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Abstract

Objectives The aim of this study was to assess the potential of noninvasive and repeated monitoring of rhACE2 distribution

and content in organs using the ACE2-specific nuclide probe 68Ga-HZ20. Methods We optimized the labeling conditions of

the probe and evaluated its safety. A mouse organ in situ rhACE2 high-aggregation model was constructed for the first time,

and in vivo real-time PET imaging of rhACE2 was performed using the ACE2-specific PET agent 68Ga-HZ20. The distribution

and uptake of the probe were analyzed, and the model was validated. Results This radiotracer exhibited reliable radiochemical

properties in vitro and maintained a high affinity for rhACE2 in vivo. In terms of probe uptake, 68Ga-HZ20 showed a good

target-to-nontarget ratio, and the correlation between the uptake value of the probe and the dose of rhACE2 was >90% in

both models; the probe was rapidly cleared from the circulatory system and excreted by the kidneys and urinary system. No

organs were damaged after the injection of high doses of probe. Conclusions This technology for noninvasively and repeatedly

monitoring the content and distribution of rhACE2 in vivo aids in clarifying the resident capacity of rhACE2 in organs and in

analyzing the preventive effect of rhACE2 against SARS-CoV-2 and the effectiveness of therapies for COVID-19.
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Abstract

Objectives The aim of this study was to assess the potential of noninvasive and repeated monitoring of
rhACE2 distribution and content in organs using the ACE2-specific nuclide probe 68Ga-HZ20.

Methods We optimized the labeling conditions of the probe and evaluated its safety. A mouse organ in
situ rhACE2 high-aggregation model was constructed for the first time, and in vivo real-time PET imaging
of rhACE2 was performed using the ACE2-specific PET agent 68Ga-HZ20. The distribution and uptake of
the probe were analyzed, and the model was validated.

Results This radiotracer exhibited reliable radiochemical properties in vitro and maintained a high affinity
for rhACE2in vivo . In terms of probe uptake, 68Ga-HZ20 showed a good target-to-nontarget ratio, and the
correlation between the uptake value of the probe and the dose of rhACE2 was >90% in both models; the
probe was rapidly cleared from the circulatory system and excreted by the kidneys and urinary system. No
organs were damaged after the injection of high doses of probe.

Conclusions This technology for noninvasively and repeatedly monitoring the content and distribution of
rhACE2 in vivo aids in clarifying the resident capacity of rhACE2 in organs and in analyzing the preventive
effect of rhACE2 against SARS-CoV-2 and the effectiveness of therapies for COVID-19.

Keywords: SARS-CoV-2, PET imaging, 68Ga-HZ20, rhACE2-organ model

Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), poses a significant threat to public health and a great burden on the global economy1. SARS-CoV-2
and severe acute respiratory syndrome coronavirus (SARS-CoV) have 79.5% homologous sequences, and
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their S protein has 76.5% similarity in amino acid sequences2. Based on previous studies, researchers quickly
identified angiotensin-converting enzyme 2 (ACE2) as a key receptor for SARS-CoV-21,3–5. ACE2 plays a key
negative regulatory role in the renin-angiotensin system (RAS)6,7 and promotes amino acid transport in the
kidney and intestine under normal physiological conditions5. ACE2 is essential for SARS-CoV-2 to invade
human cells, and during infection, the receptor-binding domain (RBD) on the S1 subunit of SARS-CoV-2
binds to ACE2, which then fuses the cell membrane of the virus to the host cell, thereby mediating viral entry
into the host cell8. However, ACE2 deficiency may aggravate the prognosis of patients with COVID-199,
especially those with underlying diseases (such as hypertension, heart disease, cirrhosis and cancer)10,11.

Blocking spike/ACE2 conjugation is a central strategy for vaccine design and multiple therapeutics12. With
the development of drugs for managing COVID-19, patient outcomes have improved significantly. However,
in some elderly people with underlying diseases, SARS-CoV-2 continues to pose a severe threat; additionally,
herd immunity is low, it is difficult to produce an effective response to the vaccine, and the neutralization ef-
fect of monoclonal antibodies is hindered because SARS-CoV-2 hides its RBD after infection in the body13–16.
Moreover, as the virus evolves, variants continue to emerge, which not only affects the infectivity of SARS-
CoV-2 but also reduces the efficacy of vaccines, convalescent serum, and monoclonal antibody therapy17–21.
Therefore, ACE2 is an excellent drug target because regardless of the number of SARS-CoV-2 variants, the
virus relies on ACE2 to infect humans2,22.

Recombinant human ACE2 (rhACE2) can be used as a supplement to ACE2 in the body, which can compet-
itively block SARS-CoV-2 infection23,24. Preclinical research has revealed that rhACE2 protects mice from
severe acute lung injury by inhibiting the binding of SARS coronavirus to its own ACE2 in lung cells1,25 and
that rhACE2 can inhibit SARS-CoV-2 infection in artificial human tissues26. Clinical trials (NCT04335136)
have demonstrated that soluble rhACE2 (APN01) binds to the RBD and full-length spike protein of the
SARS-CoV-2 variant and is effective in neutralizing infection in all test variants27. Furthermore, another
study obtained good results in animal experiments by in situ administration of APN01 in the respiratory
tract in the form of aerosol inhalation, and a phase I clinical trial (NCT05065645) is currently ongoing28.
Nevertheless, a clinical trial to assess the efficacy of rhACE2 in COVID-19 patients in China (NCT04287686)
was withdrawn29 due to concerns that ACE2 infusion may reduce circulating Ang II and increase Ang-(1-7)
levels, leading to possible complications such as hypotension in patients with COVID-19 in the late stages
of the disease30. Our current study may alleviate this concern, as we can accurately reflect in situACE2
levels in organs through PET imaging, which can help in evaluating the efficacy of rhACE2 and provide a
scientific basis for rhACE2 therapy.

Existing methods such as immunohistochemistry and serological testing cannot be used to detect the dynamic
expression level of ACE2 and its spatial distribution in vivo , which is an obstacle to further development
of ACE2 as a biomarker for the diagnosis and treatment of COVID-19. Molecular imaging, as a noninvasive
method, can be used to quantitatively monitor the spatial distribution of molecular targetsin vivo with high
sensitivity. Positron emission tomography (PET) has been widely used to detect disease-related biomarkers
using radioligands.

DX600 is an ACE2-specific inhibitory peptide found in the peptide library based on restriction phages with
a Ki as low as 2.8 nM and is highly specific for ACE231. For radionuclide68Ga labeling, we coupled DX600
with the bifunctional chelate DOTA, named HZ20. In our previous study32, HZ20 was shown to target
rhACE2 with high affinity and specificity, and the Kd values of the SPR assay for DX600 and HZ20 were
98.7 and 100.0 nM, respectively. Additionally, we used 68Ga-HZ20 to assess the background level of ACE2
and the in vivo distribution and expression levels in 20 healthy volunteers of different ages and sexes and
one COVID-19-rehabilitated person32. We also developed a neutralized nanobody-based radiotracer,68Ga-
Nb1159. It can be used to visualize the localization and distribution of the SARS-CoV-2 RBD with a
high target-to-background ratio33. Furthermore, there have been no reports of radiotracer detection of the
distribution and content of rhACE2 in different organs.

Inspired by the previous ACE2/RBD targeting probes and the recent eased restrictions, we aimed to nonin-
vasively map rhACE2 in the body in various tissue microenvironments. We optimized the labeling conditions

3
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of radionuclide 68Ga and obtained the radioactive probe 68Ga-HZ20 with a higher labeling rate and yield.
We also constructed rhACE2 in situ models in different organs of mice, for example, liver, spleen, brain and
tumor tissues, and used68Ga-HZ20 to monitor the content and distribution of exogenous rhACE2 in situ in
model mouse organs for rhACE2 therapy.

Materials and Methods

General Procedures: All solvents and chemicals were purchased from reagent vendors and no purification
was performed prior to use. HZ20 were custom synthesized by ChinaPeptides Co., Ltd (Shanghai, China) or
CSBio (San Diego, California). Sep-Pak Accell Plus QMA and Sep-Pak C18-Light cartridges were purchased
from Waters (Ireland). Acrodisc 25 mm syringe filter (0.22 μm) was purchased from Pall Corporation
(USA). The labeling yield, radiochemical purity and stability were analyzed by radio-high performance liquid
chromatography (HPLC) (1200, Agilent, USA) equipped with γ detector (Flow-count, Bioscan, Washington.
D.C., USA), using a C18 column (Eclipse Plus C18, 4.5 × 250 mm, 5μm, Agilent, USA). The Micro-
PET/CT imaging studies of small animals were performed on the Micro-PET/CT of PINGSENG Healthcare
Inc (Shanghai, China). The68Ge-68Ga generator was purchased from ITM Co., Ltd, Germany. rhACE2
purchased from Sydlabs (BP003061). RIPA lysate purchased from Solarbio (R0010).

The Radiolabeling and quality control of68Ga-HZ20 were conducted as previously reported
procedures with some modifications [Supplemental Information].

rhACE2 administrations in KM mice

For subcutaneous-rhACE2 and tumor rhACE2 models, different doses of rhACE2 were directly injected into
the corresponding positions 30 min before PET imaging; For the in situ rhACE2-intraperitoneal liver or
-spleen model, after anesthetizing mice with 1.25% tribromoethanol at 0.2 ml/10g 30 min in advance, the
target organ was exposed after opening the abdomen, and different contents of rhACE2 were injected using
insulin needles, and the injection volume was not more than 50μL; The anterior fontanelle is the origin, 1.7
mm on the right, 0.7 mm anteriorly, and 3 mm deep for fixed-point injection of the right caudate nucleus.

Micro-PET/CT imaging of mice model

7.4 MBq/200μL 68Ga-HZ20 was injected into model mice through the tail vein, anesthetized with isoflurane
(2-3%, 1 L/min oxygen), and placed on a heated bed for Micro-PET/CT imaging scanner to statically
acquire PET/CT images for a certain period of time. 50-fold unlabeled HZ20 and 7.4 MBq 68Ga-HZ20 were
co-injected into mice for blocking studies. For ex vivo imaging of the target tissue, the weight of the organ
was weighed, and Micro-PET/CT imaging is performed directly, and the γ-counter assay was performed
immediately following the PET imaging procedure. A region of interest (ROI) was plotted on the CT image
and mapped onto the PET to further acquire its SUVmax value for further analysis.

Western blot detection of rhACE2 protein in injection site and immunohistochemical detection
of ACE2 at organ background level.[Supplementary Materials]

Mice organ HE staining

Normal KM mice are injected with a 37MBq 68Ga-HZ20 probe 1 week in advance, the main organs were
taken for paraffin embedding after sacrifice, after dewaxing and rehydration, 5 μm longitudinal sections are
stained with hematoxylin solution for 5 min, then differentiated (2% hydrochloric acid alcohol) for several
seconds, then transferred to water, washed for 30 min and then stained with eosin solution for 1 min, then
dehydrated with fractionated alcohol and cleared in xylene, sealed in neutral colloidal medium, and image
scanning (Aperio Versa 200, Leica).

Statistics

Statistical analysis was performed using Origin software (V.2022) and Prism (V7.0, GraphPad software).
Organ uptake data in the form of SUVmax were grouped by time. To compare the distribution between
samples, parametric continuous variables were expressed as mean ± SD. Unpaired t-tests for independent

4
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samples were used to compare SUVmax values between groups. P-values less than 0.05 were considered
significant.

Results

Figure 1. In vitro characterization and safety assessment of 68Ga-HZ20. (A) Schematic illustration of the
synthesis of the 68Ga-HZ20 probe. (B) Radiolabeling rate (RLR) of 68Ga-HZ20 at different temperatures.
(C) Radiochemical yield of 68Ga-HZ20 at different temperatures (n=3). (D) Stability analysis of68Ga-HZ20
over time in saline and 5% HSA at 37 (n=3). (E) HE staining of major organs indicates the safety of
radio-tracer (n=5). (F) IHC of ACE2 expression levels in major organs.

In vitro characterization and safety assessment of68Ga-HZ20

The procedure of 68Ga-HZ20 radiosynthesis is shown in Fig. 1A. Radio-HPLC showed nondecayed radiola-
beling rates at 65 °C, 85 °C, and 95 °C of 74.03%, 96.42%, and 78.60% for the68Ga-HZ20 probe, respectively
(Fig. 1B). After purification on a C18 column, the radiochemical purity was higher than 99% (Fig. S1), and
the nondecayed radiochemical yields were 61.51±4.47%, 78.99±3.92%, and 66.34±5.51 (n=3), respectively
(Fig. 1C). The specific activity was (3.37±0.35) ×104GBq/mmol (n=3). The in vitro stability of the probe
was tested using radio-HPLC. The radiochemical purity of68Ga-HZ20 in either normal saline or 5% HSA was
higher than 96% within 180 min at room temperature incubation (n=3) (Fig. 1D). To evaluate the safety of
the probe,68Ga-HZ20 of 37 MBq was injected into KM mice (n=5) one week in advance, and then the main
organs were sampled for HE staining; no organic damage to the organs was observed (Fig. 1E). Immunohi-
stochemical staining was used to assess the expression level of ACE2 in the main organs of mice. Almost no
expression of ACE2 was observed in the stomach, heart, or spleen (-) of mice, with microexpression visible
in the brain (+). There was no expression of ACE2 in hepatocytes, and notably, it was highly expressed
in the hepatic manifold (++); similarly, it was not expressed in alveolar cells but was highly expressed in
bronchial epithelial cells (++). In addition, high expression was observed in both the kidneys and small
intestine (++), supporting symptoms such as respiratory and fecal-oral transmission of SARS-CoV-2 as well
as acute kidney injury and diarrhea following infection (Fig. 1F).

5
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Micro-PET/CT studies of the 68Ga-HZ20 probe in normal mice

PET images of normal KM mice showed that the probe entered the body and was rapidly distributed
with blood circulation and metabolized by the kidney and bladder (Fig. S2A). The maximum single-voxel
standardized uptake value (SUVmax), which is the standard nuclear medicine metric, was chosen to show
the probe accumulation in tissues or organs by measuring the maximum voxel value in a volume of interest
(organs) standardized to patient mass and administered activity. The SUVmax showed that the probe was
rapidly cleared from the mouse heart blood pool from 0.51±0.04 to 0.15±0.04 (p=0.0004) at 60 min after
injection, and the remaining probe mainly accumulated in the kidneys at 1.3±0.16 (Fig. S2B). Although the
uptake values of the liver (0.43±0.02) and lungs (0.43±0.03) were similar, the density in the liver was much
greater than that in the lungs, suggesting that the uptake of probe was higher in lung tissue than in liver
tissue.

Micro-PET study of 68Ga-HZ20 in the rhACE2-subcutaneous model

In KM model mice, different doses (0.1, 0.2, 0.4 and 0.8 nmol) of commercial rhACE2 protein were injected
into the right shoulder. The molecular weight of the rhACE2 protein was approximately 100 kDa according
to mass spectrometry (Fig. S3). PET imaging showed that68Ga-HZ20 had high specificity and sensitivity
for rhACE2 in vivo (Fig. 2A, Fig. S4). This probe can locate regions with rhACE2 aggregation and reveal
the distribution of rhACE2. Compared to the contralateral side injected with saline control, micro-PET/CT
imaging clearly showed the specific uptake of the probe at the rhACE2 injection site, and the uptake rate
increased with the rhACE2 injection dose. Similarly, at the same time point after probe injection, SUVmax
also increased with the amount of rhACE2 (0.1, 0.2, 0.4 and 0.8 nmol). Furthermore, in the 0.4 nmol and
0.8 nmol rhACE2 injection groups, probe uptake increased over time, reaching a maximum at 120 min after
injection (1.70±0.08, 3.13±0.07) and then slowly decreasing (Fig. 2C). The ratio of target site to muscle
for response probe targeting and specificity also increased with increasing rhACE2 injection to 2.50±0.41,
8.24±0.47, 15.57±0.49, and 25.45±1.48, respectively, at 240 min (Fig. 2D). Once PET image acquisition
was complete, the rhACE2 (0.2 nmol, 0.4 nmol) injection site and the main organs were sampled for ex vivo
imaging (Fig. 2E), and the results showed significant dose-dependent uptake of the probe at the rhACE2
injection site. High uptake was detected in the kidneys, but there was almost no uptake in other normal
organs. The correlation between SUVmax and rhACE2 dose was analyzed 120 min after injection, and the
R2 was 0.9914 (Fig. 2F). We selected the 0.4 nmol rhACE2 group for a 14.63 nmol HZ20 peptide blockade
study, and the uptake of probe at the rhACE2 injection site in the blockade group was significantly reduced
(Fig. 2B, Fig. S5). At all time points, there was a considerable difference between the SUVmax of the HZ20
block group and that of the non-block group, which was 1.70±0.08 compared to 0.40±0.01 (p<0.0001) at
120 min (Fig. 2G). After micro-PET imaging, rhACE2 residence was verified by western blotting, and the
results showed that the rhACE2 protein was successfully localized at the subcutaneous injection site and
remained stable in vivo within 240 min (Fig. 2H).

6
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Figure 2. Evaluation of 68Ga-HZ20 in the rhACE2-subcutaneous models. (A) PET imaging with68Ga-HZ20
in the KM mice model with subcutaneous injection of different doses of rhACE2. The white circle indicates
the injection site of rhACE2. (K, B stands for kidney and bladder). (B) PET imaging of mice treated with
0.4 nmol rhACE2 and without or with 50 μg HZ20 blocking. The white box indicates the injection site of
rhACE2. (K, B stands for kidney and bladder). (C) Comparison of SUVmax at the rhACE2 injection site
in Figure 2A and Figure S4. (D) The ratio of shoulder to muscle SUVmax. (E) ex vivo imaging of the
injection site and major organs. (F) Correlation analysis between SUVmax and rhACE2 doses at 120 min
after injection. (G) Comparison of SUVmax in the 0.4 nmol and 0.4 nmol block groups. (H) Western blot
of rhACE2 at the injection site.

Micro-PET study of 68Ga-HZ20 in the rhACE2 intratumoral model

Intratumoral injection of rhACE2 and micro-PET imaging in A549 tumor-bearing mice showed that 68Ga-
HZ20 accurately tracked rhACE2 in tumors (Fig. 3A, Fig. S6). Consistent with the western blot results, no
expression of ACE2 in the A549 tumor was detected by micro-PET imaging with 68Ga-HZ20. In contrast, the
probe uptake of the rhACE2-injected group increased with increasing injection dose. Comparing SUVmax in
PET imaging in different injection groups also yielded consistent results, and SUVmax at tumor sites reached
0.3±0.08, 0.6±0.07, 0.75±0.03 and 0.94±0.03, respectively, 30 min after probe injection (Fig. 3B). To further
investigate the specificity of the probe, the SUVmax ratio of tumor to muscle was analyzed, and the results
showed that when the injection group was treated with the same dose of rhACE2 protein, the ratio increased
with time. At all time points, the ratio correlated with the rhACE2 injection dose. At 240 min after probe
injection, the ratios were 0.88±0.54, 4.59±0.32, 6.22±1.56, and 7.13±0.54, respectively (Fig. 3C). After 240
min of probe injection, the tumor was sampled for ex vivo imaging (Fig. 3D), and consistent results with
those of in vivo imaging were observed. γ-counting analysis after ex vivo imaging of tumor tissues showed
that the % ID/g of the 0.4 nmol rhACE2 injection group was up to 1.22±0.08, and there were significant
differences among rhACE2 doses (Fig. 3E). The correlation analysis between rhACE2 and SUVmax showed
the highest correlation 30 min after probe injection, and the R2 was 0.9176 (Fig. 3F). rhACE2 protein bands
were validated in the tumor after rhACE2 injection (Fig. 3G).
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Figure 3. Evaluation of 68Ga-HZ20 in the rhACE2 intratumoral model based on A549 cells. (A) PET
imaging at 60 min after68Ga-HZ20 injection following intratumoral injection of different doses of rhACE2.
The white box with a dashed line indicates the tumor and the injection site of rhACE2 (K, B stands for
kidney and bladder). (B) Comparison of SUVmax in the tumors in Figure 3A and Figure S6. (C) The
ratio of tumor to muscle SUVmax at different time points following 68Ga-HZ20 injection. (D) Ex vivo PET
imaging of tumor tissue treated with different doses of rhACE2. (E) Comparison of % ID/g in tumor tissue
treated with different doses of rhACE2. (F) Correlation analysis between SUVmax and rhACE2 doses at 30
min after injection. (G) Western blot of rhACE2 at the injection site.

Micro-PET study of 68Ga-HZ20 in the rhACE2-intraperitoneal liver model

To investigate the targeting ability of the 68Ga-HZ20 probe in different tissues and organs, we chose to
perform PET imaging studies after in situ injection of different doses of rhACE2 in the liver of KM mice.
PET imaging showed clear probe uptake in the liver, and the uptake was rhACE2 dose dependent (Fig. 4A,
Fig. S7). Compared with the control group, the rhACE2 injection group showed a higher SUVmax value
at the liver injection site, and the SUVmax obtained 15 min after probe injection was 0.43±0.02, 0.52±0.02
and 0.76±0.01, respectively (Fig. 4B). Similarly, the target ratio of liver to muscle in the rhACE2 injection
group was significantly higher than that in the blank control group, and the ratio in the 0.4 nmol rhACE2
injection group was higher than that in the 0.2 nmol rhACE2 injection group and reached the highest rate at
60 min, at 1.3±0.20, 2.54±0.27 and 3.95±0.52, respectively (Fig. 4C). After probe injection for 150 min, the
liver was sampled for γ counter measurement. Consistent with the PET imaging results, % ID/g in the liver
also depended on rhACE2 injection doses, which were 0.24± 0.01, 0.32±0.01, and 0.37±0.02 (Fig. 4D). The
correlation analysis between rhACE2 and SUVmax showed the highest correlation 60 min after injection of
the probe, and the R2 was 0.9994 (Fig. 4E). There was almost no expression of ACE2 in the liver tissue, but
rhACE2 injection artificially increased the protein levels (Fig. 4F).
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Figure 4. Evaluation of68Ga-HZ20 in the rhACE2-intraperitoneal liver model. (A) PET imaging with in situ
injection of different doses of rhACE2 in the liver. The white circle indicates the liver injection site (L, H,
B stands for liver, heart and bladder). (B) Comparison of SUVmax in the liver in Figure 4A and Figure S7.
(C) The ratio of liver to muscle SUVmax. (D) Comparison of liver tissue % ID/g. (E) Correlation analysis
between SUVmax and rhACE2 doses at 60 min after injection. (F) Western blot of rhACE2 at the injection
site.

Micro-PET study of 68Ga-HZ20 in the rhACE2-intraperitoneal spleen model

RhACE2 was injected in situ into the spleen of KM mice, and PET imaging showed significant aggregation
of the68Ga-HZ20 probe in the 0.4 nmol rhACE2 injection group (Fig. 5A, Fig. S7). Comparing SUVmax in
PET images revealed that the difference in probe uptake in the spleen between the 0.2 nmol rhACE2 injection
group and the control group was small, while that in the 0.4 nmol rhACE2 injection group was significantly
higher than that of the other two groups, and the SUVmax at 15 min after probe injection was 0.28± 0.03,
0.28±0.01 and 0.58±0.01, respectively (Fig. 5B). Similarly, the splenic muscle target ratio was significantly
higher in the 0.4 nmol rhACE2 injection group than in the 0.2 nmol and control groups, with 60 min ratios
of 1.25±0.20, 1.30±0.14 and 4.13±0.05, respectively (Fig. 5C). After 60 min of probe injection, the spleen
was sampled forex vivo imaging, and PET showed that the probe had a high uptake in the spleen in the 0.4
nmol group and a small amount of uptake in the 0.2 nmol group, especially at the injection site of rhACE2
(Fig. 5D). After ex vivo imaging, the spleen tissue was measured by a γ counter to analyze probe uptake
more accurately, and the results showed that the % ID/g in the rhACE2 injection group was significantly
higher than that in the control group, which was 0.41±0.01, 0.53±0.01 and 0.86±0.03, respectively (Fig.
5E). The correlation analysis between rhACE2 and SUVmax showed the highest correlation 45 min after
probe injection, and the R2was 0.9095 (Fig. 5F). Similarly, there was almost no expression of ACE2 in the
spleen, and rhACE2 aggregation in the spleen tissue was observed in the injection group, but the rhACE2
content was significantly lower than that of other model groups with the same dose, although the analysis
results may be due to the small volume of the spleen and the leakage of rhACE2 during surgery (Fig. 5G).
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Figure 5. Evaluation of 68Ga-HZ20 in rhACE2-intraperitoneal spleen model. (A) PET imaging with in
situinjection of different doses of rhACE2 in the spleen. The white box indicates the spleen injection site (K,
B stands for kidney and bladder). (B) Comparison of SUVmax in the spleen in Figure 5A and Figure S8. (C)
The ratio of spleen to muscle SUVmax. (D) ex vivo PET imaging of spleen tissue. (E) Comparison of spleen
tissue % ID/g. (F) Correlation analysis between SUVmax and rhACE2 doses at 45 min after injection. (G)
Western blot of rhACE2 at the injection site.

Micro-PET study of 68Ga-HZ20 in the rhACE2-intraperitoneal brain model

PET imaging showed slight uptake of the probe in the brains of control mice, while significant aggregation
was observed in the rhACE2 injection group (Fig. 6A, Fig. S9). SUVmax showed that within 120 min
after probe injection, there were significant differences between the rhACE2 injection group and the control
group, and at 15 min after probe injection, the uptake values were 0.42± 0.01, 0.44±0.01, 0.56±0.02 and
0.72±0.01, respectively (Fig. 6B). The target ratio of brain to muscle also showed consistent results, with
2.23±0.10, 2.85±0.06, 3.34±0.12, and 4.23±0.12 at 120 min, respectively (Fig. 6C). After 120 min, brain
tissue ex vivo imaging was performed, and the results were consistent with the results of in vivo PET. There
was almost no probe uptake in the brains of mice that were not injected with rhACE2, while the uptake of
probe in brain tissue was observed in the injection group, especially in the 0.8 nmol rhACE2 group (Fig.
6D). This result also showed that the 68Ga-HZ20 probe can be applied to the quantitative monitoring of
rhACE2 in brain tissue. Brain tissue % ID/g also showed that the rhACE2 injection group was significantly
higher than that of the noninjection group, with the highest in the 0.8 nmol group, which was 0.004±0.001,
0.024±0.001, 0.048±0.001 and 0.123±0.002, respectively (Fig. 6E). The correlation analysis between rhACE2
and SUVmax showed the highest correlation 30 min after probe injection, and the R2 was 0.9913 (Fig. 6F).
The content of rhACE2 in brain tissue was detected by western blot, and the results showed that there was
a small amount of ACE2 expression in the brain tissue itself, and obvious bands and gradient relationships
were visible in the injection group, indicating that rhACE2 maintained stability in structure and quantity
in the brain within 120 min (Fig. 6G).
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Figure 6. Evaluation of 68Ga-HZ20 in rhACE2- intraperitoneal brain model. (A) PET imaging with in
situinjection of different doses of rhACE2 in the brain. The white circle indicates the brain injection site (K,
B stands for kidney and bladder). (B) Comparison of SUVmax in the brain in Figure 6A and Figure S9. (C)
The ratio of brain to muscle SUVmax. (D) ex vivo PET imaging of brain tissue (E) Comparison of brain
tissue % ID/g. (F) Correlation analysis between SUVmax and rhACE2 doses at 30 min after injection. (G)
Western blot of rhACE2 at the injection site.

Discussion

According to the Johns Hopkins Center for Health Security, as of December 20, 2022, there were 650 million
cumulative COVID-19 cases and 6.65 million deaths worldwide. As a functional receptor of SARS-CoV-2,
ACE2 plays a great role in viral infection and prognosis in vivoand has thereby gained widespread attention.

The main ACE2 detection assay relies on IHC staining, which is invasive and relies heavily on experienced
physicians; unfortunately, its inability to comprehensively probe lesions throughout the body limits its wider
application. Nuclear medicine molecular probes can be used in noninvasive imaging of critical molecules in
the human body and thus may provide a valuable tool in ACE2 examination.

Here, we described a novel ACE2-specific nuclide molecular probe,68Ga-HZ20, which can be used to detect the
distribution and content of rhACE2 in vivo . In a previous study, we performed the first quantitative analysis
of ACE2 expression in human organs by PET/CT imaging using the 68Ga-HZ20 probe, which contributed
to the understanding of the pathogenesis of SARS-CoV-2 infection, assessing the susceptibility of different
populations to SARS-CoV-2, the severity and duration of symptoms after infection, etc.32. In this study,
HZ20, a specific inhibitory peptide with high affinity for ACE2, was selected as the PET imaging agent.
Micro-PET/CT images of the 68Ga-HZ20 probe in normal KM mice showed that it had ideal pharmacokinetic
characteristics and low uptake in background organs, and the probe was mainly metabolized by the kidney
through the bladder. This is consistent with the abundant expression of ACE2 in the kidney, as shown
by IHC. After evaluating the safety of the probe, we built subcutaneous and organ intraperitonealin situ
injection models of rhACE2 for research. To fully evaluate the sensitivity of the probe, we injected different
doses of rhACE2 into each model. The results showed that the uptake of the probe was highly positively
correlated with the content of rhACE2. To evaluate the specificity of the probe, we also conducted a blocking
study in which excessive non-68Ga-labeled HZ20 could competitively bind to rhACE2 in vivo , demonstrating
the specificity of the probe against rhACE2.

The latest study published in Nature shows that ursodeoxycholic acid (UDCA), a drug for treating liver

11
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disease, can block the ACE2 receptor and thus viral entry into host cells, and because the drug targets
host cells rather than the virus, it may prevent infection with future new variants of the virus as well as
other coronaviruses that may emerge34. As rhACE2 therapy may become a preventive and therapeutic
modality for critically ill COVID-19 patients23, monitoring exogenous rhACE2 is indispensable. The use
of nuclear medicine molecular probes and PET imaging technology to monitor the content and distribution
of rhACE2in vivo , noninvasively and repeatedly, helps to clarify the mechanism by which rhACE2 blocks
viral infection and analyze the preventive ability of rhACE2 against SARS-CoV-2 and the effectiveness of
therapies for COVID-19. This technique is expected to provide an effective analytical method for quantifying
the dynamic distribution of rhACE2 in vivo and a scientific basis for the effectiveness of rhACE2 therapy.

The most prominent symptom of SARS-CoV-2 infection is respiratory tract infection, but much evidence
shows that the virus can cause multisystem damage. Acute kidney injury (AKI) is one of the most common
and serious organ complications of novel coronavirus8. IHC staining showed high expression of ACE2 in the
kidney. PET images also showed the super uptake of probe in the kidney. Although the high uptake of the
kidneys is partly because the kidneys are the metabolic organs of the probe, after subcutaneous injection of
0.4 nmol rhACE2, HZ20 blocking and nonblocking studies showed that the kidneys do have a high specific
uptake of the probe, and the SUVmax of the kidneys 60 min after probe injection was 3.81±0.32 to 4.92±0.05
(P=0.004). This demonstrates the high expression of ACE2 in the kidneys, which partly supports AKI caused
by SARS-CoV-2 infection.

Approximately one-fifth of patients suffer from liver injury during SARS-CoV-2 infection, and the incidence
of liver decompensation and acute and chronic liver failure is higher in patients with liver cirrhosis10,35–37.
Our 68Ga-HZ20 probe can be used to accurately locate and quantify rhACE2 in the liver to provide support
for the prevention of serious liver complications by exogenous ACE2.

The virus may accumulate in the olfactory bulb and vagus nerve through the blood brain barrier (BBB)
to infiltrate the central nervous system (CNS)38,39. Some studies have confirmed the existence of SARS-
CoV-2 in the brain and cerebrospinal fluid40. A recent meta-analysis report showed that more than 40%
of patients had psychiatric and neuropsychiatric symptoms associated with severe coronavirus infection at
an early stage39,41–46. We injected rhACE2 into the anterior fontanel of the mouse brain at a fixed point.
PET imaging demonstrated that 68Ga-HZ20 can reach brain tissue, target lesions at fixed points, and detect
changes in rhACE2, which supports its use in monitoring rhACE2 changes in the brain.

ACE2 is highly expressed in many tumors and is a potential protective factor against cancer progression3,11,47.
However, as the host cell receptor of SARS-CoV-2, the high expression of ACE2 may increase the risk of
SARS-CoV-2 infection35,48. Studies have found that the SARS-CoV-2 spike protein not only binds to ACE2
to mediate infection of host cells but also activates intracellular signals to degrade ACE2 mRNA after
entering host cells. After downregulation of ACE2 expression in infected cells, the level of angiotensin II in-
creases. High-dose angiotensin II induces the death of arterial endothelial cells and exacerbates cardiovascular
disease49. Therefore, it may not be a wise choice to use ACE2 inhibitors to prevent and treat COVID-19.
For tumor patients, rhACE2 may be a reliable therapy. The 68Ga-HZ20 probe can also be used to monitor
the tumor site of these patients, and exogenous infusion of rhACE2 can help achieve more precise treatment.

Based on the positive correlation between the uptake value of the probe SUVmax and the content of rhACE2
as well as the precise positioning ability of the probe at the target site, PET imaging can be used for
noninvasive real-time quantification of the content and spatial distribution of the receptor, which provides
scientific guidance for the formulation of prevention and treatment measures for SARS-CoV-2.

Ethical Statement

All animal studies were performed according to a protocol approved by the Peking University Cancer Hospital
Animal Care and in accordance with the ethical standards of the Declaration of Helsinki. Protocol Number
EAEC 2022-01.

Acknowledgments

12



P
os

te
d

on
8

M
ay

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

35
53

17
.7

03
44

78
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

This study was supported by Beijing Hospitals Authority Dengfeng Project (DFL20191102), The Pilot
Project (4th Round) to Reform Public Development of Beijing Municipal Medical Research Institute (2021-
1), the Shenzhen Science and Technology Program (1210318663) and the third foster plan in 2019 ”Molecular
Imaging Probe Preparation and Characterization of Key Technologies and Equipment” for the development
of key technologies and equipment in major science and technology infrastructure in Shenzhen.

Author Contributions

Youping Liu, Hua Zhu and Qi Liu conceived and designed this research. Zilei Wang, Chuanke Zhao and
Chuangui Li performed experiments, data collection and analysis, and wrote the manuscript. Song Liu, Jin
Ding, Chengxue He and Jiayue Liu were involved in the preparation of radiopharmaceuticals and took part in
most of the animal experiments and responsible for part data analysis. Bin Dong and Zhi Yang participated
the approving the manuscript.

Conflicts of Interest

The authors declare that there is no conflict of interest regarding the publication of this article.

Data Availability

All data in this study are available from the corresponding author upon reasonable request.

References

1. Datta PK, Liu F, Fischer T, Rappaport J, Qin X. SARS-CoV-2 pandemic and research gaps: Understan-
ding SARS-CoV-2 interaction with the ACE2 receptor and implications for therapy. Theranostics 2020; 10:
7448–64.

2. Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li B, Huang C-L, Chen H-D,
Chen J, Luo Y, Guo H, Jiang R-D, Liu M-Q, Chen Y, Shen X-R, Wang X, Zheng X-S, Zhao K, Chen Q-J,
Deng F, Liu L-L, Yan B, Zhan F-X, Wang Y-Y, Xiao G-F, Shi Z-L. A pneumonia outbreak associated with
a new coronavirus of probable bat origin. Nature 2020; 579: 270–3.

3. Yang J, Li H, Hu S, Zhou Y. ACE2 correlated with immune infiltration serves as a prognostic biomarker
in endometrial carcinoma and renal papillary cell carcinoma: implication for COVID-19. Aging 2020; 12:
6518–35.

4. Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong J-C, Turner AJ, Raizada MK, Grant MB, Oudit GY.
Angiotensin-Converting Enzyme 2: SARS-CoV-2 Receptor and Regulator of the Renin-Angiotensin System:
Celebrating the 20th Anniversary of the Discovery of ACE2. Circ Res 2020; 126: 1456–74.

5. Li Y, Zhou W, Yang L, You R. Physiological and pathological regulation of ACE2, the SARS-CoV-2
receptor. Pharmacol Res 2020; 157: 104833.

6. Patel VB, Zhong J-C, Grant MB, Oudit GY. Role of the ACE2/Angiotensin 1-7 Axis of the Renin-
Angiotensin System in Heart Failure. Circ Res 2016; 118: 1313–26.

7. Burrell LM, Johnston CI, Tikellis C, Cooper ME. ACE2, a new regulator of the renin-angiotensin system.
Trends Endocrinol Metab TEM 2004; 15: 166–9.
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