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Abstract

Erythrocyte-derived particles activated by near-infrared (NIR) light present a platform for various
phototheranostic applications. We have engineered such a platform with indocyanine green as

the NIR-activated agent. A particular feature of these particles is that their diameters can be

tuned from micro- to nanoscale, providing a potential capability for broad clinical utility ranging
from vascular to cancer-related applications. An important issue related to clinical translation of
these particles is their immunogenic effects. Herein, we have evaluated the early-induced innate
immune response of these particles in healthy Swiss Webster mice following tail vein injection by
measurements of specific cytokines in blood serum, the liver, and the spleen following euthanasia.
In particular, we have investigated the effects of particle size and relative dose, time-dependent
cytokine response for up to 6 h postinjection, functionalization of the nanosized particles with
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folate or Herceptin, and dual injections of the particles 1 week apart. Mean concentrations of
interleukin (IL)-6, IL-10, tumor necrosis factor (TNF)-a, and monocyte chemoattractant protein
(MCP)-1 in response to injection of microsized particles at the investigated relative doses were
significantly lower than the corresponding mean concentrations induced by lipopolysaccharide
(positive control) at 2 h. All investigated doses of the nanosized particles induced significantly
higher concentrations of MCP-1 in the liver and the spleen as compared to phosphate buffer
saline (PBS) (negative control) at 2 h. In response to micro- and nanosized particles at the highest
investigated dose, there were significantly higher levels of TNF-a in blood serum at 2 and 6 h
postinjection as compared to the levels associated with PBS treatment at these times. Whereas the
mean concentration of TNF-a in the liver significantly increased between 2 and 6 h postinjection
in response to the injection of the microsized particles, it was significantly reduced during this
time interval in response to the injection of the nanosized particles. In general, functionalization
of the nanosized particles was associated with a reduction of IL-6 and MCP-1 in blood serum,
the liver, and the spleen, and TNF-a in blood serum. With the exception of IL-10 in the spleen in
response to nanosized particles, the second injection of micro- or nanosized particles did not lead
to significantly higher concentrations of other cytokines at the investigated dose as compared to a
single injection.
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Use of near-infrared (NIR) light provides a capability for relatively deep biomedical optical

imaging and phototherapy on the order of a few centimeters.}:2 This increased depth of

optical penetration results from minimal absorption and scattering by biological components

over the NIR spectral band (~700-2500 nm).1-3 When combined with exogenous use
of NIR fluorochromes, improved image contrast can be achieved as a result of reduced

autofluorescence. To date, indocyanine green (ICG) remains as the only NIR fluorochrome
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approved for use in humans by the United States Food and Drug Administration for specific
clinical applications including retinal angiography* and assessment of liver function.®

Despite ICG’s usage in both clinical procedures and investigational research,®” ICG has
a short half-life in plasma following intravascular administration (on the order of 3—-4
min) with nearly exclusive uptake by hepatocytes and elimination from the body by the
hepatobiliary mechanism.8° Given the long circulation time of erythrocytes (on the order
of 3-4 months) and their potential biocompatibility, they present an attractive platform
for encapsulation of various cargos including ICG.19-14 We reported the first results to
encapsulate ICG into nanosized constructs derived from erythrocytes.® We refer to these
constructs as NIR erythrocyte-derived transducers (NETS) because they can transduce the
absorbed NIR light to emit fluorescence, generate heat, or mediate the production of
reactive oxygen species.18:17 We have also demonstrated that NETs can be functionalized
with appropriate antibodies for targeted imaging of specific cell receptors.18:19 Other
investigators have also reported the use of erythrocyte-encapsulating ICG nanoparticles for
light-mediated therapeutic applications.20-23

One feature of NETS is that their diameters can be tuned from micro- to nanosize via
sonication or mechanical extrusion,24 thereby providing a capability to develop a versatile
platform for broad biomedical and clinical applications. Nanosized NETs (nNETS) (diameter
< 200 nm) have relevance to tumor imaging and phototherapy via the enhanced permeability
and retention effect.2> Microsized NETs (NETs) (diameter > 1 zm) have the potential for
vascular imaging and photothermal treatment of cutaneous capillary malformations known
as port wine stains.17:26

An important issue related to the use of NETSs, as well as other erythrocyte-based delivery
systems in clinical applications, is their potential immunogenic effects. Herein, we evaluate
the early-induced innate immune response to /NETs and NNETS in healthy Swiss Webster
(SW) mice following tail vein injection by measurements of specific cytokines in blood
serum, the liver, and the spleen after euthanasia. In particular, during this acute phase, we
investigate the effects of the particles’ relative dose (relative number concentration) and
time-dependent changes in the cytokine concentrations at 2, 4, and 6 h postinjection of

the particles. We also evaluate the acute-phase immunogenicity of nNETSs functionalized
with folate or Herceptin as clinically relevant molecules that respectively target the folate
receptor-a and human epidermal growth factor-2 (HER-2) on specific tumor types.27-32
Finally, we investigate the immunogenic effects of dual injections administered one week
apart.

MATERIALS AND METHODS

Fabrication of NETSs.

Whole blood was drawn from healthy female SW mice using syringes coated in 2 mg/mL
lithium heparin in nanopure water and stored in a flask containing ~100 £L lithium heparin
solution per 1 mL of mouse blood. Blood from =20 mice was drawn and pooled together to
get a total volume of 20 mL of whole blood. Erythrocytes were separated from whole blood
via centrifugation (~2800g for 10 min at 4 °C). The plasma and buffy coat were removed,
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and erythrocytes were washed in 320 mOsm phosphate buffered saline (PBS) (defined as
1x PBS) (Fisher Scientific). Erythrocytes were spun down (~2800¢ for 10 min at 4 °C), the
supernatant was removed, and the 1x PBS wash was repeated.

The intracellular hemoglobin of the erythrocytes was removed by hypotonic treatment.
Specifically, erythrocytes were suspended in 0.25x PBS (80 mOsm) for ~10 min at 4 °C
and then centrifuged (31,0009 for 20 min at 4 °C). After centrifugation, the hemoglobin-
containing supernatant was discarded, and the erythrocytes were resuspended in 0.25%

PBS. Hemoglobin depletion steps were repeated until the erythrocyte pellet was opaque,
indicating the formation of erythrocyte ghosts (EGs). The pellet was then resuspended in 1x
PBS.

To load ICG (MP Biomedicals) into EGs, 1 mL of EGs in 1x PBS was suspended in 1 mL of
0.1 M Sorenson’s buffer (Na,HPO4/NaH,;PQOy4, 140 mOsm, pH ~ 8) and 1 mL of 75 ¢M ICG
in nanopure water. The final concentration of ICG in the loading solution was 25 M. The
samples were allowed to incubate for ~10 min at 4 °C, then centrifuged (x56,000-70,000g
for 1 h at 4 °C), and the supernatant removed. The pellet was resuspended in 1x PBS and
centrifuged again (x56,000g for 1 h at 4 °C). The supernatant was removed a final time,
resulting in a ¢/NET pellet, which was then resuspended in ~ 1-1.5 mL of 1x PBS. We refer
to this dose of (NET solution as 1x ¢4NETS. To reduce the dose, 1x 4/NETs were diluted 1:1
with 1x PBS, resulting in 0.5% ¢4NETS. Similarly, the 0.5x (/NETs were diluted 1:1 with 1x
PBS to get 0.25% /NETs. We note that because the lower doses of 4/NETSs were diluted from
the same solution of 1x £NETS, the relative protein and ICG content, as well as the number
of particles would be scaled accordingly.

To fabricate nNETS, EGs were formed as described above and then diluted 1:10 in 1x PBS
prior to an extrusion procedure. The diluted EGs were then extruded three times through
800 nm polycarbonate porous filters (Whatman) using a 10 mL automatic extruder (LIPEX
Extruder, Evonik Canada Inc.). The resulting nanosized EGs (nEGs) were then centrifuged
(»70,000g for 1 h at 4 °C), and the supernatant was removed. The nEGs were resuspended
in a volume of 1x PBS that was 10% of the volume of the supernatant removed, resulting

in a 10:1 concentration ratio. The nEGs were then hypotonically loaded with ICG by adding
1 mL of nEG suspension in 1x PBS to 1 mL 0.1 M Sorenson’s buffer and 1 mL 75 M

ICG in nanopure water as described above. The solution was then centrifuged and washed
as described above, resulting in a nNET pellet, which was then resuspended in ~ 1-1.5 mL
of 1x PBS. We refer to this dose of nNET solution as 1x nNETS. To reduce the dose, 1x
nNNETSs were diluted 1:1 with 1x PBS, resulting in 0.5%x nNETS. Similarly, the 0.5x nNETS
were diluted 1:1 with 1x PBS to get 0.25x nNETSs. Similar to the 4/NETS, the relative protein
and ICG content, as well as the number of particles would be scaled accordingly by diluting
the 1x solution of NNETS.

Fabrication of Folate-Functionalized nNETs (FF-nNETSs) and Herceptin-Functionalized
NNETs (HF-nNETS).

To fabricate FF-nNETSs, EGs were first prepared as described above. We then
prepared a 5 mg/mL solution of 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-A-
[folate-(polyethylene glycol)] (DSPE-PEG-FOL) (2 kDa PEG, Nanosoft Polymers) in 100
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°C nanopure water. The nanopure water was heated to fully dissolve the DPSE-PEG-

FOL. We then incubated ~200 L of the DSPE-PEG-FOL solution with 1 mL of the

EG suspension in 1x PBS for 30 min at room temperature, allowing the insertion of the
DPSE component into the membrane of the EGs. This lipid-insertion method has also been
reported for the functionalization of erythrocyte membrane-cloaked nanoparticles.33 The
DSPE-PEG-FOL-bearing EGs was then diluted 1:10 in 1x PBS and extruded as described
above, resulting in DSPE-PEG-FOL-bearing nEGs. The DSPE-PEG-FOL-bearing nEGs
was centrifuged (70,0009 for 1 h at 4 °C), and the supernatant containing any excess
DSPE-PEG-FOL was removed. The DSPE-PEG-FOL-bearing nEGs was then resuspended
in a volume of 1x PBS equal to 10% the volume of the supernatant removed, resulting in

a 10:1 concentration of the DSEP-PEG-FOL-bearing nEGs. The DSPE-PEG-FOL-bearing
nEGs was then hypotonically loaded with ICG by adding 1 mL suspension of these particles
in 1x PBS to 1 mL of 0.1 M Sorenson’s buffer and 1 mL of 75 4M ICG in nanopure water
as described above. The particles were then centrifuged and washed, as described above. The
resulting FF-nNET pellet was resuspended in ~ 1-1.5 mL 1x PBS. We refer to this dose of
particles as 1x FF-nNETSs.

To fabricate HF-nNETS, we used a methodology similar to our previous report in
functionalizing nNETs with HER-2 antibodies.1® We first prepared a 1 mg/100 z1 Herceptin
(gifted by Genentech) solution in nanopure water. Herceptin was oxidized by mixing 30 zL
of the Herceptin solution with 20 s of 100 mM sodium periodate (NalO,4) (Acros Organics)
in nanopure water and 50 L 1x PBS. The solution was incubated at room temperature in
the dark for 30 min. Excess oxidizing agent was removed by filtering the oxidized Herceptin
through 100 kDa centrifugation filter tubes (Millipore Amicon) via centrifugation (30009
for 5 min at room temperature). The oxidized Herceptin was resuspended in 1x PBS, and
the filtration step was repeated for a total of three spins. The oxidized Herceptin was then
resuspended in 100 /L of 1x PBS.

To covalently attach the oxidized Herceptin to the surface of NETs, we used DSPE-PEG-
amine (DSPE-PEG-NH,) (2 kDa PEG, Nanocs Inc.) as a linker molecule. EGs in 1x PBS
were prepared as described above and then incubated with 1 mg/mL of the DSPE-PEG-
NH> lipid linker at room temperature for 30 min, resulting in lipid insertion of the DSPE
component of the linker. The resulting DSPE-PEG-NH,-bearing EGs were then diluted 1:10
in 1x PBS and extruded as described above. The resulting nanosized constructs were then
hypotonically loaded with ICG by adding 1 mL suspension of these particles in 1x PBS to
1 mL of 0.1 M Sorenson’s buffer, and 1 mL of 75 4M ICG in nanopure water as described
above. The particles were then centrifuged as described above, and then resuspended in
~150 L of 1x PBS, resulting in DSPE-PEG-NH,-bearing nNNETS. The 100 L of oxidized
Herceptin was then addéed to the ~150 1 of DSPE-PEG-NH»,-bearing nNETS and allowed
to incubate for 5 min at room temperature. The solution was then incubated with 10 gl

of 20 mM sodium dithionite, as the reducing agent, for 1 h at 4 °C in the dark, resulting

in covalent-coupling between the amine on the PEG lipid linker and the aldehyde on the
oxidized Herceptin via reductive amination. The resulting HF-nNETSs were washed in 1x
PBS as described above, and then resuspended in #1-1.5 mL 1x PBS to produce 1x
HF-nNETSs.
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In order to confirm functionalization with Herceptin, an aliquot of the HF-nNETSs was

also incubated with goat antihuman IgG fluorescein isothiocyanate (FITC)-labeled antibody
(Southern Biotech) for 1 h at 4 °C in the dark and washed with 1x PBS as described above.
The resulting solution was characterized as described below.

Characterization of Particles.

We used dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, Malvern
Instruments) to estimate the hydrodynamic diameters of all particles suspended in 1x PBS.
For /NET measurements, we used a 1:20 dilution in 1x PBS of the 1x solution. For all
other particles, we used a 1:40 dilution in 1x PBS of the 1x solutions to perform the DLS
measurements. All measurements were made with the particle suspensions in polystyrene
cuvettes with a 1 cm path length. Measurements were collected three times for each

sample and used to determine the mean diameter and standard deviation (SD) for each
sample population. For all other characterization measurements (i.e., zeta potentials and
fluorescence spectra), we used a 1:80 dilution in 1x PBS of the 1x particle solutions, unless
otherwise noted.

We measured the zeta potentials (Zetasizer Nanoseries, NanoZS90, Malvern Instruments) of
the particles suspended in 1x PBS using folded capillary cells. Measurements were collected
five times for each sample and used to determine the mean zeta potential and SD for each
sample population.

We acquired the fluorescence spectra of all types of particles in response to photoexcitation
at 720 = 2.5 nm filtered from a 450 W xenon lamp using a fluorometer (Fluorolog-3
spectrofluorometer, Edison). We obtained the normalized wavelength (1)-dependent
fluorescence emission y(A) as follows

F(4)

X(l) = 1 _ IO_A()'CX)

)]

where Fis the fluorescence emission intensity in response to the excitation wavelength
(Aex), and A(Agy) is the absorbance of the sample at Agy.

In order to confirm functionalization of the Herceptin, an aliquot of the 1x HF-nNETSs

was diluted 1:20 in 1x PBS, resulting in 0.05x HF-nNETS. Herceptin functionalization was
confirmed by taking the fluorescence of 0.05x dose of the particles that were incubated with
the FITC-labeled antibody in response to photoexcitation at 488 + 2.5 nm and comparing it
to the fluorescence of a 0.05x concentration of HF-nNETS not incubated with the antibody.
The emission of both sets of particles was collected over the 508—750 nm spectral band.
Characterization results are presented in Figure S1 (Supporting Information).

Further physical and optical characterization of nNETs and #NETs have been reported
in our previous study24 and are not repeated here. These characterizations included

ICG loading efficiency, excitation-emission maps, relative fluorescence quantum yield as
functions of ICG concentration, and the photostability of NETs. We have previously
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provided the respective transmission and scanning electron microscopy images of
nonfunctionalized nNETs and nNETSs functionalized with HER-2 antibodies.1518

Endotoxin Assessment.

To quantify the levels of endotoxin associated with 4/NETs and nNETS, we used the
ToxinSensor chromogenic limulus amebocyte lysate (LAL) endotoxin assay kit (GenScript).
UNETs and nNETSs were prepared as described above. To ensure that there was no endotoxin
contribution from the solvent (PBS), particles were suspended in LAL grade water after the
last centrifugation. To retain the same relative amount of red blood cell (RBC) membranes
in 4NETs and nNETSs, we diluted the respective particles by ~30 and 12.5 times in LAL
grade water so that the particles had similar absorbance values at 280 nm. Finally, /NETs
and nNETSs were diluted by 100 times in LAL grade water.

Once the ZNETs and nNETSs were prepared, we used the kit according to the instructions
provided in the manufacturer’s manual for endotoxin assessment. Using a spectrophotometer
(Jasco-V670), we obtained the 545 nm absorbance values for three standard samples
consisting of LAL grade water containing different known levels of endotoxin units (EU/
mL), a blank LAL water grade standard without any endotoxin, the particles (4NETs and
nNETS), and 0.5 mg/mL lipopolysaccharides (LPS) as the positive control. Absorbance

of the blank sample at 545 nm was subtracted from the absorbance values of all other
samples. Using the blank-subtracted absorbance values of the standards, we then generated
a calibration curve relating the endotoxin levels to 545 nm absorbance values. Endotoxin
levels of the 4NET and nNET samples were subsequently determined from this calibration
curve and are presented in Figure S2 (Supporting Information). The absorbance values of
LPS were beyond the linear range of the kit because of their high endotoxin content.

Animal Studies.

Healthy female SW mice, 6-9 weeks old, (Taconic Biosciences) were used in all studies
under a protocol approved by the University of California, Riverside Institutional Animal
Care and Use Committee (protocol A-20170038). Animals were anesthetized by the
inhalation of 2% isoflurane gas in oxygen. All animals received via tail vein a 100

AL injection of either 1x PBS (negative control), 0.5 mg/mL LPS (Sigma-Aldrich) in
nanopure water (positive control), and various types of NET particles. The LPS had a
manufacturer-reported potency of =500,000 EU/mg, which corresponds to =25,000 EU per
mouse injection.

In Table 1, we provide a description of the various immunogenicity studies aimed at
investigating the effects of particle dose (relative number concentration), time-dependent
cytokine response at various times postinjection, functionalization, and dual injections set
one week apart. Upon termination of a given study, mice were euthanized by inhalation of
COy. The number of animals in each group for all studies was four. Following euthanasia,
we collected the blood by cardiac puncture and extracted the liver and spleen, two organs
associated with the reticuloendothelial system, for cytokine profiling. Blood was placed
in BD Microtainer separator tubes (Becton, Dickinson and Company) and allowed to
incubate on ice for 30—60 min before being centrifuged at ~3400¢ for 15 min at 4 °C. The
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supernatant was collected and stored at —80 °C. The livers and spleens were flash-frozen in
liquid nitrogen and then stored at —80 °C.

For the organ analysis, all samples were thawed on ice at room temperature. Organs were
weighed and then suspended in a volume of lysis buffer in s equal to five times the

organ weight in mg by following a modified version of the protocol by Amsen et al.3* The
lysis buffer was composed of 150 mM sodium chloride (NaCl), 1% Triton X-100, 5 mM
ethyl-enediaminetetraacetic acid, 50 mM Tris-HCI, and ~3.3 4L of Halt protease inhibitor
cocktail (Fisher Scientific Company) per mL of lysis buffer. Following incubation in the
lysis buffer for 5-20 min at room temperature, organs were homogenized using a tissue
homogenizer (Omni TH 115, Omni International). The resulting solutions were placed on
ice for at least an hour before being centrifuged at ~3000¢ for 15 min at room temperature,
and the supernatants were collected. Blood serum supernatants were allowed to thaw on ice
at room temperature. The resulting supernatants for the organs and serum were then used for
the analysis of various cytokines.

Cytokine Assessment.

A mouse inflammation BD cytometric bead array (CBA) kit (BD, Biosciences) was used

to determine the cytokine concentrations in blood serum and homogenized organs. The

kit was run according to the instructions in the manufacturer’s manual. In brief, we first
prepared a standard solution containing 5000 pg/mL each of interleukin (IL)-6, IL-10, tumor
necrosis factor (TNF)-a, monocyte chemoattractant protein (MCP)-1, interferon-gamma
(IFN-»), and IL-12p70 by dissolving lyophilized standards provided by the kit in 2 mL

of the assay diluent made of a buffered protein solution, according to the kit’s manual.

We chose to assay for these cytokines as they play important roles in inflammation.35-37
The standard solution was serially diluted with the assay diluent to get standards with

2500, 1250, 625, 312, 156, 80, 40, and 20 pg/mL of each cytokine. The assay diluent was
considered to be a standard without any cytokines. In each assay tube, we added 50 y1 of
assay capture beads (containing equal amounts of capture beads for IL-6, IL-10, TNF-a,
MCP-1, IFN-7y, and IL-12p70), which would bind to the designated cytokine via specific
capture antibodies for each cytokine. To each tube containing assay capture beads, we added
either 50 £L of a cytokine standard, a blood serum sample, or a homogenized organ sample.
Finally, we added 50 gL of mouse inflammation phycoerythrin (PE) detection reagent,
which contains PE-conjugated antimouse antibodies for each of the cytokines, to all of the
assay tubes. The PE served as the reporter molecule during the subsequent flow cytometry
measurements. Solutions were allowed to incubate for 2 h at room temperature in the dark,
during which time the capture beads and PE-conjugated antimouse antibodies would both
bind to cytokines present in the sample. At the end of the incubation, 1 mL of wash buffer
was added to each assay tube, followed by centrifugation for 5 min at 200gat 4 °C. We
removed the supernatant and added 300 4L of wash buffer to each assay tube to resuspend
the resulting pellet. The solution was then transferred to a flow cytometer tube.

Samples were analyzed using a BD LSR Il flow cytometer equipped with 488 and 640 nm
lasers. The instrument was set up according to BD’s “guide to using BD FACSDiva software
with BD CBA kits,” and data were collected using the “Digital Instrument CBA Template”
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for BD FACSDiva software. In brief, the voltages for forward scatter, side scatter, PE, and
allophycocyanin (APC) fluorescence were set to 465-475, 190-200, 445-466, and 365-378
V, respectively. The exact voltages were determined using cytometer setup beads from the
mouse inflammation BD CBA kit on the day of the assay. Once the voltages were set, data
were recorded for each of the cytokine standards, followed by each of the samples.

Data were exported and analyzed using FCAP array according to BD Bioscience’s “FCAP
Array software version 3.0 User’s Guide.” In brief, the flow cytometry data were filtered

of debris and clustered to form six distinct populations using histograms of the APC
fluorescent signals, one for each of the beads that correspond to the six cytokines measured
(Figure S3 in Supporting Information). The mean fluorescence intensity (MFI) of the PE
fluorescent signal was measured for each population. The results from the standards for
each experiment were fitted with a 5-parameter logistic curve, and the curve was used to
correlate the MFI for each measurement to a concentration for the selected cytokine (Figure
S4 in Supporting Information). This curve allowed us to extrapolate concentration values
below the limit of detection of each cytokine and values above the maximum standard
concentration of 5000 pg/mL. It is important to note, however, that MFI values above a
certain value will correlate to the upper concentration limit of the 5-parameter logistic
curve, resulting in some organ populations having the same concentration value for all four
measurements. Populations with all the MFI values mapped to the same concentration value
were handled as discussed below.

Data Analysis.

RESULTS

Concentrations for each flow cytometer measurement were analyzed using GraphPad Prism.
In brief, all of the results for one experiment were grouped together. Outliers were detected
using a Grubbs’ test (a = 0.05) and removed, resulting in some of the populations having »
= 3 cytokine concentrations. The concentrations were then analyzed using Brown—Forsythe
and Welch ANOVA tests. We used unpaired #tests with Welch’s correction to compare

the mean of one population with the means of all other populations in that group. For
populations where all of the MFI values were mapped to the same concentration value,

the Welch ANOVA test could not be performed. Instead, we compared the mean of the
population with other population means of interest using an unpaired #test with Welch’s
correction. Unless otherwise noted, all of the unpaired #tests with Welch’s correction were
two-tailed (see Table 1). In order to display the cytokine concentrations on a log 10 scale,
concentration values equal to O were set to 0.05 pg/mL for graphical purposes. Statistical
testing was done on the populations with the original 0 pg/mL concentration measurements.
Finally, we used a ~test to compare the variances of two populations of interest, if needed.
Statistical methods associated with each immunogenicity study are summarized in Table 1.

Effects of Particle Size and Dose.

The respective mean concentration values of IL-6 and TNF-a in blood serum at 2 h
postinjection of 50 1g LPS were 20.37 and 2.86 ng/mL, respectively (Figure 1a,g). These
values are comparable to the reported respective values of ~12 ng/mL for IL-6 in blood
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serum at 3 h and ~13 ng/mL for TNF-a at 1 h postinjection of 50 g LPS in C57B1/6/129-
Ola mice by Berg et al.38 As another example of validation, our estimated respective mean
concentrations of 4.05 and 4.90 pg/mL for IL-6 in the liver and spleen, in response to PBS
injection are also comparable to the reported mean baseline values of ~18 pg/mL in the liver
and ~20 pg/mL in the spleen of C57BL/6 mice.3°

Mean concentrations of IL-6, IL-10, TNF-a, and MCP-1 in response to (/NETS were
significantly lower than the mean concentration of these cytokines in response to LPS,
regardless of /NET dose or the site of cytokines (blood serum, liver, spleen) (Figure la—c,
d—f, g—i, and j—I, respectively). Levels of both IFN-y and I1L-12p70 induced by all doses
of LNETSs were not significantly different from the levels induced by PBS in blood serum,
the liver, and the spleen (data not shown). While some of the (/NETS doses did lead to
significantly higher levels of the cytokines compared to the levels induced by PBS, there
were no clear trends between the (/NET dose and the significantly elevated cytokine levels.
In addition, there were no significant differences between the induced cytokine levels for
different /NET doses in the blood serum, liver, and spleen. Overall, these results show that
while there were some increases in the mean concentrations of IL-6, IL-10, TNF-a, and
MCP-1 relative to those induced by PBS, in general, they did not appear to correlate with
the investigated /NET doses and are possibly due to variations among the response of the
animals.

The levels of IL-12p70 induced by all investigated doses of nNETs were not significantly
different from the levels induced by PBS in blood serum, the liver, and the spleen (data not
shown). For IFN-y, the levels induced by all doses of nNETs were not significantly different
from those induced by PBS in blood serum and the liver. In the spleen, only the 0.5x NNETS
induced a level of IFN- that was significantly higher than that induced by PBS. However,
the [IFN-] induced by the 0.5x nNETSs was still significantly lower than that induced by
LPS, and the population mean concentration of IFN-y induced by the 0.5x nNETs was only
~3 pg/mL higher than that of PBS.

Mean IL-6 concentrations induced by all investigated doses of nNETSs were significantly
below the levels induced by LPS in blood serum, the liver, and the spleen (Figure 2a—

c). In addition, a decrease in the nNET dose was associated with a decrease in the

induced concentration of IL-6, indicating a dose response to the nNETSs. Although the IL-6
concentrations induced by the nNETSs were significantly lower than the levels induced by
LPS for all investigated doses, administration of NNETS at all doses resulted in a statistically
significant higher level of IL-6 in the liver as compared to PBS injection (Figure 2b). In
addition, both the 1x and 0.5x doses resulted in statistically significant higher levels of IL-6
in the spleen (Figure 2c¢), and the 0.5x and 0.25% doses resulted in a statistically significant
higher level of IL-6 in the blood serum as compared to PBS (Figure 2a). The variability in
the response of animals may have been the reason that the higher concentrations of nNETs
(1x) did not induce a statistically significant higher concentration of IL-6 in the blood
serum.

The induced IL-10 mean concentration levels in response to all NNET doses were
significantly lower than those associated with LPS in the blood serum and the spleen (Figure
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2d,f); however, only the 1x dose of nNETS induced a significantly lower level of IL-10 in
the liver compared to the levels induced by LPS (Figure 2e). In addition, there were no
significant differences between the levels of 1L-10 induced by PBS and any of the nNET
doses in blood serum (Figure 2d). Only the 0.5x nNET dose resulted in significantly higher
levels of IL-10 in the liver and spleen compared to PBS (Figure 2e,f). However, because
there were no significant differences between the 1L-10 levels induced by any of the other
nNNET doses, these results may be due to variability among the animal response rather than
suggesting a dose-dependent IL-10 response.

Although all doses of nNETSs induced significantly lower mean values of TNF-a compared
to LPS in blood serum, the liver, and the spleen, there did appear to be some dose
sensitivity (Figure 2g—i). Specifically, the 1x nNETS induced significantly higher mean
concentration of TNF-a as compared to 0.5x nNETSs, 0.25x nNETSs, and PBS injections in
blood serum, the liver, and the spleen. In addition, the 0.5x nNETSs also induced a higher
mean concentration of TNF-a than PBS in blood serum, the liver, and the spleen, while
the 0.25x dose did not. These results suggest that higher doses of NNETS lead to higher
concentrations of TNF-a; however, even the highest investigated dose of nNETS did not
induce a TNF-a response comparable to that of LPS.

While the 1x nNETS did not induce a significantly lower mean concentration of MCP-1

in blood serum compared to LPS, it neither induced a significantly higher level compared
to PBS (Figure 2j). Based on the results of the A~tests, the variances in MCP-1 induced
concentrations in response to injection of LPS, and all doses of nNETSs were significantly
higher as compared to the variance associated with PBS injection in blood serum, the liver,
and the spleen (p < 0.05). The variance in MCP-1 concentrations for the 1x nNETS in the
blood serum was also significantly higher than the variances associated with injection of the
other doses of nNETs (p < 0.05).

All doses of nNETSs induced significantly higher mean concentrations of MCP-1 as
compared to PBS in the liver and spleen. However, those levels were still significantly
lower than the corresponding levels in response to LPS injection (Figure 2k,I). There was
a dose-dependency effect where 1x nNETS injection resulted in a significantly higher
mean concentration level of MCP-1 in the liver as compared to the 0.5x and 0.25x

nNET injections (Figure 2k), and the 1x and 0.5x nNETS, resulting in higher MCP-1
concentrations in the spleen as compared to 0.25x nNETs (Figure 2I).

Time Dependency of Cytokine Response.

We used the 1x dose of #NETs and nNETS to investigate the dynamics of the induced
concentration levels of IL-6, IL-10, TNF-a, and MCP-1 over a 6 h time interval following
injection. We chose the 1x dose of NETS for this study because in general, it resulted in the
greatest levels of the cytokines at 2 h postinjection for both £ZNETs and nNETSs. IL-12p70
and IFN-y were not investigated further because, for the most part, none of the investigated
doses of ZNETs and nNETS investigated resulted in significantly elevated concentrations of
these two cytokines (data not shown).
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For 4NETS, the induced mean concentrations of IL-6, IL-10, TNF-a, and MCP-1 in blood
serum did not significantly change over the time course of 2—6 h postinjection (Figure 3).
When compared to the cytokine levels produced in response to PBS injection, only the
TNF-a mean concentration levels induced by the /NETs were significantly higher at 2 and 6
h after injection (Figure 3c).

The response to the nNET injection was more varied among the animals. The only
significant difference in the induced cytokine response was for TNF-a whose mean
concentration was significantly higher at 2 h compared to 6 h postinjection (p < 0.01)
(Figure 3c). Similar to the 4/NETSs, the mean induced concentration of TNF-a in response
to nNETSs at 2 and 6 h postinjection were higher as compared to the levels induced by PBS
injection (Figure 3c). None of the other cytokines had induced mean concentration levels
that were significantly different from those of PBS at any of the investigated time points.

Mean values of /NET-induced concentrations of IL-6 and IL-10 in the liver at 2, 4, and 6

h postinjection were not significantly different from each other (Figure 4a,b). Although, the
UNET-induced levels of IL-6 were only significantly higher than those in response to PBS
at 4 and 6 h postinjection, IL-10 induced levels were not significantly different from PBS at
any of the time points.

Induced mean concentrations of TNF-a at 4 and 6 h postinjection of (/NETS, while not
significantly different from each other, were significantly greater than the value at 2 h (p<
0.05) (Figure 4c). At 2 and 6 h postinjection, there were no significant differences between
the mean concentration of TNF-a induced by the 4/NETs and the concentration induced
by PBS, but at 4 h postinjection, the ZNET-induced levels of TNF-a were significantly
higher than the level induced by PBS. We observed a similar trend for the 4/NET-induced
concentrations of MCP-1, where the mean values of the induced concentrations at 4 and 6
h were significantly higher than the mean concentration at 2 h (p < 0.05) (Figure 4d). In
addition, while the MCP-1 concentration induced by the /NETs was significantly higher
than the concentration induced by PBS for all three time points, they were still significantly
lower than the concentrations induced by LPS for all three time points.

For the nNETS, we observed a similar trend for the induced cytokine dynamics in the liver.
Specifically, there were no statistically significant differences between the concentrations of
IL-6 and IL-10 induced by the various doses of nNETS at any of the time points (Figure
4a,b). Although, the mean concentration of nNET-induced IL-6 concentration at 4 h did

not have a statistically significant higher value than those at 2 and 6 h, there was also a
significantly higher variance in the measured concentration at 4 h as compared to those

at 2 and 6 h (p< 0.05). The nNET-induced levels of IL-6 were only significantly higher
than those induced by PBS 2 and 6 h postinjection. However, there were no significant
differences between the nNET- and PBS-induced IL-10 levels at any of the time points.

Similar to the results shown in Figure 3, the wide range in IL-6, TNF-a, and MCP-1
concentration in the liver at 4 h is possibly because of the variability in response to NNET
injection among the animals (Figure 4a,c,d). Mean concentrations of TNF-a and MCP-1
in the liver at 2 h were significantly higher than the corresponding concentrations at 6 h
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postinjection (Figure 4c,d). However, the mean concentrations of these two cytokines at 4

h were not significantly different from those at 2 and 6 h. In addition, nNET-induced mean
concentration of TNF-a and MCP-1 were only significantly higher than those in response to
PBS at the 2 h postinjection time point.

In response to injection of 1x /NETs and 1x nNETS, there were no statistically significant
changes in the induced concentrations of IL-6 and IL-10 in the spleen at 2, 4, and 6 h (p

> 0.05) (Figure 5a,b). While there were no significant differences between the IL-10 levels
induced by the /NETSs and PBS at any of the time points, there were significantly higher
levels of IL-6 at 2 and 6 h postinjection of /NETSs as compared to PBS. There were no
significant differences at 4 h postinjection between the IL-6 levels induced by PBS and the
UNETS. Furthermore, the £NET-induced levels of IL-6 were significantly lower than the
levels induced by LPS for all three time points.

For 1x 4NETS, there were no significant differences in the mean concentration of TNF-a
in the spleen at 2, 4, and 6 h (p > 0.05) (Figure 5c). In addition, there were no statistically
significant differences between the TNF-a-induced concentrations by PBS and the /NETS
at any of the time points. The 1x #ZNET-induced mean concentrations of MCP-1 in the
spleen at 4 and 6 h were significantly higher than the mean concentration at 2 h (p <

0.05) (Figure 5d). Additionally, the MCP-1 concentrations induced by the ¢/NETs were
significantly higher than those by PBS for all three time points. However, the 1x (/NET-
induced mean concentrations of TNF-a and MCP-1 still remained significantly lower than
the LPS-induced concentrations at all three measurement time points (Figure 5c¢,d).

Mean values of IL-6 and TNF-a concentrations in response to nNETS were only
significantly higher at 2 h postinjection as compared to the respective values induced by
PBS (Figure 5a,c). There were no statistically significant differences in the mean values of
IL-10 in response to NNETS at any of the time points as compared to those in response

to PBS (Figure 5b). Mean MCP-1 concentrations induced by the nNETs were significantly
higher than those associated with PBS at 2 and 6 h postinjection, but not at 4 h postinjection
(Figure 5d), possibly because of the variability of response among the animals injected

with nNETSs. Both TNF-a and MCP-1 mean concentration levels in the spleen at 6 h were
significantly lower than their respective concentrations at 2 h (Figure 5c¢,d). However, the
mean concentrations of these two cytokines at 4 h were not significantly different from their
respective concentrations at 2 and 6 h.

Effects of nNET Functionalization with Folate or Herceptin.

We chose to investigate the effects of functionalization on the acute-phase response at 4

h postinjection of functionalized nNETS because at the 6 h time point, concentrations of
TNF-a (Figures 3c, 4c, and 5¢) had significantly decreased as compared to the 2 h time
points. Based on the amounts of folate or Herceptin used in this study, there was a general
trend in reduction of the induced IL-6 (Figure 6a—c) and MCP-1 (Figure 6j—I) concentrations
in blood serum, the liver, and the spleen in response to injection of 1x FF-nNETSs or 1x
HF-nNETS as compared to the levels resulting from the injection of 1x nNETS. There was
also a similar trend for IL-10 (Figure 6d) and TNF-a (Figure 6g) concentrations in blood
serum following the injection of 1x FF-nNETSs or 1x HF-nNETSs.

Mol Pharm. Author manuscript; available in PMC 2023 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanley et al. Page 14

Effect of Dual Injections of NETs One Week Apart.

Because the single 1x dose of the nNETS resulted in elevated levels of some of the
investigated cytokines at 2 h postinjection, we aimed to investigate the effects of a dual
injection of a lower dose (0.5x), which we had found to be less immunogenic (e.g., Figure
2l) when administered at a single dose. Overall, there were no statistically significant
differences between the induced cytokine levels in response either to a single injection or
dual injections one week apart either to 0.5x (/NETSs or 0.5% nNETSs (Figure 7). The only
exception was that there was a significantly higher concentration of IL-10 in the spleen
after the second injection of the 0.5x nNETSs (Figure 7f). We summarize our key findings
associated with each of the immunogenic studies in Table 2.

DISCUSSION

We have focused our studies to the acute-phase of the innate immune response. For

the effects of particle size and dose experiments, we chose to investigate the cytokine
concentrations at 2 h postinjection because we were interested to know if the acute response
could be elicited within a relatively short time period (e.g., 2 h). Cytokine (e.g., IL-6,
TNF-a) expressions in response to LPS have been shown to peak in blood serum between

1 and 3 .38 We note that the initial phase of the innate response (prior to the acute-phase)

is primarily due to the complement system of plasma proteins that act immediately to target
the foreign materials (e.g., micro- and nanoparticles in blood) for direct lysis, or facilitating
their phagocytosis or an inflammatory response by the sensor cells of the innate immune
system.“0 Our findings that there were some cytokine activities suggest the continued innate
response, requiring the involvement of cytokines to augment the actions of the complement
system. Other examples of the interplay between the complement system activation and
cytokine activity include C5a- and C3a-mediated production of TNF-a by macrophages#142
and the reciprocal action of proinflammatory cytokines in amplification of complement
system activity.43

Macrophages and neutrophils are major inflammatory sensor cells equipped with innate
pattern recognition receptors that stimulate phagocytic responses to engulf and destroy
foreign materials. Whereas neutrophils extravasate out of the blood vessels to enter an
inflamed tissue, macrophages reside in almost all tissues and are particularly found in key
filtration organs, such as the liver, spleen, and the lungs, where they perform phagocytic
functions.** In our previous study, we found that about 20, and 5% of administered /NETs
were found in the spleen and liver of healthy SW mice at 6 h post-tail vein injection,
respectively.> For nNETSs, the respective percentages in the spleen and liver were about 25
and 13% at 6 h post-tail vein injection. Spleen is the filtration organ involved in removal
of senescent or damaged RBCs from circulation by resident macrophages.*6 Hence, in this
study, we particularly assayed for the presence of cytokines in the spleen and liver.

Phagocytic sensor cells can also secrete cytokines, small proteins (about 25 kDa), to mediate
an inflammatory response. Cytokines can either act as synergists or antagonists with one
another’—49 and are considered as some of the biomarkers in assessing the immunogenicity
of various nanoparticles.#” They can act as proinflammatory cytokines, which lead to an
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immune response, or as anti-inflammatory cytokines to counteract and control inflammation
responses.49:50

IL-6 is a pleiotropic cytokine with both pro- and anti-inflammatory roles, promptly produced
by various cells such as endothelial cells, monocytes, mesenchymal cells, and immune cells
including macrophages.#9-°1 In the initial stages of an inflammatory response, it moves
from the bloodstream to the liver where it acts on hepatocytes to synthesize and secrete
acute-phase proteins with broad specificity for pathogen-associated molecular patterns into
blood.52 Our results show that as early as 2 h post-tail vein injection of /NETs and nNETS,
IL-6 levels in general were elevated and in some cases, significantly higher than the levels
induced by PBS injection (although still at significantly lower levels than those induced by
LPS) (Figures 1a—c and 2a—c). Elevated levels of IL-6 in blood serum may have been due
to production by monocytes.> Mean concentrations of IL-6 in blood serum, the liver, and
the spleen at 6 h were not significantly different than those at 2 h postinjection of either 1x
UNETSs or 1x nNETS (Figures 3a, 4a, and 5a).

TNF-a is a proinflammatory cytokine produced by activated macrophages.#8:53 It has a
range of biological activities and is also involved in the initiation of the acute-phase
response. TNF-a is a potent activator of endothelial cells, causing expression of blood
clotting proteins and increased vascular permeability. There was a dose-dependency effect
where 1x nNETSs induced a significantly higher concentration of TNF-a as compared to
0.5%x nNETs and 0.25x nNETSs in blood serum, the liver, and the spleen at 2 h postinjection
(Figure 2g—i). At 6 h postinjection of 1x nNETSs, mean concentrations of TNF-a became
significantly lower in blood serum, the liver, and the spleen as compared to the respective
mean concentrations at 2 h (Figures 3c, 4c, and 5c).

IL-10 is a potent anti-inflammatory cytokine that can be produced by various cell types
including monocytes, macrophages, and dendritic cells (DCs).48:49:54 |ts main effects are to
suppress macrophage and DC functions by deactivating their cytokine synthesis.#9:54 56 |n
general, the Z/NET- and nNET-induced levels of IL-10 were not significantly different from
those induced by PBS in blood serum, the liver, and the spleen (Figures 1d—f and 2d-f,
respectively). In addition, mean concentrations of IL-10 in blood serum, the liver, and the
spleen did not change significantly when comparing any of the time points postinjection of
either 1x (/NETSs or 1x nNETSs (Figures 3b, 4b, and 5b).

Chemokines are chemoattractant cytokines released during the earliest phases of infection,
inducing directed chemotaxis of neutrophils, monocytes, and other effector cells of innate
immunity from blood into sites of infection.>” MCP-1 (also designated as CCL2) is a
member of the CC group of chemokines produced by a variety of cell types including
fibroblasts and endothelial cells, but with monocytes and macrophages as the primary
sources.3%98 |t is a potent attractant of monocytes, inducing their migration from the
bloodstream to become tissue macrophages.3®59 There was a general trend that injection
of /NETs and nNETSs at 1x dose led to elevated levels of MCP-1 as early as 2 h post-tail
vein injection (Figures 1j—-I and 2j—I). Additionally, all investigated doses of NNETs induced
significantly higher concentrations of MCP-1 in the liver and spleen as compared to PBS
(Figure 2k,1). While the mean concentration of MCP-1 in the spleen at 6 h postinjection of
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1x /NETSs was significantly higher than its respective concentrations at 2 h, the trend was
reversed in response to injection of 1x nNETSs (Figure 5d).

Overall, it appears that nNETs were associated with higher induced concentrations of

IL-6, TNF-a, and MCP-1 (Figures 1 and 2) as compared to those induced by (/NETS.
Because ¢/NETs and nNETSs had similar zeta potentials, it is unlikely that the zeta potential
had a major role in modulating the immune response to (/NETSs and nNETS. It has been
suggested that the toxicity of nanoparticles can result from their increased surface-to-volume
ratio, giving rise to a greater proportion of reactive surface molecules to be displayed

on the surface compared to interior molecules.®? Consistent with this explanation, nNETs
would present a larger fraction of potentially immunogenic surface molecules that can be
recognized by the inflammatory sensor cells. In addition, conformational changes to some
of the immunomodulatory surface proteins during the fabrication process of nNETSs (e.g.,
formed by extrusion of microsized EGs) may result in our observed cytokine levels. For
example, CD47, a transmembrane glycoprotein on RBCs, impedes phagocytosis through

an inhibitory interaction with the signal-regulatory protein-alpha (SIRP-a) expressed on
macrophages of the reticuloendothelial system.61:62 However, conformational changes

in CD47 can switch its role from an inhibitory to an activating molecule, leading to
phagocytosis of RBCs.%3 It is possible that mechanically induced conformation changes

to CD47 (e.g., through mechanical extrusion of EGs) would lead to a more efficient
phagocytosis of nNETSs and possibly enhanced secretion of specific cytokines by phagocytic
sensor cells.

There was a general trend in reduction of IL-6, TNF-a, and MCP-1 by functionalizing the
nNETSs with folate or Herceptin (Figure 6). Our functionalization method involved the use
of a DSPE-PEG linker inserted into the lipid phase of the particles. Abrams et al. reported
that several cytokines including IL-6 and TNF-a were released into the plasma of mice in
which lipid nanoparticles were administered.%4 It is possible that functionalization of nNETs
based on DSPE-PEG lipid insertion was effective in camouflaging the lipid phase of the
particles from recognition by the inflammatory sensor cells to ultimately reduce the released
levels of IL-6, TNF-a, and MCP-1. It is also possible that the detection capability of the
inflammatory sensor cells were reduced because of induced steric hindrance effects resulting
from the presence of folate or Herceptin conjugated onto nNETS.

The second injection of either tuNETS or nNETS at 0.5%, one week after their respective
first injection, in some cases, resulted in elevation of some of the cytokines, although the
differences were not statistically significant (o > 0.05) (Figure 7) (with the exception of
IL-10 in the spleen after the second injection of 0.5x NNETS). Despite this finding, the
role of the adaptive immune system in generating immunological memory needs to be
investigated.

Other researchers have also investigated the immunogenicity of erythrocyte-based
constructs. For example, Luk et al. have reported that injection of RBC-cloaked
nanoparticles loaded with doxorubicin in C57BL/6 mice did not result in a significant
increase in levels of IL-6 in blood serum 6 h postinjection.5® He el al show that injection
of two-dimensional MoSe, nanosheets camouflaged with RBC membranes did not induce
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elevated levels of IL-6, IL-12, or TNF-a in the serum of SD mice 24-72 h postinjection
compared to mice injected with saline.¢ Similarly, Sun et al. report that chlorin e6
imbedded erythrocyte membrane vesicles containing Prussian blue nanoparticles did not
induce elevated levels of TNF-a in the blood serum of KM mice 1-7 days postinjection

as compared to the PBS control group.8” While our results indicate some elevated levels

of inflammatory cytokines during the acute phase (studies over 2—6 h), these other studies
suggest that any cytokine elevation due to RBC-derived constructs would return to baseline
levels within 24 h and remain stable for up to 7 days postinjection.

Because our endotoxin assessment of 4NETs and nNETs showed some endotoxic activity
above those for the standard samples (Figure S2), it is possible that the elevations in some
of the cytokine level measurements may have a component because of endotoxins, possibly
introduced during the fabrication process. If this is the case, then some of the measured
cytokine levels may actually overestimate the acute-phase response. In some cases, the mean
cytokine (TNF-a) levels due to 0.5x and 0.25x #NETSs (Figure 1g) and 0.25x nNETS
(Figure 2g) were not significantly different those that induced by PBS, and comparable

to the reported value of 68 pg/mL reported by Sun et al.,%7 indicating the absence of

an immune response due to NET-based endotoxicity. Nevertheless, it is important that for
ultimate clinical translation, the processes for particles fabrication and quality control are
made in compliance with good manufacturing practice guidelines.

While cytokines are important biomarkers in evaluating the immunogenicity of particle-
based delivery systems such as NETS, additional biomarkers for comprehensive
immunotoxicity evaluation include blood chemistry, hematology, and histology.® Our
results from a previous study show that the levels of biomarker enzymes alanine
aminotransferase and aspartate aminotransferase, associated with the liver, and creatinine
and urea nitrogen, associated with kidney functions were not altered in a statistically
significant manner at 24 h postinjection of NETs or nNETs in healthy SW mice.*>
Values of RBC count, mean corpuscular volume, hemoglobin, and % hematocrit were not
altered in response to injection of ZNETs or nNETS. Similarly, histological sections of
the liver, spleen, lung, heart, and kidney did not show any pathological alterations. These
results are consistent with those reported by Luk et al. where RBC count, platelet count,
hemoglobin, and % hematocrit were not significantly different from those of mice injected
with a sucrose solution®® and those by Rao et al., where the nanoparticles did not induce
hepatic or renal toxicity.5% While in this study, we have focused on the acute phase of the
innate immune response, understanding of the complete immune response including the
roles of the complement system and the adaptive immune response in generating long-term
immunological memory associated with repeated administration of these particles, and the
interplay between innate and adaptive immunity are needed.

CONCLUSIONS

We have evaluated the acute phase of the innate immune response to NETS in healthy SW
mice following tail vein injection. In particular, we found that both 1x ENETs and 1x
nNETS resulted in statistically significant higher levels of TNF-a in blood serum at 2 and
6 h postinjection as compared to the levels associated with PBS treatment at these times.
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Cytokine response to 1x nNETS at 2 h also included significantly higher levels of IL-6

in the liver and spleen, TNF-a in blood serum, the liver, and the spleen, and MCP-1 in

the liver and spleen as compared to PBS-induced levels. Functionalization of nNETs with
folate or Herceptin was associated with a general trend in reduction of 1L-6 and MCP-1
concentrations in blood serum, the liver, and the spleen, and TNF-a and IL-10 concentration
reduction in blood serum. With the exception of IL-10 in the spleen in response to nNETS,
the second injection of #NETs and nNETSs at 0.5x did not lead to significantly higher
concentrations of other cytokines as compared to a single injection. Future studies are
needed to evaluate the roles of the complement system and adaptive immunity in response to
these particles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Effects of £NET dose on cytokine production at 2 h post-tail vein injection. Concentration
measurements (as represented by dots) for (a—c) IL-6, (d—f) IL-10, (g—i) TNF-a, and

(j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are shown with the
population mean (horizontal bars). PBS and LPS correspond to negative and positive
controls, respectively. Statistical significance of * (p < 0.05), ** (p< 0.01), and ***(p<
0.001) are indicated. Significance markings directly above LPS indicate that the measured
cytokines in response to LPS injection are significantly different with respect to the values
for other injected agents at the indicated significance level. Brackets with asterisks above
them indicate statistical significance between the shown pairs.
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Figure2.

Effects of NNET dose on cytokine production at 2 h post-tail vein injection. Cytokine
concentration measurements (as represented by dots) for (a—c) IL-6, (d-f) IL-10, (g—i)
TNF-a, and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are shown
with the population mean (horizontal bars). PBS and LPS correspond to negative and
positive controls, respectively. Statistical significance of * (p< 0.05), ** (p< 0.01),

and ***(p < 0.001) are indicated. Significance markings directly above a given agent
indicate that the mean value for that agent is significantly different from all other agents
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at the indicated significance level. Brackets with asterisks above them indicate statistical
significance between the shown pairs.
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UNETSs, and 1x nNETSs. Concentration measurements (as represented by symbols) for (a)
IL-6, (b) IL-10, (c) TNF-a, and (d) MCP-1 are shown with the population mean (horizontal
bars). Statistical significance of * (p < 0.05), ** (p< 0.01), and ***(p < 0.001) are indicated.
Brackets with asterisks above them indicate statistically significant differences between the

shown pairs.
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Figure 4.

Concentration of cytokines in the liver at 2, 4, and 6 h postinjection of PBS, LPS, 1x tNETS,
and 1x nNETSs. Concentration measurements (as represented by symbols) for (a) IL-6, (b)
IL-10, (c) TNF-a, and (d) MCP-1 are shown with the population mean (horizontal bars).
Statistical significance of * (p< 0.05), ** (p< 0.01), and ***(p < 0.001) are indicated.
Brackets with asterisks above them indicate statistically significant differences between the
shown pairs.
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Concentration of cytokines in the spleen at 2, 4, and 6 h postinjection of PBS, LPS, 1x

UNETSs, and 1x nNETSs. Concentration measurements (as represented by symbols) of (a)
IL-6, (b) IL-10, (c) TNF-a, and (d) MCP-1 are shown with the population mean (horizontal
bars). Statistical significance of * (p < 0.05), ** (p< 0.01), and ***(p < 0.001) are indicated.
Brackets with asterisks above them indicate statistically significant differences between the
shown pairs.
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Concentration of cytokines at 4 h postinjection of 1x nNETS, 1x FF-nNETSs, and 1x HF-
nNETS. Concentration measurements (represented as dots) for (a—c) IL-6, (d—f) IL-10, (g-i)
TNF-a, and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are presented.
Horizontal bars represent the mean values associated with a given cytokine concentration.
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Figure 7.

Effect of dual injections of 0.5x /NETs and 0.5x nNETS one week apart. Cytokine
measurements were made using samples collected 2 h after the second injection.

Concentration measurements (represented as symbols) for (a—c) IL-6, (d—f) I1L-10, (g—i)

TNF-a, and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are presented.
Horizontal bars represent the mean values associated with a given cytokine concentration.

Bracket with *** asterisks above it indicates statistically significant differences between
the shown pairs (p < 0.001). None of the other #tests resulted in statistically significant

p-values. Therefore, statistical significances of p< 0.05 and p < 0.01 are not indicated.
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