.2020.01.003
https://doi.org/10.1016/j.cell.2024.01.028
https://doi.org/10.1038/d41586-024-00327-x

	Phenotypic drug discovery: a case for thymosin alpha-1
	1 Phenotypic drug discovery
	2 Beyond the reductionist approach of a drug’s modes of action
	3 From systems biology to network pharmacology
	4 Can thymosin alpha-1 be considered as one instance of phenotypic drug discovery?
	5 Tα1 in physiology
	6 Potency and pharmacokinetics implications
	7 Tα1 in medicine
	7.1 Infectious diseases
	7.2 Cancer
	7.3 Autoimmune diseases
	7.4 Immunodeficiency disorders
	7.5 Other disorders

	8 Conclusion
	Author contributions

	References

