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Introduction: Anemia of inflammation (Al) is a condition caused by iron sequestration from invading pathogens, which is
primarily caused by hepcidin upregulation. This results in low serum iron levels. The objective of this research protocol is to
evaluate the potential of small interfering RNA (siRNA) Dynamic PolyConjugates (DPCs) in decreasing hepatic hepcidin
expression for Al treatment.

Methods: DPCs carrying Hepcidin Antimicrobial Peptide (HAMP) gene siRNA will be synthesized and injected into the tail
veins of Al-induced mice on a standardized low-iron diet. Various experiments will then be conducted to verify that SIRNA
DPC:s specifically target hepatocytes without causing significant toxicity. To evaluate the treatment’s efficacy, HAMP mRNA
and serum iron levels will be measured using Reverse Transcription Quantitative Real- time Polymerase Chain Reaction
(RT-gPCR) and a common calorimeter method, respectively. These measurements will determine the potential of siRNA to
silence hepatic hepcidin expression and its resulting ability to increase serum iron levels.

Results: It is anticipated that successful targeting of SiRNA DPCs to hepatocytes will be confirmed through
immunofluorescence and that toxicity levels induced by the treatment will be statistically insignificant. Moreover, we expect
lower HAMP mRNA levels and thus higher serum iron concentrations in the experimental group compared to the control.
Discussion: Hepatocyte-specific delivery of the siRNA DPC with minimal toxicity and effective silencing of the HAMP gene
would deem this delivery vehicle to be a notable candidate in treating Al compared to other current conventional treatments.
Certain limitations include confounding variables and potential toxicity, which should be further considered.

Conclusion: Future implications of this study include human testing of siRNA DPC administration in Al patients as well as
using DPCs conjugated to other siRNAs in the potential treatment of other gene-related pathologies associated with abnormal
upregulation of specific proteins.

Keywords: anemia of inflammation; anemia; siRNA DPC; siRNA; hepcidin; hepatocyte; HAMP gene; nanoparticles;
nanotechnology

Introduction
Anemia of Inflammation

Al is the second most prevalent form of anemia and is
a condition of insufficient iron in circulation, often
occurring in individuals with pre-existing inflammatory
conditions, such as cancer, infections and autoimmune
disorders [1-5]. It is predominantly caused by hepcidin
dysregulation where hepcidin is a hormone regulator of iron
homeostasis expressed by the HAMP gene in the liver
[1,4,6,7]. Hepcidin is released into circulation to bind to
ferroportin  (FPN) before undergoing endocytosis into
hepatocytes, duodenal enterocytes, and macrophages after
which it can degrade FPN and limit iron export into
circulation. [1,2,6-8]. Excessive hepcidin release results in
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iron retention in enterocytes, macrophages, and hepatocytes
and blocked dietary iron absorption in the duodenum
[4,5,7,9-11]. AD’s prevalence in inflammatory conditions is
due to the fact that inflammation triggers the release of
cytokines, some of which are potent inducers of hepcidin
[4,7-10,12].

Given this, experimental therapies that target the
hepcidin-FPN axis are a promising avenue to explore
[13,14]. Current management therapies for Al patients,
such as erythropoiesis stimulating agents, iron supplements
and blood transfusions, merely alleviate symptoms and do
not sufficiently target hepcidin [4,13,15,16]. As hepatocytes
are critical parenchymal cells of the liver with a notable
capacity to store iron, reducing hepcidin levels among this
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particular population of cells and consequently elevating
their FPN density would be a prominent area of interest for
Al patients [1,2,6,17]. As such, this proposal aims to use a
novel siRNA DPC approach to silence the HAMP gene as a
potential treatment for Al.

siRNA and Dynamic PolyConjugate Technology

SiRNA DPC technology has previously accomplished
successful targeting of SiRNA to hepatocytes and
consequent gene silencing in recent studies by Rozema et al
[18]. The siRNA DPC comprises two essential parts: the
siRNA, which is a double-stranded RNA (dsRNA) that can
silence the expression of specific genes based on its
sequence and the DPC, which serves as a delivery vehicle
[18].

Key components of the DPC vehicle include an
endosomolytic polymer termed polyvinyl ether (PBAVE),
composed of butyl and amino vinyl ethers to which siRNA,
as well as polyethylene glycol (PEG) and
N-acetylgalactosamine (NAG) groups are conjugated [18].
PBAVE is an endosomolytic agent previously developed by
Wakefield et al. that allows for endosomal disruption—a
key step during SiRNA delivery [19,20]. Avoiding
nonspecific interactions between the siRNA DPC and
circulating proteins is critical for the siRNA to remain
attached to the complex when the DPC is enroute to the
liver [18]. This avoidance is ensured by PEG, which serves
as a shielding agent in the DPC [18,21]. Meanwhile, NAG
is the principal molecule modulating hepatocyte-specific
delivery [18,21]. It is a galactose-derived agonist whose
asialoglycoprotein receptor (ASGPr) is heavily expressed
on hepatocytes [18,21]. This agonist-receptor recognition
drives specific receptor-mediated endocytosis of the SIRNA
DPC complex into hepatocytes, rather than cells lacking
ASGPr expression such as Kupffer macrophages which
induce toxicity upon activation by the foreign SiRNA
[18,21].

Other preeminent features of siRNA DPCs include
their proven ability to induce less toxicity despite being
synthetic [18]. Specific delivery of siRNA to hepatocytes
by NAG prevents uptake into Kupffer cells and subsequent
toxicity [18,22]. Furthermore, the selective activation of the
SiRNA DPC ensures that the siRNA is not released until
cell entry [18]. This prevents the vehicle from deleteriously
interacting with other membranes it encounters prior to
hepatic endocytosis [18]. This is implemented by acid-
labile maleamate bonds, which mask PBAVE’s
endosomolytic activity until brought into the cell via
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endocytosis [18]. Under physiological conditions, this
polyconjugate complex is negatively charged, soluble and
non-aggregating, making it an ideal delivery vehicle
[18,19,23]. Additionally, the size of this sSiRNA DPC is
significantly smaller than other commonly used SiRNA
nanoparticles, reducing the risk of liver toxicity and
allowing for more flexible specific targeting [18,23].
Collectively, these factors deem this delivery mechanism a
suitable candidate for our protocol [18,23].

Objectives
The objective of this experiment is to evaluate the

potential of sSiIRNA DPC in decreasing hepcidin expression
for the treatment of Al. In our proposed experiment, DPCs
containing siRNA targeting the HAMP gene will be
synthesized and injected into murine models of Al. Various
experiments will then be conducted to verify that sSiRNA
DPCs specifically target hepatocytes without causing
significant toxicity. To assess the effectiveness of the
treatment, two variables will be measured within this
experiment: HAMP mRNA and serum iron levels. These
measurements will gauge the inhibitory impact of siRNA
on hepatic hepcidin expression and its corresponding ability
to increase serum iron levels to treat Al [18].

Methods
In vivo Preparation

The experiment will use murine models of Al with
C57BL/6J mice, following the protocol described by Kim et
al [24]. This procedure will exclusively use male mice to
avoid sex-related discrepancies in iron homeostasis and
hepcidin production that may introduce confounding
variables in the experiment [24]. All mice will be fed a
standard chow (270 ppm iron) for 6 weeks of age, after
which they will be maintained on a low iron diet (50 ppm
iron) for 2 weeks [24]. At 8 weeks of age, sixty
experimental mice will be intraperitoneally injected with
5x108 particles of heat-killed Brucella abortus bacteria to
induce Al [24]. Six control mice will be injected
intraperitoneally with saline [24]. Both groups will be
maintained on this low iron diet. This is done because
standard chow elevates hepcidin levels and desensitizes the
mice’s response to bacterial inflammation, producing a
suboptimal Al model [24]. To confirm that Al was induced,
hemoglobin and iron levels will be measured and compared
between experimental and control groups [24]. Figure 1
outlines the respective allocation of mice into the various
experiments involved in this protocol.
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Figure 1. Flowchart depicting and summarizing our proposed mechanism. This figure was created using Biorender.com.

Synthesis of PolyConjugate

The siRNA DPC will be used to deliver siRNA to
hepatocytes in vivo (Figure 2). Synthesis of this complex
will follow the protocols described by Rozema et al [18].
To construct the polyconjugate, we will first need to link
the HAMP gene siRNA to the backbone of the PBAVE
polymer through a reversible disulfide linkage [18]. This
disulfide linkage will prevent the displacement of the
siRNA from the polymer while traveling to hepatocytes
[18]. However, a limitation of this conjugation reaction is
its yield of 70-90% [18]. This shortage in the desired

NAG ¢~

CDM Bond '/

product will be accounted for by utilizing higher reactant
concentrations during this reaction [18].

Subsequently, we will use a bifunctional maleamate
linkage to reversibly attach PEG and NAG to PBAVE [18].
This is achieved by using carboxy dimethylmaleic
anhydride (CDM) derivatives as a linkage [18,19]. These
derivatives additionally mask the polymer’s positively
charged amines and hydrophobic behaviour to form acid-
labile maleamate groups, which prevent the release of PEG,
NAG and siRNA in circulation [19].

HAMP Gene
SiRNA

\

Disulfide Bond

Figure 2. Structure of siRNA DPC. This figure was created using Microsoft OneNote.
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Measuring Toxicity

A crucial component in the delivery of sSiRNA DPCs to
hepatocytes is ensuring that this mechanism does not
counterintuitively induce toxicity in the body [18].
Although the small size of DPCs have been shown to
reduce liver toxicity, the synthetic nature of DPCs may
have harmful effects on the body contrary to natural
nanoparticles [18]. Hence, the potential toxicity of
polyconjugates will be tested by measuring serum levels of
toxicity-associated proteins, enzymes and cytokines in the
liver in anemic mice [18].

Following the procedures outlined by Rozema et al.,
the HAMP siRNA DPCs or saline will first be evenly
administered via intravenous injection into the tail veins of
twelve anemic mice [18]. Six will receive saline, while the
other six will receive the HAMP siRNA DPCs for
comparison. To measure protein levels, liver serum will be
collected at various time intervals after injection [18]. Gel
electrophoresis will then be used to separate and transfer
serum proteins to a polyvinylidene difluoride membrane
where they will be incubated and diluted with primary
rabbit polyclonal antibodies [18]. This will be followed by
the addition of a secondary goat antibody that is attached to
horseradish peroxidase to allow detection of the respective
proteins [18]. Binding of these antibodies will be assessed
using an enhanced chemiluminescent detection kit to
determine toxicity levels [18]. High levels of specific
proteins such as aminotransferases, alkaline phosphatase
(ALP) and y-glutamyl transferase (yGT) in the serum of the
liver will act as biomarkers for liver injury caused by the
SiRNA polyconjugates [18,25]. Additionally, a sandwich
enzyme-linked immunosorbent assay (ELISA) will be used
to analyze serum levels of the cytokines, tumour necrosis
factor alpha (TNF-a), interleukin-6 (IL-6), and interferon
alpha (IFN-a) in accordance with R&D Systems and PBL
Biomedical protocol [18]. Finally, serum levels of enzymes
released upon liver damage such as alanine transaminase
(ALT) and aspartate aminotransferase (AST) will be
measured for each individual mouse [18].

Verifying Hepatocyte-Specific Delivery

Targeted delivery of the siRNA vehicle must first be
confirmed through confocal microscopy procedures
outlined by Rozema et al [18]. Specifically, this study used
21-mer dsDNA, a siRNA mimic, to simulate siRNA-
polyconjugate delivery [18]. This was done to confirm the
dsDNA-polyconjugate’s  targeted delivery to mice
hepatocytes before testing with the study’s respective
SiRNA [18]. A replication of this experiment with HAMP
siRNA will be conducted to account for possible
differences and the effects of HAMP siRNA on the
polyconjugate’s delivery.

This confocal microscopy procedure will comprise
fluorescent labelling where the siRNAs, nuclei and cell
membranes will be labelled with red Cy3, blue ToPro-3 and
green Alexa 488 phalloidin dyes, respectively [18]. The
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SiRNA will first be stained and conjugated to a fluorophore
before it is intravenously injected into mice via their tail
veins [18]. One hour post-injection, the nuclei and cell
outlines will be isolated from the murine liver and
counterstained for enhanced visualization and differentiation
between hepatocytes and nonparenchymal cells [18]. To
construct the confocal pictures, 11 optical images, each 0.4
pm, will be combined and layered to form a flattened
projection that represents the fluorescence signals from a
liver section measuring 4 pm in thickness [18].

This specific experiment will involve two control and
two experimental groups, each group comprising six
anemic mice [18]. The control groups will use CDM-
glucose and CDM-mannose instead of CDM-NAG, while
the experimental groups will use covalently and non-
covalently attached CDM-NAG [18]. For the experimental
groups, CDM-NAG will be expected to have preferential
accumulation in hepatocytes due to hepatic ASGPr
expression, but only when NAG is covalently bound to
CDM [18]. Rozema et al. previously demonstrated that
noncovalent complexing of NAG causes its immediate
release upon injection into circulation [18]. As targeted
delivery relies on NAG, immediate detachment of NAG
from the polymer will significantly reduce hepatocyte-
mediated uptake [18]. This will be further verified with
HAMP siRNA bound to CDM-NAG through both covalent
and ionic bonds [18].

Injection and Delivery of siRNA PolyConjugates

Previous findings have proven that the amount of the
SiRNA attached to the DPC is a limiting factor for the
repression of a target gene, such as the HAMP gene, while
the amount of endosomolytic polymer has a minimal effect
[18]. Thus, our experiment will only alter the amount of
siRNA conjugated to the polymer. Specifically, varying
concentrations of SiRNA through serial dilutions will be
injected into twelve experimental mice to produce a dose-
response curve [18]. In each dilution, the amount of SiRNA
on each individual polymer will decrease, while the total
amount of polymer remains constant [18]. This will allow us
to investigate the effects of varying siRNA concentrations
on hepatic HAMP gene expression without the polymer as a
possible confounding variable. Ideally, injection of the serial
dilutions of siRNA polyconjugates should be inversely
proportional to hepatic HAMP gene expression.

In this experiment, we will utilize twenty-four anemic
mice in total—twelve will receive siRNA DPC injections
and the other twelve will receive saline as a control. HAMP
mRNA and serum iron levels will then be measured to
assess the treatment’s efficacy using RT-gPCR and a
common calorimeter method, respectively.

HAMP mRNA Levels

The measurement of HAMP mRNA levels to determine
the effect of siRNA doses will be performed with harvested
mouse livers through RT-gPCR methodology, two days
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after siRNA injection [18]. Specific steps of the particular
RT-gPCR procedure are indicated by Wong et al., with the
general  steps comprising RNA isolation and
characterization, synthesis of complementary DNA as well
as polymerase chain reaction data acquisition,
normalization and data analysis [26]. This study will adhere
to the well-established steps of RT-gPCR as indicated in
other articles, namely Song et al. and Gulec et al [27,28].
First, the RNA from the liver will be isolated by a Trizol
reagent [27, 28]. cDNA is then synthesized from the RNA
[26-28]. Afterwards, the cDNA will be amplified
(fluoresced) for the HAMP gene using SYBR-Green dye
[27,28]. Once the quality of the sample has been approved
via normalization, final data analysis can occur to measure
the mRNA levels before a comparison can be made
between the HAMP mRNA levels of the control group to
the experimental group [18,29,30]. Here, the extent to
which siRNA can potentially impact hepatocyte hepcidin
expression can be determined [18]. Once the quality of the
sample has been approved via normalization, a final data
analysis can occur to measure the mRNA levels before a
comparison can be made between the HAMP mRNA levels
of the control group to the experimental group [18,29,30].

Serum Iron Levels

To determine whether siRNA can help treat Al by
increasing circulating iron, serum iron levels will be
measured. As described by Young and Hicks, serum non-
heme iron levels will be determined using a common
calorimeter method that uses the AutoAnalyzer system
[31]. This method allows for the automatic measurements
of serum iron and iron binding capacity and eliminates the
need for iron-free glassware. As diet can cause fluctuations
in serum iron, we will measure serum iron levels each
morning of the experiment for two weeks before the mice
are fed to provide a standardized measurement of iron
levels [32].

Results

In the preparation of Al-induced mice, it is expected
that mice receiving Brucella abortus bacteria will have
reduced hemoglobin and iron levels compared to those
receiving saline, confirming Al diagnosis. This is supported
as our procedures followed that of Kim et al. which
presented such data and successfully induced murine Al.

Furthermore, we will verify successful synthesis of the
SsiRNA DPC through confocal microscopy. Proper CDM
linkage of the PEG and NAG strands to PBAVE and
appropriate siRNA attachment through disulfide bonds is
expected [18].

In terms of measuring toxicity, low and normal levels
of serum protein biomarkers of liver toxicity, AST and
ALT (8-48 U/L and 7-55 UJ/L respectively) in mice
receiving SiRNA DPCs will be expected. As these
molecules are released upon liver damage, higher levels
compared to the control would indicate liver toxicity, which
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we do not expect in this experiment given the anticipated
ability of siRNA DPCs to specifically target hepatocytes
and thus avoid Kupffer immune cell uptake [18]. Further,
slight increases in enzyme or cytokine levels in siRNA
DPC mice compared to the controls will be deemed
insignificant if p > 0.05 [18].

Red dye will be covalently attached to the
polyconjugate through a disulfide linkage for visualization
to confirm hepatocyte-specific delivery. The red dye is
expected to be observed within the blue-stained nuclei of
hepatocytes in the final confocal images after layering,
confirming the polyconjugate’s targeted delivery [18]. In
the case of CDM-glucose, this control will represent
nonspecific delivery, as it lacks NAG and thus cannot bind
to ASGPrs expressed on hepatocytes to aid in targeted
delivery [18]. Consequently, the resulting confocal images
will serve as a reference point for comparison with results
using CDM-NAG [18]. Similarly, CDM-mannose will also
serve as a control lacking hepatocyte-specific delivery [18].
Mannose is a C-2 epimer of glucose which acts as a ligand
binding to mannose receptors [33]. Experimentation with
CDM-mannose will confirm the mechanism of ligand
attachments  mediating the targeted uptake of
polyconjugates into specific cells expressing the ligand’s
respective receptor [18]. Thus, CDM-glucose is expected to
have non-specific delivery with no particular accumulation
of red dye while CDM-mannose is expected to have more
red dye observed in parenchymal liver cells such as
sinusoidal, endothelial, and Kupffer cells, which all express
mannose receptors. To differentiate these cells from
hepatocytes that are the target cells, antibodies can be used.
This would be done by first adding primary antibodies that
specifically bind to the NAG receptor that is specifically
found in the hepatocytes. Then, secondary antibodies that
will bind to these primary antibodies and undergo reactions
to generate recordable light for detection of the hepatocytes.
Conversely, the experimental groups of CDM-NAG will be
expected to have preferential red dye accumulation in
hepatocytes due to hepatic ASGPr expression, but only
when NAG is covalently bound to CDM. This is supported
by Rozema et al. who previously demonstrated that
noncovalent, electrostatic complexing of NAG causes its
immediate release upon injection into circulation [18].
Specifically, this occurred in the presence of serum or
physiological salt concentrations but not within the
presence of charge-dense polycations, which help maintain
the ionic bonds of CDM-NAG [18]. As the targeted
delivery relies on the NAG ligand, immediate detachment
of NAG from the polymer will significantly reduce
hepatocyte-mediated uptake [18].

It is further expected that in the proposed animal
studies, injection of the serial dilutions of siRNA
polyconjugates will be inversely proportional to hepatic
HAMP gene expression [18]. Specifically, we expect lower
HAMP mRNA levels measured by RT-gPCR technology
and greater serum iron levels following the siRNA injection
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as a result of mRNA degradation by the siRNA and
therefore enhanced iron export. The expected timeline for
these measurements will be over a duration of two weeks.

Discussion

Analysis and interpretation of the results will be
performed to assess the efficacy, viability and potential
toxicity of the suggested siRNA DPC treatment for Al. The
measurement of mMRNA and serum iron levels will reveal
this treatment's overall viability. Decreased HAMP gene
levels leading to increased serum iron levels from siRNA
DPCs would indicate that the hepatic targeting of HAMP
siRNA can alleviate Al symptoms. To ensure the
consistency and reliability of the treatment, further studies
should focus on the reproducibility of such results.

As this experiment will exclusively use male mice, a
definite limitation is that the results may be less
representative of the female population. Experimentation
with female subjects may further verify the potential of
SsiRNA DPC as a treatment of Al. Additionally, repetitive
serum blood testing may present another limitation, as such
procedures contribute to blood loss and consequent iron
loss [24]. These tests may aggravate anemia symptoms in
the short-term and counteract the effects of the siRNA DPC
when subsequent measurements of iron levels are
performed [24]. This will be considered when interpreting
our results.

Furthermore, potential toxicity issues may arise from
the treatment itself. Specifically, synthetic polymers, such
as PBAVE, have the potential to induce toxicity through
Kupffer cell activation [18]. Although these toxic effects
have previously been shown to be reduced through
hepatocyte-specific delivery, methods to further avoid these
macrophages would be ideal [18]. Future studies may wish
to further test, reconstruct and adjust the amount of sSiRNA
DPC used to minimize toxicity levels. Specifically, a
polymer natural to mice that resembles PBAVE may be
alternatively used to prevent toxicity, thereby mitigating
this limitation. This is due to the fact that natural polymers
are not considered as foreign antigens unlike those that are
synthetically-derived.

Since the aforementioned experiments were conducted
in mice models, it is important to note the potential
implications and differences these results would have in
human models. Mice models are often used in many
experimental designs as there are many genetic and
physiological similarities between the two species.
However, due to evolution and natural selection, alongside
epigenetic changes, there may be many variations in the
genomes of the two species that may result in potential
differences in response to the experiments in humans [34].
Additionally, in this article, the mice were on a particular
diet to ensure optimal conditions were met for this study
and to ensure diet is not a confounding factor. In humans,
diet would play a role as a major confounding variable as
depending on epigenetics, geography or ethnicity, humans
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eat varying diets that may cause differences in the results
seen. For example, some diets are more rich in heme-iron
while others are rich in non-heme iron whereas others are
not iron rich at all. Moreover, certain human populations
such as the South Asian population have greater prevalence
of iron-related disorders such as iron-deficient anemia
which would also cause differences in results seen in
human models [35]. Overall, although mice models are an
appropriate starting point, future studies should focus on
applying the experiments to clinical trials to identify other
potential confounding variables and determine differences
in physiology and genetics that cause variability in results
to evaluate the effectiveness of this treatment on humans
Despite these aforementioned limitations, the
advantages of research into siRNA DPC as a viable
treatment for Al is expected to outweigh its disadvantages.

Conclusions

This research protocol aims to present and evaluate a
new treatment for Al, while expanding the foundation for
research on the novel therapy of siRNA DPCs. By directly
targeting HAMP, these proposed siRNA DPCs are expected
to lower dysregulated hepcidin levels and thus account for
all the factors that contribute to hepcidin upregulation in Al
such as the aforementioned cytokines. Since siRNA is
short acting, this sharp reduction in HAMP will alleviate
symptoms with near-maximal silencing for 5-7 days [36].
This deems it more effective than conventional treatments
that merely alleviate symptoms. Therefore, findings from
this protocol would be especially relevant to patients whose
Al stems from an untreatable, inflammatory chronic disease
that induces hepcidin dysregulation. All patients would be
screened for hepcidin expression levels before potential
treatment. For prolonged effects, continued DPC treatment
would be required. Future studies should investigate the
administration of the siRNA DPC in clinical trials and may
wish to build upon this approach by using other types of
siRNAs and directing it to other pathologies and cells other
than hepatocytes.
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