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ABSTRACT: Circulating cell-free DNA (cfDNA) released by
damaged cells causes inflammation and has been associated with
the progression of sepsis. One proposed strategy to treat sepsis is to
scavenge this inflammatory circulating cfDNA. Here, we develop a
cfDNA-scavenging nanoparticle (NP) that consists of cationic
polyethylenimine (PEI) of different molecular weight grafted to
zeolitic imidazolate framework-8 (PEI-g-ZIF) in a simple one-pot
process. PEI-g-ZIF NPs fabricated using PEI 1800 and PEI 25k but
not PEI 600 suppressed cfDNA-induced TLR activation and
subsequent nuclear factor kappa B pathway activity. PEI 1800-g-ZIF
NPs showed greater inhibition of cfDNA-associated inflammation and
multiple organ injury than naked PEI 1800 (lacking ZIF), and had
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greater therapeutic efficacy in treating sepsis. These results indicate that PEI-g-ZIF NPs acts as a “nanotrap” that improves upon
naked PEI in scavenging circulating cfDNA, reducing inflammation, and reversing the progression of sepsis, thus providing a novel

strategy for sepsis treatment.
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B INTRODUCTION

Sepsis is a life-threatening systemic inflammatory response to
infection"” that involves a dysregulated host immune response
and aberrant inflammatory reactions which can lead to
multiple organ damage and death.’™ The WHO estimates
that nearly 20% of all deaths globally are caused by sepsis.’
Treatments for sepsis include administration of intravenous
fluids for fluid and metabolic resuscitation, antibiotics, removal
of endotoxins using polymyxin B columns, and anti-
inflammatory corticosteroids or anticytokine drugs.””” How-
ever, the mortality rate for severe sepsis remains as high as 50%
in some settings, and as high as 80% for septic shock,® and
there is an urgent need for more effective sepsis therapies.
Inflammatory dysregulation in sepsis is driven by activation
of pattern recognition receptors (PRRs). During sepsis
progression, PRRs such as toll-like receptors (TLRs) play an
essential role in the aberrant inflammatory response that
contributes to sepsis-related mortality.'” In sepsis, the host
immune response is initiated by PRR recognition of danger
signals such as pathogen-associated molecular patterns
(PAMPs) or endogenous danger-associated molecular patterns
(DAMPs).' " Cell-free DNA (cfDNA)—which includes
pathogen-derived CpG oligodeoxynucleotides, endogenous
DNA released by damaged cells, and neutrophil extracellular
traps—is thought to play a critical role in eliciting a sterile
inflammatory response during sepsis.'®> cfDNA is recognized by
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TLRs, evoking intracellular signaling cascades that activate
transcription factors including nuclear factor kappa B (NF-«B),
eliciting inflammatory cytokine expression.'* Two main
strategies have been explored for blocking TLR activation by
cfDNA, i.e., (1) the use of TLR antagonists and (2) clearance
of inflammatory circulating cfDNA. Many antagonists have
been developed to block TLR activation to treat inflammation-
related diseases.'”'® However, these antagonists systemically
inhibit TLR function, which can result in immune suppression
and increase the risk of infection.'” An alternative is to use
cationic nanoparticles (NPs) to bind and eliminate the anionic
proinflammatory nucleic acids such as CpG. Cationic NPs have
been shown to scavenge cfDNA, have exhibited therapeutic
efficacy in a mouse liver failure model,'® and have shown
beneficial effects in treating cancer metastasis, rheumatoid
arthritis, and lupus—diseases that involve pathological
immune responses and TLR activation.'” > Thus, using
cationic NPs to scavenge inflammatory cfDNA is a promising
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Figure 1. (A) Preparation of PEI-g-ZIF NPs. (B) CLP-induced sepsis model. (C) Schematic of inflammation in untreated sepsis (left) and sepsis

treatment by cfDNA scavenging by PEI-g-ZIF NPs (right).

approach for preventing aberrant TLR activation and to treat
sepsis without blocking all TLR function.

Here, we create cationic metal—organic “nanotraps” for
scavenging inflammatory circulating DNA by grafting cationic
polyethylenimine (PEI) polymers onto a zeolitic imidazolate
framework-8 (PEI-g-ZIF) via a simple one-pot process (Figure
1A). We compare PEI-g-ZIF NPs fabricated using PEI of
different molecular weights (600, 1800, and 25k Da) and with
pure PEI (lacking ZIF), and characterize the NPs in terms of
their composition and physiochemical properties, DNA
binding affinity, inhibition of cfDNA-induced TLR activation
and inflammatory cytokine release, and antisepsis therapeutic
activity in a cecal ligation and puncture (CLP)-induced sepsis
model in vivo (Figure 1B and 1C).

B RESULTS AND DISCUSSION

Characterization of NPs. PEI-g-ZIF NPs were synthesized
in situ by mixing 2-methylimidazole (MIM), Zn**, and PEI of
different molecular weights (600, 1800, and 25k Da) using a
simple, rapid method at ambient temperature (see Exper-
imental Procedures). PEI molecules coordinate with Zn** and
serve as linkers with MIM during synthesis, endowing the NPs
with positive charge and excellent dispersibility in aqueous
solution. The assembly of Zn*, MIM, and PEI during the
synthesis process could be deduced in two modes. One is that
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PEI embedded into the framework through Zn—N bonds, and
the other is tangling onto the particle surface through Zn—N
bonds. The size and polydispersity index (PDI) of the NPs
decreased with increasing PEI molecular weight (Figure S1A—
C), possibly due to preferential coordination of PEI amino
groups with Zn®* over the excess MIM, causing accelerated
formation of smaller PEI-g-ZIF NPs. The strong electrostatic
repulsive force and soluble amine groups provided by PEI
resulted in high dispersity. The effect of PEI on particle
composition was investigated by Fourier transform infrared
(FTIR) spectroscopy and 'H nuclear magnetic resonance
(NMR) spectroscopy. A weakened absorption peak at 421
cm™! belonging to the Zn—N stretch vibration of ZIF-8 was
observed in the FTIR spectra of PEI-g-ZIF NPs (Figure
SID),” suggesting that reduced formation of Zn—MIM—Zn
bonds resulted from coordination between PEI and Zn. In
addition, a new broad peak around 3000—3700 cm ™" assigned
to N—H stretching vibration of primary and secondary amino
groups of PEI appeared in the spectra of PEI 1800-g-ZIF and
PEI 25k-g-ZIF NPs but not in the spectrum of pure ZIF-8 NPs,
indicating successful grafting of PEL The appearance of a
proton peak belonging to PEI at 3.0—4.0 ppm in '"H NMR
spectra confirmed the existence of PEI in PEI 1800-g-ZIF and
PEI 25k-g-ZIF NPs (Figure S1E).”* Interestingly, a negligible
peak belonging to PEI was observed in the FTIR and '"H NMR
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Figure 2. DNA binding efficiency of pure PEI and PEI-g-ZIF NPs at various NPs:DNA mass ratios at 37 °C in (A) TE buffer and (B) TE buffer
with 10% FBS. [DNA] = 0.5 yug/mL. The legends indicate NPs:DNA weight ratios. (C) DNA binding efficiency of different NPs at a weight ratio
of NPs to DNA of 12.8/1 in the presence of heparin at different concentrations. [DNA] = 0.5 ug/mL. The legend indicates the heparin:DNA
weight ratio. (D) Cytotoxicity of NPs at different concentrations to RAW 264.7 cells. The legend indicates NPs concentration (ug/mL). (E)
CLSM images of colocalization of FITC-labeled PEI-g-ZIF NPs and CyS-labeled CpG in lysosomes. Scale bar, 10 um.

spectra of PEI 600-g-ZIF NPs, possibly due to the small
amount of PEI in these NPs. A major ZIF-8 crystalline peak
was observed in the powder X-ray diffraction (PXRD)
spectrum of the PEI-g-ZIF NPs, indicating the preservation
of ZIF-8 structure after introduction of PEIL The reduced
peaks in PEI-g-ZIF NPs compared with pure ZIF-8 NPs could
be interpreted as reduced crystallinity after grafting PEI
(Figure S1F).”® The Brunauer—Emmett—Teller (BET) surface
area of PEI 1800-g-ZIF NPs and PEI 25k-g-ZIF NPs decreased
to 110.4 and 38.2 m?/g compared with that of 1566 m?/g for
ZIF-8 NPs (Figure S2), which could be ascribed to the
insertion of significant quantities of PEI molecule into the
pores as well as nonporous polymer material coated on the
external surface. The amounts of PEI and Zn in the PEI-g-ZIF
NPs were determined by thermogravimetric analysis (TGA)
and by inductively coupled plasma mass spectrometry (ICP-
MS) (Figure S3 and Table S1).

DNA Binding Affinity of Cationic NPs. The DNA
binding affinity of the cationic NPs was investigated by
competitive binding of calf thymus DNA with PicoGreen agent
in TE buffer with and without 10% FBS. All cationic NPs
except PEI 600-g-ZIF showed excellent DNA binding affinity,
even at low NPs:DNA weight ratios (Figure 2A). PEI 1800-g-
ZIF and PEI 25k-g-ZIF NPs exhibited greater DNA binding
affinity than PEI 600-g-ZIF NPs, indicating that DNA binding
was influenced by the PEI molecular weight. Encouragingly,
PEI 1800-g-ZIF and PEI 25k-g-ZIF NPs showed similar DNA
binding affinity as their pure PEI counterparts (PEI 1800 and
PEI 25k), despite the lower density of PEI on their surfaces.
The presence of 10% FBS reduced DNA binding in all groups
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at a low NPs:DNA weight ratio (Figure 2B), possibly due to
FBS proteins competitively binding the DNA or the NPs, but
DNA binding was restored at higher NPs:DNA weight ratios.
A heparin competition array was conducted to investigate the
stability of the NPs—DNA complex. DNA binding affinity was
unaffected at heparin:DNA weight ratios less than 3.2 but
decreased at higher heparin:DNA weight ratios (Figure 2C).
Taken together, these results indicated that the cationic NPs
could bind DNA in the presence of serum at moderate NPs
concentrations.

TLRY is expressed not only on the plasma membrane but
also in cell endosomes.”® As CpG oligonucleotides are
internalized by endocytosis, TLR9 is relocated to the CpG-
containing endosomes. Colocalization of CpG DNA and TLR9
in endosomes induces recruitment of the adapter protein
MYDS8S8 to initiate signaling.27 Therefore, we conducted an
intracellular trafficking in vitro study using FITC-labeled PEI-g-
ZIF NPs and CyS-labeled CpG 1826 to investigate endocytosis
of the NPs and their potential to bind CpG and block TLR9
activation. A CCK-8 assay was performed to determine NPs
cytotoxicity, and an NPs concentration of 10 ug/mL was
selected for subsequent experiments as PEI-g-ZIF NPs
exhibited limited cytotoxicity to RAW 264.7 at concentrations
below 12.5 pg/mL (Figure 2D). Colocalization of PEI-g-ZIF
NPs and CpG fluorescence was observed in endolysosomes
(Figure 2E), indicating internalization of PEI-g-ZIF NPs via
endocytosis, which might be beneficial for blocking recognition
between CpG and TLR9 and reducing inflammation in sepsis.

Anti-inflammatory Effect In Vitro. We next evaluated the
ability of the NPs to reduce cfDNA-induced inflammation in
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Figure 3. Activation of (A) HEK-Blue hTLRY, (B) HEK-Blue hTLR3, and (C) HEK-Blue hTLR4 reporter cells in the absence of FBS after 24 h
treatment with NPs. Activation of (D) HEK-Blue hTLRY, (E) HEK-Blue hTLR3, and (F) HEK-Blue hTLR4 reporter cells in the presence of 10%
FBS after 24 h treatment with NPs. CpG DNA was added 20 min before introducing the NPs. TLR activation was determined by SEAP activity in
supernatants using QUANTI-Blue (OD at 620 nm). In panels A—F, [CpG] = 1 pg/mL, [poly(1:C)] = 1 ug/mL, [LPS] = 1 ng/mL. The legend
indicates NPs:agonist weight ratios. (G) Schematic of NPs inhibition of nucleic acid-induced TLR activation. (H) TNF-& mRNA and (I) TNF-«
cytokine level in different groups after 24 h treatment with NPs. In all groups except the control, RAW 264.7 macrophages were stimulated with
CpG for 20 min before introducing the NPs. In panel H, [CpG] = 1 ug/mL, [NPs] = 1 ug/mL. In panel I, [CpG] = 1 pg/mL; the legend indicates
NPs:CpG weight ratios, and TNF-a in supernatants was evaluated by ELISA. In panels A—I, the data are expressed as the mean + SD. Statistical
analysis of different groups was performed using Student’s ¢ test (*p < 0.0S, **p < 0.01, ***p < 0.001).

vitro. The ability of the NPs to block ¢fDNA-induced TLR
activation was evaluated by using HEK-Blue human TLRs
(hTLRs) cells and monitoring the downstream activation of
NF-kB. HEK-Blue hTLRs cells were constructed by
cotransfection of the hTLRs gene and an optimized secreted
embryonic alkaline phosphatase (SEAP) reporter gene into
HEK 293 cells. The expression of the SEAP reporter gene was
controlled by an IFN-f minimal promoter fused to five NF-«xB
and AP-1 binding sites. Stimulation with TLR agonists
activates NF-xB and AP-1, which induces SEAP expression
(Figure S4). SEAP expression levels were determined by using
OD at 620 nm. The cationic NPs alone showed negligible
influence on TLRs pathway (Figure SS). ZIF-8 NPs with
different concentration displayed negligible inhibitory effect on
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the CpG-induced TLRY activation and LPS-induced TLR4
activation (Figure S6). All cationic NPs except PEI 600-g-ZIF
reduced CpG-induced activation of HEK-Blue hTLRY cells
and poly(I:C)-induced activation HEK-Blue hTLR3 cells in a
dose-dependent manner. Consistent with the DNA binding
results, PEI 1800-g-ZIF and PEI 25k-g-ZIF NPs showed an
inhibition effect that was similar to that of pure PEI 1800 and
PEI 25k (Figure 3A, B, D, E). In contrast, lipopolysaccharide
(LPS)-induced HEK-Blue hTLR4 cell activation was not
affected even at a high NPs:DNA weight ratio of 10000/1
(Figure 3C, F), indicating that the cationic NPs specifically
block cfDNA-induced TLR activation and subsequent NF-xB
expression (Figure 3G). Previously, TLR9 activation and
inflammatory cytokine secretion was observed a cecal ligation
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Figure 4. (A) Schematic of establishment of CLP model and treatment schedule. (B) Clinical score, (C) survival rate, and (D) body weight of mice
in different treatment groups monitored for S days. (E) Ex vivo fluorescence images and (F) quantitative data of major organs and cecum of CLP

mice treated with PEI 1800-g-ZIF NPs and pure PEI 1800.

and puncture (CLP)-induced mice sepsis model.”® Therefore,
we cocultured CpG with RAW 264.7 macrophages to induce
TLRO activation to investigate the anti-inflammatory effect of
the cationic NPs. Transcription of tumor necrosis factor-a
(TNF-a) mRNA and expression of TNF-a cytokine both
increased significantly after 24 h of coculture of the CpG and
the macrophages (Figure 3H, I). Addition of cationic NPs
inhibited macrophage activation and TNF-a release, demon-
strating an anti-inflammation effect due to DNA binding by the
NPs.

Therapeutic Effect of Cationic NPs in the CLP Model
of Sepsis. Having confirmed that the cationic NPs block
TLR9 activation and reduce NF-xB and TNF-a expression in
vitro, we turned our attention to investigate the therapeutic
activity of the NPs in vivo. The CLP model (Figure 4A), which
involves polymicrobial peritonitis-induced sepsis, is widely
used to study sepsis and exhibits activation of TLRs and other
characteristics relevant to clinical sepsis. We chose PEI 1800-g-
ZIF NPs for the in vivo study due to the negligible DNA
scavenging by PEI 600-g-ZIF NPs and the previously reported
severe systemic toxicity of PEI 25k.”® We compared the PEI
1800-g-ZIF NPs to pure PEI 1800. A CLP model with high-
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grade sepsis was established in C57 mice. The survival rate,
clinical score, and body weight of mice in different treatment
groups were monitored for five consecutive days after CLP-
induced sepsis. All animals in the untreated CLP group died
within 48 h. In contrast, intraperitoneal (i.p.) administration of
PEI 1800-g-ZIF NPs at 1 and 12 h post-CLP produced a
survival rate of 50%, higher than that of the pure PEI 1800-
treated group (30%), and otherwise delayed sepsis-induced
death (Figure 4B). A significantly reduced clinical score was
observed in the pure PEI 1800 and PEI 1800-g-ZIF NPs
treatment groups, indicating restoration of physical and mental
states after treatment (Figure 4C), which was further validated
by the increase in body weight after 2 days of treatment with
the materials (Figure 4D). The biodistribution of pure PEI
1800 and PEI 1800-g-ZIF NPs was assessed by labeling the
materials with Cy7 and using ex vivo fluorescence imaging.
Following injection with materials at 1 h after CLP, the major
organs and cecum were harvested at 4, 12, and 24 h after CLP
for fluorescence imaging. Both Cy7-labeled pure PEI 1800 and
PEI 1800-g-ZIF NPs preferentially localized in the liver and
inflamed cecum of CLP mice (Figure 4E, F). Accumulation of
cationic NPs increased with time and reached a peak at 12 h,
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Figure 5. (A) Serum and (B) relative peritoneal cfDNA levels at 24 h post-CLP. (C) M1 polarization ratio of macrophages and (D) cells with high
ROS level in the peritoneal cavity, measured by flow cytometry at 24 h post-CLP. Proinflammatory cytokines (E) TNF-a and (F) IL-6 in serum.
(G) TNF-a and (H) IL-6 in the peritoneal cavity. (I) Activation of HEK-Blue hTLRY cells by serum of mice from different groups. (J)
Fluorescence images of liver stained with anti-TNF-a. Scale bar, S0 um. TNF-a, green; DAPI, blue. Data are expressed as the mean + SD.
Statistical analysis of groups was performed using Student’s ¢ test (*p < 0.05, **p < 0.01, ***p < 0.001).

then decreased subsequently. The PEI 1800-g-ZIF NPs
exhibited a longer retention time in major organs than the
pure PEI 1800, which may result in prolonged protection from
inflammatory cfDNA released by damaged organs.

The amount of cfDNA in serum sharply increased after
establishment of CLP compared with control and sham groups.
Notably, PEI 1800-g-ZIF NPs and PEI 1800 treatments
reduced the cfDNA level to the normal level (Figure SA, B),
consistent with the in vitro DNA binding results, confirming
the cfDNA scavenging ability of the materials in vivo. We also
investigated the level of reactive oxygen species (ROS), as
excessive production of harmful ROS plays a critical role in the
pathophysiology of sepsis. Treatment with PEI 1800-g-ZIF
NPs and PEI 1800 reduced the percentage of cells with a high
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ROS level in the peritoneal cavity (Figure SD and Figure S7).
Similarly, treatment with these materials reduced the
percentage of M1 polarized macrophages (Figure SC),
indicating attenuation of inflammation. We also measured
the levels of proinflammatory cytokines secreted by activated
immune cells including TNF-a and interleukin 6 (IL-6). Both
PEI 1800-g-ZIF NPs and PEI 1800 reduced the serum and
peritoneal TNF-« level (Figure SE, G). Intriguingly, unlike the
PEI 1800-g-ZIF NPs, the pure PEI 1800 increased the
peritoneal and serum IL-6 levels (Figure SF, H). It was
noted that IL-6 is a key factor in the senescence secretome
secreted by dama%ed or senescent cells in inflamed sites or
neoplastic tissues,”” therefore we speculated that although
scavenging of cfDNA could inhibit IL-6 secretion by immune
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cells, the toxicity of free PEI 1800 to tissues could cause cell
damage or senescence, resulting in increased IL-6 release.’
The PEI 1800-g-ZIF NPs group showed the lowest TLR9
activation in serum, consistent with the cfDNA level in serum
(Figure SI). Since the OD value was related to SEAP
expression initiated by NF-xB, we concluded that the
therapeutic effect of the PEI 1800-g-ZIF NPs resulted mainly
from scavenging of cfDNA. Although pure PEI 1800 showed
identical serum cfDNA elimination, the toxicity of free PEI
1800 may cause tissue damage and morbigenous cfDNA
release, which could lead to TLRY activation.

Since multiple organ failure caused by a “cytokine storm” is
the primary consequence of severe sepsis in mice,”’
histopathological and biochemical analyses were performed
to determine the effect of the materials on sepsis. Based on
H&E staining, leukocyte infiltration and tissue destruction
were observed in multiple organs, including the lungs, kidney,
heart, and liver, of the CLP group (Figure S8), characteristics
typical of multiple organ injury. Pure PEI 1800 treatment
showed limited protective effect on organ damage. In contrast,
the PEI 1800-g-ZIF NPs treatment group exhibited markedly
reduced inflammation. Blood biochemical analysis indexes of
liver and kidney—aspartate aminotransferase (AST), blood
urea nitrogen (BUN), and creatinine (CRE)—confirmed the
protective effects of the PEI 1800-g-ZIF NPs in preventing
organ failure (Figure S9).

Since TNF-a plays a major role in organ failure in the
progression of sepsis, we next investigated TNF-a secretion in
the liver of mice using anti-TNF-a antibodies. Strong green
fluorescence was observed in the livers of untreated and PEI
1800-treated CLP mouse groups, indicating massive secretion
of TNF-a. PEI 1800-g-ZIF NPs treatment markedly reduced
TNF-a secretion in liver, consistent with the ameliorated liver
damage observed in H&E staining images (Figure S8).
Collectively, treatment with pure PEI 1800 showed limited
protective effect on organ damage and reduction of damage-
associated indexes, despite significantly reducing serum cfDNA
as well as reducing the percentage of cells with high ROS level
and the percentage of M1 polarized macrophages relative to
the untreated CLP group, supporting our assumption that free
PEI 1800 causes high toxicity to tissues. In addition, significant
inflammatory lesions were associated with administration of
pure PEI 1800 but not PEI 1800-g-ZIF NPs, observed by
characteristic histological damage and morphology differences
including inflammatory cell infiltration in liver and heart at day
S after administration, demonstrating the lower systemic
toxicity of PEI 1800-g-ZIF NPs versus free PEI 1800 (Figure
$10). These results demonstrated that the PEI-g-ZIF NPs
exhibit more favorable therapeutic activity and lower toxicity
than the soluble free PEI 1800 in vivo, and thus show great
potential for use in the treatment of sepsis.

B CONCLUSIONS

In this study, we present a novel sepsis treatment strategy that
involves scavenging inflammatory circulating cfDNA by using
cationic metal—organic NPs that exhibit better DNA-binding,
anti-inflammatory activity, and antisepsis therapeutic activity in
vivo than free cationic polymer. Cationic PEI 1800-g-ZIF NPs
inhibited cfDNA-induced TLR activation and NF-xB signaling
in vitro. An in vivo study showed that the PEI 1800-g-ZIF NPs
effectively mitigated CLP-induced multiple organ damage and
increased the survival rate of mice with severe sepsis,
outperforming free PEI 1800. Our work provides an alternative

strategy for treating severe sepsis and opens up possibilities for
developing DNA scavenging therapies for other cfDNA-
associated diseases.
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