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Abstract
Engineered carbon nanomaterials (CNMs), such as carbon nanotubes and

carbon black, are used in many industrial and biomedical applications. Owing

to their respirable size and biopersistence, inhaled CNMs deposit in the distal

lung and may persist there for long periods. Alveolar macrophages (AMs), as

the first line of defense in the alveolar space, are a main cellular target for

these particles. Previous research from our group has shown that inhalation of

CNMs induces persistent AM depletion without restoration, suggesting AM

cell death in a shape dependent manner in which fiber - shaped multi-walled

carbon nanotube (MWCNT) having the strongest effect, followed by tangled

double-walled carbon nanotubes (DWCNT), whereas spherical carbon

nanoparticles (CNP) do not reduce AM numbers (Voss C et al., 2024). Yet
how CNM shape and agglomeration state together affect AM cellular

homeostasis, cell death and subsequent inflammatory responses has not

been systematically studied.

A stable and reproducible CNM dispersion system relevant to biological

conditions, as well as an in vitro AM culture system that recapitulates the

phenotype and functions of in vivo resident alveolar macrophages (resAMs),

is a prerequisite in CNM toxicology research.

Therefore, surfactant-based suspensions were established that were more

stable and showed fewer large aggregates than other dispersants. In parallel,

transcriptomic and phenotypic comparisons between several AM models

including AMs cultured for seven days with a cytokine cocktail (AMs GTR),

bone marrow-derived AM-like macrophages (BM-AMs) and immortalized AM-

like cell lines demonstrated that AMs GTR and BM-AMs are the best suited

cell models.

To study underlying mechanisms at organelle-level. AMs GTR, BM-AMs and

MH-S cells were exposed to MWCNT, DWCNT and CNP, and lysosomal,

mitochondrial changes as well as cellular uptake and cell migration were

investigated. Here, we found that MWCNT induced significant lysosomal

membrane destabilization with cathepsin B leakage, mitochondrial membrane
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depolarization, followed by reduction in cellular migration velocity and

inflammatory cytokine release in both AMs GTR and BM-AMs. In contrast,

DWCNT and CNP mainly reduced lysosomal acidity without extensive

membrane rupture, mild mitochondrial changes whereas cellular movement

and inflammatory cytokine release was largely unaffected in both AMs GTR

and BM-AMs.

Further pharmacological inhibition of cysteine cathepsins mitigated MWCNT

and DWCNT but not CNP triggered cell viability loss at higher doses in vitro.

Notably, pretreatment of AMs GTR and BM-AMs with cathepsin inhibitors

attenuated MWCNT and CNP uptake at low doses.

Taken together, our findings suggest that MWCNT induce similar lysosomal

and mitochondrial damage, cathepsin-dependent cell death and inflammatory

cytokine release in both AMs GTR and BM-AMs that can be potentially

mapped with in vivo sterile lung inflammation induced by MWCNT. In addition,

pharmacological inhibition of cysteine cathepsins reduces CNM internalization

and alleviates cathepsin-related cell death providing a potential therapeutic

target for diseases and exacerbations driven by environmental and

engineered nanomaterials.
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1. Introduction

1.1 Carbon based nanomaterials

Air pollution has always been a large threat to public health and global climate,

despite the fact that in the last two decades there is an improved air quality

due to declined air pollutants emission. According to the latest report from the

World Health Organization (WHO), 6.7 million deaths worldwide can be

attributed to air pollution-both ambient and household (WHO,2024). Air

pollutants are composed of gaseous components and particulates which arise

from human activities and natural processes (Hamsanaka R.B et al., 2018).
The most abundant gaseous pollutants are nitrogen oxide (NO2), ozone (O3),

and carbon monoxide (CO). Particulates or Particulate matter (PM) can be

divided into 3 categories according to the size: PM10 (size < 10 µm and >2.5

µm), PM2.5 (size < 2.5 µm) and ultra-fine PM0.1 (size < 100 nm). PM can be

emitted into the atmosphere either through anthropogenic activities such as

industrial activity, transportation and combustion of fossil fuel or natural

processes. Numerous research has indicated that short-time or chronic

exposure to PM is associated with respiratory disease, cardiovascular

morbidity and mortality, lung cancer or even premature death (Ruyi Li et
al.,2018; Yu Min Lee et al.,2020).

As the major fraction of PM, Carbonaceous Particles (CP) largely responsible

for its hazardous effect to public health. CP can be divided into two groups:

elemental carbon (EC) and organic carbon (OC) (Andreae M.O et al., 2006).
EC consist of black carbon (BC) which is produced mainly by incomplete

combustion of carbon containing material such as coal tar, vegetable matter,

or petroleum products, Carbon black (CB) also known as Carbon black

nanoparticle (CNP), and engineered carbon nanomaterials, e.g., carbon

nanotubes (CNT), fullerenes, and graphene (Christopher M Long et al.,
2013). OC is a complex blend of various organic compounds, which can be

categorized into primary and secondary organic compounds (Lyu R et al.,
2021).
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Black carbon (BC) is highly heterogeneous in its physicochemical properties

and composition due to diverse emission sources and typically contains less

than 50% elemental carbon. While CNP is composed almost exclusively of

elemental carbon (>97%) and classified as one dimensional spherical

particles. Compared with BC, CNP is industrially produced by incomplete

combustion or decomposition of carbohydrate in a controlled manner and

widely used in printing ink, paints, plastics and its larger aggregates also

utilized as reinforcing agents in tires and various rubber products (Julie A
Bourdon et al., 2012). In the present study, we use Printex90, a well-

characterized carbon black widely adopted as a benchmark for CNP in

inhalation and in vitro toxicology (hereafter referred to as CNP). CNP consists

of primary particles (10-100nm), aggregates (85-500nm) and agglomerate (1-

100μm) as shown in Fig.1 (Yulai Shen., 2018). This hierarchical structure

grants CNP high surface area to volume ratio (BET) around 295–338 m2/g.

Figure1. TEM image of CNP (Yulai Shen et al.,2018)

As engineered carbon nanomaterials, CNT are synthetic allotropes of carbon

which stand out among nanocarriers due to their unique carbon atom

arrangement, each carbon atom is sp2 hybridization and joined with three

neighbor to form a honeycomb-like hexagonal lattice as graphite sheet

featuring a carbon-carbon distance of 1.42 Å and an interlayer spacing of 3.4

Å (Heesoo Park et al.,2024). This graphite sheet can be folded or rolled up

into hollowed cylinders structure with only one carbon atom thick. The unique

assemble and structure confers CNT super and semi-conducting, metallic

properties of electron transport as well as high tensile strength and elastic

modulus (MF Yu et al.,2000) which makes it very promising in revolutionizing

the biomedical and industrial field (Michael F L De Volder et al.,2013) such
as drug and vaccine delivery carriers, biosensor, energy storage, coatings
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and microelectronics (Alberto Bianco et al.,2005; David A Scheinberg et
al.,2013; Carmen-Mihaela Tîlmaciu et al.,2015; Aaron D Franklin et
al.,2022).

Depending on how many layers of these cylinders structure, CNT can be

classified into three categories: single-walled carbon nanotubes (SWCNT),

double-walled carbon nanotubes (DWCNT), and multi-walled carbon

nanotubes (MWCNT). Each CNT has unique properties, for example SWCNT

is widely used as transparent conductors since it has the lowest optical

density among all three types of CNT. Due to CNT possessing very light

weight, they are easily distributed in the air and inhaled. Numerous

researches have indicated short-term or long-term exposure of CNT to mice

can cause acute lung inflammation or lung fibrosis and lung cancer (A A
Shvedova et al., 2008; Robert R Mercer et al., 2013; Linda M Sargent et
al., 2014). It also should not be neglected that different CNT with different

physiochemical properties can lead to diverse pathological consequences.

DWCNT, just as its names implied, consists of two SWCNT with one nested in

another. Compared with SWCNT, DWCNT exhibits higher mechanical

strength and thermal stability along with fascinating electronic and optical

properties. From applications perspective, these attributes position DWCNT

as a pragmatic compromise between the monodispersity or sensitivity of

SWCNT and the durability of MWCNT, enabling use in mechanically resilient

composites, heat-tolerant and optoelectronic interfaces, and nanocarrier

platforms where dual-wall integrity is advantageous (Cai Shen et al.,2011).
Toxicological research, however, indicated that hazard is tightly linked to the

physicochemical form (length, rigidity, biopersistence, and surface chemistry).

A landmark two-year study employing intratracheal-intrapulmonary spraying in

rats demonstrated durable lung burdens, chronic inflammation, and pathology

at the upper dose tested. As Dina Mourad Saleh et al have found, long-term

exposure of rats to 0.5 mg DWCNT resulted in pleural fibrosis and lung

tumors (Dina Mourad Saleh et al., 2022).
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MWCNT consists of multiple concentric graphene cylinders with an interlayer

spacing of ~0.34 nm; diameters can extend to tens of nanometers while

preserving high aspect ratio. This coaxial architecture imparts exceptional

stiffness and strength and robust thermal/electrical performance, making

MWCNT attractive for composites, thermal interfaces, and emerging

electronics (Nataliya A Sakharova et al.,2020). From a hazard perspective,

morphology and durability are decisive. Long, straight (needle-like) MWCNT

behave as biopersistent fibers in vivo, reproducing key features of the fiber

pathogenicity paradigm. In a seminal mesothelial-exposure study, long

MWCNT induced asbestos-like, length-dependent inflammation and

granulomas, whereas short CNTs did not. Follow-up pleural work

demonstrated that long fibers are selectively retained at parietal-pleural

stomata, providing a mechanistic basis for pleural fibrosis/mesothelioma risk

(Craig A Poland et al.,2008).

Carcinogenicity outcomes have been confirmed in long-term rodent studies

with the industrial reference material MWNT-7. Whole-body inhalation in rats

produced lung carcinomas at high retained fiber burdens; separate two-year

regimens using repeated intratracheal instillation reported carcinogenicity to

both lung and pleura. Collectively, these data place certain long, rigid

MWCNT among fiber-like pulmonary hazards, contingent on dose, dimension,

and durability (Tatsuya Kasai et al.,2016).
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Figure2. Scanning electron microscopy (SEM) images
Scanning electron microscopy (SEM) images (A) and transmission electron

microscopy (TEM) images (B) of DWCNT (a) and MWCNT (b) was shown (Dina
Mourad Saleh et al.,2022).

1.2 Carbon nanomaterials interaction with pulmonary phagocytes
determines the fate of lung inflammatory and injury

CNMs can enter the human body via i nhalation, ingestion, dermal contact, or

intravenous injection and subsequently reach distant organs through the

bloodstream (Valeria De Matteis., 2017; Robert R Mercer et al., 2013).
Among these, the respiratory system is the primary route of entry. Despite a

large fraction of particles can be removed from airways through mucociliary

clearance system, certain amount of them can reach and deposit to the distal

lung area where they can either be retained or cleared by resident alveolar

macrophages (resAMs) by phagocytosis and subsequent migration to the

mucociliary escalator for elimination depending on the physiochemical

characteristics. For example, CNP can be recognized and well engulfed by

resAMs without disturbing its functions. Research from Qiongliang Liu in our

group has also found that uptake of CNP by resAMs in vivo fuels its migration

that facilitates the clearance of CNP (Qiongliang Liu et al., 2025). Moreover,
once reaching the alveolar space, these nanomaterials can interact with lung

surfactant -a fluid lining the alveolar surface and form so called ‘protein

corona’ around the CNMs, which can dramatically alter dispersion and cellular

interactions. Surfactants composed of proteins (SP-A, B, C and D) and lipid

components can either promote or inhibit cellular uptake depending on the

particle. For example, SP-A enhances uptake of some hydrophobic particles

but inhibits uptake of toxic amine-modified particles, while SP-D opsonize

CNT and augment phagocytosis and cytokine release (Zofi McKenzie et al.,
2015; Kirsten M Pondman et al.,2017). Beyond proteins, surfactant lipids

themselves can adsorb to carbon surfaces and affect macrophage recognition

(Alexander A Kapralov et al., 2012).
The first step for alveolar macrophage uptake of nanomaterials is the

recognition via its surface receptors. There are several inherently expressed
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surface receptors on resAMs responsible for recognition pathogens and

damaged tissue components called pattern-associated recognition receptors

(PRRs) (Yutaro Kumagai et al.,2010). Across various pathogens and injured
tissue or dying cells, there are common and relatively conserved recognition

patterns termed pathogen-associated molecular patterns (PAMPs) and

damage-associated molecular patterns (DAMPs) respectively. As foreign

substances, nanomaterials could potentially present analog patterns by

adsorbing proteins or associated with their own physicochemical properties.

The receptors on resAMs can be classified as four major groups: (1) toll-like

receptors, (2) mannose receptors, (3) scavenger receptors, and (4) Fc

receptors (table1)

Table 1 Features of primary surface receptor associated with
nanomaterials- mediated uptake

Receptor type Receptor subtype Receptor description

Toll like receptors

TLR-1, 2, 4, 5, 6

Expressed on the surface of

phagocytes (Michael A Collier et
al., 2013)

TLR-3, 7, 8, 9

Located inside intracellular

compartments (Michael A Collier
et al., 2013)

TLR-4

Recognize LPS or endogenous

DAMPs released from damaged

tissue or necrotic cells and

activates innate immunity (Kate
Schroder et al.,2010)

Mannose/Lectin

Receptors
C-type lectin

Recognize carbohydrate binding

protein and have been used to

functionalize CNMs with galactose

and di mannose (Ana V Chavez-
Santoscoy et al., 2012)
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Scavenger
receptors

SR-AI/II

scavenger

receptors

Engaged in silica NP uptake

(Galya A Orr et al., 2011)

MARCO

Associated with alveolar

macrophage uptake of polystyrene

CNMs (Sanae Kanno et al.,2007)

Fc Receptors CD64

expressed on resAMs and can be

leveraged to facilitate CNMs

uptake, especially when CNMs are

coated with an antibody that binds

to CD64

These receptors are involved in CNMs internalization routes including

phagocytosis, macropinocytosis and different endocytosis pathways including:

clathrin-mediated endocytosis (CME), caveolin associated and

clathrin/caveolae-independent routes. In resAMs, carbon-based

nanomaterials are predominantly internalized by receptor-mediated

phagocytosis, strongly shaped by the lung protein corona. Surfactant proteins

SP-A/SP-D and CD14 enhance alveolar macrophages uptake of diverse

engineered nanomaterials (Qiqi Wang et al.,2021), while scavenger

receptors especially SR-A1 and MARCO govern recognition and engulfment

of carboxylated CNT (Ruhung Wang et al., 2020). Depending on size, shape
and surface chemistry, alternative routes such as macropinocytosis and

clathrin-mediated endocytosis contribute, particularly for graphene oxide

sheets (Qingxin Mu et al., 2012; Melanie Kucki et al., 2017). Critically, high-
aspect CNT can elicit ‘frustrated phagocytosis,’ a geometry-limited uptake that

sustains lysosomal and inflammatory stress (Matthew S P Boyles et
al.,2015). These route choices, set by corona composition and material

properties, determine intracellular trafficking to phago-/endolysosomes and

ultimately influence clearance kinetics and injury signaling in alveolar

macrophages (Stefan Tenzer et al., 2013).
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1.3 The interactions between carbon nanomaterials and intracellular
organelles

1.3.1 Lysosome

The word lysosome is the neo-latin that combines lyso - which is referred as

lysis and some which means body. The discovering of lysosomes can be

traced from 1950s, during investigating the function of glucose-6-phosphatase

and insulin in liver cell, the scientist Christian de Duve accidentally found the

activity of control enzyme, namely acid phosphatase was only 10% of the

expected enzymatic activity, after leaving the cell fractions in the fridge for 5

days, the enzymatic activity was recovered to the initial level. They

hypothesized that the enzyme was sequestered by the membrane-like

organelle (De Duve C.,1965). Later on, they named this as “lysosomes” and

subsequently together with Novikoff produced the first electron microscopy

(EM) images of lysosomes (Novikoff AB., 1956). It is now well known that

lysosomes are single membrane wrapped vesicle-like organelle characterized

by low pH (4.5-5). This acidic environment inside lysosomes lumen are

maintained by the membrane associated proton-pumping ATPase (vATPase)

and serves as an essential prerequisite for more than 60 degradative

enzymes to exerts its functions, i.e. the break down of external macro-

molecules which were engulfed into the cell through phagocytosis or

endocytosis such as virus, bacterial and various molecular toxins (J Paul
Luzio et al., 2009), and internal macro-molecules i.e., misfolded proteins,

damaged organelles s uch as mitochondria and eventually cleared mainly by

autophagy (Jasvinder Kaur et al.,2015) to maintain the cellular homeostasis.
Besides vATPase, the membrane of lysosomes also contains various

transporters responsible for sensing and exporting nutrients and ubiquitously

expressed lysosomal membrane proteins (LAMPs), accounting for 50% of

total lysosomes membrane proteins. The highly glycosylated LAMPs protect

from self-degradation from enzymes and can be recognized by galectins - one

of the components of the endosomal sorting complex required for transport

(ESCRT) machinery or ubiquitination. Once lysosomal membrane is damaged

by various interna stimulus such as reactive oxygen species (ROS) and
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nutrients deprivation or external stimuli including some lysosometropic agents

eg. LLome (de Duve et al., 1974), the flipped LAMPs can either recruit the

ESCRT machinery to initiate the direct membrane repair in a calcium

dependent manner (Radulovic M,2018; Scheffer L, 2014), or be recognized

by galectin family proteins such as galectin-3, 8 and 9 and further cleared by

autophagy also known as lysophagy if the damage persisted and exceeded

beyond the repair limitation (Yu-Hsien Hung et al., 2013).

In addition to mechanical damaging, engineered CNMs can disrupt lysosomal

acidification through convergent mechanisms: (1) modulation of the mTORC1-

TFEB axis that diminishes lysosomal biogenesis and proton-pump capacity;

(2) direct interfering with the V-ATPase, including V1-V0 disassembly or

inhibition at the lysosomal membrane; and (3) impairment of the CLC-

7/OSTM1 counter-ion pathway required to sustain proton accumulation. Each

route elevates luminal pH, attenuates hydrolase activity and compromises

cargo degradation (Yawen Feng et al., 2024).

It is well established that CNMs are avidly internalized by macrophages and

typically traffic to phagolysosomes, where their physicochemical traits are

translated into specific lysosomal outcomes. A unifying mechanism across

many CNMs is lysosomal membrane permeabilization (LMP) with cathepsin

release-a proximal trigger for NLRP3 inflammasome assembly, caspase-1

activation, and IL-1β maturation (Bingbing Sun et al.,2014). CNMs

exemplifies this pathway: long, rigid MWCNT induces lysosome-dependent

pyroptosis (Gasdermin D cleavage) and IL-1β release in human macrophages,

consistent with LMP-driven cathepsins leakage. By contrast, neutrophils are

comparatively resistant (Sandeep Keshavan et al.,2021). In 2020, a research
conducted by Xia Yuan and colleagues demonstrated that CNP rapidly

overload lysosomes, causing membrane rupture, cathepsin B release, ATP

loss, and necrosis. The inhibition of cathepsin B (CA074-Me) partially rescued

macrophage viability and dampens inflammation in vivo (Xia Yuan et
al.,2020).
Beyond overt LMP, diverse and mechanistically distinct lysosomal injuries are

observed with non-carbon nanoparticles. Silica and several metal oxides (ZnO,
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TiO2, CeO2) can provoke an early lysosomal membrane hyper-polarization

that precedes LMP and IL-1β release. Preventing either hyperpolarization or

acidification blunts downstream injury (Tahereh Ziglari et al.,2021). Acidic
dissolution within lysosomes contributes to “ion-release” toxicity for ZnO, CuO,

and cadmium-based quantum dots, with liberated metal ions amplifying ROS

and membrane damage (e.g., CuO-induced Cathepsin B release; Cd2+

release from QDs at lysosomal pH) (Xiaoqi Tao et al.,2021; Kishan Das et
al., 2023). Silver nanoparticles frequently derail autophagic flux by impairing

autophagosome -lysosome fusion and perturbing lysosomal competence,

leading to cargo accumulation and sterile inflammation (Anurag R Mishra et
al.,2016). Emerging evidence shows that cationic carbon dots can drive

lysosomes-dependent, inflammasome-mediated pyroptosis in macrophages

via cathepsin-B/NLRP3 signaling (Yasmin Arezki et al.,2022). Polymeric and
plastic nanoparticles, such as polystyrene nanoplastics, often accumulate in

lysosomal compartments, remodel lipid metabolism and macrophage

programs, and can enlarge the endo-lysosomal system even in the absence

of strong ROS signals (Ida Florance et al.,2022). Not all nanoparticles-
lysosome interactions hinge on luminal pH elevation; the widely cited “proton-

sponge” mechanism for cationic polymers lacks consistent experimental

support - quantitative pH measurements show no bulk lysosomal

alkalinization despite endosomal escape, underscoring the need for empirical

verification (Lotte M P Vermeulen et al.,2018). Finally, lysosomal membrane
composition modulates injury thresholds: elevated membrane cholesterol

stabilizes lysosomes and attenuates silica-induced permeability, whereas

cholesterol depletion sensitizes membranes to disruption - highlighting

actionable levers for safer-by-design materials (Matthew J Sydor et al.,2023).

In summary, lysosomes play a decisive role in determining alveolar

macrophage's response to CNM. Depending on composition, aspect ratio,

surface chemistry, and durability, CNMs can be either processed without

damaging lysosome or cause LMP followed by pyroptosis or necrosis.

Mapping these injury modes clarifies how CNM damage macrophages and

shed light on how to mitigate it through particle surface engineering,
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membrane-stabilizing strategies, and targeted inhibition of cathepsin/NLRP3

pathways (Maja Radulovic et al.,2025).

Figure3 Schematic diagram illustrating lysosomal acidification disruption
mediated by NP treatment
1. NPs modulate VATPase activity through the mTORC1-TFEB signaling pathway; 2.

NPs damage lysosomal function by altering the structure of V-ATPase (Black dotted

box); and 3. NPs influence V-ATPase activity with the mediation of CLC-7 (Yawen
Feng et al.,2024).

1.3.2 Mitochondria

Lying at the center of cellular metabolism and stress signaling, mitochondria

are double-membrane organelles that generate ATP via the tricarboxylic acid

(TCA) cycle and oxidative phosphorylation (OXPHOS), integrate apoptotic

cues, and act as innate-immune platforms. Historically, the organelle emerged

from a long line of microscopic observations: Altmann described “bioblasts” in

1890; Benda coined “mitochondria” in 1898; and Palade’s electron

microscopy in the 1950s revealed their membrane architecture and cristae,

ushering in modern mitochondrial cell biology (David J Pagliarini et al.,2013).

Structurally, the outer membrane (OMM) hosts voltage-dependent anion

channels (VDACs) and signaling complexes; the inner membrane (IMM)

houses the electron transport chain (ETC) and ATP synthase, whose activity
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depends on the proton motive force (Δψm). Beyond bioenergetics,

mitochondria orchestrate fate decisions: BAX/BAK-mediated OMM

permeabilization releases cytochrome c into cytoplasm to activate caspase-9

and the apoptosome, while mitochondrial DNA (mtDNA) serves as a potent

danger associated molecular pattern (DAMP) that can engage cGAS–STING

and NLRP3 pathways. In particular, mtDNA stress or mis-packaging promotes

cytosolic mtDNA that primes type I interferon via cGAS–STING, and oxidized

mtDNA directly ligates NLRP3 to license IL-1β maturation—placing

mitochondria at the heart of innate immunity (A Phillip West et al.,2015).

Mitochondrial number and quality are tightly regulated by a three-tiered quality

control system. First, dynamic remodeling via fusion (MFN1/2, OPA1) and

fission (DRP1 with adaptors FIS1, MFF, MiD49/51) maintains network

function, segregates damage, and shapes bioenergetic capacity (Richard J
Youle et al.,2012; Oliver C Losón et al.,2013).
Second, damaged organelles undergo PINK1-Parkin mitophagy: loss of Δψm

stabilizes PINK1 on the OMM, recruiting/activating Parkin to ubiquitinate OMM

substrates and seed autophagosome formation (Alicia M Pickrell et al.,2016).
Third, mitochondria derived vesicles (MDVs) bud selectively from stressed

mitochondria to deliver oxidized cargos to late endosomes/lysosomes or

peroxisomes providing fast “spot repair” that can operate when bulk

autophagy is compromised (Ayumu Sugiura et al.,2014). Emerging works

add crosstalk nodes: mitochondria-lysosome contact sites (MLCs) governed

by RAB7 tune DRP1-dependent fission, linking lysosomal degradative

capacity to mitochondrial dynamics (Yvette C. Wong et al., 2018).

In macrophages, these mitochondrial alterations are tightly interconnected

with immunometabolism. Activation states reprogram flux through glycolysis,

the TCA cycle, and OXPHOS to calibrate antimicrobial and tissue-remodeling

functions. Mitochondria thus “power” immunity not only by ATP supply but

also by generating mitochondrial ROS (mtROS) as signaling second

messengers and by providing platforms for MAVS (antiviral RIG-I signaling),

cGAS–STING (mtDNA), and NLRP3 (mtROS/mtDNA) (Evanna L Mills et
al.,2017).
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In the lung, resident alveolar macrophages (resAMs) are imprinted by GM-

CSF/TGF-β to rely on PPARγ driven lipid handling and OXPHOS, consistent

with their surfactant-rich niche. Perturbing PPARγ disrupts resAMs identity

and host defense (Christoph Schneider et al.,2014). Recent multiomic

studies further underscore that resAMs favor fatty-acid utilization and

mitochondrial programs relative to other macrophage populations (Stefanie K
Wculek et al.,2022).

CNMs can perturb mitochondria by direct association (post-phagolysosomal

escape or contact at MLCs), by lysosomal–mitochondrial coupling (cathepsin

release, Ca2+/lipid flux), or indirectly via dissolution derived ions and redox

stress. A common, central mechanism is ETC inhibition that collapses Δψm

which causes accumulation of mtROS followed by inflammasome activation

and cell death, or compensatory mitophagy. In addition, several researches

reported that MWCNT can activate the NLRP3 inflammasome and gasdermin

D-dependent pyroptosis in human macrophages in which mitochondrial

dysfunction and mtROS release act as upstream cascade (Sandeep
Keshavan et al., 2021). Furthermore, CNMs exposure trigger lysosomal

dependent necrotic cell death (Xia Yuan et al.,2020). The released mtDNA

acts as a DAMP that promotes neutrophilic inflammation. These findings

highlight mitochondria as both injury targets and inflammatory amplifiers.

Likewise, non-carbon-based nanoparticles can also elicit mitochondrial

dysfunction and damage. For example, Zinc oxide (ZnO) nanoparticles can

dissolve in acidic compartments and raise intracellular Zn2+. The resulting

collapsed Δψm inhibits complexes I/III, and boosts mtROS accumulation and

eventually leading to the disruption of mitochondrial fission–fusion dynamics

(Yujie Li et al.,2020). Silver nanoparticles (AgNPs) can trigger mitochondrial

damage, NLRP3 activation, and pyroptosis. In parallel, PINK1-Parkin

mitophagy is protective, it removes damaged mitochondria, lowers mtROS,

and reduces inflammasome signaling (Jiangyan Li et al.,2024).

These mitochondrial outcomes are linked to immune signaling. Oxidized

mtDNA released during apoptosis or catastrophic mitochondrial damage binds
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and activates NLRP3, while milder mtDNA stress primes cGAS–STING and

antiviral programs; the same pathways are increasingly implicated in sterile

inflammation elicited by particulates (Kenichi Shimada et al.,2012). Quality-
control pathways modulate this balance: mitophagy and MDVs can resolve

focal damage and restore function, whereas excessive fission coupled to

blocked autophagy favors inflammasome activation and lytic death (Alicia M
Pickrell et al.,2016). Finally, because MLCs regulate mitochondrial fission,

CNM-induced lysosomal dysfunction can secondarily destabilize

mitochondrial networks mechanistically connecting lysosomal homeostasis to

mitochondrial integrity in macrophages (Yvette C. Wong et al., 2018).

Figure4. Mitochondrial quality control (Rachel T Cox et al.,2021)

1.4 Adverse outcomes of intracellular organelle damage triggered by
carbon nanomaterials

Programmed cell death is not a single route to demise but a network of

genetically encoded subroutines whose execution and immunological “tone”

shape tissue homeostasis and disease. The Nomenclature Committee on Cell

Death (NCCD) distinguishes accidental cell death from RCD, and classifies

the latter by molecular criteria rather than morphology - an approach that

clarifies mechanisms and helps relate death modalities to therapeutic
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strategies. Equally central is the principle that how a cell dies determines how

the organism responds: immunologically silent clearance versus inflammation

and adaptive immune priming (Lorenzo Galluzzi et al.,2018).

Apoptosis exemplifies a non-lytic, generally tolerogenic RCD. The extrinsic

pathway originates at death receptors (e.g., Fas, TNFR) and signals via

caspase-8, whereas the intrinsic pathway integrates intracellular stress at

mitochondria; BCL-2 family control of mitochondrial outer-membrane

permeabilization activates caspase-9. Both converge on executioner

caspases-3/7 to dismantle the cell with nuclear condensation, membrane

blebbing, and apoptotic body formation. In vivo, swift efferocytosis of apoptotic

cell debris by professional and non-professional phagocytes prevents

secondary necrosis and actively promotes resolution programs (e.g., TGF-

β/IL-10), which explains why apoptosis can remodel tissues during

development and adult turnover without provoking inflammation (Laura Lossi.,
2022).

When caspase-8 activity is blocked, cells can instead engage necroptosis, a

lytic, pro-inflammatory RCD executed by the RIPK3-MLKL axis.

Phosphorylated MLKL can polymerize at the plasma membrane to disrupt

ionic homeostasis and rupture the cell, releasing DAMPs that amplify

inflammation. Biologically, necroptosis serves as a backup program when

pathogens inhibit apoptosis. Pathologically, it contributes to ischemia–

reperfusion injury and solid-organ damage, where blocking RIPK1 or MLKL

can be protective in preclinical models (Manolis Pasparakis et al.,2015).

Pyroptosis is another lytic RCD program distinguished by inflammasome

activation and pore formation by the gasdermin family. Canonical caspase-1

(and non-canonical caspases-4/5/11) cleave gasdermin D to unleash an N-

terminal fragment that forms membrane pores, enabling IL-1β/IL-18 release

and cell lysis. Biologically, pyroptosis clears intracellular replication niches

and promotes the recruitment of immune cells; pathologically, its exuberant or

persistent activation can propagate organ injury and systemic inflammation

(Pian Yu et al.,2021).
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Ferroptosis, by contrast, is a metabolically driven, non-apoptotic RCD defined

by iron-dependent lipid peroxidation and failure of glutathione peroxidase-4

(GPX4) protection. Morphologically and biochemically distinct from apoptosis

and necrosis, ferroptosis is increasingly implicated in degenerative diseases

(e.g., neurodegeneration) and in ischemic injury, offering therapeutic entry

points via lipid-antioxidant and iron-chelating strategies (Scott J Dixon et
al.,2012).

Lysosome-dependent cell death (LDCD). Recognized by the NCCD as a

distinct form of regulated cell death, LDCD is defined by LMP and the

cytosolic release of cathepsins (notably B, D and L), which can act as direct

executioner proteases or amplify other RCD programs. Limited LMP often end

up with caspase-dependent apoptosis via cathepsin-mediated BID truncation

and ensuing mitochondrial outer-membrane permeabilization, whereas

extensive LMP drives caspase-independent, necrosis-like demise due to

uncontrolled proteolysis and ionic collapse. Physiologic and pharmacologic

data support this threshold model: genetic or chemical inhibition of cathepsins

(e.g., CA-074Me, K777) and stabilizers of the lysosomal membrane (HSP70

up-regulation) restrain LDCD, while lysosomotropic stressors (e.g., LLOMe,

sphingosine), oxidative damage, or defective membrane repair overwhelm the

system. Importantly, ESCRT-mediated resealing and lysophagy operate as

immediate and delayed “brakes,” respectively; failure or saturation of these

safeguards commits cells to LDCD. Crosstalk is common: LMP can potentiate

intrinsic apoptosis, feed necroptosis (through DAMP release), or prime

inflammasome signaling upstream of pyroptosis, underscoring lysosomes as

both execution hubs and decision nodes in the cell-death network (Sonja Aits
et al., 2013; Urška Repnik et al.,2014; Jingyue Jia et al.,2020).

How dying cells are cleared or not critically influences outcomes. Efficient

efferocytosis of apoptotic cells is the “final step” of apoptosis and actively anti-

inflammatory; failure of this process allows secondary necrosis and DAMP

release, which in turn sustains inflammation. Defective efferocytosis is closely

associated with systemic autoimmunity (notably SLE) in both mice and
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humans, underscoring that cell death and corpse clearance form a functional

unit of homeostasis (Parul Mehrotra et al.,2022).
These mechanistic distinctions translate into disease biology. In cancer,

“resisting cell death” is a canonical hallmark: tumors up-regulate anti-apoptotic

BCL-2 family members, disable p53, and rewire survival signaling to evade

apoptosis and, at times, ferroptosis-pressures that shape both tumor evolution

and treatment response. Conversely, some therapies exploit cell-death

immunology; immunogenic cell death (ICD) is a therapeutic goal in oncology,

where regulated emission of DAMPs (e.g., ATP, calreticulin exposure,

HMGB1) from dying tumor cells activates dendritic cells and primes adaptive

immunity (Douglas Hanahan et al.,2011).

In inflammatory, ischemic, and infectious pathologies, lytic RCDs can be

double-edged. Necroptosis and pyroptosis ensure host defense and removal

of compromised cells, yet their DAMP/cytokine outputs may amplify local and

systemic injury. The same DAMP logic links sterile necrosis to chronic

inflammation and fibrosis when clearance is inefficient or injury is repetitive.

Therapeutically, pathway specific interventions (e.g., RIPK1/MLKL inhibition,

inflammasome or gasdermin blockade, ferroptosis suppression by lipophilic

antioxidants) exemplify the field’s shift from descriptive morphology to

mechanism-targeted modulation of cell death for disease control (Hajime
Kono et al.,2008).

In summary, RCD programs-apoptosis, necroptosis, pyroptosis, ferroptosis,

and others are best viewed as context-adaptive decision nodes rather than

isolated fates. Their execution machinery, immunological outputs, and

coupling to corpse clearance together dictate whether cell loss restores

homeostasis, initiates repair, or propagates disease. This integrated

perspective provides a conceptual scaffold for interpreting pathology and for

designing therapies that not only kill the “right” cells but also choreograph the

aftermath of their death.
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1.5 Overview of numerical and functional depletion of alveolar
macrophages by carbon nanomaterials

Resident alveolar macrophages (resAMs) are the dominant professional

phagocytes in alveolar regions of the distal lung, where they consistently

interact with inhaled pathogens and foreign matters and orchestrate onset and

resolution of inflammation. In mice, resAMs are typically identified as SiglecFhi

CD11chi CD11blo F4/80hi group, a phenotype coupled to niche cues such as

GM-CSF and TGF-β. Given their central role in homeostasis and host

defense, numerical or functional loss of resAMs is poised to shape both acute

and chronic outcomes after particle exposure. As previously described, CNMs

can efficiently deposit in alveoli and induce lung inflammation, fibrosis or even

carcinogenicity. A large body of work indicates that resAMs cell death

triggered by inhaled CNMs initiate and perpetuate lung inflammation. What is

not known is the type of cell death, whether it's inflammatory or not.

In light of this, our preliminary research focuses on whether and how distinct

CNMs-representative MWCNT, DWCNT, and CNP drive resAMs depletion in

vivo under controlled dispersion and dose. As shown in Fig. 5, long, rigid
MWCNT exerts the greatest and most sustained damage on the resAMs

niche relative to DWCNT and CNP (Voss C et al., 2024). Align with this,

these researchers have found that MWCNT is biopersistent and has shown

potent, length-linked pathogenicity in rats, including carcinogenicity in long-

term inhalation studies; such durability implies sustained engagement of

resAMs with repeated rounds of injury and replacement by monocyte-derived

cells. DWCNT likewise exhibit biopersistence and drive chronic inflammation

and pleural/lung pathology in multi-year studies, supporting a fiber-hazard

paradigm while leaving room for dose/geometry thresholds that modulate

early AM loss. By comparison, spherical CNP commonly elicits robust acute

neutrophilic inflammation and oxidative stress with variable impacts on

resAMs numbers, which can rebound over days to weeks depending on

burden and dispersion. However, how these different CNMs with distinct

properties confer different toxicity, what mechanisms underlie resAMs

depletion and cell death, and what pathological outcomes ensue remain
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unresolved. Answering these questions would be very important for designing

safe nanoparticles and providing novel targets to interfere with CNMs

triggered sterile lung inflammation.

Therefore, the aim of this thesis is to:

(i) Establish and evaluate in vitro AM models that reliably recapitulate in vivo

resAMs;

(ii) Develop a stable and reproducible protocol to disperse CNMs in a system

that closely mimics the alveolar microenvironment;

(iii) Delineate CNMs - AM interactions and shape - specific intracellular

organelle damage together with associated cell death pathways;

(iv) Linking AM injury to acute lung inflammation e.g., monocyte and

neutrophil recruitment.

Figure 5 Nanoparticle exposure triggered depletion of alveolar macrophages.
FACS analysis of BAL cells from C57/BL6J mice exposed to CNP (20μg), DWCNT

(50μg) and MWCNT (15μg) for a different time point, water plus 0.1%surfactant was

used as shame control, LPS(0.1μg) served as positive control. The percentage of

F4/80+, CD11c+, CD11b- cells were quantified against whole BAL cells. Data from 3

independent experiments and adopted from Voss et al., bioRxiv 2024
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2. Material and Methods

2.1 Material

2.1.1 Carbon nanomaterials
Carbonaceous spherical nanoparticle (Carbon black, CNP, Printex 90;

Degussa, Frankfurt, Germany), double-walled carbon nanotubes (DWCNT;

NC2100; Nanocyl, Auvelais, Belgium), and multi-walled carbon nanotubes

(MWCNT; Mitsui-7, Mitsui, Japan) were used in this project.

2.1.2 General Materials

Products Company

Gloves Nitril NextGen

Glass bottle & lid for NPs preparation Carl Roth

Cell culture T75 flask Greiner Bio-One

Cell pipette (10 μl, 20 μl, 100 μl, 1000

μl)
Eppendorf

Multi-pipette (100 μl, 300 μl) Eppendorf

Tips (10 μl, 20 μl, 200 μl, 1000 μl) Starlab

Pipette (5 ml, 10 ml, 25 ml, 50 ml) Greiner Bio-One

Cell culture plate (6, 12, 24 & 96 well

plate)
Greiner Bio-One

96-well plates for WST-1 & LDH assay Greiner Bio-One

96-well plates for live cell imaging ibidi GmbH, Gräfelfing, Germany

Black 96-well plates Greiner Bio-One

Falcon tube (15 ml, 50 ml) Corning Science

Microcentrifuge tube (1.5 ml, 2 ml) Eppendorf

FACS tube (5 ml) Eppendorf

70% Ethanol Merck
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2.1.3 Chemicals and reagents
(1) Commercial chemicals and reagents for CNMs preparation and cell culture

Reagents and chemicals Company

Ultrapure water Invitrogen

Dulbecco's phosphate-buffered saline

(DBPS)
Gibco

RPMI medium 1640 Gibco

DMEM, low glucose, with pyruvate Gibco

L-Glutamine, 200mM (100x) Gibco

Non-essential amino acid (NEAA) Gibco

Fetal bovine serum (FBS) Sigma

Penicillin Streptomycin Gibco

0.25% Trypsin EDTA (1x) Gibco

0.4% Trypan Blue Gibco

Accutase Cell Dissociation Reagent Thermo Fisher

2-Mercaptoethanol Sigma

Murine GM-CSF Miltenyi Biotec (130-095-739)

Human TGF-β Thermo Fisher (100-21C)

Murine PPAR-γ agonist rosiglitazone Sigma (122320-73-4)

（2）Cell culture medium and reagent for cell detachment

MH-S was cultured in RPMI 1640 medium supplemented with 10% FBS, 0.1%

2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml Penicillin and 100 µg/ml

Streptomycin. BM-AMs and in vitro AMs were both cultured in low glucose

DMEM medium supplemented with pyruvate, 10% FBS, 2 mM L-glutamine,

100 U/ml Penicillin, 100 µg/ml Streptomycin, 20ng/ml Murine GM-CSF, 2ng/ml

TGF-βand 0.1nM PPAR-γ agonist. MPI was cultured in RPMI 1640 medium

supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml Penicillin, 100

µg/ml Streptomycin and 30ng/ml GM-CSF.
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（3）Reagents for WST-1 & LDH assay

Product Company

Cell proliferation Reagent WST-1

Roche Diagnostics,

Mannheim,

Germany

Cytotoxicity Detection Kit (LDH)

Roche Diagnostics,

Mannheim,

Germany

Triton-X 100 Sigma-Aldrich GmbH

（4）Reagents for flow cytometry

FACS buffer: PBS containing 0.1% FBS

（5）Reagents for ROS detection

Product Company

2′,7′-Dichlorofluorescin diacetate

(DCFH-DA)

Merck KGaA, Darmstadt,

Germany

30% hydrogen peroxide solution

(H2O2)

Merck KGaA, Darmstadt,

Germany

（6）Reagents for mitochondrial and lysosomal live cell imaging

Reagents and chemicals Company

MitoTracker Deep Red FM
Thermo Fisher Scientific,

Rockford, USA

Acridine Orange
Merck KGaA, Darmstadt,

Germany

LLome Sigma-Aldrich GmbH

Cathepsin B Magic Red Abcam
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（7）Reagents for mitochondrial membrane potential detection

Reagents and chemicals Company

JC-1 Dye
Thermo Fisher Scientific,

Rockford, USA

CCCP
Thermo Fisher Scientific,

Rockford, USA

（8）Materials and reagents for IF staining

Reagents Company

4% Paraformaldehyde Solution
Thermo Fisher Scientific,

Rockford, USA

Bovine serum albumin
Merck KGaA, Darmstadt,

Germany

Xylene Carl Roth, Karlsruhe, Germany

Entellan mounting solution
Merck KGaA, Darmstadt,

Germany

HIER Citrate Buffer pH 6.0
Zytomed Systems, Berlin,

Germany

HIER T-EDTA Buffer pH 9.0
Zytomed Systems, Berlin,

Germany

Rodent Block M Biocare Medical, CA, USA

20 x TBS buffer
Zytomed Systems, Berlin,

Germany

Methanol
Merck KGaA, Darmstadt,

Germany

Normal goat serum

Cell Signaling Technology,

Leiden,

The Netherlands
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Normal rabbit serum Invitrogen, Waltham, MA, USA

Goat Fab anti-Rabbit IgG (H+L)
Jackson ImmunoResearch,

Ely, UK

Dako fluorescence mounting

medium

Agilent Technologies,

Glostrup,

Denmark

Ethanol
Merck KGaA, Darmstadt,

Germany

2.1.4 Equipment

Equipment Company

Fine weight balance
Mettler-Toledo, Giessen,

Germany

Weight balance
Sartorius, Goettingen,

Germany

Sonication water bath Bandelin, Berlin, Germany

Bioruptor Probe sonication
Diagenode SA, Seraing,

Belgium

Ice machine
Buchner Labortechnik,

Pfaffenhofen, Germany

Water bath
Lauda, Koenigshofen,

Germany

Centrifugation
Eppendorf, Hamburg,

Germany

Light microscope ZEISS

Ventilation hood
Thermo Fisher Scientific,

Rockford, USA

Tecan Reader
Tecan, Maennedorf,

Switzerland

Fluorescent Tecan Reader Tecan, Maennedorf,
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Switzerland

Shaker Coulter Electronics, Luton, UK

Vortex mixer
Scientific Industries, Karlsruhe,

Germany

BD FACSCantoTM II Flow Cytometer
BD Biosciences, San Jose,

CA, USA

Olympus fluorescence microscope Olympus, Japan

ZEISS Celldiscoverer 7 ZESS

LSM 880 ZESS

Cell incubator
Thermo Fisher Scientific,

Rockford, USA

2.1.5 Animals
C57BL/6 mice used in the project were obtained from Charles River

Laboratories (Sulzfeld, Germany). Later they were housed in individually

ventilated cages (IVC).

2.1.6 Antibodies and related reagents
(1) Commercial antibodies

Antibodies Company Product No.

Cleaved Caspase-3
Cell Signaling

Technology
#9661S

Galectin-3 Thermo Fisher scientific A3A12

ALIX
Cell Signaling

Technology
#92880

LC3B (G-9)
Santa Cruz

Biotechnology
sc-376404

Cleaved GASMD
Cell Signaling

Technology
#10137

(2) Fluorescence-labeled secondary antibody, DAPI
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Antibodies Company Product No.

Goat anti-rabbit IgG (H+L),

488
Invitrogen A11008

Goat anti-rabbit IgG (H+L),

555
Invitrogen A21428

DAPI Sigma Aldrich D9564

(3) Flow cytometry antibodies

Antibodies Company Product No.

CD11c anti-human/mouse,

PerCP-Cyanine5.5
eBioscience 45-0114-80

CD11b anti-human/mouse,

PE
Miltenyi Biotech 130-113-235

SiglecF anti-human/mouse,

APC
Miltenyi Biotech 130-112-333

2.2 Methods

2.2.1 Carbon nanomaterials preparation and treatment

4.0 mg CNP or DWCNT were weighted and dispersed with 2.0 ml ultrapure

H2O in a sterile glass tube to get a 2 mg/ml stock solution. 3.6 mg MWCNT

was weighted and dispersed with 2 ml ultrapure H2O in a sterile glass tube to

get a 1.8 mg/ml stock solution. CNM dispersion was sonicated in an ice-cold

water bath for 5 min followed by 60 seconds Bioruptor probe sonication

(Diagenode, Liege, Belgium) at 30% power and continuous mode. CNMs

stock solution was vortex again before use.

To prepare a series dose of CNMs for in vitro exposure, 100 µl CNP or

DWCNT stock solution was diluted in 900 µl of complete cell culture medium

to obtain a 200 µg/ml working concentration. Serial two-fold dilutions were

then performed to prepare 100, 50, 25, and 12.5 µg/ml. For MWCNT, 200 µl
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of stock suspension was diluted in 5425 µl of complete medium to obtain a 64

µg/ml working concentration. The same serial dilution procedure was used to

generate 32, 16, 8, and 4 µg/ml. To analyze the effect of NPs on different AM

models, cells were exposed to a series dose of MWCNT, DWCNT and CNP

for 24 h. ROS production was detected at 30 min, 1, 3 and 24 h of post

exposure.

After 12 h of CNMs exposure, mitochondrial and lysosomes were stained and

imaged by live-cell confocal microscopy. Cellular movement was monitored

directly after adding CNMs containing culture medium for 12 h. To detect

released cytokines, three highest doses of CNMs were chosen (CNP or

DWCNT: 50, 100, 200 µg/ml; MWCNT: 16, 32, 64 µg/ml) and harvest cells for

24 h, supernatant was collected and centrifuged for 31 Bio-plex Mouse

Chemokine assay.

2.2.2 Immortalized murine cell line culture
MH-S is a murine alveolar macrophage cell line established by SV40

transformation of bronchoalveolar lavage-derived alveolar macrophages from

male BALB/cJ mice (I N Mbawuike et al., 1989). Cell culture and passaging

were performed as follows:

(1) Prewarm the culture medium, DPBS and 0.25% trypsin-EDTA at 37 °C for

30 min to bring them to the proper temperature before start.

(2) Aspirate the old cell culture medium with a Pasteur pipette into a 50 ml

Falcon tube. Rinse the cells with 20 ml DPBS, gently shake the flask, and

then discard the DPBS.

(3) Add 2 ml of 0.25% trypsin–EDTA, gently tilt the flask to cover all cells, and

place it in a 37 °C incubator for about 4 min, until the cells become round,

detach from the surface, and form a visible white cell layer.
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(4) Add 18 ml of culture medium to stop the reaction and gently mix in the

flask. Transfer the cell suspension to a 50 ml Falcon tube and centrifuge for 5

min at 1400 rpm.

(5) After centrifugation, discard the supernatant and resuspend the cell pellet

in 5 ml fresh culture medium. Mix 10 µl of the cell suspension with 190 µl of

0.2% trypan blue solution, and determine the cell number using a bauer

counting chamber under a light microscope.

(6) Seed 0.5 × 106 cells in 20 ml medium per flask. Cells are passaged twice

per week.

MPI cells (Max Planck Institute cells) are non-transformed, GM-CSF–

dependent murine macrophage lines generated from fetal liver cells cultured

long-term in the presence of GM-CSF and exhibiting an alveolar macrophage

like phenotype (György Fejer et al., 2013). MPI cells were kindly provided by
our colleague Carola Voss. Cell culture and passaging were performed as

follows:

(1) Prewarm the culture medium, DPBS at 37 °C for 30 min. Warm the

Accutase at room temperature (RT) for 30mins before start.

(2) Aspirate the old cell culture medium with a Pasteur pipette into a 50 ml

Falcon tube. Rinse the cells with 20 ml DPBS, gently shake the flask, and

then discard the DPBS.

(3) Add 2 ml of Accutase, gently tilt the flask to cover all cells, and place it at

RT for 20min. Then gently pipette the medium up and down until the cells

become round, detach from the surface, and form a visible white cell

suspension.

(4) Add 18 ml of culture medium to stop the reaction and gently mix in the

flask. Transfer the cell suspension to a 50 ml Falcon tube and centrifuge for 5

min at 1400 rpm.
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(5) After centrifugation, discard the supernatant and resuspend the cell pellet

in 5 ml fresh culture medium. Mix 10 µl of the cell suspension with 190 µl of

0.2% trypan blue solution, and determine the cell number using a bauer

counting chamber under a light microscope.

(6) Seed 0.5 × 106 cells in 20 ml medium per flask. Cells are passaged twice

per week.

2.2.3 Primary alveolar macrophages isolation and culture in vitro
Mice were anesthetized by intraperitoneal injection of a mixture of xylazine

(110 μg; WDT, Garbsen, Germany) and ketamine (10 mg; PharmaWiki,

Disentis, Switzerland). Procedures were initiated once a surgical plane of

anesthesia (absence of muscle reflexes) was confirmed. Each mouse was

placed on a dissection board and the entire ventral surface was wiped with

70% ethanol for disinfection. The four limbs were fixed, and the abdominal

cavity was gently opened without injuring visceral organs. The inferior vena

cava was located and transected to allow the animal to bleed out, and blood

was absorbed with cotton pads.

A midline cervical incision was made, and skin and strap muscles were gently

reflected to expose the airway. Adjacent musculature, cartilaginous structures,

and adipose tissue were bluntly dissected, taking care to avoid tracheal injury.

A small incision (<2 mm) was made in the trachea posterior to the larynx, and

a 20 G cannula (Braun, Melsungen, Germany) was inserted toward the lungs.

Bronchoalveolar lavage (BAL) fluid was obtained by instilling and gently

aspirating 1 ml of pre-chilled, sterile phosphate-buffered saline (PBS;

Ca²⁺ /Mg²⁺ -free) through the tracheal cannula for 10 cycles, yielding ~10 ml

per mouse. Pooled BAL was centrifuged at 400 × g for 10 min at 4 °C. Cell

pellets were resuspended in 1 ml complete culture medium and counted by

trypan blue exclusion: a 10 μl cell suspension aliquot was mixed with 190 μl of

0.4% trypan blue (Sigma-Aldrich, Taufkirchen, Germany; 1:5 dilution), loaded

onto a hemocytometer, and viable (non-blue) cells were enumerated in the

four large corner squares. The final cell concentration (c) was calculated using:

c = (total number of cells in four large squares ÷ 4) × 105. Cells were seeded
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at 1 × 105 per well in 24-well plates or 3 × 104 per well in 96-well plates in low-

glucose DMEM, and were cultured at 37 °C in a humidified incubator (5% CO2,

~90% RH). Alveolar macrophages were maintained for 7 days in medium

supplemented with GM-CSF (20 ng/ml), TGF-β (2 ng/ml), and the PPARγ

agonist rosiglitazone (0.1 mM), with medium changes every 3 days, as

described previously (Maocai Luo et al., 2021).
For cell detachment, culture medium was aspirated and cells were rinsed

once with 1 ml pre-warmed sterile PBS. Cells were then incubated with 1 ml

Accutase (pre-warmed) for 30 min at RT. Digestion was stopped by adding 1

ml complete medium, and the suspension was gently pipetted for ~3 min to

disperse aggregates. The 2 ml suspension was transferred to 5 ml Falcon

tubes and centrifuged at 400 × g for 5 min at 4 °C. Pellets were resuspended

in the appropriate buffer for downstream applications (e.g., flow cytometry).

2.2.4 Bone marrow isolation and differentiation into alveolar
macrophage-like cells
Adult mice were euthanized in accordance with previously described protocols.

Hind limbs were sprayed with 70% ethanol, removed at the hip, and

transferred to a sterile dish containing ice-cold buffer (PBS without Ca2+/Mg2+

supplemented with 2% FBS and 2 mM EDTA). Femurs and tibias were

dissected free of muscle with sterile scissors and forceps, and residual tissue

was removed with gauze. Bones were placed in fresh cold buffer, and both

epiphyses were clipped with fine scissors to expose the marrow cavity.

Marrow was harvested by flushing each bone with 5–10 ml cold buffer using a

10 ml syringe fitted with a 25–27 G needle (or a blunt 22 G cannula) into a 50

ml conical tube kept on ice. Clumps were gently dispersed by repeated

pipetting. The suspension was passed through a 70 μm cell strainer (Miltenyi

Biotech) into a new chilled tube to remove bone chips and debris, then

centrifuged at 400 × g for 5 min at 4 °C. The supernatant was discarded, and

the pellet was resuspended in 1–2 ml red blood cell lysis buffer (Thermo

Fisher Scientific) for 1–2 min at RT with gentle agitation. Lysis was quenched

by adding 10 ml complete culture medium, followed by centrifugation at 400 ×

g for 5 min at 4 °C.
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The final pellet was resuspended in an appropriate volume of culture medium,

and cell numbers were determined by trypan blue exclusion as described

above. In general, 5 million marrow cells were seeded into a 20 ml culture

flask supplemented with GM-CSF (20 ng/ml) and TGF-β (2 ng/ml) for the first

7 days. The medium was then replaced with GM-CSF (20 ng/ml), TGF-β (2

ng/ml), and the PPARγ agonist rosiglitazone (0.1 mM) for an additional 2 days

to promote differentiation. On day 9, cells were detached following the

alveolar macrophage detachment protocol, resuspended, and counted. For

live-cell imaging, 1 × 10⁵ cells were seeded into black 24-well plates.

2.2.5 Cell viability assay (WST-1 assay)
Principle
The water-soluble tetrazolium salt WST-1 is reduced by cellular NAD(P)H-

dependent oxidoreductases (predominantly mitochondrial dehydrogenases) to

a soluble formazan dye. Formazan accumulation is proportional to metabolic

activity and, within appropriate ranges, to viable cell number. Absorbance is

read at 440–450 nm with a 620–690 nm reference to correct the background.

Protocol
(1) Seed 100,000 cells per well in a 24-well plate in 500 µl culture medium. Fill

the perimeter wells with 500 µl PBS to limit edge effects, and include blank

wells containing medium only. Incubate for 24 h at 37 °C in a humidified 5%

CO₂ incubator.

(2) Remove old medium and treat cells with fresh medium containing above

mentioned doses of MWCNT, DWCNT and CNP, incubate for 24 h.

(3) Take WST-1 reagent to RT before use. After 24 h of CNMs exposure,

collect the old medium for other assays (LDH or 31 multi-plex), add 300 ml

fresh culture medium containing 10% WST-1 reagent per well. Slightly shake

the plate thoroughly for 1 minute to mix wells and incubate in a 37 °C

incubator for 15 min protected from light.
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(4) After 1 h, take the supernatant to microcentrifuge tubes and centrifuge for

10

min at 14,000 rpm.

(5) Take 100 µl supernatant to a new plate and measure the absorbance of

sample

using a Tecan reader at a wavelength of 440 nm.

(6) Subtract Optical Density (OD) value of blank from that of each of the

samples.

Normalize the viability to control and set control as 100% cell viability.

2.2.6 Cytotoxicity assay (LDH assay)
Principle
Lactate dehydrogenase (LDH) is a stable cytosolic enzyme released to the

extracellular milieu upon loss of plasma-membrane integrity (necrosis or late

apoptosis). In endpoint colorimetric kits, extracellular LDH catalyzes the

conversion of lactate and NAD+ to pyruvate and NADH; the NADH is then

used by diaphorase to reduce a tetrazolium salt (e.g., INT/WST) to a colored

formazan measured at 490–500 nm (with a 620–690 nm reference).

Formazan formation is proportional to LDH activity and thus to the extent of

membrane damage.

Protocol
(1) Seed cells including MH-S, AMs GTR or BM-AMs in a 24-well plate at a

density of 100,000 cells each well in 0.5 ml complete medium. Incubate at

37 °C for 24 h.

(2) Remove old medium and treat cells with MWCNT, DWCNT and CNP at

the same dose range as WST-1 experiment at final volume of 0.5 ml each

well. Add FBS free medium containing lysis buffer TritonX-100 into one well

as high control. Incubate plate for 24 h.
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(3) After 24 h, collect culture supernatant including those from lysed-control

wells into 1.5 ml microcentrifuge tubes and centrifuge at 14,000 rpm for 10

mins. Carefully transfer the clarified supernatant to fresh tubes, avoiding the

pellet, and keep on ice or at 4 °C for the next step.

(4) In a fresh 96-well plate, prepare controls as follows: add 100 µl medium

without FBS to designated wells as the background control; for the high

control (maximum LDH), add 95 µL medium without FBS plus 5 µl cell lysate.

(5) Add 70 µl medium without FBS to samples well and 30 µl sample

supernatant.

(6) Prepare LDH working solution

Remove the catalyst vial from −20 °C and reconstitute the lyophilized material

in 1 ml ultrapure H 2O for 10 min, mixing thoroughly. Prepare a fresh working

solution by diluting the catalyst 1:45 in the dye solution. Protect from light.

(7) Add 100 µl of working solution into each well and incubate for 15 min at

RT. Protect from light.

(8) Add 50 µl stop solution and shake the plate for 10 s and immediately

measure the absorbance of samples at a wavelength of 492 nm.

(9) The percentage of cytotoxicity was determined by subtracting OD value of

each normalized sample with background control from high control value as

following equation showed: %Cytotoxicity = (sample OD - blank OD) / (high

control OD - blank OD) * 100%

2.2.7 Flow cytometry analysis
(1) Cell preparation

MH-S cells were detached using trypsin with EDTA and AMs GTR or BM-AMs

were detached using Accutase, cell pellets were collected and centrifuged at

400 g for 5 min. Wash the cell pellets with flow cytometry buffer then
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centrifuged at 400 g for 10 min at 4 °C. Resuspend the cell pellets in a density

of 10×106 cells/ml in flow cytometry buffer and transfer to glass tubes.

(2) Antibody incubation

Cells were incubated with Siglec-F-APC, CD11b-PE, and CD11c-PE Cy5.5

antibodies (1:50) on ice for 15 min, protected from light. Cells were then

washed with 1 ml flow cytometry buffer and centrifuged at 400 × g for 5 min at

4 °C. The supernatant was discarded, and cells were resuspended in 300 µl

flow cytometry buffer. Samples were kept on ice and immediately subjected to

flow cytometry analysis.

(3) Flow cytometry analysis

Cells were acquired by FACScantoTM II flow cytometer and analyzed by

FlowJo software (BD Biosciences, San Jose, CA, USA). Mean fluorescence

Index (MFI) was used to show the intensity of CD11b or CD11c expression of

the cells. Side Scatter (SSC) was used to show the cell's granularity and

Forward Scatter (FSC) was used to show the cell size.

2.2.8 Lysosomal membrane permeability (LMP) detection

2.2.8.1 Acridine Orange (AO) staining
Principle
Acridine orange (AO) is a weakly basic, membrane-permeant fluorophore that

becomes protonated and acid-trapped in lysosomes and other acidic vesicles.

At low cytosolic/nuclear concentrations AO exists predominantly as

monomers (green emission, ~525–535 nm when excited at 488 nm,

especially when bound to nucleic acids). Within acidic organelles, high local

AO concentration and protonation promote aggregate/dimer formation with

orange-red emission (~620–700 nm). Thus, the red punctate signal reflects

acidic vesicle mass/acidification, whereas loss of red with a shift to diffuse

green indicates lysosomal alkalinization or lysosomal membrane

permeabilization (LMP). Quantifying the red/green fluorescence ratio provides

a ratiometric readout of lysosomal integrity independent of cell number.

Protocol
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(1) Cells were seeded on glass-bottom black 24-well plate at a density of

100,000 cells per well and cultured for 24 h at complete medium.

(2) Remove the old culture medium, and expose cells with low doses of

MWCNT (8 μg/ml), DWCNT (12.5 μg/ml) and CNP (12.5 μg/ml) for 24 h.

(3) After 24h of exposure, remove the particle contained medium, add pre-

warmed complete cell culture medium supplied with 1 μg/ml of AO and

incubate for around 15-20 min at 37 °C (protected from light).

(4) Rinse cells twice with pre-warmed culture medium and image immediately

by live-cell confocal microscopy (37 °C, 5% CO2). Using 488 nm excitation,

acquire two emission channels: green 530 nm and red 610 nm. Laser power,

detector gain, and offset were held constant across conditions. For analysis in

ImageJ/Fiji, Region of Interests (ROIs) were defined from the green channel

(cell outline), local background was subtracted, and red signal intensity was

quantified per ROI.

2.2.8.2 Cathepsin B release assay
Principle
Magic Red is a cell-permeant, lysosomotropic fluorogenic peptide substrate

(commonly RR–cresyl violet) that is selectively cleaved by cathepsin B (and to

a lesser extent related cysteine cathepsins). In intact acidic compartments,

substrate hydrolysis yields a bright red fluorescent product (cresyl-violet

fluorophore with excitation around 590 nm and emission around 620–650 nm)

that accumulates within lysosomes. Thus, higher fluorescence indicates

greater cathepsin B activity and/or lysosomal mass. When lysosomal

membrane permeabilization (LMP) occurs, the fluorescent product

redistributes from punctate vesicles to a diffuse cytosolic pattern.

Protocol
(1) Cells were seeded on glass-bottom black 24-well plate at a density of

100,000 cells per well and cultured for 24 h at complete medium.
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(2) Take Cathepsin B magic red powder to RT before use. Reconstitute Magic

Red with 200 μl DMSO and gently vortex until fully dissolved. Add 1.8 ml

distilled H 2 O to make a stain solution. For each well, add 20 μl of stain

solution to 480 μl to make a final concentration of and mix thoroughly

protected from light.

(3) Incubate cells for 30-60 min at 37°C protected from light. Then cells were

exposed to low doses of MWCNT (8μg/ml), DWCNT (12.5μg/ml) and CNP

(12.5μg/ml) for 24 h. The same amount of culture medium was used as

negative control.

(4) Remove the media from the cell monolayer surface and rinse twice with

PBS, 1 min per rinse. Cells were immediately imaged under live cell confocal

microscopy (37 °C, 5% CO2). An optimal field of view was chosen for each

well. Brightfield and fluorescence images were acquired (excitation 560–590

nm, emission 610–650 nm) and merged. Fluorescence intensity was

quantified using the same analysis strategy described above.

2.2.9 Reactive oxygen species (ROS) detection
Principle
2′,7′-Dichlorofluorescin diacetate (DCFH-DA) is a cell-permeant, non-

fluorescent probe that is first hydrolyzed by intracellular esterases to non-

fluorescent DCFH, which is then oxidized by ROS (with cellular peroxidase

activity) to highly fluorescent 2′,7′-dichlorofluorescein (DCF). The resulting

fluorescence intensity is proportional to intracellular ROS levels.

Protocol

(1) Dissolve 50 mg of DCFH-DA powder in 2.052 ml anhydrous DMSO to

prepare a 50 mM stock; mix until fully dissolved. Aliquot 10 µl per vial, protect

from light, and store at −20 °C.
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(2) Seed cells into 96-well plates at a density of 10,000 cells/well in 100 µl

medium. Incubate in a 37 °C incubator for 24 h.

(3) After 24 h, prepare fresh complete culture medium containing series dose

of MWCNT (4, 8, 16, 32, 64μg/ml), DWCNT (12.5, 25, 50, 100, 200μg/ml) and

CNP (12.5, 25, 50, 100, 200μg/ml). Remove the old medium and add 100 μl

of different CNMs containing medium to each corresponding well. Prepare

DCFH-DA working solution by diluting in culture medium to get a final

concentration of 30 µM. Add 100μl of working solution to each well. The

fluorescent intensity was immediately measured with excitation and emission

at 485 nm and 535 nm, respectively. Set this intensity as baseline. Measure

fluorescence again at 30, 60 min and 3, 24 h after treatment.

2.2.10 Mitochondrial morphology staining
Principle
MitoTracker Deep Red is a lipophilic, mildly cationic fluorophore that

accumulates within polarized mitochondria driven by the inner-membrane

potential (Δψm). The dye contains a reactive chloromethyl group that

covalently labels mitochondrial proteins, enabling both live cell image and

retention after fixation. Accordingly, mitochondrial network and structure can

be visualized and quantified under physiological conditions.

Protocol
(1) Seed cells on black 24-well plate with glass bottom at a density of 100,000

cells/well and incubate for 24h at 37 °C in an incubator.

(2) Dissolve the lyophilized MitoTracker Deep Red reagent in DMSO to a final

concentration of 1mM. Prepare working solution by diluting stock solution to

200 nM in complete culture medium.

(3) Remove the old medium, add 500 μl medium with MitoTracker Deep Red

to each well to make a final concentration of 100 nM and incubate at 37 °C

incubator for 15 min. Rinse cells with culture medium 3 times, then cells were

exposed to MWCNT (8 μg/ml), DWCNT (12.5 μg/ml) and CNP (12.5 μg/ml) for

12 h.
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(4) After that, replace with fresh culture medium and cell image was

immediately taken by live cell confocal microscopy (Zeiss cell-discoverer 7),

with excitation and emission of 644/665nm. Keep the pinhole, exposure time

and laser powder constant throughout whole imaging process.

(5) Mitochondrial morphology was quantified according to the previously

described pipeline (Ahsen Chaudhry et al., 2019). B riefly, cell images were

preprocessed in image J by background subtraction (rolling ball radius = 50

pixels). Edge contrast was then enhanced using unsharp masking

(radius(sigma) = 2, Mask Weight = 0.6). The enhanced image was

thresholded (Otsu/Phansalkar) to generate a binary mitochondrial mask.

Small speckles were removed and holes filled. Mitochondrial area was

quantified as the pixel area of this mask within the cell ROI and converted to

µm² using image calibration. The binarized mitochondrial mask was

skeletonized. Network topology was then quantified with Analyze Skeleton

(2D/3D), from which we recorded the number of branches, junctions,

endpoints, and total/mean branch length.

2.2.11 Quantification of carbon nanomaterials uptake
Cells were seeded in black glass-bottom 24-well plates and cultured for 24 h.

The medium was then replaced, and cells were treated with 8 μg/ml MWCNT,

12.5 μg/ml CNP, or 12.5 μg/ml DWCNT in a final volume of 0.5 ml per well.

CNMs internalization was monitored for 12 h using a live-cell confocal

microscope (Zeiss cell-discoverer 7, bright-field mode). Images acquired at 1

h, 6 h, and 12 h were selected, and CNMs internalization was quantified using

Fiji (ImageJ). In brief, individual cells were manually outlined as regions of

interest (ROIs), and the images were inverted so that CNMs-laden regions

within the cells appeared brighter; thus, whiter ROIs indicated higher CNMs

uptake, whereas darker ROIs indicated lower uptake. CNMs uptake per cell

was quantified as the mean pixel intensity of each ROI (sum of pixel values

divided by the number of pixels), and image intensity values were expressed

in arbitrary units (a.u.) (Anna Kukkola et al., 2023).
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2.2.12 Trajectory analysis of cell migration
Cells were seeded in black, glass-bottom 24-well plates and cultured for 24 h.

They were then exposed to low doses of MWCNT, DWCNT, or CNP (as

described previously). Cell migration was imaged immediately using a live-cell

confocal microscope Zeiss cell-discoverer 7 (CD7) in bright field mode for 12

h. Time-lapse videos were exported as AVI files and analyzed in CellTraxx via

its Fiji macro as described previously (Børge Holme et al.,2023). CellTraxx
estimates and corrects frame-to-frame lateral (X–Y) drift at sub-pixel precision;

residual drift is monitored with the “velocity-sum-per-cell” metric, and shift

correction should be enabled when this metric shows spikes or misalignment

is evident. For datasets acquired on an Incucyte® Live-Cell Analysis System,

drift correction is recommended by default; for other microscopes, enable as

needed.

Cells are then segmented by wide Gaussian smoothing and a grey-level cutoff

set from the darkest background; touching objects are split at convex

perimeter points and size filters remove artefacts. Centroids of accepted

objects provide cell positions. Tracking links centroids between frames via

nearest-neighbour matching (least-moving cells matched first), with simple

gap-repair (look-back and interpolation) and new-track initiation when needed.

Outputs including standard migration metrics-velocity, accumulated distance,

Euclidean distance, directness and forward migration index for downstream

statistics.

2.2.13 Chemokine multi-plex analysis (31-Plex Panel)
AMs GTR (AMs GTR), BM-AMs and MH-S were seeded in transparent 24-

well plates and incubated for 24 h, followed by exposure to three CNMs-

MWCNT (16, 32, 64 μg/ml), DWCNT (50, 100, 200 μg/ml) and CNP (50, 100,

200 μg/ml) for 24 h. Cell supernatant was collected into a 1.5ml eppendorf

tube and centrifuged at 10,000g for 10 min at 4 °C. The remaining

supernatant was carefully transferred into a new 1.5ml tube without stirring

CNMs pellets and stored at -80 °C for further analysis.

Chemokines were quantified using the Bio-Plex Pro Mouse Chemokine 31-

Plex Panel (Bio-Rad Laboratories, Hercules, CA, USA) according to the

manufacturer’s instructions. Briefly, magnetic beads were diluted 1× in Bio-
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Plex assay buffer; 50 µl of bead working suspension was added to each well

and washed twice. Culture medium supernatant samples (50 µl; 1:5 in sample

diluent), standards, blanks, and controls were added and incubated for 30 min

at RT. After three washes, 25 µl of detection antibody was added and

incubated for 30 min at RT. Following three additional washes, 50 µl

streptavidin-PE was added and incubated for 10 min in the dark. Wells were

washed three times, beads were resuspended in 125 µl assay buffer, and

plates were shaken for 30 s prior to acquisition on a Bio-Plex 200/Luminex

200 system using Bio-Plex Manager 6.2 (Bio-Rad). Heatmaps with

hierarchical clustering were generated from z-score-scaled chemokine

concentrations in R (v4.2.3) using pheatmap (v1.0.13)

https://cran.rproject.org/web/packages/pheatmap/index.html?utm_source=cha

tgpt.com.

2.2.14 Immunofluorescence (IF) staining
(1) Reagents preparation
Blocking solution: 5% goat serum in PBS containing 0.3% Triton X-100

Antibody diluent (AD) solution: 1% BSA in PBS containing 0.3% Triton X-100

PBST: 0.1% Tween-20 in PBS

(2) Experimental procedure
(1) Cells were grown on #1.5 glass coverslips placed in 24-well plates. After

CNMs treatment, each well was rinsed 3 times with PBS and fixed in 4%

paraformaldehyde (PFA) in PBS for 20 min at RT;

(2) Each well was washed 3 times with 300 ml PBS. Then, 300 µl blocking

solution was added and incubated at RT for 1 h.

(3) After that, each well was washed 3 times with PBS and then added with

300 µl primary antibody (diluted with 1:50 AD solution) and incubated at 4 °C

overnight.

(4) Each well was washed with PBS 3 times. 300 µl of fluorescence-labeled

secondary

antibody was added and incubated in RT for 1 h. Then, each well was rinsed

with PBS for 3 times, 5 mins each time.
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(5) DAPI was diluted in PBS (1:1000) and added in each well (300 µl),

incubated in RT for 10min protected from light. Followed by 3 washing steps,

5 min each time.

(6) Coverslips were carefully lifted with fine forceps to avoid breakage, excess

buffer was wicked off. Mount the coverslips cell-side down onto glass slides

using Dako Fluorescent Mounting Medium.

(7) Images were obtained by ZESS LSM 880 confocal microscopy and

analysis were performed with ZEN Blue 2.3 software.

2.2.15 Transcriptomic RNA sequencing study and GSEA analysis
(1) Total RNA isolation
1) Homogenize and lyse sample

Seed primary AMs into 6-wells plate in triplicate, culture for 7days in

supplement with GTR; Bone marrow derived AMs like cells for 9 d and MH-S

for 24 h. After cells reach 70%-80% confluency, remove the cell supernatant,

add 350 µl lysis buffer (LBP) to each well, and lyse the cells for 10 min at RT.

Scratch each well with a pipette until the bubble comes out.

2) Remove gDNA and filtrate lysate

Place gDNA Removal Column in a Collection tube, transfer all the lysate

including bubbles to the Column, centrifuge for 60 s at 11,000 g. Discard the

Column and leave the flowthrough for the next step.

3) Adjust RNA binding condition

Add 100 µl Binding Solution (BS) to the flowthrough, mix the flowthrough by

pipetting up and down several times.

4) Bind RNA

Transfer the whole lysate to the RNA Plus Column. Centrifuge for 60 s at

11,000 g

5) Wash and dry silica membrane

1st time wash

After centrifuge, add 200 µl Wash buffer 1 (WB1) to each RNA Plus Column,

centrifuge for 60 s at 11,000 x g. Discard the flowthrough.

2nd time wash

Add 600 µl Wash buffer 2 (WB2) to each RNA Plus Column, centrifuge for 60

s at 11,000 g. Discard the flowthrough.
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3rd time wash

Add 250 µl WB2 to each RNA Plus Column, centrifuge for 120 s at 11,000 g

to dry the membrane completely. Discard the flowthrough.

6) Elute RNA

Add 30 µl RNase-free H2O and centrifuge for 60 s at 11,000 g. Again, add 30

µl RNase-free H2O and centrifuge for 60 s at 11,000 g. The RNA is ready to

measure the concentration.

(2) RNA concentration determination
RNA samples and RNase-free H2O were kept on ice until measurement on a

NanoDrop spectrophotometer. Clean the measurement pedestals with a lint-

free tissue. Launch the NanoDrop software, select Nucleic Acid mode, and

prime the instrument with 1 µl RNase-free H2O. Set the measurement type to

RNA and click Blank. Remove the water, then load 1 µl of RNA sample onto

the lower pedestal and click Measure. For each sample, record the

concentration (ng/µl) along with the A260/A280 and A260/A230 ratios. Wipe

the pedestals between samples and repeat for all RNA preparations. Samples

should meet the required concentration and have A260/A280 and A260/A230

ratios between 1.8-2.0 before proceeding to downstream experiments.

(3) RNA sequencing
RNA-seq libraries were prepared using the Illumina Stranded mRNA Prep,

Ligation kit (Illumina, cat. nos. 20040534) following the manufacturer’s

protocol. DNase-treated total RNA (typically 100–500 ng) was enriched for

polyadenylated transcripts with oligo(dT)-coated RNA Purification Beads

(RPBX) in Bead Binding Buffer (BBB), washed with Bead Washing Buffer

(BWB), and eluted with Elution Buffer (ELB) using a 96-well magnetic stand

(DynaMag-96 Side Magnet or Magnetic Stand-96, Thermo Fisher Scientific).

Captured mRNA was fragmented in a 96-well thermal cycler (Bio-Rad C1000

Touch or T100) using Elute, Prime, Fragment 3HC Mix (EPH3).

First-strand cDNA was synthesized with First Strand Synthesis Mix (FSA),

containing random primers and actinomycin D, and Reverse Transcriptase
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(RVT). Second-strand cDNA was generated using Second Strand Marking

Master Mix (SMM) with dUTP to allow later strand-specific amplification.

Double-stranded cDNA was purified with Agencourt AMPure XP beads

(Beckman Coulter, cat. no. A63881) and eluted in Resuspension Buffer (RSB).

Purified cDNA underwent 3′ adenylation with A-Tailing Mix (ATL4), followed

by ligation of RNA index anchors using Ligation Mix (LIGX) and termination

with Stop Ligation Buffer (STL). Libraries were cleaned with AMPure XP

beads and amplified using Enhanced PCR Mix (EPM) together with IDT for

Illumina RNA UD Indexes, Ligation (sets A–D, cat. nos. 20040553–20040556),

which supply RNA Index Anchor plates and Unique Dual (UD) index plates

(UDP0001–UDP0384) for i7/i5 indexing.

Final libraries were bead-purified, eluted in RSB, and assessed on an Agilent

2100 Bioanalyzer (Agilent Technologies) with a DNA 1000 or High Sensitivity

DNA kit. Library concentrations were measured on a Qubit 2.0 Fluorometer

(Thermo Fisher Scientific) using a dsDNA assay. Indexed libraries were

normalized, pooled, and sequenced on an Illumina sequencing platform (e.g.

NextSeq or NovaSeq) with paired-end reads (2 × 75 bp or 2 × 100 bp).

(4) Definition of gene counts
For bulk RNA-seq experiments, raw sequencing reads were aligned to the

mouse reference genome and summarized to gene-level read counts using

the corresponding gene annotation. Raw counts were imported into DESeq2

and normalized for library size by estimating a size factor for each sample.

For single-cell RNA-seq data, we used the gene–cell UMI count matrix

generated by the Cell Ranger pipeline and processed it in Seurat using the

standard log-normalization (library-size scaling to 10,000 counts per cell

followed by log10 transformation). For each AM population, gene counts were

obtained by averaging the normalized expression values of all cells belonging

to that population.
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2.2.16 Statistical analysis
Data are expressed as mean ± SD. Statistical analyses were performed in

GraphPad Prism v9.0 (GraphPad Software, San Diego, CA, USA) using either

Student’s t -test or one-way ANOVA, as appropriate. Significance is indicated

as P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
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3. Results

3.1 Optimization and characterization of carbon nanomaterial dispersion
The dispersion quality of CNMs is a key factor that determines how they

interact with biological systems. When suspended in aqueous environments,

CNMs can easily form aggregates or agglomerates, which significantly alter

their effective size, surface area, and sedimentation rate. These changes

influence the actual dose that reaches the cellular surface and, consequently,

the extent of CNMs-cell interactions. In the lung, this is particularly relevant

because resAMs encounter inhaled materials directly at the air-liquid interface.

Only well-dispersed CNMs can deposit evenly on the alveolar surface and

interact effectively with surfactant components and cell membranes.

Conversely, aggregated particles exhibit heterogeneous deposition and

reduced uptake, which may lead to underestimation of their cytotoxic potential.

Moreover, the hydrodynamic size and surface coating of CNMs determine the

formation of the so-called “protein corona” and influence intracellular

trafficking and downstream cell death pathways. Therefore, characterizing

and optimizing CNMs dispersion is indispensable for accurately interpreting

their biological responses, including CNMs-induced resAMs injury and

depletion.

To better mimic the in vivo lung micro-environment, we used the first 3 ml of

BAL fluid collected from C57BL/6J mice as benchmark for CNMs dispersion. It

was compared to CNMs dispersed in whole lung surfactant-extracted from pig

lungs (kindly provided by Jesús Pérez Gil, Universidad Complutense de

Madrid) and cell culture media (DMEM). The dispersion quality from three

methods were assessed.

One of the most important physical-chemical characteristics of CNMs is

hydrodynamic size, which determines cellular uptake and eventually cellular

toxicity. Moreover, particle aggregation or agglomeration influences particle

sedimentation, a process driven by gravity and by particle size and mass. In

typical in vitro conditions, cells must have a supporting material to adhere to

for growth and proliferation. This process is relying on adherence factors such

as cell membrane proteins, in particular from the integrin family either

secreted by the cell itself or added externally. Thus, the cytotoxic effect is
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largely determined by the actual amount of CNMs deposited onto the cell

surface (Eun Chul Cho et al.,2011). Thus, the higher the sedimentation rate

of CNMs is, the more CNMs can deposit to cells and trigger cytotoxic effects.

In our present study, we found that CNMs dispersed in surfactant and BAL

fluid exhibited increased hydrodynamic diameter for CNP (around 10 - 20

folds), MWCNT (around 1.6 folds) and DWCNT (around 3 folds) compared to

the dispersion with DMEM, despite the dispersion quality of DWCNT is lowest

compared to the other two CNMs as shown in table 1 and Fig. 3.1a,b &c,
there are several peaks in size distribution in all dispersion methods, which is

presumably due to its high aggregation tendency. Previous studies have

shown that light absorbance (optical density) at around 750 nm is a sensitive

surrogate for CNM dispersion stability and sedimentation behavior (Dong-
Keun Lee et al., 2020).

Table 1 Dispersion quality and hydrodynamic size of different CNMs

CNMs Dispersion solvents Z-Average(d.nm) PdI

MWCNT

Cell culture medium 905.4 0.41

Surfactant 1314 0.364

Lavage 1472 0.318

CNP

Cell culture medium 191.2 0.178

Surfactant 2626 1

Lavage 3540 0.843

DWCNT

Cell culture medium 332.5 0.493

Surfactant 951.6 0.824

Lavage 965.6 0.809
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Figure 3.1 Dynamic light scattering analysis of CNMs suspensions in different
solvents
MWCNT were dispersed in different solvents followed by the same dispersion

protocol as described above. Then the stock solutions were diluted in the same

concentration (32 μg/ml) in DMEM followed by immediate DLS measurement as

shown in (a). CNP were dispersed in different solvents followed by the same

dispersion protocol as described above. Then the stock solution was diluted in the

same concentration (50 μg/ml) in DMEM followed by immediate measurement as

shown in (b). DWCNT were dispersed in different solvents followed by the same

protocol, DLS measurement was shown in (c).

We found both BAL fluid and surfactant dispersed CNP and MWCNT can

increase the light absorbance at 750nm a t highest dose in a time-dependent

manner as depicted in Fig. 3.2, indicating that BAL fluid and surfactant

promote faster sedimentation of CNP and MWCNT than culture medium. To

visualize the dispersion quality directly, we took the bright field pictures of

both CNP and MWCNT dispersed in 3 different solvents (DWCNT was not

included due to its high aggregation states in all conditions). As shown in Fig.
3.3, MWCNT and CNP dispersed in cell culture media appear to be highly

aggregated, whereas both BAL fluid and surfactant confer MWCNT the same

dispersion ability.

a b c
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Taken together, these results demonstrate that surfactant is indispensable for

stably dispersion of CNMs especially MWCNT and CNP.

Figure 3.2 CNP and MWCNT dispersed in both lavage fluid and surfactant
exhibit more sedimentation potential than in cell culture media
CNP and MWCNT were dispersed in cell culture media, BAL fluid and water plus

surfactant followed by the same dispersion protocol as described above. The stock

solution was then further diluted to different doses in DMEM and transferred into a

96-well plate. Particle sedimentation was measured by light absorbance at 750 nm at

different time points: 0, 0.5, and 3 h. Data are from 3 independent experiments.

Figure 3.3 MWCNT and CNP were stably dispersed in BAL fluid and surfactant
rather than in cell culture medium
50 μg/ml CNP and 16 μg/ml MWCNT were dispersed in different solvents, followed

by the same dispersion protocol as described above. The stock solution was then

Lavage dispersion Surfactant dispersion Culture Medium dispersion

MWCNT 16μg/ml

CNP 50μg/ml



56

further diluted to different doses in DMEM and transferred into a 24 well black plate.

The representative images were taken by live-cell confocal microscopy (Zeiss CD7).

3.2 Establishment and evaluation of in vitro alveolar macrophage cell
models

3.2.1 Transcriptomic profiling of in vitro AM models versus in vivo
resident alveolar macrophages

Our previous results showed that long term exposure of CNMs especially

MWCNT led to significant depletion of resAMs followed by DWCNT. However

the underlying mechanisms remain unclear. In this context, a proper in vitro

AM model that resembles resAMs is needed. Although pAMs isolated from

BAL are widely used in ex vivo, these cells undergo transcriptomic and

phenotypic changes owing to the contrasting differences between in vitro

conditions and the in vivo alveolar microenvironment (Sethuraman
Subramanian et al., 2022).
It is well known that alveolar microenvironment dictates the biological identity

and behavior of resAMs. In particular, niche cytokines such as GM-CSF and

TGF-β, along with PPARγ activation, are crucial for their development, long-

term maintenance and acquisition of the characteristic tissue-resident gene

expression profile (Florent Ginhoux., 2014; Xueyang Yu et al., 2017;
Tracey L Bonfield et al., 2010). To recapitulate the in vivo resAMs as much

as possible, we isolated and cultured primary AMs supplied with combination

of GM-CSF, TGF-β and peroxisome proliferator–activated receptor γ (PPAR-γ)

agonist rosiglitazone (GTR) for 7days (hereafter referred as AMs GTR). This

GTR combination has been shown to generate and maintain AM-like cells in

vitro with surface markers and gene expression profiles closely matching in

vivo resident AMs such as Itgax, Pparg and Chil3 (Maocai Luo et al., 2021).
We also investigated whether short-term culture (3 h or 24 h without GTR) of

pAMs (hereafter referred to as AMs 3h and AMs 24h) could change the cell

identity or not.

Another frequently used AM model is the immortalized murine cell line MH-S

cells that are SV40-transformed murine alveolar macrophage line derived

from BAL lavage of BALB/cJ mice, and retain several characteristic features
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of resAMs and have been used in many functional studies. Besides, György
Fejer et al transformed fetal liver cells into AMs-like cells using GM-CSF

(György Fejer et al., 2013). These cells possess comparable self-renewal

capacity as observed for resAMs and share similar phagocytosis ability and

LPS response pattern.

To evaluate these 6 different in vitro AMs cell models which are AMs cultured

3h or 24h without cytokines cocktails (AMs 3 h or 24 h), AMs GTR, AMs-like

cells differentiated from Bone marrow (BM-AMs), MH-S and MPI cells - a non-

transformed, GM-CSF-dependent macrophage cell line derived from fetal liver

cells - known as Max Planck Institute cells (György Fejer et al., 2013) in
maintaining resAMs core identity, we isolated RNA from these cells and used

short-term cultured AMs without GTR (AMs 3 h) as our benchmark to

represent the resAMs, however pathway enrichment from bulk RNAseq data

indicated the significant decrease of inflammatory pathways (eg. TNFα or NF-

κB) in all of the AMs cell models. We reckoned that 3 h cultured AMs may

undergo stress response due to isolation process and adaptation of in vitro

condition. Hence, we used single cell RNA sequencing data to extract alveolar

macrophages gene expression profile (scRNA-seq AMs) (Voss C et al., 2024)
as a benchmark. Since there is an inherent batch effect differentiating bulk

RNAseq and scRNAseq data, we normalized both data sets with their own

housekeeping genes in order to allow proper comparison.

To establish an appropriate normalization strategy, we first quantified 13

candidate housekeeping genes across all datasets (Fig. 3.4). These genes

showed marked differences in expression in both bulk RNA-seq profiles from

in vitro AM models and scRNA-seq data from untreated wild-type mice, with

Actb being the most abundant and Hmbs the least. We initially normalized

three seemingly stable housekeeping genes (Rplp0, Rpl37a, and Ppia), but

their high abundance compressed the normalized values of many core AM

genes in the scRNA-seq dataset. We therefore adopted Hprt and Gapdh,

which exhibited stable yet more moderate expression across both bulk and

scRNA-seq AM datasets.



58

Fig. 3.4 The expression of 13 commonly used housekeeping genes in different
AM models
Gene counts of each housekeeping gene were extracted from the RNA-seq (or

scRNA-seq) gene-level count matrices. For bulk RNA-seq, values represent

DESeq2-normalized read counts; for scRNA-seq, values represent averaged

normalized UMI counts per AM population. Data from three independent experiments

were plotted in Prism.

Normalization and subsequent averaging based on these two genes enabled

more meaningful comparison between scRNA-seq AMs and the bulk RNA-

seq AM models, although residual batch effects cannot be fully excluded. To

assess how closely in vitro AM models resemble resAMs (scRNA-seq AMs),

we performed a multi-dimensional transcriptomic comparison using principal

component analysis (PCA), core AMs gene expression profiling, and Pearson

correlation analysis. As depicted in Fig. 3.5a and table 2, the first two

principal components (PC1 and PC2) together captured 46.7% variance of the

whole transcriptome. The residual variance is seen as scatter across other

principal components (PC3, PC4 etc). Short-term cultured AMs (AMs 3 h or

24 h), long-term cultured AMs (AMs GTR) and BM-AMs are closely clustered

together. While immortalized cell lines MH-S and MPI are grouped together.

In fact, all of the in vitro AMs cell models are positioned far away from

scRNAseq AMs which indicate none of the cell models we used resembles
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the resAMs. However PCA reflects both gene expression level and pattern,

these cluster separation can be attributed to the difference in the principle of

scRNA-seq and bulk RNA-seq, the former captures low cell abundance and

the latter normally has higher cell number thus higher mRNA yield. Therefore,

we calculate Pearson’s correlation using the whole transcriptome across our

AMs cell models and resAMs which measures the similarity in expression

trends between groups excluding the gene expression magnitude due to

difference of sequencing platform. As shown in Fig. 3.5c, pAM models in vitro

displayed comparable Pearson’s correlation similarity from 0.63 to 0.7, the

highest similarity score belongs to AMs 24h (0.7) and lowest is BM-AMs (0.63)

whereas cell line MH-S and MPI showed the least similarity score-MH-S (0.46)

and MPI (0.49).

These results indicate that at the whole transcriptomic scale, in vitro pAM

models mimic the resAMs gene expression pattern to some extent (60%-70%).

In contrast, AMs cell lines possess different gene expression patterns.

To further confirm whether our in vitro AM models maintain the resAMs core

identity, we selected 483 core AMs marker genes shown in heatmap and the

Pearson’s correlation was calculated based on these marker genes as shown

in Fig. 3.5a and d. To our surprise, all pAMs in vitro even including short-term
culture of AMs (3 and 24 h) causes substantial up and down regulated genes

compared to scRNA-seq AMs (e.g., down-regulated genes: Ndufa1, Fabp1,

Krt79, Gpx1, etc. up-regulated genes: Lgmn, LAMsp2, Syk, etc). However, the

Pearson correlation score calculated from these 483 core AMs marker genes

using scRNA-seq AMs as benchmark showed all the in vitro primary AMs cell

models have above 70% similarity while cell line MH-S and MPI still share

less than 50% similarity, which indicate pAMs cell models maintain 70% of

core AMs genes expression pattern. Of note, despite originating from bone

marrow, BM-AMs displayed high resAMs core gene expression pattern

(around 70%).
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Figure 3.5 Transcriptomic study of different AMs cell models in vitro
The total RNA from pAMs cultured in vitro for 3 h and 24 h, AMs cultured in vitro for

7days in presence of GTR, BM-AMs, MH-S and MPI cells were extracted and

submitted to perform bulk RNA sequencing, the core resAMs marker genes were

selected and normalization was performed by individual group housekeeping gene

HPRT and GAPDH counts, the results are averaged and showed in a. Principle
component analysis was performed in b. Pearson correlation between all AMs cell

models using whole transcriptomics and core resAMs genes were shown in c and d.
The PCA distance between AM models was shown in table 2. all groups are from 3

independent experiments.

ba

c

d
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Table 2 PCA distance between each AMs cell model and scRNA-seq
AMs

To explain the biological meaning behind transcriptomic changes observed in

our in vitro AM models, we performed volcano plot and GSEA analysis using

both whole transcriptome and differentially up/down expressed genes. As

depicted in Fig. 3.6a. at just 3h in vitro on culture plates without any cytokine

treatment, the freshly isolated AMs already bear little resemblance to their in

vivo counterparts with 465 genes are up-regulated, the top 5 genes are

stress/inflammatory sensors related-Hmox1, Slc7a11, Clec4e, Srxn1 and mt-

Co1 (mitochondrial cytochrome c oxidase I). Whereas 1174 genes are down-

regulated, the top 5 genes are Malat1, Gpx1, mt-Rnr2, Cxxc1, Gm42418.

AMs in vivo reside and patrol in the alveolar region which is subjected to

higher levels of oxygen (13.2%) than other organs and biological barriers

(Carreau A et al., 2011) and lower glucose concentrations which is about

1/10 of those in blood stream (Baker EH et al., 2018). In addition, lung

epithelial ATII cells constantly produce surfactant - a mixture of lipoproteins

and lipid dipalmitoylphosphatidylcholine (DPPC) which is essential for

reducing the surface tension and protecting alveoli from collapse. This unique

micro-environment confers resAMs predominantly metabolizing fatty acid and

generating ATP through oxidative phosphorylation (OXPHOS) (Schneider C
et al., 2014). Consistent with this, both GO:BP pathway - and GSEA analysis

showed significant decrease in oxidative phosphorylation and fatty acid

metabolism (Fig. 3.6b and c) in all in vitro AM models. Besides, down-

regulated pathways predominantly included cytoplasmic translation, peptide-

chain elongation/termination, and Myc/E2F-target gene sets (NES = -2.45 to -
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2.10) which reflects an energy-conservation mode, wherein cells curtail

ribosome biogenesis, protein synthesis, and DNA-repair/checkpoint pathways.

By contrast, inflammatory responses such as TNFα and NF-κB signaling

pathways, complement, neutrophil degranulation (promotes the fusion and

trafficking of vesicles) and integrin-mediated signaling pathways were

markedly elevated possibly due to the stress response caused by the isolation

process and adaptation to the in vitro environment.

Taken together, transfer of AMs from the in vivo alveolar niche to in vitro

culture conditions even within 3 h, swiftly reprogram their metabolism

landscape and shifts into a stress-primed phenotype.
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Figure 3.6 AMs cultured 3h in vitro undergo substantial metabolic and
inflammatory response shift
Volcano plot shows differentially expressed genes (DEGs; log2FC > 1, p

adjust value< 0.05) between AMs culture 3h in vitro and resAMs (scRNAseq AMs).

Plot was generated with R software (v4.5.0) and shown in a. GESA analysis was

performed using Hallmark, Reactome and GO:BP Library, positive NES represent

c

ba
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pathways enriched in AMs 3h and negative NES means pathway enriched in

scRNAseq AMs as shown in b. Pathway enrichment analysis for AMs 3h relative to

scRNAseq AMs using GO:BP, KEGG, Reactome and Hallmark databases (c). All
enrichment calculations were performed in R software(v4.5.0) using the

clusterProfiler package (v4.16.0)

Next, we compared AMs cultured 24h without cytokines with resAMs to

investigate whether these transcriptomic changes can be reversed. As shown

in Fig. 3.7a, AMs maintained for 24h in culture show 1107 down-regulated

genes and 367 up-regulated genes (FDR < 0.05, |log₂FC| > 1). Among the

most strongly down-regulated transcripts are Malat1 and Gpx1 which are the

same as AMs 3h, Car4 (carbonic anhydrase 4, a canonical Alveolar

macrophage marker), Wfdc21 and GM42418.

The top five up-regulated genes were mt-Co1 (mitochondrial cytochrome c

oxidase I), Itgb2 (integrin β2, reflecting enhanced adhesion signaling),

Tnfrsf1b (TNF receptor II), Vat1 (vesicle‐associated membrane protein–

binding protein, involved in early endosomal trafficking), and Mmp12 (matrix

metalloproteinase 12, associated with tissue remodeling).

In line with the altered in vitro conditions compared to the alveolar

microenvironment, AMs cultured for 24 h exhibit low mitochondrial activity

particularly in oxidative phosphorylation and fatty-acid metabolism. Of note,

these cells dramatically dampen the stress response arising from the isolation

process compared to AMs 3h as evidenced by down regulated TNFα

signaling via NF-κB (NES: -1.65) in GSEA results (Fig. 3.7 b). While the

signatures of phagocytosis, complement and degranulation components

indicate a switch from in vivo gentle surfactant turnover to an all-out, high-

capacity digestive and opsonization mode after isolation from the lungs in vitro.

The self-renewal capacity of AMs 24h remains suppressed as indicated by

negatively enriched Myc and E2F-target gene sets, G2-M checkpoint, and

DNA repair shown in Fig. 3.7 b and c.



65

Figure 3.7 Differential gene expression and pathway enrichment in AMs
cultured 24h without cytokines
Volcano plot shows differentially expressed genes (DEGs; log2FC > 1, p

adjust value< 0.05) between AMs culture 24h in vitro and in vivo AMs (scRNAseq

AMs). Plot was generated with R software (v4.5.0) and shown in a. GESA analysis

was performed using Hallmark, Reactome and GO:BP Library (b). Pathway

ba

c
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enrichment analysis for AMs 24h relative to scRNAseq AMs using GO:BP, KEGG,

Reactome and Hallmark databases (c). All enrichment calculations were performed

in R software (v4.5.0) using the clusterProfiler package (v4.16.0).

Since AMs cultured 3 h and 24 h without any cytokine treatment fails to mimic

the in vivo alveolar macrophage to a large extent, we cultured AMs in vitro for

7days in presence of GM-CSF, TGFβ and PPAR-γ (GTR) and performed

transcriptomic analysis. To our surprise, even with GTR, these in vitro

cultured AMs still diverged from in vivo counterparts. Overall, 1 055 genes are

down-regulated and 381 genes are up-regulated (FDR < 0.05, |log₂FC| > 1).

Top 5 down regulated genes are exact same as AMs 24 h except gene mt-

Rnr2 (mitochondrial 16S rRNA, required for mitochondrial ribosome assembly

and OXPHOS), the top 5 up-regulated genes include mt-Co1, Vat1, Mmp12

which are same as AMs 24 h, Cd36 (scavenger receptor critical for lipid

uptake and surfactant clearance) and Mfge8 (Milk Fat Globule-EGF Factor 8,

a bridging molecule for efferocytosis and phosphatidylserine recognition) as

shown in Fig. 3.8a. Up-regulation of Cd36, Mmp12, and Mfge8 demonstrates

that AMs GTR have begun to re-activate key alveolar macrophage

functions—notably lipid uptake, surfactant processing, and efferocytosis. In

particular, Cd36 and Mfge8 are canonical markers of alveolar lipid handling

(Claire E Dodd et al., 2016) and efferocytosis & (S Zhang et al., 2015), and
their re-expression suggests partial rescue of the physiological role that in

vivo AMs play in DPPC turnover and surface tension homeostasis.

After 7 days of culture in presence of GTR, AMs have adopted a distinctive

‘lipid processing/secretory’ profile. In Fig. 3.8b, enrichment of GO ‘vacuole

organization’ (NES = +2.93, q = 0) highlights a coordinated increase in genes

required for lysosomal biogenesis, acidification (e.g., V-ATPase subunits),

and trafficking (e.g., Rab7, syntaxins). This vacuolar machinery is essential for

degrading surfactant lipids and processing apoptotic cells in vivo.

Simultaneously, Hallmark ‘PROTEIN_SECRETION’ (NES = +3.027, q = 0)

indicates that genes encoding secreted factors - such as cathepsins,

cytokines, chemokines, and extracellular matrix remodelers - are highly up-

regulated. Functionally, this is consistent with alveolar macrophage’s role in
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secreting surfactant-binding proteins, lipoprotein lipase, and matrix

metalloproteinases (e.g., MMP12) to maintain alveolar structure and host

defense.

Although the cell number increased significantly in AMs GTR compared with

AMs 3 h and AMs 24 h, the gene sets for Myc and E2F targets remained

negatively enriched (Fig. 3.8b, c). This likely reflects the transient and tightly

controlled nature of cell-cycle entry in tissue macrophages: Myc– and E2F-

driven transcription is only transiently activated during cell-cycle entry and is

rapidly downregulated once cells return to a quiescent, differentiated state.

Thus, even though a proliferative burst earlier in culture results in higher cell

numbers at day 7, the majority of AMs GTR captured at the time of RNA-seq

are not actively cycling, leading to an overall negative enrichment of Myc and

E2F target gene sets.
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Figure 3.8 Differential gene expression and pathway enrichment in AMs
cultured 7days with cytokines cocktails (GM-CSF, TGFβ and PPARγ agonist)
Volcano plot shows differentially expressed genes (DEGs; log2FC > 1, p

adjust value< 0.05) between AMs GTR in vitro and in vivo AMs (scRNAseq AMs).

Plot was generated with R software (v4.5.0) and shown in a. GESA analysis was

performed using Hallmark, Reactome and GO:BP Library (b). Pathway enrichment

ba

c
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analysis for AMs GTR relative to scRNAseq AMs using GO:BP, KEGG, Reactome

and Hallmark databases (c). All enrichment calculations were performed in R

software (v4.5.0) using the clusterProfiler package (v4.16.0).

Next, bone marrow cells were differentiated into AM-like cells using GM-CSF,

TGFβ, and a PPARγ agonist, followed by transcriptomic profiling. As shown in

Fig. 3.9a, BM-AMs exhibited a pronounced downregulation of 3,530

transcripts compared with scRNAseq AMs. The most strongly downregulated

genes largely overlapped with those in AMs 24h and AMs GTR, with the

notable exception of Marco (macrophage receptor with collagenous structure),

the canonical alveolar scavenger receptor, which was selectively and

markedly reduced only in BM-AMs. In parallel, 282 genes were upregulated;

among these, the top five broadly mirrored the AM GTR profile, except for

Gpnmb (glycoprotein non-metastatic melanoma protein B, a marker of lipid-

loaded and reparative macrophages) and Anpep (alanyl aminopeptidase,

implicated in antigen processing and phagosome maturation), which were

specifically enriched in BM-AMs. These changes suggest that, despite a

global loss of bona fide AM identity markers, BM-AMs acquire several

alveolar-like effector functions, including efferocytosis, matrix remodeling, and

lipid handling.

In Fig. 3.9 b&c, the prominent induction of phagocytosis, complement and

neutrophil-degranulation modules indicates that BM-AMs acquire strong

microbicidal and clearance abilities. Additionally, cholesterol homeostasis

(e.g., up-regulation of Abca1, Abcg1) suggests that these cells have regained

at least partial capacity for lipid efflux, a prerequisite for surfactant handling.

The massive positively enriched carbohydrate derivative catabolic process

and negatively enriched oxidative phosphorylation suggest BM-AMs rely

predominantly on glycolysis and carbohydrate catabolism.

Taken together, in comparison to 3h and 24h ex vivo AMs, which undergo

acute ‘culture-shock’ and rapidly induce phagocytic stress pathways, BM-AMs

adopt a more stable, inflammatory yet partially alveolar phenotype that retains

efferocytosis and complement but fails to reconstitute the FAO/OXPHOS-

driven homeostatic program of true alveolar macrophages. This makes BM-

AMs a second-closest model to resAMs only in terms of clearance functions
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(e.g., efferocytosis, complement), but they remain metabolically and

transcriptionally distinct from fully mature, tissue-resident AMs.

As for MH-S and MPI, we found that neither of them can fully model resident

AM biology. Both are far more ‘proliferative/glycolytic’ than in vivo AMs, and

although they mount some lysosomal/phagocytic functions, they cannot

recapitulate the FAO-driven, lipid-handling that defines true alveolar

macrophages (data not shown).
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Figure 3.9 Differential gene expression and pathway enrichment in BM-AMs
Volcano plot showing differentially expressed genes (DEGs; log2FC > 1, p adjust 

value< 0.05) between BM-AMs and scRNAseq AMs shown in a. GESA analysis was

performed using Hallmark, Reactome and GO:BP Library(b). Pathway enrichment

analysis for BM-AMs relative to scRNAseq AMs using GO:BP, KEGG, Reactome and

a b

c
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Hallmark databases (c). All enrichment calculations were performed in R software

(v4.5.0) using the clusterProfiler package (v4.16.0).

3.2.2 Phenotypic comparison of in vitro AM models with resident
alveolar macrophages

To further evaluate the alveolar macrophages (AMs) identity in our in vitro

model, we investigated the expression of canonical AM surface markers-

CD11b, CD11c and SiglecF. In addition to 6 in vitro AM population described

above, we also used isolated BAL-AMs, which were suspended in culture

media supplied with GM-CSF, TGFβ, PPARγ and 10% lavage fluid containing

surfactant for 3h (BAL-AMs 3h) to confirm whether these AMs stably express

high level of CD11c and SiglecF and low level of CD11b. Interestingly, in BAL-

AMs 3h, CD11c expression decreased by about 20% and SiglecF by about

10%, even in the presence of GTR and surfactant as shown in Fig. 3.10. This
suggests that maintaining CD11c and SiglecF expression requires the

complex, continuous interplay of in vivo cues. While AM cultured ex vivo for

3h further decrease the expression of CD11c by around 60% and maintained

the same level of SiglecF as BAL-AMs 3h, AM 24h partially recover the

CD11c to the level of BAL-AMs 3h which is consistent with the conclusion that

AM 3h undergo stress response derived from isolation and adaptation

process. By contrast, GTR 'rescues’ SiglecF and CD11c expression nearly

fully, but drives CD11b expression dramatically. The resulting profile-

CD11chigh/SiglecFhigh/CD11bmid represents a hybrid state that does not occur

in vivo under homeostatic conditions. Of note, BM-AMs cells recapitulate the

alveolar markers SiglecF/CD11c very well but maintain high levels of CD11b.

As expected, MH-S and MPI share the least feature of AM surface marker

expression.
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Figure 3.10 Flow cytometry analysis of the phenotype of AM models generated
under different culture conditions.
8 AM models were incubated with CD11c-PE-Cy5.5, CD11b-PE and SiglecF-APC

antibody (1:50 dilution) on ice for 15 mins protected from light. Cells were analyzed

by FACScantoTM II flow cytometer and analyzed by FlowJo software as shown in a
(BD Biosciences, San Jose, CA, USA). Statistical analysis was shown in b. n = 3.

Data are shown as the mean ± SD of a representative of three independent

experiments. **p < 0.01, ***p <0.001 using One-way ANOVA as well as post Tukey's

multiple comparisons test.

Next, we assessed cell size and intracellular complexity by forward and side

scatter (FSC-A, SSC-A). As shown in Fig. 3.11 a&c, among all in vitro AM

models, AMs 24 h most closely resembled freshly isolated BAL-AMs in both

parameters. While the cellular granularity of AMs 3h and BM-AMs

substantially decreased compared to the BAL-AMs, AMs GTR showed minor

reduction of granularity.

a

b
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By comparison, both MH-S and MPI displayed increased FSC-A and SSC-A

relative to BAL-AMs, consistent with larger and more granular cells. This likely

reflects their immortalized, continuously proliferating phenotype: transformed

macrophage lines typically have increased cytoplasmic volume and higher

organelle and vesicle content (e.g. endosomes, lysosomes, and ER), which

enhances light scatter. In addition, long-term culture in serum-rich medium

can promote a more vacuolated, activated morphology compared with

quiescent tissue-resident BAL-AMs, further contributing to the elevated FSC

and SSC signals.

After removing from alveolar niche to ex vivo for 3h, AMs rapidly reduce the

cell size and this trend was reversed after 24h of culture and maintained at 7

days of culture with cytokines. By contrast, MH-S showed a minor increase of

cell size and MPI displayed much bigger cell size compared to BAL-AMs.

Figure 3.11 Comparative flow cytometric Analysis of cell size (FSC-A) and
internal complexity (SSC-A) across BAL AMs and in vitro AM Models
The dot plot of FSC-A and SSC-A of all in vitro AM models were overlaid with freshly

isolated BAL-AMs as shown in a. SSC-A high and FSC-A high were defined by

gating dots at 50K as shown in b. The statistical analysis was shown in c. n = 3. Data
are shown as the mean ± SD of a representative of three independent experiments.
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