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1. Introduction

Although vanadium-based metallodrugs are recently explored for their

effective anti-inflammatory activity, they frequently cause undesired side
effects. Among 2D nanomaterials, transition metal carbides (MXenes) have
received substantial attention for their promise as biomedical platforms. It

is hypothesized that vanadium immune properties can be extended to MXene
compounds. Therefore, vanadium carbide MXene (V,C;) is synthetized,
evaluating its biocompatibility and intrinsic immunomodulatory effects. By
combining multiple experimental approaches in vitro and ex vivo on human
primary immune cells, MXene effects on hemolysis, apoptosis, necrosis,
activation, and cytokine production are investigated. Furthermore, V,C; ability
is demonstrated to inhibit T cell-dendritic cell interactions, evaluating the
modulation of CD40-CDA40 ligand interaction, two key costimulatory
molecules for immune activation. The material biocompatibility at the
single-cell level on 17 human immune cell subpopulations by single-cell mass
cytometry is confirmed. Finally, the molecular mechanism underlying V,C,
immune modulation is explored, demonstrating a MXene-mediated
downregulation of antigen presentation-associated genes in primary human
immune cells. The findings set the basis for further V,C; investigation and
application as a negative modulator of the immune response in inflammatory

and autoimmune diseases.

Thanks to their outstanding physic-
ochemical properties, the 2D tran-
sition metal  carbides/carbonitrides
(MXenes)?] are currently studied
for biomedical applications ranging
from artificial organs,?! intraocular
lenses,! and theranostics®® to im-
plantable and epidermal electrodes,!”]
and many others.>¢8-16l In particu-
lar, MXene nanosheets exhibit high
photothermal-conversion efficiency and
localized surface plasmon resonance
effect, expanding the field of photody-
namic and photothermal therapy,'”! and
a high surface area suitable for drug
delivery.l'®201 Notably, the high metallic
conductivity of MXenes is accompanied
by hydrophilicity,[*?2] a fundamental
aspect for biomedical purposes.[?’]

We recently explored the immune pro-
file of Nb,C;, Mo, Ti,C;, and Ta,C; MX-
enes revealing their ability to interact
with a broad range of immune cells.[**
2D MXenes have also been investigated
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as valuable tool in the fight against viral infections such as
COVID-19 for their ability to inhibit the viral replication and
modulate the immune response, reducing the production of in-
flammatory cytokines.['*! Additionally, Ti;C, MXene quantum
dots stimulate immune cells to produce anti-inflammatory cy-
tokines and promote tissue regeneration, useful in treating var-
ious diseases.I’] MXenes, specifically Ta,C; and Ti;C,, have
demonstrated significant potential in improving the success rate
of organ transplantation and have been employed for in vivo
prevention and treatment of transplant vasculopathy thanks to
their immunomodulatory effects which reduce the activation of
T-lymphocytes and infiltration of immune cells.!'>2%] Given these
advancements, MXenes hold great promise in the field of im-
munomodulatory medicine. However, the immunocompatibil-
ity and possible immune modulatory effects of the single com-
ponents of this large family of materials are still unexplored.
In particular, despite vanadium-based MXenes are among the
most popular types of these materials for their applications in
energy storage and batteries,[?’!] there are no studies evaluat-
ing their immune impact, and only a few data, limited to V,C,
have been reported so far on their potential in biomedicine as
biosensors!*?l and reactive oxygen species (ROS) scavengers(3334l
In fact, vanadium-based MXenes have been shown to coun-
teract ROS-mediated inflammatory diseases!*}] characterized by
the presence of ROS in affected tissues, which can lead to ox-
idative stress and tissue damage. The materials could relieve
ROS-induced damage in vivo, alleviating inflammatory and neu-
rodegenerative diseases thanks to their antioxidant enzyme-
mimicking properties.**} In addition, V,C enzyme-like activi-
ties have been employed against ischemic stroke by alleviat-
ing oxidative stress, inhibiting cell apoptosis, and counteracting
inflammation.>*

Expanding our knowledge on the unique properties of
these materials is of critical importance for their conscious
exploration in biology and medicine. In this view, specific
application-oriented immune properties of MXenes!**! may have
an important role in nanomaterial-based treatments of several
diseases.[36-40]

Recent efforts have demonstrated that vanadium species (°! V
and *° V) are involved in many immune-driven molecular mech-
anisms that influence and regulate immune responses./*!#2]
Indeed, over the last decades, various vanadium compounds
have been studied as anti-inflammatory therapeutic metal-
lodrugs targeting various autoimmune responses!®*! and
cancer.*% However, the administration of these vanadium-
based nanomedicines has several adverse effects.[**1-°] Find-
ings reveal that (III), (IV), and (V) vanadium ions influence the
maturation and function of dendritic cells (DCs), thus affecting
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the immune response of effector lymphocytes.’®! Vanadium
also modulates immune CD11lc and MHC-II expression in
thymic DCs by reducing CD11c surface marker expression.’!
This decrease may lead to T cell dysfunction, including pos-
sible negative selection.””! Furthermore, vanadium can affect
activation induced T cell signal induction pathways, resulting
in the impairment of immune function after vanadium treat-
ment. This effect was reported to alter CD4+ T helper (Th) cell
activation, thereby influencing cellular and humoral immune
responses.>8

Therefore, here we explored vanadium carbide MXene (V,C;)
as a potentially safer biomedical nanotool to fully take advantage
of vanadium properties. We selected the formula V,C; as it is
more chemically and environmentally stable than V,C, due to the
larger number of atomic layers in its structure. As a reference ma-
terial, we also included in our study titanium carbide (Ti,C,), the
most widely studied MXene in biomedicine.[>613142559.60] The
surface of MXenes after wet chemical etching is terminated with
O, OH, and some fluorine, as we previously described, 226!l and
their formulas can be written as Ti,C,T, and V,C,T,. We eval-
uated the impact of these nanomaterials on immune functions
in primary human and murine immune cells by combining di-
verse experimental approaches (Figure 1A). In particular, we in-
vestigated the impact of Ti;C,T, and V,C,T, on DC functional-
ity. Biocompatibility studies for nanomaterials have primarily fo-
cused on their interactions with cells without considering the po-
tential modulation of cell-cell interactions. However, when eval-
uating the impact of nanomaterials on the immune system, it
is important to consider not only their effects on individual im-
mune cells but also how they may affect the interactions between
these cells. As part of our research, we investigated how MX-
enes may affect the interactions between T cells and dendritic
cells (DCs). Specifically, we focused on CD40-CD40L interac-
tions, which are essential for antigen presentation and to activate
immune responses by promoting the production of cytokines
and costimulatory molecules that activate T cells and promote
their differentiation.l®?] These interactions are crucial for main-
taining effective immune responses, and deficiencies in CD40 or
CD40L can compromise the immune system’s ability to fight off
diseases. On the other hand, blocking CD40-CD40L interactions
can help limit immune-mediated tissue damage in cases of can-
cer and autoimmune diseases opening to future applications of
MXenes.

To assess the potential immune modulatory effects of MXenes
on a wide number of immune subpopulations, we conducted ex
vivo experiments at the single-cell level using high-dimensional
single-cell mass cytometry by time-of-flight (CyTOF). This tech-
nique, based on mass spectrometry to detect metal element-
tagged probes according to their mass/charge ratio (m/z), al-
lowed the simultaneous detection of 36 markers with minimal
overlap or signal background.[*¢*] The impact of MXenes on cell
viability and functionality was dissected accordingly on 17 differ-
ent human immune cell subpopulations and 11 major cytokines.
Finally, to have a broad view of the molecular effects of V,C; on
PBMC;, the impact at the protein and gene level was assessed by
multiplex protein arrays and RNA sequencing (mRNA-seq) since
these technologies are able to evaluate the effects on the modu-
lation of a wide number of inflammatory mediators and genes
allowing us to investigate the possible mechanisms of action of

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Workflow and characterization of Ti;C, and V,C; MXenes. A) Overview of the workflow. B) X-ray diffraction (XRD) patterns of the MAX phase
precursors used for synthesis of MXenes and of vacuum-filtered MXene films. C) Dynamic light scattering (DLS) of Ti3C, and V,C; showing the flake
size distributions of the MXenes used. D) Scanning electron microscopy (SEM) images of Ti; C,T, and E) V,C;3T, MXenes on a porous anodic aluminum

oxide support.

MZXenes. We describe the potential mechanism of V,C; as im-
munomodulatory platform.

2. Results and Discussion
2.1. TiyC, and V,C; MXenes: Synthesis and Characterization

MXenes were produced by selectively etching Al from MAX
phases (details in the Experimental Section). X-ray diffraction

Small Methods 2023, 7, 2300197 2300197

(XRD) patterns of the precursor MAX powders (Ti;AlC, and
V,AIC;) and delaminated MXenes (Ti,C,T, and V,C,T,) are
shown in Figure 1B. The MAX phases have a p63/mmc space
group, with the (001) and (110) peaks labeled. For Ti;AlC,, the
(002) peak is located at 7.14° (9.26 A); after the etching and the
delamination with tetramethylammonium hydroxide (TMAOH),
the peak shifts to 5.94° (12.37 A) for Ti,C,T,. Similar behavior
is observed for the V,AIC, conversion to V,C;T,, confirming
the successful removal of the Al layers for all the MXenes

(3 of17) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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studied. In the MXene XRD patterns, only the (00]) peaks re-
main, demonstrating the successful etching and delamination
process, with no impurities remaining in the MXene colloid. The
functional groups passivate the surface of MXenes and make
them hydrophilic. MXenes produced by wet chemical synthesis
and delamination have negatively charged surfaces with the
zeta-potential below —30 mV and can form stable colloidal
solutions in water. MXenes with the same nominal chemical
formula but produced by other methods may have different
surface chemistry (e.g., Cl terminations, adsorbed Li-ions or a
different O:F ratiol?2%%]). MXenes used in this study present
oxygen-dominated surface chemistry. Since we did not study the
effect of surface chemistry on immune response. T, is not used
in the following manuscript sessions to simplify the sample
annotation of the chemical formula.

Dynamic light scattering (DLS) was used to characterize the
average flake size in the MXene colloids (Figure 1C). Ti;C, flakes
were on average 200 nm, with flakes up to 1 pm in size, while
V,C; had an average flake size of 275 nm. Scanning electron mi-
croscopy (SEM; Figure 1D,E) analysis was performed to confirm
the successful delamination of the MXene flakes. Based on the
representative images, the flakes used in this study are proved to
be primarily single-layered (=1 nm in thickness), with sizes cor-
responding to DLS results.

2.2. Hemocompatibility and Immunocompatibility of V,C,
MXene

The physicochemical properties of nanomaterials, their composi-
tion, and the starting material used for their production can ulti-
mately influence their biocompatibility. Given that most biomed-
ical applications of nanotools require the systemic injection of
nanomaterials into the bloodstream, assessing their hemocom-
patibility and immunocompatibility is critical. Therefore, we first
evaluated the blood compatibility of V,C; and Ti,C,. We investi-
gated their hemolytic activity through hemoglobin release after
exposure of human red blood cells (RBCs) to 50 ug mL™! of V,C;
or Ti,C, (Figure 2A and Figure S1A, Supporting Information).
We observed no significant release of hemoglobin induced by the
materials, demonstrating their hemocompatibility.

In addition, we evaluated the immune compatibility of the
materials, a crucial aspect for their translation into the clinic.
To this end, we treated human peripheral blood mononuclear
cells (PBMCs) with increasing concentrations (25, 50, and 100 pg
mL™) of V,C, or Ti;C, for 24 h, selecting this incubation time
based on previous studies with other nanomaterials on immune
cells.[1*0-771 We used FtOH as a positive control. Subsequently,
we stained cells with Fixable Viability Staining 780 and analyzed
the effect of material exposure by flow cytometry, observing no
reduction of PBMC viability (Figure S1B, Supporting Informa-
tion).

We selected the intermediate concentration of 50 pg mL™! for
the following experiments. As displayed in Figure 2B, represent-
ing apoptotic and necrotic cells stained with Annexin V, we ob-
served no significant toxic effects induced by the materials on
total PBMCs. Even after gating T cells and monocytes, we found
no sign of apoptosis or necrosis in these two major immune cell
subpopulations (Figure S1C-H, Supporting Information).
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In addition, we confirmed the biocompatibility of MXenes on
four well-known cell lines broadly used as models for immune
toxicity testing in vitro. To this end, we treated K-562 (natural
killer cells), JY (B cells), Jurkat (T cells), and THP-1 cells (mono-
cytes) with 50 ug mL™" of V,C; or Ti, C, for 24 h. After treatment,
we stained cells with Fixable Viability Staining Zombie NIR and
analyzed the effect of material exposure by flow cytometry, ob-
serving no reduction of cell viability (Figures S2 and S3, Support-
ing Information).

Overall, the obtained results show that V,C, and Ti;C, do not
cause overt cytotoxic effects. These observations align with pub-
lished studies addressing the biocompatibility of other members
of the MXene family.[>¢81478]

Once established the biocompatibility of V,C; and Ti,C, with
immune cells, we selected 24-h exposure condition as an appro-
priate time point to evaluate the impact of the selected 2D ma-
terials on PBMC functionality in terms of modulation of activa-
tion markers, cytokine release, and gene expression. Initially, we
assessed V,C; and Ti;C, effects on the expression of two well-
known activation markers, namely CD69 and CD25. The former
is rapidly upregulated by lymphocytes and across myeloid cells
as a consequence of either antigen receptor triggering or innate
immune activation, while the latter is constitutively expressed by
regulatory T cells but also upregulated by conventional T cells
and monocytes upon stimulation. To evaluate the effects of MX-
enes on these markers, we treated PBMCs with 50 pg mL™" of
V,C, or Ti;C, for 24 h and analyzed the cells by flow cytometry.
We added lipopolysaccharide (LPS) as a positive control. Interest-
ingly, while Ti;C, caused only a slight but statistically significant
reduction of cell surface CD69 expression, V,C; induced a sig-
nificant decrease of both the activation markers (Figure 2C), sug-
gesting a potential downregulation of immune cell functionality
induced in particular by the vanadium-based MXene.

Next, we assessed MXene impact on the production of in-
terleukin (IL)-6, tumor necrosis factor (INF)-a, and interferon
(IFN)-y, three key proinflammatory cytokines often dysregulated
in immunological disorders.[””! We observed no significant in-
crease of the selected inflammatory mediators induced by the ex-
posure of immune cells to V,C; and Ti, C, (Figure 2D and Figure
S4, Supporting Information), confirming that these materials do
not lead to immune activation, as instead reported for other 2D
materials (e.g., graphene).>6.80-83]

To further explore the impact of MXenes on immune func-
tions, we evaluated the ability of the materials to counteract the
modulation of cytokine production and gene expression induced
by LPS priming. To this end, we treated PBMCs with 50 ug mL~!
of Ti, C, or V, C; for 24 h with or without LPS priming. The mod-
ulation of the production of IL-6 and TNFa was evaluated at the
protein and gene level. The obtained results indicate that V,C,
strongly decreased the LPS-induced release of IL-6 and TNF-«
(Figure 2E) in cell supernatants, while IFN-y was undetectable
(data not shown). This effect was confirmed by gene expression
analysis (Figure S4B, Supporting Information). Taken together,
these data indicate that V,C; can inhibit immune activation with-
out affecting cell viability.

To evaluate whether the ability of V,C; to negatively modu-
late the immune cell response was linked to physical interactions
with the target cells and internalization of the materials itself,
we performed transmission electron microscopy (TEM) analysis

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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on PBMCs with or without LPS priming to identify cellular lo-
calization and possible uptake of the materials (Figure 2F). Of
the two materials tested, only Ti,C, was internalized by PBMCs
after 24-h incubation, while V,C; was not present in any sub-
cellular compartments. No significant difference in permeability
and uptake was observed between MXene-treated samples with
or without LPS priming. Since evidence in the literature demon-
strated that internalization is closely linked to the chemistry of
the material 8% we can speculate on a correlation between in-
ternalization and the chemistry of MXenes, as the presence of
vanadium may counteract the phagocytic activity of the cells to-
ward V,C;.

These results indicate that the immunomodulatory activity
shown by V,C; is not dependent on cellular uptake, suggesting
that interactions between the material itself and components of
the plasma membrane are potentially sufficient to induce the ob-
served biological effects.

2.3.V,C; Interactions on Dendritic Cells and CD4* T Cells

Having observed in the previous experiments a downmodulation
of innate immune cells activation mediated by V,C;, we investi-
gated the effect of the nanomaterials on the activation of naive
T cells by DCs—a crucial event in the initiation of the adaptive
immune response, relying on the antigen-driven interaction be-
tween these two cell types. We first isolated T cells and DCs from
C57BL/6] mice and evaluated the ability of the materials to coun-
teract the modulation of TNFa and IL-6 induced by LPS priming
in terms of protein release and gene expression. To this end, DCs
and T cells in coculture or DCs alone were incubated with 50 ug
mL~! of Ti, C, or V,C, for 24 h (Figure 3). We observed that V,C,
significantly reduced TNFa and IL-6 cytokine release and gene
expression in DCs and T cells in coculture and after treatment of
DCs alone (Figure 3A,B). Together with the gene expression on
total PBMCs, this effect confirms the negative modulation of the
innate immune response (Figure S4B, Supporting Information).

To uncover the possible effects of nanomaterials in modulat-
ing this process, we measured the interactions between DCs and
T cells by tracking CD40-CD40 ligand (CD40L) interactions, a
fundamental costimulatory axis in the context of antigen presen-
tation and T cell activation (Figure 3C-G). To this aim, we co-
cultured wild-type DCs and CD4* T cells specific for an epitope
derived from chicken Ovalbumin (OVA,;,; ;3,, also called OT-II
peptide, in the present study called OVA) in the presence or in
the absence of OVA (9.25 pg mL~!) and LPS (10 yg mL™!) for 24 h
to allow the process of antigen presentation with or without MX-

www.small-methods.com

enes. CD40 and CD40L surface expression was evaluated by flow
cytometry. As expected, CD40L was upregulated by CD4* T cells
upon antigen encounter, but this upregulation was completely
abrogated when cells were treated with V,C;, and only mildly af-
fected by Ti;C, exposure (Figure 3C-E). Measuring the expres-
sion of CD40 on DCs, we detected CD40 upregulation upon LPS
treatment and cognate interaction with CD4* T cells in untreated
cells, while no upregulation is present in V,C,-treated cultures.
We also noticed that upon Ti,C, treatment, the baseline level
of CD40 expression is lower than in untreated DCs; however,
DCs maintained the ability to upregulate CD40 when stimulated
(Figure 3F,G).

Collectively, this data indicates that V,C; significantly modu-
lates the upregulation of CD40 and CD40L, two key costimulatory
molecules for immune cell activation. These findings suggest the
ability of V, C; to modulate the costimulatory axis in the context of
antigen presentation and T cell activation, which was not found
for the diverse spectrum of vanadium compounds tested in the
literature as anti-inflammatory therapeutic metallodrugs target-
ing various diseases. In fact, the effect of other vanadium met-
allodrugs was limited to effector lymphocytes, without affecting
the function of DCs.[>¢!

Subsequently, to evaluate also in murine immune cells
whether the immunomodulation induced by the materials was
independent from their cellular internalization, we performed
TEM analysis upon MXene treatment in primary murine DCs
and CD4" T cells (Figure 4). For this purpose, DCs and CD4+ T
cells, isolated from C57BL6 mouse spleens, were separately in-
cubated with Ti,C, or V,C; (50 ug mL™") for 24 h. Consistently
with what observed for human PBMCs, V,C; was not taken up
by either DCs or CD4" T cells, while Ti;C, was clearly present in
vacuolar structures inside DCs but not in CD4* T cells (Figure 4).

Overall, the results suggest that V,C; internalization is not
necessary to induce the observed immunomodulation of these
cell populations.

2.4.V,C; Impact on 17 Human Primary Immune Cell Types

Following our nanoimmunity-by-design concept, a compre-
hensive view of nanomaterial immune activity can be gained
only by studying their potential action in the presence of the
complex pool of PBMCs.[**] Therefore, after evaluating V,C,
activity toward T cells and DCs in a separate environment, we
explored the effects on total PBMCs. To this end, PBMCs were
treated with 50 ug mL™! of Ti;C, or V,C, for 24 h and analyzed
by single-cell mass cytometry by time-of-flight (CyTOF), to

Figure 2. Effects of MXenes on blood, viability, and function of PBMCs and cell uptake. A) Hemolysis assay performed on human red blood cells (RBCs).
RBCs were treated with 50 ug mL™" of Ti;C, or V,C; for 1and 24 h. MilliQ water was used as a positive control to induce cell lysis. Figure shows pictures
of RBCs treated with the nanomaterials. The red color of the solution is due to the release of hemoglobin from lysed RBCs (see Figure S1A in the
Supporting Information for absorbance values). B) PBMCs were treated with 50 ug mL™" of V,C; or Ti;C, for 24 h, stained with Annexin V and Fixable
Viability Staining 780 and analyzed by flow cytometry. Both, apoptotic and necrotic cells, were expressed as percentage of total cell number. C) Immune
cell activation marker staining analysis by flow cytometry. Cells were treated with 50 ug mL™" of Ti; C, or V,C5, for 24 h or left untreated (Unt). LPS (2 ug
mL~1) was used as a positive control. PBMCs were stained with CD25-PE and CD69-PE-Cy7. D,E) Evaluation of cytokine concentration in supernatants
of PBMCs. Cells were treated with 50 ug mL~" of Ti;C, or V,Cj for 24 h with and without LPS (2 ug mL™") priming. Concentration of IL-6, and TNFa was
determined. F) Representative TEM images of Ti;C, and V, C; interactions with PBMCs after MXene treatment (50 ug mL™" for 24 h). Arrows in higher
magnification micrographs indicate internalized MXenes. As shown in panel, the representative images depict large aggregation and giant vacuoles
inside the cells. Scale bars: 2, 1, and 0.5 um. Data are presented as mean + S.D. of at least three independent samples. Statistical differences: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 (One-way ANOVA and Tukey’s multiple comparison test).
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simultaneously analyze 30 markers discriminating 17 immune
subpopulations: naive (naive Th cells), effector (effector Th
cells), memory (memory Th cells), and activated T helper Cells
(activated Th. cells), naive (naive CT cells), effector (effector CT
cells), memory (memory CT cells), and activated cytotoxic T cells
(activated CT. cells), classical monocytes (C. monocytes), inter-
mediate monocytes (int. monocytes), nonclassical monocytes
(NC. monocytes), myeloid dendritic cells (mDCs), plasmacytoid
dendritic cells (pDCs), natural killer cells (NKs), B naive (naive

www.small-methods.com

B cells), B memory (memory B cells) plasma B (plasma B
cells), according to the gating strategy reported in Figure S5
(Supporting Information). We used ethanol (EtOH) as a cell
death positive control. Computational T-distributed Stochastic
Neighbor Embedding (tSNE) analysis was then performed.[%6:]
Figure 5A reports all the human primary immune subpopula-
tions detected. Figure 5B shows cell viability analysis reported
as t-SNE plots and heatmaps for all the selected subpopulations.
Ti,C, and V,C; induced no impairment of cell viability on the

Figure 3. V,C; impact on T cells and DCs interaction: cytokines and CD40/CD40L axis. CD4" T cells and DCs were isolated from C57BL/6) mice and
DCs were treated with 50 ug mL™" of Ti;C, or V,C; for 24 h individually or in coculture with T cells (1:1). A) Supernatants were collected to assess
TNF-a and IL-6 release. B) The relative gene expression was evaluated by RT-PCR. C) Contour plot representing CD40L expression as measured by flow
cytometry in CD4+ T cells. D) Percentage of CD40L™ cells on total CD4™ T cells. E) Mean fluorescence intensity (MFI) of CD40L signal on total CD4*
T cells. F) Countur plot representing CD40 expression as measured by flow cytometry in DCs. G) Mean fluorescence intensity of CD40 signal on total
DCs. Data are presented as mean + S.D. of three independent samples. Statistical differences: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(One-way ANOVA and Tukey’s multiple comparison test).

DCs

Unt

— 0.5um

—t 2 um

—t 0.5 pum

—t 1 um

Figure 4. MXene uptake by murine DCs and CD4* T cells. Representative TEM images of Ti;C, and V,C; interactions with murine DCs and CD4* T

cells after treatment with 50 ug mL~" of Ti;C, or V,C; for 24 h. Arrows in higher magnification micrographs indicate internalized Ti;C, and V,C;. As
shown in the panel, the representative images depict large aggregations and giant vacuoles inside the cells. Scale bars: 2, 1, and 0.5 um.
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distinct immune cell subpopulations (Figure 5B), confirming
the biocompatibility of the materials observed in total PBMCs by
flow cytometry (Figure S1B, Supporting Information).

We then evaluated the functional effects of MXenes on hu-
man PBMC subpopulations assessing the production of 11 cy-
tokines (including IL-2, IL-4, IL-5, IL-6, TNF-a, IL-17a, IL-17f,
and IFN-y) by CyTOF (Figure 5C). The heatmap in Figure 5C
displays the median expression values of all cytokines with re-
spect to each immune subpopulation. The obtained results con-
firmed the overall downregulatory effects of MXenes, particularly
of V,C;. TNF-a levels were significantly reduced in all immune
subpopulations, except for activated cytotoxic T cell, pDCs, and
B cell subsets. The decrease in TNF-a levels in all monocyte
subpopulations further supported an anti-inflammatory effect
of V,C;. Furthermore, MXenes induced an overall downregula-
tion of perforin and granzyme B—proteins that together mediate
the apoptosis of target cells after exposure to pro-inflammatory
stimuli in many cell subsets.[#¥#! Together with the downregu-
latory effects of MXenes on CD25 and CDG69 expression in to-
tal PBMCs (Figure 2C), the absence of IL-6, IFN-y, and TNF-a
(Figure 2D and Figure S4A, Supporting Information) and the
concomitant decrease in LPS-induced release and expression of
these cytokines (Figure 2E and Figure S4B, Supporting Infor-
mation), these results suggest that V,C; skew immune cells to-
ward an anti-inflammatory phenotype also on human immune
primary cells. This behavior is in line with data on Ti;C, MX-
ene reported by us and others,?’! demonstrating their bio and
immune compatibility as well as their anti-inflammatory effect
and the ability to reduce the production of coronavirus disease
(COVID-19)-related cytokines.!'*]

2.5. RNA-Sequencing Profiling of V,C, MXene on PBMCs

To investigate the possible molecular mechanism of action for the
immune modulation exerted by V,C; MXene, we assessed the ef-
fect of the material on the gene expression of PBMCs by mRNA-
seq (Figure 6). PBMC were treated with V,C; (50 ug mL™!) for
24 h or left untreated, and PBMC RNA was subjected to 3’ mRNA
sequencing.

Overall, V,C; induced a profound modulation of leukocyte
transcriptomes (i.e., 1507 genes were differentially expressed us-
ing a stringent FDR cutoff of 0.01 (LIMMA, Figure 6A,B, list of
differentially expressed genes in Table S1, Supporting Informa-
tion). Ingenuity Pathway Analysis (IPA) using this list of tran-
scripts (n = 1507) demonstrated that V,C; triggered a strong
upregulation of EI2F signaling (Figure 6C), with upregulation
of EIF2S1 (EIF2-a), a global suppressor of protein translation
(Figure 6A,D). Immune-related pathways were strongly inhib-
ited following V, C; stimulation, as demonstrated by the negative

www.small-methods.com

values of the activation z-score, which predicts the direction of
pathway dysregulation (activation or inhibition) based on the di-
rection and proportion of dysregulated genes within a pathway
and their mutual relationships. Immune-related pathways with
an enrichment p-value of < 0.01 is shown in Figure 6C, and the
complete list of pathways with an enrichment p-value of < 0.1
is available in Table S1 (Supporting Information). In particular,
we observed a profound suppression of T helper (Th) signaling
(both Th1 and Th2), interferon signaling, and downregulation of
the majority of differentially expressed genes involved in antigen
presentation (Figure 6C). We then proceeded to investigate more
in detail specific pathways using literature curated gene-sets (see
materials and methods section): CD40/CD40L pathways, T Cell
Receptor (TCR) signaling, MHC1, and MHC2 pathways, Anti-
gen Presenting Machinery (two gene sets, APM1 and APM2),
and a list of IFN-y inducible chemokines and transcription fac-
tors. For this analysis, we plotted in a heatmap the genes within
these pathways with an FDR < 0.1 (Figure 6A), together with
additional selected genes such as the activation marker CD69,
and EIF2S1 (EIF2-a), which were both downregulated following
V,C; incubation (Figure 6A,D). Overall, genes involved in anti-
gen presentation, as well as MHCI and MHCII genes, and IFN-y
inducible chemokines (CXCL9, CXCL10, ad CXCL11) and tran-
scription factors (STAT1, and IRF1), were coherently downregu-
lated in V,C; treated PBMCs.

Genes involved in TCR signaling were also dysregulated. Af-
ter V,C, treatment, a strong inhibition of molecular signaling
downstream TCR was observed (MAP3K8, MAPK1, RAS/MAPK
pathway; JUN and FOS, JUN/MAPK pathway), while surface
markers such as ICOS, CD247, and CD3DE were upregulated,
together with immune-suppressive cytokines such as IL10. In
particular, V,C; induce an inhibition of a Th in favor of a T
cytotoxic polarization (downregulation of CD4 and upregula-
tion of CD8A, and IFN-y, a marker of CD8 cytotoxic T cells).
As for CD40/CD40L signaling, CD40, which is expressed by
antigen-presenting cells, was downregulated, while CD40 ligand
(CD40LG), which is expressed by T cells, was upregulated. The
upregulation of CD40LG, was perhaps due to a moderate activa-
tion, in the absence of antigen stimulation, of CD8 T cells, which
can transiently express CD40 ligand.®®! The mild nature of this
activation is substantiated by the absence of induction of cyto-
toxic functions (no changes in PRF1 and GZMB) and lack of up-
regulation of activation markers such as IL2RA (CD25) (Table S1,
Supporting Information). However, the overexpression of IFNG
was not consistent with the downregulation of IFN-y inducible
genes (e.g., HLAs, CXL9, CXL10, CXCL11). We hypothesized
that the upregulation of IFNG transcript did not result in an in-
crease of IFN-y protein because of the upregulation of EIF2S1
(EIF2-a), which is known to block IFN-y mRNA translation into
protein.°!] For this purpose, we collected the supernatant from

Figure 5. Single-cell analysis of MXene impact on human primary immune subpopulations. PBMCs were isolated from the blood of healthy donors
and incubated with 50 ug mL~" of Ti;C, or V,C; for 24 h or left untreated and stained for single-cell mass cytometry analysis. A) The tSNE analysis
clusterization reports the cell subpopulations identified out of PBMCs. Cell populations were defined by manual gating strategy (Figure S5, Supporting
Information), projected onto tSNE space and assigned specific colors on the basis of the signal of key phenotypic markers B) tSNE map, heatmap and
histogram of cell viability analysis using cisplatin (Cis) mean values for single-cell subpopulations and total PBMCs. C) Heat maps of mean intracellular
cytokine production level in gated immune cell populations for IFN-y, IL-2, IL-4, IL-5, IL-17f, IL17a, IL-6, MIP1, TNF-a, perforin, and GrB. Significantly
up- and down-regulated cytokines (p < 0.05) in experimental conditions compared to negative control are highlighted with red and blue dots, respectively.
All experiments were performed in triplicate and shown as means + S.D. (one-way ANOVA and Tukey’s multiple comparison test).
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the same PBMC experiments at 24 h and measured the concen-
tration of IFN-y, CXCL9, CXCL10, and CXCL11 proteins by Lu-
minex. Strikingly, the secretion of CXCL9, CXCL10, and CXCL11
decreased after V,C, incubation, together with IFN-y, confirm-
ing our hypothesis. Therefore, the inhibition of IFN-y translation
might explain the observed downregulation of IFNG inducible
transcripts and proteins.

All these data are consistent and complement the results ob-
tained by our functional assays on human primary cells for the
activation marker CDG69 and cytokines as well as on murine cells
for CD40 and CD40L (Figures 2, 3, and 5). The RNAseq anal-
ysis conducted in this study also indicates a decrease in APM,
IEN-y, and MHC I and II signaling pathways in V,C,. This de-
crease, together with the downregulation in the gene expression
of CD69, CD40, and CD4 (Figure 6D), corresponds to the re-
duced T helper polarization and the inhibition of the antigen-
presenting functions illustrated in Figure 3C-F and Figure 2C,
respectively. Furthermore, Figure 6C illustrates a decrease in the
JAK/STAT signaling pathway, which is essential for T cell activa-
tion and cytokine signaling. This, along with the decrease in Th1
and Th2 pathways (Figure 6C), results in reduced macrophage ac-
tivation and pro-inflammatory cytokine production, as observed
in Figure 5C.

In summary, the above studies performed on cell interactions,
activation status, cytokine production, and gene expression pro-
vided us with the data to depict the mechanism of V,C; MXene-
dependent immunosuppression (Figure 6G). The decreased Th-
like polarization induced by V,C;, together with the downregu-
lation of CD40, MHCI, and MHCII genes, IFN-y transcription
factors (STAT1, and IRF1), and inducible chemokines (CXCL9,
CXCL10, and CXCL11) explain the V,C; Mxene-dependent inhi-
bition of the antigen presentation mechanism observed on DCs
and T cells.

3. Conclusion

We have provided insights on the effects of V,C;, a member of
the Mxene family, on immune cells and compared it to Ti, C,. Our
observations reveal that V,C; Mxene can downregulate immune
functions. In particular, the material can affect the interactions
between DCs and T cells, with relevance for its future use as a
nanoplatform in biomedicine. By combining functional assays
and a deep immune profile of V,C; at the single-cell level, we
fully explored the immune cell compatibility of V,C; Mxene and
its immune impact.

www.small-methods.com

After demonstrating the hemocompatibility of the material
and the absence of cytotoxicity in vitro and ex vivo toward hu-
man immune cells, we revealed its immunomodulatory activ-
ity, not dependent on cell internalization, in terms of modula-
tion of activation markers, cytokine release, and gene expression.
V,C; induced a significant decrease of CD69 and CD25 activa-
tion markers in primary immune cells and strongly counteracted
LPS-induced increase of key proinflammatory cytokines, often
dysregulated in immunological disorders, at the protein and gene
levels.

Furthermore, we demonstrated a reduction in T cell-DC inter-
actions mediated by V,C;, revealing the ability of the material
to completely abrogate the upregulation of CD40 and CD40L in
murine CD4* T cells and dendritic cells, two key costimulatory
molecules for immune activation. We then dissected the immune
modulation of V,C; on human primary immune cells through
a phenotypical and functional profile of seventeen cell types by
single-cell mass cytometry, showing that V,C; skews immune
cells toward an anti-inflammatory phenotype, also on human im-
mune primary cell subpopulations. Finally, we investigated the
possible molecular mechanism of action for the immune modu-
lation exerted by V,C; by mRNA-seq profiling and Luminex tech-
nology, revealing the Mxene-mediated downregulation of anti-
gen presentation-associated genes in primary human immune
cells. Having observed that only Ti,C, was internalized by im-
mune cells, while V,C; was not present in any subcellular com-
partments, it is reasonable to speculate that the observed effects
are induced by the specific chemical composition of V,C; and
not dependent on the material uptake. Specifically, our research
has found that the presence of vanadium in the Mxene mate-
rial may actually counteract V,C; cell internalization. In fact, the
chemistry of Mxenes could play a significant role in their uptake
as suggested by well-known correlations between internalization
and material chemistry.®**¢! This finding could have significant
implications for the use of Mxenes in biomedical applications, as
it suggests that modifications to the material’s chemistry could
impact its cellular uptake and potential biological effects.

In summary, our immune-profiling data suggest V,C; as a
promising nanoscale platform in biomedicine showing supe-
rior biocompatibility and downregulation of antigen presentation
pathways compared to other vanadium-based metallodrugs re-
ported in the literature. Further studies are needed to explore the
possible application of V,C,, in particular as an immunomodula-
tor and nanoagent able to induce a tolerogenic phenotype, which
is a powerful immunotherapeutic strategy based on tolerogenic
DCs, as recently highlighted.8]

Figure 6. mRNA-seq profiling and Luminex protein analysis on human PBMCs. PBMCs were treated with 50 ug mL~" of V,C; for 24 h. A) Heatmap
representing differentially expressed genes (DEGs) using Limma in V,C; versus untreated (Benjamini-Hochberg FDR < 0.1) belonging to pathways of
interest and selected genes (CD69 and EIF2S1). B) Histogram of number of DEGs using Limma in V,C; versus untreated at different FDR cut-offs (FDR
< 0.1, FDR0.05, FDR 0.07). C) List of DEGs (FDR < 0.01) was used for pathways enrichment analysis using Ingenuity Pathway Analysis (IPA). Enriched
immune-related pathways with p value < 0.01 and EIF2 signaling (top deregulated pathway) are shown. List of all deregulated pathways is provided in
Table S1 (Supporting Information). The orange line represents the enrichment p value, the dotted blue line represents p value of 0.01 (—Log10 P value
= 2). Histograms represent the proportion (%) of DEGs upregulated (red) or downregulated (green) in V,C; versus untreated PBMC for each pathway.
The circles represent the pathway activation score (activation z score). Blue circle indicates the pathway is inhibited, orange circle that a pathway is
activated, the white circle that there is a neutral effect, while a gray circle indicates that the pathway activity is unknown (not predicted). D) Boxplot
showing mRNA expression of Log2 normalized read counts for IFNG and IFNG inducible chemokines in addition to selected genes (CD40, CD4, CD69,
EIF2S1) in V,C; versus untreated PBMCs (Limma nominal p value is represented). Luminex analysis of PBMC supernatant from the same experiments
as above. E) Heatmap and F) boxplot showing protein concentration of IFNy and IFNy inducible chemokines (ANOVA p value). G) Possible mechanism
and effect of V,C; interaction with PBMCs.
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4. Experimental Section

Preparation and Characterization of Mxenes: To synthesize the MAX
phase precursors, TiC (<2 um, Alfa Aesar, 99.5%), Ti (—325 mesh, Alfa Ae-
sar, 99.5%), Al (—325 mesh, Alfa Aesar, 99.5%), V (99.5%, —325 mesh, Alfa
Aesar), and graphite (—325 mesh, Alfa Aesar, 99%) powders were utilized.
For, Ti3AlC,, a 2:1:1 atomic ratio of TiC:Ti:Al (50 g total) was used, follow-
ing prior synthesis procedures.l??] To synthesize V,AIC;, a 4:1.5:3 atomic
ratio (10 g total) of V:Al:C was mixed. Both powder mixtures were individu-
ally mixed in a 2:1 ball:powder ratio with 5 mm alumina balls. These were
then ball milled for 24 h at 60 rpm prior to high-temperature sintering.
The high-temperature reactions were undertaken in a Carbolite Gero tube
furnace, heating/cooling rates of 3 °C, and 200 SCCM continuous flow
of ultrahigh purity Ar gas (99.999%). To produce Ti;AlC,, the appropriate
mixture was sintered at 1400 °C for 2 h. To produce V,AIC;, they were in-
stead sintered at 1500 °C for 2 h. After cooling, the porous compacts were
milled using a TiN-coated milling bit and sieved (400-mesh), resulting in
particles <38 um. All experiments herein used a single batch of MAX to
eliminate any batch-to-batch variation.[*?]

For topochemically synthesis (selective Al etching) of Mxenes from
the MAX phases, HF (Acros Organics, 48-50 wt%; 29 M), HCl (Fisher
Scientific, 37 wt%; 12 m), and deionized (DI) water (15 MQ resistivity)
were used. In each reaction, PTFE stir bars were spun at 300 rpm to ensure
homogeneity in the reaction. Ti;C,T, was produced by submerging 1 g
of Ti3AlC, in a 2:6:12 volumetric ratio (total of 20 mL) of HF:H,0O:HCI
for 24 h at 35 °C. For V,C3T,, 1 g of V,AIC; was submerged in 20 mL of
pure HF and stirred for 96 h at 35 °C. After etching, each mixture was
washed with DI water by repeated centrifugation until neutral. These
mixtures were added to 150 mL DI H,O and were centrifuged at 3500 rpm
for 10 min. The acidic supernatant was decanted from the sedimented
Mxene. New DI H,O was added, the multilayer Mxene sediment fully
redispersed; this entire centrifugation/decantation process was repeated
eight times to ensure full Mxene neutrality, with all excess adsorbed acid
removed.

Both Ti;C, T, and V,C3T, were delaminated in 20 mL of 5 wt% TMAOH
solution (TMAOH; Sigma Aldrich, 25 wt% in H,0). They were stirred at
300 rpm for 12 h at 35 °C. Afterward, they were equally split into two 50 mL
centrifugation tubes per Mxene. New DI H,O was added, then the TMA-
intercalated Mxenes were centrifuged for 20 min at 10 000 rpm. The clear
basic supernatant was decanted, and the sedimented Mxene was then fully
redispersed in new DI H,O. This was repeated at least five times to ensure
the removal of any excess TMAOH. After the last cycle, the sedimented Mx-
enes were redispersed in 50 mL DI H,0, and then centrifuged for 10 min at
3,500 rpm. The supernatant was carefully decanted and collected, and then
this collected supernatant was again centrifuged for 10 min at 3500 rpm.
The resulting supernatant was decanted for collection and use. This extra
centrifugation step ensures that all few-layer and multilayer Mxene flakes
are sedimented, so that pure single-flake Mxene is collected for use in
the study. A fraction of the collected solution was then vacuum filtered
through Celgard membranes (64 nm pore size, 3501 coated polypropy-
lene) to produce free-standing films for characterization, such as X-ray
diffraction (XRD). Moreover, the solution concentrations were calculated
by measuring the resultant film weight after drying. The synthesis of the
nanomaterial was conducted under sterile conditions to prevent any po-
tential contamination.

For material characterization, all Mxenes used in this study have been
reported and characterized extensively elsewhere.[?294] Powder and film
XRD patterns were collected on a Rigaku Smartlab (40 kV and 30 mA)
diffractometer using Cu K, radiation. For the XRD pattens, the collection
conditions were: i) MAX powder: a step scan of 0.02° from 3° to 90° (26),
and 1s step time; ii) Mxene films: a step scan of 0.03 ° from 3° to 70° (26)
and 0.5 s step time. Scanning electron microscopy (SEM) was collected
using a dual-beam focused ion beam instrument (Strata DB235, FEI).
Using a porous anodic alumina substrate, a low-concentration colloidal
dispersion of Mxene flakes were drop-cast. Pt was sputter-deposited to
minimize charging. DLS (Zetasizer Nano ZS, Malvern Instruments) was
used for flake size analysis. For each sample, three measurements were
collected.
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Mxenes final application was considered during their development in
order to obtain a material allowing the easy preparation of biomedical for-
mulations. The high solubility and stability of Mxenes in aqueous and po-
lar solvents!®*] allows their preparation for systemic administration. Mx-
ene injection has been successfully performed in various animal stud-
ies, proving the biocompatibility of Mxenes (e.g., Ti;C,) with sizes up to
250 nm,[%6=%%1 which is similar to the one used in this study. In addition,
as reported in literature, even considering other 2D materials with lower
solubility (such as graphene), the systemic injection was possible even for
materials with sizes larger than 275 nm.['% These studies suggest that
our V4C; with a size of #275 nm can be further explored for future works
implying the systemic injection.

The colloidal stability of MXenes has been studied in both aqueous envi-
ronments and with phosphate-buffered saline/protein solution (data not
shown). After delamination, Mxenes were colloidally stable for extended
periods of time with no additives, regardless of the chemistry, as previ-
ously reported.[19102] Samples were then tested to assess their sterility
(data not shown).

Hemolysis Assay: Human blood was harvested from healthy donors
using ethylenediaminetetraacetic acid (EDTA) as a stabilizer. The blood
samples were centrifugated at 200 x g for 5 min and the serum was dis-
carded. RBCs were then washed three times with isotonic PBS. To deter-
mine the hemolytic activity, 1 mL of RBC suspension in PBS was treated
with Ti;C, or V,C; (50 ug mL™'). The mixtures were left at 37 °C in a
Thermo mixer at 500/600 X g for 1 and 24 h. At the end of the incuba-
tion times, samples were centrifugated to remove cells, and hemoglobin
absorbance in the supernatants was analyzed by a microplate reader (Sun-
rise TECAN Infinite M200PRO) at 570 nm, with the absorbance at 620 nm
as a reference.

Isolation of Peripheral Blood Mononuclear Cells:  PBMCs were isolated
from EDTA-venous blood from healthy donors (25-50 years old) col-
lected at the Transfusion Center of the University Hospital of Padua, after
approval from Region of Veneto Azienda Ospedaliera di Padova (num-
ber PD5579) and individual written informed consent. A standard Ficoll-
Paque (GE Healthcare, CA, USA) separation protocol was used for cell
separation. Cells were cultured in 24-well plates in Roswell Park Memo-
rial Institute (RPMI) medium (Life Technologies), additionated with 1%
penicillin/streptomycin (Life Technologies) and 10% heat-inactivated fe-
tal bovine serum (Life Technologies).

Viability and Cell Activation by Flow Cytometry: Cells were treated with
different concentrations (25, 50, and 100 pg mL™") of V,C; or TisC, for
24h and analyzed by flow cytometry (FACS Canto Il, BD Bioscience, CA,
USA) using the fixable Viability Stain 780 (FVS780, BD Horizon) and An-
nexin V (PE, BD Horizon), to evaluate cell viability and apoptosis/necrosis,
respectively. Ethanol 70% as a positive control was included.

PBMC activation was evaluated after treatment with 50 ug mL™" of V,C5
or Ti3C, for 24 h. Cells were stained with antibodies specific for CD25 and
CD69 activation markers (PE-conjugated anti-CD25, M-A251 clone; FITC-
conjugated anti-CD69, FN50 clone; BD Bioscience, CA, USA) in the dark
for 20 min. Lipopolysaccharides (LPS, 2 ug mL™"; Sigma — Aldrich, Mis-
souri, USA) was used as a positive control.

Data were acquired by flow cytometry and analyzed by Flow]o Software.

Cytokine Detection in Peripheral Blood Mononuclear Cell Supernatants:
PBMCs were treated with V,C; or Ti;C, (50 ug mL™") in the presence or
absence of LPS (2 ug mL™") priming for 24 h and the release of different
cytokines (IFN-y, IL-6, and TNF-a) was evaluated. The Cytometric Bead
Array (CBA) immunoassay kit (BD Biosciences, USA) was used following
the manufacturer’s instructions. A BD LSR Fortessa flow cytometry system
(BD Biosciences, San Jose, CA, USA) was used to acquire the data. The
BD FCAP Array v3.0 software (BD Biosciences, San Jose, CA, USA) was
used for data analysis. A five-parameter logistic (5-PL) equation was used
to determine the standard curve. The results were based on a standard
concentration curve and expressed as pg mL™".

Mxene uptake by Transmission Electron Microscopy (TEM): To perform
TEM analysis, samples were fixed with 2.5% glutaraldehyde in 0.1 m
sodium cacodylate buffer pH 7.4 ON at 4 °C. For postfixing, samples were
treated with 1% osmium tetroxide and 1% potassium ferrocyanide in 0.1 m
sodium cacodylate buffer for one hour at 4 °C. Following three washes
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with water, samples were dehydrated in a graded ethanol series and
embedded in an epoxy resin (Sigma-Aldrich). Using an Ultrotome V (LKB)
ultramicrotome ultrathin sections (60-70 nm) were obtained, counter-
stained with uranyl acetate and lead citrate, and acquired with a Tecnai G2
(FEI) transmission electron microscope working at 100 kV. Images were
captured using a Veleta digital camera (Olympus Soft Imaging System).

In Vitro Viability Testing on Major Immune Cell Populations Treated with
Mxenes: Jurkat (T cells), JY (B cells), THP-1 (monocytes), and K562 (nat-
ural killer cells) cell lines were treated with 50 ug mL~" of V,C; or Ti;C,
for 24, and cell viability was evaluated by flow cytometry. Ethanol 70% as
a positive control was used. Fixable Viability Staining Zombie NIR (Biole-
gend) and then analyzed by flow cytometry.

Gene Expression by Real-Time PCR:  For RNA purification, cells treated
as described were lysed in Triazol (500 L, Thermo Fisher). Total RNA
(500 ng) was purified, and reverse transcribed using a Triazol/RNAeasy
micro kit hybrid protocol (cat# 74 004, Qiagen), followed by Omniscript
reverse transcriptase (cat# 205 111, Qiagen) according to manufacturer’s
instructions. The RT2 SYBR green gene expression assay protocol (cat#
330501 Qiagen) was used for the real-time PCR reactions. RT2 SYBR
Green qPCR master mix and premade RT? qPCR Primer Assays (Qiagen)
for mouse Tnf (cat# PPM03113G-200), //6 (cat# PPM03015A), and Gapdh
(cat# PPMO02946E-200) were used. Each experiment was conducted in
triplicate. Gene expression analysis was computed by using the 274A¢cT
method with Gapdh as a housekeeping gene.

Mice: C57BL6/), CD45.1 (B6.S)L Ptprca), and OT-II were maintained
in our Institute. All the experiments were performed in accordance with
the approved IACUC protocol number AP0O00001018 to Dr. Klaus Ley at
the La Jolla Institute for Immunology animal facility, fully accredited by
AAALAC International. The sample size was determined to be adequate
based on the magnitude and consistency of measurable differences be-
tween groups. Male and female 5-12-week-old mice were used in all ex-
periments.

Isolation of Splenic Dendritic Cells and CD4+ T Cells:  To obtain dendritic
cells, spleens were harvested and incubated for 30 min at 37 °C in RPMI
supplemented with 2% FBS, 20 x 1073 m HEPES, 400 U mL~" type-IV col-
lagenase (Worthington Biochemical). The samples were then disrupted to
obtain single-cell suspensions. Subsequently, RBCs were lysed using ACK
buffer (Lonza), and filtered through a 70 um mesh into PBS supplemented
with 0.5% BSA and 2 x 10~ m EDTA (Phosphate buffer EDTA, PBE). DCs
were isolated by magnetic cell separation (MACS) using anti-CD11c beads
(Miltenyi Biotec), following the manufacturer’s instructions.

To obtain Naive CD4* T cells, spleens were handled as previously de-
scribed. To isolate CD4™ T cells we used the Naive CD4* T cell isolation
kit (Miltenyi Biotec) following the manufacturer’s instructions.

V,C; Effects on DC and T Cell Cytokines Production during Cell-Cell In-
teractions: We obtained DCs and CD4* T cells from mouse spleens as
described above. DCs and T cells were washed three times with PBE and
stained with antibodies: anti-CD4 BV421 (clone L3T4, T4 — Biolegend),
anti-I-A/I-E BV421 (clone M5/114.15.2-Biolegend) and Zombie NIR fix-
able viability dye APC Cy7 (Biolegend). Cells were sorted using a BD Fac-
sAria.

Sorted DCs and T cells were separately seeded into U-bottom 96-well
plates. DCs and T cells were treated with Ti;C; or V,C5 (50 ug mL™") with
orw/o LPS (10 ug mL™") for 24 h.

Nonsorted cocultures of DCs and T cells (1:1) were treated with Ti;C,
or V,C; (50 pug mL™"), supplemented with 10 x 107 m OTII peptide
(OVAs59.337) and 10 ug mL~" LPS and incubated for 24 h at 37 °C. Super-
natants were collected and analyzed to address cytokines production by
using BD CBA Flex Sets (BD Biosciences) for mouse TNF (cat# 558 299)
and IL6 (cat# 558 301) according to the manufacturer’s protocol. Sam-
ples were analyzed with FACS Celesta (BD Biosciences). Data was acquired
with FACSDiva software (BD Biosciences) and analyzed with FCAP array
software 2.0 (BD Biosciences).

V,C; effects on DCs and T Cells Gene Expression: DCs and CD4* T cells
isolated and treated as described in Section 4.11 were used for the gene
expression as in Section 4.8.

Mxene Modulation of CD40 and CD40L Axis: DCs and naive CD4* T
cells were isolated from CD45.1/1 and CD45.1/1 OT-Il mice, respectively
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as described in Section 4.10. Cells (10° DCs and 10° CD4* T cells) were
cocultured in U-bottom 96 well plates in the presence or absence of LPS 10
(mg mL™") and OT-II peptide (10 x 1073 m). Samples treated with nano-
material were exposed during the whole culture to 50 mg mL™" of Ti;C,
or V4Cs. After 24 h of coculture, cells were stained with antibodies spe-
cific for CD40L and CD40 and then analyzed by flow cytometry. The gating
strategy excluded doublets, cell debris, and dead cells using Zombie NIR
fixable viability dye APC Cy7 (Biolegend). The CD11c BV605 (clone N418 —
Biolegend) and CD4 BV421 (clone RM4-5- Biolegend) markers were used
to identify respectively DCs and CD4* T cells in cocultures. CD40L was
identified on CD4* T cells by the presence of CD154 PE (clone MR1 - Mil-
tenyi) on the cell surface, while CD40 on DCs by being labeled by anti-CD40
APC (clone FGK45.5 — Miltenyi).

Single-Cell Mass Cytometry (CyTOF) Analysis: PBMCs (4 x 106 cells
well~1) were cultured in 6-well plates and incubated with 50 ug mL™" of
V,C; or Ti;C, for 24 h. We used LPS (0.5 ug mL™"; Sigma — Aldrich, Mis-
souri, USA) and ethanol for cell biology (EtOH 70%) as positive controls.
Cells were incubated with Brefeldin A (10 ug mL™; Invitrogen, CA, USA)
6 h before the end of the treatment. After incubation, cells were washed
with a PBS supplemented with EDTA 0.5 M, and 5% of fetal calf serum
(FCS). Cells were then combined using Cell-ID 20-Plex Pd Barcoding Kit
(Fluidigm, CA, USA). Subsequently, we stained the barcoded sample with
Cell-ID Cisplatin (Fluidigm, CA, USA) 1:1000, Maxpar Human Peripheral
Blood Phenotyping and Human Intracellular Cytokine | Panel Kits (Flu-
idigm, CA, USA), following the manufacturer’s instructions. To assure a
uniform cell labeling with the palladium barcoding, cells were fixed and
permeabilized utilizing Fix | Buffer (1X) and Barcode Perm Buffer (1x).

Subsequently, we pooled together and resuspended the samples in
Maxpar Cell Staining Buffer using a 5 mL-polystyrene round-bottom tube.
We then stained the cells with a cocktail of surface marker antibodies (us-
ing a 1:100 dilution for each antibody and a final volume in the tube of
800 pL) for 30 min at room temperature. We then washed the sample
two times with Maxpar Cell Staining Buffer and fixed with 1 mL of 1.6%
paraformaldehyde for 10 min. Following this, cells were washed twice with
Maxpar Perm-S Buffer and centrifuged for 10 min at 1000 X g. Cells were
then resuspended in 400 uL of Maxpar Perm-S Buffer and incubated for an-
other 30 min with cytoplasmic/secreted antibody cocktail (1:100 dilution
for each antibody, final volume 800 pL). Subsequently, we washed the cells
two times with Maxpar Cell Staining Buffer and stained them overnight
with Cell-ID Intercalator-Ir solution at the final concentration of 125 x 10~°
M. Before data acquisition, we washed the samples two times with Maxpar
Cell Staining Buffer. Finally, we resuspended the samples in 2 mL of Max-
par water, and proceeded with filtration using a 0.22 pum cell strainer cap
to remove possible cell clusters or aggregates. Data were analyzed using
the mass cytometry platform CyTOF2 (Fluidigm Corporation, CA, USA).

Gating Strategy and Data Analysis and Visualization: The CyTOF data
analysis was carried out accordingly to the methods described by Orec-
chioni M et al.1%37] and Bendall et al.,!'%] by using a gating strategy to
exclude doublets, cell debris, and dead cells using Cell-ID Intercalator-Ir
and LD. Specific PBMC subsets and subpopulations were assessed as re-
ported in Figure S5 (Supporting Information). Normalized, background-
subtracted FCS files were uploaded into Cytobank for analysis.

Cytokine data analysis was achieved using the viSNE tool. Plots show-
ing the expression intensity of the analyzed cytokines (IFN-y, IL-2, IL4,
IL-5, IL17a, IL17f, IL6, MIP18, TNF-a, Perforin, and GrB) and heat maps
of mean marker expression ratio for all cytokines were realized.

mRNA Sequencing: In RNA extraction and QC, to evaluate the impact
of V,C; on PBMCs transcriptome, cells were incubated with V,C; (50 ug
mL~") for 24 h. Experiments were performed in triplicates on PBMCs from
the same healthy donor. The supernatant was collected to measure pro-
tein concentrations (see following paragraph). Subsequently, the cell sus-
pension was transferred into RNase-free 1.5-mL tubes, and washed two
times with PBS (1 mL). Cells were then resuspended in 350 pL of RLT
Buffer freshly supplemented with 1% p-mercaptoethanol and stored at
—80 °C. The RNAeasy Kit (Qiagen) RNA was then used for RNA extrac-
tion following the manufacturer’s instructions. RNA was quantitated on a
NanoDrop (ThermoFisher) and QCed using an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, California, USA). All samples had a RIN > 7.5.
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In normalization and statistical analysis, mRNA-sequencing using
Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illlumina
(75 single-end) with a read depth of average 8.78 m, and average read
alignment of 76.12% was performed. Single samples were sequenced
across four lanes, and the resulting FASTQ files were merged by sam-
ple. All FASTQ passed QC and were aligned to the reference genome
GRChg38/hg19 using STAR 2.7.9a. BAM files were converted to raw
counts expression matrix using HTSeg-count. Subsequently, “between-
LaneNormalization” normalized data (using EDAseq omitting GC and
transcript length correction (not applicable for 3’mRNA-seq)) was quan-
tiled normalization and log2 transformed (total transcript mapped to
genes = 19959 genes). All downstream analysis was performed with
RStudio (Version 4.1., RStudio Inc.). Differential gene expression analysis
was performed between V,C; and untreated with Limma via Bioconductor
package “limma v. 3.50.0"['%] with Benjamini—Hochberg (B-H) FDR,
using different FDR p values cut-offs (i.e., 0.01, 0.05, and 0.1). Genes
were removed with rows sum equal to zero before performing Limma.
Differentially expressed genes (FDR < 0.1) which belong to pathways of
interest in addition to selected genes including IFN-y and IFN-y inducible
chemokines CXCL9-11, CDG69 and EI2FST, were plotted in a heatmap
using Bioconductor package “ComplexHeatmap v. 2.10.0.” 1'% Set of
genes for pathways of interest were curated from multiple resources
as follows: immune pathways including Antigen Presenting Machin-
ery (Senbabaoglu. APM1/2) and MHC I/Il (Wolf. MHC.I/Il_19272 155)
from Thorsson et al. 2018[1%] and Sayaman et al. 2021.'97] Original
names were modified to friendly names (APM Path.1/2 and MHC /Il
Path) respectively. Set of genes for T-cell receptor signaling pathway
(KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY) and CD40/CD40L
pathway (BIOCARTA_CD40_PATHWAY) were downloaded from Molec-
ular Signatures Database (MsigDB), respectively: https://www.gsea-
msigdb.org/gsea/msigdb/cards/KEGG_T_CELL_RECEPTOR_SIGNAL
ING_PATHWAY, https://www.gsea-msigdb.org/gsea/msigdb/cards/
BIOCARTA_CD40_PATHWAY.html. Original names were modified to
TCR signaling and CD40/CDA40L Path., respectively. Another set of genes
include IFN-y-inducible chemokines and key transcription factors (CXCL9,
CXCL10, CXCL11, STAT1, and IRFT).

For enrichment pathway analysis, list of differentially expressed genes
(V4C; vs untreated, FDR < 0.01, n = 1507) was uploaded to Ingenuity Path-
way Analysis (IPA; Ingenuity Systems, Redwood City, CA) to detect mod-
ulated pathways (IPA canonical pathways). Original pathway names can
be found in Table S1 (Supporting Information), while modified “friendly
names” were used in the figured. Pathway enrichment data (including up-
regulated/downregulated genes, activation z-score and p value) were ex-
ported from IPA and used to regenerate the IPA figure using R CRAN pack-
age “ggplot2 v. 3.3.5”. Histogram and boxplots were plotted using R CRAN
package “ggplot2 v. 3.3.5”. Table S1 (Supporting Information) includes:
gene-level raw counts, normalized Log2 gene expression matrix used for
all analyses, Limma DEG analysis results, Luminex protein concentration,
full list of IPA results, and gene sets with references and individual gene
names.

Luminex: Supernatants from PBMCs (see previous paragraph) were
collected and analyzed by Luminex technology using a Bio-Plex Pro Human
Chemokine Panel. Data regarding the concentration of IFN-y- and IFN-
y-inducible chemokines (CXCL9, CXCL10, and CXCL10) were analyzed
as previously described.[?*] Protein concentrations of IFNy and IFNy-
inducible chemokines (CXCL9, CXCL10, and CXCL11) were plotted in a
heatmap using “ComplexHeatmap v. 2.10.0".

Statistical Analysis: Statistical analysis for gene expression and Lu-
minex assays is described in the previous paragraph. For all the other
experiments, comparison between groups was performed by one-way
ANOVA, followed by a 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. Two-tailed Student’s
t-test was performed to compare two groups. A value of p < 0.05 was con-
sidered significant. Sample size for all the experiments was set as n =3
biological replicates if not otherwise specified. All values are expressed as
mean + S.D.
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Supporting Information

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