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Introduction: Thymosin B4 (TB4), a multifunctional peptide, has been used
successfully in several clinical trials involving tissue repair and regeneration.
The review will first update the current information on the common underly-
ing cellular cascades and pathways that are basic to TB4's regenerative activity
and second, on the current and potential uses of this protein in the clinic.
Areas covered: Significant advances in our understanding of the actions of
TB4 have occurred in directing stem cell maturation and in regeneration and
repair of injuries. Many of its activities directly affect the repair cascade fol-
lowing injury. Using PubMed, we summarize the discovery and isolation of
TB4 as well as the studies on tissue repair, which have provided the scientific
foundation for ongoing and projected trials in the treatment of eye injuries,
dermal wounds, repair of the heart following myocardial infarction and
healing of the brain following stroke, trauma or neurological diseases.
Expert opinion: Based on its multifunctional activities during tissue regenera-
tion in various animal studies, T4 has the potential for new clinical applications
such kidney and liver disease, as well as repair of spinal cord, bone and liga-
ment damage. In addition, it may be useful in the treatment of a wide range
of other applications, including the consequences of aging and viral infections.

Keywords: angiogenesis, apoptosis, endothelial progenitor cells, fibrosis, inflammation,

ischemic injury, migration, regeneration, scar formation, thymosin B4, tissue repair
Expert Opin. Biol. Ther. [Early Online]

1. Introduction: thymosin fraction 5 and the discovery
of thymosin 4

Thymosin B4 (TPs) was firsc identified as a biologically active component of
thymosin fraction 5 (TF5), in 1981 []. The yield of TP4 from TF5 is ~ 1%.
TF5 also contains a family of other biologically active heat-stable peptides that
modulate T-cell responses and stimulate the maturation of T-cells [2]. Several of
these peptides, including Thymosin 0 (3], Thymosin B¢ 4] and Thymosin B;s
5], have been studied extensively in both the lab and clinic. The biologically active
thymosin peptides found in TF5 belong to the family of biological response
modifiers (BRMs), which are now known to regulate a large number of immune
responses and also participate in the repair and regeneration of tissues following
injury.

In 1974, TF5 was the first thymic preparation to be used clinically in the treatment
of children with DiGeorge Syndrome and with a number of life-threatening primary
immune deficiency diseases. After going through a university-based (University of
Texas Medical Branch, Galveston, TX) scale-up and requisite preclinical toxicology
and safety studies, in 1974 the FDA allowed a New Drug Application in the USA
to use TF5 to treat children with life-threatening primary immunodeficiency diseases.
In April 1974, the first clinical trial with TF5 began under the clinical direction of
Arthur Ammann, the Director of Pediatric Immunology at the University of Califor-
nia San Francisco Medical School. Dr. Amman’s very first patient treated with
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Article highlights.

e Thymosin B4 (TB4) is one of the active components of a
thymus gland extract.

e TB4 has multiple active sites that regulate important
activities for tissue repair and regeneration, including
anti-inflammation, cytoprotection, anti-apoptosis, cell
migration, promotion of stem cell recruitment and
differentiation, increased laminin 5 synthesis and
reduced scar formation.

e TB4 has a very strong safety profile both as a topical

agent and with an injectable formulation in Phase |

clinical trials.

In animal models, T4 was effective in repairing the eye,

skin, nervous system, cardiovascular system, and so on.

In human Phase I trials, it was safe, well tolerated, and

showed efficacy in dry eye and in dermal

wound patients.

This box summarizes key points contained in the article.

TF5 was a 5 year old girl with DiGeorge Syndrome, presenting
with a body weight of 26 Ibs, with extremely low numbers of
T-cells, and with overwhelming infections. In a landmark
paper published in 1975 in the New England Journal of Medi-
cine, the results of the use of TF5 to treat children with a variety
of PIDs were first reported [6]. The patient was identified after
lab bench 77 vitro incubation with TF5 of the patient’s white
blood cells increased the number of T-cell rosettes from 15 to
48%. After starting therapy with TF5, T-cell rosettes increased
to 50% by 2 weeks, and by 3 weeks to 55%. In addition, many
of the patient’s infections cleared and her symptoms improved,
including development of a positive response to delayed hyper-
sensitivity skin tests, weight gain, and clinical improvement.
The dramatic recovery of the patient received significant cover-
age in the medical as well as in the lay press worldwide and
heightened scientific and public interest in the use of biological
response modifier (BRM) in clinical medicine.

2. Early translational studies with TF5 to treat
other life-threatening diseases and injuries

Since the early pre-clinical and clinical studies with TF5, in
patients with PIDs 6], cancer [7.8], infectious diseases [9], and
autoimmune diseases [10], the major biochemical focus of
research with TF5 has been in purifying and characterizing
the biologically active components in TF5 responsible for
the clinical effects observed and in translating these studies
from the lab bench to the clinic. In these initial studies,
TF5 was found to modulate a number of T-cell mediated
responses, reduce infections, and improve clinical responses.

3. TB4: activities and mechanisms of action

One of the major active components in TF5 is TB4. As shown
in Figure 1, TP is acetylated at the N-terminal serine position.
It is a peptide of 43 amino acids and is the first of the

synthesized B-thymosins to reach the clinic [1,111. Many of
TB4’s pleotrophic biological activities are now known to be
defined by its active sites. Table 1 summarizes the biological
activities and defined mechanisms of action of TPy. Its activ-
ities directly affect the repair and regeneration cascade follow-
ing injury. Reducing inflammation is important in preventing
tissue damage and fibrosis. T4 down-regulates NFKB [11,12]
and reduces the levels of a large number of inflammatory che-
mokines and cytokines [12-15]. Furthermore, ROS (reactive
oxygen species) are also reduced with T4 treatment [16].
TP4 decreases apoptosis and protects cells from damaging
agents released from the injured tissue. TP, also decreases
the infiltration of scar-forming cells, the myofibroblasts [17].
Clearly the promotion of cell migration by TPy is important
in tissue regeneration and likely involves the ability of T4
to bind actin. For example, keratinocyte migration is impor-
tant for dermal wounds, and corneal epithelial cell migration
is important for corneal repair. T4 also increases the quality
of the repaired skin and eye outer layers by increasing
laminin-5 synthesis, which is important in cell-cell and
cell-substratum contacts [18]. Thus, the healed tissue is stron-
ger and loss of fluid and entry of bacteria are prevented. T4
increases angiogenesis, an important early part of tissue repair
involving re-oxygenating tissues (most wounds are hypoxic)
and waste removal [19]. Endothelial progenitor cells (EPCs)
are recruited by TP4 and their release of trophic factors,
including VEGF, and differentiation is enhanced by TP in
the wound [19]. Early studies demonstrated a role in angiogen-
esis using in vitro and n vivoe angiogenesis assays [19]. The
increase in angiogenesis also accelerates subsequent steps in
repair, such as the deposition of collagen [20,21]. As illustrated
in Figure 2, the known and newly emerging clinical applica-
tions of TP are expanding. TB4’s pleiotropic biological activ-
ities on wound healing and repair and have provided the
scientific foundation for ongoing and projected human trials.
Indications for treatment include dermal wounds [22-25], eye
injuries [11,25], including severe dry eye [26,27] and neurotropic
keratitis (28], and repair of the heart following a heart
attack [29-31]. Ongoing animal studies presented elsewhere in
these proceedings indicate that T4 may also be useful in
treating brain injuries following stroke [32], trauma [33] or neu-
rological diseases, such as multiple sclerosis [34] as well as
peripheral neuropathies [35].

4. TB4: clinical application in the treatment
of pressure and venous stasis ulcers and
epidermolysis bullosa

No agent has yet been identified that has more than mar-
ginal activity in patients with chronic wounds in humans.
In the absence of an effective drug, simple cleansing,
debriding and good wound care is still the primary treat-
ment available. However, such good wound care provides
only a slow and in many cases modest healing. Molecular
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e Anti-inflammatory * Anti-apoptotic

¢ Anti-fibrotic ¢ Protects from cytotoxicity

o Stimulates epicardium-derived
progenitor cells 17 -23 40 -43

* Inhibits bone marrow cell e Actin binding * Increases embryonic cardic
differentiation * Promotes hair growth cell migration

¢ Decreases TNF-o release by * Improves dermal wound * Increases heart function post-
macrophages healing ischemia

* Suppresses Smad activation * Stimulates angiogenesis
(blocks TGF-B signaling) * Induces mest cell exocytosis

Figure 1. Biological activities defined by active sites. The sequence of thymosin B4 is shown with the location of active sites
indicated. There is also a lot of the activities found in various fragments.
The figure is adapted from data presented in [43] but has additional new activities.

Table 1. Biological activities and defined mechanism(s) of action of thymosin B,.

Activity

Mechanism

Reduces senescence of endothelial progenitor cells
Reduces inflammation

Reduces inflammation

Promotes cells from injury

Promotes angiogenesis

Promotes stem cell recruitment/differentiation

Reduces apoptosis

Accelerates laminin-5 synthesis

Reduces scar formation/better organized collagen fibrils

Modulation of P13K/AKT/eNos signaling

Down-regulates inflammatory mediators Inhibits activation of NFkf3
Modulates active polymerization sequences G-actin

Reduces ROS/increases antioxidant proteins

Increases VEGF synthesis

Increases cell migration/maturation

Increases anti-apoptotic enzymes/decreases Bax/Bcl2 ratios

Activates gene for laminin-5 synthesis

Reduces infiltration of myofibroblasts

analysis of chronic wounds indicates that there is no short-
age of growth factors in the wound site, but rather an over-
abundance of inflammatory cytokines and chemokines due
to the dysregulation of the normal cycle of inflammation,
proliferation, and remodeling that must occur if a wound
is to heal.

As summarized in Table 2, a Phase I safety study using a gel
formulation of TP4; (RGN-137) was completed in 2009. In
this study of 15 health volunteers, T4 was found to be safe

and well tolerated. Following this trial, two multi-center trials
in 144 patients with stage III and IV pressure ulcers were
carried out. Early Phase II multicenter, double-blind,
placebo-controlled trials evaluating the safety, tolerability
and wound-healing effectiveness of TR, have been conducted
in the USA and in Europe in patients with stage III/IV pres-
sure ulcers [36] and venous stasis ulcers [37] using three escalat-
ing doses of TP4 applied once daily for up to 84 days
(Table 2). In both studies, it was observed that the middle
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Liver: fibrosis/improve
function

Lung: pulmonary
hypertension/fibrosis

Kidney: fibrosis/glomerular

damage

Bones and ligaments:
fracture/ligament healing

Thymosin B,

Skin: ulcerations,
wounds/burns

Eye: dry eye, wounds/burns,
infection, chemical injuries

Brain:
stroke, trauma, MS

Heart: myocardial infarction
chronic heart failure

Figure 2. Known and newly emerging clinical applications of thymosin 4. Shown schematically are various organs and the
injuries that have been found to be repaired or affected by thymosin 4.

The figure is adapted from [27] but has additional new indications.

Table 2. Results of thymosin B, dermal clinical trials.

Phase | dermal safety-completed 2009

15 healthy volunteers, 4 doses

Safe and well-tolerated

Phase Il stage Il and IV pressure ulcers-completed 2011
72-patient trial at 19 US sites

Randomized, double-blind, dose-escalation (3 doses + placebo), 84-day treatment

Safe and well-tolerated

Trend toward increased rate of healing at 0.02% dose median time to healing 22 vs 57 days

Phase Il venous stasis ulcers-completed 2011
72-patient trial at 10 European sites

Randomized, double-blind, dose-escalation (three doses and placebo), 84-day treatment

Safe and well-tolerated

Statistically significant increased rate of healing at 0.03% dose, median time to healing39 vs 71 days
Phase Il epidermolysis bullosa - partially funded by FDA under Orphan Drug

30-patients treated at 12 US sites, completed 2013

Randomized, double-blind, dose-escalation (three doses and placebo), 56-day treatment

Safe and well-tolerated

Trend toward increased rate of healing at 0.03% dose (mid dose), at day 14 wound size decreased by 57 vs 30% (p = 0.0149)

dose of TP accelerated the rate of wound closure. The obser-
vation that the drug was safely tolerated and that the mid-dose
(0.02/0.03%) accelerated the rate of wound closure has pro-
vided a promising framework for the development of future
trials in dealing with chronic wounds. A recently completed
trial of TPy in patients with Epidermolysis Bullosa (EB) has

found similar effects and at the same dose (0.03%) of T4
in accelerating the early closure of wounds (38]. Furthermore,
there were no adverse events in the EB patients who represent
a very fragile population, and many patients in the study were
children, thus further demonstrating the safety profile of this
peptide in humans.
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Phase Il neurotrophic keratitis-completed 2009

9 patients with neurotrophic keratitis who had lesions that had not healed in 6 weeks prior to trial

Physician sponsored 28 day trial

Safe and well tolerated

Statistically significant healing/improvement

56 day follow-up showed lasting effect

Dunn, Archiv. Opthalmol, 2010

Phase Il moderate dry eye trial-completed 2012
72 patients in 28 day trial

Safe and well tolerated

Statistically significant sign (size of lesion) and symptom (patient comfort) improvements in patients

Pending ocular trials

Phase Ill for neurotrophic keratitis (approved for orphan drug use by FDA) in USA in 2015
Phase Il for dry eye to be conducted in China, Investigational New Drug application, submitted
Phase Il or Il for severe dry eye to be conducted in Korea, Investigational New Drug application, in preparation

5. TB4: clinical application in the treatment
and repair of dry eye and neurotropic
keratitis

There is only one approved treatment available in the
United States for patients with dry eye. It requires 6 months
of treatment and is effective in only a small percentage of
patients. Therefore, there is an unmet need for a treatment
that is rapid and has efficacy. To date, several compassionate
Phase II trials of TP (RGN-259) have been carried out in
patients with diabetic victrectomy [11], dry eye [2627], and
neurotropic keratitis [28]. The results from these trials have
been promising and are summarized in Table 3. The patients
experienced no adverse events and had significant improve-
ment in both the signs (area of lesion size reduced) and the
symptoms (less pain or irritation) of the disease. The patients
with long standing eye injuries responded well to this treat-
ment also with no adverse events. Plans are now underway to
initiate late stage clinical trials in patients with dry eye and
neurotropic  keratitis  to  confirm  and  extend
current observations.

6. Potential clinical applications

The ability of TRy to reduce scarring [29,30] points to a number
of additional activities in treating autoimmune and inflamma-
tory diseases, including liver fibrosis (391, kidney glomerular
disease [40], and a number of other metabolic disorders associ-
ated with the aging process. Of particular interest with regard
to the potential role of TP, in aging is the observation that
the levels of TB4 in human tears and in saliva decrease signif-
icantly with age [41] and that in vitro addition of TP in pre-
liminary studies can reduce the senescence of EPCs in a
concentration-dependent manner [42]. In this later study, it
was also observed that TPy increased telomerase activity and
the expression of telomerase reverse transcriptase mRNA in
EPCs. Given the important role of telomerase in maintaining

the length of the telomeres and its known association with the
aging process, the use of TP as a novel therapeutic approach
to deal with a number of age-associated diseases, including
diseases associated with increased cellular senescence, such as
dry eye, atherosclerosis, and heart disease, are emerging as
new potential clinical opportunities and are currently under
investigation.

7. Conclusion

The advances in our understanding of the roles of the TPy in
health and diseases have enabled us to move its application
rapidly into the clinic. This protein has multiple functions
and specific functional sites that are important in the tissue
repair and regeneration cascade. In early clinical trials, T4
has shown clinical activities in accelerating the healing of
chronic wounds and in the treatment of severe dry eye and
neurotropic keratitis. The gene for TPy is known to be up-
regulated in cells and in tissues following tissue injury and is
known to be essential during normal cellular activities and
growth. Thus, TPy is a natural endogenous repair factor that
is normally activated during development and in tissue injury.
Based upon positive results observed in several animal models
following injury and trauma and the completion of Phase I
clinical trials with an intravenous formulation of TPy, clinical
trials are in the planning stage in patients following an acute
myocardial infarction, and in patients with brain injuries
and pathologies, such as trauma, stroke and MS. One or
more of these trials are expected to begin in 2015 with the
goal of confirming and extending the early clinical studies in
patients with neurotropic keratitis and severe dry eye.

8. Expert opinion

Now, almost 35 years after the original discovery of TP,
advances in genomics, proteomics, and gene therapy are rap-
idly amplifying our understanding of the important roles of
TP in both health and disease and its future potential. The
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promising results of early clinical trials in patients with mod-
erate to severe dry eye and with neurotropic keratitis have set
the stage for Phase II and Phase III trials, which are in the
planning stage. The availability of synthetic T4 has signifi-
cantly accelerated animal experimentation in the field and is
helping researchers to consider a number of new and novel
clinical applications following ischemic injuries and trauma.
These advances have also raised numerous new questions
and identified some weaknesses in our understanding of this
protein, such as the characterization of the TP, receptors,
the signaling events in the cell that modulate TB4 gene activa-
tion, the function of TP in the nucleus, and the specific func-
tion of the two other B-thymosins (TBio, TBis) found in
human cells. The high safety profile observed in Phase I clin-
ical trials of topical and injectable formulations and in
Phase I clinical trials in the skin and eye has also led to the
anticipation that TP will be safe and efficacious in a number
of other indications. Since the cascade of tissue healing and
regeneration involves common pathways in various disorders
and injuries, we speculate that TP will likely have wide uses
in the clinic in the near future. From a clinical perspective,
advances in the field suggest that given the ability to increase
telomerase activity, T4 may be useful in the treatment of a
number of difficult to treat life-threatening chronic diseases
of aging. In addition, the anti-inflammatory properties of
TR4 raise new opportunities to utilize this property to treat
septic shock as shown in an animal model [13] and potentially
the consequences of a number of serious viral diseases such as

Ebola that can induce end-organ failure and sepsis resulting
from a severe cytokine storm and a dysregulated immune
response to infection.
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