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Erythropoiesis-stimulating agents are widely used to
treat anemia for chronic kidney disease (CKD) and
cancer, however, several clinical limitations impede their
effectiveness. Nonviral gene therapy systems are a novel
solution to these problems as they provide stable and
low immunogenic protein expression levels. Here, we
show the application of an arginine-grafted bioreduc-
ible poly(disulfide amine) (ABP) polymer gene delivery
system as a platform for in vivo transfer of human eryth-
ropoietin plasmid DNA (phEPO) to produce long-term,
therapeutic erythropoiesis. A single systemic injection of
phEPO/ABP polyplex led to higher hematocrit levels over
a 60-day period accompanied with reticulocytosis and
high hEPO protein expression. In addition, we found that
the distinct temporal and spatial distribution of phEPO/
ABP polyplexes contributed to increased erythropoietic
effects compared to those of traditional EPO therapies.
Overall, our study suggests that ABP polymer-based
gene therapy provides a promising clinical strategy to
reach effective therapeutic levels of hEPO gene.
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INTRODUCTION

Chronic kidney disease (CKD) is widely accepted as a global pub-
lic health issue.! Anemia is a major complication of CKD and is
primarily due to impaired erythropoietin (EPO) production by the
failing kidney, leading to EPO deficiency.>® CKD patients with ane-
mia are at a higher risk for adverse medical outcomes, cardiovas-
cular disease, hospitalizations, and mortality.>* Today, patients are
treated by administration of recombinant human EPO (rHuEPO),
which is used to treat anemia caused by CKD and cancer,>® and
was approved by the US Food and Drug Administration in June
1989. According to a 2009 report of the top ten selling biopharma-
ceutical products, EPO occupied two spots.” Despite widespread
use of rHUEPO, several clinical limitations remain, including fre-
quent injections, limited routes of administration, high medical
expenditures, development of autoimmune pure red cell aplasia,
and impacts on hemoglobin variability.*** To overcome many of
these clinical hurdles, gene therapy providing continuous release

has been suggested as an attractive alternative to current intermit-
tently administered erythropoiesis-stimulating agents (ESAs).

Over 20 years ago, the first approved gene therapy was per-
formed in humans.' Gene delivery vectors are classified into viral
and nonviral vectors, whose individual advantages and disadvan-
tages have been well documented."~"* In recent years, nonviral
gene therapy has attracted attention due to its ease of modifica-
tion, and its increased biosafety owing to lower immunogenic-
ity and extrachromosomal maintenance.''"'*!!” However, efforts
towards using nonviral gene therapy via systemic delivery have
been impeded by low levels of transfection and the lack of sus-
tained gene expression.'2!*!518-19

Recently, we developed an arginine-grafted bioreducible
poly(CBA-DAH, disulfide amine) (ABP) polymer for nonviral
polymer-based gene delivery.* Combining the unique proper-
ties of bioreducible polymers with the advantages of arginine
residues as cell-penetrating peptides, this ABP polymer showed
very low cytotoxicity and greatly enhanced in vitro transfection
efficiency.*** Here, we extended our previous in vitro studies
by evaluating the erythropoietic effect of a single systemic ABP
polymer-based phEPO delivery system on hematocrit level, retic-
ulocyte count, plasma hEPO protein levels, and organ distribu-
tion of hEPO mRNA. Our findings indicate that the ABP polymer
may be used as an advanced carrier for hREPO gene delivery, and
may provide a potent and attractive clinical approach to enhance
erythropoiesis in vivo.

RESULTS

phEPO/ABP sustains higher hematocrit

Human EPO (hEPO) is a 34kDa acidic glycoprotein hormone
that controls erythropoiesis by receptor-mediated regulation of
survival, proliferation, and differentiation of erythroid progeni-
tor cells in the bone marrow (BM).>*” The hEPO protein shares
79% amino acid homology with rat and mouse EPO. We selected
phEPO rather than a rat EPO plasmid for injection because it
enabled us to analyze the quantities of each type of EPO sepa-
rately, differentiating exogenous from endogenous levels. The
particular strength of nonviral polymeric gene delivery systems
is their ability to protect genetic material from rapid degradation,
improving pharmacokinetic and biodistribution profiles."”” Naked
pDNA is not stable in blood and is degraded within minutes after
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intravenous injection.® We previously reported phEPO/ABP
polyplexes protected pDNA from degradation in vitro for over
6 hours in the presence of fetal bovine serum, which would allow
for increased circulation time in vivo.”*** Design of a hEPO gene
therapy strategy using nonviral ABP polymers in the blood cir-
culation may extend serum residence time, resulting in extended
in vivo biological potency.

We initially characterized the size and potential changes of
polyplexes in several buffer systems and evaluated the polyplex’s
stability in fresh rat serum, heparin and dithiothreitol by PicoGreen
and gel electrophoresis assays (Supplementary Figures S1 and
§2).2* The average size of polyplex formed with 100 and 200 ug
phEPO/ABP at weight ratio 1/20 in 20 mmol/l HEPES/5% glucose
solution was 99.8 + 0.4nm and 104.3 & 0.5nm, with average zeta-
potentials of 25.6 £ 5.5 and 20.2 £ 4.6 mV, respectively. Previously,
we investigated the in vitro transfection efficiency and cytotoxic-
ity in various cells as well as the biological functional analysis by
colony-forming assay and measurement of antiapoptotic activi-
ty.2* We injected a single dose of phEPO delivered by ABP polymer
(phEPO/ABP polyplex) to investigate the erythropoietic effects
into the tail vein of Sprague-Dawley (SD) rats.

The in vivo effect of phEPO/ABP polyplex delivery was evalu-
ated by hematocrit levels. A single intravenous injection of phEPO/
ABP polyplex was able to sustain enhanced hematocrit levels for as
long as 60 days after injection with peak levels of 56% (Figure 1).
In the phEPO/ABP polyplex group, hematocrit levels were sig-
nificantly increased at 5 days after injection compared to the
control group (P < 0.001) and at 7 days after injection compared
to the rHUEPO group (P < 0.001), showing that administration
of phEPO/ABP polyplexes produced profound increases in red
blood cell levels. The difference in hematocrit levels between the
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Figure 1 Time-dependent increase in hematocrit after polyplex
injection. Male Sprague-Dawley (SD) rats received a single intravenous
administration of either 600 IU/kg recombinant human erythropoietin
(rHUEPO) protein, 600 ug phEPO, phEPO/ABP polyplex, or 200 ug phEPO/
PEl polyplex (wt/wt = 1/1). The phEPO/ABP polyplex group was injected
with different phEPO amounts (100 and 200 ug) and pDNA/ABP polymer
weight ratios (1/10 and 1/20). Data represent means + SEM with n=5-6

per group.
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phEPO/ABP polyplex groups and the control group maintained
significance through the termination of the study. There were no
significant differences in hematocrit levels between the phEPO
only group, the GFP pDNA/ABP polyplex group (data not shown)
and the control group. Increased hematocrit in the rHuEPO group
was lost within the first week (P < 0.05), indicating that constant
EPO supply is required for the persistent erythrocytosis.

Time-dependent hematocrit levels were comparable between
all phEPO/ABP polyplex groups, independent of the injected
phEPO amounts (100 and 200 ug) and pDNA/ABP polymer weight
ratios (1/10 and 1/20). These results imply that in the context of the
dose-response relationship, maximal efficacy has been reached.
This is supported by our observation that delivery of 50 ug phEPO
at both 1/10 and 1/20 weight ratios with ABP increased hemat-
ocrit significantly from baseline but did not reach the same level of
effect seen with the 100 and 200 pg ABP groups (Supplementary
Figure S3). Hematocrit levels of all phEPO/ABP polyplex groups
were increased higher and were sustained longer than phEPO/PEI
polyplexes from 22 days forward (P < 0.001). This indicates that
the ABP polymer-based gene delivery systems are more efficient
at achieving long-term, therapeutic expression of hEPO.

Reticulocytosis and hEPO expression reflect the
kinetics of phEPO/ABP

We examined in vivo erythropoietic effects of a single intravenous
hEPO gene injection using flow cytometry for reticulocyte counts
and ELISA for plasma hEPO levels. The reticulocyte counts in the
phEPO/ABP polyplex groups were higher compared with the con-
trol group at 1 day postinjection (P < 0.001) and higher than the
rHuEPO group at 5 days postinjection (P < 0.001) (Figure 2a).
Three weeks after phEPO/PEI polyplex injection, reticulocyte
counts had returned to control levels. Reticulocytosis in the
rHuEPO group did not last more than 1 week after a single injec-
tion, matching the results seen in hematocrit levels. Reticulocytosis
of the phEPO/ABP polyplex groups was significant relative to the
phEPO/PEI polyplex group at 5 days after injection and remained
significantly increased for over a 60-day course (P < 0.001).

To sustain erythropoiesis, a picomolar circulating concentra-
tion of EPO protein is required to prevent programmed cell death
of erythrocyte precursors.>?* The disproportionate relationship
between EPO ¢, and RBC lifespan results in a prolonged eryth-
ropoietic effect following a short duration of EPO production.’ In
each group, the time-course of reticulocytosis bore a close resem-
blance to the time-dependent expression levels of plasma hEPO.
Consistent with these observations, reticulocytosis and increased
expression of hEPO in the phEPO/ABP polyplexes group relative
to the control group correlated well with the observed elevated
hematocrit levels. Maximum reticulocytosis occurred at 3-7 days
after the peak levels in hEPO expression. The expression levels
of hEPO in the phEPO/ABP polyplex group peaked 3 days after
injection and were still significantly higher than the phEPO/PEI
polyplex group through 5 weeks after injection with the excep-
tion of the 100 ug phEPO/ABP 1/10 group (Figure 2b). ABP poly-
mer-based gene delivery exhibited markedly higher expression of
hEPO than PEI polymer-based gene delivery, even though both
polyplexes contained identical amounts of phEPO. The rHuEPO
group showed peak levels of hEPO at 30 minutes after injection.
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Figure 2 Erythropoietic kinetics of polyplex human erythropoietin (hEPO) gene delivery. (a) Reticulocytosis after injection. Reticulocyte counts as a
percent of whole blood were measured by fluorescence-activated cell sorting analysis. (b) Effect of polymer-based hEPO gene delivery on hEPO protein
levels. Plasma hEPO protein levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Data represent means + SEM with n = 5-6 per group.

Rats injected with 600 ug of phEPO only had nonspecific changes
in hematocrit levels and hEPO expression of 3.8 + 1.5 mIU/ml at 1
day after injection. hEPO expression of untreated control rats was
below the sensitivity threshold (<2.5 mIU/ml) of the kit. Taken
together these observations provide evidence that ABP polymer-
based hEPO gene delivery systems can produce long-term EPO
expression and erythropoietic effects in the form of increased
reticulocytosis and hematocrit levels.

Temporal and spatial hREPO mRNA expression
EPO production is primarily controlled through modulation of
mRNA and increased mRNA stability by mechanisms that are
not completely understood.”*"** Because EPO is not stored and
is produced de novo primarily by fetal liver, adult kidney, and to
some extent by nonrenal tissues, tissue EPO mRNA levels indi-
cate the relative EPO contribution of the individual tissues to the
overall pool.**!,*-% Polyplexes can be cleared from the blood by
the reticuloendothelial system and can remain in organs, such as
the liver and spleen, for prolonged periods of time.'%**-*® In our
study, we set out to determine the in vivo mechanisms underly-
ing the sustained long-term effects of phEPO/ABP polyplex gene
delivery on erythropoiesis stimulation. To address this question,
we focused on the time-dependent quantitative organ distribu-
tion of hREPO mRNA between different polyplex groups (Figure 3
and Supplementary Figure S4). We found that expression levels
of hEPO mRNA showed different temporal and spatial distribu-
tion between the phEPO/ABP polyplex group and the phEPO/PEI
polyplex group. Peak expression of hEPO mRNA was observed
throughout all tissue types at 1 day following phEPO/PEI polyplex
injection, but decreased in all tissues by 3 days, indicating rapid
clearance by the reticuloendothelial system. This observation
was most apparent in liver and spleen tissue where the drop in
expression between 1 and 3 days was several thousand-fold. The
expression of hEPO mRNA by both ABP and PEI polymer-based
systems were not detectable in brain (data not shown).

The elevations of hEPO mRNA induced by 200 ug of phEPO
complexed with ABP polymer at the pDNA/polymer weight ratio
1/10 caused greater upregulation (P < 0.05) in the BM (3 days
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after injection), kidney (7, 14, and 30 days after injection), lung
(7 days after injection), heart (7 and 30 days after injection) and
spleen (30 days after injection) relative to the phEPO/PEI group.
In spleen at 30 days after injection, the induction of hEPO mRNA
by the phEPO/ABP group was enhanced 673-fold higher than
the control group, and sevenfold higher than the phEPO/PEI
group (P < 0.01). These data suggest that our ABP polymer-based
hEPO gene delivery system is capable of stimulating extramedul-
lary hematopoiesis in the spleen, as late as 30 days after phEPO/
ABP polyplex injection and can sustain long-term erythropoietic
capacity in vivo. This stands in strong contrast to PEI polymer-
based gene delivery which does not exhibit this long-term expres-
sion profile.

In vitro cellular uptake supports in vivo erythropoiesis
Previously, our group reported that cellular uptake of ABP poly-
plexes was similar to poly (CBA-DAH) polyplexes but displayed
several times higher expression levels. ABP also demonstrated
greater transfection efficiency in the presence of serum than poly
(CBA-DAH). This lends weight to our hypothesis that the greatly
improved transfection efficiency of ABP may be influenced by its
arginine moieties, increasing nuclear localization.” To determine
whether in vitro cell-penetrating efficiency can help explain the
higher and longer erythropoietic effects of phEPO/ABP in vivo,
we measured the cellular uptake of YOYO-1 labeled phEPO in a
variety of cell types.

In NRK normal rat kidney cells, the percent gated cellular
uptake of phEPO/ABP polyplexes at weight ratio 1/40 was 7.2
times higher than phEPO/PEI polyplexes with 5.7 times higher
mean fluorescence intensity (MFI) (Figure 4). This observation
also held true in primary rat BM cells (2.5x % gated, and 6.3x
MFI phEPO/ABP versus phEPO/PEI], respectively) and in primary
rat splenocytes (2.1x % gated, and 2.8x MFI phEPO/ABP versus
pPhEPO/PEI, respectively) (Figure 4). This same data trend was
seen albeit to a lesser degree in HEK293 human embryonic kid-
ney cells (1.2x % gated, and 2.4x MFI phEPO/ABP versus phEPO/
PEI, respectively) and HepG2 human hepatocellular carcinoma
cells (1.2x % gated, and 2.8x MFI phEPO/ABP versus phEPO/
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Figure 3 Temporal and spatial distribution of human erythropoietin (REPO) mRNA expression after polyplex injection. Sprague-Dawley (SD) rats
(n = 4) were intravenously injected with either 200 ug phEPO/ABP at wt/wt ratio 1/10 or 200 ug phEPO/PEI at wt/wt ratio 1/1. We evaluated the in vivo
expression level of hEPO mRNA using real-time quantitative reverse transcriptase (RT)-PCR at the indicated times in organs after injection of the poly-
plexes. Error bars represent SEM with n = 5-10 per group. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with phEPO/PEI (dashed line as 100%).

PEI, respectively; data not shown). Regarding the fact that cellu-
lar uptake is a major barrier which polyplexes must overcome to
achieve efficient gene transfection, our in vitro results suggest that
the sustained higher erythropoietic effects of our in vivo phEPO/
ABP polyplex system can be attributed in part to its superior cell-
penetrating transfection abilities.

DISCUSSION

In the present study, we found that a single systemic injection
of ABP-complexed phEPO sustained higher hematocrit levels,
increased reticulocytosis, raised expression of plasma hEPO, and
time-dependent BM-kidney-spleen distribution of hEPO mRNA
compared with PEI-based gene delivery. Our results indicate that
the bioreducible ABP polymer is a superior choice for in vivo
gene delivery of phEPO and possibly for other genes as well. Thus,
our ABP polymer-based gene therapy successfully met the prime
requirements to produce therapeutic and sustained levels of func-
tional phEPO transgene products and demonstrated the potential
therapeutic value of this approach.

Nondegradable, nonviral carriers are not readily cleared and
can accumulate within cells and tissues, eliciting toxicity.'"*
To solve this problem, several biodegradable polycations with
lower cytotoxicity and higher transfection efficiencies have been
synthesized and investigated as potential gene carriers." In our
study, in vivo phEPO gene delivery was achieved by administer-
ing the transgenes using the nonviral vector, ABP. Arginine-rich
sequences (e.g., octa-arginine and Tat sequences) as cell-pene-
trating peptides have been extensively used to overcome both
extracellular penetration and intracellular expression limita-
tions of pDNA, siRNA, proteins, and liposomes.'** Our pre-
vious in vitro transfection results with endosomal inhibitors

Molecular Therapy vol. 20 no. 7 july 2012

chloroquine and nigericin indicate that ABP polyplexes escape
from endosomes by direct endosomal membrane penetration
of arginine moieties as well as endosome buffering abilities of
the polyplexes after cellular uptake.?* ABP was able to condense
pDNA into ideally sized (<200nm), positively charged parti-
cles, allowing for prolonged circulation and efficient endosomal
uptake.'2?*

We observed different temporal and spatial distribution of
hEPO mRNA expression between our ABP polymer-transfected
and PEI polymer-transfected groups. Several explanations for this
potent and long-term erythropoietic effect by phEPO/ABP gene
therapy are possible. First, the expression of the EPO gene is regu-
lated in an oxygen-dependent and tissue-specific manner.*,*-+
Investigation into tissue-specific regulatory mechanisms of EPO
production is significant for designing new strategies to treat
human disease. After acute anemia caused by blood loss, there
is a major difference between liver and kidney EPO mRNA
characteristics.”*"** An increasing number of cells with fixed EPO
mRNA content are recruited in the kidney, whereas the amount
of EPO mRNA per hepatocyte appears to rise under anemic
conditions.”**

Second, during periods of hematopoietic stress (includ-
ing rHUEPO treatment®), pathological conditions, and fetal
development,* hematopoietic stem cells are capable of erythro-
poiesis in extramedullary organs such as the liver, spleen, brain,
and heart.*»***” The BM is a major site of erythropoiesis in steady
state, whereas the spleen is a reserve erythropoietic organ, which
promotes the expansion of a specialized population of stress eryth-
roid progenitors.***” The expansion of erythropoiesis that occurs
in the murine spleen is due in part to the migration phenomenon
of burst-forming unit-erythroid from the BM to the spleen. In
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Figure 4 In vitro cellular uptake of polymer-based phEPO transfection. Polyplexes were prepared by mixing YOYO-1 iodide-tagged phEPO (2 ug)
with ABP polymers at wt/wt ratios of 1/10, 1/20, and 1/40 in 20 mmol/I HEPES/5% glucose solution. The phEPO/PEI (wt/wt 1/1) complex was used
as positive control. (@) NRK normal rat kidney cells, (b) primary rat bone marrow (BM) cells, and (c) primary rat splenocytes were analyzed by
flow cytometry of M1 gated cellular uptake (%) with mean fluorescence intensity (MFI). Error bars represent SEM with n = 3 per group. *P < 0.05,

**P < 0.01, and ***P < 0.001 versus phEPO/PEI polyplex.

addition, the supportive microenvironment more efficiently pro-
duces colony-forming unit-erythroid in the spleen than in the
BM, which may induce the generation of a hematopoietic niche
in spleen.”

Third, transfected organs can serve as depots for the synthe-
sis, controlled release, and secretion of therapeutic protein.”” Due
to the potent endocrine/paracrine actions of hormones such as
EPO, growth hormone, and parathyroid hormone, the impact of
a small amount of DNA is amplified in the body through multiple
signaling cascades.””***’ Particulate drug delivery systems cause
increased accumulation of cargo in the mononuclear phagocyte
system cells of the liver, spleen, and BM."* Our results suggest that
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the spleen plays a role as a depot organ for phEPO gene expres-
sion. Because the phEPO/ABP polyplexes “arrest” in the spleen for
extended periods, they are particularly valuable to produce pro-
longed erythropoiesis in vivo.

Fourth, a direct and disproportionate correlation exists
between serum EPO concentrations and RBC production.” The
estimated lifespan of RBCs is between 41 and 60 days in rat, com-
pared to 100-120 days in human, with a daily loss of ~0.8-1.0%
of circulating RBCs.® Because of the long half-life of erythrocytes,
once a short duration of high EPO expression triggers prolonged
RBC production, it may take months until hematocrit values
return to normal.>*
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There are a second set of disorders identified among ESA
hyporesponsive patients, such as persistent iron deficiency,
inflammatory disease, infection, and hematologic malignancy.?
Upregulation of inflammatory cytokines like interleukin (IL)-6
results in a rapid increase in hepcidin, a key regulatory protein
in iron homeostasis. We evaluated the in vivo innate immune
response within our experimental groups by measuring plasma
IL-6levels by ELISA (Supplementary Figure S5). The plasma IL-6
levels of 200 ug phEPO/PEI polyplex were significantly increased
6 and 12 hours after injection compared with other groups. No
statistically significant increase in IL-6 levels was observed in any
of the other treatment groups at any time points.

In the 65-day window within which we monitored therapeutic
indicators of EPO effect, hematocrit and reticulocyte levels were
decreasing back towards baseline levels but remained higher than
at the study onset. We hypothesize that this long-term expression
may be due to stimulation of a positive feedback loop by the high
levels of transfected EPO after injection.”* Additionally, this study
was performed in nondiseased animals with normal EPO levels
before treatment. We are currently following up on these results
with a CKD animal study to investigate the duration of effect in a
diseased animal model.

Systemic nonviral gene therapy has been impeded by the
low levels of transfection efficiency and lack of sustained gene
expression.'#!>!$-19 Qverall, our studies demonstrate that a single
intravenous administration of phEPO using the nonviral biore-
ducible ABP polymer-based gene delivery system can be feasible
for delivering functional hEPO gene for therapeutically significant
systemic erythropoiesis. This bioreducible ABP polymer-based
hEPO gene delivery system has the potential to be a convenient,
long-lasting, promising, and effective gene-based therapy for the
treatment of anemia. ABP polymer-based gene delivery could
lead to development of a pipeline of gene therapy products that
are suitable for clinical use.

MATERIALS AND METHODS

Rats. We purchased male SD rats from Charles River Laboratories
(Wilmington, MA) at 6-7 weeks of age. All rats were housed in
the University of Utah under the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC)
guidelines. All experiments were approved by the University of Utah
Institutional Animal Care and Use Committee and followed the guide-
lines provided by the National Institutes of Health in Guide for the Care
and Use of Laboratory Animals. All rats had access to food and water ad
libitum and were housed in plastic cages on standard 12/12 hours light/
dark cycles. The rats were randomly assigned to the one of eight groups:
(i) negative control, (ii) rHuUEPO protein injection, (iii) hEPO plasmid
DNA (phEPO) injection, (iv-vii) phEPO/ABP polyplex injection at vary-
ing concentrations, (viii) phEPO/PEI polyplex injection, and (ix) GFP
PpDNA/ABP polyplex injection.

Preparation of phEPO/polymer polyplexes. We constructed and puri-
fied the pCMV-hEPO DNA (phEPO) (4,578bp) as previously described.**
PhEPO and GFP pDNA (gWiz-GFP; Aldevron, Madison, WI) were puri-
fied with an endotoxin-free plasmid DNA purification NucleoBond Xtra
Maxi plus EF kit (Macherey-Nagel, Bethlehem, PA). The ABP polymer was
synthesized as previously described.”® Branched poly(ethylenimine) (bPEI,
25kDa; Sigma-Aldrich, St Louis, MO) and rHuEPO protein (Aropotin)
were used as controls. The phEPO polyplexes were prepared in a 20 mmol/l
HEPES/5% glucose buffer. After incubation for 30 minutes at room
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temperature, the particle size of the polyplex samples was evaluated by
dynamic light scattering using a Zetasizer Nano ZS (Malvern Instuments,
Malvern, UK). Surface charge was measured by determination of zeta
potential using the same instrument.

Single systemic injection of phEPO polyplexes. We administered a single
injection for 8-10 minutes into the tail vein of the rats using a 24-gauge
intravenous catheter in a final volume of 1 ml. The injected amounts of
PhEPO were 100 and 200 ug at pDNA/ABP polymer weight ratios of 1/10
and 1/20. The 20 mmol/l HEPES/5% glucose solution was the vehicle for
injection. The phEPO alone group received 600 ug of phEPO without poly-
mer. The rHuEPO proteins were injected at 600 IU/kg. The phEPO/PEI
polyplex at a 1/1 wt/wt ratio was used as a positive control.

Erythropoietic parameters. Blood samples from the tail vein of SD rats
were drawn into both heparinized micro-Hct capillary tubes (Fisher
Scientific, Pittsburgh, PA) and K,EDTA tubes (BD Microtainer, Franklin
Lakes, NJ). Hematocrit values were measured by the microhematocrit
method. For whole blood reticulocyte counts, peripheral blood cells were
stained with thiazole orange (BD Retic-Count, Reticulocyte Reagent
System; BD Biosciences, Mountain View, CA) for 30 minutes at room tem-
perature in the dark and fluorescence intensity was measured for 50,000
events on a BD FACSCalibur (BD Biosciences). The plasma concentra-
tion of hEPO protein was determined with a Quantikine hEPO ELISA
kit (R&D Systems, Minneapolis, MN), and the plasma concentration of
IL-6 was measured by the Quantikine rat IL-6 ELISA kit (R&D Systems)
according to the manufacturer’s protocol, respectively.

Real-time quantitative reverse transcriptase-PCR. We intravenously
injected SD rats with 200 ug phEPO with ABP at a wt/wt ratio of 1/10 and
200 ug phEPO with PEI at a wt/wt ratio of 1/1. After 1, 3, 7, 14, and 30 days
postinjection, rats were sacrificed and tissue from brain, heart, lung, liver,
spleen, and kidney were homogenized using a Mini-Beadbeater (Biospec
Products, Bartlesville, OK) with TRIzol reagent (Invitrogen, Carlsbad,
CA). We isolated total mRNA with the Maxwell 16 instrument and kit
(Maxwell 16 tissue LEV total RNA purification kit; Promega, Fitchburg,
WI) according to the manufacturer’s instructions. Including the no-reverse
transcriptase control and no-template control, we performed quantitative
real-time PCR analysis of 50ng of RNA template with Express One-Step
SuperScript qRT-PCR Kkits (Invitrogen) under the StepOnePlus real-time
PCR system in a 96-well setup (Applied Biosystems, Carlsbad, CA). We
used the FAM Tagman probes and amplified hEPO mRNA with a primer
for hEPO (Hs01071097_m1 EPO; Applied Biosystems). Concentrations
of hEPO mRNA were normalized to rat $-actin mRNA (Rn00667869_m1
Actb; Applied Biosystems) and the results were expressed as the perecent
relative induction between the phEPO/ABP polyplex groups relative to the
phEPO/PEI polyplex group.

In vitro cellular uptake assay. Spleens from SD rats were isolated and
homogenized by grinding the tissue between the frosted ends of sterilized
slides. The homogenate was then passed through a 40-um nylon cell strainer
to produce a single cell suspension. The suspension was centrifuged, eryth-
rocytes were lysed using RBC lysis buffer, and the purified cells were seeded
in RPMI-1640 medium. Preparation of BM cell cultures was based on a
previously described protocol.*? Briefly, BM cells were isolated from the
bilateral femur of 7-week-old SD rats and prepared with Dulbecco’s modi-
fied Eagle’s medium. Also, HepG2, HEK293, and NRK cells were cultured.
YOYO-1 iodide- (1 mmol/l solution in DMSO; Molecular Probes, Eugene,
OR) tagged phEPO (1 molecule dye per 50bp nucleotide) was prepared
in the dark for 30 minutes. Polyplexes were prepared by mixing YOYO-1
iodide-labeled phEPO (2ug) with ABP polymer at wt/wt ratios of 1/10,
1/20, and 1/40 in 20 mmol/l HEPES/5% glucose solution, and incubated at
room temperature for 30 minutes before transfection. phEPO/PEI (wt/wt
1/1) was used as a positive control. The polyplexes were incubated with cells
at 37°C for 4 hours in serum free media. Samples were analyzed by flow
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cytometry (FACS Caliber; BD Biosciences, San Jose, CA) at a minimum
of 1 x 10 cells using the FL1-height channel for YOYO-1 dye. Untreated
cells were used as a negative control for calibration. Cellular uptake (%)
was gated on the M1 region and the MFI of each group was recorded. Data
were analyzed using Windows Multiple Document Interface Software, ver-
sion 2.9 (WinMDI; Microsoft, Redmond, WA).

Statistical analysis. We expressed data as mean = SEM where indicated.
Comparisons between multiple groups were performed by analysis of vari-
ance followed by Tukey post hoc testing. Comparisons between two sam-
ples were analyzed for homogeneity of variance using the Levene test and
analyzed by Student ¢-test or Mann—Whitney rank-sum test as appropriate.
Groups with P values <0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Average size measurement of ABP polyplexes by DLS.
Figure S2. Average zeta potential measurement of ABP polyplex.
Figure $3. Hematocrit levels after polyplex injection with 50 ug phE-
PO/ABP (at wt/wt ratio 1/10 and 1/20), 200 ug phEPO/ABP (at wt/wt
ratio 1/20), 100 ug phEPO/PEI (at wt/wt ratio 1/1), and 200 ug phEPO/
PEI (at wt/wt ratio 1/1).

Figure $4. Percent induction of hEPO mRNA relative to the 1-day
phEPO/PEI mRNA levels as 100%.

Figure S5. /n vivo time-dependent plasma concentration of IL-6.
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