Volume 13
Number 4

28 January 2022
Pages 851-1180

Chemical
Science

rsc.li/chemical-science

ISSN 2041-6539

s ROYAL SOCIETY EDGE ARTICLE

P. Horcajada et al.
“ O F CH EMIST RY Cracking the immune fingerprint of metal-organic

frameworks




#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Cracking the immune fingerprint of metal—organic

i '.) Check for updates ‘
frameworks¥

Cite this: Chem. Sci.,, 2022, 13, 934

T. Hidalgo, ©2° R. Simén-Vazquez, ©° A. Gonzalez-Fernandez & <
and P. Horcajada ® *@

8 All publication charges for this article

have been paid for by the Royal Society

of Chemistry
The human body is in a never-ending chess game against pathogens. When the immune system, our natural
defence tool, is weakened, these organisms are able to escape, overcoming the body's contingency plan,
which results in the body going into a pathological state. To overcome this checkmate status, emerging
nanomedicines have been successfully employed as one of the best tactics for boosting the immune
response, manipulating the body's defence tools for the specific recognition/elimination of pathological
cells via the active ingredient delivery. However, the vast majority of these drug-delivery systems (DDS)
are considered to be exclusively passive vehicles, with nanoscale metal—organic frameworks (hanoMOFs)
attracting a great deal of attention due to their versatility and ability to carry and deliver exceptional drug
payloads and to modulate their biological bypass. Nonetheless, their intrinsic immunogenicity character
has been never addressed. Considering the immense possibilities that nanoMOFs offer as a treatment

platform, the present study aimed to unveil the immunological fingerprint of MOFs, including an in-deep
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A evaluation of the cellular oxidation balance, the inflammation and recruitment of immune cells and the
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precise Th1/Th2 cytokine profile that is triggered. This study aims to gain insights that will make more

DOI: 10.1039/d1sc04112f feasible the design of customized immune-active MOF nanoplatforms according to targeted diseases, as
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Introduction

The use of immunotherapy to trigger the adequate cornerstones
of the immune system is a recent tactic to treat challenging
illnesses (e.g. cancer, infection, autoimmune diseases) as it
allows manipulating the body's defence tools like in a game of
chess. Through the immune system's machinery, the specific
recognition/targeting or elimination of pathological tumoral
cells along with refining the immunological memory are
feasible.”” While it is often associated with cancer, immuno-
therapy with monoclonal antibodies (mAbs) also serves as
a benchmark to study other diseases (e.g. autoimmunity
diseases, macular degeneration, allergies). Recently, the mAbs
approach against immune-check point inhibitors was shown to
offer real therapeutic success for many different cancer types.
Moreover, cellular immunotherapy also offers appropriate
responses, such as the adoptive therapies based on engineered
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the next ace up immune system sleeve.

T cells (e.g. chimeric antibody receptor T (CAR-T) cells, natural
killer (NK) cells, tumour infiltrating lymphocytes, dendritic
cells). In some instances, the disease progression (e.g. metas-
tasis, relapse or critical therapeutic failure) manages to escape
from its constant surveillance, which makes it an arduous
challenge to treat.* Thus, harnessing the immune response is
a smart alternative to the current therapies (i.e. surgery, radio-
therapy, chemotherapy).**

The clinical and preclinical treatment trends are not just
limited to a single strategy as combined multiple treatments
have demonstrated superior efficacy to any monotherapy. Thus,
the combination of immunotherapy with other conventional
treatment modalities can magnify the immune response,
thereby maximizing their therapeutic effect. In this context,
emerging nanomedicines have arisen as an appealing
approach, as they are able to transport the desired active
pharmaceutical ingredient (API, e.g. adjuvants, antigens, che-
modrugs) in a safe and effective manner to the target cells and/
or tissues.® However, the vast majority of such materials have
been employed as passive vehicles, providing just API-
protection against degradation and offering longer retention
times in the body.”® Revealing the NP inherent impact on the
immune response (in absence of any APIs) would provide
meaningful inputs for their in vitro and in vivo performance,
allowing more personalized nanotherapies.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Among the large variety of engineered nanocarriers (e.g.
nanoparticles (NPs), liposomes, micelles), a new class of crys-
talline hybrid materials known as nanoscale metal-organic
frameworks (nanoMOFs) has recently attracted a great deal of
attention in the biomedical domain.>'® These hybrid NPs
(composed of inorganic nodes and organic polydentate linkers
assembled into multidimensional periodic lattices) can be
precisely designed/manipulated at their molecular level, giving
rise to multifunctional smart entities, which is known as
multifunctional efficiency," offering several advantages as drug-
delivery systems (DDS), including: (i) chemical and structural
versatility, which permits a suitable biocompatibility upon
appropriate chemical design and the potential control of their
in vivo fate; (ii) an ideal amphiphilic internal microenviron-
ment, conveniently adapted to host a very broad variety of APIs
(biological gases, cosmetics, enzymes, nucleic acids, drugs,
etc.), releasing them in a controlled manner under physiological
conditions; (iii) easy and scalable synthesis, following green
methods with high yields; (iv) a general trend of a high
biocompatible profile (e.g. the lack of in vivo toxicity for the
benchmarked mesoporous Fe trimesate MIL-100(Fe) or the
microporous Zr carboxylates Uio-66(Zr)); (v) additional abilities,
where the recent successful external surface modification in
some prototypes has proven the capability to endow further
multifunctional abilities, such as targeting, imaging or
enhanced stability (chemical/structural or colloidal) under
biorelevant conditions.**%**-4

The latest advances on MOF nanocarriers have been mainly
focused on their targeting via external functionalization and/or
formulation.>'* However, their immunological impact has not
been in the spotlight within the scientific community and still
remains relatively unknown.

Most of the research reported so far on this topic is focused
on cancer immunotherapy,®® showing significant features
exclusively when used as a passive vehicle for effectively releasing
adjuvants, immunomodulators or antigens.'**® For instance, the
first MOF-based vaccine using ZIF-8-loaded ovalbumin (OVA)
with cytosine-phosphate-guanine oligodeoxynucleotide (CpG
ODN) attached as an adjuvant prototype was able to activate
a potent immune memory." In terms of exploring the intrinsic
immunogenicity behaviour of MOFs, some researchers have
preliminary evaluated the inflammatory response induced by
iron-based MOFs modified on their surface with polymers.>**
However, despite the biomedical progress made over the last five
years, the potential for MOFs to have intrinsically active reper-
cussions at the immune level has not been investigated in depth.
This basic notion is crucial, as it could provide valuable infor-
mation about the innate features of MOFs and their precursors
and their aroused immune reaction, which is a critical factor for
boosting multi-therapy with diverse APIs.

Bearing this in mind, we decided to evaluate the immuno-
genicity of a selection of three different nanoMOF platforms: (i)
two cubic-zeotype mesoporous metal (Fe** or AI**) trimesates,
namely MIL-100(Fe, Al) (MIL stands for the Material of the
Institut Lavoisier) with a very important mesoporosity (surface
area Sggr ~ 2400 m* g~ ', pore volume V,, ~ 1.2 cm® g~ '), which
have been highlighted as efficient DDSs with a lack of in vitro
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and in vivo toxicity;*® and (ii) the cubic microporous zinc 2-
methyl-imidazolate ZIF-8(Zn) (ZIF stands for zeolitic imidazo-
late framework), which can be described by a space-filling
packing of a regular truncated octahedral (Sggr ~ 1800 m>
g, Vp, ~ 1.2 cm® g~ '), which has also been highly selected as
a suitable MOF-based device for immunotherapy.””** In all
instances, we characterized their ability to induce human
cytokine production and complementary activation, together
with their potential cytotoxicity and production of reactive
oxygen species (ROS).

Considering the immense possibilities that MOFs offer as
a therapeutic platform (e.g. high porosity, versatile structure
and biosafe character), shedding light on the specific roles of
the MOFs and their constituents on the cellular homeostasis
could tip the balance towards the generation of a therapeutic
effect according to a targeted pathological dysfunction (e.g
cancer, infections, allergies, autoimmune diseases). In other
words, MOFs could be used as potential immunoactivators or
immunomodulatory carriers, able to induce immune activation
or tolerance under a pathological or undesirable activation
(‘tunable immune response’). Therefore, unveiling the native
MOF immunological fingerprint could provide insights to
facilitate the design of a targeted immune-active MOF nano-
platform for an efficient combined therapy.

Results and discussion
NanoMOF characterization and biosafety profile

Despite the recent tendency to explore novel MOF applications
in the biomedical field, where MOFs are mainly oriented as
potential drug vehicles, the repercussion of their intrinsic
impact on the immune system is still unknown. Since the
physicochemical properties of nanocarriers highly impact their
affinity to different biological structures (e.g. proteins, cells,
tissues, nucleic acids), as well as their efficacy and/or bio-
distribution (in other words, their biomedical performance),>>*®
we first fully characterized the nanoMOFs (XRPD, DLS, TEM,
surface chemistry and colloidal stability, etc.; see Experimental
section and the ESIj for the synthetic and characterization
details) prior to any immunological encounters.

The resulting materials displayed a nanometric particle size
in aqueous solution (hydrodynamic diameter from DLS ~150,
220 and 110 nm for MIL-100(Al), MIL-100(Fe) and ZIF-8(Zn),
respectively, see Table 1; which is in agreement with the
microscopic observation acquired by TEM, see Fig. S1%),
preserving in all cases their crystalline structure (Fig. S21) and
textural properties (Table 1), as previously reported.””®
However, it should be pointed out that there was a slight
increase in the hydrodynamic diameter in the case of MIL-
100(Al) compared to MIL-100(Fe), which could be related to
an aggregation effect due to the proximity to more neutral ¢-
potential values (absence of enough electrostatic repulsions).
This growth effect was also reflected in ZIF-8(Zn) NPs in
comparison with a previously reported one (28 vs. 110 nm),*
which was mainly associated with the nature of the medium
used for its dispersion (EtOH vs. H,O, respectively), maintaining
also their polydispersity index (PdI ~ 0.2).

Chem. Sci., 2022, 13, 934-944 | 935
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Table 1 Particle size and £-potential of MIL-100(Fe, Al) and ZIF-8 NPs in different physiological media together with their composition and

specific surface area

Media MIL-100(Fe) MIL-100(Al) ZIF-8(Zn)
Composition Metal Fe Al Zn
0 H \_,,—N
Ligand N\}
Size (nm) (PdI) H,O0 153 4 53(0.3) 218 + 28(0.2) 110 + 48(0.2)
PBS 177 £+ 17(>0.3) 209 + 41(>0.3) 227 + 26(>0.3)
RPMI 145 + 38(0.3) 248 + 50(>0.3) 284 + 22(>0.3)
¢-Potential (mV) H,0 —-25+4 —7+3 +96 + 0
PBS -3240 -16+1 —27+1
RPMI —31+2 -10 £ 2 942
BET surface (m* g~ ')* 1530 1510 1400

“ Brunauer-Emmett-Teller (BET) surface area.

Regarding the above-mentioned {-potential outcomes, the
fluctuation of the nanoMOF surface charge observed here
should be related to the diverse proportions of the partially
coordinated cations vs. the linkers when exposed to the physi-
ological media. For instance, the more negative {-potential
values displayed by MIL-100(Fe) NPs compared to their
aluminium analogue (—25 + 4 vs. —7 + 3 mV, respectively,
Table 1) could be due to the higher amount of carboxylate/
carboxylic acid vs. cation and/or the presence of elements on
the surface of Fe-F (fluorine coming from a washing step in the
MIL-100(Fe) preparation). Similarly, despite the contrary ¢-
potential value obtained on the external ZIF-8(Zn) surface, the
high positive charge (+96 + 0 mV) could be explained by the
same trend: a large proportion of cations or a higher presence of
protonated ligands, as the pH of the aqueous solution was lower
than the pK, of the imidazolate (6.0 vs. 7.0 and 14.9).2°

Bearing in mind the high-impact of the surrounding media
on the NP stability, and hence, on their biological affinities,
biodistribution and efficacy,**® the nanoMOF particle size and
{-potential were investigated under diverse simulated physio-
logical conditions: from a simple phosphate buffer solution
(PBS) to a more complex medium consisting of supplemented
cell culture media (RPMI, Table 1). In all cases, the nanometric
range was maintained, exhibiting an average size close to 160
and 225, and 207 nm for MIL-100(Fe & Al) and ZIF-8 NPs,
respectively. However, the ZIF-§(Zn) NPs underwent a notable
size increase in the presence of more complex media (from 110
+ 48 nm in H,O to 227 + 26 or 284 + 22 nm in PBS or RPMI,
respectively, Table 1). This destabilizing effect was related to the
tremendous {-potential fluctuation, shifting from a highly
positive charge in H,O to a lower negative character in PBS and
RPMI (+96 + 0 vs. —27 + 1 and —9 + 2 mV, respectively). This
dramatic conversion has been already observed in other nano-
MOF prototypes due to the formation of a superficial corona
composed by phosphate groups and/or other salts/proteins
from the media.>*?*” Overall, the colloidal stability of the tested
nanoMOFs in these biorelevant media makes them suitable
candidates for the assessment of their immunological
recognition.

936 | Chem. Sci,, 2022, 13, 934-944

Prior to exploring the associated immune fingerprint of
these nanoMOFs and their future implications, their toxico-
logical character needed also to be evaluated. On this basis,
a macrophage cell line (J774.A1) was selected as an appropriate
model of the first defence line in the immune system against
pathogens (those involved in the innate immune response).**>
Remarkably, an absence of toxicity was observed by the MTT
method* for both MIL-100 (Fe & Al) and ZIF-8(Zn) NPs after 24 h
incubation even at very high concentrations (1.2 mg mL ™,
Fig. S37). Despite previous data suggesting a higher cytoxicity
tendency induced by ZIF-8(Zn) than MIL-100(Fe) NPs (maybe as
a consequence of a potential competition between Zn** vs. Fe**
vs. Ca®" through ion channels and/or deoxyribonucleic acid
(DNA) damage),**** as well as the often associated cytotoxicity
effect of diverse cationic carriers,* these outcomes were in good
agreement with the lack of severe toxicity observed in other cell
lines***** as well as with previous in vivo data.'®** Therefore, the
biofriendly profile obtained from these nanoMOFs could enable
further investigations into their self-immunoactive activity. In
other words, shedding light on the interaction between MOFs
and/or its precursors with the immune constituents could
support the generation of a specific therapeutic activity,
providing valuable data starting from their particular affinities
with the biological surrounding, type of internalization path-
ways according to the cellular source and their influence on
specific chemical reactions, such as catalytic and oxidative
processes. Thus, in the next section, the MOF recognition by
essential actors of the innate immune system is addressed
considering (i) the cellular oxidation balance via reactive
oxidative stress production (ROS), (ii) the complementary acti-
vation and (iii) the cytokine secretion pattern.

NanoMOF immune fingerprint: innate and adaptive
immunity

Innate immunity: chess opening. The exogenous interven-
tion of engineered nanomaterials into the human body entails
their participation in the modulation of cellular redox homeo-
stasis; where a moderate concentration of ROS can act as
a second messenger for physiological regulation (activating the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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immune system), while excessive ROS may overwhelm the
antioxidant cell capacity, generating cellular toxicity, and
consequently, triggering cell death. Thus, understanding the
nanoMOF impact on the cellular redox status could guide the
therapeutic effect to a specific pathological dysfunction (e.g:
cancer, infections, allergies, autoimmune diseases).*® It has
been reported that the immune recognition of metal/metal
oxide NPs could be associated not only with potential nano-
toxicity (due to the metal leaching, increasing the ROS
production), but also to a positive immunogenicity role of the
released ions.*”*

Given that we are proposing three nanoMOFs based on
different cations (Fe*", AI’" and Zn”"), their repercussion on the
cellular oxidation balance should be investigated. To address
this point, a human promyelocytic leukaemia cell line (HL-60)
was selected, as it has been shown to modulate ROS produc-
tion in a dose-dependent response.>* Two different doses (25
and 250 pg mL ") of MIL-100(Fe, Al) and ZIF-8(Zn) NPs were put
in contact with the HL-60 cells at different time points (1, 4, 8
and 24 h), and the results compared with three different
controls: (i) a positive control (C+), cells incubated with PMA
(ROS inducer); (ii) the basal control (Cpasa), the intrinsic
oxidation state of HL-60 cells (in the absence of ROS inducer but
with the ROS reactant) and (iii) a negative control (C—), cells in
media without any treatment (neither the ROS inducer or the
ROS reactant; see the Experimental section). Remarkably, no
ROS induction was detected at short times (=8 h) regardless of
the NPs' concentration, with the exception of the highest
concentration of MIL-100(Al) NPs (250 pg mL™'), which
exhibited a slight increase in oxidative stress (Fig. 1). On the
contrary, at longer incubation times (24 h), ROS production rose
in all cases at high dose (250 pg mL ™), being more prominent
in the MIL-100(Al) NPs (even at the lowest concentration). This
oxidative stress, promoted by the Al-trimesate, was higher than
with its Fe-analogue or Zn based NPs, displaying an oxidative
strength tendency of Al > Fe ~ Zn. Therefore, all the tested
nanoMOFs induced moderate ROS at 24 h, being stronger for
the MIL-100(Al) NPs; this performance could be beneficial to
enhancing their potential immunotherapeutic effect as the
immune system can be smoothly activated (‘friendly warning’),
as previously proposed for other nanoparticle systems.**** In
fact, it is not the first occasion that ROS production by innate
immune cells has been related to a good in vivo adjuvancy, as an
immune activation mechanism is triggered.*

Consequently, the nature of the metal seems to be a crucial
parameter as the redox homeostasis could be tampered
with.***! Although the mechanism is not well-described, these
metals favour superoxide radical formation [mainly the super-
oxide anion (O,' ), hydrogen peroxide (H,0,), singlet oxygen
(*0,) and hydroxyl radical ("OH)].** In our particular case,
despite the non-redox character of Al compounds, MIL-100(Al)
NPs have proven to be a powerful in vitro and in vivo pro-
oxidant,**** promoting both iron auto-oxidation and ROS
formation by their binding with superoxide radical anions.****
Most of the AI** present in the human organism is not free in
solution, but forms stable complexes with low/high molecular
mass biomolecules, with around 90% of the aluminium in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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blood serum bounded to the transferrin protein.** Concerning
Fe’”, it is widely reported that iron oxides (e.g. Fe;04, Fe,O;) can
induce ROS production through the Fenton reaction (catalyzing
the H,0, reaction), showing high reactivity with biological
molecules such as lipids, proteins and DNA.**® In fact, iron is
generally bound to specific proteins, leaving few free iron
cations available for the Fenton reaction (e.g. inducing ferrop-
tosis).* In our particular case, the moderate ROS levels of MIL-
100(Fe) NPs were also in agreement with an increase in the in
vitro** and in vivol2 oxidative stress, as already previously
described by some of us, demonstrating a totally reversible
effect after 2 weeks of its intravenous administration with
a high dose (up to 220 mg kg™ '). Finally, the redox-inert Zn”" is
the most abundant metal in the brain, being also an essential
component in various enzymes and transcription factors
involved in the regulation of key cellular functions (DNA repli-
cation, repair of DNA damage, cell cycle progression and
apoptosis).** The depletion of zinc may enhance DNA damage
by impairing DNA repair mechanisms, generating free radicals:
its high solubility and easy nitrogen- or oxygen-coordination
lead to the formation of chelates with many biomolecules that
are involved in the oxidative balance homeostasis, resulting in
their inactivation and then, the induction of ROS.*° For
instance, Zn>" is associated with the inhibition of the important
antioxidant enzyme glutathione reductase.’>** Besides, zinc
competition with other redox active metals (such as copper or
iron) may also play a role in oxidative stress-mediated damage,
as Zn>* may bind and protect sulfhydryl groups belonging to
proteins. In contrast, other researchers have also proposed
a possible antioxidant and anti-inflammatory effect of this
cation associated with (i) potential activation of the antioxidant
enzyme superoxide dismutase (SOD1 and 3), which possesses
Zn and Cu in its active metal site and (ii) inhibition of the
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, which involved in free radical production.>*>*

Therefore, the moderate oxidative stress generated by ZIF-
8(Zn) NPs would favour designing a dual functionality
(oxidant and antioxidant behaviour) according to the immune
system demand. In other words, the presence of additional
metals and the potential action of the selected nanoMOFs will
be determined by the particular cellular status and/or patho-
logical environment to be treated. Thus, previous knowledge of
each clinical condition would lead to more precise nanoMOF
therapies.

Innate immunity tour: the pivotal point in the middle game.
On the other hand, apart from the above-mentioned activation
of innate immune cells during a pathogen invasion (e.g
macrophages, natural killers-NK cells, innate lymphoid cells),
humoral factors are also triggered. This is the case of the
complement system, a complex network of plasma proteins that
can elicit highly efficient and tightly regulated inflammatory
and cytolytic immune responses to infectious organisms, tissue
damage by physical, chemical, or neoplastic insults, and other
surfaces identified as ‘non-self’.’”** It has been proven that the
contact with nanomaterials can activate this system through
three pathways (classical, lectin or alternative), leading to
particle opsonization and clearance.®® Typically, the

Chem. Sci., 2022, 13, 934-944 | 937
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Fig. 1 ROS production in HL60 cells incubated with MIL-100(Fe) (top), MIL-100(Al) (middle) and ZIF-8(Zn) NPs (bottom) at two different
concentrations (25 and 250 ug mL™%; marked with a blue line). Basal (cells), negative (cells + ROS reagent) and positive control (cells + ROS
reagent + ROS inducer) are disclosed in black, grey and red lines, respectively. Note that these data, corresponding to one of the triplicates
obtained in four independent experiments (n = 12), are totally representative from the whole results.

degradation of the central factor C3 promotes the membrane
attack complex (MAC) to create pores in the lipid bilayers
(thereby accelerating tissue danger and inflammation) as well
as the production of anaphylotoxins, which behave as inflam-
matory alert signals attracting immune cells to the zone.>” In
this context, the ability of nanoMOFs to mediate the comple-
ment pathway and, in turn, the inflammation process and
recruitment of immune cells were investigated. A pool of

938 | Chem. Sci, 2022, 13, 934-944

human sera from three different donors were put in contact
with two different concentrations (25 and 250 pg mL™ ") of MIL-
100(Fe, Al) and ZIF-8(Zn) NPs, using western blotting to evaluate
the degradation of the common factor C3, a protein that fulfils
a pivotal role in the three complement cascades (see Experi-
mental section). Overall, there was no induction of the
complement cascades at high concentration (250 pg mL %),
regardless of the MOF nature. Nonetheless, it should be noted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that both MIL-100(Al) and ZIF-8(Zn) NPs slightly stimulated this
system at low concentration (25 ug mL™"; Fig. 2), with the effect
being even higher in the case of MIL-100(Al) NPs. The ROS and
complementary activation (both relevant adjuvant mecha-
nisms) observed with these nanoMOFs were in agreement with
the induction effect of alum, the first and most widely used
adjuvant in vaccines.*® Hence, these findings make them
potentially attractive as good adjuvants, with potential for
heading to the next level of immune surveillance, i.e. activation
of the adaptive immunity, which could be combined with
specific antigens.

Adaptive immunity tour: best tactics for the endgame. As
stated, this recognition by the innate immune system (e.g.
macrophage recognition or activation of the complement
cascade) is a critical point; diverse parameters can stimulate

View Article Online
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this response in different sensing pathways, which can be
designed to determine the class of infecting pathogens (based
on their localization, viability, replication or virulence) and to
be translated into signals (extracellular factors: cytokines -CK-)
that, together with the antigen presentation to T cells, will
contribute to initiating an appropriate specific adaptive
immune response. Note, a suitable adjuvant/vaccine task is
generally expected to elicit a specific and long-term immune
response,””® keeping active the specific immune memory (T & B
cells, long-live plasma cells) with the main aim of maintaining
the ‘immune warning status = checkmate’ until the patholog-
ical battle is over.

Moreover, a lack of inflammatory signals or the presence of
regulatory factors during antigen presentation can promote
tolerogenic responses, suppressing immune reactions (e.g
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Fig. 2 Top: Complement activation, represented by determining the intensity of the band at 43 kD, corresponding to the degraded C3 factor,
and compared with the band at 115 kD, corresponding to the intact protein. The samples were normalized with respect to the negative control.
Bottom: Complement activation data for MIL-100(Fe), MIL-100 (Al) and ZIF-8 (Zn) NPs determined by western blotting (WB) using a specific C3
antibody to measure the degradation of the protein. Note that these data correspond to one example of the duplicates obtained in three
independent experiments (n = 6, 3 different WB experiments), totally representative of the whole results, and the error bars correspond to the
standard deviation. All data were tested by one-way ANOVA test (p < 0.05 was considered statistically significant).
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Table 2 Summary of the cytokine production®
NPs dose Positive control MIL-100 MIL-100 ZIF-8
(ng mL™h) (LPS & PHA) (Fe) (Al (zn)
Th1 cytokines IL-12p70 25 3/3 3/3 2/3 3/3
250 (10* to 10%) (10* to 10%) (10 to 10%) (10 to 10%)
INF-y 25 3/3 2/3 3/3 2/3
(10° to 10%) (10% to 10%) (10 to 10?) (10 to 10%)
250 3/3 3/3 2/3
(10> to 10%) (10> to 10%) (10* to 10%)
IL-2 25 2/3 2/3 2/3 3/3
(10% to 10%) (10 to 10?) (10 to 10?) (10 to 10%)
250 3/3 2/3(10 to 10%)
(10 to 10?)
Anti-inflammatory IL-10 25 2/3 2/3 2/3 2/3
cytokine (10° to 10%) (10% to 10%) (10% to 10%) (10% to 10%)
250 2/3 2/3
(10* to 10%) (10° to 10%)
Pro-inflammatory IL-6 25 3/3 3/3 3/3 2/3
cytokines 250 (>10°%) (10% to 10%) (>10°) (>10°)
IL-8 25 2/3 2/3 2/3 3/3
(10° to 10%) (10* to 10%) (10° to 10%) (10° to 10%)
250 3/3
(10% to 10%)
IL-1B 25 3/3 3/3 2/3 2/3
(10” to 10%) (10° to 10%) (10° to 10%) (10° to 10%)
250 3/3
(10° to 10%)
TNF-o. 25 3/3 2/3 3/3 2/3
(10° to 10%) (>10%) (10* to 10°) (10* to 10°)
250 3/3 2/3 3/3
(>10%) (>10%) (10" to 10°)
TNF-B 25 3/3 2/3 3/3 2/3
(10° to 10%) (10* to 10%) (10 to 10%) (10 to 10%)
250 3/3 2/3

(10” to 10%) (10 to 10%)

4 Secretion of Th2 cytokines (IL-4 and IL-5) was not observed with the MIL-100(Fe), MIL-100(Al) and ZIF-8 (Zn) NPs. The values correspond to the
variation of the cytokines concentration (in pg mL~") compared with the negative control (10, 10%, 10%, 10* or >10° times) obtained from 3 different
donors (1/3, 2/3 or 3/3), with the representation of the activation shown in the positive control (LPS and PHA, which acted as inducers of the

cytokines production).

modulating inflammation, restricting migration of self-reactive
immune cells),** which could be a great scenario for combined
immuno- and chemo-therapeutic nanocarriers for autoimmune
and allergic diseases, among others.

The transition from innate to adaptive immunity requires
antigen processing and T cell presentation by antigen-
presenting cells (APCs): dendritic cells (DC) are able to trigger
naive T cells that, with the already activated macrophages and B
cells (effectors of the antibody production), can promote the
activation of helper T cells (CD4+), which is crucial for a specific
immune response and immunological memory.>°

However, it should be mentioned that the immunological
scenario and its consequent action rely on the type of disease.
For instance, (i) in a tumoral environment, a high presence of
immunocompromised cells is observed, where the therapeutic
approach aims to reverse this immunosuppression by stimu-
lating the immune system; or (ii) when facing viral pathogens
(e.g. SARS-Cov-2), the current vaccine treatments aim to induce
both B and T cell responses, either by the generation of
neutralizing antibodies or anti-viral specific helper and/or

940 | Chem. Sci, 2022, 13, 934-944

cytotoxic T cells (CD8+) as well as long-live memory cells;*
(iii) on the contrary, for the autoreactivity and inflammatory
processes concerned with autoimmune and autoinflammatory
diseases, the induction of a tolerance response is required.
Consequently, revealing the intrinsic immunogenicity of
nanomaterials can be exploited to modulate the immune
response; whereby understanding the molecular action mech-
anisms of different cytokines in the context of a specific disease
could contribute to developing more targeted anti-cytokine/
cytokine therapy (‘innovative nanotherapeutic
modulating strategies’).®

To shed light on the type of adaptive immune response eli-
cited by the nanoMOF, and thereby its potential role as a ther-
apeutic carrier of diverse diseases, two different concentrations
(25 and 250 pug mL™") were incubated with human peripheral
blood mononuclear cells (PBMCs) from three voluntary donors
(see Experimental section; Table 2) for the determination of
their cytokine profile. It should be noted that the PBMC fraction
was mainly composed of lymphocytes (70-90% including T, B
and NK cells) and monocytes (10-30%), generally activated in

immune-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Individual levels of human cytokines production from peripheral blood mononuclear cells (3 different donors) after 24 h in contact with 25

or 250 pg mL~* of MIL-100(Fe), MIL-100(Al) or ZIF-8(Zn) NPs. C—: negative control (PBS) and C+: positive control (10 pg mL™* PHA + 1 mg mL™*
LPS). All data were tested by two-way ANOVA and Tukey's tests (P < 0.05 was considered statistically significant).

response to external stimuli, such as the nanoMOFs or positive
controls (selected here as C+: lipopolysaccharide -LPS- and
lectin phytohemagglutinin -PHA-), which are also known as
human cytokine activators. In particular, the cytokine profile
was here represented as the average of three donors' values for
each nanoMOF in comparison with the negative control (C—)
together with the number of donors included within this vari-
ation (Table 2), for greater clarity.

On the whole, a substantial immune response was evidenced
in presence of the three nanoMOFs; whereby a diverse cytokine

© 2022 The Author(s). Published by the Royal Society of Chemistry

production 10 to >10° times higher than the negative control
was obtained (see Table 2; Fig. 3), highlighting a general
secretion of pro-inflammatory cytokines in all cases (mostly
derived from the activated monocytes). One example was IL-6,
secreted by the activated monocytes, which participate in
diverse functions, such as the B cell growth or endocrine effects
(e.g. induction of fever, production of reactive C protein in the
liver). In this case, similar values were obtained for the positive
control, being more than 10° times higher than the negative
control. Other significant pro-inflammatory cytokines observed
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here were interleukin IL-1p (relevant cytokine for the activation
of T and B lymphocytes) along with the tumour necrosis factor
(TNF, o and B responsible for the signalling pathways for cell
survival, apoptosis, inflammatory responses or cellular differ-
entiation), displaying levels higher than for C—, from 10° to 10*
for IL-1B and ~10* to >10° in the case of TNFa (being even 10 to
10* times higher than for C+ in both cases), which suggest that
the tested nanoMOFs significantly induced inflammation. On
the contrary, high levels of the anti-inflammatory IL-10 were
also observed within the same range than for the positive
control with ~10® to 10" times higher values than for the
negative control. Although they can be produced by different
cell types, such as Th2 cells or regulatory T and B cells, activated
monocytes are also able to be secreted in large amounts.
However, this secretion is usually delayed in the presence of
other pro-inflammatory factors, as shown here with the IL-6,
tumour necrosis factor or INF-y production (the main Th1
cytokine implicated in the inflammation and proliferation of
the macrophages). Regarding the chemokine IL-8, which is
a potent chemoattracting agent, its levels were also raised with
values ~10° to 10* higher than cells incubated with the media
containing MIL-100(Al) and ZIF-8(Zn) NPs, being 10 times lower
in the case of MIL-100(Fe) NPs. These findings reveal a great
trend of those nanoMOFs to be recognized by the innate cells.
An expected optimal scenario should include a well-balanced
Th1 and Th2 response, as this would be suited to a particular
immune challenge. In view of unveiling the potential type of
adaptive immune response induced by these nanoMOFs, the
specific influence pursued by Th1-Th2 cytokines was investi-
gated in depth. Related with Th1 stimulation, the interplay of
interleukin 2 (IL-2, involved in T and NK cells proliferation),
interferon gamma (IFNY) and Th2 cytokine profiles (IL-4 and IL-
5, which are the main markers of Th2 cells, promoting specific
cellular differentiation) showed low levels of IL-2 regardless of the
nature of the MOF (Table 2, Fig. 3), with levels slightly higher for
those of IFNy with MIL-100(Fe) and (Al) than with ZIF-8(Zn) NPs.
In both cases, the levels produced by these Th1 cells were 10 to
10 times higher than those in the negative control. Similar to IL-
2, IL12p70 production in the presence of MIL-100(Al) and ZIF-
8(Zn) NPs was ~10 to 10” times higher than in cells incubated
with the media, with the exception of MIL-100(Fe) NPs, where the
values reached the positive control levels. It should be noted that
this last interleukin stimulates the Th1 profile and inhibits the
Th2 response.®® In fact, looking deeper into the Th2 cell impact,
no secretion of IL-4 or IL-5 were detected notwithstanding the
MOF topology or composition. These outputs evidence the acti-
vation of mainly the cellular response vs. the humoral (antibody),
which can be beneficial for vaccine purposes, for instance.”
Overall, all the nanoMOFs seemed to be very well-recognized
by the innate monocyte population, eliciting a potent response
with the secretion of pro-inflammatory cytokines together with
the chemokine IL-8. Conversely, IL-10 release, produced by
activated monocytes and other immune cells after exposure to
nanoMOFs, could indicate the tendency of the cells to revert to
this pro-inflammatory status, showing higher IL-10 levels that
might be also associated with a slight INF-y inhibition. This CK
pattern, detected on human cells, reflects the type of immune

942 | Chem. Sci,, 2022, 13, 934-944
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response that one could expect if these nanoMOFs were to be
used in vivo.

In a nutshell, the lack of IL-4 and IL-5 (the main markers of
the Th2 profile), the presence of IL-2, IL12p70 and IFNy
(distinctive Th1 profile) and the induction of IL-6, IL1B and
TNFa (involved in inflammatory processes) suggest that the
presence of nanoMOFs could tip the balance to the Thi
responses (highly recommended for anti-tumoral, anti-viral
and/or intracellular bacteria responses), promoting their
specific differentiation.

Conclusions

Understanding the native immunological features of nanoMOFs
could make it possible to customize the design of effective
nanomedicines to prevent and/or treat specific pathological
disorders. Each nanoMOF has a unique biological repercussion:
their large versatility (type of metal/linker nature, topology,
reactivity, etc.) requires specific safety profiles, considering not
only the cellular but also the geno and/or immunological impact.
The nanoMOFs studied here (i.e. MIL-100(Al), MIL-100(Fe)
and ZIF-8(Zn)) showed a high biocompatible profile with
a slight activation of the complement cascade along with ROS
induction in innate cells, especially for the innate monocytes,
displaying the production of both several pro-inflammatory (IL-
6, TNFa and B, IL1pB, IL-8) and anti-inflammatory (IL-10) cyto-
kines. Despite all showing a very similar pattern, MIL-100(Fe)
seemed to induce a higher Th1 immune response compared
to MIL-100(Al) and ZIF-8(Zn) NPs, with a higher induction of
INF-y and IL12p70 cytokines. Moreover, the lack of Th2
response elicited by any nanoMOF was noteworthy, which could
suggest a slight cellular response (antibody production).
Overall, the activation of innate and Th1 cells induced by
these nanoMOFs make them promising adjuvant candidates for
targeted immunotherapy. These findings should help to create
more novel and effective immunoactive MOFs, opening new
horizons not only in biomedicine (e.g. therapy, imaging,
vaccines) but also in other economically and societally relevant
fields, such as the environment, catalysis or sensing, in which the
safety of the MOFs is a crucial parameter to their practical use.
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