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Lung megakaryocytes engulf inhaled
airborne particles to promote
intrapulmonary inflammation and
extrapulmonary distribution
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% Check for updates Many lung immune cells are known to respond to inhaled particulate matter.
However, current known responses cannot explain how particles induce
thrombosis in the lung and how they translocate to distant organs. Here, we
demonstrate that lung megakaryocytes (MKs) in the alveolar and interstitial
regions display location-determined characteristics and act as crucial
responders to inhaled particles. They move rapidly to engulf particles and
become activated with upregulation in inflammatory responses and throm-
bopoiesis. Comprehensive in vivo, in vitro and ex vivo results unraveled that
MKs were involved in particle-induced lung damages and shed particle-
containing platelets into blood circulation. Moreover, MK-derived platelets
exhibited faster clotting, stronger adhesion than normal resting platelets, and
inherited the engulfed particles from parent MKs to assist in extrapulmonary
particle transportation. Our findings collectively highlight that the specific
responses of MKs towards inhaled particles and their roles in facilitating the
translocation of particles from the lungs to extrapulmonary organs for
clearance.

Particulate matters (PMs) in polluted air are consistently linked to circulation®. Inhaled particles such as silica (SiO,), carbon black (CB)
cardiopulmonary diseases' such as thrombus formation, myocardial ~and other inorganic/organic particles can spontaneously adsorb pro-
infarction, and acute heart failure’. Growing evidence suggests that teins to form a unique corona* that enables the particles to cross the
these health threats are caused by fine PMs entering the respiratory  air-blood barrier and enter the systemic circulation. Once entering the
tract and traveling to extrapulmonary organs via the blood blood stream, particles have been shown to reach sensitive sites such
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as the liver, spleen, heart, kidney, lymph nodes, brain and even the
knee**. The underlying mechanisms for how particles traverse biolo-
gical barriers and distribute to different organs remain unclear.

In most cases, however, inhaled particles are quickly engulfed and
cleared by immune cells in the lungs such as monocytes and
macrophages’ —the previously reported first responders that lead the
changes in spatial and temporal distribution of particles in the lung.
Nanoparticles camouflaged with biomembranes derived from blood
cells such as immune cells, erythrocytes and platelets, have been
shown to evade immune clearance, circulate longer and cross
barriers®®, further demonstrating the role of the immune system in
particle clearance and biodistribution. While epidemiological studies
have linked the uptake of particles by immune cells™ to disorders in
extrapulmonary organs and the cardiovascular system, it remains
unclear which resident lung immune cells are critical and how these
cells recognize and aid the translocation of invading particles.

Recently, megakaryocytes (MKs), one of many resident cells in the
lung, were shown to undergo thrombopoiesis''%. These cells were also
reported to express multiple cytokines and antigen presentation-
related molecules such as toll-like receptors” and major histo-
compatibility complex Il (MHC II)** that allow them to process and
present antigens like immune cells, and promote leukocyte and
endothelial activation and adhesion. Moreover, in vitro studies have
shown that PMs can promote megakaryocytic maturation and
thrombopoiesis in a mitochondrial phosphorylation-dependent
manner®. Based on these findings, we posit that MKs in the lung
could play a major role in the capture, transport, and distribution of
inhaled PMs.

Here, we found lung MKs in mice rapidly engulfed inhaled air-
borne PMs and shed particle-containing platelets that travel to extra-
pulmonary organs. Using multiple fluorescent imaging and mice
models, we found that resident lung MKs located in the interstitial and
alveolar regions moved quickly towards and engulfed inhaled particles
faster than other immune cells. Once engulfing particles, MKs were
activated to produce proinflammatory cytokines and involve in other
immune cell responses. Enhanced thrombopoiesis by particle-
activated lung MKs increased the number of activated platelets in
the blood circulation. Importantly, the engulfed particles were trans-
ferred to nascent platelets and transported to extrapulmonary organs.
Animal models further revealed that deficiency in the MK-platelet axis
compromised particle clearance and relative inflammatory cell
responses. Our findings have uncovered the distinct functions of lung
MKs in particle clearance, transport and distribution, offering new
insights on particle-induced injuries seen in distant organs.

Results

Lung MK accumulate rapidly to inhaled particles

To investigate how pulmonary immune cells respond to airborne PMs,
we treated mice with 2 mg/kg body weight of carbon black particles by
oropharyngeal aspiration (o.p.a.) for 6, 12, and 24-h and thereafter,
assessed the immune cell composition in the bronchoalveolar lavage
fluid (BALF). We used CB particles because it is the main component of
airborne PMs'. The dosage was converted from measurements
obtained during the serious polluted periods when PM concentration
was >300 pg/m? (ref. 17).

Consistent with previous studies', CB particles increased alveolar
macrophage (AM), dendritic cell (DC), neutrophil (NE), monocyte
(MO), MK, basophil (Baso) and eosinophil (Eosin) populations in
the alveoli (Fig. 1a, b). Although the proportion of CD41'Hoechst”
MKs in naive mice was <0.6% (nearly 61 per 1.0 x10* cells in BALF,
excluding anucleate platelets, Supplementary Fig. 1a), the number of
MKs in the alveoli increased by 2.0- and 6.4-fold at 6 h and 12h
post inhalation (hpi) relative to untreated control, respectively (Fig. 1b
and Supplementary Fig. 1b, P< 0.001). Immunofluorescent images of
lung sections showed that the number of platelet factor 4

(PF4)"CD41'DAPI'MKs increased by 80% after exposure to CB particles
for 24 h (Fig. 1c, P<0.001), and these MKs were positively double
stained with anti-mouse CD41 and CD42b antibodies (Abs) (Supple-
mentary Fig. 1c). Moreover, the percentage increase in the number of
MKs at most time points relative to 0 hpi was much higher than the
other immune cells (Fig. 1b, P < 0.001). The 2.3-6.4-fold increase in MKs
relative to 1.1-1.3- fold increase in AM (the main sentinel against
particles’) indicated that MKs were more responsive to particle intru-
sion than thought previously that lung macrophages constitute the
first line of defense against particles”.

To understand how MKs accumulate and respond so quickly to
inhaled particles, we used PF4-mTmG reporter mice" to visualize the
movement of green fluorescent protein (GFP)-labeled MKs relative to
tomato red’ interstitial cells (Fig. 1d). This animal model has been
widely applied as a more effective lineage tracing reporter for MKs and
platelets®® than other staining methods that apply exogenous labeling,
as it vindicates that staining MKs with PF4 is sufficient for in vivo
observation™. Fluorescent imaging showed that in naive animals, GFP*
MKs were found in both pulmonary interstitium and alveolar lumen.
Benefited from the advantages of FDISCO method” combined with
quantitative light sheet fluorescence microscopy (LSFM) in fluores-
cence preservation of PF4°GFP* MKs and platelets, and effective
clearing of organs without size reductions, we obtained high-
resolution images showing the 3-dimensional (3D) structure of
alveoli with lung-resident alveolar (Alv.) and interstitial (Int.) MKs
(Fig. 1e, Supplementary Fig. 2a and Supplementary Movie 1). The
location of Alv. MKs was confirmed by immunofluorescence analysis of
whole-mount lung sections (Supplementary Fig. 2b), and BALF cells
stained with phycoerythrin (PE)-labeled CD41 Abs dropping with intra-
alveolar microinjection method (Supplementary Fig. 2c-e). Because
only a few (1.6%) MKs were found in the interstitial sample after Ab
dripping, ruling out MKs in BALF shedding from the lung interstitium
(Supplementary Fig. 2d, e). These alveolar cells displayed classical
hyperchromatic nucleus and granular cytoplasm characteristic of MKs
(Fig. 1), different from isolated CD170 (Siglec F)" monocyte/macro-
phage cells (Supplementary Fig. 2f). Dual staining with CD41 and
CD42b Abs reconfirmed that the observed cells were MKs, but not
resident AMs (Fig. 1g). Based on the location characters of MKs, nearly
25% PF4*GFP'DAPI* MKs were residentially alveolar (Fig. 1h). These
results unveiled that lung residing MKs strategically positioned in the
alveolar lumen, and this is likely the reason for their rapid response as
sentinel cells.

We further evaluated MKs’ ability to respond to CB particles by
comparing the RNA sequence (RNA-seq) analyses of resident Alv. MKs
and Int. MKs isolated from naive mice. Because Alv. MKs have not
previously been clarified and these reported markers for MKs are not
well-supported to differentiate Alv. MKs from Int. MKs?, we optimized
the isolation process of MKs based on the principle of resident location
determined-intrinsic characters™. Alv. and Int. MKs were sorted from
the single-cell suspension of BALF and lung parenchymal tissues,
respectively, with a high purity of 92.5% (Supplementary Fig. 3a).
Furthermore, in-depth analyses of these RNA-Seq data against known
MK datasets confirmed the expression of 45 typical MK markers
(Supplementary Fig. 3b), especially most highly expressed Apoe, CD41
and CD42b (Supplementary Table 1). There were a total of 13,309
common genes expressed between Alv. and Int. MKs, with slightly
different expression patterns (Fig. 1li and Supplementary Table 2).
These common genes were enriched in 5 functional categories asso-
ciated with cell motility, metabolism, hematopoietic process, secreted
protein synthesis and host defense (Fig. 1j), suggesting both MKs are
capable of thrombopoiesis (Supplementary Fig. 3c) and immune
responses (Supplementary Fig. 3d). In support of these observations,
3D and 2D fluorescent images of the lung indicated the increased
PF4'GFP'DAPI* MKs in the collapsed alveoli lumen after CB exposure
(Fig. 1k and Supplementary Fig. 3e). Additionally, hematoxylin & eosin
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(H&E)- and Masson-stained lung sections displayed perivascular
accumulation of inflammatory cells and thickened alveolar wall. Fur-
thermore, compared to untreated control, 57% more collagen fibers,
resembling fibrin aggregates formed by MK-derived platelets®, were
deposited in the parenchyma and blood vessel regions of treated
animals (Fig. 11 and Supplementary Fig. 3f). Moreover, to simulate

human breathing, mice were exposed to suspended fine particulate
matter (PM,s) collected from the atmospheric environment in an
atmospheric chamber (Supplementary Fig. 3g). The total amount of
inhaled particles after 3 days of exposure was as low as ~750 pg/kg
body weight*. Consistent with pathological results from CB-exposed
mice, lung sections of PM,s-exposed animals showed higher
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Fig. 1| Lung MKs accumulate more rapidly in the lung than other immune cells
upon particle exposure. a Number of AM, DC, NE, MO, MK, Baso and Eosin in the
BALF increased at 6, 12, and 24 h hpi of CB particles (n =4 mice per group). b Ratio
of the cumulative increase of different cells (1-7) in BALF of treated mice in a relative
to untreated control. Horizontal dotted line shows a ratio of 1. Ratio in each group is
the mean values of 3 independent experiments. ¢ Immunofluorescent images (left)
and PF4*CD41'DAPI" cell counts (right) show lung sections from mice post 24
h-exposure had more PF4*CD41'DAPI* MKs (white arrow) than untreated control
(n=6 mice per group). d Fluorescent images of lung sections from naive PF4-
mTmG mice showing resident and crawling MKs (green) in the Alv. and Int. region
(red, inside dotted line). e 3D fluorescent imaging of lung sections from untreated
PF4-mTmG mice showing MK resident in Alv. wall. f Giemsa-Wright stained image of
an isolated CD41" Alv. MKs with the classical hyperchromatic nucleus and granular

cytoplasm. g Fluorescent images of Alv. MKs (CD41°CD42b* Hoechst") obtained
from BALF through magnetic bead sorting. h Fluorescence analysis of the per-
centage of Alv. MKs and Int. MKs in the whole lung from untreated PF4-mTmG mice
(n=3 mice per group). i Venn diagram showing the gene signature of Alv. and Int.
MKs. Numbers represent number of genes. j Heatmap of the enriched pathways for
genes expressed in Alv. and Int. MKs. k 3D fluorescent images showing accumulated
PF4*GFP"MKs (green) and platelets (green) in lung sections from PF4-mTmG mice
treated with CB particles for 24 h.  H&E and Masson stained images of lung sections
from mice exposed to CB particles for 24 h show infiltration of inflammatory cells
(blue arrows) and fiber deposition in alveoli (red arrows) and capillaries (green
arrowheads). Data are presented as the mean values of 3 independent experiments
+ SEM (a, c and h), P-value relative to O hpi (a) and control (c and h) by two-side
student’s t-test.

infiltration of inflammatory cells (Supplementary Fig. 3h), including
55% more CD41'DAPI* MKs than untreated control (Supplementary
Fig. 3i). Together, our results demonstrated that lung MKs in the pul-
monary interstitium and alveolar lumen rapidly increased in response
to inhaled particles.

Lung MKSs actively engulf inhaled particles

The rapid accumulation of MKs in BALF inspired us to investigate
whether and how MKs respond to inhaled particles. Because CB par-
ticles are difficult to trace in the lung’, we used Cy5-labeled fluorescent
polystyrene microspheres (Cy5-PSs) with similar particle-induced
immune responses to CB particles instead to characterize the inter-
actions with PF4*GFP* DAPI'MKSs (Fig. 2a).

Intravital two-photon imaging” to real-time visualize the
alveolar compartment of the lungs and behavior of MKs for 2 h after
particle inhalation showed that Alv. MKs migrated to engulf Cy5-PSs
within 10 min (Fig. 2b and Supplementary Fig. 4a). Like AMs that
crawl long distances through the alveoli and engulf foreign
matters”, MKs were also seen to crawl along the Alv. wall (Fig. 2c)
and sequentially squeeze into and out of 2 bordering alveoli (Fig. 2d
and Supplementary Movie 2). In details, Cy5-PSs were present inside
the cytoplasm of isolated MKs even after extensive washing during
single-cell extraction from the BALF and total lung tissue (Fig. 2e and
Supplementary Fig. 4b). Phagocytosed Cy5-PSs were also identified
in human megakaryocytic cell line-Dami** and Meg-01 cell”’ upon
particle exposure, similar to particles inside sorted MKs (Fig. 2f and
Supplementary Fig. 4c). Besides, transmission electron microscope
(TEM) images of particle-treated isolated MKs revealed that particles
were encapsulated within membranous vesicle-like structures
(Fig. 2g). We quantified the fluorescence intensity of Cy5-PSs inside
MKs and found continuous increase in phagocytosis in MKs by 2.5-
and 6.5-fold after 6 and 12 h of Cy5-PS administration relative to O
hpi, respectively (Fig. 2h and Supplementary Fig. 4d, P<0.001).
While AMs were the most phagocytic cells as expected, Alv. MKs
displayed more than half (60%) of content of intracellular particles
relative to that of AMs (Fig. 2i, P<0.001). Importantly, Alv. MKs
displayed higher phagocytic activity, as evidenced by the percentage
of particle-bearing Alv. MKs and content of engulfed particles in Alv.
MKs were 4.3-fold and 2.3-fold higher than that of Int. MKs (Fig. 2i
and Supplementary Fig. 4e, f, P<0.001). Compared to Int. MKs
enriching in thrombocytopoiesis-related pathways (Fig. 2j), RNA-seq
analysis showed that mRNAs in Alv. MKs were enriched in immune
regulatory functions, including immunoreceptors in endocytosis,
phagosome, lysosome, and B cell receptor signal (Fig. 2k), corro-
borating the phagocytic activity seen in Fig. 2e-g. Transcriptome
sequencing further uncovered immune-related properties in lung
MKs that enabled them to accumulate around and engulf particles.
Overall, these results suggested that lung MKs could quickly move
towards and engulf inhaled particles.

Lung MKs involve in CB-induced inflammatory responses

To understand the particle-initiated responses in MKs, we isolated
CD41" MKs from mice exposed to CB particles for 24 h, and subjected
them to RNA-seq analysis. Considering the similarities in immune and
migration potentials of MKs caused aggregation of Alv. MKs and Int.
MKs, to be more accurate, we examined the responses of the entire
population to particle stimuli. RNA-seq results showed 4,116 differen-
tially expressed genes in MKs upon CB exposure. Genes associated
with the phagocytic lysosome® (e.g., lysosomal associated membrane
protein 3 (Lamp3) and CD44), chemokine® (e.g., chemokine (C-X-C
motif) ligand 14 (Cxcli4)) and platelet activation® (e.g., integrin sub-
unit alpha 6 (/tga6) and CD62p) were significantly upregulated (Fig. 3a,
llog2 fold change|> 0.8 and P<0.05). The bubble chart of KEGG
pathway enrichment analyses further revealed that these upregulated
genes were mainly enriched in actin cytoskeleton organization,
inflammatory response, and endocytosis signaling pathways®>?
(Fig. 3b). This close association between immune and thrombocyto-
poiesis functions was corroborated by heatmap showing the upregu-
lation of crucial genes in platelet production®* (e.g., ltgaé, Tek),
phagolysosome associated signal® (e.g., Lamp3, CD40) and monocyte
chemotaxis (e.g., cadherin 2 (Cdh2), platelet and endothelial cell
adhesion molecule 1*° (Pecaml)) after CB particle administration
(Fig. 3¢). The gene set enrichment analysis (GSEA) in MKs showed that
genes reflecting intracellular metabolism processes including ther-
mogenesis and oxidative phosphorylation were upregulated (Supple-
mentary Fig. 5a), suggesting that the activation of immune and
thrombocytopoiesis signal-associated pathways in MKs was accom-
panied with increased macromolecule synthesis and energy
requirements”. Because pro- interleukin-1 beta (IL-1B) is abundant
inside MK granules®, and mature IL-1B could increase vascular endo-
thelial permeability for immune cell across during the inflammation
period®, we took the activation of Caspase-1/NLRP3/IL-1B pathway as
an example of the sensitive signals for invaded particles*’, to examine
immune responses in MKs. Here, 1.5-, 1.3- and 1.5-fold increase of
Caspase-1, Nalp3 and IL-18 mRNA levels, and 2-, 2.5- fold increase of
Caspase-1, IL-13 protein content (Fig. 3d, e and Supplementary
Fig. 5b-d, P < 0.05) were detected in MKs sorted from CB-treated mice,
respectively, relative to untreated control. A similar increment was
observed in CB-treated Dami MKs (Supplementary Fig. 5e), indicating
that CB particles activated MKs to secrete cytokines per se.

Typical membrane proteins were also involved in the priming and
activation of MKs. We found that the percentage of CD44" cells within
MKs isolated from CB-exposed mice increased from 11% (6 h) to 160%
(24 h) (Supplementary Fig. 5f, P<0.05). Meanwhile, the percentage of
P-selectin (CD62p)" cells, and MHCII" cells within MKs increased by 22%
and 34%, 45% and 230% than untreated control, respectively (Supple-
mentary Fig. 5g, h, P< 0.001). The high expression pattern of CD44 and
CD62p could enhance MK adhesion to endothelial cells and immune
cells (e.g., leukocytes), and mediate heterogeneous cell-cell

Nature Communications | (2024)15:7396


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51686-y

MKs
® Cy5-PS
“~=" Alveolar epithelial cells

C
PF4+GFP+-MKs/Platelets
PF4-Rosa mTom* cells

Alveoli

e

Crawl ~
direction

—
N

//J Interstitium

|
Interstitium '\ S5ump__~

Lung MKs from Cy5-PS-treated mice
Hoechst 33342 CD41+*cells Cy5-PS

e

Sorted

2
)
o
£
o
(@]

Cy5-PS

i Int MKs
Focal adhesion
ECM-receptor interaction
Rap1 signaling pathway
PI3K-Akt signaling pathway
MAPK signaling pathway
Hippo signaling pathway
Ras signaling pathway
Regulation of actin cytoskeleton
Platelet activation
Hematopoietic cell lineage:

0

Buieubls  uonoelsyul

ssao0ud
onalodojewsH siselodoquioly] Jenjie)

10 20 30 40
-Logy, (P value)

interactions, as described*"*’. Analogously, higher expression of anti-
gen presentation cell-like marker MHCII in MKs substantiated the
activated state of MKs with the ability to present antigens to adaptive
immune cells™.

To further determine whether MKs are a requisite for particle-
triggered immune responses in the lung, we used an MK-deficient

Merge

PF4-mTmG lung 2PIVM

A
!
I
I
'

Direction

Migration
trajectory

Cy5-PS treated MK

4 ;

B e

h P<0.0001 j @
EQ 8 Tl o2
S8 o E
8% ,° ©8
2] C
S2x S5
= 0= 4 c S
o >c kol
23 2 S8
© < g
E g 0 N.D. z
= 0 6 12 (h) Hint MKs BIAM
WAV MKs
k Alv MKs =
Oxidative phosphorylation %
Carbon metabolism §
Citrate cycle 5
Ribosome g Q
DNA replication 2
» QO
Biosynthesis of amino acids e~
Lysosome ¢ _
Endocytosis 2 g
Phagosome SS
% @

B cell receptor signaling pathway

0 10 20
-Log4o (P value)

30

(c-mpl™) mouse model*”. These animals lack MKs and platelets
throughout the body, while other blood cell counts, pulmonary vas-
cular integrity and extrapulmonary tissue remain normal (Supple-
mentary Fig. 6a-d). Although the three most recognized methods for
targeting deletion of MKs including the use of PF4Cre-iDTR mice*,
injecting CD42 Abs' and c-mpl”~ model have limitations in analyzing
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Fig. 2 | Alv. and Int. MKs engulf particles. a Schematic showing the interactions
between fluorescently labeled Cy5-PSs (red) and Alv. or Int. MKs (green). b Imaging
using two-photon intravital microscopy (2PIVM) shows lung MKs (green) migrating
to engulf Cy5-PSs (pink) in PF4-mTmG mice treated with 2 mg/kg body weight Cy5-
PSs through o.p.a. for 2 h. ¢ Fluorescent images of Alv. MKs (green) crawling
towards and engulfing Cy5-PSs (yellow arrows) deposited in the alveoli. Nuclei are
stained with DAPI (blue). d Intravital two-photon imaging of lung MK (green)
squeezing into and out of 2 bordering alveoli possibly through the pore of Kohn
(white arrow). e Flow cytometry images show that CD41" MKs (yellow) from the
lungs of mice treated with Cy5-PSs for 12 h contain Cy5-PSs (red). Nuclei are stained
with Hoechst (blue). f Fluorescent images showing engulfed Cy5-PSs (orange)
inside CD41" MKs sorted from mice and Dami cells treated with 200 ng/mL Cy5-PSs

for 12 h. White dotted line outlines a cell. g TEM image of lung MKs treated with Cy5-
PSs for 12 h. Red arrow in the insert image indicates engulfed particles. h Flow
cytometer analysis of engulfed particles in lung MKs of mice treated with Cy5-PSs
after 6 and 12 h (n =10 mice per group). N.D. not detected. i Quantification of
internalized Cy5-PSs in Alv. MKs, Int. MKs and AMs from mice in h after 6 h (n=10
mice per group). Data are presented as the mean values of 3 independent experi-
ments + SEM (h, i), one-way analysis of variance (ANOVA). j, k RNA-seq analyses on
Int. MKs (j) and Alv. MKs (k) show significant mRNA enrichment in thrombopoiesis
and immune regulatory functions, respectively. The statistical analyses were per-
formed using Metascape, one-side Fisher’s exact test (j, k). Figure 2a, created with
BioRender.com, released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license.

the specific contribution of MKs or platelets®”, c-mpl”~ model con-
siderably harbors advantages in ensuring minimal influence on other
immune cells and ensuring long-lasting depletion for observation,
which can help define the role of MKs in inflammatory responses
towards particles®. Unlike wild type (WT) mice with intact c-mpl
(Fig. 1), the lungs of c-mpl”" animals exposed to CB particles for 24 h
had fewer inflammatory foci (Fig. 3f), and 35% fewer polymorpho-
nuclear neutrophils (PMN) (Fig. 3g, P<0.05). Aside from this, IL-1B
and IL-6 protein content in the sera and BALF collected from
CB-treated c-mpl”™ mice were respectively 45% and 34% lower than WT
mice (Fig. 3h and Supplementary Fig. 7a, P<0.05), implying that the
lack of MK-platelet axis could compromise particle-induced immune
responses.

Because immune cells are critical for particle clearance and tissue
injuries®, we followed the animals up to the recovery period of 72h
after particle exposure*®. C-mpl”" animals displayed atelectasis (col-
lapsed alveoli) and abnormal alveoli structure (Fig. 3i) after 72 h, along
with increased blood vessel (CD31") permeability (Fig. 3j). This delayed
recovery of inflammation in c-mpl”” mice was also reflected by the
135% higher fibrillar collagen deposition (Supplementary Fig. 7b), ~1.6-
fold greater number of myeloperoxidase (MPO)/lymphocyte antigen 6
complex, locus G (Ly6G)"" positive neutrophils (Fig. 3k-1), 1.4-fold
higher percentage of PMNs and macrophages, and 1.2-fold greater
number of peripheral blood inflammatory cells than treated WT ani-
mals (Supplementary Fig. 7c-f, P<0.05). Fluorescent image analyses
also showed that c-mpl”™ mice had 47% more particles (Supplementary
Fig. 7g, h) at the terminal bronchiole and interstitium region than WT
mice. Moreover, most particles distributed randomly in the inter-
stitium, being engulfed by the immune cells rather than by epithelial
cells (Supplementary Fig. 7i), indicating that the worse vascular leak in
exposed c-mpl”™ mice was caused by slower recovery from particle-
induced inflammation and pairing poorer clearance of deposited
particles. Notably, using the MK transplant model*, compromised
inflammatory responses in c-mpl”~ mice could be reversed after pre-
reinfusion with isolated MKs through o.p.a. route 2 days before CB
treatment (Supplementary Fig. 7j). Phagocytosed particles were found
in the transplanted MKs after 24 h-exposure (Supplementary Fig. 7k).
MK:-receiving mice showed 1.5-fold more MPO*Ly6G" neutrophils in
lungs (Fig. 3m and Supplementary Fig. 7) and 32.2% increase of IL-1B in
the sera (Fig. 3n) than mice without MK transplant. These multiple lines
of evidence together indicated that MKs were important cells in
inflammatory response towards particles (Fig. 30).

Particles activate MKs to release platelets

Airborne particle pollution promoted biomarkers of thrombosis in
healthy young adults*®. However, it remains unclear whether a certain
part of the circulating platelets is directly generated from lung MKs
upon particle exposure. To investigate this, we treated PF4-mTmG
mice with Cy5-PSs and examined thrombocytosis of MKs. Whole-
mount sections of lungs collected from mice exposed to Cy5-PSs for
24h revealed that MKs with internalized particles produced

cytoplasmic extensions that formed proplatelets (Fig. 4a), consistent
with previous observations that mature MKs released platelets by
remodeling their cytoplasm into long, and branched cytoplasmic
projections®. Against the pulmonary capillary, these particle-bearing
MKs were seen to move from the alveoli to the interstitium region and
accumulate beside the capillaries (Fig. 4b), implying that these MKs are
primed to release platelets into the blood circulation by protruding
extended cytoplasm into the nearby endothelial wall.

After CB exposure, the number of total platelets and activated
platelets (CD41°CD62p*) in the peripheral blood increased by ~30% and
39% than untreated control, respectively (Fig. 4c, d, P<0.05). Impor-
tantly, platelets from CB-treated mice transformed from a disc (2-5 um
in diameter) to an irregular shape with pseudopod-like structures
(Fig. 4e). Because of increased number and aggressive shape of pla-
telets, CB-treated animals showed 28% shorter bleeding time and 20%
faster clotting time compared to untreated control (Supplementary
Fig. 8a and Fig. 4f), consistent with previous results demonstrating that
activated platelets accelerated coagulation and increased the risk of
thrombosis in peripheral organs®™. Collagen adhesion assays showed
that peripheral blood from CB-treated mice caused 2-fold more pla-
telets attaching to the collagen matrix than blood from untreated
control (Fig. 4g and Supplementary Fig. 8b, P<0.001). Ex vivo
maturation assay confirmed that platelets from particle-treated Dami
MKs had 1.5-fold higher adhesion than those from untreated MKs
(Supplementary Fig. 8c). Collectively, these results demonstrated that
CB particles could trigger MKs to release activated platelets bearing
features conducive to faster clotting and enhanced adhesion.

To further track the activated state of platelets in vivo, we chal-
lenged the animals once or twice with CB particles and afterwards
examined peripheral blood through flow cytometry. There were 2-fold
greater activated platelets found in CB-treated mice than in untreated
control, and these platelets remained in the blood circulation up to
3 days (Supplementary Fig. 8d, e, P< 0.05), supporting that CB expo-
sure increased number of MK-derived activated platelets, leading to
disorders in the balance between clearance and production of platelets
in circulation, and a systemic hypercoagulable state. To confirm the
origin of these activated platelets, we quantified MKs and MK pro-
genitors (MKps) in lung, bone marrow and spleen, which are main sites
for platelet production and recovery'~". MKps did not proliferate after
particle exposure (Supplementary Fig. 9a), hinting their incapacitation
in participating in emergency thrombopoiesis within 24 h. Strikingly,
there were 32% and 65% more lung MKs after 12- and 24-h exposure,
however, only 34% more bone marrow MKs post 24 h (Supplementary
Fig. 9b) compared to untreated control, implying that lung MKs are
more sensitive responders to particles than bone marrow MKs.
Moreover, these upregulated genes in lung MKs isolated from CB-
treated mice were enriched in signaling pathways associated with MK
proliferation and platelet production process (Fig. 4h and Supple-
mentary Fig. 9c¢), including Ras-proximate-1(Rapl) signal*’, Hippo
signal® and actin cytoskeleton, supporting that the rapid increase of
platelets in such a short time was more likely triggered by lung MKs.
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Considering most upregulated genes, such as TAL bHLH transcription
factor 1 (Tall), TEK receptor tyrosine kinase (Tek) and myosin light
chain kinase (Mylk), were implicated in platelet production (Supple-
mentary Fig. 9c), we performed an ex vivo maturation assay by cul-
turing isolated CD41" cells in thrombopoietin (TPO)/stem cell factor
(SCF)/IL-6 medium®* (Fig. 4i, the left panel) to look into the stimulation
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of particles on platelet production from MKs seen in vivo (Fig. 4a).
After 2-days in culture, isolated lung MKs displayed typical cytoplasmic
extensions, large pseudopod-like structure and expansive membrane
system (Fig. 4i, right panel). Additionally, real-time live-cell images
revealed that these proplatelets separated from extended membrane
of MKs within 3min (Fig. 4j). Compared to untreated control, the
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Fig. 3 | Lung MKSs are activated for inflammatory responses. a-c RNA-seq ana-
lysis of CD41* MKs from lung single-cell suspension obtained from mice treated
with 2 mg/kg body weight CB particles for 24 h. The volcano plots show the Log2
fold change of gene expression in CB group relative to control group (Ctrl).

a Volcano plot showing upregulated and downregulated genes in lung MKs, two-
tailed Wilcoxon rank-sum test. b KEGG pathway enrichment analysis of annotated
upregulated genes in CB particle-treated lung MKs were associated with throm-
bocytosis, immunity, and cell regulation signals, one-side Fisher’s exact test.

¢ Heatmap showing differentially expressed genes in lung MKs after CB particle
treatment, categorized by biological functions. Columns represent samples (n = 3).
d, e RT-gPCR analyses of Caspase-I (d) and /L-1 (e) mRNA expression in lung MKs
sorted from mice treated with CB particles for 24 h (n = 6 biological replicates per
group). f H&E-stained images of lung sections show that c-mpl” mice treated with
CB particles for 24 h had fewer inflammatory foci (red arrows) than treated WT
animals. g Flow cytometer analysis of lung single-cell suspension from animals in
f (n= 6 per group). h ELISA assay of IL-1B content in sera and BALF from WT and
c-mpl” mice upon CB particles for 24 h (n =6 per group). i H&E (top) and Masson
(bottom) stained images of lung sections from WT and c-mpl” mice at 72 h post-CB

administration show accumulated inflammatory cells (red arrows) and collagen
deposition (blue arrows). j Immunofluorescent images of vascular junction with
CD31" cells in lung sections from WT and c-mpl” mice at 72 h post-CB particle
exposure. White arrowheads indicate damaged junctions. White dash-dots outline
the vessel. Inset: magnified view of vascular junction. k, I Inmunofluorescent
images (k) and counts per field (I) of neutrophils (MPO*Ly6G" cells, white arrow-
heads) in lung sections from WT and ¢-mpl” mice at 72 h after CB exposure (n=6
mice per group). m Immunofluorescence-stained images of lung sections show that
mice receiving MK transplant promoted inflammatory responses and recruited
significantly more neutrophils than control mice without transplants. n ELISA assay
of IL-1B content in sera of mice with (+) and without (-) MK transplant at 24 h post
2 mg/kg body weight CB exposure (n =6 mice per group). 0 Schematic shows
c-mpl” mice displayed greater lung damage and 1-2 days slower recovery from
particle-triggered inflammation than WT mice. Box and whisker plots indicate
median, interquartile range and 10th to 90th percentiles of the distribution (h, n).
Data are presented as the mean values of 3 independent experiments + SEM (d-e,
g, h, 1 and n), two-side student’s t-test (d, e and g) and one-way ANOVA (h, | and n).
N.S, not significant.

number of nascent platelets and CD41°CDé62p* activated platelets
(Fig. 4k, I and Supplementary Fig. 9d, P < 0.001) were respectively 28%
and 59% higher in culture medium of particle-pulsed MKs. Our com-
prehensive in vivo and ex vivo experiments together unraveled that CB
particles activated lung MKs to release platelets into blood, partly
contributing to 60% more activated platelets in circulation (Fig. 4m).
This increased platelet circulation likely explains the platelet
accumulation-caused fibrous capillary network seen in particle-treated
animals (Fig. 11).

MK:-derived platelets inherit particles from parental MKs

To determine the in vivo fate of particles engulfed by MKs, we exam-
ined the offspring-platelets because platelets are known to inherit
most membrane and cytoplasmic components of their parental MKs
during thrombopoiesis®. Intriguingly, Cy5-PSs were observed in the
cytoplasm of CD41" platelets sorted from the circulating blood of
particle-treated mice (Fig. 5a). Using pulse-labeling circulating platelet
method, about 15% of newborn platelets presented the Cy5-PS fluor-
escence signal were found after 24 h-exposure (Supplementary
Fig. 10a-f), and the mean fluorescence intensity (MFI) of Cy5-PS signal
in newborn platelets was much higher than that of the pre-existing
platelets (MF1120 vs 10, Supplementary Fig. S10h). To exclude whether
these intracellular particles were phagocytized by platelets, PSs ran-
ging from 0.08 to 2 um diameter, simulating the inhaling PMs*®, were
severally incubated with blood-derived platelets. TEM images showed
that there were no engulfed PSs in platelets (Supplementary Fig. 10i),
partly echoing that platelets lack a sufficient number of full functional
mitochondria to supply energy for positive phagocytosis”, especially
in rapid blood flow. To simulate their free absorption towards PMs in
circulation, isolated platelets mixed with Cy5-PSs were transplanted
into c-mpl”™ mice through o.p.a. route (Fig. 5b). These complexes were
found be mainly swallowed by CD45" white blood cells in the lung
interstitium once deposition (Fig. 5d). Moreover, although very few
Cy5-PSs were accumulated in livers, they were attached onto the pla-
telet surface rather than being internalized after 72 h-transplantation
(Fig. 5¢), suggesting that these platelet-borne particles found in cir-
culation were transferred from their parental MKs.

We afterwards applied two-photon intravital microscopy to track
the particles-laden MKs. After 12 h, MKs with internalized particles
accumulated beside capillaries, where MKs released platelets into
blood circulation by protruding extended cytoplasm into the nearby
endothelial wall (Fig. 5e and Fig. 4b), consistent with the previous
finding that the entire sequence of platelet releasing from MKs varied
from ~20 to 60 min in the lung". In detail, the engulfed particles were
mostly trapped within the focal tubular membrane early in the
maturation of MKs (Fig. 5f). Real-time live-cell imaging analyses

showed that proplatelets shedding from particle-laden MKs involved 5
steps: cytoplasmic maturation, cytoplasmic protrusion, cytoplasmic
fracture, fracture enlargement and proplatelet shedding (Fig. 5g and
Supplementary Movie 3). Within 12 min, particle-bearing platelets
(2-5 um diameter) were released into the culture medium (Fig. 5h),
consistent with in vivo observation of activated particle-laden platelets
in Fig. 4. Together, these observations signified our findings that MKs
engulfed particles and transferred particles from mature MKs to nas-
cent platelets during thrombopoiesis.

MK-derived platelets transport particles to

extrapulmonary organs

Next, we examined how MK-derived platelets contribute to particle
transport by transplanting particle-laden CD41'GFP* donor MKs into
homologous c-mpl™ recipient mice (Fig. 6a). The mass of MK-borne
particles was rigorously equivalent to those in transplantation of par-
ticle and platelet mixture in Fig. 5. These transplanted MKs stably
colonized the lungs of recipient mice for >72 h (Fig. 6b). Thereafter,
panoramic scan analysis was performed to track donor MK-derived
platelets (CD41°GFP'DAPI’) in extrapulmonary organs 72h post-
transplantation. Whole-mount sections of the liver, kidney and
spleen showed that donor MK-derived platelets were present in these
organs, and nearly 70% of the GFP'DAPI” platelet signals overlapped
with particles (Fig. 6¢, d and Supplementary Fig. 11a, b). Relative
fluorescence intensity (RFI) analysis found 2.3-fold more platelet-
bound particles in the liver and spleen than diffused platelet-free
particles, and most GFP-labeled platelets in the liver were seen mainly
in the vessel lumen (Fig. 6e), indicating that particles were substantially
transported by MK-derived platelets delivered by circulating blood
(Fig. 6d, P<0.001). To test alternative routes such as lymph and exo-
somal vesicles (EVs) in particle and platelet delivery, we examined the
mediastinal and abdominal lymph sections and found there were no
platelet-bound particles (Supplementary Fig. 1ic, d). Moreover,
particle-laden EVs (with the average size<lpm) were also barely
observed in anti-CD63 (a classical marker of platelet EVs*®) Abs-stained
liver, spleen and kidney sections of mice receiving MK transplantation
(Fig. 6f). Together, our results indicated that MK-derived platelets
inherited and transported particles from parental MKs to the liver,
spleen and kidney through blood circulation.

Given MK-platelet axis deficiency impaired the lungs’ ability to
clear inhaled particles (Fig. 3), we examined the extrapulmonary dis-
tribution of particles in MK deficient c-mpl”™ mice and the model of
CD42 Abs mediated depletion of lung MK". We found 43% fewer
fluorescent particles in the liver of c-mpl”~ mice when compared to WT
animals (Fig. 6g and Supplementary Fig. 11e, P < 0.05). Similar results
were also observed in anti-CD42b Ab-treated mice, which showed a
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43% increase trapped particles in lungs, and consequent 40%, 36% and
48% decrease in particles in the liver, kidney and spleen, respectively,
compared to isotype-IgG-pulsed mice (Supplementary Fig. 12). To
analyze the contribution of Mks on neutrophil recruitment and particle
clearance analogy to macrophages, MK-deficient and macrophage-
deficient (81% depletion of CDI11c'F4/80" macrophages) mice were

constructed. We found MPO'Ly6G* neutrophils in the lung were
reduced by 79% and 71% at 24 h, resulting in 202% and 290% increase of
trapped particles after 72 h-exposure, respectively, in these 2 models
relative to controls. Double-deficiency caused more severe dysfunc-
tion than either, suggesting that MKs would involve in immune cell
recruitment and particle clearance independently (Supplementary
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Fig. 4 | Inhaled particles activate MKs to release platelets into blood circula-
tion. a Fluorescent images of lung sections from PF4-mTmG mice treated with

2 mg/kg body weight Cy5-PSs for 24 h and untreated control. White arrow pointing
to MKs with engulfed particles releasing platelets (white arrowhead). b Fluorescent
image of lung MK releasing a nascent platelet (green arrow) into a Alexa Fluor 647-
dextran dye -stained blood capillary (red arrow). ¢ Number of resting and activated
platelets in peripheral blood of CB particle-treated mice (n = 8). d Flow cytometer
analysis plots of activated platelets (488SSC405SSC*°*CD41'CD62P*) in peripheral
blood of control and CB particle-treated animals from c. e Scanning electron
microscope images of resting and activated platelet from CB-treated animals.

f Peripheral blood of mice (n = 8) treated with CB for 24 h clotted faster than
untreated control. g Bright-field images and counts per field show more platelets
(blue arrowheads) from platelet-rich plasma (PRP) of CB particle-treated mice
attached on the collagen matrix than untreated control (n =10 randomly captured
images). h KEGG pathway enrichment analysis of upregulated genes associated
with MK development and platelet production, one-side Fisher’s exact test. MKs

were isolated from mice treated with CB particles for 24 h. i Ex vivo maturation
assay involves culturing isolated CD41* MKs in TPO/SCF/IL-6 medium. Fluorescent
images of membrane-stained matured MKs and nascent platelets after 2 days.

j Live-cell imaging of isolated MKs with engulfed Cy5-PSs using LSFM features an
extended cytoplasm and membrane shedding nascent platelet clusters (white
dotted lines). k, I Flow cytometer analysis of the number of total platelets
(CD41'Hoechst, k) and activated platelets (CD41°CD62p*Hoechst;, I) in culture
medium. MKs were pretreated with 200 ng/mL Cy5-PSs and cultured for 2 days
(n =10 biological replicates). m Schematic showing that particle inhalation induces
greater activated platelets in circulation than physiological conditions. Box and
whisker plots indicate median, interquartile range and 10th to 90th percentiles of
the distribution (f, g). Data are presented as the mean values of 3 independent
experiments = SEM (¢, f, g, k and 1), two-side student’s t-test (c, f, g, k and I).
Figure 4i and m, created with BioRender.com, released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license.

Fig. 13a-c). To corroborate this finding, we used SiO, as model parti-
cles and quantified the content of inhaled particles in each organ using
inductively coupled plasma optical emission spectroscopy (ICP-OES)°.
Consistent with the data in Supplementary Fig. 7g, h, more than 44%
SiO, particles were retained in the lungs of c-mpl”~ mice than those in
WT mice (P < 0.05). Moreover, liver, kidney, spleen tissues and blood
collected from c-mpl”™ mice 72 h after particle exposure respectively
showed 34%, 38%, 35% and 36% less SiO, than WT mice (Fig. 6h,
P<0.05). Interestingly, these decreases were nearly equal to the
amount of SiO, retained in the lungs of particle-treated c-mpl™~ mice.
Thus, deletion of the MK-platelet axis hampered the transport of
particles from the lung to extrapulmonary organs.

Regression analysis uncovered a strong correlation between the
ICP-OES and RFI methods, supporting the reliability of our findings
(Fig. 6i). Combining data from these 2 methods, the contribution of
MK-platelet axis in extrapulmonary transport of particles was calcu-
lated by taking the difference between the total amount of extra-
pulmonary particles detected in specific organs of WT mice and c-mpl”
~ mice, and dividing the difference by the total amount of extra-
pulmonary particles detected in specific organs in WT mice. Our cal-
culations revealed that nearly 30% of particles in the distal organs (e.g.,
liver, kidney and spleen) were transported through the MK-platelet
axis. To understand whether MK-mediated transport of inhaled parti-
cles incurred extrapulmonary injuries, we examined the liver sections
of WT and c-mpl”~ mice exposed to CB particles for 24 and 72h
through TdT-mediated dUTP Nick-End Labeling (TUNEL) assay (Fig. 6j
and Supplementary Fig. 13d). Reduced number of dead cells in liver of
c-mpl”™ mice might be a result of combined action of reduced particle
transport into liver and delayed inflammation (Supplementary Fig. 13e)
Together, these results demonstrated that particle inhalation pro-
moted platelet production from lung MKs. These activated platelets, in
part, contributed to the transport of inhaled particles from to extra-
pulmonary organs (Fig. 7).

Discussion

The question of how inhaled PMs enter the circulation and further
distribute around organs is of major scientific interest and is not clearly
understood. As lung immune cells are primarily responsible for the
reactions and clearance of inhaled airborne particle matters, addres-
sing the current knowledge gaps on how lung resident immune cells
recognize and respond to invaded particles is significant. In this study,
we found the route of phagocyte-mediated phagocytosis and trans-
port of particles across the air-blood barrier to achieve extra-
pulmonary transport. Our findings unraveled that, benefiting from the
resident location in the interstitial and alveolar regions, lung MKs
acted as critical responders to inhaled particles, as evidenced by
quickly crawling towards and engulfment of particles. Consequently,
activated MKs released activated platelets into the blood circulation

through thrombopoiesis. Admittedly CB-increased cytokines in blood
can also stimulate circulating platelets, resulting in a high number of
activated platelets in circulation®’, but we uncovered that the rapid
increase of circulating activated platelets were more likely triggered by
lung MKs. Lung MKs-derived platelets increased the risk of resembling
fibrin aggregates in lung and systemic hypercoagulable state, due to
their enhanced adhesion and clotting potentials compared to normal,
resting platelets. Importantly, these platelets inherited engulfed par-
ticles from their parent MKs, accelerating the translocation of particles
from the lung to extrapulmonary organs such as the liver for clearance.
To summarize, our study has uncovered that lung MKs have dis-
tinct functions in the clearance and biodistribution of inhaled PMs that
might explain the particle-induced injuries found in distant organs.
Lung MKs crawled along the alveolar wall to engulf inhaled particles,
and promoted extrapulmonary transport of particles through releas-
ing particle-laden platelets. This proof-of-concept for the cell delivery
of particles supports the discovery of new subtypes of immune cells-
responding to inhaled particles or the investigation of of resident/
recruited immune cells-conducted contributions in crossing behavior
of PMs through special biological barriers. More investigations on
other paths of PMs entering the bloodstream and distributing
throughout the body still need to be explored in the future.

Methods

Particle matter preparation and animal inhalation exposure
Airborne PM, s samples were collected by DL-6100 medium flow PM, 5
sampler (Dongliweiye Environmental Protection Equipment Co., Ltd.,
China) in Beijing, China from November, 2022 to March, 2023. PM, 5
specimens loaded onto the polytetrafluoroethylene filter membranes
were eluted in ultrapure water by ultrasonic extraction and then
freeze-dried. CB particles (20 nm, Macklin Inc, China), PSs (0.08 um,
0.2 pum, 2 pm, Invitrogen, USA) and Cy5-PSs (0.2 um, Invitrogen) were
purchased.

All animal care and protocols were approved by the Animal Ethics
Committee at the Research Center for Eco-Environmental Sciences
(RCEES), Chinese Academy of Sciences (CAS). The approval number of
animal experiment is AEWC-RCEES-2020001. C57/6) WT and BALB/c
mice were purchased from the Vital River Laboratory Animal Tech-
nology Co. Ltd (Beijing, China). MK deficient mice (c-mpl”") were
provided by GemPharmatech Co. Ltd (China). PF4-cre mice (strain:
#008535) and mTmG mice (strain: #008535) were obtained from the
Jackson Laboratory. PF4-mTmG mice were identified among the off-
spring resulting from the crossing of PF4-cre mice and mTmG mice,
based on the specific expression of Cre recombinase, as described".
The housing and experimental procedures for the mice strictly
adhered to the guidelines of the National Institutes of Health (NIH) and
the Animal Management Committee of RCEES, CAS. Mice used for
experiments were 7-8 weeks old, male and female, and were age-
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Fig. 5 | MK-derived platelets contain particles inherited from their

parental MKs. a Immunofluorescent images of CD41" platelets from peripheral
blood of mice exposed to 2 mg/kg body weight Cy5-PSs for 72 h show platelet
colocalized with fluorescent particles (red). b Schematic shows o.p.a. transplanta-
tion of 1.0 x10’ platelets and 50 ng Cy5-PS mixture into c-mpl” mice. ¢ Fluorescent
images of liver sections from recipient c-mpl” mice in b 72 h after transplantation
showing Cy5-PSs adhered onto platelets (Green). d Fluorescent images of lung
sections in recipient mice showing platelets (green) and Cy5-PSs (red) inside CD45"
immune cells (yellow) at 72 h post platelets-Cy5-PS mixture transplantation.

e Intravital two-photon imaging shows lung MK (green) releasing nascent platelets
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containing Cy5-PSs (pink). Red dotted square is magnified in bottom right.
fFluorescent images of Dami cells treated with 200 ng/mL Cy5-PSs for 12 h showing
endoplasmic distribution of engulfed particles. Phalloidin-stained cytoskeleton
(green, left panel), carbocyanine-stained membrane (red, right panel) and engulfed
fluorescent particles. g Continuous imaging analysis of MKs every 3 min. Nascent
platelet clusters released from Cy3-labeled MKs (yellow) are shown. h Flow cyto-
metry images of Cy5-PSs (red)-laden platelets (CD41", green) collected from MK
induction medium. Figure 5b, created with BioRender.com, released under a
Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International
license.

matched. These mice were bred, fed food (Xietong Pharmaceutical
Bio-engineering Co., Ltd, Cat#1010002) and drank water in a specific
pathogen-free environment, with a 12 h light/dark cycle. The tem-
perature was maintained between 21 and 24 °C, while humidity was

kept between 30 and 70%. Particle solution (2 mg/mL) was prepared in
endotoxin-free PBS solvent. For o.p.a., 20 pL particle solution was
injected into the trachea of anesthetized mice via a 20-gauge catheter.
For inhalation exposure, mice were allowed to inhale suspended dry
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Method B: RFI (10?) (24h)  (72h)

particles in an atmospheric chamber to simulate human breathing®®.  Cell culture

Suspended 160 pg/mL solution of particles was atomized into the Human leukemia cell line-Dami (Cat#20190827-1) and Meg-01 cells
atomizing chamber to expose the animals for 3 days (240 min per day).  (Cat #1101HUM-PUMCO000521) were purchased from the Pricella
Control animals received vehicle solution PBS only. Blood routine (China) and National Infrastructure of Cell Line Resource (Beijing,
parameters of each mouse was determined with a hematology analyzer  China), respectively. These cells were cultured in DMEM medium
(Nihon Kohden, Japan). (Gibico, USA), containing 10% fetal bovine serum (Gibico) and 1%
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Fig. 6 | Extrapulmonary transportation of inhaled particles through MK-
derived platelets. a Schematic shows o.p.a. transplantation of particle-laden
CD41°GFP* MKs into c-mpl” mice for tracking platelet distribution. b Fluorescent
images of lung sections from recipient c-mpl” mice show MKs (CD41'GFP*DAPI*)
remain loaded with Cy5-PSs (red) 72 h after transplantation. ¢ Immunofluorescent
images of liver sections from recipient c-mpl” mice 72 h after MK transplantation.
Donor MK-derived platelets (green) overlap with Cy5-PSs (red). d Ratio of platelet-
bound and platelet-free particles in liver, spleen and kidney determined by RFI
analysis of fluorescent images (n =6 randomly captured images). e Fluorescent
images show donor-derived platelet (green) in the liver is transported through
blood vessel (Alexa Fluro 647-dextran’, circled out with white dotted line).

f Immunofluorescent images of EVs (CD63", yellow) and Cy5-PS (red) in liver sec-
tions from recipient c-mpl”mice 72 h after MK transplantation. CD41'GFP* donor
MK-derived platelets (green) with engulfed Cy5-PSs (red) are shown in the bottom
as reference. g Fluorescent images of liver sections from WT and c-mpl” mice after

exposure to Cy5-PSs for 72 h. Fewer particles are seen in c-mpl” mice. h ICP-OES
analysis of SiO, content in the lung, liver, kidney, spleen and peripheral blood of WT
and c-mpl” mice treated with 2 mg/kg body weight SiO, particles for 72h (n=8
mice per group). i Regression analysis of the particle content in the liver based on
RFI quantification and ICP-OES method. Dotted lines represent 95% confidence
intervals for the linear regression line. Each dot corresponds to one individual
mouse sample. Statistical analysis was performed by linear regression analysis, two-
side Pearson correlation test. j Counts per field of TUNEL positive cells in liver
sections from WT and c-mpl” mice at 24 and 72 h after CB exposure (n =3 mice per
group). Box and whisker plots indicate median, interquartile range and 10th to 90th
percentiles of the distribution (d, h). Data are presented as the mean values of 3
independent experiments + SEM (d, h and j), P-value by one-way ANOVA (d, h and
Jj)- N.S, not significant. Figure 6a, created with BioRender.com, released under a
Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International
license.
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Fig. 7 | Schematic showing extrapulmonary transport of inhaled particles through the MK-platelet axis.

penicillin-streptomycin double antibody?® (Gibico). Before conducting
the experiments, Meg-01 and Dami cells were authenticated by iden-
tification of Short Tandem Repeat (STR) on ABI 3730xI DNA Analyzer
platform (Applied Biosystems, Foster City, California). Dami and Meg-
01 cells were treated with 1 uM phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich, USA) in DMEM medium (Gibico) for 2 days to induce
matured MKs, respectively.

Detection of cell subpopulations in pulmonary alveoli, lung
parenchyma and extrapulmonary tissue through flow
cytometry

After particle exposure, mouse was anesthetized by intraperitoneal
injection of 1% (0.01g/mL) sodium pentobarbital, and BLAF was col-
lected for the analysis of cell subtypes in pulmonary alveoli. To avoid
infiltration of blood cells and platelets, the preparation process of
single-cell suspension from BLAF was optimized. Platelets attached to
the surface of red blood cells or adhered to white blood cells were cut
off using a special wash-free cracking filter kit (Attune™ CytPix™ No-
Wash No-Lyse Filter Kit, Invitrogen) on an Attune NxT flow cytometer
platform (Thermo Fisher Scientific, USA). Intact and lysed erythrocytes
were cut off based on hemoglobin absorption at 405 nm ultraviolet

light. The single-cell suspensions of lung parenchyma were prepared
by enzymatic digestion with DNasel (Solarbio, China) and LiberaseTM
(Roche, Switzerland). The single-cell suspensions of bone marrow and
spleen were prepared. All cell samples were filtered with 70-um cell
strainer, with 1.0 x 10° cells per tissue sample were isolated for staining.
Cell surface staining was performed with a series of fluorescent dye-
conjugated Abs at 4°C for 20 min protecting from light. Detailed
information of Abs used in flow cytometry was described in Supple-
mentary Table 3. All fluorescent dye-conjugated Abs were obtained
from the eBiosicence (San Diego, CA, USA), including MKs
(CD41'Hoechst"), alveolar macrophages (F4/80"CD11c"'CD170°CD11b"),
interstitial macrophages (F4/80'CD11c'CD11b*), PMNs (F4/
80°CD11b*Gr-1"), dendritic cells (CD11c"MHCII'CD103*/CD11b"), eosi-
nophils (CD54"'CD62L*CD11b"), neutrophils (Ly6G*CD11b"), basophils
(CD45'CD49b*CD11b"), and MKp (Lin-Sca-1-c-kit" CD45'CD150*CD41").

Histological analysis, and Masson, TUNEL, immunofluorescence
staining of tissue sections

Lung and lymph nodes collected from particle-treated mice were
processed for 4% paraformaldehyde fixing and paraffin embedding
according to standard immunohistochemistry procedures, as
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described®. Following these standard protocols, tissue specimens
were stained using H&E or Masson trichrome kits. H&E or Masson-
stained sections were examined by light microscopy.

Immunofluorescence analysis of tissue sections was performed
following established procedure?. Lung sections were dual stained
with anti-mouse MPO Abs (Proteintech, USA) combined with anti-
mouse Ly6G Abs (Servicebio, China) to denote neutrophil, and anti-
mouse CD41 Abs (Abcam, USA) combined with anti-mouse CD42b Abs
(Servicebio) or anti-mouse PF4 Abs (Abcam) to confirm MKs. After
primary Ab binding, these sections were incubated with fluorescein
isothiocyanate isomer I (FITC)- and Cy5-conjugated secondary Abs. For
vessel staining, lung sections were stained with anti-mouse CD31 Abs
(Abcam), followed by Cy5-conjugated secondary Abs. Liver sections
were examined by TUNEL kit (Beyotime, China) to examine cell death,
and stained with anti-mouse CD45 Abs (Abcam) to detect immune
cells, respectively. All slices were imaged using a panoramic scan
(3DHISTECH, Budapest, Hungary). For fluorescent image analyses of
tissue sections, under 10-40 x magnification, 3-5 fields of each view
from individual mouse were quantified. These counts were then
averaged to represent the value for each mouse.

To visualize blood vessels and analyze their integrity, Alexa Fluor
647-labeled dextran (2256832, Thermo Fisher Scientific) was admini-
strated into mice at 50 mg/kg body weight through intravenous
injection (i.v.) route'. Mice were sacrificed for organ collection 5 min
after injection. These prepared frozen slices were then examined on
fluorescence imaging system under epi-illumination using appropriate
filter sets.

3D fluorescence imaging of whole lung through FDISCO method
To visualize the 3D location of MKs in whole lungs by LSFM, lungs from
PF4-mTmG mice received advanced optical clearing treatment (known
as FDISCO) to transform opaque tissues into transparent, light-
permitting specimens?. After FDISCO clearing, the tissues were
stored in DBE in airtight glass chambers at 4 °C in the dark. Prior to an
optical clearing, the tissue was embedded the DRGs in PBS/1% Agarose
gel columns in one plane to facilitate subsequent image acquisition.
These tissues were then immersed in an ascending series of precooled
(4 °C) tetrahydrofuran (Cat# 186562, Sigma-Aldrich) double distilled
water solutions (50%, 75%, 3 x 100%) for dehydration and delipidation.
Triethylamine (Cat# 471283, Sigma-Aldrich) was used to adjust the pH
of the solutions to 9.0 and all steps were performed in the dark at 4 °C
on an orbital shaker. The specimens were further immersed in ethanol/
dibenzyl ether (Cat# 108014, Sigma-Aldrich) solutions overnight at
4°C in the dark, with 2 times changes of the solution, to match the
refractive index of the tissue with the microscope objective. To opti-
mize the imaging solution for glycerol/CLARITY (clear lipid-exchanged
acrylamide-hybridized rigid imaging/immunostaining/in  situ-
hybridization-compatible tissue-hydrogel) objectives, the best trade-
off between transparency-dependent imaging depth and spherical
aberration in ascending ethanol/dibenzyl ether solutions for each tis-
sue was optimized. The transparent lung tissue was imaged by LSFM
(Ultramicroscope, LaVision BioTec, Germany) workflow as described”.

Lung intravital imaging by 2PIVM

To observe real-time movement of MKs in the lung, PF4-mTmG mice
were pretreated with 2 mg/kg body weight Cy5-PSs before imaging.
Mice were then anaesthetized with ketamine and secured to the
microscope stage. For anesthesia maintain, the fixed mice were intu-
bated via the trachea with a tracheal cannula, continuously delivering
isoflurane (2% isoflurane/98% 0O,) through the mouse ventilator
(MiniVent 845; Hugo Sachs Elektronik). A small surgical incision was
positioned between third and fourth ribs to expose the lung lobe, and
microscope objective was then adjusted close to the lobe surface.
Using channels of eGFP (excitation 488 nm) and tdTomato (excitation
561nm), random fields (738 umx 738 um area) in the lung were

captured with a two-photon confocal laser scanning microscope (Leica
TCS SP8, Germany) every 5 min for 30 min, along with z-depths of 5 um
(total of 840 um z-depth). Images were further analyzed with Leica
Application Suite X (Leica).

Alv. MKs and Int. MKs by intra-alveolar staining

To ensure the Alv. and Int. MKs accurately isolated based location, an
intra-alveolar microinjection method was used to stain only alveolar
cells. Non-specific binding of Abs with Fc receptors on immune cell
surface was first blocked by injecting the mice with 2 pg TruStain fcX
TM (anti-mouse CD16/32 Abs) for 5min. Thereafter, 2 pug PE-labeled
anti-mouse CD41 Abs or isotype control (eBRGI, eBioscience) was
administered into the alveoli through o.p.a. route. Alv. MKs and Int.
MKs were defined as FITC-CD41'PE-CD41'Hoechst" and FITC-CD41'PE-
CD41 Hoechst'cells, respectively. Besides, double immunostaining
(CD41 and CD42 Abs) was performed on sorted cells for observation
with a confocal microscope (Olympus, Japan).

Isolation and Giemsa-Wright staining of lung MKs and mono-
cyte/macrophages

Alv. and Int. MKs were isolated and enriched through magnetic bead
separation from the single-cell suspension of BALF and lung par-
enchymal tissues, respectively. After being blocked with TruStain
fcX TM and incubated with CD41-Biontin Abs (MWReg30,
eBioscience, USA), CD41" cells were isolated with MagniSort™
Streptavidin Positive Selection Beads (MSPB-6003-71, Invitrogen),
according to manufacturer’s instruction®. Analysis of MK purity was
performed using flow cytometry, where these isolated cells were
incubated with PE-labeled CD41 Abs and subjected to positive cell
detection. The isolated MKs were cultured in DMEM medium con-
taining 25 ng/mL TPO (BioLegend, USA), 25 ng/mL SCF (BioLegend)
and 10 ng/mL IL-6 (BioLegend) for maturation. After being incu-
bated with CD170-Biontin Abs (S17007L, Biolegend, USA), CD170*
cells were further isolated with MagniSort™ Streptavidin Positive
Selection Beads (MSPB-6003-71, Invitrogen), according to manu-
facturer’s instruction. To distinguish MKs from alveolar monocyte/
macrophages, isolated CD170 (Siglec F)" cells and Alv. MKs were
both subjected to cell smears and stained with Wright-Giemsa dye
(Solarbio) for morphological characterization.

Assessment of MK phagocytosis of particles

To recognize the engulfment of particles by MKs in vivo, the frozen
lung sections of particle-treated PF4-mTmG mice were processed into
slices by a cryostat, and imaged using a panoramic scan (3DHISTECH)
after cell nuclei staining with DAPI (10 pg/mL, Beyotime). More than 15
random fields in the image were manually quantified using Image )
software (NIH, USA) to count the number of particle positive MKs.

To determine engulfed particles in MKs at the single-cell level,
primary MKs from Cy5-PS-treated mice were subjected to flow imaging
analysis, as described". After being labeled with FITC-conjugated anti-
CD41 Abs, 5000 MKs cells were collected on Imaging Flow Cytometer
(Amnis ImageStream MKII, USA) for data analysis using IDEAS software
(Amnis, USA). The content of engulfed particles per cell was quantified
based on the fluorescence intensity of intracellular Cy5-PSs.

To visualize the intracellular distribution of engulfed particles in
MKs, sorted lung MKs, Dami- and Meg-01- derived MKs received
200 ng/mL Cy5-PS treatment for 12 h, were subjected to cell mem-
brane staining with 5 uM fluorescein isothiocyante-carbocyanine dyes
(Beyotime), and cell cytoskeleton staining with 10 ng/pL Alexa 488-
phalloidin (Beyotime), respectively. And these cells were subjected to
observation under Fluoview FX1000 confocal microscope® (Olympus)
with 60-100 x magnification. Besides, using a high-resolution TEM
(Hitachi, Tokyo, Japan), the phagocytosis in CD41" MKs was examined
after being dehydrated, embedded, ultrathin-sectioned and stained
with uranyl acetate and lead citrate (Solarbio).
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Determination of cytokine content and gene expression

The concentrations of cytokines, including IL-1B and IL-6, were deter-
mined in mouse sera and cell medium using ELISA kits according to the
manufacturer’s instructions (Mouse IL-6 ELISA kit (NEOBIOSCIENCE,
China)), IL-1B ELISA kit (NEOBIOSCIENCE). Primers used for Reverse
transcription-PCR (RT-PCR) are as follows: Caspase-1 (F: ACAAG
GCACGGGACCTATG, R: TCCCAGTCAGTCCTGGAAATG), Nalp3 (F:
ATTACCCGCCCGAGAAAGG, R: TCGCAGCAAAGATCCACACAG), ASC
(F: TGCCAGAGCTGATTGACATTC, R: GGCATACCAGAAGGTGGTGAG),
IL-18 (F: ATGATGGCTTATTACAGTGGCAA, R: GTCGGAGATTCGTAGC
TGGA). RT-PCR was used to quantify gene expression level, with
B-actin as an internal reference gene.

Western blotting was performed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE)®’. PMA-pulsed Dami cells were exposed
to CB particles with different doses (0, 0.02, 0.2, 2 and 20 pg/mL) for
24 h. Cells were lysed and analyzed by Western blotting, using the anti-
mouse Capsase-1 (1:1000 dilution, Abcam, USA) and anti-mouse IL-13
(1:1000 dilution, Abcam) primary Abs for detection. Expression levels
were normalized with an internal reference (B-actin).

Macrophage depletion and CD42 mediated depletion of MKs
For macrophage depletion, clodronate liposomes (YEASEN Inc,
Shanghai, China) were injected into WT (C57/6]) and c-mpl™ mice at
48 h before particle administration through i.v. and o.p.a. routes to
clear interstitial and alveolar macrophages”, respectively. In brief,
5mg/kg body weight clodronate liposome (from Vrije University
Amsterdam) with the volume of 150 pL and 30 pL was administered
into those mice. The same amounts of PBS-laden liposomes (YEASEN
Inc) were administered for control mice. For the depletion of lung
MKs, WT (C57/6]) mice were injected with 2 ug/g of anti-CD42 Abs
or Isotype IgG (BioLegend) via i.v. route, according to the previous
study™.

Evaluation of platelet activation and coagulation function

To access the activation of platelets, the expression of surface marker
CD62p inisolated platelets was examined. Briefly, using sodium citrate
anticoagulation tube (3.8% wt/vol, Sigma-Aldrich), blood of exposed
mice was diluted with PBS at 1:4000 in volume, and stained with PE-
conjugated anti-mouse CD41 and APC-conjugated anti-mouse CD62p
Abs to detect the number of activated platelets within 1.0 x 10° plate-
lets through flow cytometry.

For ex vivo adhesion assay, PRP was obtained from CB-exposed
mice. Then, 200 pL volume PRP was stimulated with 2 U thrombin
(Merck, USA) for 5min before being incubated with collagen for
20 min®. After washing with D-Hank solution (Solarbio) to remove
non-adhered platelets, platelets on collagen were imaged by an optical
microscope (Olympus), and >15 random fields of view (40x) were
analyzed using Image ] software to count adhered platelets.

For analysis of coagulation function of platelets collected from
medium of CB-treated Dami-MKs. Platelets normalizing to 1.0 x 10° per
sample were stimulated with thrombin (Merck) before being incu-
bated with collagen. More than 15 random fields of view (40x) in each
group were imaged and analyzed. Whole blood from mice with or
without particle treatment was measured with an automated coagu-
lation analyzer (Lepu, China) for clotting time. Mouse tails were cut
5mm from the tip and immersed in saline at 37 °C, and bleeding time
was defined as time from the start of the bleeding until the end of
bleeding.

The morphology and phagocytosis of platelets by Scanning
electron microscope (SEM) and TEM

PRP collected from CB-exposed mice was first fixed in 2.5% glutar-
aldehyde overnight at 4 °C, then rinsed with phosphoric acid solution,
and further fixed with 1% osmic acid solution for 2 h. Platelets were
orderly dehydrated with graded ethanol solution (30-100%; v/v), a

mixture containing alcohol, isoamyl acetate and pure isoamyl acetate.
Sections of platelets were prepared and examined using a high-
resolution SEM (JEOL JSM-6510, Japan), as described®.

For phagocytosis assay, 1.0 x 10° platelets in PRP were incubated
with 60 pg/mL PSs (0.08, 0.2 and 2 um diameter) at 37 °C for 30 min,
and then washed 3 times with D-Hank solution to remove surface-
adhered PSs. Platelets were subsequently pelleted by centrifugation
(1.5x10%g, 10 min), followed by cell fixation and staining before TEM
examination.

In vivo labeling and visualization of platelet production by live-
cell imaging and flow cytometry

Isolated MKs were pretreated with Cy5-PSs and further cultured for 24-
48 h. Before imaging, MKs were subjected to cell membrane staining.
Super-resolution Olympus IX-83ZDC live-cell imaging system (Olym-
pus) was used for dynamic imaging of cells following nuclei staining
with 0.1% Hoechst 3334 (Invitrogen). To capture the detailed cellular
process of thrombocytopoiesis, images of MKs cultured in microscope
incubation (Olympus) at 37 °C and 5% CO, were taken every 3 min for
30 min. Pulse-labeling targeting exiting circulating platelets was per-
formed by injection of PE-labeled anti-CD41 Abs (0.1 pg/g, 100 puL
endotoxin-free and sterile saline) into C57/6 ] mice through i.v. route.
Platelets negative for PE signal within 24 h were considered as newborn
platelets.

MK transplant and biodistribution of MK-derived platelets
Donor MKs were isolated from the lung of PF4-mTmG mice, and then
treated with 1 pg/mL Cy5-PSs (0.2 um) for 12 h. After washed with PBS
gently for 3 times, 1.0 x 10° lung MKs in 50 uL volume of PBS were
delivered into the lung of c-mpl” recipient mice via a 20-gauge
catheter™. In MK replenishment experiment, 2.0 x10° isolated MKs
were transferred into c-mpl”™ mice by o.p.a. 2 days before exposure
with 2 mg/kg body weight CB particles. To investigate whether plate-
lets could transport particles, platelets (CD41'GFP*DAPI") from the
peripheral blood of PF4-mTmG mice were collected. Next, 1.0 x10’
platelets (equivalent to the number of platelets produced by 1.0 x10°
MKs) and 50 ng Cy5-PSs (equivalent to the content of PSs engulfed by
1.0 x10° MKs) were mixed and transplanted into the lung cavity of
c-mpl”™ mice. Lung, liver, spleen and kidney in above experiments
were harvested, and then were sliced into sections for fluorescent
imaging following an established method®®. To confirm whether Cy5-
PSs could be delivered from the lung to extrapulmonary tissue through
EVs, EVs were detected by immunofluorescence staining with anti-
mouse CD63 Abs (1:100 dilution, Abcam) and Cy3-conjugated
secondary Abs.

Assessment of particle content by ICP-OES and fluorescence
intensity analysis

After 72 h of SiO, exposure, the lung, liver, kidney, spleen and per-
ipheral blood from mice were collected and digested with acid liquid
(HNO3, H,0, and HF at a volume ratio of 3:1:1). The content of SiO, in
each organ was measured by ICP-OES, following a standard protocol®.
For quantification of particle fluorescence, the frozen lungs from Cy5-
PSs treated-mice were sectioned into 5 pm slices and imaged for entire
lung lobes using 3DHISTECH. The fluorescent intensities of particles
on Cy5 channels were quantified, with each data point representing the
average of 10-15 random fields of view per animal.

RNA-seq analysis

Due to the small number of resident MKs, isolated 2.0 x10° CD41" MKs
from each lung were pooled together with these cells from 3 lungs. Total
RNAs were extracted from the collected MKs using RNeasy Mini Kit
(Qiagen, German) designed for small numbers of cells. The quality and
purity of total RNA were evaluated by Agilent 2100 Bioanalyzer system
(Agilent Technologies, CA, USA). Then, 2 ng RNA was subjected to RNA-
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Seq analysis on the DNBSEQ platform (Shenzhen, China)®’. Each sample
produced an average of 6.67 grams of data. The average comparison
rate of the genome was 93.36% and the average comparison rate of the
gene set was 75.60%, suggesting high sequencing quality and sequen-
cing depth sufficient for transcriptome coverage. The typical MK
markers were referenced in CellMarker 2.0 (http://bio bigda-
ta.hrbmu.edu.cn/ CellMarker or http://117.50.127.228/CellMarker/). For
differentially expressed genes in MKs, data were mapped to the known
mRNA library and were further analyzed by using Metascape (http://
metascape.org/) and DAVID 6.8 (https://david.ncifcrf.gov/).

Statistics and reproducibility

Experiments were repeated 3 times independently with similar results.
Comparisons of experimental data were analyzed using SPSS statistical
17.0 software (SPSS, Chicago, USA). Two group comparisons were
performed by two size student’s-test, while three or more groups were
performed by one-way ANOVA. The statistical significance of enrich-
ment analysis was determined by using one-side Fisher’s exact test
with Benjamini-Hochberg correction. Two-tailed Wilcoxon rank-sum
test was used to calculate P-value in Volcano plot. For regression
analysis, these 2 parameters from ICP-OES and RFI quantification were
performed using logistic regression analysis to calculate regression
coefficients and P-value. For fluorescent image analyses, 3-6 randomly
fields of each view from one individual mouse were quantified and
averaged to represent the value for that mouse. Data are presented as
the mean values of three independent experiments +SEM. Statistical
significance was set at P<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA-seq data have been submitted to the Sequence Read Archive:
SRX18463902, SRX18463901, SRX18463900, SRX18463899,
SRX18436229, SRX18436228, SRX18436227, SRX18436226,

SRX18436225 and SRX18436224. All other data supporting the findings
of this study are available within the article and its supplementary
information files. Source data are provided with this paper.

Code availability
No code or mathematical algorithm was used. The paper does not
report the original code.
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