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s u m m a r y
Background: Variations in the ACE2 activity in saliva could explain the striking differences of susceptibility to infection and risk of severe disease.
Methods: We analyze the activity of ACE2 in saliva in different population groups across a wide age range
and disease status during April to June 2020, before SARS-CoV-2 vaccine implementation, and we establish differences between infected people and participants considered resistant (highly exposed healthcare
workers and children who cohabited with parents with COVID-19 without isolation and remain IgG negative).
Results: We included 74 adults, of which 47 (64%) were susceptible and 27 (36%) were resistant, and
79 children, of which 41 (52%) were susceptible and 38 (48%) were resistant. Resistant adults have signiﬁcantly lower ACE2 activity in saliva than susceptible adults and non-signiﬁcant higher values than
susceptible and resistant children. ACE2 activity is similar in the susceptible and resistant pediatric population (p = 0.527). In contrast, we observe an increase in activity as the disease’s severity increases
among the adult population (mild disease vs. severe disease, 39 vs. 105 FU, p = 0.039; severe disease vs.
resistant, 105 vs. 31 FU, p < 0.001).
Conclusions: using an enzymatic test, we show that ACE2 activity in saliva correlates with the susceptibility to SARS-Cov-2 infection and disease severity. Children and adults with low-susceptibility to SARSCov-2 infection showed the lowest ACE2 activity. These ﬁndings could inform future strategies to identify
at-risk individuals.
© 2022 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

Background
Because the angiotensin-converting enzyme 2 (ACE2) is the
molecular target for severe acute respiratory syndrome coronavirus
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2 (SARS-CoV-2) cell entry, variations in the activity of ACE2 may
play a signiﬁcant role in determining an individual’s susceptibility
to COVID-19 and disease severity.1 ACE2 is widely expressed in different tissues, including the surface of alveolar epithelial cells and
the epithelium of oral, nasal, and nasopharynx mucosa, explaining
why direct person-to-person respiratory transmission is the primary means of SARS-CoV-2 transmission.2
Reports of pathologic ﬁndings in tissue specimens of COVID-19
patients are emerging and reinforce the role of ACE2 expression
and activity in disease pathogenesis.3 ACE2 has a higher expression
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in the salivary gland and the oral cavity’s epithelium than in the
lung. Thus, saliva could be used to study the COVID-19 pathogenesis due to the ease of detecting SARS-CoV2 in these samples.4 ACE2
expression in the lungs seems to increase with age, which might
explain the higher disease severity observed in the older population with COVID-19.5 However, it is still unclear whether ACE2
expression is a cause of increased susceptibility in older people.6
While children and women are assumed to have a lower incidence
of infection than adult men,6 , 7 the potential role of ACE2 expression has not been fully explored.
Here, we hypothesized that the activity of ACE2 in saliva would
correlate with lower susceptibility to SARS-CoV-2 infection and
will explain, at least in part, the formidable clinical phenotype of
individuals with repeated high-risk exposures to SARS-CoV-2 who
did not become infected before SARS-CoV-2 vaccine implementation. We analyze the expression of ACE2 in saliva in different population groups across a wide age range and disease status, and we
establish differences between infected people and those exposed
to the virus but not infected.

ﬂuorescence indicates increased ACE2 activity. The protein concentration, measured colorimetrically by the PierceTM 660 nm Protein
Assay reagent (Thermo Scientiﬁc, USA), for all samples was on average 1.58 ± 0.07 μg protein/μL saliva, with no signiﬁcant differences across samples. Therefore, the differences in ACE2 activity
have a biological signiﬁcance and not due to a bias in the amount
of protein in each simple.
We used the one-way ANOVA followed by the Tukey test to correct for multiple comparisons and logistic regression to establish
the association between susceptibility to SARS-CoV-2 and ACE2 activity after controlling for the potential confounding effect of sex.
We used Stata version 16.0 (StataCorp LP, College Station, Texas) for
the statistical analysis and Prism version 9.0 (GraphPad, La Jolla,
California) for ﬁgure generation.
Results
We included a total of 153 unvaccinated participants; 74 adults,
of which 47 (64%) were considered susceptible and 27 (36%) resistant, and 79 children, of which 41 (52%) were considered susceptible and 38 (48%) resistant. The age range was 5–92 years. Among
the 47 susceptible adults, 20 (43%) had severe disease, 16 (34%)
mild disease, and 11 (23%) were people who had asymptomatic
COVID-19 and had positive IgG with negative PCR test at the time
of inclusion in the study. Supplemental Table 1 shows the baseline
characteristics of the sample population.
Fig. 1 shows the difference in ACE2 activity in saliva between
susceptible and resistant individuals, with a much smaller difference among the pediatric population median ﬂuorescence (12 vs.
14 FU units, p = 0.561) than in adults (64 vs. 31 FU units,
p = 0.012). Resistant adults have signiﬁcantly lower ACE2 activity
in saliva than susceptible adults and non-signiﬁcant higher values
than susceptible and resistant children. ACE2 activity is similar in
the susceptible and resistant pediatric population (p = 0.527). In
contrast, we observe an increase in activity as the disease’s severity
increases among the adult population (mild disease vs. severe disease, 39 vs. 105 FU, p = 0.039; severe disease vs. resistant, 105 vs.
31 FU, p < 0.001).
The logistic regression model yielded similar estimates in the
unadjusted model and after controlling by sex (Supplemental Table 2). We observed signiﬁcant differences between the susceptible
and resistant adult population in the adjusted model (p = 0.008)
but not in the pediatric population (p = 0.790). Supplemental Table 3 shows the results of the adjusted multinomial model by disease severity in adults.

Methods
Study design and setting
We analyzed data from children recruited at Hospital Universitario La Paz and adults recruited at Hospital Universitario Ramón y
Cajal, between April and June 2020, before SARS-CoV-2 vaccine implementation. We classiﬁed children as "susceptible” if they were
positive for SARS-CoV-2 IgG, and as "resistant" if they had repeated
high-risk exposures8 to SARS-Cov-2 (speciﬁcally, cohabitation with
parents with conﬁrmed COVID-19), but remained IgG negative at
least after eight weeks after the exposure. We considered adults as
"susceptible" when they had positive IgG for SARS-CoV-2 or previous COVID19 conﬁrmed by polymerase chain reaction (PCR) in nasopharyngeal exudate. Non-susceptible adults were healthy healthcare workers who had been on duty for at least three months
in COVID19 wards or intensive care units and reported at least
three high-risk exposures to SARS-CoV-2,8 without having experienced symptoms suggestive of SARS-CoV-2 infection, persistently
negative PCR SARS-CoV-2 testing, and absence of SARS-CoV-2 IgM
and IgG in plasma. The most frequent exposure was largely unprotected exposure to aerosol-generating procedures or patient secretions and close contact without face masks with other conﬁrmed
cases of COVID-19. We measured SARS-CoV-2 antibodies by indirect chemiluminescence immunoassay (Vircell, Granada, Spain).
Participants with mild disease were those without a need of supplemental oxygen and asymptomatic after one week of diagnosis.
Severe disease was deﬁned as the presence of bilateral radiologic
inﬁltrates or opacities and clinical assessment requiring supplemental oxygen.

Discussion
In this work, we observe that there is a signiﬁcant correlation
between ACE2 activity in saliva and susceptibility to SARS-Cov2 and COVID19 severity in unvaccinated individuals, early in the
COVID19 pandemic. First, adults susceptible to SARS-CoV-2 show
higher levels of ACE2 in saliva than the resistant adults. These differences are not observed in the pediatric population, in which
the saliva ACE2 activity is lower, and no differences exist between
susceptible and resistant individuals. Second, an increase in ACE2
expression is found as the disease’s severity increases among the
adult population.
Previous work has linked ACE2 expression in different organs
to the potential risk of SARS-CoV-2 infection.9 , 10 Liu et al. showed
that the salivary gland’s epithelial cells having elevated ACE-2 expression were infected by SARS-Cov-2,10 which raises the question of whether inter-individual variations of ACE-2 expression
may contribute to the formidable spectrum of diseases susceptibility and severity. Since early in the COVID-19 pandemic, it became clear that older age was a risk factor for adverse outcomes.

ACE-2 activity measurement and statistical analysis
Non-induced saliva samples were collected in sterile tubes and
cryopreserved at −80 °C. After thawing, ACE2 activity was measured in batch through a ﬂuorometric assay, using a synthetic
ACE2-speciﬁc substrate (Mca-APK(Dnp); Reactomix S.L., Granada,
Spain) that is metabolized to a ﬂuorescent compound in the presence of a functional enzyme. Saliva samples were incubated with
the buffer solution (150 nM Tris-HCl pH 7.5, 200 nM NaCl, 10
uM ZnCl2, protease inhibitor) and the substrate (portions 10-991, respectively). After incubation at room temperature for 16 h,
we quantiﬁed each sample’s ﬂuorescence using Varioskan Lux
(Thermo), a ﬂuorescence reader with an excitation of 320 nm and
an emission of 420 nm. Measurements in duplicate showed a coeﬃcient of variation of 5.1%. According to this technique, increased
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Fig. 1. Comparison of ACE2 activity in saliva according to susceptibility and disease severity in adult and pediatric population". The graph is a box and whiskers plot
showing all values as points. The groups were compared by one-way ANOVA followed by Tukey test. The adult resistant group was the reference category for the multiple
comparisons.
∗∗
denotes a p value < 0.01 and > 0.001
∗∗∗∗
denotes a p value < 0.0 0 01.

Recently, Baker Steven et al. have reported that ACE2 expression
increases with age using data generated by RNA sequencing.11
Whereas no gender difference in ACE2 expression has been appreciated in salivary glands,12 whether a differential expression of
ACE2 across age explains the more benign disease observed in children remains unclear.13
In keeping with the study hypothesis, children showed a signiﬁcantly lower ACE2 activity than adults. Despite that we did not
appreciate differences in resistant vs. susceptible children, the fact
that all cases were either asymptomatic/mild infections or resistant could support the idea that ACE2 activity correlates with the
susceptibility to SARS-CoV-2 infection. Future directions include a

thorough evaluation of ACE2 activity in different anatomic compartments, and subsequent studies should further characterize the
origin of this enzymatic activity by using RNA sequencing or proteomic strategies.
In conclusion, using an enzymatic test, we show that ACE2
activity in saliva correlates with the susceptibility to SARS-Cov2 infection and disease severity. Children and adults with low
susceptibility to SARS-Cov-2 infection showed the lowest ACE2
activity. These ﬁndings could inform future strategies to identify at-risk individuals, as well as for the development of therapeutic strategies to reduce both susceptibility and severity of
COVID-19.
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