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Medical hypothesis 

CRISPR-EDITED COMMENSALS OF THE NASOPHARYNX AS 

PLATFORM FOR DEVELOPING NEXT-GENERATION MICROBIAL 

PROBIOTICS  

Yaroslav Bondarenko, Olena Kochnieva, Olena Kotsar, Oksana Kauk, Olena Pionova, 

Oksana Tsyhanenko, Petro Lebid, Milena Kuznetsova, Iryna Kuznietsova, Maksym Kovalov 

Kharkiv National Medical University, Kharkiv, Ukraine 

 

The nasopharynx is a critical mucosal barrier where commensals sustain immune balance and block 

pathogen colonization. Corynebacterium accolens and Dolosigranulum pigrum are linked to reduced 

pneumococcal carriage, fewer viral–bacterial coinfections, and modulation of host immunity. Their 

metabolites—short-chain fatty acids, nitric oxide, bacteriocins—reinforce epithelial integrity and 

regulate NF-κB, JAK/STAT, TGF-β/STAT3, promoting Treg cells. Natural effects remain insufficient for 

therapy. CRISPR/Cas now enables programming these commensals into “living probiotics” that deliver 

therapeutic molecules in a context-specific manner.  

Objective: To evaluate C. accolens and D. pigrum as microbial therapy candidates and propose a 

CRISPR/Cas9 framework for engineering probiotics to modulate mucosal immunity, exclude pathogens, 

and transmit anti-inflammatory signals.  

Methods: A systematic review (2005–2025) was conducted in PubMed, Scopus, Web of Science, 

EMBASE, Google Scholar using terms: “nasopharyngeal microbiome,” “C. accolens,” “D. pigrum,” 

“CRISPR editing,” “probiotics,” “mucosal immunity.” Eligible studies covered genomic, proteomic, 

metabolomic features, immune interactions, CRISPR editing in probiotics, and preclinical/in silico 

models. Excluded: unrelated niches, insufficient methods, and non-CRISPR work. Data were synthesized 

into five topics: ecological roles, molecular/secretome features, CRISPR advances, biosafety design, and 

validation strategies.  

Results: Both taxa emerged as keystone members of the nasopharyngeal microbiome. Genomics revealed 

stable chromosome organization, no virulence genes, and pathways for SCFA biosynthesis, lipid 

metabolism, and adhesion. Proteomic and metabolomic studies confirmed secretion of antimicrobial 

peptides, bacteriocins, and nitric oxide, reducing pathogens and modulating immunity. Functional 

assays showed TLR2/6 activation, NF-κB inhibition, STAT3/TGF-β promotion, and IL-10 induction, 

strengthening barriers, enhancing IgA, and favoring regulatory immunity. A CRISPR design was 

proposed for C. accolens with an IL-10 cassette under an inflammation-inducible promoter plus kill-

switches, auxotrophy, and self-limiting nuclease activity. In silico modeling confirmed ecological 

compatibility and circuit stability. Validation was outlined across in silico prediction, in vitro 

epithelium–MALT co-cultures, and in vivo murine models with checkpoints for genomic stability, 

tolerance, and absence of systemic spread. Personalization included microbiome-guided strain selection, 

prebiotic co-formulation, and biofilm assays, ensuring therapeutic expression only under inflammation.  

Conclusions: CRISPR-edited nasopharyngeal commensals are a promising therapeutic platform. C. 

accolens and D. pigrum combine stability, safety, and intrinsic immunomodulatory capacity, amplified by 

precise engineering. Inflammation-inducible IL-10 circuits enable localized, context-specific mucosal 

immunomodulation. Biosafety modules minimize ecological risk and secure evolutionary stability. Such 

engineered strains may deliver robust, personalized, clinically relevant interventions for infectious and 

inflammatory airway diseases.  

Keywords: CRISPR, nasopharyngeal microbiome, Corynebacterium accolens, Dolosigranulum 

pigrum, microbial therapy, functional probiotics. 
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Introduction 

The nasopharyngeal microbiome is a complex and dynamic ecosystem that plays an important role in maintaining 

local immune balance and protecting the body from pathogenic agents, particularly viruses and bacteria that cause 

upper respiratory tract infections [1-4]. Under normal conditions, commensal microorganisms not only coexist with 

the host organism but also actively participate in the formation of colonization resistance, stimulate antiviral and 

antibacterial immunity, and can influence the course of inflammatory processes, acting, so to speak, as an external 

agent of the mucosa-associated lymphoid tissue (MALT) immune system [4-7]. For this reason, the hypothesis has 

emerged regarding the possibility of therapeutic modification of the microbiome as an alternative or complement to 

traditional treatment methods. This is particularly relevant in the context of increasing antibiotic resistance, the 

limited effectiveness of classical antiviral agents, and the growing frequency of chronic and recurrent respiratory 

diseases. [4; 8-16] In this context, commensal bacteria of the nasopharynx are considered not only as passive 

inhabitants of the mucous membranes but as a potential therapeutic structural platform that can be purposefully 

modified to achieve a desired biological effect [17; 18]. One of the key tools that has made it possible to transform 

microorganisms into functional next-generation probiotics is the CRISPR technology (Clustered Regularly 

Interspaced Short Palindromic Repeats) [18-20]. These are specific DNA regions that naturally occur in bacteria and 

archaea and are a component of their adaptive immune system [18-22]. Due to their precision, versatility, and relative 

ease of use, CRISPR systems allow editing of bacterial genomes, providing them with new functions—from the 

secretion of antimicrobial peptides to the production of immunomodulatory or antiviral compounds [18-22]. 

The hypothesis of the approach presented in this study involves using the natural properties of commensal 

bacteria—the ability to stably colonize the mucosa, compatibility with the human immune system, and absence of 

pathogenicity—in combination with the possibilities of CRISPR editing to endow them with new therapeutic 

functions. As a result, living, locally active probiotics may be created, acting directly at the site of pathogen entry, 

minimizing systemic effects and side effects. This approach potentially allows for the individualization of therapy 

according to the patient’s microbiome profile. CRISPR-commensals constitute the foundation of next-generation 

microbial therapy, where bacteria act as active agents programmed to perform specific biological functions: secretion 

of antimicrobial or immunomodulatory compounds, inhibition of pathogens, modulation of immune responses, or 

counteraction of viral invasion [23; 24]. Unlike traditional drugs, they act from within the microbial ecosystem, 

adapting to changes in the mucosal environment [18-26]. Despite the fact that this field is currently at an early stage, 

the first prototypes of engineered probiotics for the prevention and treatment of upper respiratory tract infections, 

including acute respiratory viral infections, chronic rhinosinusitis, and post-viral inflammation, are already being 

developed. [18; 26] This approach opens the prospect not only for treatment but also for the maintenance of a stable 

and harmonious microbial environment, which is especially relevant in conditions of declining effectiveness of 

traditional pharmacotherapy. 

Aim of the study: To conduct a systematic characterization of nasopharyngeal commensal microorganisms as a 

potential platform for microbial therapy, focusing on their molecular structure, immunomodulatory potential, and 

possibilities for functionalization through CRISPR/Cas9 technology. To develop a hypothetical model for obtaining 

controlled and effective next-generation probiotic strains capable of personalized colonization with subsequent 

experimental implementation of local immune response regulation and counteraction of pathogens in the upper 

respiratory tract. 

Materials and Methods 

To test the scientific hypothesis, a systematic literature review was conducted using modern methods of source 

search and selection. The search was carried out in the PubMed, Scopus, Web of Science, EMBASE, and Google 

Scholar databases, which made it possible to cover peer-reviewed articles, preprints, and grey literature. The main 

time interval was 2005 – June 2025, with emphasis on the last decade, when nasopharyngeal commensals, their 

molecular properties, immunomodulatory effects, and the use of CRISPR/Cas9 in the creation of functionalized 

probiotics were actively studied. The search strategy included relevant keywords and their combinations with 

Boolean operators (AND, OR), the use of quotation marks for exact search, as well as filters by language (English, 

Ukrainian) and document type (original research, reviews, in vitro/in vivo experiments, clinical trials). Among the 

queries: “nasopharyngeal commensals AND CRISPR/Cas9 engineering”, “Corynebacterium accolens OR 

Dolosigranulum pigrum AND genomics OR immunomodulation”, “mucosal immunity AND probiotic therapy AND 
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synthetic biology”, etc. The inclusion criteria provided for the selection of publications highlighting the molecular 

characteristics of the main representatives of the nasopharyngeal microbiome (Corynebacterium accolens, 

Dolosigranulum pigrum) with genomic, proteomic, and metabolic data. Also considered were studies on CRISPR/Cas9 

editing of probiotic strains (integration of therapeutic genes, safety, stability of colonization) and the effects of 

commensal secretomes (SCFA, NO, bactericidal peptides). Exclusion criteria included publications without full text, 

with insufficient methodological description, studies of only pathogenic strains without commensal context, as well 

as materials on other microbiomes (gut, urogenital). Editorial articles, commentaries, popular literature, and 

outdated data were also excluded. Selection was conducted in two stages: first, screening of titles and abstracts, then 

full-text analysis by two independent researchers with subsequent consensus in case of discrepancies. Artificial 

intelligence tools were used for linguistic verification and refinement of translated text fragments. Both language 

versions of the text were thoroughly examined to confirm their consistency. 

Results 

Identification and molecular characterization of Corynebacterium accolens and Dolosigranulum pigrum as key 

commensals for bioengineering. An analytical review of the current scientific literature on the topic under 

investigation. Corynebacterium accolens and Dolosigranulum pigrum are typical representatives of the healthy 

nasopharyngeal microbiome, and their stable colonization of the mucosa influences the reduction of the incidence 

of viral-bacterial upper respiratory tract infections, as confirmed by the studies of Brugger et al. (2020), Clark (2020), 

and Flynn et al. (2022) [27–29]. From a microbiological point of view, both species are Gram-positive facultative 

anaerobes capable of forming dense colonies that participate in the formation of colonization resistance, competitive 

exclusion of pathogens, and immune tolerance through a number of molecular mechanisms. [27–30] The main 

characteristics of Corynebacterium accolens and Dolosigranulum pigrum are summarized and systematized in Table 1. 

Genomics and Proteomics. Literature data indicate that complete genome sequencing of Corynebacterium accolens 

has identified at least five key functional clusters. [31-33] The most important of them are responsible for lipid 

metabolism, synthesis of adhesive structures, and modulation of the immune response. [28; 31; 34] The main genes 

– lipA, fadD, pld – encode lipases, acyl-CoA synthetases, and phospholipases that hydrolyze triglycerides of skin 

sebum with the formation of free fatty acids (lauric, oleic, palmitic). [34-38] These metabolites have bacteriostatic 

and bactericidal effects on Gram-positive pathogens by inhibiting type III transpeptidases and disrupting the 

electrostatic balance of their membranes. [34-42]  

Proteomic analysis revealed the presence of fimbriae-like proteins (mainly of SpaD-type) and collagen-binding 

proteins (CbpA, SlpX), which provide specific adhesion to glycosylated receptors of mucosal surfaces (mucins 

MUC5AC, MUC2). [43-49] Lipoproteins capable of interacting with TLR2/6 and reducing activation of the NF-κB 

signaling cascade, thereby limiting host inflammatory responses, were also identified. [50; 51] Comparative 

genomics with pathogenic Corynebacterium showed the absence in C. accolens of mobile elements, invasion factors, 

hemolysins, and plasmids with antibiotic resistance genes, as well as the presence of a stable GC-rich genome that 

reduces the risk of horizontal DNA transfer. [52-53] The genome of Dolosigranulum pigrum is compact but contains 

clusters for the synthesis of short-chain fatty acids (SCFA). [54-56] The main genes – ackA, pta, prpE, ldh – form the 

propionate-acetate cycle, the products of which (acetate and propionate) serve as a carbon source for other 

commensals and immunomodulate MALT cells [7; 57-59]. Proteomics of Dolosigranulum pigrum revealed a number 

of secreted proteins with potential antimicrobial activity, including serine proteases and peptidoglycan hydrolases. 

[56; 60; 61] Genomic studies of some strains also showed the presence of sortase A enzyme and biosynthetic clusters 

of lantibiotic-like peptides, which likely provide inhibition of Gram-positive pathogen growth through disruption 

of cell wall biosynthesis or lipid transport. [56; 60-62]. Transcriptomics. Transcriptomic analysis of 

Corynebacterium accolens in co-culture with nasopharyngeal epithelial cells revealed induced expression of 

lipolysis genes (lipF, lipA) and increased transcription of adhesion proteins (cbpA, slpX, spaD). [34,50,51,63-67,68-

70] Modulation of the TLR2/6 cascade was also observed, with suppression of pro-inflammatory cytokines IL-6, IL-

8 and an increase in IL-10 and TGF-β levels in dendritic cells. [34; 50; 51; 63-70] For Dolosigranulum pigrum, a stable 

increase in the expression of SCFA-biosynthesis enzymes (ackA, pta, ldh) was characteristic in response to epithelial 

contact signals (mucins, sIgA). [34; 50; 51; 63-67; 68-70]. 

Table 1 
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Key Commensals for Bioengineering: Identification and Molecular Characterization of Corynebacterium 

accolens and Dolosigranulum pigrum 

 

Secretomes and Signaling Molecules Affecting MALT. The secretome of nasopharyngeal microorganisms is a 

complex of active molecules that bacteria release into the colonization environment. [5; 70; 71] In the nasopharynx, 

it interacts with the mucosal epithelium, intercellular matrix, and immune structures of the mucosa-associated 

Aspect Corynebacterium accolens Dolosigranulum pigrum 

Role in 

microbiome 

Typical commensal of healthy nasopharyngeal 

microbiome; stable colonization associated with 

low respiratory viral-bacterial infections. 

Typical commensal of healthy nasopharyngeal 

microbiome; contributes to immune 

modulation and metabolic cross-feeding. 

Microbiology Gram-positive facultative anaerobe; forms dense 

colonies contributing to colonization resistance 

and pathogen exclusion. 

Gram-positive facultative anaerobe; forms 

colonies with adhesive properties, producing 

immunomodulatory metabolites. 

Genomics Complete genome sequencing revealed ≥5 key 

functional clusters, including genes for lipid 

metabolism (lipA, lipG, fadD, fadE, pld), surface 

adhesins, and immune modulation. 

Compact genome (1.7–1.9 Mbp) with 

metabolic clusters for short-chain fatty acid 

(SCFA) production: ackA, pta, prpE, ldh. 

Key 

genes/functions 

Lipases and phospholipases hydrolyze skin 

sebum triglycerides to free fatty acids (lauric, 

oleic, palmitic acids) with bacteriostatic/cidal 

effects on Gram-positive pathogens. 

SCFA biosynthesis genes form propionate-

acetate metabolic cycle; acetate and propionate 

serve as carbon sources and immune 

modulators. 

Proteomics Presence of fimbriae-like proteins (SpaD-type), 

collagen-binding surface proteins (CbpA, SlpX), 

mediating specific binding to epithelial mucins 

(MUC5AC, MUC2). 

Adhesins MapA (mucin-associated protein A), 

sortase A anchor proteins to cell wall; high 

affinity to sialylated glyco-conjugates on 

epithelium. 

Expression and 

Production 

Expression of lipoproteins mimicking TLR 

components; interact with TLR2/6 receptor 

complexes to downregulate NF-κB signaling. 

Production of lantibiotic-like peptides-

modified low-molecular-weight 

antimicrobials disrupting lipid transporter 

function in pathogens. 

Comparative 

genomics 

Lacks mobile genetic elements, hemolysins, 

invasion factors, and antibiotic resistance 

plasmids; stable karyotype with high GC content 

(>60%) indicating low horizontal gene transfer 

risk. 

Compact genome but enriched in metabolic 

and antimicrobial gene clusters supporting 

niche colonization and pathogen suppression. 

Transcriptomic

s 

In vitro co-culture with nasopharyngeal 

epithelial cells induces upregulation of lipolysis 

genes (lipF, lipA) and surface adhesion genes 

(cbpA, slpX, spaD) within 3–6 hours. 

Stable upregulation of SCFA biosynthesis 

enzymes (ackA, pta, ldh) triggered by 

epithelial contact signals (mucins, sIgA). 

Modulation 

and Induction 

Modulates mucosal TLR signaling: activates 

TLR2/6, suppresses pro-inflammatory cytokines 

(IL-6, IL-8), and increases anti-inflammatory 

cytokines (IL-10, TGF-β) in dendritic cells. 

Induces foxp3 expression in regulatory T cells 

in MALT co-culture, indicating immune 

tolerance promotion; suppresses nfkb1 

expression in macrophages and epithelial cells, 

reducing inflammation. 
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lymphoid tissue (MALT). [73] To understand the mechanism of action of the secretome, three layers of interaction 

are distinguished: the surface mucus layer, the epithelial barrier, and the subepithelial immune zone with follicular 

structures, macrophages, T- and B-lymphocytes, and dendritic cells. [71; 72] The secretome penetrates through these 

layers and acts through specific molecular targets. [74; 75] Based on the analysis, the main mechanisms of key 

molecules of the nasopharyngeal microorganism secretome were determined (Table 2). 

 

Table 2 

Key signaling molecules and their immunomodulatory mechanisms in the context of MALT 

 

Molecule Type Examples Primary Actions 

Short-Chain Fatty Acids 

(SCFA) 

Acetate, Propionate - Activation of Treg cells via FOXP3 expression- Suppression of IL-6 and TNF-α 

Nitric Oxide (NO) - - Vasodilation and anti-inflammatory effect- Modulation of macrophages and 

dendritic cells 

Lipid Metabolites Bacterial lipids, FFA 

derivatives 

- Bind to TLR2/6 receptors- Regulation of innate immune responses 

Antimicrobial Peptides Bacteriocins, 

Lantibiotics 

- Selective inhibition of S. aureus, S. pneumoniae colonization 

MALT Modulation 

Mechanisms 

- - Treg activation- Decreased IL-6/IL-8 secretion- Indirect pathogen inhibition 

 

At the bacterial level, secretome products are formed as a result of enzymatic substrate degradation (lipases, 

glycosidases, proteases), denitrification of nitrogen compounds, and synthesis of signaling peptides (lantibiotics), 

which are exported via Sec/Tat systems. [71-73] After release, they enter the mucus or come into contact with the 

epithelium. [71-73] Nasopharyngeal mucus consists of mucins (MUC5AC, MUC5B), within which secretome 

diffusion occurs: SCFA (acetate, propionate) penetrate rapidly, while peptides bind to glycoconjugates, prolonging 

their action. [71-73] Subsequently, the secretome reaches the ciliated columnar epithelium with goblet cells, M cells, 

and intraepithelial lymphocytes. [75-81] Epithelial cell receptors include TLR2/6 (lipids), GPCR GPR41/43 (SCFA), 

guanylate cyclase C (NO), and Siglec (glycopeptides). [76-81] In response, ICAM-1 expression is activated, defensin 

and cathelicidin secretion occurs, and tight junctions (claudin, occludin, ZO-1) are strengthened. [68-84] Some 

molecules (SCFA, NO, peptides) penetrate through the epithelium or are transported by M cells into MALT, where 

they affect dendritic cells, macrophages (shift M1→M2), and T cells (SCFA induce FOXP3 and Treg). [68-84] B cells, 

under the influence of TGF-β and IL-10, switch antibodies to IgA. [67; 71-87] Molecular regulation includes 

suppression of NF-κB by NO, activation of STAT3 (TGF-β, IL-10), MAPK/ERK control over chemokines and MHC 

II, as well as JAK/STAT induction of Treg and suppression of Th17. [85-94] This limits pathogen colonization. 

Commensals additionally produce bacteriocins and lantibiotics that inhibit Staphylococcus aureus, Streptococcus 

pneumoniae, and other microorganisms. [88-94] Strengthening of the epithelium and reduction of receptors for 

adhesins (PsaA, CbpA) decrease the risk of invasion, while Treg enhancement maintains immune tolerance and 

microbiome homeostasis. [88-94] 

Development of an original model of a multi-stage assessment of safety and efficacy. Based on analysis of the 

literature data [1–94], a summary of modern methods for evaluating genetically modified microorganisms is 

presented. Drawing on this review material, the work proposes a conceptual multi-stage approach for assessing the 

safety and efficacy of a functionalized probiotic with modulated CRISPR/Cas9 expression. The approach includes 

sequential application of in silico, in vitro, and in vivo methods. Its structural scheme is presented in Figure 1. 
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Figure 1. Multistage safety and efficacy assessment 

 
 

At the in silico stage, the authors of the study propose conducting a detailed computational analysis of the strain’s 

genomic stability, taking into account the risks of horizontal gene transfer, which theoretically enables the prediction 

of potential genetic alterations and helps avoid undesirable mutations. Additionally, it is recommended to perform 

modeling of probiotic interactions with the existing microbiome, which should help to assess its biocompatibility 

and possible impact on the nasopharyngeal ecosystem. Special attention is advised to be given to predicting the 

immunogenic activity of the strain in order to minimize the risk of excessive immune responses. 

At the in vitro stage, we propose to use three-dimensional models of the nasopharyngeal epithelium that most 

accurately reproduce the physiological conditions of the mucosal surface. Co-cultivation with immune cells of the 

lymphoid tissue located in the nasopharynx (MALT) should allow investigation of the interaction of the probiotic 

with local immunity. Assessment of anti-inflammatory molecules such as IL-10, as well as activation of regulatory T 

cells (Treg), is expected to demonstrate the immunomodulatory properties of the strain. At the same time, it is 

recommended to perform tests on bacterial adhesion to epithelial cells and their ability to suppress the growth of 

potential pathogens, which would indicate the competitive potential of the created strain. 

The transition to in vivo studies in animal models simulating the human nasopharyngeal environment represents 

the final stage, enabling the study of long-term probiotic colonization and its effects on the host’s immunological 

state under real biological conditions. In addition to assessing local immune responses, the impact on microbiome 

composition and the potential for personalized therapy depending on the type of baseline flora should be 

investigated. Conducting the proposed studies using the developed model will allow for the simultaneous 

identification of potential side effects and the confirmation of the long-term safety of the probiotic’s application. 

Thus, the presented multistep approach ensures comprehensive validation and increases the likelihood of successful 

implementation of the functional probiotic strain in clinical practice. 

Technical justification of the authors’ model for the implementation of the experiment. Based on the preliminary 

review of relevant literature sources [1–94], which outlines the current state of the studied problem, a hypothesis 
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was formulated according to which the authors’ model of the technical implementation of the experiment is 

proposed (Fig. 2). 

 

 
 

Figure 2. CRISPR/Cas9-Modulated Probiotic Development 

 

Technical implementation of expression control modulated by the in vitro CRISPR/Cas9 system in the 

functionalized commensal probiotic. At the initial stage of the study, microbiological isolation of the target strain 

is planned. For this, mucus must be collected from the nasopharynx of a healthy donor using a sterile flocked swab. 

The swab must be immediately placed in a sterile tube containing 1 mL of phosphate-buffered saline (PBS, pH 7.4). 

Within 10 minutes at room temperature, resuspension is carried out by rotating the swab in the buffer. From the 

obtained suspension, we propose to take 100 µL and spread it evenly across the surface of a Columbia Blood Agar 

(CBA) Petri dish using a sterile L-shaped spreader. The plate should be incubated in a thermostat at 37 °C and 5 % 

CO₂ for 24 hours. The next day, inspection of the plate under illumination is required. Typical Corynebacterium 

accolens colonies are creamy, slightly shiny, round, dense, 1–2 mm in diameter. [34; 102] Such colonies should be 

replated individually onto a new CBA dish in order to obtain a pure strain. After an additional 24 hours of 

incubation, identification is performed by preparing a lysate from 1 colony in 50 µL of water, boiling for 10 minutes, 

centrifuging for 2 minutes at 12 000 g, and using the supernatant as a template for PCR of the 16S rRNA gene (primers 

27F/1492R). The amplicon must be sequenced and compared with the NCBI databases. The next step is to proceed 

to vector system design for CRISPR/Cas9 editing. To do this, a neutral site in the bacterial genome should be 

determined, usually between two metabolically inactive regions or near pseudogenes, which should be verified 

through comparative analysis of the full genomic sequence (e.g., C. accolens strain ATCC 49725) [84-94]. Then a 

synthetic single guide RNA (gRNA) is created that targets a ~20 bp region and contains a PAM sequence (e.g., TTTV 

for Cas12f). The next stage involves synthesis by in vitro transcription or integration into a vector. Subsequently, a 

plasmid is constructed (e.g., based on pJIR750 or pCas12f-syn), which includes: (1) Cas12f (codon-optimized for 

Gram-positive bacteria); (2) a gRNA cassette; (3) an HDR template with homologous flanks of 500 nucleotides; (4) a 

sequence of an inducible promoter (e.g., SynNFκB with two NF-κB response elements and a basal σ⁷⁰ promoter); (5) 

an open reading frame of the IL-10 gene (a human gene with a Gram-positive RBS may be used); (6) an rrnB 

terminator; (7) a self-regulated gRNA directed to a partial region of Cas12f after integration is achieved; (8) a kill-

switch cassette – a promoter activated by abnormal pH (e.g., pH < 6.0), which activates expression of the ccdB gene; 

(9) an auxotrophy system, which includes deletion of the dapA gene via double crossover, verified using a flippase 

cassette. After assembly, the construct-containing vector must be amplified in E. coli DH5α. The transformation 

process is carried out by chemical induction of competence (CaCl₂) or electroporation (1.8 kV, 5 ms). The plasmid is 

purified from an overnight culture grown on LB + ampicillin (100 µg/mL) using a kit (Qiagen MiniPrep), the 

concentration is measured (NanoDrop), and plasmid integrity is checked on a 0.8 % agarose gel. Then 

electrocompetent C. accolens cells must be prepared. For this, 50 mL of culture are grown in BHI medium to OD₆₀₀ = 

0.5. The culture is cooled on ice, centrifuged at 5000 g for 10 minutes at 4 °C, and washed three times in 10 % sterile 

glycerol. Cells are then concentrated to 100 µL. To 100 µL, 1–2 µg of plasmid are added, the mixture is transferred 
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to a cold sterile electroporation cuvette (2 mm), and electroporation is performed on a Gene Pulser (2.0 kV, 25 µF, 

200 Ω). Immediately after the pulse, 900 µL of BHI + 0.5 M sucrose are added, and the culture is incubated for 3 h at 

37 °C without antibiotic. After recovery, 100 µL are plated onto BHI agar supplemented with chloramphenicol (10 

µg/mL) and DAP (0.3 mM), and plates are incubated for 48 hours at 37 °C. Colonies are checked for insertion by 

colony PCR. For this, one colony is resuspended in 20 µL of water, and 1 µL is taken for PCR. Primers flank the left 

and right boundaries of the insertion; positive amplicons are sequenced. It is also proposed to verify IL-10 

transcription via RT-qPCR (after coculture with cells), determine Cas expression to validate feedback, and assess the 

presence of in-frame integration. For functional testing, modified bacteria must be cocultured with the RPMI-2650 

cell line, which should first be stimulated with IL-1β (10 ng/mL). Cells should be seeded in a 12-well plate at 2 × 10⁵ 

cells/well 24 h before coculture. Bacteria are then added at an MOI of 10:1 and incubated for 6–8 hours. Supernatant 

is collected for IL-10 ELISA, and cells for RT-qPCR on Cas12f, IL-10, and control genes. To validate the kill-switch, 

incubate bacteria in MRS without inducers at pH 5.5 or 42 °C – growth should stop. For auxotrophy, plate bacteria 

on medium without DAP: growth should not be observed, which should be checked by serial plating and monitoring 

colony formation. The next step is to encapsulate bacteria in 2 % sodium alginate. To do this, mix the culture with 

alginate at a 1:1 ratio, add the suspension dropwise into 100 mM CaCl₂, forming microspheres of ~300–500 µm in 

diameter. Then wash the capsules with PBS and incubate with a 3D model of ciliated epithelium. Adhesive 

properties are determined using fluorescent dyes (e.g., SYTO9), and expression of cbpA/slpX is assessed by RT-

qPCR. The final stage is to verify genetic stability. Passage the culture for 50 generations in medium without 

antibiotic, and every 10 passages perform PCR analysis. To check for horizontal transfer, coculture with S. 

pneumoniae or S. aureus, then screen recipients for the presence of the vector cassette. Also perform whole-genome 

sequencing to assess genome integrity and model in silico the risk of conjugation through OriT/ICE. In our opinion, 

the application of this method will make it possible to obtain a self-regulated probiotic strain capable of responding 

only to local inflammation, expressing the therapeutic gene solely in the area of infection, independently limiting 

itself outside the nasopharynx, not transferring its genes to other bacteria, and remaining functionally stable during 

long-term use. 

Safety, colonization potential, symbiotic interaction. The use of CRISPR-modified commensal bacteria as live 

biotherapeutic agents significantly expands the framework of traditional understanding of microbial engineering 

system safety and requires an in-depth analysis of their genetic, ecological, and ethical characteristics. Unlike 

classical probiotics, these commensals function within the complex ecosystem of the human microbiome, where they 

can influence the structure and dynamics of microbial communities. A key prerequisite for biosafety is ensuring the 

genetic stability of the therapeutic cassette and the absence of its horizontal mobility. Particular attention must be 

given to the risk of unpredictable interactions between the CRISPR system and mobile genetic elements — 

transposons, plasmids, or phage vectors — which may potentially contribute to the transfer of therapeutic modules 

to other representatives of the microbiome. After successful introduction of the therapeutic cassette and confirmation 

of its functional activity, the next critically important step is assessing the safety, colonization stability, and symbiotic 

behavior of the modified strain under conditions that mimic the complex ecology of the nasopharyngeal microbiome. 

Four aspects are central in this phase: (1) preservation of the genetic construct without horizontal transfer; (2) 

stability of the expression system; (3) colonization competitiveness; (4) interaction with the natural microbiota and 

potential symbiotic support through prebiotics. These parameters determine the ability of the engineered strain to 

function in a physiologically relevant environment without destabilizing the local microbial ecosystem. An 

important aspect is the ecological compatibility of the modified strain — its ability to integrate into the microbiome 

structure without disrupting ecosystem balance. CRISPR modifications may alter metabolic profiles, adhesive 

properties, and immunomodulatory mechanisms, potentially leading to the displacement of ecologically important 

commensals. Engineered strains enter a network of interspecies interactions involving competition for resources, 

quorum sensing, and metabolite exchange. This creates the need for multilevel biocontainment mechanisms — 

auxotrophy systems, inducible regulatory circuits, and programmable self-elimination mechanisms, which must 

demonstrate long-term stability even under ecological stress. In-depth biosafety analysis is inseparable from ethical 

reflection on the introduction of CRISPR-modified commensals into medical practice. Ethical considerations 

encompass fundamental principles of predictability and proportionality of engineered intervention. Stability of the 

genetic construct, minimization of evolutionary risks, and prevention of the emergence of new adaptive traits form 

the basis of ethical acceptability of such systems. The principle of ecological responsibility requires considering not 

only individual but also population-level consequences: changes in microbiome structure, the risk of creating 

evolutionary “stress nodes,” and the possibility of long-term persistence. The principle of non-interference with 

heredity implies that therapeutic modules must not contain components capable of recombining with human genetic 
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structures or spreading uncontrollably within microbial populations. Adherence to these principles forms the 

foundation for public trust, necessary for clinical and regulatory acceptance of living genetically modified systems. 

At the next stage of the study check the stability of the genetic cassette should be assessed by serial passaging of the 

transformed culture on both selective and non-selective media. The C. accolens::IL10 culture must be grown on BHI 

agar without antibiotics for 50 consecutive generations (10 passages every 24 hours) to simulate long-term 

persistence in the biotope without therapeutic pressure. Every 10 passages, 5–10 colonies should be screened by PCR 

for the presence of Cas12f, the therapeutic gene (IL-10), the kill-switch cassette, and the auxotrophy marker. In 

parallel, evaluate the integrity of the integration flanks. To detect possible cassette elimination or deletion events, 

additionally perform Southern blot using DIG-labeled probes targeting the HDR-insertion flanks.  

For the assessment of horizontal transfer of genetic elements, it is proposed to conduct an in vitro study by co-

cultivating the transformed strain with potential recipients—specifically Streptococcus pneumoniae, Staphylococcus 

aureus, and Haemophilus influenzae. To do this, co-cultures must be prepared at a 1:1 ratio in antibiotic-free medium 

and incubated at 37 °C under microaerophilic conditions for 24–48 hours. After that, the bacterial populations should 

be separated by serial dilution on selective media: plasmids or inserted cassettes should be present only in the 

original strain. Recipient colonies are tested by PCR for the Cas cassette, IL-10, the cat marker, or any other vector 

element. The absence of horizontal transfer is confirmed by the absence of a positive signal. 

In a parallel in silico assessment, use the ICEfinder platform to analyze for the presence of integrative-conjugative 

elements (ICE), oriT sites, and mobile integrases within the HDR flanks or vector residues. Only upon confirmed 

genetic isolation of the construct, i.e. absence of mobile genetic elements, should the project be recognized as 

biosafely integrated. Determine colonization potential by evaluating adhesive ability to ciliated epithelium, 

competitiveness against local flora, and efficiency of attachment to the mucosal surface. 

Creation of an in vitro adhesion model. A monolayer culture of RPMI-2650 cells is seeded onto sterile cover slips 

placed in 24-well plates. After 24 h of cultivation, add the modified bacterium at a concentration of 10⁷ CFU/mL. 

After 2 hours of incubation, wash the plates three times with PBS, fix with 4 % paraformaldehyde, and stain with 

SYTO9 or an Alexa Fluor 488 conjugate. Count the number of adhered bacteria per 100 cells using fluorescence 

microscopy. In parallel, compare with non-modified C. accolens and competitors (S. aureus, S. pneumoniae) to analyze 

attachment advantage. Determine competitiveness in mixed conditions by coculturing the engineered strain with 

commensals (Dolosigranulum pigrum, Lactobacillus spp.) and pathogens. Mix cultures at a 1:1:1 ratio and incubate in 

BHI or MRS for 24 h, then perform selective platings for each strain, count CFUs, and determine the colonization 

share. Simultaneously analyze the expression of adhesion genes (cbpA, spaD, slpX) by RT-qPCR. Upon increased 

expression of these genes in the modified strain, evaluate better adaptation to the epithelial microenvironment. 

Within the strategy of enhancing colonization stability, apply a synbiotic approach involving inclusion in the 

therapeutic formulation of a specific pre-probiotic – i.e. a substance that selectively stimulates the growth or 

attachment of exactly the modified strain. As candidates, use sialylated oligosaccharides (e.g. 3′-sialyllactose), 

mucin-mimicking glycans, or short-chain fatty acids (butyrate), which support local nutrition of the bacterium in the 

nasopharyngeal area. By adding such pre-probiotics into the formulation (e.g. a nasal gel), achieve enhanced 

probiotic fixation on the mucosa. In parallel, carry out an analysis of transcriptional activity under natural 

microbiome conditions – for this, use ex vivo biofilm models where the modified strain is subjected to mixed 

coculture with a fragmented human nasopharyngeal microbiome. After 48 h of coculture, perform total RNA 

extraction followed by RT-qPCR for the Cas, IL-10, regulatory gRNA, and kill-switch genes. If the system is not 

activated outside the induction zone (i.e. in the absence of proinflammatory signals), this indicates high specificity 

and a safe background. The potential for personalized colonization is substantiated by comprehensive 

determination of individual nasopharyngeal microbiome profiles using 16S rRNA sequencing, allowing precise 

identification of dominant bacterial taxa and assessment of their relative ratios in a particular recipient. [55] Based 

on the obtained data, select optimal CRISPR/Cas9-edited probiotic strains or their combinations that best match the 

microbiota specificity of each individual, which is key to increasing therapeutic efficacy.  

To predict the likelihood of successful colonization and the therapeutic effect of probiotic strains, it is proposed to 

apply machine learning methods, taking into account the composition of the microbiome ecosystem and the specific 

features of the nasopharyngeal immune response. Profile the nasopharyngeal microbiota, including quantitative 

analysis of key representatives such as Corynebacterium accolens and Dolosigranulum pigrum, and identify potential 

pathogenic competitors, which will allow rational selection of probiotic strains capable of ensuring stable 
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colonization and modulating the local immune response. Apply such an individualized approach to enhance the 

safety and efficacy of probiotic therapy, opening prospects for the development of personalized microbiome-

regulating strategies. 

In vivo experimental model for testing the CRISPR/Cas9-modulated commensal probiotic Corynebacterium 

accolens::IL-10. The development of this experimental model was based on an analysis of literary sources [1–94], 

which made it possible to determine key parameters for further validation. Within the framework of our proposed 

original experimental approach, it is planned to assess the efficacy and safety of the created probiotic strain 

Corynebacterium accolens::IL-10 in SPF C57BL/6 mice aged 8–10 weeks. Before the start of the study, it is recommended 

that the animals be housed in sterile individually ventilated cages (IVC) for 7 days for acclimatization, ensuring 

standardized conditions: 22 ± 1 °C, relative humidity 50–60%, sterile food and water ad libitum. 

During this period, screen the baseline nasopharyngeal microflora of each mouse: perform a nasal lavage with 50 

µL of sterile PBS in each nostril and plate the material on Columbia Blood Agar (CBA). After 24–48 h of incubation, 

in the absence of colonies of pathogenic species (Staphylococcus aureus, Streptococcus pneumoniae), admit the animals 

to the study. This is necessary to avoid cross-interference of the probiotic with undesirable competing strains. The 

obtained data are schematically shown in Figure 3. 

In parallel, prepare a suspension of the edited strain. Wash the colonies of Corynebacterium accolens::IL-10 grown 

according to the previous protocol in PBS, centrifuge for 5 min at 4000 g, and wash twice to remove medium residues. 

Standardize the concentration to 10⁸ CFU/mL (OD₆₀₀ ~0.5), corresponding to a physiologically relevant dose for 

intranasal mucosal colonization. At this dose the bacterium can form dense microcolonies on the nasopharyngeal 

epithelium without inducing a local toxic reaction. 

Divide mice into 4 groups: (1) PBS control, (2) wild-type C. accolens, (3) modified C. accolens::IL-10, (4) modified 

strain with subsequent infectious challenge with S. pneumoniae. This allows simultaneous assessment of the safety, 

colonization potential, and protective effect of the probiotic upon pathogen infection. 
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Figure 3. In vivo experimental model - C. accolens::IL-10 testing 

 

Perform colonization under light inhalation anesthesia (isoflurane 1.5–2 %) to prevent fluid aspiration and reduce 

animal stress. Place the mouse on its back, fix the head in a slightly elevated position. Administer 10 µL of bacterial 

suspension into each nostril using a micropipette (single dose 20 µL = 2×10⁶ CFU). Upon reaching the mucosa, 

according to our model, the probiotic must diffuse along the ciliated epithelium, adhere to mucin receptors 

(MUC5AC, MUC2), securing itself by adhesion proteins (cbpA, spaD). The bacterium must begin to metabolize lipids 

and produce short-chain fatty acids, creating a favorable microenvironment for its own colonization. Repeat 

administration after 48 h to enhance settlement and achieve stable colonization by day 7. At various time points 

(days 1, 3, 7, 14, 28), sample material. For this, repeat light anesthesia, instill 50 µL PBS into the nostril and collect 

the lavage for analysis. Plate part of the sample on selective medium to count CFU of the edited strain and confirm 

its presence (PCR for IL-10, Cas12f). Use another part for ELISA (IL-6, TNF-α, IL-10) to assess the balance of pro- and 

anti-inflammatory signals [94] at the colonization site. At the same time, euthanize a subset of mice (isoflurane + 

cervical dislocation) to obtain nasopharyngeal biopsies. Mechanically mince tissues, homogenize and extract RNA 

for RT-qPCR analysis of immune markers such as foxp3 (Treg activation), nfkb1 (pro-inflammatory activation), as 

well as local expression of the therapeutic gene IL-10. To assess protective effect in group G4, on day 3 after 

colonization administer the pathogen Streptococcus pneumoniae (10⁶ CFU/20 µL). The pathogen attaches to the 

mucosal epithelium and triggers an inflammatory cascade through Toll-like receptor activation, stimulating the 

release of IL-1β, IL-6 and TNF-α. It is expected that the modified probiotic, through local secretion of IL-10, will 

induce differentiation of Treg cells, reduce NF-κB activity and decrease the severity of inflammation while 

simultaneously competing with the pathogen for adhesion sites. In parallel with these analyses, perform flow 
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cytometry of MALT cells isolated from nasopharyngeal lymphoid tissue. Determine numbers of CD4⁺Foxp3⁺ 

regulatory T cells and M1- and M2-macrophages, which enables pathophysiological assessment of the balance 

between pro- and anti-inflammatory immune responses. Measure cytokine levels in lavages and serum by ELISA, 

determining the probiotic’s impact on systemic and local immune responses. On days 14 and 28, collect all recovered 

bacteria from lavages and test for horizontal transfer of therapeutic genes by coculturing them with recipient strains 

(S. aureus, S. pneumoniae) and perform PCR for the IL-10 cassette. Use whole-genome sequencing of the edited strain 

after colonization to confirm integration stability and absence of unwanted mutations. The final outcome of the 

experiment should demonstrate that C. accolens::IL-10 safely colonizes the murine nasopharyngeal mucosa, 

maintains functional expression of the therapeutic gene, reduces pro-inflammatory markers, and effectively limits 

pathogen colonization, without causing systemic infection or transferring its genes to other bacteria. 

Discussion 

The obtained results of systemic analysis indicate a high potential of CRISPR-edited nasopharyngeal commensal 

bacteria as a basis for creating next-generation functional probiotics. Corynebacterium accolens and Dolosigranulum 

pigrum possess a number of key characteristics that highlight their potential as bioengineering platforms: the ability 

for stable mucosal colonization, absence of pathogenic determinants, and secretion of immunomodulatory and 

antimicrobial metabolites, which is consistent with the findings of Stubbendieck, R. M., Hurst, J. H., & Kelly, M. S. 

(2024) and Menberu, M. A. et al. (2021), who also note these strains as promising probiotic candidates for maintaining 

upper respiratory tract microbiome homeostasis. [38; 55] 

Stubbendieck, R. M., Hurst, J. H., & Kelly, M. S. (2024) in their study state that D. pigrum is a little-studied lactic acid 

bacterium increasingly considered a mutualist of the human airway. Although early reports suggested its possible 

pathobiont nature, more recent data indicate that this species is a common component of the human respiratory 

microbiota, rarely isolated from infected samples and most often found in mixed cultures with established human 

pathobionts. D. pigrum exerts its beneficial effects on the airways both via direct interaction with bacterial respiratory 

pathobionts and via modulation of host immune and inflammatory responses. The authors further note that, due to 

its numerous predicted auxotrophies and potential dependence on cooperation with other commensal bacteria in 

producing certain antimicrobial factors, D. pigrum may prove insufficiently effective as a monostrain probiotic, 

instead requiring application within a probiotic consortium to achieve a pronounced positive effect. Despite the need 

for further research, D. pigrum possesses a number of key characteristics that make it a highly promising candidate 

for a nasal probiotic to prevent or treat acute respiratory infections (ARI) and enhance respiratory health in humans. 

[55]  

In turn, Menberu, M. A., Liu, S., Cooksley, C., Hayes, A. J., Psaltis, A. J., Wormald, P. J., & Vreugde, S. (2021) note 

that the combined antimicrobial activity of Corynebacterium accolens strains and their secreted proteins against 

Staphylococcus aureus and clinical MRSA isolates in planktonic and biofilm forms may be useful for preventing 

overgrowth of S. aureus in the nasal microbiota. The authors further state that this opens a prospect for protective 

use of Corynebacterium against colonization of the nasal cavity by antibiotic-resistant S. aureus in a complex microbial 

environment. The obtained results have potential clinical relevance for the development of personalized probiotic 

therapies and may help restore a disrupted nasal microbiome in chronic rhinosinusitis (CRS) [38]. 

The CRISPR/Cas9 technology opens new opportunities for endowing these bacteria with specific therapeutic 

functions, including expression of anti-inflammatory cytokines (e.g., IL-10) and induction of a local regulatory 

immune response. [20] Liu, L., Helal, S. E., & Peng, N. (2023) note that CRISPR/Cas9 technology is a powerful tool 

for highly precise genome editing of probiotic microorganisms. Depending on the DNA repair pathways in cells – 

NHEJ, MMEJ, or HDR – it allows deletions, insertions, or point modifications of genes, with HDR providing the 

greatest accuracy due to the use of repair templates [20]. The authors further add that combining CRISPR/Cas9 with 

recombination systems and new Cas nuclease variants expands the possibilities of probiotic genetic engineering, 

opening prospects for creating functional strains for therapeutic application. [20] Compared to traditional 

pharmacological agents, this approach offers advantages in the form of local action, minimization of systemic side 

effects, and the possibility of personalized therapy tailored to the patient’s individual microbiome. [26] At the same 

time, the implementation of CRISPR-engineered probiotics is accompanied by a number of challenges. First of all, a 

comprehensive safety assessment of the edited strains is required: absence of horizontal transfer of therapeutic 

genes, long-term genetic stability, and controlled activity of modified cassettes [18]. 
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A significant limitation of the presented study is the lack of original experimental data – the results are based on 

literature review and theoretical models. Further preclinical in vitro and in vivo studies are required to confirm the 

effectiveness of the proposed concept, optimize regulation systems of therapeutic gene expression, and verify safety 

and long-term colonization of the modified probiotics. In view of current trends of increasing antibiotic resistance 

and limited effectiveness of classical treatment methods for upper respiratory tract infections, CRISPR-edited 

commensals may become a promising direction for the development of individualized microbial therapy. Their 

implementation into clinical practice will require a comprehensive strategy – from the development of biosafe 

constructs to the creation of regulatory protocols and evaluation of long-term consequences for patient health and 

the microbiome ecosystem. 

In conclusions: CRISPR/Cas9-edited nasopharyngeal commensals are a promising platform for local microbial 

therapy due to their ability to combine probiotic properties with targeted expression of therapeutic genes. 

Corynebacterium accolens and other physiological strains may form the basis for the creation of new biopreparations 

capable of restoring the microbiome, regulating inflammation, and potentially influencing neuro-glio-capillary 

mechanisms of immune response. However, the absence of original experimental data limits the practical 

conclusions of this work, highlighting the need for further preclinical studies to verify the efficacy and safety of the 

proposed approach. 
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