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Macrophages are highly plastic cells that act as key regulators in the inflammatory process by releasing cytokines
to facilitate immune cell infiltration, orchestrate various cellular responses, and help clear bacteria and cellular
debris. In chronic inflammatory conditions, macrophages fail to polarize from a pro-inflammatory to an anti-
inflammatory phenotype, and the constant inflammatory environment leads to an increase in both apoptosis
and unprogrammed cellular death cascades that exacerbate the pathology To address this problem, we developed
a biodegradable nanoparticle platform (PCaP NP) that encapsulates a nonimmunogenic nucleic acid in the form
of a DNAzyme to suppress IRF5 expression, which promotes macrophage depolarization from a pro-inflammatory
state. Our system is comprised of three unique components: 1) a calcium phosphate nanoparticle core designed
for predictable biodegradability and optimal retention of nucleic acid payloads, 2) an IRF5-specific DNAzyme
designed to silence the expression of IRF5 while mitigating adverse immunogenic responses, and 3) a poly
(p-amino ester) (PBAE) polymeric coating to aid with endosomal escape, higher cellular interaction and uptake,
and reduced NP-degradability at physiological pH. In this work, we have demonstrated the ability to transfect
classically activated macrophages, directly suppress IRF5 expression and downstream cytokines, and cause
metabolic changes that are indicative of an alternatively activated phenotype. These results suggest that PCaP NP
offers a therapeutic approach to modulate inflammatory pathways in pro-inflammatory macrophages using a
biodegradable and non-immunogenic platform.

1. Introduction inflammatory cascades. Furthermore, there is a clear connection be-

tween the production of pro-inflammatory cytokines, metabolic

Inflammation is a complex and dynamic biological process charac-
terized by multiple interacting pathways initiated in response to tissue
injury, infection, or disease to promote healing and pathogen clearance.
This process depends on intricate communication networks between
immune cells and the surrounding tissue microenvironment. These
cellular interactions involve the exchange of chemical signals and ge-
netic mediators that orchestrate the inflammatory response, allowing
immune cells to coordinate their activities and respond appropriately to
various types of damage or pathogenic threats. Macrophages are an
essential component of the innate immune system and are critical for
producing inflammatory cytokines in response to disease and injury
states. The proper balance of M1 and M2 phenotypes are critical [1].
These molecular cues are essential regulators of the inflammatory pro-
cess, driving its initiation, maintenance, and ultimate resolution of

changes, and macrophage polarization. During the M1 state, macro-
phages have been well-reported to have increase glycolysis and a
decrease in OXPHOS and fatty acid p-oxidation [2]. While in the M2
state, glycolysis decreases and there is an increase in OXPHOS and fatty
acid p-oxidation. However, in a variety of diseases and injuries, mac-
rophages will stay in the M1 state rather than transitioning to the M2
state. [3]. Therefore, therapeutic strategies aimed at modulating
macrophage polarization toward an M2-like phenotype may hold
promise for resolving chronic inflammation and promoting effective
wound healing.

In recent years, nucleic acid-based therapies have become of major
interest for the treatment of macrophages due to their specificity and
scalability [4]. However, significant challenges must be addressed to
realize their therapeutic potential such as stability and safety. Under
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typical conditions, the delivery of unprotected nucleic acids proves
ineffective or detrimental as nucleases, both inside and outside the cell,
rapidly degrade these molecules in the presence of biological fluids.
Moreover, the therapeutic efficacy of nucleic acids is often hampered
upon cellular entry by their sequestration within endolysosomes, a
process wherein the acidic pH and active enzymes within these organ-
elles quickly degrade the nucleic acids. In particular, macrophages are
notoriously difficult to transfect cells, as they have several membrane-
bound, such as Toll-like receptors (TLRs), and cytosolic sensors
designed to recognize nucleic acids as damage-associated molecular
patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs)
[5]. TLR7 and TLR8 are specialized to recognize single-stranded RNA
(ssRNA), TLRO identifies unmethylated CpG motifs in DNA, and TLR3
detects double-stranded RNA (dsRNA) [6,7]. Similarly, cytosolic sensing
pathways, including the cGAS-STING and RIG-I systems, detect foreign
nucleic acids within the cytoplasm of macrophages. Specifically, cGAS-
STING recognizes aberrant DNA, while RIG-I responds to viral RNA. By
engaging these intracellular receptors, macrophages can mount an
innate immune response to neutralize the detected threats [8,9]. The
therapeutic efficacy of nucleic acids, such as miRNA, siRNA, and
plasmid DNA, hinges on their efficient delivery to the appropriate
intracellular compartment. Inefficient delivery can lead to endolysoso-
mal entrapment, reducing therapeutic efficacy and potentially acti-
vating innate immune responses by engaging endosomal pattern
recognition receptors. Therefore, carefully designing delivery strategies
is crucial for therapeutic success and minimizing off-target effects.

To this end, one class of engineered nucleic acids designed to spe-
cifically recognize and cleave target messenger RNA (mRNA) is the DNA
enzyme, or DNAzyme. Among these, the 10-23 DNAzyme is a well-
studied variant known for its ability to bind and promote the site-
specific cleavage of RNA transcripts [10]. Compared to RNA interfer-
ence (RNAIi) approaches, which depend on multiple endogenous cellular
factors to operate effectively, DNAzymes only require a metal cofactor to
achieve their catalytic functionality [11,12]. Furthermore, DNAzymes
are composed of single-stranded DNA (ssDNA) and exhibit greater
intrinsic stability than ssSRNA because they lack the reactive 2"-hydroxyl
group present in RNA. While this structural feature enhances their sta-
bility, it has also been observed that 10-23 DNAzymes do not facilitate
TLR9 dimerization, thereby reducing their immunogenic potential. In
contrast, RNAi-based therapies may inadvertently activate RIG-I,
increasing the likelihood of an innate immune response [13-15].
Despite the inherent advantages of DNAzymes for applications in im-
mune cell modulation, several challenges remain to be addressed before
their full therapeutic potential may be realized. These challenges
include optimizing their design for enhanced catalytic activity and
target specificity, developing efficient delivery strategies to ensure
intracellular access and localization, and achieving controlled activation
within the complex biological environment of the target cell. While
there have been recent advances in the modifications that can be
implemented to increase the longevity and activity of the DNAzyme in
vitro, many of these studies rely on transfection reagents and intracel-
lular concentrations of divalent metal cofactors, ultimately resulting in
poor kinetics and translatability [16,17].

To address the challenges in macrophage polarization as well as
DNAzyme delivery, we developed a synergistic nanoparticle platform
composed of biodegradable and biocompatible materials that can effi-
ciently deliver DNAzymes directly into the macrophage cytoplasm. Our
developed nanoparticle-based platform ensures proper intracellular
release and catalytic activation by encapsulating and protecting the
DNAzyme cargo during transport. As a result, this system enables the
targeted downregulation of IRF5, a key transcription factor (TF) asso-
ciated with inflammation, offering a robust strategy to modulate innate
immune responses and improve therapeutic outcomes [18,19]. Specif-
ically, IRF5 leads to an increase in pro-inflammatory cytokine produc-
tion, such as TNFa, IL-6, and IL-1B, an increase in type 1 IFNs, and
regulates glycolytic pathways through binding directly to genes
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involved in glycolysis [20,21]. By simultaneously effecting pro-
inflammatory cytokine production and regulating metabolic pathways,
IRF5 regulation can polarize macrophages. While IRF5 has been iden-
tified as a central regulator of the inflammatory response, inhibitors that
interfere with IRF5 remain elusive, leading us to design a DNAzyme to
specifically downregulate this clinically relevant target. Designing and
synthesizing the nanoparticle platform involved a multi-step electro-
static assembly. First, calcium phosphate (CaP) nanoparticles were
synthesized to encapsulate the IRF5-targeting DNAzyme. This encap-
sulation strategy protects the DNAzyme from degradation and facilitates
its intracellular delivery. Next, the CaP nanoparticles were coated with
an ionizable polymer PBAE. The proton sponge effect from the PBAE
coating enhances cellular uptake and facilitates endosomal escape a
crucial step to prevent sequestration and degradation of the DNAzyme
within endo/lysosomal compartments. By enabling the release of func-
tionally active DNAzymes directly into the cytosol, we ensure that the
catalytic cleavage of target mRNA is both efficient and specific.
Furthermore, as CaP degrades in acidic pH, Ca®" is released from the
particle in the endosome preventing the need of an alternate source of
calcium. Taken together, this polymer-coated calcium phosphate
nanoparticle (PCaP NP) can overcome several limitations associated
with DNAzymes and macrophage delivery by: (i) providing a sufficient
source of divalent calcium ions necessary to activate the DNAzyme, (ii)
encouraging cellular uptake and endosomal escape of the PCaP NP, and
(iii) targeting ifr5 directly with notable downstream effects [Fig. 1 A-C].
Moreover, PCaP NPs are highly biodegradable and biocompatible,
leading to minimal toxicity and immunological concerns as opposed to
other commonly used methods where the degradation byproducts can
trigger unwanted immune responses [22]. To address the design con-
straints of the IRF5 DNAzyme, an open-source software (MXfold2) was
utilized to predict the secondary structure of the target mRNA, and the
DNAzyme was designed to target non-paired regions of the IRF5 mRNA
[23]. By applying this nanoconstruct, we demonstrated the capacity to
target and cleave irf5 within classically activated macrophages. This
intervention increased oxidative phosphorylation (OXPHOS), improved
mitochondrial function, reduced pro-inflammatory cytokines levels, as
well as prevented activation of the cGAS-STING and RIG-I pathways. In
addition, we observed broader metabolic and transcriptomic shifts
consistent with an alternatively activated macrophage phenotype,
underscoring the platform's potential to modulate immune cell behavior
at the molecular level [Fig. 1D, E].

2. Results and discussion

2.1. Synthesis, design, and characterization of irf5-specific DNAzymes
and polymer-coated calcium phosphate nanoparticles (PCaP NPs)

To maximize the therapeutic potential of our DNAzyme-loaded PCaP
NP platform, we aimed to investigate and optimize an efficient design of
an irf5-specific DNAzyme as the primary therapeutic payload of the
platform. We began by dividing the irf5 sequence into 750 base pair (bp)
fragments and inputted these fragments into the open-source software
MXfold2 to predict the secondary structure of the mRNA sequence
(Fig. 2 A) [23]. From these secondary structures, we identified potential
target sites in the mRNA that had guanine (G) and uracil (U) residues
adjacent to one another in a location that was not self-paired (i.e.,
located in either a loop or bulge) to mitigate competitive inhibition with
the DNAzyme. Moreover, BLAST results for these DNAzymes and their
target site did not show a high similarity to any other known DNA
sequence, illustrating that the designed DNAzymes were highly specific
to the IRF5 target sequence. By optimizing the DNAzyme design in this
manner, its enzymatic activity was maximized while maintaining strict
specificity for the intended target. This approach also reduced the
likelihood of secondary structure formation and product inhibition,
ensuring the DNAzyme functioned efficiently and effectively once
delivered [24,25].
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Fig. 1. Nanoparticle-mediated attenuation of inflammatory responses in classically activated (M1) macrophages. A) Schematic illustration of THP-1 monocyte-
derived M1-like macrophages being treated with PCaP NP. B) Illustration and TEM highlighting the key components that compose the PCaP NP platform and
demonstrating how they synergistically contribute to the attenuation of inflammation. C) The PCaP NP platform is internalized by M1-like macrophages, where it can
undergo polymer-mediated endosomal escape and enter the cytoplasm. The platform then degrades and releases Ca®* to activate the DNAzyme to cleave mRNA for
irf5, thereby preventing the expression of type I interferons and cytokines without activating membrane-bound sensors (i.e., TLRs). D) Metabolic and transcriptomic
analysis of PCaP NP-treated M1-like macrophages reveals changes in the bioenergetics and cytokine activity that are indicative of the suppression of inflammation. E)
Metabolic changes were observed in classically activated macrophages treated with PCaP NP.

To determine the optimal design, the most effective DNAzyme
construct we identified was modified such that an extra two nucleotides
were added to each flanking binding arm, and a deactivated control was
created by replaying the thymine in position 4 of the catalytic loop with
a cytosine (Table S1) [26]. These constructs were referred to as (7 + 7),
(9 + 9), and T4C owing to the length of their binding arms and the
nucleotide replacement, respectively. It was revealed by a denaturing
PAGE gel that the (9 + 9) construct initially had significantly faster
enzymatic kinetics but was only able to complete approximately 8
turnovers, whereas the (7 + 7) construct successfully cleaved 96.3% of
the RNA substrate. Similarly, we noted a 12.4% decrease in the RNA
substrate when incubated with the T4C construct, which is attributed to
the DNAzyme binding to but not releasing the substrate (Fig. 2B and
Fig. S1). For our purposes, the (7 + 7) construct was more efficient than
the (9 + 9) construct in respect to the overall irf5 mRNA cleavage, even

though the latter construct displayed faster binding and cleavage ki-
netics. Concentration-dependent studies were also conducted to deter-
mine the optimal concentration of CaCl, when synthesizing the CaP
particle (Fig. 2C). The concentration-dependent kinetics of irf5 mRNA
binding and cleavage by the (7 + 7) construct was explored over a
concentration of CaCl, ranging from 100 to 500 mM. As expected,
higher concentrations of Ca2* ions in the presence of our selected
DNAzyme led to overall faster and more complete irf5 mRNA cleavage.
The thoughtful DNAzyme design and tailored PCaP NP optimization laid
the framework for our PCaP NP-DNAzyme delivery system, increasing
the potential for our therapeutic platform to selectively and efficiently
downregulate irf5 in macrophages in vitro.

The synthesis of DNAzyme-encapsulated CaP NPs was modified from
previously reported studies where two separate emulsions were formed
using cyclohexane, Igepal CO-520, and water (Fig. 2D) [27]. The
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Fig. 2. Overall design, characterization, and optimization of irf5-DNAzymes and PCaP NP platform. A) Predicted geometry of target mRNA sequence using MXfold2.
10-23 DNAzymes cleave between guanine and cytosine, and MXfold2 aided in GU cleavage sites that were not self-paired to reduce competitive inhibition. B)
Representative denaturing PAGE gel and associated cleavage kinetics of DNAzyme variants in the presence of excess RNA substrate for deactivated DNAzymes (T4C)
and DNAzymes of varying binding arm length [(7+7) and (94+9)] (n = 3). C) Denaturing PAGE gel investigating the calcium concentration-dependent cleavage
kinetics of irf5 mRNA substrate. D) Schematic illustration of the electrostatic-based assembly of PCaP NP. E) Zeta potential measured prior to and after polymeric
coating CaP (n = 3). F) DLS measurements prior to and after polymeric coating of CaP (n = 3). G) DLS measurements of PCaP NPs in neutral (pH = 7.4) and acidic
(pH = 5.5) conditions over 7 days. H) TEM images of bare CaP and PCaP NP, individual CaP particles can be observed being fully coated with PBAE. Scale bars are
100 nm and 500 nm, respectively. I) XPS demonstrating the presence of nitrogen species on the surface of PCaP NP, further confirming the successful coating of PCaP
NP. Mean =+ SEM, one-way ANOVA, turkey test, and t-test. *P < 0.05; **P < 0.01; ****P
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encapsulation efficiency of the DNAzyme into CaP was found to be
approximately 26 + 1.79% via an agarose DNA gel (Fig. S2). Following
the formation of CaP, we introduced a cationic polymer (PBAE) that was
electrostatically attached to the surface of the NP to promote cellular
internalization and endosomal escape (Fig. S3). Several methods were
used to validate the encapsulation of CaP within PBAE to create the
PCaP NP platform. First, zeta potential measurements were collected,
and we noted a significant increase (P < 0.0001) in the charge of the
particle following PBAE coating and activation (Fig. 2E). Next, dynamic
light scattering (DLS) revealed a significant increase in particle size
following PBAE coating (P < 0.0001) (Fig. 2F). Lastly, we investigated
the overall stability of the PCaP NP platform in physiological conditions,
both at neutral and acidic pH at 37 °C (Fig. 2G and S4). Over 7 days, the
stability of the PCaP NP was maintained in neutral pH conditions with
minimal degradation until after 4 days, while in acidic conditions, the
NP was degraded within 24 h. This property and selective degradation
was expected, as the CaP core of the NP was predicted to degrade in
acidic conditions, similar to the early endosome microenvironment. In
the physiological buffers utilized, we acknowledge the increase in size
from the localized aggregation, which is quite common for CaP-based
NPs [28]. Transmission electron microscopy (TEM) allowed for the
visualization of individually coated CaP NPs within a polymeric matrix
(Fig. 2H). Moreover, the surface of PCaP NP was analyzed via X-ray
photoelectron spectroscopy (XPS) to identify nitrogen species indicative
of PBAE coating (Fig. 2I). When taken together, these findings are
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characteristic of a successful CaP synthesis and subsequent PBAE
coating. Additionally, we wanted to highlight the modularity of the
PCaP NP platform by doping various divalent metal ions into the CaP NP
to improve biological and material properties. Specifically, we chose to
dope Zn?* and Mn?*, as the former is known to have anti-bacterial and
anti-viral properties [29,30], while the latter has been shown to increase
the catalytic activity of the encapsulated DNAzyme and has been shown
to accelerate wound healing [12,31]. The ability to dope these divalent
ion species into CaP NPs was shown via ICP-MS (Fig. S5). Besides these
immediate findings, our results highlight potential avenues for
enhancing the system's performance through the modularity provided
by divalent metal doping, which could further fine-tune the nano-
particle's properties and therapeutic efficacy.

2.2. Optimizing the IRF5 DNAzyme to attenuate inflammatory responses
in classically activated macrophages

To design an efficient system for macrophage polarization, a variety
of parameters were optimized in vitro including the DNAzyme sequence,
DNAzyme length, delivery concentration and delivery time. To this end,
commercially available Lipofectamine™ 3000 was used to deliver the
three DNAzyme constructs into classically activated macrophages
(Fig. 3A). RT-qPCR revealed the first construct had the most significant
decrease in irf5 expression (P < 0.0001) and downstream reduction in
TNF-a (P < 0.01) relative to the control and other two constructs (Fig. 3B

sekokok
A B - C *ok
15 z 18 sk
DNAzyme Target Site DNAzyme Sequence § il [
<
<
— ugagacag/uagcagc — - actctgtagcaacatcgatcggatcgtcg — 1.0 9 104 m=
1 5’ — ugagacag/ 3 | 3 -actctgt tcgatcggatcgtcg — 5’ e e
= o
2 5’ — ggagcaag/ugcgcuu — 3’ 3’ - cctegttagcaacatcgatcggacgcgaa - 5° % é -
G 05 & 0
— aaugaaug/uuaaaaa - - ttacttaagcaacatcgatcggaa - 3
3 5 / 3 3’ - ttactt tcgat ttttt — 5’ @ B
w 3
E oo " 00
o&@‘ & & P o°°\@ & & &
(9
D Comparison of Different Length DNAzymes E DNAzyme Performance Compared to miRNA146b
A *okkok Gene Expression M1 Macrophage
sdekok - z E 1.5
1.5 <] okkok a
S z 2 [ .
o *okkok a g 15 g ,l>j
S i 3 ] i 2 Z 10
210 — ¢ - 3
2 sk ° 2 2 °
> & 2 £ @
g 5 g & N 05
3 05 K - 5 ©
o w [T
0 g 4 = E
& z 2 2 00
~ 00 k) g S © © L. L. e
RO T & g 000\& Y ¥ ,&Q ‘f;} @Q ,\%Q \@Q
oo *hok
% s
G g.,xac%/‘*%g‘{f H é ran AR Fookk
//\ Dye [AF647] labeled DNAzyme accumulates in macrophages following treatment ‘g
\\ ) 455 % Transfected 2
\N\,«/ / . §
=
x

MO Macrophages

Fig. 3. Optimization of IRF5 DNAzyme attenuated inflammatory response in activated macrophages. A) DNAzyme construct designs and target sequence: the black,
red, and blue correspond to the left binding arm, conserved catalytic loop, and right binding arm, respectively. RT-qPCR of B) irf5 (n = 4) and C) tnf-a (n = 3)
following Lipofectamine™ 3000 delivery of activated DNAzyme constructs to classically activated macrophages (LPS and IFN-y) highlighting the most effective
construct. D) Comparison of an inactive DNAzyme, as well as two different lengths of the active DNAzyme in regard to down-regulating irf5 and tnf-a (n = 3). E)
Comparison of the active DNAzyme to miRNA146b in regard to down-regulating irf5 and tnf-a (n = 3). F) Cell viability was measured using Presto Blue following
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and C). As such, all subsequent experiments used the first DNAzyme
construct encapsulated within the PCaP NP, and analysis was conducted
24 h post-treatment. To further confirm the effects of length and RNA
cleavage ability, (7 + 7), (9 + 9), and (T4C) IRF5 and TNFa mRNA levels
were determined with RT-qPCR. There was a significant decrease (P <
0.001) in irf5 and tnf-a expression for both the (7 + 7) and (9 + 9)
constructs relative to the control (Fig. 3D). While not significant (P >
0.05), the (7 + 7) construct outperformed the (9 + 9) construct in
suppressing irf5. These results determined that the (7 + 7) DNAzyme
construct was the most kinetically and biologically efficient for down-
regulating irf5.The PCaP NP platform was compared to miRNA146b
delivered with Lipofectamine™ 3000, which has previously been shown
to target irf5 [32]. Both irf5 and tnf-a were significantly downregulated
in classically activated macrophages (P < 0.0001), but there was not a
significant change between the PCaP NP and miRNA146b treated con-
ditions (P < 0.05) (Fig. 3E). The PCaP NP platform did not demonstrate
toxicity and significantly (P < 0.0001) improved the viability of pro-
inflammatory THP-1 macrophages that were activated with lipopoly-
saccharide (LPS) and interferon-gamma (IFN-y) (Fig. 3F). We attribute
this increase in viability to PCaP NP polarizing the classically activated
macrophages to an anti-inflammatory phenotype.

Interestingly, macrophages are notoriously challenging to transfect,
as they possess both cytosolic and membrane-bound sensors that can
rapidly detect foreign genetic material. Activation of these sensors often
triggers innate immune responses, making it challenging to deliver and
express exogenous nucleic acids within these cells [6,8]. Despite this, we
clearly demonstrated using a fluorescently labeled DNAzyme that PCaP
NP successfully transfected 45.5% of macrophages, which was deter-
mined using CellTagging, an image-based method previously reported
by the Morris group to quantify signal localization in cells (Fig. 3G)
[33,34]. Finally, to look at time-dependent effects of PCaP NP on irf5
with RT-q-PCR, it was delivered for 4, 6, 12, and 24 h (Fig. 3H). Sig-
nificant downregulation of irf5 (P < 0.0001) was seen after both 12 and
24 h.

c¢GAS/STING and RIG-I can recognize foreign nucleic acids and lead
to the activation of IRF3, NF-kB and IRF7, while IRF5 downregulation
reduces the expression of pro-inflammatory cytokines (Fig. 4A). There-
fore, the effects on PCaP NP were studied on pro-inflammatory cyto-
kines, a Type 1 IFN, and cGAS/STING activation. After finalizing
optimization of the DNAzyme and PCaP NP delivery concentration and
time, IRF5 downregulation was studied in a model inducing an M1
phenotype in the THP-1 monocytes differentiated to macrophages. Irf5
mRNA was significantly downregulated following PCaP MP delivery to
M1 macrophages (P < 0.0001) (Fig. 4B). To test the effects of PCaP NP
on MO and M2 irf5 mRNA, inactivated macrophages and alternatively
activated macrophages were treated with PCaP NP which showed sig-
nificant downregulation in M2 macrophages and no significant differ-
ence in MO macrophages (Fig. S7A and B). Western blot results for IRF5
protein levels gave no significant change in both the MO and M2
conditions.

As previously noted, macrophages are hard-to-transfect cells that
have developed various methods to sense foreign nucleic acids. To this
end, we sought to verify that the PCaP NP platform could be successfully
internalized by activated macrophages and effectively escape from
endosomal compartments. To accomplish this goal, a dye (Alexa Fluor
647) labeled DNAzyme (Table S1) was delivered via the PCaP NP plat-
form and tracked in relation to endosomes labeled with Rab5 (Fig. S6A).
Over four hours, we analyzed immunofluorescent images to assess the
distribution of DNAzymes relative to endosomal compartments. By
generating a color scatter plot and calculating the Pearson correlation
coefficient, we observed reduced colocalization between the DNAzymes
and endosomes, proving that the DNAzymes successfully escaped the
endosomal environment (Fig. S6B and S6C).

The ability to promote endosomal escape from the PCaP NP platform
was further demonstrated by noting a decrease in activated macrophage
markers downstream of IRF5, including irf7 and ifn-3, highlighting the
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ability of this platform to modulate innate immune responses (Fig. 4C
and D). Furthermore, IRF7 is activated downstream of Rig-I, which is
indicative of recognition of dsRNA, another advantage over siRNA-
based systems. IFN-p upregulation is further indicative of nucleic acid
detection by either cGAS-STING or Rig-L, as it is downstream of both.
Therefore, the significant downregulation of irf7 and ifn-f mRNA levels
are indicative that neither cGAS-STING or Rig-I are activated. Due to the
significant downstream effects of IRF5 downregulation on IFN-f, the
effects of PCaP NP treatment on ifn-$ in MO and M2 macrophages was
also tested with RT-q-PCR. Significant downregulation of ifn-f was seen
in MO treated macrophages (P < 0.01) while it was upregulated in M2
treated macrophages (P < 0.001) (Fig. S6C and D). Additionally, there
was a significant (P < 0.01) decrease in nirp3 expression in PCaP NP-
treated classically activated macrophages compared to the untreated
condition (Fig. 4E). Previous studies have shown that the nirp3 inflam-
masome is upregulated following the escape of cargo from late endo-
somal or lysosomal compartments. Conversely, lower levels of this
marker are associated with early endosomal escape, suggesting that
prompt release of delivered materials may help avoid activating this
inflammatory pathway [35]. Western blot demonstrated a significant
downregulation of IRF5 (P < 0.001) and the pro-inflammatory cytokine
IL-1B (P < 0.05) in the PCaP NP treated classically activated macro-
phages compared to the M1 control group (Fig. 4F, G, and H). IRF5 was
not detected in the inactivated macrophages. Western blot was used to
confirm the effects of PCaP NP on IRF5 protein levels when treated to
inactivated and alternatively activated macrophages as well and showed
no significant difference for either condition (Fig. S6E, F, G, H, and S8).
Ccl2 mRNA levels were also significantly downregulated as quantified
by RT-q-PCR (P < 0.0001) (Fig. 4I). IRF3 and NF-kB are activated
through cGAS/sting activation. Therefore,RT-q-PCR was utilized to
study cGAS/STING activation and anti-inflammatory effects where sig-
nificant irf3 (P < 0.05) and nf-xb (P < 0.0001) mRNA downregulation
was confirmed(Fig. 4J and M). NF-kB, another key TF in the inflam-
matory cascade, protein levels were quantified with western blot and
showed a significant decrease in the NF-kB protein levels (P < 0.001)
(Fig. 4K and L). Increased production of inflammatory cytokines, such as
TNF-a, leads to an increase in NF-kB signaling creating a positive feed-
back loop between the two [36]. Furthermore, a decrease in NF-xB
signaling has been shown to support NLRP3 inflammasome down-
regulation as NF-kB signaling induces the production of NLRP3 while a
reduction in NF-kB restricts NLRP3 inflammasome activation [37]. As
well as NF-kB decreasing as a downstream effect of IRF5 down-
regulation, NF-kB levels are regulated by cGAS-STING and Rig-1. Along
with NF-kB, the cGAS-STING pathway regulates IRF3 as well. The sig-
nificant downregulation of IRF3 with PCR further specifies this pathway
was not activated. Finally, western blot was run on cGAS, STING, and
PSTING (Fig. 4N). cGAS protein levels were quantified relative to beta
actin and showed a significant decrease (P < 0.01) upon PCaP NP
treatment to the M1 cell model (Fig. 40). pSTING and sting were
quantified relative to beta actin and the ratio of pSTING/STING was
determined in each of the conditions (Fig. 4P). Although pSTING/STING
ratio downregulation was not significant, it is important to note that the
pathway was not activated by PCaP NP treatment. Furthermore, cGAS
can modulate M1 macrophage polarization, so the downregulation of
cGAS is due to the phenotypic shift in the macrophages from an M1
state. Despite their similar performance, we hypothesize that the PCaP
NP platform would be less immunogenic than miRNAs, which have been
shown to bind and activate TLR3, TLR7, and TLR8, since DNAzymes do
not serve as ligands for these toll-like receptors [7]. Furthermore, TLR3,
TLR7, and TLR8 activation by ssRNA leads to IRF7 and NF-kB upregu-
lation which PCaP NP delivery was able to downregulate as previously
discussed.
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2.3. Assessing macrophage health and bioenergetics via analysis of
metabolomic and lipidomic markers

In this section, we describe how metabolomic and lipidomic markers
were tested to evaluate macrophage health and bioenergetics. By
examining shifts in metabolic profiles and lipid composition, we aimed
to gain insight into the cellular state, energy utilization, and functional
capabilities of macrophages following treatment interventions. Immu-
nometabolism studies have revealed the methods macrophages use to
generate energy vary depending on their activation state. Specifically,
activation of macrophages in response to bacterial infections or viruses
is metabolically demanding and relies on glucose metabolism for fast
ATP production. Due to the disruption of the tricarboxylic acid (TCA)
cycle in macrophages, there are notable alterations in metabolites
including an accumulation of citrate and succinate that result in lipid
biosynthesis, as well as dysregulated ATP:AMP cytosolic ratios which
indicate impaired mitochondrial function. Additionally, other bio-
markers indicative of an M1-like phenotypic state include the activation
of the transcription factors such as HIF-la, a loss of mitochondrial
membrane potential (A¥m), and the upregulation of pro-inflammatory
genes [38,39]. Conversely, alternatively activated macrophages utilize
OXPHOS and fatty acid oxidation (FAO) in addition to an undamaged
TCA cycle [40]. It has also been noted that alternatively activated
macrophages have higher glycolytic capabilities than their inactivated
counterpart but less so than classically activated macrophages; however,
this bioenergetic pathway is not necessary to drive the anti-
inflammatory state [41,42]. We hypothesized that delivering PCaP
NPs to classically activated macrophages would induce a discernible
shift in their bioenergetic profile. Given that IRF5 typically enhances
glycolysis and stimulates the release of pro-inflammatory cytokines,
downregulating this transcription factor should prompt metabolic
reprogramming toward alternative energy pathways and diminish a pro-
inflammatory phenotype [21]. This was accomplished by a multifaceted
approach whereby quantitative nuclear magnetic resonance spectros-
copy (QNMR) was used to quantify several water-soluble metabolites
and mass spectrometry was implemented to quantify hydrophobic lipid-
based metabolites.

Classically activated macrophages treated with PCaP NPs were lysed,
and aqueous metabolites were collected to be analyzed by qNMR
(Fig. 5A and Fig. S9). From the aqueous fraction, we quantified 19
metabolites and used these metabolites to demonstrate the PCaP NP-
treated macrophages manifested themselves as a distinct population
that was unique from inactivated and classically activated macrophages
(Fig. 5D). Loading scores were determined from partial least squares
discriminate analysis (PLS-DA) to identify key metabolites that aided in
classifying the various macrophage populations. From the loading
scores, we identified the top 6 aqueous metabolites to be (i) glycine, (ii)
taurine, (iii) glucose, (iv) succinic acid, (v) glutathione, and (vi) creatine
(Fig. 5D and Fig. S10). Interestingly, in macrophages, glycine has been
shown to promote an alternatively activated phenotype by preventing
the activation of NF-xB [43]. Similarly, taurine has been shown to pre-
vent metabolic shifts to glycolysis while encouraging mitophagy, suc-
cinic acid promotes angiogenesis, and creatine inhibits JAK2/STAT1
pathways while upregulating STAT6 expression, all of which contribute
to the anti-inflammatory phenotype [44-46]. In our PCaP NP-treated
conditions, these metabolites were all detected and quantified to
increased levels when compared to the inactivated and classically acti-
vated conditions (Fig. S10). Conversely, the antioxidant glutathione has
been associated with classically activated macrophages [47]. Finally,
the ATP:AMP ratio and amount of glucose per condition were quanti-
fied. It was found that the ATP:AMP ratio was significantly decreased in
the classically activated conditions (P < 0.01) relative to the inactivated
condition. However, following PCaP NP treatment, the ATP:AMP ratio
was restored to levels comparable to the inactivated macrophages
(Fig. 5B). This outcome is indicative of the reestablishment of healthy
mitochondrial activity as well as a reduction in the rate of glycolysis,
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most often associated with classically activate macrophages. Moreover,
the amount of glucose was found to be elevated significantly in the PCaP
NP-treated condition relative to both the inactivated and classically
activated conditions (P < 0.01) (Fig. 5C).

Since increased glucose uptake is associated with classically acti-
vated macrophages, we decided to study the mitochondrial membrane
potential to gain further insight into the health and activity of the
mitochondria in treated macrophages. Changes in mitochondrial mem-
brane potential are linked with apoptosis, and depolarization of the
membrane results in the release of apoptotic factors and a loss of
OXPHOS [48]. Quantification of fluorescent images revealed that there
was a significant decrease (P < 0.001) in the membrane polarization of
classically activated compared to inactivated macrophages. Further-
more, the membrane potential significantly increased in classically
activated macrophages after PCaP NP treatment, acting as the electro-
chemical gradient driving OXPHOS (P < 0.01) (Fig. 5J and K). Finally,
the transcription factor HIF-1a was downregulated significantly (P <
0.01) in PCaP NP-treated classically activated macrophages compared to
untreated classically activated macrophages, restoring similar levels as
observed in the inactivated macrophage condition (Fig. 5L). In macro-
phages, HIF-1a plays an important role by downregulating OXPHOS and
promotes glycolysis to conserve oxygen and maintain ATP production,
typically observed in classically activated macrophages. Taken together,
these shifts in the metabolic profile of treated classically activated
macrophages are indicative of the macrophages adopting an alterna-
tively activated phenotype relying on OXPHOS rather than glycolysis,
demonstrating the feasibility of PCaP NP to diminish the classically
activated phenotype.

Lipidomic studies leveraging mass spectrometry were further uti-
lized to highlight the changes in the metabolic profile of inactivated
macrophages, untreated classically activated macrophages, and treated
classically activated macrophages. Lipophilic metabolites were isolated
from the organic phase following cell lysis and extraction prior to per-
forming mass spec (Fig. 5F). The collected raw spectra were analyzed
using MetaboAnalyst 6.0 to create and annotate a peak list that was then
used to perform untargeted lipidomics analysis [49]. Prior to performing
statistical analysis, the data was filtered, normalized, transformed, and
scaled (Fig. 5F). PCaP NP-treated macrophages were shown to possess a
distinct lipidomic profile from either inactivated or classically activated
macrophages (Fig. 5G, I, and Fig. S15). After observing this unique
lipidomic signature, we sought to better understand which pathways
were enriched in the PCaP NP-treated condition.

To accomplish this goal, pathway enrichment was performed using
the MFN pathway library and several key pathways, including (i)
carnitine shuttle (P < 0.01), (ii) vitamin E (P < 0.01), (iii) 3-ox0-10R
octadecadienoate beta-oxidation (P < 0.01), (iv) glycolysis and gluco-
neogenesis (P < 0.01), (v) vitamin K metabolism (P < 0.01), (vi) lino-
leate metabolism (P < 0.05), and (vii) squalene and cholesterol
biosynthesis (P < 0.05) were identified and found to be enriched in
PCaP-treated classically activated macrophages (Fig. 5H). Each of these
enriched pathways provide rationale for the metabolic shift away from a
proinflammatory phenotype observed in the treated condition. The
carnitine shuttle pathway is responsible for moving long-chain fatty
acids, such as 3-oxo-10R-octadecadienoate, into the mitochondria,
where they can be processed via p-oxidation to regenerate ATP at the
end of the electron transport chain [50,51]. Moreover, linoleic acid has
been shown to activate various receptors, including PPARy, thereby
promoting an anti-inflammatory phenotype and can also be used as an
energy source via FAO [31]. While squalene is a precursor to cholesterol,
this fatty acid has been implicated in literature to facilitate the resolu-
tion of wound healing by promoting anti-inflammatory signals (i.e., IL-
10, IL-13, and IL-4) and encouraging tissue remodeling while sup-
pressing pro-inflammatory signals (i.e., TNF-a and NF-kB) [52]. Lastly,
the vitamin E metabolic pathway was shown to be enriched in our
treated condition. The metabolism of this lipid-soluble antioxidant is
known to suppress pro-inflammatory signals including NF-kB, scavenge
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Fig. 5. PCaP NP-treated classically activated macrophages undergo shifts in metabolism and bioenergetics that are indicative of cellular health. A) Schematic
depicting PCaP NP treatment to M1-like macrophages and extraction of water-soluble metabolites, representative QNMR spectra used to identify key metabolites, and
schematic illustration of how these spectra are used to make biological interpretations about cellular behavior following treatment. B) Ratio of ATP: AMP
demonstrating changes in bioenergetics following PCaP NP treatment (n = 3). C) Changes in glucose as quantified by gQNMR. D) PLS-DA analysis and 95% confidence
intervals demonstrating PCaP NP-treated classically activated macrophages are metabolically distinct from M1-like and inactivated macrophages. Important me-
tabolites were identified via the PCA loading scores (n = 3). E) Heatmap depicting changes in individual metabolites quantified via NMR (n = 3). Scale = Z-score F)
Schematic demonstration of the isolation of lipids from cellular extracts, representative mass spectrometry spectrum demonstrating differences in lipidomic profiles
in MO, M1-like, and M1-like treated macrophages with PCaP NP. The data was subject to median normalization, log transformation, and auto scaled to create a
normal distribution. G and H) PCA and pathway enrichment analysis of M1-like and M1-like treated macrophages (n = 3). I) Heatmap depicting M1-like treated
macrophages have a lipidomic profile that is distinct from MO and M1-like macrophages (n = 3). Scale = Z-score. J) Representative fluorescent microscopy images
following JC-1 staining of MO, M1-like, and M1-like macrophages treated with PCaP NP. Scale bar = 100 pm. K) Quantification of JC-1 red: green ratio (n = 3). L) RT-
(iPCR of HIF-1a to further demonstrate mitochondrial health. Mean + SEM, one-way ANOVA, turkey test, and t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6. Transcriptomic changes mediated by PCaP NP in classically activated treated macrophages. A and B) Volcano plots showing genes regulated in (A) classically
activated versus inactivated macrophages and (B) classically activated versus PCaP NP treated classically activated macrophages (n = 5). Important cytokines,
transcription factors, and biological markers are highlighted in red if they are pro-inflammatory or green if anti-inflammatory. C) PCA analysis demonstrating MO,
M1-like, and M1-like treated macrophages possess distinct transcriptomic signatures (n = 5). D—F) Genes that were differentially expressed in M1-like treated
macrophages compared to M1-like macrophages were entered into pathway analysis for (D) biological processes, (E) molecular processes, and (F) cellular processes
(n = 5). The top 10 significant pathways for each category are depicted. (G) Heatmap demonstrating the genes involved in the top 2 biological processes “Defense
response to other organisms” and “Response to interferon-gamma” (n = 5). Scale = Z-score of FPKM values. H and I) Pie charts demonstrating the percent of
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radicals from reactive nitrogen species, and terminate lipid peroxidation
[51,53]. Similarly, vitamin K, which was also enriched in our treated
condition, is known to suppress inflammatory cytokine production and
NF-xB activity [54].

2.4. Transcriptomic profiles of classically activated and PCaP NP treated
macrophages

To gain insight into how the PCaP NP platform influences the tran-
scriptomic profile of treated classically activated macrophages, we
analyzed the inactivated, classically activated, and PCaP NP-treated
classically activated macrophages using bulk RNA sequencing. Given
the metabolomic changes that were observed in both the hydrophilic
and hydrophobic metabolites, we expected to observe significant
changes in the phenotype of treated cells. We noted that 24 h after
activation, there was an increase in pro-inflammatory chemokines,
chemokine receptors interleukins, vascular cell adhesion molecules,
JAK-STAT activation, and transcription factors in the classically acti-
vated compared to inactivated macrophages (Fig. 6A). Similarly, anti-
inflammatory signals such as mertk, tgffR2, and il4r were down-
regulated. However, treatment of classically activated macrophages
with the PCaP NP platform significantly reduced pro-inflammatory
mediators, such as interferons, cytokines, toll-like receptors, pro-
inflammatory transcription factors, and caspase activity. Concurrently,
the platform increased anti-inflammatory markers, including growth
factors, interleukins, M2 macrophage polarization markers, tissue
remodeling proteins, and anti-inflammatory transcription factors
(Fig. 6B). In fact, principal component analysis reveals the treated
activated macrophages adopt a phenotype that is distinct from either the
inactivated and classically activated macrophages (Fig. 6C and Fig. S11).

Moreover, RNA-seq reveals that transcripts in the cholesterol
biosynthesis pathway leading from acetyl-CoA to squalene are upregu-
lated in the PCaP NP-treated condition while lanosterol synthase is
down-regulated and should limit cholesterol synthesis (Fig. 6B).

Next, we determined what genes controlled the major biological
processes most significantly affected following PCaP NP treatment,
including defense response to other organisms and response to
interferon-gamma, respectively (Fig. 6D, G, and Fig. S12). Following
treatment with PCaP NP, the top five molecular functions that increased
involved recognizing, responding to, and providing chemical signals in
the environment. Specifically, these included (i) glycosaminoglycan
binding, (ii) cytokine activity, (iii) oxidoreductase activity, (iv) heparin
binding, and (v) cytokine receptor binding (Fig. 6E). Moreover, the top
five cellular components affected by PCaP NP treatment in classically
activated macrophages were related to extracellular signaling and
include (i) extracellular matrix, (ii) membrane rafts, (iii) membrane
microdomain, (iv) proteinaceous extracellular matrix, and (v) mem-
brane region (Fig. 6F). Reactome pathway analysis also highlighted that
PCaP NP-treated activated macrophages had alterations in the extra-
cellular matrix organization, cytokine signaling, immune system,
metabolism, and signal transduction (Supplemental Table 2). When
comparing the genes that were differentially expressed between the
PCaP NP-treated and classically activated conditions, there was a clear
shift in the transcriptomic profile between these conditions. Of the genes
involved in the inflammatory process, 84% of the differentially
expressed genes (DEGs) in classically activated macrophages were pro-
inflammatory, and only 16% were immunosuppressive (Fig. 6H).
Conversely, in the PCaP NP-treated group, 68% of the DEGs displayed
immunosuppressive characteristics, while only 32% were identified as
immunoactive (Fig. 6I). Finally, the genes associated with the top five
biological processes that were increased in classically activated macro-
phages following PCaP NP were organized in a Venn diagram and
approximately 83.5% (259/310) of the genes were involved in 1 or 2
processes. The remaining 51 were involved in 3-4 processes, with only 4
genes (cxcl10, cxcl9, il6, and lyst) involved in 4 biological processes
(Fig. 6J and Supplemental Table 3).
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3. Conclusion and summary

In this study, we have successfully developed and characterized a
synergistic nanoparticle platform composed of biodegradable and
biocompatible materials to achieve efficient intracellular delivery of
DNAzymes into macrophages. In classically activated macrophages,
IRF5 supports a pro-inflammatory, glycolysis-dependent metabolic
state, that elevates cytokine production and sustains an inflammatory
milieu. By reducing IRF5 expression, we effectively redirect the cellular
energy balance toward oxidative phosphorylation and improve mito-
chondrial health. This metabolic reprogramming indicates a shift away
from a pro-inflammatory phenotype. Such a shift is significant at the
cellular level and has broader implications in treating conditions driven
by chronic inflammation. Traditional therapeutic approaches often
involve systemic immunosuppression or broad-spectrum anti-inflam-
matory drugs that carry the risk of severe side effects and reduced
specificity [55]. Our nanoparticle-based platform circumvents these
limitations by providing an efficient and tunable method of modulating
macrophage polarization. This precision approach may enhance tissue
repair, reduce pathological inflammation, and improve the overall
outcomes in various chronic inflammatory conditions.

By employing CaP nanoparticles coated with an ionizable polymer,
our platform ensures the stable encapsulation of 10-23 DNAzymes, their
transport into the macrophage cytoplasm, and their subsequent activa-
tion under physiologically relevant conditions. Unlike traditional RNA
interference (RNAi)-based systems, which often depend on multiple
endogenous factors and are vulnerable to rapid enzymatic degradation,
DNAzymes require only a divalent metal ion cofactor for catalytic ac-
tivity and are inherently less immunogenic. This reduced immunoge-
nicity is critical in cells like macrophages which possess a wide array of
pattern recognition receptors and cytosolic sensors, such as cGAS-STING
that can trigger innate immune responses upon detecting foreign nucleic
acids. Furthermore, the CaP nanoparticle core not only protects the
DNAzyme cargo from degradation by extracellular and intracellular
nucleases but also provides a continuous source of divalent calcium ions
that enhance DNAzyme activity while PBAE facilitates cellular uptake
and endosomal escape of the nanoparticles.

From a translational perspective, our technology platform can be
readily adapted to deliver different DNAzymes or other nucleic acid-
based therapeutics for distinct molecular targets. Such adaptability
broadens the spectrum of possible clinical applications and allows for
rapidly customizing therapies for specific disease contexts. In our case,
the PCaP NPs should translate fluidly from in vitro to in vivo in-
vestigations. Our therapeutic platform is entirely biodegradable to
ensure full renal clearance, which is typically problematic with many
NP-based platforms. Secondly, the degraded components of our system
have been shown to be non-toxic and ultimately biocompatible from a
biosafety point of view. Lastly, our platform has been shown to resist
degradation over a 4-6 day period of time, ensuring good bioavailability
for the therapeutic to reach its intended target. Once reached, the acidic
microenvironment of the endosome will facilitate the NP's dissolution
and release the nucleic acid payload to provide the intended therapeutic
function. However, our platform is currently optimized for in vitro
studies and still requires further design for optimal in vivo testing. For
example, in the complex in vivo biological environment, it would be
crucial to incorporate a targeting ligand on the PCaP NP for
macrophage-honing to ensure high efficacy of the therapeutic. Due to
the modular design of our system, modifying the PBAE polymer coating
of the NP with such a ligand would be entirely feasible and likely not
affect the biodegradable characteristics of the system. In this way, we
hypothesize that the design of our PCaP NP system allows for modular
tuning which would facilitate a transition to a more clinically-relevant in
vivo investigation. Although we have not explored in vivo testing for our
platform in the scope of this manuscript, we intend to venture into such
translational testing in future works.

In summary, our work presents a robust and innovative strategy for
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reprogramming macrophages away from a pro-inflammatory pheno-
type. By delivering and activating a 10-23 DNAzyme targeting IRF5
with our carefully designed platform, we significantly reduced pro-
inflammatory cytokine production through modulating key inflamma-
tory pathways. This approach may offer novel therapeutic avenues for
managing chronic inflammatory diseases, such as autoimmune disorders
and metabolic syndrome, and has the potential to improve wound
healing outcomes significantly. Beyond macrophage reprogramming,
the principles established here, including precise targeting, minimal
immunogenicity, controlled activation, and phenotypic modulation, can
be extended to other immune cells and inflammatory mediators. Ulti-
mately, this nanoparticle-based platform has the potential to revolu-
tionize the development of next-generation immunomodulatory
therapies.
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