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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) transition metal dichalcogenides (TMDs), such as molybdenum disulfide (MoS;) and
2D materials tungsten disulfide (WSy), have attracted considerable interest in biomedicine due to their unique combination of
Transition metal dichalcogenides physicochemical properties. The effect of nanomaterials on immune cells and their biodistribution are critical
hflmune profiling aspects of their clinical translation. However, understanding the interactions of these emerging 2D nanomaterials
Single-cell mass cytometry . N . ..
Imaging mass cytometry with the complex pool of peripheral blood mononuclear cells (PBMCs) at the single-cell level and their in situ
Ton beam imaging by time-of-flight localization in the main organs still needs to be discovered, preventing their translation in medical settings. Here,
we report in-depth immune profiling of water-based and defect-free 2D formulations of MoS; and WS, through
the simultaneous label-free tracking of their immune cell interactions, both ex vivo in human PBMCs and in vivo
in mice by high-dimensional analytical approaches, as well as their biodistribution. For comparison, we studied
graphene, the hitherto most explored 2D material for biomedical applications. First, we assessed the impact at
the protein and gene level by multiplex protein arrays and RNA sequencing, demonstrating a very modest effect
of MoSy and WS; on immune cell functionality compared to graphene. Then, a single-cell view of the effects of
MoS; and WS, on 16 primary human immune cell types in terms of viability and functionality was obtained by
single-cell mass cytometry by time-of-flight (CyTOF). We explored over 30 markers looking at multiple cell
parameters. Finally, we present evidence that MoS, and WS, are visible, without the need for labeling, at the
single-cell and tissue level by CyTOF, imaging mass cytometry, and multiplexed ion beam imaging by time-of-
flight (MIBI-TOF). In particular, MoSz and WSy could be detected in the molybdenum (95Mo) and tungsten
(189-186y) channels, respectively, which are not used for commercial mass cytometry tags, allowing for the
simultaneous interrogation of a wide variety of biological parameters ex vivo and in vivo following intravenous
administration of the TMDs. Indeed, we demonstrated the accumulation of TMDs in the main organs by MIBI-
TOF and they could also be identified in specific immune cell subsets by CyTOF. Among the two TMDs stud-
ied, WS, exhibited the highest brightness and signal intensity in all the cell subpopulations and tissues analyzed.
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In conclusion, we identified TMDs as immune-compatible nanoplatforms, traceable at the single-cell and tissue
(sub-organ) levels, thus opening up new perspectives for their exploration in biomedicine.

Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) [1],
such as molybdenum disulfide (MoSy) and tungsten disulfide (WSy), are
a new class of inorganic graphene-like nanomaterials [2]. The intriguing
physical and chemical characteristics of TMDs have led to the rapid
development of research on these emerging materials for promising
applications in biomedicine, including drug delivery, tissue engineering,
cancer therapy, and bioimaging [3-6]. Assessing the biosafety profiles of
nanomaterials is critical to take advantage of their potential in
biomedicine [5,7,8].

Previous studies have shown that MoS; and WS, have greater
biocompatibility compared to pristine graphene and its analogs [9] even
though aggregated MoS; exerted higher cytotoxicity when compared to
2D MoS; [10,11]. Despite these initial studies, there is a lack of
knowledge on the impact of TMDs ex vivo on the complex pool of pri-
mary blood immune cells [12-16]. In fact, so far, most of the studies
were carried out only on one immune cell type at a time or using
immortalized cell lines. Therefore, before their biomedical application, a
thorough evaluation of their toxicity and immune profiling are
mandatory.

In this context, we have recently found that MoS; triggered trained
immunity in primary human macrophages through epigenetic and
metabolic pathways, without any signs of cytotoxicity [12]. Lin H. et al.
demonstrated that MoS, exerted little toxicity towards macrophages,
even though it could trigger cell stress and inflammation [13]. Similarly,
MoS; showed no toxicity in dendritic cells [14] and RAW 264.7 cells
after their internalization, but a strong pro-inflammatory and
pro-fibrogenic response was induced by aggregated MoS; in THP-1 cells
[16]. Others have shown that PEG-functionalized MoS, sheets induced
cytokine secretion in murine macrophages [17], while few-layered MoS,
enhanced dendritic cell (DC) maturation and T cell stimulation [18]. On
the other hand, WSy could trigger macrophage activation indirectly
through the induction of reactive oxygen species production in neigh-
boring lung cells [19].

Immune cell interactions are pivotal in driving future TMD appli-
cations. Indeed, TMDs demonstrated promising applications in photo-
thermal therapy showing interactions of the materials with immune cells
in the tumor microenvironment. In particular, multifunctional MoS,-
based nanotools for antitumor immunotherapy could directly trigger
host immunity by activating the antigen-specific T cells [20] and, when
functionalized with cytosine-phosphate-guanine, the nanoplatform
could stimulate the production of proinflammatory cytokines, remark-
ably triggering the immune response [21]. A reduction of cancer cell
proliferation when co-cultured with a macrophage-like cell upon
near-infrared irradiation was also observed. These studies were all car-
ried out using a single immune cell type (mostly macrophages) while
here we assessed their impact on up to 16 immune cell types. Further-
more, different results can be attributed to the starting physicochemical
properties of the TMDs, as each preparation method gives nanosheets
with different lateral size and thickness distributions as well as charge
and surface chemistry, making the comparison between different studies
very challenging. In addition, there is a lack of knowledge concerning
the immune impact of both MoS; and WS, compared to graphene. Filling
this knowledge gap will be fundamental to advance in their biomedical
translation.

Therefore, there is an unmet need for a systematic and comprehen-
sive approach, based on well-characterized 2D materials, addressing the
complex pool of primary human immune cell subpopulations that exist
in the blood. Furthermore, the detection of TMDs in cells and tissues
with the simultaneous interrogation of several biological and

immunological parameters is required to significantly expand their po-
tential biomedical applications. These scientific needs can be met only
by novel high-dimensional approaches, such as single-cell mass cytom-
etry by time-of-flight (CyTOF), imaging mass cytometry (IMC), and
multiplexed ion beam imaging by time-of-flight (MIBI-TOF). CyTOF
represents one of the most powerful tools available for immune phe-
notyping. This technology relies on mass cytometry to detect metal
element-tagged antibodies based on their mass/charge ratio (m/z), with
minimal overlap or background noise [22], thus increasing multiplexing
capabilities, specificity, = and  sensitivity = over = common
fluorescence-based approaches such as flow cytometry and fluorescence
imaging [23]. While CyTOF only applies to cells in suspension, IMC [23,
24] and MIBI-TOF [25] are imaging platforms that similarly use
elementally labeled probes to measure dozens of molecular parameters
at single-cell resolution in situ. These three systems are unique in
revealing a multitude of biological information in-depth and at a
single-cell level, on several immune cell types and tissues, and could
therefore provide new knowledge on TMDs.

CyTOF was previously applied to study Ag nanoparticle [26] uptake
and for the detection of functionalized graphene [27]. We introduced
this technology to detect label-free 2D transition metal-based materials
(MXenes) at the single-cell level to reveal their interactions with the
immune cells [28]. The understanding of the specific effects of nano-
materials on the different immune cell subpopulations is critical not only
for their safety but also for the development of new advanced biomed-
ical strategies. For instance, in the case of MXenes, Yan W et al.
demonstrated that the materials could reduce the activation of alloge-
neic lymphocytes, highlighting their potential in the treatment of allo-
graft vasculopathy and inflammatory diseases [29]. However, these
high-dimensional methods have not been used to study TMDs, and
their label-free in vivo tracking has never been shown before.

Here, we report in-depth immune profiling, label-free detection, and
biodistribution of water-based and defect-free formulations of MoS, and
WS, ex vivo and in vivo (Fig. 1). Graphene (G) formulation, prepared
with the same method [30,31], was also tested as a reference material.
Initially, we evaluated the immunocompatibility of MoS; and WS, ex
vivo on human macrophages and peripheral blood mononuclear cells
(PBMCs) and explored their impact on this complex pool of primary cells
at the protein and gene level by multi-plex array and next-generation
sequencing. Subsequently, our single-cell analysis dissected the exten-
sive functional heterogeneity of the immune cell interactions of TMDs by
simultaneously analyzing sixteen immune cell subpopulations ex vivo
with CyTOF and IMC [32]. Then, we took advantage of MoS2 and WS,
transition metal-based composition to detect the materials at the
single-cell and tissue levels by CyTOF, IMC, and MIBI-TOF. In fact, while
graphene requires laborious functionalization to enable its detection
within the mass cytometry range of 75-209 Da [33,34], which could
affect the material biocompatibility and biodistribution, we demon-
strated that MoS; and WS, are visible by CyTOF as they allowed mass
detection without the need for functionalization, in the molybdenum
(95M0) and tungsten (180-186yy channels, respectively. Therefore, we
could detect the materials at the single-cell level in sixteen different
primary human immune cell subpopulations by CyTOF and IMC, at the
same time interrogating several biological parameters. Finally, we per-
formed a pilot study in mice and revealed material biodistribution at the
single-cell and tissue levels in the main organs by MIBI-TOF upon i.v.
injection. This novel approach, allowing for the label-free detection of
the materials at the single-cell and tissue levels, is expected to open up
exciting new possibilities for TMDs in biomedicine.
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Fig. 1. Workflow of the study. Schematic representation for MoS, and WS, detection in cells and tissues using mass cytometry-based detection of stable isotope
masses from 75 to 209 Da. i) Study workflow showing basic biological characterization of TMDs on whole blood and peripheral blood mononuclear cells. The impact
of TMDs was assessed ex vivo on 16 human immune cell types by single-cell mass cytometry and imaging mass cytometry. Graphical representation of all metal tags
used for single-cell mass cytometry experiments assessing immune cell phenotyping markers (pink box), viability, palladium-based barcoding (orange), and DNA
staining. MoS, and WS, were detected in the 95Mo and '82W channels, respectively. ii) TMD in vivo testing from biodistribution to in vivo cell interactions by single-
cell mass cytometry and multiplexed ion beam imaging.
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Results and discussion
Physicochemical characterization of G, MoS,, and WS,

Water-based and defect-free G and TMDs formulations were pre-
pared by liquid-phase exfoliation via non-covalent functionalization
with 1-pyrenesulfonic acid sodium salt, as previously described [30,31].
The physicochemical properties of all materials have been fully char-
acterized (Fig. Sla-g, Table S1h). Both G and TMD formulations were
defect-free and had the same surface charge type (negative) and chem-
istry, being produced by non-covalent functionalization with the same
type of stabilizer [35]. However, G and the TMD nanosheets had
different size and thickness distributions (Table S1h). In particular, G
nanosheets, had a lateral size of ~ 170 nm, and an average thickness of
~ 6 nm, while MoS, and WS, had a lateral size of ~ 40 and ~ 50 nm,
respectively, and a thickness between 4 and 7 nm [36]. AFM images and
further information on surface topography can be found in Ref. 36.
Assuming a thickness of 1-1.5 nm for a single layer, and taking into
account the adsorbed stabilizer on both sides of the nano-sheet [36], the
average number of layers was between 3 and 7, in good agreement with
TEM results [37,38].

Care was taken to ensure that the materials were endotoxin-free as
this may otherwise confound the results, particularly when analyzing
their impact on the immune system [12]. To this end, the materials were
evaluated for potential endotoxin contamination by the TNF-a expres-
sion test (TET) [39,40]. The TET assay is based on TNF-u expression in
primary human monocyte-derived macrophages (HMDMs) exposed to a
sub-cytotoxic concentration of the tested materials in the presence or
absence of the endotoxin inhibitor, polymyxin B sulfate (Poly-B). The
obtained results demonstrated that all materials were endotoxin-free
(Fig. S1i). To determine the sub-cytotoxic concentration for endotoxin
contamination testing, HMDMs were exposed to different concentra-
tions (1-100 pg/mL) of G, MoS,, or WSy for 24 h, and cell viability was
evaluated by the LDH assay. As shown in Fig. S2a-¢, no toxicity was
observed in cells exposed to the 2D materials up to 100 pg/mL. Our data
align with previous findings showing that TMDs did not affect the cell
viability of murine macrophages [41]. Besides enabling endotoxin
detection, the TET assay is also suggested as a suitable method for
assessing the intrinsic inflammogenic properties of nanomaterials [39].
In this regard, the TET analysis revealed that neither G, MoS,, or WS,
triggered any pro-inflammatory TNF-a secretion in primary human
macrophages (Fig. S1i).

We also evaluated the ability of G, MoS,, and WS, to trigger the
production of interleukin (IL)-1p, a hallmark of inflammasome activa-
tion, in HMDMs with or without priming with bacterial lipopolysac-
charide (LPS) [42]. To this end, HMDMs were pre-incubated for 2 h with
zVAD-FMK or MCC950, specific pan-caspase, and NLRP3 inhibitors,
respectively, followed by 24h exposure to the intermediated
sub-cytotoxic concentration of 25 ug/mL of G, MoS,, or WS,. None of the
2D materials elicited IL-1p production in non-primed cells (Fig. S2d-f).
LPS alone prompted IL-1p release, while no increase in IL-1$ production
was noted in LPS-primed cells treated with the 2D materials compared to
primed cells.

Internalization of TMDs in primary human macrophages cultured ex vivo

To investigate the material-cell interactions, we performed trans-
mission electron microscopy (TEM) analysis after exposure of HMDMs to
25 ug/mL of G, MoSy, or WS, for 24 h. All the materials were readily
internalized with no ultrastructural signs of cell death. They were found
either as tightly packed "bundles’ in the cytoplasm or large cytoplasmic
vacuoles, while none were found in the cell nucleus (Fig. S3). In
particular, WS, and MoS; were mainly located in large vacuoles, as seen
in Fig. S3d-i. On the other hand, G did not appear to trigger the for-
mation of such vacuoles but rather ’bundles’ of material dispersed
throughout the cytoplasm (Fig. S3a-c). No signs of autophagic vacuoles
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were seen. Our results align with previous studies demonstrating the
uptake of MoS; by human monocyte-like THP-1 cells and murine
macrophage-like RAW264.7 cells [41,43].

Biocompatibility and immunocompatibility of TMDs

Macrophages are tissue-resident cells. To deepen our understanding
of the immunological impact of TMDs, we evaluated their effects on the
complex pool of human PBMCs present in the blood. As observed for
HMDM:s, both MoS, and WS, were successfully internalized by PBMCs
(Fig. 2a) and found in large aggregation and giant vacuoles inside the
cells. The uptake of TMDs did not impair cell integrity, and no ultra-
structural signs of autophagy or cell death were observed. We then
explored the impact of the materials on cell viability. PBMCs were
exposed to different concentrations (25-100 ug/mL) of G, MoS,, or WS,
for 24 h, and the percentage of dead cells was evaluated by flow
cytometry. As observed for HMDMs, the materials did not impact the cell
viability of total PBMCs at any concentration tested (Fig. 2b-d and
Fig. S4). Taken together, these results are in agreement with the limited
data available in the literature so far, showing that MoS,- and WSz-based
materials do not induce cytotoxic effects in human cell lines [30,44], nor
in primary murine bone marrow-derived dendritic cells [10,18], or
primary HMDMs [20] (and the present study, see above).

Multiplex-based arrays for cytokine profiling of PBMCs exposed to TMDs

Subsequently, to further investigate the immune impact of the ma-
terials, we exposed PBMCs to 50 ug/mL of G, MoS, or WS, for 6 and
24 h and applied a multi-plex array for the detection of a comprehensive
panel of forty secreted cytokines and chemokines. As positive controls,
cells were exposed to concanavalin A (ConA, 10 pg/mL) or LPS (2 pg/
mL). Heat maps represent the median expression values of the inflam-
matory mediators analyzed in the pool of PBMCs after treatment with
the materials (Fig. 3 and Table S1). Individual cytokines were colored
according to z-scored normalized value (blue = down-regulated, yellow
square = unmodulated cytokines, red = up-regulated cytokines). Cor-
responding fold regulation and p-value are also reported. The obtained
results showed that G significantly triggered the release of almost all the
analyzed cytokines, inducing an effect comparable to that of the positive
controls LPS and ConA. On the contrary, MoS; and WS, had a limited
impact, significantly increasing only a few of the selected inflammatory
mediators. Overall, MoS; exerted a higher effect than WS,. In detail,
MoS; and WS, enhanced the production of 13 and 1 cytokines, respec-
tively. The two materials also showed a suppressive effect, inhibiting the
release of 4 and 1 cytokines, respectively. In particular, significant
production of C-X-C motif chemokine ligand (CXCL)1, CXCL2, and
CXCLS8, as well as C-C motif chemokine ligand (CCL)7, CCL8, CCL13,
CCL19, CCL21, CCL25, and CCL26 was found following MoS; treatment,
but to a lesser degree than for the G-exposed samples. MoS; also exerted
a moderate pro-inflammatory effect substantiated by the increase of
monocyte/myeloid chemoattractant protein CCL2, MI, CXCL8, and
CXCL1. In addition, the production of interferon (IFN)y, a primary
activator of macrophages, was significantly increased only by MoS; and
not by WS,. Interestingly, MoS; significantly inhibited the production of
CXCL10, CCL22, and CCL11, consistent with a reduction of the innate-
adaptive immune response crosstalk [45,46]. On the other hand, WS,
appeared to have an overall neutral effect, significantly increasing only
the production of monocyte chemoattractant protein CCL2. However,
also in this case, MoS; exerted a higher increase of this chemokine than
WS,. Similarly, WS; also had a limited suppressive effect inhibiting only
the chemokine (C-C motif) ligand (CCL) 24 (CCL24), an eosinophil
chemotactic protein. The secretion of IL-6, TNFa, and IL-1p remained
unchanged, as reported previously in human bronchial epithelial cells
[47]. On the other hand, previous studies have reported the increase of
the same pro-inflammatory cytokines after TMD interaction with murine
macrophages and DCs [17,18,48]. This difference in the immune
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Fig. 2. Analysis of cell viability on PBMCs. a) Representative TEM images of MoS, and WS, interactions with PBMCs. Cells were incubated with MoS; or WS,
(50 pg/mL) for 24 h. Arrows in higher magnification micrographs indicate internalized MoS, and WS,. As shown in the panel, the representative images depict large
aggregation and giant vacuoles inside the cells. Scale bars: 0.5, 1, and 2 um. b) PBMCs were treated with different concentrations (25, 50, and 100 pg/mL) of G,
MoS,, or WS, for 24 h or left untreated (Unt). EtOH 70 % was used as a positive control. PBMCs were stained with live/dead Zombie Green dye, and cell death was
evaluated and expressed as % of positive cells. c-d) Dot and histogram plots showing positivity for Zombie Green staining in PBMCs treated with G, MoS,, or WS, (25,
50, and 100 pg/mL). Data are presented as mean =+ SD of three independent samples. Comparison between groups was performed by one-way ANOVA, followed by
Tukey’s post hoc multiple comparison.
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Fig. 3. Cytokine analysis on human peripheral blood mononuclear cells (PBMCs). Hierarchical cluster analysis of inflammatory mediators released by PBMCs
treated with 50 pg/mL of G, MoS,, or WS, for 24 h performed by Luminex assay. As positive control, cells were exposed to ConA (10 pg/mL) and LPS (2 pg/mL).
Association clusters for samples are represented by dendrograms at the top of the heat map. Heatmaps (left panel) represents the z-score of the Log, concentration for
each cytokine. The right panels display the Log, Fold Change of each experimental conditions as compared to negative controls (Ctrl) and the corresponding negative
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cut-off (FDR < 0.05); z-score range for color coding was set between +2 and —2 (blue = down-regulated cytokines, negative z-score; red = up-regulated cytokines,

positive z-score). Three independent samples were analyzed for each sample group.

response may be due to the different cell models and to the biocom-
patibility of our water-based formulations of 2D materials.

Next-generation sequencing of PBMCs exposed to TMDs

To investigate the molecular mechanism underlying the observed
immune modulation exerted by the 2D materials, we evaluated their
effect on genome-wide expression changes by next-generation
sequencing (RNA-seq). To this end, PBMCs were exposed to 50 ug/mL
of G, MoS;, or WS, for 24 h or left untreated, and RNA was subjected to
3’ mRNA sequencing following a sensitive and unbiased approach
(Fig. 4 and S5). We performed principal component analysis on all
analyzed transcripts (N = 19,959). We found that G- and TMD-treated
samples clustered near the controls but separately from ConA- and
LPS-treated samples, indicating that the investigated materials resulted
in minimal perturbations of gene expression (Fig. 4a). Even with
permissive corrected p-value (FDR) cutoffs, we did not observe genome-
wide changes induced by TMDs. Thus, all 2D materials induced modest
modulation in human PBMCs, affecting the expression of fewer genes
than the positive controls, ConA and LPS. In particular, even if all the

materials displayed similar, modest effects on gene expression, WSy
triggered the lowest number of differentially expressed genes. The
expression of 483, 451, and 184 genes were modulated by G, MoS,, and
WS,, respectively, whereas the positive controls ConA and LPS modu-
lated the expression of 5497 and 1406 genes, respectively (FDR <0.05)
(Fig. 4b). For functional predictions, we first used Venn diagrams to
identify genes whose expression regulation was specific to one of the
three 2D materials, as well as genes whose expression regulation was
observed in two or three conditions. We found 289, 343, and 100 genes
that were up-regulated by G, MoSz, and WS,, respectively. Down-
regulated genes were analyzed similarly, revealing 194, 108, and 84
genes specifically repressed by G, MoS, and WSy, respectively (Fig. 4c).
List of all differentially expressed genes (FDR < 0.05) was used to plot a
heatmap. It is notable that the ConA-treated samples clustered sepa-
rately in the heatmap, suggesting a distinct response, while LPS- and G-
exposed samples were clustered together. MoS; and WS, samples, on the
other hand, were found to be clustered together with the untreated
control samples, confirming that these materials induce minimal
changes in the gene expression (Fig. 4d). Furthermore, pathway-
enrichment analyses on differentially expressed genes (FDR < 0.05)
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Fig. 4. Gene expression by m-RNA seq on human peripheral blood mononuclear cells (PBMCs). PBMCs were treated with 50 ug/mL of G, MoS,, or WS, for
24 h. a) Principal component analysis based on the PBMC full normalized RNA-seq gene expression matrix. b) Numbers of differentially expressed genes based on
different cutoffs of p-adjusted FDR value between experimental conditions and control. ¢) Venn Diagram of differentially expressed genes using FDR < 0.05. d) Gene
expression analysis by mRNA-Seq. Heatmap of all differentially expressed genes between ConA, LPS, G, MoS,, or WS, vs. control using FDR < 0.05.

showed that G induced more pronounced immune perturbations as
compared to MoSy and WS; (Fig. S5). In particular, the overall immu-
nological effect of WS, was negligible, consistent with the multiplex
cytokine profiling data. Conversely, MoS, induced the activation of
pathways implying monocyte-myeloid activation such as pathogen-
induced cytokine storm (top-upregulated pathway), phagosome forma-
tion, granulocyte adhesion and diapedesis, and leukocyte extravasation
signaling. Another central myeloid pathway activated by MoS, was
TREM-1 (Triggering receptor expressed on myeloid cells-1). TREM-1 is a

positive regulator of CXCL8 (IL8) production [49]. This is consistent
with what was observed by cytokine profiling, which demonstrated
increased secretion of CXCL8 in MoS,-treated PBMC (Fig. 3).

Overall, the gene-level effect of TMD analysis using RNA sequencing
is coherent with the observed cytokine profiling. In detail, while G-
exposed samples induced an effect comparable to that of the positive
controls at the protein and molecular levels, MoS,; and WS, exerted a
limited impact in both analyses, significantly modulating only a few
inflammatory mediators and pathways. In particular, among the
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pathways mainly affected by MoS; we observed the TREM1 signaling
that amplifies TLR-induced inflammation, the complement system, and
the differential regulation of cytokine production in macrophages and T
helper cells. These findings are in line with the MoS;-induced inhibition
of inflammatory mediators (CXCL10, CCL22, and CCL11) consistent
with a suppression of the innate-adaptive immune response crosstalk. In
addition, MoS; had a significant impact on the genes involved in the
inflammasome pathway, in line with the upregulation of monocyte/
myeloid activators observed in the analysis of inflammatory mediators
modulated by this material, in particular of monocyte/myeloid che-
moattractant protein CCL2, MI, CXCL8, and CXCL1 as well as IFNy, a
primary activator of macrophages.

TMD modulation of Mo-dependent enzymes

Unlike tungsten (W), molybdenum (Mo) is a bioavailable element,
constituting the active sites of four mammalian enzymes that utilize Mo
as a cofactor (Moco) [50]. Therefore, to better understand the mecha-
nisms underlying the biological interactions of MoSy, it is important to
evaluate its potential biotransformation that could provide cofactors for
these enzymes. In fact, this could lead to increased activity of sulfite
oxidase, mitochondrial amidoxime-reducing component, aldehyde oxi-
dase, and xanthine oxidoreductase, with consequences on a diversity of
biological processes require redox reactions dependent on these en-
zymes such as cell stress response and mitochondrial respiration.

Recently, it has been reported that the biotransformation of MoS,-
based nanodots leads to the incorporation of Mo into Mo-dependent
enzymes [51]. We recently reported the bioavailability of MoS,
following the uptake of the 2D nanosheets in macrophages as proven by
the upregulation of genes encoding Mo-dependent enzymes and genes
involved in the Moco biosynthetic pathway [12].

The bioavailability of Mo in macrophages triggered the Moco
biosynthetic pathway with the upregulation of MOCSI1, MOCS3, and
GPHN genes [12]. Furthermore, MoS; significantly induced the
expression of the four mammalian Mo-dependent enzymes AOX1, XDH,
SUOX, and MARCI, confirming the Mo bioavailability upon uptake of
MoS; in macrophages [12]. On the other hand, in cells treated with WS,
no changes were observed in genes involved in the Moco pathway, thus
confirming that the modulation of the pathway was specific for Mo [12].

In PBMCs, however, the effect of MoS; on genes involved in Moco
biosynthetic pathway and genes encoding Mo-dependent enzymes
appeared to be less evident and specific than what was observed in
macrophages. In fact, only a non-statistically significant increase of
MOCS3 (Moco biosynthetic pathway) and SUOX a (Mo-dependent en-
zymes) was observed after incubation with MoS,, which was however
also observed after WSy, (Fig. S6).

Label-free detection of TMDs in sixteen human primary immune cell types

A critical aspect of expanding the biomedical applications of nano-
materials is their detection in cells and tissues. Therefore, having
established the biocompatibility of the investigated TMDs, we evaluated
their possible label-free detection by exploiting high-dimensional tech-
nologies. To this end, we explored the potential detection of MoSy and
WS, using CyTOF while dissecting their immunological effects on indi-
vidual cells through this high-dimensional technology. The specific
atomic masses of the 2D materials selected in this work enabled mass
cytometry detection of MoSy and WS, in the molybdenum (°®Mo) and
tungsten (*89-18W) channels, respectively. We included G as a control,
as this carbon-based material cannot be detected by CyTOF. PBMCs were
exposed to 50 ug/mL of MoSy or WS, for 24 h. Sixteen distinct immune
cell subpopulations were identified according to the expression profile
of several clusters of differentiation (CD) markers on the surface of
immune cells (Fig. S7 and table S2). The two TMDs were compatible
with the commercial (metal-tagged) antibody panels used for the
immune-phenotyping and immune functionality evaluation. We chose
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the intermediate sub-cytotoxic concentration of 50 ug/mL and the 24 h
time-point based on the results obtained by flow cytometry (Fig. 2b-
d and Fig. S4a and b) and to avoid the saturation of molybdenum and
tungsten intensity while still ensuring noticeable changes in cellular
signaling, according to our previous experience with 2D materials
belonging to the graphene family [27,33,34]. We performed computa-
tional tSNE analysis as previously described [27,33]. The tSNE plots
(Fig. 5a and S8), heat maps (Fig. 5b and c¢), and bar graphs (Fig. 5d-f)
describe that both TMDs were naturally visible at the single-cell level
and interacted with a wide number of immune cell subpopulations as
indicated by the percentage of TMD positive cells (Fig. 5f). Of the two
materials, WSy had the strongest signal and showed extensive interac-
tion with all the PBMC subsets identified (Fig. 5c, e, and f). In partic-
ular, monocytes (classical and non-classical), DCs (monocytoid and
plasmacytoid), and B cells (naive, memory, and plasma B cells) showed
the most prominent interactions with WSy. Similarly, these sub-
populations were the central immune subsets able to interact with MoSy,
albeit to a lesser extent (Fig. 5b, d, and f). Moreover, the single-cell
analysis by cisplatin staining showed no signs of cell death induced by
materials, demonstrating high biocompatibility of MoS; and WS, to-
wards all the 16 cell subpopulations analyzed, regardless of the extent of
interaction (Fig. S9 and S10). In addition, to support the cellular inter-
action data of CyTOF, we evaluated TMD interaction and detection by
IMC on PBMCs after exposure to 50 pg/mL of MoS; or WS, for 24 h
(Fig. 5g). The materials were successfully identified by IMC, and their
signals were mutually exclusive with that of DNA, thus indicating that
they did not localize to the cell nucleus. Similar to the CyTOF analysis,
WS, showed a higher signal intensity than MoS; (Fig. 5g).

In vivo label-free detection of TMDs in intact tissues and in all immune cell
subsets

Finally, we examined whether high-dimensional technologies could
also be applied to study TMDs in vivo. To this end, mice were exposed to
a mixture of the two TMDs, and the single-cell and tissue levels were
studied using CyTOF and MIBI-TOF techniques (Fig. 6a, Table S3 and
S4). We intravenously (i.v.) injected C57BL/6 J male mice with 20 mg/
kg of a mixture of the TMDs (MoS; and WSy) (Figs. 6, 7, and $11). Both
materials were easily detectable by multiple single-cell staining and at
the tissue level. At 24 h post-intravenous injection, MoSy and WS, were
still detectable in the liver, lung, spleen, and blood (Fig. 6b-d). In
particular, the liver displayed the highest TMD levels expressed as °>Mo
and 89185 signal intensity, followed by the lung, spleen, and blood
(Fig. 6b). According to the signal intensity deconvolution for each ma-
terial, between the two TMDs, WS, showed the highest signal intensity
in all organs analyzed (Fig. 6¢). As revealed by the TMD mean intensity
(MI) detected in the different immune cell populations analyzed per
organ, the materials were detectable in all cell subsets analyzed, mainly
in cell types with phagocytic activity CD11b" CD11ct and CD11c¢" DCs,
monocytes (classical and non-classical), and neutrophils (Fig. 6d).
Grouped bar plots show the TMD MI for all immune cell subpopulations
identified per organ (Fig. 6e).

Additionally, we conducted MIBI-TOF analysis on mouse organs to
determine whether TMDs could be detected in situ in intact tissues.
Following our previously reported protocols for tissue preparation [25],
we stained the tissues with nine metal-labeled antibodies and visualized
them using MIBI-TOF. As shown in Fig. 7, MoS, and WS, signals were
detected in all the main organs in the molybdenum (°*Mo) and tungsten
(189-186\y channels, respectively, together with the expected antibody
signals. No signs of tissue damage were reported. In the tungsten
channel, the signal was brighter, demonstrating greater sensitivity to
material detection. TMDs were detected mainly in the liver and lungs,
followed by the spleen (Fig. 7).

Our results align with a recent study demonstrating that MoSy
nanodots complexed with albumin were visible in the same organs by
inductively coupled plasma mass spectrometry after 24h [51].
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Fig. 7. In vivo biodistribution of TMDs in tissues. MIBI-TOF imaging of tissues from control and TMDs-injected mice stained with the indicated metal-labeled
antibodies. TMD signal (purple) was detectable across all tissues in the molybdenum (°®>Mo) and tungsten (*8W) channels. Scale bar- 50 um.

However, unlike the latter study, in which a tissue-destructive method
was used to monitor the levels of molybdenum [49], our approach
(using cell suspensions and intact tissues) allowed for the detection of
molybdenum and tungsten at the single-cell level in multiple cell types
and in situ in intact tissues.

Conclusions

The results obtained in this work demonstrate excellent biocompat-
ibility of water-based and defect-free MoS; and WSy, prepared by liquid-
phase exfoliation via non-covalent functionalization with 1-pyrenesul-
fonic acid sodium salt. It is important to note that this study has
addressed the nano-bio interactions of nanomaterials using 16 primary
human immune cells (not transformed cell lines). Indeed, the human
immune system remains our most important model for the study of
human health and diseases [52]. Our functional analysis at the protein
and gene level revealed that MoS; and WS, had a limited effect on im-
mune cell functionality as compared to graphene, the most explored 2D
material for biomedical applications, to date. In particular, among the
two TMDs, WS, had the lowest impact on inflammatory mediators and
differentially expressed genes in PBMCs. Furthermore, our in-depth ex
vivo study at the single-cell level qualifies MoS; and WS, as bio- and
immunocompatible on all the sixteen primary immune cell sub-
populations analyzed. Moreover, we presented evidence that their mass
enables their label-free detection by mass cytometry-based technologies
(CyTOF and IMC) and multiplexed ion beam imaging (MIBI-TOF). The
materials were found to interact with specific immune cell sub-
populations, particularly with monocytes, DCs, and B cells. Among the
two TMDs, WS, exhibited greater brightness and signal intensity in all
the cell subpopulations and tissues analyzed using ex vivo and in vivo
models. In addition, the materials were highly compatible and
non-overlapping with the currently available mass cytometry panels,
including 48 metal-tagged antibodies and palladium-based barcoding
used for CyTOF analysis. Moreover, we used the molybdenum (°*Mo)
and tungsten (*8°186W) channels, not yet explored for commercial mass
cytometry tags. The present study represents a breakthrough in terms of

the non-destructive and label-free detection of TMDs in a complex pool
of immune cells as well as in situ in tissues from exposed animals.

Overall, our findings provide a fundamental understanding of the
biological profile of MoS; and WS,, thus proposing a versatile high-
dimensional strategy to investigate TMD-based nanoplatforms for their
future applications in biomedicine.

Materials and methods
2D material preparation and characterization

Aqueous 2D crystal dispersions were prepared via liquid-phase
exfoliation in water, following the methodology developed in previous
publications [30,37,53]. Briefly, graphite flakes were provided by Gra-
phexel 1td, while bulk molybdenum (IV) sulfide powder (MoS;, 2 pm,
99.0 %), bulk tungsten (IV) sulfide powder (WS,, 2 um, 99.0 %), and
1-pyrenesulfonic acid sodium salt (PS1) (>97.0 %), were purchased
from Sigma-Aldrich. For the preparation of the dispersions, 300 mg of
each powder was added to 100 mL of de-ionized (DI) water, in which
50 mg of PS1 was previously dissolved. The mixture was then sonicated
at 600 W for 7 days using a Hilsonic bath sonicator. Subsequently,
un-exfoliated bulk material was removed by centrifuging the solution
(Sigma 1-14k refrigerated centrifuge) at 3500 rpm (903 g) for 20 min,
and then the supernatant, containing well-dispersed nanosheets in
water, was collected. The excess pyrene molecules were removed by
2-step centrifugation (Sigma 1-14k refrigerated centrifuge) at 15,
000 rpm (16,600 g) for 60 min. After each centrifugation step, the su-
pernatant was removed, and the sediment was redispersed in DI water.
To increase the concentration, a smaller volume of DI water was added
to the sediment after the last centrifugation.

The final concentration of nanosheets in the dispersion was deter-
mined using UV-Vis spectroscopy. The Beer-Lambert law was used to
derive the concentration by assuming an absorption coefficient of
2460 Leglemlat 660 nm, 3400 Leglemlat 672 nm, and 2756 Leg’
lem™! at 629 nm for graphene, MoS,, and WS,, respectively [38,54-57].
A Perkin-Elmer 1-900 UV-Vis-NIR spectrophotometer was used to
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acquire the spectra.

Raman measurements were performed using a Renishaw Invia
Raman spectrometer equipped with a 514.5 nm excitation line and
2.0 mW laser power. Diluted 2D crystal dispersions were dropcast onto
silicon substrates, and measurements were performed on isolated and
individual flakes. The Raman spectra were taken with a 100X NA0.85
objective lens and 2400 grooves/mm grating. The exfoliated 2D crystals
showed characteristic peaks for each 2D crystal (Fig. S1b-d), demon-
strating that no degradation of the 2D crystals occurred during soni-
cation. We remark that Raman spectroscopy cannot provide quantitative
thickness analysis on solution-processed graphene and TMDs.

The statistical lateral size and height distribution of the exfoliated
nanosheets were measured using Atomic Force Microscopy (AFM). A
Bruker Atomic Force Microscope (MultiMode 8) in Peak Force Tapping
mode, equipped with ScanAsyst-Air tips, was used. The sample was
prepared by drop casting the solution on a clean silicon substrate;
several areas of 100 um? were scanned, and about 200 flakes were
selected for lateral size analysis. Lateral dimension and thickness dis-
tributions of graphene nanosheets were carried out using Gwyddion
scanning probe microscopy data processing software. Fig. S1h shows the
average size and thickness for each 2D material. The relation between
the size and thickness of the nanosheets is shown in Fig. Sle-g. We
remark that the thickness measured by the AFM takes into account the
adsorbed stabilizer, which cannot be removed completely by simple
washing. Hence, the number of layers cannot be directly derived by the
measured thickness, and a comparison of thickness values between 2D
materials, which have been produced by using different methods, can be
misleading. Electron microscopy analysis shown in previous works [30]
has demonstrated that LPE assisted by PS1 gives rise to high crystalline
and well-exfoliate flakes.

Human monocyte-derived macrophages isolation and culture

Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats obtained from healthy human blood donors (Karolinska
University Hospital, Stockholm, Sweden) by density gradient centrifu-
gation using Lymphoprep™, as described previously [58]. Then, PBMCs
were positively selected for CD14 expression using CD14 MicroBeads
(Miltenyi Biotech Ltd). To obtain human monocyte-derived macro-
phages (HMDMs), CD14-+ monocytes were cultured in RPMI-1640 cell
medium supplemented with 2 mM L-glutamine, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 10 % heat-inactivated FBS, supplemented
with 50 ng/mL recombinant M-CSF (R&D Systems) for three days.

Cell viability assay

Cells were seeded in 96-well plates RPMI-1640 cell medium at a
density of 6 x 10* cells/well and exposed to nanomaterials for 24 h at
the indicated concentrations or were maintained in cell medium alone
(negative control) at 37 °C in a humidified 5 % CO- incubator. Lactate
dehydrogenase (LDH) release assay was performed for cytotoxicity
assessment using the CytoTox 96® nonradioactive cytotoxicity kit
(Promega). After exposure, 50 uL of culture supernatant were removed
from the cells and loaded onto a 96-well plate. For the measurement of
intracellular LDH, the cells were exposed to lysis buffer at 37 °C for
30 min. Then, 50 uL of the lysis were transferred to a 96-well plate, and
50 uL of the reaction substrate were added to each sample. The forma-
tion of red formazan was read at 492 nm using a spectrophotometer
(Tecan Infinite F200 plate reader, Mannendorf, Switzerland). The per-
centage of cell viability was calculated based on the ratio between the
absorbance of each sample compared with the negative control. The
experiments were performed with at least three individual donors and
three technical replicates for each concentration of each 2D material.
Results were expressed as percentage cell viability versus maximum
LDH release. To control for possible assay interference, the TMDs were
maintained in a cell-free medium and mixed with the reaction substrate
reagent; no interference was observed (data not shown).
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TET assay for endotoxin

Graphene, MoS; and WS, were assessed for endotoxin content using
the TNF-a expression test (TET), which enables unequivocal detection of
endotoxin with a sensitivity comparable to that of the conventional LAL
assay, but without any interference with the assay [39]. In brief, human
monocyte-derived macrophages (HMDM), obtained as described above,
were exposed to a non-toxic dose of TMDs (25 pg/mL) or to 0.1 pg/mL
LPS (Sigma-Aldrich) in the presence or absence of the LPS inhibitor,
polymyxin B (10 mM) (Sigma-Aldrich), and TNF-a secretion was
measured at 24 h with the Human TNF-a ELISA Kit purchased from
MABTECH (Sweden).

Interleukin-15 ELISA

HMDMs were primed or not with LPS (0.1 pg/mL) for 2 h and then
exposed to G, MoSy, or WS, (25 pg/mL) for 24 h. The exposed cell media
were collected and stored at —80 °C for further analysis. The IL-1f
release was determined by using a human IL-1f ELISA kit (Invitrogen,
Sweden). Absorbance was measured at 450 nm using a Tecan Infinite
F200 plate reader. Results are expressed as pg/60.000 cells of released
cytokine, based on at least three independent experiments using cells
from different blood donors. To assess the role of caspases and NLRP3
[59], cells were incubated for 1 h with or zVAD-FMK (20 x 10°° M)
(Sigma) or MCC950 (10 x 10 M) (Sigma), respectively, and subse-
quently exposed to 25 ug/mL of G, MoS; or WS for 24 h in RPMI-1640
cell culture medium supplemented with 10 % FBS. The exposed cell
media were collected, and IL-1f quantification was done using ELISA as
described above.

Human monocyte-derived macrophages uptake by TEM

For Transmission Electron Microscopy (TEM) analysis, HMDMs were
exposed to G, MoSy, or WS, for 24 h at a concentration of 25 ug/mL.
After exposure, the cells were fixed in 2.5 % glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4 at room temperature for 30 min and further
fixed overnight in the refrigerator. Samples were rinsed in 0.1 M phos-
phate buffer and centrifuged. The pellets were then post-fixed in 2 %
osmium tetroxide in 0.1 M phosphate buffer, pH 7.4 at 4 °C for 2 h,
dehydrated in ethanol followed by acetone, and embedded in LX-112.
Ultrathin sections (approx. 50-60 nm) were cut by using a Leica ultra-
cut UCT/Leica EM UC 6. Sections were contrasted with uranyl acetate
followed by lead citrate and examined using a Tecnai 12 Spirit Bio TWIN
transmission electron microscope (FEI Company) at 100 kV/Hitachi HT
7700. Digital images were taken using a Veleta camera (Olympus Soft
Imaging Solutions).

PBMC isolation and culture

PBMCs were harvested from ethylenediamine tetraacetic acid
(EDTA)-venous blood from informed healthy donors (25-50 years old)
using a Ficoll-Paque (GE Healthcare, CA, USA) standard separation
protocol. Informed signed consent was obtained from all the donors. Cell
separation and experiments were performed immediately after blood
drawing. PBMCs were cultured in 24-well plates in RPMI 1640 medium
(Life Technologies), supplemented with 1 % penicillin/streptomycin
(Life Technologies), and 10 % heat-inactivated fetal bovine serum (Life
Technologies). At least 1 x 10° cells/sample in each experiment were
used. Experiments were carried out using at least three healthy donors,
each in technical triplicate.

PBMC uptake by TEM

For Transmission Electron Microscopy (TEM) analysis, samples were
fixed with 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer pH
7.4 ON at 4 °C. The samples were postfixed with 1 % osmium tetroxide
plus potassium ferrocyanide 1 % in 0.1 M sodium cacodylate buffer for
1 h at 4 °C. After three water washes, samples were dehydrated in a
graded ethanol series and embedded in an epoxy resin (Sigma-Aldrich).
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Ultrathin sections (60-70 nm) were obtained with an Ultrotome V (LKB)
ultramicrotome, counterstained with uranyl acetate and lead citrate,
and viewed with a Tecnai G2 (FEI) transmission electron microscope
operating at 100 kV. Images were captured with a Veleta (Olympus Soft
Imaging System) digital camera.

Cytotoxicity by flow cytometry

To evaluate the cytotoxicity of G, MoSs, and WSy, PBMCs were
incubated for 24 h at 37 °C as described above with increasing doses of
each nanomaterial (i.e., 25, 50, and 100 pg/mL). Ethanol at 70 % was
used as a positive control, while samples incubated with medium alone
were used as negative controls. Cell death was analyzed by means of
Zombie Aqua staining (BioLegend).

Cells were processed by flow cytometry (FACS Canto II, BD Biosci-
ence, CA, USA), and data were analyzed by FlowJo™ Software!? as
previously reported [13-15].

Calcein AM/ethidium homodimer-1 assay

PBMCs were treated for 24 h with different concentrations of (25, 50,
and 100 ug/mL) of G, MoS; and WS, and calcein AM/ethidium
homodimer-1 staining was performed by incubating cells with 2 pmol/L
calcein AM and 5 pmol/L ethidium homodimer (Live/Dead® Viability/
Cytotoxicity kit, Invitrogen) for 45 min at 37 °C in the dark. Ethanol 70
% was used as a positive control, while samples incubated with medium
alone were used as negative controls. The assay discriminates live from
dead cells by simultaneously staining with green-fluorescent calcein-AM
(excitation wavelength of 485 nm and emission wavelength of 530 nm)
to indicate intracellular esterase activity and red-fluorescent ethidium
homodimer-1 (excitation wavelength of 530 nm and emission wave-
length of 645 nm) to indicate loss of plasma membrane integrity. Plasma
membrane integrity and esterase activity were measured by a Fluores-
cence Microplate Reader (TECAN infinite M200PRO, Switzerland).

Luminex® multi-plex arrays

To evaluate the impact of TMDs on cytokine release by PBMCs, cells
were incubated for 24 h with 50 ug/mL of the materials. LPS (2 pg/mL;
Sigma — Aldrich, Missouri, USA) was used as a positive control, while
samples incubated with medium alone were used as negative controls.
Supernatants were collected and analyzed by Luminex technology using
Bio-Plex Pro Human Chemokine 40-plex Panel (Bio-Rad) to measure C-C
Motif Chemokine Ligand (CCL) 21 (CCL21), chemokine (C-X-C motif)
ligand (CXCL) 13 (CXCL13), CCL27, CXCL5, CCL11, CCL24, CCL26, C-
X3-C Motif Chemokine Ligand 1 (CX3CL1), CXCL6, granulocyte
macrophage-colony stimulating factor (GM-CSF), CXCL1, CXCL2, CCL1,
interferon gamma (IFN-y), interleukin (IL)-1p, IL-2, IL-4, IL-6, CXCLS,
IL-10, IL-16, CXCL10, CXCL11, CCL2, CCL8, CCL7, CCL13, CCL22,
macrophage migration inhibitory factor (MIF), CXCL9, CCL3, CCL15,
CCL20, CCL19, CCL23, CXCL16, CXCL12, CCL17, CCL25 and tumor
necrosis factor (TNF)-a. 5-parameter-Logistic regressions with a power
low variance weighing were calculated for each cytokine standard with
a recovery range of 70-130 % using Bioplex Manager V6.2 (BioRad).
Concentration falling within the recovery range, expressed in pg/mL
was extrapolated from the median fluorescence intensity of each cyto-
kine bead set. For analytes above or below the standard recovery ranges,
upper and lower limits of quantification computed from the standard
curves were substituted. Data were then Log2 transformed and
compared across experiments by fitting a general ANOVA model with
contrast between groups; p values were corrected using Benjamini and
Hochberg false discovery rate, FDR; statistically significant p-value cut-
off was set at FDR p < 0.05. Values out of range, “O0R>" or “O0R<”,
were replaced, respectively, with the maximum or minimum value for
the analyte across samples, indicated with (*), or, when not possible,
with the upper (ULOQ) or lower limit of quantification (LLOQ) for that
analyte, respectively.
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RNA sequencing

RNA extraction and QC

To evaluate the impact of TMDs on PBMCs, cells were incubated with
50 pg/mL of MoS; or WS, for 24 h. LPS (2 pg/mL; Sigma — Aldrich,
Missouri, USA) and Concanavalin A (ConA, 10 pg/mL; Sigma — Aldrich,
Missouri, USA) were used as positive controls, while samples incubated
with medium alone were used as negative controls. After treatment, the
cell suspension was transferred from each well into RNase-free 1.5 mL
tubes, and cells were washed two times with 1 mL of PBS. Cells were
then resuspended in 350 pL of RLT Buffer freshly additionated with 1 %
B-mercaptoethanol and stored at —80 °C.

RNA was extracted using the RNAeasy Kit (Qiagen. The methodology
has been followed detail in kit instruction). RNA was quantitated on a
NanoDrop™ (ThermoFisher) and QCed using an Agilent 2100 Bio-
analyzer (Agilent, Santa Clara, California, USA). All samples had a RIN
> 7.5.

Normalization and statistical analysis

mRNA-sequencing was performed using QuantSeq 3° mRNA-Seq
Library Prep Kit FWD for Illumina (75 single-end) with a read depth
of average 8.35M, and average read alignment of 80.95 %. Single
samples were sequenced across four lanes, and the resulting FASTQ files
were merged by sample. All FASTQ passed QC and were aligned to the
reference genome GRChg38/hg19 using STAR 2.7.9a. BAM files were
converted to a raw counts expression matrix using HTSeq-count. Then
“betweenLaneNormalization” normalized data (EDAseq) was quantiled
normalization and log2 transformed (total transcript mapped to genes =
19,959 genes). All downstream analysis was performed using RStudio
(Version 4.1., RStudio Inc.). Global transcriptional differences between
samples were assessed by principal component analysis using the
“prcomp” function. Differential gene expression analysis between con-
ditions and untreated was performed using Limma via Bioconductor
package “limma v. 3.52.2” [PMID 25605792] with Benjamini-Hochberg
(B-H) FDR. In each comparison, genes with rows sum equal to zero were
removed. To illustrate the differentially expressed genes overlap be-
tween the conditions, R CRAN package “VennDiagram v. 1.7.3” was
used. Differentially expressed genes were then plotted in a heatmap
using Bioconductor package “ComplexHeatmap v. 2.12.0”. For enriched
pathway analysis, list of differentially expressed genes (FDR < 0.05) was
uploaded to Ingenuity Pathway Analysis (IPA). Pathways data were
exported from IPA as excel file and used to regenerate the figure using R
CRAN package “ggplot2 v. 3.3.6”. Histogram were plotted using R CRAN
package “ggplot2 v. 3.3.6".

Single-cell mass cytometry analysis

Single-cell mass cytometry analysis was carried out using isolated
PBMCs, obtained as previously reported. PBMCs were cultured in 6-well
plates at a concentration of 4 x 10° cells per well and treated with
50 pug/mL of G, MoSs, or WS, for 24 h at 37 °C. LPS (0.5 pg/mL; Sigma —
Aldrich, Missouri, USA), ethanol for cell biology (EtOH 70 %), and un-
treated cells were used, respectively, as positive and negative controls.

Cells were incubated with Brefeldin A (Invitrogen, CA, USA) to a
final concentration of 10 ug/mL, 6 h before the end of the treatment.
After the incubation time, cells were washed with a sterile solution of
phosphate-buffered saline (PBS), EDTA 0.5M, and 5 % of fetal calf
serum (FCS).

Cells were then combined using Cell-ID 20-Plex Pd Barcoding Kit
(Fluidigm, CA, USA). The barcoded sample was stained with Cell-ID
Cisplatin (Fluidigm, CA, USA) 1:1000, Maxpar Human Peripheral
Blood Phenotyping Panel Kit (Fluidigm, CA, USA) following the manu-
facturer staining protocols.

In synthesis, in order to guarantee a uniform cell labeling with the
palladium barcode, cells were fixed and permeabilized by means of 1X
Fix I Buffer and 1X Barcode Perm Buffer.
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After the barcoding step, samples were pooled together and resus-
pended in Maxpar Cell Staining Buffer into a 5 mL polystyrene round-
bottom tube.

The surface marker antibody cocktail (1:100 dilution for each anti-
body, final volume 800 pL) was added to the tube. The sample was
mixed and incubated for 30 min at room temperature. After incubation,
the sample was washed twice with Maxpar Cell Staining Buffer. Cells
were then fixed by incubating the sample with 1 mL of 1.6 % para-
formaldehyde for 10 min. At the end of the incubation, cells were
washed twice with Maxpar Cell Staining Buffer and stained overnight
with Cell-ID Intercalator-Ir solution at the final concentration of
125 nM. Prior to data acquisition, the samples were washed twice with
Maxpar Cell Staining Buffer, resuspended with 2 mL of Maxpar water,
and filtered using a 0.22 pm cell strainer cap to remove possible cell
clusters or aggregates. Data were analyzed using mass cytometry plat-
form CyTOF2 (Fluidigm Corporation, CA, USA).

Gating strategy and statistical analysis

The CyTOF data analysis was carried out accordingly to the methods
described by Orecchioni M et al. [27] and Bendall et al. [60] Briefly,
normalized, background subtracted FCS files were uploaded into Cyto-
bank for analysis. The gating strategy excluded doublets, cell debris, and
dead cells by means of Cell-ID Intercalator-Ir and LD. Specific PBMC
subsets and subpopulations were assessed as reported in Fig. S7, in
detail: T cells (CD45+ CD19- CD3+), T helper (CD45+ CD3+ CD4+), T
cytotoxic (CD45+ CD3+ CD8+), T naive (CD45RA+ CD27+ CD38—
HLADR-), T effector (CD45RA+ CD27— CD38— HLADR-), and acti-
vated (CD38+ HLADR+), B cells (CD45+ CD3- CD19+), B naive
(HLADR+ CD27-), B memory (HLADR+ CD27+), plasma B (HLADR—
CD38+), NK cells (CD45+ CD3— CD19- CD20— CD14— HLADR—
CD38+ CD16+), Classical monocytes (CD45+ CD3— CD19— CD20—
HLADR+ CD14+), Intermediate monocytes (CD45+ CD3— CD19—
CD20— HLADR+ CD14dim CD16+) Non classical monocytes (CD45+
CD3- CD19- CD20— HLADR+ CD14- CD16+), mDC (CD45+ CD3—
CD19— CD20- CD14- HLA- DR+ CDllc+ CD123-), and pDC
(CD45+ CD3— CD19— CD20— CD14— HLADR+ CD11c— CD123+). The
heat map visualization, realized with Cytobank, compared marker
fluorescence of the treated populations with mean fluorescent intensity
vs. the untreated control. viSNE tool was applied. viSNE, a cytometry
analysis tool implemented in Cytobank, uses t-stochastic neighbor
embedding (t-SNE) to show single cells in a two- or three-dimensional
plot, according to their relationships. 9 cell surface markers were
exploited in order to produce the viSNE map: CD3, CD4, CD8a, CD11c,
CD14, CD16, CD19, CD20, CD123, and HLADR.

Cellular detection by IMC

Metal-labeled antibodies were provided by Fluidigm, from the
standard CyTOF catalog (http://maxpar.fluidigm.com/product-catalog-
metal.php). Metal-labeled antibody cocktails were prepared in 0.1 %
Tween-20 % and 1 % BSA in PBS. All samples were first blocked with 1
% BSA and 0.2 mg/mL mouse IgG Fc fragment (Thermo Scientific) in
PBS for 30 min and then incubated with antibody cocktail for 1.5 h at
RT, followed by washing with PBS and staining with DNA intercalator Ir-
191/193 (Fluidigm) and CD45 (HI30)—89Y (Fluidigm) for 30 min.
Slides were again washed with PBS and rinsed with ddH»0 for 5 s and
dried overnight at room temperature prior to IMC analysis.

ROIs of 500 x 500 um undergo laser ablation aerosolizing a 1 ym?
area/pulse (200 Hz), followed by ionization and quantification in the
CyTOF Helios instrument. Ion mass data is collected for each pulse and
processed to render images for each individual channel at 1 ym resolu-
tion, where the intensity of each pixel corresponds to the ion count
value. Raw data were analyzed using Fluidigm MCD viewer program.
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In vivo biodistribution of TMDs

For the in vivo biodistribution experiments, three male C57BL/6J
(cat.# 000664) mice per group were used. Mice were injected I.V. retro-
orbitally with a 100 uL cocktail of TMDs (MoS; and WS5), 20 mg/g each
in sterile PBS) or only sterile PBS. After 24 h, mice were euthanized by
CO; inhalation followed by blood withdrawal via cardiac puncture
before further organ and tissue dissection. All experiments followed the
guidelines of the La Jolla Institute for Immunology (LJI) Animal Care
and Use Committee. Approval for the use of rodents was obtained from
LJI according to criteria outlined in the Guide for the Care and Use of
Laboratory Animals from the National Institutes of Health.

Blood, spleen, lungs, and liver were harvested, and single-cell sus-
pensions were isolated by following procedures. Blood was withdrawn
via cardiac puncture and collected in EDTA-coated tubes (Sarstedt).
Erythrocytes were lysed using 1x RBC lysis buffer (Biolegend) for 10 min
at room temperature and the cell suspension was washed twice with
PBS. Cells were kept in PBS with 2 % FBS on until further staining and
CyTOF analysis. Spleens were homogenized through a 70 pm cell
strainer (BD Biosciences), washed with 4 °C cold PBS, and red blood cell
lysis for 3 min at RT using 1 x RBC lysis buffer (Biolegend). Splenocytes
were washed with PBS and kept in PBS with 2 % FCS and kept on ice
until further staining and CyTOF analysis. Both lobes of a lung were
rinsed with ice-cold PBS and transferred to a gentleMACS C tube (Mil-
tenyi Biotec) and digested with 2 mg/mL collagenase D and 80 U/mL
DNase I for 30 min at 37 °C on a gentleMACS Dissociator (Miltenyi
Biotec). After digestion, lung cells were kept on ice in PBS with 2 % FBS
until further staining and CyTOF analysis. The liver was dissected and
homogenized through a 100 pm cell strainer (BD Biosciences). After
washing in PBS, the liver cell pellet was resuspended in 10 mL of 37.5 %
percoll solution and centrifuged at 900g for 25 min without acceleration
and brake. The cell pellet was collected, washed with PBS, and kept on
ice in PBS with 2 % FBS until further staining and CyTOF analysis.

MIBI-TOF

For the in vivo MIBI-TOF analysis 3 male C57BL/6J (cat.# 000664)
mice per group were used. Mice were injected LV. retro-orbitally with a
100 pL cocktail of TMDs (MoS; and WS5), 20 mg/g each in sterile PBS)
or only sterile PBS. After 24 h mice were euthanized by CO inhalation
followed by blood withdrawal via cardiac puncture before organ and
tissue dissection. Spleen, Liver, Lungs, and Kidneys were harvested and
fixed for 24 h in a solution containing paraformaldehyde (PFA) 4 %.
After 24 h fixation, organs were washed and kept in 70 % EtOH before
paraffin embedding.

Antibody conjugation
Metal conjugated primary antibodies were prepared as described
previously [60], using antibody conjugation kits from Ionpath Inc.

MIBI-TOF staining

Staining was performed as previously described [61]. Briefly, tissue
Section (4 pm thick) were cut from FFPE tissue blocks and mounted on
silanized-gold slides (Ionpath Inc.). Slide-tissue sections were baked at
70 C for 20 min. Tissue sections were deparaffinized with 3 washes of
fresh-xylene. Tissue sections were then rehydrated with successive
washes of ethanol 100 % (2x), 95 % (2x), 80 % (1x), 70 % (1x), and
distilled water. Washes were performed using a Leica ST4020 Linear
Stainer (Leica Biosystems, Wetzlar, Germany) The sections were then
immersed in epitope retrieval buffer (Antigen Retrieval Solution,
Tris-EDTA, pH 9, abcam) and incubated at 97 C for 40 min using Lab
vision PT module (Thermofisher Scientific, Waltham, MA). Slides were
washed with TBS with Tween 20 buffer (TBST, Ionpath Inc.). Sections
were then blocked for 1 h with 3 % (v/v) donkey serum (Sigma-Aldrich,
St Louis, MO). Metal-conjugated antibody mix was prepared in 3 % (v/v)
donkey serum as previously reported [28], and filtered using centrifugal
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filter, 0.1 um PVDF membrane (Ultrafree-MC, Merck Millipore, Tulla-
green Carrigtowhill, Ireland). Two panels of antibody mix were pre-
pared: with the first, slides were incubated overnight at 4 C in a humid
chamber; and with the second, slides were incubated the next morning
for 1 h at room temperature. Slides were then washed twice for 5 min in
TBST wash buffer and fixed for 5 min in diluted glutaraldehyde solution
2 % (Electron Microscopy Sciences, Hatfield, PA) in PBS-low barium.
Tissue sections were then dehydrated with successive washes of Tris
0.1 M (pH 8.5), (3x), distilled water (2x), and ethanol 70 % (1x), 80 %
(1x), 95 % (2x), 100 % (2x). Slides were immediately dried in a vac-
uum chamber for at least 1 h prior to imaging.

Imaging and image processing

Imaging was performed using the MIBIscope system (Ionpath Inc.).
TMDs signal was detected for Tungsten and Molybdenum at the 180186y
and **Mo channels respectively. Following image acquisition, output
multi-dimensional TIFF images were processed for background sub-
traction, noise removal, and aggregate removal using MAUI [62].

Statistical analysis

All values are expressed as mean + S.D. Comparison between groups
was performed by one-way ANOVA, followed by Tukey’s post hoc
multiple comparison where data was normally distributed. Data that did
not follow the normal distribution were statistically analyzed by
Kruskall-Wallis ANOVA. Comparisons between the two groups were
performed using a two-tailed Student’s t-test. A value of p < 0.05 was
considered significant.
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