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The eATP/P2X7R Axis Drives Quantum Dot-Nanoparticle
Induced Neutrophil Recruitment in the Pulmonary

Microcirculation

Chenxi Li, Qiongliang Liu, Lianyong Han, Haiyun Zhang, Roland Immler, Birgit Rathkolb,
Judith Secklehner, Martin Hrabe de Angelis, Ali Onder Yildirim, Dagmar Zeuschner,
Annette Nicke, Leo M. Carlin, Markus Sperandio, Tobias Stoeger, and Markus Rehberg*

Exposure to nanoparticles (NPs) is frequently associated with adverse
cardiovascular effects. In contrast, NPs in nanomedicine hold great promise
for precise lung-specific drug delivery, especially considering the extensive
pulmonary capillary network that facilitates interactions with
bloodstream-suspended particles. Therefore, exact knowledge about effects of
engineered NPs within the pulmonary microcirculation are instrumental for
future application of this technology in patients. To unravel the real-time
dynamics of intravenously delivered NPs and their effects in the pulmonary
microvasculature, we employed intravital microscopy of the mouse lung. Only
PEG-amine-QDs, but not carboxyl-QDs triggered rapid neutrophil recruitment
in microvessels and their subsequent recruitment to the alveolar space and
was linked to cellular degranulation, TNF-a, and DAMP release into the
circulation, particularly eATP. Stimulation of the ATP-gated receptor P2X7R
induced expression of E-selectin on microvascular endothelium thereby
mediating the neutrophilic immune response. Leukocyte integrins LFA-1 and
MAC-1 facilitated adhesion and decelerated neutrophil crawling on the
vascular surface. In summary, this study unravels the complex cascade of
neutrophil recruitment during NP-induced sterile inflammation. Thereby we
demonstrate novel adverse effects for NPs in the pulmonary microcirculation
and provide critical insights for optimizing NP-based drug delivery and
therapeutic intervention strategies, to ensure their efficacy and safety in
clinical applications.

1. Introduction

Nanoparticles have been widely applied in
nanomedicine for drug delivery and as
imaging agents. For administration, intra-
venous injection is a common approach in
medical diagnosis and disease treatment.!!]
At the same time, the increasing applica-
tions of nanotechnology are exposing in-
dividuals to various nanomaterials, rais-
ing concerns about potential risk for lung
injury, cardiovascular diseases, neurologi-
cal diseases, auto-immune diseases, and
cancer.>*] After inhalation, NPs below
20 nm can evade surveillance by alve-
olar macrophages that enables them to
breach the air-blood barrier, facilitating
their translocation into the bloodstream and
secondary organs.!>>~%l The lung, character-
ized by its abundant pulmonary capillary
bed, serves as an important surface for in-
teractions with NPs in the bloodstream.>-11]
The defense niche within the pulmonary
microvasculature is distinctive from most
extrapulmonary tissues. Neutrophils in the
lung, as opposed to resident vascular
macrophages, patrol the pulmonary micro-
circulation as marginated pool, protecting
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from invading pathogens.['*] The low blood flow velocity
in pulmonary microvessels in combination with their small
diameter!’>!®! could contribute to a prolonged retention of NPs
in the pulmonary microcirculations by increased probability of
interactions with microvessels and neutrophils.

Quantum dots (QDs), which are fluorescent inorganic semi-
conductor crystals, represent some of the earliest and most
commonly used nanomaterials.['”] Their exceptional fluorescent
properties make them well-suited for a variety of imaging tech-
niques and drug delivery applications, contributing to theragnos-
tic approaches.['18] Surface modifications of NPs have demon-
strated the ability to modulate inflammation and cancer!**-2!l and
these modifications also influence organ distribution and im-
mune responses.”2-?*l However, our understanding of NPs in
the bloodstream and their interactions with and effects on im-
mune cells in pulmonary microvessels remains limited.?’] Al-
though intravital microscopy (IVM) has been used extensively in
the study of NP effects and interactions in the microcirculation,
e.g., in skeletal and hepatic tissues,!?*-?! its application to the pul-
monary microcirculation has only recently been addressed. Lung
intravital microcopy (L-IVM) enables real-time analysis of dy-
namic processes and cellular-level imaging in the alveolar region
of the murine lung.?" This advanced technique has been em-
ployed to visualize the pulmonary endothelial surface layer and
alveolar epithelial cells.?32] In the present work, we utilize QD
nanoparticles, which are on the one hand excellent fluorescent

B. Rathkolb, M. H. de Angelis

Institute of Experimental Genetics and German Mouse Clinic
Helmholtz Zentrum Miinchen

85764 Neuherberg, Germany

B. Rathkolb

Institute of Experimental Animal Breeding and Biotechnology
Ludwig-Maximilians-Universitdt Miinchen
81377 Munich, Germany

J. Secklehner, L. M. Carlin

Cancer Research UK Scotland Institute
Glasgow G61 1BD, UK

J. Secklehner, L. M. Carlin

School of Cancer Sciences

University of Glasgow

Glasgow G12 8QQ, UK

M. H. de Angelis

Chair of Experimental Genetics

TUM School of Life Sciences

Technische Universitdt Miinchen

85354 Freising, Germany

D. Zeuschner

Electron Microscopy Facility

Max Planck Institute for Molecular Biomedicine
48149 Muenster, Germany

A. Nicke

Walther Straub Institute of Pharmacology and Toxicology
Faculty of Medicine
Ludwig-Maximilians-Universitat Miinchen
80336 Munich, Germany

A. O.Yildirim

Institute of Experimental Pneumology

LMU

80539 Munich, Germany

Adv. Sci. 2024, 2404661 2404661 (2 of 16)

www.advancedscience.com

model nanoparticles, and on the other hand, nanomaterials with
broad use in biomedical, incl. theranostic applications.?334 QDs
with identical core size and composition, but with two different
surface modifications were investigated. PEG amine-modified
surface modified quantum dots (aQDs) with a low potential for
biomolecule and cell interactions and carboxyl-modified quan-
tum dots (cQDs) with a high interaction potential, representing
two different NP subtypes as well as commonly used building
blocks, were used.[3*35-37]

In our previous work conducted in skeletal muscle, both
QD-types did not induce leukocyte recruitment in microves-
sels of healthy mice, however leukocyte recruitment was in-
duced after trauma-induced macrophage activation, solely by
cQDs, whereas only application of aQDs aggravated neutrophil
responses after ischemia-reperfusion injury in skeletal muscle
tissue.[2+38]

Upon intravascular delivery of NPs into the bloodstream, in-
teractions with the endothelium and other immune cells might
initiate neutrophil recruitment. Endothelial activation is catego-
rized into two types. Type I activation, mediated by ligands like
histamine H1 receptors, leads to a transient increase in cytoso-
lic Ca?* levels. This activation is independent of new gene ex-
pression and protein synthesis, spontaneously declining within
10-20 min. Type II activation is mediated by pro-inflammatory
cytokines such as TNF-a and IL-1, lasting for hours to days.*!
By cQDs induced leukocyte recruitment in skeletal muscle post-
capillary venules is effectively inhibited by prior application of
cromolyn, an inhibitor of cellular degranulation.*® Cromolyn
is known to primarily act on mast cells but also on (alveo-
lar) macrophages,[“°l both of which are recognized for releas-
ing histamine and a range of mediators that induce the in-
flammatory process. Activated endothelial cells, alongside prim-
ing agents like pathogen or damage associated molecular pat-
terns (PAMPs, DAMPs), including ATP, and cytokines, stimu-
late neutrophils, initiating them from a latent state. These prim-
ing agents swiftly induce integrin/selectin expression and cel-
lular degranulation, with ATP being the most rapid initiator
of this priming process.*!l Inflammation significantly impacts
blood flow in the pulmonary microvessels.[*?] The reduced blood
flow creates an opportunity for neutrophils to engage with en-
dothelial cells, potentially leading to their priming and increased
responsiveness.[*] Thus blood borne neutrophils are mobilized
to the site of inflammation within minutes, without cytokine syn-
thesis, for functions like phagocytosis, degranulation, or NET re-
lease to eliminate pathogens.[1244]

While nanomedical particles targeting the pulmonary micro-
circulation hold significant promise for enhanced drug deliv-
ery and treatment efficacy,*! our understanding of the intri-
cate interactions between NPs and the pulmonary microcircu-
lation is still incomplete, potentially impeding their optimal ef-
fectiveness and safety. Consequently, a meticulous assessment
of the potential risks and benefits associated with the delivery
of nanomedicine to the pulmonary microcirculation is imper-
ative. To this end, we employ QDs as model NPs to compre-
hensively analyze their dynamics and proinflammatory effects
in the pulmonary microcirculation of healthy mice, by means
of L-IVM.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 1. QDs dynamics and localization in vitro and in vivo. A) Interactions of QDs with, and their cellular uptake by endothelial cells in vitro. HUVECs
were incubated with cQDs and aQDs for 1 h in vitro, followed by fixation with 4% PFA for IF staining. Phase-contrast images of HUVECs, displayed in
gray, show accumulation of cQDs (red), with DAPI-stained nuclei appearing in blue. (Scale bar: 25 pm). B) Time-lapse imaging reveals the interaction
of cQDs with blood vessel walls and the clustering of cQDs and aQDs within pulmonary microvessels via L-IVM. Fluorescence signal (white) solely
results from QDs fluorescence, outlining blood vessels and alveolar space. Image brightness in the middle panel was adjusted to display the very bright
aQD clusters. C) Representative images illustrate the pulmonary endothelial uptake of cQDs after 60 min whereas only few aQDs spots are present at
microvessel walls (both indicated by yellow arrowheads), (Scale bar: 50 pm). D) Measurement of QD fluorescence intensities in microvessels. Data is

shown as mean + SEM, n = 4 mice per group. Two-way ANOVA test.

2. Results

2.1. Interactions of aQDs and cQDs Within the Pulmonary
Microcirculation

To test QD interactions and cellular uptake by endothelial cells,
human umbilical vein endothelial cells (HUVEC) were incu-
bated with fluorescent cQDs and aQDs (emission 655 nm) for
1 h (Figure 1A). cQDs, characterized by strong biomolecule
binding as previously shown,[2*2+38] were taken up by HUVEC
cells, while aQDs, which exhibit weak biomolecule interactions,
showed minimal cellular uptake, in accordance with prior re-
search findings.[23.2438:46]

To investigate QDs interactions and dynamics in the pul-
monary microcirculation by means of L-IVM, aQDs, and cQDs
(1 pmol g1, respectively, dose representative for bioimaging ap-
proaches) were injected intravenously into mice (Figure 1B-D).
Both types of QDs could be detected as homogenous fluorescent
signal immediately after injection, distributing in the lumen of
pulmonary microvessels. cQDs interacted with the blood vessel
walls and appeared from the beginning as a lining along the en-
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dothelial layer. This localization remained unchanged for 60 min,
indicating endothelial cell uptake (Figure 1C). aQDs did not line
along microvessel walls, but immobile aQDs fluorescent clusters,
appeared soon after application and were also stable for 60 min.
The fluorescence signals of cQDs as well as aQDs in region of in-
terests covering microvessel segments gradually declined almost
to background levels by 60 min (Figure 1D), indicating NP clear-
ance from the blood stream. The rapid QD clearance is mainly
mediated by liver, spleen and kidney.[?*]

The lung tissue distribution of QDs 1 h after i.v. injection was
examined using 3D light sheet fluorescence microscopy (Figure
S1 and Videos S1-S3, Supporting Information). Imaging of con-
trol lungs displayed clear lung and bronchial contours, outlined
by tissue autofluorescence. Mice treated with cQDs after 1 h ex-
hibited sparse peripheral QD-fluorescence. Conversely, and simi-
lar as described by IVM (Figure 1B) aQDs were detected through-
out the lung, forming aggregates in blood vessels. However, QDs
prior to injection were monodisperse, as evidenced by TEM imag-
ing (Figure S2A, Supporting Information) and no aggregation
of aQDs occurred after ex vivo incubation with blood (Figure
S2B, Supporting Information). In conclusion, cQDs and aQDs
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exhibited different distribution patterns in mouse lungs. Both in
L-IVM and 3D light sheet microscopy, we observed that cQDs in
pulmonary capillaries were more dispersed and were likely taken
up by endothelial cells, whereas aQDs formed some aggregates
and remained in the circulation.

2.2. aQDs Induce Rapid Neutrophil Recruitment Involving
Alterations in Intravascular Neutrophil Crawling, and a
Reduction of Blood Flow Velocity

Neutrophil recruitment after cQDs and aQDs application, was as-
sessed through L-IVM (Figure 2A). Prior to L-IVM, mice were in-
jected intravenously with Alexa488-labeled anti-Ly6G antibodies
which directly labels vascular neutrophils. Images were recorded
immediately after surgical insertion of the thoracic window, ev-
ery 5 to 10 min for 1 h. As presented in Figure 2A,B, i.v. injection
of aQDs (1 pmol g!) significantly increased neutrophil numbers
already at 20 min upon application, reaching 6.01 + 0.37/10*um?
at 60 min, as compared to neutrophil counts detected in the con-
trol group (2.37 + 0.16/10*um?). In contrast, cQDs (1 pmol g~1)
induced only a very small increase over the observation time
(3.46 + 0.42/10*um? at 60 min). Endotoxin (instillation of 0.1 ug
LPS) induced lung inflammation, used as a positive control to
benchmark the aQDs induced neutrophil recruitment resulted
in 9.46 + 0.56/10*um? neutrophils at 2 h after induction (Figure
S3C, Supporting Information). Immunofluorescence staining of
neutrophils in lung slices confirmed aQDs’ potent induction of
neutrophil recruitment within 1 h (Figure S3A,B, Supporting In-
formation). Whereas white blood cell (WBC) numbers after both
QDs applications remained largely unaffected (Figure S4A, Sup-
porting Information), aQDs increased neutrophil cell counts and
their percentages within WBC and decreased the percentages
of monocytes present in the WBC. Interestingly, the application
of cQDs for 24 h induced a decrease in WBC and lymphocyte
counts.

Neutrophilic inflammation in the lung microvasculature has
been shown by L-IVM to be associated with impaired blood flow
velocity.[*?] Consequently, we conducted a detailed investigation
of the blood velocity of the pulmonary microcirculation, by track-
ing of i.v. applied fluorescent tracer beads, following QDs appli-
cation. Baseline blood flow velocity (197.8 pm s~!) was reduced
significantly to 137.5 um s~ after 1 h of aQDs application, while
cQDs only slightly lowered blood flow to 167.3 um s~* (Figure 2C;
Figure S5, Supporting Information), thus indicating, that the
aQD-induced inflammatory response was accompanied by a re-
duction in blood flow in the pulmonary microcirculation.

For the precise analysis in which microvessel subtypes neu-
trophils arrested after aQD-induced sterile inflammation, mi-
crovessels in L-IVM images at 0 and 60 min were categorized
according to their diameter (< 10, 10-20, > 20 um, Figure 2D).
In addition, neutrophil transmigration to the alveolar space was
determined. In control mice, most neutrophils were found in ves-
sels < 20 um (Figure 2E,F). Following exposure to aQDs, neu-
trophil numbers were notably elevated compared to control val-
ues, particularly in microvessels smaller than 20 um, as well as
in the alveolar space. This indicates that aQD-induced neutrophil
recruitment primarily took place in microvessels <20 um, partic-
ularly around alveoli. Notably, neutrophil transmigration to the
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alveolar space was evident at this early time point after NP injec-
tion, resulting in a sustained influx of neutrophils into the alveo-
lar space, as indicated by an increase in neutrophils count at 24 h
in bronchioalveolar lavage fluid (BALF) (Figure S4B, Supporting
Information).

Since neutrophils undergo crawling in the lung microvas-
culature, previously reported for the clearance of bloodstream
pathogens,[*’! we conducted an in-depth study on neutrophil
motility after i.v. application of aQDs. This investigation involved
long-term recordings at 5 s intervals in high-quality image ar-
eas (Figure 2G; and Video S5, Supporting Information), aim-
ing to understand the dynamics of vascular neutrophil behav-
ior in response to nanoparticle exposure. Crawling neutrophils
were defined as cells interacting with microvessels for >30 s,
while exhibiting movement, according to current literature.[*’]
Neutrophil crawling velocities were analyzed in two 10 min inter-
vals (5-15 and 55-65 min, Figure 2H). Under control conditions,
neutrophils crawled at 9.6 um min~!. After QDs injection, the
aQDs group exhibited a velocity drop to 5.6 yum min~!, compara-
ble to the cQDs group 6.6 um min~). The aQDs group showed
a decreased crawling velocity 7.4 pm min~!) after 1 h in com-
parison to the velocities in control and cQDs group (10.9 and
10.8 um min~, respectively). The findings indicate that aQDs in-
duced a more persistent inflammatory response, which slowed
the motility of crawling neutrophils in pulmonary microvessels,
potentially through the induction of specific adhesion molecules.

2.3. Cellular Degranulation and TNF-« Release is Required for
the aQD Induced Immune Response

Cromolyn, a cellular degranulation inhibitor, attenuated cQDs-
induced leukocyte recruitment in skeletal muscle, implicating
mast cell or macrophage participation. In the skeletal muscle,
mast cells as well as perivascular macrophages are localized in
close proximity to microvessels and are thus capable to mount lo-
cally restricted neutrophil recruitment in these vessels.?3*8) We
therefore examined whether cromolyn curb the inflammatory re-
sponse elicited by aQDs in the pulmonary immune system. Ad-
ministering 0.2 mg kg™! (BW) of cromolyn to mice 30 min prior
to aQDs application, significantly reduced aQDs-triggered neu-
trophil recruitment, (3.04 + 0.62/10*um? in cromolyn + aQDs
group vs 6.01 + 0.37/10*um? in aQDs group) (Figure 3A). No-
tably, no mast cells, characterized by purple granules stained with
toluidine blue, were observed in the peripheral or alveolar regions
of the lungs, i.e., near the analyzed microvessels, neither in tis-
sue sections of control mice, nor after 1 h of aQD application.
However, after 24 h of exposure with aQDs as well as 4 h after
instillation of LPS (which served as a positive inflammatory con-
trol), few toluidine blue positive mast cells could be detected near
bronchioles (Figure S7, Supporting Information). Alveolar local-
ized mast cells were undetectable at both time points in all condi-
tions. The presence of mast cells in the lung parenchyma has re-
cently been linked to the hygiene status of the mice. Mice housed
under “specific pathogen-free” conditions, are in contrast to wild
mice, almost devoid of these cells.[*] Therefore, in our model,
immediate involvement of alveolar-localized mast cells in local
neutrophil recruitment seems unlikely, yet mast cells in other tis-
sues could contribute, potentially also increasing in number or
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Figure 2. The effect of QDs on neutrophil responses within the pulmonary microcirculation. A) Representative images depict neutrophils in pulmonary
microvessels at 0 and 60 min after intravenous administration of vehicle (Ctrl), cQDs, and aQDs (1 pmol g~' of BW). Neutrophils were directly labeled in
vivo by i.v. application of Alexa488-conjugated anti-Ly6G Abs, depicted in bright green points. Autofluorescence outlines alveolar and vascular structures.
(Scale bar, 50 um.) B) Changes in neutrophil numbers during a 60 min period in mice undergoing QDs application. Data is shown as mean & SEM, n = 4
mice per group, Two-way ANOVA test, green * indicate significances between aQDs and Ctrl group, red * indicate cQDs and Ctrl group. C) Blood flow
velocity after 60 min in mice undergoing QDs application. Blood velocity was measured by tracking iv. applied fluorescent tracer beads. Data is shown as
median (interquartile range, IQR), each measurement is represented by a colored triangle, n = 45 measurements from 3 mice per group, Kruskal-Wallis
test. The mean values of the individual mice are shown as black dots. D) Localization of neutrophils in the alveolar space or microvessels. “0” indicates
neutrophils localized in the alveolar space; “1”: neutrophils in vessels smaller than 10 pm; “2": neutrophils in vessels ranging from 10-20 um; and “3":
neutrophils in vessels larger than 20 um. Dotted lines represent alveolar boundaries. Quantification of neutrophils localized in the pulmonary alveolar
space E) and in various-sized microvessels F). Data is shown as median (IQR) or mean + SEM, n = 20 field of views (FOV) from 4 mice per group,
Kruskal-Wallis test or One-way ANOVA test. G) Representative neutrophil movements over a period of 10 min. Neutrophil movements were recorded at
5 s intervals for 10 min using L-IVM. The image displays neutrophil trajectories recorded between minutes 55 and 65 under control conditions, with each
color representing the track of an individual neutrophil. (Scale bar: 50 um). H) Neutrophil crawling velocities under various applications and time points.
Quantification of neutrophil crawling velocities at 5-15 and 55-65 min after vehicle (Ctrl.), aQDs, and cQDs application. Data is shown as median (IQR),
each measurement is represented by a colored triangle, n = 22174 neutrophils analyzed in 2-3 mice per group, Kruskal-Wallis test. The mean values
of the individual mice are shown as black dots. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.
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Figure 3. Suppression of aQDs-induced neutrophil recruitment by Cromolyn or TNF-a neutralization in the pulmonary microcirculation. A) Neutrophil
recruitment induced by aQDs was inhibited by Cromolyn. Cromolyn (0.2 mg kg™" of BW) was intravenously applied at 30 min prior to L-IVM and aQDs or
vehicle were injected at 5 min (arrowhead). Data is shown as mean + SEM, n = 4 mice per group, Two-way ANOVA test, green stars indicate significances
between the cromolyn + aQDs and aQDs groups. B) anti-TNF-a mAbs diminished neutrophil recruitment induced by aQDs. Anti-TNF-a mAbs (30 ug per
mouse) were intravenously applied at 30 min prior to L-IVM. Data is shown as mean + SEM, n = 4 mice per group, control and aQD neutrophil counts
same data as in Figure 2B, Student’s t-test, black stars indicate significances between anti-TNF-a mAbs + aQDs and Ctrl group; Two-way ANOVA test,
green stars indicate significances between anti-TNF-a mAbs + aQDs and aQDs group, grey stars indicate anti-IgG1 mAbs + aQDs and aQDs group. C)
Reduced blood flow velocity after aQDs injection was recovered after pretreatment with cromolyn or anti-TNF-a mAbs. Data is shown as median (IQR),
each measurement is represented by a colored triangle, n = 45-60 measurements from 3—-4 mice per group, Kruskal-Wallis test. The mean values of the
individual mice are shown as black dots. D) Quantification of Ly6G* neutrophils immune-stained tissue samples. Data is shown as mean + SEM, n=3

mice (6 FOV) /group, One-way ANOVA test. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.

granularity following QDs exposure. In general, mast cells and
macrophages effectively initiate neutrophil recruitment through
TNF-a release, early during the inflammatory response.[*5051]
To test whether TNF-a is involved in aQDs-triggered neutrophil
recruitment, we i.v. applied neutralizing anti-TNF-a monoclonal
antibodies (mAbs) 30 min before aQDs administration. Anti-
TNF-a mAbs significantly reduced basal neutrophil cell counts
(t = 0 min) during L-IVM, dropping to 0.85 + 0.13/10*um? in
comparison to control values of 1.36 + 0.16/10*um? (Figure 3B).
Post-aQDs application, neutrophil levels remained below con-
trol, reaching 1.83 + 0.13/10*um? after 60 min. In addition, 1 h
post L-IVM, cromolyn as well as anti-TNF-¢ mAbs in aQDs-
exposed mice notably increased blood flow velocity to 201.8 and
231.9 pm s7!, respectively (Figure 3C). The number of neu-
trophils detected in histology slides confirmed the effects of cro-
molyn and TNF-a on neutrophil recruitment elicited by aQDs as
observed by L-IVM (Figure 3D). Interestingly, also pretreatment
with IgG1 isotype control antibodies diminished to some ex-
tend aQDs-induced neutrophil recruitment, albeit less effectively

Adv. Sci. 2024, 2404661 2404661 (6 of 16)

than anti-TNF-a mAbs (Figure 3B). Previous studies reported
that application of IgG can decrease levels of pro-inflammatory
cytokines such as IL-14 and IL-6, which are associated with neu-
trophil recruitment.’?! Anti-inflammatory properties of IgG1,
possibly through C5a pathway blockade,>*! could explain this ob-
servation. Neither application of IgG2a (see Figure 5A) nor [gG2b
(see Figures 4 and 5B) had this effect.

2.4. Endothelial Selectins are Required for Neutrophil
Blood-Vessel Interactions

Neutrophil recruitment requires adhesion at blood-vessel walls,
which is mediated by adhesion molecules, including selectins in
most extra pulmonal tissues. At the lung endothelium, however,
neutrophil binding to selectins has been reported to be stimulus-
dependent. LPS-induced neutrophil recruitment has been shown
to be selectin-dependent, whereas S. pneumoniae treatment in
mice was selectin-independent.[**>*55] To investigate the role of
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Figure 4. aQDs-induced neutrophil recruitment is mediated by E-selectin. A) Quantification of recruited neutrophil numbers over time. The mice were
pre-treated intravenously with anti-E-selectin mAb 9A9 (20 ug per mouse) for 30 min followed by application of aQDs (arrowhead) compared to aQDs
only application and vehicle controls. Data is shown as mean + SEM, n = 4-5 mice per group, control and aQD neutrophil counts same data as
in Figure 2B, Two-way ANOVA test, green stars indicate significances between anti-E-selectin mAb + aQDs and aQDs group. B) Analysis of E-selectin
expression. Representative lung slices from control and aQDs-treated mice after 1h, stained with rat anti-E-selectin antibody (red), Alexa488-labeled anti-
Ly6G antibody (green), rabbit Anti-PRX antibody (white), and DAPI (blue). (Scale bar: 10/20 um). C) Quantification of E-selectin positive microvessels
from immunostainings. Data is shown as mean = SEM. n = 3 mice (6 FOV) /group, Student’s t-test. * indicates P < 0.05, ** indicates P < 0.01, ***
indicates P < 0.001, and * indicates P < 0.0001.

selectins in aQDs-induced neutrophil recruitment within the pul-
monary microcirculation, specific neutralizing antibodies target-
ing selectins were administered intravenously 30 min before L-
IVM and aQDs injection. Treatment with anti-E-selectin anti-
bodies prior to aQDs application resulted in, over time and rel-
ative to controls, unchanged neutrophil counts (after 60 min:
1.95 + 0.40/10*um?), indicating the requirement of E-selectin for
aQDs-induced neutrophil recruitment (Figure 4A). Conversely,
pretreatment with anti-P-selectin antibodies did not decrease
neutrophil numbers post aQDs application (Figure S8A, Sup-
porting Information). Histological examination (Figure 4B,C) re-
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vealed a significant increase in E-selectin-positive microvessel
segments after aQDs exposure compared to control lung tissue
(21 + 1.62/FOV vs 3.33 + 0.84/FOV), thereby emphasizing en-
dothelial activation and E-selectin involvement in aQDs-induced
neutrophil recruitment.

2.5. LFA-1 and MAC-1 are Required for Neutrophil Recruitment
For the inflammatory responses in the vascular bed of extra-

pulmonary tissues, previous IVM studies have established
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Figure 5. LFA-1 and MAC-1 contribute to aQD induced neutrophil recruitment. Quantification of recruited neutrophils over time in mice pre-treated
intravenously with A) anti-LFA-1 mAbs or B) anti-MAC-1 mAbs or isotype control Abs (30 pg per mouse) 30 min prior to L-IVM followed by aQDs
application at 5 min (arrowhead). Data is shown as mean = SEM, n = 3—-4 mice per group, control and aQD neutrophil counts same data as in
Figure 2B, Two-way ANOVA test, green stars indicate significances between anti-LFA-1/anti-MAC-1 mAbs + aQDs and aQDs group. C) Velocity of
crawling neutrophils under different conditions at 5-15 and 55-65 min. Data is shown as median (IQR) and each measurement is represented by a
colored triangle, n = 22-365 crawling neutrophils over 10 min from 2 mice per group, Kruskal-Wallis test. Mean values of the individual mice are shown
as black dots. D) Quantification of blood flow velocities in the different experimental groups at 1 h. Data is shown as mean + SEM, each measurement
is represented by a colored triangle, n = 45 measurements from 3 mice per group, One-way ANOVA test. Mean values of the individual mice are shown
as black dots. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.

the essential roles of the leukocyte integrins LFA-1
(CD11a/CD18) and Mac-1 (CD11b/CD18) for adhesion, crawl-
ing and transmigration.’-%) However, the contribution of
these integrins for neutrophil responses in NPs-induced sterile
pulmonary vascular inflammation is not clear. Accordingly,
mice were pretreated with anti-LFA-1 or anti-MAC-1 neutral-
izing antibodies prior to aQDs administration. Anti-LFA-1
antibodies effectively suppressed aQDs-induced neutrophil
recruitment, maintaining neutrophil counts comparable to the
control baseline (1.31 + 0.10/10*um? at 0 min, increasing to
2.21 + 0.19/10*um? at 60 min) (Figure 5A). Anti-MAC-1 anti-
bodies, in contrast, failed to reduce neutrophil levels observed
60 min after aQDs but only delayed the response (Figure 5B).
Blocking of MAC-1 immediately increased neutrophil crawling
velocity compared to aQDs group (7.40 (3.94) pm min~' vs
5.59 (5.65) pm min~'). Both anti-LFA-1 and anti-MAC-1 mAbs
reversed the reduced crawling velocities induced by aQDs at
55-65 min (9.2 and 9.6 um min~?, respectively, vs 7.4 um min~?),
almost reaching control levels (10.9 pm min~!) (Figure 5C).
Additionally, blood flow velocities significantly increased from
149.2 + 8.23 to 185.7 + 9.79 pm s7! after anti-LFA-1 antibody
treatment, indicating that inhibiting LFA-1 not only suppressed
neutrophil recruitment but also restored blood flow velocity
in response to aQDs (Figure 5D). Histologic examination of
distal lung tissue showed an increased fluorescence intensity of
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ICAM-1, the ligand of LFA-1 and MAC-1, indicating its increased
expression after application of aQDs (Figure S8B,C, Supporting
Information).

2.6. The eATP/P2X7R Axis Drives aQD Induced Pulmonary
Inflammation via E-Selection Expression

We hypothesized that aQDs in the bloodstream might induce
cell stress, triggering the release of DAMPs, particularly extra-
cellular ATP (eATP), a known pro-inflammatory stimulant asso-
ciated with tissue injury and immune cell activation.5%¢] In
examining the potential involvement of eATP on immune re-
sponses following QDs treatment, plasma eATP levels were an-
alyzed. Figure 6A illustrates a noteworthy rise in systemic eATP
concentrations after 1 h of aQDs application, increasing to signif-
icant levels after 24 h. This may indicate potential cellular stress
and systemic pro-inflammatory activation. P2 X 7R, a member
of the purinergic P2 receptor family, expressed on inflamma-
tory cells like neutrophils,[®] monocytes,!®?] macrophages,[¢364
and endothelium,[%] and known to sense eATP,[®®] serves as an
ATP-gated cation channel, leading to ion flux (Ca?* and Na* in-
flux, K* efflux) and various subsequent cellular responses, in-
cluding inflammasome activation, IL-1b release and neutrophil
recruitment.[%7-%%]
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Figure 6. eATP/P2X7R axis is involved in aQDs-induced neutrophil recruitment. A) Quantification of eATP concentrations in plasma samples after
different treatments. Data is shown as mean + SEM, n = 4 mice/group, Student’s t-test. B) Quantification of recruited neutrophils over time after aQDs
application (arrowhead) in mice with and without pre-treatment by intravenous injection of P2x7R antagonist (A438079, 30 ug per mouse) 30 min
prior to L-IVM and in P2 x 7R knockout. Data is shown as mean + SEM, n = 4-6 mice per group, control and aQD neutrophil counts same data
as in Figure 2B, Two-way ANOVA test, green stars indicate significances between P2 X 7R antagonist + aQDs and aQDs groups, grey stars indicate
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We employed the highly selective and potent P2X7R antagonist
(A438079)171 to investigate the impact of ATP sensing on neu-
trophil recruitment. Pretreatment with A438079 before aQDs in-
jection resulted in reduced neutrophil recruitment, aligning with
control levels (1.98 + 0.61/104 um? at 60 min) (Figure 6B). More-
over, blood flow velocity significantly increased to 175.9 um s
(Figure 6C). A438079 notably ameliorated the diminished neu-
trophil crawling velocity induced by aQDs, raising it from 5.6 to
10.7 ym min~! initially and from 7.4 to 10.7 pm min~! at 60 min
(Figure 6D). The essential contribution of P2x7R was addition-
ally confirmed in P2x7R knock-out mice (Figure 6B).

Since P2 X 7 stimulation has been described as promoter of
E-selectin expression in atherosclerosis,”!) we investigated fur-
ther whether P2 X 7 regulates the expression of E-selectin in the
pulmonary microcirculation upon aQD triggered inflammation.
E-selectin fluorescence intensities were significantly reduced in
A438079 pretreated as well as in P2 x 7R™/~ lung tissue slices 1 h
after aQD application when compared to aQD-treated controls
(Figure GE,F).

These findings suggest that P2 x 7R inhibition holds promise
in mitigating NP-induced vascular inflammation and partially
restoring normal neutrophil function. This presents a potential
therapeutic avenue for ameliorating the adverse effects of NPs on
the pulmonary microcirculation and inflammation.

2.7. aQD Application Alters Systemic Cytokine Patterns

Building upon our findings of aQDs’ influence on the pulmonary
microcirculation, we further investigate the systemic effects of
QDs application. Following i.v. administration of aQDs, cytokine
concentration changes in the systemic circulation were studied.
Clusters of cytokine levels in the systemic circulation notably in-
creased after 1 h of aQDs application, partly akin to LPS stimula-
tion (Figure 7A). Specifically, IL-6, CCL4, CCL17, CCL22, CCL24,
and CCL27 displayed a significant increment after 1 h of aQDs
and 4 h of LPS treatment compared to control groups, while IL-
10 and CCL3 were significantly elevated in the aQDs 1 h group
(Figure 7B). Interestingly the pattern of cytokines found elevated
in the circulation differed markedly between aQDs and LPS,
indicating different pathways of activation. Only the monocyte
chemotactic factors CCL3 and CCL4, and anti-inflammatory IL10
were significantly induced by aQDs, while LPS induced the clas-
sical neutrophil chemoattractants CXCL1 and CXCL-5 together
with several other mono- and lymphocytes chemotactic cytokines
(Figure 7). The heatmap representation highlights the transient
response, with cytokine levels at 24 h declined to controls. In ad-
dition, no cytotoxic effects of aQDs are anticipated, since cell vi-

www.advancedscience.com

ability of a murine macrophage cell line was not impaired by in-
cubation with these QDs (Figure S9, Supporting Information).

Taken together, our study demonstrates, that aQDs-NPs in-
duced rapidly sterile inflammation / neutrophil recruitment in
the pulmonary microcirculation. Mechanistically, this involves
cellular degranulation and TNF-a release and depends on the
eATP/P2x7R axis which in turn affects the expression of E-
selectin. The cascade of neutrophil recruitment is further asso-
ciated with LFA-1 and MAC-1. For nanomedicines, targeting the
involved integrin or P2x7 receptors might present a therapeu-
tic avenue to mitigate transient, inflammatory side effects in the
pulmonary microcirculation.

3. Discussion

Engineered NPs hold great promise for applications in drug de-
livery, diagnostics, and biomedical imaging.l”>73] Diverse mod-
ifications of NPs facilitate active, passive, or physicochemical
targeting to specific sites, including the pulmonary endothe-
lium, neutrophils, or areas of inflammation in conditions like
acute respiratory distress syndrome, pulmonary arterial hyper-
tension, and lung cancer, enabling effective delivery of thera-
peutic agents to the lungs.”*”’] Despite the potential benefits
of nanomedicines targeting the lungs, there are still risks of
unintended side effects as it is the case for involuntarily in-
haled nanoparticles.>’$80 Neutrophils in the pulmonary mi-
crocirculation, considered as the marginated pool, actively pa-
trol and defend against pathogens to sustain immune defense,
a role typically dominated by macrophages in extra-pulmonal
tissues.Z1*%] Current literature primarily focuses on the most
prominent phase of the immune responses, i.e., at the response
peak which occurs at least several hours after application trig-
gered by the respective NPs.B1# Here, we delved into the
intricate molecular events of sterile particle-triggered vascular
inflammation in the lungs, focusing on the initial steps and
mechanisms of neutrophil involvement. Employing L-IVM, we
captured real-time neutrophil interactions post NP challenge
in the pulmonary vasculature. We show that intravenous aQD
administration induced early eATP release, P2X7 receptor ac-
tivation and neutrophil recruitment. This cascade involved E-
selctin expression on endothelium and neutrophil LFA-1/MAC-1
function.

The QDs used in our study are either directly functionalized
with carboxyl residues or coated with amino derivatized polyethy-
lene glycol (PEG). Pharmaceutical coatings with PEG, a biocom-
patible polymer, enhances circulation time, by reducing inter-
actions of plasma proteins and immune cells, and preventing
renal excretion. Therefore, it is widely applied in drug delivery

significances between P2 x 7R knockout mice + aQDs and WT mice + aQDs groups. (C) Quantification of blood flow velocity after 1 h of L-IVM. Data
is shown as median (IQR) and each measurement is represented by a colored triangle, n = 4 5-60 measurements from 3 mice/group, Kruskal-Wallis
test. Mean values of the individual mice are shown as black dots. D) Crawling velocities of neutrophils upon P2Xx7R antagonist pretreatment and aQDs
application. Data is shown as median (IQR) and each measurement is represented by a colored triangle, n = 22-247 neutrophils from 2 mice per
group, Kruskal-Wallis test. Mean values of the individual mice are shown as black dots. E) Histology of E-selectin in lung slices from control mice,
aQDs-treated mice, A438079 pretreatment mice receiving aQDs, and P2x7R knockout mice with aQDs application for 1 h. Rat anti-E-selectin antibody
(red), rabbit Anti-PRX antibody (white), and DAPI (blue) were used. (Scale bar: 50 um). F) Expression of E-selectin quantified by relative fluorescence
intensity from these immunostainings. Relative fluorescent intensities for E-selectin were corrected against the background of lung tissue. Data is shown
as mean + SEM (round dots), each measurement is represented by a colored triangle, n = 3 mice (6 FOV) /group, One-way ANOVA test. * indicates
P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and *** indicates P < 0.0001.
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Figure 7. QD application induces cytokine secretion. A) Heatmap of cytokine changes. B) Individual alterations of cytokines. Cytokine concentrations
were detected in mouse serum samples upon i.v. application of aQDs for 1 and 24 h, and LPS for 4 h as well as under control conditions. To combine
two separate experimental rounds, the values were processed based on the mean of controls scaled to one. Data is shown as mean + SEM, n = 4-7
mice per group, Student’s t-test, * indicates P < 0.05, ** indicates P < 0.07, *** indicates P < 0.001, and **** indicates P < 0.0001.

and biomedical research.[®>#¢1 Own previous research in the ex-
trapulmonary microcirculation after ischemia reperfusion injury
showed association of aQDs with endogenous circulating mem-
brane derived microvesicles,!**) which might be related to the for-
mation of small aQDs containing aggregates in the pulmonary
microcirculation observed in this study. Furthermore, we demon-
strated, that under physiological conditions in the muscle tissue,
cQDs, but not aQDs, induced leukocyte recruitment. This was
mediated by uptake of cQDs into perivascular macrophages from
the blood stream, which lead to macrophage and mast cell ac-
tivation, thereby triggering the canonical leukocyte recruitment
cascade.[®) In the present study, we show that in the pulmonary
microcirculation aQDs triggered immediate neutrophil recruit-
ment already 20 min after application, while cQDs induced only
a slight neutrophil response. Together with increased circulating
neutrophil numbers, presumably released from the bone mar-
row and likely mediated by elevated cytokines like CCL3/CCL4
and IL-6 in the systemic circulation, we provide evidence that
aQDs trigger recruitment of additional neutrophils from both the
bone marrow and the circulating blood. In addition, the influx of
neutrophils into the alveolar space, which was also observed af-
ter 24 h, and elevated eATP concentrations in the circulation also
suggesta prolonged effect of aQDs in the lung. The active involve-
ment of neutrophils in response to aQDs suggests a specific pul-
monary immune response, potentially due to NP-induced stress
or injury.
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NPs may cause cell death through mechanisms like oxidative
stress, inflammation, and membrane damage, while even low
doses can disrupt cell cycle and impair cellular functions.[#-%]
Particularly under sterile, pathogen free conditions, the immune
system can be activated by damage-associated molecular patterns
(DAMPs), including eATP released from injured or damaged
cells and tissue. Extracellular ATP initiates an immune cascade
involving sentinel cells like mast cells, macrophages, and den-
dritic cells upon release from injured or damaged tissuel>>¢]
significantly promotes neutrophil migration during LPS-induced
inflammation.®® P2 X 7R, an ATP-gated cation channel is highly
expressed on multiple immune cells!®=%*%1 and endothelial
cells.l®) However, controversy exists regarding P2x7R expression
in neutrophils, which has been accepted although certain studies
have shown the contrary.l®}92] The P2x7R channel is activated
by high concentrations of eATP and allows Na* and Ca?* influx
and K* efflux. Repeated or prolonged stimulation induces forma-
tion of a non-selective pore, culminating in cytotoxic activity and
cell death.[*%°] P2x7R has been shown to be involved in cellu-
lar migration (microglia) and proliferation.”! Ion flux correlates
with neutrophil activation and recruitment.l®*”-1%1 Qur findings
demonstrated that P2x7R inhibition/knockout abolished neu-
trophil recruitment elicited by aQDs. We cannot exclude that
inhibition of P2x7R directly affects neutrophils,!'!) modifying
their normal cellular responses to eATP and thereby modulating
neutrophil crawling and transmigration. However, more likely
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P2x7R on endothelial cells is implicated in triggering E-selectin
expression, in agreement with studies,”!) and consequently re-
cruitment of neutrophils in the lungs. In addition, ATP released
by vascular immune cells, and/or endothelial cells might activate
P2x7R, thus contributing to the release of proinflammatory me-
diators by macrophages. These mediators, in turn, activate en-
dothelial cells and neutrophils in a positive feedback loop.!1%?]
Posttranslational upregulation of E-selectin facilitates very rapid
E-selectin cell surface expression.l'®) In summary, our finding
that P2x7R inhibition blocks neutrophil recruitment demon-
strates a key role for P2x7R in NP-induced inflammation in the
lung and thus offers a potential point of application for therapeu-
tic interventions and to mitigate side effects triggered by thera-
peutic NPs.

The initiation and regulation of acute pulmonary inflamma-
tion involve various cytokines and chemokines. Among these,
key cytokines like TNF-a and IL-6 play crucial roles in early
systemic inflammation and acute phase response to facilitate
neutrophil recruitment, while IL-6 regulates neutrophil traffick-
ing and prompts their migration from the bone marrow to
the lungs.l1%4105] MIP-1¢/CCL3, and MIP-15/CCL4 are chemo-
tactic and proinflammatory regulators expressed by lympho-
cytes, monocytes, macrophages, neutrophils, and injured en-
dothelial/epithelial cells.['%] During inflammation, both CCL3
and CCL4 can contribute to the expression of proinflamma-
tory cytokines like IL-6 to mediate neutrophil recruitment in re-
sponse to inflammatory stimuli.[1”1%8] Leukocyte sequestration
in the lungs, impacting microvascular flow,1®! was evident with
aQDs, causing inflammation and reduced blood flow, partially
reversed by TNF-a blockage, LFA-1 inhibition, and P2X7R an-
tagonism. Due to the extensively parallel nature of the capillary
bed, neutrophil accumulation seldom leads to full occlusion of
pulmonary vascular blood flow. Neutrophils engage in tether-
ing, adhesion, and crawling processes, allowing interactions with
endothelial cells and surveillance for potential pathogens.[*7:11°]
This neutrophil behavior was also observed in the present study.
Recruited neutrophils tend to accumulate in small capillaries
that interconnect the outsides of alveoli.'>*111112] Qur results
showed that neutrophils recruited in response to aQDs are lo-
calized predominantly in vessels smaller than 20 ym. The on-
set of neutrophil recruitment is mediated by multiple selectins
and integrins. Contradictory findings exist regarding the role of
E-, P-, and L-selectins in neutrophil recruitment in the lung,
which seems to depend on the specific inflammatory stimulus
in the lung.I'>>>112-115] We observed that inhibiting E-selectin
but not P-selectin effectively reduced the recruitment of neu-
trophils. Since leukocyte rolling does not occur in the pulmonary
microcirculation, %] P-selectin might be dispensable.

Our findings highlight the distinctive response of neutrophils
in the pulmonary microcirculation to different types of QDs, em-
phasizing the potency of NPs to induce rapid neutrophil recruit-
ment in the lung, thus extending the current understanding of
sterile particle-triggered inflammation. Crucially involved are the
release of TNF-a and eATP, activation of the P2 X 7R, and subse-
quent expression of E-selectin and involvement LFA-1, and MAC-
1. By inhibiting each of these key players, we could modulate neu-
trophil dynamics, and thereby mitigate the inflammatory, adverse
effects of NP exposure. Together with the observed reduction of
pulmonary microvascular blood flow reversible by the various
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interventions, this highlights potential avenues for therapeutic
interventions or even reductions of side effects from therapeu-
tic/theranostic NPs.

The divergent impacts of QDs with distinct surface modi-
fications and compositions in different vascular beds, as elu-
cidated in this study and previous own studies,[202438116] con.
ducted in different mouse models, underscore the importance
of their thorough evaluation in the design and development of
nanomedicines. The careful consideration of NP characteristics,
such as their impact on immune responses and vascular in-
flammation, is critical for ensuring the safety and efficacy of
nanomedical applications and needs also to be investigated in hu-
mans.

In conclusion, our comprehensive analysis, unveils novel in-
sights into the initial stages of sterile particle-elicited vascular
inflammation in the lung. Specifically, we elucidate that eATP-
gated P2X7R serves as a trigger, initiating endothelial activa-
tion and subsequent neutrophil recruitment. This knowledge
not only advances our understanding of pulmonary immune re-
sponses to NPs but also offers a foundation for developing safer
nanomedicines and addressing the side effects associated with
pulmonary vascular inflammation.

4. Experimental Section

Animals: Female C57BL/6N mice (8-12 weeks old) were pur-
chased from Charles River (Sulzfeld, Germany). Breeding of C57BL/6N-
P2rx 7t m1d(EUCOMM)Wtsi (P2X77/7) mice from P2rx7 Ta(EUCOMM)Wtsi mice
was described.['"7] Mice were housed in individually ventilated cages with
free access to food and water. All animal experiments followed strict ethi-
cal guidelines and were approved by the local Animal Care and Use Com-
mittee (District Government of Upper Bavaria, approval number 55.2-
2532.Vet_02-19-150), complying with EU Directive 2010/63/EU.

Nanoparticles: Quantum Dots Qdot 655 ITK Carboxyl and Qdot 655
ITK Amine (PEG) Quantum Dots (QDs) were procured from Invitrogen
Corporation (Karlsruhe, Germany) as an 8 um solution with an emission
wavelength of 655 nm. These QDs consist of a semiconductor CdSe core
encapsulated with a ZnS shell and an additional layer of polyethylene glycol
with an amine coating (amine-QDs) or carboxyl functions solely (carboxyl-
QDs). The PEG coating itself consists of short oligomers with a molecular
weight of 1-3 kDa. The core—shell dimensions of the elongated 655-QDs
were 10 A-12 nm. The physical characterization of QDs was previously
performed in the laboratory and was published.[233846] Diameter and Zeta
potential of QDs in PBS as well as in PBS with serum was measured as
following as detailed previously:(23]
cQDs in PBS: 18.1 + 0.2 nm, —22.5 + 4.3 mV; cQDs in PBS + serum:

419+ 03 nm, —14.8 + 0.3 mV.
aQDs in PBS: 25.2 + 0.6 nm, =5.2 + 1.8 mV; aQDs in PBS + serum:
36.5+04nm,-59+02mV.

QDs were resuspended in 50 ul of DPBS at a concentration of
1 pmol g1 and intravenously injected into mice through the angular vein
using a 1 ml insulin syringe (Becton, Dickinson and Company, Franklin
Lakes, USA).

Melamine resin particles (MF-FluoRed, MFs) (ex: 636 nm, em: 686 nm,
0.94 + 0.05 pm) were procured from microParticles GmbH (Berlin, Ger-
many). A stock solution of MFs at 2.5% concentration was diluted with
ultrapure H,0O (GibcoTM life technologies Thermo Fisher Scientific Carls-
bad, USA) to create a 0.05% working solution, which was thoroughly vor-
texed and intravenously injected in a volume of 50 pl for blood velocity
measurements.

Transmission Electron Microscopy of QDs: QDs were diluted 1:20 in
demineralized water and 3 pl of the suspension was placed on a formvar
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coated grid subsequently air-dried by evaporation. The grids were imaged
at a Tecnai 12- biotwin electron microscope (Thermofisher) and pictures
were taken with a 2K veleta CCD camera (EMSIS, Miinster, Germany).

In Vivo Application of Fluorescent Antibodies, Blocking Reagents, and Endo-
toxin: Deep anesthesia was induced using a triple compound of medeto-
midine (0.5 mg kg™ body weight), midazolam (5 mg kg™' body weight),
and fentanyl (0.05 mg kg™' body weight) (MMF) by intraperitoneal injec-
tion. Fluorescent antibodies, blocking antibodies, and antagonists (Table
S1, Supporting Information) were administered intravenously 30 min prior
to L-IVM, appropriately proportioned and diluted in DPBS to achieve a to-
tal volume of 80 pl. To induce endotoxin mediated lung inflammation, mice
were instilled with 0.1 ug of LPS (L2880-10MG, SigmaAldrich, Germany),
as described previously.[113]

Lung Intravital Microscopy: The surgical protocol closely adhered to
the details outlined in a prior publication.[3%] Deep anesthesia was induced
using a triple compound of medetomidine (0.5 mg kg™' body weight),
midazolam (5 mg kg™' body weight), and fentanyl (0.05 mg kg~ body
weight) (MMF) by intraperitoneal injection. Surgical sites (neck and left
chest) were locally anesthetized with Bucain (50 ug site™', Puren Pharma,
Germany). Mice were positioned on a temperature-controlled heating pad
to maintain the core body temperature at 37 °C. After the initial MMF ad-
ministration, a half-dose was injected every 45 min during L-IVM. Fluores-
cent antibodies and relevant inhibitors were administrated by i.v. injection
30 min before the L-IVM procedure. A tracheostomy was performed to in-
serta small catheter linked to a miniature rodent ventilator (MiniVent, Har-
vard Apparatus, Massachusetts, USA). The ventilator maintained 10 ul g~'
BW for stroke volume and 150 breaths min~" for breathing rate, coupled
with a positive end-expiratory pressure of 2-3 cm H,0, all administered
with 100% oxygen throughout the experiments.

The mice were then placed in right lateral decubitus position and a cus-
tom made flanged thoracic suction window, furnished with an 8 mm glass
coverslip (VWR, Radnor, USA) was inserted into a 5 mm intercostal inci-
sion through the parietal pleura between ribs 3 and 4 of the left chest. 20—
25 mmHg of suction was used to immobilize the lung by a custom-made
system consisting of a differential pressure gauge (Magnehelic, Dwyer In-
struments, nc, USA) and a negative pressure pump (Nupro, St Willoughby,
USA). Observations were facilitated using a VisiScope. A1imaging system
(Visitron Systems GmbH, Puchheim, Germany), equipped with a water
dipping objective (20x, NA 1.0, Zeiss Micro Imaging GmbH, Jena, Ger-
many), and a 16-color LED light source for fluorescence epi-illumination
(pE-4000; CoolLED, UK). Throughout the experiment, a quadband filter set
was used (F66-014, DAPI/FITC/Cy3/Cy5 Quad LED ET Set; AHF Analysen-
technik AG, Tuebingen, Germany). The 470 nm LED module was employed
at 40% output power for 50 ms to excite QDs and Alexa488-labeled anti-
Ly6G antibody. Emissions from QDs and antibodies were separated by a
beam splitter (T 580 Ipxxr, Chroma Technology Corp, Bellows Falls, USA),
then captured by two Rolera EM2 cameras and processed using VisiView
software (Visitron Systems GmbH, Puchheim, Germany). After 5 min of
observation to obtain baseline conditions, QDs at 1 pmol g’1, diluted with
DPBS to a total of 50 pl, were i.v. administered.

Quantification of Neutrophil Numbers and Blood Flow Velocity:  After the
thoracic surgery, the L-IVM imaging in mice was recorded, marking time
point 0. Five random fields of view were captured within the imaging win-
dow every 5-10 min for QDs and neutrophils in each mouse. Each imag-
ing session typically takes 30 s. The images were calibrated to a scale of
2.5 pixels um~" using Fiji software (Rasband, W.S., U. S. National Insti-
tutes of Health). Neutrophil counts were assessed using the “Trackmate”
pluginl’ in Fiji, with an estimated diameter of 10 um. For precise mea-
surement of neutrophil migration parameters in mouse lungs, obtaining
high-quality images without excessive shaking was crucial. Five random
regions were identified at 0 min to assess imaging quality. From 5 min on-
ward, images of one region were captured every 5 s. The image displace-
ment was rectified using the “Register virtual stack slices” pluginl'?] in
Fiji, employing the “Translation” feature extraction and registration mod-
els. Subsequently, the velocity and displacement of neutrophils were ana-
lyzed using the “Trackmate” function in Fiji. Following 1 h of L-IVM, MFs
particles for blood flow measurements were intravenously introduced, and
images were captured at intervals of 0.185 s. These sequential images un-

Adv. Sci. 2024, 2404661 2404661 (13 of 16)

www.advancedscience.com

derwent calibration to a scale of 2.5 pixels um~". Blood flow velocity was
ascertained by monitoring the trajectory of MF fluorescence particles us-
ing “Manual Tracking” plugin.

Bronchoalveolar Lavage (BAL) Preparation and Cell Differentiation:
Upon completion of L-IVM imaging, deeply anesthetized mice were hu-
manely euthanized by abdominal aorta exsanguination. DPBS, instilled
into the lungs through the tracheal cannula and aspirated by pulling on
the syringe barrel, was used for bronchoalveolar lavage fluid (BALF) col-
lection. The first 2 ml and subsequent 8 ml of recovered BALF were col-
lected separately and kept on ice. After centrifugation (4 °C, 20 min, 400 g),
the first 2 ml of supernatant was aliquoted and stored at —80 °C for cy-
tokine analysis. The cell pellet obtained from the entire 10 ml of BALF
was collected and counted with 0.2% Trypan blue dye (Sigma Aldrich,
Taufkirchen, Germany). For each cytospin, 3 x 10°4 BAL cells were utilized.
Cytospin slides were stained with May-Griinwald-Giemsa staining (Sigma
Aldrich, Taufkirchen, Germany) to identify macrophages, neutrophils, lym-
phocytes, and monocytes.

Light-Sheet Fluorescence Microscopy (LSFM): The mouse lungs under-
went perfusion with DPBS and were fixed overnight in 4% PFA. Opti-
cal clearance was achieved following a previously published protocol.[12]
Shortly, the fixed tissue underwent a series of incubations in Tetrahydro-
furan (THF, Sigma) at varying concentrations, followed by immersion in
Dichloromethane (DCM, Sigma) and dibenzyl ether (DBE, Sigma). Imag-
ing was conducted using a light sheet fluorescence microscope (LSFM,
Ultramicroscope I, LaVision Biotec). QDs were excited at 470 + 30 nm,
and emission was detected at 640 + 30 nm, while lung autofluorescence
was excited at 520 + 40 nm and detected at 585 + 40 nm. LSFM im-
ages were acquired and processed using Imaris 9.1.0 software (Bitplane,
Belfast, United Kingdom).

Blood Analysis:  One hour post i.v. administration of QDs (1 pmol g™"),
mice were anesthetized with xylazine and ketamine (i.p.). Subsequently,
50 pl of blood was collected from the angular vein using a microcapillary
pipette (Hirschmann Minicaps, Laborgerite GmbH & Co. KG, Germany)
and diluted 1:7 with Cellpack DCL buffer provided by Sysmex Deutschland
GmbH. A complete hematology analysis, encompassing white blood cell
(WBC) count, platelet count, erythrocyte-related parameters, and percent-
ages of different WBC types, was conducted using a Hematology Analyzer
(Sysmex XN-1000 V) using the capillary mode with mouse settings pro-
vided by the instrument.

Analysis of QD Aggregation in Blood: cQDs or aQDs were incubated at
8 nM in freshly collected (as described above) mouse blood, for 30 min. To
visualize blood components, DyLight 649 anti-platelet mAb X649 (emfret
Analytics, Eibelstadt - Germany) was added. The samples were dripped
onto microscope slides and covered with coverslips and imaged at a Axio
Observer Z1 imaging system (Visitron Systems, Puchheim, Germany),
equipped with LED excitation light (pE-4000, CoolLED, Andover, UK). For
QDs and DyLight 649 excitation, the LED modules 385 and 550 nm and
fluorescence filters ET-CY3 and Quadband ET-89402 (Chroma, US) were
used. Microscopic images were obtained using a 20x air objective (EC
Plan-Neofluar 20x/0,5 Ph2 and acquired with a CCD camera (CoolSnap
ES?, Photometrics, Tucson, AZ, USA) and the imaging software VisiView
(Visitron Systems, Puchheim, Germany).

Bio-Plex Pro Mouse Chemokine Panel 31-Plex Assay: Blood and BALF
samples were collected from mice after 1 or 24 h of i.v. QD adminis-
tration (1 pmol g™') and after intratracheal instillation of LPS for 4 h.
Cytokines and chemokines in the blood and BALF samples were quan-
tified following the manufacturer’s protocol for the Bio-Plex Pro Mouse
Chemokine Panel 31-Plex (Bio-Rad Laboratories, California, USA). Data
acquisition was performed using a LuminexTM 200 plate reader (Invitro-
genTM, Thermo Fisher Scientific, Carlsbad, USA), and the BioPlex Man-
ager 6.2 software (Bio-Rad Laboratories, California, USA) was used for
analysis. Standard curves were fitted using the logistic-5PL regression
type. A heatmap based on relative abundancies of cytokine concentrations
was generated using “z score” and “pheatmap” packages (Kolde R, 2019,
R package version 1.0.12) in R software (R-4.2.3).

Toluidine Blue Staining: Toluidine Blue (C.1.52040, Merck Millipore,
Germany) was used to prepare a working solution with a pH range
of 2.0-2.5 following the manufacturer’s instructions. Lung slices were
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deparaffinized by sequential immersion in Xylene, 100% Ethanol, 90%
Ethanol, 80% Ethanol, and 70% Ethanol, followed by rinsing with distilled
water, and then were immersed in the Toluidine Blue working solution for
2 min. After a 2 min wash with distilled water, the stained slices under-
went dehydration and were then mounted with coverslips. This staining
technique was employed to identify mast cells, characterized by violet/red-
purple metachromatic granules against a blue background tissue.

Immunofluorescence Staining:  Lung slices, following deparaffinization,
underwent heat-induced epitope retrieval (HIER) by incubating in citrate
pH = 6.0 buffer. Subsequently, the slices were treated with a blocking so-
lution (5% goat serum and 0.3% TritonX-100 (Sigma-Aldrich GmbH) in
PBS) for 1 h, followed by incubation with primary antibodies (E-selectin
(ab2497; Abcam, Cambridge, UK), CD11b (ab133357; Abcam, Cambridge,
UK), Prx (HPA001868; Sigma-Aldrich, Merck KGaA, Germany), or ICAM-1
(YN1/1.7.4, eBioscience, Themo Fisher Scientific, USA) in antibody dilu-
ent (1% Bovine serum albumin and 0.3% Triton X-100 in PBS) at 4 °C
overnight. Next, the slices were incubated with secondary antibodies (Goat
anti-rat 1gG Alexa Fluor 568, A2110844; Goat anti-rabbit 1gG Alexa Fluor
568, A2155282; Thermo Fisher Scientific, Waltham, MA, USA; Goat anti-
rat 1gG Alexa Fluor 647, A1921562, Thermo Fisher Scientific, Waltham,
MA, USA), Alexa488-labeled anti-Ly6G antibody, and DAPI (D9564; Roche,
Basel, Switzerland) in antibody diluent for 1 h. Each step was followed by
a washing step in DPBS solution containing 0.1% Tween20 for 3 times,
each for 5 min. Finally, the stained slices were mounted using DAKO flu-
orescence mounting medium (Dako Omnis, Agilent, Santa Clara, USA)
and covered with coverslips and imaged at a Axio Observer Z1 imaging
system (Visitron Systems, Puchheim, Germany), equipped with LED exci-
tation light (pE-4000, CoolLED, Andover, UK). Microscopic images were
obtained using a 20x air objective (EC Plan-Neofluar 20x/0,5 Ph2 and
acquired with a CCD camera (CoolSnap ES?, Photometrics, Tucson, AZ,
USA) and the imaging software VisiView (Visitron Systems, Puchheim,
Germany). E-selectin positive microvessel segments were determined by
using “find maxima” function of Image and E-selectin as well as ICAM-
1 fluorescence intensities were quantified by using the “Measurement”
function of Image) software.

Cell Viability Assay (WST-1 Assay): MHS cells were seeded at a density
of 10000 cells per wells in 200 pl medium and incubated at 37 C for 24 h.
MHS cells were treated with cQDs and aQDs (8 nm) at final volume of
100 ul each well for 1 h, and equal amount of medium was included as
negative control. Ten microliters of WST-1 reagent (11 644 807 001, Cell
proliferation Reagent WST-1, Roche Diagnostics, Mannheim, Germany)
were added to each well for 45 min. The supernatant was collected and
centrifuged for 10 min at 14 000 rpm. Eighty microliters of supernatant
was collected for measurement using a Tecan reader at a wavelength of
440 nm. The optical density (OD) value of the blank was subtracted from
that of each of the samples. These values (viability) were normalized to
control which was set as 100% cell viability.

Statistical Analysis: Mice were randomly allocated to the respective ex-
perimental groups. All data were presented as mean + SEM or median
(IQR) and plotted using GraphPad Prism 8 (GraphPad Software Inc., La
Jolla, USA). For normally distributed data, a two-sided Student’s t-test or
One-way/Two-way ANOVA test was used for comparison between two or
more groups, while for non-normally distributed data, the Mann-Whitney
rank-sum or Kruskal-Wallis test was used. Significances levels were defined
as follows: P < 0.05 (¥), P < 0.01 (**), P < 0.001 (***), and P < 0.0001
(****), while P > 0.05 were considered not significant (ns).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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