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ARTICLE INFO ABSTRACT

Keywords: Preexisting hypertension is a known risk factor for severe COVID-19. Abnormal activation of RAS upregulates
SARS-CoV-2 angiotensin II (Ang-II) and contributes to severe manifestations of COVID-19. Although RAS inhibitors (RASi) are
Hypertension a mainstay of antihypertensive therapy, they have been associated (in some animal studies) with an increase in
:Zﬁ;stensm angiotensin converting enzyme 2 (ACE2) receptors that facilitate cellular entry of the SARS-CoV-2 virus.
RAS Nonetheless, current medical practice does not recommend curtailing RASi to protect hypertensive patients from

ACE2 COVID. On the contrary, there is clinical evidence to support a beneficial effect of RASi for hypertensive patients
in the midst of a COVID-19 pandemic, although the precise mechanism for this is unclear. In this paper, we
hypothesize that RASi reduces the severity of COVID-19 by promoting ACE2-AT1R complex formation at the cell
surface, where AT1R mediates the major vasopressor effects of Ang-II. Furthermore, we propose that the
interaction between ACE2 and AT1R impedes binding of SARS-CoV-2 to ACE2, thereby allowing ACE2 to convert
Ang-II to the more beneficial Ang(1-7), that has vasodilator and anti-inflammatory activity. Evidence for ACE2-
AT1R complex formation during reduced Ang-II comes from receptor colocalization studies in isolated HEK293
cells, but this has not been confirmed in cells having endogenous expression of ACE2 and AT1R. Since the SARS-
CoV-2 virus attacks the kidney, as well as the heart and lung, our hypothesis for the effect of RASi on COVID-19
could be tested in vitro using human proximal tubule cells (HK-2), having ACE2 and AT1 receptors. Specifically,
colocalization of fluorescent labelled: SARS-CoV-2 spike protein, ACE2, and AT1R in HK-2 cells can be used to
clarify the mechanism of RASi action in renal and lung epithelia, which could lead to protocols for reducing the
severity of COVID-19 in both hypertensive and normotensive patients.

Kidney

Introduction Clinical dysfunction of the renin-angiotensin aldosterone axis

(RAAS) together with elevated levels of angiotensin II (Ang-II) have

Recent evidence suggests that the SARS-CoV-2 virus targets the
kidney, as well as the lung and heart. Postmortem studies of 26 Chinese
COVID-19 patients have positively identified SARS-CoV-2 virus particles
(Fig. 1) in proximal and distal tubules, as well as glomerular basement
membrane [1]. Direct attack of SARS-CoV-2 on the kidney is enabled by
an abundance of angiotensin-converting enzyme 2 (ACE2) receptors in
human proximal tubular cells [2]. In the renin angiotensin system
(RAS), angiotensin converting enzyme (ACE) catalyzes conversion of
angiotensin I to the potent vasopressor, angiotensin II (Ang-II).
Angiotensin-II can bind to either AT1 receptors (AT1R), resulting in
vasoconstriction and aldosterone secretion; or to ACE2 receptors that
catalyze conversion of Ang-II to Ang (1-7), resulting in vasodilator and
anti-inflammatory activity. The anti-hypertensive action of RAS in-
hibitors (RASi) derives from their ability to decrease vasoconstriction
and blood pressure by either reducing Ang-II levels (via ACEi) or
reducing Ang-II binding to AT1R (via ARBs).
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been associated with severe COVID-19 in elderly hypertensive patients
[3-6]. Therefore, it stands to reason that reduction of Ang-II by ACE
inhibitors (ACEi) or block of Ang-II binding to AT1R by angiotensin
receptor blockers (ARB) could be beneficial to hypertensive COVID-19
patients. On the other hand, recent publications have questioned the
therapeutic use of ARBs for treatment of cardiovascular, kidney and
metabolic disorders arising from COVID-19 [7,8]. Rodent studies,
showing an increase in surface ACE2 receptors after ARBs, have raised
the possibility that ARBs might enhance viral uptake; and consequently,
RAS inhibitors should be withdrawn from COVID-19 patients [9-12].
However, the majority of human studies and meta-analyses do not
support withdrawal of RAS inhibitors (either ACE inhibitors or ARBSs)
from hypertensive patients [13-20]. In fact, there is clinical evidence
that RAS inhibitors might actually be beneficial to both hypertensive and
normotensive COVID-19 patients [20]. One such study, having a small
sample of 42 Chinese patients, found that ACEi or ARB administration
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produced a lower rate of severe disease, a decreased peak viral load, and
a lower level of IL-6 in peripheral blood [21]. In large cohort studies,
administration of an ACEi or ARB to COVID-19 patients with hyper-
tension was associated with lower risk of all-cause mortality, compared
to ACEi/ARB non-users [22-24]. Several reviews support these clinical
observations and discuss possible ways that ARB’s like losartan might
alleviate the severity of COVID-19 [5,19,20,25,26]. Nonetheless, a
coherent theory is still lacking for the cellular mechanism of RAS in-
hibitor activity on COVID-19. Our hypothesis (see below) addresses this
deficiency by proposing that RASi’s mitigate both viral infection and
disease severity by altering a cell surface interaction between ACE2 and
the angiotensin receptor type one (AT1R). This model for the effect of
RASi on COVID-19 is amenable to testing using an in vitro human kidney
cell line.

Hypothesis

In light of the above clinical studies, we hypothesize that ACE in-
hibitors decrease SARS-CoV-2 access to its cellular ACE2 receptor ac-
cording to the scheme of Fig. 2. In this model, high levels of Ang-II (Left
side of Fig. 2) favor binding of Ang-II to ATIR, thereby allowing the
SARS-CoV-2 virus unfettered access to ACE2 on the cell surface. Appli-
cation of RAS inhibitors (i.e. ACEi’s) would decrease Ang-II levels (Right
side of Fig. 2). As a result, there would be less Ang-II bound to AT1R,
greater likelihood of AT1R-ACE2 complex formation, less virus binding
to ACE2, and more conversion of Ang-II to Ang (1-7), a beneficial

High level of Ang-II

SARS-CoV-2
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Fig. 1. Ultrastructural features of kidneys from postmortems
of patients with severe coronavirus disease 2019. Virus parti-
cles (red arrowheads) with distinctive spikes (green arrow-
heads) were present in the cytoplasm of the proximal tubular
epithelium. EM preparation: osmium tetroxide post fixation
and gradient dehydration, Epon-embedded, toluidine blue-
stained “semi-thin” sections cut and stained with uranyl ace-
tate and lead citrate. Viewed with a transmission electron mi-
croscope (HT-7800; Hitachi, Tokyo, Japan). Bar = 200 nm.
From Ref [1].

vasodilator.

The basic elements of this hypothesis rely on the demonstration of
AT1R-ACE2 complexes at the cell membrane and their modulation by
the renin-angiotensin system. Evidence supporting an effect of Ang-II on
putative AT1R-ACE2 surface complexes comes from confocal experi-
ments (Fig. 3) in which sustained exposure to Ang-II decreased coloc-
alization of AT1R and ACE2 in the HEK293T cell line [27]. In these
experiments the initial association of AT1R and ACE2 (yellow, Fig. 3)
was followed by decreased colocalization after a 4 h exposure to Ang-1I,
suggesting that Ang-II decreases AT1R-ACE2 association. However,
interpretation of Fig. 3 requires the caveat that receptor colocalization
does not necessarily prove a physical interaction between the two
receptors.

Even though the data of Fig. 3 suggest an Ang-II effect on AT1IR-ACE2
association, possible degradation of AT1R at 4 h complicates interpre-
tation of the data [27]. No explanation was provided for the decrease in
labeled AT1R at 4 h (3rd row of Fig. 3), although this did not appear to
result from chronic angiotensin exposure [28]. Moreover, co-
immunoprecipitation experiments performed as part of the same study
[27] indicated that Ang-II reduced the interaction between AT1R and
ACE2.

Nonetheless, we suggest repeating both the confocal and co-
immunoprecipitation Ang-II experiments in the HK-2 human kidney
cell line rather than HEK293T (Fig. 3), since HEK cells require co-
transfection of ACE2 and AT1 receptors which introduces an addi-
tional level of uncertainty when extrapolating to real patients [27]. HK-2

Low level of Ang-II

SARS-CoV-2 %{‘&?
blocked

¢/

Fig. 2. Athigh levels of Ang-II (left), increased binding of Ang-1I to AT1R enhances availability of ACE2 to the invading virus. Conversely, low levels of Ang-1I (right)
frees AT1R to form complexes with ACE2 (dashed green lines) that increase conversion of Ang-II to Ang(1-7) and decrease interaction of the virus with ACE2.
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AT1R

Merged

Fig. 3. Colocalization of ACE2 and AT1R in HEK293T cells in control conditions (top), or after 2 hrs (middle) and 4 hrs (bottom) treatment with Ang-II (100 nmol/L).
HEK293T cells were serum-starved for 24 hrs and treated with Ang-II (100 nmol/L) for the indicated time periods [27]. In the merged panel, yellow indicates
colocalization of ACE2 and AT1R. There is much less colocalization after 4 h of Ang-II treatment. Figure is from Ref [27].

cells display a phenotype consistent with human proximal tubules [29]
and possess native ACE2 and AT1 surface receptors, although the apical
vs. basolateral distribution of these receptors is unknown [30].

The second part of our hypothesis addresses the possible role of ARBs
on AT1R-ACE2 complex formation (Fig. 4). We hypothesize that, by
blocking Ang-II binding to AT1R, angiotensin receptor blockers (ARBs)
facilitate AT1R-ACE2 complex formation at the cell surface, allowing
ACE2 to convert Ang-II to Ang(1-7), rather than bind SARS-CoV-2 (right
side of Fig. 4).

Evidence in support of this model comes from supplemental exper-
iments reported in Ref [27] which demonstrated that the ARB, losartan,
stabilized ACE2-AT1R complexes at the cell surface and prevented Ang-
II induced endocytosis of ACE2. According to the model of Fig. 4, ACE2-
ATIR stabilization should make ACE2 less available for virus binding
and more available to catalyze conversion of Ang-II to the vasodilator
Ang(1-7), thereby providing a therapeutic benefit to hypertensive
COVID-19 patients.

In vitro testing of the hypothesis

Our hypothesis for the beneficial effect of RAS inhibitors on COVID-
19 could be tested in vitro using a stable, immortalized HK-2 cell line,
that displays a phenotype characteristic of renal epithelial proximal
tubules [29], and has both ACE2 and AT1 receptors [30]. A set of
experimental protocols for hypothesis testing are outlined below.

Effect of Ang-II on spike binding

The effect of Ang-II on SARS-CoV-2 spike binding to ACE2 (Fig. 2)
can be assessed by quantifying the colocalization of (mCherry red)
fluorescent S1 spike protein with ACE2 (labeled with rabbit polyclonal
anti-ACE2 primary antibody, and goat anti-rabbit IgG secondary anti-
body Alexa Fluor® 488 green). Specificity controls would test for the
Alexa Fluor® 488 green signal in the absence of primary antibody. Use

of the SARS-CoV-2 spike S1 subunit (which cannot enter the cell without
its S2 component) avoids the complication of SARS-CoV-2 spike binding
to ACE2, entering the cell, and being degraded. Measurements of S1-
ACE2 colocalization as a function of Ang-II would have to be normal-
ized to total ACE2 surface immunoreactivity since elevated Ang-II would
probably reduce the total number of ACE2 receptors at the surface [31].
The model of Fig. 2 predicts that high Ang-II levels would increase ACE2
occupancy by S1-spike protein, as more ACE2 receptors become avail-
able to the virus. Conversely, a decrease in Ang-II level would be ex-
pected to decrease S1 spike colocalization with ACE2.

Effect of Ang-II on AT1R-ACE2 complex formation

The model of Fig. 2 predicts that elevated Ang-II would enhance
binding of Ang-II to AT1R, while at the same time decreasing AT1R-
ACE2 linkage and rendering ACE2 more receptive to incoming virus
(Left side of Fig. 2). Conversely, the model predicts that reducing Ang-II
would increase AT1R-ACE2 linkage, and make ACE2 less likely to bind
incoming virus (Right side of Fig. 2). Association between AT1R and
ACE2 could be determined by immunofluorescent colocalization,
similar to what is shown in Fig. 3, but with HK-2 human proximal tubule
cells that express endogenous ACE2 and AT1 receptors, rather than HEK
293T cells that require co-transfection of both ACE2 and AT1. Spatial
correlation of these receptors could be quantified using primary anti-
bodies to AT1R and ACE2, followed by secondary fluorescent antibodies
conjugated to 2 different Alexa Fluors®. Controls could test for cross-
reactivity between ATIR and ACE2 primary antibodies by checking
for secondary antibody fluorescence in the absence of either primary
antibody.

If elevated Ang-II destabilizes AT1R-ACE2 complexes at the HK-2 cell
surface, we would expect very little fluorescent overlap between these
two receptors at high Ang-II (Left side of Fig. 2). On the other hand, we
predict that low Ang-II would enhance colocalization of AT1R and ACE2
and decrease SARS-CoV-2 spike binding to its ACE2 receptor (Right side,
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Fig. 4. ARBs enhance AT1-ACE2 complex formation, increase conversion of Ang-II to Ang(1-7), and decrease availability of ACE2 receptors to invading virus.

Dashed green lines indicate a putative linkage between AT1R and ACE2.

Fig. 2). Again, normalization of the AT1R-ACE2 colocalization data
would be required to compensate for Ang-II induced changes in ACE2
surface density. One caveat in all experiments of this type is that
colocalization does not unequivocally prove functional coupling be-
tween receptors. Parallel experiments looking at the effect of Ang-II on
coimmunoprecipitation of ATIR and ACE2 would help to confirm a
physical linkage between AT1R and ACE2.

Effect of ARBs

As indicated in Fig. 4, our hypothesis also predicts that angiotensin
receptor blockers (ARBs) like losartan, which block binding of Ang-II to
AT1R, would strengthen the interaction between AT1R and ACE2 re-
ceptors at the cell surface (Right side, Fig. 4). Colocalization of ACE2 and
AT1 receptors could be quantified as a function of losartan in renal HK-2
immortalized cells, using primary and secondary antibodies to ACE2 and
AT1R. Normalization to the total number of surface ACE2 receptors
would also be required since these could be altered by losartan.

In addition, our hypothesis predicts that losartan block of Ang-II
binding to AT1R should also decrease spike binding to ACE2 since
more ACE2 would now be linked to AT1R, making ACE2 less available to
the virus (Right side, Fig. 4). This aspect of our hypothesis could be
tested by comparing S1 spike-ACE2 colocalization as a function of los-
artan, using (mCherry red) fluorescent SARS-CoV-2 S1 spike protein,
and immunofluorescent ACE2 (labeled with rabbit polyclonal anti-ACE2
primary antibody).

Conclusions

Dysfunction of the renin-angiotensin-aldosterone system aggravates
the severity of COVID-19, and renin-angiotensin system inhibitors
(RASI) have been suggested as a possible treatment for hypertensive
COVID-19 patients. A number of large-scale cohort studies have
confirmed the benefit of RASi treatments in hypertensive COVID pa-
tients, although the reason for this is still unclear [22-24]. Our hy-
pothesis proposes a mechanistic cellular basis for the benefits of RASi
treatment of COVID-19 patients. Specifically, we believe that RASi fa-
cilitates ACE2-AT1R complex formation at the epithelial cell surface,
making ACE2 less available to bind SARS-Cov-2, and making it more
available for catalyzing conversion of Ang-II to Ang(1-7), which lowers
blood pressure (vasodilation), enhances excretion of sodium, and re-
duces inflammation. Our hypothesis for a RASi effect on ACE2 and AT1
receptors is consistent with other models that have been proposed
[5,19,26], and suggests that readily available anti-hypertensive medi-
cations (ACEi’s and ARBs) could be repurposed as a medical treatment
for COVID-19. As such, RASi would not only be useful for hypertensive
COVID patients but possibly for normotensives as well, until the suc-
cessful distribution of SARS-CoV-2 vaccines obviates the need for

medical therapies. Since ACE2 and AT1R are present in lung epithelia,
our hypothesis would also be relevant for understanding the respiratory
benefits of RASi therapy. Finally, our theory for RASi modulation of
ACE2-AT1R linkage and its effect on SARS-Cov-2 binding is amenable to
in vitro testing with immunocytochemistry, using fluorescent labeled:
spike protein, ACE2, and AT1R in the human kidney (HK-2) cell line.
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Glossary

ACEI1: Angiotensin-converting enzyme: converts angiotensin 1 (Ang-I) to angiotensin 2
(Ang-II).

Ang-II: Angiotensin 2: increases blood pressure (BP) by vasoconstriction, stimulates ad-
renals to secrete aldosterone.

ACEi: ACE1 inhibitor: binds and inhibits ACE1, not ACE2.

ACE2: Angiotensin-converting enzyme 2: converts Ang-II to Ang(1-7). ACE2 is also the
cellular entry receptor for SARS-CoV-2.

ATIR: Angiotensin receptor type 1: cell receptor mediating the major effects of Ang-II.

Ang(1-7): Angiotensin-(1-7): activates MAS receptor, lowering BP, effects opposite to
ATIR.

ARB: Angiotensin receptor blocker: prevents Ang-II from binding to AT1R and producing
its effect.

RAS: Renin-angiotensin system, or RAAS (renin-angiotensin-aldosterone system): a hor-
mone system that regulates BP via vascular resistance, as well as fluid & electrolyte
balance.

RASi: Renin-angiotensin system inhibitors: (ACEi and ARBs)
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