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ABSTRACT
The pivotal role of the cell entry receptor ACE2 for SARS‐CoV‐2 infection is well‐established. When ACE2 is shed from

cell surface into plasma as soluble ACE2 (sACE2), it can effectively neutralize SARS‐CoV‐2. This longitudinal pro-

spective cohort study analyzed sACE2 activity in 1192 participants, aged 4 months to 81 years, 3 and 12 months after

SARS‐CoV‐2 household exposure. Following SARS‐CoV‐2 exposure, participants exhibited significantly elevated sACE2

activity, irrespective of confirmed infection, with the highest levels observed in exposed children. Longitudinal analysis

revealed a decline in sACE2 levels over time, reaching levels comparable to age‐ and sex‐matched pre‐pandemic con-

trols. An increase in sACE2 activity was also confirmed in vitro in Calu‐3 (human lung) cells within hours of SARS‐
CoV‐2 exposure, providing a direct link between SARS‐CoV‐2 exposure and elevated sACE2. This study, therefore,

challenges the dichotomy of categorizing SARS‐CoV‐2 exposed participants as infected or not infected solely on cur-

rently established diagnostic assays. It demonstrates lasting host responses independent of B‐ and T‐cell memory and
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may help to keep SARS‐CoV‐2 infections in balance and contribute to successful virus clearance in children and adults

lacking humoral and cellular immune responses following SARS‐CoV‐2 exposure.

Trial Registration: German Registry for Clinical Studies; Identifier: D 00021521.

1 | Introduction

The emergence of severe acute respiratory syndrome coronavirus
type 2 (SARS‐CoV‐2) brought the world to a standstill in the
spring of 2020. The lack of preexisting immunity to this virus and
its ability to evade and dysregulate the immune system, coupled
with widespread transmission, created a global public health
crisis. Driven by the high clinical need for a better understanding
of the most severe COVID‐19 cases, there has been a dis-
proportionate focus on severely affected elderly patients with
symptomatic COVID‐19. A better understanding of the physio-
logical virus−host interaction in asymptomatic or mildly affected
immune‐naïve adults and especially children during and after the
first viral encounter may be crucial for a better understanding of
the history of SARS‐CoV‐2 and may help us to be better prepared
for future emerging viruses beyond SARS‐CoV‐2.

One of the key features that enable SARS‐CoV‐2 to infect and
replicate in host cells is its ability to attach to the cell surface via
the host cell receptor angiotensin‐converting enzyme 2 (ACE2)
[1–3]. Entry mediated by ACE2 is observed for many other
coronaviruses, including SARS‐CoV, MERS‐CoV, HCoV‐NL63,
and bat coronaviruses [4–6]. Physiologically, ACE2 acts as a key
regulator of the renin−angiotensin system (RAS) [7]. ACE2
reduces cytokine release, protects against organ damage in
cardiovascular, renal, hepatic, and pulmonary disease [8] and
has been shown to protect against coronavirus‐induced acute
respiratory distress syndrome (ARDS) [9, 10]. To fulfill its reg-
ulatory role in the RAS, cellular ACE2 (cACE2) must first be
transported to the cell surface, where it is cleaved by host pro-
teases to produce an enzymatically active soluble form of ACE2
(sACE2) in the plasma [11]. sACE2 not only retains its enzy-
matic activity [12, 13], which correlates linearly with plasma
concentration [14], but also its ability to bind to SARS‐CoV‐2
(reviewed in [15]).

The spike protein is able to induce shedding of membrane‐
bound ACE2 into plasma, and an increase in sACE2 has been
demonstrated for SARS‐CoV and HCoV‐NL63, which also
depend on ACE2 for viral entry [16, 17]. Preclinical studies have
shown effective neutralization of SARS‐CoV‐2 and other ACE2‐
tropic viruses by recombinant sACE2, providing an immune‐
cell‐independent and mutational‐resistant broad‐spectrum
defense mechanism that inhibits SARS‐CoV‐2 infection locally
in the respiratory tract, but also systemically in blood vessels
and secondary organs (reviewed in [15]).

SARS‐CoV‐2‐specific B‐ and T‐cell responses may be absent,
especially in asymptomatic or mildly infected individuals [18,
19]. Children, in particular, more often lack B‐ and T‐cell
responses [18, 19] but clear SARS‐CoV‐2 rapidly [20], making it
more difficult to detect infections with currently established
detection methods. Therefore, reliable surrogate markers are
needed to close this diagnostic gap.

Increased sACE2 serum concentration and activity have been
reported during [21–27] and up to 4 months after [21, 28, 29]
SARS‐CoV‐2 infection in adults, but no studies have determined
sACE2 after asymptomatic SARS‐CoV‐2 infection, and especially
in participants with proven SARS‐CoV‐2 household exposure but
no evidence of infection. We, therefore, investigated sACE2 lon-
gitudinally in a cohort of children and adults with household
exposure to SARS‐CoV‐2 during the first wave of the pandemic.
This provided a unique opportunity to study the effects of SARS‐
CoV‐2 exposure in immune‐naïve adults and children.

We hypothesized that sACE2 activity would be elevated not only in
participants with a proven SARS‐CoV‐2 infection but also in par-
ticipants with a proven SARS‐CoV‐2 exposure but who showed no
evidence of a SARS‐CoV‐2 infection using current detection
methods. We moreover hypothesized that sACE2 activity would be
particularly elevated in young children, who clear SARS‐CoV‐2 via
immune defense mechanisms independent of B‐ and T‐cells.

In addition, we investigated whether sACE2 expression was
associated with persistent symptoms, as persistent symptoms
after SARS‐CoV‐2 infection (long COVID) have been attributed
to sACE2 (reviewed in [30]).

2 | Methods

2.1 | Study Design and Conduct

This study is part of a multicentre, non‐interventional, prospective,
observational cohort study of households with at least one child
and one SARS‐CoV‐2‐infected index case as confirmed by reverse
transcriptase polymerase chain reaction (RT‐PCR) in the German
state of Baden‐Württemberg (German Registry for Clinical Studies
[DRKS], study ID 00021521). The study was initiated by the Uni-
versity Children's Hospitals of Heidelberg, Freiburg, Tübingen, and
Ulm. Results on household transmission [31, 32], immune
responses [18, 33–37], and persistent symptoms [38] have been
published previously. Participants recruited at the Heidelberg,
Tübingen, and Ulm study sites were included in this substudy.
Households were eligible for enrollment if they met all of the
following inclusion criteria: (i) ≥ 1 household member with an
RT‐PCR‐proven SARS‐CoV‐2 infection from a nasopharyngeal or
oropharyngeal swab specimen collected ≥ 2 weeks before the study
visit, (ii) ≥ 1 household member < 18 years of age, (iii) residence in
the state of Baden‐Württemberg, and (iv) all household members
were officially released from quarantine. Exclusion criteria were:
(i) lack of written informed consent, (ii) insufficient knowledge of
the German language. Study participants were investigated at a
first‐time point (T1) between May 11 to August 1, 2020, mean (SD)
3 ± 1 (range, 1−4) months after household infection and/or ex-
posure. They were asked to complete a questionnaire on age, sex,
the result of their SARS‐CoV‐2 RT‐PCR test, including test date,
COVID‐19‐associated symptoms (dysgeusia, cough, fever,
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diarrhea), and need for hospitalization. In Tübingen and Ulm, all
households that agreed to be recontacted were invited to partici-
pate at a second‐time point (T2). In Heidelberg, only households
with infected children were recruited for T2. T2 participation oc-
curred 12± 1 (range, 9−15) months after SARS‐CoV‐2 infection or
exposure. All participants answered questions about SARS‐CoV‐2
(re)infection and vaccination between T1 and T2 and persistent
moderate or severe symptoms (including fatigue, reduced exercise
tolerance, shortness of breath, sleep disturbances, low mood/
anxiety, dysgeusia/dysosmia, impaired concentration, memory
impairment, chest tightness, hair loss) still present at T2 (see [38]
for more details). An age‐ and sex‐matched healthy control group
of children and adults who had blood drawn for routine laboratory
analysis, for example, before elective minor surgery in early 2020,
with routine laboratory results within normal limits and excess
serum available were included as pre‐pandemic control samples.
None of these controls had another acute or chronic disease or
received any medication.

The study protocol was approved by the Institutional Review
Boards and Ethics Committees of the Medical Faculties
Heidelberg (S‐294/2020), Tübingen (293/2020BO2), and Ulm
(152/20). The study was conducted in accordance with the
Declaration of Helsinki. Written informed consent was obtained
from all participants and their parents or guardians, with assent
from children if appropriate for their age. The study was
designed, analyzed, and reported according to the STROBE
guidelines (https://www.strobe-statement.org).

2.2 | Detection of SARS‐CoV‐2‐Reactive
Antibodies and Infection History

Three commercially available immunoassays were used as per
the manufacturer's instructions to test all available specimens
for the presence of Anti‐SARS‐CoV‐2 S1 IgG (EI2606‐9601G;
EuroImmun), RBD IgG (11207377; Siemens), and Nucleocapsid
pan‐Ig (09203095190; Roche). Participants were defined as
seropositive if at least two of these three tests were positive and
as seronegative if at least two out of three tests were negative.
Participants were defined as “infected” if they either reported a
positive RT‐PCR test for SARS‐CoV‐2 before T1 or were sero-
positive at T1. Participants were defined as “not infected” if they
both did not report having had a positive SARS‐CoV‐2 RT‐PCR
test before T1 and were seronegative at T1. Participants who
self‐reported a SARS‐CoV‐2 infection or who seroconverted
between T1 and T2 were excluded from analysis at T2.

2.3 | SARS‐CoV‐2 Specific T‐Cell Response

In a subset of participants from Tübingen, PBMCs were
collected and SARS‐CoV‐2 specific T‐cell responses were
determined using an interferon‐γ enzyme‐linked immuno-
spot assay (IFN‐γ ELISPOT) assay after 12 days of in vitro
stimulation as described previously [18, 39]. Briefly, PBMCs
were seeded in 48‐well plates on day 0. Human leukocyte
antigen (HLA) class I or HLA‐DR isotype‐restricted epitope
compositions (EC) were added to the PBMC cultures on
Day 1. Cultures were supplemented with interleukin‐2

(Novartis) and interleukin‐7 (PeproTech) on Days 2, 5, 7,
and 9. PBMCs were harvested on Day 12, counted, and
analyzed by IFN‐γ ELISPOT in replicates. PBMCs were
seeded into 96‐well microtiter plates (Millipore) coated with
anti‐IFN‐γ (clone 1‐D1K, 2 µg mL−1, MabTech). ECs for
HLA class I and HLA‐DR were added to each well. Ten
percent DMSO was used as a negative control and PHA
(10 µg mL−1, Sigma‐Aldrich) as a positive control. After 24 h
of incubation, the cells were removed, and the wells were
washed. IFN‐γ spots were labeled by incubation with bioti-
nylated anti‐IFN‐γ detection antibody (clone 7‐B6‐1,
0.3 µg mL−1, MabTech) for 2 h and visualized by addition
of ExtrAvidin alkaline phosphatase (1:1000 dilution, Sigma‐
Aldrich) and substrate BCIP/NBT (Sigma‐Aldrich). The
reaction was stopped after 7 min, the plates were dried and
spot counts were determined using an ImmunoSpot S6
Ultra‐V Analyzer (C.T.L.). Mean spot counts of replicates
were calculated and normalized to 5 × 105 cells. Intensities
of T‐cell responses were calculated by subtracting the nor-
malized mean spot counts of the EC‐stimulated samples and
the corresponding negative controls. T‐cell responses were
considered positive if the normalized mean spot count was
≥ 3 times that of the corresponding negative control and the
intensity was ≥ 10. The normalized mean spot count for the
positive control had to be ≥ 100.

2.4 | Incubation of Human Lung Cells With
SARS‐CoV‐2 Spike Pseudovirus

The human lung cell line Calu‐3 was used for this experiment.
Cells were seeded into a 96‐well plate at a density of 30 000 cells
per well in 100 µL DMEM supplemented with 20% fetal calf serum
(FCS) and 2mM sodium pyruvate. After 24 h, cells were washed
with PBS and subsequently exposed to SARS‐CoV‐2 Spike (S)‐
pseudotyped lentiviral particles (SCoV‐2‐Spike), generated in 293 T
cells (human kidney) in Opti‐MEM using a standard second‐
generation lentiviral vector protocol with a synthetic codon‐
optimized SARS‐CoV‐2 S gene (Wuhan‐Hu‐1 strain) [40, 41]. As a
negative control for SARS‐CoV‐2 spike‐mediated entry, pseudo-
typed lentiviral particles were generated in the same manner as
previously described, but instead of a spike‐encoding plasmid, an
empty vector was used. Supernatants were collected 16 h after
exposure to determine the activity of the sACE2 enzyme.

2.5 | sACE2 Plasma Enzyme Activity

The sACE2 plasma enzyme activity was determined in
all available T1 and T2 serum samples from Tübingen and
Heidelberg and in T1 samples from Ulm (limited serum
volumes at T2) centrally at the study site in Heidelberg. We
also determined sACE2 plasma enzyme activity in pre‐
pandemic control samples and in the supernatant of Calu‐3
(human lung) cells after 16 h of exposure to pseudovirus with
and without SARS‐CoV‐2 Spike. T1 samples from Heidelberg
and pre‐pandemic control samples were analyzed in June
2020. All other samples (Tübingen [T1 and T2], Ulm [T1], and
Heidelberg [T2]) were analyzed in June 2021. Therefore, the
Heidelberg samples were measured 2 months after collection
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at T1 and T2 to avoid bias from different sample storage times,
whereas all Tübingen samples were measured together to
control for batch effects. The pre‐pandemic control samples
were measured 4−6 months after collection, which is longer
than the Heidelberg samples (2 months) but shorter than the
T1 samples from Tübingen and Ulm (1 year). Plasma sACE2
enzyme activity was determined using the commercially
available SensoLyte 390 ACE2 activity assay kit (72086;
AnaSpec) according to the manufacturer's protocol. The fluo-
rescence of Mc‐Ala was monitored at excitation/emission
330 nm/390 nm. All reactions were performed in 96‐well,
clear, flat‐bottomed polystyrene microplates (82.1581.001;
Sarstedt, Nümbrecht, Germany).

2.6 | Statistical Analysis

Analyses were performed using GraphPad Prism version 9
(GraphPad Software, San Diego, CA, USA). Binary or cate-
gorical variables are presented as absolute frequencies (n)
and relative frequencies (%) and assessed by a chi‐squared
test. Continuous variables are presented as mean with SD.
Differences in continuous variables between two groups
were compared by two‐tailed unpaired or paired t‐test and
between more than two groups by ordinary one‐way AN-
OVA. Linear regression analysis was used to analyze
whether sACE2 at T1 (Models 1 and 3) and T2 (Model 2) was
influenced by the variables sex, age, and SARS‐CoV‐2
infection (Models 1 and 2) and additionally by SARS‐
CoV‐2 vaccination (Model 2) or anti‐SARS‐CoV‐2 Ig (anti‐N
pan‐Ig, anti‐S1‐RBD IgG, and anti‐S1 IgG), symptoms, and
hospitalization during the acute SARS‐CoV‐2 infection
(Model 3). To investigate risk factors predicting moderate/
severe persistent symptoms still present at T2, we used a
logistic regression model (Model 4) with the same inde-
pendent variables as in Model 1 or 2 and additionally sACE2
at T1. No imputation was performed. No a priori formulated
hypotheses were tested; therefore, all p values and confi-
dence intervals (CIs) are reported as descriptive measures.

3 | Results

3.1 | Participants and Characteristics

We enrolled 1376 participants from 338 households with at
least one child and one SARS‐CoV‐2 infected index case as
confirmed by RT‐PCR. One hundred and sixty‐five partici-
pants with insufficient sample volume/quality for sACE2 and
SARS‐CoV‐2 serological testing and three participants with
an unclear SARS‐CoV‐2 infection history were excluded
(Figure 1). In accordance with previous reports [42], parti-
cipants with diabetes mellitus (n = 14) and with chronic
kidney disease (n = 2) had increased sACE2 activity
(Figure S1), and were therefore excluded. A total of 1192
participants aged 4 months to 81 years were available for final
analysis. Five hundred and ninety‐four participants were
defined as infected (SARS‐CoV‐2 RT‐PCR and/or antibody
positive). Five hundred and ninety‐eight participants were
SARS‐CoV‐2 seronegative without a documented positive

RT‐PCR and therefore defined as only exposed at T1 (Table 1;
Figures S2 and S3). SARS‐CoV‐2 infection was more common
in participants aged ≥ 12 years (adolescents and adults) than
in those aged < 12 years (children) (492/857 [57.4%] vs. 102/
335 [30.4%]; p < 0.0001), and infected adolescents and adults
were more likely to be symptomatic than infected child-
ren (417/492 [84.8%] vs. 55/102 [53.9%]; p < 0.0001). Hos-
pitalization was rare in both groups (14/492 [2.8%] vs.
2/102 [2.0%]).

Of the 1192 participants included for analysis at T1, 597
completed a questionnaire on persistent symptoms still pres-
ent at T2; 12 months after SARS‐CoV‐2 household exposure.
Seven participants were excluded due to self‐reported or
laboratory‐confirmed SARS‐CoV‐2 (re)infection between T1
and T2. Of the 590 included participants, 106 participants
(18.0%) reported moderate or severe symptoms that were still
present 11−12 months after SARS‐CoV‐2 exposure. As previ-
ously reported [38], persistent symptoms were more frequent in
infected than in exposed participants (86/361 [23.8%] vs. 20/229
[8.7%]; p< 0.0001), in adolescents and adults than in
children (100/430 [23.3%] vs. 6/160 [3.8%]; p< 0.0001), and in
females than in males (67/301 [22.3%] vs. 39/289 [13.5%];
p= 0.0056).

In a subset of 345 participants sACE2 was measured longitu-
dinally at both T1 and T2 (Figure 1). In addition, we included
pre‐pandemic samples from SARS‐CoV‐2 unexposed controls
(n= 154). The sex and age distributions were balanced between
groups (Table 1).

In an age‐ and sex‐representative subset (n= 67) of the 598
exposed participants without evidence of a SARS‐CoV‐2
infection (Supporting Information S1: Table 1), we deter-
mined T‐cell responses against multiple SARS‐CoV‐2 specific
antigens 3 months after the SARS‐CoV‐2 household exposure.
Of the 67 participants, 38 participants (56.7%) had a SARS‐
CoV‐2 specific T‐cell response, while 29 (43.3%) had no cel-
lular response.

3.2 | sACE2 Enzyme Activity 3 and 12 Months
After SARS‐CoV‐2 Exposure

At 3 months after SARS‐CoV‐2 exposure (T1), mean sACE2 en-
zyme activity was significantly higher in participants than in SARS‐
CoV‐2 unexposed controls (120.1 ± 28.1 vs. 92.5 ± 35.1 µU/mL;
p<0.0001; Figure 2A). Elevated sACE2 enzyme activity was
observed not only in participants with SARS‐CoV‐2 infection
(seropositive and/or positive RT‐PCR) but also in participants only
exposed to SARS‐CoV‐2 and without evidence of infection
(seronegative and no positive RT‐PCR). Infected and exposed
participants had similar sACE2 levels at T1 (119.6 ± 28.8 vs.
120.6 ± 27.4 µU/mL; p=0.82; Figure 2B), also with different defi-
nitions of seropositivity (Figure S4).

We were able to determine sACE2 longitudinally at 3 months
(T1) and 12 months (T2) after SARS‐CoV‐2 household ex-
posure in a representative subset (n = 345) of the full cohort
(sACE2 at T1: 119.4 ± 24.3 vs. 120.1 ± 28.1 µU/mL; p = 0.66).
In this longitudinal cohort, mean sACE2 decreased
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significantly from T1 to T2 (119.4 ± 24.3 vs. 91.8 ± 20.2 µU/mL;
p< 0.0001; Figure 2C) to levels observed in unexposed
pre‐pandemic controls (91.8 ± 20.2 vs. 92.5 ± 35.1 µU/mL;
p= 0.96; Figure 2A,D). This effect was observed indepen-
dently at both study sites (Figure S5) and in infected and
exposed participants who had similar sACE2 levels also at T2
(Figure 2D).

As shown in pre‐pandemic cohorts [43, 44], mean sACE2 dif-
fered between sexes at both time points, with slightly but sig-
nificantly higher sACE2 activity in males than in females at T1
(Figure 3A and Supporting Information S1: Table 2) and T2
(Figure 3B and Supporting Information S1: Table 3). Children
had slightly higher sACE2 than adolescents and adults at T1
(Figure 4A and Supporting Information S1: Table 2), but a

FIGURE 1 | Study flow diagram.

5 of 12



T
A
B
L
E
1

|
D
em

og
ra
ph

ic
ch

ar
ac
te
ri
st
ic
s
of

u
n
ex
po

se
d
co
n
tr
ol
s
an

d
st
u
dy

pa
rt
ic
ip
an

ts
3
(T
1)

an
d
12

(T
2)

m
on

th
s
af
te
r
SA

R
S‐
C
oV

‐2
h
ou

se
h
ol
d
ex
po

su
re
.

P
re
‐p
an

d
em

ic
co

n
tr
ol

co
h
or
t

P
ar
ti
ci
p
an

ts
in
cl
u
d
ed

at
T
1

P
ar
ti
ci
p
an

ts
in
cl
u
d
ed

at
T
2

P
ar
ti
ci
p
an

ts
w
it
h
sA

C
E
2
d
at
a

at
T
2

A
ll

<
12

ye
ar
s

≥
12

ye
ar
s

A
ll

<
12

ye
ar
s

≥
12

ye
ar
s

A
ll

<
12

ye
ar
s

≥
12

ye
ar
s

A
ll

<
12

ye
ar
s

≥
12

ye
ar
s

T
ot
al

n
o
of

pa
rt
ic
ip
an

ts
15
4

46
10
8

11
92

33
5

85
7

59
0

16
0

43
0

34
5

89
25
6

A
ge
,
ye
ar
s

m
ea
n
±
SD

(r
an

ge
)

26
.7
±
20
.-

7
(0
−
79
)

7.
2
±
3.
5

(0
−
11
)

35
.1
±
19
.7

(1
2−

79
)

28
.4
±
18
.-

4
(0
−
81
)

6.
8
±
3.
1

(0
−
11
)

36
.9
±
14
.6

(1
2−

81
)

29
.1
±
18
.-

5
(0
−
81
)

7.
2
±
3.
0

(0
−
11
)

37
.3
±
14
.8

(1
2−

81
)

29
.9
±
18
.-

7
(0
−
81
)

7.
0
±
3.
1

(0
−
11
)

37
.7
±
15
.-

0
(1
2−

81
)

Se
x F
em

al
e,

n
(%

)
81

(5
2.
6)

22
(4
7.
8)

59
(5
4.
6)

60
6
(5
0.
8)

16
6

(4
9.
6)

44
0
(5
1.
3)

30
1
(5
1.
0)

74
(4
6.
3)

22
7
(5
2.
8)

18
2
(5
2.
8)

43
(4
8.
3)

13
9
(5
4.
3)

M
al
e,

n
(%

)
73

(4
7.
4)

24
(5
2.
2)

49
(4
5.
4)

58
6
(4
9.
2)

16
9

(5
0.
4)

41
7
(4
8.
7)

28
9
(4
9.
0)

86
(5
3.
8)

20
3
(4
7.
2)

16
3
(4
7.
2)

46
(5
1.
7)

11
7
(4
5.
7)

SA
R
S‐
C
oV

‐2
in
fe
ct
io
n

N
o,

n
(%

)
15
4
(1
00
)

46
(1
00
)

10
8
(1
00
)

59
8
(5
0.
1)

23
3

(6
9.
6)

36
5
(4
2.
6)

22
9
(3
8.
8)

89
(5
5.
6)

14
0
(3
2.
6)

10
9
(3
1.
6)

44
(4
9.
4)

65
(2
5.
4)

Y
es
,
n
(%

)
0
(0
.0
)

0
(0
.0
)

0
(0
.0
)

59
4
(4
9.
9)

10
2

(3
0.
4)

49
2
(5
7.
4)

36
1
(6
1.
1)

71
(4
4.
4)

29
0
(6
7.
4)

23
6
(6
8.
4)

45
(5
0.
6)

19
1
(7
4.
6)

SA
R
S‐
C
oV

‐2
va
cc
in
at
io
n

N
o,

n
(%

)
15
4
(1
00
)

46
(1
00
)

10
8
(1
00
)

11
92

(1
00
)

33
5
(1
00
)

85
7
(1
00
)

52
0
(8
8.
1)

16
0
(1
00
)

36
0
(8
3.
7)

31
6
(9
1.
6)

89
(1
00
)

22
7
(8
8.
7)

Y
es
,
n
(%

)
0
(0
.0
)

0
(0
.0
)

0
(0
.0
)

0
(0
.0
)

0
(0
.0
)

0
(0
.0
)

70
(1
1.
9)

0
(0
.0
)

70
(1
6.
3)

29
(8
.4
)

0
(0
.0
)

29
(1
1.
3)

6 of 12 Journal of Medical Virology, 2024



stronger decline from T1 to T2 (Figure S6) resulting in lower
sACE2 at T2 (Figure 4B and Supporting Information S1:
Table 3). The difference at T1 was driven by significantly higher
sACE2 in exposed children (Figure 4C). There was a trend of a
higher sACE2 activity in patients vaccinated to SARS‐CoV‐2 at
T2 (p= 0.074, Supporting Information S1: Table 3). In a sub-
group analysis of infected participants only (n= 594), sex
(p< 0.0001) but not age, anti‐SARS‐CoV‐2 Ig, and symptoms or
hospitalization during the acute SARS‐CoV‐2 infection were

significantly associated with sACE2 at T1 (Supporting Infor-
mation S1: Table 4).

In a representative subset (n= 67) of the full cohort of exposed
participants without evidence of a SARS‐CoV‐2 infection
(sACE2 at T1: 122.8 ± 16.1 vs. 120.6 ± 27.4 Uµ/mL; p= 0.52), we
determined T‐cell responses against multiple SARS‐CoV‐2 an-
tigens 3 months after SARS‐CoV‐2 household exposure. Mean
sACE2 did not differ between T‐cell responders and

FIGURE 2 | Soluble ACE2 (sACE2) activity in sera from unexposed pre‐pandemic controls (n= 154) and (A) participants 3 months (n= 1192)

and 1 year (n= 345) after SARS‐CoV‐2 exposure, (B) categorized by participants with (n= 594) and without (n= 598) evidence of infection 3 months

after exposure, and (D) categorized by participants with (n= 236) and without (n= 109) evidence of infection 12 months after exposure. (C)

Longitudinal sACE2 activity from 345 participants 3−12 months after SARS‐CoV‐2 exposure. Individual data for each participant are depicted

in gray. (A, B, D) Mean and 1 ± times standard deviation and (C) longitudinal mean are shown in black. p values were calculated using (A, B, D) one‐
way ANOVA (A: F[2, 1688] = 184.4, p< 0.0001; B: F[2, 1343] = 61.9, p< 0.0001; D: F(2, 496) = 0.33, p = 0.72) with Tukey correction for multiple

comparisons and (C) paired t‐test.
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nonresponders 3 months after household exposure (123.4 ± 17.3
vs. 122.1 ± 14.5 Uµ/mL; p= 0.74; Figure 5A). Of the 29 non-
responders, 22 also had sACE2 measured at T2, and sACE2
decreased from T1 to T2 in all 22 participants (124.1 ± 14.4 vs.
91.4 ± 9.47 Uµ/mL; p< 0.0001; Figure 5B).

3.3 | Relationship of sACE2 With Long COVID
Symptoms 1 Year After SARS‐CoV‐2 Exposure

Whether sACE2 is associated with the development of long
COVID is an ongoing debate [30]. We therefore analyzed
whether sACE2 at T1 (3 months after SARS‐CoV‐2 exposure)
predicted moderate or severe persistent symptoms present
1 year after SARS‐CoV‐2 exposure (Supporting Information S1:
Table 5). The risk of moderate or severe persistent symptoms
still reported 1 year after SARS‐CoV‐2 was associated with a
laboratory‐confirmed SARS‐CoV‐2 infection (OR 2.68 [95% CI
1.60−4.67]; p= 0.003), female sex (OR 1.79 [95% CI 1.13−2.86];
p= 0.014), and age ≥ 12 years (OR 6.40 [95% CI 2.95−16.78];
p< 0.0001). It was not associated with sACE2 activity (OR 1.00
[95% CI 0.996−1.004]; p= 0.95), and moreover, sACE2 at T1
and at T2 did not differ significantly between infected partici-
pants with and without persistent symptoms (Figure S7).

3.4 | sACE2 After SARS‐CoV‐2‐Spike Pseudovirus
Exposure In Vitro

To investigate whether ACE2 shedding may be a direct effect of
cells being exposed to SARS‐CoV‐2 spike, as demonstrated for
SARS‐CoV and HCoV‐NL63 [16, 17], we employed a
pseudovirus‐based assay using lentiviral particles that bear the
SARS‐CoV‐2 spike surface protein (SCoV‐2 spike). ACE2‐
expressing Calu‐3 (human lung) cells exposed to SCoV‐2 spike
pseudovirus for 16 h demonstrated significantly higher sACE2
activity in the supernatant than cells exposed to lentiviral particles
without SARS‐CoV‐2 spike (16.0 ± 5.70 vs. 5.27 ± 2.62Uµ/mL;
p=0.031; Figure 6).

4 | Discussion

The main finding of this study is that enzyme activity of the
soluble form of the SARS‐CoV‐2 cell entry receptor ACE2
(sACE2) was significantly elevated in participants after SARS‐
CoV‐2 household exposure, irrespective of confirmed infection.
Longitudinal analysis showed a significant decline in sACE2
activity from 3 to 12 months after exposure, reaching levels
comparable to those in unexposed pre‐pandemic controls.

We hypothesized that SARS‐CoV‐2 exposure can induce shed-
ding of membrane‐bound ACE2 into plasma as sACE2. Con-
sistent with this, not only infected but also exposed adults, as
well as adolescents and children without evidence of a SARS‐
CoV‐2 infection, showed at least equally elevated levels of
sACE2 after SARS‐CoV‐2 exposure. Despite exposure to SARS‐
CoV‐2, virus‐specific humoral or cellular immune responses
can be absent. In particular, young children clear SARS‐CoV‐2
rapidly [20] and more often lack a measurable B‐ and/or T‐cell
response [18]. In the present study, exposed children without
evidence of a SARS‐CoV‐2 infection had the highest sACE2
enzyme activity after SARS‐CoV‐2 exposure. This may indicate
successful and rapid SARS‐CoV‐2 neutralization by sACE2
without the need for a B‐ or T‐cell response to clear SARS‐
CoV‐2 in children.

In this current study, an increase in sACE2 activity was con-
firmed within hours of exposure to SCoV‐2 spike pseudovirus
in vitro, as previously demonstrated for SARS‐CoV and HCoV‐
NL63 [16, 17]. ACE2 shedding as well as elevated sACE2 after
SARS‐CoV‐2 exposure may help to keep SARS‐CoV‐2 infections
in balance. sACE2 has been shown to promote infections at low
concentrations, while at higher concentrations, it reduces the
likelihood of infection and severe disease in three synergistic
ways (reviewed in [15]). First, by reducing the abundance of
membrane‐bound ACE2, thereby reducing the ability of cor-
onaviruses to bind and infect host cells. Second, by neutralizing
SARS‐CoV‐2 extracellularly in the respiratory tract, blood, and
secondary organs as sACE2 retains its SARS‐CoV‐2 binding site.

FIGURE 3 | Soluble ACE2 (sACE2) in sera of (A) 1192 participants 3 months and (B) 345 participants 1 year after SARS‐CoV‐2 exposure

stratified by sex. Mean and 1 ± times standard deviation are shown in black and individual data for each participant are depicted in gray. p values

were calculated using unpaired t‐tests.
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Third, as a key regulator of the RAS to prevent increased
inflammation and organ damage as its enzymatic activity
remains intact after shedding. This limits the local and systemic
spread of infection and inflammation.

Trained immunity and a long‐term increase in the host's
innate immune response following SARS‐CoV‐2 exposure can
persist for months (reviewed in [45]), which could be associ-
ated with elevated sACE2 levels several weeks after SARS‐
CoV‐2 household exposure. Another possible explanation for
elevated sACE2 levels is persistent SARS‐CoV‐2 virus, RNA, or
protein triggering continuous sACE2 shedding. Although
SARS‐CoV‐2 primarily infects the respiratory tract, it can also
replicate in other organs that express ACE2. The highest ACE2
expression in the human body is found in the intestine
[46, 47]. In one meta‐analysis, viral RNA was found in 50%
(2690/5334) of fecal samples from patients with acute
COVID‐19, with the highest prevalence of 86% (127/148)

observed in children [48]. While SARS‐CoV‐2 infection is
usually cleared from the respiratory tract within 2 weeks,
clearance from other sites can be delayed and prolonged fecal
RNA shedding as well as organ persistence of RNA or viral
antigens have been reported in adults and children for
several months (reviewed in [49]).

Previous studies have reported elevated sACE2 concentration
and activity during [21–27] and up to 4 months after [21, 28, 29]
(severe) SARS‐CoV‐2 infections. sACE2 activity has been asso-
ciated with disease severity [22, 25, 27] and discussed as a result
of organ dysfunction. We did not find higher sACE2 in parti-
cipants with symptomatic infection during the acute SARS‐
CoV‐2 infection or in participants with moderate or severe
persistent symptoms (long COVID). Risk factors for severe
COVID‐19, such as age, male sex, obesity, diabetes mellitus, and
chronic renal and cardiac disease, are associated with high
sACE2 activity independent of SARS‐CoV‐2 [42–44, 50].

FIGURE 4 | Soluble ACE2 (sACE2) activity stratified by age group in sera of (A) 1192 participants 3 months and (B) 345 participants 1 year after

SARS‐CoV‐2 exposure and participants (C) without and (D) with evidence of infection 3 months after SARS‐CoV‐2 exposure. Mean and 1 ± times

standard deviation are shown in black and individual data for each participant are depicted in gray. p values were calculated using unpaired t‐tests.
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Our study has limitations. As discussed above, we most likely
missed to detect SARS‐CoV‐2 infections, especially in children.
For practical reasons, we could not evaluate sACE2 during the
potential infection by SARS‐CoV‐2. During the first pandemic
wave, household members were required to home‐quarantine
during the household infection and were not sequentially tested
due to the unavailability of rapid antigen tests and only limited
RT‐PCR test capacities. Another limitation is that we did not
have serum samples from participants before household ex-
posure to define baseline sACE2 levels. Instead, we used age‐
and sex‐matched pre‐pandemic controls for comparison. We
cannot exclude the possibility that increased sACE2 activity was
observed independently of SARS‐CoV‐2 exposure due to other

uncontrolled factors (e.g., isolation, stress, or inflammation).
However, blood samples were taken during general lockdowns
at T1 and T2 and additionally in Heidelberg at the same time of
the year (May) and day (morning). We were able to demonstrate
increased sACE2 activity within hours of exposure to SCoV‐2
spike pseudovirus in vitro, but we did not study continuous
SARS‐CoV‐2 or spike protein persistence in clinical samples or
continuous spike‐induced ACE2 shedding in vitro. An indirect
mechanism is presumably involved in the persistent release of
ACE2 3 months after SARS‐CoV‐2 exposure.

A major strength is the timing of the study, which provided a
unique opportunity to study the host responses of a diverse

FIGURE 5 | (A) Soluble ACE2 (sACE2) activity in sera of 67 exposed participants without prior evidence of SARS‐CoV‐2 infection (seronegative

and no positive PCR) 3 months after SARS‐CoV‐2 exposure stratified by SARS‐CoV‐2 specific T‐cell response. (B) Longitudinal sACE2 activity from

22 T‐cell negative participants 3−12 months after SARS‐CoV‐2 exposure. Individual data for each participant are shown in gray. (A) Mean and

1 ± times standard deviation and (B) longitudinal mean are shown in black. p value was calculated using (A) unpaired and (B) paired t‐test.

FIGURE 6 | (A) Schematic illustration of in vitro experiments to determine shedding of soluble ACE2 (sACE2) upon exposure to pseudovirus

particles bearing a SARS‐CoV‐2 spike protein (SCoV‐2 spike) (created with BioRender.com). (B) Absolute soluble ACE2 (sACE2) activity and the

change in sACE2 (ΔsACE2) activity in the supernatant of Calu‐3 (human lung) cells after 16 h of exposure to pseudovirus with (yes) versus without

(no) SARS‐CoV‐2 spike. Individual data points for each biologically independent experiment are depicted with black dots connected by lines. For

ΔsACE2 activity, the mean and confidence intervals between the experiments are shown. The p‐value was calculated using a paired t‐test.
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immune‐naïve cohort. Households were recruited through
health authorities during the first wave of the pandemic when
household members were SARS‐CoV‐2 naïve before household
exposure. The multicentre cohort of 1192 participants aged
4 months to 81 years, with mostly mild or asymptomatic
infections and exposures, and no overrepresentation of severe
COVID‐19, was a good representation of SARS‐CoV‐2 infections
and exposures in the general population.

In conclusion, this study provides new insights into host
responses after SARS‐CoV‐2 exposure. We observed that sACE2
enzyme activity after SARS‐CoV‐2 exposure was elevated inde-
pendent of confirmed infection by currently established assays,
and hypothesize that this mechanism may contribute to SARS‐
CoV‐2 clearance. This study therefore challenges the dichotomy
of categorizing SARS‐CoV‐2 exposed participants as infected or
not infected solely on currently established diagnostic assays.
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