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Abstract

Blockers of the renin-angiotensin system are effective in the treatment of experimental and clinical
diabetic nephropathy. An approach different from blocking the formation or action of angiotensin
I1(1-8) that could also be effective involves fostering its degradation. Angiotensin converting
enzyme 2 (ACEZ2) is a monocarboxypeptidase than cleaves angiotensin Il (1-8) to form
angiotensin (1-7). Therefore, we examined the renal effects of murine recombinant ACE2 in mice
with streptozotocin-induced diabetic nephropathy as well as that of amplification of circulating
ACE2 using minicircle DNA delivery prior to induction of experimental diabetes. This delivery
resulted in a long-term sustained and profound increase in serum ACE2 activity and enhanced
ability to metabolize an acute angiotensin Il (1-8) load. In mice with streptozotocin-induced
diabetes pretreated with minicircle ACE2, ACE2 protein in plasma increased markedly and this
was associated with a more than 100-fold increase in serum ACE2 activity. However, minicircle
ACE?2 did not result in changes in urinary ACE2 activity as compared to untreated diabetic mice.
In both diabetic groups, glomerular filtration rate increased significantly and to the same extent as
compared to non-diabetic controls. Albuminuria, glomerular mesangial expansion, glomerular
cellularity and glomerular size, were all increased to a similar extent in minicircle ACE2-treated
and untreated diabetic mice, as compared to non-diabetic controls. Recombinant mouse ACE2
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given for 4 weeks by intraperitoneal daily injections in mice with streptozotocin-induced diabetic
nephropathy also failed to improve albuminuria or kidney pathology. Thus, a profound
augmentation of ACE2 confined to the circulation failed to ameliorate the glomerular lesions and
hyperfiltration characteristic of early diabetic nephropathy. These findings emphasize the
importance of targeting the kidney rather than the circulatory renin angiotensin system to combat
diabetic nephropathy.
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INTRODUCTION

Clinical interventions targeting the renin-angiotensin system (RAS) in diabetic kidney
disease center on the use of renin-angiotensin system (RAS) blockers-6. While the
therapeutic effect of RAS blockers is well established there is only incomplete response in
terms of reducing proteinuria, kidney histology and preventing disease progression.
Alternative and/or complementary approaches aimed at degrading Ang 11 (1-8) efficiently
may be considered as newer therapeutic approaches aimed at RAS downregulation’: 8. ACE2
is a monocarboxypeptidase that enhances Ang Il (1-8) degradation, and forms Ang (1-7), a
peptide with beneficial anti-inflammatory and anti-proliferative actions that may confer
renoprotection®-17. Genetic deletion of the Ang (1-7) receptor, the Mas receptor, has been
reported to cause hyperfiltration and worsening of kidney diseasel3 whereas Ang (1-7)
administration can improve experimental diabetic nephropathy (DN)17: 18, Amplification of
ACE?2 activity is therapeutically attractive in that it not only prevents accumulation of Ang Il
(1-8), the most active RAS peptide, but also fosters Ang (1-7) formation. Circulating ACE2
activity has been shown to be moderately augmented in rodent models of diabetes®-21, in
humans with chronic kidney disease??, and diabetes accompanied by vascular
complications?3. This increase in ACE2 could serve as a compensatory mechanism to
attenuate Ang Il accumulation. Since the levels of ACE2 in plasma are low, however, the
reported moderate increases in plasma ACE2 are likely not sufficient to exert a significant
protective effect. We reasoned that achieving a large increase in ACE2 would ensure
constant hydrolysis of Ang Il (1-8) and formation of Ang (1-7) which, if sustained over
time, could protect against the development of DN.

In its full-length form, ACE2 is a type 1 integral membrane glycoprotein that consists of
three structural entities: the cytosolic, transmembrane and extracellular domains which
together amount to a molecular weight of 120-130 kD247, The extracellular domain of
ACE2, which confers its enzymatic activity, contains a single catalytic metallopeptidase
unit?8, ACE2 is mainly a tissue enzyme and its levels in the circulation, unlike the levels of
ACE, are relatively low20: 2930, A form of ACE2 that is not tissue-bond, referred to as a
soluble ACE2, is enzymatically active and has been found in the circulation, urine and
cerebrospinal fluid?1: 29, 31-33,
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In mice with STZ model of diabetes'® 34 and in db/ab mice3® administration of an ACE2
inhibitor caused worsening of albuminuria. In agreement with the studies where
pharmacological ACE2 inhibitor was given to diabetic mice, the deletion of the Ace2gene
was reported to accentuate!® and the transgenic glomerular ACE2 over-expression
ameliorated diabetes-related kidney lesions26. Moreover, a beneficial effect of human
recombinant (r)ACE2 given by i.p. injections was reported to ameliorate albuminuria and
diabetic kidney lesions in the Akita model of diabetic kidney disease36. This finding was
surprising because human rACE2, when given to mice for more than 2 weeks, results in
formation of neutralizing antibodies and the attendant loss of ACE2 activity8 37, We
therefore developed murine recombinant ACE237 and reasoned that ACE2 amplification
using this rodent form of rACE2 would circumvent the problem of immunogenicity arising
from chronic administration of xenogeneic human rACE2 to mice. Accordingly, in the
present study we administered soluble mouse rACE2 protein by daily i.p. injections in mice
that had been given STZ four weeks earlier to produce early DN.

To increase and sustain high levels of ACE2 activity for a much longer period, murine
rACE?2 was administered by mini-circle (Mc) aceZ DNA delivery. The Mc system utilizes a
phiC31 integrase recombination event to remove the bacterial backbone elements of the
plasmid that are required for plasmid amplification and replication in bacteria but contribute
to gene silencing subsequently38: 39, By removing these sequences and isolating the circular
expression cassette long term gene expression can be achieved from the Mc that is
maintained as an extrachromosomal episome3®. This approach also permitted to examine a
potential preventative effect of preexisting high levels of circulating ACE2 on STZ-induced
DN. Finally, the impact of markedly increasing ACE2 in the circulation on urinary ACE2
was examined not only in STZ treated mice with mild albuminuria but also in a model of
CKD due to a Col4A3 gene deficiency that results in advanced alterations in the glomerular
basement membrane and robust proteinuria“®.

General and Kidney Parameters in Diabetic Mice treated with mrACE2 intraperitoneally

We have previously shown that when human rACE2 is administered to normal mice there is
a loss of ACE?2 activity by two weeks which is attributable to formation of neutralizing
antibodies®. Therefore in this study we used mouse rACE2 which results in a sustainable
increase in serum ACE?2 activity for at least 4 weeks3’. Studies using mrACE2
administration for four weeks by i.p. injections to STZ mice showed that mrACE2 does not
have a protective effect on kidney pathology or urinary albumin excretion as compared to
STZ-treated mice receiving PBS (Supplemental Results: Table S1 and Figure S1).

Characterization of ACE2 activity augmentation after minicircles ace2 DNA delivery

ACE2 mini-circle (Mc) was administered as a single injection38: 39 to mice in the FVB/N
background. Two doses (10 ug and 30 ug) were used to determine whether Mc injection
results in dose-dependent increases in serum ACE2 activity. At 3-9 days after Mc
administration, serum ACE2 activity in female FVVB/N mice that received 10 ug McACE2
(n=9) increased markedly as compared to controls (n=14) (138+48 vs. 0.5+0.1 RFU/uL/hr,
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p<0.01). In FVB/N mice that received 30 ug McACE2 (n=8), serum ACE2 activity increased
even further (480+£153 RFU/uL/hr, p<0.001).

The marked increase in serum ACE2 activity achieved initially (3-9 days) was sustained over
10 weeks of observation in MCACE2-treated (n=7) as compared to untreated mice (n=9)
(108446 vs.1.0+£0.2 RFU/uL/hr, p<0.05, respectively). In urines from McACE2-treated

mice, however, ACE2 activity was not significantly different than in urines from mice that
did not receive MCACE2 (3.5+0.9 vs. 4.4+0.6 RFU/ug creatinine/hr, respectively). At the
end of this experiment (10-12 weeks after sham or McACE2 injection), mice were given an
i.p. bolus of Ang Il (0.2 ug/BW) or vehicle (PBS) to examine the ability to handle an acute
Ang Il load. Five minutes after the Ang Il bolus ACE2 activity in serum and Ang Il levels in
plasma were evaluated from cardiac blood obtained at the sacrifice Plasma Ang Il in samples
obtained 5 minutes after Ang 11 bolus were significantly lower in MCACE2 mice as
compared to sham mice also infused with Ang Il (915+154 vs. 1420+131 fmol/mL, p<0.05,
respectively) (Figure 1, middle panel). Serum ACE2 activity was markedly higher in
McACE2 mice (n=6) as compared to sham mice (n=8) (63.0+32.6 vs. 0.96+0.18 RFU/ul/hr,
respectively) (Figure 1, left panel). Kidneys harvested after Ang Il infusion, however, did
not show any detectable increase in kidney ACE2 activity as compared to kidneys from
vehicle treated mice (26.9£5.3 vs. 29.4+4.6 RFU/ug/hr) (Figure 1, right panel).

In additional experiments urinary Ang 11(1-8) was evaluated after 1 week of Ang 1l
administration. MCACE2-pretreated (n=8) and sham-pretreated control mice (n=7) were
administered Ang Il (40 pmol/min) for seven days using subcutaneous osmotic minipumps.
No significant differences in urinary Ang Il levels were found between mice pretreated with
McACE?2 or not (17814248 vs. 1794+166 fmol Ang I1/mg creatinine, p=0.967,
respectively). The levels of urinary Ang Il in animals infused with this peptide were
markedly higher than those in mice that did not receive Ang Il infusion (n=9) (217+61 fmol
Ang I1/mg creatinine, p<0.001).

Altogether, these findings in wild type mice showed that McCACE2 delivery results in a
marked increase in serum ACE?2 activity which facilitates lowering of plasma Ang Il levels
when this peptide is acutely infused. By contrast, urinary Ang Il levels after 1 week of Ang
Il infusion are not significantly affected by prior MCACE2 administration despite a large and
sustained increase in serum ACE2 levels.

General and kidney parameters in mice with diabetes induced by STZ after minicircles
DNA delivery of ACE2

The scheme for ACE2 amplification via minicircle DNA delivery and later induction of
diabetes by STZ is shown in Figure 2. Six to nine weeks after minicircle ace2 DNA injection
or sham injection, STZ or vehicle was given. At 40 weeks of age, 20 weeks after diabetes
induction and 26-29 weeks following aceZ DNA mini-circle or sham injection, the levels of
blood glucose were similarly increased in both groups with STZ-induced diabetes (Table 1).
The levels of serum ACE2 activity were profoundly increased in the diabetic group treated
with ACE2 minicircles (n=14) as compared to untreated diabetic (n=15) and non-diabetic
controls (n=9). Systolic blood pressure was not significantly different between STZ-
McACE2 mice and STZ mice not treated with McACE2, (10945 and 1066 mm Hg,
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respectively). Body weight was similar in the three groups. Kidneys to body weight ratios
were significantly higher in sham STZ and STZ/McACE2 as compared to a non-diabetic
control group but not different from each other. The heart to body weights ratio was not
significantly different between the three groups. No significant difference in the albumin/
creatinine ratio (ACR) between the two diabetic groups was observed over the entire period
of 20 weeks of observation (Figure 3).

The GFR was markedly increased in both diabetic groups as compared to controls but not
significantly different from each other (Figure 4). Consistent with hyperfiltration, glomerular
surface area was increased in both diabetic groups but not significantly from each other. The
remaining findings on histologic kidney evaluation are also summarized in Figure 4.
Glomerular mesangial expansion was increased significantly in both diabetic groups as
compared to controls but it was not significantly different from each other. No significant
difference was found in glomerular cellularity between McACE2-treated and sham-treated
diabetic mice.

Effect of plasma ACE2 overexpression on plasma, tissue and urinary ACE2 activity in mice
with STZ-induced diabetes

In the group with STZ-induced diabetes described above, a marked increase in serum ACE2
activity after a single ACE2 mini-circle injection was sustained for 26-29 weeks at which
point animals were sacrificed (Table 1). The higher serum ACE2 activity could be attributed
to the appearance of a large ACE2-immunoreactive band in the plasma of McACE2-treated
diabetic mice (Figure 5). In lysates from thoracic aorta of McACE2-pretreated diabetic mice
ACE2 enzyme activity was increased significantly (0.84+0.24 vs. 0.03+£0.09 RFU/ug
prot./hr, p<0.01). ACE?2 activity was also significantly increased as compared to untreated
diabetic mice in the heart (1.89+0.32 vs. 0.94+0.12 RFU/ug prot./hr, p<0.01) and in the liver
(0.44+0.08 vs. 0.25+0.03 RFU/ug prot./hr, p<0.05, respectively). However, kidney ACE2
activity was not significantly different between the two groups (29.9+1.6 vs. 30.5£1.5
RFU/ug prot/hr respectively). MCACE2 administration also did not produce any significant
increase in urinary ACE2 activity (17£2 vs. 19.6+3.1 RFU/ug creat/hr) (Figure 6A).

Effect of rACE2 administration to db/db mice and to proteinuric Col4A3-/- mice

The db/db model of type 2 diabetes was also used to examine whether or not urinary ACE2
can increase after rACE2 infusion in another diabetic model that exhibits a
‘microalbuminuric’ range of albumin creatinine ratio (Figure 7A). For comparison purposes
Col4A3-/- mice, a model of CKD with marked proteinuria?0-42, was also studied. Unlike in
STZ and db/db mice, with only a modest increase in ACR, in Co/[4A3-/-mice (n=11) ACR
was markedly elevated (9387+£1993 ug/mg) as compared to the corresponding WT controls
of the same age and sex (n=5, 63+23 ug/mg) (p<0.001) (Figure 7A). Urinary ACE2 activity
was not significantly different between the two groups (14.9+3.8 vs. 19.4+8.0 RFU/ug
creat/hr, respectively) (Figure 7B). Consistent with previous reports, in urines from STZ and
ab/db diabetic mice, ACE2 activity at baseline were higher or tended to be higher than in
their respective non-diabetic controls (Figure 7B).
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Similar to the STZ model, in db/db mice the acute infusion of rACE2 increased serum ACE2
activity markedly without any increase in urine ACE2 activity (Figure 6B). A single bolus
injection of soluble rACE2 to the Co/4A3—-/-mice caused a marked elevation in serum
ACE?2 activity similar to that seen in STZ-treated mice pretreated with ACE2 via minicircle
DNA delivery or db/db mice that received rACE2 acutely (compare Figure 6AB with 6C,
left panels). After infusion of mrACE2 in Col4A3—-/-mice, urinary ACE2 activity increased
markedly (Figure 6C, right panel). This is in sharp contrast with the lack of increase in urine
ACE?2 activity in STZ-treated mice (Figure 6A, right panel) and ab/db mice (Figure 6B,
right panel). ACE2 protein by Western blot also increased in urines from Co/4A3—-/—mice
(Figure 8). Kidney ACE2 activity (Figure 6C, middle panel) and ACE2 protein abundance
by Western blot (not shown) were not significantly affected by ACE2 infusion.

The above findings show that in a model of Co/4A3 gene deficiency associated with
profound proteinuria due to increased permeability of the glomerular basement
membrane®? 41 infused ACE2 can be filtered and thus recovered in the urine. This is in
sharp contrast to mice with STZ induced diabetes and db/ab mice with modest albuminuria
where infused rACE2 cannot be filtered and therefore cannot be recovered in the urine.

Effect of chronic ACE2 overexpression by minicircle delivery on plasma RAS peptides in
mice with STZ-induced diabetes

The effect of serum ACE2 overexpression by minicircle delivery on plasma RAS peptides
was examined using LC/MS-MS (see Supplemental Results). In plasma from McACE2-
treated STZ mice, the levels of Ang 11 (1-8) were lower than those observed in the plasma of
the control animals injected with STZ but the difference did not achieve statistical
significance (Table S2). Ang 11 (1-8) levels are influenced by the precursor peptide, Ang |
(1-10), and its degradation. Therefore, the ratio between Ang Il (1-8) and Ang I (1-10) was
used to assess the relation between these peptides*3-45. Angiotensin 11 (1-8)/Ang I (1-10)
ratio was significantly lower in diabetic mice pretreated with ACE2 minicircles as compared
to sham-treated diabetic mice (0.147+0.047 vs. 0.352+0.059, p<0.05) (Figure 9). This shows
that for a given amount of the precursor peptide Ang | (1-10), there is a lower level of Ang Il
(1-8) in McACE?2 treated than in untreated mice which is consistent with increased
degradation of Ang Il (1-8) by excess of circulating ACE2.

In the McACE?2 group, plasma Ang (1-5) levels were higher than in sham diabetic mice but
the difference did not reach statistical significance (6.2+2.4 vs. 3.51.5, respectively.) As an
index of Ang Il (1-8) conversion to Ang (1-7), a ratio of Ang (1-5)/Ang 11 (1-8) was used.
The Ang (1-5)/Ang 11 (1-8) ratio was markedly and significantly increased in McACE2-
treated mice as compared to untreated mice (3.145+1.494 vs. 0.376+0.075, p<0.05,
respectively) (Figure 9). Overall these findings are consistent with increased conversion of
Ang Il (1-8) to Ang (1-7), and then conversion of Ang(1-7) to Ang (1-5) in the McACE2-
treated group.

No differences between the two groups were found in regards to any of the other six
angiotensin peptides measured as well as plasma renin or plasma angiotensinogen (see
Supplementary material for detailed information).
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DISCUSSION

This study examined the question as to whether a sustained increase in circulating ACE2
activity prevents or attenuates kidney damage in mice with STZ induced diabetic
nephropathy (DN). For this, two approaches to deliver ACE2 were used: a) i.p.
administration daily for 4 weeks to male mice with STZ-induced early DN which resulted in
a moderate increase in “trough” serum ACE2 levels and b) an ace2 minicircle DNA single
injection approach to female mice to increase circulating ACE2 prior to induction of DN by
STZ. This approach resulted in a very large and sustained increase in levels of serum ACE2
and allowed for a long-term evaluation of STZ-induced diabetes (20 weeks) on kidney
parameters.

The hypothesis that a sustained chronic increase in serum ACE?2 can afford protection
against DN was not supported by our findings in mice made diabetic by STZ. Neither the
administration of ACE2 by DNA minicircles, nor by daily i.p injections of murine rACE2
conferred any significant renoprotective effect in terms of either sustained reduction in
albuminuria (Figure 3) or improvement in the glomerular lesions typically seen in mice with
early DN such as an increase glomerular size, matrix deposition and cellularity (Figure 4).
The elevated GFR of the STZ-treated mice was not reduced by increasing the levels of
circulating ACE2 (Figure 4). Thus, the characteristic hyperfiltration of early DN was also
not affected by augmentation of serum ACE2. Suppression of ACE2 activity in mice with a
selective inhibitor of this enzyme has been shown to prevent diabetes-associated
hyperfiltration1® 46, A similar hemodynamic pattern to that caused by pharmacologic ACE2
inhibition was reported in diabetic ACE2KO mice suggesting that ACE2 may be involved in
the induction and/or maintenance of diabetic hyperperfusion!®: 46 In our studies, we
attribute the lack of an effect of rACE2 on hyperfiltration or glomerular lesions of diabetes,
despite the marked and sustained increase in systemic ACE2, to the failure to deliver the
large ACE2 protein to the kidney (see below). The lack of effect of ACE2 amplification on
blood pressure is not surprising since hypertension is not a feature of STZ-induced DN47: 48,

Minicircle ace2 DNA delivery was remarkably successful in achieving a consistent and
profound increase in serum ACE2 activity that lasted for several months. The minicircle
approach of minicircle DNA delivery of ACE2 provides therefore a model of gene delivery
that is resistant to gene silencing and consequently allows for long-term overexpression of
proteins of interest. As such it is not labor intensive and it is faster than having to create a
transgenic rodent model to test similar questions related to overexpression of protein of
interest. This model of gene delivery has been applied so far to a few proteins38: 39. 49
enabling a sustained transgene expression for up to 1 year without apparent adverse
effects®0. The profound increase in serum ACE2 activity achieved by the minicircle delivery
resulted in enhanced ability to dispose of an infused Ang Il load as compared to non-treated
animals (Figure 1B). This shows that an excess of plasma Ang Il can be metabolized more
rapidly when the levels of serum ACE2 are markedly increased chronically and is consistent
with previous studies by us infusing ACE2 acutely8: 37. The single injection of minicircle
containing coding sequence for soluble mouse ACE2 (amino acids 1-740) also resulted in an
increased ACE2 expression in the aorta and liver as demonstrated by an increase in
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enzymatic activity in these tissues. Despite the large increase in serum ACE2 activity,
however, neither kidney ACE2 activity nor protein increased above baseline values.

ACE2 is a large 100-110 kD protein that is not filterable by normal glomeruli. In STZ-
induced diabetes and in db/db mice, glomerular permeability is only modestly altered, as
judged by the modest degree of albuminuria®L. In these two models, urinary ACE2 did not
increase despite large increases in serum ACE2 activity (Figure 6). By contrast, in a mouse
model of profound proteinuria, the Co/4A3~~ mice®? an acute infusion of murine rACE2
resulted in a marked recovery of ACE2 protein and ACE2 activity in the urine. Our findings
show that soluble rACE2 is not likely to be effective to treat early kidney disease with mild
albuminuria, such that seen in STZ, db/db, Akita and most other rodent models of diabetic
nephropathy®2-55, Soluble rACE2 administration, however, could be effective in models with
overt proteinuria where marked alterations in glomerular permeability should allow the
kidney delivery of a large molecule such as ACE2. Future studies should be undertaken in
models that have higher albumin excretion rates, such as OVE-26°6 or BTBRob/ob mice’.
From the above-mentioned it can also be extrapolated that if a therapeutic effect of
administered ACE2 on DN had been observed it would have been primarily related to
increased levels of ACE2 activity in the circulation where large increases in serum ACE2
activity were achieved. In this respect, the potential therapeutic benefit should depend, at
least in part, on the status of the circulating RAS. In diabetic kidney disease, plasma renin
activity is usually reduced 198 9, Rather the activation of the RAS in diabetic kidney disease
is local at the kidney level®9-62, By extrapolation, our data suggest that the efficacy of widely
used RAS blockers in the treatment of DN must be the result of an inhibitory effect exerted
directly at the kidney level, ACE inhibitors and AT1 receptor blockers are small compounds
that are freely filtered. ACE inhibitors are well known to decrease kidney ACE activity very
effectively53, In a model of a podocyte-specific ACE2-transgenic, partial protection against
STZ-induced glomerular damage has been reported8. This further illustrates the importance
of targeting ACE2 directly to the kidney to achieve a therapeutic benefit.

The effect of a large increase in circulating ACE2 activity achieved by McACE2 gene
delivery on plasma levels of Ang Il and other Ang peptides was examined by LC/MS-MS
analysis (see Supplement Table S2 and Figure 9). In the plasma from McACE2-treated STZ
mice, the levels of Ang Il (1-8) were lower than those observed in the plasma of the control
animals injected with STZ but the difference did not achieve statistical significance. Ang
I1/Ang | ratio, however, was significantly lower in STZ-McACE2 as compared to STZ sham
mice which is consistent with enhanced Ang Il degradation. In plasma, Ang (1-7) has a very
short half-life%4 65 and is quickly converted to Ang (1-5) by ACE®5. This explains, in part,
that plasma levels of Ang (1-7), the direct product of ACE2 cleavage of Ang I, were very
low and below the level of detection in some cases. Therefore, we used the Ang 1-5/Ang Il
(1-8) ratio as an index of Ang Il (1-8) degradation. This ratio was markedly higher in
McACE2-treated diabetic mice than in sham-treated diabetic mice suggesting a degradation
of Ang 11(1-8) as a result of plasma ACE2 overexpression with formation of Ang (1-7), and
later Ang (1-5) from the rapid degradation of Ang(1-7). This analysis suggests that the large
increase in circulating ACE2 in McACE2-treated mice is associated with enhanced
metabolism of Ang 11(1-8) as reflected by an increase in the Ang (1-5)/Ang 11(1-8) ratio. Of
note, the activities of other enzymes that contribute to Ang Il formation from Ang | (ACE)
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or its degradation (APA) were not significantly affected by the overexpression of ACE2 in
plasma achieved by McACE2 (Supplemental Results).

A possibility that needs to be considered is that long-term and profound augmentation of
circulating ACE2 in McACE2-treated mice with the resulting enhanced Ang 11(1-8)
metabolism could have resulted in up-regulation of plasma renin activity and depletion of
AQG leading to a reduced formation of RAS peptides. Plasma total renin protein levels
tended to be higher in McACE2 mice but not significantly as compared to sham STZ-treated
mice. Neither total nor active serum AOG levels were different in McACE2 diabetic mice as
compared to untreated diabetic mice (Figure S2). These findings therefore show that
profound amplification of circulating ACE2 activity for long periods of time (26-29 weeks)
does not result in exhaustion of circulating AOG levels possibly due to enhanced synthesis
of this protein in the liver.

In summary, minicircle ace2 DNA delivery induced a profound and sustained increase in
plasma ACE2 activity but did not affect urinary ACE2 activity in normal mice or mice with
STZ induced mild DN. Urinary albumin excretion, glomerular mesangial expansion,
glomerular cellularity and glomerular size, were all increased to a similar extent in
McACE2-treated and untreated diabetic mice, as compared to non-diabetic controls. In
addition, GFR was increased markedly as compared to non-diabetic controls but unaffected
by minicircle ace2 DNA delivery. We conclude that a profound augmentation of ACE2
activity confined to the circulation is not sufficient to attenuate albuminuria, glomerular
hyperfiltration and the glomerular pathology characteristic of mice with STZ-induced early
DN. A large enzyme such as ACE2 cannot be filtered under normal conditions or after STZ-
induced moderate glomerular injury. By contrast, when glomerular permeability is
sufficiently altered as is the case in the Co/4A3-/—model of CKD with robust proteinuria, a
rapid increase in serum ACE?2 results in a marked increase in urinary ACE2 protein and
activity. Recombinant ACE2 based therapies may find a niche for the therapy of advanced
proteinuric CKD when glomerular filtration barrier is sufficiently disrupted allowing the
filtration of this large enzyme or by developing smaller compounds that are ACE2 activators
that can be easily filtered by the kidney.

METHODS

Intraperitoneal injections of mrACE2 to diabetic mice

Description included in Supplemental Methods.

ACE2 minicircle preparation and injection

Description included in Supplemental Methods.

Induction of diabetes using STZ and measurements performed

Description included in Supplemental Methods.
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Acute administration of soluble recombinant ACE2 to Col4A3—-/- and db/db mice

Female Col4A3™~ at 6-10 weeks of age were used as a proteinuric model of kidney disease
to study the effect of acute rACE2 administration on serum, urinary and kidney ACE2
activity. As a model of type 2 diabetes, adb/db mice (C57BLKS/JLepr) were used.
Immediately after voiding urine, mice were administered an intraperitoneal bolus of
recombinant ACE2 (4 mg/kg). Urine was then collected in metabolic cages over 3 h after
rACE?2 intraperitoneal bolus. Mice were then given an overdose of Euthasol and blood was
rapidly drawn by cardiac puncture. Mice were perfused with PBS (25ml/mouse) to flush out
the remaining blood from organs, and kidneys were collected.

Kidney histology

Description included in Supplemental Methods.

Western blot

Description included in Supplemental Methods.

Enzymatic activities of angiotensinases

The activities of the following angiotensinases were evaluated: ACE2, ACE, and
aminopeptidase A, as previously described in detail21: 66-68,

Measurements of serum angiotensinogen and total renin protein levels

Active and total AOG was measured using ELISA kits (IBL)5°. Mouse total renin protein
was measured using ELISA kit from Ray Biotech.

Blood pressure measurements

(see Supplemental Methods).

Statistical analysis

The data are reported as the arithmetic mean + standard error of the mean (SEM), unless
stated otherwise. Differences between two groups were analyzed using a two-tailed
Student’s t-test, and for non-normally distributed data (e.g. urinary ACR), log transformation
was performed for the subsequent statistical analysis. For multiple comparisons ANOVA
was used followed by LSD post hoc test. The IBM SPSS software (version 23) was used for
the statistical analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Serum angiotensin-converting enzyme 2 (ACE2) activity (left), plasma angiotensin (Ang) 11
levels (middle), and kidney ACE2 activity (right) 5 minutes after a bolus of Ang Il (All) in
mice pretreated with ace2 DNA minicircles (McACEZ2, black bars) and untreated (white

bars). *P < 0.05 versus Ang Il only; NS, not significant.
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Figure 2.
Study design and time of injection of angiotensin-converting enzyme 2 (ACE2) minicircles

(McACE?2) or sham injection followed by streptozotocin (STZ) to induce diabetic
nephropathy. Upper level: 6 to 9 weeks after ace2 DNA minicircles injection at a dose of 10
to 30 ug/mouse (n=14), mice were rendered diabetic by 2 STZ injections (5 days apart from
each other). Lower level: 6 to 9 weeks after sham injection, 16 mice were rendered diabetic
by 2 STZ injections while the remaining mice (n=9) received 2 injections of vehicle (Na-
citrate; pH 4.5) and served as nondiabetic controls. ACR, albumin-to-creatinine ratio; BP,
blood pressure; GFR, glomerular filtration rate.
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Urinary albumin-to-creatinine ratio (ACR) in streptozotocin (STZ) mice that were pretreated
with angiotensin converting enzyme 2 (ace2) DNA minicircle (grey bars, n=14) or sham
injected (black bars, n = 15-16). Vehicle-injected mice (white bars, that served as
nondiabetic control group; n = 9) had ACR values significantly lower than both STZ-treated
groups. There were no significant differences in ACR between sham STZ mice and
minicircle angiotensin-converting enzyme (McACE2)-pretreated STZ mice at any of the
time points measured. *Significantly different at least at a P < .05 level versus vehicle-
injected nondiabetic controls.
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Figure 4.

Kidney parameters in mice 20 weeks after diabetes induction with streptozotocin (STZ) and
in vehicle-treated mice that served as a nondiabetic control group. Six to 9 weeks before
induction of diabetes with STZ, animals were either injected with angiotensin converting
enzyme 2 (ace2) DNA minicircle (McACEZ2) or given a sham injection (STZ). No significant
differences were found in any of these parameters between STZ and STZ/McACE?2.
*Significant differences compared with both STZ and STZ/McACE2 (at least at a P < 0.05
level vs. vehicle control). BW, body weight.
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Figure 5.
Blood plasma (0.25 uL/well) from 6 untreated streptozotocin mice (STZ) and 6 STZ mice

that were pretreated with ace2 minicircle DNA (McACE2 STZ). The samples were
separated on sodium dodecy! sulfate—polyacrylamide gel electrophoresis and probed in
Western blot using a specific anti-angiotensin-converting enzyme 2 (ACE2) antibody. The
Western blot shows an ACE2 immunoreactive band at around 100 kDa in plasma samples
from each of the MCACE2 STZ-pretreated mice, which was not observable in the plasma
from untreated STZ mice.
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Serum, kidney, and urine angiotensin-converting enzyme 2 (ACE2) activity in streptozotocin
(STZ) mice overexpressing ACE2 after ace2 minicircle DNA injection and in acutely
soluble mouse recombinant ACE2 (rACE2)-treated db/db mice or Col4A3-/- mice (grey
bars) compared with the respective untreated control mice (black bars). (a) In McACE2-
treated STZ mice (n = 14), serum ACE2 activity was augmented markedly (P < 0.01),
whereas kidney and urine ACE2 activity were similar to that of untreated STZ mice (n = 15).
(b) In acutely rACE2-treated db/db mice (n = 3), a robust increase in serum ACE2 activity (P
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< 0.01) was associated with unchanged kidney and urinary ACE2 activity compared with the
noninjected db/db mice (n = 3). (c) Same parameters for Col4A3-/- mice treated acutely
with murine rACE2 or controls. In acutely rACE2—treated Col4A3-/- mice (n = 3), the
increase in serum ACE2 activity compared with noninjected mice (n=3) was associated with
a marked increase in urinary ACE2 activity. *Significant differences (at least at P < 0.05
level).
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Urinary ACE2 activity
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Albumin creatinine ratio (ACR) and urinary angiotensin-converting enzyme 2 (ACE2)
activity in streptozotocin (STZ)-treated mice, db/db mice, and in Col4A3-/- mice (filled
bars) compared with their respective controls (empty bars) under baseline conditions. (a) In
Col4A3—-/- mice (n = 11), ACR was increased markedly compared with Col4A3+/+ (n =5),
STZ (n = 15), and db/db mice (n = 3) (**P < 0.001). ACR was increased significantly in
STZ and db/db mice compared with their respective nondiabetic controls (*P < 0.05). (b)
Urine ACE2 was increased in STZ (*P < 0.05), but not significantly in db/db mice,
compared with their respective nondiabetic controls. Urine ACE2 was decreased, but not
significantly in Col4A3-/- mice, compared with Col4A3+/+ mice of the same age (8-10

wk).
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Col4A3-/- mice
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Figure 8.
Western blot densitometry results of angiotensin converting enzyme 2 (ACE2) protein

detected in urine from Col4A3-/- mice that received recombinant ACE2 (rACE2) (n = 3,
grey) or did not receive it (n = 3, black). The corresponding Western blot image is shown at
the bottom. *P < 0.001.
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Ang (1-5)/Ang 1l (1-8) ratio

STZ (6)

*

STZ/McACE2(6)

Plasma Ang Il (1-8)/Ang | (1-10) and Ang (1-5)/Ang Il (1-8) ratio in untreated STZ mice
(black, n = 6) and in STZ mice pretreated with ace2 DNA minicircles (grey, n = 6). The bars
represent means = SE. Plasma Ang peptides were measured by LC-MS/MS as described in
the Materials and Methods section. *P <0.05 vs. untreated STZ mice.
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General parameters in mice 20 weeks after diabetes induction with STZ and in vehicle-treated mice that

Table 1

Page 25

served as a non-diabetic control group. Six to nine weeks prior to induction of diabetes with STZ, animals

were either injected with ace2 DNA minicircle (McACE2) or given a sham injection.

Parameter Controls STZ STZ/McACE2
Blood Glucose (mg/dL) 177+16 457436 449432
Body weight (g) 24.3+0.4 25.9+0.6 26.10.6
Serum ACE2 act (RFU/ul/hr) 1.4+0.3% 2.4+0.3 497+135™
L+R Kidney Weight (g) 0.291+0.0087F 0.437+0.0138  0.415+0.0204
g‘é?ge)y/ Body Weight Ratio 12.2404% 17.2¢05 16.3£1.0
Heart Weight (g) 0.093+0.004  0.097+0.004  0.094+0.003
Heart/Body Weight (mg/g) 3.89+0.18 3.79+0.11 3.65+0.11
SBP (mmHg) 12548 106+6 1095

*
denotes significant differences between controls and both STZ and STZ/McACE?2 (at least at p<0.05);

HAA
denotes a significant difference versus controls and STZ mice not pre-treated with McACE2 (p<0.05). Otherwise there were no significant
differences between untreated and McACE2-treated STZ mice
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