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Abstract

:

Bacteriophages, also known as phages, are viruses that selectively target and infect bacteria. In addition to bacterial dysbiosis, dermatologic conditions such as acne, psoriasis, and atopic dermatitis are characterized by a relative reduction in the abundance of phages and the overgrowth of the corresponding bacteria. Phages often exhibit high specificity for their targeted bacteria, making phage-replacement therapy a promising therapeutic strategy for the control of pathogenic bacteria in dermatologic disease. Novel therapeutic strategies regulating pathogenic bacteria are especially necessary in light of growing antibiotic resistance. In this review, we aimed to review the medical literature assessing phage dysbiosis and therapeutic trials in dermatology. Ultimately, studies have depicted promising results for the treatment of acne, psoriasis, and atopic dermatitis but are limited by low sample sizes and the omission of control groups in some trials. Additional work is necessary to validate the efficacy depicted in proof-of-concept trials and to further determine optimal treatment vehicles, administration mechanisms, and dosing schedules. This review provides the necessary framework for the assessment of phage efficacy in future trials.
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1. Introduction


Bacteriophages, also known as phages, are a type of virus that selectively target and infect bacteria [1]. Phages are able to propagate among bacteria and they are very specific to the type of bacteria they infect. Although they do not infect human cells, they do have a profound impact on the bacteria that exist within and on humans. For instance, many highly virulent bacteria such as Corynebacterium diphtheriae have contracted the ability to produce their pathogenic toxin from genetic material acquired by phages [1]. Additionally, phages have been involved with the spread and transduction of antibiotic resistance genes among bacteria. Although some temperate phages have been responsible for the emergence of pathogenic bacterial strains, lytic phages have been used to prevent and treat human infections for decades; as such, phage maintenance of the human gut microbiome continues to be of interest. The literature has well established the importance of the gut and skin microbiome in the maintenance of overall health and skin. The gut microbiome, composed of an array of microbes, is vital to the proper digestion of foods, in the defense against disease-causing pathogens, secondary metabolite production, and immune regulation [2]. Since phages proliferate among bacteria, a more recent concept of the importance of a phageome has been proposed. A phageome is defined as the community of phages that exist in a certain environment [3]. It has been theorized that the phageome has a substantial effect on regulating the microbiome [4], whether it is on the skin or in the gut. A balanced microbiome is thought to be dynamically controlled by phages. Lytic phages prevent the overgrowth of harmful bacteria by directly causing lysis, and temperate phages are believed to promote symbiotic bacteria in the gut by providing genes that allow them to survive [5]. This intricate balance is fundamental to the functioning of a healthy microbiome. Deviations from a balanced microbiome have been implicated in many inflammatory dermatologic conditions including atopic dermatitis, psoriasis, and acne vulgaris [6]. Among these conditions, many are associated with gut dysbioses, which will not be discussed in this review.



To date, the literature has extensively researched and reviewed the strong association between skin health and a healthy skin microbiome. However, the role of the phageome in regards to skin health has not been as substantially explained. Currently, among the studies that have researched the skin phageome, many have highlighted the lack of a diverse viral database that has been a prominent limiting factor for fully assessing the types of bacteriophages present on the skin [7,8]. Regardless of this limitation, the importance of the skin phageome to skin health has still been supported. For instance, it has been shown that the viral diversity present in chronic wounds increases compared to healthy skin [9]. Another example is a study conducted to assess the differences within the skin phageome in normal skin vs. lesional skin in psoriasis patients that reported differences in the species of phages that were most abundant in each group [10]. Although the significance of the findings from these studies is not clear for clinical intervention, it is likely there is some role of the skin phageome in influencing cutaneous microbiome and health. Consequently, this has inspired research studies to investigate the possibility of phage therapy as a treatment modality for cutaneous conditions.



The unique properties of phages have contributed to the recent re-emergence of interest in phage therapy. Phage therapy involves the administration of phages that selectively target pathogenic bacteria in order to alleviate associated health conditions [11]. Although phage therapy is largely still in its infancy, it holds tremendous promise for acting as an antimicrobial treatment and restoring healthy skin and gut microbiomes. In this review, we summarized the current advances utilizing phage therapy for targeting various dermatologic conditions.




2. Phage and Dermatologic Disease


Previous investigations have assessed microbial and phage compositions among patients with dermatologic disease. Reduced phage concentrations are typically associated with an abundance of the corresponding bacteria, depicting the capacity of phages to suppress their host bacteria [10]. Figure 1 depicts the increased pathologic bacteria corresponding with reduced phage concentrations characteristic of dermatologic disease. Phage supplementation, either orally or topically, may function to replenish phages with a subsequent reduction in the corresponding pathogenic bacteria. Researchers have assessed potential phage-based therapeutic strategies for a variety of dermatologic conditions, including psoriasis, acne, and atopic dermatitis. In addition, few phage therapy patient testimonials are available online among patients with hidradenitis suppurativa (HS), although no studies to our knowledge have directly assessed phage therapy efficacy for HS.



2.1. Psoriasis


Affecting almost 3% of the population in the United States, psoriasis is a chronic inflammatory disease characterized by plaques and scaly lesions [12]. Although the etiology is not fully understood, psoriasis is characterized by keratinocyte hyperproliferationa [13] and an increased secretion of inflammatory cytokines including interleukin (IL)-17, IL-21, IL-23, and tumor necrosis factor (TNF)-alpha [14]. In addition, many studies have identified gut [15] and skin [16] microbial dysbioses in patients with psoriasis. For example, psoriasis severity is correlated with enterotoxin production by some Staphylococcus aureus strains. Furthermore, bacterial alpha diversity has been shown to be reduced in psoriatic lesional skin than in healthy control skin [14,15]. As phage composition is intricately related to microbial composition, researchers have investigated the phage component of the cutaneous microbiome among patients with psoriasis [10].



2.1.1. Phage and Microbial Dysbiosis


In a 2020 study, psoriatic lesional skin was obtained from the elbow, forearm, knee, and scalp of sixteen patients with psoriasis [10]. Healthy skin samples from matched locations were obtained from contralateral non-lesional skin and matched family controls. Ultimately, 27 lesional skin samples and 54 healthy skin samples were analyzed for their phage and bacterial components.



The authors noted a significantly greater abundance of the top ten most-abundant phage species in the healthy skin compared to lesional skin [10]. Acinetobacter phage Presley, Salmonella phage vB_SenS-Ent2, and Bacillus phage SP-10 were the most differentially abundant phages. In addition, the authors observed a significantly greater bacterial alpha diversity in the healthy skin than the lesional skin (p < 0.001) [10], similar to observations of prior studies [17,18].



The authors further examined two phage species, Acinetobacter phage Presley and Pseudomonas phage O4, and their corresponding bacterial genera. While the family control skin depicted the highest abundance of these two phages, an intermediate and low abundance was demonstrated by the contralateral non-lesional skin and lesional skin, respectively (p = 0.02 for each phage) [10]. In addition, those with a greater phage abundance had a significantly lower abundance of corresponding host bacteria (p = 0.03 for Acinetobacter; p < 0.001 for Pseudomonas), demonstrating the capacity of phages to suppress the abundance of their host bacteria [10]. This finding strongly suggested that the connection between phage communities and analogous cutaneous bacterial communities may be important in the cutaneous microbiome with psoriasis.




2.1.2. Potential Therapeutic Strategies


The results of the study conducted by Wang et al. [10] support the incorporation of phages as ingredients in topical approaches for the treatment of psoriasis, thereby replenishing phages characterized by a low abundance in lesional skin and potentially correcting cutaneous bacterial dysbiosis. Prior studies observed promising results with phage therapy for skin conditions caused by opportunistic Acinetobacter baumannii and Pseudomonas aeruginosa, such as wound infections. A 2012 study found that the density of P. aeruginosa decreased in the presence of phages in human skin (ex vivo), suggesting that phage application can effectively alter and correct microbiota compositions [19]. In addition, a 2016 study observed a decreased bioburden and infection-associated morbidity in an infected-wound murine model following the consumption of a therapeutic cocktail composed of five phages [20]. These efficacious results, coupled with the phage and microbiota dysbiosis in psoriatic lesion skin described by Wang et al. [10], support future research assessing the therapeutic potential of a phage-based cocktail for the management of psoriasis.



Interestingly, the oral consumption of Ganga river water, reported to contain over two-hundred isolates of phages, demonstrated clinical benefits in psoriatic patients who were previously refractory to prescription medication [21]. Patients with chronic psoriasis underwent two Ganga water protocols: Ganga water was first consumed for two weeks followed by two weeks of rest and was then consumed for four weeks followed by four weeks of rest. Although twenty patients participated in the first Ganga water protocol, only twelve patients participated in the second protocol due to an eight patient drop-out (three of which observed no benefit during the initial protocol). However, only eight patients were included in the final analysis due to loss at follow-up.



A Likert Scale from 1–10 was used to categorize the severity of psoriatic lesions. Following the first treatment protocol, the subjects achieved a median improvement of 2.5, although with relapse during the rest period [21]. Similarly, the subjects achieved a median improvement of 2.5 following the second treatment protocol. In contrast to the first treatment protocol, however, relapse did not occur following one month of water consumption followed by one month of rest. The authors thereby concluded that Ganga water may be used for the therapeutic management of psoriasis with a consumption of at least four weeks [21]. Future research is necessary to determine the optimal phage cocktail recipe and the optimal phage cocktail protocol for the treatment of psoriasis.



In addition, the phage display of anti-inflammatory peptides has been evaluated for psoriasis-like lesions in mice [13]. Phage display refers to the introduction of a deoxyribonucleic acid (DNA) sequence within a functional viral gene with a resulting presentation of exogenous peptides on the capsid surface of phages [22]. Bounded phage-peptides with interferon (IFN)- α/β signaling inhibition were administered intradermally in the back of mice with either imiquimod-induced psoriasis or 12-O-tetradecanoyl phorbol-13-acetate-induced psoriasis [13]. The authors observed reduced skin thickness, redness, and acanthosis and decreased production of IL-17A and TNF-α in the psoriatic murine skin. The results of these studies suggested that phage cocktail consumption and display may be promising therapeutic strategies for the treatment of psoriasis.





2.2. Acne


Affecting an estimated 85% of individuals within their lifetime [23], acne vulgaris is an inflammatory disorder of the pilosebaceous unit, developing from increased sebum production and hyperkeratinization with the resulting clogging of hair follicles [24]. Phenotypic signs include closed or open comedones, pustules, papules, and deep nodules [25]. While hormones, diet, and certain medications can contribute to acne, sebum and hyperkeratinization are believed to stimulate Cutibacterium acnes proliferation, further contributing to inflammation and worsening acne severity [24]. Although C. acnes has long been regarded to contribute to the pathogenesis of acne, recent work has highlighted other bacteria such as Staphylococcus epidermidis [26]. Nevertheless, topical and oral antibiotics are still among the first-line options for the treatment of acne vulgaris.



2.2.1. Phage and Microbial Dysbiosis


Cutaneous and gastrointestinal microbial dysbioses associated with acne have been previously reported. Acne inflammatory lesions are associated with an overabundance of certain strains of C. acnes and a reduced alpha diversity in comparison to non-inflammatory lesions of acne patients and healthy control subjects [27]. Similarly, a microbial analysis of twenty-six subjects revealed Proteobacteria and Firmicutes overabundance and a reduction in the abundance of Actinobacteria [26]. Comedone, papule, and pustule surfaces were characterized by a significantly greater abundance of Staphylococci compared to non-lesional skin, and the proportions directly increased with acne severity.



In addition to bacterial dysbiosis between healthy skin and that of acne patients, differences in C. acnes phage abundance have been observed. A 2016 study found a greater relative abundance of C. acnes phages in healthy skin compared to the matched lesional skin of acne patients (p = 0.05) [28], thereby associating phage deficiency with acne. Interestingly, the authors also observed a direct relationship between C. acnes phage abundance and age, suggesting phage abundance may contribute to lower acne vulgaris prevalence among aging individuals. Table 1 summarizes the phage dysbiosis observed in both psoriasis and acne [10,28].



Increased C. acnes bacterial abundance coupled with decreased C. acnes phage abundance in acne patients provides a theoretical framework for the therapeutic replenishment of C. acnes phages. However, it is necessary to note that significant gene conservation has been observed among C. acnes phages, despite the great diversity observed in essentially all other phage populations [29]. C. acnes has evolved strategies to adapt to its cutaneous environment and survive host defenses, such as lipolytic activity, pH regulatory mechanisms, biofilm formation, and the potential activation of dormancy. Such adaptation has resulted in a reduced bacterial diversity, which may have contributed to the observed conservation among C. acnes-infecting phage genomes [30]. While beneficial in that phages depict a broad activity against C. acnes strains, phage homogeneity poses a therapeutic challenge in that phage host receptor mutations may rapidly confer broad resistance [30]. Still, phage-based therapy is promising, as the bacterial species specificity of phages may allow a therapeutic reduction in pathological strains without affecting commensal bacteria [24]. Furthermore, the ability of phages to penetrate biofilms, a potential virulence factor of C. acnes, allows phage-based therapy to be promising for future clinical studies in acne.




2.2.2. Potential Therapeutic Strategies


A 2019 study assessed the effect of dorsal bacteriophage injection on C. acnes-induced inflammation in murine models [31]. Three groups of mice received an injection of human-isolated C. acnes suspension. While group A received no additional intervention (control), group B received an additional injection with C. acnes at four weeks, and group C received C. acnes and bacteriophages at four weeks. A decreased epidermal thickness and a decreased number and size of microcomedone-like cysts were observed in groups B and C compared to the control group. In addition, the inflammatory nodule size decreased to the greatest extent in group C, depicting the potential efficacy of bacteriophages to reduce C. acnes-induced inflammatory nodules [31].



In addition, a 2021 study assessed the effect of lytic bacteriophage treatment on multi-drug-resistant C. acnes infection in mice, as the antibiotic resistance of C. acnes is growing and poses a challenge for conventional acne treatment [32]. Mice were bilaterally injected with C. acnes followed by phage injection on one side. The C. acnes injection resulted in bilateral inflammatory nodules, although the authors observed a significant reduction in inflammatory lesions on the side injected with the phage. In addition, a significantly decreased expression of the inflammatory marker IL-1β and the apoptotic marker caspase-3 was observed with phage therapy [32].



In addition, the authors assessed the phage activity of different phage formulations in hydroxyethyl cellulose (HEC) cream [32]. Full lytic capacity was retained with 0.5% phage HEC cream after 180 days when stored at four degrees Celsius regardless of light protection or at twenty-five degrees Celsius in the dark. However, the storage of 1% phage HEC at either four or twenty-five degrees with light exposure resulted in a loss of lytic capacity by seventy days. The 1% formulation retained its lytic capacity upon storage in the dark [32]. These results depicted the ability to create phage-containing cream formulations for the potential treatment of C. acnes-associated inflammatory lesions, although proper storage is necessary for retaining the lytic activity.



Similarly, a 2016 study isolated ten phages capable of C. acnes lysis from human skin microflora and formulated them into a cetomacrogol aqueous cream (2.5 × 108 plaque-forming units (PFU) per gram) [33]. A retained lysis activity was observed for at least ninety days upon storage at four degrees Celsius. The successful creation of a semi-solid phage formulation with C. acnes lysis activity marked a necessary step in creating a topical phage-based acne therapy targeting pathogenic C. acnes. However, the formulation was not directly assessed in human subjects.



Whereas the prior studies assessed the effect of phage therapy in the reduction in C. acnes-associated inflammatory nodules in murine models, an additional study evaluated the efficacy and safety of a topical phage formulation among human subjects diagnosed with mild-to-moderate acne [24]. The authors created a three-phage cocktail, BX001, using selected phages shown to have high specificity for C. acnes with low susceptibility of commensal species. The BX001 cocktail was formulated into an aqueous topical gel. Ex vivo analysis on human skin depicted no irritation effects at any of the studied concentrations, leading the researchers to evaluate the formulations among seventy-five female acne patients stratified into three groups: control, low dose, and high dose. Those receiving the high-dose topical formulation depicted a significantly reduced C. acnes bacterial load compared to vehicle control at day 35 (p = 0.036), although a bacterial reduction was not observed in the low-dose group [24]. While both doses were well tolerated, the results suggested a dose-dependent reduction in C. acnes bacterial load upon the topical application of the phage. However, the authors did not assess the effect of the topical gel on clinical measures of acne, such as inflammatory lesion count or size. Additional research is necessary to assess the clinical efficacy of oral, topical, or intradermal phage formulations among human subjects with acne, although the described studies depict phage replacement to be a promising therapeutic strategy.





2.3. Atopic Dermatitis


Atopic dermatitis (AD) is a chronic inflammatory dermatologic condition commonly present during childhood. Clinically, it presents with patches of intense dryness, scaling, erythema, and pruritus that usually affects the face, neck, scalp, and flexor surfaces of the skin [34]. Typically, these rashes follow a relapsing and remitting course which can significantly affect quality of life. The etiology of AD is complex and multifactorial, but a significant contributor to the pathogenesis is considered to be the colonization and overgrowth of Staphylococcus aureus [35]. The flares of patients with AD have shown to incur a shift in the skin microbiome leading to decreased numbers of bacteria that typically suppress S. aureus growth [35].




2.4. Phage Therapy in Atopic Dermatitis


A study conducted in 2020 on atopic mouse models found promising results for the use of a phage in controlling S. aureus growth on the skin [36]. The study isolated the phage SaGU1 from Japan. SaGU1 is unique in that it infects only S. aureus bacteria and does not disrupt the beneficial Staphylococcus epidermidis bacteria present on skin. The in vitro experiment involved assessing the effects of S. aureus growth in the presence of SaGU1. During the first 9–13 h, S. aureus levels began to decline in the presence of SaGU1; however, they gradually began to increase after 14 h. This finding suggested that it was probable that S. aureus began to become phage-resistant. A separate experiment involved determining the effects of SaGU1 on S. epidermidis growth, and the results showed that SaGU1 did not affect its growth. Interestingly, the researchers found that when both SaGU1 and S. epidermidis were supplied to S. aureus cultures, the regrowth of S. aureus after 14 h did not occur, and the levels remained suppressed. Therefore, a combination therapy of the phage SaGU1 and S. epidermidis may be beneficial in controlling S. aureus overgrowth.



During the in vivo phase of the study, atopic mouse skin was treated individually with S. epidermidis or SaGU1 and in combination [36]. Each treatment approach showed statistically significant decreases in S. aureus growth on the skin of atopic mice. However, when the combination therapy was compared to the phage SaGU1 treatment alone, there was no statistically significant difference in terms of effectiveness on S. aureus growth suppression. This suggested that phage therapy alone may be more effective in vivo than in vitro. Overall, these results are extremely promising for the field of phage therapy in treating AD. Although much more intensive research must be performed to determine if phage therapy is clinically useful, this study provided a unique treatment approach that warrants more investigation.





3. Considerations of Phage Therapy


Phage-based therapeutic strategies appear promising for the treatment of a variety of dermatologic conditions. There are many theoretical attributes of bacteriophages that make them ideal therapeutic candidates for reducing the presence of pathogenic bacteria implicated in disease: phages can be bactericidal, increase in number over time, minimally disturb commensal microflora, depict efficacy against antibiotic-sensitive and antibiotic-resistant bacteria, can potentially disrupt bacterial biofilms, and exhibit low toxicity [37]. However, there are a few limitations and considerations necessary to note in order to best optimize potential phage therapy.



3.1. Phage Characteristics


Certain phage characteristics predict their therapeutic success. First, in order to allow optimal bacterial lysis, virulent phages must be selected in contrast to temperate phages. Similarly, phages characterized by a poor killing potential against desired bacteria are sub-optimal for therapy. Toxin-carrying phages should be avoided in addition to those depicting a high transduction potential [37]. Lastly, those depicting poor pharmacokinetics, including absorption, distribution, and survival, should be omitted in therapy.




3.2. Other Factors Mediating Treatment Efficacy


Additional factors mediate phage-based treatment efficacy, including the phage-to-target bacteria ratio, environmental conditions, accessibility to target bacteria, administration mechanisms, and bacterial resistance [38]. First, although phages can increase in number over the duration of therapy, studies have found that passive therapy, in which sufficient phages are added to lyse all the targeted bacteria, is more effective than active therapy, in which phage replication is required in order to reach concentrations sufficient to lyse all the bacteria. However, passive therapy requires a very high multiplicity of infection, which is further complicated by the immunogenic properties of phages. In addition, studies have found multiple phage doses to be more effective than one single dose [38].



Secondly, pH has been shown to affect phage titers, with decreasing pH associated with reduced titers. In addition, phages cannot freely diffuse across membranes and thus require a delivery method to reach target cells and bacteria. Administration techniques include oral, topical, intraperitoneal, intravenous, and intranasal administration [38]. However, stomach acid can negatively impact phage survival, and thus oral administration is often more effective in combination with antacids [38], or it may be more effective if delivered in an encapsulated form. Furthermore, the vehicle in which phages are suspended can impact their accessibility to target bacteria. For example, a 2021 study evaluating phage stability in different solutions observed different preserved phage infectivity in different buffer and infusion solutions [39]. Dulbecco’s phosphate-buffered saline without calcium and magnesium demonstrated the greatest preserved infectivity, although phage-specific differences were observed in each solution. In contrast, a 5% glucose solution demonstrated the greatest negative impact on phage infectivity. Similarly, the authors observed variable phage inactivation for different phages and different products conventionally used for burn wound treatment [40]. In general, highly acidic products had the most adverse effect on phage stability. In addition, it is unclear whether pathogens can effectively access intracellular pathogens, thereby potentially mediating their efficacy in the treatment of diseases caused by intracellular bacteria [38]. Based on these limitations, it is recommended to use an appropriate phage concentration while considering the replicative and survival characteristics of particular phages in specific environmental conditions. Phage stability should be tested in real environmental conditions [38].



Lastly, experimental data has demonstrated the presence of phage resistance in up to 80% of studies targeting the intestinal microbiome [41]. Bacterial surface receptors required for phage attachment can be mutated [30] in addition to other bacterial surface components such as lipopolysaccharides, outer membrane proteins, capsules, and appendices [41]. Phage-resistant bacteria can additionally arise due to restriction modification systems and adaptive immunity via the CRISPR-Cas system [41]. However, bacteria often develop resistance to phages at a 10-fold lower rate in comparison to antibiotics, and new phages can be administered to target resistant strains [38], including lab-trained phages and phage cocktail combinations. For example, a 2020 study developed a phage cocktail that was effective against Pseudomonas aeruginosa with resistant O-antigen deletion mutants [42]. The phage employed against the resistant bacteria alternatively used core lipopolysaccharides as a receptor rather than the O-antigen. However, five days following the use of a novel five-phage cocktail, resistant variants were noted once again due to wyz and migA mutations.



Ultimately, phage therapy is not without limitations, including the development of resistance, environmental factors, and the necessary consideration of the optimal administration mechanism. Perhaps such limitations have contributed to the fact that only a few countries have accepted the use of therapeutic phages in humans thus far [30]. However, phage-based therapeutic strategies appear promising for the treatment of various dermatology conditions, although future research is necessary to determine the optimal phage recipes, administration methods, doses, and treatment frequency for particular purposes.





4. Conclusions


Bacteriophage dysbiosis has been observed on the lesional skin of psoriasis and acne patients. Experimental confirmation of the suppressing capacity of phages on their corresponding bacteria suggests that phage dysbiosis may contribute to the microbial dysbiosis characteristics of each dermatologic condition. In addition, phage deficiency with associated bacterial abundance suggests that phage replacement, either topically or orally via phage “cocktails,” may be an effective therapeutic strategy to mitigate the phenotypic signs and symptoms of disease. Few studies assessing phage-based therapies have been promising for the treatment of psoriasis, acne, and atopic dermatitis, both in murine models and human subjects. However, the current evidence is limited by low sample sizes and the omission of controls in some cases. Future research is necessary to assess the efficacy of phage replacement in large scale studies in addition to determining the optimal treatment vehicles, administration mechanisms, and dosing for particular purposes.
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Figure 1. The influence of phage deficiency in acne, atopic dermatitis, and psoriasis. 
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Table 1. Relative reduction in phages associated with dermatologic conditions.
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	Diagnosis
	Reduced Phages in Disease





	Psoriasis [10]
	Acinetobacter phage Presley, Bacillus phage SP-10, Bordetella virus BPP1, Burkholderia virus BcepC6B, Enterobacteria phage Sfl, Haemophilus phage Aaphi23, Mycobacterium phage DrDrey, Pseudomonas phage O4, Rhodoferax phage P2621B, Salmonella phage vB_SenS-Ent2



	Acne [28]
	Cutibacterium acnes phage
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