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Abstract

:

COVID-19 has become a global pandemic of the highest priority. Multiple treatment protocols have been proposed worldwide with no definitive answer for acure. A prior retrospective study showed association between bitter taste receptor 38 (T2R38) phenotypes and the severity of COVID-19. Based on this, we proposed assessing the different T2R38 phenotypes response towards a targeted treatment protocol. Starting July 2020 till December 2020, we tested subjects for T2R38 phenotypic expression (supertasters, tasters, and nontasters). Subjects who were subsequently infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (diagnosed via PCR) were included. Based on their taster status, supertasters were given dexamethasone for 4 days; tasters were given azithromycin and dexamethasone +/− hydroxychloroquine for 7 days; and nontasters were given azithromycin and dexamethasone for 12 days. Subjects were followed prospectively and their outcomes were documented. Seven hundred forty-seven COVID-19 patients were included, with 184 (24.7%) supertasters, 371 (49.6%) tasters, and192 (25.7%) nontasters. The average duration of symptoms with the treatment protocol was 5 days for supertasters, 8.1 days for tasters, and 16.2 days for nontasters. Only three subjects (0.4%) required hospitalization (3/3 nontasters). Targeted treatment protocol showed significant correlation (p < 0.05) based on patients’ T2R38 phenotypic expression. Assessing treatment protocols for COVID-19 patients according to their T2R38 phenotype could provide insight into the inconsistent results obtained from the different studies worldwide. Further study is warranted on the categorization of patients based on their T2R38 phenotype.
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1. Introduction


A cluster of viral pneumonia cases associated with a novel Coronavirus (2019-nCoV) was first identified in Wuhan, Hubei Province, China, in December 2019 and has rapidly spread around the world, causing a global health crisis. The disease was subsequently named Coronavirus Disease-2019 (COVID-19) by the World Health Organization and has been designated Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2). Significant concern has arisen within the global community regarding the potential risks of infectious transmission of SARS-CoV-2 [1].



The outbreak is still progressing and the pandemic is still uncontrolled, and the morbidity, mortality, and transmissibility of this novel coronavirus remain unresolved. Without the availability of effective antiviral therapies, compulsory measures have to be taken to prevent person-to-person transmission. However, for those severe cases, the chances of death remain elevated [2,3]. Factors such as social and psychological stress, economic hardship, and inconsistent virulence of SARS-CoV-2 are likely contributing to the apparent lack of adherence to the advised behavior modifications. The ability to identify those individuals whose health is most at risk by SARS-CoV-2 may allow society to balance social re-engagement more efficiently with protection of public health. School attendance, mass gatherings, travel, and so forth, may be able to resume more fully.



Despite some suggestions, there are no drugs available to cure the patients affected by this catastrophic disease [4]. The identification of effective medicines to fight this disease is urgently needed. Existing host-directed therapies, which have proven to be safe, were suggested to help fight COVID-19 infections [5,6,7]. To identify more therapeutic drugs, we focused on a special G-protein-coupled receptor (GPCR) family named type 2 taste receptors (T2Rs), which was shown to play a critical role in host defense pathways [8,9]. Originally, T2Rs, whose ligands are bitter substances, were thought to be only expressed in the tongue. However, recent studies revealed that they are widely expressed in extraoral tissues, such as the central nervous system, respiratory tract, breast, heart, gastric and intestinal mucosa, bladder, pancreas, testes, and others [10,11]. This suggests that T2Rs might have functions other than bitter taste perception. Indeed, they were suggested to be involved in appetite regulation, the treatment of asthma, the regulation of gastrointestinal motility, and the control of innate immunity [9,11,12,13]. T2Rs can be classified into broadly, narrowly, and intermediately tuned receptors according to the agonist spectra [14].



In the airway, T2Rs are present on ciliated epithelial cells and solitary chemosensory cells (SCC). T2R38, one of the many isoforms of T2Rs, is a receptor that is localized to motile cilia in humans, and is agonized by phenylthiocarbamide (PTC) and propylthiouracil (PROP) [15]. When T2R38 is stimulated by agonists, nitric oxide (NO) is produced to increase mucociliary clearance (MCC) and kill pathogens in the human respiratory mucosa [16].



Interestingly, in a prior study evaluating the effects of NO on SARS-CoV, Åkerström et al. found that NO inhibits the replication of SARS-CoV by two distinct mechanisms. Firstly, NO or its derivatives cause a reduction in the palmitoylation of nascently expressed spike (S) protein which affects the fusion between the S protein and its cognate receptor, angiotensin-converting enzyme 2 (ACE2). Secondly, NO or its derivatives cause a reduction in viral RNA production in the early steps of viral replication, and this could possibly be due to an effect on one or both of the cysteine proteases encoded in Orf1a of SARS-CoV [17].



Three single nucleotide polymorphisms in the gene that encodes T2R38, TAS2R38, confer two common haplotypes including the functional variant PAV (proline–alanine–valine) and the nonfunctional variant AVI (alanine–valine–isoleucine). Homozygotes for the functional allele (PAV/PAV) perceive T2R38 agonists like PTC and PROP as intensely bitter, while homozygotes for the nonfunctional allele (AVI/AVI) are unable to perceive this bitterness. Heterozygotes (PAV/AVI) demonstrate a wide range of bitter taste perception depending on the level of expression of the nonfunctional and functional alleles [18,19]. The homozygotes for the functional alleles, nonfunctional alleles, and heterozygotes were classified as supertasters, nontasters, and tasters, respectively. Sinonasal epithelial cells cultured from AVI/AVI individuals compared to cells cultured from PAV/PAV individuals also demonstrate reduced NO release with a resultant decrease in ciliary beat frequency (CBF) and MCC. Compared to PAV/PAV CRS patients, AVI/AVI patients also demonstrate increased susceptibility to upper respiratory infections [20,21].



Prior studies have shown evidence for an association between the PTC/PROP taste test and sinonasal innate immunity, concluding that the ability to assess airway taste receptor variation with an inexpensive taste test has broad implications, as differences in airway taste receptor function may reflect impaired innate immunity and predisposition to certain respiratory infections and inflammatory disorders, and T2R38 functionality in the tongue correlates with nasal symptoms in healthy individuals [22,23].



In a retrospective study performed by Barham et al. on 100 positive cases of COVID-19 confirmed by polymerase chain reaction (PCR), phenotypic expression of T2R38 with taste strip testing appeared to associate with the clinical course and symptomatology specific to each individual as 100% of the patients requiring inpatient admission were classified as nontasters. Conversely, supertasters represented 0% of the patient population, suggesting the possibility of innate immunity to SARS-CoV-2 [1].



As previously mentioned, T2Rs in the upper airway are not limited to ciliated epithelial cells, but are also on solitary chemosensory cells (SCCs), which are rare, nonciliated, epithelial cells which express both sweet (T1R2/3) and T2R receptors. While acyl-homoserine lactones (AHLs) in the human nose stimulate T2Rs on ciliated cells to activate NO production, in vitro studies have found that activation of T2Rs present on human SCCs by denatonium benzoate (DB) and other bitter-tasting compounds such as absinthin, parthenolide, and amoraogentin results in a release of intracellular Ca2+, which propagates to the surrounding epithelial cells via gap junctions and stimulates release of antimicrobial peptides(AMPs) stores [16]. AMPs include β-defensin-1 and 2 in the epithelial cells of the respiratory tract that can vigorously block the interaction between the virus and its receptor. Significantly, this immune activation does not occur with AHL stimulation of human SCCs. It is hypothesized that an as yet unidentified bacterial product/byproduct triggers T2Rs on human SCCs to activate this robust antimicrobial defense pathway [24]. Markogenin et al. found that the stimulation of T2Rs on SCC via DB resulted in inhibition of human respiratory epithelial two-pore potassium current in polarized nasal epithelial cells (via a cAMP-dependent signaling pathway), leading to lower threshold for human β-defensin-2 release [25].



One proposed hypothesis suggested that any bitter-tasting drug could have some unintended effects in the body through the activation of T2Rs [26]. With the widespread distribution of the approximately 25 T2Rs in human tissues, inhaled or orally administered bitter drugs could also exhibit off-target effects that are beneficial to the system [27]. There are few reports of bitter-tasting antibiotics activating T2Rs. Ofloxacin has been shown to activate T2R9, and chloramphenicol and erythromycin activate multiple T2Rs [19,28]. Analysis of the structural features of antibiotics from classes including fluoroquinolones, aminoglycosides, and macrolides reveals their close identity with or as derivatives of the parent structures of the aforementioned bitter-tasting compounds. Thus, many of the prescribed antibiotics might also interact with T2Rs expressed in the extraoral tissues [29].



In a prior study, Jaggupilli et al. performed experiments to determine the bitterness of the antibiotics by electronic taste sensor analysis or electronic tongue (E-tongue) analysis. The E-tongue does not contain actual taste receptors; it predicts the taste of test compounds in reference to known compounds based on physiochemical properties and conductivity measurements. It is commonly used to predict the taste of pharmaceutical formulations including antibiotics which might be harmful. The data for the antibiotics tested presented different ranges of predicted bitterness score, with a high predicted bitterness for the azithromycin (15.8), and lower bitterness scores for levofloxacin (4.5) and tobramycin (3.5). Interestingly, the antibiotic with the highest bitterness score, azithromycin, activated T2R4 [29].



Quinine derivatives bind to the T2Rs (expressed in SCCs) and airway smooth muscle cells [30] with the resultant stimulation of airway smooth muscle cells leading to airway relaxation [31]. Chloroquine (CQ) has been tested in a prophylactic and treatment model of allergic airways disease (murine asthma) and was able to mitigate airway inflammation, remodeling, mucus secretion, and airway hyperresponsiveness, some of the cardinal features of allergen-induced asthma in mice [32]. CQ has been shown to have an antimitogenic effect on airway smooth muscle, inhibiting the growth of human airway smooth muscle cells by activating T2Rs [33], and it may provide additional beneficial effects particularly as an immunomodulator [32,34].



Based on the aforementioned, we proposed a treatment protocol for COVID-19 patients based on their T2R38 phenotype (supertasters, tasters, and nontasters) dependent on the fact that supertasters have two copies of the functional alleles (PAV/PAV) and should not require agonists to their T2Rs, as they have high levels of NO to eliminate infection. On the other hand, tasters (those with one functional allele; PAV/AVI) would require a T2R agonist to boost their NO levels. That is why we proposed the supplying of azithromycin, not only as an anti-inflammatory drug, but also as a T2R agonist. The same protocol is provided for the nontaster (T2R38) group, but for a longer duration. Hydroxychloroquine (HCQ) was used in tasters as quinine derivatives, which are known agonists of T2Rs. Dexamethasone was added to all three groups to limit their nasal inflammations, congestion, and cytokine storm, and assist in olfaction preservation.




2. Methods


From our dataset of subjects who were phenotypically tested for T2R38, we included 747 COVID-19 patients who tested positive for SARS-CoV-2 (via PCR) to create this prospective study by providing treatment protocols to COVID-19 patients based on their T2R38 phenotypic expression (supertasters, tasters, and nontasters). This study was conducted in our tertiary referral center from July 2020 till the end of December 2020. The taste test was performed prior to infection with COVID-19.



Phenotype expression of T2R38 was evaluated via taste strip tests to evaluate the genetically determined taste response phenotype of each subject. This study used an early prototype general wellness test kit, being developed along with a software function and now owned by Phenomune LLC (The Woodlands, TX, USA) designed to be used by persons at home to detect, interpret, record, and produce a trait report describing a person’s unique intensity level of phenotypic expression of bitter taste receptors, intended to increase a person’s awareness of his/her sensitivity to bitter tastes for general improvement to functions associated with a general state of health, such as healthy lifestyle choices to enable wellness monitoring as it relates to dietary choices. There are several other commercially available taste strip tests, such as ones sold by Bartovation and Eisco Labs; however, any earlier prototype test kit consistent with the Phenomune general wellness test kit was used by the investigator in this study due to its proprietary interpretation system for determining the scaled intensity of expression in order to facilitate a more precise classification of each subject. These taste strip tests included Control (chemical-free), PTC, Thiourea, and Sodium Benzoate.



Demonstration and Interpretation of the Taste Strip Test



All subjects were presented with the taste test strips with the following order:




	
Control strip



	
PTC strip



	
Thiourea strip



	
Sodium Benzoate strip








Subjects were instructed to place the provided litmus paper strip on their tongue until completely moistened, then the next litmus paper strip was provided according to the order stated above. Subjects were instructed to comment on the quality of taste they perceived, and in addition, to comment on its intensity on a visual analog scale from 0 to 10, where 0 was no perception and 10 was extremely intense quality perceived as compared to the control paper. Each participant was oriented to the scale with a verbal explanation prior to proceeding. In between each taste strip provided, subjects were allowed to sip water.



Our proposed treatment protocol for COVID-19 patients included dexamethasone for supertasters for four days. Tasters, on the other hand, were given azithromycin, dexamethasone +/− hydroxychloroquine (based on symptom severity of fevers and shortness of breath with oxygen desaturation) for seven days. Finally, nontasters were given azithromycin and dexamethasone for a 12-day duration. Patients were followed up until the end point of our study, which was patient recovery in the form of a negative PCR and/or presence of IgG in their serum samples and/or absence of symptoms. In all three groups, the respective treatment protocol was started within 72 h of symptom onset with a positive PCR for SARS-CoV-2. Patients were reassessed at completion of their treatment protocol and symptomatic treatment was offered when necessary. Study design is demonstrated in Figure 1. Subject inclusion was approved by the Baton Rouge General Institutional Review Board (IRB00005439).




3. Exclusions


Subjects with evidence of active infection with SARS-CoV-2 via PCR at study commencement were excluded. Subjects with evidence of prior infection with SARS-CoV-2 via IgG at study commencement were excluded. Subjects with positive results to the Control strip were excluded from evaluation.



Statistical analyses were performed using SPSS v 22 (SPSS Statistics for Windows, version 22.0; IBM, Armonk, NY, USA). Descriptive data are presented as percentages and means ± standard deviation (SD). The correlation coefficient (ICC) was used to determine inverse linear correlation between age and phenotype. Kendall’s tau-B was used for ordinal values. Chi-squared analysis was used for relationships of nominal variables. The prevalence of age and related comorbidities was also compared across treatment cohorts using Pearson chi-square analysis for relationships of nominal variables. Student t test (two-tailed) was used for comparisons of parametric data. Results were deemed significant with a p value of <0.05.




4. Results


Seven hundred forty-seven (423 (56.6%) femalewith a mean (SD) age of 46.3 (13.7) years) COVID-19 patients (diagnosed by PCR) were included in our study, commencing July 2020 through the end of December 2020 (Table 1). One hundred eighty-four supertasters (24.7%), 371 tasters (49.6%), and 192 nontasters (25.7%) were categorized. Targeted treatment protocol showed significant correlation (p < 0.05) based on patients’ T2R38 phenotypic expression. Average age for the supertasters, tasters, and nontasters were 41.1, 46.5, and 50.2, respectively. Average duration of symptoms with this treatment protocol was 5 days for supertasters, 8.1 days for tasters, and 16.2 days for nontasters. Three (0.4%) patients (all nontasters) required hospitalization. Among the 747 positive COVID-19 cases, the main symptoms were fever, nasal congestion, cough, shortness of breath, loss of smell, and headache. Disaggregation of symptoms in the different groups showed that the supertasters’ most common complaints were nasal congestion and headache, while tasters complained mostly of low-grade fever (<100.5 °F), headache, and loss of smell, and finally, nontasters’ main symptoms were the same as tasters but more severe and for a longer duration along with shortness of breath. All groups complained of cough with varying degree (Figure 2). The most common comorbidities were diabetes, hypertension, rhinosinusitis, asthma, and cardiac disease.




5. Discussion


In the extraoral airway, bitter receptors do not modulate taste sensation. In this setting, these receptors are present on a variety of cell types with T2Rs present on epithelial ciliated cells, which play a role in innate immune defense when they bind to their specific agonists. Bitter taste perception is mediated by a family of approximately 25 T2Rs, which respond to a variety of bitter compounds such as PTC, denatonium benzoate, strychnine, quinine, and caffeine [35,36].



The innate immune responses elicited via activation of T2R38 include Ca2+-driven NO production. NO induces damage to the intracellular components of infectious microbes and, via its action on protein kinase G and guanylyl cyclase, increases CBF, thereby increasing MCC [37,38,39,40]. This increase in CBF accelerates the removal of mucus-trapped pathogens and the dispersion of other antimicrobial compounds produced in response to pathogens [41,42]. Beyond T2R38, recent studies have investigated other T2Rs including T2R4, -14, -16, -41 with similar findings of ubiquitous expression in human ciliated sinonasal epithelium and a bitter ligand-dependent, Ca2+-mediated NO production [43,44].



These immunoprotective mechanisms are triggered by the recognition of microbial pathogens, which occurs via activation of several receptor types. It was found that T2Rs were able to recognize pathogens and elicit downstream responses within a matter of minutes, unlike the toll-like receptors that recognize the conserved pathogen-associated molecular patterns and take up to 12 h to elicit a downstream gradual immune response due to changes in gene expression. The mechanism by which this response occurs in the sinonasal epithelium has been a topic of investigation for the past decade [45].



Many of the antibiotics are known to have secondary roles influencing host immune responses and regulating physiologic pathways, including macrolides that can regulate inflammatory conditions; for this reason, they are gaining importance in the treatment of asthma [46,47]. They also target immune cells such as leukocytes, decrease the production of proinflammatory cytokines, increase the release of anti-inflammatory cytokines by inhibiting the cytochrome P450 system, and improve macrophage functions such as chemotactic and phagocytic capacity in addition to their primary roles in targeting bacteria. So, the T2Rs’ activation maybe one of these off-target effects of the bitter-tasting antibiotics, especially azithromycin, the one with the highest bitterness score according to a study by Jaggupilli et al. [48,49].



Ciliated sinonasal epithelial cells are an essential component of the first line of defense in upper airway immunity. Effective MCC requires the coordinated ciliary-driven movement of airway surface liquid, composed of mucus-trapped pathogenic organisms and debris, in order to maintain a healthy sinonasal tract. When MCC is impaired, stasis of sinonasal secretions and resultant local inflammation occur, and can be an inciting factor in increasing susceptibility to infection [38,50,51,52,53].



In particular, T2R4, among other T2Rs, is expressed in structural cells of the human lower airways (such as ciliated epithelial cells and smooth muscle cells) [54,55], as well as in lung inflammatory cells (such as macrophages) [56]. TAS2R mRNAs are expressed in vascular cells (such as human pulmonary artery smooth muscle cells), where they might be involved in the regulation of vascular tone [30,57]. Bitter taste receptors seem to possess many functions in the lung, where they appear to regulate ciliary beating, smooth muscle growth/tone, and the production of inflammatory mediators. Recently, T2Rs were found in middle ear samples and certain T2Rs polymorphisms were correlated with chronic otitis media [58].



Multiple prior studies have evaluated azithromycin (alone or in addition to HCQ) and did not show significant difference between the treatment and placebo groups, yet no prior study has looked into the matter from the taster status prospective; this may answer the question of why some patients have a better course and outcome of illness than others, suggesting protection by innate immunity. As we have different genetic make-up, accordingly, we will have different responses to COVID-19, similar to what is found with other upper respiratory tract infections, like influenza.



Interestingly, the possible role of quinine derivatives in combating the virus has been investigated, with a study [59] stating that the possible mechanism of action of quinine derivatives is to change the acidic conditions of organelles in mammalian cell culture studies [60], as well as to inhibit the terminal glycosylation of ACE2 in vitro against SARS-CoV [61], indicating its possible role in preventing the fusion of the virus with the cell membrane and thus blocking SARS-CoV-2 infection. Quinine derivatives are known agonists of T2Rs.



In our study, the effects of azithromycin showed a correlation to the taster status (measured in accordance withT2R38 phenotype), yet azithromycin is not known to be a T2R38 agonist; however, the study by Jaggupilli et al. showed the highest bitterness score recorded via E-tongue, finding that it activated only T2R4. What caused azithromycin to help reduce the deterioration of tasters and nontasters in our study maybe unknown, and may be related to its effect on T2R4, or other T2Rs, or a connection between the different T2Rs, in which the activation of one T2R causes a downstream signaling to activate other T2Rs. This is an important finding in the midst of a pandemic, associated with many unknowns, detected in a large sample size.



We detected an inverse relationship between age and the T2R38 phenotypic expression. This finding is in agreement with prior studies confirming this relationship [62,63,64,65]. We also observed that in supertasters with a high level of T2R38 phenotype expression, symptoms were more likely to be localized in the upper respiratory tract without systemic involvement. On the other hand, tasters, with a moderate level of T2R38 allelic expression, displayed localized symptoms with the loss of smell and initiation of some generalized symptoms such as low-grade fever. Lastly, for nontasters, the symptoms appeared to be more severe and more generalized than their taster counterparts. Nontasters do not express T2R38 alleles, leading to more systemic infection with generalized symptoms when infected with upper respiratory infections. The localized symptoms with shorter duration in supertasters may be explained by the local battle between the innate immunity and SARS-CoV-2 in the upper respiratory tract, and when the level of T2R38 allelic expression declines, the subject will be more likely to develop more systemic and severe symptoms. In other words, the innate immunity, in the form of T2R38, seems to act as a protective gate in the face of the incoming upper respiratory tract pathogens.



Another question is whether phenotypic expression of T2R38 can justify the effects of bitter-tasting compounds in COVID-19 patients based on their taster status, and whether T2R38 may be used as a surrogate to other T2Rs, and act as a representative of the innate immunity of the respiratory tract. In other words, does phenotypic expression of T2R38 serve as a surrogate to other T2Rs’ phenotypic testing? This question seems legitimized, especially with the prior study of Barham et al. [1] showing significant correlation of T2R38 with COVID-19 severity.



Based on the literature, this is the first clinical study evaluating treatment protocols of COVID-19 patients based on the T2R38 phenotype. Some limitations and unknowns existed in our study, one of which is the exact physiological route that these bitter compounds implemented in order to demonstrate the significant response observed in our study subjects. Another one was why some studies have exhibited promising results with these bitter compounds while others displayed none. Maybe if we directed these treatment protocols in the pathway of T2Rs and their different phenotypic expressions in COVID-19 patients, we may be offered a definitive answer to this question. One common factor is the bitter taste of these compounds, which may result inT2Rs agonists as an off-target effect. A recent study on ivermectin (a broad-spectrum antiparasitic drug with extremely bitter taste) against SARS-CoV-2 under in vitro conditions revealed that it can inhibit the viral replication. The single treatment of this drug was able to reduce the virus up to 5000-fold in culture within 48 h [66]. The mechanism by which ivermectin responded against the COVID-19 virus is unknown. Another matter is that the different responses of subjects to COVID-19 are likely related to their genetic make-up. Based on the bitter taste of these compounds, we proposed that the different responses of the subjects in different studies of COVID-19 are dependent on their genotype of the T2Rs receptors.




6. Conclusions


With the wide distribution of T2Rs in the respiratory tract, and multiple treatment protocols offered worldwide showing nonconclusive results regarding their effectiveness, this study suggests that treatment protocols for COVID-19 may be modified based on T2Rs phenotypic expression to achieve success in treating COVID-19, and possibly many other respiratory tract pathogens.
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Figure 1. Study design. 
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Figure 2. Most common symptoms in each group. Cough was a common variant for all groups. 
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Table 1. Demographics.
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COVID-19 Patients (n = 747)




	
Variable

	
All

	
Supertasters

	
Tasters

	
Nontasters






	
Number

	
747

	
184

	
371

	
192




	
Age

	
46.3 (13.7)

	
41.1 (11.0)

	
46.5 (13.7)

	
50.2 (15.8)




	
Sex (F)

	
423 (56.6%)

	
122 (66.3%)

	
189 (50.9%)

	
112 (58.3%)




	
Duration of symptoms

	

	
5

	
8.1

	
16.2




	
Most common symptoms

	

	
Nasal congestion

Headache

	
Low-grade fever

Headache

Loss of smell

	
High-grade fever

Headache

Loss of smell

Shortness of breath
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