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Abstract

Superparamagnetic iron oxide nanoparticles (SPION) are used as high-sensitive enhancer for
magnetic resonance imaging, where they represent a promising tool for early diagnosis of
destructive diseases such as rheumatoid arthritis (RA). Since we could demonstrate that
professional phagocytes are activated by amino-polyvinyl-alcohol-coated-SPION (a-PVA-

SPION), the study here focuses on the influence of a-PVA-SPION on human T cells activity.

Therefore, primary human CD4+ T cells from RA patients and healthy subjects were treated
with varying doses of a-PVA-SPION for 20h or 72h. T cells were then analyzed for apoptosis,

cellular energy, expression of the activation marker CD25 and cell proliferation.

Although, we observed that T cells from RA patients are more susceptible to low-dose a-
PVA-SPION-induced apoptosis than T cells from healthy subjects, in both groups a-PVA-
SPION do not activate CD4+ T cells per se and do not influence mitogen-mediated T cells
activation with regard to CD25 expression and cell proliferation. Nevertheless, our results
demonstrate that CD4+ T cells from RA patients and healthy subjects differ in their response

to mitogen stimulation and oxygen availability.

We conclude from our data, that a-PVA-SPION do neither activate nor significantly influence
mitogen-stimulated CD4+ T cells activation and have negligible influence on T cells

apoptosis.

Introduction

Superparamagnetic iron oxide nanoparticles (SPION) have been intensively investigated over
the last decades for various in vitro and in vivo biomedical applications ¥ 2. Their favorable

physicochemical properties and their biocompatibility led to a broad use as contrast
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enhancer for magnetic resonance (MR) imaging 3'°. Especially with regard to disease
detection, progression as well as monitoring of treatment results in the field of destructive
disease like rheumatoid arthritis (RA), SPION represent a promising theragnostic tool. RA, a
chronic, systemic, inflammatory autoimmune disease, is mainly characterized by the
degradation of articular cartilage and subchondral bone 16, There is no cure for RA,
treatment strategies can utmost slow down or even stop disease progression but accrued
damages are irreversible > 1713, Thus, an early detection, for example with the help of
SPION, which are taken up by different immune cells and may enter the inflamed tissue,
would be of enormous advantage. However, safety aspects are still under discussion and
therefore, adequate and in-depth toxicity studies are necessary prior to routinely in vivo
application of nanoparticles. In a previous study in human whole blood we have
demonstrated that amino-polyvinyl alcohol (a-PVA) coated SPION do not affect cell survival
in general but there was a dose-dependent cell activation as shown by an increased cytokine
secretion 2°, Furthermore, human monocytes were affected by a-PVA-SPION since
differentiation to and survival of monocyte-derived macrophages (MDM) was increased. In
addition, both, monocytes and MDM are able to internalize a-PVA-SPION, as shown in the
same study 2°. Others demonstrated that the uptake of nanoparticles as well as their toxic
effect strongly depends on the surface properties and thereby with the protein corona
formation % 22, For example Jurkat cells, a T-lymphoma cell line showed an increased
apoptosis and necrosis due to incubation with lauric-acid coated nanoparticles whereas an
additional coating of the same nanoparticles with bovine serum albumin reduced these toxic
effects 22. Another group demonstrated that a delivery of nanoparticles to peripheral lymph

nodes resulted in enhanced T cell proliferation 23.



Thus, since we could already demonstrate that the immune defense, represented by
professional phagocytes, is activated by a-PVA-SPION, this report is focused on the influence
of a-PVA-SPION on human T cell activation addressing our hypothesis that SPION do not
impact cells of the adaptive immune response but professional antigen presenting cells.
Furthermore, underlying experiments were performed under normal oxygen availability as
well as under pathophysiological hypoxia since this is an important feature of inflamed

tissues such as the RA joint.

Material & Methods

Materials, reagents & antibodies

Amino-polyvinyl alcohol coated superparamagnetic iron oxide nanoparticles (a-PVA-SPION)
were synthesized and characterized following a protocol previously described ?*. The mean
diameter of the iron oxide core (dcore in NM) was measured from the counting of 400 cores
via Transmission Electron Microscopy (TEM CM12 from Philips Electron Optics) pictures. The
hydrodynamic diameters (dw in nm) their polydispersity index (PDI) and Zeta potential (Z pot.
in mV) of the a-PVA-SPION were measured on a ZetaPals apparatus from Brookhaven
(Laborchemie GES MBH). The saturation magnetization (Sat. Mag. In EMU/g) was obtained
from freeze-dried powder of naked SPIONs using a superconducting quantum interference
device (SQUID). The concentration of PVA (in mgeva/mgee of nanoparticles) with a

thermogravimetric analyses (TGA from Mettler Toledo TGA/SDTA 851¢)%.

Lectin from Phaseolus vulgaris (PHA-L) and carboxyfluorescein diacetate N-succinimidyl ester
(CFSE) were purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany). For flow

cytometry, Privigen® human immunoglobulin from CSL Behring GmbH (Marburg, Germany)



was used. Anti-human CD4-fluorescein isothiocyanate and anti-human CD3-phycoerythrin
were obtained from the German Rheumatism Research Center (DRFZ), and anti-human

CD25-allophycocyanin was purchased from ImmunoTools GmbH (Friesoythe; Germany).

Cell isolation, -culture & -stimulation

Venous blood (obtained from RA patients or healthy donors) was collected in heparinized
tubes. All patients met the American Rheumatism Association criteria (1987) for RA. The
characteristics of RA patients are summarized in supplement 1. The study protocol was
approved by the responsible local administrative body and ethics committee of Charité
University Medicine Berlin in accordance with the Declaration of Helsinki. RA patients as well
as healthy donors provided written informed consent before enrolment. Human CD4+ T cells
(>99% purity and >95% viability) were prepared as described previously 6. Cells were re-
suspended in RPMI 1640 (GIBCO) supplemented with 10% (v/v) heat-inactivated fetal calf
serum (Sigma-Aldrich), 100 units/ml penicillin G, 100 pg/ml streptomycin (both PAA

Laboratories GmbH, Célbe, Germany) and 50uM B-mercaptoethanol (Sigma-Aldrich).

Cells were stimulated with the mitogen PHA-L (5ug/ml) and/or a-PVA-SPION (1 pg/ml,
10 pg/ml, and 100 pg/ml) or left untreated for 20 h (analysis of caspase-3/7-activity
(Caspase-Glo 3/7 Assay, Promega GmbH, Mannheim, Germany), intracellular ATP content
and CD25 expression) or 72 h (analysis of proliferation and CD25 expression). Cells were
incubated at 37°C under either normoxia (18% O, / 5% CO3) and/or in a hypoxic chamber
(5% CO; / <1% 03) balanced with N3 in humidified incubators (both Binder GmbH, Tuttlingen,

Germany).



Quantification of activation and proliferation

To measure the extent of proliferation in the PHA-L-activated CD4+ T cells, CFSE was used.
The cells were labeled before activation in a 1.5 uM CFSE solution for 3.5 min at room
temperature. After 72 h, cells were labeled with anti-CD25 antibody and analyzed by flow
cytometry for activation and proliferation status using the MACSQuant analyzer equipped
with plate MACSQuant MiniSampler. The acquired data were analyzed using FlowJo 7.6.1

software.

Quantification of intracellular ATP levels

The samples (50 uL aliqguots of each cell suspension) were treated according to
manufacturer’s instructions (CLS Il KIT (Roche Diagnostics GmbH, Mannheim, Germany) and
measured against a set of standard dilution rows. Luminescence of all samples was

guantified using a luminometer (BD Biosciences, Heidelberg, Germany).

Statistical analysis

Statistical tests were performed using Graph Pad Prism Software. Data are presented as
mean with standard error of the mean (SEM) or box and whiskers, whiskers from minimum
to maximum of at least four independent experiments. Outliers were identified with the
post-hoc tukey test. Multiple comparisons were analyzed by one way or two way ANOVA as
indicated with Bonferroni's multiple comparison post hoc tests for normally distributed data.
Differences between normally distributed groups were compared using the Student’s t test
and in non-normally distributed groups with the Wilcoxon signed rank t test for dependent
samples. Probability values of p<0.05 were considered to be statistically significant

(*** p<0.001; ** p<0.01; * p<0.05).



Results

a-PVA-SPION characterizations.

The a-PVA-SPION (Figure 1) have an iron oxide core of around 7 nm with superparamagnetic
properties measured from magnetic saturation at 54 EMU/g. They aggregated in
nanoparticles with a mean hydrodynamic diameter of 30 nm and a positive Zeta potential of
+22 mV at around physiological pH. The mass ratio of PVA per mass of iron on these

nanohybrids is 9.

a-PVA-SPION differentially affect cell count, caspase-3/7-activity, and cellular steady-state
ATP level of human CD4+ T cells.

Following the path of our previous investigations 2°, we first focused on the influence of a-
PVA-SPION on cell survival and cellular energy availability in human CD4+ T cells obtained

from RA patients (n=11) or healthy donors (HD, n=12, figure 2).

When analyzing cell growth/maintenance upon PHA-L treatment we observed for RA
patients and healthy donors a significant decrease of cell count (RA: p<0.01; HD: p<0.01;
figure 2A) and a significant increase in caspase-3/7-mediated apoptosis (RA: p<0.01; HD:

p<0.01; figure 2C) as compared to the untreated control.

Focusing on the influence of a-PVA-SPION we observed a significant decrease in cell count in
healthy donors additionally stimulated with PHA-L (all p<0.05; figure 2B) compared to the
untreated control. Furthermore, we found a significant increase in caspase-3/7-activity for
low-dose a-PVA-SPION (1 pg/ml) treated CD4+ T cells from RA patients and for all a-PVA-
SPION treated, PHA-L stimulated CD4+ T cells from HD (all p<0.05; figure 2D) as compared

to the untreated control.



In order to investigate if a-PVA-SPION treatment affects the cellular energy we have
analyzed the ATP level of human CD4+ T cells incubated with PHA-L and/or a-PVA-SPION.
PHA-L led to a significantly increased steady-state ATP content (compared to untreated
control) in both, RA and HD (both p<0.05; figure 2E). We further observed significantly
reduced steady-state ATP levels in Tcells from RA patients at 100 pug/ml a-PVA-SPION
(p<0.05; figure 2C) and T cells obtained from HD at 1 pg/ml and 10 pg/ml a-PVA-SPION

(1 pg/ml: p<0.05; 10 pg/ml: p<0.01; figure 2F) as compared to the untreated control.

a-PVA-SPION do not activate human CD4+ T cells with regard to CD25 expression.

To analyze if short term incubation with a-PVA-SPION lead to an increase in T cells activation,
we have analyzed the CD25 expression under normoxic and hypoxic conditions. The T cell
mitogen PHA-L led to a significantly increased CD25 expression (compared to untreated
control) under normoxic and under hypoxic conditions in both, RA (n=14, p<0.01; figure 3A)
and HD (n=9, p<0.001; figure 3B) T cells. In contrast, a-PVA-SPION at 5 pug/ml did not alter
the CD25 expression and there is neither a difference between normoxic and hypoxic

conditions, nor between RA patients and HD (figure 3).

a-PVA-SPION do not influence PHA-mediated stimulation of CD25 expression on human
CD4+ T cells.

The question arose if a-PVA-SPION affect an existing T cell activation as it is present in the
case of inflammation. Therefore, PHA activated human CD4+ T cells, obtained from RA
patients (n=20) or healthy donors (HD, n=14), were treated with a-PVA-SPION under
physiological and pathophysiological oxygen conditions. Analysis of CD25 expression

revealed that a-PVA-SPION do neither increase nor weaken the CD25 expression in PHA-L-



activated human T cells (figure 4). In general, the percentage of CD25 positive T cells is

slightly higher in RA patients compared to HD.

a-PVA-SPION do not influence PHA-mediated proliferation of human CD4+ T cells

Moreover, we analyzed the influence of a-PVA-SPION on the proliferation of PHA-activated
human CD4+ T cells obtained from RA patients (n=18) or healthy donors (HD, n=14, figure 5).
As a result, we could not demonstrate any effect of a-PVA-SPION on T cell proliferation in
both groups. However, it should be noted that the mean of division index as well as the
frequency of divided Tcells is slightly increased in HD compared to RA patients
(figure 5B +5C). We further found a significant diminished proliferation under
pathophysiological hypoxia as compared to normoxia in both, RA patients (figure 5B) and HD

(figure 5C).

Discussion

Amino-polyvinyl-alcohol-coated-SPION (a-PVA-SPION) represent a promising tool for early
diagnosis of rheumatoid arthritis (RA) and for evaluation of RA treatment when used as high-
sensitive enhancer for MR imaging taken up by professional phagocytes ?’. Since we could
demonstrate that professional phagocytes are activated by a-PVA-SPION in a whole blood
system 29, the study here focused on the influence of a-PVA-SPION on human T cell activity
in order to clarify possible effects of a-PVA-SPION on human CD4+ T cells and to target
possible long-lasting events in cells which are able to survive for decades in the human body
28 Qur data clearly demonstrate that a-PVA-SPION, although slightly and differentially
influencing cell count, apoptosis and cellular ATP levels (figure 2), do neither activate nor
significantly influence mitogen-stimulated CD4+ Tcells activation with respect to

CD25 expression (figure 3 + 4) and proliferation (figure 5).
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Several previous data have demonstrated that primarily cells of the innate immune

compartment especially professional phagocytes are affected by SPION uptake 2% 27, 29-34,

Interestingly, Blank et al. reported that PVA-SPION uptake by human monocyte-derived
dendritic cells (MDDC) was decreased by lipopolysaccharide-induced MDDC maturation at
higher particle concentrations and that the capacity of MDDC to process antigen was
reduced resulting in a diminished CD4+ T cells activation 2°. This is in contrast to our findings,
since we could not demonstrate any influence of a-PVA-SPION on T cell activation per se.
This can at least in part be explained by the small dimension of the a-PVA-SPION, which is
around 30nm in size %°. A productive T cell activation is dependent on receptor cross-linking
resulting in co-stimulatory signals from other cell surface receptors 3°. Superparamagnetic
particles, which are bigger in size (50nm), are routinely used to isolate specific types of
immune cells from the blood (as it has also been performed in this work here). These
particles have been analyzed with regard to cell-specific changes in transcriptional response.
As a result it has been demonstrated that there are no significant changes in gene expression
pattern as compared to untreated cells 3¢. Thus, PVA-SPION may be unable to directly
activate human CD4+ T cells, but indirect effects should be considered when evaluating
SPION effects on human immune cells. Accordingly, the effect of a-PVA-SPION on cells of the
innate immune response seems to be acute and transient since data on the effects of a-PVA-
SPION injected, either locally or systemically, in murine experimental arthritis gave an acute
inflammatory response which did not aggravate arthritis and did not further activate

immune cells or lead to a pro-inflammatory gene expression pattern 3°,

10



Finally, we conclude from our data that a-PVA-SPION have no unfavorable influences on
CD4+ T cells and are safely to detect joint inflammation by MR imaging with regard to their

direct activating potential on CD4+ T cells.
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Figures & Tables

Figure 1: Transmission Electronic Microscopy pictures of a-PVA-SPION (with their main

physicochemical characteristics)

Figure 2: a-PVA-SPION differentially affect cell count, caspase-3/7-activity, and cellular
steady-state ATP level of human CD4+ T cells.

Cells were isolated from human blood samples obtained from patients with RA or HD.
Isolated T cells were incubated with PHA-L and (n=6) / or (RA: n=11; HD: n=12) a-PVA-SPION
at varying concentrations for 20h. (A, B) Number of cells was quantified; (C, D) caspase-3/7-
activity was acquired and normalized to cell count and (E, F) steady-state ATP levels were
guantified and normalized to cell count. All parameters were normalized to the untreated
control (dotted line). Wilcoxon signed rank t test ** p < 0.01, * p < 0.05. RA: rheumatoid

arthritis, HD: healthy donors, PHA: Phytohaemagglutinin.

Figure 3: a-PVA-SPION do not activate human CD4+ T cells with regard to CD25 expression.
Cells were isolated from human blood samples obtained from (A) patients with RA (n=14) or
(B) healthy donors (n=9) and incubated w/wo PHA or a-PVA-SPION for 20h under normoxic
or hypoxic conditions. Afterwards, cells were analyzed for the surface CD25 expression via
flow cytometry. Data are given as box and whiskers; whiskers represent minimum to
maximum; one-way ANOVA: ***p < 0.001, ** p < 0.01. Dots indicate outliers. RA:

rheumatoid arthritis, HD: healthy donors, PHA: Phytohaemagglutinin.

Figure 4: a-PVA-SPION do not influence PHA-mediated stimulation of CD25 expression on
human CD4+ T cells.
Cells were isolated from human blood samples obtained from (A) patients with RA (n=20) or

(B) healthy donors (n=14) and incubated under influence of PHA and/or a-PVA-SPION at
12



varying concentrations for 72h under normoxic or hypoxic conditions. Afterwards, cells were
analyzed for the surface CD25 expression via flow cytometry. Data are given as box and
whiskers; whiskers represent minimum to maximum; one-way ANOVA: ***p < 0.001. Dots

indicate outliers. RA: rheumatoid arthritis, HD: healthy donors, PHA: Phytohaemagglutinin

Figure 5: a-PVA-SPION do not influence PHA-mediated proliferation of human CD4+ T cells.
Cell were isolated from human blood samples obtained from patients with RA or healthy
donors, labeled with CFSE, stimulated with PHA and incubated for 72h under the influence of
a-PVA-SPION under normoxic and hypoxic conditions, respectively. Subsequently, cells were
analyzed for proliferation by flow cytometry. (A) One example for proliferation analysis
(blood obtained from healthy donor) is given here. (B+C) PHA-mediated proliferation of
human CD4+ T cells obtained from (B) RA patients (n=18) or (C) healthy donors (n=14) by
calculation of the division index and the percentage of divided cells. Data are given as box
and whiskers; whiskers represent minimum to maximum; one-way ANOVA: ***p <0.001, * p
< 0.05. Dots indicate outliers. RA: rheumatoid arthritis, HD: healthy donors, PHA:

Phytohaemagglutinin.

Supplement legends:

Supplement 1: Characteristics of patients with RA at screening visit. Data are given as mean
(minimum/maximum) or number (%); RF, rheumatoid factor; ACPA, anti-citrullinated
peptide antibodies; DAS28, disease activity score of 28 joints; ESR, erythrocyte
sedimentation rate; CRP, C-reactive protein; DMARDSs, disease modifying antirheumatic

drugs; NSAIDs, non-steroidal anti-inflammatory drugs; RA, rheumatoid arthritis
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Figure 4
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Figure 5

Hypoxia
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