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RAAS Blockade and COVID-19: Mechanistic
Modeling of Mas and AT1 Receptor Occupancy
as Indicators of Pro-Inflammatory and Anti-

Inflammatory Balance

Karen Melissa Hallow' and Ishaan Dave>*

ACE inhibitors (ACEis) and angiotensin receptor blockers (ARBs) are standard-of-care treatments for hypertension
and diabetes, common comorbidities among hospitalized patients with coronavirus disease 2019 (COVID-19). Their
use in the setting of COVID-19 has been heavily debated due to potential interactions with ACE2, an enzyme that
links the pro-inflammatory and anti-inflammatory arms of the renin angiotensin system, but also the entryway by
which severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) invades cells. ACE2 expression is altered

by age, hypertension, diabetes, and the virus itself. This study integrated available information about the renin
angiotensin aldosterone system (RAAS) and effects of SARS-CoV-2 and its comorbidities on ACE2 into a mechanistic
mathematical model and aimed to quantitatively predict effects of ACEi/ARBs on the RAAS pro-inflammatory/
anti-inflammatory balance. RAAS blockade prior to SARS-CoV-2 infection is predicted to increase the mas-AT1
receptor occupancy ratio up to 20-fold, indicating that in patients already taking an ACEi/ARB before infection,

the anti-inflammatory arm is already elevated while the pro-inflammatory arm is suppressed. Predicted pro-
inflammatory shifts in the mas-AT1 ratio due to ACE2 downregulation by SARS-CoV-2 were small relative to anti-
inflammatory shifts induced by ACEi/ARB. Predicted effects of changes in ACE2 expression with comorbidities of
diabetes, hypertension, or aging on mas-AT1 occupancy ratio were also relatively small. Last, predicted changes in
the angiotensin (Ang(1-7)) production rate with ACEi/ARB therapy, comorbidities, or infection were all small relative
to exogenous Ang(1-7) infusion rates shown experimentally to protect against acute lung injury, suggesting that any
changes in the ACE2-Ang(1-7)-mas arm may not be large enough to play a major role in COVID-19 pathophysiology.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

M ACE2 plays an important role in severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2) infection. The use
of ACE inhibitors (ACEis) and angiotensin receptor blockers
(ARBs) are the current standard of care for conditions such as
hypertension—usually comorbidities of coronavirus disease
2019 (COVID-19).

WHAT QUESTION DID THIS STUDY ADDRESS?

[ We wanted to quantify the interplay among renin angioten-
sin aldosterone system (RAAS) therapies, SARS-COV-2 infec-
tion, and chronic diseases or aging on the balance between the
inflammatory (AT1) and anti-inflammatory (mas) arms of the
RAAS.

Hypertension and diabetes are common comorbidities among hos-
pitalized patients with coronavirus disease 2019 (COVID-19).!
ACE inhibitors (ACEis) and angiotensin receptor blockers (AR Bs)

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M We understand that the effect of RAAS therapy on the
mas/AT1 ratio and anti-inflammatory arm of the RAAS much
higher than that of changing ACE2 expression. Changes in
ACE expression are predicted to be more important than ACE2
in determining the baseline inflammatory/pro-inflammatory
balance of the RAAS.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M The anti-inflammatory arm of the RAAS is already more
dominant in those already taking ACEis/ARBs prior to
infection.

are standard of care treatment for these comorbidities, because
they reduce cardiovascular events, kidney injury, and other vascu-
lar complications of these diseases.?> There has been a good deal of
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debate around the use of these drugs in patients with COVID-19.
On one hand, it has been speculated that these therapies may in-
crease susceptibility or severity of COVID-19, but conversely, it has
also been speculated that they may protect against excess inflam-
mation following COVID-19 infection.* The limited clinical data
currently available do not seem to support evidence of harm.>”’
The American College of Cardiology, Heart Failure Association
of America, and American Heart Association have issued a joint
statement urging continued use of ACEis or ARBs as standard of
care, while also urging additional research into any potential in-
teractions with COVID-19 infection.® However, the speculation
and uncertainty among patients and healthcare providers regard-
ing the most commonly used antihypertensive drug classes in the
United States could have significant public health consequences.9

The debate around protective or harmful mechanisms of
ACEis/ARBs arise from speculation about their interactions with
ACE2, the membrane-bound protein by which the severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2) virus invades
the body.lo ACE2 plays a normal physiological role as an enzyme
in the renin angiotensin aldosterone system (RAAS; Figure la).
The classic arm of the RAAS, in which angiotensin I (Angl) is
converted to Angll by ACE and then binds to the AT1 receptor,
promotes vasoconstriction, sodium retention, and inflammation.
AnglI binding to the AT2 receptor appears to counter some of
these effects.'! A second arm opposes the effects of AT1. In this
arm, Angl and AnglI are converted to Ang(1-7) by neprilysin and
ACE2, respectively. Ang(1—7) suppresses inflammation by binding
to the mas receptor (a G-protein coupled receptor of Ang(1-7) as-
sociated with anti-inflammatory effects of the RAAS)."?

It has been hypothesized that ACEis/ARBs could increase risk
or severity of COVID-19 by increasing ACE2 expression and thus
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providing more routes for viral entry.13 However, ACE2 has not
been established as a rate-limiting step for viral entry. In addition,
a recent review of experimental studies found little consistency
among studies regorting changes in ACE2 expression with ACEi/
ARB treatment.'* Some studies found increased ACE2 expression/
activity with ACEi or ARB treatment, whereas a plurality showed
little to no effect, and a few even showed decreased expression.

On the other hand, it has also been hypothesized that ACEis/
ARBs could mitigate the severity of COVID-19 by suppressing
inflammation. Although much is unknown about the pathophys-
iology of COVID-19, the degree of severity appears to depend on
the strength of the host’s inflammatory response triggered by the
infection." Suppression of the classic Angl-AngII-AT1 pathway
may shift the balance toward the anti-inflammatory Ang(1-7)-mas
arm of the RAAS. Infusion of Ang(1-7) has been shown to reduce
acute lung injury and inflammation in animal models of acute re-
spiratory distress syndrome,16 whereas downregulation of pulmo-
nary ACE2 is associated with increased lung injury severity.W_19

Part of the challenge in understanding the effect of ACEis and
ARBs on the inflammatory balance in COVID-19 is that ACE2
expression is altered by other factors. Hypertension, diabetes, and
aging have all been shown to alter ACE2 expression.zo_23 The
SARS-CoV-2 virus itself also induces ACE2 shedding and down-
regulation after cellular entry, and ACE2 expression is also down-
regulated by the SARS-CoV-2 virus itself, which may play a role
in the excessive inﬂammatory response in some patients.24 SARS
viruses have a higher affinity to ACE2 and shed ACE2 with higher
efficiency than other coronaviruses, and the structure of SARS-
CoV-2 suggests that it binds with higher affinity than other SARS
viruses.”> This may contribute to both its increased transmissibility
and then subsequently to increased discase severity.
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Figure 1 The renin-angiotensin system and (a) Schematic representation of renin-angiotensin system (RAAS) mathematical model. Equations
for each rate reaction are given in Table S2. The RAAS system illustrated in schematically in a can be represented mathematically as a set
of processes summarized in (b), and the reaction rates A—G are given in Table S2. Each enzyme reaction in this system is assumed to follow
Michaelis-Menten kinetics (Eq. 1) with a Michaelis constant K defined by Eq. 2. [Colour figure can be viewed at wileyonlinelibrary.com]
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The speculated suppression of the inflammation with ACEis and
ARBs in COVID-19 is based on qualitative directional effects on the
RAAS components, and the integrative consequences of infection,
aging, chronic disease, aging, and therapies on the effectors of this
system (AT1, AT2, and mas binding) have not been quantified. The
goals of this study were (i) to use a mechanistic mathematical model
of the RAAS to quantify the interplay among RAAS therapies,
SARS-CoV-2 infection, and chronic diseases or aging on the balance
between the inflammatory (AT1) and anti-inflammatory (mas) arms
of the RAAS, and (ii) identify and evaluate the key uncertainties and
knowledge gaps in our ability to quantify these effects.

METHODS

Model definition

The RAAS illustrated schematically in Figure la can be represented
mathematically as a set of processes summarized in Figure 1b, and the
reaction rates A-G are given in Supplementary Table $2. Each enzyme
reaction in this system is assumed to follow Michaclis-Menten kinetics

(Eq. 1) with a Michaelis rate constant K defined by Eq. 2:
K
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[E] + [S] : [ES] — K [P] 8
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where [£] and [S] represent enzyme and substrate concentrations respec-
tively, [ES] represents concentration of the enzyme-substrate complex,

LET[S]

K, =—— 2
» = s @
The enzyme activity V; or rate of product formation, is given by:
K. [E][S]
V=K, [ES]= EK—m 3)
where K is the catalytic rate constant.
The catalytic efficiency is defined as:
KCa
Eff;ubstrate,enzyme = K - (4)

For conversion of angiotensinogen (AGT) to Angl by renin, AGT is
normally available in excess, and renin is the rate-limiting components.
Thus, the rate of formation of Angl is given by plasma renin activity
(PRA) and for simplicity, AGT is not considered in the model. For all
other enzyme-substrate pairs in Figure 1, K , K_, and Eff

cat Substrate,enzyme
have been measured in ref. 26 (Table 1).

For all enzyme-substrate pairs, K_ is on the order of micromoles,
whereas normal substrate concentrations [S] is on the order of pico-
moles (Table 1). Because K >> [S], then according to Eq. 2, [E] must
be much greater than [ES], so that [E] is approximately equal to the
total enzyme concentration [E] . This also means that even if substrate
concentrations change several fold, [E] will remain approximately con-
stant. Therefore, enzyme activities for cach enzyme substrate pair (Eq.
3) can be written as:

and [P] is the product formed. Enzyme activity = Eff;“bSEVQEC’CﬂZYmC L£], [S] )
Table 1 Model parameters
Parameter Definition Value Units Source Species
EffACE,AngI Catalytic efficiency of ACE conversion 648 /pPM/hr 26 In vitro (human cDNA
of Angl to Angll transfected in CHO cells)
EffACEZ,AngII Catalytic efficiency of ACE2 conversion 7,920 /pM/hr 26, 27 In vitro (human cDNA
of Angll to Ang(1-7) transfected in CHO cells)
EffACE’Ang(l_n Catalytic efficiency of ACE conversion 1,260 /pM/hr 26 In vitro (human cDNA
of Ang(1-7) to other peptides transfected in CHO cells)
EffNEP,AngI Catalytic efficiency of NEP conversion 2,232 /pPM/hr 26 In vitro (human cDNA
of Angl to Ang(1-7) transfected in CHO cells)
KMT1 AT1 receptor dissociation constant 552 pmol/L 44 Primate (in vitro COS-7)
Kd‘AT2 AT2 receptor dissociation constant 552 pmol/L Assumed
Kdmas Mas receptor dissociation constant 930 pmol/L 45 Mice
N enin Renin half-life 0.1733 hour Human
PRA(O) Baseline Plasma Renin Activity 3587 pmol/L/h 35 Human
Angl(0) Baseline Angiotensin | plasma 10.5 pmol/L 35 Human
concentration
Angli(0) Baseline Angiotensin Il plasma 6.6 pmol/L 35 Human
concentration
Ang(1-7)(0) Baseline Angiotensin (1-7) plasma 3 pmol/L 35 Human
concentration
D enin Fitting exponent for AT1 feedback on 0.8 - Estimated?® Human
renin
Ratio,cenep Ratio of ACE expression to NEP 9 - Fitting to>* Rats
expression
Ratio, e ace2 Ratio of ACE expression to NEP 32 - Fitting to* Rat

expression

Ang, angiotensin; CHO, Chinese hamster ovary.
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As a simplification, the pathway from Angl to Ang(1-9) to Ang(1-7)
was not included in this model. This is justified because the catalytic effi-
ciency for Angl-ACE2 is an order of magnitude lower than Angl-ACE and
Angl-NEP, and the catalytic efficiency of Ang(1-9)-ACE is also an order
of magnitude lower than Angl-NEP or Ar1gII—ACEZ.26’27 Therefore, very
litele Ang(1-7) is expected to formed from the Angl-Ang(1-9) arm of the
pathway, relative to the AngI-NEP and AngII-ACE2 pathways. Any Angl
conversion to Ang(1-9) is lumped in with other routes of Angl degradation.

Rate equations for each peptide are then given by Eqgs. 6-8:

d (Angl
M:PRA—A—C—E (©)
dt
M:A—B—F 7)
dt
d (Angl7
—L%Ll=C+B—D—G ®

Fractional receptor occupancy for AT1, AT2, and mas are given by:

Angll

=—" 9
L Ky 41 + Angll ©)

Angll

== 10

Jars Ky 4o + Angll (t0)
Ang(1=7)

fmas = (11)

Kd,mas+Ang( 1-7)

where K is the dissociation constant for each receptor-ligand pair, given
in Table 1. This form assumes that clearance of Angll and Ang(1-7) by
binding to receptors is small, and is encapsulated in the degradation terms
Fand G, respectively.

As described previously,zg’29 plasma renin concentration (PRC) is given

by:

d(PRC) In(2) .
T = SECrenin - brenin PRC (12)
Where SEC .. and hrcnin are the renin secretion rate and half-life, respec-

tively. Binding of AngII to the AT1 receptor produces a highly nonlinear
feedback on renin secretion, given by:

SEC,.,;,, =SEC

renin renin,0 *

~brenin
j; 71 ) ( 1 3)

AT10

Where fp, is the equilibrium fractional AT1 receptor occupancy, and
b onin 18 2 fitting constant. PRA can be related to PRC by the conversion

factor 0.06 (ng/mL/hour)/(pg/mL).

Parameter estimation and model constraints

A subset of model parameters is known with some degree of certainty
from clinical or experimental measurements (Table 1). Concentration
ranges for renin, Angl, Angll, and Ang(1-7) in humans have been mea-
sured clinically. Catalytic efficiencies for each enzyme substrate pair
as well as receptor binding affinities have been measured experimen-
tally.z6 The half-life of renin is known, and nominal renin secretion rate
SEC, i can thus be determined from Eq. 12.
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This leaves another subset of six unknown: [ACE], [ACE2], and
[NEP], K oor Koporp and K, .- Some studies have measured ACE and
ng| ng| ngl7
ACE2 concentrations, but witéil widely varying results. Expression varies
across tissues, so obtaining a value that represents total ACE and ACE2
expression is difficult. Neprilysin and ACE2 are membrane-bound pro-
teins, and circulating levels may only reflect ectodomain shedding of these
. 30,31 .

enzymes, not tissue levels. Plasma levels are not easily measurable
and may not reflect tissue levels. However, if the relative ratio of ACE to
NEP and ACE to ACE2 expression are known, then, as shown later, then
these remaining model parameters can be determined from equilibrium
conditions.

Determining ACE-NEP and ACE-ACE2 ratios

Enzyme levels vary across tissues, across disease states, and across spe-
cies.*>* Nevertheless, we aimed to estimate a reasonable starting value
for these ratios by fitting the model to experimental measurements by
Yamamoto and colleagucs.34 In their experiments, vehicle, an ACEi,
a neprilysin inhibitor, or both an ACEi and neprilysin inhibitor were
administered to 16-weck-old male Wistar-Kyoto and spontancously
hypertensive rats. Twenty minutes later, a 2 nmol bolus injection of
radiolabeled Angl was administered, and concentration of radiola-
beled Angl, Angll, and Ang(1-7) every 15-30 seconds over the next
3 minutes. Only data from Wistar-Kyoto rats were used in this analysis.
To simulate this study, all peptide concentrations were initially set to
zero. Because only radiolabeled peptides were measured, neither renin
production or renin activity were reflected in the available data, and
thus PRA was set to zero. ACE inhibition and NEP inhibition were
modeled as a constant fractional reduction in their respective enzyme
concentration. The study protocol was simulated, and enzyme con-
centrations ([ACE], [ACE2], and [NEP]), peptide degradation rate
constants (KAngI, K, . KAngU), and ACEi and NEPi fractional inhi-
bition were estimated iy fitting the digitized data using a least squares
method.

Because the experimental study was conducted in rats, it may not be
reasonable to assume that the absolute concentrations and rate constants
translate to humans. However, we assume that the estimated ratio of
[ACE] to [ACE2] and [ACE] to [NEP] may translate, and these ratios
were used in all further simulations.

Based on the estimated ACE to ACE2 and ACE to NEP ratios, re-
maining parameters were determined from steady-state conditions when
steady-state concentrations of renin, Angl, Angll, and Ang(1-7) are
known, as described in the Supplementary Material.

Model evaluation

To further qualify the model, we evaluated its ability to reproduce ob-
served changes in plasma Angl, Angll, and Ang(1-7) concentrations in
response to an ACEi in a previously published human clinical trial.”® In
this double-blind, placebo-controlled crossover study, 17 healthy men
were treated with enalapril or placebo for 2 weeks. During the first week,
they were given a low-sodium diet, and during the second week they were
given a high sodium diet. Plasma Angl, Angll, and Ang(1-7) were mea-
sured at the end of each week.

To simulate this study, baseline concentrations of Angl, Angll, and
Ang(1-7) were set to the average of the reported values during the pla-
cebo high salt and low salt periods. Catalytic efficiencies were specified
according to ref. 26 and the ratio of ACE to NEP and ACE to ACE2
were initially set to the values estimated by fitting ref. 34 as described
above. Parameters governing renin secretion and AT1 feedback on
renin were specified as previously described.”® The study protocol was
then simulated. To represent the effects of different Na' intakes, the
rate of renin secretion (SEC_ . ) was adjusted to give the observed
differences in Angl between the high and low salt groups during the
placebo period.

As shown in Supplementary Figure S3, the simulation predicted the
increase in Angl and Ang(1-7) and decrease Angll following ACEi well.
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This provides validation that the model reasonably describes the behavior
of the RAAS in humans.

Simulations

Effect of changes in ACE2 receptor expression on mas, AT1, and
their ratio, before and after ACEi or ARB therapy. A literature review
was conducted to understand the range of changes in ACE2 expression
due to aging, diabetes, or hypertension that have been observed exper-
imentally or clinically. Based on this review, a range of ACE2 concen-
trations from 0 to 2.5 times normal was determined to be a reasonable
operating range. Changes in mas and AT fractional occupancy, as well
as their ratios, were simulated over this range of ACE2 values, before
and after addition of an ACEi or an ARB. We have previously estimated
that ACE inhibition with common ACEis is 90-95%. For ARBs, in-
hibition of AT1 ranged from 88 to 97%, depending on the drug and
dose.?® In this study, a value of 93% inhibition was used for both.

Response to SARS-CoV-2 infection. SARS-CoV-2 infection was sim-
ulated as a 95% decrease in ACE2, representing a “worst-case” scenario

for ACE2 downregulation. Because all enzymes of the RAAS have some
natural variability and may be affected by disease states, the effects of
SARS-CoV-2 infection was simulated in 200 “virtual subjects” created
by sampling ACE2, ACE, NEP, and renin secretion from a log-normal
distribution with means given in Table 1. The parameter distribu-
tions and resulting distribution in RAAS peptides are characterized in
Figure S1 and S2.

Sensitivity analysis

A sensitivity analysis using a Latin Hypercube Sampling technique was
conducted to determine the parameters most influential in predict-
ing change in AT1, AT2, and mas receptor occupancies with varying
ACE2 levels and with RAAS thcrapy.3 Latin Hypercube Sampling is
amethod that generates values for a set of parameters, each with a spec-
ified distribution. Most input parameters were informed by literature
data (see Table 2), but parameters whose distributions were not spec-
ified were either defined so that 90% of sampled values fell between
the range of minimum and maximum values found in literature, or
the coefficient of variation was equal to 0.25. Two hundred fifty pa-
rameter sets were gencrated to represent 250 virtual patients. Because
the relationship between some inputs and outputs are nonmonotonic

Table 2 Literature-reported effects of diabetes, hypertension, aging, and SARS-CoV-2 infection on ACE2

Condition Species Tissue Study Measurement Observed change
Diabetes Human Lung Not available
Serum 46 ACE2 activity Increased 5-18%
Serum 21 ACE2 activity Increased 20%
Kidney 47 ACE2 mRNA and Decreased 56-60%
protein
48 ACE2 mRNA No change
49 ACE2 protein Increased (semiquantitative, small
sample size)
Rodents Lung 32 ACE2 activity No significant change
Lung 32 ACE2 protein Increased 25-40%
Kidney 32 ACE2 protein Decreased 40-65%
20 ACE2 activity and Increased 2-fold
protein
20 ACE2 mRNA Decreased 60%
Cardiac 20 ACE2 activity No change
Kidney 50 ACE2 protein Increased 2.5-fold
Hypertension Human Lung Not available
Serum 21 ACE2 activity Increased 20%
Rodents Kidney 51 ACE2 protein and 40-65% decrease
mRNA
Age Human Lung Not available
Serum 52 ACE2 protein Increased during teen years (max
age in study: 24)
Nasal 53 ACE2 gene Lower in children, no difference
expression between younger and older adults,
maximum age in study: 60
Rodents Lung 22 ACE2 protein Decrease 67-78% in older rats
Aorta 23 ACE2 protein Decreased 50-75% in older mice
SARS-CoV-2 In vitro Vero EG6 cells 37 ACE2 shedding Increased 5X (increased indicates
decreases membrane availability)
Mice Lung 18 ACE2 protein Nearly undetectable with western

blot after infection

SARS-Cov-2, severe acute respiratory syndrome-coronavirus 2.
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or nonlinear, partial rank correlation coefficients were calculated at
steady-state to quantify how variation in the input parameters con-
tributes to changes in receptors’ occupancies. Parameters with the
highest sensitivity were investigated further to understand how that
parameter’s uncertainty influenced the predicted changes in mas-AT1

receptor occupancy ratio.

RESULTS AND DISCUSSION
Model fitting and validation
Supplementary Figure S4 shows the optimized model fit to
Yamamorto e al>* All parameters were able to be estimated with
precision (see Supplementary Table S1). The concentration of ACE
was estimated to be an order of magnitude larger than the concentra-
tions of NEP and ACE2, with ACE-NEP and ACE-ACE2 ratios of 9
and 32, respectively. These ratios were used in all further simulations.
Alsoofnote, K, = - was estimated to be orders of magnitude less than
Eff, g pntACE] or Effy ), AngII[NEP] (0.001 vs. 397 and 150, re-
spectively). This indicates that nearly all Angl was converted through
ACE or NEP, and the reaction rate E in Figure 1b and Eq. 6 is neg-
ligible. Therefore, E was considered zero for the rest of this analysis.
Asshown in Supplementary Figure $4, the simulation predicted
well the increase in Angl and Ang(1-7) and decrease in AnglI fol-
lowing ACE inhibition observed in ref. 35. This provides valida-
tion that the model reasonably describes the RAAS in humans.

Literature review of effects of diabetes, hypertension, aging,
and SARS-CoV-2 infection on ACE2
Table 2 summarizes studies that have reported changesin ACE2
protein expression, activity, or mRNA in diabetes, hyperten-
sion, with age, or after SARS-CoV-2 infection. Unfortunately,
no studies of ACE2 changes in human lung tissue were found.
In diabetes, small increases in human serum ACE2 were re-
ported. However, it is unclear how changes in serum ACE2
relate to changes in functional membrane-bound ACE2. In di-
abetes, studies in human kidneys and in rodent lungs, kidneys,
and cardiac tissue all showed either a decrease or no change in
ACE2 mRNA. However, reported changes in ACE2 protein
and activity varied widely, from a 60% decrease to a 2.5-fold
increase. Fewer studies were found investigating ACE2 in hy-
pertension. One study found a 20% increase in human serum
ACE2 activity, whereas another found a 40-65% decrease in
kidney ACE2 protein and mRNA. With aging, two studies
found that ACE2 increased during teen years. The only study
including adult humans found no difference between young
and old adults. Two rodent studies found that ACE2 decreased
67-78% and 50-75% in the lungs and aorta, respectively.

Taken together, these studies do suggest that ACE2 expres-
sion can change with disease and aging, decreasing as much as
80% and increasing as much as 2.5-fold. However, the existence
and direction of this change is not consistent across studies.
Thus, rather than modeling a specific effect of diabetes, hyper-
tension, or aging on ACE2, we sought to understand the effect
of a range of changes in ACE2 on the balance between mas and
AT1 receptor occupancy.

Two studies have demonstrated that ACE2 is downregulated
by earlier SARS coronaviruses, although studies have not yet been
published for SARS-CoV-2. Kuba ef a/.** found that ACE2 was
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decreased to levels similar to ACE2 knockouts in Western blot
infected mice lungs, whereas Glowacka ez 4l found that ACE2
shedding was increased 5 times, indicating that membrane ACE2
availability was decreased. Based on these findings, SARS-CoV-2
infection was simulated as a 95% decrease in ACE2 expression.

Relationship between ACE2 concentration and mas-AT1
balance, with and without ACEi/ARB therapy

Figure 2 (green curves) shows the cffects of upregulation or
downregulation of ACE2 expression. At normal ACE2 levels,
AT1 and AT2 receptor occupancy are predicted to be nearly
twice mas receptor occupancy (9% vs. 5%). A 2.5-fold increase in
ACE2 increases the mas/AT1 ratio 66%, while decreasing ACE2
expression down to zero decreases the mas/AT1 ratio 46%. These
changes are driven primarily by changes in mas occupancy, with
weaker changes in AT1. AT2 occupancy decreases 14% as ACE2
varies from 0 to 2.5 times normal.

Relative to the receptor occupancy changes with ACE2 de-
scribed above, inhibition of ACE has a much larger effect on mas,
AT1, and AT2 receptor occupancy (Figure 2, blue curves). At nor-
mal ACE2 levels, ACEi increases mas receptor occupancy from
5% to 18%, while decreasing both AT1 and AT?2 receptor occu-
pancy from 9% to 3%. This results in a much larger 7-fold change
in the mas-AT 1 receptor binding ratio, compared with the effect of
changing ACE2. In the presence of an ACEj, a 2.5-fold increase in
ACE2 increases the mas-AT1 ratio to 132% of the ACFi-normal
ACE2 level, and 6.4 times the no-treatment-normal-ACE2 level.

ARB therapy is also predicted to have a much larger effect
on mas, AT1, and AT2 receptor occupancy than changes with
ACE2 concentration (Figure 2, red curves). At normal ACE2
levels, ARB therapy increases mas receptor occupancy from 5%
to 17%, while decreasing AT1 from 9% to 2%, resulting in a 14-
fold increase in mas-AT1 receptor binding ratio, compared with
the effect of change ACE2. At normal ACE2 levels, ARB therapy
did not increase mas receptor occupancy quite as much as ACEi,
but did increase AT2 receptor occupancy much more than ACEi.

In the presence of an ARB, the effects of changes in ACE2 on
mas receptor occupancy are even more dramatic than with ACEi.
Still, an increase or decrease in ACE2 concentration does further
increase or decrease the mas-AT1 ratio. In the presence of an ARB,
a 2.5-fold increase in ACE2 concentration from normal levels in-
creases the mas-AT 1-ratio 54%.

The primary conclusion of this analysis is that ACEi/ARB ther-
apy has a much more dramatic effect on shifting the balance of the
RAAS from the pro-inflammatory AT1 to the anti-inflammatory
mas arm, relative to any physiologically relevant changes in ACE2
expression.

Parameter sensitivity

We next sought to evaluate the sensitivity of this conclusion
to assumptions of model parameter values. Figure 3 illustrates
the sensitivity of the key model outputs (i.c., changes in AT1,
AT2, and mas receptor occupancy), to each model parameter.
Figure 3a considers the sensitivity when ACE2 expression is
changed in the absence of treatment, whereas Figure 3b,c¢ con-
sider the sensitivity when ACEi or ARB treatment are added
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Figure 2 Simulated effects of changes in ACE2 concentration, with and without ARB or ACEi treatment on (a) mas-AT1 receptor occupancy
ratio, (b) mas receptor occupancy, (c) AT1 receptor occupancy, and (d) AT2 receptor occupancy. Gray dashed line is the “normal” ACE2 level.
All values are standardized by their value at normal ACE2 in the absence of ARB/ACEi therapy. ACEi, ACE inhibitor; ARB, angiotensin receptor

blocker. [Colour figure can be viewed at wileyonlinelibrary.com]

at normal ACE2 levels. For all three cases, initial Ang(1-7) and
AnglI concentrations emerged sensitive parameters. However,
these parameters are fairly well-constrained by available clin-
ical and experimental data. Unsurprisingly, all responses to
therapy were sensitive to the drug’s fractional target inhibition.
We have shown previously that while fractional inhibitions
with ARBs and ACEi may vary slightly across drug and dose,
they are generally well-constrained to be within the range of
90-98%.** The change in AT2 and mas receptor occupancy
with an ARB was also sensitive to b__ . , the strength of neg-
ative feedback of AT1 on PRA, which we have also found to
be well-constrained between 0.6 and 0.9 (Gebremichael ez 22.>!
2019; Hallow ez al.** 2014). Among parameters with more lim-
ited information available for constraining them, K - (the
binding affinity of Ang(1-7) for the mas receptor) was import-
ant for all three cases, while EffACEZ,AngII (catalytic efficiency
of ACE2 for converting Angll to Ang(l-7) was sensitive for
changes in AT1 and AT2 with ACE2, but not with ACEi or
ARB therapy.

To further examine the impact of each of the parameters identified
as sensitive, we repeated the earlier simulations of changes in mas-AT'1
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occupancy, but this time using extreme values of the sensitive parame-
ter (0.05 — 5X). Supplementary Figure S5 shows the effect of uncer-
tainty in K chosen for illustration because its value is informed by
very limited experimental data (one 77 vitro study, Santos ez al. 2003).
Although the magnitude of this parameter does have some influence
on the magnitude of predicted changes in mas-AT 1-ratio, the effects
are not sufficient to alter the conclusions of this study. In other words,
even if the value we used is several-fold different from the true value,
our conclusions would not differ. Thus, the sensitivity analysis pro-
vides confidence that the predictions and conclusions of this study
robust to uncertainty in parameter values.

Effects of ACE2 downregulation by SARS. As shown in Figure 4,
the predicted effects of 95% ACE2 downregulation induced by
SARS on AT1, mas, and the mas-AT1 ratio are small relative to
the effects of ACEi and ARB therapy. Both ACEis and ARBs
increase mas while decreasing AT1, thus dramatically increasing
the ratio of two. although ACE and ARBs are predicted to have
similar effects on the mas-AT1 ratio, ACEis are predicted to
increase mas to a greater extent, whereas ARBs are predicted to
suppress AT1 further.
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Supplementary Figure S6 explores the effect of variability in ~ renin. ACE and NEP are correlated with appear to affect the
four RAAS enzymes (ACE, ACE2, NEP, and renin) on the mas-  baseline mas-AT1 ratio (prior to infection) much more than
AT 1-ratio. Mas-AT1 ratio is positively correlated with ACE,  ACE2 or renin. This is true both before and after treatment
negatively correlated with NEP, and is not correlated ACE2 or ~ with ARBs and ACEis. There is no obvious effect of enzyme
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Figure 4 Simulated effect of ACE2 downregulation by severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) infection on (a) mas
occupancy, (b) AT1 occupancy, and (¢) mas-AT1 ratio, in a population of virtual patients with variable ACE, ACE2, NEP, and renin expression.
Points represent simulations outside the interquartile range. Viral downregulation of ACE2 is predicted to decrease mas and increase AT1
binding, but the magnitude of the effect is small relative to the opposing effects of background therapy with ACEis and ARBs, which elevate
mas and decrease AT1 occupancy. ACEis, ACE inhibitors; ARBs, angiotensin receptor blockers; COVID-19, coronavirus disease 2019.
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expressions on the magnitude of change in mas-AT1 ratio with
infection.

This suggests that changes in ACE2 expression due to comor-
bidities, like diabetes, hypertension, or aging, may be less import-
ant than the effects of these comorbidities on other enzymes in
the RAAS, particularly ACE and NEP. As described early, we es-
timated that ACE expression is 10 and 30 times higher than NEP
and ACE2 expression. ACE expression has been shown to change
with disease.”’*® Thus, even though ACE2 is the enzyme involved
in SARS-CoV-2 infection of the cell, ACE expression levels may be
more important in determining the relative pro-inflammatory or
anti-inflammatory balance of a subject prior to infection.

A secondary important observation is that although ARBs and
ACEis produce similar changes in mas occupancy, ARBs increase
AT?2 occupancy while ACEis decrease it. These drug-induced
changes in AT2 occupancy are also large relative to the effect of
ACE2 changes. Because AT?2 is associated with reduced inflamma-
tion, it is possible the ARBs may further protect from inflamma-
tion relative to ACEis. However, there are limited data available to
inform the clinical relevance of changes in AT2 occupancy.

Implications of changes in the mas-AT1 balance for acute
lung injury in COVID-19

Although we can predict the change in mas receptor occupancy,
directly relating the magnitude of change to the potential for
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protection or exacerbation of lung injury is more challenging.
However, Ang(1-7) infusion studies have shown a dosc—dcépcndent
protective effect against experimental lung injury.'®*** Thus,
benchmarking predicted rates of Ang(1-7) formation against the
rates of Ang(1-7) infusion in these studies may provide a quanti-
tative indication of whether the simulated changes are likely to be
large enough to impact lung inflammation and injury.

Changes in mas receptor occupancy occur due to changes in
the rate of Ang(1-7) formation from Angl and Angll, either due a
change in enzyme expression (i.c., by SARS-CoV-2) or in the rate
of formation of the enzyme substrates, Angl and AnglI (i.c., by
ACEis and ARBs). Figure S shows the simulated Ang(1-7) pro-
duction rates, before and after infection, with and without ACE;i
or ARB therapy, relative to the Ang(1-7) infusion rates used in
experimental studies. Although the Ang(1-7) production rate was
increased by therapy and decreased by the virus, in all cases, the
changes were much smaller than the rates necessary to produce
benefits in experimental lung injury, and were similar to a rate
which was found by Zambelli ez 4l. to produce no benefits.'®

This suggests that although ACEis or ARBs may shift the bal-
ance toward the anti-inflammatory arm of the RAAS, this effect
may not be sufficient to produce a therapeutic effect. This may ex-
plain why several observational studies have found no difference in
outcomes between subjects with COVID-19 who are or are not on
RAAS therapies.”!
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ACEi/ARBs have been proposed to potentially increase ACE2.
However, this is not supported by a recent systematic review of
published studies, which showed varying and inconsistent effects
of ACEis/ARBs on ACE2 expression.14 In addition, a recent meta-
analysis of cohort and case-control studies found no difference in
severe or lethal COVID-19 between untreated subjects and those
receiving an ACEi inhibitor or an ARB.*! Taken together with
these reviews and analyses, this study provides further support for
the continuation of ACEi/ARB treatment in patients for whom
they are indicated.

Still, interactions among ACEis/ARBs, ACE2, and SAR-CoV-2
are complex, and may be dependent on factors that may vary across
individuals, including the ACE/ACE2 ratio, viral load, and the
body’s immune response, among others. In addition, higher levels
of circulating/soluble ACE2 levels may neutralize some SARS-
CoV-2 virus, which could reduce availability to bind to membrane-
bound ACE2. Thus, these potential interactions deserve further
investigation.

Key uncertainties, knowledge gaps, and limitations

One objective of this study was to evaluate the key uncertainties
and knowledge gaps in quantifying the effects of ACEis/ARBs in
COVID-19. Some parameters, such as plasma renin activity, Angl,
Angll, and Ang(l—7) have well-defined clinical ranges. Renin half-
life has been measured in multiple studies, whereas the values for
enzyme catalytic efficiencies and receptor binding affinities were
based on single iz vitro studies. Expression of ACE, ACE2, and
neprilysin vary across tissue and cell types, and across species, and
thus are much more difficult to quantify. Thus, it was necessary to
determine these enzyme concentrations using mathematical con-
straints and estimating their ratios by fitting experimental data for
peptides that are more easily measurable. Thus, there is the highest
degree of certainty in values for Angl, AnglI, Ang(l—7), and PRA,
whereas uncertainty is greatest for the ACE-ACE2 and ACE-
NEDP ratios. Although there is uncertainty around these enzyme
ratios, sensitivity analysis showed that predictions of changes in
AT1, AT2, and mas receptor occupancy are robust to inaccura-
cies in parameter values. Thus, the conclusions of this analysis are
unlikely to be impacted if the values used for these ratios are not
accurate.

In addition to parameter uncertainty, several limitations should
be considered. Model parameters were constrained based on
plasma levels of RAAS peptides, and local tissue differences and
tissue RAAS were not considered. Our simulations are able to pre-
dict changes in mas-AT1 ratio, but does not have the capability to
predict the impact of changes in this ratio on COVID-19 patho-
physiology. A generic ARB and ACEi were modeled, and we did
not consider differences within drug classes or with different doses.
Interindividual variability in RAAS parameters was not consid-
ered. Last, the AngI—Ang( 1-9) was not explicitly modeled, but is
lumped in other forms of Angl degradation. This is justifiable be-
cause very little Ang(1-7) is expected to be formed from Ang(1-9).

The model did not account for potential negative cooperativ-
ity between the two binding sites of ACE. Negative cooperativ-
ity between these binding sites would mean that ACE reactions
follow hill rather than Michaelis-Menten kinetics. Adding a Hill
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cocfficient with a value of 0.5 (negative cooperativity) had a small
numeric effect (< 12%) on predicted receptor occupancies, but did
not impact the conclusions of the study.

This analysis did not address the potential impact of therapy-
induced changes in AT1 and AT2 receptor expression. Limited
available data show weak and inconsistent effects of ACEis on
AT expression, but consistently show that ARBs reduce AT1 ex-
prcssion.@’43 For AT?2, data for defining both the binding affinity
as well as therapy-induced changes in expression and the clinical
consequences of changes in AT2 activity and expression are even
more limited.

CONCLUSION

Given the ongoing debate surrounding the use of ACEis and
ARBs in the setting of COVID-19, this study aimed to integrate
available information about the RAAS, effects of SARS-CoV-2
infection, and its comorbidities on the RAAS to provide quan-
titative predictions of the effects of ACEis and ARBs on the pro-
inflammatory/anti-inflammatory balance of the RAAS. There
are several key conclusions from this analysis. First, our simula-
tions indicate that ACEi/ARB treatment prior to SARS-CoV-2
infection increases the ratio of mas to AT1 receptor occupancy
many fold. Thus, in patients already taking an ACEi/ARB before
infection, the anti-inflammatory arm of the RAAS would already
be much more dominant. Second, effects of changes in ACE2 ex-
pression with comorbidities of diabetes, hypertension, or aging on
the mas-AT1 receptor ratio are relatively small, compared with the
effects of ACEis/ARBs. Changes in ACE expression are predicted
to be more important than ACE2 in determining the baseline
inflammatory/pro-inflammatory balance of the RAAS. Third,
pro-inflammatory shifts in the mas-AT1 ratio due to ACE2 down-
regulation by SARS-CoV-2 infection are predicted to be small
relative to anti-inflammatory shifts induced by ACEi/ARB. Last,
predicted changes in the Ang(17) production rate with ACEi/
ARB therapy, comorbidities, or infection were all small relative
to the exogenous Ang(1-7) infusion rates shown experimentally
to protect against acute Iung injury, suggests that changcs in the
ACE2-Ang(1-7)-mas arm may not be large enough to play a major
role in COVID-19 pathophysiology.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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