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Figure 3. A, sections represent hematoxylin and eosin (H&E) staining (top left), the CD34™ blood vessels/endothelial cells in tumor tissues (top right), the high-
power field of view (bottom). Data shown are from 1 representative experiment of 3 carried out. Scale bar, 100 um. S, stroma; T, tumor. B, specimens of tumor,
liver, spleen, and blood were collected from control and tumor-bearing mice. TNF-a levels in tissue homogenates and serum were assayed by ELISA.

*, P < 0.05; **, P < 0.01. G, MSCs, endothelial celis (EC), and fibroblasts were cultured with TNF-o. (10 ng/mL) for 6 hours. Cells were labeled with
FITC-conjugated antibodies and analyzed by flow cytometry (filled histogram). Rat isotype antibodies 1gG1 and IgG2a served as respective controls
(open histograms). Values represent the percentage of positive cells after TNF-o stimulation, and values in parentheses represent the percentage of positive
cells without TNF-o stimulation. D, endothelial cells were cultured to confluence on fibronectin-coated 96-well plates. Then, MSCs or fibroblasts (1 x 10%)
were added to cultured endothelial cells. MSCs and endothelial cells were pretreated with the following substances: TNF-o (10 ng/mL), anti-VCAM-1,
VLA-4 (10 pg/mL), or isotype control IgG. Values are mean + SD. **, P < 0.01 (7 = 6 per cell type).

that has been proposed for endothelial cell regulation of
leukocyte infiltration in inflammatory tissues. Leukocyte-
endothelial adhesion involves dynamic interactions between
leukocytes and endothelial cells, and involves multiple steps.
These steps must be precisely orchestrated to ensure a rapid
response with minimal damage to healthy tissue (15). Inter-
actions between leukocytes and the endothelium are mediated
by several families of adhesion molecules, each of which
participates in a different phase of the process. The surface
expression and activation of these molecules during an inflam-
matory response is tightly controlled under normal conditions.
Inflammatory cytokines including IL-1 and TNF-ot involve
induction of adhesion molecules. In our experimental settings,
although other inflammatory cytokine levels including IL-1
and IL-6 were low (data not shown), significant production of
TNF-o. was observed. We do not clearly know the source of
TNF-a in the tumor at this time, and that our in vitro data only
suggest that the stroma is the primary source.

As we expected, TNF-a enabled MSCs to adhere to endo-
thelial cells through induction of the expression of adhesion
molecules, including VCAM-1 and VLA-4. It is generally con-
sidered that VCAM-1 on activated endothelium interacts with

the VLA-4 on the leukocyte in the model of leukocyte-endo-
thelial cell adhesion. At first, we speculated that VLA-4 on
MSCs plays the same important role as leukocytes. Although
both VCAM-1 and VLA-4 on endotheliumn were efficiently
induced by TNF-o. stimulation, TNF-ca-induced expression of
VCAM-1 on MSCs is much stronger than that of VLA-4.
Furthermore, MSC-EC adhesion was more effectively inhib-
ited by anti-VCAM-1 antibody as compared with the anti-VLA-
4 antibody. On the basis of these results, although VLA-4 on
MSC have also related to the MSC-EC adhesion, we thought
that VCAM-1 on MSC has more important implications for this
adhesion. Once MSCs circulate in the bloodstream, adhesion to
endothelial cells is the first step in accumulation in tumors.
TNF-o exerts its biologic functions through activating the NF-
kB signaling pathway. NF-xB is a major cell survival signal that
is antiapoptotic. MSC accumulation was significantly
decreased through parthenolide inhibition of NF-xB activity.
Although several studies have shown that mitogen-activated
protein kinase (MAPK) phosphorylation by growth factors are
involved in MSC migration (16, 17), parthenolide did not inhibit
MAPK phosphorylation (data not shown). Therefore, at least
parthenolide treatment did not affect in migration ability of
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Figure 4. Effect of parthenolide (PTL) on MSC migration and adhesion. A, serum-starved and parthenolide-treated MSCs were added to the upper wells and
serum-free medium supplemented with PDGF-BB (10 ng/mL), HGF (30 ng/mL), MCP-1 (100 ng/mL), or SDF-1c (150 ng/mL) was added to the lower wells.
Treatment with medium alone (DMEM/F-12) was a negative control and treatment with 30% FBS was the positive control. Values are expressed by relative
number of cells compared with respective controls (without pretreatment with parthenolide). B, to assess the inhibitory effect of parthenolide on

NF-xB phosphorylation, parthenolide-treated MSCs were stimulated with recombinat TNF-a. for 3 minutes, and cellular extracts were prepared for Western
blotting. C, to monitor the inhibitory effect of parthenolide on NF-xB activation, immunofiuorescent analysis of NF-kB p65 nuclear translocation was
conducted as described in Materials and Methods with an Alexa Fluor 488-conjugated specific antibody (green). Actin filaments were labeled with Alexa Fluor
546-conjugated phalloidin (red); nuclei were stained with DRAQ-5 dye (blue). Objective magnification, x40. D, effect of parthenolide treatment on
TNF-a-induced expression of adhesion molecules was analyzed by flow cytometry. Parthenolide-treated MSCs were cultured with TNF-o (10 ng/mL)
for 6 hours. Cells were labeled with FITC-conjugated antibodies and analyzed by flow cytometry (filled histogram). Rat isotype antibodies IgG1 and IgG2a
served as respective controls (open histograms). Values represent the percentage of positive cells after TNF-a stimulation, and values in parentheses
represent the percentage of positive cells without TNF-a stimulation. E, MSCs (1 x 1 0% were added to endothelial cells that had been cultured to confluence on
fibronectin-coated 96-well plates. MSCs and endothelial cells were pretreated with the following substances: parthenolide (5 pmol/L), TNF-a (10 ng/mL), anti-
VCAM-1, VLA-4 (10 pg/mL), or isotype control IgG. Values are expressed as mean 4= SD (n = 6). *, P < 0.05 and **, P < 0.01.

MSCs toward growth factors from tumors in this experimental TNF-o intensely induces IL-6 and MCP-1 from cancer-associ-
settings. Nevertheless, MSC accumulation was significantly ated fibroblasts and normal fibroblastic cells and has indirect
decreased through parthenolide inhibition of NF-kB activity. influences on generation of prometastatic microenvironment
‘We did not show histologic evidence in the experiments using (21). Furthermore, TNF-a is also released in cardiac infarction,
parthenolide. However, we show that parthenolide does not during acute coronary syndromes, and in chronic heart failure;
inhibit Inciferase activity in vitro (and thus does not seem to be MSCs also accumulate at the site of cardiac infarction (22, 23).
toxic), and that therefore the effect observed ir vivo should be These results indicated that proinflammatory cytokines pro-
an effect on recruitment. Although we focused on the function mote homing of stem cells in the heart and that these cytokines
of TNF-atin this study, other inflammatory cytokines including have a positive effect on cardiac regeneration. Therefore,
IL-1f and IFN-y also have ability to induce VCAM-1 expression activation with TNF-o is one of the critically important steps
in target cells (18), and may be involved in MSC accumulation. for MSC accumulation. Moreover, MSC-based tissue-targeted

TNF-o is a major inflammatory cytokine that plays impor- strategies may be adapted for various inflammatory diseases.
tant roles in diverse cellular events, such as cell survival, In MSC-based cancer-targeted gene therapies, it is thought
proliferation, differentiation, and death. Numerous reports that therapeutic efficacy is directly linked with accumulation
have shown that TNF-o levels in serum are increased in efficiency of MSCs at tumor sites. Our results suggested that
patients with cancer (19, 20), and TNF-a is also related closely combination use of NF-«B inhibitors, including bortezomib, or
to the tumor progression including metastasis. For example, TNF-o. blocking agents, such as infliximab, reduces the
Cancer Res; 73(1) January 1, 2013 Cancer Research
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Figure 5. In vivo imaging of NF-kB-suppressed MSC accumulation at tumor sites. A, luciferase-expressing MSCs were cultured with parthenolide for 6 hours
and luciferase assays were periodically conducted. Values are expressed as mean + SD (n = 4 each). RLU, relative light unit. B, cell viability of parthenolide
(PTL)-treated luciferase-expressing MSCs was also examined by XTT assays. Values are expressed as mean + SD (n = 4 each). G, luciferase-expressing
MSCs without parthenolide treatment were injected into tumor-bearing mice through the left ventricular cavity and VIS imaging was periodically conducted.
Each data shown are from 1 representative experiment of 8 carried out. D, luciferase-expressing MSCs with parthenolide treatment were injected into tumor-
bearing mice and IVIS imaging was periodically conducted. Imaging was conducted as described earlier. Each data shown are from 1 representative
experiment of 8 carried out. E, bioluminescent intensity at tumor sites was quantified using analysis software. The data are expressedas mean = SD(n =8
each). *, P < 0.05; **, P < 0.01 compared with a group of parthenolide () at the same time.

therapeutic efficacy of gene-modified MSCs due to inhibition
of the accumulation steps. In contrast, tumor-specific TNF-
a~inducing agents would be useful in enhancing therapeutic
efficacy, thus further research is required in identifying such
agents to more effective therapeutic strategies.

In conclusion, the present study shows that NF-xB activa-
tion through TNF-o stimulation and VCAM-1/VLA-4-medi-
ated MSC-EC adhesion may be an important element in MSC
accumulation. Although MSCs are useful as cellular vehicles for
cancer-targeted gene therapy, past studies have shown that
increased MSC accumulation is needed to enhance therapeutic
efficacy. Thus, methodology for the enhancement of MSC
accumulation should be developed and our findings suggest
a solution.
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Interleukin-10 expression induced by adeno-associated
virus vector suppresses proteinuria in Zucker obese rats

M Ogura'?, M Urabe!, T Akimoto? A Onishi'%, C Ito?, T Ito®, T Tsukahara!, H Mizukami!, A Kume!,

S Muto?, E Kusano? and K Ozawa!

Varying degrees of metabolic abnormalities mediated by chronic inflammation are implicated in the chronic glomerular injuries
associated with obesity. Interleukin (IL)-10, a pleiotropic cytokine, exerts anti-inflammatory effects in numerous biological
settings. In the present study, we explored the biological benefits of adeno-associated virus (AAV) vector-mediated sustained
IL-10 expression against the pathological renal characteristics observed in Zucker fatty rats (ZFRs). We injected an AAV vector,
encoding rat IL-10 or enhanced green fluorescent protein (GFP) into male ZFRs at 5 weeks of age. Subsequently, the renal
pathophysiological changes were analyzed. Persistent {L-10 expression significantly reduced the urinary protein excretion of
ZFRs compared with GFP expression (47.1 + 11.6 mg per mg-creatinine versus 88.8 + 30.0 mg per mg-creatinine, P<0.01).
The serum levels of IL-10 negatively correlated with the urinary protein in AAV-treated rats (r=-—0.78, P<0.01). Renal
hypertrophy, increased widths in the glomerular basement membrane, and the lack of uniformity and regularity of the foot
process of the visceral glomerular epithelial cells of ZFRs were significantly biunted by IL-10 expression. IL-10 also abrogated
the downregulation of glomerular nephrin observed in ZFRs treated with the GFP vector. Our findings provide insights into

the potential benefit of the anti-inflammatory effects of IL-10 on the overall management of glomerulopathy induced by the

metabolic disorders associated with obesity.

Gene Therapy (2012) 19, 476-482; doi:10.1038/gt.2011.183; published online 24 November 2011

Keywords: obesity; nephrin; glomerular hyperfiltration; glomerular epithelial cells; glucose intolerance

INTRODUCTION
Numerous pathophysiological disorders have been demonstrated to be
related to obesity.! Not exceptionally, accumulating evidence also
suggests a role for obesity in the development of chronic kidney
disease.2~* The renal effects of obesity in humans and experimental
animals include both functional and morphological adaptations, such
as an increased glomerular filtration rate, increased renal blood flow,
and renal hypertrophy with focal segmental glomerulosclerosis.>~7
Although the qualitative and quantitative information about the
pathogenesis of the glomerulopathy associated with obesity remains
to be delineated, varying degrees of metabolic abnormalities appear to
be involved. Indeed, hyperinsulinemia resulted in the stimulation of
the synthesis of insulin-like growth factors, and the upregulation of
transforming growth factor-Bl by elevated serum leptin has been
implicated in the chronic glomerulopathy associated with obesity.®?
Moreover, hyperlipidemia may also promote glomerulosclerosis
through mechanisms in which engagement of lipoprotein receptors
on mesangial cells, oxidative cellular injury, macrophage chemotaxis
and accelerated synthesis of fibrogenic cytokines are involved.!®
Interleukin (IL)-10 is a multifunctional cytokine with anti-inflam-
matory properties.!! Accumulating evidence suggests potential roles
for IL-10 in the management of several pathophysiological disorders,
.including obesity. Indeed, IL-10 has been shown to not only reduce
cholesterol levels, but also to improve the insulin resistance in
experimental animal models.!>!> Moreover, it has also been reported

that obese patients and subjects with metabolic syndrome have a lower
level of serum IL-10 than healthy normal subjects.'* These observa-
tions led us to comsider the therapeutic potential of modulating
inflammation by IL-10 in the overall management of obese patients.

In the present study, we evaluated the effects of IL-10 on the renal
characteristics of Zucker fatty (Zucker-fa/fa) rats, which have recently
been focused on as an experimental animal model of renal injuries
mediated by obesity-associated metabolic disorders.””1>16 The biolo-
gical efficiency of the systemic administration of recombinant I1L-10
seems to be insufficient because of the immediate decrease resulting
from its short bioactive half-life.!” Instead, we have transferred the
gene encoding IL-10 using an adeno-associated virus (AAV) vector, as
these vectors can be used to transduce skeletal muscle, thereby
inducing the systemic and sustained expression of potentially ther-
apeutic proteins following a single intramuscular administration,1218

RESULTS

The expression of 1L-10 in Zucker rats

Our first series of experiments verified the integrity of our vectors in
the Zucker-fa/fa rats. The serum concentrations of IL-10 in the rats
were determined at 5, 10, 15, 20 and 25 weeks after the initial
treatments, which included the administration of phosphate buffer
saline (PBS) and transductions of the recombinant AAV type 1-based
vector carrying the rat IL-10 (AAV-IL-10) or control-enhanced
green fluorescent protein gene (AAV—GFP). As shown in Figure 1,
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Figure 1 The longitudinal changes in serum concentrations of IL-10 at 5,
10, 15, 20 and 25 weeks after the initial sham treatments (PBS alone), and
transductions of AAV-IL-10 or AAV-GFP into the Zucker fa/fa rats or lean
littermates. Inset: an analysis of the cryostat sections of the anterior tibial
muscles injected with AAV-GFP or PBS (control). The immunofiuorescence
analyses performed 10 weeks post-vector injections revealed ubiquitous
GFP expression within the muscle tissue, thus suggesting efficient gene
transduction by the AAV vectors. Scale bar is indicated in each panel.
The data are the meansts.d. (n=6). **P<0.01 versus ZF and ZF+GFP
groups; " P<0.01 versus the value at 5 weeks of age.

statistically significant increases in serum IL-10 were confirmed in
Zucker-fa/fa rats administered AAV~IL-10 (sham Zucker-fa/fa rats
administered PBS (ZF)+IL-10), whereas the levels in Zucker-fa/fa rats
administered AAV—-GFP (ZF+GFP), ZF and control Zucker lean
littermates (Zucker -+/+) administered PBS (ZL) were comparable.
The levels of IL-10 in ZF+IL-10 were about 12-fold higher at week 5,
and an average of 5-fold higher than ZF, ZF+GFP and ZL groups at 25
weeks after the initial treatments.

The effects of IL-10 on clinical and laboratory characteristics
The body weights of all rats were increased during the observation
period. Although the degree of the increases was significantly higher in
the Zucker-fa/fa rats than in the ZL rats, the mean body weights of ZE,
ZF+GFP and ZF+IL-10 at each time point were comparable
(Figure 2a). Similarly, the food consumption of the Zucker-fa/fa rats
was significantly greater than that of the ZL, although there were no
significant differences in the amount of food intake in the three
Zucker-fa/fa rat groups (Figure 2b). On the other hand, the serum
levels of total cholesterol (Tcho) and triglycerides (TG) were signifi-
cantly higher in Zucker-fa/fa rats compared with ZL throughout the
observation period. However, in the ZF+IL-10, the serum Tcho was
significantly lower than those in the ZF and ZF+GFP (Figure 2c).
Similar trends were also confirmed in the longitudinal changes in the
serum TG. As shown in Figure 2d, Zucker-fa/fa rats had significantly
higher serum TG than their lean littermates; however, the expression
of IL-10 seemed to negatively affect the level of TG. At 30 weeks of age,
these parameters negatively correlated with the IL-10 level in the
Zucker-fa/fa rats with PBS or AAV treatment (Figures 2e and f).
During the observation period, no significant difference in the systolic
blood pressure was observed in the Zucker-fa/fa rats treated with PBS
or the AAV, although there was a trend for the systolic blood pressure
in the ZL to be higher than that of all of the Zucker-fa/fa rats (data not
shown).

‘We next analyzed the effect of IL-10 on the parameters related to the
glucose metabolism. As shown in Table 1, the fasting blood glucose

Interleukin 10 and obesity-related nephropathy
M Ogura et al

levels of Zucker-fa/fa rats were significantly higher at 10 weeks after
the administration of the vector with GFP or PBS administration
compared with the lean littermates. At 30 weeks of age, we determined
the blood hemoglobin Alc (HbAlc) and serum immuno-reactive
insulin levels. As shown in Figure 3a, the transduction of IL-10
reversed the increase in the levels of HbAlc that was confirmed in
ZF and ZF+GFP rats, thus suggesting that IL-10 might have a role in
improving the disturbance of the fed-state glucose metabolism in the
Zucker fa/fa rats. Indeed, the fed state serum insulin level was
significantly elevated in ZF+IL-10 rats compared with the other
groups, whereas the levels of fasting serum insulin in the Zucker-fa/
fa rats were comparable (Figure 3b).

The effects of IL-10 on renal characteristics

We also explored the effects of IL-10 on the renal characteristics of the
obese rats. As shown in Figure 4a, all three groups of obese rats (ZF,
ZF+GFP and ZF+IL-10) demonstrated a gradual increase in urinary
protein in a time-dependent manner, and the urinary protein level in
the ZF and ZF+GFP finally increased up to 102.2%21.9 and
88.8 +30.0mg per mg-creatinine, respectively. At 30 weeks of age,
the urinary protein in the ZF+IL-10 (47.1+ 11.6 mg per mg-creati-
nine) was significantly lower than in the other Zucker-fa/fa rats groups
(P<0.01). Moreover, the serum levels of IL-10 negatively correlated
with the urinary protein level in Zucker-fa/fa rats (r=—0.88, P<0.01,
n=17; Figure 4b). During the observation period, the creatinine
clearance (Ccr) in obese rats without IL-10 was significantly increased
at both 25 and 30 weeks of age (Figure 4c). There was also a negative
correlation between the serum IL-10 level and Cer (r=-0.65, P<0.01,
n=15; Figure 4d).

Figure 5 shows the anatomical and morphological effects of IL-10
on the Zucker-fa/fa rats. All three groups of Zucker-fa/fa rats had
significantly higher kidney weights than the ZL at 30 weeks of age.
However, the expression of IL-10 caused a significant decrease in the
kidney weight when compared with the ZF and ZF+GFP (1.70 £ 0.13 g
versus 1.86+£0.12 g, P<0.05, and 1.85+0.09g, P<0.05, respectively;
Figure 5a). When viewed under a light microscope, there were no
apparent histological changes compatible with glomerulosclerosis and
cellular infiltrations within the glomerulus in any of the subjects;
however, the Zucker-fa/fa rats had a larger area of glomeruli than the
Z1, which was significantly reduced by the persistent expression of IL-
10 in the ZF+IL-10 (Figures 5b and c). Transmission electron micro-
scopy showed the hyperplastic glomerular basement membrane
(GBM) and prominent foot process effacement in ZF and ZF+GFP
(Figure 5b), but these changes seemed to be prevented or reversed in
the ZF-+IL-10. Indeed, there were significant differences in the mean
width of the GBM between the ZF-HL-10 and the other two groups of
Zucker-fa/fa rats (Figure 5d). The lack of uniformity and regularity of
the foot process demonstrated by scanning electron microscopic was
remarkable in the ZF and ZF+GFP, but this was not observed in the
ZF+IL-10 and ZL (Figure 5b).

The effects of IL-10 on the expression of nephrin within the
glomeruli of Zucker-fa/fa rats

To determine the potential mechanisms of the counter-effect of IL-10
on the changes in the renal characteristics in the Zucker-fa/fa rats, we
evaluated the effects of IL-10 on the expression of nephrin within
glomeruli. As shown in Figure 6, the glomerular nephrin expressions
in Zucker fa/fa rats treated with PBS or AAV—GFP were significantly
diminished compared with that of lean littermates, and the transduc-
tion of IL-10 apparently reversed the reduced expression of nephrin
within glomeruli that was observed in the Zucker-fa/fa rats (Figure 6).
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Table 1 Changes in FBS in Zucker fa/fa rats and age-matched control a o b
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< 454 k=)
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30 108.8+14.3 118.7+16.3 135.3+20.0° 126.8+10.8° T 404 / E
o
Abbreviations: FBS, fasting blood glucose; GFP, green fluorescent protein; L, interleukin; % ® 57
ZF, sham Zucker-faffa rats administered PBS; ZL, Zucker lean littermates (Zucker +/+) / A i
administered PBS. 2P<0.05 versus ZL. 35 Zz 0 :
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Figure 3 The effect of the IL-10 expression on the level of blood HbAlc (a)
DISCUSSION . and serum immunoreactive insulin (b). The data were determined with blood
The present study clearly demonstrates for the first time that [L-10,  samples obtained from rats at 30 weeks of age. **P<0.01 versus the
delivered by an AAV vector, suppresses the changes in renal character-  control and #¥#P<0.01, respectively.
istics in obese rats, including the increase in urinary protein, elevated
Ccr, glomerular hypertrophy and the decreased glomerular expression
of nephrin, without affecting the body weight and food intake of Numerous studies have focused on the abnormalities in lipid
the rats. These results suggest the potential benefits of IL-10 in metabolism as a potential mechanism underlying various types of
the management of obese subjects with renal pathophysiological glomerular injuries, and the treatment of hyperlipidemia has been
abnormalities. shown to reduce the excretion of urinary proteins and to decrease the
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glomerular injury characterized by mesangial matrix expansion and
focal segmental glomerulosclerosis, which are typical of Zucker fa/fa
rats at about 60 weeks of age, without any changes in glomerular
hemodynamic function.”»!%1619 As such renal structural alterations
seem to be relatively nonspecific and may represent part of a common
final pathway,!> we focused on the changes in renal characteristics that
precede the development of mesangial matrix expansion and focal
segmental glomerulosclerosis. Consistently, the histological analyses of
our Zucker fa/fa rats performed at 30 weeks of age failed to
demonstrate such glomerular lesions. Instead, glomerular hypertro-
phy, an increase in the widths of the GBM and the elevation of Ccr due
to presumable glomerular hyperfiltration, which have all been impli-
cated in hyperglycemia and are considered to be early events followed
by diabetic glomerulosclerosis among diabetic subjects,?*~22 were
observed.

These findings might not be surprising, as abnormal glucose
metabolism characterized by mild hyperglycemia, as well as hyper-
insulinemia and insulin resistance, are alternative metabolic charac-
teristics of Zucker fa/fa rats.”*>? Obviously, this was also the case
with the present study. Of note, IL-10 seems to improve the disturbed
fed-state glucose metabolism of the Zucker fa/fa rats, as the HbAlc in
ZF-IL-10 rats was significantly decreased compared with the rest of the
obese groups. The recovery from advanced insulin resistance is
unlikely to be implicated in these rats. Instead, the accelerated increase
in serum insulin seems to be involved in the countervailing effect of
IL-10 on the glucose intolerance. Such an increase in serum insulin
may be attributable to a change in the metabolic clearance or altered
sensitivity to blood glucose. Alternatively, IL-10 might stimulate
pancreatic B-cell function.?* Although the elevation of serum insulin
seemed to be necessary for glycemic control among our obese animals,
one may argue that this might have adverse consequences on the renal
tissue, and thus, might contribute to the development of a wide range

of glomerular and interstitial injuries associated with disturbed
glucose metabolism.

Indeed, it has been shown that hyperinsulinemia pleiotropically
affects the kidney tissue through various pathways.»%25 Nevertheless,
renal pathophysiological evaluations failed to confirm the adverse
effect of hyperinsulinemia in ZF-IL10 rats. Our results suggest that the
biological significance of the improvement in glucose intolerance,
mediated by the further increase in serum insulin induced by IL-10,
on the renal characteristics of Zucker fa/fa rats should exceed that of
hyperinsulinemia. Otherwise, an alternative process independent of
the regulation of obesity-related metabolic disturbance might be
involved in the countervailing effect of IL-10 on the renal pathophy-
siological characteristics among our obese animals.

Whether the glomerular morphological changes demonstrated in
the present study cause or contribute to the presumable development
of mesangial matrix expansion and focal segmental glomerulosclerosis
in Zucker-fa/fa rats, which have been demonstrated to have abnormal
lipid metabolism at ages older than 30 weeks,”'%161° remains to be
determined. However, the fact that there were significant decreases in
the serum levels of Tcho and TG in the ZF+IL-10 rats led us to
consider that the early phase of the changes in the renal characteristics
of Zucker fa/fa rats might be modulated, at least in part, by IL-10
through the reduction of Tcho and TG. Although the course of the
etiological linkage between IL-10 and TG remains to be delineated,
previous data suggest that IL-10 might have a direct effect on the
cholesterol metabolism through the suppression of the hydroxy-
methylglutaryl-CoA reductase expression, thereby lowering the Tcho
level.1?

A hyperplastic GBM is often accompanied by changes in the visceral
glomerular epithelial cells, that is, podocytes, and a progressive loss of
podocyte foot processes associates with narrowing of the filtration
slits, whereas the number of podocytes decreases with the increase in
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Figure 5 The effects of IL-10 expression on the renal morphological changes in ZFRs. (a) The changes in the weights of the kidneys of ZF (black hatched
box), ZF+GFP (black striped box), ZF+IL-10 (black box) and ZL (white box) rats. The results were presented as means +s.d. (n=5). *P<0.05, **P<0.01,
versus the controls; #P<0.05 versus the ZF and ZF+GFP groups. (b) Representative photomicrographs of periodic acid-Schiff-stained light microscopic,
transmission electron microscopy and scanning electron microscopic views. The scale bars are shown in the panel for the control lean littermates. (c) The
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urinary protein excretion.’%” Although the precise number of podo-  particularly, the balance of lipid peroxidase, was recently proposed
cytes was not quantified in the present study, such pathogenic to account for the decrease in nephrin mRNA in experimental
processes were likely modulated by IL-10, as the prominent foot glomerulopathy?® Therefore, it is reasonable to consider that IL-10
process effacement associated with the hyperplastic GBM, and thelack  should directly or indirectly modulate such pathophysiological pro-
of uniformity and regularity of the foot process confirmed in ZF and  cesses within our obese subjects.
ZF-GFP were recovered in ZF+IL-10. Moreover, I1-10 remarkably Although the present study provides information regarding the
blunted the reduced glomerular expression of nephrin, which has been  effects of IL-10 on the renal characteristics of the Zucker fa/fa rats, our
located to the slit diaphragm of glomerular podocytes, where it acts as  results should be interpreted within the context of the study’s limita-
a renal ultrafilter barrier function.?® Although the mechanism leading  tions. First, the number of animals included in each group was small,
to the downregulation of glomerular nephrin in our rats is not well  implying that the study may be underpowered for the evaluation of
characterized, the potential role of reactive oxygen species, and several parameters, and selection bias may also be present. Indeed, our
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Figure 6 immunofluorescent staining of glomerular nephrin from ZFRs and
control littermates. (a) Representative microscopic views are shown. (b) The
fluorescence intensity of each view was also quantified using arbitrary units.
**p 0.0l versus control littermates; n=6; ##P<0.01 versus the ZF and
ZF+GFP groups.

findings, demonstrating that the mean body weights and the food
consumption levels of each of the obese groups, might have been
underestimated, as it has been reported that IL-10 could attenuate the
changes in food intake and energy expenditure in the experimental rat
model of acute inflammatory disturbance associated with bacterial
infection.30 It may be interesting to determine whether the IL-10
treatment applied to our obese rats affected their glucose and lipid
metabolism without inducing any change in their body weight and
food consumption. Whether our findings remain true when the
number of subjects is increased should be evaluated in greater detail
in a future study.

In summary, AAV vector-mediated IL-10 gene transfer into the
Zucker fa/fa rats could introduce efficient and stable IL-10 expression,
resulting in the marked reduction of urinary protein excretion. These
changes were associated with the recovery of renal structural altera-
tions. Our observations indicate the presence of complex interactions
between the changes in the renal characteristics of Zucker fa/fa rats

Interleukin 10 and obesity-related nephropathy
M Ogura et al

and the inflammatory cascade, as well as the potential benefit of the
anti-inflammatory effects of IL-10 in the overall management of
glomerulopathy mediated by obesity-related metabolic disorders.

METHODS

AAV vector production

DNA encoding rat IL-10 was PCR-amplified from rat splenocyte complemen-
tary DNA as described previously, using the primers 5-GCACGAGAGCCAC
AACGCa-3" and 5'-GATTTGAGTACGATCCATTTATTCAAAACGAGGAT-3".!8
For efficient transgene expression in the skeletal muscle, we constructed a
recombinant AAV type 1 vector, which carried the IL-10 gene or GFP gene,
controlled by the modified chicken B-actin promoter with the cytomegalovirus
posttranscriptional regulatory element (a generous gift from Dr Thomas Hope,
Infectious Disease Laboratory, Salk Institute). AAV vectors were prepared
accoxding to the previously described three-plasmid transfection adenovirus-
free protocol, with minor modification to use the active gassing system.!83!
Briefly, 60% confluent human embryonic kidney 293 cells incubated in a large
culture vessels were co-transfected with the proviral transgene plasmid, AAV-1
chimeric helper plasmid (p1RepCap), and the adenoviral helper plasmid
pAdeno (Avigen Inc., Alameda, CA, USA).3! The crude viral lysates were
purified by two rounds of CsCl in a two-tier centrifugation. The titer of the
viral stock was determined against plasmid standards by using dot blot
hybridization, after which the stock was diluted in PBS before injection.

Animal model and experimental design

All animal procedures were approved by the Jichi Medical University ethics
committee and were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Male Zucker-fa/fa
and Zucker +/+ rats were obtained from Japan SLC Inc (Shizuoka, Japan).
Animals were housed in a temperature and humidity controlled room, and
standard rat chow (CE-2, Clea Japan, Inc., Tokyo, Japan) and water were
available ad libitum. Five-week-old male Zucker-fa/fa rats were randomly
divided into three groups (#=6 in each group): that is, ZE, ZF+GFP and
ZF+1L-10. Control lean littermates administered PBS (ZL) were also included
in the study. Under ether anesthesia, the PBS buffer or AAV vectors in PBS were
injected into the bilateral anterior tibial muscles of the rats (200 ul per site,
1x10'! genome copies per rat). For each animal, body weight and food
consumption were measured at 5, 10, 15, 20, 25 and 30 weeks of age. Urinary
samples were collected in metabolic sampling bottles over 24 h. Blood samples
were collected by tail clipping under ether anesthesia after the rats had fasted
for 16h. In some circumstances, morning blood samples were also collected to
determine the fed-state blood glucose and serum immunoreactive insulin
levels. The serum levels of Tcho (Cholesterol C-test; Wako Chemicals, Tokyo,
Japan), TG (L-Type TG H Kit; Wako Chemicals) and IL-10 (Quantikine ELISA
Kit; R&D systems, Minneapolis, MN, USA) were determined according to the
manufacturer’s instructions. The levels of glucose (Shino-Test, Tokyo, Japan)
and HbAlc (RAPIDIA Auto HbAlc-L; Fujirebio, Inc., Tokyo, Japan) were
determined with whole blood samples. The immunoreactive serum insulin level
was determined using a commercial radioimmunoassay kit (Rat insulin RIA
kit; Linco Research, Inc., St Charles, MO, USA) with rat insulin as the standard.
Systolic blood pressure was measured by the non-invasive tail-cuff method
using a manometer—tachometer system (MK-2000, Muromachi Kikai, Tokyo,
Japan). The amount of urinary protein excretion for 24 h was determined with
TP-HR II Wako reagent (Wako Chemicals). Serum creatinine and urinary
creatinine were measured with the creatinine reagent (Alfresa Pharma Cor-
poration, Osaka, Japan), using an automated analyzer (Hitachi-7180, Hitachi
High-Technologies, Tokyo, Japan). We calculated the Ccr using the following
equation: Ccr (mlmin~!)=urinary creatinine (mgdl™!) x urine flow rate
(ml min~!)/serum creatinine (mgdl~!).

Light microscopy

At 30 weeks of age, the anesthetized rats were perfused with 100 ml of saline.
For evaluation of light microscopic findings, the kidneys were fixed in 10%
paraformaldehyde in PBS (pH 7.4) and finally embedded in paraffin, sectioned,
and analyzed for histology. Then, 3-pm sections were subjected to periodic
acid-Schiff staining. The mean glomerular tuft volume was determined by the
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images from 50 consecutive glomerular cross sections, which were collected for
each of the histological sections using an Olympus BX50 light microscope
(Olympus, Tokyo, Japan). The area of each glomerular profile was measured
manually by tracing the glomerular outline on a computer screen, and the size
of each area was calculated by computerized morphometry (Image-Pro plus,
Media Cybernetics, Inc., Bethesda, MD, USA). The measurements were
performed in a blinded fashion.

Electron microscopy

For transmission electron microscopy, tissues of the left kidneys fixed with
2.5% glutaraldehyde in phosphate buffer (pH 7.4) were postfixed in 2%
osmium tetroxide for 2h at 4°C. Then, samples were dehydrated in a graded
series of ethanol solutions at room temperature, and embedded in Quetol 812
(Nisshin EM Co., Tokyo, Japan). Thin sections of 80 nm were contrasted with
4% uranyl acetate for 15min and subsequently stained with lead citrate for
5min at room temperature. Samples were finally examined using a transmis-
sion electron microscope (H-7500, Hitachi High-Technologies). The mean
width of the GBM was determined by the images of 100 consecutive glomerular
sections obtained from two subjects in each group. For scanning electron
microscopic examination, small pieces of the kidney cortex were fixed in 2.5%
glutaraldehyde in sodium cacodylate buffer (pH 7.4) for 2h, and subsequently
postfixed in 1% osmium tetroxide. Specimens were then dehydrated in a series
of ethanols of increasing concentrations, and critical point dried. Once
mounted onto specimen holders and desiccated, the samples were sputter-
coated with a layer of gold and examined with a $-4300 scanning electron
microscope (Hitachi High-Technologies), and images were collected at stan-
dard settings.

Immunofluorescent staining

The analysis of nephrin expression in the renal cortex was performed using an
immunofluorescence technique. The snap-frozen sections of 3 pm, fixed in 1%
formaldehyde and blocked in 5% normal goat serum, were incubated with
rabbit anti-nephrin primary antibodies (Immuno-biological Laboratories Co.,
Ltd., Ganma, Japan) and washed twice with PBS. Subsequently, sections were
also incubated with Alexa Fluor 488-conjugated anti-rabbit antibodies (Invi-
trogen, Carlsbad, CA, USA). Stained sections were examined using a PROVIS
AX-80 optical microscope (Olympus). The results were calculated as the
intensity of fluorescence within the glomerular tuft by using the Image J
1.42q software package (National Institutes of Mental Health, Bethesda, MD,
USA). On average, over 30 randomly selected hilar glomerular tuft cross-
sections were assessed per rat.

Statistical analysis

The results were expressed as the meansts.d. of the mean. The data were
analyzed by an analysis of variance combined with Fisher’s protected least
significant difference. Differences with P<0.05 were considered to be statisti-
cally significant. The correlation test was used to measure the association
between two variables, if appropriate.
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Recovery of neurogenic amines in phenylketonuria mice after

liver-targeted gene therapy

Hiroya Yagia'b, Sho Sanechika®, Hiroshi Ichinose®, Chiho Sumi-lchinose®,

d

Hiroaki Mizukami®, Masashi Urabe® Keiya Ozawa® and Akihiro Kume®

Phenylketonuria (PKU) is a common genetic disorder
arising from a deficiency of phenylalanine hydroxylase.

If left untreated, the accumulation of phenylalanine leads
to brain damage and neuropsychological dysfunction.
One of the abnormalities found in hyperphenylalaninemic
patients and a mouse model of PKU is an aminergic
deficit in the brain. We previously showed correction of
hyperphenylalaninemia and concomitant behavioral
recovery in PKU mice after liver-targeted gene transfer
with a viral vector. Here, we addressed whether such a
functional recovery was substantiated by an improved
amine metabolism in the brain. After gene transfer, brain
dopamine, norepinephrine, and serotonin levels in the PKU
mice were significantly elevated to normal or near-normal
levels, along with systemic improvement of phenylalanine
catabolism. The results of biochemical analyses validated

Introduction

Phenylketonuria (PKU; OMIM 261600) is a common
inherited metabolic disorder, mostly arising from a
deficiency of phenylalanine hydroxylase (PAH) [1].
PAH is exclusively responsible for converting phenylala-
nine into tyrosine, and its deficiency results in a systemic
accumulation of phenylalanine in the body. Although the
mechanisms involved are not fully understood, excessive
amounts of phenylalanine are toxic to the developing
brain and have a negative impact on neuropsychological
function in adults. Therefore, the present treatment for
PKU mandates strict restrictions of dietary protein in
infancy and childhood to limit phenylalanine intake, and
a similar diet is recommended for life. One possible
mechanism responsible for the neurological dysfunction is
an aminergic deficit, as earlier studies showed drastic
decreases in neurotransmitters such as dopamine, nor-
epinephrine, and serotonin (5-hydroxytryptamine, 5-HT)
in the brains of untreated PKU patients [2,3]. A similar
aminergic deficit was found in a mouse model of PKU
(the Pak™ strain) [4-7]. We and other investigators have
explored the feasibility of somatic gene therapy for PKU,
and have shown that recombinant adeno-associated virus
(AAV) vectors can achieve long-term corrections of
hyperphenylalaninemia (HPA) in Pz mice [8-10].
We also demonstrated a behavioral recovery in the treated
animals, indicating that some brain functions benefited
from this approach [8]. In the present study, we
addressed whether liver-targeted gene therapy for PKU
would reinstate the metabolism of neurogenic amines,
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thereby improving homeostasis and the function of the
central nervous system.

Materials and methods
Animals
All the animal experiments were carried out in accor-

dance with the institutional guidelines under protocols

approved by the Institutional Animal Care and Use
Committee at Jichi Medical University (Shimotsuke,
Japan). PAH-deficient C57BL/6-Pai™* mice (PKU mice,
—/-) were homozygous for the same PzA™* mutation as
that described in the original BTBR-P#"* strain [4,5],
but had been bred and backcrossed on the C57BL/6]
background. Genotyping for the presence of the Pas™*?
mutation was performed by PCR analysis of tail biopsy
DNA [9]. All the mice were maintained on standard
mouse chow (CE-2 from Clea, Tokyo, Japan). Blood was
collected from the tail veins on a filter paper for newborn
mass screening (No. 545 from Advantec Toyo, Tokyo,
Japan), and blood phenylalanine concentrations were
determined by an enzymatic fluorometric assay using an
Enzaplate PKU-R kit (GE Healthcare, Tokyo, Japan) and
a Fluoroskan Ascent FL plate reader (Labsystems,
Helsinki, Finland) [8,9]. I#-vivo phenylalanine oxidation
was evaluated by a noninvasive breath test using
[1-*C]L-phenylalanine [9,11].

In-vivo gene transfer
The construction and preparation of the AAV8-pseudo-
typed self-complementary AAV vector for PKU (scAAVS/

DOI: 10.1097/WNR.0b013¢32834¢3287
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LP1-mPAH) has been described previously [9]. 1 x 10!
vector genomes of the recombinant AAV were dissolved
in 0.5 ml of saline and injected into the peritoneal cavity
of a PKU mouse at 8 weeks of age.

Brain sampling and biochemical analysis

Mice were killed by cervical dislocation, and the removed
brain was immediately frozen in liquid nitrogen and
stored at —80°C until used. The brain was homogenized
in 10 volumes of 0.2M of perchloric acid containing
0.1 mM of EDTA for deproteination. Protein concentra-
tions were determined using a DC protein assay kit
(Bio-Rad, Hercules, California, USA). Catecholamine and
5-HT levels were measured by high-performance liquid
chromatography using an electrochemical detector ECD-
100 (EICOM, Kyoto, Japan) as described elsewhere [12].
Amino acid levels were analyzed using an L-8500 amino
acid analyzer (Hitachi, Tokyo, Japan). Data are presented
as means * SDs in the text and figures. An unpaired #-
test' was performed using the StatView 5.0 software for
Macintosh (SAS Institute, Cary, North Carolina, USA) for
comparison between two groups, and a P value of less
than 0.05 was considered to be significant.

Results
Phenotypic correction after gene transfer

As shown in the original BTBR-Pz#™“ mice [9], the

scAAVE/LP1-mPAH vector exhibited remarkable efficacy in
restoring phenylalanine catabolism in C57BL/6-Pak™
mice. Before the gene transfer, PKU mice had elevated
blood phenylalanine levels (28.1 £ 1.7 mg/dl; » =3) com-
pared with their heterozygous (+/-) lictermates
(0.3 = 0.2 mg/dl; » = 6), whereas blood phenylalanine levels
in heterozygous mice were indistinguishable from those in
wild-type homozygous (WT, +/+) mice (0.3 = 0.1 mg/dl;
n = 6). After a single injection of the AAV vector to PKU
mice, the blood phenylalanine concentration rapidly de-
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creased to a near-normal level in 1 week (1.7 = 0.8 mg/dl)
and remained within the normal range from weeks 2 to 8
(Kig. 1a). In parallel, we evaluated phenylalanine-oxidizing
capacity by conducting a *C-phenylalanine-loading breath
test (Fig. 1b). In this assay, the production of *CO,
(ACO,) is associated with PAH activity, although we were
not able to distinguish heterozygous mice (50.6 % 6.7%o;
n=06) from WT mice (52.6 = 10.5%0c; 7 = 6), presumably
due to other limiting factors such as phenylalanine
transport and cofactor availability # vive. Before the gene
transfer, PKU mice produced very little, if any, ACO,
(2.0 = 1.1%0; n=3). One week post-AAV injection, ACO,
was increased to 2/3 of the control level (29.9 %+ 1.1%0) and
the value gradually increased to a near-normal level
(41.8 = 3.5%0 at week 8).

The AAV-treated PKU mice (#» =3) were euthanized at
week 8 after injection along with heterozygous litter-
mates (z=6) and age-matched, untreated PKU mice
(n = 4) for further analysis. First, we measured the whole
brain weight of these animals (Fig. 1c). As reported [13],
the weight of the brain in untreated PKU mice was
significantly decreased compared with the control level
(343 = 15 vs. 481 = 33 mg; P = 0.00005). In contrast, the
brains of AAV-treated PKU animals regained weight
significantly (431 +26mg; P =0.0023 vs. untreated
PKU), reaching a level comparable level to that in
heterozygous mice (P = 0.55).

Amino acid analysis

In the amino acid analysis, we confirmed that the untreated
PKU mice had a marked imbalance of phenylalanine and
tyrosine in the brain [13] (Fig. 2a). The phenylalanine
content was nearly 10 times that of heterozygous mice
(6.24 = 0.81 vs. 0.66 = 0.08 nmol/mg protein; P = 0.0008),
whereas the tyrosine content was lower (0.31 % 0.08 vs.
0.77 £ 0.09 nmol/mg protein; P =0.0005). In the AAV-
treated PKU mice, the amount of phenylalanine in the
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Phenotypic correction in phenylketonuria (PKU) mice after gene transfer. (a) Blood phenylalanine levels in adeno-associated virus (AAV)-treated PKU
mice (squares) and heterozygous controls (circle). (b) '2CO, production (ACO,) by AAV-treated PKU mice (squares) and heterozygous controls
(circle) in a [1-'*C]L-phenylalanine-loading test. (c) Whole brain weights of heterozygous control (+/~), untreated PKU (~/~), and AAV-treated

PKU (-/-AAV) mice. Data are shown as the mean*SD. **P<0.01.
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brain was decreased (1.04 % 0.50 nmol/mg of protein;
P =0.001 vs. untreated PKU) in accordance with that in
blood. The treated mice also had increased levels of
tyrosine, but the elevation was not significant because one
animal had a supranormal tyrosine content (1.55 nmol/mg
of protein) that resulted in a relatively large SD for this
group. As for tryptophan, the untreated PKU mice had a
lower average level (0.12 % 0.05nmol/mg protein) than
the heterozygous and AAV-treated mice (0.21 £ 0.11 and
0.28 = 0.13nmol/mg of protein, respectively), but the
difference was not significant as reported previously [7].

Monoamine neurotransmitters and metabolites

The levels of catecholamines, serotonin, and metabolites
are summarized in Table 1. We confirmed that the
amounts of dopamine, norepinephrine, and 5-HT in the
untreated PKU mice were significantly decreased com-

Fig. 2
@ 1
T L
6 p—
z
= 5 -
<]
£
& # ok
(=~
§ 2 '
&
I —
0 ! :
Phenylalanine Tyrosine Tryptophan
b 3k ok *
© rr

Protein (pmol/mg)

Dopamine Norepinephrine 5-HT

. +- l::] -

Aromatic amino acids and neurogenic amines in the phenylketonuria
(PKU) mouse brain. (a) Phenylalanine, tyrosine, and tryptophan levels
in the brain of heterozygous control (+/-), untreated PKU (-/-),
and adeno-associated virus (AAV)-treated PKU (—/—AAV) mice. (b)
Dopamine, norepinephrine, and serotonin (5-HT) levels in the brain of
heterozygous control (+/-), untreated PKU (—/-), and AAV-treated
PKU (—/—~AAV) mice. Data are shown as the mean SD. *P<0.05,
**P<0.01.
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pared with those in the heterozygous controls (£ = 0.004,
0.0005, and 0.00008, respectively) [6,7]. Eight weeks
after gene transfer, such aminergic deficits were markedly
ameliorated (P = 0.022, 0.0007, and 0.0004 vs. untreated
PKU, respectively; Fig. 2b). Accordingly, the levels of
some catecholamine metabolites increased in the AAV-
treated mice. In PKU mice, 3-4-dihydroxyphenylacetic
acid decreased significantly compared with the hetero-
zygous controls, and it recovered partly after gene
transfer. 3-methoxytyramine (3-MT) content in PKU
mice was not significantly lower than that in the
heterozygous controls, but it may have actually been
lower compared with WT' homozygotes [6]. Otherwise, a
compensatory dopamine release to the synapse may take
place in PKU mice, resulting in a relatively small 3-MT
decrease. As shown in Table 1, we found a significant
increase in 3-MT after gene therapy, presumably due to
an improved dopamine synthesis. In contrast, homova-
nillic acid did not increase after gene transfer (P = 0.749
vs. PKU; P=0.023 vs. heterozygous). Overall, we
assumed that catecholamine synthesis in the AAV-treated
mice was restored to approximately 80-90% of the level
in heterozygous mice. Similarly, the levels of serotonin
and its metabolite 5-hydroxyindoleacetic acid recovered
to 60-70% of those in heterozygous mice (P = 0.039 for
5-HT and P =0.092 for 5-hydroxyindoleacetic acid).

Discussion

The present study showed an overt reversal of the
aminergic deficit in PKU mouse brain after liver-targeted
gene therapy. In untreated PKU mice, HPA may disturb
monoamine synthesis through at least two mechanism-
One is that excess phenylalanine may hamper t
neuronal uptake of tyrosine (dopamine and norepinephir-
ine precursor) and tryptophan (5-HT precursor) through
competition for transport across the blood-brain barrier
by the L-type amino acid carrier [14,15]. The other is that
a high concentration of phenylalanine interferes with
tyrosine hydroxylase and tryptophan hydroxylase [16,17].
For the catecholamine pathway, we observed a significant
decrease in the amount of tyrosine in PKU mice, which
may play some role in the dopamine and norepinephrine
deficit. However, Joseph and Dyer [18] reported an
increase in dopamine despite low tyrosine levels in PKU
mice on a low-phenylalanine diet, which may suggest that
HPA causes a lack of catecholamine primarily by
inhibiting the hydroxylation of tyrosine. As for the
serotonin pathway, we found a limited decrease in
tryptophan in the PKU mouse brain. Pascucci e /. [7]
found-a similar decrease in tryptophan and observed a
significant decrease in 5-hydroxytryptophan in the brain
of PKU mice. Therefore, they speculated that HPA
impedes 5-HT synthesis mainly by inhibiting tryptophan
hydroxylation, which is the rate-limiting step in this
pathway. We previously showed that phenylalanine acted
as an inhibitor more strongly against tryptophan hydro-
xylase than against tyrosine hydroxylase [17], further

—191—



Phenylketonuria gene therapy Yagi et al. 33

Table 1 2pz—zmine norepinephrine, 5-hydroxytryptamine, and metabolites (pmol/mg protein) in adeno-associated virus-treated

Pah®2/en4Z gnd control mouse brain

Pahenu2/+ (n = 6)

Dopamine 56.6+12.4°
3-Methoxytyramine 11.9+4.6
3-4-Dihydroxyphenylacetic acid 104+2.2°%
Homovanillic acid 41.9+12.1°
Norepinephrine 15.7+3.5°%
5-Hydroxytryptamine 35.8+75%
5-Hydroxyindoleacetic acid 24.3+79%

Paheu2/enu2 (o — 4) Pah?rulenu2 4 adeno-associated virus (n=3)
28.4%85 459 +4.0°
9.9£2.1 18.7+£1.2°
4.7+1.2 7.9%1.6°
25.1£5.1 26.2£2.7°
53+1.4 125%1.1°
88+25 24.3+2.3%°
53+15 16.042.0°

Values are represented as mean +SD.
2P<0.01 vs. Pah™™ 22,

®P<0.05 vs. Pah®ru2/er2,

°P<0.05 vs. Pah®™2/*,

supporting their speculation. By either mechanism,
correction of HPA would reset amine metabolism and
thereby improve the relevant brain function, as we
demonstrated here and previously [8].

Untreated PKU patients have smaller brains, and the
primary pathologic finding is hypomyelination and gliosis
of central nervous system white matter. A similar patho-
logic change is observed in PzA™ mice, which may result
from aberrant glial cell differentiation induced by
HPA [19]. It has also been documented that cerebral
protein synthesis is decreased in PKU mice, which
presumably contributes to the underdevelopment and
degeneration of the PKU brain [13]. We observed a
marked recovery in brain weight in the PKU mice only
8 weeks after gene transfer. Correction of HPA may
facilitate protein synthesis and reset glial cell plasticity to
reconstitute myelin. In addition, it may reduce oxidative
stress and induce neuronal regeneration as shown by
Embury e 2/ [20].

The results demonstrate that liver-targeted gene therapy
for PKU would restore the structural and biochemical
fitness of the brain. Current gene transfer technology has
achieved a partial reconstitution of coagulation factor IX
in the human liver to ameliorate hemophilia B [21].
Further development should lead to broader applications
of this modality including PKU. Preventing HPA without
a restrictive diet would make it easier to meet nutritional
requirements for the physical and neuronal development
of patients as well as to maintain sociopsychological well-
being.

Conclusion

Liver-targeted gene therapy for PKU reverses the
aminergic deficit in the brain and improves the neuro-
psychological function.
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Summary. Background: A recombinant factor VIla analog
(NN1731; vatreptacog alfa [activated]) was developed to
provide safe, rapid and sustained resolution of bleeds in patients
with hemophilia and inhibitors. Patients/Methods: This glo-
bal, prospective, randomized, double-blinded, active-con-
trolled, dose-escalation trial evaluated and compared one to
three doses of vatreptacog alfa at 5, 10, 20, 40, and 80 pg kg™
with one to three doses of recombinant FVIIa (tFVIIa) at
90 pg ke™" in the treatment of acute joint bleeds in hemophilia
patients with inhibitors. The primary endpoint comprised
adverse events; secondary endpoints were evaluations of
immunogenicity, pharmacokinetics, and efficacy. Results and
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Conclusions: Overall, 96 joint bleeds in 51 patients (> 12 years
of age) were dosed. Vatreptacog alfa was well tolerated, with a
low frequency of adverse events. No immunogenic or throm-
botic events related to vatreptacog alfa were reported. A high
efficacy rate of vatreptacog alfa in controlling acute joint bleeds
was observed; 98% of bleeds were controlled within 9 h of the
initial dose in a combined evaluation of 20-80 g kg™
vatreptacog alfa. The efficacy rate observed for rFVIIa (90%)
is consistent with data from published clinical trials. The trial
was not powered to compare efficacy, and further trials are
needed to investigate the efficacy of vatreptacog alfa as
compared with that of rFVIIa. The trial was registered at
ClinicalTrials.gov (Registration Number: NCT00486278).

Keywords: hemophilia, inhibitors,
vatreptacog alfa (activated).

rFVIla analog, safety,

Introduction

The development of neutralizing antibodies (inhibitors) against
factor (F) VIII or FIX is a serious complication of replacement
therapy in patients with congenital hemophilia. The use of
FVIII/FIX-bypassing agents is the preferred treatment option
for acute bleeds in patients with high-responding inhibitors.
Two bypassing agents are currently available to treat patients
with inhibitors, recombinant FVIIa (rFVIla) (NovoSeven®;
Novo Nordisk A/S, Bagsvaerd, Denmark) and plasma-derived
activated prothrombin complex concentrate (pd-aPCC)
(FEIBA VH®; Baxter AG, Vienna, Austria). Both agents have
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well-established efficacy and safety profiles. However, the
hemostatic efficacy of these agents in patients with inhibitors
does not reach the rates obtained with FVIII or FIX
replacement therapy in patients without inhibitors [1-3], and
may display considerable intraindividual and interindividual
variability [4-6].

An rFVIla analog was developed by Novo Nordisk with the
aim of providing an improved bypassing agent offering more
rapid, reliable and sustained resolution of acute bleeds in
patients with hemophilia and inhibitors. This would be of
clinical benefit, given the reduced need for retreatment of
insufficiently treated bleeds, fewer venipunctures, reduced pain
and consumption of hemostatic medication and analgesics, and
less interruption to daily activities. The INN name of the active
pharmaceutical ingredient of rFVIIa analog (formerly desig-
nated as NN1731) is ‘vatreptacog alfa (activatedy, and the term
‘vatreptacog alfa’ is used as the name of the drug.

Vatreptacog alfa is an activated recombinant human FVIIa
analog produced biosynthetically with a CHO cell line cultured
in serum-free medium. No raw materials or excipients of human
or animal origin are used in the production of vatreptacog alfa.
It is structurally similar to rFVIla, with the exception of three
amino acid substitutions (V158D, E296V, and M298Q) affect-
ing the protease domain, resulting in increased tissue factor
(TF)-independent activity as compared with wild-type FVIIa
[7]. The mutations introduced into the vatreptacog alfa
molecule mimic the effects of binding to TF, and allow the
molecule to express greater proteolytic activity in the absence of
TF than wild-type FVIIa. This translates into greater activity
than rFVIIa on the surface of activated platelets. The enhanced
platelet-dependent (TF-independent) activity of vatreptacog
alfa was confirmed in several non-clinical studies [7-9].

Non-clinical studies indicate that vatreptacog alfa may
provide effective, rapid and lasting cessation of bleeds [8-13].
On activated platelets, vatreptacog alfa shows increased
enzymatic activity, resulting in faster and more pronounced
thrombin generation, and subsequently faster and stronger clot
formation with increased stability against fibrinolytic degrada-
tion [7-13]. Unlike rFVIIa, vatreptacog alfa normalizes the
thrombin generation rate and clot formation in several models
of hemophilia [8-13]. In a severe bleeding model in hemo-
philia A mice, vatreptacog alfa demonstrated significantly
greater efficacy and faster bleeding resolution than rFVIla,
pd-aPCC, or rFVIII [13].

In the first human dose trial in healthy subjects, rapid
thrombin generation was observed immediately after vatrepta-
cog alfa administration [14]. Approximately 73% of vatrepta-
cog alfa was eliminated in the initial phase, with a half-life of
~ 20 min, and the remaining 27% was eliminated in the
terminal phase, with a half-life of ~ 3.1 h. A single dose of
vatreptacog alfa appeared to be safe and well tolerated in doses
up to 30 pgkg™'. No serious adverse events, including
immunogenic or thromboembolic events, occurred [14].

The aim of this phase 2 trial was to evaluate the safety and
preliminary efficacy of vatreptacog alfa for treatment of joint
bleeds in hemophilia patients with inhibitors.

Patients, materials and methods

Trial design and objectives

The trial was a prospective, global, multicenter, randomized,
double-blinded, active-controlled, dose-escalation trial, con-
ducted from June 2007 to June 2010. The objective of the trial
was to evaluate the safety and preliminary efficacy of five
escalating dose levels of vatreptacog alfa (one to three doses at
5, 10,20, 40 and 80 pg kg") vs. one to three doses of rtFVIIa at
90 pg ke™! in the treatment of joint bleeds in hemophilia
patients with inhibitors. The randomization ratio was 4 : 1
(vatreptacog alfa/rFVIIa) in all dose tiers. Vatreptacog alfa
(activated), rFVIIa and rFVIIa placebo were manufactured by
Novo Nordisk (Hillersd, Denmark), and were provided as a
sterile freeze-dried powder in single-use vials of 1.2 mg to be
reconstituted with 2.2 mL of sterile water for injection.

Sequential dose escalation followed safety evaluations by an
independent external data monitoring committee (DMC).
Patients who experienced several joint bleeds during the trial
period were randomized and treated in subsequent dose tiers
for a maximum of five qualifying joint bleeds.

The primary endpoint was frequency of adverse events;
secondary endpoints included evaluations of immunogenicity,
pharmacokinetics and efficacy of vatreptacog alfa.

The trial was performed in accordance with the Declaration
of Helsinki and its amendments in force at trial initiation [15],
and the International Conference on Harmonization [16] and
Japanese [17] guidelines on Good Clinical Practice. The trial
was registered at ClinicalTrials.gov (INumber: NCT00486278).

Eligibility criteria

The trial population included adolescent and adult males above
12 years of age with congenital hemophilia A or B complicated
by high-responding inhibitors to FVIII or FIX (current or
historical titer above above 5 Bethesda units mL™"). Further-
more, for all patients, a documented bleeding frequency of at
least two joint bleeds over 6 months or four joint bleeds over
12 months was required for inclusion in the trial.

Patients were ineligible if they had a low platelet count
(< 50 000 pL™"), active pseudotumors, advanced atheroscle-
rotic disease, severe liver disease, coagulation disorders other
than congenital hemophilia, or a history of thromboembolic
events.

In order for a joint bleed to qualify for trial product
administration, the following had to be fulfilled: (i) the patient
should not have received any intravenous hemostatic treat-
ment for a minimum of 5days prior to trial product
administration; and (ii) the patient should not have had any
other bleeds within 7 days of onset of the qualifying joint
bleed. Qualifying bleeds included hemorrhages into elbows,
knees, and ankles.

When experiencing a qualifying joint bleed, the patient had
to attend the clinic and receive the initial dose of trial product
within 3 h (+ 30 min) of onset of bleed. If the patient could
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not meet this requirement, the bleed was not eligible for
treatment with trial product.

Trial procedures

All patients experiencing a qualifying joint bleed were ran-
domly allocated to treatment (vatreptacog alfa or rFVIIa), and
always to the lowest dose tier available.

The initial dose of trial product was to be administered in a
hospital setting, and this was to be followed by continuous
assessment of the bleed. If the bleeding was not controlled 3 h
after initial trial product administration, up to two additional
doses of trial product could be given (3-h dosing interval).
Other hemostatic agents could be given according to the local
standard of care if, according to the investigator, the bleed was
not controlled with trial product. Patients remained at the clinic
for at least 12 h after the initial dose for monitoring and
evaluation of clinical response. Seven days after treatment,
patients attended a follow-up visit for evaluation of general
safety parameters and screening for formation of antibodies
towards trial product. Screening for antibodies was repeated
28 days after each trial product administration.

Qutcomes

Safety parameters were adverse events including thromboem-
bolic events, laboratory safety data (hematology, coagulation-
related parameters, clinical chemistry, and urinalysis), presence
of antibodies against vatreptacog alfa, physical examination,
and vital signs. Coagulation-related parameters (prothrombin
fragment [F|.,], prothrombin time [PT], activated partial
thromboplastin time [aPTT], D-dimers, and fibrinogen) were
measured predose, and 10 min, 30 min, 1 h,3h,8 hand 12 h
postdose.

PT analysis was performed with STA Stago®, with STA-
neoplastin and calcium as reagents. aPTT analysis was
performed with Pathrombin SL reagents (Dade Behring,
Deerfield, IL, USA). D-dimer levels were measured by ELISA:
VIDAS® D-Dimer ExclusionTM (bioMérieux, Marcy I'Etoile,
France). F; 4, was measured by ELISA: Enzygnost® F,,,
(monoclonal; Dade Behring). Fibrinogen levels were measured
with the STA Stago®-Clauss method.

Samples for anti-vatreptacog alfa and anti-rFVIIa antibody
screening were measured with a screening assay for detection of
binding antibodies and a functional assay for detection
of neutralizing antibodies. A radioimmunoassay with an
125 labeled vatreptacog alfa/rFVIIa tracer was used to mea-
sure binding antibodies. The presence of antibodies was
confirmed by inhibition with excess unlabeled vatreptacog alfa
or rFVIIa. Antibody-positive samples were characterized with
in vitro clotting assays for vatreptacog alfa and FVII neutral-
izing antibodies.

Blood sampling for assessment of the pharmacokinetic
profile was obtained in a subset of patients enrolled in dose
tiers 3, 4 and 5 predose and at intervals up to 12 h postdose
(24 h in the United States). The FVIIa activity was determined
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with a one-stage clotting assay, using the Staclot® VIla-rTF
assay, and an ACL Advance® Analyzer (Instrumentation
Laboratory, Milan, Italy), as described previously [14,18].
Standard pharmacokinetic endpoints were determined from the
FVIIa activity profiles after a single intravenous injection, and
included area under the curve (AUC)g_;, AUC, mean residence
time (MRT), ¢, clearance (CL) and V, with non-compart-
mental methods. In order to convert the dose in pg kg™ to
U kg™, the specific activities (FVIIa activity per amount of
drug) of vatreptacog alfa and rFVIla were determined in
reconstituted vials.

The main preliminary efficacy endpoint was the number of
bleeds successfully controlled with a single dose of trial
product. Overall treatment efficacy was assessed by the need
for additional hemostatic medication concomitantly with the
per-protocol treatment regimen. Treatment failure was defined
as bleeds where additional hemostatic medication was admin-
istered to control bleeding within 12 h of the initial dose.
Assessment of efficacy also included the number of doses of
trial product administered to achieve and maintain hemostatic
control within the scheduled 9-h dose period, and change in
pain over time after the first trial product administration.

Statistics

Data from patients exposed to at least one dose of trial product
were included in the safety evaluation, and data from patients
with at least one efficacy evaluation postdose were included in
the efficacy evaluation.

The safety of vatreptacog alfa was based on descriptive
statistics. In order to ensure an adequate number of patients for
addressing the efficacy endpoints, the sample size was set to 20~
25 patients per dose tier.

Statistical analyses were conducted on the efficacy endpoints.
Control of bleeding with a single dose of vatreptacog alfa was
analyzed by logistic regression, with treatment as a factor and
target joint status and time from the start of the trial as
covariates. Overall treatment efficacy within 9 h was analyzed
with Fisher’s exact test, as data were categorical and the success
rate was high. However, it should be noted that the trial was
not powered for efficacy. ‘

Results

Characteristics of the cohort

Fifty-one male patients were randomized (Fig. 1) from 28
centers in 13 countries (see Appendix S1).

At enrollment, ages ranged from 12 to 69 years, with a mean
of 28 years, and the trial population included 11 patients aged
12-17 years. The majority of eligible patients had hemo-
philia A (n = 48). Patient demographics and baseline assess-
ments (including hemophilia type, inhibitor level, and bleeding
episode characteristics) were well balanced in the vatreptacog
alfa and rFVIIa treatment groups, and were comparable
between the vatreptacog alfa dose level groups.
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Assessed for eligibility (n = 92 patients)

5
E
8
& Excluded (n = 41 patients)
- Did not meet inclusion/exclusion
L criteria (n=12)
- Refused to participate (n = 15)
- No qualifying bleed (n = 14)
Randomized (n = 51 patients, 97 bleeds)
Allocated to vatreptacog alfa Allocated to rFVlla intervention
intervention (n= 19 bleeds)
(n =78 bleeds) - Received allocated
5 - Received allocated intervention intervention (n = 19 bleeds)
E: (n=77)
2 - Did not receive allocated
< intervention (n = 1) (erroneously
randomized, did not have a
qualifying bleed)
Discontinued intervention (n=7 Discontinued intervention (n= 2
patients) patients)
S |- 4 withdrawn due to adverse events - 1 withdrawn due to adverse event
z |2 withdrawn at the investigator's - 1 withdrawn due to patient’s
= discretion wishes
L |- 1 withdrawn due to patient's
wishes
@ | Analyzed (n =76) (FAS) Analyzed (n = 19) (FAS)
2 1 - Excluded from full analysis set
e {n = 1) (lack of post-dose efficacy
< measurements)

Fig. 1. CONSORT diagram showing the flow of patients and number of bleeds. FAS, full analysis set.

Differences were seen, however, in baseline joint status,
which was evaluated before trial product administration for
each qualifying bleed. The baseline symptoms, including
swelling, pain, and loss of range of motion, were more severe
for bleeds treated with rFVIIa. The proportion of target joint
bleeds (defined as joints with three or more bleeds in the past
6 months) was higher among vatreptacog alfa-treated bleeds
(49.4%) than among rFVIla-treated bleeds (31.6%).

Exposure to trial products

Each dose tier was planned to enroll 25 bleeds. After DMC
evaluation of the first 20 bleeds in dose tier 1, the sponsor
decided to discontinue this tier, as the data indicated that this

dose was subtherapeutic. Dose tier 2 included the planned 25
bleeds. Because of slow recruitment of patients into the trial,
dose tiers 3 and 4 were reduced from 25 to 20 bleeds each, and
dose tier 5 to 12 bleeds.

Overall, 96 bleeds were treated within the trial, including 77
bleeds with vatreptacog alfa, and 19 bleeds with rFVIIa
(Fig. 1).

Fifty-one patients received at least one dose of trial
product(s), and 46 of these were given vatreptacog alfa
(Table 1). Two patients included in dose tier 1 received higher
doses than expected, owing to errors in the reconstitution of the
trial product; one patient received three doses of 19.4 pg kg™
vatreptacog alfa, and one received a single dose of 26.7 pg kg™
vatreptacog alfa.
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