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circulating levels of soluble ACE2 during SARS-CoV-2. To ascertain soluble ACE2 as an effective biomarker
for the prediction of COVID-19 outcome, in the present study, we investigated the levels of plasma ACE2
during the early phase of infection in COVID-19 patients. The study involved a total of 42 COVID-19
patients along with 10 healthy controls. Plasma levels of ACE2 was determined using ELISA at the
time of admission and on day 7 post admission. The association of sACE2 with D-dimer a marker for

I:;Jgg rds: hyper-coagulation was performed using a dependence test. Compared to healthy controls, SARS-CoV-2
COVID-19 cases has shown a huge increase in the sACE2 at the time of admission. During the course of infec-
SARS-CoV-2 tion, we found a significant increase (P < 0.001) in sACE2 in severe cases compared to moderate. There
D-Dimer was a strong increase in sACE2 in cases with hypertension and diabetes mellitus. Interestingly, a strong
Comorbidities positive correlation (P < 0.001) was obtained between sACE2 and D-dimer. Thus, an excessive shedding
Biomarker of ACE2 during the early phase is a common phenomenon in severe form of the SARS-CoV-2. Along with
D-dimer, the sACE2 levels could serve as a clinical biomarker for the prediction of disease outcome.

However further studies are needed to ascertain its role in host-virus interplay.
© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction (SARS-CoV), HCoV-NL63, and novel coronavirus SARS-CoV-2 that

cause coronavirus disease 19 (COVID-19) [1]. SARS-CoV-2 utilizes
Angiotensin-Converting Enzyme 2 (ACE2) is an important host the catalytic site of ACE2 receptor for viral entry via an endocytosis
receptor for the severe acute respiratory syndrome coronavirus process, thereby downregulation of membrane-bound ACE2 [2].

Abbreviations: ACE2, Angiotensin-Converting Enzyme 2; sACE2, soluble Angiotensin-Converting Enzyme 2; cACE2, cellular/membrane bounded ACE2; SARS-CoV, Severe
Acute Respiratory Syndrome Coronavirus; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus-2; COVID-19, Coronavirus 2019; RAAS, Renin Angiotensin Aldo-
sterone System; Ang I, Angiotensin I; CVD, Cardiovascular Disease; ALI, Acute Lung Injury; ARDS, Acute Respiratory Distress Syndrome; RT-PCR, Reverse Transciption-
Polymerase Chain Reaction; EDTA, Ethylene Diamine Tetra Acetic; ELISA, Enzyme-Linked ImmunoSorbent Assay; IQR, Inter-Quartile Range; HT, Hypertension; DM, Dia-
betes Mellitus; ADAM17, A Disintegrin and Metalloproteinases 17; ECs, Endothelial Cells.
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ACE2 is a glycoprotein and ubiquitously expressed in various tissues
in humans, specifically in the lung epithelial, oral, and nasal mu-
cosa, indicating a possible viral entry route for SARS-CoVs [3]. This
may be the reason for the high incidence of pneumonia and
bronchitis in severe COVID-19 infections. Indeed, the expression of
ACE2 was also reported in the heart, brain, blood vessel, adrenal
gland, testicle liver as well as kidney and gastrointestinal tract
which opens a possibility of fecal-oral transmission of the virus and
gastrointestinal complications in pediatrics cases [4]. Recently, a
study revealed the cryo-EM structure of SARS-CoV-2 spike protein
and documented that the affinity for SARS-CoV-2 for ACE2 is 10-20-
fold higher than SARS-CoV [5], a conceivable explanation for the
higher infectivity rate of SARS-CoV-2.

ACE2 is part of the renin-angiotensin-aldosterone system
(RAAS) which has multiple physiological processes. The major
function of ACE2 is to oppose the effect of RAAS by conversion of
angiotensin I (Ang I) to produce Ang 1-9 and Ang Il into Ang 17,
peptides which trigger vasodilation and have anti-fibrotic, anti-
inflammatory, and anti-proliferative properties [6]. In healthy
controls, ACE2 exists in its membrane-bounded form with a very
low level of ACE2 in circulation [7]. However, in cardiovascular
(CVD) patients, increased shedding of ACE2 was observed and
higher circulating levels were associated with suppression of
membrane-bounded ACE2 [8]. Besides, elevated levels of plasma
ACE2 have been found in various inflammatory diseases, including
renal failure, CVDs, diabetes as well as pathological conditions like
acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) [9,10]. In this perspective, few studies have reported an
elevated levels of plasma ACE2 in COVID-19 cases and its signifi-
cance in predicting disease outcome [11,12]. In this line, in the
present study we report a significant increase in the plasma ACE2 in
severe form of COVID-19 with a strong positive association with
hyper coagulation compared to moderate form.

2. Method
2.1. Study participant & plasma collection

Forty-two patients with a positive reverse transcription-
polymerase chain reaction (RT-PCR) test for SARS-CoV-2 on naso-
pharyngeal swabs were included. All the cases were hospitalized
7—9 days after the occurrence of symptoms. Blood samples were
collected in ethylenediaminetetraacetic acid (EDTA) tubes at
Mahatma Gandhi Medical College and Research Institute
(MGMCRI), a tertiary care hospital in South-Eastern India. Addi-
tional 10 healthy controls (HC) were enrolled in the study. After
getting informed consent, 2 ml of blood samples were collected
from the study participants. The sampling was done at two-time
points for COVID-19 cases with the first sampling done on the
day of admission (DOA) within 24 h followed by second sampling
on day 7 post admission. In the case of healthy volunteers, 2 mL of
blood was drawn at a one-time point. Plasma was separated from
whole blood by centrifugation at 3000g for 15 min at 4 °C, then
aliquoted and frozen at —80 °C until use. Demographic profiles,
clinical and laboratory data were collected from the study partici-
pants. The study was approved by the Institutional Human Ethical
Review Committee (ECR/451/Inst/PO/2013/RR-16). COVID-19 pa-
tients were classified based clinical severity as per the clinical
management protocol of COVID-19, Ministry of Health and Family
Welfare. Moderate cases were defined by respiratory rate of >24/
mins, complaints of breathlessness and SpO2 of <93% in room air.
Similarly, severe cases were defined by respiratory rate of >30/
mins, complaints of breathlessness and Sp0O2 of <90% in room air
[13,14].
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2.2. Estimation of ACE2 by ELISA

A quantitative Human ACE2 sandwich ELISA kit (Fine Biotech,
China) was used to determine the plasma concentration of ACE2
following the manufacturers instructions. A 10 pL plasma sample
was used in this experiment. Briefly, the samples were added to a
pre-coated antibody (capture) and incubated for 90 min at 37 °C.
Subsequently, biotin-conjugated antibody (detection) was added
and incubated at 37 °C for 60 min. Further incubation was done
with HRP-streptavidin conjugate at 37 °C for 30 min, followed by
the addition of TMB subrate which reacted with HRP and produced
a blue coloured end product. The reaction was finally stopped by
the addition of acidic stop solution, which developed a yellow
colour, which was read at 450 nm (SpectraMax M5, Molecular
Devices, California, USA). The density of yellow is directly propor-
tional to the amount of ACE2 in the sample. All analyses and cali-
bration were carried out in duplicate. The concentration of ACE2 in
the tested samples was estimated against the standard curve using
the serially diluted standards (7.815—500 ng/ml) provided in the
kit. Concentrations are reported as ng/mL.

2.3. Estimation of D-dimer

In vitro quantification of fibrin degradation product D-dimer in
human plasma was determined by nephelometric immunoassay
that utilizes antibody coated latex particles [15]. D-dimer particles
aggregates with the latex coated antibodies, which increases light
scattering. The increase of scattering light is proportional to the
amount of D-dimer in the sample. In the present study, 80 pL
plasma samples were used to measure the concentration of D-
dimer by automated cartridge based specific protein analyzer
Mispa i3 (Mispa i3, Agappe Diagnostics, Switzerland).

2.4. Statistical analysis

The normality test (Shapiro-Wilk Test) was performed to
analyze the data and the results were expressed as median (IQR) or
n (%). A comparison within the groups was performed using a two-
tailed related sample t-test (Wilcoxon Signed Rank Test). Similarly,
a comparison between the groups was performed using a two-
tailed Independent Sample t-test (Mann-Whitney U test). The
correlation was evaluated using Spearman's Rho Correlation. All the
statistical analyses were carried out at a 5% level of significance and
results with the P < 0.05 were considered statistically significant.
The data were analyzed using SPSS 21.0.

3. Results
3.1. Demographic profile clinical characteristics

Clinical characteristics of the 42 COVID-19 patients sampled at
recruitment are shown in Table 1.The most common symptoms
during the time of admission were cough, cold, fever, breathless-
ness, loss of taste and smell. Similarly, the most common pre-
existing comorbidities were hypertension (HT) and diabetes mel-
litus (DM).

3.2. Elevated level of sACE2 at the time of admission

Compared to HC, there was a significant increase in the levels of
ACE2 in the moderate, severe, and all COVID-19 groups at the time
of admission. Parallelly, the ACE2 levels were higher in the severe
group compared to the moderate group, suggesting early multi-
system effect in patients with severe SARS-CoV-2 infection (Fig. 1).
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3.3. Increased shedding of SACE2 during the early course of COVID-
19

The plasma level of ACE2 in the study participant is represented
in Table 2. The plasma level of SACE2 was significantly elevated in
all the COVID-19 groups (all COVID-19, severe and moderate) on
day 7 post admission (Fig. 2A—C). Consistently, the sACE2 levels
were significantly higher in the severe group compared to the
moderate group (Fig. 2D), indicating persistent shedding of
membrane-bounded ACE2 from the early course of infection.

3.4. Plasma levels of SACE2 based on gender

We further assessed the gender based plasma levels of sACE2.
The sACE2 levels were found to be significantly elevated in male
patients with severe COVID-19 than female at the time of admission
(Fig. 3A). However, no significant changes in the plasma levels of
SsACE2 was recorded in moderate and all COVID-19 groups (Fig. 3
B&C).

3.5. Levels of sACE2 in COVID-19 patients with & without
comorbidities

Interestingly, a substantial increase in SACE2 levels was noted in
severe and all COVID-19 group patients with hypertension (HT)
(P < 0.05 & Fig. 4A&C) or diabetes milletus (DM) (P < 0.01 &
Fig. 4D&F) or both HTand DM (P < 0.05 & Fig. 4G) on Day 7
compared to day 1. However, no such difference in the plasma
levels of SACE2 was recorded in all the study groups when other co-
morobidites (coronery heart disease, Parkinson disease, breast
cancer and hypothyroidism) were included.

3.6. Correlation between sACE2 and D-dimer

D-Dimer is a marker of hyper-coagulation and intravascular
thrombosis formation. Several reports have shown the elevated
level of D-Dimer in COVID-19 patients, especially a very high in
non-survivor/severe cases compared to survivor/moderate/mild
cases [16—18]. To check whether sACE2 has any implication on D-
Dimer, we performed a dependence test between sACE2 and D-
Dimer. To note, sACE2 showed a strong and significant positive

Table 1
Clinical & demographic profile of study participants.
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Fig. 1. Elevated level of SACE2 at the time of admission in COVID-19. Mann-Whitney
U test was used to compare between groups and data are represented in Median (IQR).
P-value < 0.05 is considered significant. “n” represents the number of samples in each
panel. *** Indicates the P < 0.001 when compared to HC at the time of Admission.

Table 2
Plasma Level of sACE2 (ng/mL).

DOA

0.828 (0.394—1.328)
9.072 (7.245-10.8)
11.21 (8.955—14.53)
9.597(8.63—12.08)

Study Group Day 7

Healthy Control (n-4)
Moderate (n-20)
Severe (n-22)

All COVID-19 (n-42)

9.873 (8.44—11.1)*
14.38 (12.6—20.27)***
11.85(9.976—14.43 )+

Since the data was found to be non-parametric, the Related Sample t-Test (Wilcoxon
Signed Rank Test) was used to compare the data within the groups. The results were
expressed as median (IQR).

*Indicates the P < 0.05 when compared to DOA within the groups.
*** [ndicates the P < 0.001 when compared to DOA within the groups.

correlation with D-Dimer at Day 1 as well as Day 7 in all COVID-19,
severe and non-severe COVID-19 cases as represented in Table 3 &
Fig. 5, suggesting SACE2 could be implicated in hyper-coagulation, a
critical factor observed in SARS-CoV-2 infected patients.

Group Moderate Severe All COVID-19 Healthy Control
Study Participants 20 22 42 10
Gender Male 15 (75) 14 (63.6) 29 (69) 5 (50)
Female 5(25) 8 (36.4) 13 (30.9) 5(50)
CORAD Score CORADS 4 6 (30) 3(13.6) 9(21.4) 0(0)
CORADS 5 14 (70) 19 (86.4) 33(78.6)
CTSS <10 12 (60) 0(0) 12 (28.6) 0(0)
>10-<20 8 (40) 16 (72.7) 24 (57.1)
>20-<25 0(0) 6(27.3) 6(14.3)
Symptoms Fever 15 (75) 15(68.2) 30(71.4) 0(0)
Cold 2 (10) 1(4.5) 3(7.1)
Cough 7 (35) 9 (40.9) 16 (38.1)
Breathlessness 9 (45) 12 (54.5) 21 (50)
Loss of taste & Smell 2 (10) 8 (36.4) 10 (23.8)
Common Comorbidities ~ Hypertension 5(25) 9 (40.9) 14 (33.3) 0(0)
Diabetes Mellitus 5(25) 9 (40.9) 14 (33.3)
Deceased 0(0) 3(13.6) 3(7.1) 0(0)
Platelet Count 191500 (150750—252750) 223000 (183000—275000) 199000 (155500—265000) 227189 (189500—275000)
Ferritin 243.5 (47—445.8) 303 (151.5-713) 287 (118—546.5) 256 (204.4—296)

D-Dimer (DOA) pug/mL
D-Dimer (Day 7) pg/mL

0.561 (0.361-0.729)
0.66 (0.395—1.768)

0.878 (0.682—1.891)
1.085 (0.889—1.523)

0.732 (0.467—1.157)
0.975 (0.51-1.523)

0.312 (0.289-0.355)

Data are represented in n (%) and median (IQR).
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4. Discussion

The role of ACE2 as a key receptor for the fusion and endocytosis
of SARS-CoV2 has been well documented [19,20]. Despite being a
viral receptor, ACE2 acts as a crucial regulator of RAAS by coun-
terbalancing the harmful effect of the ACE/RAAS signalling pathway
by its downstream ACE2/Angiotensin (1—7)/MAS axis [21].

In the normal physiological process, ACE2 exists in cellular/
membrane-bounded form (cACE2) with lower levels of ACE2 in
circulation (SACE2). However, in a pathological condition, especially
in CVD cases, elevated levels of sACE2 were strongly associated
with the downregulation of cACE2 [8]. The main finding of our
study is that the level of SACE2 was elevated in severe cases
compared to moderate cases and healthy controls at the time of
admission, which is a mean of day 7 post onset of symptoms.
Importantly, we also noted an enormous increase in Day 7
compared to baseline (day of admission) in the patient with severe
infection compared to non-severe COVID-19 patients. This shows
the persistent shedding of SACE2 from the early course of infection.
Our results were consistent with recent studies, investigating the
plasma level of ACE2 in SARS-CoV-2 [11,22,23]. Lier et al., found a
marked elevation of ACE2 in critically ill COVID-19 patients
admitted to the intensive care unit [22]. Similarly, Faygas et al.,
reported a higher level of ACE2 in critically ill and severe COVID-19
patients when compared to non-COVID-19 sepsis patients regard-
less of co-morbidities. Besides, the circulating ACE2 levels were

Table 3
Correlation between sACE2 & D-Dimer.

further increased during the hospital stay in critically ill COVID-19
patients [11]. Reindl-Schwaighofer et al. also found elevated levels
of ACE2 activity in the hospital-treated patient with severe COVID-
19 [23]. Unlike other soluble proteins which restores to the baseline
levels during the recovery phase of the virus infection, the ACE2
remained higher even after one month of post COVID-19 [24,25].
Moreover, they also noted a strong association between plasma
ACE2 level with disease severity and co-morbidities like hyper-
tension, heart disease as well as kidney disease [12]. In reference to
this, serum levels of ACE2 activity were also correlated with COVID-
19 severity and predicted mortality [11]. These observations with
our results indicate that the release of ACE2 into circulation is
increased in COVID-19 patients. Despite the above observation,
controversial results on ACE2 levels have been reported in COVID-
19 patients like unchanged [26,27] or even very low level of SACE2
[28] when compared to control. Since the early prognosis of disease
outcome and effective disease management are the only way to
prevent severe complications or death, the discovery of novel
blood-based biomarkers in COVID-19 is urgently necessary. In this
view, we have recently reviewed a set of potential biomarkers for
the early prognosis of COVID-19 disease outcomes [29]. Indeed,
several studies recommend that SACE2/human recombinant sACE2
could be a promising potential therapy for COVID-19 management
[30—33]. But, further clinical studies are required to confirm the
clinical value of recombinant ACE2 administrated in COVID-19
patients.

SACE2 vs D-Dimer

Groups

All COVID-19
Severe COVID-19
Moderate COVID-19

Day 1

R=0917 & P < 0.001
R =0.964 & P < 0.001
R =0.947 & P < 0.001

Fig No. Day 7 Fig No.
A R =0.670 & P < 0.001 B
C R =0.924 & P < 0.001 D
E R =0.835 &P < 0.001 F
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P < 0.001); Correlation between ACE2 and D-Dimer in Moderate COVID-19 group at the (E) Day 1 (R = 0.947 & P < 0.001) and (F) Day 7 (R = 0.835 & P < 0.001). Since the data was
non-parametric, Spearman's Rho Correlation was used to compare the data. P-value < 0.05 is considered significant.

Previous studies showed the virus-induced shedding of ACE2 in
SARS-CoV-1 which may be due to infected tissues and/or cells that
influence ACE2 shedding into circulation [34,35]. Though the actual
role of soluble ACE2 is not known yet, its excessive shedding into
circulation may be as part of protective mechanism by the host in
order to combat the incoming virus. This property is currently
being exploited by developing soluble ACE2 as a therapeutic target
to decoy virus. On the contrary, a study demonstrated that the
activity of ADAM17 (A Disintegrin and metalloproteinases 17) is
enhanced by the internalization of SARS-CoV-1-ACE2 in the ACE2
cytoplasmic dependent manner [36], thereby resulting in proteo-
lytical cleavage of membrane-bounded/cACE2 [37]. This indicates
that the internalization of virus mediated-ACE2 prompts positive
feedback, which is harmful to tissues. For instance, depletion of
ACE2 leads to elevation of Ang Il and activation of A1T receptor,
which in turn activates ADAM17. Thus, a substantial reduction of
ACE2 is indirectly involved in its cleavage by ADAM17 and further
depletion of ACE2 in the tissue and release its soluble form (SACE2)
into circulation [38,39]. Similarly, a catalytically active form of
TMPRSS2 can interact with ACE2 and enzymatically cleave to
generate SACE2. Apart from this, TMPRSS11D, HNP/TMPRSS1, and
ADAM10 were shown to cleave ACE2 receptors [35,40]. Moreover,
other stimuli such as cytokine and elevated levels of Ang II can
increase the shedding of ACE2 into circulation [35,41]. Meanwhile,
elevated levels of Ang II promote thrombosis through the
thrombin-dependent pathway as well as the pro-inflammatory
response by AT1R [42,43]. Recently, a review described that ACE2
expressed on the surface of endothelial cells (ECs) is cleaved by
ADAM17 [44]. Indeed, the infected ECs and activation of macro-
phages in the pulmonary alveoli are considered the main source of
pro-inflammatory cytokines that lead to cytokine storms [45]. On
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the other hand, ACE2 mediated SARS-CoV-2 infection of ECs trig-
gers the activation of ECs followed by endothelial damage [46,47].
This could be a possible reason for the release of sACE2 into cir-
culation due to the hyper-permeability of pulmonary vascular ECs.
Thus, further studies on serine proteases and matrix metal-
loproteases involve in the shedding of ACE2 during COVID-19
infection could provide some light endothelial dysfunction and
the pathogenesis of COVD-19.

Recent studies have shown that the major risk factor for fatal
infection is male gender, increased age, and comorbidities like
hypertension, diabetes, and heart disease [48,49]. A recent review
by Malik et al. has described the pathophysiology of COVID-19 and
its pathophysiology on various pre-existing pathological conditions
such as cardiovascular complications (cardiovascular disease and
myocarditis, acute myocardial infraction, chronic myocardial
infraction, cardiomyopathy), neurological consequences (Parkin-
son's diseases, Autism spectrum disease, Guillain-Barre Syndorme,
acute cerebrovascular disease, encephalitis, encephalopathy), can-
cer, hemophagocytic lymphohistiocytosis, hypertension, diabetes
milletus, and other infections (mucormycosis and ganagrene) [50].
The article provided a link with ACE2 and cardiac injury among
COVID-19 cases. Interestingly an in vivo study documented an ACE2
dependent cardiac injury in SARS-CoV2 infected mouse models
[50,51]. In the present study, we observed an elevated level of
sACE2 in male patients with severe COVID-19 compared to female
patients, indicating that male patients are more susceptible to
SARS-CoV-2 infection with increasing disease severity. Also, the
levels of SACE2 were found to be substantially increased in patients
with hypertension, diabetes, and both the comorbidities in severe
and all COVID-19 group at day 7 compared to the baseline (time of
admission). This shows that plasma levels of SACE2 are significantly
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Fig. 6. The precise role of SACE2 in COVID-19 disease virulence.

increased in patients with pre-existing conditions (hypertension &
diabetes), especially in severe COVID-19 cases. This emphasizes the
importance of ACE2 in severe COVID-19 disease associated with
pre-existing diseases.

A strong positive association between sACE2 and D-dimer
observed in the present study shows that ACE2 may be involved in
hyper-coagulation and thrombin formation. Coagulation is a
cellular process that involves the interaction of ECs, platelet with
coagulation factors. Upon SARS-CoV-2 infection, endothelial dys-
regulation results from ACE2-mediated binding of SARS-CoV-2,
hyper-inflammation, and upregulation of pro-thrombin [52]. In
addition, ECs lose their vascular integrity and undergoes apoptosis,
which leads to exposure of the thrombogenic basement membrane
and activation of various clotting factors [53]. The activated ECs
trigger coagulation by expressing VWF, fibrinogen, and P-selectin,
through which platelet binds and gets activated [54]. Activated
platelets produce VEGF, which induces ECs to express tissue factor
(main activator of the coagulation pathway) that stimulates the
fibrinolytic system, thereby enhancing the degradation of fibrin via
plasmin and releasing D-dimer into circulation [55,56]. In reference
to this, a study hypothesized that excess release of D-dimer into
circulation during SARS-CoV-2 infection may be due to coagulop-
athy induced by EC's apoptosis [57]. However, further studies are
needed to elucidate the precise role of ACE2 in endovascular
thrombotic processes, which could provide some light on COVID-19
disease pathogenesis.

Some of the important questions needs to be addressed (Fig. 6)
to decipher the precise role of SACE2 in COVID-19 disease virulence
(1) Role of SARS-CoV-2 variant in modulating ACE2 activity (2)
Proportion of membrane-bounded ACE2 and sACE2 during SARS-
CoV-2 infeciton (3) Role of sACE2 in Asymptomatic cases (4) Ef-
fect of ACE2 SNPs in host-pathogen interaction.

5. Conclusion

To conclude, the plasma level of ACE2 along with D-Dimer could
be an indicator for the early prediction of COVID-19 disease
severity. However further studies are required to ascertain it. The
study results lays a foundation for further investigation of soluble
ACE2 functions in endothelial dysfunction and hyper-coagulation
during SARS-CoV-2 infection.
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