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Acute lung injury (ALI) is a syndrome of acute inflammation,
barrier disruption, and hypoxemic respiratory failure associ-
ated with high morbidity and mortality. Diverse conditions
lead to ALI, including inhalation of toxic substances, aspiration
of gastric contents, infection, and trauma. A sharedmechanism
of acute lung injury is cellular toxicity from damage-associated
molecular patterns (DAMPs), including extracellular histones.
We recently described the selection and efficacy of a histone-
binding RNA aptamer (HBA7). The current study aimed to
identify the effects of extracellular histones in the lung and
determine if HBA7 protected mice from ALI. Histone proteins
decreased metabolic activity, induced apoptosis, promoted
proinflammatory cytokine production, and caused endothelial
dysfunction and platelet activation in vitro. HBA7 prevented
these effects. The oropharyngeal aspiration of histone proteins
increased neutrophil and albumin levels in bronchoalveolar
lavage fluid (BALF) and precipitated neutrophil infiltration,
interstitial edema, and barrier disruption in alveoli in mice.
Similarly, inhaling wood smoke particulate matter, as a clini-
cally relevant model, increased lung inflammation and alveolar
permeability. Treatment byHBA7alleviated lung injury in both
models of ALI. These findings demonstrate the pulmonary de-
livery of HBA7 as a nucleic acid-based therapeutic for ALI.

INTRODUCTION
Acute lung injury (ALI) results from various causes, including inha-
lation of toxic substances, aspiration of gastric contents, bacterial
infection, epidemic viruses, radiation, severe burns, and trauma. Pa-
tients with severe ALI often develop acute respiratory distress
syndrome (ARDS). The exudative phase of ARDS consists of the
activation of resident alveolar macrophages, infiltration of neutro-
phils, release of proinflammatory cytokines, and injury to epithelial
and endothelial cells, resulting in loss of barrier integrity, interstitial
and intra-alveolar edema, and impaired gas exchange.1,2 The ALI
incidence in the US is approximately 200,000 people annually,
with a mortality rate of �40%.3 However, the treatment of ALI fo-
cuses primarily on supportive measures, as there are no effective
662 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
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pharmacotherapies that meaningfully interrupt the progression of
injury.

Circulating histone levels are positively associated with the severity
and mortality of ARDS.4–7 Extracellular histones are also detected in
bronchoalveolar fluid (BALF) from patients with ALI.7–10 There are
five subtypes of histone proteins, including the linker histone H1
and four core histones, H2A, H2B, H3, and H4. Histones are posi-
tively charged and normally associate with DNA in the nucleo-
some.11 However, in response to tissue injury or stress, histones
are released into the extracellular space from injured cells, during
the formation of neutrophil extracellular traps (NETs), or within
exosomes from activated macrophages.12–14 Extracellular histones
cause tissue toxicity by increasing intracellular calcium levels and
altering membrane permeability.4,15,16 In addition, they act as dam-
age-associated molecular patterns (DAMPs), activate Toll-like re-
ceptors (TLRs), promote proinflammatory cytokine release,17–20

induce platelet activation and aggregation, and cause microvascular
thrombosis.16,21–25 Their ability to amplify tissue damage provides a
strong rationale for targeting extracellular histones in conditions
predisposing to ALI.

We identified several histone-binding RNA aptamers using systemic
evolution of ligands by exponential enrichment technology with high
affinity and specificity to histone proteins H3 and H4.16,26 RNA ap-
tamers are synthetic single-stranded oligonucleotides that bind to
their targets based on their sequence and structure.27–29 We reported
that RNA aptamer KU7 has binding constants with histones at nano-
molar levels and does not appreciably bind to other serum proteins.16

In the current study, we hypothesized that extracellular histones are
an essential mediator of lung injury, and the histone-binding aptamer
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. RNA aptamer HBA7 prevents histone-induced cytotoxicity

The dose responses of calf thymus histones (CTHs) in cellular metabolic activity (A–C). The effect of aptamer HBA7 on histone-mediated toxicity (D–F) and cell apoptosis (G–I,

total apoptotic cell countsmeasured by Annexin V staining). Human endothelial EA.hy926 cells were incubatedwith 50 mg/mLCTH for 24 h. Human pulmonarymicrovascular

endothelial cells (HPMVECs) and human epithelial A549 cells were treated with 75 mg/mL CTH for 4 and 24 h, respectively. HBA7 was added to cells 30 or 60 min after CTH.

The ratio refers to the molar ratio of HBA7 to CTH. Data are mean ± SEM, n = 3–8 independent experiments. **p < 0.01 vs. control; ##p < 0.01 vs. CTH.
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HBA7 (previously referred to as KU7) would protect mice from ALI
in response to wood smoke particulate matter.

A portion of the results was previously reported as an abstract.30

RESULTS
RNA aptamer HBA7 prevents histone-mediated cytotoxicity in

cultured cells

Human pulmonary endothelial cells (EA.hy926), human pulmonary
microvascular endothelial cells (HPMVECs), and human pulmonary
epithelial cells (A549) were exposed to calf thymus histones (CTHs).
CTHs were used because they represent a biologically relevant mixture
of post-translationally modified histone proteins compared with a re-
combinant histone protein. CTHs caused a concentration-dependent
decrease in cellular metabolic activity as measured by MTT assay in
all three cell types (Figures 1A–1C). CTH concentrations greater than
50 mg/mL significantly decreased cellular metabolic activity and were
chosen for subsequent experiments to evaluate the protective efficacy
of HBA7. Administration of CTH reduced cellular metabolic activity
(Figures 1D–1F) and induced cell apoptosis (Figures 1G–1I) in
EA.hy926 cells, HPMVECs, and A549 cells. Concentration of HBA7
to CTH at molar ratios of 1:8, 1:4, and 1:2 were delivered 30 min after
CTH, which rescued cellular metabolic activity and prevented
apoptosis. Importantly,HBA7 alonedid not affect cellularmetabolic ac-
tivity or apoptosis. The representative cytometry plots of the apoptosis
data are provided as a Figure S1.
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 663

http://www.moleculartherapy.org


Figure 2. HBA7 prevents histone-mediated upregulation of proinflammatory cytokines

The mRNA expression of cytokines IL-1b (A) and IL-6 (B) in human pulmonary microvascular endothelial cells was measured at 4 h after CTHs (75 mg/mL) challenge. Protein

levels of IL-6 in cell supernatants (C) wasmeasured by ELISA. HBA7was added 30min after CTH exposure. The ratio refers to themolar ratio of HBA7 to CTH. Data aremean

± SEM, n = 3–8. **p < 0.01 vs. control; ##p < 0.01 vs. CTH.
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HBA7 inhibits histone-mediated upregulation of

proinflammatory cytokines

Exposure of HPMVECs to CTHs (75 mg/mL) for 4 h increased mRNA
expression of the proinflammatory cytokines interleukin-1b (IL-1b)
and IL-6 (Figures 2A and 2B). CTH also increased IL-6 protein levels
in the cell supernatants measured by ELISA (Figure 2C), whereas IL-
1b protein levels did not significantly change from control levels
(below detectable limits). The addition of aptamer HBA7 30min after
exposure to CTH prevented the generation of cytokines, while HBA7
alone did not stimulate cytokine production (Figure 2).

HBA7 prevents histone-mediated endothelial dysfunction and

platelet activation

Endothelial dysfunction and platelet activation cause pulmonary
microvascular thrombosis and contribute to lung injury.31,32 Intercel-
lular adhesion molecule (ICAM) attracts neutrophils to adhere to
endothelial cells,33 whereas von Willebrand factor (vWF) facilitates
platelet adhesion and activation in hemostasis and thrombosis.34,35

Both ICAM and vWF are markers of endothelial dysfunction. The in-
cubation of EA.hy926 cells (Figures 3A and 3B) and HPMVECs
(Figures 3C and 3D) with CTH for 4–6 h promoted the release of
ICAM and vWF into the culture media. Treatment with HBA7 after
CTH resulted in a concentration-dependent reduction in ICAM and
vWF (Figure 3).

P-selectin is expressed on the surface of activated platelets and is
involved in platelet aggregation.36–38 Exposure of human platelets
to CTH for 15 min induced P-selectin surface expression (Figure 3E).
HBA7 administered with histones prevented platelet activation, while
HBA7 alone did not affect platelet activation. In contrast, HBA7 did
not inhibit thrombin-mediated platelet activation.

Lung distribution and retention of inhaled Alexa 647-HBA7 in

mice

Potential advantages of delivering HBA7 via inhalation include
targeted delivery to the lung and greater retention of the aptamer at
the site of injury. Before testing the in vivo efficacy of HBA7 in pre-
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venting lung injury in mice, we first assessed the distribution and
retention of HBA7 in the lung and other organs after pulmonary de-
livery. A fluorescent-tagged Alexa 647-HBA7 was delivered to mice
via oropharyngeal aspiration. Tissues and BALF were collected at 4
and 24 h after aptamer administration. Histologic sectioning through
the lungs demonstrated Alexa 647 in all lobes and at both time
points (Figure 4), while no fluorescent signal was detected in phos-
phate-buffered saline (PBS)-treated control lungs. These findings
are consistent with the distribution of microspheres after oropharyn-
geal aspiration.39 The Alexa 647 signal was not observed in the heart,
liver, kidney, spleen, or brain. The amount of HBA7 retained in the
lungs at 24 h was less than 15% of that recovered at 4 h as measured
by fluorescence intensity in BALF (339.2 ± 129.9 vs. 46 ± 5.6 nM,
n = 3) and by RT-PCR using RNA extracted from lung tissues
(12 ± 2.5 vs. 0.8 ± 0.1 pmol/10 mg tissue; n = 3).

Inhalation of HBA7 protects from histone-mediated ALI in mice

We first evaluated the in vivo efficacy of HBA7 in a proof-of-concept
histone-mediated lung injury model. CTH was administered to mice
via oropharyngeal aspiration. HBA7 was delivered at the same time as
histones or 30 min before or 30 min after histones. BALF and organs
were collected 8 h after the histone challenge (Figure 5).

The number of macrophages (Figure 5A) and neutrophils (Figure 5B)
in BALF increased within 8 h after exposure to CTH. The administra-
tion of HBA7 concurrently with histones completely prevented his-
tone-mediated white blood cell (WBC) infiltration. However, the
administration of HBA7 30 min before or after the histones did not
reduce histone-induced WBC counts in BALF.

The cytokine IL-6 is produced by various cell types in response to TLR
activation. IL-6 levels in the BALF increased after exposure to CTH
(Figure 5C). HBA7 blocked the production of IL-6 when adminis-
tered with histones but not with pre- or post-treatment. These find-
ings suggest that the cellular signals responsible for initiating the infil-
tration ofWBCs and producing IL-6 occur immediately or at very low
concentrations of histones.



Figure 3. HBA7 prevents histone-mediated endothelial cell dysfunction and

platelet activation

Human endothelial EA.hy926 cells (A and B) were incubated with 50 mg/mL CTH for 6

h. HPMVECs (C andD) were treatedwith 75 mg/mLCTH for 4 h. Intercellular adhesion

molecule (ICAM) and von Willebrand factor (vWF) were measured in cell supernatants

by ELISA. Aptamer HBA7 was added 30–60 min after CTH. n = 4–7. (E) HBA7 pre-

vents histone-mediated platelet activation. Human platelets were exposed to CTH

(50 mg/mL) for 15 min, and platelet activation marker P-selectin expression was

measured by flowcytometry. Aptamer HBA7was added at the same time as theCTH.

The ratio refers to the molar ratio of HBA7 to CTH. n = 3–5. *p < 0.05, **p < 0.01 vs.

control; #p < 0.05, ##p < 0.01 vs. CTH. Data are mean ± SEM.
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Increased pulmonary vascular permeability is a hallmark of ALI and
ARDS. Therefore, we measured albumin levels in BALF to assess for
alveolar-capillary membrane damage. Inhalation of CTH increased
albumin in the BALF (Figure 5D). In contrast to the effects of
HBA7 on WBCs, HBA7 attenuated the movement of albumin into
the alveoli at each time tested (Figure 5D). These data indicate that
HBA7 protects from barrier disruption despite the presence of
WBCs in the BALF.

Histological examination showed neutrophil infiltration, alveolar
destruction, and interstitial edema in histone-treated lungs compared
with saline-treated control lungs (Figure 5E). HBA7 alleviated the
alveolar damage caused by histones (Figure 5). The delivery of
HBA7 alone did not increase WBC, IL-6, or albumin levels in
BALF (Figures 5A–5D) and caused no histopathologic changes
(Figure 5E).

Efficacy of HBA7 in a wood smoke inhalation model of ALI

Smoke inhalation injury is the leading cause of death due to fires. A
primary cause of pulmonary damage is the inhalation of particulate
matter. Smoke particulate matter deposits along the mucosa and
alveoli to initiate local tissue and alveolar injury.40 We tested the ef-
ficacy of HBA7 in a clinically relevant model of ALI by delivering
eucalyptus flaming smoke particulate matter (PM) to mice via
oropharyngeal aspiration.41

Inflammation and alveolar permeability were increased 24 h after
PM, as evident by total WBC, macrophage, and neutrophil counts
(Figures 6A–6C), the release of proinflammatory cytokines
(Figures 6D and 6E), and albumin (Figure 6F) in BALF. HBA7
delivered by oropharyngeal aspiration 30 min before (HBA7+PM),
at the same time as (PM/HBA7), or 30 min after (PM+HBA7)
smoke particulate exposure decreased WBC and neutrophil counts,
inhibited cytokine release, and reduced alveolar albumin in BALF.
Histone H3 levels were increased in the BALF of PM-challenged
mice (Figures 6G and 6H), and administration of HBA7 decreased
H3 levels. Histological examination of the lungs showed that PM
exposure caused neutrophil infiltration to alveoli and interstitial
edema (Figures 6I and 6J). Administration of HBA7 reduced lung
injury to PM each time point administered (Figures 6I and 6J).

DISCUSSION
There are multiple causes of ALI, including inhaling toxic substances,
infection, aspiration of gastric contents, radiation, and trauma. Pa-
tients with severe ALI will progress to ARDS, with a high risk of
morbidity and mortality. Tissue damage in the lung releases
DAMPs, including histone proteins. Histones normally reside in
the nucleus, where they partner with DNA. However, when released
from damaged cells, histones propagate tissue injury via activation of
TLRs, calcium influx, platelet aggregation, and cell death. Because his-
tones (cationic proteins) normally associate with DNA in the nucle-
osome, we hypothesized that RNA aptamers (anionic molecules)
would have extraordinarily high affinity and specificity for histones,
making them an ideal reagent for neutralizing extracellular histones.
In this study, we tested the efficacy of histone-binding RNA aptamer
HBA7 in preventing ALI. In vitro studies revealed that extracellular
histones were toxic to lung endothelial and epithelial cells and pro-
moted proinflammatory cytokine production and caused endothelial
dysfunction and platelet activation. Furthermore, the aspiration of
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Figure 4. Lung distribution and retention of inhaled Alexa 647-HBA7 in mice

Microscopy images showed lung distribution of Alexa 647-HBA7 at 4 and 24 h after delivery. The fluorescent-tagged aptamer Alexa 647-HBA7 (1.7 nmol, 30 mg) was

delivered to C57BL/6 mice via oropharyngeal aspiration. Scale bar is 100 mm.
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histones by mice caused alveolar infiltration of macrophages and
neutrophils and barrier disruption. The delivery of HBA7 attenuated
histone-mediated injury in vitro and in vivo. Finally, in a clinically
relevant model, the pulmonary delivery of HBA7 before, during, or
after exposure to smoke PM alleviated ALI.

Cells demonstrate a threshold response to histones such that as the
concentration of histones increases, their toxicity also increases.
Thus, a strategy of neutralizing histones to maintain a concentration
below irreversible tissue damage has the potential to be clinically valu-
able. We found evidence to support this concept both in vitro and
in vivo. For example, HBA7 prevented cell death at molar concentra-
tions of 1:8 HBA7:CTH. This observation suggests that a molecule of
aptamer can neutralize several molecules of histone proteins. Howev-
er, higher aptamer concentrations were necessary to prevent inflam-
mation, endothelial dysfunction, and platelet activation.

In animal studies,HBA7wasmost effective when administered simulta-
neously with CTH. In this condition, theHBA7 andhistone proteins are
in the same solution, maximizing their interaction. Nevertheless, there
are several insights from this protocol. First, it represents the best-case
scenario for HBA7 to neutralize the effect of extracellular histones. If
HBA7 did not bind to histones efficiently, the unbound histones would
have pathologic effects. By administering them together, our data show
that HBA7 is very effective at binding histones, with the capacity to pre-
vent histone-mediated toxicity. Second, these data demonstrate that the
histone HBA7 complex does not cause cellular damage.

When HBA7 was delivered 30 min before or after CTH, it protected
from disruption of the alveolar barrier but did not prevent WBCs or
IL-6 in BALF. This finding suggests that the threshold concentration
of histones for barrier disruption is higher than for causing inflamma-
tion. In addition, histones have an immediate toxic effect on cells and
tissues. Our protocol of delivering HBA7 30 min after CTH allows suf-
ficient time toactivate cellular processes prior topotential neutralization
by the aptamer.However, this conditiondoesnot reflect disease states in
which histone proteins are continually released into the extracellular
666 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
environment. Under pathologic conditions, the administration of
HBA7 after the initial pulmonary insult has the potential to neutralize
histones and minimize their toxicity. It is notable that after allowing
30 min for CTH to damage the lungs, the administration of HBA7 re-
duces albumin in the BALF. This observation may, in part, reflect the
feedforward effect of histones to cause the additional release of histones.

Another significant limitation of the protocol to deliver HBA7 before
or after administration of CTH by oropharyngeal aspiration is the
likelihood of unequal distribution of the aptamer and histone pro-
teins. It is likely that alveoli were exposed to CTH but not HBA7.
In future studies, and applicable to clinical conditions, the delivery
of HBA7 by a nebulizer is expected to provide more uniform distribu-
tion throughout the lung.

Smoke inhalation injury is the leading cause of mortality from struc-
ture fires and many military combat fields.40 This study is the first to
demonstrate elevated histone levels in BALF from animals subjected
to smoke inhalation lung injury. In contrast to the direct delivery of
CTH to the lungs, induction of ALI by smoke PM was alleviated by
HBA7 regardless of whether the aptamer was delivered before or after
the PM. The smoke PM model better reflects clinical scenarios in
which there is a sustained production of extracellular histones as
opposed to the single bolus of CTH.

Pulmonary delivery of drugs has potential benefits such as increasing
local drug concentration and avoiding first-pass metabolism in the
liver and kidney. A recent study compared the pulmonary distribu-
tion pattern of microspheres in mice when delivered by different
pulmonary routes and found that the distribution of microspheres
was similar when delivered by oropharyngeal aspiration compared
with aerosolization.39 However, oropharyngeal aspiration had more
deposition of the microspheres in the oral cavity. One of the limita-
tions of this study is that we only tested the aptamer efficacy with
oropharyngeal aspiration. However, aerosolization is a clinically rele-
vant pulmonary route for drug delivery. Therefore, we expect the
delivery to be more efficient with aerosolization.



(legend on next page)
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We show that HBA7 remained in the lung following inhalation for at
least 24 h and did not induce detectable toxicity. This is an advantage
over intravenous delivery, in which aptamers have a much shorter
half-life due to rapid hepatic and renal clearance. To further protect
from degradation, the 20-hydroxyl (OH) group in the ribose ring of
HBA7 is substituted by 20-Fluoro, affording a high degree of stability.42

We previously demonstrated HBA7 to have a half-life of >150 h in 50%
human serum.16

We did not use a scrambled aptamer as a control in our studies. Instead,
the control for HBA7 was the vehicle containing no aptamer. A scram-
bled aptamer retains its negative charge and will bind positively charged
histones, albeit at a lower affinity than HBA7. Conditions introduced
during systematic evolution of ligands by exponential enrichment
(SELEX) allowed for the identification of an RNA aptamer with a high
affinity toward H3 and H4 while having a low affinity to other serum
proteins.Basedonprior testing,wehave identifiedHBA7as a lead candi-
date for neutralizing extracellular histones. Furthermore, a scrambled
aptamer has the potential to elicit off-target effects (e.g., TLR activation).

Various treatments targeting extracellular histones, including anti-
bodies,15,43 activated protein C (APC),15 recombinant thrombomo-
dulin,44 heparin,45,46 and C1 esterase inhibitor,9 have demonstrated
efficacy in animal models of ALI. However, each of these approaches
has limitations. For example, APC and heparin have an increased risk
of bleeding due to nonspecific effects, and APC has failed in clinical
trials.47 In addition, recombinant proteins and antibodies risk allergic
reactions and autoimmunity and require special handling and storage
at low temperatures. Compared with other biologics, histone-binding
RNA aptamers have several advantages: (1) they are chemically syn-
thesized and easy to produce; (2) they have specific targets, which
minimizes the potential for off-target effects; (3) they are chemically
modified to improve resistance to nuclease-mediated degradation and
reduce immunogenicity; (4) they are stable at ambient temperature
and available for rapid and easy delivery in field situations; and (5)
they are cross-species reactive, facilitating translation to clinical trials.

In summary, inhalation of a histone-binding RNA aptamer protects
against histone-mediated lung toxicity and may have therapeutic po-
tential in multiple causes of ALI.

MATERIALS AND METHODS
Reagents

High-glucose Dulbecco’s modified Eagle medium (DMEM) (11965),
phenol red-free DMEM (31053), L-glutamine (25030-081), penicillin/
streptomycin (15140-122), andOpti-MEM (11058-021) (Gibco, Grand
Island, NY, USA); EGM-2-MV BulletKit (CC-3202) (Lonza, Walkers-
Figure 5. Inhalation of HBA7 protects from histone-mediated acute lung injury

C57BL/6 mice were subjected to oropharyngeal aspiration of CTHs (300 mg). HBA7 w

collected 8 h after the CTH challenge for measurement of macrophage and neutrophil n

the molar ratio of HBA7 to CTH. In (A)–(D), n = 4–11. Representative microscopic images

in a blinded fashion and summarized (F), n = 10–16. HBA7 (86 mg) was delivered by aspir

(CTH+HBA7) histones. Data are mean ± SEM. *p < 0.05, **p < 0.01 vs. vehicle contro
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ville, MD, USA); fetal bovine serum (FBS; F2442), CTH (H9250), and
thiazolyl blue tetrazolium bromide (MTT, M2128) (Sigma, St. Louis,
MO, USA); dimethyl sulfoxide (DMSO; 0231) (VWR, Solon, OH,
USA);MuseAnnexinVanddead cell kit (MCH100105) (Millipore, Bill-
erica, MA, USA); RNeasy Mini Kit (74,106) (Qiagen, Valencia, CA,
USA); SuperScript III first-strand synthesis SuperMix (18080-400) 4%
paraformaldehyde (PFA; J19943-K2), and SuperSignal West Femto
Maximum Sensitivity Substrate (34,095) (Thermo Fisher Scientific,
Waltham, MA, USA); Power SYBR Green Master mix (4,367,659)
(Applied Biosystems, Foster City, CA, USA); PE mouse anti-human
CD62P (561,921) (BD Bioscience, San Jose, CA, USA); histone H3
(D1H2) XP Rabbit mAb (4499) (Cell Signaling, Beverly, MA, USA);
goat anti-rabbit immunoglobulin G (IgG) HRP (sc-2004) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); mouse tumor necrosis factor a
(TNF-a; DY410), IL-1b/IL-1F2 (DY401), IL-6 (DY406), human IL-6
(DY206), human IL-1b/IL-1F2 (DY201), human ICAM1/CD54
(DY720), andhumanvWF-A2 (DY2764)Duoset ELISA kits (R&DSys-
tems, Minneapolis, MN, USA); mouse albumin ELISA kit (E-90AL)
(Immunology Consultants Laboratory, Portland, OR, USA); and
RNA aptamers HBA7 and Alexa 647-HBA7 were chemically
synthesized by TriLink Biotechnologies (San Diego, CA, USA) or Inte-
grated DNA Technologies (Coralville, IA, USA) with 20 fluoro pyrimi-
dines. Aptamerswere reconstituted in sterile ultrapureH2O and diluted
to a working solution with culture media or PBS.

Cell culture and treatments

Immortal human endothelial cell line EA.hy926 and human lung
epithelial cell line A549 were obtained from ATCC (Manassas, VA,
USA) and cultured in DMEM supplemented with 10% FBS and 1�
penicillin/streptomycin. HPMVECs from Lonza were cultured in
EGM-2-MV BulletKit medium (Lonza). All cells were cultured in a
humidified atmosphere containing 5% CO2 at 37�C. Prior to all ex-
periments, cells were seeded in 96-, 12-, or 6-well plates in complete
culture medium for 1–2 days and then washed and transferred to
serum-free and no-phenol-red DMEM with 1� L-glutamine
(EA.hy926 and A549 cells) or Opit-MEM (HPMVECs) for CTH
(50 or 75 mg/mL) and/or HBA7 treatment. HBA7 was added to cells
30 to 60 min after CTH exposure.

In vitro cytotoxicity assay

Cell metabolic activity was measured byMTT assay. Briefly, cells were
seeded in 96-well plates. After 24 (EA.hy926 or A549 cells) or 4 h
(HPMVECs) of histone challenge, cell media was replaced with
0.5 mg/mL MTT in serum-free and phenol-free DMEM (EA.hy926
or A549 cells) or Opti-MEM (HPMVECs). After 4 h of MTT incuba-
tion, media were removed, and cells were dissolved in 100 mL DMSO
for 5 min at 37�C, and then the absorbance was read at 560 nm with
in mice

as delivered at the indicated times. Tissues and bronchoalveolar fluid (BALF) were

umbers (A and B) and IL-6 and albumin concentrations (C and D). The ratio refers to

from H&E-stained lung sections, scale bar is 50 mm (E). Histopathology was scored

ation at 30min before (HBA7+CTH), at the same time as (CTH/HBA7), or 30min after

l; #p < 0.05, ##p < 0.01 vs. CTH.



Figure 6. Inhalation of HBA7 reduces smoke particulate matter-mediated lung inflammation and histone accumulation in mice

C57BL/6N mice inhaled smoke particulate matter (PM, 150 mg) via oropharyngeal aspiration. White blood cell counts (A) and differentials (B and C), cytokines TNF-a (D) and

IL-6 (E), albumin (F), and histone H3 (G and H) weremeasured in BALF 24 h after wood smoke challenge. In (G), each lane of the western blot represents BALF from a different

mouse. n = 5–10 for (A)–(H). Representative microscopic images from H&E-stained lung sections are shown (scale bar is 50 mm) (I), and histopathology was scored in a

blinded fashion (J), n = 6. HBA7 (86 mg) was delivered 30 min before (HBA7+PM), at the same time as (PM/HBA7), or 30 min after (PM+HBA7) smoke matter exposure. Data

are mean ± SEM. *p < 0.05, **p < 0.01 vs. PBS; #p < 0.05, ##p < 0.01 vs. CTH.
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750 nm as the reference wavelength using a plate reader (Turner Bio-
systems, Sunnyvale, CA, USA). Each treatment was conducted in 3–6
replicates.

For early apoptosis assessment, cells were seeded in 12- or 6-well
plates and treated with CTH and/or HBA7. Cells were trypsinized
at the indicated times, and early apoptosis was measured using the
Muse Annexin V and dead cell kit and analyzed by a Muse Cell
Analyzer (Millipore) according to the manufacturer’s instruction.

Cytokine induction

Cells were seeded in 6-well plates and treated with CTH and/orHBA7.
At 4 h of CTH exposure, cell supernatants were collected for ICAM
and vWF ELISAs, and cells were lysed for RNA extraction using a
RNeasy Mini Kit (Qiagen). The RNA was reverse transcribed into
first-strand cDNA using SuperScript III first-strand synthesis
SuperMix (ThermoFisher Scientific). The cDNAs were used in real-
time PCR to quantify themRNAexpression levels of proinflammatory
cytokine genes IL-1b and IL-6. Each reaction was performed in tripli-
cate in a 10 mL volume with Power SYBR Green (Applied Biosystems)
and programmed inCFX384TouchReal-Time PCRDetection System
(Bio-Rad, Hercules, CA, USA) as follows: 95�C for 10min, 40 cycles of
95�C for 15 s, and 60�C for 50 s, followed by a melting curve 95�C for
15 s, 60�C for 1 min, and 95�C for 1 s. Relative gene expression data
were calculated using GAPDH as a reference. The mouse-specific
primers used were IL-1b (forward: 5’-GCT TAT TAC AGT GGC
AAT GAG-3’; reverse: 5’-GTA GTG GTG GTC GGA GAT TC-3’),
IL-6 (forward: 5’-AGA CAGCCA CTCACC TCT TCAG-3’; reverse:
5’-TTCTGCCAGTGCCTCTTTGCTG-3’), andGAPDH (forward:
5’-TGC CAA ATA TGA TGA CAT CAA GA-3’; reverse: 5’-GGA
GTG GGT GTC GCT GTT-3’).

Quantification of ICAM and vWF production

Cell supernatants were collected and centrifuged at 10,000 � g for
1 min to exclude particulates. ICAM and vWF were measured in
the supernatant by ELISA using commercially available kits (R&D
Systems) according to the manufacturer’s instructions.

Human platelet isolation and activation

Human blood was collected under a protocol (PRO 00014281)
approved by theDurhamVeteransAffairsMedical Center Institutional
Review Board, and written consent was obtained. Venous blood
(10 mL) was collected from healthy donors. Platelets were isolated by
density gradient centrifugation and purified by gel filtration as
described previously.48 Platelet activation was determined by the
expression levels of platelet surface marker P-selectin. Briefly, 200 mL
f purified platelets were incubated at 37�C with thrombin (10 nM)
for 5 min or CTH (50 mg/mL) for 15 min in the presence or absence
of HBA7, and reactions were stopped by the addition of 200 mL 2%
PFA. After 30 min of fixation at room temperature, 800 mL HEPES-
buffered saline (HBS; pH7.4) containing 1 mg/mL BSA and 3 mM
CaCl2 was added to each sample for 1 h. Platelets were centrifuged
and resuspended in 50 mL HBS containing a P-selectin antibody (PE
mouse anti-human CD62P, 1:50). After 30 min of incubation at
670 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
room temperature, 500 mL HBS was added to each sample, and
P-selectin expression was analyzed using a FACSCAN flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA).48,49

Animal experiments

The research using animals adhered to the laws of the United States
regulations of the Department of Agriculture and Department of De-
fense. Experiments were designed to minimize animal discomfort and
numbers, conformed to international guidelines on the use of ani-
mals, and were approved by the Duke University Institutional Animal
Care and Use Committee (protocol A185-16-08) and by the US Army
Medical Research Materiel Command Animal Care and Use Review
Office (protocol PR150627). C57BL/6N male mice at the age of
10 weeks (Charles River, Morrisville, NC, USA) were housed on a
12 h light/dark cycle in standard acrylic cages with ad libitum access
to water and food (Lab Diet 5001, PMI Nutrition International,
St. Louis, MO, USA).

The animal studies were conducted by the Duke Rodent Inhalation
and Physiology Core. C57BL/6N male mice were randomly assigned
to treatment groups at 10 weeks of age (Charles River, Morrisville,
NC, USA). Oropharyngeal delivery to mice was performed by the
aspiration of 50 mL solutions under isoflurane anesthesia. For his-
tone-induced lung injury, mice were challenged via oropharyngeal
aspiration with 300 mg CTH or PBS and euthanized 8 h later. For
the wood smoke lung injury model, 150 mg eucalyptus flaming smoke
PM (provided by Ian Gilmour at the EPA, Cary, NC, USA)41 or PBS
was delivered by oropharyngeal aspiration, and mice were sacrificed
24 h after exposure. HBA7 or saline was delivered via oropharyngeal
aspiration at indicated times. HBA7, or vehicle, was delivered to mice
via oropharyngeal aspiration.

Anesthesia via intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg) was used for tissue harvest. BALF was collected50

to assess total cell counts and differentials, albumin, and cytokine
levels. Organs were sectioned to evaluate the distribution of Alexa
647-HBA7 or stained with hematoxylin and eosin for evaluation of
histopathological injury.51 Group assignment was masked from the
investigators carrying out tissue harvest, BALF analysis, and lung his-
topathological assessment.

Aptamer distribution and retention

The fluorescent-tagged aptamer Alexa 647-HBA7 (1.7 nmol, 30 mg)
was delivered to mice via oropharyngeal aspiration. At 4 and 24 h af-
ter aptamer administration, mice were anesthetized with ketamine/
xylazine injection, blood was drawn for plasma from descending
aorta, the lung was infused through tracheal with PBS by 20 cm
H2O gravity, and BALF was collected by passive drainage as described
previously.50 After perfusing the lung with PBS, the left lobe was
dissected, and half was frozen in liquid nitrogen, while the other
half was placed in 4% PFA. The right lung was inflated and fixed
with 4% PFA. Heart, liver, spleen, kidney, and brain were removed
and divided, with half being flash-frozen in liquid nitrogen and half
fixed in 4% PFA. After 5 h of fixation, tissues were transferred into
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30% sucrose in PBS for 24 h at 4�C. Frozen 10 mm sections were sliced
with a cryostat and mounted onto charged slides. The distribution of
Alexa 647-HBA7 was observed under an IX73 fluorescent microscope
(Olympus, Waltham, MA, USA), and images were acquired. HBA7
retention in the BALF was estimated via fluorescence intensity mea-
surement at 630 nm. HBA7 retention in the lung was determined by
the recovery of HBA7 from lung tissue and BALF via RT-PCR as pre-
viously described.52

BALF analysis

BALF was collected and centrifuged at 3,000 RPM at 4�C for 10 min.
The supernatant, cell-free BALF was transferred and stored at�80�C
until further analysis. The cell pellet was resuspended in PBS, and
then total WBCs were counted with a cellometer, and cells were
stained with Diff Quick for differential analysis. A mouse albumin
ELISA kit (Immunology Consultants Laboratory) measured albumin
levels. BALF cytokines TNF-a, IL-1b, and IL-6 were measured by
ELISA using commercially available kits (R&D Systems) per the man-
ufacturer’s protocol.

Lung histology

The right lung was inflated through the trachea with 4% PFA, trans-
ferred to 4% PFA at 4�C for 24 h, and then paraffin embedded. Tissue
sections (5 mm) were stained with hematoxylin and eosin. Images of 5
random fields were taken from each lobe of the right lung (20 random
fields/animal) under an IX73 microscope (Olympus, Waltham, MA,
USA). Histological sections from each lobe were scored for severity
of injury (none, mild, moderate, severe) based on criteria previously
described.51 Individuals scoring the sections were blinded to the
treatments.

Measurement of histones in BALF

BALF histone levels were measured by western blot analysis. Cell-free
BALF was mixed with 4� LDS sample buffer containing 200 mM
DTT and heated at 95�C for 5 min. An equivalent amount of each
sample was loaded and resolved on a 4%–12% Bis-Tris PAGE gel at
200 V for 35 min and transferred to nitrocellulose membranes at
30 V for 40min. Blots were blocked in 5% BSA-TBS for 1 h, incubated
with anti-histone H3 antibody (Ab; 1:2,000) for 1 h in 2% BSA-TBS-
0.2% Tween 20, and then incubated with goat anti-rabbit HRP
(1:10,000) for 1 h. The signal was detected using SuperSignal West
Femto Maximum Sensitivity Substrate and imaged with an imaging
system (LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis

Results are expressed as the mean ± standard error, compiled from n
independent experiments. Statistical significance was analyzed by
analysis of variance followed by Bonferroni post-test. All calculations
were performed using GraphPad Prism v.9.5 (GraphPad Software,
San Diego, CA, USA), with p < 0.05 considered significant.
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