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Abstract
Purpose of Review During the height of the coronavirus pandemic, the oral cavity was recognized as a critically important 
site for severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. The purpose of this review is to analyze 
the literature surrounding SARS-CoV-2 entry, replication, and transmission and the resulting impact on host tissues in the 
oral cavity.
Recent Findings The detection of viral genetic material in saliva allows for widespread surveillance testing and empha-
sizes the importance of viral transmission through shed in saliva. As the cohort of patients who have recovered from acute 
SARS-CoV-2 infection grows, several questions remain about the long-term impacts of viral infection on the oral tissues, 
including whether the oral cavity may serve as a persistent viral reservoir. Therefore, a thorough understanding of the viral 
life cycle in the diverse tissues of the oral cavity is warranted. We conclude with a broad outlook on the long-term effects of 
SARS-CoV-2 infection in the oral cavity and how these effects may relate to the post-acute coronavirus syndrome sequelae 
experienced by recovered patients.
Summary SARS-CoV-2 can enter and replicate in the oral cavity and be spread between individuals via shed in saliva. 
Several acute oral manifestations of infection have been reported, and the lingering effects of infection on oral tissues are 
an area of ongoing investigation.
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Introduction

The oral cavity is a physiologic conduit between the external 
and internal environments connected not only to the respira-
tory and gastrointestinal tracts, but also to the systemic vas-
culature via lymphatic and blood vessels. As such, the oral 
cavity is a critical but understudied hub for viral infections, 
acting as a site of initial viral contact, entry, and replication 

allowing for viral transmission both within and between 
individuals. The emergence of the COVID-19 pandemic and 
the widespread use of salivary diagnostics for viral surveil-
lance emphasize the epidemiologic significance of the oral 
cavity, which has been recognized as a site of SARS-CoV-2 
entry and replication.

Since the onset of the pandemic, several reviews have 
outlined the acute oral manifestations of COVID-19 [1–5] 
and the use of saliva as a diagnostic tool [6, 7]. While studies 
have shown that oral tissues including the buccal mucosa, 
tongue, and salivary glands can support SARS-CoV-2 infec-
tion, viral persistence and long-term consequences of viral 
infections in these sites are not well understood. Further, 
there is a need for new perspectives on oral SARS-CoV-2 
infection considering recent studies with cohorts of patients 
who have recovered from COVID-19 but continue to expe-
rience both persistent and new non-resolving symptoms, a 
phenomenon known as post-acute coronavirus syndrome, 
or “long COVID.” The purpose of this review is to (1) criti-
cally trace the path of SARS-CoV-2 infection in the oral 
cavity, from viral entry to egress, and (2) hypothesize on 
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the long-term consequences of oral SARS-CoV-2 infection, 
including whether the oral cavity can serve as a reservoir for 
infectious virus and if history of SARS-CoV-2 infection can 
leave lasting signatures of viral infection.

Entry

SARS-CoV-2 is an enveloped positive single-strand RNA 
virus that is the etiologic agent of COVID-19. The virus 
primarily gains entry through infection of epithelial cells 
(e.g., mucosae) through inhalation of droplets or aerosols or 
ingestion of fomites. The most notable infection sites include 
those of the respiratory tract. Upon inoculation, the SARS-
CoV-2 viral spike glycoprotein binds to the angiotensin-
converting enzyme 2 (ACE2) receptor on host cells [8•]. 
Following receptor binding, the spike protein is cleaved by 
host proteases, including most specifically the transmem-
brane protease serine 2 (TMPRSS2), leading to the fusion of 
the viral and host membranes and facilitating viral entry [9]. 
In addition to principal entry factors, other mechanisms of 
entry have been described including alternate receptors (e.g., 
neuropilin-1, heparin sulfate), antibody-mediated endocyto-
sis, and transcytosis of virions to adjacent cells [10]. Despite 
the existence of alternate receptors and entry mechanisms, 
the distribution of ACE2 and TMPRSS2 are consistent pre-
dictors of SARS-CoV-2 tissue tropism.

The early hypothesis that SARS-CoV-2 may infect the 
oral tissues was based on database mining for expression 
of the SARS-CoV-2 entry receptors in various oral tissues, 
which were eventually paired with studies in human biopsy 
specimens. In the early stages of the pandemic, Xu et al. 
(2020) analyzed bulk RNA sequencing (RNA-seq) data 
from TCGA and FANTOM5 CAGE databases and found 
that ACE2 was expressed in oral tissues, particularly the oral 
tongue, and a follow-up single-cell RNA-seq (scRNA-seq) 
library generated from buccal, gingival, and dorsal tongue 
tissues demonstrated high ACE2 expression in tongue tissue, 
specifically in epithelial cells [11]. Analysis of scRNA-seq 
datasets and immunohistochemistry in adjacent healthy tis-
sues from patients diagnosed with oral squamous cell car-
cinoma showed that the majority of ACE2 expression was 
mostly restricted to epithelial cells, specifically in the basal 
layer, with appreciably less expression in fibroblasts and 
immune cells [12]. Since the TMPRSS2 protease also con-
tributes to efficient SARS-CoV-2 entry, additional studies in 
human tissues analyzed ACE2 and TMPRSS2 co-expression 
and found that both factors were expressed in the dorsal 
tongue, mostly in the spinous layers of the stratified squa-
mous epithelium, with ACE2 expressed in the cytoplasm 
and cell membrane and TMPRSS2 expressed predominantly 
on the cell membrane [13, 14]. ACE2 and TMPRSS were 
also expressed in other stratified squamous tissues including 

buccal, labial, and lingual mucosae [13, 14]. Notably, ACE2 
and TMPRSS2 were almost exclusively expressed in epithe-
lial tissues, with weak to undetectable expression in con-
nective tissue layers. The distribution of SARS-CoV-2 entry 
receptors in the suprabasal epithelium supports the notion 
that the most superficial layer of the oral cavity is a readily 
accessible initial site of entry for virus particles. However, 
the suprabasal mucosa is relatively transcriptionally inert 
and rapidly sloughs into the oral cavity. While it is possi-
ble that SARS-CoV-2 infects and replicates in these cells, it 
raises the possibility that other proximal cell types may be 
vulnerable and contribute to viral infection and replication 
[15••].

The salivary glands are other viral ports of entry in 
the oral cavity. The salivary glands consist of three major 
glands (parotid, submandibular, and sublingual) as well as 
hundreds to thousands of minor salivary glands distributed 
throughout the mucosae of the oral cavity (e.g., labial and 
buccal mucosa, hard and soft palate, oro- and nasopharynx, 
and the tongue and floor of mouth). Analysis of bulk RNA-
seq databases and the Human Protein Atlas demonstrated 
expression of both ACE2 and TMPRSS2 in the salivary 
glands [16, 17]. In further support of these findings, a novel 
single-cell atlas derived from human minor salivary glands 
revealed expression of ACE2 and TMPRSS2, with rates of 
co-expression comparable to levels in nasal and gastrointes-
tinal sites [15••]. ACE2 and TMPRSS2 are also expressed 
in the major salivary glands (e.g., parotid, sublingual, and 
submandibular glands) (Fig. 1), present in the serous acini 
and ductal cells, but less in the mucous acinar cells [15, 18, 
19]. Epithelial cells are continually shed into the oral cav-
ity; it is possible that these infected cells could be shed into 
saliva serving as both a substrate for infection and a vehicle 
for viral spread [15••]. ACE2 and TMPRSS2 were detected 
in the acellular portion of saliva, and exogenous ACE2 and 
TMPRSS2 were able to adsorb to cultured oral epithelial 
cells [19], which may be a potential mechanism for viral 
spread between tissues of the oral cavity and to other indi-
viduals. However, whether secreted ACE2 can be bound to 
infectious viral particles remains to be determined.

Replication

While the distribution of SARS-CoV-2 entry receptors 
were characterized early in the pandemic, further work was 
needed to determine whether the oral cavity could serve as 
a site of virus replication and virion production. Minimally 
invasive studies provided critical early insights into the sites 
of viral infection throughout the body. The gingival epithe-
lium of the periodontium was one of the earliest oral sites in 
which SARS-CoV-2 RNA was detected by RT-qPCR, with 
accompanying histopathological findings observed in the 
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tissues of the junctional epithelium [20]. Despite the high 
expression of ACE2/TMPRSS2 in the tongue, one study 
using in situ hybridization demonstrated relatively lower 
levels of SARS-CoV-2 RNA in tongue tissues as compared 
to tissues of the proximal airway [21]. Nevertheless, tongue 
scrapings from patients [22] and mucosal brush biopsies 
from autopsy tissues and acutely infected patients [15••] 
revealed cellular expression of SARS-CoV-2 spike RNA and 
protein, which suggests that like the distribution of ACE2/
TMPRSS2, the virus localizes to the most superficial levels 
of the epithelium, layers which would be shed into the oral 
cavity and could facilitate interpersonal transmission of the 
virus. Cells isolated from buccal scrapings from patients 
infected with COVID-19 also exhibited cytopathic changes 
as compared to cells collected from healthy controls, includ-
ing karyorrhexis, karyolysis, and micronucleation, though 
future studies are needed to determine if these effects are 
direct results of viral infection [23, 24].

The salivary glands are an additional site of interest for 
viral infections. Many viruses (e.g., hepatitis C virus, cyto-
megalovirus, Epstein Barr virus) infect the salivary glands, 
which then serve as short-term or chronic viral reservoirs. 
The salivary glands were predicted as SARS-CoV-2 targets 

early in the pandemic due to high ACE2/TMPRSS2 expres-
sion [13, 16, 17]. The hallmark finding that SARS-CoV-2 
RNA was detectable in patients’ saliva [25••] further sup-
ported the notion that SARS-CoV-2 could infect the salivary 
glands. Two studies using salivary gland tissues recovered 
from acutely infected patients and autopsies from severe 
COVID-19 victims identified viral RNA at highly similar 
overall rates (57% and 60%) in major and minor salivary 
gland samples from infected patients [15, 18, 15, 18, 15, 
18, 262).

Given the finding that SARS-CoV-2 can enter and replicate 
in oral tissues and induce histological abnormalities, the subse-
quent question is whether these pathological changes directly 
translate to oral manifestations. To date, numerous acute oral 
lesions that may be associated with SARS-CoV-2 infection 
have been described. Since early 2020, case reports of patients 
with oral lesions [27], dysgeusia [28, 29], xerostomia [30, 31], 
and salivary gland inflammation [32, 33], among other symp-
toms, have been published. The acute oral manifestations of 
COVID-19 have been reviewed extensively [1–5]. However, it 
is still not clear whether these symptoms are a direct result of 
tissue disruption due to viral infection (i.e., initiation of host 
shut-off mechanisms and viral hijacking of host translational 

Fig. 1  Viral entry factors, ACE2 
and TMPRSS2, are expressed 
in human salivary gland tis-
sues. a, b mRNA expression 
of ACE2 (red) and TMPRSS2 
(white) was analyzed using 
RNAscope fluorescence in situ 
hybridization (FISH). ACE2 
and TMPRSS are expressed in 
pan-cytokeratin (pCTK) posi-
tive epithelial cells (green) in 
both minor salivary gland a and 
parotid gland b tissue sections 
from healthy volunteers. c, d 
Immunofluorescence (IF) imag-
ing with confocal microscopy 
demonstrates ACE2 expression 
(green) in both acini and ducts 
of the minor salivary glands 
of healthy volunteers. Co-
localization with aquaporin-5 
(AQP5, purple) c or smooth 
muscle actin (SMA, purple) 
d and ACE2 is visualized in 
white indicating that acinar, 
ductal, and myoepithelial cells 
can express viral entry factors. 
Subject biopsies were obtained 
under NIH IRB-approved pro-
tocol: 15-D-0051-Characteriza-
tion of Diseases With Salivary 
Gland Involvement [PI-Warner, 
NCT02327884]. The images 
shown are original, unpublished 
figures
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machinery) or due to the triggering of an aberrant immune 
response with viral infection (i.e., immune cell infiltration and 
autophagy). Future studies are warranted to compare histo-
pathological findings from SARS-CoV-2 infected tissues with 
clinical manifestations, and in vitro and in vivo mechanistic 
studies are needed to further understand viral pathophysiology 
in oral tissues.

Spread

While nasopharyngeal (NP) swabs remained the gold 
standard for SARS-CoV-2 detection and surveillance, 
saliva was quickly recognized for its diagnostic poten-
tial. In the first months of the pandemic, it was reported 

Fig. 2  SARS-CoV-2 replicates in the tissues of the human oral cav-
ity. a, b Infection and replication of SARS-CoV-2 were demonstrated 
using RNAscope fluorescent in  situ hybridization (FISH) in minor 
salivary glands from COVID-19 autopsy specimens (NIH COVID-
19 Autopsy Consortium) or acutely infected ambulatory patients 
(NCT04348240: Transmissibility and Viral Load of SARS-CoV-2 
Through Oral Secretions; PI-Warner). a SARS-CoV-2 genomes were 
detected in pan-cytokeratin (pCTK, green) positive epithelial cells 
in the acini and ducts of the minor salivary glands. Viral genomes 
(red) co-localized with ACE2 (white) in the glands. b Replication of 

SARS-CoV-2 in the salivary gland in the minor salivary gland acini 
and ducts was shown using probes to SARS-CoV-2 spike (white) and 
sense (replicative) strand (purple). c Immunohistochemistry (IHC) 
confirming expression of spike protein in the minor salivary glands in 
salivary glands from an autopsy specimen (NIH COVID-19 Autopsy 
Consortium). d FISH in dorsal tongue tissue demonstrates SARS-
CoV-2 infection of pCTK-positive epithelial cells (green) with viral 
genomes visualized in red. ACE2 (white) is also expressed in the dor-
sal tongue epithelia from an acutely infected individual. The images 
shown are original, unpublished figures
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that SARS-CoV-2 RNA could be detected in 11 out of 
12 patients who also tested positive via NP swabs [34]. 
Subsequent papers reported a high concordance between 
NP swabs and samples derived from the oral cavity and 
oropharynx, including oropharyngeal swabs and saliva 
samples [15, 35–39], and several groups have published 
systematic reviews on this topic [6, 7]. Most importantly, 
detection of viral genetic material in both cellular and 
acellular portions of saliva provided strong initial evidence 
that the virus may be orally transmissible (Fig. 3). In 2021, 
Huang et al. showed that saliva contained infectious virus 
particles, as incubation of cells with the acellular fraction 
of saliva from SARS-CoV-2 positive individuals was suf-
ficient to induce cytopathic effect in Vero cells, and super-
natants from these cells could be used to establish infectiv-
ity titers [15••]. The authors also demonstrated the ability 
of cellular portions of saliva to induce a cytopathic effect 
in cultured cells. This indicates that viral particles could 
be released directly into the salivary ducts from the sali-
vary glands and/or that viral particles in saliva are derived 
from infected oral mucosal cells. Both mechanisms, which 
likely occur simultaneously, support the notion that the 

oral cavity is a reservoir of infectious virus, and that saliva 
is an epidemiologically relevant route of viral spread.

While saliva is a route of spread between individuals via 
viral shed in nasal and oropharyngeal droplets, the oral cav-
ity may also serve as a gateway to systemic spread. Anatomi-
cally, the oral cavity and oropharyngeal region are entryways 
to the respiratory, digestive, immune, and vascular systems. 
There are several potential routes of viral spread between 
the oral cavity and other tissues. First, SARS-CoV-2 RNA 
has been detected in an interconnected region of the oral 
cavity both in oropharyngeal swabs [34] and in the tonsillar 
tissues [40, 41, 41, 40–42], although these findings have not 
yet been independently replicated. It has been suggested that 
microaspiration of periodontal bacteria can be linked to aspi-
ration pneumonia and chronic obstructive pulmonary disease 
[43]; similar phenomenon may occur for other infectious 
viruses. The periodontal tissues are sites of SARS-CoV-2 
infection [15, 20], and infectious virus has been detected in 
gingival crevicular fluid [44]. The oral-systemic connection 
is well-established for bacterial pathogens which can traf-
fic from the highly vascularized periodontal pockets to the 
cardiovascular system to cause infective endocarditis [45]. 
Given the COVID-19 pulmonary vascular symptoms, it has 

Fig. 3  SARS-CoV-2-infected 
cells are shed into saliva and 
facilitate COVID-19 trans-
mission and viral spread. a 
RNAscope fluorescent in situ 
hybridization (FISH) on the 
cellular fractions of saliva 
from acutely infected COVID-
19 subject (NCT04348240: 
Transmissibility and Viral Load 
of SARS-CoV-2 Through Oral 
Secretions; PI-Warner) show 
SARS-CoV-2 genomes in ACE2 
expressing sloughed epithelial 
cells, which contains a mixture 
of both squamous epithelial 
cells and salivary-derived epi-
thelial cells (data not shown). a, 
b Immunohistochemistry (IHC) 
confirming expression of spike 
protein in sloughed epithelial 
cells in two acutely infected 
subjects (NCT04348240: 
Transmissibility and Viral Load 
of SARS-CoV-2 Through Oral 
Secretions; PI-Warner). Both 
cellular and acellular saliva has 
been shown to be infectious 
in ex vivo assays [15••]. The 
images shown are original, 
unpublished figures
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been proposed that SARS-CoV-2 transits to the lungs via the 
blood vessels in the periodontal pockets [46], and several 
studies linking periodontal disease to severe COVID-19 cor-
roborate these findings [47, 48].

Host Response

Even after SARS-CoV-2 has entered, replicated, and shed 
from oral tissues, the oral cavity can still serve as a readout 
for host response to SARS-CoV-2 infection via antibody 
titers. Anti-SARS-CoV-2 antibodies have been detected in 
saliva from convalescent patients for weeks to months after 
recovery from viral infection, and often correlate with serum 
antibody levels [49–52]. Although anti-SARS-CoV-2 anti-
bodies were present in saliva, they were often non-neutraliz-
ing compared to serum IgG [53–55], suggesting alternative 
mechanisms of host defense to SARS-CoV-2 infection in the 
oral cavity and a possible way in which the virus may escape 
persist in this tissue type and shed in saliva for extended 
periods. Moreover, the inflammatory status in the saliva 
appears more muted as compared to serum samples, with 
some groups only showing slight increases in proinflamma-
tory cytokines as compared to healthy controls [53, 56, 57]. 
Interestingly, one study found that certain cytokines, includ-
ing TNFɑ, IL10, CXCL5, CD40L, and HGF were expressed 
at lower levels in patients with mild to moderate disease 
versus healthy controls or patients with severe disease [57]. 
This may represent a titer-dependent response wherein viral 
immune evasion mechanisms dominate in moderate infec-
tion, but in severe disease, higher viral loads may lead to 
aberrant activation of the immune system and subsequent 
tissue destruction.

Saliva also serves as a primary source of defense against 
infections in the oral cavity as it contains antimicrobial pep-
tides. SARS-CoV-2 infection of the salivary glands and sub-
sequent damage of the glandular tissue may hinder the host 
antimicrobial defenses in the oral cavity. In support of this 
notion, Alfaifi et al. (2022) followed a patient with recur-
rent symptoms of dysesthesia and burning mouth following 
COVID-19 recovery and discovered significantly reduced 
levels of the antimicrobial peptide histatin-5 in the patient’s 
saliva [58]. Histatin-5 has a known role in defense against 
fungal infections such as Candida albicans, and histatin-5 
deficient saliva was ineffective at inhibiting growth of C. 
albicans in vitro [58]. Several groups have shown a shift 
in the balance of the oral bacterial microbiome following 
SARS-CoV-2 infection. The alpha diversity of the salivary 
microbiome was found to decrease as severity of COVID-19 
disease increased [57, 59]. Several groups noted an increased 
abundance of Streptococcus in saliva samples from infected 
individuals, but generally, these shifts had no resulting 
difference in clinical characteristics [60, 61]. Finally, in a 

cohort of patients diagnosed with myeloencephalitis/chronic 
fatigue syndrome, COVID-19 infection led to elevated lev-
els of antiviral antibodies against human herpesviruses 1–6, 
human endogenous retroviruses, and adenovirus in saliva as 
compared to otherwise healthy patients who had recovered 
COVID-19 [62, 63]. In both the myeloencephalitis/chronic 
fatigue syndrome COVID-19 group and the control COVID-
19 group, SARS-CoV-2 infection led to an apparent reacti-
vation of latent viruses. While the exact mechanism is still 
unknown, it is possible that SARS-CoV-2 infection may lead 
to a suppression of the immune system, creating an environ-
ment supportive of replication of other viruses.

Outlook: The Long‑Term Impact of COVID‑19 
on the Oral Cavity

As the number of individuals infected with and recovered 
from COVID-19 grows, there are increasing reports of lin-
gering symptoms following infection. Some of the symp-
toms reported by patients include chronic fatigue, mus-
cle weakness, and dyspnea [64]. Despite evidence of the 
involvement of the oral cavity in the context of SARS-CoV-2 
infection, few studies have analyzed the long-term impact of 
viral infection in oral tissues. Preliminary studies, however, 
provide evidence that oral manifestations may be a part of 
the long COVID complex. In a follow-up of 122 patients 
who had been hospitalized with COVID-19, several had 
residual oral symptoms an average of 3 months after recov-
ery, including salivary gland ectasia (38%) and xerostomia 
(30%) [65]. Recently, it has been shown that patients with 
mild symptomatic and asymptomatic infection continue to 
have increased inflammation in their salivary glands up to 
6 months after infection [66•]. While neither study inves-
tigated the presence of the virus in the salivary glands at 
the time of follow-up, these findings could be the result of 
persistent low-level infection with SARS-CoV-2 in salivary 
gland tissue, irreparable damage of salivary gland structures, 
and/or the result of persistently altered immune responses 
to initial viral infection. These data are partially supported 
by autopsy evidence showing detection of virus in salivary 
tissues 76 days after hospitalization [26••].

Though SARS-CoV-2 has a known tropism for the sali-
vary gland epithelium and known acute effects on the sali-
vary gland architecture, the long-term impact of infection 
on salivary gland tissue structure and function has not been 
fully elucidated. Studies in murine models recently dem-
onstrated that infection with SARS-CoV-2 leads to a long-
term decrease in salivary flow and an increase in autoan-
tibody production, along with an increased prevalence of 
lymphocytic infiltration in murine salivary glands [66•]. 
These findings are consistent with a phenotype reminiscent 
of Sjӧgren’s disease, an autoimmune disease characterized 
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by dry mouth and dry eyes secondary to immune-mediated 
destruction of salivary and lacrimal glands. Convalescent 
sera from patients who had recovered from COVID-19 
contained elevated levels of the autoantibodies ANA and 
SSA/Ro52, which are elevated in patients with Sjӧgren’s 
disease, as well as an increase in lymphocytic infiltration of 
the minor salivary glands [66•]. Coupled with the clinical 
finding of patient-reported dry mouth following clearance of 
SARS-CoV-2 [65], these results suggest that SARS-CoV-2 
infection has long-lasting clinical implications beyond initial 
infection, which will likely continue to be uncovered in the 
years following the COVID-19 pandemic.

Conclusions

SARS-CoV-2 interfaces the oral cavity at all stages of infec-
tion, from initial entry and replication to the release of viral 
particles into saliva. Throughout the viral life cycle, there 
are acute pathologic effects on infected tissues, and the many 
oral manifestations reported in SARS-CoV-2 infected indi-
viduals may be a direct result of virus infection. As the years 
since the start of the pandemic increase, ongoing research 
has shifted to the chronic impacts of COVID-19 infection, 
and follow-ups of patients with long COVID-19 should con-
sider the impacts on the tissues of the oral cavity and effects 
upon patient quality of life and associated clinical sequela 
(e.g., recurrent candidiasis infection, dental caries, oral sen-
sation). Further, oral tissues should be studied as a reservoir 
of viral infections, as current studies rely predominantly on 
autopsy tissues which do not fully reveal the dynamics of 
viral shedding. While this review focused on SARS-CoV-2, 
the overall concept of the oral cavity as a site of viral infec-
tions is translatable across diverse pathogen challenges.
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