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Novel ACE2-Fc chimeric fusion provides
long-lasting hypertension control and organ
protection in mouse models of systemic renin
angiotensin system activation

Pan Liu1,2, Jan Wysocki1,2, Tomokazu Souma1,2, Minghao Ye1,2, Veronica Ramirez1,2, Bisheng Zhou2,
Lisa D. Wilsbacher2, Susan E. Quaggin1,2, Daniel Batlle1,2 and Jing Jin1,2

1Division of Nephrology and Hypertension, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA; and 2Feinberg
Cardiovascular and Renal Research Institute, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA
Angiotensin-converting enzyme 2 (ACE2) is a
carboxypeptidase that potently degrades angiotensin II to
angiotensin 1–7. Previous studies showed that injection of
the enzymatic ectodomain of recombinant ACE2 (rACE2)
markedly increases circulatory levels of ACE2 activity, and
effectively lowered blood pressure in angiotensin II-induced
hypertension. However, due to the short plasma half-life of
rACE2, its therapeutic potential for chronic use is limited. To
circumvent this, we generated a chimeric fusion of rACE2
and the Ig fragment Fc segment to increase its plasma
stability. This rACE2-Fc fusion protein retained full peptidase
activity and exhibited greatly extended plasma half-life in
mice, from less than two hours of the original rACE2, to over
a week. A single 2.5 mg/kg injection of rACE2-Fc increased
the overall angiotensin II-conversion activities in blood by
up to 100-fold and enhanced blood pressure recovery from
acute angiotensin II induced hypertension seven days after
administration. To assess rACE2-Fc given weekly on cardiac
protection, we performed studies in mice continuously
infused with angiotensin II for 28 days and in a Renin
transgenic mouse model of hypertension. The angiotensin II
infused mice achieved sustained blood pressure control and
reduced cardiac hypertrophy and fibrosis. In chronic
hypertensive transgenic mice, weekly injections of rACE2-Fc
effectively lowered plasma angiotensin II and blood
pressure. Additionally, rACE2-Fc ameliorated albuminuria,
and reduced kidney and cardiac fibrosis. Thus, our chimeric
fusion strategy for rACE2-Fc is suitable for future
development of new renin angiotensin system-based
inhibition therapies.
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T he renin-angiotensin system (RAS) is a hormonal
cascade that plays a central role in the homeostatic
control of cardiorenal actions. Pharmacologic inhibi-

tion of the pathway has been exploited to treat a broad range
of human diseases including hypertension, heart failure, and
kidney disorders.1–3 Classic RAS antagonists include
angiotensin-converting enzyme (ACE) inhibitors, angiotensin
receptor blockers, and direct renin inhibitors, which are
extensively used to treat renal and cardiovascular diseases.
However, these treatments provide incomplete efficacy in
reducing the progressive risk of established cardiovascular or
renal diseases,1 and therefore, additional therapeutic strategies
that target the RAS pathway are worthy of consideration.4,5

The octapeptide angiotensin II (Ang II)(1–8) generated
mainly by ACE is the key RAS component, which upon
binding to the AT1 receptor, mediates vasoconstriction,
sodium retention, and increased blood pressure, among other
effects. Ang II is naturally degraded by several proteolytic
enzymes. For example, aminopeptidase A cleaves Ang II to
form Ang III, and neutral endopeptidase cleaves Ang II to form
Ang-(1–4) and Ang-(1–2). In addition, Ang-(1–7) is formed
from Ang II by proteolytic enzymes including ACE2, prolyl
endopeptidase and prolyl carboxypeptidase.4,6,7 Recent
evidence suggests that the Ang-(1–7) resulting from Ang II
also regulates a parallel pathway through its own receptor,
Mas, that can counterbalance many of the deleterious effects of
excess Ang II.8,9 Therefore, ACE2 is an attractive therapeutic
candidate with the added advantage of not only degrading Ang
II but also generating potential beneficial Ang-(1–7).4,10–13

Earlier studies reported that, recombinant ACE2 (rACE2)
protects against virus- or toxin-induced severe acute lung
injury.14–17 Previous studies from our group showed that
recombinant human18 and mouse ACE219 protect mice from
acute Ang II-induced hypertension.18,19 rACE2 was also re-
ported to attenuate Ang II-induced heart hypertrophy, cardiac
dysfunction, and adverse myocardial remodeling in murine
models,20,21 as well as renal oxidative stress, inflammation, and
fibrosis.22,23 However, pharmacokinetic studies revealed that
rACE2 exhibits fast clearance rates with a reported half-life of
only hours in humans and mice.18,24 In order to maintain the
activity of rACE2 in vivo, previous studies involved several
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rACE2 delivery methods including daily i.p. injections,18–20,22

subcutaneous osmotic pump delivery,11,18,25 and gene-based
delivery.12,26,27 Therefore, improvement of the plasma half-
life of rACE2 through recombinant design is clearly desirable
for therapeutic use of rACE2 in the chronic setting.

Fusing recombinant therapeutic proteins with the frag-
ment crystallizable (Fc) region of human Ig to increase their
in vivo stability has been well studied.28–30 The presence of the
Fc tag in the form of chimeric fusion can markedly prolong
plasma half-life of proteins through the interaction between
Fc and its cognate neonatal Fc receptor (FcRn) on vascular
endothelium and hematopoietic cells.31 The complex is then
spared from normal blood catabolism and is constantly
recycled into circulation.32 It is generally estimated that Fc
fusion proteins have a plasma half-life of approximately 1 to 2
weeks.33 Fc fusion strategies have been exploited for
therapeutic options including experimental and clinical
drugs.31,33–37 Here, we report the creation of a form of
long-acting rACE2 by fusing it with an Fc fragment (rACE2-
Fc). In keeping with the function of Fc, we demonstrate that
rACE2-Fc has a greatly extended plasma half-life, rendering
approximately 100-fold increase in sustained plasma activities
toward Ang II conversion. We show that this fusion biologi-
cally provides long-lasting effects that attenuate hypertension
and shows organ protection in both acute and chronic models
of angiotensin II-dependent hypertension in mice.
RESULTS
Production, purification, and enzymatic activity assays of
rACE2-Fc
As shown schematically (Figure 1a), the chimeric rACE2-Fc
fusion exists as a homodimer with each subunit consisting of
Figure 1 | Construction, production, and activity tests of recombinan
rACE2-Fc. (b) Coomassie Brilliant Blue staining and immunoblotting wer
medium. Purified rACE2-Fc was subjected to sodium dodecyl sulfate-pol
(NR) conditions (with or without b-ME, respectively). Anti-human IgG Fc
blotting. (c) Activity levels of rACE2 and rACE2-Fc were assayed using fluo
to derive parameters of catalytic kinetics such as Km and Kcat. Results are
RFU, relative fluorescence units.
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a mouse ACE2 peptidase domain (amino acid [aa] 1–740)
linked to an Fc segment of human IgG1. A clonal HEK293 cell
line stably expressing rACE2-Fc was established, and the
recombinant protein was purified from the culture medium by
size-exclusion chromatography (Supplementary Figure S1; a
serum-free culture was adapted, and the yield of rACE2-Fc was
w3 to 6mg per 100ml of cell culture [see details inMethods]).
To analyze the purity and oligomeric state of purified
rACE2-Fc, we resolved the protein by either reducing, or
nonreducing, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. rACE2-Fc formed a single band with a
molecular weight of w120 Mr under reducing condition or
w240 Mr under nonreducing conditions (Figure 1b), indi-
cating rACE2-Fc naturally adapts a homodimer configuration
connected through disulfide bridges between the Fc segments,
as expected. The enzymatic activity of purified rACE2-Fc was
measured and compared with nontagged rACE2. A Michaelis-
Menten kinetic analysis was performed using the intra-
molecularly quenched synthetic ACE2-specific substrate
Mca-APK(Dnp).19 rACE2-Fc retained its activity to hydrolyze
Mca-APK(Dnp) at a rate of catalysis slightly above that of
rACE2 (Kcat/Km ¼ 272.77 vs. 221.21, respectively) (Figure 1c).

Pharmacokinetics of rACE2-Fc in mouse blood
ACE2 is a tissue enzyme, and serum activities for endogenous
plasma ACE2 are very low and barely detectable in
mice,12,38,39 and the contributions from additional enzymes,
of known or unknown identities, to the combined Ang II-to-
Ang-(1–7)-converting activities in circulation remain unclear.
We sought to evaluate the degree of increase in Ang
II-converting activities being achieved through rACE2-Fc in-
jection over the baseline total activities in mouse serum. To do
t angiotensin-converting enzyme 2-Fc (rACE2-Fc). (a) Schematic of
e used to analyze rACE2-Fc purified from serum-free conditioned
yacrylamide gel electrophoresis under reducing (R) and nonreducing
fragment and anti-mouse ACE2 antibodies were used for immuno-
rometric Mca-APK(Dnp) substrate. Michaelis-Menten model was used
means � SD from triplicate assays. Fc, fragment crystallizable region;
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Table 1 | Mean ± SEM pharmacokinetic parameters of
enzymes in blood circulation of mice

Enzyme rACE2 (n [ 3) rACE2-Fc (n [ 3)

Distribution phase t1/2a (min) 10 � 1.524 18 � 2.49
Elimination phase t1/2b (h) 1.803 � 0.243 174.2 � 28.65
AUC 142.2 � 62.72 6410 � 186.7
MRT (h) 1.403 � 0.1064 145.2 �21.27

AUC, area under the curve; MRT, mean residence time; rACE2-FC, recombinant
angiotensin-converting enzyme 2 with crystallizable fragment; t1/2, half-life.
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that, we used an assay that detects total peptidase activities
toward Ang II-to-Ang-(1–7) hydrolysis by measuring the
release of the C-terminal residue from Ang II.40 Indeed,
consistent with very low endogenous ACE2 activities in
serum, we found a low level of total Ang II-converting activity
in serum (using the C-terminal residue detection method),40

presumably from non-ACE2 enzymes. Remarkably, 4 hours
after the i.v. injection of rACE2-Fc, the collective Ang II-
converting activities in serum were 100-fold increased
(Figure 2a). At that time point, the increase in activity caused
by the injection of the untagged rACE2 was much less than
that caused by rACE2-Fc (Figure 2a).

Using the Mca-APK(Dnp) assay to measure ACE2 activity
in mouse serum collected in a time series, we further deter-
mined pharmacokinetic profiles of rACE2 and rACE2-Fc in
mice. Following a single i.v. injection of each rACE2 form (50
enzyme units for each one [see Methods]), both rACE2 and
rACE2-Fc in blood had a short distribution phase followed by
a longer elimination phase (Figure 2b, Table 1). The distri-
bution phase half-lives of the two constructs were relatively
comparable to each other (10 minutes with rACE2 vs. 18
minutes with rACE2-Fc). However, as expected, rACE2-Fc
had a much longer elimination phase half-life of 174.2
hours compared to only 1.803 hours for rACE2 (Table 1). The
calculated area under the curve, which reflects the overall
in vivo pharmacological efficacy, was approximately 90-fold
higher for rACE2-Fc than for rACE2. The mean residence
time of rACE2-Fc was also approximately 100 times longer
than that of the untagged rACE2 (Table 1). In addition, the
maximum serum activity of rACE2-Fc was 3.5 times higher
than that for rACE2 (Table 1). Following i.p. infusion, a
method of delivery used in previous studies,15–20,22,23,41 as
expected, there was a delay in achieving peak blood activity
levels for both rACE2 and rACE2-Fc compared to levels
obtained using i.v. administration, and the maximum serum
activity of rACE2-Fc was still w2 times higher than that of
rACE2 (Figure 2c). Sustained high levels of rACE2-Fc activity
also outlasted those of rACE2 by 2 to 3 orders of magnitude.
We then examined the tissue distribution of rACE2-Fc in
Figure 2 | Fragment crystallizable (Fc) fusion extends half-life of reco
(a) BALB/c mice were i.v. injected with vehicle, rACE2, or rACE2-Fc. Tota
phenylalanine assay (see Methods) 4 hours after administration. BALB/c
circulation pharmacokinetics (x-axis in logarithmic scale) were monitore
group. Ang II, angiotensin II.
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mice. Consistent with the natural recycling mechanism for
Ig,42 rACE2-Fc through its Ig Fc segment was maintained in
circulation while undergoing FcRn-mediated cycling between
hepatocytes and blood. There was no detectable local reten-
tion of the recombinant enzyme in heart, lung, and kidney
tissues (Supplementary Figure S2). Overall, rACE2-Fc
exhibited a markedly extended circulatory residence
longevity and higher serum activity than rACE2, in keeping
with the goal of our original design.

Long-lasting blood pressure-lowering effect by rACE2-Fc after
acute Ang II infusion in mice
The protective effect of rACE2-Fc on acute hypertension was
examined in a model of angiotensin II-induced hypertension
previously described by us.18,19 Mice in groups were pre-
treated with either phosphate-buffered saline (PBS), rACE2,
or rACE2-Fc by a single i.v. injection at 4 hours to up to 14
days before receiving a high-dose bolus injection of Ang II
(Figure 3a). Blood pressure of lightly anesthetized mice was
monitored continuously in a time series, using a 30-second
interval that started 5 minutes before Ang II injection (see
Methods). The injection of Ang II resulted in a rapid increase
in systolic blood pressure (SBP), which reached a peak of 162
� 13 mm Hg (from a baseline 108 � 10 mm Hg) after w60
seconds in the control group that had received PBS as pre-
injection vehicle. This increase in SBP was largely mitigated in
the rACE2-Fc treatment mice (elevated from a pre-bolus
baseline of 98 � 5 mm Hg to 123 � 11 mm Hg following
Ang II bolus injection). In stark contrast, in the rACE2 group,
mbinant angiotensin-converting enzyme 2-Fc (rACE2-Fc) in mice.
l Ang II-converting activities in the sera were measured using the
mice were i.v. (b) or i.p. (c) injected with rACE2 or rACE2-Fc, and
d by ACE2 activity assay, using Mca-APK(Dnp) substrate. n ¼ 3 per
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Figure 3 | Recombinant angiotensin-converting enzyme 2-Fc (rACE2-Fc) exhibits prolonged efficacy by attenuating angiotensin II
(Ang II)-induced hypertension. BALB/c mice were injected by tail vein with a single dose of vehicle, rACE2, or rACE2-Fc. (a) Overall
treatment schedule: mice were anesthetized and then received an i.p. bolus injection of Ang II (0.2 mg/kg of body weight) after 4 hours (b),
3 days (c), 7 days (d), or 14 days (e). Systolic blood pressure (SBP) was recorded at 30-second intervals beginning from 5 minutes before
Ang II infusion. Angiotensin-converting enzyme 2 (ACE2) protected mice from bolus Ang II-induced hypertension for up to 7 days. Fc,
crystallizable fragment.
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where blood ACE2 activities greatly diminished after 4 hours,
Ang II given at that time induced an SBP spike to 153 �
8 mm Hg from its 102 � 11 mm Hg pre-bolus baseline levels
(Figure 3b), indicating loss of blood pressure effect of
unmodified rACE2 as soon as 4 hours after its i.v. adminis-
tration. To evaluate the duration of the long-acting rACE2-Fc
drug efficacy, a single dose of rACE2-Fc was given 3 days, 7
days, and 14 days prior to Ang II bolus administration.
rACE2-Fc injected at 3 days and 7 days in advance signifi-
cantly lowered SBP following Ang II. The blood pressure-
lowering effects of rACE2-Fc relative to that of the Ang
II-induced SBP peak wore off after 14 days (Figure 3c–e). As
an additional control, we showed that recombinant Fc alone
had no effects on blood pressure, Ang II-converting activity,
or Ang II levels in mice (Supplementary Figure S3).
4

Effects of rACE2-Fc in renin transgenic mouse model

To evaluate the efficacy of rACE2-Fc in treating chronic hy-
pertension due to RAS activation, we used the renin transgenic
MK (RenTgMK)mousemodel. This transgenicmodel carries a
synthetic renin transgene strategically inserted to the apolipo-
protein locus. Massive amounts of renin are expressed in the
liver from the albumin promoter.43 It has been well charac-
terized that the RenTgMK mice develop hypertension, albu-
minuria, multiorgan fibrosis, and additional phenotypes
generally associated with pathogenic RAS activation.43–46 In
keeping with these expected findings, we found RenTgMK
mice had elevated Ang II levels in circulation: 2.5-fold higher
than the levelsmeasured in their wild-type 129/Sv counterparts
(Figure 4a). RenTgMK mice developed high blood pressure
and albuminuria (expressed as albumin-to-creatinine ratio
Kidney International (2018) -, -–-



Figure 4 | Hypertensive and proteinuric characteristics of the Renin transgenic mouse model. Renin transgenic MK (RenTgMK) mice
showed elevated levels of plasma Ang II (a), blood pressure (b), and albuminuria ACR (c) compared with 129/Sv control mice at 2 and 5 months
of age. (d) Blood half-life of rACE2-Fc was slightly decreased in RenTgMK mice compared to that in control mice (*P < 0.05 vs. 129/Sv wild-type
mice). Ang II, angiotensin II; ACR, albumin-to-creatinine ratio; WT, wild type.
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[ACR]) at as early as 2 months of age (Figure 4b and c), also in
agreement with previous reports on these mice.43 We also
determined pharmacokinetics of rACE2-Fc in RenTgMKmice.
Single-injection time-course studies confirmed long-lasting
rACE2-Fc activities for more than 400 hours in RenTgMK
mice, which was slightly lower than that in wild-type 129/Sv
mice (Figure 4d). The tissue distribution patterns of rACE2-Fc
in RenTgMKmice were also similar to those of wild-type mice
(Supplementary Figure S2).

Next, we sought to examine potential therapeutic effects of
rACE2-Fc on hypertension and albuminuria in RenTgMK
mice. The potential protective effects from chronic organ
injuries were also evaluated with the analysis of heart and renal
histopathological features. For this, female RenTgMKand their
wild-type control mice of 6 weeks of age were divided into 2
groups to receive once-per-week injections of either vehicle or
rACE2-Fc for a total of 6 weeks (Figure 5a). Three days after the
last weekly injection, animals in each group were evaluated for
blood pressure and albuminuria. rACE2-Fc treatment
markedly reduced endogenous plasma Ang II levels in both
wild-type and RenTgMK mice compared to levels in the
vehicle-treated groups (Figure 5b). Remarkably, the levels of
blood pressure and albuminuria in RenTgMK mice stayed
within normal ranges in response to weekly rACE2-Fc treat-
ment. Of note, rACE2-Fc did not affect the baseline blood
pressure or ACR in wild-type mice (Figure 5c and d). This is in
Kidney International (2018) -, -–-
keeping with our previous studies of administration of rACE2
in nonhypertensive mice with normal plasma Ang II levels.18

For histology analysis, the RenTgMK mice had increased
interstitial and perivascular collagen deposition in the heart
and kidney compared to their wild-type littermates. Areas of
fibrosis were reduced in the RenTgMK group treated with
rACE2-Fc (Figure 5e–g). In addition, renin transgenicmice had
elevated phospho-Akt and phospho-Erk1/2 levels in kidney
homogenates (Figure 5g), consistent with AT1R response of
renal cells to Ang II.47 Weekly treatment of these mice with
rACE2-Fc reduced the levels of Akt and Erk phosphorylation,
indicating protection of renal cells from Ang II-induced inju-
rious responses attributable to high circulating levels of this
peptide.

Treatment of mice induced by Ang II osmotic minipump
infusion
Using a well-established Ang II osmotic minipump model for
cardiac hypertrophy and fibrosis,20,48 we further evaluated a
new cohort of 10-week-old C57Bl/6 mice. While infused with
Ang II delivered from the pump, each mouse received a
weekly injection of either rACE2-Fc or vehicle control for 4
consecutive weeks (Figure 6a). Mice infused with Ang II had
approximately 14-fold increase in blood Ang II levels at the
end of the 4 weeks compared to mice carrying PBS-loaded
pumps (Figure 6b). As anticipated, Ang II-infused mice that
5



Figure 5 | Weekly recombinant angiotensin-converting enzyme 2-Fc (rACE2-Fc) treatment prevented development of hypertension,
albuminuria, and heart and kidney fibrosis in renin transgenic mice. (a) Six-week-old 129/Sv control and Renin transgenic MK
(RenTgMK) mice were divided into groups to receive weekly injections of vehicle or rACE2-Fc for 6 consecutive weeks. (b) Blood levels of
angiotensin II (Ang II) were significantly decreased in groups treated with rACE2-Fc. (c) Blood pressure and (d) albuminuria (continued)
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also received rACE2-Fc did not show any increase of blood
Ang II levels (Figure 6b), demonstrating the pharmacologic
efficacy of rACE2-Fc.

Mice infused with Ang II for 28 days had significantly
elevated systolic blood pressure (Figure 6c) and a marked in-
crease in left ventricular posterior wall thickness, as determined
by M-mode echocardiogram imaging (Figure 6d and e).
Weekly administration of rACE2-Fc completely prevented
systolic blood pressure increase and ventricular wall thickening
(Figure 6c–e). Morphologically, gross observation and histol-
ogy section of hearts harvested from themice indicated rACE2-
Fc treatment prevented heart enlargement caused by Ang II
infusion (Figure 6f). These findings were consistent with the
measurements of heart weight-to-body weight ratio
(Figure 6g). We also examined cardiomyocyte hypertrophy by
wheat germ agglutinin staining. The Ang II infusion signifi-
cantly increased cardiomyocyte diameter, which was prevented
in the group treated with rACE2-Fc (Figure 6h, upper panel,
and Figure 6i). To evaluate cardiac fibrosis, we performed
histological analysis by staining with picrosirius red Masson
trichrome. We observed excessive interstitial and perivascular
cardiac collagen deposition in Ang II-infused mice that only
received weekly buffer injections. In contrast, no collagen
deposition was observed in Ang II-infused mice that were also
treated with rACE2-Fc (Figure 6h). Overall, weekly injection of
rACE2-Fc effectively prevented the development of cardiac
phenotypes induced by Ang II.

rACE2-Fc treatment induced nonneutralizing antibody in
mice
To examine whether repetitive rACE2-Fc injections could
induce antibodies specifically against the ACE2 region of this
protein, sera from the mice that had received 6 doses of
rACE2-Fc were tested by enzyme-linked immunosorbent
assay using rACE2-coated plates. Both 129/Sv and RenTgMK
mice that received rACE2-Fc injections developed anti-ACE2
antibodies (Figure 7a). Despite the antibodies, a new injection
of rACE2-Fc in these mice still resulted in increased ACE2 ac-
tivity in vivo that lasted more than 2 weeks (Figure 7b). Also,
mixing the antibody-positive sera directly with rACE2-Fc in an
ex vivo activity assay did not inhibit the activity of rACE2-Fc
(Figure 7c), indicating the antibodies did not neutralize ACE2
enzymatic activities.

DISCUSSION
The RAS is an important target for the treatment of cardio-
vascular and kidney diseases.1 The discovery of ACE2 and its
=

Figure 5 | (continued) levels were normalized by rACE2-Fc treatment in
treatment had no significant changes in their blood pressure and albumin
n ¼ 7 for RenTgMK þ rACE2-Fc group. (e,f) Representative picrosirius red
collagen deposition (arrows) in heart (e) and kidney (f), which were pre
fibrotic areas are shown. (g) Western blots show increased phosphorylati
intensity were each normalized by corresponding total Akt and Erk leve
RenTgMK þ vehicle group. ACR, albumin-to-creatinine ratio; SBP, systoli
please see the online version of this article at www.kidney-international

Kidney International (2018) -, -–-
physiological roles in Ang II catabolism provides an addi-
tional therapeutic candidate to modulate RAS activation.
Patients with diseases in which RAS is overactive in the cir-
culation are likely to benefit the most from ACE2 amplifica-
tion.18–22 In addition to the potent activity of ACE2 in
degrading Ang II, the catalytic product of Ang-(1–7) may
complement and provide additional benefits over and above
the existing line of blocking agents of RAS that are broadly
used in the clinic.4,5 Ang-(1–7) is widely considered a vaso-
dilator through the actions of its cognate Mas receptor.49–51

Its antifibrotic functions have also been reported in the
context of cardiac remodeling,52 liver damage,53 and acute
lung injury.54

However, the short half-life of ACE2 is an important
barrier to its practical use. Although other studies have tested
strategies including frequent injection schedules or contin-
uous infusion by osmotic pump, there were significant limi-
tations in those drug delivery methods. For example, the need
for repeated or continuous administration required large
amounts of recombinant ACE2 and, therefore, were not
suited for long-term studies. Moreover, the fast clearance of
rACE2 in vivo makes it difficult to maintain a desired blood
concentration of the enzyme. Therapeutic delivery of ACE2
by podocyte-specific gene,27 by virus,21 and by mini-circle
DNA12 intended for achieving stable expression are not yet
suitable for human use. Therefore, our strategy toward long-
acting ACE2 through rational design of new biological forms
opens new avenues for therapeutic use in the chronic setting.

The technique of using recombinant Fc fusion to extend
plasma residence time of pharmacological agents has been
used most notably in applications to improve in vivo efficacy
of existing drugs. For example, new long-acting forms of both
recombinant coagulation factors rFVIII-Fc and rFIX-Fc were
recently approved for clinical treatments of hemophilia A and
B that require less frequent infusions.55,56 It should be noted
that, unlike the blood resident enzymes of coagulation factors,
full-length endogenous ACE2 is a transmembrane protein
anchored to the cell surface and that ACE2 activities are, in
fact, present at very low levels in systemic circulation.12,38,39

According to our results (Figure 5b), sustained rACE2 activ-
ities in the blood can effectively reduce elevated Ang II levels
in systemic circulation. In the current study, we measured
rACE2 and rACE2-Fc drug half-lives (Figure 2; Table 1).
Compared to rACE2’s blood half-life of 1.8 hours after i.v.
administration, rACE2-Fc had a greatly extended half-life of
174 hours. In addition, we derived other pharmacokinetic
parameters from the time series results (Table 1). Among
RenTgMK mice. Control group animals that received vehicle
uria levels. (b–d) n ¼ 6 129/Sv groups and RenTgMK þ vehicle group;
- and trichrome blue-stained samples show RenTgMK mice developed
vented by rACE2-Fc treatment. Bar ¼ 100 mm. Quantifications of
on levels of Akt and Erk in RenTgMK kidneys. Quantifications of signal
ls. *P < 0.05 versus wild-type þ vehicle group. #P < 0.05 versus
c blood pressure; WT, wild type. To optimize viewing of this image,
.org.
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Figure 6 | Weekly recombinant angiotensin-converting enzyme 2-Fc (rACE2-Fc) treatment attenuated angiotensin II (Ang II)-induced
cardiac hypertrophy and cardiac fibrosis. (a) Ten-week-old male C57bl/6 mice were divided into groups to receive either vehicle or
phosphate-buffered saline (PBS) minipump infusion and then receive weekly injections of either vehicle or rACE2-Fc treatment for 4
consecutive weeks. (b) rACE2-Fc prevents the increase of plasma Ang II and (c) blood pressure levels. (d) Representative M-mode (continued)

bas i c re sea r ch P Liu et al.: Extending ACE2 half-life by recombinant Fc-fusion
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Figure 7 | No neutralizing antibody against recombinant angiotensin-converting enzyme 2-Fc (rACE2-Fc) was produced in treatment
group mice. (a) Mice that received 6 doses of weekly rACE2-Fc treatment developed antibodies against ACE2 as measured by ELISA. (b) These
antibody-positive mice were injected with another dose of rACE2-Fc, activity of which could still be detected 1 and 2 weeks afterward,
indicating that no activity-neutralizing antibody was produced in mice. (c) In vitro rACE2-Fc activity assays in either the presence or absence
of antisera from the experimental mice showed that the antibodies did not neutralize rACE2-Fc enzymatic activity. *P < 0.05 compared to
the vehicle group. ELISA, enzyme-linked immunosorbent assay; RenTG, RenTgMK treatment group mice; WT, wild type.
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those results, we demonstrated a w90-fold increase in area
under the curve values of rACE2-Fc compared to the un-
tagged rACE2 (Table 1). It is also notable that, with the same
dose, the peak blood concentration of rACE2-Fc was 2-fold
higher than that of rACE2 and could be sustained for much
longer time (Figure 2), further signifying its excellent phar-
macological profile compared to the nontagged rACE2 form.

It is noteworthy that a number of previous studies,
including those from our group, using rACE2 only resulted in
moderate to no change of plasma levels of Ang II in wild-type
or diseased mouse models, despite achieving elevated serum
ACE2 activities.12,19,20,41 Our rACE2-Fc effectively reduced
endogenous plasma Ang II in hypertensive RenTgMK mice
and also, but to a lesser extent, in wild-type 129/Sv control
mice (Figure 5b), indicating sustained high activities of ACE2
may be important for changing the balance in angiotensin
peptide homeostasis. Importantly, infusion of rACE2-Fc did
not show any blood pressure-lowering effect in normotensive
controls, making the biological delivery method an attractive
therapeutic candidate from a drug safety standpoint.18

We then tested the in vivo efficacy in terms of pharma-
cokinetic profiles and therapeutic effects in disease animal
models with over-activated RAS, including a renin transgenic
model and acute and chronic Ang II infusions. Remarkably,
weekly injection of rACE2-Fc markedly reduced plasma Ang
II levels and blood pressure in these models. An improvement
in cardiac fibrosis and hypertrophy was seen in the model of
=

Figure 6 | (continued) echocardiograms and (e) quantitative left ventric
rACE2-Fc prevented Ang II-induced cardiac hypertrophy. (f) Macroscopic
weight (HW/BW) ratios indicate rACE2-Fc prevented Ang II-induced hea
picrosirius red, and trichrome blue. rACE2-Fc prevents Ang II-induced ca
Bar ¼ 50 mm for WGA-stained images and 100 mm for picrosirius red an
diameters from WGA-stained sections. n ¼ 5 mice per group. *P < 0.05
SBP, systolic blood pressure; WGA, wheat germ agglutinin. To optimize
www.kidney-international.org.

Kidney International (2018) -, -–-
chronic Ang II infusions where rACE2-Fc was administered
weekly from the beginning of Ang II administration and
therefore could prevent the development of cardiac lesions.
The beneficial effect of ACE2 amplification is attributable to
downregulation of systemic RAS over-activation. Because
rACE2-Fc is a large protein, it is not amenable to glomerular
filtration. In keeping with this concept, we recently demon-
strated that markedly increasing plasma ACE2 does not
ameliorate the renal lesions seen in mice with streptozotocin-
induced diabetes, a model that does not have either hyper-
tension or increased plasma Ang II levels.12 Therefore, ACE2
has a more prominent therapeutic role when systemic Ang II
levels are elevated.10,12 In both Ang II infusion- and trans-
genic renin-induced hypertension, we demonstrated that
ACE2-Fc exerted desired pharmacological properties of
extended plasma half-life that clearly ameliorated hyperten-
sion, albuminuria, and heart and kidney fibrosis. It is
important to note that the 6- to 12-week Renin transgenic
model displays relatively mild hypertensive lesions of the
heart and the kidney. Severe hyperplastic arteriolitis and
fibrinoid transformations of arterioles and glomeruli do
occur in the kidneys of 1-year-old RenTgMK mice, and future
studies of rACE2-Fc should focus on its effects to existing
hypertensive nephrosclerosis as seen in aged RenTgMK mice.

Likely through the actions of FcRn on Fc, rACE2-Fc, when
injected into pregnant mice, can pass through the placental
barrier (Supplementary Figure S4) and is expected to
ular posterior wall thicknesses at end diastole (LVPWD) indicate
view of representative heart images and (g) heart weight-to-body

rt hypotrophy. Bar ¼ 500 mm. (h) Heart sections stained with WGA,
rdiomyocyte hypertrophy and cardiac fibrosis (pointed by arrows).
d trichrome blue images. (i) Quantification of cardiomyocyte
versus PBS þ vehicle group. #P < 0.05 versus Ang II þ vehicle group.
viewing of this image, please see the online version of this article at
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contribute to Ang II degradation during the placental passage
and in the fetus. Intrauterine growth restriction (IUGR) is a
leading cause of perinatal morbidity and mortality in humans.
Maternal health factors such as chronic hypertension and
preeclampsia and others increase the risk of IUGR.57 In
placental chorionic villous tissue from preeclamptic subjects,
RAS activation was found with elevated Ang II levels, which
may cause local vasoconstriction leading to impaired fetal
blood flow and decreased fetal nutrition during preeclamp-
sia.58 Interestingly, ACE2 deficiency, likely through elevated
placenta Ang II levels,59 causes placental hypoxia and uterine
artery dysfunction, a phenotype similar to human pregnancy
associated with fetal growth restriction.57 In perspective, given
the efficiency of transplacental transport of rACE2-Fc
demonstrated in our study and considering the fact that ACE
inhibitors or angiotensin receptor blockers are contraindicated
in pregnancy because of increased risk of fetal renal dam-
age,60,61 it would be interesting to examine any therapeutic
benefit of rACE2-Fc in experimental models of IUGR.

From a mechanism of action perspective, this long-acting
rACE2-Fc may help to address the “Ang II escape” phenom-
ena that is frequently seen during chronic ACE inhibitor
therapy.4,62 Ang II escape refers to the return of Ang II levels
back to normal after the initial fall of Ang II levels, in an early
response to ACE inhibitors. Because rACE2-Fc levels are
sustained in blood and rACE2-Fc directly degrades circulating
Ang II, in theory, the therapy is less susceptible to compen-
satory actions of RAS enzymes.

In summary, the Fc fusion remarkably improved the
pharmacokinetic properties of ACE2 without hampering its
bioactivity. rACE2-Fc has long-lasting efficacy in controlling
acute Ang II-dependent hypertension. It also shows cardiac
and renal protective effect in both Ang II infusion and RAS
over-activation mouse models. Given the unique role of ACE2
in the RAS cascade and its dual actions to degrade Ang II and
foster formation of Ang-(1–7), our study provides a new
strategy to improve pharmacokinetic properties of ACE2,
which may be used to complement existing therapies to limit
Ang II formation and action.
METHODS
Generation of rACE2-Fc producing stable cell line
A description of the generation of stable cell line is included in the
Supplementary Methods section.

Expression and purification of rACE2-Fc
A description of the production of rACE2-Fc is included in the
Supplementary Methods section.

SDS-PAGE and Western blot
A description of the SDS-PAGE and Western blot is included in the
Supplementary Methods section.

ACE2 activity assay
A description of the ACE2 activity assay is included in the
Supplementary Methods section.
10
Ang II-converting activity assay
A description of the Ang II-converting activity assay is included in
the Supplementary Methods section.

Pharmacokinetics analysis
The pharmacokinetics profiles of rACE2 and rACE2-Fc were assessed
in female BALB/c mice. The mice received a single i.v. or i.p. in-
jection of purified rACE2 or rACE2-Fc at a dose of 2.5 kilo-unit per
kilogram (kU/kg) body weight (1 unit is defined as the activity from
1 mg of rACE2). Blood samples were collected by tail bleeding either
before or at a number of indicated time points after injection.
Collected blood samples were left undisturbed on ice, and sera were
isolated by centrifugation at 6000 � g for 10 minutes at 4�C. Mca-
APK(Dnp) substrate (Enzo Life Science, Farmingdale, NY) was
used to measure ACE2 enzyme activity in sera. The half-life (t1/2)
area under the serum activity time curve and mean residence time of
rACE2 and rACE2-Fc were calculated using Prism 5 software
(GraphPad, La Jolla, CA).

Acute blood pressure response study using Ang II-induced
hypertension mouse model
To study the effect of rACE2-Fc on Ang II-induced hypertension,
we injected 10-week-old female BALB/c mice i.p. with vehicle,
rACE2 (4 kU/kg of body weight), or rACE2-Fc (4 kU/kg of body
weight). After either 4 hours, 3 days, 7 days, or 14 days, mice were
anesthetized with an i.p. injection of ketamine (200 mg/kg of body
weight). Mice were placed on a temperature-controlled platform
for 10 minutes immediately after anesthesia was induced. SBP
was monitored noninvasively every 30 seconds for a period of 25
minutes as previously described.18,19 After 5 minutes of baseline
SBP recording, acute hypertension in anesthetized mice was
induced with an i.p. bolus injection of Ang II (0.2 mg/kg of body
weight), and the SBP was monitored in a consecutive mode, using
the same 30-second interval throughout the remaining 20-minute
time.

Studies of rACE2-Fc efficacy using RenTgMK and Ang II
infusion mouse models

Blood Ang II, blood pressure, and urinary albuminuria
measurements. A description of the Ang II, BP and urinary albu-
minuria measurements is included in the Supplementary Methods
section.

Histopathology examination. A description of the histopa-
thology examination is included in the Supplementary Methods
section.

Angiotensin II infusion in mice. A description of the Angio-
tensin II infusion is included in the Supplementary Methods section.

Echocardiography. A description of the echocardiography is
included in the Supplementary Methods section.

Antibody measurements. A description of the antibodies
measurement is included in the Supplementary Methods section.

Statistical analysis
Data are means � SEM, unless specified otherwise. Differences
between 2 groups were analyzed using a two-tailed Student t-test.
Nonnormally distributed data were compared by using nonpara-
metric Mann-Whitney U test. One-way analysis of variance was used
for comparison of 3 or more groups. Prism software (GraphPad
Software, La Jolla, CA) was used for all statistical analyses. A P value
of less than 0.05 was considered significant.
Kidney International (2018) -, -–-
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