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AMMENDED ABSTRACT
Aims: Evaluate acceleration of healing of chronic wounds associated with
type 2 diabetes by ceragenin CSA-44 in an initial safety study followed by a
double-blinded, placebo controlled study. CSA-44 is a non-peptide mimic of
endogenous antimicrobial peptides with broad-spectrum antibacterial and
antifungal activity.
Materials and Methods: Studies were performed under approval by the
Health Research Committee of the national government of Samoa.
Ceragenin CSA-44 was prepared and formulated under cGMP conditions.
Treatment and placebo materials were prepared and labeled for twice-daily
application to chronic wounds > 3 cm2 on the lower extremities of patients
diagnosed with type 2 diabetes. Treatment continued for eight weeks with
four weeks of follow up observation. Wound size and depth was evaluated
using an Aranz camera.
Results: In the initial safety study, 10 patients were enrolled and treated with
ceragenin CSA-44 at two concentrations. Treatment continued for eight
weeks or until complete wound closure was observed. Wounds on all
enrolled patents fully closed before eight weeks. No adverse events were
observed with either dose.
Wound healing was comparable between
concentrations. In the follow up, blinded study, twelve patients completed
the study with no adverse events. Enrollment in the study is continuing, with
40 patients approved for enrollment in the study. An aggregated data set for
the first 14 patients will be available in mid-November.
Conclusions: Ceragenins were designed to mimic endogenous antimicrobial
peptides, including antimicrobial, anti-inflammatory and wound healing
activities. Twice-daily application of an aqueous formulation of ceragenin
CSA-44 gave no adverse events and substantial wound healing was
observed. Results from the blinded study will provide information about the
impact of the ceragenin on healing of chronic wounds in type 2 diabetics.

INTRODUCTION
Endogenous antimicrobial peptides (AMPs), such as the human cathelicidin
LL-37 (Figure 1), play key roles in innate immunity.1 For example, deficiencies
in cathelicidins have been correlated with an increase in persistent skin
infections,2 periodontal disease,3 and urinary tract infections in mice.4 Notably,
down regulation of LL-37 is associated with an increased risk of chronic wounds.
5 LL-37 displays broad-spectrum antimicrobial activity, including activity against
bacteria and fungi. In addition, this AMP inhibits inflammatory responses to
endotoxins and acts as a chemotactic agent for monocytes and neutrophils.6.7
Wound healing requires all of the actions of LL-37, including antimicrobial
activities and immunomodulatory and anti-inflammatory effects.8,9 That is,
effective wound healing requires decolonization of wound, cell migration into
wound beds and inhibition of inflammation.
Efforts to use LL-37 in accelerating wound healing have been complicated by
degradation of this linear peptide.9,10 In addition, clinical use is hampered by the
relatively high cost of large-scale production of this peptide. Ideally, the
antimicrobial and wound-healing properties of LL-37 would be replicated in a
smaller, stable compound that could be prepared inexpensively at a large scale.
That is, an ideal solution would involve simple, non-peptide mimics of AMPs.
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We have developed small-molecule mimics of LL-37 and AMPs, termed ceragenins.
Ceragenins are derived from a common bile acid and mimic the amphiphilic
morphology common to LL-37 and other AMPs (Figure 1).11 Antimicrobial peptides
generally adopt a facially amphiphilic conformation (as alpha helices or beta sheets),
and the ceragenins mimic this morphology. Ceragenins are relatively easy to prepare
and purify on a large scale; for example, ceragenin CSA-44 is prepared under cGMP
conditions at the 100 kg scale. Furthermore, because ceragenins are not peptide-based,
they are not substrates for proteases that limit the lifetimes of antimicrobial peptides.
Figure 1. Comparison of the morphologies of cathelicidin LL-37 and ceragenin CSA-44.
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In the initial safety study, two concentrations of CSA-44 were used: 0.050 and 0.20% in an aqueous
formulation containing propylene glycol (2.0%) and lactic acid (0.01%). The aqueous solutions were
packaged in spray bottles (500 mL). Study formulations were applied directly to wounds, and gauze
bandages were wetted with the formulations and used to cover wounds. Formulations were applied
twice daily until wounds healed. Enrollment criteria included: diagnosed type 2 diabetics, wounds
present for more than 14 days, wounds on lower extremity, wound size between 5 and 100 cm2, skin
infection rating of ≥4, superficial wound (stage three or below). For this study, seven

volunteers were enrolled in each cohort. The presence of adverse events (e.g., erythema)
was carefully monitored.
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Figure 4.

The second study is a placebo-controlled, double-blinded study using an aqueous
formulation containing 0.50% CSA-44. Enrollment criteria were similar to those described
above, with wound size lowered to 3 cm2, and treatment duration was for eight weeks, with a
four-week follow up. Volunteers were thoroughly evaluated before and after treatment. Total
planned enrollment is 40.
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RESULTS

CONCLUSIONS

After obtaining consent, patients for the initial safety study were enrolled on the island of Savai’i, and
patients were enrolled into both cohorts (0.050 and 0.20% active). Patient treatment and compliance
were according to study protocols. No adverse events were observed in either cohort. Wound sizes
ranged from 5 to >50 cm2. For most wounds, resolution was observed within five weeks, with one
wound requiring nine weeks to fully heal. Individual case results are shown in Figures 3 and 4.

Chronic wounds may be considered, in part, evidence of a breakdown of normal healing pathways.
AMPs play a central role in wound healing by reducing microbial burdens in wounds, inhibiting
persistent inflammation and promoting cell migration into wound beds. The wound healing properties
of AMPs have been well recognized and have resulted in multiple attempts to use these peptides
clinically for treatment of chronic wounds. However, proteolytic stability and large-scale production
costs complicate clinical use of AMPs. Ceragenins, as mimics of AMPs, provide a means of using the
wound healing properties of AMPs without these complications. The aqueous formulation of
ceragenin CSA-44 used in the studies described is rapidly microbicidal and retains antimicrobial
activity in the wound bed. Administration to large, chronic wounds resulted in no irritation or adverse
affects, and wound healing was observed with all treated patients. Results from the double-blinded,
placebo-controlled study will be available soon, and these will provide additional evidence of the
wound healing properties of ceragenins.
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Ceragenins display activity against Gram-negative and positive bacteria, including
potent anti-biofilm activity.11 Attention is often paid to bacterial colonization of chronic
wounds; however, fungi are a common in the wound microbiome and are associated
with delayed healing.12 Ceragenins are potent antifungal agents, and they retain activity
against drug-resistant fungal pathogens.13

Figure 3. Case result from safety study.

healing.14

Ceragenins also display the “secondary” activities associated with wound
Impediments to wound healing include lack of circulation and cell migration into wound
beds. Ceragenins have been shown to promote angiogenesis and cell migration. In
addition, due to their stabilities, ceragenins display antimicrobial activity over extended
periods. For example, in thin films, ceragenins prevent microbial colonization of
surfaces for days (Figure 2).
Figure 2. SEM images of surfaces with and without a coating containing a ceragenin.
A: mixed species biofilm of MRSA and PA01 on an uncoated surface after 48 h.
B: mixed species biofilm of PA01 and Candida auris on an uncoated surface after 48 h.
C: coated surface after 48 h (inoculation with PA01 and C. auris).

Consequently, ceragenins appear well suited for treatment of chronic wounds. We have
formulated

MATERIALS AND METHODS

A lead ceragenin, CSA-44, has been formulated in multiple forms: aqueous solutions,
polyacrylate or hydroxyethylcellulose gels and a cream containing tissue penetration
enhancing agents. Because chronic wounds require repeated treatments, potentially over
the course of weeks, we focused our efforts on a simple aqueous formulation that does
not leave residual excipients in the wound bed.
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