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Abstract (German)

Angiotensin converting enzyme 2 (ACE2) ist der wichtigste Rezeptor fur severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), das Coronavirus verantwortlich fur
die Coronavirus disease 2019 (COVID-19) Pandemie. ACE2 existiert in zwei verschiede-
nen physiologischen Zustanden: membrangebunden und frei I6slich zirkulierend. Losli-
che ACE2 Proteine kdnnen als “decoy” genutzt werden, um die Bindung von SARS-CoV-
2 an membrangebundenes ACE2 zu verhindern und dadurch den Zelleintritt von SARS-
CoV-2 und die nachfolgende Replikation in der Zelle zu unterbinden. ACE2 618-DDC-
ABD ist ein modifiziertes, 16sliches ACE2 Protein mit verlangerter Aktivitat in vivo und
verbesserter Affinitat fur SARS-CoV-2. Diese Dissertation basiert auf meiner Arbeit mit
ACE2 618-DDC-ABD in k18hACE2 Mausen infiziert mit SARS-CoV-2, mit Fokus auf eine
Publikation, in welcher die Effektivitat verschiedener Anwendungsmodalitaten von ACE2
618-DDC-ABD verglichen wurde. Dabei wurden die Effekte auf Uberleben, Organtiter und
Lungen- und Hirnhistopathologie untersucht. ACE2 618-DDC-ABD wurde entweder intra-
nasal oder intraperitoneal verabreicht. Der Zeitpunkt der Verabreichung war entweder
sowohl vor als auch nach viraler Inokulation oder nur nach viraler intranasaler Inokulation
(je 2x10* Plaque forming units (PFU) SARS-CoV-2 (Wildtyp). Die Kontrollgruppe welche
ebenfalls mit SARS-CoV-2 inokuliert wurde erhielt bovine serum albumin (BSA) in Phos-
phate-buffered saline (PBS). An Tag 5 hatten 0% der Mause in der Kontrollgruppe tber-
lebt und die SARS-CoV-2 Titer in Lunge und Hirn waren hoch. Die intranasale Applikation
von ACE2 618-DDC-ABD sowohl vor als auch nach viraler Inokulation war den anderen
Anwendungsmodalitaten tberlegen. An Tag 5 betrug das Uberleben in dieser Gruppe
90%, Hirn SARS-CoV-2-Titer waren nicht detektierbar, und Lungen SARS-CoV-2-Titer
reduziert. Verabreichung von ACE2 618-DDC-ABD intraperitoneal oder nur nach viraler
Inokulation erzielte nur partiellen Schutz vor der hohen Letalitat. Zusatzlich waren die
SARS-CoV-2 Hirntiter in diesen Gruppen hoch. Zusammenfassend zeigen diese Studien,
dass die intranasale Applikation von ACE2 618-DDC-ABD der intraperitonealen Applika-
tion deutlich Uberlegen ist. Des Weiteren ist die Anwendung bereits vor viraler Inokulation
der alleinigen Anwendung nach viraler Inokulation Uberlegen. Die intranasale Applikation
von ACE2 618-DDC-ABD sowohl vor als auch nach viraler Inokulation fuhrte zu einem
beinahe vollstédndigen Uberleben der SARS-CoV-2 infizierten Mause in dieser Gruppe.

Therapien basierend auf I6slichen ACE2 Proteinen werden weiterhin erforscht und sind



ein potentieller Baustein in der Pravention und/oder Therapie von zukinftigen SARS-

CoV-2 Varianten sowie anderen Coronaviren, welche ACE2 als Rezeptor verwenden.



Abstract (English)

Angiotensin-converting enzyme 2 (ACEZ2) is the main cell entry receptor for SARS-CoV-
2, the coronavirus responsible for the COVID-19 pandemic. ACE2 exists in two different
forms: membrane-bound and soluble. Soluble ACE2 proteins have been proposed as
decoys to intercept SARS-CoV-2 from cell entry via membrane-bound ACE2 preventing
subsequent viral replication. ACE2 618-DDC-ABD is a bioengineered soluble ACE2 pro-
tein with a prolonged duration of action and improved binding affinity for SARS-CoV-2.
This dissertation is based on my work testing ACE2 618-DDC-ABD in k18hACE2 mice, a
model of lethal SARS-CoV-2 infection, focusing in particular on my latest publication com-
paring different administration modes of ACE2 618-DDC-ABD to improve survival, de-
crease viral organ titers, and protect from organ injury. ACE2 618-DDC-ABD was admin-
istered either intranasally or intraperitoneally and either pre- and post-viral inoculation or
only post-viral inoculation with 2x10* PFU ancestral SARS-CoV-2. In infected untreated
control mice that received BSA in PBS, survival on day 5 was 0% and brain and lung viral
titers were high. Lung injury was found to be severe; brain injury was subtle but con-
sistent. The best outcomes in terms of protection from lethality were achieved by intrana-
sal administration of ACE2 618-DDC-ABD when given both pre- and post-viral inocula-
tion. This resulted in 90% survival on day 5, the complete absence of brain viral titers,
decreased lung viral titers, and near-normal brain and lung histopathology. By contrast,
when ACE2 618-DDC-ABD was administered intraperitoneally or only post-viral inocula-
tion, there was only partial protection from lethality, brain viral titers were high in most
mice, and organ histopathology was improved only partially. In conclusion, this work
shows that intranasal administration of ACE2 618-DDC-ABD is superior to intraperitoneal
administration, and that combined pre- and post-viral inoculation dosing is more effective
than only post-viral inoculation dosing. When administered intranasally already before
viral inoculation, ACE2 618-DDC-ABD provided almost complete protection from lethality
in k18hACE2 mice infected with SARS-CoV-2. This supports the potential development
of soluble ACE2-based therapies for preventative/therapeutic use against current and fu-
ture variants of SARS-CoV-2 and other emerging coronaviruses that use ACE2 as their

main cell entry receptor.



1 Introduction

This work aims to contextualize the background, methods, results and potential implica-
tions of the following publication (1):

Hassler, L., Wysocki, J., Ahrendsen, J. T., Ye, M., Gelarden, I., Nicolaescu, V., Tomatsi-
dou, A., Gula, H., Cianfarini, C., Forster, P., Khurram, N., Singer, B.D., Randall, G.,
Missiakas, D., Henkin, J., & Batlle, D. (2023). Intranasal soluble ACE2 improves survival
and prevents brain SARS-CoV-2 infection. Life Science Alliance, 6(7)

1.1 Angiotensin-converting enzyme 2: enzyme of the Renin-Angiotensin-system

and cell entry receptor for SARS-CoV-2

Angiotensin-converting enzyme 2 (ACEZ2), discovered in 2000, is an enzyme of the Renin-
Angiotensin-system (RAS) that functions as a monocarboxypeptidase, cleaving the C-
terminus of Angiotensin (Ang) Il to form Ang-(1-7) (2, 3). Other substrates of ACE2 include
des-Arg® Bradykinin, Apelin 13, and Dynorphin 13 (4). The catalytical domain of ACE2
shares 42% homology with that of ACE, the enzyme that cleaves Ang | to form Ang Il (3).
While the ACE/Ang Il axis exerts mainly pro-inflammatory, pro-fibrotic and vasoconstric-
tive effects, the ACE2/Ang-(1-7) axis acts as its counterpart with anti-inflammatory, anti-
fibrotic and vasodilatory effects and is considered a potential therapeutic target for diabe-
tes, cardiovascular and renal disease (5-8). In 2003, ACE2 was reported to be the main
cell entry receptor for SARS-CoV, the coronavirus responsible for the SARS outbreak
that started in the fall of 2002 (9, 10). When SARS-CoV-2 emerged at the end of 2019,
ACE2 was soon found to be the main cell-entry receptor for this coronavirus responsible
for the COVID-19 pandemic (11-13). Binding of ACE2 to the receptor binding domain
(RBD) of the SARS-CoV-2 S1 spike protein induces conformational changes in the S1
spike protein (14-17). Transmembrane serine protease 2 (TMPRSS2) then cleaves S2’
within the S2 spike protein initiating membrane fusion and therefore cell entry (11, 14,
18). In the absence of TMPRSS2, SARS-CoV-2 can still enter the cell via clathrin medi-
ated endocytosis followed by S2’ cleavage by Cathepsins (11, 14, 19, 20).

ACE2 exists in two different forms: membrane-bound and as soluble proteins (2, 3). Mem-
brane-bound ACE2 consists of 805 amino acids and is anchored into the cell membrane
by a hydrophobic transmembrane region (2, 3, 21). Soluble ACE2 consists of 740 or less
amino acids, lacks the transmembrane domain and circulates in the blood in very small
amounts (2, 3, 22, 23). The membrane bound and the 740 amino acid soluble ACE2



protein contain a collectrin-like domain, located C-terminally just before the transmem-
brane domain, that mediates dimerization of two ACE2 proteins (21, 24-26). Soluble and
membrane bound ACEZ2 are both enzymatically active and can bind the S1 spike protein
of SARS-CoV-2 (2, 3, 13). Because soluble ACE2 is lacking the transmembrane domain
(2, 3), it cannot anchor into the cell membrane to mediate entry of SARS-CoV-2, as
demonstrated in human kidney organoids generated from an ACE2 knockout cell line that
does not express membrane bound ACE2 (27, 28). In the absence of membrane bound
ACEZ2 and presence of soluble ACE2, SARS-CoV-2 infection did not occur in the ACE2
knockout kidney organoids (28).

1.2 ACE2 decoy proteins for SARS-CoV-2 infection

The decoy effect of ACE2 was first demonstrated using SARS-CoV pseudovirus infection
in 293T cells permissive for SARS-CoV (29). ACE2 was reported as cell entry receptor
for SARS-CoV-2 in early 2020 (11-13). Shortly after, the use of soluble ACE2 proteins as
a decoy was proposed to prevent SARS-CoV-2 cell entry and subsequent replication (30,
31) (Figure 1). By administering a sufficient amount of soluble ACE2, the binding of the
S1 spike protein of SARS-CoV-2 to membrane-bound ACE2 can be intercepted, prevent-

ing cell entry and subsequent replication of SARS-CoV-2 (30) (Figure 1).
SARS-CoV-2 ; SARS-CoV-2 + soluble ACE2
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Figure 1. Hypothesized mechanism of action of soluble ACE2 proteins in SARS-CoV-2 infection.
From: Hassler et al (32), A novel soluble ACE2 protein provides lung and kidney protection in
mice susceptible to lethal SARS-CoV-2 infection, Journal of the American Society of Nephrology
(JASN) volume 33, issue 7, page 1303, figure 5 (not modified) https://jour-
nals.lww.com/jasn/Fulltext/2022/07000/A_Novel Soluble ACE2_ Protein_Pro-

vides Lung and.16.aspx license number 5704060091141




Neutralization of SARS-CoV-2 infection by soluble ACE2 was then confirmed in Vero E6
cells and human vascular and kidney organoids (33, 34). Different variants of soluble
ACE2 proteins were used in these experiments: the native soluble ACE2 protein with 740
amino acids (ACE2 740) that naturally forms a dimer mediated by the collectrin-like-do-
main (21, 24, 33, 34) and a monomeric soluble ACE2 protein that was shortened to 618
amino acids, thus lacking the C-terminal collectrin domain but retaining full ACE2 enzy-
matic activity (34). To achieve prolonged in vivo duration of action, this shorter protein
was fused with an Albumin binding domain (ABD) and the resulting protein was termed
ACE2 618-ABD (34). Both native soluble ACE2 740 and the bioengineered ACE2 618-
ABD protein neutralized SARS-CoV-2 infection in Vero E6 cells and human kidney or-
ganoids when tested at high concentrations (34). To improve the binding affinity of mon-
omeric ACE2 618-ABD for SARS-CoV-2, a dodecapeptide (DDC) motif was then inserted
mediating dimerization via disulfide bond formation (35). The resulting dimeric protein
was termed ACE2 618-DDC-ABD (32). ACE2 618-DDC-ABD has preserved ACE2 enzy-
matic activity, a higher binding affinity for the SARS-CoV-2 S1-RBD protein, as shown by
a significantly lower EC50 concentration compared to both native ACE2 740 and ACE2
618-ABD (fig 2A) and prolonged in vivo duration of action as compared to native soluble
ACE2 740 (fig 2B) (32).

>
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Figure 2. Binding affinity for the SARS-CoV-2 S1-RBD protein and duration of action of soluble
ACE2 proteins.

Panel A. The binding affinity of ACE2 740 (blue), ACE2 618-DDC-ABD (red) and ACE2 618-ABD
(green) for the S1-RBD of SARS-CoV-2 was tested using an in vitro assay for the detection of
ACE2-RBD interaction (34). The EC50 concentration of ACE2 618-DDC-ABD (red, 158ng/ml)
was markedly lower than that of both ACE2 740 (blue, 352ng/ml) and ACE2 618-ABD (green,
4359ng/ml). Panel B. ACE2 618-DDC-ABD (red) has longer duration of action than the native

soluble ACE2 740 (blue). RFU = relative fluorescence units. From: Hassler et al (32), A novel



soluble ACE2 protein provides lung and kidney protection in mice susceptible to lethal SARS-
CoV-2 infection, Journal of the American Society of Nephrology (JASN) volume 33, issue 7, page
1297 figure 1A and supplement page 2 figure 1 (not modified). htips:/jour-
nals.lww.com/jasn/Fulltext/2022/07000/A_Novel Soluble ACE2 Protein_Pro-

vides Lung_and.16.aspx license number 5704060964514

1.3 ACE2 618-DDC-ABD protects k18hACE2 infected with SARS-CoV-2

To test the efficacy of ACE2 618-DDC-ABD to neutralize SARS-CoV-2 infection in vivo,
we used the transgenic k18hACE2 mouse model expressing human ACE2 driven by the
human keratin 18 promoter (36, 37). Normal wildtype mice are not susceptible to SARS-
CoV-2 infection as mouse ACE2 does not recognize wildtype SARS-CoV-2 (38). The
k18hACE2 mouse model is a commonly used model for SARS-CoV and SARS-CoV-2
infection, developed by McCray et al (36). When infected with a high dose of wildtype
SARS-CoV-2, k18hACE2 mice develop rapid weight loss and the lethality rate is almost
100% by days 5-9 post-viral inoculation (32, 37, 39-41). In a first in vivo proof of concept
study, ACE2 618-DDC-ABD was administered combined intranasally (IN) and intraperi-
toneally (IP) 1 hour prior- and 24 and 48 hours post-viral inoculation of k18hACE2 mice
with 2x10* PFU SARS-CoV-2 (32). Infected control mice received PBS at the same
timepoints (32). All mice in the control group had to be humanely euthanized by days 6-
7, lung and brain SARS-CoV-2 titers were high, and lung histopathology showed exten-
sive alveolar hemorrhage and mononuclear infiltrates (32). In the ACE2 618-DDC-ABD
treated group, by contrast, all but one mice survived until day 14, lung and brain viral titers
were markedly decreased or undetectable, and lung histopathology was near normal
(32). Because ACE2 618-DDC-ABD was administered combined intranasally and intra-
peritoneally and both before and after viral inoculation, however, my prior study was not

able to discern the differences between these administration modalities (32).

1.4 Intranasal versus intraperitoneal and pre- versus post viral inoculation admin-
istration of ACE2 618-DDC-ABD in k18hACE2 mice infected with SARS-CoV-2

The objective of the publication forming the base of this thesis was to compare the effect
of intranasal against intraperitoneal administration of ACE2 618-DDC-ABD in SARS-CoV-
2 infected k18hACE2 mice (1). Moreover, different times of administration of ACE2 618-
DDC-ABD were tested, with k18hACE2 mice receiving ACE2 618-DDC-ABD either pre-



and post-viral inoculation, or only post-viral inoculation to investigate the effect on sur-

vival, SARS-CoV-2 organ titers and lung and brain histopathology (1).



2 Methods

2.1 SARS-CoV-2 Infectivity studies in A549 and Vero E6 cells

All experiments with live SARS-CoV-2 in cell lines susceptible to SARS-CoV-2 infection
were performed in the Biosafety safety level 3 (BSL-3) facility of the Howard T. Ricketts
Regional Biocontainment Laboratory at The University of Chicago. Two different cell lines
susceptible to SARS-CoV-2 infection were used: hACE2-A549 cells derived from human
lung adenocarcinoma cells, and Vero EG6 cells, derived from African green monkey kidney
epithelial cells (42). Two different strains of SARS-CoV-2 were used for these experi-
ments: Wildtype (novel coronavirus/Washington/1/2020, provided by N. Thornburg (Cen-
ters for Disease Control and Prevention (CDC)) via the World Reference Center for
Emerging Viruses and Arboviruses) and omicron BA.1 (BEI NR- 56481, obtained through
BEI Resources, NIAID, NIH: SARS-related coronavirus 2, Isolate hCoV-19/USA/GA-
EHC-2811C/2021 (Lineage B.1.1.529; omicron variant), contributed by Mehul Suthar) (1).
Both the wildtype and omicron BA.1 variant of SARS-CoV-2 were incubated with different
concentrations of two different soluble ACE2 proteins (human ACE2 618-DDC-ABD or
mouse ACE2 740) for 1 hour at 37°C (1). This mixture was then used to infect the A549
cells (ACE2 concentrations of 0.0128, 0.064, 0.32, 1.6, 8.0, 40.0, 200ug/ml) and Vero E6
cells (ACE2 concentrations of 5.626, 11.25, 22.5, 45, 90, 180ug/ml) (1). Cells were in-
fected and incubated until a noticeable cytopathic effect was seen in the untreated control
wells (Oug/ml of ACE2 proteins) (1). Specifically, cells infected with wildtype SARS-CoV-
2 were incubated for 3-4 days, whereas cells infected with the omicron BA.1 variant were
incubated for 5 days (1). Cells infected with the omicron BA.1 variant, therefore, required
a longer incubation period than cells infected with wildtype SARS-CoV-2, which may be
contributed to by reduced syncytia formation and overall lower cytopathic effect of omi-
cron (43, 44). To assess the cell viability at the end of the incubation period, crystal violet
staining was followed by reading the absorbance of each well at 595 nm (1). The values
were then normalized to the 0 ug/ml control wells and were expressed as percentage of

uninfected (no virus) control wells (1).



10

2.2 SARS-CoV-2 Infectivity studies in k18hACE2 mice

All experiments with live SARS-CoV-2 in k18hACE2 mice were performed in the BSL-3
facility of the Ricketts Regional Biocontainment Laboratory, University of Chicago. The
protocol for these studies was approved by the Institutional Animal Care and Use Com-
mittees (IACUC) of both Northwestern University (IS00004795) and the University of Chi-
cago (72642) (1). K18hACE2 mice (8-13 weeks old) with an estimated standardized hu-
man ACE2 gene copy number of 8, with human ACE2 expression driven by the human
keratin 18 promoter were purchased from Jackson Laboratory (1). Mice were inoculated
intranasally with 2x10* plaque forming units (PFU) SARS-CoV-2 in 20 ul (novel corona-
virus/Washington/1/2020 was provided by N Thornburg (CDC) via the World Reference
Center for Emerging Viruses and Arboviruses) (1). Two different protocols were used to
compare the pretreatment and posttreatment effects of soluble ACE2 618-DDC-ABD (see
below). Infected mice were weighed once daily and monitored twice daily for health using
a clinical score (Table 1) (1).

Table 1. Scoring system for health evaluation of SARS-CoV-2 infected k18hACE2 mice.
Modified from Hassler et al, Life Science Alliance, 2023 (1).

Score | Description

0 Pre-inoculation: mice are bright, alert, active, normal fur coat and posture

1 Post-inoculation: mice are bright, alert, active, normal fur coat and posture, no weight
loss

1.5 Mice present with slightly ruffled fur but are active, or weight loss might occur but <2.5,
recovery can be expected

2 Ruffled fur or less active or weight loss <5%, recovery might occur

2.5 Ruffled fur or not active but moves when touched or hunched posture or difficulty
breathing or weight loss 5-10%, recovery is unlikely but still might occur

3 Ruffled fur or inactive but moves when touched or difficulty breathing or weight loss
at 11-20%, recovery is not expected

4 Ruffled fur or positioned on its side or back or dehydrated or difficulty breathing or
weight loss >20% or labored breathing, recovery is not expected

5 death

Per protocol approved by the IACUCs, mice that reached a clinical score of 3 or more or
lost more than 20% of their baseline body weight were euthanized for humane reasons,
this was considered a mortality event (1). Mice that did not reach these endpoints were
monitored until day 14. Euthanasia was performed using CO2-forced inhalation, followed
by cervical dislocation after the last breathing movement (1). Parts of lungs and brains
were collected for plaque assays to measure SARS-CoV-2 titers (see below) (1). The

remaining parts were fixed in 10% formalin to be safely released from the BSL-3 facility
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and shipped to the Batlle laboratory where the formalin was replaced by 70% Ethanol (1).
The Northwestern University Mouse Histology and Phenotyping Laboratory Center em-
bedded these organs in paraffin and generated slides for histopathology and immunoflu-

orescence studies (see below) (1).

2.2.1 Pre-treatment protocol

ACE2 618-DDC-ABD was administered to k18hACE2 mice 1 hour prior to viral inoculation
with 2x10* PFU SARS-CoV-2, with additional doses at 24 and 48 hours post-viral inocu-
lation (1). The pretreatment groups received ACE2 618-DDC-ABD either intranasally (IN-
pre group, 13ug/g body weight (BW) in 30ul PBS divided equally between both nostrils)
or intraperitoneally (IP-pre group, 13ug/g BW in 200ul PBS) (n=10 per group, five males
and five females each) (1) (Figure 3).

-1hr + 24hr +48hr

Treatment pre- l l l

and post-vira| m————
inoculation

\ 4

Day 0:
Inoculation of
k18hACE2 mice
with 2x10% PFU
SARS-CoV-2

Day 14:
End of study

Treatment only

post_vira| e —

inoculation t t t

+24hr +48hr +72hr

v

Figure 3. Treatment scheme for SARS-CoV-2 inoculated k18hACE2 mice.

In the pre- and post-viral inoculation protocol (red), k18hACE2 mice received ACE2 618-DDC-
ABD 1 hour prior to and 24 and 48 hours post viral inoculation. ACE2 618-DDC-ABD was admin-
istered either intranasally (IN) or intraperitoneally (IP). In the only-post viral inoculation protocol
(blue), kK18hACEZ2 mice received ACE2 618-DDC-ABD 24, 48 and 72 hours post viral inoculation.
ACE2 618-DDC-ABD was administered either intranasally (IN), intraperitoneally (IP) or intrana-

sally + intraperitoneally (IN+IP). From: Own lllustration.

2.2.2 Post-treatment protocol

ACE2 618-DDC-ABD was administered to k18hACE2 mice 24, 48, and 72 hours post-
viral inoculation with 2x10* PFU SARS-CoV-2 (1). The posttreatment groups received
ACE2 618-DDC-ABD either intranasally (IN-post-group, 12ug/g BW in 30ul PBS divided
equally between both nostrils, n=10, male), intraperitoneally (IP-post-group, 1ug/g BW in
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200ul PBS, n=5, male), or combined intranasally and intraperitoneally at the same doses
(IN+IP-post-group; IN: 12ug/g BW in 30ul PBS divided equally between both nostrils and
IP: 1ug/g BW in 200ul PBS, n=10, male) (1) (Figure 3). Control k18hACE2 mice (n=5,
male) were inoculated with the same lethal dose of 2x10* PFU SARS-CoV-2 and then
received bovine serum albumin (BSA) in Phosphate-buffered saline (PBS) combined in-

tranasally and intraperitoneally 24, 48 and 72 hours post-viral inoculation (1).

2.3 Sample analysis

2.3.1 Hematoxylin and eosin staining

Two lung pathologists evaluated hematoxylin and eosin (H&E)-stained lung sections gen-
erated by the Northwestern University Mouse Histology and Phenotyping Laboratory cen-
ter using a scoring system recently described for k18hACE2 mice infected with SARS-
CoV-2 (Table 2) (1, 39).

Table 2. Scoring system for lung histopathology in k18hACE2 mice infected with SARS-
CoV-2 (39). From: Own presentation.

Score

0 1 2 3 4
Category
uncommon | detectable in | detectable in detectable in
Mononuclear No detec- detection in | up to 30% of | 33-66% of >66% of |
. g . o . . (s} ung
infiltrates tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
uncommon | detectable in | detectable in | detectable in
Alveolar hem- | No detec- detection in | upto 30% of | 33-66% of | >66% of lung
orrhage tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
uncommon | detectable in | detectable in | detectable in
Edema No detec- detection in | upto 30% of | 33-66% of | >66% of lung
tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
uncommon | detectable in | detectable in | detectable in
Cellular No detec- detectionin | upto 30% of | 33-66% of | >66% of lung
necrosis tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
uncommon | detectable in | detectable in | detectable in
Hyaline No detec- detection in | upto 30% of | 33-66% of | >66% of lung
membranes tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
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uncommon | detectable in | detectable in | detectable in
Thrombosis No detec- detection in | upto 30% of | 33-66% of | >66% of lung
tion <5% lung lung fields lung fields fields (200x)
fields (200x) (200x) (200x)
scattered
pol);morpho- scolre 1+ score 2 + ag-
. - nuclear neu- solitary :
infitration | mairange | 0PN | PMNsex | JESEERL | Na
(PMNs) se- | travasated in i
. ) airspaces
questered in airspaces
septa

Brain histopathology of H&E-stained brain sections generated by the Northwestern Uni-
versity Mouse Histology and Phenotyping Laboratory center was evaluated by a blinded
neuropathologist (1). Additionally, the degree of leukocytosis/lymphocytosis and neuronal

pyknosis was scored (Table 3) (1).

Table 3. Scoring system for brain histopathology in k18hACE2 mice infected with SARS-

CoV-2. From: Own presentation.

Score 0 1 2 3
Category
Leukocytosis/ . Moderate Severe
lymphocytosis None Mild (focal) | muitifocal) | (diffuse)
Neuronal pyknosis None Mild (focal) (r'\r/lwal(:i?(r)i;el) (iﬁ;/uiree)

2.3.2 Immunofluorescence staining

Immunofluorescence studies were performed on brain slides generated by the Northwest-
ern University Mouse Histology and Phenotyping Laboratory center, using ionized cal-
cium binding adapter molecule 1 (IBA1) (ab178846, Abcam) and glial fibrillary acidic pro-
tein (GFAP) (ab4674, Abcam) antibodies (1).

2.3.3 Plaque assay for infectious virus

SARS-CoV-2 viral titers in lung and brain samples were measured by the Howard T.
Ricketts Regional Biocontainment Laboratory at The University of Chicago. At euthana-
sia, lungs and brains from k18hACE2 were weighed and then collected in Dulbeccos
Modified Eagle Medium (DMEM) with 2% fetal bovine serum (FBS) (1). Lungs and brains
from each mouse separately were then homogenized with two 30 s pulses in a tissue

homogenizer with 1.4 mm ceramic beads followed by centrifugation (at 1000g, 5 minutes)
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(1). The resulting supernatant was serially diluted 10-fold before using it to infect Vero E6
cells (1), susceptible to SARS-CoV-2 infection (42). The inoculum was removed from the
cells after 1 hour, and after the addition of 1.25% methylcellulose DMEM the cells were
incubated for 3 days (1). After 3 days, plates were fixed for 1 hour in 1:10 formalin and
stained with crystal violet for 1 hour (1). They were then counted to determine PFU, the

data was expressed as PFU/ml after normalization by organ weight (1).

2.4 ACE2 enzymatic activity in the brain

To examine whether intranasally administered ACE2 618-DDC-ABD can be detected in
the brain, non-infected ACE2 deficient mice (ACE2KO mice) were used (total body
ACE2/prolylcarboxypeptidase (PRCP) double-knockout mice) (22). ACE2 618-DDC-ABD
(10ug/g BW, 35ul total volume in both nostrils) or PBS as control was administered to
ACE2KO mice under general ketamine-xylazine anesthesia (1). Four hours after intrana-
sal administration of either ACE2 618-DDC-ABD or PBS, an overdose of Euthasol was
used for euthanasia (1). Before collection of the brains, PBS was used to flush out blood
from the organs (1). Radioimmunoprecipitation assay (RIPA) buffer was used for the ho-
mogenization of brains, followed by centrifugation at 6000g for 10 minutes at 4°C (1). A
Bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific) was used to measure pro-
tein concentration in the cleared lysates (1). After dilution with 1x Tris-buffered saline
(TBS) pH 7.4 (cat#BP2471-1; Thermo Fisher Scientific), a fluorogenic substrate (Mca-
APK-Dnp, from Bachem) was used to measure ACE2 activity at room temperature in
microtiter plates (1). The total volume was 100ul per sample (1). The plates were read by
fluorescence plate reader (FLX800, BioTek Instruments) (excitation wavelength: 320 nm,
emission wavelength: 400nm) (1). Samples were tested in duplicate wells with one of the
two wells used as “blank” in which a specific inhibitor of ACE2 (MLN-4760, Millennium
Pharmaceuticals) was used at a 10 end concentration (45, 46) to account for back-
ground fluorescence (1). To calculate ACE2 activity, the blank values were subtracted
from the values of wells without ACE2 inhibitor and divided by the total protein concen-

tration of the tissue lysates and expressed as RFU (1).

2.5 Statistics

Statistics were calculated using GraphPad Prism v8.4.3 software. Shapiro-Wilk test was

applied to test normality (1). For normally distributed data, the unpaired t-test was used
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to analyze differences between two groups (1). If comparing more than two groups, an
ANOVA followed by post hoc Dunnett’s multiple comparisons test was used (1). For non-
normally distributed data, the Mann-Whitney test was used to analyze differences be-
tween two groups (1). If comparing more than two groups, the Kruskal-Wallis test followed
by post-hoc Dunn’s multiple comparisons test was used (1). The Log-rank (Mantel-Cox)

test was used to compare differences in survival (1).
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3 Results

3.1 ACE2 618-DDC-ABD neutralizes SARS-CoV-2 infection in A549 and Vero E6

cells

In previous work we showed that ACE2 618-DDC-ABD neutralizes the wild-type, gamma,
and delta SARS-CoV-2 variants in cells susceptible to SARS-CoV-2 infection (32). To
expand these findings, the effect of ACE2 618-DDC-ABD on the SARS-CoV-2 omicron
BA.1 variant was examined in two different cell lines susceptible to SARS-CoV-2 infec-
tion, A549 and Vero EG6 cells, using cell viability as readout. The efficacy of ACE2 618-
DDC-ABD to neutralize infection with the omicron BA.1 variant was compared to its effect
on infection with wildtype SARS-CoV-2.

In the human A549 cells, ACE2 618-DDC-ABD neutralized wild-type SARS-CoV-2 infec-
tion in a concentration-dependent manner (1). Full protection (eg high cell viability) was
provided by high ACE2 618-DDC-ABD concentrations only (figure 4A) (1). Compared to
neutralization of wild-type SARS-CoV-2, ACE2 618-DDC-ABD was effective to neutralize
omicron BA.1 infection of A549 cells at much lower concentrations (figure 4B) (1). This
difference in the effectivity of ACE2 618-DDC-ABD for neutralization of wild-type against
omicron BA.1 SARS-CoV-2 variant was statistically significant (figure 4C) (1).

The neutralization of the omicron BA.1 SARS-CoV-2 variant by ACE2 618-DDC-ABD was
also tested in Vero EG6 cells with different protein concentrations, that all neutralized omi-
cron BA.1 infection (figure 4D) (1). Additionally, a soluble mouse ACE2 protein (mMACE2
740), which normally has no effect on wild-type SARS-CoV-2 infection (33, 34), was found

to neutralize omicron BA.1 at high concentrations (figure 4E) (1).



Ergebnisse 17

A ACE2 618-DDC-ABD - wildtype B ACE2 618-DDC-ABD - omicron C ACE2 618-DDC-ABD
300 A549 cells 300 A549 cells S A5 celle
PoomERe ‘I‘ :
* 200- ® 200 o
£ £ : 4 = 200 y s
3 1004 : 3 100 = N E = -}
g ™ 3 & i 3 > - .
> . ﬁ > ) I+I Ee S 1001 ¥y w &
8 o-&n;.;&..—-ﬁl S N A 8 0 0 E _T; : P 2.
1 o 3 -
r %_ R
0k -
'103 T T T T T T T T '100 T T T T T T T T ; T T T T T T T
Q A > N Q O O Q N A .0 9 O O
V' F 27N 7 o7 © P PN 2 @ LN S S, A P P R
Qp'\ RN RS Q.& & o oS Qg.{l« Q'Qb o N @Y @ >
pg/ml ug/ml pg/ml
D ACE2 618-DDC-ABD - omicron  E mACE2 740 - omicron
175+ Vero E6 cells 1754 Vero E6 cells
s 150-
—— ® 125
i 125 c
£ 100- > 1001
= | = 754
3 75 2 .
> 50 2 504
] o]
g 2 8 ﬁ
-25 1 1 1 1 1 1 1 '25 1 T T T ] T T
DS S N O B B o P D D
6.’1« \,\'} Qv LI 0,??’ \\r} R » o
pg/ml ug/ml

Figure 4. ACE2 618-DDC-ABD neutralizes wild-type and omicron SARS-CoV-2 infection in vitro.
Panel A. ACE2 618-DDC-ABD neutralizes wild-type SARS-CoV-2 infection of A549 cells at high
concentrations (40 and 200ug/ml), whereas intermediate (1.6 and 8ug/ml) or low concentrations
(0.0128-0.32ug/ml) have a decreased or no effect on infectivity. Panel B. ACE2 618-DDC-ABD
neutralizes omicron SARS-CoV-2 infection of A549 cells at high and intermediate concentrations
(0.32-200ug/ml), whereas low concentrations (0.0128 and 0.064 ug/ml) only have a partially pro-
tective effect on infectivity. Panel C. The differences in neutralization of omicron (red) or wild-type
(black) SARS-CoV-2 infection by ACE2 618-DDC-ABD are significant (p=0.0144). Panel D. ACE2
618-DDC-ABD neutralizes omicron SARS-CoV-2 infection of Vero E6 cells at all concentrations
tested (5.626-180ug/ml). Panel E. A soluble mouse ACE2 protein, mMACEZ2 740, that normally has
no effect on infectivity of wild-type SARS-CoV-2 infection, neutralizes omicron SARS-CoV-2 in-
fection of Vero EG cells at high concentrations (22.5-180ug/ml) and lower concentrations (5.625
and 11.25ug/ml) provide partial protection.

The results are shown as Mean * standard error of the mean (SEM) and were normalized to the
0 pg/ml control wells and then expressed as a percentage of mock-infected (no SARS-CoV-2)
control wells (1). Significance was calculated by two-way ANOVA.

From: Hassler et al (1), Intranasal soluble ACE2 improves survival and prevents brain SARS-
CoV-2 infection. Life Science Alliance, Volume 6, No. 7, page 8, figure 5 (not modified)
https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/




18

3.2 SARS-CoV-2 infection in k18hACE2 mice

Infection of k18hACE2 mice with the omicron BA.1 SARS-CoV-2 variant produces mild,
non-lethal infection (47-49). Therefore, wild-type SARS-CoV-2 (Washington isolate) that

causes lethal disease in k18hACE2 mice was used for the in vivo studies (36, 37, 39).

Control k18hACE2 mice were also inoculated with SARS-CoV-2 and received BSA in
PBS, administered both intranasally and intraperitoneally, instead of ACE2 618-DDC-
ABD (1). All mice in this control group had to be euthanized on day 5 post-inoculation
(figure 5A) due to either severe body weight loss and/or a high clinical score, as per
protocol (figure 5B, C) (1).

3.2.1 ACE2 618-DDC-ABD administration pre- and post-viral inoculation

In the pre-treatment groups, ACE2 618-DDC-ABD was administered to k18hACE2 mice
1 hour before and 24 and 48 hours after inoculation with SARS-CoV-2, with either in-

tranasal (IN-pre) or intraperitoneal (IP-pre) protein administration (1).

Survival on day 5 was 90% in the IN-pre group and 40% in the IP-pre group (figure 5D)
The difference between the two groups was significant (p=0.0024) (1). As compared to
the infected control group that received BSA in PBS, moreover, survival in the IN-pre
group was significantly higher (p=0.0084) (1). Survival was not significantly different when
comparing the IP-pre group to the control group (p=0.1106) (1). Because four of the nine
remaining mice from the IN-pre group were euthanized on day 5 to obtain organs for
comparison to the other groups, only five mice remained in this group thereafter. These
five mice were monitored until day 14, the end of the study, and had essentially normal
clinical scores and stable body weight by day 14 (figure 5D-F) (1).

The remaining four mice in the IP-pre group had to be euthanized by day 7 (figure 5D)
as their clinical score and weight loss worsened (figure 5E, F) and they reached the

endpoint criteria according to the study protocol (see methods) (1).

3.2.2 ACE2 618-DDC-ABD administration only post-viral inoculation

In the post-treatment-groups, ACE2 618-DDC-ABD was administered to k18hACE2 mice
24, 48 and 72 hours after inoculation with SARS-CoV-2, with either intranasal (IN-post),
intraperitoneal (IP-post), or combined intranasal-intraperitoneal (IN+IP-post) protein ad-

ministration (1).



19

Survival on day 5 was 30% in the IN+IP-post group, 20% in the IN-post group, and 20%
in the IP-post group (figure 5G) (1). On day 14, survival was 20% in the IN+IP-post group,
10% in the IN-post group, and 0% in the IP-post group (figure 5G) (1). A common feature
in the post-treatment groups was rapid body weight loss (figure 5H) and poor clinical
scores (figure 51) that worsened overall faster than in the pre-treated groups (1). When
comparing the IN-post, IN+IP-post or IP-post-groups to each other or the control group or
IP-pre-group, the differences in survival did not reach significance (1). When comparing
the post-treated groups (IN+IP-post, IN-post, IP-post) to the IN-pre group, however, sur-
vival was significantly improved in the IN-pre group as compared to each of the three
different post-treated groups (p=0.0181, p=0.0046, p=0.0064, respectively) (1).
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Figure 5. Survival, body weight change and clinical score in k18hACEZ2 mice infected with SARS-
CoV-2.

Panels A-C. Survival by day 5 was 0% in the infected control group that received BSA in PBS
(black), mice rapidly lost weight and had poor clinical scores. Panels D-F. Survival by day 5 was
9 out of 10 (90%) in the IN-pre group (red) and 4 out of 10 (40%) in the IP-pre group (blue). The
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remaining 4 mice in the IP-pre group (blue) all had to be euthanized by day 7 because of wors-
ening clinical scores, as per protocol. Mice in the IN-pre group had stable body weights and low
clinical scores, compared to the IP-pre group in which body weight loss occurred and clinical
scores were high. Panels G-l. Survival by day 5 was 3 out of 10 (30%) in the IN+IP-post group
(green), 2 out of 10 (20%) in the IN-post group (pink) and 1 out of 5 (20%) in the IP-post group
(orange). Survival by day 14 was 2 out of 10 (20%) in the IN+IP-post group (green), 1 out of 10
(10%) in the IN-post group, and 0 out of 5 (0%) in the IP-post group. Body weight loss occurred
in most mice from the post-treated groups, and clinical scores were high.
Mean + SEM are shown (for weight change and clinical  score).
From: Hassler et al (1), Intranasal soluble ACE2 improves survival and prevents brain SARS-
CoV-2 infection. Life Science Alliance, Volume 6, No. 7, page 2, figure 1 (not modified)
https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0, https://creativecom-

mons.org/licenses/by/4.0/

3.2.3 SARS-CoV-2 titers in brains and lungs

SARS-CoV-2 infected control mice that received BSA in PBS had high brain and lung
viral titers (figure 6A, B), with brain titers being significantly higher than lung titers
(p=0.0295) (1).

The IN-pre group was the only group in which brain SARS-CoV-2 titers were completely
undetectable in all mice (figure 6A) (1). In all remaining ACE2 618-DDC-ABD treated
groups, by contrast, brain viral titers were high and not significantly different as compared
to the control group (figure 6A) (1). Only a few mice in each post-treated group had
undetectable brain viral titers, however, in the mice that survived until day 14 from the IN-
post (n=1) and IN+IP-post group (n=2), brain titers were undetectable (1).

Lung titers were decreased in all ACE2 618-DDC-ABD treated groups as compared to
infected controls, but the differences were significant only for the IN-pre, IN-post, and

IN+IP-post groups as compared to controls (figure 6B) (1).
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Figure 6. Brain and lung SARS-CoV-2 titers in k18hACE2 mice infected with SARS-CoV-2.

Panel A. Brain SARS-CoV-2 titers were high in the infected control group (black) that received
BSA in PBS. In the IN-pre group (red), brain viral titers were undetectable in all mice, whereas
they were high in most mice from the IP-pre group (blue) (p=0.0167). In the post-treated groups
(orange, pink, green), brain titers were high in most mice. Panel B. Lung SARS-CoV-2 titers were
highest in the infected control group that received BSA in PBS (black). All ACE2 618-DDC-ABD
treated groups had decreased lung titers, which reached significance as compared to controls in
the IN-pre group (p=0.0244), IN-post group (p=0.0136), and IN+IP-post group (p=0.0078). PFU
= Plaque forming units. Mean + SEM is shown, ANOVA followed by Dunn’s multiple comparisons
test was used to calculate significance (1). If not indicated by asterisks, the differences did not
reach significance. From: Hassler et al (1), Intranasal soluble ACE2 improves survival and pre-
vents brain SARS-CoV-2 infection. Life Science Alliance, Volume 6, No. 7, page 4, figure 1 (not
modified) https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/

3.2.4 ACE2 618-DDC-ABD can be detected in the brain after intranasal administra-

tion

Because the BSL-3 facility can only release organs in formalin to ensure that SARS-CoV-
2 has been deactivated, brains from infected k18hACE2 mice were not used for this ex-
periment. Human ACE2 expression in k18hACE2 mice driven by the k18 promoter, more-
over, also occurs in the brain, although at relatively low levels (36). When measuring
ACE2 enzymatic activity in brains from k18hACE2 mice, therefore, a differentiation be-
tween ACE2 enzymatic activity from administered ACE2 618-DDC-ABD, the human
ACE2 expressed via the k18 promoter and the natural mouse ACE2 present in the brain

would not be possible. Therefore, healthy, non-infected ACE2KO mice deficient for ACE2
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(22) were used to measure ACE2 enzymatic activity in brain lysates 4 hours after intrana-
sal administration of ACE2 618-DDC-ABD. ACE2 enzymatic activity was detected at low
levels in brain lysates from ACE2KO mice that received ACE2 618-DDC-ABD but not
brain lysates from ACE2KO mice that received PBS (0.14+/-0.098 RFU/ug protein/h and
0.004 +/- 0.0002 RFU/ug/protein/hr, p=0.015) (1).

3.2.5 Brain histopathology in SARS-CoV-2 infected k18hACE2 mice that received
ACE2 618-DDC-ABD pre- and post-viral inoculation

The main histopathological changes found in H&E-stained brains from the SARS-CoV-2
infected control group were generally mild, including variable degrees of leukocytosis and
endothelial hypertrophy in the striatum, cerebral cortex, and hypothalamus (1). In some
mice, moreover, perivascular and parenchymal inflammation in the hypothalamus and
basal ganglia were seen occasionally (figure 7A-C) (1). The degree of leukocytosis/lym-

phocytosis was scored on a scale of 0-3 (figure 7J) (1).

All mice from the IN-pre group, by contrast, presented with normal-appearing brain histo-
pathology (figure 7D-F) (1). In the IP-pre group, histopathology resembled that of un-
treated controls (figure 7G-l) (1). Leukocytosis/lymphocytosis was found to be partially
decreased in the IP-pre group and was undetectable in the IN-pre group, as compared to
controls (figure 7J) (1). Neuronal pyknosis, scored on a scale of 0-3, was found to be
significantly reduced in both the IP-pre (0.875 £ 0.125) and IN-pre group (1 + 0) as com-
pared with the infected control group that received BSA in PBS (2 £ 0, p=0.0001 and
p=0.0003, respectively) (1).

The presence of reactive astrocytosis and microgliosis was examined by immunofluores-
cence using the astrocyte marker GFAP and microglial marker IBA1 (50, 51). Both GFAP
and IBA1 staining was strongly present in brains from infected controls that received BSA
in PBS, and the microglial cells displayed showed a strong degree of ramifications (figure
7K, N and figure 8A, D) (1). In the IP-pre group, GFAP and IBA1 staining were reduced
but still detectable (figure 7L, O and figure 8B, E) (1). In the IN-pre group, by contrast,
both GFAP and IBA1 staining was very weak and microglia ramifications were almost
completely absent (figure 7M, P and figure 8C, F) (1). Because of the high sample vol-

ume, the post-treated groups were not examined by immunofluorescence.
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Figure 7. Brain histopathology and immunofluorescence staining for GFAP and IBA1 in
k18hACE2 mice infected with SARS-CoV-2 that received ACE2 618-DDC-ABD pre- and post-

viral inoculation.
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Panels A-C. An example of a brain from an infected mouse that received BSA in PBS displaying
perivascular (red arrows) and parenchymal leukocytosis (red arrowheads) and endothelial hyper-
trophy (black arrows) in the hypothalamus. Panels D-E. An example of a brain from a mouse from
the IN-pre group displaying the absence of histopathological changes in the hypothalamus. Pan-
els G-l. Example of brain from a mouse from the IP-pre group displaying perivascular lymphocy-
tosis (red arrows) in the brain stem. Black scale bars = 1mm, white scale bars = 100um. Panel J.
The leukocytosis/lymphocytosis score based on data from all mice was highest in the infected
untreated control group (black) and decreased in the IP-pre group (blue). Leukocytosis was com-
pletely absent in brains in the IN-pre group (red), these differences were significant compared to
both the control group (p=0.0007) and the IP-pre group (p=0.01). Panel K-M. Examples of immu-
nofluorescence staining for GFAP, an astrocyte marker, displaying strong staining in the control
group, with decreased staining in the IP-pre group and almost complete absence of staining in
the IN-pre group. Panel N-P. Examples of immunofluorescence staining for IBA 1, a microglia
marker, displaying strong staining in the control group, with decreased staining in the IP-group
and almost complete absence of staining in the IN-pre group. All Immunofluorescence photomi-
crographs were taken at 40x magnification, scale bar = 100um.

Mean + SEM is shown, one-way ANOVA followed by Dunn’s multiple comparisons test was used
to calculate significance (1).

From Hassler et al (1), Intranasal soluble ACEZ2 improves survival and prevents brain SARS-CoV-
2 infection. Life Science Alliance, Volume 6, No. 7, page 5, figure 3 (not modified)
https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/
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Figure 8. GFAP and IBA1 immunofluorescence staining in k18hACE2 mice infected with SARS-
CoV-2 that received ACE2 618-DDC-ABD pre- and post-viral inoculation.

Panels A-C. Representative examples (n=5 per group) of immunofluorescence staining for GFAP
(red), an astrocyte marker, showing strong staining in the infected control group that received
BSA in PBS (A). GFAP staining is decreased in the IP-pre group (B) and the IN-pre group (C).
Panels D-F. Representative examples (n=5 per group) of immunofluorescence staining for IBA1
(blue), a microglia marker, showing strong staining in the infected control group that received BSA
in PBS (D). IBA1 staining is partially reduced in the IP-pre group (E), and markedly reduced in
the IN-pre group (F). Scale bar=100um, 40x magnification. The photomicrographs from the upper
row are also displayed in Figure 5K—P.

From: Hassler et al (1), Intranasal soluble ACE2 improves survival and prevents brain SARS-
CoV-2 infection. Life Science Alliance, Volume 6, No. 7, supplement, figure S2 (not modified)
https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/
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3.2.6 Brain histopathology in SARS-CoV-2 infected k18hACE2 mice that received
ACE2 618-DDC-ABD only post-viral inoculation

Brain histopathology in H&E-stained brains from mice that received ACE2 618-DDC-ABD
intraperitoneally only post-viral inoculation (IP-post) (figure 9A-D) was similar to that of
the infected control group that received BSA in PBS (figure 7A-C) (1). Hypothalamus and
lateral cortex in some mice from the IN-post (figure 9E-H) and IN+IP-post group (figure
91-L), moreover, showed leptomeningeal and perivascular lymphocytosis (1). The leuko-
cytosis/lymphocytosis and neuronal pyknosis scores were lower in all post-treated groups
than in controls, but this difference was significant only for neuronal pyknosis in the IN+IP-

post group (figure 9M, N) (1).
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Figure 9. Brain histopathology in k18hACE2 mice infected with SARS-CoV-2 that received ACE2

618-DDC-ABD only post-viral inoculation.

Panels A-D. An example of a brain from a mouse from the IP-post group displaying perivascular

lymphocytosis (red arrows) and parenchymal inflammation (red arrowheads) in the hypothala-

mus. Panels E-H. Examples of a brain from a mouse from the IN-post group displaying perivascu-

lar lymphocytosis (red arrows) in the lateral cortex (F) and hypothalamus (G, H). Panels I-L.

Examples of a brain from a mouse from the IN+IP-post group displaying endothelial hypertrophy

(black arrows, hypothalamus), perivascular lymphocytosis (red arrows, lateral cortex), and lep-

tomeningeal inflammation (black arrowheads, lateral cortex). Black scale bars = 1mm, white scale
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bars = 100um. Panels M, N. The leukocytosis/lymphocytosis and neuronal pyknosis scores
based on data from each post-treated group (orange, pink, green) were lower than in infected
untreated controls (black). The differences were significant only for neuronal pyknosis (N) when
comparing the control to the IN+IP-post group (p=0.0370).

Mean + SEM is shown, one-way ANOVA followed by Dunn’s multiple comparisons test was used
to calculate significance (1).

From: Hassler et al (1), Intranasal soluble ACE2 improves survival and prevents brain SARS-
CoV-2 infection. Life Science Alliance, Volume 6, No. 7, supplement, figure S1 (not modified)
https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/

3.2.7 Lung histopathology in SARS-CoV-2 infected k18hACE2 mice that received
ACE2 618-DDC-ABD pre- and post-viral inoculation

H&E-stained lung sections were evaluated by two lung pathologists (see Table 2, meth-
ods). The main features found in lungs from the infected control mice that received BSA
in PBS included dense perivascular mononuclear infiltrates and collections of intra-alve-
olar neutrophils, and more rarely foci of necrotic debris and alveolar hemorrhage (figure
10A-E) (1). These histopathological findings were almost completely absent in mice from
the IN-pre group that received ACE2 618-DDC-ABD, except for minimal perivascular
mononuclear infiltrates in some cases (figure 10F-J) (1). In the IP-pre group, lung histo-
pathology was improved as compared to the infected control group that received BSA in
PBS, but to a lesser degree than in the IN-pre group as there were also areas that dis-
played injury (figure 10K-O) (1). Based on the scoring system used for lung histopathol-
ogy (see Table 2, methods) (39), scores were highest in the infected control group that
received BSA in PBS, and lowest in the IN-pre group (figure 10P) (1). The differences
were significant for the categories mononuclear infiltrates and hemorrhage when com-

paring the IN-pre or IP-pre group to the control group (figure 10P) (1).
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Figure 10. Lung histopathology in k18hACE2 mice infected with SARS-CoV-2 that received
ACEZ2 618-DDC-ABD pre- and post-viral inoculation.

Panels A-E. Representative examples of lung histopathology from 5 mice from the infected con-
trol group that received BSA in PBS show rare foci of necrotic debris (A), alveolar hemorrhage
(B), collections of interalveolar neutrophils (C), and dense perivascular mononuclear infiltrates
(D, E). Panels F-J. Representative examples of lung histopathology from 5 mice from the IN-pre
group show almost complete absence of lung injury. Panels K-O. Representative examples of
lung histopathology from 5 mice from the IP-pre group show some areas of near-normal lung
histopathology (K, L). In some mice there were mild perivascular mononuclear infiltrates (M, N),
focal alveolar hemorrhage (O) and intra-alveolar neutrophils, although at a lesser degree than in
infected controls that received BSA in PBS. Panel P. Lung histopathology scores were highest in
the infected untreated control group (black), and lower in the IP-pre (blue) and IN-pre group (red).
Significance is denoted by * = p<0.05, and was determined by mixed-effects analysis followed by
Tukey’s multiple comparisons test (1). Mean £ SEM is shown. Scale bar = 500 ym. The magnifi-
cation of lung photomicrographs, taken from H&E-stained sections, was 40x. From: Hassler et al

(1), Intranasal soluble ACE2 improves survival and prevents brain SARS-CoV-2 infection. Life
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Science  Alliance, Volume 6, No. 7, page 7, figure 4 (not modified)
https://doi.org/10.26508/1sa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/

3.2.8 Lung histopathology in SARS-CoV-2 infected k18hACE2 mice that received
ACE2 618-DDC-ABD only post-viral inoculation

In the groups that received ACE2 618-DDC-ABD only post-viral inoculation, lung histo-
pathological findings were similar to that of the infected control group that received BSA
in PBS (figure 11A) (1). Mild improvement of histopathology was seen in few mice from
the IN-post (figure 11B) and IN+IP-post groups (figure 11C) (1). Based on the scoring
system for lung histopathology (see Table 2, methods) (39), alveolar hemorrhage and
necrotic cellular debris were decreased the most as compared to the infected untreated

controls, the differences were not statistically significant (figure 11D) (1).
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Figure 11. Lung histopathology in k18hACE2 mice infected with SARS-CoV-2 that received
ACEZ2 618-DDC-ABD post-viral inoculation only.

Panel A. Examples of representative lung histopathology from 4 different mice from the IP-post
group show perivascular mononuclear infiltrations and intra-alveolar neutrophils. Panel B, C. Ex-
amples of representative lung histopathology from 5 different mice from the IN-post group (B) and
IN+IP-post group (C) show mild improvement of lung histopathology. Panel D. Lung histopathol-
ogy scores were decreased slightly in some post-treated groups (orange, pink, green) as com-
pared to infected controls that received BSA in PBS (black). Mean £ SEM is shown, mixed-effects
analysis followed by Tukey’s multiple comparisons test was used to calculate significance (1).
Scale bar = 500 ym. The magnification of lung photomicrographs, taken from H&E-stained sec-
tions, was 40x. From: Hassler et al (1), Intranasal soluble ACE2 improves survival and prevents
brain SARS-CoV-2 infection. Life Science Alliance, Volume 6, No. 7, supplement, figure S3 (not
modified) https://doi.org/10.26508/Isa.202301969 licensed under CC BY 4.0 https://creativecom-

mons.org/licenses/by/4.0/
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4 Discussion

4.1 Main findings

This study showed that ACE2 618-DDC-ABD, a bioengineered soluble ACE2 protein with
prolonged in vivo duration of action and improved binding affinity for the S1 spike protein
of SARS-CoV-2, is more effective in protecting k18hACE2 mice from lethal SARS-CoV-2
infection when administered intranasally than intraperitoneally, and provided near com-
plete protection in terms of survival and lung and brain histopathology (1). Lung titers
were reduced, but importantly brain viral titers were undetectable in the IN-pre group sug-
gesting that protection from brain SARS-CoV-2 invasion is an important factor for survival
of SARS-CoV-2 infected k18hACE2 mice (1). Administration of ACE2 618-DDC-ABD
both before and after viral inoculation, moreover, was found to be superior to administra-
tion only after viral inoculation (1). Administration of ACE2 618-DDC-ABD intraperitone-
ally or only post-viral inoculation provided only partial protection (1). These findings ex-
tend a previous proof of concept study, of which | was also the first author (32). In this
previous study, ACE2 618-DDC-ABD was administered combined intranasally and intra-
peritoneally both before and after inoculation with SARS-CoV-2 (32). Thus, in the aggre-
gate, these studies show that intranasal ACE2 618-DDC-ABD delivery before viral inoc-
ulation is clearly superior to systemic or post-inoculation administration and that brain

protection is essential to protect from lethality.

The k18hACE2 mouse model is a commonly used mouse model of lethal SARS-CoV-2
infection, and intranasal inoculation with a high dose of SARS-CoV-2 is followed by up to
100% lethality by day 5 to 7 post-inoculation (32, 37, 39, 41, 52). The initial descriptions
of the k18hACE2 mouse model infected with SARS-CoV hypothesized that infection of
vital brain areas may be responsible for the high lethality (36, 53). Intracranial inoculation
of k18hACE2 mice with low doses of SARS-CoV, moreover, caused high lethality despite
only mild lung injury (53). A different study showed that exposure of k18hACE2 mice to
aerosolized SARS-CoV-2 particles resulted in absence of brain SARS-CoV-2 titers that
was associated with a very low fatality rate despite severe lung injury (54). Our findings
demonstrate the importance of protecting from brain SARS-CoV-2 invasion to confer sur-
vival in kK18hACE2 mice and possibly prevent long term complications of COVID-19 (1).
Indeed, the present study found that brain viral titers were undetectable in all mice that

survived until day 14, supporting the association of high SARS-CoV-2 brain viral titers
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with lethality in k18hACE2 mice infected with SARS-CoV-2 (1). Moreover, brain titers
were not markedly reduced in the other ACE2 618-DDC-ABD treated groups, except for
three mice that survived until day 14 in which brain titers were undetectable (1).

The levels of brain ACE2 enzymatic activity 4 hours after intranasal ACE2 618-DDC-ABD
administration to uninfected ACE2KO mice, although detectable, were very low (1). It is
likely that interception of SARS-CoV-2 cell entry by ACE2 618-DDC-ABD already in the
nasal turbinates is most important to protect from infection and brain SARS-CoV-2 inva-
sion (1).

Brain histopathology findings that have been reported in k18hACE2 mice include enceph-
alitis, neuronal pyknosis, spongiosis and cell death, (micro-) hemorrhage, thrombosis,
vasculitis and leukocyte infiltration (37, 39, 55-58). IBA1 and GFAP staining, indicative of
an underlying state of inflammation of the CNS, has also been described in brains of
SARS-CoV-2 infected k18hACE2 mice (57, 58). Some studies, however, only found min-
imal brain injury or injury limited to only a few k18hACE2 mice (37, 39). The brain histo-
pathology findings described here consisted mainly of lymphocytosis, endothelial hyper-
trophy, and parenchymal inflammation, and were subtle even in the infected control mice
that received BSA in PBS (1). GFAP and IBA1 immunofluorescence staining was strong
in the brains of the infected k18hACEZ2 mice that received only BSA in PBS (1). In the IN-
pre group that received ACE2 618-DDC-ABD before viral inoculation, however, these
findings were absent and brain histopathology appeared mostly normal (1). Importantly,
astrocyte and microglia activation have also been reported by two studies examining the
brains of deceased COVID-19 patients by immunohistochemistry and imaging mass cy-
tometry (59, 60). It is therefore important to highlight that both GFAP and IBA1 staining
were markedly reduced in the IN-pre group that received ACE2 618-DDC-ABD, suggest-

ing brain protection by this route and timing of administration (1).

Lung histopathology in infected control mice that received BSA in PBS consisted mainly
of dense perivascular mononuclear infiltrates, collections of intra-alveolar neutrophils,
and more rarely foci of necrotic cellular debris and hemorrhage (1), and is consistent with
previously described findings by us and others (32, 37, 39, 41). Marked improvements in
lung histopathology upon administration of ACE2 618-DDC-ABD were seen in the IN-pre
group which displayed near-normal lung histopathology (1). Lung histopathology in the
IP-pre group was also improved but to a lesser extent (1). Of note, lung viral titers were

completely absent in half of the mice from the IN-pre group, but only one mouse from the
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IP-pre group (1). The groups that received ACE2 618-DDC-ABD only after viral inocula-
tion displayed partial improvements in lung histopathology, but lung viral titers were un-
detectable in only few mice per group (1). A reduction in SARS-CoV-2 lung titers, there-
fore, may improve lung injury, but if incomplete may only provide partial protection (1).

In our previous work with SARS-CoV-2 infected k18hACE2 mice, kidney histopathology
showed variable degrees of mild proximal tubular injury, that was improved in mice that
received ACE2 618-DDC-ABD (32). Consistent with mild kidney injury in this model, kid-
ney SARS-CoV-2 titers were completely absent in all SARS-CoV-2 infected k18hACE2
mice (32). Kidney SARS-CoV-2 invasion in patients with COVID-19 has been reported
mainly in kidney tissue obtained at autopsy, whereas detection of SARS-CoV-2 in kidney
biopsies has been more difficult (61-67). Therefore, there is still some controversy as to
how commonly kidney SARS-CoV-2 invasion occurs in patients with COVID-19 and kid-

ney involvement, as previously discussed in two of my publications (68, 69).

In summary, the IN-pre group was the group in which brain SARS-CoV-2 titers were com-
pletely absent and also displayed markedly improved lung and brain histopathology and
almost complete absent brain IBA1 and GFAP immunofluorescence staining. This sug-
gests that prevention of brain SARS-CoV-2 invasion by administration of intranasal ACE2
618-DDC-ABD already before viral inoculation is key to protect from lethality in this model.
None of the mice that received ACE2 618-DDC-ABD only via intraperitoneal administra-
tion survived until the end of the study independent of whether the protein was adminis-
tered only after or both before and after viral inoculation.

As recently shown in a follow-up paper published in January 2024, ACE2 618-DDC-ABD
also protects from lethality in k18hACE2 mice inoculated with the delta SARS-CoV-2 var-
iant (70). The first dose of ACE2 618-DDC-ABD was given 6 hours prior to viral inocula-
tion with the delta SARS-CoV-2 variant followed by two additional doses at 24 and 48
hours post viral inoculation (70). Prophylactic use of ACE2 618-DDC-ABD may be ex-
tended even further, given its prolonged in vivo duration of action (32). Future studies,
therefore, may include an even more extended pre-treatment inoculation time frame, as

well as using lower doses of ACE2 618-DDC-ABD to establish dose-dependency effects.
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4.2 State of research of soluble ACE2 proteins for SARS-CoV-2

The rationale for the use of soluble ACE2 proteins for neutralization of SARS-CoV-2 in-
fection is based mainly on the so-called “decoy” effect (30, 31). By administering a large
enough amount of soluble ACE2 proteins, the binding of the S1 spike protein of SARS-
CoV-2 to membrane-bound ACE2 can be intercepted, preventing cell entry and subse-
quent replication of SARS-CoV-2 (30). Additional therapeutic benefit, moreover, may
stem from administration of soluble ACE2 proteins that retain their enzymatic activity, like
ACE2 618-DDC-ABD. According with this concept, Zhang et al found that using a cata-
lytically active soluble ACE2 protein provided better protection from SARS-CoV-2 infec-
tion than a catalytically inactive ACE2 protein (71).

Native soluble ACE2 and membrane-bound ACE2 are enzymatically active and convert
excess Ang Il to Ang-(1-7) and are also responsible for the dissipation of other pro-in-
flammatory peptides like des-Arg® Bradykinin (2-4). Des-Arg® Bradykinin and Ang Il have
been shown to be pro-inflammatory and exacerbate lung injury in mouse models (72-75).
In both SARS-CoV and SARS-CoV-2 infection, moreover, there is internalization of the
SARS-CoV-2-ACE2 complex, causing ACE2 depletion in the lung with accumulation of
Ang Il and des-Arg® bradykinin (73, 74, 76, 77). Exogenously administered enzymatically
active soluble ACE2 proteins like ACE2 618-DDC-ABD, therefore, not only exert their
effect by neutralizing SARS-CoV-2 infection via the decoy effect but also provide ACE2
enzymatic activity (78). Because the BSL-3 facility can only release organ tissues in for-
malin to ensure the deactivation of infectious viruses we were not able to measure tissue
ACE2 activity or peptide levels in the infected k18hACE2 mice in this study.

ACEZ2 618-DDC-ABD has been optimized in terms of both binding affinity for SARS-CoV-
2 and in vivo duration of action (32). This has been achieved by introducing a dodecapep-
tide motif (DDC), that mediates dimerization via disulfide bonds (35). Compared to its
monomeric counterpart ACE2 618-ABD, the dimeric ACE2 618-DDC-ABD has an about
30-fold increased binding affinity for the S1 spike of SARS-CoV-2 (32). Extended duration
of action is conferred by the Albumin binding domain (ABD) (34). This is shown by high
levels of plasma ACE2 enzymatic activity still detectable 48 hours after injection of ACE2
618-DDC-ABD (32). An alternative approach to achieve an extended duration of action
of soluble ACE2 proteins is the fusion with a fragment crystallizable (Fc) domain (79-83).

This approach, however, may cause Fc-receptor activation with subsequent antibody-
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dependent enhancement or cytotoxicity (84, 85). Chen et al, by contrast, reported that an
ACE2-Fc decoy with Fc-mutations known to enhance Fc-binding better protected
k18hACE2 mice from lethality as compared to a ACE2-Fc protein with mutationally abro-
gated Fc-binding (83).

To enhance binding affinity for the S1 spike protein of SARS-CoV-2, several groups have
used a variety of bioengineered ACE2 proteins with different mutations within the ACE2
sequence (71, 79, 81-83, 86-91). Some proposed ACE2 decoys including ACE2 618-
DDC-ABD, by contrast, consist of the natural ACE2 amino acid sequence (32, 33, 92).
Others have proposed ACE2 tetrameric proteins (79, 93) as this may confer ideal binding
to the SARS-CoV-2 spike protein that also functions as a trimer (94). While most groups
have used either systemic, intranasal or inhaler administration of ACE2 decoys (82, 83,
88, 89, 91, 92, 95), intranasal gene therapy using an adeno associated virus for sustained

delivery of ACE2 decoys to the nasal epithelium has also been used (90).

The soluble ACE2 proteins described in the above section were tested in cell systems or
SARS-CoV-2 animal models. There has been one case report of a patient with severe
COVID-19 that was treated with a clinical grade recombinant human soluble ACE2 (1-
740) protein, termed APNO1 (96). Systemic administration of APNO1 was tested in healthy
human volunteers and was shown to be well tolerated (97). Two clinical studies in patients
hospitalized with COVID-19 have been conducted administering APNO1 either intrave-
nously or by inhaler (98, 99). In the former study, conducted in a randomized and double-
blind manner, APNO1 or PBS were administered intravenously twice daily (98). The pri-
mary endpoint, a composite of all-cause death or invasive mechanical ventilation, was
improved in APNO1-treated patients, but this did not reach significance (98). Results from
the latter study using an inhaler approach for administration of APNO1 are not available
(99). Intranasal or inhaler administration of soluble ACE2 proteins should provide more
direct protection from SARS-CoV-2 infection than systemic administration as demon-
strated here (1).

4.3 Universality of ACE2 proteins for SARS-CoV-2 infection

It was also examined whether ACE2-618-DDC-ABD neutralizes the omicron BA.1 variant.
In cells susceptible to SARS-CoV-2 infection, omicron BA.1 was neutralized by signifi-
cantly lower concentrations of ACE2 618-DDC-ABD than needed for the wild-type SARS-
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CoV-2 (1). Studies in omicron infected k18hACE2 mice are needed to confirm this effect
in vivo. Monoclonal antibodies, by contrast, are often markedly less effective for newly
emerging SARS-CoV-2 variants (100-105). Omicron, moreover, was also reported to par-
tially evade neutralization by antibodies found in patient serum from prior infection or vac-
cination (101, 105, 106). The omicron variant first appeared in fall 2021 and since then
has evolved, with several omicron subvariants circulating concurrently (107-109). As of
January 2024, it was estimated by the CDC that the omicron variant JN.1 accounted for
more than 60% of new SARS-CoV-2 infections (109). The omicron JN.1 variant was re-
ported to more effectively escape neutralization by antibodies found in patient serum than
its predecessor BA.2.86, explaining its rapid spread despite decreased affinity for ACE2
(110, 111). Further studies are needed to test ACE2 618-DDC-ABD neutralization of cur-
rent (JN.1) and emerging SARS-CoV-2 variants.

The efficacy of ACE2 618-DDC-ABD to neutralize in vitro infectivity of the omicron BA.1,
gamma, and delta SARS-CoV-2 variants (1, 32) supports the concept of soluble ACE2
proteins being universally effective for current and future variants of SARS-CoV-2 that
use membrane-bound ACE2 as their main cell entry receptor (28, 112). Mutations of
SARS-CoV-2 that would cause specificity of the RBD for membrane-bound ACE2 and
simultaneously decreased affinity for a mutated soluble ACE2 variant have been reported
to be rare (113). This may also be true for ACE2 618-DDC-ABD, which has been short-
ened to 618 amino acids but otherwise has not been altered in its amino acid sequence
(32). It was found, moreover, that there is no mutational escape after 15 passages of
SARS-CoV-2 in the presence of a soluble ACE2 protein (89). By contrast, in the presence
of a monoclonal antibody, mutational escape was found after only 4 passages of SARS-
CoV-2 (89). Future mutated SARS-CoV-2 variants or other newly emerging corona-
viruses that use ACE2 as their main cell entry receptor are therefore expected to be sen-

sitive to neutralization by soluble ACE2 protein-based approaches (112).

4.4 Conclusion

Intranasal administration of ACE2 618-DDC-ABD prior to viral inoculation conferred pro-
tection from brain SARS-CoV-2 invasion, whereas with systemic administration and/or
post-viral inoculation administration of ACE2 618-DDC-ABD brain SARS-CoV-2 titers

were high in most animals (1). The best outcome in terms of survival and organ protection
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in the k18hACE2 mouse model of lethal SARS-CoV-2 infection is achieved by the intrana-
sal administration of ACE2 618-DDC-ABD before SARS-CoV-2 inoculation followed by
two additional doses after (1). These results support the development of soluble ACE2-
based therapies for current and future variants of SARS-CoV-2 and other emerging coro-
naviruses that use ACE2 as their main cell entry receptor. Future studies that examine
how far administration of ACE2 618-DDC-ABD prior to viral inoculation can be extended,
as well as dose-dependency and in vivo efficacy of ACE2 618-DDC-ABD against other
SARS-CoV-2 variants are needed.
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Intranasal soluble ACE2 improves survival and prevents

brain SARS-CoV-2 infection

Luise Hassler"?@®, Jan Wysocki', Jared T Ahrendsen? Minghao Ye', lan Gelarden?, Vlad Nicolaescu®®,
Anastasia Tomatsidou®®, Haley Gula*®, Cosimo Cianfarini', Peter Forster’, Nigar Khurram?®, Benjamin D Singer®®,
Glenn Randall*®, Dominique Missiakas*®, Jack Henkin’@®, Daniel Batlle'®

A soluble ACE2 protein bioengineered for long duration of action
and high affinity to SARS-CoV-2 was administered either intra-
nasally (IN) or intraperitoneally (IP) to SARS-CoV-2-inoculated
k18hACE2 mice. This decoy protein (ACE2 618-DDC-ABD) was given
either IN or IP, pre- and post-inoculation, or IN, IP, or IN + IP but
only post-inoculation. Survival by day 5 was 0% in untreated
mice, 40% in the IP-pre, and 90% in the IN-pre group. In the IN-pre
group, brain histopathology was essentially normal and lung
histopathology significantly improved. Consistent with this, brain
SARS-CoV-2 titers were undetectable and lung titers reduced in
the IN-pre group. When ACE2 618-DDC-ABD was administered only
post-inoculation, survival was 30% in the IN + IP, 20% in the IN,
and 20% in the IP group. We conclude that ACE2 618-DDC-ABD
results in markedly improved survival and provides organ
protection when given intranasally as compared with when
given either systemically or after viral inoculation, and that
lowering brain titers is a critical determinant of survival and
organ protection.

DOI 10.26508/15a.202301969 | Received 3 February 2023 | Revised 1 April
2023 | Accepted 4 April 2023 | Published online 11 April 2023

Introduction

Early in 2020, shortly after ACE2 was reported to be the main cell
entry receptor for SARS-CoV-2 (1, 2), our laboratory proposed the
use of soluble ACE2 proteins to neutralize SARS-CoV-2 via a decoy
effect (3). The potential of soluble ACE2 proteins to neutralize
SARS-CoV-2 was soon after shown using human organoids (4). This
cellular model expresses human ACE2, the essential cell entry
receptor for SARS-CoV-2 and TMPRSS2, a protease critical for in-
ternalization of the ACE2-SARS-CoV-2 complex (2, 4, 5, 6). Because
mice and rats are resistant to SARS-CoV-2, the human transgenic
k18hACE2 mouse has been used widely to test the efficacy of new

interventions geared to prevent and treat SARS-CoV-2 infection (7,
8,9,10, 11,12, 13, 14, 15). The k18hACE2 model is lethal when infected
with a high dose of WT SARS-CoV-2 and replicates severe lung
disease in humans (10, 11, 14, 16, 17). There is also some evidence of
brain injury (9, 10, 14, 18, 19, 20), but the precise cause of the
universal lethality is not known. Expression of ACE2 in brain neu-
rons has been demonstrated by immunocytochemistry and enzy-
matic assays suggesting that neuroinvasion of SARS-CoV-2 may
occur (21, 22).

Soluble ACE2 proteins for SARS-CoV-2 offer theoretical advan-
tages over antibody-based approaches which are increasingly
resistant to emerging SARS-CoV-2 variants (23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33). For instance, multiple passaging in the presence of
soluble ACE2 proteins does not lead to mutational escape of SARS-
CoV-2, whereas mutational escape of the virus is seen rapidly after
passaging in the presence of monoclonal antibodies (34). ACE2
decoys have a unique advantage over monoclonal antibodies
because viral mutants are unlikely to decrease decoy affinity
without simultaneous loss of ACE2 affinity, making decoys less
susceptible to resistance by viral mutation (35, 36, 37).

We bioengineered a soluble ACE2 protein, based on a truncate of
human ACE2 with 618 amino acids that was fused with an albumin-
binding domain (ABD) to confer prolonged in vivo duration of action
via albumin binding (5). Later, we used a dodecapeptide (DDC) motif
(38) to form a dimer and were able to enhance the binding affinity
for SARS-CoV-2 markedly (8). In the k18hACE2 model infected with
SARS-CoV-2, administration of this protein (termed ACE2 618-DDC-
ABD) resulted in markedly improved survival and greatly reduced
lung injury (8). ACE2 618-DDC-ABD in this previous study was ad-
ministered combined intranasally (IN) and intraperitoneally (IP) to
ensure proof-of-concept efficacy but the brain histopathology was
not studied (8). Here, we investigated the intranasal as compared with
the intraperitoneal administration of ACE2 618-DDC-ABD and in addition
examined the impact of treatment when initiated before or only after
viral inoculation on survival, organ protection, and viral titers.
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Figure 1. Survival, body weight, and clinical score after viral inoculation with 2 x 10 PFU SARS-CoV-2 comparing intranasal (IN) versus intraperitoneal (IP) versus IN +
IP administration of ACE2 618-DDC-ABD to k18hACE2 mice 1 h before and 24 and 48 h post (pre group, D, E, F) or only 24, 48, and 72 h post (post group, G, H, 1).
(A, B, C) Vehicle-treated group. Infected mice that received vehicle (BSA in PBS, black) had 0% survival on day 5 (A), lost up to 20% of their body weight (B), and developed
high clinical scores (C). (D, E, F) Administration before and post-viral inoculation. In the IN-pre group (red), nine out of 10 mice survived until day 5 (90%), whereas in the IP-
pre group (blue) only four out of 10 mice survived until day 5 (40%). Four of the nine surviving mice from the IN-pre group that were healthy by clinical score were then
euthanized to obtain organs for comparison, and the remaining five mice all survived until day 14. By contrast, none of the four remaining mice in the IP-pre group
survived until day 14 (D). The IN-pre group (red) had no body weight loss (E), and clinical score was normal (F), whereas the IP-pre group (blue) experienced body weight
loss and worsening clinical score. (G, H, 1) Administration post-viral inoculation. In the IN + IP-post group (green), 3 out of 10 mice survived until 5 (30%) and 2 out of 10
(20%) until day 14. In the IN-post group (pink), survival was 2 out of 10 (20%) on day 5and 1 out of 10 (10%) on day 14 (G). In the IP-post group (orange), survival was 1out of 5
(20%) on day 5 and 0 out of 5 (0%) on day 14 (G). In most mice that received ACE2 618-DDC-ABD post-viral inoculation weight loss was severe, and clinical scores were high

although a few mice had stable weight and normal clinical score (H, I).
Results

Survival, clinical score, and weight loss in SARS-CoV-2-infected
k18hACE2 mice

The effects of intranasal (IN) versus intraperitoneal (IP) adminis-
tration of ACE2 618-DDC-ABD were examined in the k18hACE2
mouse, a lethal model of SARS-CoV-2 infection. According to study
protocol, animals that lost more than 20% of their body weight or
had a clinical score of three or higher were humanely euthanized,

Soluble ACE2 for SARS-CoV-2 infection Hassler et al.

and this was considered a mortality event (7, 8). Survival was 0% in
the infected untreated control mice, all of which had to be hu-
manely euthanized on day 5 (Fig 1A). They all had severe body
weight loss (Fig 1B) and/or a high clinical score (Fig 1C).

Administration of ACE2 618-DDC-ABD pre- and
post-viral inoculation

In mice that received ACE2 618-DDC-ABD combined pre- and post-
viral inoculation, survival on day 5 was 90% in the IN-pre group (9
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out of 10), and only 40% in the IP-pre group (4 out of 10) (P = 0.0024)
(Fig 1D). As compared with the infected untreated group with 0%
survival, the IN-pre group survival was also highly significant (P =
0.0084). In the IP-pre group, survival was improved but it did not
reach statistical significance as compared with the infected un-
treated group (P = 0.1106, all by log-rank [Mantel-Cox] test).

To obtain organs for comparison, four of the nine mice from the
IN-pre group that were not affected by SARS-CoV-2 inoculation (by
body weight and clinical score) were euthanized on day 5; the
remaining five all survived until the end of the study (day 14) with
near normal clinical scores and no weight loss (Fig 1E and F). The
mice in the IP-pre group, by contrast, all had to be euthanized by
day 7 because of worsening clinical scores and weight loss,
according to the study protocol approved by the Institutional
Animal Care and Use Committees (IACUC) (see the Materials and
Methods Section) (Fig 1D-F).

Administration of ACE2 618-DDC-ABD only post-viral inoculation

In mice that received ACE2 618-DDC-ABD only post-viral inoculation,
survival in the IN + IP-post group was 30% on day 5 (3 out of 10 mice)
and 20% on day 14 (2 out of 10 mice) (Fig 1G). In the IN-post group,
survival was 20% on day 5 (2 out of 10) and 10% on day 14 (1 out of
10). In the IP-post group, survival was 20% on day 5 (1 out of 5 mice)
but 0% on day 14 (0 out of 5 mice) (Fig 1G). For comparison, infected
untreated mice had 0% survival on day 5 (Fig 1A). Most of the
animals that received ACE2 618-DDC-ABD post-viral inoculation had
rapid body weight loss and a worsening clinical score, but some (n =
2 IN + IP-post, n = 1IN-post) recovered over the course of the study
and survived until day 14 with stable body weight and relatively
good clinical scores (Fig 1H and ).

As compared with untreated infected controls, in the post-
inoculation groups (IN + IP-post, IN-post, and IP-post), survival
was improved, but the differences did not reach statistical sig-
nificance (P = 0.8171, P = 0.2994, and P = 0.3173, respectively). These
three posttreatment groups (IN + IP-post, IN-post, and IP-post) had
significantly worse survival than the IN-pretreatment group (P =
0.0181, P = 0.0046, and P = 0.0064, respectively). When compared
with the IP-pretreatment group, there were no statistically signif-
icant differences in survival for any of these three posttreatment
groups (P = 0.8237, P = 0.7827, and P = 0.8914, respectively).

SARS-CoV-2 brain and lung titers

Brain (Fig 2A) and lung viral titers (Fig 2B) were very high in infected
untreated mice (3.0 x 10" + 1.1 x 10 PFU/ml and 9.33 x 10° + 2.87 x 10°
PFU/ml, respectively). When comparing the two organs, the titers
were significantly higher in the brain than lung tissue (P = 0.0295).
Brain titers in the IN-pre-treated group were undetectable (0 + 0
PFU/mL), whereas titers in the IP group were very high (3.82 x 10° +
169 x 108 PFU/ml, P = 0.0167) and similar to the infected untreated
group (Fig 2A).

In all post-treated groups, brain viral titers were high or de-
creased only marginally as compared with the untreated infected
mice (IP-post: 1.66 x 107 + 1.25 x 10; IN-post: 9.06 E x 107 + 4.08 x 107;
and IN + IP-post: 4.4 x 107 + 317 x 107) (Fig 2A). In the few survivors
from the IN + IP-post and IN-post groups (n = 2 and n = 1,

Soluble ACE2 for SARS-CoV-2 infection Hassler et al.

respectively), however, brain titers were undetectable on day 14
(Fig 2A).

Lung titers were lower in all pre- and post-treated groups as
compared with the infected untreated mice and reached statistical
significance for the IN-pre, IN-post, and IN + [P-post groups (Fig 2B).
The IN-pre group had lower titers than the IP-pre group, but the
difference did not reach statistical significance (9.67 x 10“ + 8.79 x
10 and 3.37 x 10° + 2.32 x 10° PFU/m, respectively, P = 0.3615) (Fig 2B).

In the post-treated groups, the lung titers were as follows: IP-post:
294 x10%+171x10* PFU/mL; IN-post: 8.06 x 10° + 517 x 10%; and IN + IP-
post: 4.4 x 10° + 1.66 x 10°(Fig 2B). The IN-pre, IN-post, and IN + IP-post
groups had significantly lower viral titers than the infected untreated
group (P =0.0244, P=0.0136,and P = 0.0078, respectively), whereas the
differences between each other did not reach statistical significance.
When ACE2 618-DDC-ABD was given only intraperitoneally (either pre-
or post-viral inoculation), lung titers were not significantly reduced.

Brain histopathology

In brains of the infected untreated mice, leukocytosis and/or en-
dothelial hypertrophy were features consistently seen, although of
variable degrees. These findings were mainly observed in the stria-
tum, cerebral cortex, and hypothalamus (Fig 3A-C). In addition, both
perivascular and parenchymal inflammation were occasionally seen
in the hypothalamus and basal ganglia. In the IN-pre group, by
contrast, these histopathologic features in hypothalamus and cortex
were absent in all mice (Fig 3D-F). In the IP-pre group, there was also
perivascular leukocytosis in areas of the brainstem in some (Fig 3G-1)
but not all mice. The leukocytosis score was improved significantly for
the IN-pre group compared with both infected untreated mice and the
IP-pre group (P = 0.0007 and P = 0.0199, respectively) (Fig 3)).

Another histopathologic abnormality found in untreated in-
fected brains was neuronal pyknosis. This was scored on a scale of
0-3 and was significantly reduced in both the IP-pre (0.875 + 0.125)
and IN-pre group (1+ 0) as compared with untreated infected mice
(2 +0, P=0.0001and P = 0.0003, respectively).

In the IP-post group, perivascular/parenchymal inflammation
and endothelial hypertrophy in the hypothalamus was also seen
(Fig S1A-D). Likewise, in the IN-post and IN + IP-post groups, lep-
tomeningeal and perivascular lymphocytosis and endothelial hy-
pertrophy in the hypothalamus and lateral cortex were seen in
some animals (Fig S1E-L) similar to the infected untreated mice (Fig
3A-C). The score for perivascular leukocytosis was lower in the IP-
post, IN-post, and IN + IP-post group than in the infected untreated
mice but did not reach statistical significance (Fig STM). The score
for neuronal pyknosis was decreased in all post-treated groups, but
the difference was significant only for the IN + IP-post group as
compared with infected untreated mice (P = 0.037) (Fig STN).

Immunofluorescence for markers of astrocytes and microglia

Immunofluorescence for the astrocyte marker GFAP and the
microglial marker IBA1 revealed high expression of both markers in
infected untreated mice in patterns consistent with reactive
astrocytosis and microgliosis, respectively (Fig 3K and N). GFAP
staining was partially decreased in the IP-pre group (Fig 3L) and
markedly reduced in the IN-pre group (Fig 3M). IBA1 staining
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Figure 2. Brain (A) and lung (B) viral titers in k18hACE2 mice inoculated with 2 x 10“ PFU SARS-CoV-2 that received ACE2 618-DDC-ABD 1 h pre- and 24 and 48 h post-

viral inoculation.

(A) Brain titers were high in all but one infected untreated control mice (black), most mice from the IP-pre group (blue) and the post-treated groups (orange, pink, green).
In the IN-pre group (red), by contrast, titers were undetectable in all mice, and significantly lower than that in the IP-pre group (P = 0.0167). (B) Lung titers were highest in
the untreated infected control mice (black). In the other groups, lung titers were lower and non-detectable in some mice. As indicated by the asterisks, significant
differences were found between controls (black) and the IN-pre group (red, P = 0.0244), the IN-post group (pink, P = 0.0136), and the IN + IP-post group (green, P = 0.0078).
Note that in two mice from the IP-pre group and one mouse per post-treated group organs could not be obtained. Significance was calculated using ANOVA followed by
Dunn’s multiple comparisons test. If not indicated by the asterisk, the differences did not reach statistical significance. Viral titers were normalized by organ weight.

Mean + SEM are shown.

showed partially reduced microglia cells with ramifications in mice
in the IP-pre group (Fig 30), whereas the ramifications were
markedly reduced in the IN-pre group (Fig 3P). Several other ex-
amples of these differences are shown in the supplement (Fig S2).

Lung histopathology

Lungs from untreated infected mice showed dense perivascular
mononuclear infiltrates and collections of intra-alveolar neutrophils.
There were also rare foci of necrotic debris and alveolar hemorrhage (Fig
4A-F). The lungs of mice from the IN-pre group show near normal lung
histopathology with only minimal perivascular mononuclear infiltrates
(Fig 4F-)). The lungs of mice from the IP-pre group showed few peri-
vascular mononuclear infiltrates, focal minimal alveolar hemorrhage,
and occasional intra-alveolar neutrophils, whereas some areas also
show near-normal lung histopathology (Fig 4K-0). The lung histopa-
thology scores for mononuclear infiltrates, hemorrhage, PMN infiltrates,
edema, and necrotic cellular debris were worse in the untreated infected
group than in both the IP-pre and IN-pre-treated groups (Fig 4P). The
differences in both pre-treated groups (IP-pre and IN-pre) as compared
with infected untreated mice were highly significant for the main his-
topathologic findings: mononuclear infiltrates (P = 0.0297 and P = 0.0107,
respectively) and alveolar hemorrhage (P = 0.0219 and P = 0.0165, re-
spectively) (Fig 4P). The scores were better in the IN-pre group than the
IP-pre group, but the difference did not reach statistical significance
(Fig 4P).

The lungs from the post-treated groups also showed peri-
vascular mononuclear infiltrations and intra-alveolar neutrophils
and resembled the infected untreated group (Fig S3A-C). In some

Soluble ACE2 for SARS-CoV-2 infection  Hassler et al.

mice from the IN-post and IN + IP-post group (Fig S3B and C), lung
histopathology was improved but to a lesser extent than in the pre-
treated groups (see Fig 4). The histopathological scores were not
significantly different in infected untreated controls as compared
with the post-treated groups (Fig S3D). Alveolar hemorrhage was
reduced in the post-treated groups, but the difference was not
statistically significant (Fig S3D).

ACE2 618-DDC-ABD neutralizes WT and Omicron SARS-CoV-2 in
two cell types

In human A549 cells, ACE2 618-DDC-ABD neutralized WT SARS-CoV-2
(as shown by cell viability) at high concentrations (40 and 200 ug/
ml). Lower concentrations (1.6 and 8 pg/ml) neutralized infection
only partially, and very low concentrations (0.0128-0.32 ug/ml) had
no effect on viral neutralization (Fig 5A).

By contrast, the Omicron BA.1 variant was neutralized by much
lower concentrations of ACE2 618-DDC-ABD than WT SARS-CoV-2
(Fig 5B). When comparing the two sets of data (Omicron and WT
variants), the difference was highly significant (P = 0.01) (Fig 5C).

This enhanced effect of ACE2 618-DDC-ABD on the neutralization
of the Omicron variant in A549 cells was also found when we used
Vero E6 cells, a nonhuman primate cell line that has been widely
used for infectivity studies with SARS-CoV-2 (4, 8). In Vero E6 cells,
ACE2 618-DDC-ABD neutralized the Omicron BA.1 variant at all
concentrations tested (5.625-180 pg/ml) (Fig 5D).

The high sensitivity of this Omicron variant to ACE2 618-DDC-ABD
prompted us to testa mouse soluble ACE2 protein that normally has
no effect on WT SARS-CoV-2 infectivity (5). The mouse ACE2 740
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Figure 3. Representative neuropathology of k18hACE2 mice inoculated with 2 x 10* PFU SARS-CoV-2.

(A, B, C) Example of an infected untreated mouse with endothelial hypertrophy (black arrow, (B)), perivascular (red arrows, (C)), and parenchymal lymphocytosis (red
arrowheads, (C)) in the hypothalamus. (D, E, F) Example of a mouse from the IN-pre group that received ACE2 618-DDC-ABD showing normal appearing hypothalamus,
including vasculature. Black scale bars =1 mm, white scale bars =100 um. (G, H, 1) Example of a mouse from the IP-pre group that received ACE2 618-DDC-ABD also showing
perivascular lymphocytosis (red arrows, (H, 1)) in areas of the brainstem. (J) When data from all animals (n = 5 controls, n = 8 IP-pre, n = 10 IN-pre) were scored for
leukocytosis/lymphocytosis, there were significant differences between the groups (P = 0.0007 and P = 0.07, respectively). Data shown as mean + SEM. Significance was
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protein neutralized Omicron BA.1 infection fully at high con-
centrations, whereas lower concentrations were only partially
effective (Fig 5F).

Discussion

The main finding of this study was that a soluble ACE2 protein,
bioengineered to have extended duration of action and increased
binding affinity for SARS-CoV-2, showed clear superiority of in-
tranasal over systemic (intraperitoneal) administration in the
k18hACE2 mouse model of SARS-CoV-2 infection. This superiority
was shown by improvements in survival, clinical scores, and re-
duced lung viral titers. In the brains, moreover, the titers were
undetectable in all animals in the group that received the treat-
mentintranasally before viral inoculation. The soluble ACE2 protein,
termed ACE2 618-DDC-ABD, was bioengineered to have increased
duration of action by fusing a 618 amino acid truncate with an ABD
and designed to have increased binding affinity to the S1 spike of
SARS-CoV-2 by using a dodecapeptide (DDC) dimerization motif (8).
Administration of this soluble ACE2 protein before viral inoculation,
moreover, was far more effective regarding all the outcomes than
administration only post-viral inoculation.

The k18hACE2 model in which human ACE2 transgene expres-
sion is driven by the k18 promoter is lethal after 5-7 d of inoc-
ulation with a high dose of WT SARS-CoV-2 (8, 10, 11, 14, 16, 17). The
precise cause of the rapid lethality upon SARS-CoV-2 infection in
this model is not fully understood. Brain SARS-CoV-2 titers in the
infected untreated control group were one order of magnitude
higher than that in the lungs (compare Fig 2A and B). The absence
of brain titers in mice pre-treated intranasally explains, in our
opinion, the much better survival than in untreated and groups
treated with ACE2 618-DDC-ABD intraperitoneally. The group pre-
treated by IN administration was indeed the only group in which
brain viral titers were not detectable in any of the mice studied
(Fig 2A). High brain viral titers, by contrast, were detected in the
other groups with the exception of a few mice that survived until
day 14 and, of note, these survivors had no brain viral titers
detectable. Elevated brain viral titers, therefore, were associated
with poor outcomes in terms of survival in both the pre- and post-
viral inoculation groups. From these observations, we conclude
thatimproved survival conferred by ACE2 618-DDC-ABD appears to
be determined by two main factors: route of administration (IN
better than IP) and timing (pre- and post-viral inoculation better
than only post-viral inoculation).

Consistent with our data, previous studies had suggested that
brain invasion of SARS-CoV-2 in k18hACE2 mice may be associated
with more severe disease (18, 19). It should be pointed out,
however, that brain injury was limited to only few animals in some
studies (10, 14). Some of the findings that have been previously
reported include encephalitis with leukocyte infiltration, hem-
orrhage, neuronal cell death, necrosis, and spongiosis (10, 14, 18, 19,

20, 39). In these previous studies with the k18hACE2 mice (10, 18, 19,
20, 39), however, no therapies were given. Therefore, the brain
pathology could not be assessed regarding responses to therapies
improving survival and organ protection. Here, we were able to
show that survival conferred by the administration of our soluble
ACE2 protein was associated with non-detectable brain viral titers.
Consistent with the importance of viral brain invasion, in a study
where k18hACE2 mice were inoculated intracranially with low doses
of SARS-CoV, there was lethality despite little infection in the lungs
(40). When SARS-CoV-2 was administered to k18hACE2 mice in
aerosolized form for more direct lung delivery, and despite robust
viral replication in the respiratory tract with airway obstruction,
there was markedly reduced fatality and viral neuroinvasion (41).
Our findings with intranasal delivery of soluble ACE2 before viral
inoculation clearly demonstrate the importance of obliterating
brain SARS-CoV-2 invasion for survival and brain protection.

We wish to point out, however, that the brain histopathologic
findings were subtle even in untreated infected mice. The brain
findings most frequently seen were perivascular and leptomeningeal
lymphocytosis, endothelial hypertrophy, and parenchymal inflam-
mation (Fig 3). These findings were mainly located in the striatum,
cerebral cortex, and hypothalamus. Immunofluorescence for
markers of microglia (IBA1) and astrocytes (GFAP) (42, 43) in the
brain of infected untreated mice revealed high IBA1 and GFAP
expression, consistent with reactive microgliosis and astrocytosis
suggestive of an underlying neuroinflammatory state (Fig 3).
Markers for astrocytes and microglia activation were also found in a
study that examined cerebrospinal fluid from patients with severe
Neuro-COVID-19 (44). In studies that used immunohistochemistry
and imaging mass cytometry to examine brains from deceased
COVID-19 patients, astrocyte and microglia activation was found as
well (45, 46). In the IN group that received the treatment before viral
inoculation, most brains appeared normal and IBA1 and GFAP
expression was decreased, suggesting prevention of astrocyte and
microglia activation and reduced neuroinflammation. Despite clear
improvement in these parameters in mice treated with intranasal ACE2
618-DDC-ABD before viral inoculation, it remains to be determined how
in brains from untreated infected mice viral invasion is associated with
high mortality without more evident and severe histological damage.

Lung histopathology of the infected untreated mice showed
dense perivascular mononuclear infiltrates, rare foci of alveolar
hemorrhage and necrotic debris, and collections of intra-alveolar
neutrophils. These findings were less pronounced in the IP-pre
group and essentially absent in the IN-pre group which showed
near-normal lung histopathology. It is very likely that in the IN-pre
group the significantly improved lung histopathology was be-
cause SARS-CoV-2 lung titers were undetectable in half of the
mice from this group (see Fig 2B). In the post-treated groups, lung
histopathology was improved but not significantly different
from the untreated infected controls; this suggests that a reduction
in SARS-CoV-2 lung viral titers, if incomplete, could not fully prevent
lung injury.

calculated by one-way ANOVA followed by Dunn’s multiple comparisons test. (K, L, M) Examples of GFAP staining (red) which is strongest in an untreated infected brain
(K), reduced partially in a brain from the IP-pre group (L), and very weak in a brain from the IN-pre group (M). (N, O, P) Examples of IBA1 staining (blue) which is strongest
and showed the most pronounced ramifications in an untreated infected brain (N), reduced partially in a brain from the IP-pre group (0), and almost completely absent in
a brain from the IN-pre group (P). All IF-photomicrographs were taken at 40x magnification, scale bar = 100 ym.
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hology in H&E-stained lung slides of SARS-CoV-2-infected k18hACE2 mice.

(A, B, C, D, E) Five different mice from the vehicle control group (n = 5) that were infected with SARS-CoV-2 show dense perivascular mononuclear infiltrates (D, E),
collections of intra-alveolar neutrophils (C), rare foci of necrotic debris (A), and alveolar hemorrhage (B). (F, G, H, 1, J) Five mice from the IN-pre group that received ACE2
618-DDC-ABD (n = 10) show near normal lung histopathology with minimal perivascular mononuclear infiltrates and hemorrhage in some cases. (K, L, M, N, 0) Five mice
from the IP-pre group that received ACE2 618-DDC-ABD (n = 8) show milder perivascular mononuclear infiltrates (M, N) with other areas of near normal lung
histopathology (K, L), focal minimal alveolar hemorrhage (0), and occasional intra-alveolar neutrophils. (P) The lung histopathology scores for mononuclear infiltrates,
hemorrhage, PMN infiltrates, edema, and necrotic cellular debris are high in the controls (black) and lower in both the IP-pre (blue) and IN-pre (red) groups. Data shown as
mean + SEM are shown. Significance is indicated in the figure with * = P < 0.05, calculated by mixed-effects analysis followed by Tukey's multiple comparisons test. All
photomicrographs were taken from H&E-stained sections at 40x magnification, scale bar = 500 pm.

The mechanisms whereby soluble ACE2 proteins can neutralize
SARS-CoV-2 have been previously discussed by us and others (3, 47).
ACE2 exists in two forms: a full-length membrane bound form and a
shorter soluble form that lacks the transmembrane domain (48, 49)
and circulates in the blood in very small amounts (50). Both forms
bind the receptor-binding domain of the SARS-CoV-2 S1 spike
protein. By administering an abundant amount of soluble ACE2, the
spike protein of SARS-CoV-2 can be intercepted from binding to the

Soluble ACE2 for SARS-CoV-2 infection Hassler et al.

membrane bound ACE2 by the so-called decoy effect (3). To in-
crease the binding affinity of ACE2 618-DDC-ABD to the receptor-
binding domain of the SARS-CoV-2 S1 spike, a DDC motif was
introduced that induces dimerization (8). By fusion with an
ABD-tag, moreover, increased duration of action was achieved as
demonstrated by its preserved plasma enzymatic activity for sev-
eral days (5, 8). Membrane bound and soluble ACE2, including ACE2
618-DDC-ABD, metabolize angiotensin Il and des-Arg® bradykinin,
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Figure 5. Neutralization of SARS-CoV-2 variants (500 PFU each) by human and mouse soluble ACE2 proteins after co-incubation for 1 h followed by infection of A549
or Vero E6 cells.

(A) In A549 cells, human ACE2 618-DDC-ABD neutralizes WT SARS-CoV-2 at high concentrations (40 and 200 ug/ml), whereas lower concentrations (1.6 and 8 pg/ml)
neutralize infection only partially and very low concentrations (0.0128-0.32 ug/ml) have no effect on infectivity. (B) In A549 cells, human ACE2 618-DDC-ABD neutralizes of
the Omicron BA.1 variant of SARS-CoV-2 at concentrations lower than WT SARS-CoV-2 (0.32-200 pg/ml), and even very low concentrations have a partial effect. (C) The
differences between WT (black) and Omicron BA1 (red) neutralization by ACE2 618-DDC-ABD are significant (P = 0.0144, calculated by two-way ANOVA). (D) In Vero E6 cells,
ACE2 618-DDC-ABD neutralizes the Omicron BA.1 variant at all concentrations tested (5.625-180 ug/ml). (E) In Vero E6 cells, mouse ACE2 740 neutralizes infection with the
Omicron BA.1variant but is only fully effective at concentrations of 22.5-180 ug/ml, whereas lower concentrations (5.625 and 11.25 ug/ml) have a partial effect. Values
were normalized to the 0 ug/ml control and expressed as a percentage of mock (no virus) control wells. Mean + SEM are shown.

two peptides that may be detrimental when accumulating (47, 51,52, The membrane bound full-length ACE2 is essential for facili-
53). This action may be especially beneficial in COVID-19 where tating SARS-CoV-2 infection (6, 60). As shown by previous work
internalization of ACE2-SARS-CoV-2 complexes causes depletion of with the soluble human ACE2 740 (6) and here with ACE2 618-DDC-

cell membrane ACE2 which fosters accumulation of these pro- ABD in two different permissive cell types, A549 and Vero E6 cells,
inflammatory peptides (53, 54, 55). Unfortunately, we were unable high concentrations of soluble ACE2 are needed to neutralize
to measure these peptides because organ tissues could not be infection of cells with WT SARS-CoV-2. Other variants of SARS-CoV-
released from the BSL-3 facility. A high dose of soluble, enzy- 2, however, may be effectively treated with lower doses of soluble
matically active form of ACE2 was well tolerated in the present study ACE2 proteins. This can be inferred from our findings in two
and, moreover, studies in normal mice not infected with SARS-CoV- different permissive cell lines, where ACE2 618-DDC-ABD neu-

2 showed that the administration of high doses of ACE2 do not lower tralizes the Omicron BA.1 variant at lower protein concentrations
blood pressure and has no effect on body weight or kidney function (at least 20-fold lower than those required to neutralize WT SARS-
when given for months (56). In a safety and tolerability study in CoV-2). It is also important to emphasize that soluble ACE2
healthy human volunteers, systemic administration of a human protein—-based approaches have universal effects against all the
soluble ACE2 18-740 (APNO1) by intravenous injection was similarly variants of SARS-CoV-2 (36). This is contrary to monoclonal an-
well tolerated without causing hypotension or pulse rate distur- tibodies that have the limitation of becoming less efficacious with
bances (57). This is consistent with results obtained in preclinical each mutation of SARS-CoV-2, as consistently shown for the
pharmacological and toxicological investigations in rodents (58), Omicron variants (23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33). Therefore,
piglets (59), and nonhuman primates, in which much higher doses soluble ACE2 based therapies are likely to provide universal ef-
of ACE2 18-740 (APNO1) (up to 40 mg/kg) have been tested without ficacy against all SARS-CoV-2 variants that evade monoclonal
any tolerability issues (57). antibodies.
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We conclude that ACE2 618-DDC-ABD provides better survival and
organ protection when administered intranasally than systemically.
Treatment post-viral inoculation, although less effective, still
provides partially improved survival and organ protection. Abro-
gating brain SARS-CoV-2 invasion is a critical determinant of sur-
vival and organ protection in the k18hACE2 mouse model of lethal
SARS-CoV-2 infection.

Materials and Methods

In vivo infectivity studies

All work with live SARS-CoV-2 in k18hACE2 mice was performed in
the BSL-3 facility of the Ricketts Regional Biocontainment Labo-
ratory, following a protocol approved by the IACUC of Northwestern
University and University of Chicago. We used k18hACE2 mice that
express full-length human ACE2 and are susceptible to SARS-CoV-2
infection (10, 14, 16, 17, 61, 62), purchased from Jackson Laboratory
(8-13 wk old). Animals were infected intranasally with 2 x 10“ PFU
SARS-CoV-2 in 20 pl (novel coronavirus/Washington/1/2020 was
provided by N Thornburg [CDC] via the World Reference Center for
Emerging Viruses and Arboviruses). Animals infected with this viral
load invariably succumb to disease by days 5-9 (10, 14, 16, 17). We
used different protocols to examine pretreatment and posttreat-
ment effects of the soluble ACE2 618-DDC-ABD protein and to
compare intranasal (IN) versus intraperitoneal (IP) administration
effects. In the pretreatment groups, ACE2 618-DDC-ABD was ad-
ministered to k18hACE2 mice (n = 10, five male and five female) via
IN (30 pl, ~13 ug/g BW) or via IP (200 ul, ~13 ug/g BW) 1 h before SARS-
CoV-2 followed by the same dose and 24 and 48 h later for a total of
three doses. In the posttreatment groups, ACE2 618-DDC-ABD was
administered either IN (30 ul, ~12 yg/g BW, n = 10, male) or IP (200 pl,
~1 ug/g BW, n = 5, male) or combined intranasally and intraperi-
toneally (IN + IP) (n = 10, male) 24, 48, and 72 h only post-viral
inoculation (2 x 10“ PFU SARS-CoV-2). Controls (n = 5, male) received
BSA in PBS both IN and IP at the same doses and time points as the
ACE2 618-DDC-ABD post-treated animals.

Animals were weighed once daily and monitored twice daily for
health using a clinical scoring system (Table S1). Animals that lost
more than 20% of their baseline body weight or had a clinical score
of three were euthanized for humane reasons (humanely eutha-
nized) and considered a fatal event as per study protocol. Mice were
euthanized by using CO,-forced inhalation. After the last breathing
movement, cervical dislocation was performed to prevent the mice
from recovering from CO, exposure. To be able to compare viral
titers and organ pathology at the same time point, randomly se-
lected animals from the IN group (which all appeared healthy
based on clinical score) were euthanized on day 5 together with the
animals from the IP group that were euthanized because the
mortality endpoint was reached. Otherwise, animals that did not
reach the severity of these criteria were monitored for up to 14 d in
the BSL-3 facility and euthanized at day 14.

Portions of lungs and brains were removed from all euthanized
animals and were used for viral load measurements by plaque
assay (see below), whereas the remaining portions were fixed in
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10% formalin and embedded in paraffin for histopathology and
immunostaining. The Mouse Histology and Phenotyping Laboratory
center at Northwestern University generated slides for staining
studies.

Hematoxylin and eosin (H&E)-stained sections were evaluated
by expert lung pathologists on a scoring system, recently described
for SARS-CoV-2-infected k18hACE2 mice (8, 14). The categories
scored were: mononuclear infiltrates, alveolar hemorrhage, edema,
cellular necrosis, hyaline membranes, and thrombosis. The scale
was as follows: 0 = no detection, 1 = uncommon detection in <5%
lung fields (200x), 2 = detectable in up to 30% of lung fields, 3 =
detectable in 33-66% of lung fields, and 4 = detectable in >66% of
lung fields. Neutrophil infiltration was evaluated on a scale of 0-3
as follows: 0 = within normal range, 1= scattered PMNs sequestered
in septa, 2 = score 1 and solitary PMNs extravasated in airspaces,
3 = score 2 plus and aggregates in vessel and airspaces.

Brain injury was evaluated on H&E-stained sections by a blinded
neuropathologist and scored for leukocytosis and lymphocytosis and
neuronal pyknosis on a scale of 0-3. The scale was as follows: 0 =
none, 1= mild (focal), 2 = moderate (multifocal), 3 = severe (diffuse).

ACE2 enzymatic activity in the brain

In pilot studies in non-infected mice, ACE2 618-DDC-ABD was ad-
ministered intranasally to see if it reaches the brain. For this, ACE2
deficient mice (total body ACE2/PRCP double-knockout mice) (50)
were given ACE2 618-DDC-ABD protein intranasally (10 pg/g BW,
35 pl total volume in both nostrils) under general ketamine-
xylazine anesthesia. The animals recovered from anesthesia and
4 h after intranasal instillation were euthanized by overdose of
Euthasol. Mice were perfused with PBS to flush out blood from the
organs. Brains were then removed and tissue lysates obtained by
homogenization in RIPA buffer (63). The lysates were then clarified
by centrifugation at 6,000g for 10 min at 4°C. Protein concentration
in the cleared lysates was measured using BCA assay kit (Thermo
Fisher Scientific). The cleared tissue lysates were diluted in a 1x TBS,
pH 7.4 (cat#BP2471-1; Thermo Fisher Scientific). For ACE2 activity, a
fluorogenic substrate Mca-APK-Dnp (Bachem) was used, and the
plates were read using a fluorescence plate reader FLX800 (BioTek
Instruments) at an excitation wavelength of 320 nm and an
emission wavelength of 400 nm. All reactions were performed at
ambient temperature in microtiter plates with a 100 pl total volume.
Each sample was tested in duplicate wells with one of the two wells
used as a blank. A specific inhibitor of ACE2 (MLN-4760, gift from
Millennium Pharmaceuticals) was used at 10> M end concentration
(64, 65) in the blank wells. ACE2 activity (relative fluorescence units)
was calculated by subtracting blank values from values of wells
without ACE2 inhibitor and divided by total protein concentration of
the tissue lysates. ACE2 enzymatic activity in brain lysates was not
detectable in ACE2KO mice that received PBS but was detectable in
those infused with ACE2 618-DDC-ABD (0.004 + 0.0002 RFU/ug
protein/hr and 0.14 + 0.098 RFU/ug protein/h, P = 0.015).

Plaque assay for infectious virus
Tissue samples were collected in DMEM with 2% FBS and were

homogenized using 1.4 mm ceramic beads in a tissue homogenizer
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using two 30 s pulses. Samples were then centrifuged at 1,000g for
5min, and the supernatant was serially diluted 10-fold and used to
infect Vero E6 cells for 1 h. Inoculum was removed, and 1.25%
methylcellulose DMEM was added to the cells and incubated for3 d.
Plates were fixed in 1:10 formalin for 1 h and stained with crystal
violet for 1 h and counted to determine PFU and expressed as PFU/
ml after the data were normalized by organ weight.

Immunofluorescence

For immunofluorescence staining studies of the brain, IBA1
(ab178846; Abcam) and GFAP (ab4674; Abcam) antibodies were used.

SARS-CoV-2 infection of A549 and Vero E6 cells

All work with live SARS-CoV-2 was performed in hACE2-A549 or Vero
E6 cells in the BSL-3 facility of the Ricketts Regional Biocontainment
Laboratory. 500 PFU of each SARS-CoV-2 strain: WT (novel
coronavirus/Washington/1/2020 was provided by N. Thornburg
[CDC] via the World Reference Center for Emerging Viruses and
Arboviruses) or Omicron BA1 (BEI NR-56481, obtained through BEI
Resources, NIAID, NIH: SARS-related coronavirus 2, Isolate hCoV-19/
USA/GA-EHC-2811C/2021 [Lineage B.1.1.529; Omicron variant], NR-
564871, contributed by Mehul Suthar) of SARS-CoV-2 was incubated
with various concentrations (0.0128, 0.064, 0.32, 1.6, 8.0, 40.0, 200 pg/
ml for A549 cells or 5.626, 11.25, 22.5, 45, 90, 180 ug/ml for E6 cells) of
the different soluble ACE2 proteins (human ACE2 618-DDC-ABD or
mouse ACE2 740) for 1h at 37°C. This mixture was then used to infect
the respective cell types. Cells were then incubated for 3-4 d (WT
SARS-CoV-2) or 5 d (Omicron BA.1) until a noticeable cytopathic
effect was observed in control wells (0 pg/ml of soluble ACE2
proteins). Cell numbers were assessed by staining cells with crystal
violet and reading absorbance of each well at 595 nm. Values were
then normalized to the 0 pg/ml control and expressed as a per-
centage of mock (no virus) control wells.

Statistics

GraphPad Prism v8.4.3 (GraphPad Software) was used to calculate
statistics. Normality was tested using the Shapiro-Wilk test. Dif-
ferences between more than two groups with normally distributed
data were analyzed by ANOVA followed by post hoc Dunnett's
multiple comparisons test. Differences between more than two
groups with non-normally distributed data were analyzed by the
Kruskal-Wallis test followed by the post hoc Dunn’s multiple
comparisons test. Differences between two groups with normally
distributed data were analyzed by unpaired t test. Differences
between two groups with non-normally distributed data were
analyzed by Mann-Whitney test. Differences in survival were cal-
culated by log-rank (Mantel-Cox) test.

Study approval
All work with live SARS-CoV-2 in k18hACE2 mice was performed in

the BSL-3 facility of the Ricketts Regional Biocontainment Labo-
ratory, following a protocol approved by the Institutional Animal
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Care and Use Committees of both Northwestern University
(1S00004795) and University of Chicago (72642).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/sa.
202301969.
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