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Purpose: Given the increased use of polyethylene glycol (PEG) in refining the therapeutic activity of medicines, our research focuses
on explaining the potential mechanism of immune reactions associated with this polymer. We aim to investigate the interaction of
different types of PEG with mouse and human immune cells, thereby contributing to understanding PEG interactions with the immune
system and verifying the proinflammatory activity of the tested polymers.

Patients and Methods: Mouse macrophage and neutrophil cell lines, human peripheral blood mononuclear cells, and polymorpho-
nuclear cells isolated from healthy donors were exposed to various PEGs. ROS, NO, and cytokine production were analyzed using
fluorescence intensity, absorbance, or cytometric measurements. Toll-like receptor (TLR) signaling was verified using HEK-blue-
reporter cell lines. Finally, neutrophil trap formation was studied using immunofluorescence labeling, and calcium imaging was
performed using a Ca®'-sensitive indicator and fluorescence microscope.

Results: Our findings show that specific PEG and mPEG are not toxic to tested mouse and human cells. However, they exert
proinflammatory activity against human immune cells, as evidenced by the increased secretion of proinflammatory cytokines, such as
IFN-a2, IFN-y, TNF-a, MCP-1, IL-8, IL-17A, and IL-23. This phenomenon is independent of PEG signaling via TLR. Additionally,
mPEG10 induced the formation of neutrophil extracellular traps and intracellular calcium signaling.

Conclusion: Our finding suggests that some PEG types have proinflammatory activity against human immune cells, manifesting in
the upregulated production of cytokines and neutrophils trap releasing.

Keywords: drug delivery, immunomodulation, in vitro nanotoxicity, nanoparticle functionalization, PEGylated therapeutics

Introduction
Polyethylene glycol (PEG), a hydrophilic polymer, is pivotal across various medical, pharmacy, and science applications. It is
used to modify small-molecule drugs, proteins, and nanomaterials, enhancing their bioavailability, pharmacokinetics, and
effectiveness. PEG ensures hydrophilicity, modulates interaction with plasma and cellular proteins, and lowers the antigenicity
and immunogenicity of non-human therapeutic proteins.'* The application of PEG for drug modification has revolutionized
the treatment of numerous diseases, including various therapeutics such as anticancer agents.® Furthermore, the delivery of
mRNA coding for the coronavirus Spike protein, a crucial component of Pfizer/BioNTech (BNT162b2) and Moderna
vaccines, would not be possible without PEGylated lipid nanoparticles.* ® These examples underscore the widespread use
of PEG, making it a topic of significant interest and importance. At the same time, the increasing use of PEGylated
nanopharmaceuticals translates into the occurrence of side effects in a growing number of patients.

For many years, almost all PEGylated agents were administered predominantly subcutaneously, intramuscularly, topically, or
orally, and patients were not reporting any toxicity.” Therefore, PEG was considered inert and safe regardless of the route of
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administration." However, safety concerns have been raised after dangerous side effects occurred in patients after intravenous
administration of PEG-modified liposomes delivering doxorubicin (Doxil).® Incidents of the acute reaction were observed
immediately after Doxil injection, and this phenomenon probably resulted from the presence of PEG on the surface of liposomes.
The mechanism of PEG-mediated side effects is still not fully understood, although it might be related to undesired stimulation of
immune response involving complement activation''® According to the existing data, Doxil may induce hypersensitivity
reactions or an infusion reaction, referred to as complement activation-related pseudoallergy (CARPA), a non-IgE-mediated
pseudoallergy caused by the activation of the complement system.'' Several studies confirmed the role of complement activation
in anaphylactic reactions observed in 25-45% of patients treated with Doxil upon the first injection.'>”'> PEG hypersensitivity
incidents involving urticaria or even anaphylactic shock are not the only alarming symptoms suggesting potential PEG toxicity.
A specific response develops after administering PEGylated ovalbumin to rats or rabbits, producing anti-PEG antibodies.'®'”
Large-scale coronavirus vaccinations have shown that Pfizer/BioNtech and Moderna vaccines also caused severe anaphylaxis in
some patients. PEG is implicated in these incidents, but the immunopathogenesis and pathophysiology of this life-threatening
condition have not yet been fully explained.®'*2°

Most studies have focused exclusively on elucidating the immediate effects following the intravenous administration
of PEGylated drugs, including testing for complement activation or anti-PEG antibodies.?'** It remains unclear whether
and how PEGylated nanomedicines or free PEG activate specific subtypes of immune cells. Our team has been
researching the use of polyelectrolyte nanocapsules for drug delivery. Investigating the short- and long-term effects of
PEGylated nanocapsules in vivo, we found that PEGylated nanocapsules, unlike their unmodified counterparts, affected
the immune system in a way that differs from what was previously described. We observed an increase in the plasma
level of several cytokines following the intravenous administration of PEGylated nanocapsules, and this effect persisted
for at least two months after the last injection.”?

In this study, we set out to analyze the interaction between mouse or human immune cells and PEG differing in
molecular weights in kDa (PEG2, PEG6, PEG10) and chemical structure (methoxy PEG: mPEG2, mPEG 5, mPEG 10,
mPEG 20). This research holds high importance as numerous variants of this polymer find applications in nanomedicine,
but the nature of their interactions with immune cells is still largely uncharted territory. We observed that particular PEGs,
commonly used in this field, exhibit proinflammatory activity against human immune cells, resulting in increased secretion
of specific cytokines or chemokines. Importantly, this phenomenon does not originate from PEG signaling through TLR2/1,
TLR2/6, TLR4, or TLRS receptors, which, in principle, could recognize this polymer as a ligand. Furthermore, although
none of the PEG tested increased intracellular production of reactive oxygen species (ROS), mPEG10 triggered Ca®"
signals in freshly isolated human neutrophils and neutrophil extracellular traps (NET) formation. These findings shed new
light on the potential mechanisms behind the side effects of PEG and underscore the necessity for further research to
understand PEG’s immunological effects in nanomedicine entirely.

Materials

Polyethylene glycols (the numbers refer to the molecular weight of specific PEG in kDa): PEG 2, PEG 6, PEG 10 or methoxy
polyethylene glycols: mPEG 2, mPEG 5, mPEG 10, mPEG 20 were from Merck (Darmstadt, Germany). Cell culture agents:
Dulbecco’s modified Eagle’s medium (DMEM) GlutaMAX ™ containing 4.5 g/L or 1 g/L glucose, DMEM without phenol
red containing 4.5 g/L or 1 g/L glucose, Opti-MEM, fetal bovine serum (FBS), antibiotics Penicillin-Streptomycin (10,000 U/
mL penicillin and 10,000 pg/mL), and GlutaMAX™ Supplement were purchased from GIBCO (Paisley, UK). Park Memorial
Institute (RPMI-1640) medium was from Lonza (Basel, Switzerland), and trypsin and sterile PBS were brought in Biowest
(Nuaill¢, France). Dichloro-dihydro-fluorescein diacetate (DCF), dihydrorhodamine (DHR), B-mercaptoethanol and B-
estradiol were from Merck (Darmstadt, Germany).

Methods

Preparation of PEG Solutions and Examination of Endotoxin Contamination
All polyethylene glycol solutions were dissolved at 50 mg/mL in sterile PBS. After PEG reconstitution, lipopolysaccharide
(LPS) concentration was measured using Pierce Chromogenic Endotoxin Quant Kit (ThermoFisher Scientific, Rochester, NY,
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USA) according to the manufacturer’s procedure. High Standards (0.1-1.0 EU/mL) were used for standard curve preparation,
and PEG or mPEG solutions were diluted ten times. The absorbance was measured at 405 nm using a microplate reader,
Synergy H1 hybrid plate reader and Gene$5 version 2.00.18 software (BIOTEK Instruments, Winooski, VT, USA). All tested
PEG and mPEG solutions contained <0.1 EU/mL LPS.

Cells Used in Experiments and Cell Culture Conditions

Monocyte/Macrophage Cell Lines

Mouse monocyte/macrophage RAW 264.7 cells (ATCC TIB-71) and P388D1 cells (ATCC CCL-46) were obtained from the
American Type Culture Collection (Manassas, VA, USA). Cells were grown in DMEM GlutaMAX ™ containing 4.5 g/L with
10% (v/v) FBS.

The Estrogen-Regulated Cell Line of Mouse Neutrophil Progenitors

The estrogen-regulated mouse cell lines of neutrophil progenitors were obtained by HoxB8 retroviral transduction of
wild-type bone marrow as described before. As described before, the estrogen-regulated mouse cell line of neutrophil
progenitors was obtained by HoxBS8 retroviral transduction of wild-type bone marrow.>* As previously published,
progenitors were cultured in a medium supplemented with 1 uM B-estradiol and 1% (v/v) supernatant from Stem Cell
Factor producing Chinese hamster ovary (CHO) cells.?® Progenitor cells were differentiated for four days in the medium
without B-estradiol. Subsequently, neutrophils (mPN) were harvested and counted.

Human Hepatocytes Model
Human hepatoma-derived HepG2 cell line (ATCC HB-8065) were obtained from the American Type Culture Collection
(Manassas, VA, USA). Cells were grown in DMEM GlutaMAX™ containing 1 g/L with 10% (v/v) FBS.

Human Immune Cells Isolated from the Blood

Human peripheral blood mononuclear cells (hPBMC) and human polymorphonuclear neutrophils (hPMN) were isolated
from the citrated blood of healthy volunteers purchased from the Regional Center of Blood Donation and Treatment in
Krakéw. The Regional Center of Blood Donation and Treatment deidentified blood materials as appropriate for the
confidentiality assurance of human subjects. Thus, this study adheres to relevant exclusions from the approval of human
subjects. The blood cells were separated in a density gradient of Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA).
Freshly isolated hPBMC were cultured in RPMI-1640 with 20% (v/v) FBS and antibiotics (100 U/mL Penicillin, 100 pg/
mL Streptomycin) and hPMN in RPMI-1640 with 10% (v/v) FBS and antibiotics. Cells isolated from at least five donors
were analyzed.

Human HEK Reporter Cell Lines Overexpressing Toll-Like Receptors (TLR)

Human TLR4/NF-xB-SEAP reporter HEK293 cells, human TLRS5/NF-kB-SEAP reporter HEK293 cells, human TLR2
+TLR1/NF-xB-SEAP reporter HEK293 cells and human TLR2+TLR6/NF-kB-SEAP reporter HEK293 cells were from
InvivoGen (San Diego, CA, USA). Cells were cultivated in DMEM GlutaMAX™ containing 4.5 g/L with 10% (v/v) FBS and
selective antibiotics provided by InvivoGen.

Cell Viability Assays
P388D1, RAW 264.7, HepG2 cells were seeded on a 96-well plate at the density of 5x10° or HEK293/TLRs at the
density of 2.5x10* cells per well in 100 pL of cell culture medium. Next, after overnight incubation (P388D1, RAW
264.7, and HepG2) or directly after seeding (HEK293/TLRs), 10 uL of PEG solutions or PBS (as negative control; 100%
of cell viability) were transferred to subsequent well. Cell viability was measured after 24 h (HEK293/TLRs) or
48 h (P388D1, RAW 264.7, and HepG2) of incubation using the microplate reader and MTT assay according to the
standard protocol.?®

The mPN cells were seeded at the density of 6x10%/well on a 96-well plate in 100 puL of growth medium. hPBMC and
hPMN were seeded directly after isolation at the density of 1x10° cells per well in 100 pL of cell culture medium.
Subsequently, 10 uL of PEG solutions (the final PEG concentration was 5 mg/mL) or PBS were transferred to wells.
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After 24 h (mPN, hPMN) or 48 h (hPBMC) of incubation, cell viability was evaluated by ATPlite luminescence assay
according to the manufacturer’s procedure (PerkinElmer). Chemiluminescence intensity was measured using
a microplate reader.

Measurement of Nitrate Oxide in Culture Media Collected from

Monocyte-Macrophage Cells

P388D1 cells were transferred in 100 pL of cell culture medium at the density of 1.5x10* per well on a 96-well plate.
After overnight cultivation, the cell growth medium was replaced by 100 uL of DMEM with 4.5 g/L glucose, 2% FBS,
and antibiotics. Next day: 1) 10 uL of PEG solutions (the final PEG concentration was 5 mg/mL), PBS or 100 ng/mL
LPS (as positive control), or 2) 10 ng/mL IFN-y (enhancer of macrophage immune stimulation) + 10 pL of PEG
solutions, PBS or 100 ng/mL LPS were pipetted to subsequent wells. After 24 h of incubation, nitrate levels were
measured after mixing 100 pL of collected media with 100 pL of Griess reagent (1% (w/v) sulfanilic acid/0.1% (w/v)
N-(1-naphthyl) ethylenediamine dihydrochloride] in 2.5% [v/v] H3PO,). The absorbance was measured at 545 nm using
a microplate reader.

Assessment of Intracellular Reactive Oxygen Species

Analysis Using a Microplate Reader

Cells were seeded on the 96-well black plate with transparent bottoms at a density of 1x10* (P388D1); 1x10* (RAW
264.7); 1.5x10% (HepG2); 1x10° (\PMN) per well in 100 pL of growth medium. The hPMN were transferred to the plate
directly in the medium dedicated for measuring fluorescence intensity - 10% (v/v) FBS, DMEM without phenol red
(noPRed), antibiotics, and fluorescence probes: 25 uM dichloro-dihydro-fluorescein diacetate (DCF) or 10 uM dihy-
drorhodamine (DHR). At the same time, 10 pL of PEG solutions (the final PEG concentration was 5 mg/mL), PBS, or
ROS stimulators at a final concentration of 100 nM PMA (phorbol 12-myristate 13-acetate) or 1| mm H,0, were added to
the wells.

P388D1, RAW 264.7, and HepG2 were left in the incubator overnight. Next day the growth media were replaced by
fresh medium dedicated to the measurements of fluorescence intensity 10% (v/v) FBS, DMEM noPRed (for P388D1 and
RAW 264.7 with 4.5 g/L and HepG2 cell with 1 g/L of glucose) and antibiotics supplemented with fluorescence probe
25 uM DCEF, or 10 uM DHR. At the same time, 10 pL of PEG solutions, PBS, or ROS stimulator at a final concentration
of ImM H,O, were added to the wells. Immediately after adding ROS stimulants, plates were transferred to the
microplate reader (the final volume in each well was the same). Then, kinetic fluorescent measurements were conducted
for 4 h, and the fluorescence intensity was measured in 15-minute intervals. The excitation and emission wavelengths for
the individual probes were as follows: DCF 470 nm/535 nm and DHR 485 nm/525 nm.

Flow Cytometry

Human peripheral blood mononuclear cells were transferred to the 96-well, V-shape plate at the density of 1x10° per well
in 100 pL dedicated to the measurements of fluorescence intensity 20% (v/v) FBS, DMEM noPRed and supplemented
with fluorescence probe DCF (25 uM), or (10 uM) DHR. At the same time, 10 pL of PEG solutions (the final PEG
concentration was 5 mg/mL), PBS, or ROS stimulator PMA (100 nM) were added to the wells. Cells were transferred
into the incubator and incubated for 3 h with ROS stimulants. Subsequently, hPBMC were centrifuged (400xg/5 minutes;
4°C) and stained with 200 pL of 2.5 pg/mL 7-AAD (7-amino actinomycin D) in PBS to exclude death cells. Cells were
analyzed using a BD FACSCalibur flow cytometer supported by CellQuestPro software (Becton Dickinson, USA). The
results were processed with FlowJo software (Becton Dickinson, USA). The mean fluorescence intensity (MFI) of DCF
and DHR was measured on the FL-1H channel. Dead cells were excluded from the analysis based on forward scatter
(FSC) and FL3-H plots. The gating strategy is shown in Figure SI.

Detection of Cytokines
Subsequent cells were seeded at the density of 1.5x10% (P388D1), 6x10* (mPN), and 1x10° (\PMN and hPBMC) in 100 pL of
growth medium. Directly after transferring mPN, hPMN, and hPBMC to a 96-well plate, stimulating agents were added: 1)
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10 pL of PEG solutions (the final PEG concentration was 5 mg/mL); 2) 10 uL of PBS or 3) LPS at a final concentration of 100
ng/mL. P388D1 cells were left in the incubator overnight after seeding. Then, the medium was replaced with 100 pL of fresh
one containing 2% (v/v) FBS, DMEM, and antibiotics. On the following day, stimulating agents were added: 1) 10 pL of PEG
solutions, 2) 10 uL of PBS, or 3) LPS at a final concentration of 100 ng/mL. After 24 h (P388D1, mPN, and hPMN) or
48 h (hPBMC) incubation, the media above cells were collected and stored at —20 °C. Before the cytokine examination, the
tested media were refrozen. The cytokine concentrations (mouse: IL-1a, IL-1p, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27,
MCP-1, IFN-B, IFN-y, TNF-a, and GM-CSF; human: (IL-1B, IFN-02, IFN-y, TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-12p70,
IL-17A, IL-18, IL-23, IL-33) were analyzed using LEGENDplex Mouse Inflammation Panel (13-plex) or Human
Inflammation Panel 1 (13-plex) kit (Biolegend) and the BD LSRFortessa flow cytometer. The results were analyzed using
LEGENDplex software (Biolegend).

Immunofluorescence Staining of Released Neutrophil Extracellular Traps (NET)

hPMN (1x10° cells per sample in 1 mL of growth medium) were seeded on 0.01% poly-L-lysine-coated (Sigma,
St. Louis, MO, USA) glass coverslips placed in a 12-well culture plate. After 1 h, dedicated to cell adhesion, the cells
were stimulated with 1) 100 pL of PEG solutions (the final PEG concentration was 5 mg/mL), 2) 100 uL of PBS, or 3)
PMA at a final concentration of 100 nM. Next, after 3 h of incubation, cells were fixed in a 4% (v/v) solution of
methanol-free formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) in PBS for 15 min at RT. Subsequently,
glass coverslips were washed 3 times with PBS, blocked and permeabilized in the blocking buffer (5% (v/v) FBS, 0.3%
(v/v) Triton X-100 in PBS) for 1 h at RT and incubated with recombinant anti-myeloperoxidase antibody (Abcam,
Cambridge, UK) diluted at a concentration of 2.34 ng/mL in the blocking buffer overnight at 4°C. The next day, the cells
were washed 3 times with PBS and incubated with Alexa Fluor-647 goat anti-rabbit antibodies (Invitrogen, Waltham,
MA, USA) diluted in blocking buffer for 1.5 h at RT. Finally, after washing with PBS, cells’ nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Waltham, MA, USA), and the samples were mounted
onto slides in ProLong Glass Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, the
samples were examined under an inverted fluorescent microscope Olympus IX83 supported with cellSens software
(Evident Scientific, Japan). Image analysis was performed using ImageJ 1.53c (National Institutes of Health, Bethesda,
MD, USA).

Analysis of PEG Interactions with Toll-Like Receptors (TLR)

The activation of selected TLR receptors was analyzed by measuring SEAP (secreted embryonic alkaline phosphatase)
activity secreted to the culture media of reporter HEK293 cells. Human TLR4/NF-kB-SEAP, TLR5/NF-kB-SEAP, TLR2
+TLR1/NF-kB-SEAP and TLR2+TLR6/NF-kB-SEAP reporter HEK293 cells were transferred on 96-well plate at the
density of 2.5x10% in 100 uL of HEK-Blue Detection Medium (prepared following the manufacturer’s instructions). Next,
10 pL of PEG solutions (the final PEG concentration was 5 mg/mL) or PBS was added to the medium. Positive controls
were also prepared by adding 10 pL of specific ligands at a final concentration of 10 ng/mL LPS for TLR4, 2 uM CU-T12-9
(a small-molecule agonist for Toll-like receptor 2) for TLR2/TLR1 heterodimer, 1 ng/mL FSL-1 (synthetic diacylated
lipoprotein) for TLR2/TLR6 heterodimer and 1 ng/mL flagellin for TLRS. Cells were incubated for 24 h; next, to measure
the activity of SEAP, 90 uL of cultured HEK-Blue Detection Medium were transferred to the fresh 96-well plate, and the
absorbance was measured at 620 nm using a microplate reader.

Calcium Imaging

hPMN at a density of 0.5x10° cells per 0.5 mL of RPMI were pre-incubated in 37°C for 10 minutes with 1) 50 pL of
PEG 2 or mPEG 10 (the final PEG concentration was 5 mg/mL), or 2) 50 pL of PBS. Then, the Ca*" indicator Fluo-4
AM (Thermo Fisher Scientific, Waltham, MA, USA) was added to the cell suspension (kept in RPMI medium with or
without PEG2/mPEG10) to achieve a final concentration of 2 uM. The cells were immediately transferred to a flow
chamber onto a coverslip coated with 0.01% poly-L-lysine and 20 pg/mL laminin. After 20 minutes of incubation in RT,
the flow chamber was mounted on a Leica DMI8 fluorescence microscope equipped with an HC PL APO 40x/1.30 OIL
objective and a DFC7000GT camera (Leica, Germany). The Fluo-4-loaded cells were then washed with NaHEPES buffer
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(containing 140 mm NaCl; 4.7 mm KCI; 10 mm HEPES; 1 mm MgCl,; 10 mm glucose; 1.0 mm CaCl,) in the presence
of PEG2 or mPEGI0 (at a final concentration of 5 mg/mL) or control conditions (without PEG). The Ca**-sensitive
indicator was excited using an LED light source with maximum intensity at 490 nm, and green emission was collected
(with an emission peak at 528 nm). A series of images were recorded with binning set at 5x5 (resolution: 384x288
pixels), and the time interval between two consecutive images was 2 seconds. The experiments were conducted without
perfusion for the first 500 seconds when they were exposed to NaHEPES containing either PEG2 or mPEG10 or to
NaHEPES alone (as a control). Then, as an internal quality control for cell functionality, 10 uM ATP was added by
perfusion to the chamber for the last 100 seconds of the experiment. Only experiments with 10 uM ATP-induced
consistent responses across all cells (via purinergic receptor signaling) were selected for downstream analysis.

Due to cell migration observed during the experiment, particularly with mPEG10, the TrackMate plugin in Fiji was
employed as an automatic cell-tracking system to collect fluorescence signals from the migrating cells.”’*® In the
experiment, single cells were tracked using the Laplacian of Gaussian detector in TrackMate. The parameters set
included an estimated object diameter of 10 um, preprocessing with a median filter, and sub-pixel localization. The
Linear Assignment Problem (LAP) tracker was configured with a maximum linking distance of 10 pm between frames
and a gap-closing distance of 10-15 um. Segment merging was employed for rapidly migrating cells at high densities
with a maximum distance of 10 um. Only fluorescence data for cells consistently present in the field of view throughout
the experiment were selected for further analysis. Fluorescence signals were quantified as F/Fy, where Fyy represents
the minimum signal observed for each cell during the experiment. The area under the curve was calculated from 0 to
500 seconds for each trace. To characterize the frequency and nature of calcium responses, we calculated the number of
data points where F/Fyn exceeded thresholds of 2 and 5 for each trace.

Statistical Analysis

In cytokine detection experiments, statistical significance was analyzed by two-way repeated measures (RM) ANOVA
with Geisser-Greenhouse correction followed by Tukey’s multiple comparison test. If there were missing values in
groups (cytokine levels were below or above detection limits), a mixed-effects model (REML) was used instead of RM
ANOVA. In the case of calcium imaging tests, statistical significance was assessed using the Kruskal-Wallis test,
followed by Dunn’s post hoc test. All analyses were performed in GraphPad Prism 10.

Results and Discussion
Tested PEG and mPEG are Not Toxic to Immune Cells and Hepatocyte Model Cells

Immune cells are particularly susceptible to direct contact with PEGylated therapeutics, regardless of their route of
administration into the body. Interestingly, some data indicate that PEG can detach from the PEGylated nanomedicines
immediately after administration, interact as a free PEG with various cells, and accumulate in phagocytes.>” Schoenbrunn
et al have shown that macrophages can actively capture 20 kDa mPEG, which eventually accumulates in aggregates
within their cytoplasm. Furthermore, they confirmed that exposure of macrophages to mPEG 20 kDa in concentrations
above 1 mg/mL leads to significant cell vacuolization compared to control cells.® Similarly, observations published by
Fang et al indicated that subcutaneous or intravenous injections of free PEG resulted in an increased vacuolization in
macrophages residing in the spleen, lymph nodes, lungs, and other tissues. Still, this phenomenon seemed reversible and
was likely involved in the clearance of PEG from the body.*! Since most research evaluating the cytotoxicity of PEG and
PEGylated nanopharmaceuticals focused on only one type of PEG, we investigated the effects of PEG and mPEG of
different molecular weights on mouse and human cells. Our research was initiated by exploring the direct interactions of
polyethylene glycols with immune cells, particularly phagocytes. As presented in Figures 1 and S2, exposing a range of
mouse (P388D1, mPN, RAW 264.7) and human (hPBMC, hPMN) immune cells to the tested PEG and mPEG solutions
did not affect cell viability.

Hepatocytes represent another cell type highly vulnerable to PEG, owing to the discontinuous nature of liver blood vessel
walls and the pivotal role of the liver in the metabolism and removal of various compounds. This anatomical feature permits
the substances in the blood to come into contact with hepatocytes and potentially leads to the accumulation of PEGylated
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Figure | Polyethylene glycols do not affect the viability of mouse and human immune cells.

Notes: The cells were incubated for 24 (mPN, hPMN) or 48 (P388D 1|, hPBMC) hours in media supplemented with PBS, PEG, or mPEG solutions. The viability of P388D
cells was analyzed using MTT (A). For mPN (B), hPBMC (C), and hPMN (D), the ATPlite test was performed. The data are presented as an average of 3 independent
experiments * SD.

Abbreviations: P388D |, mouse monocyte/macrophage cell line; mPN, mouse neutrophils differentiated from mouse neutrophil progenitors; hPBMC, human peripheral
blood mononuclear cells; hPMN, human polymorphonuclear neutrophils; PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol.

therapeutics within these cells.*>** Furthermore, our previous studies with PEGylated polyelectrolyte nanocapsules indicated
that these nanocarriers are eliminated from the body via hepatobiliary clearance.”® Therefore, here we have also evaluated the
influence of PEG and mPEG on HepG2 cells, a model of human hepatocytes. Our results showed that PEG and mPEG do not
exhibit cytotoxicity towards HepG2 cells (Figure S2). Collectively, we have established that neither PEG nor mPEG
compromises the viability of either immune cells or hepatocytes.

ROS Production is Not Increased in Response to PEG and mPEG

Generated predominantly in mitochondria but also in other cellular compartments, such as peroxisomes and the endoplasmic
reticulum, reactive oxygen species (ROS) are implicated in inducing oxidative stress when their levels surpass the cellular
antioxidative capacity but also play multifaceted roles in cellular physiology and signaling. Importantly, increased production of
ROS in response to various proinflammatory factors allows phagocytic cells to eliminate pathogens.** External factors, including
nanomaterials and their chemical constituents, can markedly elevate intracellular ROS generation, resulting in oxidative
imbalance, damage to cellular macromolecules, cell dysfunction, and even death. The overproduction of ROS is regarded as
a primary contributor to nanotoxicity.* To assess ROS production in the cells exposed to PEG and mPEG, we utilized two ROS-
sensitive fluorescent probes: dichloro-dihydro-fluorescein diacetate (DCF) and dihydrorhodamine (DHR). At the same time, we
employed two different experimental approaches to investigate the redox state of cells exposed to the tested PEG and mPEG.
ROS production in hPMN, HepG2, and mouse P388D1 and RAW 264.7 cells was measured over 4 hours at 15-minute intervals,
resulting in graphs illustrating ROS formation’s kinetics. Additionally, ROS levels in hPBMC cells were determined after 3 hours
of incubation with PEG and mPEG using flow cytometry. As depicted in Figures 2 and S3—S5, the kinetics of ROS generation in
cells exposed to polyethylene glycols were similar to those observed in cells incubated in a medium with PBS. An increase in
ROS levels was present only in cells incubated with ROS-inductors PMA or H,O,. ROS levels in hPBMC cells, determined by
cytometric measurements after 3 hours of incubation with PEG or mPEG, were also consistent with the results obtained via
kinetic fluorescence intensity measurements (Figure 3). The level of ROS in cells, represented by mean fluorescence intensity
(MFI), was similar in PEG- and mPEG-treated cells as in control cells. Upon exposure to PMA, which was used as an oxidative
stress inducer, a more than twofold increase in intracellular ROS levels was observed for each probe, confirming the appropriate
responsiveness of the probe to ROS.

International Journal of Nanomedicine 2024:19 hetps: 13171
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=479710.docx
https://www.dovepress.com/get_supplementary_file.php?f=479710.docx
https://www.dovepress.com/get_supplementary_file.php?f=479710.docx
https://www.dovepress.com
https://www.dovepress.com

Hinz et al Dove

12
= DCF --DHR & 9
control control =
-5 6
= DCF *DHR @ 3
g 2 2
Time [h] Time [h]
27 PEG6 27 PEG10
S 1.5
5 1
L
@ 0.51
0 2
Time [h] Time [h]
2.5 mPEG5 2.5 mPEG10
2 2
5 15 11
1 1 %
15 .5%
0 0

2 1 2 3
Time [h] Time [h]

Figure 2 The intracellular ROS level in human neutrophils is unaffected by polyethylene glycols.

Notes: Human neutrophils were mixed with media containing ROS-sensitive fluorescent probes DCF and DHR. Next, the medium was enriched with PBS (negative control),
PMA (positive control of ROS production), or PEG and mPEG solutions. Immediately after the addition of stimulants, the fluorescence intensity of DCF (470 nm/535 nm) and
DHR (485 nm/525 nm) was measured. The measurement was carried out for 4 hours at |5-minute intervals, maintaining a constant temperature of 37°C. Data were presented
as an average of two independent experiments + SD.

Abbreviations: DCF, dichloro-dihydro-fluorescein diacetate; DHR, dihydrorhodamine; PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; PMA, phorbol 12-
myristate |3-acetate.
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Figure 3 Analysis of polyethylene glycols influence on intracellular ROS levels in hPBMC.

Notes: Cells were incubated for 3 hours with PBS, PMA, PEG, or mPEG solutions and specific fluorescent probes (A) DCF or (B) DHR. Reactive oxygen species were
determined by fluorescence measurement using a flow cytometer. Only living cells were selected for analysis (see the gating strategy in Figure S1). The data are presented as
mean MFI from three independent experiments + SD.

Abbreviations: DCF, dichloro-dihydro-fluorescein diacetate; DHR, dihydrorhodamine; PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; PMA, phorbol 12-
myristate |3-acetate; MFIl, mean fluorescence intensity.
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The existing data on PEG as an inducer of ROS formation are ambiguous. The polyoxyethylene chain of PEG is
prone to metal- or light-induced decomposition, starting the exogenous ROS production. Given that PEG can be taken up
by the cells where it has pro-oxidative properties, intracellular ROS production may also occur.>®* The stimulating
effect of free PEG on ROS production has been previously observed in erythrocytes while testing the application of this
polymer for cryopreservation and was linked primarily to PEG-induced changes in the functional activity of essential
membrane proteins involved in erythrocyte ion transport.®” Earlier studies presented by Hak-Joon-Sang demonstrated
that depending on the substrate covalently bound with the PEG, its effect on ROS production differs.*® Yet other data
suggest that free PEG decreases ROS in damaged cells and injured tissues and induces cell membrane repair.*® However,
our results in this work do not indicate the oxidative activity of tested PEG or mPEG.

Specific PEG and mPEG Have Proinflammatory Activity Independent of TLR Signaling
Immune cell-derived nitrate oxide (NO) and proinflammatory cytokines are critical factors in the inflammatory response. The
excessive secretion of NO and proinflammatory cytokines can increase the risk of tissue injuries and the development of
various diseases, including rheumatoid arthritis and atherosclerosis.*’ The proinflammatory activity of tested polyethylene
glycols was first verified on mouse monocyte-macrophage cells. P388D1 and RAW 264.7 cells were exposed for 24 hours to
polyethylene glycols alone or polyethylene glycols in the presence of IFN-y, a known enhancer of the inflammatory response
of cells to various factors, allowing sensitive detection of NO production by inducible NO synthase (iNOS). Figure 4 shows
that upregulated NO production was observed only for P388D1 cells stimulated with LPS or LPS+IFN-y or for RAW 264.7
cells stimulated with LPS+IFN-y (activators of inflammatory response). Moreover, analysis of cytokine production by
P388D1 and mouse neutrophils differentiated from mouse neutrophil progenitors (mPN) demonstrated that PEG or mPEG
solutions did not induce the expression of proinflammatory cytokines (Figures S6 and S7). The responsiveness of the cells to
proinflammatory stimuli was validated by exposure to LPS (P388D1) or PMA (mPN), which led to an increased expression of
specific cytokines: TNF-o, IL-6 (Figure S8). Liu et al previously observed elevated NO and cytokine production by
RAW264.7 cells treated with PEGylated gold nanoparticles. However, the absence of a comparison with non-PEGylated
gold nanoparticles in these studies makes it challenging to definitively attribute this effect to PEG alone.*?

Cytokine production by human PMN and PBMC was also analyzed. Interestingly, we observed different cytokine
responses to PEG depending on blood donors. Neutrophils isolated from some volunteers and treated with mPEG2, or
especially with mPEG10, upregulated secretion of IL-8 (Figure 5), a chemokine important in activating and attracting
leukocytes, predominantly neutrophils, to the inflammation foci. Similarly, neutrophils isolated from some donors
secreted higher levels of IL-18 after treatment with PEG10, mPEG2, or mPEG10. Furthermore, for all PEG or mPEG,
upregulated production of IL-33 by hPMN from some volunteers was also demonstrated. At the same time, we observed
that hPBMC isolated from some donors responded to specific PEG, but mainly to specific mPEG, increasing the
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Figure 4 Polyethylene glycols do not stimulate inducible nitric oxide synthase expression in mouse monocytes-macrophages.

Notes: The Griess test measured nitric oxide levels in cultured media after 24 hours of (A) P388D1| and (B) RAW 264.7 cells incubation in a medium supplemented with
PBS (negative control), LPS, LPS combined with IFN-y (positive controls of NO production), PEG or mPEG solutions alone or combined with IFN-y. The data are presented
as an average of three independent experiments + SD.

Abbreviations: P388D | and RAW 264.7, mouse monocyte/macrophage cell line; PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; LPS, lipopolysaccharide; w/
o, without.
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Figure 5 Human neutrophils stimulated by polyethylene glycols upregulate cytokines.
Notes: Human neutrophils were incubated for 24 hours in media containing PBS (negative control), PEG, or mPEG solutions. Media were then collected, and cytokine
concentrations were determined using the human LEGEND/Plex Inflammation Panel and flow cytometry. The graphs show the means of the data within detection range +
SD. The experiment was repeated 5 times with cells isolated from different donors. Red dots represent data below the detection range.
Abbreviations: PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol.

expression of IFN-a2, IFN-y, TNF-a, MCP-1, IL-8, IL-17A, IL-23, IL-33, IL-12p70, IL-6, IL-18, IL-10 (Figure 6). The
most potent proinflammatory activity against hPBMC demonstrated mPEG20 (Figure 6).

The concentration of some cytokines was under the detection limits for all tested samples. For hPMN, under the
detection limit were IL-1p, IFN-a2, IFN- vy, TNF-q, IL-10, IL-12p70, and IL-23 and for hPBMC, the concentration of IL-
1B. Detection limits of various cytokine concentrations are presented in Figure S9. Our results suggest a correlation
between cells isolated from different volunteers and sensitivity to PEG or mPEG. Reports have previously revealed the
genetic susceptibility to develop a humoral response to PEG manifesting in IgM production.43 Here, we postulate that
other immune reactions to PEG, such as cytokine production, may also depend on the differential sensitivity of human
immune cells from different donors to PEG. Perhaps, as in the case of the antibody response to PEG, individual
susceptibility to recognize and respond to PEG predicts the activation of the innate immune response to PEG. However,
this hypothesis requires profound experimental verification.

It is poorly understood how cytokines are produced in vitro and in vivo in response to free PEG or PEGylated
nanomaterials. Our previous in vivo studies showed that PEGylated polyelectrolyte nanocapsules induced increased
secretion of proinflammatory cytokines such as IL-12p70, IFNy, IFNP, IL-170, GM-CSF, and IL-6.> Notably,
Schoenbrunn et al’s studies on the proinflammatory activity of 20 kDa PEG did not result in marked increases in
cytokine secretion by human monocyte-derived macrophages.*°

To elucidate the mechanism of PEG’s proinflammatory effects, Amer et al demonstrated that synthetic PEG hydrogels
could stimulate myeloid differentiation primary response gene (MyD88) signaling in vitro and in vivo.** MyD88 is
a critical adaptor protein mediating most Toll-like receptor (TLR) signaling, resulting in the induction of inflammatory
response. Moreover, since secretion of various cytokines, including IL-12p70, IL-23, and IL-8 expression, often occurs
after TLR activation, we verified if tested PEG acts as TLR ligands. In the presented studies, we used reporter HEK-blue
cells overexpressing TLR4, TLRS, TLR2+TLR1, and TLR2+TLR6, but we did not observe activation of any of these
receptors by PEG or mPEG (Figure 7).4>%

The hypothesis that PEG or PEGylated nanomaterials signal via receptors expressed on the surface of various cells,
including phagocytes, has already been proposed, with TLRs, scavenger receptors, and lipoprotein receptors identified as
the most critical candidates.*’*® Studies performed on mouse macrophages have suggested that scavenger and
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Figure 6 Human peripheral blood mononuclear cells were stimulated with polyethylene glycol solutions to produce cytokines.

Notes: Human PBMC were incubated for 48 hours in media containing PBS (negative control), PEG, or mPEG solutions. Cytokine concentrations released to the cultured
media were determined using the human LEGEND/Plex Inflammation Panel and flow cytometry. The graphs show the means of the data within detection range + SD. The
experiment was repeated 5 times with cells isolated from different donors.

Abbreviations: PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol.

lipoprotein receptors are targets for PEGylated nanomaterials. Moreover, subsequent signaling through these receptors
did not result in the upregulated secretion of proinflammatory cytokines. These observations suggest that, at least in
mouse macrophages, PEGylated nanomaterials are recognized more as lipoproteins than pathogens.*®

Surprisingly, our studies revealed a prominent difference in vitro responses between mouse and human cells to
specific PEG or mPEG. Mouse cells exposed to PEG or mPEG do not develop an inflammatory response, contrary to
human immune cells that are more sensitive to PEG and mPEG. Our results also suggest that the responses of human

cells are not dependent on TLR signaling.
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Figure 7 Polyethylene glycols are not ligands for human Toll-like receptors.

Notes: Analysis was performed using HEK-blue reporter cells stably expressing (A) hTLR4, (B) hTLR2/TLRI, (C) hTLR2/TLRé, or (D) hTLR5. The cells were exposed to
PBS, PEG, mPEG solutions, or specific TLR ligands (LPS, FSL-1, CU-T12-9, or flagellin). NF-kB activation resulting from TLR activation was analyzed after detecting Secretory
Embryonic Alkaline Phosphatase activity (SEAP).

Abbreviations: PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; TLR, Toll-like receptors; LPS, lipopolysaccharide; FSL-1, synthetic diacylated lipoprotein; CU-
T12-9, small-molecule agonist for Toll-like receptor 2.

Neutrophils Release Extracellular Traps (NET) in Response to mPEGI0

NET formation is a hallmark of neutrophil activation by various stimuli.** This process aids in eliminating pathogens
during infection; however, excessive NET release can damage tissue or trigger autoimmune reactions.’®>> Some
nanomaterials, including PEGylated ones, have demonstrated potential as inducers of NET release. In most cases
described, this was directly preceded by increased ROS production.” So far, no information exists on the stimulation
of NET formation by free PEG. Of all the types of PEG we tested, only mPEG10-induced NET release in human
neutrophils. However, since we observed no increase in ROS production in cells exposed to mPEG10, we concluded that
it triggers ROS-independent NETosis (Figure 8). Interestingly, as shown in Figure 5, only mPEG10 induced increased IL-
8 secretion by neutrophils. IL-8, a chemokine, primarily attracts neutrophils to infection, inflammation, and damaged

tissue sites and subsequently promotes NET formation.>*>

mPEG 0 Triggers Ca®* Signals in Human Neutrophils

Ca** signaling controls the vast majority of cellular processes, and accumulating evidence suggests that it may also play
an essential role in regulating neutrophil functions.’® Ca®" signals orchestrate the response to various stimuli, including
pathogen or damage-associated molecular patterns (PAMPs, DAMPs) and cytokines or chemokines released by immune
cells.’*° Several studies suggest an increase in intracellular Ca** is crucial for NETosis induced by PMA, with chelation
of intracellular Ca*" using BAPTA-AM significantly inhibiting NET formation.°*®" However, the effect of chelating
extracellular Ca** with EGTA has shown less consistency across different studies. While it is clear that the intracellular
Ca”" pool is essential for NETosis, the role of extracellular Ca®" and its influx remains less obvious. To explore if
mPEG10 triggers Ca®" signals in neutrophils — which could be a potential mechanism contributing to its proinflammatory
effects, including enhanced cytokines secretion and NET formation — we examined Ca®" signaling dynamics in hPMN
exposed to mPEG10. In this experiment, control cells were treated with PBS and washed with NaHEPES (Figure 9A)
and as a control PEG, we selected PEG2, which did not exhibit proinflammatory activity in our experiments (Figure 9B).
A 20-minute incubation of hPMN with mPEG10 (Figure 9C) resulted in more pronounced Ca”* responses, primarily
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mPEG10

Figure 8 Neutrophil extracellular traps were released in response to mPEGI0.

Notes: Human PMN was incubated in a control medium (negative control, with PBS) with PEG, mPEG solutions, or PMA (stimulator of NET formation) for 3 hours. The
cellular DNA was stained with DAPI (blue), and myeloperoxidase was stained with specific antibodies (red). White arrows indicate NET. The cells were imaged using
fluorescence microscopy.

Abbreviations: PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; PMA, phorbol |2-myristate |3-acetate.

transients with occasional baseline elevations, compared to controls: PEG2 or cells incubated with PBS and washed with
NaHEPES only.

hPMN incubated with mPEG10 showed significantly larger response areas compared to both controls (Figure 9D).
The magnitude of the Ca" responses was also significantly greater in cells incubated with mPEG10 than in those treated
with PEG2 or in the PBS/NaHEPES control, as demonstrated by the average number of data points exceeding thresholds
of F/Fyn >2 and >5 (Figure 9E and F).***? However, our study is the first to show potentiated Ca®" signaling in PEG-

treated neutrophils.

Study Limitations
Our analysis was based on human blood cells isolated from a limited number of donors. Due to the volunteer’s genetic
susceptibility to PEG, our observations vary depending on the donor.*? For instance, we observed cytokine levels, cell
viability, and cell morphology variations among individual volunteers. For this reason, it was sometimes impossible to
demonstrate statistically significant differences between some groups. However, we observed differences among indivi-
dual volunteers. Therefore, larger groups of donors and simultaneous analysis of the genetic background should be
considered for further studies. Additionally, we observed data points below or above the detection range in cytokine
detection experiments for some samples. This resulted in a different number of replicates within groups that could be
included in the statistical analysis.

Our research has underscored the potential impact of technical issues during leukocyte isolation or early development
of inflammation in the donor’s body since they could lead to endogenously high stimulation of hPBMC or hPMN, as

evidenced by elevated cytokine levels in the medium of control cells.
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Figure 9 mPEG 10 induces Ca®" signals in hPMN.

Notes: (A-C) Representative traces of Ca®" responses from hPMN treated with (A) PBS (n = 109), (B) PEG2 (n = 167), and (C) mPEG 0 (n = 89). The addition of 10 uM
ATP, used as a positive control, is indicated by a black arrow. (D) Chart comparing the average areas under the Ca>* response curves for each treatment. (E and F) Charts
depicting the average number of data points exceeding the set thresholds of F/Fy;y >2 (E) and >5 (F). Data shown in D-F are from five independent isolations of hPMN (N
= 5), with totals of 1217 cells for PBS, 1385 for PEG2, and 1264 for mPEGI0. Results are shown as means + SEM. ***p < 0.0001.

Abbreviations: AUC, area under the curve; PEG, polyethylene glycol; mPEG, methoxy polyethylene glycol; No, number.

The complexity of our research field is further highlighted by the variety of methods available for blood cell
separation, such as different density gradient media and with or without red cell lysis. The choice of separation method
can significantly impact the response of isolated cells to various stimuli, making it challenging to compare ex vivo data
obtained by different groups. This complexity underscores our research community’s need for standardized protocols and
collaborative efforts.®®

Moreover, we are aware that the toxicity of PEG strongly depends on the type of compound (ie, nanoparticles or
protein) to which the PEG has been attached. Therefore, toxicity testing is always required for newly designed PEGylated
therapeutics. This may suggest that toxicity analysis of free PEG is not necessary. However, our results are essential in
the context of the hypothesis of potential detachment of PEG from the PEGylated therapeutic after dosing and
accumulation of free PEG chain in the body. In addition, there has recently been a proposal to administer 40 kDa-free
PEG intravenously to patients as pre-treatment to inhibit the induction of anti-PEG antibodies. This proposal is based on
the assumption that free PEG may act as a decoy, diverting the immune system’s attention from the PEGylated
therapeutic. Our findings support this hypothesis and suggest that further studies are needed to evaluate the safety and
efficacy of this approach.®® This underlines the importance of free PEG toxicity evaluation.

Conclusion and Future Prospects

Our research has significant implications as it explores the in vitro proinflammatory activity of specific PEG and mPEG,
which are widely used in nanomedicine. Among all the polyethylene glycols tested, we observed notable proinflamma-
tory properties for mPEG10 and mPEG20. We demonstrated that mPEG10 induces cytokine production by human
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immune cells and the formation of neutrophil extracellular traps, possibly driven by Ca”* signaling. However, the precise
mechanism of this effect requires further investigation. Various types of mPEG are currently employed in nanomedicine,
such as mPEG10, which is used to produce recombinant uricase (Krystexxa, Horizon). Patients taking this medication
have reported side effects akin to those associated with other PEGylated nanomaterials, including allergic reactions,
fever, cough, and sore throat.’

The use of PEGylated nanopharmaceuticals has undoubtedly contributed to advances in medicine. However,
substances intended to be inert within the body can provoke side effects or worsen the patient’s condition under certain
conditions or doses. Therefore, understanding the immunotoxicity of PEGylated therapeutics or the immunotoxicity of
specific components used for their synthesis is essential in the context of their safe use in medicine. Unfortunately, the
evaluation of the toxicity of PEGylated nanomaterials, including their immunotoxic effects, primarily emerges during
clinical trials. It highlights the critical need for more comprehensive preclinical research. Therefore, developing sensitive
and reliable in vitro, in vivo, and future in silico models is crucial to swiftly identify potentially immunotoxic candidates
among PEGylated nanopharmaceuticals before they reach clinical testing.
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