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Abstract
Objective

With altered sense of taste being a common symptom of coronavirus disease 2019 (COVID-19), our
objective was to investigate the presence and distribution of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) within the tongue over the course of infection.

Methods

Golden Syrian hamsters were inoculated intranasally with SARS-CoV-2 and tongues were collected at 2,
3,5,8,17,21, 35, and 42 days post-infection (dpi) for analysis. In order to test for gross changes in the
tongue, the papillae of the tongue were counted. Paraffin-embedded thin sections of the tongues were
labeled for the presence of SARS-CoV-2 antigen.

Results

There was no difference in fungiform or filiform papillae density throughout the course of infection.
SARS-CoV-2 antigen was observed in the circumvallate papillae taste buds (3—35 dpi) and autonomic
ganglia (5-35 dpi), as well as in the serous and mucous salivary glands of the posterior tongue (2-42

dpi).

Conclusion

The presence and distribution of SARS-CoV-2 suggest that the virus could cause taste disturbance by
infecting the circumvallate taste buds. This effect could be exacerbated by a diminished secretion of
saliva caused by infection of the serous salivary glands and the autonomic ganglia which innervate
them.

Background

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection can cause anosmia and
ageusia with sizeable prevalence rates of 38.2% and 36.6%, respectively.’? These symptoms have played
significant roles in the epidemiology of the COVID-19 pandemic as they are early manifestations of the

disease and allow the infected to be identified before traditional viral respiratory symptoms are noted.3™°
In some cases, they may be the sole manifestations of COVID-19, further enhancing our ability to contact

trace and quickly quarantine those infected.® In light of this, the Centers for Disease Control and
Prevention (CDC) added loss of taste and smell to the list of COVID-19 symptoms in April of 2020. While
anosmia and ageusia serve significant epidemiological purposes, they are equally significant in their
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affront on quality of life. The loss of taste and smell can be distressing and is associated with increased
rates of depression and suicidal ideation.2 The median duration for COVID-19 related anosmia and
dysgeusia is seven days; however, some individuals report these symptoms for significantly greater
periods of time.? Moreover, vaccination has been shown to not prevent or mitigate the onset of

anosmia.'?

The sensation of taste is dependent upon multiple structures and processes. To begin, salivary glands

produce saliva to dissolve tastants.!! The parotid, submandibular, and sublingual salivary glands
produce the majority of saliva but are supplemented by the serous salivary glands of von Ebner, which

are located directly underneath the furrows of the circumvallate (CV) papillae (Fig. 1).'" Once dissolved,
tastants enter taste buds through taste pores and bind to their respective taste cell receptors.!’ A signal
cascade converts the chemical signal to a neural impulse, which then travels to the brain.!’ These
signals are heavily supplemented by the sense of smell, which is often purported to contribute 75-95%
of the perceived sense of taste; however, given the difficulty in quantifying perceived taste sensation,
these numbers have undergone little empirical validation.'? The loss of function of any of these

structures is capable of causing taste disturbance.’” In fact, ageusia boasts a wide variety of etiologies,
including drug-induced, age-related, neuropathic, dietary deficiency, systemic condition, and iatrogenic
(radiation, chemotherapy, or surgery), and the pathophysiology for each varies according to its etiology.'®
For example, the loss of saliva in Sjogren’s syndrome disrupts the dissolution of tastants and decreases
taste sensation, while zinc deficiency causes ageusia by limiting the production of important salivary
enzymes.'314

SARS-CoV-2 may cause ageusia through a variety of processes. One hypothesis postulates that SARS-
CoV-2 induces ageusia by activating toll-like receptors and interferon receptors in the taste buds,

stimulating inflammatory processes and impeding taste cell regeneration.’® A separate hypothesis

suggests that SARS-CoV-2 could have an effect on the nervous system.'® Studies have shown that
SARS-CoV-2 is capable of using the trigeminal and olfactory nerves to travel into the central nervous
system. Therefore, COVID-19 may cause ageusia by eliciting T cell-mediated autoimmune damage and

demyelination while traveling through nerves.® Lastly, the angiotensin converting enzyme 2 (ACE2)

receptor has been implicated in the pathophysiology of taste dysfunction.’” Taste dysfunction is a rare
side effect of ACE inhibitor therapy, and SARS-CoV-2 downregulation of ACE2 may cause dysgeusia

through a similar mechanism.'®1° A better understanding of which structures are affected by the SARS-
CoV-2 virus could help explain the pathophysiology of SARS-CoV-2 related taste dysfunction. This study
aims to reduce this gap in knowledge by determining the location of the SARS-CoV-2 virus within the
tongue over the course of an infection.

Materials and Methods
Animal Experiment:
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We chose a hamster model for our study because golden Syrian hamsters are susceptible to direct
clinical isolates of SARS-CoV-2 virus without the need of genetic modifications,?2°"?2 the hamsters are
immunocompetent and feature low mortality with significant lung pathology, and they are previously well
characterized for olfactory studies.?>?* Additionally, hamster models have been historically utilized to
study taste physiology.?®> The hamster tongues used in this study were derived from a study on anosmia
after SARS-CoV-2 infection; details are published in a manuscript by Reyna et al (2022).2* Briefly, five to
six-week-old female Golden Syrian hamsters were inoculated intranasally with 100 pL of 10° median
tissue culture infectious dose (TCID5) of SARS-CoV-2 alpha-strain diluted with phosphate-buffered
saline or a vehicle control. The infected hamsters were divided into 8 groups (n = 4 each) with tongues
harvested at 2, 3, 5, 8, 17, 21, 35, and 42 days post-infection (dpi). In this study chemosensory deficit in
olfaction was confirmed in infected hamsters by measuring the duration of time required to find a buried
cookie. The hamsters showed significant anosmia at days 2, 3, and 5 dpi (days post-infection) that
progressively recovered through 42 dpi as shown by the food detection test.?* All animal studies were
reviewed and approved by the Institutional Animal Care and Use Committee at UTMB and were
conducted according to the National Institutes of Health guidelines.

Tissue Processing:

The whole tongue was dissected and fixed in 10% formalin for more than 7 days. The tongue was cut in
the center sagittally and each half embedded in paraffin. Tissue was dehydrated in ethanol, cleared in
xylene, and embedded in paraffin in the standard fashion. Tongues were then sectioned with sagittal cuts
at a thickness of 5 um. Slides were stained with hematoxylin and eosin (H&E) or labeled with SARS
Nucleocapsid protein antibody (Novus Cat# NB100-56576, RRID:AB_838838).

Papillae Counting:

Formalin fixed hamster tongues were dyed with green food coloring (Betty Crocker Classic Gel Food
Color) diluted in phosphate buffered saline to facilitate visualization of the papillae. Images of the
anterior, middle, and posterior sections of each tongue were captured using a dissecting microscope at
25x magnification (Fig. 2). Images were converted to 8-bit black and white. Using a ruler placed in the
background of the image, the scale of the image in millimeters was determined using the set scale
function in Image J v1.53a. The portion of the tongue within focus was demarcated as the region of
interest (ROI) using the freehand tool, and the area was measured using the measure function in Image
J. Fungiform papillae within the ROl were then individually counted using the Cell Counter plugin for
Image J v1.53a. Fungiform papillae were counted if they met the following criteria: the papillae were
complete circles, larger than filiform papillae in an approximate ratio of 3:1, and located completely
within the selected ROI. Fungiform papillae were counted within three distinct ROl using the image of the
anterior tongue to create a triplicate measurement. The number of papillae and area within each section
was added, and the density was calculated. Filiform papillae were counted using one ROI within each of
the three sections of the tongue (anterior, middle, and posterior) using the automated counter Image-
based Tool for Counting Nuclei (ITCN) plugin for Image J. The estimated width of each papilla was set to
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30 pixels, and the minimum distance between papillae was set to 15 pixels. The automated counter was
set to detect light peaks within the selected ROI. This process was repeated twice more to produce
triplicate measurements for each tongue.

Immunohistochemistry:

Thin-sectioned tongue tissue was deparaffinized, rehydrated, and subjected to heat-induced antigen
retrieval in Target Retrieval Solution (S-1700, Dako). The slides were incubated with SARS Nucleocapsid
Protein antibody (1:200 dilution for Supp. Figure 1 and Supp. Table 1, 1:1,000 dilution for Supp. Figure 2
and Supp. Table 2) (Novus Biologicals Cat# NB100-56576, RRID:AB_838838) followed by incubation with
a biotinylated secondary antibody (SignalStain Boost IHC Detection Reagent HRP Rabbit, Cell Signaling
Technology). Lastly, slides were developed with 3,3-Diaminobenzidine (DAB) (ImmPACT DAB Substrate,
Peroxidase HRP, Vector Laboratories) and counterstained with hematoxylin. In addition, four slides were
stained without primary antibody in order to test non-specific binding of the secondary antibody. All four
slides from dpi 5, dpi 17, and mock which included all structures of interest did not show any non-
specific false positive staining in the tongue.

Histopathology grading:

H&E stained and SARS-CoV-2 antibody labeled slides were graded by at least three independent
observers blinded to the specimen information. Nine structures within the tongue were evaluated: the
autonomic ganglia, serous salivary glands, mucous salivary glands, fungiform papillae, filiform papillae,
circumvallate (CV) papillae, muscle, nerves, and vasculature. Graders evaluated H&E slides for de-
epithelialization, taste bud disengagement, fibroblast cell infiltrate, and blood cell infiltrate within each of
the eight structures (Supp. Figure 3). The number of cells within the single largest CV taste bud,
fungiform taste bud, and autonomic ganglia was recorded. Cells with visible nuclei within the structure
were counted. Structures labeled with SARS-CoV-2 antibody were graded for the intensity of cell labeling
on a scale of 0-2, with 0 indicating no staining, 1 mild staining, and 2 strong staining (Supp. Figure 4)
(Supp. Table 1 and Supp. Table 2). If a structure was not identified within a tongue, the structure was not
graded and did not contribute to the overall score (Supp. Table 3).

Statistics:

Papillary densities were compared among different timepoints and animals with a one-way ANOVA and
post hoc Tukey test in Prism v9 with p < 0.05 determining a statistically significant difference.

Scores for SARS-CoV-2 antibody labeling (Supp. Table 1 and Supp. Table 2) from each timepoint (dpi)
and mock infected group were compared within each structure of fungiform papillae taste buds, CV
papillae taste buds, serous salivary glands, mucous salivary glands, and autonomic ganglia. We had four
reviewers in Experiment 1 (1:200 dilution antibody)(Supp. Table 1) and three reviewers in Experiment 2
(1:1000 dilution antibody)(Supp. Table 2). Each reviewer provided a grading score ranging from 0 to 2.
We then compared the means of the reviewer scores for each of the timepoints and mock group. Since
the data did not follow normality assumption and the sample size was small, we placed non-parametric
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Kruskal-Wallis test for median score comparison (p < 0.05, significant difference). And for pairwise
comparison between each of the timepoints we placed Dwass, Steel, Critchlow-Fligner (DSCF) multiple
comparison analysis. The analyses were performed with SAS version 9.4 (SAS, Inc., Cary, NC).

Results

Counting of the fungiform and filiform papillae indicated there was no change in the number of papillae
throughout the course of SARS-CoV-2 infection (Fig. 2). H&E staining revealed no de-epithelialization,
taste bud disengagement, or cellular infiltrate at any time point from 2 through 42 dpi. The numbers of
cells within the infected CV taste buds (6.4 + 2.9), fungiform taste buds (7.9 + 1.8), and autonomic
ganglia (6.3 £ 1.7), were not statistically different from the number of cells within the same structures of
mock infected control tongues (CV 8.0 + 1, fungiform 6.8 + 0.7, autonomic ganglia 7.8 + 1.2) (mean +
standard deviation).

Immunohistochemical (IHC) analysis of the hamster tongues revealed the presence of SARS-CoV-2
antigen post-infection in the cytoplasm of cells in the circumvallate papillae, autonomic ganglia, and
salivary glands (Fig. 3, Supp. Figure 1, Supp. Figure 2). The autonomic ganglia were labeled positively for
the SARS-CoV-2 antigen at 5 dpi through 21 dpi. At 42 dpi, the labeling decreased in the intensity and
proportion of cells labeled. The CV papillae taste buds were labeled for SARS-CoV-2 antigen at 2 through
42 dpi, and no strong positive labeling was found in the control hamsters. Serous and mucous salivary
glands labeled positive at 2 dpi to 42 dpi. The fungiform papillae taste buds showed weak labeling, most
notably at 5 dpi; however, this labeling was considerably less than the labeling in the CV papillae taste
buds (Fig. 3G, H). However, SARS-CoV-2 antibody labeling scores did not show any significant difference
at any timepoint after infection or when compared with mock control in any of the anatomical structures
(p > 0.05) (Supp. Table 1 and Supp. Table 2). SARS-CoV-2 antigen was not detected in the filiform
papillae (Fig. 3I), muscle, or vasculature within any samples of the infected or control groups.

Discussion

Fungiform papillae density is implicated as a proxy for taste sensitivity, with higher densities indicating
greater taste sensation,?® although some research has brought this into question.?”-? Fungiform
papillae density is not often used as a metric for acute injury or infection as the offense is unlikely to
alter the number of papillae. For this reason, a change in papillae density was not expected. Indeed,
papillae densities in the hamster tongues of our study were similar to that at baseline with comparable
numbers of papillae across infected and control groups. This experiment provides valuable
documentation that the number of fungiform papillae did not decrease as a result of infection. This is
important as fungiform papillae can degenerate into filiform papillae when fully denervated, changing the

number of papillae.?? Moreover, SARS-CoV-2 infection of the tongue can cause damage to the neurite

fibers at the base of taste buds potentially influencing the innervation.3°
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Immunohistochemistry analysis revealed the presence of SARS-CoV-2 antigen in three structures: the CV
papillae taste buds, autonomic ganglia, and the salivary glands. A viral infection in any of these
structures could affect the sense of taste by directly disrupting cell function in the taste buds or by
decreasing saliva production.3"32 Interestingly, these findings of preferential localization of viral antigen
mirror a similar study of the rabies virus in the tongues of dogs, which also found signs of rabies

infection in the CV papillae, autonomic ganglia, and serous salivary glands.33 The CV papillae house

approximately half of all taste buds in the human tongue.3* These taste buds reside on the sides of the
CV papillae and play a major role in taste sensation. In our experiments, SARS-CoV-2 antigen was
consistently and markedly detected in the CV taste buds, indicating that SARS-CoV-2 infects these cells.
Autonomic ganglia are found adjacent to nerves within the tongue and control the secretion of saliva
from glands within the tongue.3® An infection of the autonomic ganglia could reduce saliva production
and prevent tastants from dissolving and binding to taste cell receptors. This effect could be augmented
by direct infection of the salivary glands. Indeed, the SARS-CoV-2 antigen was detected in the salivary
glands throughout our study from 2 through 42 dpi. Decreased saliva contributing as a mechanism of
taste loss would be consistent with the COVID-19 clinical picture, as xerostomia is a recognized

symptom of the infection.3¢

The primary means of entry into the cell for SARS-CoV-2 is the ACE2 receptor,3” which is expressed in
the filiform papillae and type 2 taste cells.3840 |n our study, SARS-CoV-2 antigen was not detected in the
filiform papillae. This result could be related to the thick layer of keratin the filiform papillae maintain,
shielding them from viral attack. It is important to note that the filiform papillae, lacking taste buds, do
not contribute to the sense of taste, and an infection of these structures would not affect the ability to
taste. Type 2 taste cells contain G protein-coupled receptors (GPCRs) for either bitter, umami, or sweet
tastants.*! These cells are found primarily within the taste buds of the fungiform and CV papillae in

humans, whose combined taste buds account for the majority of taste sensation.’ In hamsters,
circumvallate papillae contribute a smaller percentage (23%) of taste buds to the sense of taste than in
humans, with the remaining taste buds being more evenly distributed among the foliate papillae (32%),
fungiform papillae (18%), palate (12%), and epiglottis (10%).#?> Due to the orientation of our sectioning we
did not evaluate the foliate papillae histology. In our study, the fungiform papillae taste buds had minimal
SARS-CoV-2 antigen labeling throughout the time course. In comparison, the CV papillae taste buds
showed marked labeling from 3 through 35 dpi. The infection of these taste buds likely coincide with the
ACE2 receptor within the type 2 taste cells leading to a significant effect on the sense of taste.3? The
infection of CV papillae taste buds by SARS-CoV-2 has been described in studies of the human tongue
providing strong evidence for a mechanism of taste disturbance as a direct infection of type 2 taste cells
via the ACE2 receptor causing taste bud damage, regional inflammation, and neurite damage.2%4344 |n
human patients, the combination of CD8 + T-cell responses and neurite damage caused by SARS-CoV-2
infections of type 2 taste cells was associated with taste disturbance.3? Patients who continued to have
taste disturbance continued to show evidence of viral particles within the type 2 taste cells with regional

inflammation and neurite damage.®°
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We speculate that the length of infection in the tongue is crucial for the prolonged taste disturbance. In
our hamster model, SARS-CoV-2 was absent from the lungs after 8 dpi, indicating a clearing of the virus
within 1 week.?* On the other hand, SARS-CoV-2 virus existed within the tongue through 35 dpi, a
significantly longer time period, suggesting the possibility of long-lasting viral production within the
tongue. In fact, in humans, long-lasting SARS-CoV-2 viral products were identified within human tongues
up to 63 days after infection, with duration of viral products within the tongue correlated to the duration
of taste disturbance.3° Typically, patients develop chemosensory changes 4-5 days after the onset of

other symptoms and experience return of taste and smell 7-14 days later.*3 This time course would be
consistent with our findings, as minimal SARS-CoV-2 antigen labeling was noted at 2 dpi which quickly
increases thereafter. We did detect persistent positive labeling through 35 dpi in our hamsters, which is
beyond the estimated recovery of loss of taste. This discrepancy could occur due to a regain of taste
bud function despite a continued presence of viral antigens. Atypically, patients experience prolonged or
permanent loss of taste. It is possible that a separate mechanism produces this prolonged version of
COVID-19 related taste dysfunction. Conversely, our study’s sample size may have been too small to
capture the particular type of infection leading to prolonged taste disturbance.

Our attempt to identify the peak timepoint of infection failed, as SARS-CoV-2 antibody labeling scores
showed no statistically significant differences among any of the experimental groups. In both
Experiment 1(SARS-CoV-2 antibody 1:200 dilution) (Supp. Table 1) and in Experiment 2 (SARS-CoV-2
antibody 1:1000 dilution) (Supp. Table 2), there was no statistically significant difference in the scores
along all timepoints when tested with non-parametric Kruskal-Wallis test (p > 0.05). However, due to the
overall small sample size and loss of datapoints (Supp. Table 3), quantification of our dataset and the
results should be interpreted with caution. The statistical significance may also be affected by the
incomplete penetrance of SARS-CoV-2 related taste disturbance, in which case infected hamsters may
not display positive antibody staining within their tongues.

Our COVID-19 hamster model showed deterioration of olfactory function mainly in the early days starting
from 2 dpi to at least 5 dpi after infection with SARS-CoV-2 virus alpha strain.2* In comparison, we
observed labeling with the SARS-CoV-2 nucleocapsid antibody in the tongue in a delayed timeline with
CV papillae taste buds starting from 3 dpi and the autonomic ganglia showing the strongest labeling at
5-17 dpi. We speculate this difference is due to the accessibility of the virus to the target cells. The
surface of the tongue is covered with thick keratin, which may protect the virus from penetrating into
deeper cell layers initially after infection. However, over time, the virus particles that may have migrated
through the openings of the salivary glands may be able to spread into deeper structures. Thus, this
taste disturbance being a milder manifestation, may not be recognized by the infected humans because
of the dominating anosmia.

Our hamster study showed consistent infection of the autonomic ganglia and minor salivary glands
within the tongue. The autonomic ganglia of the tongue are peripheral neuronal cell bodies which provide
innervation to the minor salivary glands of the tongue. Neuronal cell bodies express ACE2 significantly
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more than axons and dendrites.*® This is consistent with the SARS-CoV-2 antigen labeling within the
autonomic ganglia but not within the nerves of the tongue in our hamster model. We speculate that the
infection of these structures involved in the production of saliva could constitute a second mechanism
for taste disturbance caused by SARS-CoV-2 and that the difference between the short-lived and the
prolonged taste disturbances may be due to different mechanisms. The short-lived taste disturbance
may be caused by direct changes to the cells with a faster turnover, such as the taste cells and the
salivary gland cells, interfering with the delivery of the tastants. Conversely, the prolonged taste
disturbance may be determined by the extent of viral penetration into cells with slower or no turnover,
such as the autonomic ganglia.

Our study indicated that the pathophysiology of the taste dysfunction caused by SARS-CoV-2 is likely
related to the direct infection of the taste cells coupled with decreased saliva production. In light of this,
therapies which prevent taste cell damage, maximize taste cell function and regeneration, and treat
xerostomia would be most likely to result in improved taste sensation. Few studies have been conducted
to trial possible therapies for COVID-19 related taste dysfunction. Of these, a non-randomized control
trial identified beneficial effects of oral triamcinolone topical steroid paste,*® and cerebrolycin, a mixture
of brain peptides previously shown to have neurotrophic and neuroprotective effects.*” The mechanism
by which SARS-CoV-2 may damage taste cells is unknown, but one possible pathway includes
inflammatory cytokines and toll-like receptors.’ By this mechanism, steroid therapy may be capable of
preventing taste dysfunction, as in the case of triamcinolone paste.*® Theophylline is another therapeutic
candidate which has been shown to increase taste cell function by augmenting the signaling of GPCRs
within taste cells.*® Secretagogues like cevimeline hydrochloride hydrate and pilocarpine hydrochloride
could treat xerostomia.*? Lastly, SARS-CoV-2 is associated with hypozincemia which has been linked to
taste dysfunction and xerostomia; therefore supplementation of zinc may be beneficial for maximizing
taste cell function and treatment of xerostomia.*? Further research is needed to elucidate the
pathophysiology of SARS-CoV-2 infection-induced taste dysfunction and guide development of treatment
regimens.

Conclusion

SARS-CoV-2 antigen was detected in the CV papillae taste buds, salivary glands, and autonomic ganglia
of the tongue of the hamster model of COVID-19. Our results suggest that the loss of function of the CV
papillae taste buds, salivary glands, or autonomic ganglia may individually or in combination result in
COVID-19-related taste disturbance.

Abbreviations

Coronavirus disease 2019 (COVID-19); Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2);
days post-infection (dpi); Centers for Disease Control and Prevention (CDC); circumvallate (CV);
angiotensin converting enzyme 2 (ACE2); tissue culture infectious dose (TCID); hematoxylin and eosin

Page 10/19



(H&E); region of interest (ROI); Image-based Tool for Counting Nuclei (ITCN); Diaminobenzidine (DAB);
Dwass, Steel, Critchlow-Fligner (DSCF)

Declarations

Ethics Approval and Consent to Participate: All animal studies were reviewed and approved by the
Institutional Animal Care and Use Committee at UTMB and were conducted according to the National
Institutes of Health guidelines.

Consent for Publication: Not applicable.

Availability of Data and Materials: All data generated and analysed in this study are included in this
published article and its supplementary figures and tables.

Competing Interests: All authors have no competing interests to declare.

Funding: This study was supported by TLT1TR001440, the John S. Dunn Endowment Foundation and The
Institute for Human Infections & Immunity at UTMB.

Author’s Contributions:

Animal model: Paessler, Maruyama, Reyna

Histology and collection of data: Coggins, Saito, Cook, Urata, Urata, Harsell, Tan, Quadri,
Bradley, Saripada, Figueira, Makishima

Drafting and editing of manuscript: Coggins, Saito, Harsell, Reyna, Maruyama, Tan, Makishima,
Bradley, Figueira

Concept, guidance and review of manuscript: Maruyama, Paessler, Makishima

Acknowledgements: We would like to acknowledge Md Ibrahim Tahashilder, MS, Biostatistician I, OBIOS,
UTMB for his assistance with the statistical analysis.

References

1. Mutiawati E, Fahriani M, Mamada SS, et al. Anosmia and ageusia in SARS-CoV-2 infection: incidence
and effects on COVID-19 severity and mortality, and the possible pathobiology mechanisms — a
systematic review and meta-analysis. F1000Res. 2021;10:40. 10.12688/f1000research.28393.1.
Published 2021 Jan 21.

2. Hannum ME, Koch RJ, Ramirez VA et al. Taste loss as a distinct symptom of COVID-19: a systematic
review and meta-analysis, Chemical Senses, 48, 2023, bjad043,

Page 11/19



10.

11.

12.

13.

14.

15.

16.

https://doi.org/10.1093/chemse/bjad043.

. Rebholz H, Braun RJ, Ladage D, Knoll W, Kleber C, Hassel AW. Loss of Olfactory Function-Early

Indicator for Covid-19, Other Viral Infections and Neurodegenerative Disorders. Front Neurol.
2020;11:569333. Published 2020 Oct 26. 10.3389/fneur.2020.569333.

. Menni C, Valdes AM, Freidin MB, Sudre CH, Nguyen LH, Drew DA, Ganesh S, Varsavsky T, Cardoso

MJ, El-Sayed Moustafa JS, Visconti A, Hysi P, Bowyer RCE, Mangino M, Falchi M, Wolf J, Ourselin S,
Chan AT, Steves CJ, Spector TD. Real-time tracking of self-reported symptoms to predict potential
COVID-19. Nat Med. 2020;26:1037-40.

. Melley LE, Bress E, Polan E. Hypogeusia as the initial presenting symptom of COVID-19. BMJ case

Rep 2020, 13.

. Galica Utku A, Budak G, Karabay O, Gugclu E, Okan HD, Vatan A. Main symptoms in patients

presenting in the COVID-19 period. Scott Med J. 2020;65(4):127-32. 10.1177/0036933020949253.

. Hjelmesaeth J, Skaare D. Loss of smell or taste as the only symptom of COVID-19. Covid-19 med

nedsatt lukte- og smakssans som eneste symptom. Tidsskr Nor Laegeforen.
2020;140(7):10.4045/tidsskr.20.0287. Published 2020 Apr 3. doi:10.4045/tidsskr.20.0287.

. Yom-Tov E, Lekkas D, Jacobson NC. Association of COVID19-induced anosmia and ageusia with

depression and suicidal ideation. J Affect Disord Rep. 2021;5:100156. 10.1016/j.jadr.2021.100156.

.Lee Y, Min P, Lee S, Kim SW. Prevalence and Duration of Acute Loss of Smell or Taste in COVID-19

Patients. J Korean Med Sci. 2020;35(18):e174. 10.3346/jkms.2020.35.e174. Published 2020 May
11.

Reyna RA, Walker J, Mitchell B, Shinde DP, Plante JA, Weaver SC, Plante KS. Vaccination against
SARS-CoV-2 Does Not Protect against the Development of Anosmia in a Hamster Model. Vaccines
(Basel). 2023;11(10):1564. 10.3390/vaccines11101564. PMID: 37896967; PMCID: PMC10611162.

Witt M. Anatomy and development of the human taste system. Handb Clin Neurol. 2019;164:147-
171.10.1016/B978-0-444-63855-7.00010-1. PMID: 31604544.

Spence C. Just how much of what we taste derives from the sense of smell? Flavour. 2015;4:30.
https://doi.org/10.1186/s13411-015-0040-2.

Rathee M, Jain P. Ageusia. [Updated 2021 Oct 6]. In: StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2021 Jan-. https://www.ncbi.nlm.nih.gov/books/NBK549775/.
Weiffenbach JM, Schwartz LK, Atkinson JC, Fox PC. Taste performance in Sjogren's syndrome.
Physiol Behav. 1995;57(1):89-96. 10.1016/0031-9384(94)00211-m.

Meunier N, Briand L, Jacquin-Piques A, Brondel L, Pénicaud L. COVID 19-Induced Smell and Taste
Impairments: Putative Impact on Physiology. Front Physiol. 2021;11:625110.
10.3389/fphys.2020.625110. Published 2021 Jan 26.

Keyhan SO, Fallahi HR, Cheshmi B. Dysosmia and dysgeusia due to the 2019 Novel Coronavirus; a
hypothesis that needs further investigation. Maxillofac Plast Reconstr Surg. 2020;42(1):9.
10.1186/s40902-020-00254-7. Published 2020 Mar 30.

Page 12/19



17.

18

19.

20.

21.

22.

23.

24.

25.

26.

Khani E, Khiali S, Beheshtirouy S, Entezari-Maleki T. Potential pharmacologic treatments for COVID-
19 smell and taste loss: A comprehensive review. Eur J Pharmacol. 2021;912:174582.
10.1016/j.ejphar.2021.174582. Epub 2021 Oct 19. PMID: 34678243; PMCID: PMC8524700.

. Tsuruoka S, Wakaumi M, Araki N, loka T, Sugimoto K, Fujimura A. Comparative study of taste

disturbance by losartan and perindopril in healthy volunteers. J Clin Pharmacol. 2005;45(11):1319-
23.10.1177/0091270005280445. PMID: 16239366.

Vieira C, Nery L, Martins L, Jabour L, Dias R, Simdes E, Silva AC. Downregulation of Membrane-
bound Angiotensin Converting Enzyme 2 (ACE2) Receptor has a Pivotal Role in COVID-19
Immunopathology. Curr Drug Targets. 2021;22(3):254-281.
10.2174/1389450121666201020154033. PMID: 33081670.

Chan JF, Zhang AJ, Yuan S, Poon VK, Chan CC, Lee AC, Chan WM, Fan Z, Tsoi HW, Wen L, Liang R,
Cao J, ChenY, Tang K, Luo C, Cai JP, Kok KH, Chu H, Chan KH, Sridhar S, Chen Z, Chen H, To KK, Yuen
KY. Simulation of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-
19) in a Golden Syrian Hamster Model: Implications for Disease Pathogenesis and Transmissibility.
Clin Infect Dis. 2020;71(9):2428-46. 10.1093/cid/ciaa325. PMID: 32215622; PMCID: PMC7184405.

Sia SF, Yan LM, Chin AWH, Fung K, Choy KT, Wong AYL, Kaewpreedee P, Perera RAPM, Poon LLM,
Nicholls JM, Peiris M, Yen HL. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters.
Nature. 2020;583(7818):834-8. 10.1038/s41586-020-2342-5. Epub 2020 May 14. PMID: 32408338;
PMCID: PMC7394720.

Imai M, Iwatsuki-Horimoto K, Hatta M, Loeber S, Halfmann PJ, Nakajima N, Watanabe T, Ujie M,
Takahashi K, Ito M, Yamada S, Fan S, Chiba S, Kuroda M, Guan L, Takada K, Armbrust T, Balogh A,
Furusawa Y, Okuda M, Ueki H, Yasuhara A, Sakai-Tagawa Y, Lopes TJS, Kiso M, Yamayoshi S,
Kinoshita N, Ohmagari N, Hattori Sl, Takeda M, Mitsuya H, Krammer F, Suzuki T, Kawaoka Y. Syrian
hamsters as a small animal model for SARS-CoV-2 infection and countermeasure development.
Proc Natl Acad Sci U S A. 2020;117(28):16587-95. 10.1073/pnas.2009799117. Epub 2020 Jun 22.
PMID: 32571934, PMCID: PMC7368255.

Urata S, Maruyama J, Kishimoto-Urata M, Sattler RA, Cook R, Lin N, Yamasoba T, Makishima T,
Paessler S. Regeneration Profiles of Olfactory Epithelium after SARS-CoV-2 Infection in Golden
Syrian Hamsters. ACS Chem Neurosci. 2021;12(4):589-95. 10.1021/acschemneuro.0c00649. Epub
2021 Feb 1. PMID: 33522795; PMCID: PMC7874468.

Reyna RA, Kishimoto-Urata M, Urata S, et al. Recovery of anosmia in hamsters infected with SARS-
CoV-2 is correlated with repair of the olfactory epithelium. Sci Rep. 2022;12:628.
https://doi.org/10.1038/s41598-021-04622-9.

Danilova V, Hellekant G, Tinti JM, Nofre C. Gustatory responses of the hamster Mesocricetus
auratus to various compounds considered sweet by humans. J Neurophysiol. 1998;80(4):2102-12.
10.1152/jn.1998.80.4.2102. PMID: 9772264.

Khan AM, Ali S, Jameela RV, Muhamood M, Hagh MF. Impact of Fungiform Papillae Count on Taste
Perception and Different Methods of Taste Assessment and their Clinical Applications: A

Page 13/19



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

comprehensive review. Sultan Qaboos Univ Med J. 2019;19(3):e184-91.
10.18295/squm;j.2019.19.03.003 10.1016/j.amjoto.2020.102889. Epub 2021 Jan 6. PMID:
33445036; PMCID: PMC7833280.

Eldeghaidy S, Thomas D, Skinner M, Ford R, Giesbrecht T, Thomas A, et al. An automated method to
detect and quantify fungiform papillae in the human tongue: Validation and relationship to
phenotypical differences in taste perception. Physiol Behav. 2018;184:226-34.
10.1016/j.physbeh.2017.12.003.

Jilani H, Ahrens W, Buchecker K, Russo P. Hebestreit A IDEFICS consortium. Association between
the number of fungiform papillae on the tip of the tongue and sensory taste perception in children.
Food Nutr Res. 2017;61:1348865. 10.1080/16546628.2017.1348865.

Nagato T, Matsumoto K, Tanioka H, Kodama J, Toh H. Effect of denervation on morphogenesis of
the rat fungiform papilla. Acta Anat (Basel). 1995;153(4):301-9. 10.1159/000147739. PMID:
8659254.

Yao Q, Doyle ME, Liu Q-R, Appleton A, O'Connell JF, Weng N, et al. Long-term dysfunction of taste
papillae in SARS-CoV-2. NEJM Evid. 2023;2(9). https://doi.org/10.1056/EVIDOA2300046.

Matsuo R. Role of saliva in the maintenance of taste sensitivity. Crit Rev Oral Biol Med.
2000;11(2):216-29. 10.1177/10454411000110020501.

Wang H, Zhou M, Brand J, Huang L. Inflammation and taste disorders: mechanisms in taste buds.
Ann N'Y Acad Sci. 2009;1170:596-603. 10.1111/j.1749-6632.2009.04480.x.

Shiwa N, Kimitsuki K, Manalo DL, Inoue S, Park CH. A pathological study of the tongues of rabid
dogs in the Philippines. Arch Virol. 2018;163(6):1615-21. 10.1007/s00705-018-3785-y.

Purves D, Augustine GJ, Fitzpatrick D, et al. editors. Neuroscience. 2nd edition. Sunderland (MA):
Sinauer Associates; 2001. The Organization of the Peripheral Taste System.
https://www.ncbi.nlm.nih.gov/books/NBK10827/.

Chibuzo GA, Cummings JF, Evans HE. Autonomic innervation of the tongue: a horseradish
peroxidase study in the dog. J Auton Nerv Syst. 1980;2(2):117-29. 10.1016/0165-1838(80)90040-5.

Fathi Y, Hoseini EG, Atoof F, Mottaghi R. Xerostomia (dry mouth) in patients with COVID-19: a case
series. Future Virol. 2021. 10.2217/fvl-2020-0334.

Guzzi PH, Mercatelli D, Ceraolo C, Giorgi FM. (2020) Master Regulator Analysis of the SARS-CoV-
2/Human Interactome. J. Clin. Med. 9 (4), 982.10.3390/jcm9040982.

Wang Zhonghou Z, Jingqgi M, Brett R, Romdhane Y, Kaixiong. Liu Hong-Xiang. SARS-CoV-2 receptor
ACE2 is enriched in a subpopulation of mouse tongue epithelial cells in nongustatory papillae but
not in taste buds or embryonic oral epithelium. ACS Pharmacol Transl Sci. 2020;3(4):749-58.

Doyle ME, Appleton A, Liu QR, Yao Q, Mazucanti CH, Egan JM. Human Type Il Taste Cells Express
Angiotensin-Converting Enzyme 2 and Are Infected by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2). Am J Pathol. 2021;191(9):1511-9.
https://doi.org/10.1016/j.ajpath.2021.05.010.

Page 14/19



40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

Song J, Li Y, Huang X, Chen Z, Li Y, Liu C, Chen Z, Duan X. Systematic analysis of ACE2 and
TMPRSS2 expression in salivary glands reveals underlying transmission mechanism caused by
SARS-CoV-2. J Med Virol. 2020;92(11):2556-66. Epub 2020 Jun 9. PMID: 32441816; PMCID:
PMC7280739.

Roper SD. Cell communication in taste buds. Cell Mol Life Sci. 2006;63:1494-500.

Miller IJ Jr, Smith DV. Quantitative taste bud distribution in the hamster. Physiol Behav.
1984;32(2):275 - 85. 10.1016/0031-9384(84)90142-2. PMID: 6718553.

Santos REA, da Silva MG, do, Monte Silva MCB, Barbosa DAM, Gomes ALDV, Galindo LCM, da Silva
Aragao R, Ferraz-Pereira KN. Onset and duration of symptoms of loss of smell/taste in patients with
COVID-19: A systematic review. Am J Otolaryngol. 2021 Mar-Apr;42(2):102889.

Henin D, Pellegrini G, Carmagnola D, Lanza Attisano GC, Lopez G, Ferrero S, Amendola A, De Angelis
D, Tanzi E, Dellavia C. Morphological and Immunopathological Aspects of Lingual Tissues in COVID-
19. Cells. 2022;11(7):1248. 10.3390/cells11071248. PMID: 35406811; PMCID: PMC8997468.

Xu J, Lazartigues E. Expression of ACE2 in Human Neurons Supports the Neuro-Invasive Potential of
COVID-19 Virus. Cell Mol Neurobiol. 2022;42(1):305-309. doi: 10.1007/s10571-020-00915-1. Epub
2020 Jul 4. PMID: 32623546; PMCID: PMC7334623.

Singh CV, Jain S, Parveen S. The outcome of fluticasone nasal spray on anosmia and triamcinolone
oral paste in dysgeusia in COVID-19 patients. Am J Otolaryngol. 2021 May-Jun;42(3):102892.
10.1016/j.amjot0.2020.102892. Epub 2021 Jan 16. PMID: 33493729; PMCID: PMC7972940.

Hamed S. April 5 -. Cerebrolycin for Treatment of Covid-related Anosmia and Ageusia. Identifier:
NCT; 2021. p. 04830943. https://clinicaltrials.gov/ct2/show/NCT04830943.

Henkin RI, Schultz M, Minnick-Poppe L. Intranasal Theophylline Treatment of Hyposmia and
Hypogeusia: A Pilot Study. Arch Otolaryngol Head Neck Surg. 2012;138(11):1064-70.
10.1001/2013.jamaoto.342.

Gil-Montoya JA, Silvestre FJ, Barrios R, Silvestre-Rangil J. Treatment of xerostomia and
hyposalivation in the elderly: A systematic review. Med Oral Patol Oral Cir Bucal. 2016;21(3):e355-
66. 10.4317/medoral.20969. PMID: 27031061; PMCID: PMC4867210.

Jothimani D, Kailasam E, Danielraj S, Nallathambi B, Ramachandran H, Sekar P, Manoharan S,
Ramani V, Narasimhan G, Kaliamoorthy I, Rela M. COVID-19: Poor outcomes in patients with zinc
deficiency. Int J Infect Dis. 2020;100:343-9. Epub 2020 Sep 10. PMID: 32920234; PMCID:
PMC7482607.

Figures

Page 15/19



t mem
22Seme® 6"a ne

Fungiform Papillae

Figure 1

Anatomy of the Hamster Tongue. Distribution of tongue papillae and related histology. A midline
circumvallate (CV) papilla resides in the posterior region (white oval), foliate on the sides (white curved
lines), fungiform on the anterior (white circles), and filiform filling the remaining space. Taste buds
(arrowheads) reside on the sides of the CV papillae and the tips of the fungiform papillae but are not

found on the filiform papillae. Salivary glands are located beneath the troughs of CV papillae and help
dissolve tastants.

SC;stratum cornuem, SS; stratum spinosum, SB; stratum basale, LP; lamina propria, TB, taste buds
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Figure 2

Papillae Counting. A) Magnified 8-bit image of the anterior tongue using Image J v1.53a. The region of
interest (ROI) was demarcated (grey line) using Image J freehand tool, the fungiform papillae were
counted using the Cell Counter plugin for Image J (dark blue dots), and the area (mm?) calculated using
the measurement tool in Image J with the ruler behind the tongue for reference. Papillae were excluded
from the count (light blue dot) if they were found to not be a complete circle, not completely within the
ROI, or not approximately 3:1 in size when compared with surrounding filiform papillae. Scale bar
indicates 500um. B) Magnified 8-bit inverted image of the anterior tongue using Image J v1.53a. Red
dots indicate computer generated counting of the papillae using the Image-based Tool for Counting
Nuclei (ITCN) plugin for Image J. Scale bar indicates 100um. C) Fungiform papillae densities were
plotted against days post infection (dpi). Error bars indicate mean and standard deviation. No significant
differences were found between any of the infected groups (dpi#) or control (ctrl) when tested with
ANOVA set to p < 0.05. For all groups, n = triplicates of 4. D) Filiform papillae densities were plotted
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against days post infection (dpi). Error bars indicate mean and standard deviation. No significant
differences were found between any of the infected groups (dpi#) or control (ctrl) when tested with
ANOVA set to p < 0.05. For all groups, n = triplicates of 4.

Circumvallate P Fungiform P Mucous SG
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Ganglion Cells
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Figure 3

SARS-CoV-2 antigen labeling in the tongue. Representative images of immunohistochemical labeling
(1:200 antibody dilution) of structures of interest with or without infection with SARS-CoV-2. The infected
samples at 5 dpi are shown in the lower panels (G, H, |, J, K, L), with arrowheads pointing to positive
brown-colored labeling of the SARS-CoV-2 antigen, compared with negative labeling in the mock infected
control samples in the upper panels (A, B, C, D, E). The circumvallate papilla taste buds (G) and ganglion
cells (L) show positive labeling, while fungiform papilla taste bud (H), serous salivary gland cells (J),
mucous salivary gland cells (K) show weakly positive labeling. The filiform papilla cells (I) were negative
for labeling.

R papillae. SG, salivary gland. Scale bars indicate 100 um.
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