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Cytokine storm is a potentially life-threatening immune response typically correlated with lung injury,
particularly in people with underlying disease states, such as pneumonia. Therefore, the prompt
treatment of cytokine storm is essential for successful recovery from a potentially fatal condition. Herein,
a living anti-inflammatory Biorobot (firefighter), composed of neutrophils encapsulating mannose-
decorated liposomes of the NF-kB inhibitor TPCA-1 and STING inhibitor H-151 (M-Lip@TH, inflammatory
retardant), is developed for alleviating hyperinflammatory cytokine storm through targeting multiple
inflammatory pathways in macrophages. Biorobot fully inherits the chemotaxis characteristics of
neutrophils, and efficiently delivers and releases therapeutic M-Lip@TH at the inflammatory site.
Subsequently, M-Lip@TH selectively targets macrophages and simultaneously blocks the transcription
factor NF-kB pathway and STING pathway, thereby preventing the overproduction of cytokines. Animal
studies show that Biorobot selectively targets LPS-induced acute lung injury, and not only inhibits the
NF-kB pathway to suppress the release of various pro-inflammatory cytokines and chemokines, but also

blocks the STING pathway to prevent an overactive immune response, which helps to neutralize
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Accepted 20th December 2023 cytokine storms. Particularly, Biorobot reduces lung inflammation and injury, improves lung function, and

increases the survival rates of pneumonia mice. Therefore, Biorobot represents a rational combination
DOI: 10.1039/d35c03438k therapy against cytokine storm, and may provide insights into the treatment of diseases involving

rsc.li/chemical-science overactive immune responses.

threatening complications.>* For instance, severe COVID-19
pneumonia is often accompanied by a latent cytokine storm
and related acute respiratory distress syndrome (ARDS), which
may cause organ failure, shock, and even death.>® Therefore, it

Introduction

Pneumonia is a potentially life-threatening medical condition
that is caused by various pathogens, such as bacteria, viruses,

fungi, or parasites."” Pneumonia is particularly dangerous for
certain groups of people, such as young children, older adults,
and those with weakened immune systems or underlying health
conditions, and often leads to respiratory failure and other life-
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is important to seek therapeutic approaches to calm cytokine
storm and prevent complications in pneumonia, which is crit-
ical for reducing morbidity and mortality.

In recent years, great efforts have been made to explore
immunomodulatory strategies to control pneumonia and
associated syndromes, and diverse approaches to cytokine
suppression have been developed, including the use of drugs
that target specific cytokines as well as immunomodulatory
therapies that regulate the immune system, which can help to
manage inflammation, minimize tissue damage, and improve
patient outcomes.”® For example, the use of monoclonal anti-
bodies has shown effectiveness in blocking the production or
action of specific cytokines, such as interleukin-6 (IL-6) or
tumor necrosis factor-alpha (TNF-o), which play significant
roles in immune responses and inflammation. In addition,
immunomodulatory therapies, such as corticosteroids or
immunosuppressants, can help reduce the activity of immune
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cells and consequently block the production of cytokines.
Although these treatment strategies exhibit benefits in certain
situations and have even demonstrated clinical efficacy in
treating various inflammatory and autoimmune conditions,
such as rheumatoid arthritis, psoriasis, bowel disease and
especially pneumonia, most of them are designed to target
single inflammatory pathways or specific cytokines. They may
not always result in optimal treatment outcomes due to
redundancy in inflammatory pathways, the heterogeneity of
diseases, and resistance to therapy.”’ In particular, the
immune system has multiple, overlapping pathways that can
compensate for the inhibition of a single pathway. As a result,
blocking one pathway may not be sufficient to control inflam-
mation and immune responses in pneumonia. Additionally,
non-targeted or non-specific immunotherapies often trigger
unintended consequences or side effects in patients, resulting
in severe restrictions."** Thus, the available clinical options for
cytokine storm are limited, and continuing research and
development of new therapies, as well as optimization of
existing treatments, is constantly needed.*

It has been shown that immune cells play a critical role in
initiating and perpetuating the inflammatory response. Once
recruited, immune cells, such as neutrophils, macrophages,
and T cells, release additional cytokines and other inflam-
matory mediators that amplify the inflammation. Therefore,
controlling inflammatory cells is an important therapeutic
goal to reduce cytokine storm symptoms, prevent tissue
damage, and improve overall health outcomes.'®'” In partic-
ular, macrophages have been proven to be critical for
manipulating the progression of pulmonary inflammatory
responses.'® After infection and injury to the lungs, the toll-
like receptors on macrophages recognize pathogen-
associated molecular patterns (PAMPs), which are unique
molecules found on the surface of pathogens such as viruses,
bacteria, and fungi. This recognition triggers a signaling
cascade within the macrophage, and consequently activates
the transcription factor nuclear factor-kappa B (NF-kB),
leading to the production and release of various cytokines and
chemokines.” Additionally, the cyclic GMP-AMP synthase
(cGAS) stimulator of interferon genes (STING) pathway in
macrophages plays an important role in the innate immune
response, particularly in the response to viral infections. The
STING pathway can be activated by cytosolic DNA and triggers
the expression of interferon (IFN), which consequently
promotes the development of a cytokine storm.**** Signifi-
cantly, STING not only initiates but also modulates the NF-«B
signaling pathway.”> Concurrently, activation of NF-«B
hinders STING degradation, which in turn enhances and
prolongs the STING response. This interplay between NF-kB
and STING orchestrates a cascade of amplified inflammatory
responses and a robust immune defense. Thus, by concur-
rently inhibiting both the NF-kB and STING pathways, our
strategy prevents compensatory activation within the NF-kB/
STING signaling network, refines therapeutic dosing, and
reduces administration frequency. This dual-pathway inhibi-
tion represents a powerful therapeutic approach to shield
patients from severe cytokine storms and associated health
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complications. However, this type of study has been rarely
reported so far.

In this study, for the first time, we have developed a living
anti-inflammatory Biorobot (also referred to as a firefighter) to
alleviate hyperinflammatory cytokine storm through simulta-
neously blocking the STING and NF-kB signaling pathways
(Fig. 1). Biorobot is composed of living neutrophils encapsu-
lating mannose-decorated liposomes of the NF-«kB inhibitor
TPCA-1 and STING inhibitor H-151 (M-Lip@TH), which act as
inflammatory retardants. Recently, cell-based systems have
been attracting increasing research attention,*® and particu-
larly, neutrophils as a major component of immunity in
response to pathogen invasion, have been exploited as drug
carriers to overcome multiple physiological barriers.””*®
Importantly, neutrophils provide unique sustained release and
specific delivery of drugs to inflammatory tissues, and have
been applied in diverse applications.**" In particular, neutro-
phils play a central role in the innate immune response to
pathogens and tissue injury and can be recruited to inflamed
lungs by chemokines and cytokines secreted by macrophages
during pulmonary infection, suggesting that neutrophils are
a promising carrier for targeting pneumonia.**** Therefore,
Biorobot might be able to not only target and migrate directly to
the inflamed lungs, but also selectively release M-Lip@TH in
response to inflammation, leading to good specificity for
pneumonia. M-Lip@TH selectively targeted macrophages
owing to mannose modification and enhanced intracellular
transport of TPCA-1 and H-151, which could concurrently block
multiple inflammatory pathways and significantly reduce cyto-
kine storm syndromes, resulting in rapid recovery from pneu-
monia. The concurrent use of dual inhibitors demonstrates
superiority over single-inhibitor therapies, synergistically sup-
pressing the inflammatory pathways of NF-«B and STING,
which results in reduced cytokine production. In conclusion,
this medication has the potential to manage various inflam-
matory and autoimmune conditions by modulating the
immune response, reducing inflammation, and preventing
tissue damage, which may provide insight into the development
of anti-inflammatory treatment approaches.

Results and discussion
Preparation and characterization of Biorobot

In pneumonia, macrophages are recruited to the infected lungs
to defend against invading pathogens, such as bacteria, viruses,
and fungi. Importantly, macrophages release cytokines, as well
as activating and coordinating the immune response to infec-
tions. However, an uncontrolled inflammatory response may
lead to high immunopathology and mortality.***® To alleviate
hyperinflammatory cytokine storm, we developed a smart Bio-
robot, which was composed of mannose-decorated liposomes
(M-Lip@TH) loaded in neutrophils. To construct Biorobot, M-
Lip@TH was first prepared by encapsulating a STING inhib-
itor (H-151) and IKK inhibitor (TPCA-1) in mannose-modified
liposomes using a thin lipid film hydration method, gener-
ating uniform nanoparticles with a mean size of 112.35 £
0.38 nm and zeta potential of —17.21 + 1.48 mV (Fig. 2A and B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A living anti-inflammatory Biorobot effectively neutralizes cytokine storm through synergistically blocking multiple inflammatory path-
ways in macrophages. (A) Schematic illustration of the preparation of Biorobot. Mature neutrophils are isolated from mouse bone marrow then
purified using density-gradient centrifugation. In addition, a mannose-decorated liposomal formulation of the NF-kB inhibitor TPCA-1 and
STING inhibitor H-151 (M-Lip@TH) is prepared using a thin lipid film hydration method. Next, Biorobot is constructed by encapsulating M-
Lip@MH inside the neutrophils. (B) Visual depiction of the biological engineering of Biorobot. Due to their unique characteristics, neutrophils are
a potential drug carrier. The idea is to take advantage of their natural ability to migrate to inflammatory sites and deliver drugs directly to these
areas. This approach can help to increase the effectiveness of drugs and reduce side effects. Specifically, neutrophils can act as a Biorobot with
inflammation-targeting ability, which can be further functionalized by encapsulating inflammatory retardant M-Lip@TH, generating the func-
tional Biorobot (firefighter). Importantly, the functional Biorobot can simultaneously alleviate the over-activation of the NF-«kB and STING
pathways in pneumonia, resulting in the rapid relief of cytokine storm. (C) Therapeutic mechanism of Biorobot for treating cytokine storm.
Biorobot fully inherits the chemotaxis characteristics of neutrophils and can efficiently deliver and release M-Lip@TH at inflammatory sites.
Subsequently, M-Lip@TH not only improves macrophage uptake, but effectively inhibits the STING and NF-«kB signaling pathways involved in the

Inflammation-induced lung accumulation

immune response, thereby preventing the emergence of cytokine storm and achieving desirable therapeutic outcomes.

Next, we evaluated the drug loading (DL) rate and encapsulation
efficiency (EE) of H-151 and TPCA-1 in M-Lip@TH. Table S1t
shows that the DL and EE of H-151 were 2.46 £ 0.12% and 98.40
=+ 0.26%, respectively, and the DL and EE of TPCA-1 were 2.47 &+
0.11% and 98.90 £ 0.19%, suggesting that H-151 and TPCA-1
were effectively encapsulated in M-Lip@TH. In addition, we
also investigated the stability of M-Lip@TH. As shown in Fig. 2C
and D, no changes in the size or zeta potential of M-Lip@TH
were observed after 14 days of incubation in PBS at 4 °C, or
after 24 h of incubation in 50% fetal bovine serum at 37 °C,
respectively. Importantly, only about 14% of the TPCA-1 and
11% of the H-151 were released from M-Lip@TH within 24 h
(Fig. 2E). These data suggest that M-Lip@TH has good stability,
which is beneficial for the subsequent construction of Biorobot.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Next, neutrophils were isolated from mouse bone marrow
and purified to a 92% purity level via density-gradient centri-
fugation, as presented in Fig. S1.{ This high degree of purity is
advantageous for the subsequent construction of our Biorobot,
and they can be used for various downstream applications, such
as study of their function or use in in vitro or in vivo experi-
ments. Moreover, Biorobot was prepared by incubating
neutrophils with M-Lip@TH. To validate the successful encap-
sulation of M-Lip@TH within live neutrophils, we conducted
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) assay. This analysis was aimed at detecting the
complete spectrum of neutrophil membrane and -cellular
proteins within Biorobot. The results, which are depicted in
Fig. S2,7 confirm the presence of the full complement of
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Fig. 2 Preparation and characterization of Biorobot. (A) DLS data of M-Lip@TH. (Upper inset) TEM image of M-Lip@TH. Scale bar: 100 nm. (B)
Zeta potential of M-Lip@TH. (C) Physical stability of M-Lip@TH in PBS at 4 °C over 14 days. (D) Serum stability of M-Lip@TH at 37 °C over 24 h. (E)
Time-dependent release of TPCA-1and H-151 from M-Lip@TH in PBS over 24 h. (F) Cellular uptake of RhB-labeled M-Lip@TH in neutrophils over

180 min. (G) Biosafety of M-Lip@TH in neutrophils after 4 h or 8 h of incu
treated neutrophils. Scale bar: 10 um. The data are presented as mean

neutrophil proteins in Biorobot. This finding strongly indicates
that M-Lip@TH has been successfully incorporated into the
neutrophils, endowing them with inherent motility and the
ability to chemotactically navigate toward inflamed lung tissue.
The cellular uptake and cytotoxicity of M-Lip@TH in neutro-
phils were then investigated; RhB-labeled M-Lip@TH was
incubated with neutrophils for 180 min, and the intracellular
fluorescence signals were monitored using flow cytometry. As
shown in Fig. 2F, strong fluorescence was observed in the
neutrophils, indicating that M-Lip@TH can be efficiently taken
up by the neutrophils. Additionally, we identified that M-
Lip@TH had negligible cytotoxicity towards neutrophils at all
the studied concentrations from 6 to 500 mg mL ™" after 8 h of
treatment (Fig. 2G). Low cytotoxicity toward neutrophils is an
important characteristic for M-Lip@TH that are intended to be
used in or on the body, as it ensures that they do not harm the
immune system and can be safely used without causing harm-
ful side effects. In addition, the loading capacity of Biorobot in
neutrophils was also evaluated, generating a loading rate of 5.9
ng H-151 and 5.93 pg TPCA-1 per 10° cells (Fig. S31), respec-
tively, suggesting that an adequate amount of the therapeutic
agent to achieve the desired therapeutic effect was incorporated
into Biorobot. This is important for ensuring the efficacy of the

2246 | Chem. Sci, 2024, 15, 2243-2256

bation. (H) Confocal images of neutrophils and RhB-labeled M-Lip@TH-
+ s.d. (n=6).

drug and minimizing potential side effects. Importantly, no
morphological changes in the neutrophils were observed after
the encapsulation of M-Lip@TH, which was confirmed by
confocal laser scanning microscopy (CLSM) and Giemsa-
Wright staining (Fig. 2H and Fig. S41). Morphological changes
in neutrophils can be an important indicator of various health
conditions, and the absence of morphological changes means
that the neutrophils are healthy.

Biological characterization of Biorobot

Neutrophils are crucial for immune defense, and under-
standing their physiological functions is essential for devel-
oping therapeutic strategies to modulate their activity in various
disease conditions. We therefore evaluated the physiological
functions of Biorobot, including CD11b protein expression and
cell migration behavior. It has been shown that neutrophil
migration is a multistep process that involves several distinct
stages. This process is critical for the recruitment of neutrophils
to sites of infection or inflammation, where they can help to
eliminate invading pathogens. In particular, proteins that
trigger cell adhesion and detachment play a key role in
neutrophil migration.*” For instance, CD11b, also known as
integrin alpha M, is a cell surface protein expressed on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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neutrophils, and plays a crucial role in the immune response,
particularly in cell adhesion, migration, and phagocytosis,
which are essential for the proper functioning of neutrophils
during an immune response.*®* Next, we investigated and
compared the expression levels of CD11b on blank neutrophils
and Biorobot under the stimulation of N-formyl-methionyl-
leucyl-phenylalanine (fMLP). fMLP is a potent chemo-
attractant peptide that can stimulate various immune cells to
migrate towards the source of the stimulus. When neutrophils
are exposed to fMLP, they undergo a series of signaling events
that ultimately lead to the upregulation of CD11b expression on
their surface. Fig. 3A shows that the blank neutrophils and
Biorobot exhibited a similar increase in inflammatory markers
in response to fMLP, and the levels of CD11b increased with
increasing concentrations of fMLP. This increase in CD11b
expression is an important mechanism by which neutrophils
respond to chemotactic stimuli, suggesting that the encapsu-
lation of M-Lip@TH has minimal effects on neutrophils.
Moreover, we also tested the chemotaxis activity of Biorobot
using a transwell migration assay. Neutrophils have the ability
to migrate towards sites of infection or inflammation in
response to various chemical signals, including chemokines,
cytokines, and bacterial products, allowing neutrophils to
quickly reach sites of inflammation. As shown in Fig. 3B, Bio-
robot could migrate to the lower chamber of a transwell in the
presence of fMLP and exhibited similar migration capability to
neutrophils. Taken together, these data confirm that Biorobot
has inflammation-targeting capability, which might help to
control inflammation and

improve outcomes in various

inflammatory and infectious diseases.

View Article Online

Chemical Science

Furthermore, we explored the stability of M-Lip@TH in
neutrophils using the fluorescence resonance energy transfer
(FRET) assay, which is a valuable tool for studying molecular
interactions at the nanometer scale. FRET is based on the non-
radiative transfer of energy between two fluorophores, a donor
and an acceptor, when they are in close proximity (typically
within 10 nm). In this study, DiO and Dil were used as the donor
and acceptor, respectively, to construct liposomes (DiO/Dil-M-
Lip@TH) in which DiO generated green fluorescence (510 nm)
under 480 nm excitation, which could transfer to Dil, resulting
in red fluorescence (585 nm) (Fig. 3C). Fig. 3D shows that DiO/
Dil labeled M-Lip@TH in neutrophils maintained the FRET
effect under normal physiological conditions for 4 h. Similarly,
strong red fluorescence from DiO/DiI-M-Lip@TH was observed
in Biorobot after 4 h of incubation, as observed using CLSM
(Fig. 3E), confirming the good stability of M-Lip@TH in
neutrophils. In addition, we measured the inflammation-
triggered drug release profiles of Biorobot, in which Biorobot
was treated with phorbol myristate acetate (PMA), a chemical
compound that is commonly used in scientific research to
activate protein kinase C (PKC) in cells. When neutrophils are
exposed to PMA, it activates PKC, which in turn triggers
a signaling cascade that leads to the production of reactive
oxygen species (ROS) and the release of DNA and other
neutrophil extracellular trap (NET) components. This process is
known as NETosis, and plays an important role in the immune
response to bacterial and fungal infections. After treatment with
PMA, the extracellular fluorescence signals from Biorobot were
measured. As shown in Fig. S5,1 efficient FRET was observed in
the supernatant of PMA-treated Biorobot under the excitation of
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after incubation with different concentrations of fMLP. (C) Emission spectra of DiO-labeled M-Lip@TH, Dil-labeled M-Lip@TH and DiO/Dil-
labeled M-Lip@TH under different excitation wavelengths. (D) Identification of the integrity of DiO/Dil-labeled M-Lip@TH in neutrophils through

the FRET effect. (E) Confocal images of neutrophils after incubation with
are presented as mean + s.d. (n = 6).
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480 nm light. In contrast, untreated Biorobot exhibited minimal
fluorescence signals in the supernatant, suggesting that M-
Lip@TH maintains its integrity in neutrophils, but can be
released under inflammatory stimuli. Therefore, Biorobot
exhibits potent therapeutic potential for the management of
inflammatory diseases.

Biorobot-mediated selective delivery of M-Lip@TH in
macrophages

Targeted delivery of therapeutic agents specifically to macro-
phages can improve the efficacy of therapies by ensuring that
the drugs are delivered directly to the site of the disease. This
targeted approach can increase the concentration of the drug at
the site of action, leading to more effective treatment with fewer
side effects. One way to achieve selective delivery of therapeutic
agents to macrophages is through the use of liposomes, which
can be designed to be functionalized with ligands that specifi-
cally bind to macrophage surface receptors, such as the
mannose receptor or the scavenger receptor. Once these nano-
particles are internalized by macrophages, they can release their
cargo directly into the cells, thereby achieving targeted drug
delivery. We therefore evaluated the capability of Biorobot to
selectively deliver drugs in macrophages. Specifically, the
inflammation-stimulated release of M-Lip@TH from Biorobot
and subsequent cellular uptake of M-Lip@TH in macrophages
were measured. Fig. 4A shows that M-Lip@TH was rapidly
released from Biorobot in the presence of PMA, whereas negli-
gible M-Lip@TH release was observed from untreated Biorobot,
indicating the responsive characteristics of Biorobot, which
enable it to release a substance or payload in response to
inflammatory stimuli.

In addition, we evaluated whether mannose decoration could
improve the cellular uptake of M-Lip@TH in RAW 264.7 cells.
The mannose receptor is a type of receptor found on the surface
of macrophages, and targeting the mannose receptor can be
used a strategy to enhance the delivery of drugs or toxins directly
to macrophages. Fig. S67 shows that M-Lip@TH rapidly accu-
mulated in RAW 264.7 cells, generating 1.59-fold higher fluo-
rescence intensity than Lip@TH without mannose modification,
which could improve the effectiveness of treatments. Next, we
investigated the ability of Biorobot to enhance the delivery of
drugs to macrophages, in which Biorobot was co-cultured with
RAW 264.7 cells for 24 h in the presence of PMA, followed by
measuring the cell uptake of M-Lip@TH in RAW 264.7 cells by
flow cytometry. As shown in Fig. 4B, the cellular uptake of the
released M-Lip@TH in RAW 264.7 cells gradually increased in
a time-dependent manner, and reached a plateau within 12 h.
Additionally, the uptake of the released M-Lip@TH in RAW 264.7
cells was also explored using CLSM (Fig. 4C). Low levels of M-
Lip@TH were detected in RAW 264.7 cells after co-culturing
with Biorobot in the absence of PMA. These data suggest that
Biorobot not only achieves the inflammation-triggered release of
encapsulated M-Lip@TH, but effectively targets macrophages to
improve the treatment outcomes.

In addition to active transport, the release of drugs from
nanoparticles after cell uptake is a crucial step in achieving

2248 | Chem. Sci., 2024, 15, 2243-2256
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effective intracellular drug delivery. Nanoparticles can be engi-
neered with various properties and materials to facilitate drug
release. For instance, the use of liposomes as drug delivery
vehicles can improve the release of the encapsulated drug
through fusion of the liposome membrane with the cellular
membrane, making them promising drug delivery vehicles. We
next investigated the degradation of M-Lip@TH in RAW 264.7
cells using a FRET assay in which RAW 264.7 cells were incu-
bated with DiO/DiI-M-Lip@TH, followed by monitoring FRET
effects during culture. As shown in Fig. 4D, upon excitation at
480 nm, the red fluorescence of Dil gradually decreased with
increasing culture duration, whereas the green fluorescence of
DiO increased with culture time. Additionally, an attenuated
FRET effect in RAW 264.7 cells was also identified using a fluo-
rescence spectrofluorometer (Fig. 4E), which indicated the
disassembly of M-Lip@TH in RAW 264.7 cells, which would
allow the release of the therapeutic agents directly into the cells.
Importantly, we identified that M-Lip@TH exhibited no
apparent cytotoxicity toward macrophages and did not cause
cell death or damage (Fig. 4F), suggesting that M-Lip@TH may
be safe for use in relation to these cells. Therefore, M-Lip@TH
has the appropriate physicochemical properties, targeting
mechanisms, and intracellular drug release, and may improve
the pharmacokinetic and pharmacodynamic properties of
drugs, which is beneficial for in vivo applications.

In vitro anti-inflammatory effects of Biorobot

Moreover, we investigated the anti-inflammatory activity of
Biorobot against the secretion of pro-inflammatory cytokines in
macrophages. Macrophages are major immune cells and play
an important role in the innate immune response, which is the
body's first line of defence against invading pathogens and
other harmful organisms.” Upon recognition of pathogen-
associated molecular patterns (PAMPs), macrophages are acti-
vated to initiate inflammation through the release of cytokines
(Fig. 5A).* For example, lipopolysaccharide (LPS), a major
endotoxin found in the outer membrane of Gram-negative
bacteria, plays a crucial role in the activation of the innate
immune response. When LPS is recognized by toll-like receptor
4 (TLR4) on the surface of macrophages and other immune
cells, it triggers a cascade of intracellular signaling events that
ultimately activate the NF-kB and interferon regulatory factor 3
(IRF3) pathways, leading to the production of pro-inflammatory
cytokines and interferons. In addition, polyinosinic-poly-
cytidylic acid [poly(I:C)] is a synthetic double-stranded RNA
(dsRNA) that mimics the structure of viral dsRNA found in some
viruses. When present in the cellular environment, poly(I:C) is
recognized by Toll-like receptor 3 (TLR3), which is expressed in
macrophages, leading to the activation of the NF-kB and IRF3
signaling pathways, which ultimately trigger the production of
inflammatory cytokines.** Moreover, aberrant cytosolic double-
stranded DNA (dsDNA), which can arise from viral infections,
bacterial infections, or cellular damage, is recognized by the
¢GAS enzyme. This recognition leads to the activation of the
STING pathway, which in turn activates both IRF3-dependent
and NF-kB-dependent signaling transduction pathways. This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ultimately results in the regulation of the transcription of
inflammatory cytokines, which are essential components of the
innate immune response.* Therefore, macrophage-associated
inflammatory pathways provide a good therapeutic target for
modulating inflammation.****

In this study, we developed a dual-inhibitor system
composed of NF-kB inhibitor TPCA-1 and STING inhibitor H-
151 for inhibiting the production of inflammatory cytokines
in macrophages. To examine its anti-inflammatory effects, RAW
264.7 cells were pretreated with LPS, poly(I:C) or dsDNA for 6 h,
followed by incubation with Biorobot (containing 1 uM TPCA-1
and 1 uM H-151) in the presence of PMA (100 nM) for 24 h. The
extracellular levels of inflammatory cytokines and nitrite were

© 2024 The Author(s). Published by the Royal Society of Chemistry

measured using enzyme-linked immunosorbent assay (ELISA).
As expected, in comparison to the control, LPS, poly(I:C) and
dsDNA caused greater activation of RAW 264.7 cells and
improved the production of inflammatory cytokines, including
TNF-o, IL-6, monocyte chemotactic protein 1 (MCP-1) and
interferon-p (IFN-B), as well as nitric oxide (NO) (Fig. 5B-F).
Importantly, treatment with Biorobot significantly reduced the
production of inflammatory cytokines, indicating the syner-
gistic anti-inflammatory effect of TPCA-1 and H-151.
Furthermore, it has been reported that, in addition to direct
pathogen invasion, cellular stress or damage caused by infec-
tions and inflammation can lead to the release of dsDNA into
the cytoplasm, which can also be recognized by the cGAS-STING

Chem. Sci., 2024, 15, 2243-2256 | 2249
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pathway and leads to inflammatory disease.*®* We therefore
investigated whether Biorobot could ameliorate LPS-induced
inflammation; for this, RAW 264.7 cells were pretreated with
LPS for 6 h and then treated with Biorobot in the presence of
PMA (100 nM) for 24 h, followed by measurement the gene
expression of different inflammatory factors. This study
provides insight into the molecular mechanisms underlying
inflammation and may lead to the identification of new targets
for therapeutic interventions. As shown in Fig. 5G, in compar-
ison to the single inhibition groups containing TPCA-1 or H-
151, Biorobot-treated group inhibited the expression of
inflammation genes, and the genes responsible for triggering
an inflammatory response were not highly active or expressed.
We conducted further evaluations of the regulatory effects of
Biorobot on the STING and NF-kB signaling pathways in
macrophages through western blot analysis. The results, which
are depicted in Fig. S9,f demonstrate minimal phosphorylation
of the NF-kB subunit p65 and TBK1 proteins following treat-
ment with Biorobot, indicating the targeted modulation of

2250 | Chem. Sci, 2024, 15, 2243-2256

these signaling pathways. Collectively, this evidence substanti-
ates the selective inhibition of both NF-kB and STING pathways
by Biorobot, underpinning its anti-inflammatory capabilities.
Taken together, Biorobot provides a promising platform that
can have a synergistic effect with high anti-inflammation
potency.

In vivo inflammation targeting of Biorobot in pneumonia
mice

Based on the in vitro studies, we investigated the inflammation
targetability and therapeutic efficacy of Biorobot in mice with
LPS-induced pneumonia, which is a common model used in
laboratory studies to simulate bacterial pneumonia in humans.
Inflammation can create a variety of barriers that make it
difficult for drugs to reach their intended target site, which can
limit their effectiveness. One of the major barriers is the
increased permeability of blood vessels in inflamed tissue,
which can cause drugs to leak out of the blood vessels and into
the surrounding tissue, reducing their concentration at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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target site. To overcome these passive targeting barriers, we
developed a neutrophil-based drug carrier to encapsulate drugs
and protect them from degradation or sequestration, which
could potentially improve the efficacy of drugs for treating
inflammation. Therefore, we first investigated the ability of
Biorobot to selectively accumulate at inflammatory sites.
Healthy mice or LPS-induced pneumonia mice were intrave-
nously administered DiR-labeled M-Lip@TH (DiR-M-Lip@TH)
or DiR-labeled Biorobot (DiR-Biorobot), followed by imaging
with an IVIS imaging system for 24 h. Fig. 6A shows that DiR-M-
Lip@TH accumulated in the liver of healthy and pneumonia
mice within 4 h. In contrast, DiR-Biorobot selectively accumu-
lated in lung tissues and generated much higher fluorescence
signals in lungs with pneumonia than those in healthy mice
(Fig. 6B). In addition, the major organs were harvested and
imaged after 24 h administration. As shown in Fig. 6C, DiR-M-
Lip@TH mainly accumulated in the liver and spleen in both
healthy and pneumonia mice. However, in addition to targeting
the liver and spleen of healthy mice, DiR-Biorobot also accu-
mulated in lung tissues. Importantly, much higher accumula-
tion of DiR-Biorobot in the lungs was observed in pneumonia
mice, compared with that in the liver and spleen. Tissue
distribution results were consistent with previous reports about
the ability of neutrophils to migrate towards inflammatory
tissues, which is a critical component of the immune response
against inflammation. Furthermore, the lung tissues were
frozen, sliced, and stained with DAPI for histological analysis.
DAPI is a fluorescent stain that binds to DNA, allowing for
visualization of nuclei within the tissue sections, which can
provide information about the cellular composition and orga-
nization of the lung tissue, as well as potential abnormalities
such as inflammation. As shown in Fig. 6D, the red fluorescence
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of the DiR-Biorobot-treated lung was higher than that of DiR-M-
Lip@TH-treated group. Taken together, these data suggest that
Biorobot can retain the function of neutrophils and is indeed
capable of targeting a specific region, ie., the lung with
pneumonia.

In vivo anti-inflammatory effects of Biorobot in LPS-induced
pneumonia mice

Finally, we investigated the in vivo anti-inflammatory effects of
Biorobot in an acute pneumonia model, which was established
by intranasal administration of LPS (4 mg kg™ '). Next, pneu-
monia mice were intravenously administered phosphate buffer
saline (PBS) or Biorobot (1 mg kg~ ' TPCA-1 and 1 mg kg~' H-
151). The lung bronchoalveolar lavage fluid (BALF) were
collected at 0 h, 12 h, 24 h, 48 h and 72 h after administration
(Fig. 7A). The healthy mice served as the control. As previously
reported, inflammatory proteins, such as cytokines, are released
by the immune system in response to an infection or injury and
play an important role in fighting off the invading pathogen.
However, in some cases, the immune response can become
overactive and lead to a phenomenon known as a cytokine
storm, which can cause damage to healthy tissues in the body
and even death.”” Therefore, we first evaluated the cytokine
levels in acute pneumonia mice after treatment with Biorobot.
As shown in Fig. 7B-F, in comparison to the PBS-treated group,
Biorobot effectively reduced the production of inflammatory
cytokines and NO in the lung tissues, indicating that Biorobot
may prevent the emergence of cytokine storms in vivo.

In addition, it has been shown that acute pneumonia can
lead to several changes in lung tissue, including increased
thickness of the alveolar layer, infiltration of immune cells into
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Fig. 6

In vivo inflammation targeting of Biorobot in pneumonia mice. (A) Time-dependent in vivo fluorescence imaging of pneumonia mice after

intravenous injection of DiR-labeled M-Lip@TH or neutrophils. Both healthy and pneumonia mice were intravenously injected with DiR-M-
Lip@TH or DiR-Biorobot and imaged with an IVIS imaging system for 24 h. (B) Mean fluorescence intensity of the lung regions at different time
points after the intravenous injection of DiR-M-Lip@TH or DiR-Biorobot. (C) Ex vivo fluorescence images of major organs after 24 h treatment of
DiR-M-Lip@TH or DiR-Biorobot. (D) Confocal images of lung sections treated with DiR-M-Lip@TH or DiR-Biorobot. Scale bar: 50 um. The data
are presented as mean + s.d. (n = 6).
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the lung tissue, and destruction of the alveolar septa. We
therefore performed a histological examination and validated
the existence of excessive pulmonary edema, alveolar inflam-
matory cell infiltration, and alveolar injury in the PBS-treated
group. However, Biorobot treatment significantly reduced
acute lung injury and respiratory distress syndrome (Fig. 7G),
indicating that Biorobot can reach the inflamed lung and ach-
ieve the desired therapeutic effects. Moreover, Biorobot
demonstrated a reduction in the proportion of M1 macrophages
within the lung tissues compared to the untreated pneumonia
group, as depicted in Fig. S10.f This finding suggests that
Biorobot can modulate M1 macrophage activity by concurrently
inhibiting the STING and NF-kB signaling pathways. Impor-
tantly, Biorobot intervention resulted in an increase in the
survival rate of mice with acute pneumonia (Fig. 7H). Moreover,
further analysis revealed that Biorobot possesses favorable

2252 | Chem. Sci, 2024, 15, 2243-2256

biocompatibility. Hematoxylin—eosin staining affirmed the
absence of any tissue damage attributable to Biorobot in critical
organs including the heart, liver, spleen, and kidney, as depic-
ted in Fig. 7. This finding was substantiated by the consistent
hematological indices (Fig. S11t), indicating no adverse
systemic effects. Collectively, these observations support the
viability of Biorobot-based dual inhibitor therapy as an inno-
vative and promising approach for the effective management of
inflammatory diseases, with the potential to confer multiple
therapeutic advantages.

In vivo transcriptomic profiling of Biorobot-treated
pneumonia mice

To gain a deeper understanding of the mechanism underlying

the treatment using Biorobot against cytokine storm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a transcriptomics analysis was performed on the lung tissues of
the LPS-induced pneumonia mice after treatment. Tran-
scriptomics is the study of the complete set of RNA transcripts
produced by the genome under specific conditions, which can
provide insights into the gene expression patterns and molec-
ular pathways associated with the immune response to LPS and
the subsequent treatment. Firstly, we identified that 13 978
genes were co-expressed in both groups, 647 genes were exclu-
sively expressed in the PBS group and 1571 genes were only
expressed in the Biorobot group (Fig. 8A). Moreover, a gene
expression analysis identified 2781 genes that were differen-
tially expressed between the two groups. Out of these, 1284
genes were found to be upregulated (i.e., expressed at higher
levels) in one group compared to the other, while 1497 genes
were found to be downregulated (i.e., expressed at lower levels)
in the same comparison (Fig. 8B). This study determined the
changes in gene expression in the mice before and after treat-
ment with Biorobot, which may provide insight into the
potential mechanism of action of Biorobot.

Moreover, to elucidate the therapeutic mechanism of Bio-
robot, we performed Gene Ontology (GO) enrichment analysis
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to analyze the differentially expressed genes between two
groups. The purpose of this analysis is to identify GO terms,
which are functional annotations assigned to genes based on
their treatment outcomes. As shown in Fig. 8C, 2781 genes were
found to be differentially regulated in the Biorobot group. Based
on the GO analysis, it appears that these genes are mainly
associated with various aspects of the immune response,

including immunoglobulin-mediated immune response,
macrophage activation, chemokine-mediated signaling
pathway, leukocyte activation involved in inflammatory

response, regulation of cytokine production involved in
immune response, and cytokine secretion. This information
suggests that Biorobot group may have an altered immune
response compared to the control group. In particular, the GO
enrichment chord diagram (Fig. 8D) shows that the top 10
significantly enriched GO terms are related to inflammatory
responses and cytokine signaling pathways. All in all, Biorobots
can downregulate inflammatory-related pathways
compared with a control group, which suggests that the syner-
gistic inhibition effects of TPCA-1 and H-151 can effectively
ameliorate cytokine storm syndromes.

several

~ Positive regulation of T-helper cell differentiation Padjust
Regulation of activated T cell proliferation

. Immunoglobulin mediated immune response
° Macrophage activation

™Y Chemokine-mediated signaling pathway

1.14e-4

. Microglial cell activation
@& Leukocyte activation involved in inflammatory response
® Response to protozoan Number
. B cell mediated immunity
Regulation of T-helper 1 type immune response e 10
. Inner dynein arm assembly ® 16
. Cellular response to dsRNA ® 22
° Regulation of T cell mediated cytotoxicity @ 8
L] Regulation of tyrosine phosphorylation of STAT protein
® Neutrophil migration
°
P PG R s

immune receptors built from immunoglobulin superfamily domains
[ [ mphocyie fediated immunty s ¥

® Cytokine secretion

0 02 04 06 08
Rich factor

PBS
: [

Biorobot

Tbk1 s
0 Nos2 05
I12a o5
Cxcl3
Sting1 Mas
Cdsé
Bcl10
Nfkb2
Ccl11
Ifit2
Isg15
Irf1
Myd8s
Nfkbib
o Cxc10
6
| Irf7

= Fas

Nfkbia
Tnf
11b
) Nfkbid
“ Nrf1
P state

Bcl2

@ microglial cell activation

leukocyte activation involved in inflammatory response
@ response to protozoan
@ B cell mediated immunity

regulation of T-helper 1 type immune response

Fig. 8 Transcriptomic analysis of the treatment effects of Biorobot in pneumonia mice. (A) Venn diagram of expressed genes between PBS and
Biorobot treatment in the lung tissues of pneumonia mice. (B) Differential gene expression after the treatment. (C) GO pathway enrichment
analysis of the differentially expressed genes after the treatment. (D) GO enrichment chord diagram. (E) Heat map of downregulation of NF-«kB
and STING related genes after the treatment. The data are presented as mean + s.d. (n = 3).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 2243-2256 | 2253


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03438k

Open Access Article. Published on 28 December 2023. Downloaded on 11/29/2025 10:37:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Next, we analyzed the gene expression data to identify differ-
entially expressed genes related to the NF-kB and STING immune
functions. NF-kB is a transcription factor that plays a key role in
regulating the immune response to infections, while STING is an
intracellular signaling protein that is involved in the detection of
viral infections and the activation of the immune response. As
shown in Fig. 8E, Biorobot treatment could induce differential
expression of genes associated with immune function in lung
tissues. The results are presented in the form of a heat map, which
is a visual representation of data that uses color-coded cells to
display values. In specific, Biorobot downregulated NF-«B and
STING-related genes in lung tissues, suggesting that the simul-
taneous inhibition of multiple cytokine signaling pathways holds
great promise as a strategy for modulating the immune response
in various disease states. Therefore, Biorobot, which was designed
to block both the NF-kB and STING inflammatory pathways can
lead to a reduction in cytokine storm syndromes and an overall
anti-inflammatory effect, which can guide the development of
novel therapeutic strategies to improve the outcomes of patients
suffering from severe inflammatory conditions.

Conclusions

In summary, the novel neutrophil-based therapeutic system
called Biorobot has been developed to calm cytokine storms by
enhancing synergistic anti-inflammatory effects. This system
consists of living neutrophils encapsulating mannose-
decorated liposomes containing the dual inhibitors TPCA-1
and H-151 (M-Lip@TH). Biorobot can selectively accumulate
and release M-Lip@TH at inflammatory sites, allowing the dual
inhibitors to be effectively endocytosed by macrophages. As
a result, both the NF-kB signaling pathway and the cGAS-STING
pathway are simultaneously blocked, leading to the inhibition
of the production of inflammatory factors. In vivo studies have
shown that Biorobot exhibits excellent pneumonia targeting
ability and can effectively suppress the production of inflam-
matory cytokines, thereby improving the survival of pneumonia-
afflicted mice. This innovative therapeutic platform holds great
potential for the treatment of pneumonia and cytokine storm-
associated diseases. By utilizing the body's own immune cells
and targeting multiple inflammatory pathways, Biorobot offers
a promising approach to manage severe inflammatory condi-
tions and improve patient outcomes.
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