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ARTICLE INFO ABSTRACT

Keywords: Aims: Angiotensin-converting enzyme 2 (ACE2) is a key regulator of the renin-angiotensin system (RAS) recently
SARS-CoV-2 identified as the membrane receptor for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Here
ACE2

we aim to study whether two receptors from RAS, the angiotensin receptor type 1 (AT1R) and the bradykinin 2

g;réR receptor (B2R) modulate ACE2 internalization induced by a recombinant receptor binding domain (RBD) of
Telmisartan SARS-CoV-2 spike protein. Also, we investigated the impact of ACE2 coexpression on ATIR and B2R

functionality.

Materials and methods: To study ACE2 internalization, we assessed the distribution of green fluorescent protein
(GFP) signal in HEK293T cells coexpressing GFP-tagged ACE2 and AT1R, or B2R, or AT1R plus B2R in presence
of RBD alone or in combination with AT1R or B2R ligands. To estimate ACE2 internalization, we classified GFP
signal distribution as plasma membrane uniform GFP (PMU-GFP), plasma membrane clustered GFP (PMC-GFP)
or internalized GFP and calculated its relative frequency. Additionally, we investigated the effect of ACE2
coexpression on AT1R and B2R inhibitory action on voltage-gated calcium channels (Cay2.2) currents by patch-
clamp technique.

Key findings: RBD induced ACE2-GFP internalization in a time-dependent manner. RBD-induced ACE2-GFP
internalization was increased by angiotensin II and reduced by telmisartan in cells coexpressing AT1R. RBD-
induced ACE2-GFP internalization was strongly inhibited by B2R co-expression. This effect was mildly modi-
fied by bradykinin and rescued by angiotensin II in presence of AT1R. ACE2 coexpression impacted on B2R- and
AT1R-mediated inhibition of Cay2.2 currents.

Significance: Our work contributes to understand the role of RAS modulators in the susceptibility to SARS-CoV-2
infection and severity of COVID-19.

Angiotensin II

1. Introduction angiotensin 1-7 (Ang 1-7) [1]. Ang II acts through the angiotensin II
type 1 receptor (AT1R) and causes vasoconstriction, apoptosis, inflam-

Angiotensin-converting enzyme 2 (ACE2) is a key counterbalancing mation and fibrosis. In contrast, Angl-7 acts via the Mas receptor
enzyme of the renin-angiotensin system (RAS) that catalyzes the con- (MasR) and causes vasodilation as well as anti-inflammatory and anti-
version of the pressor hormone angiotensin II (Ang II) into the protective proliferative effects [2-4]. The interest on ACE2 research was renewed
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with the outbreak of the coronavirus infectious disease 2019 (COVID-
19) since this cell surface enzyme was identified as the main receptor for
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
entrance into host alveolar type II epithelial cells [5-7]. Similar to other
viruses, SARS-CoV-2 takes advantage of the cellular endocytic machin-
ery to initiate the infection [8]. The spike protein (S protein) anchored to
the viral envelope binds to ACE2 through its receptor-binding domain
(RBD) [9], and the SARS-CoV-2/ACE2 complex is then internalized
mostly by a clathrin-dependent pathway [10,11]. Since each viral par-
ticle entering the cell is attached to an ACE2 molecule, it has been
speculated that SARS-CoV-2 infection causes partial or total loss of ACE2
function on the cell surface with the consequent accumulation of Ang II
and reduction in Ang 1-7 levels [12-16]. Such dysregulation of the RAS
in lungs and at the systemic level has been proposed to favor a pro-
inflammatory state that increases the severity of COVID-19 [17-20].

Some studies indicate that AT1R modulates ACE2 internalization
[21,22]. AT1R activity is associated with the development of hyper-
tension, among other medical conditions [23-27]. Interestingly, hy-
pertension is a well-established risk factor for severe outcomes of
COVID-19 [28-32], and Ang II is known to enhance ACE2 internaliza-
tion through an AT1R dependent-mechanism [21,22]. Although such
evidence suggests AT1R as an important player in the disease, its role in
SARS-CoV-2 infection has been little explored [33]. G protein-coupled
receptors (GPCRs), such as AT1R, interact with other receptors or pro-
teins to form heteromers altering their functionality [34-37]. Since
AT1R interacts with ACE2 [21,22], AT1R interactions with other GPCRs
in the plasma membrane could influence ACE2 availability to mediate
SARS-CoV-2 infection. The bradykinin B2 receptor (B2R) pathway
promotes vasorelaxation, acting as a physiological antagonist of the Ang
II-AT1R pathway [38,39]. Growing evidence shows that B2R can het-
eromerize with AT1R [40-43] and, thus, emerges as a candidate to
modulate ACE2 surface density. The binding of ligands to GPCRs is
another element that could modify GPCRs interactions with other pro-
teins [44]. Endogenous and synthetic ligands are available for AT1R and
B2R [23,45]. Interestingly, AT1R blockers are of common use in clinics
and have been proposed for COVID-19 treatment [20]. However, their
role in the mechanism of ACE2-mediated SARS-CoV-2 infection remains
unclear.

Voltage-gated calcium channels (Cay) are a well-known target of
GPCRs activity [46]. In particular, Cay2.2 is a presynaptic subtype
highly sensitive to GPCRs that controls synaptic activity [47,48].
Numerous GPCRs, including AT1R and B2R, acutely inhibit Cay2.2 by
different signaling cascades [49,50]. In this regard, we have contributed
to characterize the modulation of Cay2.2 by the growth hormone
secretagogue receptor (GHSR) [51-53], the melanocortin 4 receptor
(MC4R) [54] and the dopamine 1 receptor (D1R) [55]. On the other
hand, growing evidence shows that GPCRs heteromerization can modify
the classical GPCR modulation of Cay2.2 [56-58]. For instance, we have
shown that D2R coexpression exacerbates the inhibition of basal Cay2.2
currents induced by GHSR constitutive activity, and that GHSR coex-
pression reduces dopamine-evoked acute inhibition of Cay2.2 currents
in presence of D2R [57,58]. Therefore, Cay2.2 constitute a valuable tool
to study changes of GPCRs functionality by interaction with other re-
ceptors or membrane proteins, such as ACE2.

Here we explored the role of AT1R and B2R as well as the effect of
their ligands on the internalization of GFP-tagged ACE2 (ACE2-GFP)
induced by a recombinant RBD of SARS-CoV-2 S protein in a heterolo-
gous expression system. Moreover, we monitored changes in AT1R and
B2R functionality upon ACE2 coexpression by assaying their effect on
Cay2.2 currents. Our results unmask a role for AT1R and B2R on RBD-
induced ACE2 internalization, and provide new insights into the mod-
ulation of SARS-CoV-2 infection with an ultimate therapeutic purpose.
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2. Results
2.1. RBD induces ACE2-GFP internalization

We first assessed whether RBD induces internalization of ACE2 in our
experimental model. We incubated HEK293T cells transfected with
ACE2-GFP with recombinant RBD for 40 min and stained the plasma
membrane with a live-cell labeling compound previously used by our
group [52,53,55]. After the incubation, in RBD-treated cultures a frac-
tion of cells showed clustered GFP signal at the plasma membrane or in
intracellular compartments, whereas in vehicle-treated cultures cells
only displayed GFP signal uniformly distributed at the plasma mem-
brane (Fig. 1A). Next, we performed an immunostaining against RBD in
HEK293T cells expressing ACE2-GFP incubated with RBD for 40 min to
assess RBD internalization (Fig. 1B). Consistent with our previous ob-
servations, in vehicle-treated cultures we only found cells with GFP
signal uniformly distributed at the plasma membrane, whereas in RBD-
treated cultures we mostly found cells with GFP signal clustered in spots
in the plasma membrane or inside the cell. As expected, red fluorescent
signal indicating RBD immunoreactivity was only observed in trans-
fected cells (ACE2-GFP positive) of RBD-treated cultures. Importantly,
RBD-immunoreactive signal was distributed in discrete clusters at the
plasma membrane and the intracellular compartment and colocalized
with GFP signal, suggesting an RBD-ACE2 joint internalization. These
observations indicate that RBD induces ACE2-GFP internalization in our
experimental system.

2.2. The degree of RBD-induced ACE2-GFP internalization is time-
dependent

Next, we estimated ACE2 internalization dynamics by incubating
ACE2-GFP-expressing HEK293T cells with vehicle or RBD for 5, 10 and
40 min and assessing the percentage of ACE2-GFP positive cells with
different GFP signal patterns (Fig. 2A). Specifically, we grouped cells
based on the subcellular distribution of the GFP signal as follows: GFP
uniformly distributed in the plasma membrane (PMU GFP), GFP clus-
tered in the plasma membrane (PMC GFP), and GFP clustered in intra-
cellular compartments with or without clustered GFP in the plasma
membrane (Internalized GFP). In vehicle-treated cultures, all cells cor-
responded to the PMU GFP group, whereas in RBD-treated cultures a
significant number of cells with PMC GFP or internalized GFP was
observed (Fig. 2B). After 5 and 10 min of RBD incubation, the majority
of the cells (~65-70%) showed PMC GFP signal, with a small proportion
showing internalized GFP at 10 min. Notably, the percentage of cells
displaying internalized GFP increased (~60%) and the percentage of
cells with PMC GFP (~30%) decreased at 40 min of incubation. In order
to statistically compare this observation, we arranged the different GFP
signal patterns into degrees of internalization (PMU GFP-degree 0, PMC
GFP-degree 1, and Internalized GFP-degree 2) and tested the association
between RBD incubation time and the frequency of cells with different
ACE2-GFP internalization degree. We found a strong positive associa-
tion between these two variables (X2 =190.03, Pchi < 0.0001; Somers' D
= 0.57, directional coefficient for the association between RBD incu-
bation time and ACE2-GFP internalization degree). These results suggest
that RBD induces ACE2 internalization in a time-dependent manner, and
allow us to propose that the different patterns of GFP signal discrimi-
nated in our system correspond to different degrees of ACE2-GFP
internalization.

2.3. ATIR ligands modulate RBD-induced ACE2-GFP internalization

In order to test if AT1R affects RBD-induced ACE2 internalization, we
transfected HEK293T cells with ACE2-GFP alone or with ACE2-GFP plus
AT1R and incubated them with RBD for 40 min (Fig. 3A). We found that
the coexpression of AT1R failed to change the distribution of cells with
different GFP signal patterns in both vehicle- and RBD-treated
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Fig. 1. (A) Example images of the GFP signal patterns
identified in cultures of HEK293T cells transfected with
ACE2-GFP incubated with vehicle or RBD (10 pg/mL) for
40 min. Objective magnification: 60x. (B) Example im-
ages of HEK293T cells transfected with ACE2-GFP incu-
bated with vehicle or RBD 10 pg/mL for 40 min and
immunostained against RBD. For nuclei visualization cells
were co-stained with Hoescht. The asterisk in merged
image of RBD-treated cells shows that a non-transfected
cell is negative for RBD. Arrowheads point at colocaliza-
tion of ACE2-GFP and RBD signal. Objective magnifica-
tion: 63x.

Anti-RBD

B| Hoesct | Ace2crp |

Merge

| vehicte

RBD 40 min

conditions in comparison with cultures only expressing ACE2-GFP. To
assess the effect of AT1R ligands on RBD-induced ACE2-GFP internali-
zation, we next incubated cells coexpressing ACE2-GFP and AT1R with
vehicle or RBD plus vehicle, an AT1R agonist (Ang II) or an AT1R
antagonist (telmisartan) (Fig. 3B). In telmisartan and RBD-coincubated
cultures, we found that the percentage of cells with internalized GFP
decreased and the percentage of cells with PMC GFP increased in com-
parison with cultures coincubated with RBD and vehicle. Conversely,
the percentage of cells with PMC GFP decreased and the percentage of
cells with internalized GFP increased in Ang II and RBD-coincubated
cultures in comparison with cultures coincubated with RBD and
vehicle. Since ATIR activity is induced by Ang II and reduced by tel-
misartan [23,59,60], we applied a directional test to evaluate the as-
sociation between AT1R activation level and ACE2-GFP internalization
degree. In particular, we considered AT1R activity levels as O in
telmisartan-coincubated cells, 1 in vehicle-coincubated cells and 2 in

25 um

Ang II-coincubated cells, and the internalization degrees as done above
(PMU GFP-degree 0, PMC GFP-degree 1, and Internalized GFP-degree
2). We found a significant positive correlation between ATI1R activity
levels and the frequency of cells displaying the different ACE2-GFP
internalization degrees (XZ = 17.89, Pehi < 0.01; Somers' D = 0.24).
These data indicate that RBD induced-ACE2 internalization depends on
AT1R activity.

2.4. BZ2R inhibits RBD-induced ACE2-GFP internalization

In order to test if B2R affects RBD-induced ACE2 internalization, we
incubated HEK293T cells transfected with ACE2-GFP alone or plus B2R
with RBD for 40 min (Fig. 4). In RBD-treated cultures, we found that B2R
coexpression dramatically reduced the fraction of cells displaying
internalized GFP signal and increased the percentage of cells with PMC
GFP signal in comparison with cultures transfected only with ACE2-GFP.
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Since cells displaying PMC GFP signal may represent an intermediate
stage of the ACE2-GFP internalization process, our observations could
indicate that B2R delays ACE2 internalization. Additionally, we co-
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incubated HEK293T cells expressing ACE2-GFP and B2R with RBD
and the B2R endogenous ligand bradykinin (BK) for 40 min. In those
cultures, we found an increase in the percentage of cells with PMC GFP
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Fig. 2. (A) Representative images of cultures of HEK293T
cells transfected with ACE2-GFP incubated with vehicle
or RBD (10 pg/mL) for 5, 10 or 40 min. For membrane
visualization cells were treated with Cell Mask. Magnifi-
cation: 60x. Arrowheads indicate the different GFP signal
patterns (white: PMU GFP, light gray: PMC GFP and dark
gray: internalized GFP). (B) GFP patterns abundance (%)
in HEK293T cells transfected with ACE2-GFP upon
vehicle or RBD incubation at the specified times. PMU
GFP (plasma membrane uniform GFP), PMC GFP (plasma
membrane clustered GFP). Association between time of
RBD treatment and GFP patterns frequency was evaluated
by Chi-square test (* = 190.03, P.y; < 0.0001; * indicates
different from the expected frequency of the correspond-
ing GFP pattern, P < P,y = 0.004; Somers' D = 0.57; n =
45-60 total cells per condition).

in comparison with cells coexpressing B2R and ACE2-GFP incubated
only with RBD suggesting that BK enhances B2R inhibitory effect on
RBD-induced ACE2-GFP internalization.
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Fig. 3. (A) GFP patterns abundance (%) in cultures of

A B .
veh ! RBD Veh ! RBD HEK293T cells transfected with ACE2-GFP alone
| | (ACE2-GFP) or co-transfected with AT1R (ACE2-GFP
\ \Somers” D=0.242 + AT1R) incubated with vehicle or RBD (10 pg/mL)
9 100911 7 i I P o 1009 111 ] i 1 11 1 [] Pmu GFP for 40 min. Association between treatments and GFP
Py ! c\;; ! patterns frequency in RBD-treated groups was eval-
% 754 ! % 754 ! * [] PmC GFP uated by Chi-square test (* = 1.237, Pey; = 0.54; n =
° ! S ! 30-50 cells per condition). (B) GFP patterns abun-
2 | 23 e = [ Internalized GFP  dance (%) in cultures of HEK293T cells co-transfected
o 50+ | o 50 | - with ACE2-GFP and AT1R (ACE2-GFP + AT1R) co-
g i 1 g i | incubated with vehicle or RBD and vehicle (+Veh),
‘g 25 ! ‘g 25 ! | telmisartan (+Telm, 10 pM) or angiotensin II (+Ang
o 1 a T L * | 11, 1 uM) for 40 min. Telmisartan and Ang II were
& i_ 6 i | added to the culture medium 5 min prior to RDB.
0 1 0 < 1 < Association between treatments and GFP patterns
«'@‘ /\S' (,,@,5 £ & (\g\ £ & (\g\ o@b frequency in RBD-treated groups was evaluated by
X s &L A S A M) o & Chi-square test (% = 17.89, Py < 0.01; * indicates
< < different from the expected frequency of the corre-
ACE2-GFP ACE2-GFP + AT1R sponding GFP pattern, P < P.o; = 0.004; Somers' D
= 0.24; n = 35-47 cells per condition).
. compared with the other conditions indicating a partial rescue of RBD-
Veh ! RBD induced ACE2-GFP internalization. Taken together, these experiments
;\;100_ 1T 1 = [ ] PMU GFP suggest that Ang II has a pro-internalizing effect that overcomes B2R
g ! inhibitory action on RBD-induced ACE2 internalization.
§ 75 i [] PvMC GFP
'§ ' | B internalized GFP 2.6. ACE2-GFP coexpression modifies AT1R-, but not B2R-ligand evoked
2 504 i * inhibition of Cay2.2 currents
2 1
g e Since AT1R and B2R modulated RBD-induced ACE2-GFP internali-
3 25- i ] L zation, we then explored if conversely ACE2-GFP affects AT1R and B2R
& ' ligand-evoked action on Cay2.2, a well-established GPCRs target [46].
© ! First, we tested the effect of ACE2-GFP coexpression on BK-evoked B2R
0 & & Q){_ & activity in HEK293T cells expressing Cay2.2 (plus its auxiliary subunits)
2 Q}Q’ NAGPR Qeo and B2R in presence or absence of ACE2-GFP. As shown before [50], BK-
,qu’ ,qu’ <F evoked B2R activity inhibited Cay2.2 currents. Similar percentages of
ACE2-GFP Cay2.2 current inhibition were detected in cells coexpressing ACE2-GFP

Fig. 4. GFP patterns abundance (%) in cultures of HEK293T cells transfected
with ACE2-GFP alone (ACE2) or co-transfected with B2R (+B2R) incubated
with vehicle or RBD (10 pg/mL) for 40 min. In +B2R + BK condition, cells were
co-incubated with BK plus vehicle or BK plus RBD (BK, 0.5 pM) for 40 min. BK
was added to the culture medium 5 min prior to RBD. Association between
treatments and GFP patterns frequency in RBD-treated groups was evaluated by
Chi-square test (Xz = 47.29, Py,; < 0.0001; * indicates different from the ex-
pected frequency of the corresponding GFP pattern, P < Py = 0.006; n =
26-48 cells per condition).

2.5. B2R inhibition of RBD-induced ACE2-GFP internalization persists
upon ATIR coexpression but is overcome by Ang II

Increasing evidence indicates that AT1R and B2R form heteromers
whose properties differ from the individual receptors [36,43,61,62]. To
test if AT1IR and B2R coexpression affects RBD-induced ACE2-GFP
internalization, we incubated HEK293T cells co-transfected with ACE2-
GFP and AT1R or ACE2-GFP, AT1R and B2R with RBD for 40 min
(Fig. 5A). We found that the coexpression of B2R reduced the percentage
of cells with internalized GFP and increased the percentage of cells with
PMC GFP indicating an inhibitory effect of B2R on ACE2-GFP internal-
ization even in presence of AT1R. Afterwards, we assessed whether this
action of B2R is modulated by BK or Ang II. To that aim, we co-incubated
HEK293T cells expressing ACE2-GFP, AT1R and B2R with vehicle or
RBD alone or plus BK or Ang II for 40 min (Fig. 5B). In RBD-treated
cultures, BK did not change the frequency of cells with different GFP
signal as compared to vehicle-coincubated cultures. However, Ang II
induced an increase in the frequency of cells with internalized GFP
concomitant with a decrease in the frequency of cells with PMC GFP

in presence of BK (Fig. 6A). Interestingly, AT1R co-expression reduced
BK-induced Cay2.2 current inhibition, and such effect was restored to
control levels (+ B2R) in cells coexpressing B2R, AT1R and ACE2-GFP.
Next, in order to test the effect of ACE2-GFP coexpression on Ang II-
evoked AT1R activity we measured calcium currents in HEK293T cells
expressing Cay2.2 (plus its auxiliary subunits) and AT1R in presence or
absence of ACE2-GFP. As previously shown [49,57], Ang II-evoked
ATIR activity inhibited Cay2.2 currents (Fig. 6B). Notably, the coex-
pression of AT1R with either ACE2-GFP, B2R or ACE2-GFP plus B2R
decreased Ang II-mediated Cay2.2 currents inhibition. Thus, ACE2-GFP
coexpression impacts on Ang-evoked ATIR action on Cay2.2 currents
but does not affect BK-evoked B2R effect on these currents.

2.7. ACE2-GFP coexpression alters ligand-independent activity of ATIR
and B2R on Cay2.2 currents

To study if ACE2-GFP coexpression modifies the ligand-independent
activities of B2R and ATIR, we then assessed Cay2.2 currents in
HEK293T cells expressing B2R, AT1R or both receptors in presence or
absence of ACE2-GFP. We found that ACE2-GFP coexpression did not
change basal Cay2.2 macroscopic currents in AT1R-expressing cells but
significantly reduced them in B2R-expressing cells, in comparison with
cells expressing only the respective GPCR (Fig. 7A and B). Strikingly,
ACE2-GFP coexpression increased the Cay2.2 currents in HEK293T cells
expressing B2R and AT1R (Fig. 7C). Thus, ACE2-GFP coexpression has
opposite effects on basal Cay2.2 currents in B2R and B2R-AT1R
expressing cells.
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Fig. 5. (A) GFP patterns abundance (%) in cultures
of HEK293T cells co-transfected with ACE2-GFP and
ATIR (ACE2-GFP + AT1R) or plus B2R (+B2R)
incubated with vehicle or RBD (10 pg/mL) for 40

1 min. Association between treatments and GFP pat-

[] PmC GFP :
terns frequency in RBD-treated groups was evaluated

by Chi-square test (x> = 21.36, Py < 0.0001; * in-
dicates different from the expected frequency of the
corresponding GFP pattern, P < P, = 0.008; n =
28-33 cells per condition). (B) GFP patterns abun-
(%) in cultures of HEK293T cells co-
transfected with ACE2-GFP, AT1R and B2R (ACE2-
GFP + ATIR + B2R) co-incubated with vehicle or
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pattern, P < P,y = 0.006; n = 33-40 cells per condition).
3. Discussion

ACE2 is a transmembrane enzyme important for the regulation of the
RAS that has regained interest because it was recently identified as the
receptor for SARS-CoV-2. Thus, the study of the factors and mechanisms
that regulate ACE2 internalization would provide new insights into the
modulation of coronavirus infection. Here, we not only confirmed that
the RBD of SARS-CoV-2 S protein induces ACE2 internalization, but also
demonstrated for the first time that this process is modulated by GPCRs
involved in the RAS. Using the AT1R agonist Ang II and the ATIR
antagonist telmisartan, we revealed that the activity of AT1R positively
correlates with the degree of RBD-induced ACE2 internalization. We
also uncover a novel and strong inhibitory effect of B2R on RBD-induced
ACE2 internalization that persists in the presence of AT1R and is mildly
modified by its endogenous ligand BK. Notably, the inhibitory action of
B2R coexpression on ACE2 internalization was reversed by Ang Il in the
presence of AT1R, which positions this hormone as a pro-internalizing
factor. Complementary, we found that ACE2 modifies the capability of
ATIR and B2R to inhibit Cay2.2 calcium currents likely due to an
interaction with these receptors.

Current results indicate that RBD rapidly induces ACE2-GFP inter-
nalization in a time-dependent fashion. ACE2 internalization is induced
by SARS-CoV-2 and other related viruses such as HCoV-NL63 and SARS-
CoV [7,9,63,64]. RBD is the minimal receptor-binding domain of the S
protein from SARS-CoV-2 and its predecessor SARS-CoV, and has been
previously used as a model to study viral infections [65]. In cell cultures
incubated with RBD, we observed clear signs of ACE2-GFP internaliza-
tion with cells displaying clustered GFP signal at the cytoplasm or the
plasma membrane that colocalized with RBD signal. A similar ACE2
signal pattern denoting internalization has been previously shown by
other authors studying SARS-CoV infections. In those reports, nearly all
HEK293T cells expressing ACE2-GFP incubated for 3 h with a recom-
binant RBD, S protein, or lentiviruses pseudotyped with S protein
exhibited punctuated cytoplasmic GFP signal [65,66]. However, cells
with clustered GFP signal at the plasma membrane (PMC GFP) were not
reported presumably due to the longer incubation time tested (3 h)
[65,66] in comparison with ours (40 min), which may allow a complete
internalization of ACE2. We hypothesize that the prevalence of cells
with PMC GFP at short time points indicates an initial stage in the
internalization of the ACE2-RBD complex. Further supporting this
notion, a similar distribution of clustered signal at the plasma membrane
was shown for other membrane proteins endocyted via clathrin-
mediated pathways [67] and upon inhibition of membrane receptors
internalization [68]. Notably, the kinetics of ACE2-GFP internalization

Q
&

RBD (10 pg/mL) and vehicle (+Veh), BK (+BK, 0.5
pM) or angiotensin II (+Angll, 1 uM) for 40 min. For
co-incubation, B2R or AT1R agonists were added to
the culture medium 5 min prior to RBD. Association
between treatments and GFP patterns frequency in
RBD-treated groups was evaluated by Chi-square test
(X2 = 14.56, P4, < 0.01; * indicates different from
the expected frequency of the corresponding GFP
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observed in the current study is in agreement with recent observations
showing SARS-CoV-2 S protein uptake as early as 5 min, and higher
uptake at 30 min of exposure [10].

Here we reveal a novel inhibitory action of B2R on RBD-induced
ACE2-GFP internalization. Previous studies have reported effects of
B2R retaining receptors at the cell membrane by heteromerization. In
this regard, B2R coexpression was shown to delay Angl-7-induced
sequestration of MasR from the plasma membrane [69], and to stabilize
BI1R at the cell surface in the absence of its ligand [70]. Thus, it is likely
that B2R prevents RBD-induced ACE2-GFP internalization due to a
direct interaction with ACE2. Further supporting this possibility, we
found that ACE2 coexpression alters basal calcium currents in cells
expressing B2R alone or plus AT1R. Besides, the formation of complexes
between ACE2 and other receptors of the RAS (AT1R, AT2R, MasR) has
been extensively demonstrated [21,22,69]. Interestingly, we also
observed that neither AT1R coexpression, a GPCR known to hetero-
merize with B2R [43,61,62], nor BK application were able to unlock the
B2R inhibition of ACE2 internalization suggesting that the functional
crosstalk between B2R and ACE2 is strong. In the context of SARS-CoV-2
infection, our findings indicate that B2R is a protective factor that acts
interrupting or delaying viral entry. Further protective effects of B2R
might emerge from the retention of ACE2 on the plasma membrane that
could avoid Ang II accumulation and promote the Ang 1-7/MasR axis
counteracting Ang II detrimental effects in the infection and inflam-
mation [16].

We found that RBD-induced ACE2-GFP internalization is modulated
by AT1R. Previous studies have shown that Ang II triggers AT1R and
ACE2 co-internalization [22], and ACE2 coexpression downregulates
Ang II induced-AT1R signaling [21] as a consequence of an interaction
between ACE2 and AT1R. Further supporting this, in our electrophysi-
ological experiments ACE2 coexpression dramatically impaired Ang II-
induced AT1R inhibitory action on Cay2.2 calcium currents. Thus, it is
likely that Ang II enhances ACE2 internalization trough the AT1R-ACE2
complex increasing the percentage of cells with internalized ACE2-GFP.
Conversely, telmisartan binding to AT1R would modify the conforma-
tion of the ACE2-AT1R complex and prevent the interaction of RBD with
ACE2 leading to a reduction in the percentage of cells with internalized
ACE2-GFP. Interestingly, Ang II not only increased ACE2-GPF internal-
ization in presence of AT1R, but also in cells coexpressing AT1R and
B2R, unlocking the strong B2R inhibition of RBD-induced ACE2 inter-
nalization. This observation indicates a stronger influence of AT1R on
ACE2 than B2R. In summary, our findings show that Ang II is a potent
pro-internalizing factor that might promote SARS-CoV-2 entry, while
telmisartan has opposite effects and might act as an infection delaying
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Fig. 6. (A) Representative traces (top) of Cay2.2 calcium currents (Icay2.2) and
time courses (middle) of HEK293T cells co-transfected with Cay2.2 and B2R
(+B2R, n = 7), or Cay2.2, B2R and ACE2 (+B2R + ACE2, n = 8), or Cay2.2, B2R
and AT1R (+B2R + ATIR, n = 6), or Cay2.2, B2R, AT1R and ACE2 (+B2R +
ATIR + ACE2, n = 7) in control condition (vehicle) and 0.5 pM BK application
(+BK); 0.1 ACE2-GFP or GPCR: Cay2.2 molar ratio. Black and gray dots
correspond to vehicle and BK traces respectively. Bars (bottom) represent the
average Icav22 inhibition by BK application for each condition. One Way
ANOVA and Tukey's post-test (P value estimated versus +B2R). (B) Represen-
tative traces (top) of Cay2.2 calcium current (Icay2.2) and time courses (middle)
of HEK293T cells co-transfected with Cay2.2, and AT1R (+AT1R, n = 7), or
Cay2.2, AT1R and B2R (+AT1R + B2R, n = 5), or Cay2.2, AT1R and ACE2
(+AT1R + ACE2, n = 4), or Cay2.2, AT1R, B2R and ACE2 (+B2R + AT1R +
ACE2, n = 4) in control condition (vehicle) and 1 pM Ang II application (+Ang
11); 0.1 ACE2-GFP or GPCR: Cay2.2 molar ratio. Black and gray dots correspond
to vehicle and Ang II traces respectively. Bars (bottom) represent the average
Icave.2 inhibition by angiotensin II application for each condition. One Way
ANOVA and Tukey's post-test (P value estimated versus +AT1R).

agent. This uncovers the importance of ATIR as a druggable target for
the management of COVID-19.

Acute respiratory distress syndrome is a hallmark of severe cases of
COVID-19 and is the result of a systemic inflammatory response known
as the cytokine storm [71]. It has been suggested that accumulation of
Ang II due to the reduction in plasma membrane ACE2 during SARS-
CoV-2 infection contributes to such pro-inflammatory state [1,13,18].
ATI1R blockers have been proposed to avoid the detrimental effects of
Ang II accumulation [19,20]. In this regard, in a recent clinical trial in
COVID-19 patients telmisartan showed potent anti-inflammatory ac-
tions as well as a reduction in the morbidity and mortality of the disease
[72]. The modulation of RBD-induced ACE2 internalization by AT1R
ligands described here demonstrates an effect of these compounds in the
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infection per se, besides the previously shown in the inflammatory state
of patients suffering from COVID-19. This suggests a dual role of AT1R
ligands in the disease: Ang II might act as a pro-inflammatory and pro-
internalizing factor, whereas telmisartan might act as an anti-
inflammatory and an infection-delaying agent. The pro-internalizing
action of Ang II found here extends the knowledge about the mecha-
nisms underlying the occurrence of hypertension as a risk factor for the
severity of COVID-19 [28-30,73]. On the other hand, the anti-
internalizing action of telmisartan supports the use of AT1R blockers
to avoid or counteract Ang II detrimental effects and could explain in
part the reduced severity and mortality of the disease in hypertensive
patients chronically treated with AT1R [74-76].

4. Conclusions

In summary, our study demonstrates that AT1R and B2R modulate
the internalization of ACE2 induced by a SARS-CoV-2 surface protein,
and inversely, ACE2 modifies AT1R and B2R functionality. Altogether,
the current findings contribute to understand the role of RAS compo-
nents in the susceptibility to SARS-CoV-2 infection and in the severity of
COVID-19, and pave the way through the development of drugs aimed to
limit infections caused by viruses using ACE2 as membrane receptor.

5. Materials and methods
5.1. Human Embryonic Kidney 293T (HEK293T) cell culture

HEK293T cells were grown in Dulbecco's modified Eagle's medium
(DMEM,; Gibco) with 10% fetal bovine serum (FBS; Internegocios). At
80% confluence cells were detached with citric saline solution (0.135 M
KCl, 0.015 M sodium citrate) and plated in a 24-well plate for electro-
physiology assays, in 35 mm dishes for live imaging assays, and in 12
mm glasses for immunofluorescence experiments.

5.2. HEK293T cells transfection

Transfections were done using Lipofectamine 2000 (Invitrogen) and
Opti-MEM (Gibco). Lipofectamine was used according to the manufac-
turer's specifications in a ratio of 2.5 pL lipofectamine/1.25 pg of total
DNA.

For imaging experiments cells were transfected with plasmids con-
taining ACE2-GFP (donated by Dr. Eric Lazartigues) with or without
plasmids containing AT1R or B2R (both donated by Dr. Mark Shapiro,
University of Texas Health, San Antonio, TX, USA) in the combination
required for each experimental condition. For electrophysiology exper-
iments cells were transfected with plasmids containing Cay subunit
Cay2.2 (#AF055477), and plasmids bearing the auxiliary subunits Cayf}3
(#M88751) and Cayozd; (#AF286488) (all Cay subunits were gener-
ously provided by Dr. D. Lipscombe, Brown University, Providence, RI,
USA) with or without plasmids containing AT1R, B2R or ACE2-GFP as it
corresponded to the experimental condition. To identify transfected
cells in electrophysiology experiments, 0.2 pg of an eGFP (enhanced
green fluorescent protein)-containing plasmid was used. In all trans-
fections experiments an empty plasmid (pcDNA3.1 (+)) was co-
transfected when needed to maintain an equal amount of total cDNA
throughout conditions. Transfected cells were cultured for 24 h prior to
the experiment beginning to allow plasmid expression.

5.3. Drugs

The RBD of spike protein 1 from SARS-CoV-2 was synthesized as
described before [77]. Angiotensin I was purchased from Sigma-Aldrich
(A9525). Bradykinin was acquired from Alomene Labs (GPB-200). Tel-
misartan, acquired from Rundu Pharma, was donated by Dr. Valeria
Martinez (Centro de Quimica Inorganica (CEQUINOR), Facultad de
Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina).



A.E. Portales et al. Life Sciences 293 (2022) 120284

A +10 mV B +10 mV c

+10 mV
00— L 00— 1 00—
”“ il
|
| s
L
< s S
o X <
& 10ms o =
L 10ms 8 10 ms
|
270+ o 270+ 270+
P =0.0207 .
. o = ‘ N P =0.0197
o L . o
§-180' P =0.1402 20-180- . 20-180' R
& . = 2 -
S T . S T S . :
2904 | o 2901 < 90 =,
© . T o . . Y o o
0 G oo0 0 A .O.~
+AT1R +AT1R +B2R +B2R +AT1R +AT1R
+ACE2 +ACE2 +B2R +B2R
+ACE2

Fig. 7. Representative traces (top) of Cay2.2 calcium currents (Icayz2.2) from HEK293T cells co-transfected with (A) Cay2.2 and AT1R (+AT1R, n = 11) or Cay2.2,
AT1R and ACE2-GFP (+AT1R + ACE2, n = 10), (B) Cay2.2 and B2R (+B2R, n = 12) or Cay2.2, B2R and ACE2-GFP (+B2R + ACE2, n = 13), and (C) Cay2.2, B2R and
ATI1R (+AT1R + B2R, n = 17) or Cay2.2, B2R, AT1R and ACE2-GFP (+B2R + AT1R + ACE2, n = 23); 0.1 ACE2-GFP: or GPCR: Cay2.2 molar ratio. Bars (bottom)

represent the average Ic,yo.2 for each condition. Unpaired Student's t-test.
5.4. Live imaging

HEK293T cells transfected with ACE2-GFP alone or plus the corre-
sponding plasmids (AT1R, B2R or both) were incubated with vehicle or
RBD (10 pg/mL) for the time specified in the Results section. In co-
incubation experiments cells were incubated with AT1R or BK ligands
(telmisartan [10 pM], Ang II [1 pM], and BK [0.5 pM]) and vehicle or
RBD for 40 min. The ligands were added to the culture medium 5 min
prior to vehicle or RBD. For live imaging experiments, cells were washed
with phosphate buffered-saline (PBS, pH = 7.4) and incubated for 1 min
with Cell Mask solution (ThermoFisher, 1:2000 in DMEM) for mem-
brane visualization. Afterwards, cells were washed with PBS and
covered with a 22 mm squared glass. Fluorescent images were acquired
with a 60x/0.80 objective using a Nikon Eclipse 50i and a DS-Ril Nikon
digital camera with a 0.55x adapter in the green and red channel. All
images were taken under the same optical and light conditions. Image
visualization and edition was made with the open-source software Fiji
[78].

5.5. Immunofluorescence

HEK293T cells transfected with ACE2-GFP and incubated with
vehicle or RBD (10 pg/mL) for 40 min were washed with PBS and fixed
with 4% paraformaldehyde in PBS for 30 min. After removal of the
fixative solution, cells were washed with PBS and incubated with normal
donkey serum (0.3%) diluted in PBS with Triton-X (0.25%) for 1 h.
Afterwards, cells were incubated with a rabbit polyclonal anti-SARS-
CoV-2 spike protein (receptor binding domain (RBD) of spike 1, Gene-
Tex, cat. GTX135385, 1:500) for 24 h at room temperature. Finally, cells
were washed with PBS, incubated with an AlexaFluor 594-conjugated
anti-rabbit antibody (Invitrogen, cat. A11008, 1:500) for 2 h and
mounted on glass slides with mounting media. Fluorescent images were
acquired with a Zeiss AxioObserver D1 equipped with an Apotome.2
structured illumination module and an AxioCam 506 monochrome
camera. Image visualization and edition was made with the open-source
software Fiji [78].

5.6. Electrophysiology

On the experimental day, cells were detached from the culture plate
with 0.25 mg/mL trypsin (Microvet), rinsed twice and kept at room
temperature (~24 °C) in DMEM. Patch-clamp experiments in whole-cell
and voltage-clamp configuration were performed using Axopatch 200
amplifier (Molecular Devices). Data were sampled at 20 kHz and filtered
at 10 kHz (-3 dB) using PCLAMP8.2.0.235 software (Molecular De-
vices). Recording pipettes with a resistance between 2 and 4 MQ were
used and filled with internal solution (in mM): 134 CsCl, 10 EGTA, 1
EDTA, 10 HEPES and 4 MgATP (pH 7.2 with CsOH). Series resistances of
<6 MQ were admitted and compensated 80% with a 10 ps lag time. Cells
with a leak current higher than 100 pA at —100 mV were discarded and
leak current was subtracted online using a P/—4 protocol. Solutions
were perfused from a 10 mL syringe containing bath solution placed 30
cm over the patch clamp chamber so the gravity drives the liquid to the
chamber. A solution containing angiotensin II or bradykinin was applied
with this system connected to different ports of the stopcocks. The
external calcium solution (2 mM) contained (in mM): 140 choline
chloride, 10 HEPES, 1 MgCl,-6H50 and 2CaCly-2H20 (pH 7.3-7.4 with
CsOH). The test-pulse protocol consisted in square pulses applied from
—100 to +10 mV for 30 ms every 10 s All recordings were obtained at
room temperature (~24 °C).

5.7. Statistics

Data of GFP patterns abundance from imaging experiments were
represented in Graph Pad Prism (GraphPad Software, Inc.) and analyzed
in IBM SPSS Statistics 26 (IBM Corp., Armonk, N.Y., SA). For the anal-
ysis, data were distributed in contingency tables and analyzed by the
Chi-square (x2) test to determine the association between variables. The
association was considered statistically significant when the P corre-
sponding to the ¥ value (Pcn;) was lower than 0.05. To determine the
statistical significance of the difference between the observed and ex-
pected frequencies of GFP patterns abundance in each condition, an
adjusted standardized residual (z-score) was calculated for each cell of
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the contingency table and transformed into a P value. The abundance of
a GFP pattern was considered statistically different from the expected
frequency when its calculated P value was lower than the P corrected for
type I error (Peorr) [79,801, and was indicated with an asterisk in the
graph. The expected GFP pattern frequencies were displayed in the
corresponding graph. In cases with a significant association between two
ordinal variables, the Somers' D coefficient was used to determine the
direction of the association (positive or negative). The Somers' D coef-
ficient takes values from —1 to 1. The sign of the coefficient indicates the
direction of the association, and the absolute value the strength, being
0 the lowest and 1 the highest.

Electrophysiology data were analyzed and visualized using the
GraphPad Prism 6 (GraphPad Software, Inc.) and OriginPro 9 (Origin-
Lab) software. P values were calculated from unpaired Student's t-tests
(normally distributed data), and multiple comparison One Way ANOVA
with Tukey's post-test (normally distributed data). The specific statisti-
cal test used was indicated for each data set in the corresponding figure.
Data were expressed as mean + standard error of the mean (SEM).
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