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Abstract

Nanoparticles including nanomedicines are known to be recognised by and interact with the immune system. As these
interactions may result in adverse effects, for safety evaluation, the presence of such interactions needs to be investigated.
Nanomedicines in particular should not unintendedly interact with the immune system, since patient’s exposure is not
minimised as in the case of ‘environmental’ nanoparticles, and repeated exposure may be required. NLRP3 inflammasome
activation and dendritic cell (DC) maturation are two types of immune mechanisms known to be affected by nanoparticles
including nanomedicines. NLRP3 inflammasome activation results in production of the pro-inflammatory cytokines IL-1f
and IL-18, as well as a specific type of cell death, pyroptosis. Moreover, chronic NLRP3 inflammasome activation has been
related to several chronic diseases. Upon maturation, DC activate primary T cells; interference with this process may result
in inappropriate activation and skewing of the adaptive immune response. Here, we evaluated the effect of two nanomedi-
cines, representing nanostructured lipid carriers and polymers, on these two assays. Moreover, with a view to possible future
standardisation and regulatory application, these assays were subject to an inter-laboratory comparison study using common
SOPs. One laboratory performed three independent NLRP3 inflammasome activation experiments, while the other performed
a single experiment. Two laboratories each performed three independent DC maturation experiments. While the nanostruc-
tured lipid carrier only showed marginal effects, the polymers showed major cytotoxicity. No evidence for inflammasome
activation or DC maturation was demonstrated. Intra- and inter-laboratory comparison showed clearly reproducible results.

Keywords NLRP3 inflammasome activation - Monocyte-derived dendritic cell - Dendritic cell maturation - Nanostructured
lipid carrier - Polymeric nanomedicine - Inter-laboratory comparison

Introduction for a prolonged period. The degree and nature of NP interac-

tion with the immune system depends on the NP’s charac-

Nanoparticles (NP) are known to interact with the immune
system [1]. This also holds for nanomedicines [2]. Generally,
effects on the immune system can be regarded as detrimental
as it disturbs the intricate homeostasis of the system. Espe-
cially nanomedicines should not interact with the immune
system, since patients are intentionally exposed and often so
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teristics [3, 4]. However, the relationship between these is
still not completely understood, meaning that prediction of
effects on the immune system from these characteristics is
limited. A series of (preferably in vitro and high throughput)
assays is therefore required, to establish possible effects on
the immune system. In a recent analysis, we, among others,
listed immune system endpoints for which, however required
by regulatory authorities, no generally accepted assays exist
[5]. From this list of endpoints, two assays, measuring differ-
ent immune mechanisms, are the subject of the current study.
Both mechanisms are known to be affected by nanomaterials
and are linked to adverse immune effects [6-8].

The NLR family, pyrin domain-containing 3 (NLRP3)
inflammasome consists of a NLRP3 scaffold, an apoptosis-
associated speck-like protein containing a CARD (ASC)
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adaptor, and pro-caspase-1. Upon activation, NLRP3
recruits ASC. ASC then binds to pro-caspase-1, resulting
in auto-cleavage of this pro-enzyme to become the active
enzyme caspase-1. Caspase-1 processes pro-IL-1p and pro-
IL-18 to bioactive IL-1p and IL-18, respectively [9]. Please
refer to this publication also for a clear representation of the
pathways involved. These cytokines are potent mediators of
inflammation. Next to host-derived molecules and a mul-
titude of infectious agents [9], the NLRP3 inflammasome
can be induced by a wide range of xenobiotics including
NP [6]. Its activation is associated with various inflamma-
tory diseases, including lung fibrosis, obesity and type-2
diabetes [7].

Dendritic cells (DCs) are sentinel cells that are pivotal in
the initiation of adaptive immune responses [10]. Moreover,
they integrate various stimuli, such as from different pathogen-
associated molecular patterns (PAMPs) and the cytokine milieu.
PAMPs are detected by pattern recognition receptors (PRRs)
that are highly expressed by DCs. Important classes of PRR
form the Toll-like receptors and Nod-like receptors. Importantly,
the nature of the immune response following DC maturation is
significantly influenced by the PRR (or combination of differ-
ent PRR). In this way, DCs form an important link between the
innate and adaptive immune response. DCs appear as immature
DCs that are well capable of ingesting protein antigens and as
mature DCs that are especially capable of presenting peptides
to naive T cells. This process of DC maturation is central to
the functioning of DC. Various types of NP can influence the
process of DC maturation and by that immune function [8].
DC maturation can be readily measured by cell surface marker
expression and cytokine production. The panel of cell surface
markers used to measure DC maturation generally comprises
HLA-DR (MHC class II) and the T cell co-receptors CD40,
CD80 and CD86, although additions to this panel such as CD83,
PD-L1 and DC-SIGN are sometimes included, while in other
studies the panel used is more limited. The cytokines measured
to evaluate DC maturation are mostly IL-12p40 or IL-12p70,
but also IL-10 and TNF-a.

Although DC harbour a fully functional NLRP3 inflam-
masome, for the NLRP3 inflammasome activation assay,
we chose to use macrophages derived from THP-1 human
monocytes, since (1) the NLRP3 inflammasome is more
strongly expressed in macrophages compared to DC, (2) a
monocyte cell line is likely to provide more reproducible
data than primary monocytes and (3) there is no possible
interference by DC maturation on NLRP3 inflammasome
activation. DC obtained from cell lines have limited func-
tionality compared to those obtained from primary mono-
cytes, justifying primary monocytes as a source for the DC
maturation assay.

Here, we present the results of an inter-laboratory com-
parison study of two assays, NLRP3 inflammasome activa-
tion (using macrophages derived from THP-1 monocytes),
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and DC maturation (using DC derived from primary mono-
cytes). The assays were performed by two laboratories using
common SOPs. While RIVM performed three independent
replicate experiments of the NLRP3 inflammasome acti-
vation assay, the University of Liverpool performed one
experiment. RIVM and the University of Liverpool each
performed the DC maturation assay in three independent
replicate experiments. Two types of nanomedicines were
tested: the nanostructured lipid carrier LipImage™ 815
and a nanocarrier composed of poly (alkyl cyanoacrylate)
polymer. The latter was tested both empty and loaded with
Cabazitaxel.

Materials and methods
Nanomedicines

Two types of nanomedicines were tested: (i) the nanostruc-
tured lipid carrier LipImage™ 815 [11], and (ii) the nano-
carrier composed of the poly (alkyl cyanoacrylate) (PACA)
polymer: poly (2-ethylbutyl cyanoacrylate) (PEBCA).
PEBCA was tested both empty and loaded with Cabazitaxel
(CBZ) [12]. In the present paper, these polymer nanocarriers
are designated PACA and PACA-CBZ, respectively.

Liplmage™ 815 synthesis and characterisation

Batches of LipImage™ 815 were prepared by high-pressure
homogenization (HPH). The lipid phase comprised 19.125 g
of soybean oil, 6.375 g of Suppocire™ NB, 4.875 g of leci-
thin, and 150 mg of IR-870 oleyl (molar mass: 986.29 g/
mol), which was synthetized as previously described [11].
The aqueous phase comprised 25.875 g of Myrj™ S40 and
110 ml NaCl 154 mM. Mixtures of lipid and aqueous phases
were pre-emulsified using a mechanical disperser (Ultra-T25
Digital Turrax, IKA) operated at 15,000 rpm for 5 min. The
emulsion was then processed with a High-Pressure Homog-
enizer (Panda Plus 2000, GEA Niro Soavi, Italy) operated
for 16 cycles with a total pressure of 1250 bars, the pressure
of the second stage chamber being set at 50 bars and the
cooling system at 30 °C. Batches of 200 g of particles were
then purified by 5 pm filtration followed by tangential flow
filtration (Labscale TFF system, Millipore) against NaCl
154 mM through a Pellicon XL Biomax™ cassette (Merck)
operated at a trans-membrane pressure of 1 bar at a flow rate
of 2 ml/min. The nanoparticle dispersion was adjusted to a
concentration of 100 mg/ml and filtered through a 0.22 pm
Millipore membrane for sterilization before storage and use.

Dynamic light scattering (DLS) was used to determine
the particle hydrodynamic diameter and zeta potential (Zeta
Sizer Nano ZS, Malvern Instrument, Orsay, France). Particle
dispersions were diluted to 2 mg/ml of lipids in 0.22 um
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filtered 0.1 X PBS and transferred in Zeta Sizer Nano cells
(Malvern Instrument) before each measurement, performed
in triplicate. Results (Z-average diameter, dispersity index,
C-potential) were expressed as mean and standard deviation
of three independent measurements performed at 25 °C. The
encapsulation efficiency and payload of IR780-oleyl dye in
the LipImage™ 815 were determined by high-performance
liquid chromatography (HPLC WATERS Alliance 2695/
Fluorescence 2475 detector) and compared with a calibra-
tion curve established from the reference fluorophore IR780-
Oleyl alone, as previously described [13]. The theoretical
amount of IR780-Oleyl encapsulated in a batch of LipIm-
age™ 815 at 100 mg/ml lipid nanoparticles is 266 uM. The
size, polydispersity index, {-potential and dye loading of
LipImage™ 815 is shown in Table 1.

PACA synthesis

PACA nanoparticles were synthesized under aseptic condi-
tions at SINTEF (Trondheim, Norway) by mini-emulsion
polymerisation. Prior to synthesis, all solutions were ster-
ile filtered, and all equipment was autoclaved. An oil phase
consisting of poly(ethyl butyl cyanoacrylate) (PEBCA)
(Cuantum Medical Cosmetics) containing 2 wt % Miglyol
812 (Cremer) and 10 wt % vanillin was prepared. For drug-
loaded particles, 12 wt % CBZ (Shanghai Biochempartner
Co., Ltd. (Shanghai, China)) was added to the oil phase and
only 2 wt % vanillin was used. For dye-loaded particles,
either 0.4 wt % IR-780-Oleyl (custom synthesis at CEA
LETI) or NR668 (modified Nile Red, custom synthesis at
SINTEF [14]) was added to the oil phase.

An aqueous phase consisting of 0.1 M HCI containing the
two PEG stabilisers (Brij®L23 and Kolliphor®HS15, both
Sigma-Aldrich, 5 wt % of each) was added to the oil phase.
The water and oil phases were mixed and immediately soni-
cated for 3 min on ice (6 X 30 s intervals, 60% amplitude,
Branson Ultrasonics digital sonifier). The solution was
rotated (15 rpm) at room temperature (RT) overnight. The
pH was then adjusted to 5.0 to allow further polymerisation
at RT for 5 h. The dispersions were dialyzed (Spectra/Por
dialysis membrane MWCO 100.000 Da) against 1| mM HCl

Table 1 Size, polydispersity index, {-potential, and dye and drug load-
ing of the nanomedicines tested. Characteristics as measured by the
producers CEA and SINTEF

Size (nm) PDI {-pot (mV) Drug Dye

loading  loading

(wt %) (wt %)
LipImage™815 53 +1 0.15 —-15+1 - 0.35%
PACA 136.2 0.11 -438 - -
PACA-CBZ 121.8 0.14 -55 10.8% -

to remove unreacted PEG. The size (z-average), polydisper-
sity index (PDI) and the {-potential of the NPs in phosphate
buffer (10 mM, pH 7.0) were measured by DLS and laser
Doppler Micro-electrophoresis using a Zetasizer Nano ZS
(Malvern Instruments).

To calculate the amount of encapsulated drug, the drug
was extracted from the particles by dissolving them in ace-
tone (1:10), and quantified by liquid chromatography cou-
pled to mass spectrometry (LC-MS/MS) using an Agilent
1290 HPLC system coupled to an Agilent 6490 triple quad-
rupole mass spectrometer. The size, polydispersity index,
{-potential and drug loading of PACA and PACA-CBZ is
shown in Table 1.

NLRP3 inflammasome activation
Cell line maintenance

THP-1 cells (ATCC TIB-202) were cultured in complete
cell culture medium (CCM), that is: RPMI 1640 (Gibco)
supplemented with foetal calf serum (10% v/v, Greiner-
Bio), penicillin (100 U/ml), and streptomycin (100 pg/ml)
(Gibco). The cells were sub-cultured twice per week, seeded
to a cell density of 2 X 10° cells/ml, and not allowed to grow
to a density beyond 1 x 10° cells/ml. Cells were not cultured
for more than twenty passages to prevent genetic divergence.

Differentiation of THP-1 cells

The THP-1 cells were differentiated into macrophage-like
cells by culturing for 3 h in the presence of 100 ng/ml phor-
bol 12-myristate 13-acetate (PMA) (Sigma) in 96-well for-
mat at a cell density of 5x 10> cells/ml, 100 pl/well. After
this incubation, the cells were adherent. The cells were visu-
ally inspected for macrophage-like appearance. The medium
was replaced with fresh culture medium without PMA and
the plates were incubated for 24 h at standard conditions
(humidified incubator at 37 °C, 5% CO,). After this incuba-
tion period, the cells were exposed to a two-fold dilution
series of LipImage™ 815, PACA, or PACA-CBZ (2, 4, 8,
16, 32, 64 and 128 pg/ml), for 48 h at standard conditions.
As positive control for NLRP3 inflammasome activation,
nigericin (InvivoGen) was used (0.625 and 1.25 pg/ml).
CCM was used as negative control. Cells were used for via-
bility testing; culture supernatants were frozen at — 80 °C
until further use (ELISA).

Viability of THP-1 cells
The viability of the cells after exposure was assessed using the
cell proliferation reagent WST-1 (Sigma-Aldrich). Exposed

cells (and controls) were incubated for 2.5 h under standard
conditions in the presence of 10% (v/v) WST-1 reagent. After
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incubation, the absorbance (A) was measured in each well
at 440 nm (A,,,) and corrected for background absorbance
at 620 nm (Ag,,). Exposures for viability assessment were
performed in triplicate and the viability was calculated as fol-
lows: (A (cells in medium, X) — A (medium only, X))/A (cells
in medium, C) — A (medium only, C), where X is a specific
concentration nanomedicine or positive control and C the
CCM control. The viability was expressed as percentage of
the control. As a control, for each nanomedicine at the highest
exposure concentration (in CCM), the A4,,-A¢, signal was
measured and found not to interfere with the read-out signal
of the WST-1 assay.

IL-1B ELISA

The IL-1p concentrations in the culture supernatant were
determined using ELISA (eBioscience) according to the man-
ufacturer’s instructions. An 8-point, twofold dilution series of
a cytokine standard was prepared, diluent was used as blank.
A calibration curve was calculated using 5-parameter curve
fitting. Exposures for the assessment of IL-1f secretion were
performed in four wells per condition. The supernatants were
tested in a twofold dilution, except nigericin (0.625 pg/mlin a
fivefold dilution and 1.25 pug/ml in a 30-fold dilution) to stay
within the standard curve concentration range.

Concentration-response modelling

Concentration-response modelling for viability and IL-1p
production was performed with the statistical software pack-
age PROAST [15] (version 70.3) within the software envi-
ronment ‘R’ [16] (version 4.1.0).

In this approach, a concentration—response dataset is eval-
uated as a whole by fitting a concentration—response model
over the entire concentration range studied. Having fitted a
concentration—response model to the data, this curve is used
to assess the benchmark concentration (BMC) associated
with the benchmark response (BMR) of 50%. The choice of
the model for deriving the BMC follows from a procedure of
applying likelihood ratio tests to the five members of the fol-
lowing two nested families of models:

where y is any continuous endpoint and x denotes the con-
centration. In these models, the parameter ‘a’ represents the
background response and the parameter ‘b’ can be consid-
ered as the parameter reflecting the efficacy of the chemical
(or the sensitivity of the subject). First, the likelihood ratio
test was used to establish whether extension of a model by
increasing the number of parameters resulted in a statisti-
cally significant improvement of the fit. The model that
could not be significantly improved was considered as the
most appropriate member (which adequately fits but does
not overfit the data) within each family. In addition, a good-
ness of fit test (P >0.05) was applied by comparing the log-
likelihood of the fitted model to that associated with the
so-called full model. The full model simply consists of the
observed (mean) responses at each applied concentration.
The model is accepted when the log-likelihood value of the
fitted model is not significantly worse than that of the full
model. Subsequently, the BMCs are derived from the differ-
ent models and the 90% confidence intervals (CIs) surround-
ing the BMCs are calculated using the profile-likelihood
method. The BMC used in the analysis was the geometric
average of the BMCs derived for the different models. The
90% CI surrounding this BMC comprised the BMCL and
the BMCU found for the BMC estimates derived from the
different models.

The standard operating procedure is included (Supple-
mentary Information S1).

Dendritic cell maturation
Isolation of CD14* cells

Human buffy coats were purchased from the Dutch blood
bank (Sanquin, Amsterdam) and obtained the night before
isolation of the cells. They were kept at RT until starting cell
isolation the next morning. At the University of Liverpool,
blood was obtained from healthy volunteers on the day of
the experiment. The buffy coat was diluted 1:1 with PBS.
Peripheral blood mononuclear cells (PBMCs) were isolated
from the buffy coat by centrifugation (1000 g, 30 min, 20 °C)
over Ficoll (Lymphoprep; Axis Shield, Oslo, Norway). After

Exponential family Hill family

El:y=a Hl:y=a

E2: y=aexp (bx) H2:y=a(l-x/(b+x))
E3: y =aexp (bx%) H3:y=a(-x%/@®+x%)

E4:y=a(c—-(c—-1)exp(bx) H4:
E5:y=a(c—(c—1)exp(bx?) H5:
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Table2 Antibody panel for the assessment of CD14.* purity of cell
samples by flow cytometry

Marker Label Dilution Manufacturer
CD14 PE 1:50 Becton Dickinson
Live/dead Aqua 1:400 Invitrogen

washing with PBS, red blood cells were lysed by resuspend-
ing the cell pellet in ACK buffer (156 mM NH,CI, 10 mM
KHCO;, 0.1 mM Na,EDTA, pH 7.3) and a subsequent wash
with PBS. CD14* cells were positively selected from the cell
suspension using a magnetic-activated cell sorting (MACS)
kit with CD14-specific antibodies (MACS, Miltenyi Biotec,
Leiden, the Netherlands) according to the manufacturer’s
instructions. To achieve a high purity, a lower amount of
antibody was used than recommended (5 pl per 107 cells).
The positive and negative fractions from the MACS were
analysed by flow cytometry to determine CD14™ purity (see
Table 2 for antibody panel).

Staining was done in two consecutive steps. First, the
cells were stained with Live/dead (in PBS, 0.2 mM EDTA)
at 4 °C for 30 min. Second, the cells were washed with
FACS buffer (PBS pH 7.2, 0.2 mM EDTA, 0.5% BSA), and
stained with anti-CD14 antibody in FACS buffer at 4 °C for
30 min.

The CD14" cell fraction was resuspended in complete
culture medium (CCM): RPMI 1640 GlutaMAX (Gibco),
10% Foetal Calf Serum (FCS; Hyclone; GE Healthcare),
1% pen/strep (Gibco), 450 U/ml GM-CSF (PeproTech) and
350 U/ml IL-4 (Active Bioscience). For a flow diagram, see
Fig. 1.

Differentiation of CD14" cells to immature DC,
and exposure to nanomedicines

The CD14™ cells were seeded in 12-well plates, 1 ml/well,
3x10° cells/ml and incubated at 37 °C and 5% CO, in a
humidified incubator. After 3 days, 100 ul RPMI 1640 Glu-
taMAX containing 10% FCS, 4500 U/ml GM-CSF and

3500 U/ml IL-4 was added to each well to a final concen-
tration of approximately 450 U/ml GM-CSF and 350 U/ml
IL-4. After 6 days, 750 ul culture medium was removed and
spun down. The pellet was resuspended in CCM and seeded
back into the wells with a dilution series of LipImage™ 815,
PACA or PACA-CBZ. LPS (100 ng/ml) and R848 (5 pug/ml)
were used as positive controls, 10% PBS as negative control.
The plates were placed back in the incubator for 44-48 h
until harvest for analysis. For harvesting, from each well the
culture medium was collected and spun down. Each super-
natant was individually transferred to a fresh tube and stored
at — 80 °C for ELISA. In the meantime, cold PBS was put on
the cells that were attached to the wells. After detaching the
cells by gentle scraping and pipetting, they were collected
and added to the tube in which already part of the cells was
collected. These cells were divided over two wells for stain-
ing with the two separate antibody panels.

Flow cytometric analysis of cultured cells

Maturation of the DCs was assessed by flow cytometry
(FACS) using two antibody panels (Table 3). In addition,
Forward Scatter (FSC; a measure of cell size) and Side Scat-
ter (SSC; a measure of internal complexity (i.e. granularity))
were measured.

First, the cells were washed twice with PBS. Second, the
cells were stained with Live/dead in PBS, 0.2 mM EDTA at
4 °C for 30 min. Third, the cells were washed once FACS
buffer (PBS pH 7.2, 0.2 mM EDTA, 0.5% BSA). To 100 pl
of these cells, 100 pl of panel 1 or panel mix 2 (see Table 3)
was added. After incubation at 4 °C for 30 min, the cells
were washed twice, spun down and included in FACS buffer.
Data was acquired using the FACS Canto II (Becton Dickin-
son Biosciences) using the settings: (1) FSC: 150; SSC: 350;
PE: 488 nm laser (blue), 585/42 filter; Aqua: 405 nm laser
(violet), 510/50 filter. (2) Sample flow rate 3 pl/s; sample
volume 170 ul; mixing volume 70 ul; mixing speed 180 pl;
number of mixes 3; washing volume 800 pl. (3) Compensa-
tions were set using beads and DC, on a population of 50%

Fig.1 Flow diagram of DC
maturation assay
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Isolation of PBMC from buffy coat

dayO

Purification of monocytes from PBMCs
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Differentiation of immature DC from monocytes

4

day 6

Exposure of immature DC to NMP

4

day 8

Measurement of cell surface markers by FACS

Measurement of cytotoxicity
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Table 3 Antibody panels used for the assessment of DC maturation
by flow cytometry

Marker Label Dilution Manufacturer
Panel 1

CD80 FITC 1:40 Becton Dickinson
CD14 PE 1:50 Becton Dickinson
PD-L1 APC 1:400 eBioscience
HLA-DR Pacific Blue 1:1000 Biolegend
Live/dead Aqua 1:1000 Invitrogen

Panel 2

CD83 FITC 1:20 Becton Dickinson
CD40 PE 1:10 Becton Dickinson
DC-SIGN APC 1:200 Becton Dickinson
CD86 Pacific Blue 1:800 Biolegend
Live/dead Aqua 1:1000 Invitrogen

living and 50% dead cells. To obtain dead cells, the living
cells were heat-shocked.

Data were analysed using FlowJo software (Becton
Dickinson). Gating was done according to Fig. 2.

Determination of cultured dendritic cell viability

The CD14 cells were seeded in 96-well plates, 200 pl/well,
3x10° cells/ml and incubated at 37 °C and 5% CO, in a
humidified incubator. The protocol as described above ‘Dif-
ferentiation of CD14 + cells to immature DC, and exposure
to nanomedicines’ section was used (and done concurrently).
For viability assessment, the protocol as described above
‘Viability of THP-1 cells’ section was used.

Concentration-response modelling

The method as described above ‘Concentration-response mod-
elling’ section was used.

The standard operating procedure is included (Supple-
mentary Information S2).

Results

Inflammasome activation

RIVM

PMA-activated THP-1 cells were incubated for 48 h with the
positive control nigericin at two concentrations (0.625 and
1.25 pug/ml) and a twofold dilution series of LipImage™ 815,
PACA and PACA-CBZ (128, 64, 32, 16, 8,4 and 2 pg/ml, plus a
medium control (0)). After this, viability was evaluated using the
WST-1 assay and the IL-1p concentration using an ELISA. The
results shown are from three independent experiments (Fig. 3).

The positive control for NLRP3 inflammasome activation,
nigericin, showed a strong reduction in viability (25% and 8%
of the medium control for the low and high concentration,
respectively) and a strong increase in IL-1f production (720
and 3200 pg/ml for the low and high concentration, respec-
tively, where the medium control amounted 110 pg/ml). This
data of concentration-dependent reduction in viability and
concomitant concentration-dependent increase in IL-1f pro-
duction suggests a proper functioning of the NLRP3 inflam-
masome activation assay.

Exposure to LipImage™ 815 resulted in a 30% decrease
in viability at the highest concentration tested (128 pg/ml).
A 50% increase in IL-1p production (from 110 to 165 pg/
ml) was seen at the highest concentration tested. Although
a decrease in viability and a concomitant increase in IL-1
production is seen, a hallmark of NLRP3 inflammasome
activation, the effects observed are too small to suggest that
LipImage™ 815 activates the NLRP3 inflammasome.

250K 7 Morphology
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Fig.2 Gating procedure. (1) Gating was done based on the morphology
of the cells (left graph). The lower left corner (<50 K FSC-A (X-axis)
and <50 K-SSC-A (Y-axis)) is excluded. (2) Within the cell popula-
tion gated under (1), the single cells were gated (middle graph). In the
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Exposure to PACA resulted in a clear decrease in viabil-
ity within a twofold concentration range, from 70% viabil-
ity at 8 pg/ml to 9% viability at 16 ug/ml. At these same
concentrations, only a small increase in IL-1f production
was seen, from 50 to 70 pg/ml. Exposure to PACA-CBZ
also resulted in a clear decrease in viability, albeit within
a fourfold concentration range, from 85% viability at 8 g/
ml, 37% viability at 16 ug/ml, to 8% viability at 32 pg/ml.
At these same concentrations, only a small increase in IL-1
production was seen, being 50 pg/ml at 8 pg/ml, and 60 pg/
ml at 16 ug/ml and 32 pg/ml. This data suggests a strong
cytotoxic effect of PACA, both with and without CBZ, and
no evidence for NLRP3 inflammasome activation.

Comparison of the results between the individual experi-
ments shows a high reproducibility, with some quantita-
tive differences in IL-1f production throughout individual
concentration—response curves, but a highly similar shape
of both the viability and the IL-1f production concentra-
tion—response curves.

Inflammasome activation was also assessed using con-
centration—response modelling. The three experiments pre-
sented in Fig. 3 were analysed (together). Since ISO [17]
takes 70% viability as a threshold for cytotoxicity, 30%
reduction was chosen as effect size. The concentration at
which a 30% effect is obtained is designated here as the
effective concentration (EC);,. Since no guidance exists on
an effect size for markers of NLRP3 inflammasome acti-
vation, by default we chose a 30% effect (in this case an
increase), similar in size to viability. Next to establishing the
EC, the software tool PROAST provides a 90% confidence
interval (CI) around a specific EC (here EC5;). In Table 4,
the EC;, values and corresponding 90% Cls are shown.

When an EC;, could not be calculated (LipImage™
815: viability; PACA-CBZ: IL-1f production), or the ratio
between the upper (95%) and lower (5%) limit around the
EC;, was>5 (LipImage™ 815: IL-1f production; PACA:
IL-1p production), the data were not considered. The data
in Table 3 show that the effects of PACA and PACA-CBZ

@ Springer



2232

Drug Delivery and Translational Research (2022) 12:2225-2242

Table 4 EC;,and 90% CI viability
values of viability (ug/ml)

EC, 90% CI

PACA 8.15
PACA-CBZ 8.00

6.31-10.1
6.41-9.83

on viability are highly similar, suggesting that in this assay
the reduced viability is only due to PACA and not to CBZ.

University of liverpool

Exposure to LipImage™ 815 resulted in a 26% increase at the
highest concentration tested (128 pg/ml). A 10% decrease in
IL-1p production was seen at the highest concentration tested
(from 50 to 45 pg/ml). The effects observed do not suggest
that LipImage™ 815 activates the NLRP3 inflammasome.

Exposure to PACA resulted in a clear decrease in viabil-
ity within a twofold concentration range, from 79% viability
at 8 ug/ml to 19% viability at 16 ug/ml, so at the same con-
centrations as seen in the experiments performed at RIVM.
At these same concentrations, no effect on IL-1f production
(48 pg/ml) was seen. Exposure to PACA-CBZ also resulted in
a decrease in viability, albeit within a fourfold concentration
range, from 97% viability at 8 pug/ml, 78% viability at 16 pg/
ml, to 44% viability at 32 pg/ml. Thus, similar to the findings
at RIVM, PACA-CBZ showed a more gradual decrease in
viability compared to PACA alone. At these same concen-
trations, no effect on IL-1p production (48 pg/ml for PACA
and 45 pg/ml for PACA-CBZ) was seen. This data suggests
a strong cytotoxic effect of PACA, both with and without
CBZ, and no evidence for NLRP3 inflammasome activation.

Data from RIVM (Supplementary Information S3A) and
the University of Liverpool (Supplementary Information
S3B) is included (Fig. 4).

Dendritic cell maturation
RIVM

Monocytes were isolated from buffy coats and differentiated
to immature DC. These were incubated for 48 h with a twofold

dilution series of LipImage™ 815, PACA and PACA-CBZ
(128, 64, 32, 16, 8 and 4 pg/ml, plus a medium control (0)).
After this, viability was evaluated using the WST-1 assay and
surface marker expression using a FACS. The results shown
are from three independent experiments (Fig. 5).

Viability

The positive controls for DC maturation, LPS and R848, did
not affect viability. Incubation with LipImage™ 815 mar-
ginally affected cell viability, averaging 70% at the high-
est concentration tested (128 pg/ml). PACA showed a clear
decrease in viability within a fourfold concentration range,
from 103% at 32 pug/ml, 14% at 64 pug/ml and 3% at 128 pg/
ml. PACA-CBZ, curiously, showed a biphasic viability
curve, averaging 114%, 69%, 14%, 133%, 42% and 2% for
the entire concentration range. It should be noted that the
results are obtained from three independent experiments
using DCs cultured from monocytes of different donors,
performed on different weeks. A complete loss of viability
at 16 ug/ml does not fit the viability seen for PACA and
PACA-CBZ as evaluated by Live/dead staining (see below),
or for PACA and PACA-CBZ in the experiments performed
by the University of Liverpool (see below). However, in a
study dedicated to evaluate the cytotoxicity of LipImage™
815, PACA and PACA-CBZ, in four different cell lines using
two different viability assays, both PACA and PACA-CBZ
showed a clear reduction in viability from 2 pg/ml, depend-
ing on the cell line and the assay [26].

Live/dead, FSC and SSC

The positive controls for DC maturation, LPS and R848,
had a minor effect on Live/dead staining, and did not affect
FSC (a measure of cell size) and SSC (a measure of internal
complexity (i.e. granularity)). No exposure effects of LipIm-
age™ 815 on Live/dead staining, FSC and SSC were seen.
PACA and PACA-CBZ induced a clear increase in Live/dead
staining from 32 pg/ml and from 64 pg/ml, respectively.
PACA and PACA-CBZ decreased FSC from 32 and 64 pg/
ml, respectively. PACA and PACA-CBZ did not affect SSC.

Fig.4 NLRP3 inflammasome LipImage PACA PACA + CBZ

.. . 150+ r 70
activation by LipImage™ 815,
PACA, and PACA-CBZ. Green 125+ H } ' + ! + Fe0
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+= 100+ L] =
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Fig.5 a Viability of DC after

incubation with LipImage™ a viability (WST-1)
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CD80, CD83 and CD86

The positive controls LPS and R848 clearly induced CD80,
CD83 and CD86 expression (5- and 3.5-fold for CD80; 7.5-
and sixfold for CD83; 30- and 23-fold for CD86, for LPS and

R848, respectively), strongly suggestive of DC maturation.
LipImage™ 815, PACA and PACA-CBZ failed to do so,
suggesting that none of the three nanomedicines induced
DC maturation.

@ Springer



2234

Drug Delivery and Translational Research (2022) 12:2225-2242

Fig.5 (continued)

CD14, DC-SIGN and PD-L1

LPS and R848 rather similarly downregulated CD14 expres-
sion, by 40%. CD14 downregulation by LPS is in line with
previous data showing combined endocytosis of LPS, TLR4
and CD14 [18]. DC-SIGN expression was reduced by 30%
and 20% by LPS and R848, respectively. PD-L1 expression

@ Springer
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was induced 11-fold and sevenfold by LPS and R848,
respectively. Decreased DC-SIGN expression and increased

PD-L1 expression both suggest DC maturation. DC-SIGN is
typically downregulated in DC upon maturation [19]. PD-L1
is upregulated in DC upon maturation [20].

LipImage™ 815 did not affect CD14 expression. For
PACA and PACA-CBZ, CD14 expression is increased
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from 32 to 64 pg/ml, respectively. LipImage™ 815 slightly

increased DC-SIGN expression at the highest concentra-

tion tested (128 pg/ml), while PACA and PACA-CBZ
slightly decreased DC-SIGN expression at this concentra-
tion. LipImage™ 815, PACA and PACA-CBZ did not affect
PD-L1 expression, in line with a lack of effect on the matura-

tion markers CD80, CD83 and CD&6.

CD40 and HLA-DR

The positive controls LPS and R848 clearly induced CD40
expression (3.5- and threefold, respectively) and to a lesser
extent HLA-DR expression (1.6- and twofold, respectively),
suggestive of DC maturation. LipImage™ 815 failed to

induce expression of either CD40 or HLA-DR. PACA and
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PACA-CBZ induced a twofold CD40 expression from 32 to
64 pg/ml, respectively, and a twofold HLA-DR expression
from 16 to 32 pg/ml, respectively.

We analysed DC maturation also by concentra-
tion—response modelling, using the PROAST software tool.
The three experiments presented in Fig. 5 were analysed
(together). Since ISO [17] takes 70% viability as a threshold
for cytotoxicity, 30% was chosen as effect size. The con-
centration at which a 30% effect is obtained is designated
here as the Effective Concentration (EC),. Since no guid-
ance exists on an effect size for markers of DC maturation,
by default we chose a 30% effect, similar to viability. Next
to establishing the ED, the software tool PROAST allows
for generation of a 90% confidence interval (CI) around a
specific ED (here ECs). In Table 5, the EC;;, values and
corresponding 90% Cls are shown.

When an EC;, could not be calculated (LipImage™
815: all parameters except DC-SIGN and PD-L1; PACA:
FSC; PACA-CBZ: CD14, CD40), or the ratio between the
upper (95%) and lower (5%) limit around the EC5, was>5
(LipImage™ 815: DC-SIGN and PD-L1; PACA: all param-
eters except FSC, WST-1 and Live/dead; PACA-CBZ: all
parameters except WST-1, Live/Dead, CD14 and CD40),
the data were not considered. For WST-1 and Live/dead
staining (Table 4), the EC,, values for PACA-CBZ were
1.5 times higher than for PACA, possibly suggesting that
in these assays PACA-CBZ may be slightly less cytotoxic
compared to PACA.

University of liverpool

Monocytes were isolated from buffy coats and differentiated
to immature DC. They were incubated for 48 h with a two-
fold dilution series of LipImage™ 815, PACA, and PACA-
CBZ (128, 64, 32, 16, 8, 4 and 2 pg/ml, plus a medium
control (0)). After that, viability was evaluated using the
WST-1 assay and surface marker expression using a FACS.
The results shown are from three independent experiments
(Fig. 6).

Viability
The positive controls for DC maturation, LPS and R848, did

not affect viability. Incubation with LipImage™ 815 mar-
ginally affected cell viability, averaging 80% at the highest

Table 5 EC;,and 90% CI values (ug/ml)

PACA PACA-CBZ

EC;, 90% CI EC;, 90% CI
WST-1 43.1 28.7-46.8 63.7 34.1-84.6
Live/dead 24.8 15.3-29.7 36.2 25.7-46.3

@ Springer

concentration tested (128 pg/ml). PACA showed a clear con-
centration-dependent decrease in viability within a fourfold
concentration range, from 91% at 32 ug/ml, 58% at 64 pg/ml,
to 27% at 128 ug/ml. PACA-CBZ showed a similar decrease
in viability, from 91% at 32 ug/ml, 74% at 64 pg/ml and 37%
at 128 pg/ml.

Live/dead, FSC and SSC

The positive controls for DC maturation, LPS and R848, did
not affect Live/dead staining, FSC and SSC. LipImage™ 815
induced a concentration-dependent increase in Live/dead
staining, while no exposure effects on FSC and SSC were
seen. PACA induced a clear increase in Live/dead staining
from 16 pg/ml in two out of three independent experiments.
PACA-CBZ induced a clear increase in Live/dead staining
from 32 pg/ml. PACA decreased FSC and SSC from 16 pg/
ml, while PACA-CBZ affected FSC and SSC from 32 pg/ml.

CD80, CD83 and CD86

While LPS and R848 clearly induced CD80, CD83 and
CDS86 expression showing DC maturation, LipImage™ 815,
PACA and PACA-CBZ failed to do so. This suggests that
none of the three nanomedicines induced DC maturation.

CD14, DC-SIGN and PD-L1

LPS clearly downregulated CD14 expression, in line with
previous data showing combined endocytosis of LPS, TLR4
and CD14 [18]. R848 decreased CD14 to a lesser extent than
LPS did. DC-SIGN expression was not affected by LPS or
R848. PD-L1 expression was induced by LPS and R848.
LipImage™ 815 did not affect CD14 expression. For one
of the three independent experiments, for both PACA and
PACA-CBZ, CD14 expression is increased from 32 ug/ml.
LipImage™ 815 induced the expression of DC-SIGN and
PD-L1 from 64 ug/ml. DC-SIGN is typically downregulated
in DC upon maturation [19]. No effects on DC-SIGN and
PD-L1 expression by PACA and PACA-CBZ were seen.
We analysed DC maturation also by concentration—response
modelling. The three experiments presented in Fig. 6 were
analysed (together). When an EC5;, could not be calculated
(LipImage™ 815: WST-1, SSC and CD14; PACA: FSC and
PD-L1; PACA-CBZ: FSC, CD14, DC-SIGN and PD-L1), or
the ratio between the upper (95%) and lower (5%) limit around
the EC; was > 5 (LipImage™ 8135: Live/dead, DC-SIGN and
PD-L1; PACA: CD14), the data were not considered (CD80,
CD83 and CD86 were not included). For WST-1, Live/dead
staining, and SSC (Table 6), the EC;, values for PACA-CBZ
were on average 1.5 times higher than for PACA, possibly
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Fig.6 a Viability of DC after
incubation with LipImage™ 815,
PACA, and PACA-CBZ. Red,
blue, green: three independent
experiments. LPS and R848 were
used as positive controls for

DC maturation. b Effects of
incubation with LipImage™ 815,
PACA, and PACA-CBZ on Live/
dead staining, FSC, and SSC.
Red, blue, green: three independ-
ent experiments. LPS and R848
were used as positive controls
for DC maturation. MFI mean
fluorescence intensity. ¢ Effects
of incubation with LipImage™
815, PACA, and PACA-CBZ

on CD80, CD83, and CD86
surface marker expression. Red,
blue, green: three independent
experiments. LPS and R848
were used as positive controls
for DC maturation. MFI mean
fluorescence intensity. d Effects
of incubation with LipImage™
815, PACA, and PACA-CBZ on
CD14, DC-SIGN, and PD-L1
surface marker expression. Red,
blue, green: three independent
experiments. LPS and R848 were
used as positive controls for DC
maturation. MFI mean fluores-
cence intensity
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Fig.6 (continued) c cD80
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Fig.6 (continued) DC-SIGN
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suggesting that in these assays PACA-CBZ may be slightly
less cytotoxic compared to PACA.

Inter-laboratory variance in DC parameters

To evaluate the inter-laboratory variance in all DC parameters
including WST-1, we first normalized for each experiment the
CCM control to 100%. From this, for each of the three pharma-
ceuticals, for each of the two partners, and for each individual
concentration we calculated the mean and standard deviation
over the three independent replicate experiments. After this, the
inter-laboratory variance was calculated and expressed in a heat
map (Fig. 7). For LipImage™ 8135, the largest inter-laboratory
variance was for Live/dead staining and, to a lesser extent, DC-
SIGN and PD-LI. It should be mentioned that a larger inter-
laboratory variance is to be expected when a concentration-
dependent effect is seen. For LipImage™ 8135, this is seen for
DC-SIGN, PD-L1 (for University of Liverpool but not RIVM),
but not for Live/dead staining. For PACA and PACA-CBZ, the

Table 6 EC;,and 90% CI values (ug/ml)

PACA PACA-CBZ

ECs, 90% CI EC,,  90%CI
WST-1 51.0 35.0-67.7 72.3 66.3-88.8
Live/dead 103 534-11.6 175 15.2-18.9
e 17.5 13.0-17.9 25.9 18.1-35.0

largest inter-laboratory variance was for Live/dead staining and,
to a lesser extent, CD86 and HLA-DR. Of notice, while both
WST-1 and Live/dead staining show a rather similar concentra-
tion—response as evidenced by concentration—response model-
ling, the inter-laboratory variance of Live/dead staining is much
higher, suggesting that this parameter is much more sensitive to
differences between laboratories.

Data from RIVM (Supplementary Information S4A) and
the University of Liverpool (Supplementary Information
S4B) is included.

Discussion

Here, we evaluated the effects of two nanomedicines, rep-
resenting nanostructured lipid carriers and polymers, on
two in vitro assays. These assays, NLRP3 inflammasome
activation and DC maturation, are among the ones listed to
fulfil the information requirements for regulatory acceptance
of nano-pharmaceuticals but are still remote from being a
standardised assay [5]. Moreover, with a view to possible
future standardisation and regulatory application, these
assays were subject to an inter-laboratory comparison study,
using common SOPs. To this end, one laboratory performed
three independent NLRP3 inflammasome activation experi-
ments, while the other performed a single experiment. Two
laboratories each performed three independent DC matura-
tion experiments. While the nanostructured lipid nanocarrier
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Fig. 7 Heat maps of the inter-laboratory variance for each of the three »

pharmaceuticals tested. For each of N=3 independent experiments,
the CCM control (C) was set at 100% and the mean and standard
deviation was calculated for these experiments. This was done for
each laboratory, after which the variance between the two laborato-
ries was calculated and expressed in a heat map on a scale of 0-300

only showed marginal effects, the polymers showed major
cytotoxicity. No evidence for NLRP3 inflammasome activa-
tion or DC maturation was demonstrated. Intra- and inter-
laboratory comparison showed clearly reproducible results.

NLRP3 inflammasome activation evaluated by RIVM
showed a slight decrease in viability upon exposure to
LipImage™ 815 and a sharp decrease in viability upon
exposure to PACA and PACA-CBZ. This observation
is underlined by concentration—response modelling that
showed concentration-dependent cytotoxicity for PACA and
PACA-CBZ but not LipImage™ 815. Next, this modelling
showed a similar EC;, for PACA and PACA-CBZ suggest-
ing that the cytotoxicity observed is caused by PACA and
not CBZ. Moreover, the data show a high intra-laboratory
reproducibility. Evaluation by the University of Liverpool
showed similar results to those obtained by RIVM. No
effect on IL-1p production was seen in either laboratory.
This suggests that neither of the nanomedicines induced
NLRP3 inflammasome activation. In any case, intra- and
inter-laboratory reproducibility seems to warrant subsequent
steps to standardisation of the assay. In such future studies,
nanoparticles well-known to activate the NLRP3 inflamma-
some should be included, such as SiO, nanoparticles [21].

Measuring only IL-1p (with or without IL-18) may be too
limited to establish NLRP3 inflammasome activation. We
propose to also include measurement of (1) caspase-1 activ-
ity, to better connect IL-1p secretion to NLRP3 inflamma-
some activation, and (2) caspase-3 activity, to discriminate
between pyroptosis resulting from NLRP3 inflammasome
activation, and apoptosis as mechanism of cell death.

In a separate inter-laboratory comparison study within the
REFINE project, the cytotoxicity of the same batches of the
three materials LipImage™815, PACA and PACA-CBZ was
tested in four different cell lines using both the WST-8 and
the LDH release assay. LipImage™ 815 was non-cytotoxic
up to a concentration of 128 pg/ml, whereas PACA caused
dose-dependent cytotoxic effects starting from 8 ug/ml.
PACA-CBZ showed a less pronounced dose-dependent effect
with the lowest concentration of 2 pg/ml causing cytotoxic
effects [26].

Outside the inter-laboratory comparison study presented
here, but within the REFINE project and using the same
SOP as in the study presented here, NLRP3 inflammasome
activation by a commercially available liposome (Avanti,

@ Springer
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Birmingham, AL) was evaluated. The REFINE partners
RIVM and CEA each performed 3 independent replicate
experiments. Both partners did not observe effects on viabil-
ity and IL-1p production over the entire concentration range
tested (up to of 128 pug/ml) with an appropriate response by
the positive control nigericin (Supplementary Information
S5). This data suggests a lack of NLRP3 inflammasome acti-
vation by the liposome.

The DC maturation assays performed by RIVM showed
no effect on viability of LipImage™ 815, whereas a clear
decrease in viability by PACA and PACA-CBZ was seen.
These findings are underlined by concentration—response
modelling that showed concentration-dependent cytotox-
icity for PACA and PACA-CBZ but not LipImage™ §15.
Next, this modelling showed a 1.5-fold lower EC;, for PACA
compared to PACA-CBZ, suggesting that the cytotoxicity
observed is caused by PACA and not CBZ. These findings
were similar for the WST-1 assay and Live/dead-staining,
two orthogonal methods to assess cell viability. DC matura-
tion evaluated by the University of Liverpool showed simi-
lar results: cytotoxicity induced by PACA and PACA-CBZ
but not LipImage™ 815, a 1.5-fold lower EC;, for PACA
compared to PACA-CBZ, and similar results for the WST-1
assay and Live/dead-staining. It should be noted, however,
that for Live/dead staining, the EC;, values themselves
were rather different between RIVM and the University of
Liverpool. For PACA and PACA-CBZ, RIVM established
as the most sensitive parameter an increase in HLA-DR,
seen from 16 and 32 pg/ml, respectively. The University of
Liverpool established a decrease in FSC and SSC as most
sensitive parameters, seen from 16 and 32 pug/ml, respec-
tively. Although CD40 and HLA-DR are regarded as DC
maturation markers, this data, especially the lack of effect on
CD80, CD83 and CD86 expression, suggests that neither of
the nanomedicines induce DC maturation. In any case, intra-
and inter-laboratory reproducibility seems to warrant sub-
sequent steps to standardisation of the assay. In such future
studies, nanoparticles well-known to induce DC maturation
should be included, such as TiO, nanoparticles [22].

The heat map shows a considerable difference in Live/
dead staining between the two participating laboratories,
whereas for WST-1 this difference was limited. This sug-
gests that currently, the WST-1 assay, being the only assay
not included in the flow cytometry measurement, should
remain to be included in the evaluation of effects on DC
maturation.

Flow cytometry is a powerful method for immune cell
phenotyping. It is routinely used in clinical immunology
laboratories around the world. Moreover, OECD guide-
lines and ISO standards include the use of flow cytometry,
such as the h-CLAT [23]. Still, some of the flow cytom-
etry characteristics may hamper acceptance by regulatory
authorities of assays that rely on this method. After data

collection, compensations are required to correct for the
overlap between adjacent emission spectra of different flu-
orochromes. Next, to select a specific population of cells
serial gating is required, which is done by visual inspec-
tion of 2D scatterplots. Both compensation and serial gating
are often done manually and may differ between operators.
Especially manual gating is subjective, not only because gate
setting can be more or less strict, but also the sequence of
gating to arrive at the desired cell population may differ
[24]. A promising way out is the use of computational flow
cytometry, reviewed by Saeys et al. [24] and more recently
by Lucchesi et al. [25].

Conclusions

An inter-laboratory comparison study was performed for two
assays, NLRP3 inflammasome activation and DC matura-
tion, using two nanomedicines, the nanostructured lipid car-
rier LipImage™ 815 and the polymer PACA, either loaded
or not with CBZ. PACA and PACA-CBZ showed clear cyto-
toxicity, whereas LipImage™ 815 did not. Neither of the
nanomedicines induced NLRP3 inflammasome activation
or DC maturation. Intra- and interlaboratory reproducibility
seem to warrant subsequent steps to standardisation of these
assays. In such future studies, nanoparticles well-known to
activate the NLRP3 inflammasome resp. induce DC matura-
tion should be included.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13346-022-01206-6.

Acknowledgements Dr. Yrr Mgrch (SINTEF) and Anne Rein Hatletveit
(SINTEF) are acknowledged for synthesis and characterisation of PACA
and PACA-CBZ, Dr. Emilie Rustique (CEA) and Dr. Isabelle Texier (CEA)
for synthesis and characterisation of LipImage™ 815. Dr. Matthias Rosslein
is acknowledged for support during protocol development, and Dr. Caroline
Desvergne (CEA), Dr. Séverine Escaich (CEA) and Dr. Fabrice Navarro
(CEA) for performing the NLRP3 inflammasome assay on the Avanti lipo-
some. Eric Gremmer (RIVM) is acknowledged for concentration-response
modelling, and Dr. Nick Beijer (RIVM) and Dr. Harm Heusinkveld (RIVM)
for critical review of the manuscript.

Author contribution RJV: conceptualization, data curation, formal
analysis, funding acquisition, project administration, supervision,
visualization, writing—original draft, writing—review and editing;
CAWD: conceptualization, data curation, investigation, methodology,
validation, writing—review and editing; JPV: data curation, investiga-
tion, methodology, validation, writing—review and editing; NJL: con-
ceptualization, funding acquisition, project administration, supervision,
writing—review and editing.

Funding The present work has been developed within the REFINE
project: Regulatory Science Framework for Nano(bio)material-based
Medical Products and Devices, funded by European Union’s Horizon
2020 Research and Innovation Programme under Grant Agreement
no 761104.

@ Springer


https://doi.org/10.1007/s13346-022-01206-6

2242

Drug Delivery and Translational Research (2022) 12:2225-2242

Data availability Data are available upon request to the corresponding
author (Rob J. Vandebriel, rob.vandebriel @rivm.nl).

Declarations

Ethics approval and consent to participate The use by RIVM of buffy
coats for the current study was authorised by Sanquin (Amsterdam,
the Netherlands) under agreement NVT0243.02. The use of, primary,
human blood and blood products at the University of Liverpool is cov-
ered under Research Ethics Committee (REC) approval 2056.

Consent for publication Written informed consent for publication was
obtained from all authors.

Competing interest The authors declare no conflict of interest. The
funders had no role in the design of the study; in the collection, analy-
ses or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Boraschi D, Italiani P, Palomba R, Decuzzi P, Duschl A, Fadeel B,
Moghimi SM. Nanoparticles and innate immunity: new perspec-
tives on host defence. Semin Immunol. 2017;34:33-51.

2. Fadeel B, Garcia-Bennett AE. Better safe than sorry: under-
standing the toxicological properties of inorganic nanoparticles
manufactured for biomedical applications. Adv Drug Deliv Rev.
2010;62:362-74.

3. David CA, Owen A, Liptrott NJ. Determining the relationship
between nanoparticle characteristics and immunotoxicity: key chal-
lenges and approaches. Nanomedicine (Lond). 2016;11:1447-64.

4. Rosslein M, Liptrott NJ, Owen A, Boisseau P, Wick P, Herrmann
IK. Sound understanding of environmental, health and safety,
clinical, and market aspects is imperative to clinical translation
of nanomedicines. Nanotoxicology. 2017;11:147-9.

5. Halamoda-Kenzaoui B, Vandebriel RJ, Howarth A, Siccardi M,
David CAW, Liptrott NJ, Santin M, Borgos SE, Bremer-Hoffmann
S, Caputo F. Methodological needs in the quality and safety char-
acterisation of nanotechnology-based health products: priorities
for method development and standardisation. J Control Release.
2021;336:192-206.

6. Sun B, Wang X, Ji Z, Li R, Xia T. NLRP3 inflammasome acti-
vation induced by engineered nanomaterials. Small. 2013;9:
1595-607.

7. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz
E. Targeting the NLRP3 inflammasome in inflammatory diseases.
Nat Rev Drug Discov. 2018;17:588-606.

8. Vandebriel RJ, van Loveren H. Impact of nanoparticles on den-
dritic cells. Mol Integr Toxicol. 2020;73-82.

@ Springer

9. Schroder K, Tschopp J. The inflammasomes. Cell.
2010;140:821-32.

10. Banchereau J, Steinman RM. Dendritic cells and the control of
immunity. Nature. 1998;392:245-52.

11. Jacquart A, Kéramidas M, Vollaire J, Boisgard R, Pottier G, Rustique
E, Mittler F, Navarro FP, Boutet J, Coll JL, Texier I. LipImage™
815: novel dye-loaded lipid nanoparticles for long-term and sensitive
in vivo near-infrared fluorescence imaging. J Biomed Opt. 2013;18:
101311.

12. @verbye A, Torgersen ML, Sgnstevold T, Iversen TG, Mgrch Y,
Skotland T, Sandvig K. Cabazitaxel-loaded poly(alkyl cyanoacr-
ylate) nanoparticles: toxicity and changes in the proteome of breast,
colon and prostate cancer cells. Nanotoxicology. 2021;15:865-84.

13. Varache M, Escudé M, Laffont C, Rustique E, Couffin AC. Devel-
opment and validation of an HPLC-fluorescence method for the
quantification of IR780-oleyl dye in lipid nanoparticles. Int J
Pharm. 2017;532:779-89.

14. Klymchenko AS, Roger E, Anton N, Anton H, Shulov I, Vermot
J, Mely Y, Vandamme TF. Highly lipophilic fluorescent dyes in
nano-emulsions: towards bright non-leaking nano-droplets. RSC
Adyv. 2012;2:11876-86.

15. Slob W. Dose-response modeling of continuous endpoints. Toxi-
col Sci. 2002;66:298-312.

16. R Core Team. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
2019. https://www.R-project.org/. Accessed 8 Dec 2022.

17. ISO 10993-5. Biological evaluation of medical devices - part 5:
tests for in vitro cytotoxicity. 2009.

18. Zanoni I, Ostuni R, Marek LR, Barresi S, Barbalat R, Barton GM,
Granucci F, Kagan JC. CD14 controls the LPS-induced endocy-
tosis of Toll-like receptor 4. Cell. 2011;147:868-80.

19. Geijtenbeek TB, Torensma R, van Vliet SJ, van Duijnhoven GC,
Adema GJ, van Kooyk Y, Figdor CG. Identification of DC-SIGN,
a novel dendritic cell-specific ICAM-3 receptor that supports pri-
mary immune responses. Cell. 2000;100:575-85.

20. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in toler-
ance and autoimmunity. Immunol Rev. 2010;236:219-42.

21. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock
KL, Fitzgerald KA, Latz E. Silica crystals and aluminum salts
activate the NALP3 inflammasome through phagosomal destabi-
lization. Nat Immunol. 2008;9:847-56.

22. Vandebriel RJ, Vermeulen JP, van Engelen LB, de Jong B, Verhagen
LM, de la Fonteyne-Blankestijn LJ, Hoonakker ME, de Jong WH.
The crystal structure of titanium dioxide nanoparticles influences
immune activity in vitro and in vivo. Part Fibre Toxicol. 2018;15:9.

23. OECD. Test No. 442E: In vitro skin sensitisation: in vitro skin sen-
sitisation assays addressing the key event on activation of dendritic
cells on the adverse outcome pathway for skin sensitisation. OECD
Guidelines for the Testing of Chemicals, Section 4, OECD Publish-
ing, Paris. 2018. https://doi.org/10.1787/9789264264359-en.

24. Saeys Y, Van Gassen S, Lambrecht BN. Computational flow
cytometry: helping to make sense of high-dimensional immunol-
ogy data. Nat Rev Immunol. 2016;16:449-62.

25. Lucchesi S, Furini S, Medaglini D, Ciabattini A. From bivariate
to multivariate analysis of cytometric data: overview of computa-
tional methods and their application in vaccination studies. Vac-
cines (Basel). 2020;8:138.

26. Eder KM, Marzi A, Wagbg AM, Vermeulen JP, de la Fonteyne LIJ,
Rosslein M, Ossig R, Klinkenberg G, Vandebriel RJ, Schnekenburger
J. Standardization of an in vitro assay matrix to assess cytotoxicity of
organic nanocarriers: A pilot interlaboratory comparison. Drug Deliv
Transl Res 2022 (in press).

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/
https://www.R-project.org/
https://doi.org/10.1787/9789264264359-en

	An inter-laboratory comparison of an NLRP3 inflammasome activation assay and dendritic cell maturation assay using a nanostructured lipid carrier and a polymeric nanomedicine, as exemplars
	Abstract
	Introduction
	Materials and methods
	Nanomedicines
	LipImage™ 815 synthesis and characterisation
	PACA synthesis

	NLRP3 inflammasome activation
	Cell line maintenance
	Differentiation of THP-1 cells
	Viability of THP-1 cells
	IL-1β ELISA

	Concentration–response modelling
	Dendritic cell maturation
	Isolation of CD14+ cells
	Differentiation of CD14+ cells to immature DC, and exposure to nanomedicines
	Flow cytometric analysis of cultured cells
	Determination of cultured dendritic cell viability

	Concentration–response modelling

	Results
	Inflammasome activation
	RIVM
	University of liverpool
	Dendritic cell maturation
	RIVM
	Viability
	Livedead, FSC and SSC
	CD80, CD83 and CD86
	CD14, DC-SIGN and PD-L1
	CD40 and HLA-DR

	University of liverpool
	Viability
	Livedead, FSC and SSC
	CD80, CD83 and CD86
	CD14, DC-SIGN and PD-L1

	Inter-laboratory variance in DC parameters

	Discussion
	Conclusions
	Acknowledgements 
	References


