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Abstract

:

Hidradenitis suppurativa (HS), or acne inversa, is a chronic inflammatory dermatological condition characterized by painful and recurrent nodules and purulent abscesses. HS can have a devastating impact on the quality of life of patients. This condition is commonly localized to the axilla, groin, perineal, and inframammary regions, and can develop fistulas and sinus tracts over time. Its pathogenesis remains elusive and is best characterized at the moment as multi-factorial. Additionally, questions remain about the role of cutaneous dysbiosis as a primary HS trigger or as a secondary perturbation due to HS inflammation. This article features works in relation to HS and its interplay with bacterial microflora. We address current treatment approaches and their impact on HS-related bacteria, as well as areas of therapeutic innovation. In the future, disease-modifying or remittive therapy will likely combine an advanced/targeted anti-inflammatory approach with one that effectively modulates cutaneous and deep tissue dysbiosis.
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1. Introduction


Hidradenitis suppurativa (HS), also known as acne inversa, is a chronic inflammatory dermatological condition that consists of painful and recurrent nodules and purulent abscesses, mainly affecting terminal hair follicles. This disease commonly affects intertriginous regions such as the axilla, groin, perineal, and inframammary. Over time, fistulas and sinus tracts can develop and exacerbate the disease. Hyperkeratosis, hair follicle inflammation, scarring, and an altered skin microbiota can also be noted in HS patients. Current evidence supports the follicle-centered theory that infundibular hyperplasia can cause occlusion and dilatation of the hair follicle, thus allowing static keratin, cellular debris, and bacteria to collect, leading to inflammation caused by different infiltrates [1,2]. During this process, cysts are also formed. Cyst and hair follicle ruptures release their contents into the dermis, inciting a variety of inflammatory cascades. Macrophages produce proinflammatory mediators such as IL (Interleukin)-1β, TNF (Tumor Necrosis Factor), IL-6, and CXCL8 (C-X-C Motif Chemokine Ligand). These mediators then induce expression of IL-8, CXCL11, CCL2, CCL20, CXCL1, and CXCL6, which attracts neutrophils, T cells, and monocytes into the dermis. This leads to cyst or tendril disintegration and ultimately tunnels [1,2].



Although there is ambiguity about which activation pathways are triggered in HS, there appears to be local complement activation within lesions that ultimately leads to the activation of C5a (complement), an anaphylatoxin that attracts other macrophages and cells to the region [2]. In a 2018 study featuring 54 HS patients and 14 healthy patients, Kanni et al. discovered elevated serum C5a and C5b-9 in those with HS. Based on this study, an overactivation of the complement system may play a role in HS pathogenesis [3].



In addition, antimicrobial peptides (AMPs) may also play a role in HS in relation to the innate immune system. Studies reflect an upregulation of human β-defensin 2 as well as S100A7-9 proteins. Along with their antimicrobial properties, defensins serve as immunomodulators that facilitate the movement and concentration of certain proinflammatory molecules. S100 proteins also have antimicrobial properties against gram-positive and gram-negative bacteria. Although the etiology of these overexpressed AMPs is unclear, there appears to be a correlation between HS skin and the dysregulation of these specific AMPs [4].



The release of bacteria and keratin fragments also results in T and B cell activation, which ultimately causes the inflamed nodules and abscesses seen in HS flare ups. The presence of B cells and plasma cells in particular has been found to increase as HS lesions progress from early to chronic. Although the role of B cells in HS is currently ambiguous, B cells from HS-derived blood expressed elevated levels of CD180 and CCR7. Analysis of HS skin samples also revealed expression of B cell lineage markers MZB1 and MS4A1, which were both undetected in their healthy skin counterpart [5]. In addition, plasma cells are especially abundant in HS lesions and are responsible for the production of immunoglobulins that ultimately form immune complexes [2]. Autoantibodies present appear to correlate with identified Hurley stages; van Straalen et al. provide the following examples: autoantibodies against citrullinated fibronectin and filaggrin in stage 1; ApoE (apolipoprotein E), vimentin, and fibrinogen A in stage 2; and histone 2B (H2B) and tenascin C1 in stage 3 [2].



Epigenetic studies highlighted a dysmethylation background for HS patients, which disrupts cell aging and functionality, inflammatory response, and drug metabolism, consequently altering the cutaneous immune system–microbiome homeostasis [6,7,8,9]. Thus, a more detailed understanding of cutaneous dysbiosis occurrence is of paramount importance to prevent disease progression and innovate a curative intervention instead of merely treatment. Towards this goal, it is critical in HS to develop a validated definition of dysbiosis derived as a true difference from controls and to further elucidate differences between colonization and infection, both of which happen in HS patients.



Currently, HS is still an ambiguous and heterogeneous disease as there are varying theories regarding its pathogenesis and relationship with bacteria. It is currently unknown whether the permanent alteration of the skin microbiome is a primary event or a secondary event in response to other factors such as biofilm formation and inflammation. This review discusses the pathogenesis of HS, the efficacy and resistance of antibiotics used in treatment, and the evolved use of and innovation in biologics and advanced systemic small-molecule therapies for HS. Figure 1 depicts HS pathogenesis as supported by current evidence.




2. Review


2.1. Dominant Bacteria in Skin of HS Patients


The skin microbiota is a crucial component of HS as well as its progression and presentation. The microbiome of patients diagnosed with HS vastly differs from that of healthy, non-HS individuals regarding commensal, opportunistic, and pathogenic bacteria. It is important to define what bacteria are typically found in HS microflora as different antibiotics offer varying spectrums of coverage. HS skin appears to present with a greater abundance of mixed anaerobes and higher diversity in comparison with healthy skin. The relative abundance of anaerobes also appears to positively correlate with HS disease severity in reference to HS Hurley stages [10].



It is generally thought that healthy skin predominantly presents gram-positive aerobic bacteria, such as Staphylococcus epidermidis and coagulase-negative Staphylococci (CoNS), as well as facultative anaerobic bacteria, such as Corynebacterium spp. It has also been known to present with low amounts of strict anaerobes, such as Cutibacterium, and gram-negative anaerobic rods, such as Prevotella. Cutibacterium, formally known as Propionibacterium acnes, is a skin commensal known to ferment carbohydrates into propionic acid, which is a compound known for its bactericidal activity against pathogens [11]. By metabolizing free fatty acids from sebum, C. acnes is able to decrease surface pH to support commensal bacteria while inhibiting pathogenic bacteria and preventing biofilm formation [12]. Its noted abundance in healthy skin and lack thereof in HS skin may be tied to the pathogenesis of HS. Recent studies indicate that bodily location determines which bacteria are present as well. Naik’s 2020 study depicts a greater abundance of Cutibacterium in the inframammary and axilla regions in comparison with the inguinal and gluteal crease in healthy patients [10]. For HS patients who are naïve to treatment, an overall increase in anaerobic bacteria and a decrease in commensal bacteria can be observed [10,13,14].



Anaerobic bacteria have been known to cause skin abscesses in other contexts and have been isolated in several studies. A study conducted by Lapins et al. utilized CO2 laser ablation during surgery, which theoretically removed possible superficial commensal contaminants in the process. This led to the identification of anaerobic cocci in deep axillary and inguinal lesions [15]. Another study found Fusobacterium spp. and Bacteroides spp. to be associated with chronic lesions using metagenomics [16].



Historically, gram-positive cocci and gram-positive rods such as Staphylococcus aureus, CoNS, and Corynebacterium spp. have been considered to play major roles in HS. S. aureus specifically has been linked in studies to heavy smokers, and it is theorized that the use of nicotine may contribute to pathogen growth [17]. Metagenomic studies found increased anaerobes, increased Corynebacterium, and decreased Cutibacterium within active HS lesions, which aligns with past studies that used either deep or superficial cultures [18]. Estimations have shown that only 1% of bacteria are capable of being grown on cultures, thus making it difficult to detect the presence or absence of certain bacteria to accurately study the microbial role in HS pathogenesis. Culturing anaerobic bacteria is particularly difficult as it is easily harmed by oxygen [19]. Additionally, many species can only be grown on specific mediums, so cultures should mainly be used for confirmation or as supporting data. In 2014, Guet-Revillet et al. discovered a positive correlation between the abundance of anaerobic bacteria presence with Hurley staging and severity of disease. For Hurley stages II and III, the bacteria identified included strict anaerobes, milleri group streptococci, and anaerobic actinomycetes. More specifically, predominant gram-positive cocci identified were Anaerococcus spp., Peptoniphilus spp., and Finegoldia spp., and the predominant gram-negative rods identified were Prevotella spp., Porphyromonas spp., Bacteroides spp., and Fusobacterium spp. [20].



Despite these precedents, a study by Jahns et al. was not able to isolate S. aureus or CoNS in a retrospective study featuring 27 HS patients located in Sweden [21]. The study utilized syringes in order to collect skin samples from deeper cutaneous layers, thus avoiding bacterial contamination from superficial layers. This may be a reason S. aureus was not detected in this specific study. A study by Lapins et al., which also excluded superficial contamination, found less S. aureus in comparison to CoNS and overall that it had a decreased presence in deep lesions compared to the surface. This supports the theory that S. aureus is mainly found on the surface of the skin as a potential contaminant and is thus detected by swabs, which are a popular but limited superficial technique used in HS studies [15]. In addition, Guet-Revillet et al. detected S. aureus in 0% of Hurley stage I lesions, 4% of Hurley stage II lesions, and 25% of Hurley stage III lesions. This data support S. aureus as a bacteria that is mainly present in chronic, severe HS lesions [16,20]. Areas where the skin barrier is chronically compromised (nodules, cysts, and sinus tracts) may enable S. aureus to contaminate deeper into the skin as HS progresses over time.



CoNS is recognized as a skin commensal but is also known to cause severe infection in immunosuppressed patients. 16 out of 21 of the participants in the study by Lapins et al. had samples positive for CoNS, and 9 out of those 16 were positive only for CoNS [15,17]. A study by Sartorius et al. found similar results, with CoNS being the most predominant species in HS lesions. However, none were found in severe lesions using fluorescence in situ hybridization [16]. Although contamination is a possibility, further investigation needs to be conducted on the potential turning point of CoNS as a commensal bacteria into a pathogen.



Staphylococcus lugdunensis, a species of CoNS that mimics S. aureus, is known to induce abscesses and is mainly located on the breasts and buttocks. Recent studies suggested that S. lugdunensis is generally associated with abscesses in the pelvic region, with its preferred carriage site being the perineal and inguinal regions. The breast region may be an additional carriage site. In recent dermatological studies, S. lugdunensis was identified in 58% of HS nodules and abscesses [22]. Unlike other CoNS species, S. lugdunensis is established as having an association with Hurley stage I nodules and abscesses [16,20]. As mentioned, Guet-Revillet performed a microbiological analysis on HS patients and categorized them by Hurley stage. The results revealed all Hurley stage I patients had S. lugdunensis as the predominant culture while Hurley stages II and III reflected mixed anaerobe profiles [20]. It is possible that S. lugdunensis plays a role in the early disease process of HS.




2.2. Bacteria as a Secondary Event in HS Pathogenesis


There is still much ambiguity surrounding whether a paradigm shift in bacterial microflora is a primary or secondary event in HS. Clinicians routinely prescribe antibiotic therapy to their HS patients; however, it is not a cure and often only provides temporary suppression for these individuals [1,23]. The change in skin microbiome may not only be a cause but also an ongoing effect of underlying physiology. A localized immunodeficiency may enable commensal bacteria to turn on its host. Additionally, biofilm and bacterial colonization found in sinus tracts offer the potential for secondary infection [1].




2.3. The Role of Bacterial Biofilms in HS Disease


Several studies questioned whether or not HS should be redefined as a biofilm disease. In general, biofilms are associated with areas such as sinus tracts, which do not occur until later stages of HS pathogenesis. S. epidermidis in particular is known to form biofilm, especially in indwelling foreign devices such as catheters and prostheses [17]. Ring et al. investigated the microbiome of sinus tracts in moderate and severe HS patients and found that it was heavily dominated by anaerobic species such as Prevotella and Porphyromonas [18]. Antibiotics that target anaerobic bacteria include metronidazole, a nitroimidazole with broad-spectrum anaerobic activity coverage, and ertapenem, a carbapenem with resistance rates less than 1% [23]. CoNS has also been identified in biofilms found in severe HS patients [18].



In a case study by Kathju et al., a 47-year-old woman with a 20-year diagnosis of HS in her buttocks, perineum, and groin was found to have multiple abscesses and sinus tracts during surgery. Tissue samples were examined under confocal microscopy and revealed that bacteria were adherent to the sinus tissue and present in clusters at specific anatomic sites. In addition, the disease was unable to be eradicated by antibiotics. These characteristics align with Parsek’s and Singh’s criteria for biofilm disease; and thus HS may fall under this category [22,24].



As biofilm is mainly found in sinus tracts reported during later and more severe stages of HS, HS probably does not start as a biofilm disease but likely progresses into one. Moderate to severe HS, such as those categorized as Hurley stage II and III, appear to fit the criteria outlined by former precedents. Going forward, we should either consider viewing HS as a spectrum of disease or acknowledge a paradigm shift during the later stages of HS into a biofilm disease.



By nature, biofilms are microbial communities that protect the bacteria it harbors due to their strong tolerance to external stressors including antibiotic treatments. It enables these microbes to survive within the human body, leading to persistent inflammation and infection. There have been studies supporting a high level of metabolic activity on the outer portion of biofilm, and a lower level on the inner part. Antibiotic tolerance of some bacteria may be due to using antibiotics that target bacterial growth processes in areas of slow metabolism. In addition, it is also known that biofilms feature a gradient of oxygen within them that may be incompatible with certain antimicrobials. It is also a possibility that some antibiotics are not able to penetrate biofilms [25]. As a diagnosis that is often missed, it is important to further educate clinicians, especially those in primary care and emergency medicine settings, to recognize HS in its earlier stages prior to biofilm formation. Doing so may contribute not only to prevention of disease progression and biofilm formation, but may also serve as a prompt for patients to make crucial lifestyle changes such as smoking cessation and weight loss. Table 1 and Table 2 summarize the current understanding of microbial activity in HS.




2.4. Antibiotic Efficacy and Resistance in HS


Antibiotics are used by clinicians to treat HS due to their dual antibacterial and anti-inflammatory properties. In terms of treatment, topical clindamycin can be used for mild to moderate HS in Hurley stages I and II, but recurrent exacerbations can indicate a switch to a systemic antibiotic such as a tetracycline class antibiotic (e.g., doxycycline, minocycline, sarecycline) [1,28]. Second-line therapy for mild to moderate HS or first-line therapy for severe HS is a combination therapy of clindamycin and rifampicin (each 300 mg BID) [1]. The two work synergistically to increase bactericidal activity and to prevent potential resistance. Together, they cover a wide range of bacteria as clindamycin typically treats gram-positive and anaerobic organisms and inflammatory nodules, while rifampicin works to target both gram-positive and gram-negative bacteria as well as biofilm, abscesses, and granulomas [29].



van Straalen et al. organized a 12-week multicenter prospective study comparing the efficacy of tetracyclines (tetracycline, doxycycline, or minocycline) and clindamycin with rifampicin. First-generation (tetracycline) and second-generation (doxycycline, minocycline) tetracyclines are broad-spectrum antibiotics that cover a variety of gram-positive and -negative bacteria throughout the body, including aerobic bacteria and many atypical pathogens. Collectively, 40.1% of patients treated with an oral tetracycline and 48.2% of patients treated with a clindamycin and rifampicin combination achieved Hidradenitis Suppurativa Clinical Response (HiSCR) 50. By definition, this milestone represents at least a 50% reduction in total abscess and nodule count without an increase in abscess or draining fistula count relative to the patient’s baseline. Although efficacy was demonstrated for both treatments, the study may contain several confounding factors due to variability in validated outcomes [30].



Although it is considered to be a third-line option, dapsone is an antineutrophilic and antieosinophilic antibiotic that is also a possibility for those with mild-to-moderate HS without a G6PD deficiency [31,32]. A 2021 retrospective study features 56 patients with mostly mild to moderate disease and were prescribed 50–150 mg/day of dapsone. A total of 62.5% of patients achieved HiSCR50 after 12 weeks of treatment. Analysis from the study also identifies an association between tract presence and non-response risk [31]. These results support dapsone as a treatment for patients with mild to moderate HS that have not developed fistulas or sinus tracts.



Combination therapies are the gold standard when looking to combat antimicrobial resistance [1,28,29]. However, due to its high resistance rates, clindamycin needs reevaluation as a first-line therapy. In a study testing antibiotic resistance using 114 positive bacterial cultures from HS patients, Bettoli et al. found a prevalence of resistance of 65.7% for clindamycin and even 69.3% for rifampicin when not used synergistically with the former [26]. In a separate study by Hessam et al. testing antimicrobial resistance using cultures from deep HS lesions, the rate of resistance to clindamycin was about 55% [27]. This may exclude clindamycin and rifampicin combination therapy as an option for patients with progressive HS that develop such resistance. Additionally, biofilm formation has been known to serve as a virulence factor for certain bacteria. It is a possibility that in the context of HS, the presence of biofilm may contribute to antibiotic resistance [19]. If all antibiotic treatments have failed, biologics such as adalimumab, secukinumab, or infliximab can be considered [32]. Table 3 summarizes antibiotic monotherapy resistance rates determined by cultures from HS lesions.




2.5. Biologic Use and Innovation in HS


In the case that systemic antibiotics are not effective, clinicians may choose to recommend biologics for their patients either as a monotherapy or with concomitant antibiotic use. TNF-α has been identified in higher concentrations in HS skin and is thought to be a primary driver of the HS inflammatory process. For this reason, clinicians have turned to TNF-α inhibitors, more specifically adalimumab, which is currently one of two FDA-approved biologics for moderate to severe HS [32]. It works by selectively binding to TNF-α and inhibiting its interaction with cell surface receptors p55 and p75 [33].



The other biologic approved by the FDA for HS is the IL-17A inhibitor secukinumab. IL-17A has also been identified at high concentrations in HS skin and is thought to play a role in HS inflammation in addition to TNF-α. As an inhibitor, secukinumab binds selectively to IL-17A and thus neutralizes it [34]. At its baseline, IL-17 can protect the skin from bacterial pathogens such as S. aureus. Upon dysregulation or chronic activation, IL-17 has the potential to cause pathogenic inflammation [35]. It is also possible that S. aureus competes with CoNS, pathogens strongly represented in HS lesions and have also been shown to secrete antimicrobials that directly attack S. aureus. An IL-17 inhibitor may assist in resolving this microbial dysbiosis [36].



In Kimball’s PIONEER I and II trials, 307 patients and 326 patients were treated for HS with adalimumab, respectively. By week 12, PIONEER I boasted HiSCR50 rates of 41.8% for those patients receiving adalimumab versus 26.0% for those receiving a placebo. In PIONEER II, response rates were 58.9% for those patients receiving adalimumab versus 27.6% for those receiving placebo [37]. Overall, the study provided evidence of adalimumab’s efficacy against HS in comparison with placebo.



Additionally, Kimball’s SUNSHINE and SUNRISE clinical trials demonstrated positive benefits of IL-17A inhibitor secukinumab in treating moderate to severe HS when administered every 2 weeks. This study featured moderate to severe HS patients, with 541 participants and 543 participants, respectively. In the SUNSHINE trial, 45% of patients treated with secukinumab achieved HiSCR50 compared with 34% of the placebo group. 42% of patients treated with secukinumab achieved the same status compared with 31% treated with placebo in the SUNRISE trial [34].



Additional clinical studies showed positive responses from HS patients to the dual IL-17A and IL-17F inhibitor bimekizumab. Bimekizumab binds selectively to IL-17A, IL-17F, and the IL-17A/F heterodimer, ultimately inhibiting the associated inflammatory cascade [38]. Glatt’s phase II clinical trial featured 73 participants with moderate to severe HS who were treated with either bimekizumab, placebo, or adalimumab as the reference arm. At week 12, the HiSCR50 rate was higher for the group treated with bimekizumab at 57.3% in comparison with the placebo group who achieved an HiSCR50 rate of only 26.1% [39]. As of 2023, bimekizumab entered phase III clinical trials BE HEARD I and BE HEARD II featuring 505 patients and 509 patients, respectively. These studies evaluated bimekizumab 320 mg every 2 weeks (Q2W) and bimekizumab 320 mg every 4 weeks (Q4W) against placebo. At 16 weeks, 47.8% of patients treated with bimekizumab Q2W, 45.3% of patients treated with bimekizumab Q4W, and 28.7% of patients treated with a placebo achieved HiSCR50 in BE HEARD I. In BE HEARD II, the same treatment groups of patients achieved rates of 52%, 53.8%, and 32.2%, respectively. Overall, over 55% of patients treated with bimekizumab achieved a HiSCR75 by week 48 (75% reduction in abscess and nodule count) [40].




2.6. Janus Kinase Inhibitors for the Treatment of HS


Although it is not currently part of the standard of care, there is emerging research in relation to Janus kinase (JAK) inhibitors and their treatment of HS. JAK inhibitors work by reducing inflammation and controlling disease severity and have been approved for use in other dermatological disorders including alopecia areata, atopic dermatitis, vitiligo, and psoriasis [41]. There also appears to be a relationship between multiple JAK-mediated cytokines that could potentially be targeted [41].



Alavi et al. tested the efficacy of JAK1 inhibitor povorcitinib with two separate phase II studies. Study 1 was a single-arm study treating seven patients with moderate to severe HS with 15 mg daily for 8 weeks. Study 2 consisted of 33 patients in randomized cohorts treated with 30 mg, 60 mg, 90 mg, and a placebo for 8 weeks. A total of 43% of patients from study 1 achieved HiSCR50 at week 8. In study 2, 56% of patients taking 30 mg, 56% taking 60 mg, 88% taking 90 mg, and 57% receiving placebo were able to achieve a HiSCR50 at week 8 [41]. There appears to be proof of efficacy for povorcitinib as a treatment for HS, although its evaluation needs to be repeated with larger cohort sizes.



In a study analyzing punch biopsies from HS patients treated with povorcitinib, results showed upregulated genes involving the sweat gland compared to their downregulation before treatment. These genes included WIF1, KRT77, and KRT31, which are involved in sweat gland development, as well as FOXA1, which is involved in sweat secretion and is upregulated in wound-healing skin [42]. Increased perspiration has been reported by HS patients, which could be an effect of sweat gland dysfunction and potentially contribute to sweat retention. This may be related to follicular plugging, thus leading to the accumulation of cytokines and bacteria [43]. Povorcitinib is currently undergoing phase III clinical trials for HS [44].



Kozera et al. also conducted a retrospective study of JAK1-selective inhibitor upadacitinib, which was used in 20 patients with moderate to severe HS. Participants were treated with 15 mg per day, and those that did not achieve HiSCR50 at week 4 were increased to a 30 mg dose. Overall, 75% achieved HiSCR50, 30% achieved HiSCR75, and 20% achieved HiSCR90 at week 4 (90% reduction in abscess and nodule count). At week 12, 100% achieved HiSCR50, 95% achieved HiSCR75, and 30% achieved HiSCR90. However, 20% of participants reported new abscesses that were more severe in comparison to previous flares [45]. Although there appears to be success with the utilization of upadacitinib in patients with HS, researchers and clinicians should consider a randomized, double-blind, placebo-controlled trial with a larger cohort to address possible confounding factors. As of 2023, upadacitinib is currently undergoing phase III clinical trials for HS [46].




2.7. IRAK4 Degraders in HS


In a different study analyzing biopsies of HS lesions with quantitative real-time PCR, IL-1β was found to be extremely elevated and IL-1α to be mildly elevated as well. It is hypothesized that the high amount of IL-1β (and possibly even IL-1α) could trigger inflammatory cascades that could lead to purulent discharge, a key symptom of HS, as well as follicle plugging [47].



IL-1 receptor-associated kinase 4 (IRAK4) is a protein kinase essential for signaling pathways that lead to the introduction of proinflammatory cytokines found in HS [47]. Recent data from a Phase I trial by Kymera Therapeutics support IRAK4 degrader KT-474 as a potential HS treatment due to its results and impact on inflammation. Out of 12 HS patients, 10 with moderate to severe disease and 2 with severe disease, 42–50% achieved HiSCR50. Results were observed across 28 days followed by a 2-week follow-up [48]. KT-474 is currently in phase II for its treatment of HS [49].




2.8. Novel Biologic Interleukin Antagonists for HS


Lutikizumab is a dual-variable-domain interleukin 1α/1β antagonist that inhibits IL- 1α and IL-1β, which are two prominent proinflammatory cytokines in HS. Results were recently released for a phase II trial featuring 153 HS patients, with the majority having Hurley stage 3 patients. These patients were treated with 100 mg Lutikizumab, 100 mg every other week, 300 mg every week, 300 mg every other week, or a placebo. In terms of achieving HiSCR50 and HiSCR75, this study demonstrated higher response rates for patients treated with Lutikizumab 300 mg weekly (Q1W) and every other week (Q2W) compared to the other groups. At week 16, the HiSCR50 response rates for patients treated with 100 mg Q2W, 300 mg Q1W, 300 mg Q2W, and a placebo were 27%, 48.7%, 59.5%, and 35%, respectively. Within the same timeframe, 16.2%, 38.5%, 45.9%, and 17.5% of those same groups were able to achieve HiSCR75 [50]. Table 4 compares HS therapies and their respective HiSCR50 (and higher in some cases) achievements.




2.9. Future Directions in Understanding Bacteria in HS Pathogenesis and Treatment


In order to further our medical knowledge of HS as it relates to the skin microbiome, studies must be conducted with standardized methodologies, such as stratifying skin samples into their respective layers and utilizing syringes and CO2 laser ablation during sample collections to avoid superficial bacterial contamination. To maintain consistency, samples from different disease sites such as the axillary, genital, and perineal areas should only be compared to themselves due to differences in the topographical microbiome. There is also a disparity concerning the different microbiomes that are reflected when using swabs, biopsies, and scrapes [17]. Sample collections should therefore be standardized in order to obtain consistent and comparable data.



Although bacterial cultures have been predominantly used in the past, future cultures should mainly be used as supporting data for other types of advanced sampling technologies as the majority of bacteria are unable to be cultured due to specific growth requirements including the absence of oxygen. If utilized in future studies, then they should be incubated for longer periods of time, either with or without oxygen depending on individual bacteria requirements, to allow certain species of bacteria to grow effectively. Furthermore, newer and more informative technologies such as metagenomics and RNA gene sequencing should be the main methodology when it comes to identifying present bacteria.



For HS patients displaying higher rates of bacterial infections requiring antibiotics, more study is needed to understand the baseline antibiotic resistance rate among this HS patient population and its correlation with bona fide tissue infection. Immunomodulators, antibiotics, and biologics do not treat dysbiosis. Conversely, they further amplify it and consequently do not always alter the patient’s microbiological or overall HS journey. New therapies aimed at curing HS should also target dysbiosis (i.e., probiotics, postbiotics, and prebiotics) to decrease flares and prevent tissue inflammation.





3. Conclusions


HS overall remains an ambiguous and heterogeneous disease that requires more research in order to solidify current theories of its bacterial and inflammatory pathogenesis and to discover new schools of thought. One area of needed emphasis is better understanding the role of pilosebaceous unit anaerobes in driving tissue inflammation and destruction. For HS in Hurley stages II and III, clinicians may consider shifting their focus mainly to anaerobes. As the rate of resistance grows for clindamycin and other antibiotics like the tetracycline class, it may be appropriate and necessary to use antibiotic combinations in HS treatments to reduce the risk of antibiotic resistance.



As there is ample room for therapeutic innovation in HS, it is also possible, if not likely, that HS treatment will pivot away from antibiotics for moderate to severe disease and become reliant on biologics and/or advanced systemic small-molecule therapies as more conclusive clinical studies are published. Newer and/or re-purposed biologics and small-molecule therapies offer encouraging opportunities for improving both HS patient outcomes and promoting antibiotic stewardship. For a heterogenous disease like HS, with a suspected multi-factorial pathogenesis, it is likely that in the future, a disease-modifying or remittive therapy will combine an advanced/targeted anti-inflammatory approach with one that effectively modulates cutaneous and deep tissue dysbiosis.







Author Contributions


Conceptualization, methodology, resources, F.D.H. and C.G.B.; validation, formal analysis, investigation, F.D.H., G.D. and C.G.B.; data curation, F.D.H.; writing—original draft preparation, F.D.H.; writing—review and editing, F.D.H., G.D. and C.G.B.; supervision, C.G.B.; funding acquisition, C.G.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Institute of Arthritis and Musculoskeletal and Skin Diseases of the National Institutes of Health under Award Number R01AR079428 (to C.G.B.).




Institutional Review Board Statement


Ethical review and approval were waived for this study due to the nature of the paper as a literature review.




Data Availability Statement


All data is available within cited primary articles.




Conflicts of Interest


CGB has served as an investigator for AbbVie and Almirall, and as a consultant for AbbVie, Almirall, Novartis, and UCB. Other authors declare no conflicts of interest.




References


	



Nguyen, T.V.; Damiani, G.; Orenstein, L.A.V.; Hamzavi, I.; Jemec, G.B. Hidradenitis suppurativa: An update on epidemiology, phenotypes, diagnosis, pathogenesis, comorbidities and quality of life. J. Eur. Acad. Dermatol. Venereol. 2021, 35, 50–61. [Google Scholar] [CrossRef] [PubMed]

	



van Straalen, K.R.; Prens, E.P.; Gudjonsson, J.E. Insights into hidradenitis suppurativa. J. Allergy Clin. Immunol. 2022, 149, 1150–1161. [Google Scholar] [CrossRef] [PubMed]

	



Kanni, T.; Zenker, O.; Habel, M.; Riedemann, N.; Giamarellos-Bourboulis, E.J. Complement activation in Hidradenitis Suppurativa: A new pathway of pathogenesis? Br. J. Dermatol. 2018, 179, 413–419. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Frew, J.W.; Thomsen, S.F.; Ring, H.C. Antimicrobial peptides in Hidradenitis Suppurativa: A systematic review*. Br. J. Dermatol. 2021, 186, 236–244. [Google Scholar] [CrossRef]

	



Lowe, M.M.; Cohen, J.N.; Moss, M.I.; Clancy, S.; Adler, J.; Yates, A.; Naik, H.B.; Pauli, M.; Taylor, I.; McKay, A.; et al. Tertiary lymphoid structures sustain cutaneous B cell activity in Hidradenitis Suppurativa. JCI Insight 2023. [Google Scholar] [CrossRef]

	



Radhakrishna, U.; Ratnamala, U.; Jhala, D.D.; Vadsaria, N.; Patel, M.; Uppala, L.V.; Vishweswaraiah, S.; Vedangi, A.; Saiyed, N.; Damiani, G.; et al. Methylated mirnas may serve as potential biomarkers and therapeutic targets for Hidradenitis Suppurativa. J. Eur. Acad. Dermatol. Venereol. 2022, 36, 2199–2213. [Google Scholar] [CrossRef]

	



Radhakrishna, U.; Ratnamala, U.; Jhala, D.D.; Uppala, L.V.; Vedangi, A.; Saiyed, N.; Patel, M.; Vadsaria, N.; Shah, S.R.; Rawal, R.M.; et al. Hidradenitis suppurativa associated telomere-methylome dysregulations in blood. J. Eur. Acad. Dermatol. Venereol. 2023, 38, 393–403. [Google Scholar] [CrossRef]

	



Radhakrishna, U.; Ratnamala, U.; Jhala, D.D.; Uppala, L.V.; Vedangi, A.; Patel, M.; Vadsaria, N.; Shah, S.; Saiyed, N.; Rawal, R.M.; et al. Hidradenitis Suppurativa presents a methylome dysregulation capable to explain the pro-inflammatory microenvironment: Are these dna methylations potential therapeutic targets? J. Eur. Acad. Dermatol. Venereol. 2023, 37, 2109–2123. [Google Scholar] [CrossRef]

	



Radhakrishna, U.; Ratnamala, U.; Jhala, D.D.; Vadsaria, N.; Patel, M.; Uppala, L.V.; Vedangi, A.; Saiyed, N.; Rawal, R.M.; Damiani, G.; et al. Cytochrome P450 genes mediated by DNA methylation are involved in the resistance to Hidradenitis Suppurativa. J. Investig. Dermatol. 2023, 143, 670–673. [Google Scholar] [CrossRef]

	



Naik, H.B.; Jo, J.-H.; Paul, M.; Kong, H.H. Skin microbiota perturbations are distinct and disease severity–dependent in Hidradenitis Suppurativa. J. Investig. Dermatol. 2020, 140, 922. [Google Scholar] [CrossRef]

	



Shu, M.; Wang, Y.; Yu, J.; Kuo, S.; Coda, A.; Jiang, Y.; Gallo, R.L.; Huang, C.M. Fermentation of Propionibacterium acnes, a commensal bacterium in the human skin microbiome, as skin probiotics against methicillin-resistant Staphylococcus aureus. PLoS ONE 2013, 8, e55380. [Google Scholar] [CrossRef]

	



Almoughrabie, S.; Cau, L.; Cavagnero, K.; O’Neill, A.M.; Li, F.; Roso-Mares, A.; Mainzer, C.; Closs, B.; Kolar, M.J.; Williams, K.J.; et al. Commensal Cutibacterium acnes induce epidermal lipid synthesis important for skin barrier function. Sci. Adv. 2023, 9, eadg6262. [Google Scholar] [CrossRef] [PubMed]

	



Rosi, E.; Guerra, P.; Silvi, G.; Nunziati, G.; Scandagli, I.; Di Cesare, A.; Prignano, F. Consistency of bacterial triggers in the pathogenesis of Hidradenitis Suppurativa. Vaccines 2023, 11, 179. [Google Scholar] [CrossRef]

	



Wolk, K.; Join-Lambert, O.; Sabat, R. Aetiology and pathogenesis of Hidradenitis Suppurativa. Br. J. Dermatol. 2020, 183, 999–1010. [Google Scholar] [CrossRef] [PubMed]

	



Lapins, J.; Jarstrand, C.; Emtestam, L. Coagulase-negative staphylococci are the most common bacteria found in cultures from the deep portions of hidradenitis suppurativa lesions, as obtained by carbon dioxide laser surgery. Br. J. Dermatol. 1999, 140, 90–95. [Google Scholar] [CrossRef] [PubMed]

	



Nikolakis, G.; Join-Lambert, O.; Karagiannidis, I.; Guet-Revillet, H.; Zouboulis, C.C.; Nassif, A. Bacteriology of hidradenitis suppurativa/acne inversa: A Review. J. Am. Acad. Dermatol. 2015, 73, S12–S18. [Google Scholar] [CrossRef]

	



Ring, H.C.; Riis Mikkelsen, P.; Miller, I.M.; Jenssen, H.; Fuursted, K.; Saunte, D.M.; Jemec, G.B. The bacteriology of Hidradenitis Suppurativa: A systematic review. Exp. Dermatol. 2015, 24, 727–731. [Google Scholar] [CrossRef]

	



Williams, S.C.; Frew, J.W.; Krueger, J.G. A systematic review and critical appraisal of metagenomic and culture studies in Hidradenitis Suppurativa. Exp. Dermatol. 2020, 30, 1388–1397. [Google Scholar] [CrossRef]

	



Wark, K.J.; Cains, G.D. The microbiome in Hidradenitis Suppurativa: A Review. Dermatol. Ther. 2020, 11, 39–52. [Google Scholar] [CrossRef]

	



Guet-Revillet, H.; Coignard-Biehler, H.; Jais, J.P.; Quesne, G.; Frapy, E.; Poirée, S.; Le Guern, A.S.; Le Flèche-Matéos, A.; Hovnanian, A.; Consigny, P.H.; et al. Bacterial pathogens associated with Hidradenitis Suppurativa, France. Emerg. Infect. Dis. 2014, 20, 1990–1998. [Google Scholar] [CrossRef]

	



Jahns, A.C.; Killasli, H.; Nosek, D.; Lundskog, B.; Lenngren, A.; Muratova, Z.; Emtestam, L.; Alexeyev, O.A. Microbiology of hidradenitis suppurativa (Acne Inversa): A histological study of 27 patients. Apmis 2014, 122, 804–809. [Google Scholar] [CrossRef]

	



Molinelli, E.; De Simoni, E.; Candelora, M.; Sapigni, C.; Brisigotti, V.; Rizzetto, G.; Offidani, A.; Simonetti, O. Systemic antibiotic therapy in Hidradenitis Suppurativa: A review on treatment landscape and current issues. Antibiotics 2023, 12, 978. [Google Scholar] [CrossRef]

	



Kathju, S.; Lasko, L.-A.; Stoodley, P. Considering hidradenitis suppurativa as a bacterial biofilm disease. FEMS Immunol. Med. Microbiol. 2012, 65, 385–389. [Google Scholar] [CrossRef]

	



Parsek, M.R.; Singh, P.K. Bacterial biofilms: An emerging link to disease pathogenesis. Annu. Rev. Microbiol. 2003, 57, 677–701. [Google Scholar] [CrossRef]

	



Ciofu, O.; Rojo-Molinero, E.; Macià, M.D.; Oliver, A. Antibiotic treatment of biofilm infections. Apmis 2017, 125, 304–319. [Google Scholar] [CrossRef] [PubMed]

	



Bettoli, V.; Manfredini, M.; Massoli, L.; Carillo, C.; Barozzi, A.; Amendolagine, G.; Ruina, G.; Musmeci, D.; Libanore, M.; Curtolo, A.; et al. Rates of antibiotic resistance/sensitivity in bacterial cultures of Hidradenitis Suppurativa patients. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 930–936. [Google Scholar] [CrossRef] [PubMed]

	



Hessam, S.; Sand, M.; Georgas, D.; Anders, A.; Bechara, F.G. Microbial profile and antimicrobial susceptibility of bacteria found in inflammatory hidradenitis suppurativa lesions. Ski. Pharmacol. Physiol. 2016, 29, 161–167. [Google Scholar] [CrossRef]

	



Goldburg, S.R.; Strober, B.E.; Payette, M.J. Hidradenitis Suppurativa. J. Am. Acad. Dermatol. 2020, 82, 1061–1082. [Google Scholar] [CrossRef]

	



Iannone, M.; Janowska, A.; Bartolomei, G.; Puntoni, M.; Oranges, T.; Romanelli, M.; Dini, V. Systemic antibiotics in hidradenitis suppurativa: Efficacy and effects of body mass index and smoking pack-year on the response to therapy. Dermatol. Ther. 2021, 34, e14919. [Google Scholar] [CrossRef] [PubMed]

	



van Straalen, K.R.; Tzellos, T.; Guillem, P.; Benhadou, F.; Cuenca-Barrales, C.; Daxhelet, M.; Daoud, M.; Efthymiou, O.; Giamarellos-Bourboulis, E.J.; Jemec, G.B.; et al. The efficacy and tolerability of tetracyclines and clindamycin plus rifampicin for the treatment of Hidradenitis Suppurativa: Results of a prospective European cohort study. J. Am. Acad. Dermatol. 2021, 85, 369–378. [Google Scholar] [CrossRef]

	



López-Llunell, C.; Riera-Martí, N.; Gamissans, M.; Romaní, J. Dapsone in Hidradenitis Suppurativa: A case series of 56 patients. Dermatol. Ther. 2021, 34, e15161. [Google Scholar] [CrossRef]

	



Nesbitt, E.; Clements, S.; Driscoll, M. A concise clinician’s guide to therapy for hidradenitis suppurativa. Int. J. Women’s Dermatol. 2020, 6, 80–84. [Google Scholar] [CrossRef]

	



Ellis, C.; Azmat, C. Adalimumab. In Statpearls; StatPearls Publishing: St. Petersburg, FL, USA, 2022; Available online: https://www.ncbi.nlm.nih.gov/books/NBK557889/ (accessed on 4 February 2024).

	



Kimball, A.B.; Jemec, G.B.; Alavi, A.; Reguiai, Z.; Gottlieb, A.B.; Bechara, F.G.; Paul, C.; Bourboulis, E.J.G.; Villani, A.P.; Schwinn, A.; et al. Secukinumab in moderate-to-severe hidradenitis suppurativa (Sunshine and sunrise): Week 16 and week 52 results of two identical, multicentre, randomised, placebo-controlled, double-blind phase 3 trials. Lancet 2023, 401, 747–761. [Google Scholar] [CrossRef]

	



McGeachy, M.J.; Cua, D.J.; Gaffen, S.L. The Il-17 family of cytokines in health and disease. Immunity 2019, 50, 892–906. [Google Scholar] [CrossRef]

	



Chin, D.; Goncheva, M.I.; Flannagan, R.S.; Deecker, S.R.; Guariglia-Oropeza, V.; Ensminger, A.W.; Heinrichs, D.E. Coagulase-negative staphylococci release a purine analog that inhibits staphylococcus aureus virulence. Nat. Commun. 2021, 12, 1887. [Google Scholar] [CrossRef]

	



Kimball, A.B.; Okun, M.M.; Williams, D.A.; Gottlieb, A.B.; Papp, K.A.; Zouboulis, C.C.; Armstrong, A.W.; Kerdel, F.; Gold, M.H.; Forman, S.B.; et al. Two phase 3 trials of adalimumab for Hidradenitis Suppurativa. N. Engl. J. Med. 2016, 375, 422–434. [Google Scholar] [CrossRef]

	



Adams, R.; Maroof, A.; Baker, T.; Lawson, A.D.; Oliver, R.; Paveley, R.; Rapecki, S.; Shaw, S.; Vajjah, P.; West, S.; et al. Bimekizumab, a novel humanized igg1 antibody that neutralizes both IL-17A and IL-17F. Front. Immunol. 2020, 11, 1894. [Google Scholar] [CrossRef]

	



Glatt, S.; Jemec, G.B.; Forman, S.; Sayed, C.; Schmieder, G.; Weisman, J.; Rolleri, R.; Seegobin, S.; Baeten, D.; Ionescu, L.; et al. Efficacy and safety of bimekizumab in moderate to severe Hidradenitis Suppurativa. JAMA Dermatol. 2021, 157, 1279. [Google Scholar] [CrossRef] [PubMed]

	



Kimball, A.B.; Zouboulis, C.C.; Sayed, C. Bimekizumab in patients with moderate-to-severe hidradenitis suppurativa: 48-week efficacy and safety from BE HEARD I & II, two phase 3, randomized, double-blind, placebo controlled, multicenter studies. In Proceedings of the Late-Breaking Platform Presentation at the 2023 American Academy of Dermatology Annual Meeting, New Orleans, LA, USA, 18 March 2023. [Google Scholar]

	



Alavi, A.; Hamzavi, I.; Brown, K.; Santos, L.L.; Zhu, Z.; Liu, H.; Howell, M.D.; Kirby, J.S. Janus kinase 1 inhibitor INCB054707 for patients with moderate-to-severe hidradenitis suppurativa: Results from two phase II studies. Br. J. Dermatol. 2022, 186, 803–813. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Santos, L.L.; Smith, S.H. Modulation of disease-associated pathways in Hidradenitis Suppurativa by the Janus kinase 1 inhibitor povorcitinib: Transcriptomic and proteomic analyses of two phase 2 studies. Int. J. Mol. Sci. 2023, 24, 7185. [Google Scholar] [CrossRef] [PubMed]

	



Frings, V.G.; Nadine, R.O.T.H.; Gläsel, M.; Bauer, B.; Goebeler, M.; Presser, D.; Kerstan, A. Hidradenitis suppurativa: Absence of hyperhidrosis but presence of a proinflammatory signature in patients’ sweat. Acta Derm.-Venereol. 2022, 102, 2731. [Google Scholar] [CrossRef] [PubMed]

	



Incyte Announces 52-Week Results from Phase 2 Study Evaluating Povorcitinib (INCB54707) in Patients with Hidradenitis Suppurativa. Incyte. 10 February 2023. Available online: https://investor.incyte.com/news-releases/news-release-details/incyte-announces-52-week-results-phase-2-study-evaluating (accessed on 15 January 2024).

	



Kozera, E.; Flora, A.; Frew, J.W. Real-world safety and clinical response of janus kinase inhibitor upadacitinib in the treatment of Hidradenitis Suppurativa: A retrospective cohort study. J. Am. Acad. Dermatol. 2022, 87, 1440–1442. [Google Scholar] [CrossRef] [PubMed]

	



A Study to Assess Change in Disease Activity and Adverse Events of Oral Upadacitinib in Adult and Adolescent Participants with Moderate to Severe Hidradenitis Suppurativa Who Have Failed Anti-TNF Therapy (Step-Up HS). Clinicaltrials.Gov. Available online: https://clinicaltrials.gov/study/NCT05889182?cond=Hidradenitis+Suppurativa&intr=Upadacitinib&rank=1 (accessed on 15 January 2024).

	



Witte-Händel, E.; Wolk, K.; Tsaousi, A.; Irmer, M.L.; Mößner, R.; Shomroni, O.; Lingner, T.; Witte, K.; Kunkel, D.; Salinas, G.; et al. The IL-1 pathway is hyperactive in hidradenitis suppurativa and contributes to skin infiltration and destruction. J. Investig. Dermatol. 2019, 139, 1294–1305. [Google Scholar] [CrossRef] [PubMed]

	



Ackerman, L.; Acloque, G.; Bacchelli, S.; Schwartz, H.; Feinstein, B.J.; La Stella, P.; Alavi, A.; Gollerkeri, A.; Davis, J.; Campbell, V.; et al. Irak4 degrader in Hidradenitis Suppurativa and atopic dermatitis: A phase 1 trial. Nat. Med. 2023, 29, 3127–3136. [Google Scholar] [CrossRef]

	



Kymera Announces Positive Results from Phase 1 Clinical Trial Evaluating KT-474 in Patients with HS and AD and Sanofi’s Decision to Advance KT-474 into Phase 2 Clinical Trials. Kymera Therapeutics, Inc. 14 December 2022. Available online: https://investors.kymeratx.com/news-releases/news-release-details/kymera-announces-positive-results-phase-1-clinical-trial (accessed on 15 January 2024).

	



Lutikizumab Showed Positive Results in a Phase 2 Trial of Adults with Moderate to Severe Hidradenitis Suppurativa as Program Advances to Phase 3. PR Newswire. 8 January 2024. Available online: https://www.prnewswire.com/news-releases/lutikizumab-showed-positive-results-in-a-phase-2-trial-of-adults-with-moderate-to-severe-hidradenitis-suppurativa-as-program-advances-to-phase-3-302027605.html (accessed on 4 January 2024).








[image: Antibiotics 13 00268 g001] 





Figure 1. Overview of HS pathogenesis. Created with BioRender.com. 
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Table 1. HS-specific skin findings featured in this review.
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	Study
	HS Findings





	Naik et al. (2020) [10]
	Higher number of mixed anaerobes and diversity; possible correlation between presence of anaerobes and disease severity; decreased Cutibacterium overall but greater presence in inframammary and axilla compared to healthy patients



	Wolk et al. (2020) [14]
	Presence of anaerobic cocci in deep axillary and inguinal lesions; less S. aureus in comparison to CoNS; decreased S. aureus presence in deep lesions compared to the surface



	Nikolakis et al. (2015) [16]
	Fusobacterium spp. and Bacteroides spp. may be associated with chronic lesions; did not detect CoNS in severe lesions



	Ring et al. (2015) [17]
	Most predominant species detected in HS lesions appears to be CoNS, and in some cases, was the only detected bacteria; sinus tracts are heavily dominated by anaerobic species (ex. Prevotella, Porphyromonas)



	Williams et al. (2020) [18]
	Increased anaerobes and Corynebacterium, and decreased Cutibacterium within active lesions; CoNS identified in biofilm of severe HS patients



	Guet-Revillet et al. (2014) [20]
	Possible positive correlation between abundance of anaerobic bacteria and severity of disease; identified strict anaerobes, milleri group streptococci, and anaerobic actinomycetes; predominant gram-positive cocci were Anaerococcus spp., Peptoniphilus spp., and Fineholdia spp. and predominant gram-negative rods were Prevotella spp., Porphyromonas spp., Bacteroides spp., and Fusobacterium spp.; S. aureus detected in 0% of Hurley stage I lesions, 4% of stage II lesions, and 25% of stage III lesions; S. lugdunensis is predominant in Hurley stage I, and stages II and III have mixed anaerobe profiles



	Jahns et al. (2014) [21]
	Unable to isolate S. aureus or CoNS from deeper cutaneous layers



	Kathju et al. (2012) [23]
	Featured case study showcases chronic and severe HS with developed biofilm that is unable to be eradicated by antibiotics



	Bettoli et al. (2019) [26]
	Evaluated antibiotic resistance rates were 65.7% for clindamycin and 69.3% for rifampicin when not used synergistically



	Hessam et al. (2016) [27]
	Evaluated antibiotic resistance rate for clindamycin was about 55%










 





Table 2. Established bacteria in HS and their known roles and relationships.
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	Study
	Bacteria
	Role
	HS Relationship





	Naik et al. (2020) [10], Shu et al. (2013) [11]
	Cutibacterium
	Skin commensal that ferments carbohydrates into propionic acid, which is a compound known for its bactericidal activity against pathogens; metabolizes free fatty acids from sebum and decreases surface pH to support commensal bacteria while inhibiting pathogens and preventing biofilm formation
	Decreased overall but greater presence in inframammary and axilla compared to healthy patients



	Wolk et al. (2020) [14], Nikolakis et al. (2015) [16], Ring et al. (2015) [17]
	Coagulase-negative Staphylococci
	Skin commensal that can also cause severe infection in immunosuppressed patients
	The most predominant species detected in HS lesions according to some studies; none detected in severe lesions when fluorescence in situ hybridization is utilized



	Nikolakis et al. (2015) [16], Guet-Revillet et al. (2014) [20], Molinelli et al. (2023) [22]
	Staphylococcus lugdunensis
	Species of CoNS that mimics S. aureus and is known to induce abscesses; preferred carriage site appears to be the perineal and inguinal regions with the breast region as an additional site
	Detected in HS nodules and abscesses; established association with Hurley stage I



	Ring et al. (2015) [17]
	Staphylococcus epidermidis
	Known to form biofilms, especially in indwelling foreign devices
	Present in sinus tracts










 





Table 3. Monotherapy resistance rates of organisms collectively found in HS lesions to HS treatment-related antibiotics.
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	Study
	Drug
	Methodology
	Resistance Rate
	Most Commonly Isolated Bacteria





	Bettoli et al. (2019) [26]
	Clindamycin

Rifampicin

Penicillin

Ciprofloxacin

Tetracycline

Erythromycin
	Cultured purulent material from HS lesions collected from swabs
	65.7%

69.3%

70.0%

74.0%

84.7%

89.0%
	Bacterial families: Enterobacteriaceae (30.7%), Staphylococcus (25.2%), Streptococcus (14.1%)

Genus or species:

Proteus spp. (13.5%), Escherichia coli (9.8%)



	Hessam et al. (2016) [27]
	Clindamycin
	Cultures from deep portions of HS lesions obtained from surgical patients
	55.0%
	Coagulase-negative Staphylococci, Staphylococcus aureus, Proteus mirabilis, Escherichia coli










 





Table 4. Antibiotics, biologics, JAK Inhibitors, and IRAK4 degraders used in HS and the HiSCR rates achieved in clinical trials to date.
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	Study
	Drug
	Achieved HiSCR50 Rate





	van Straalen et al. (2021) [30]
	Oral Tetracyclines

Clindamycin with Rifampicin
	Week 12: 40.1%

Week 12: 48.2%



	López-Llunell et al. (2021) [31]
	Dapsone
	Week 12: 62.5%



	Kimball et al. (2016) [37]
	Adalimumab
	PIONEER I: 41.8% Adalimumab vs. 26.0% placebo

PIONEER II: 58.9% Adalimumab vs. 27.6% placebo



	Kimball et al. (2023) [34]
	Secukinumab
	SUNSHINE: 45% Secukinumab vs. 34.0% placebo

SUNRISE: 42% Secukinumab vs. 31.0% placebo



	Glatt et al. (2021) [39]
	Bimekizumab
	57.3% Bimekizumab vs. 26.1% placebo



	Kimball et al. (2023) [40]
	Bimekizumab
	BE HEARD I Week 16:

  47.8% Bimekizumab Q2W vs.

  45.3% Bimekizumab Q24 vs.

  28.7% placebo

BE HEARD II Week 16:

  52% Bimekizumab Q2W vs.

  53.8% Bimekizumab Q24 vs.

  32.2% placebo

(BE HEARD I/II Week 48 HiSCR75:

  55.0% Bimekizumab)



	Alavi et al. (2022) [41]
	Povorcitinib
	Study 1: 43.0% Povorcitinib

Study 2: Total 65.0% Povorcitinib (56.0% 30 mg, 56.0% 60 mg, 88.0% 90 mg) vs. 57.0% placebo



	Kozera et al. (2022) [45]
	Upadacitinib
	Week 4: 75.0% Upadacitinib 15 mg (30.0% HiSCR75, 20.0% HiSCR90)

Week 12: 100% Upadacitinib 30 mg (95.0% HiSCR75, 30.0% HiSCR90)



	Ackerman et al. (2023) [48]
	KT-474
	28 days with 2-week follow-up: 42.0–50.0%



	PR Newswire (2024) [50]
	Lutikizumab
	Week 16: 27.0% Lutikizumab 100 mg Q2W vs.

  48.7% Lutikizumab 300 mg Q1W vs.

  59.5% Lutikizumab 300 mg Q2W vs.

  35.0% placebo

(Week 16 HiSCR75: 16.2% Lutikizumab 100 mg Q2W

  vs. 38.5% Lutikizumab 300 mg Q1W

  vs. 45.9% Lutikizumab 300 mg Q2W

  vs. 17.5% placebo)
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