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ABSTRACT

Although nano- and microparticle therapeutics have been studied for a range of drug delivery
applications, the presence of these particles in blood flow may have considerable and understudied
consequences to circulating leukocytes, especially neutrophils, which are the largest human leukocyte
population. The objective of this work was to establish if particulate drug carriers in circulation interfere
with normal neutrophil adhesion and migration. Circulating blood neutrophils in vivo were found to be
capable of rapidly binding and sequestering injected carboxylate-modified particles of both 2 ym and 0.5
pm within the bloodstream. These neutrophil-particle associations within the vasculature were found to
suppress neutrophil interactions with an inflamed mesentery vascular wall and hindered neutrophil
adhesion. Furthermore, in a model of acute lung injury, intravenously administered drug-free particles
reduced normal neutrophil accumulation in the airways of C57BL/6 mice between 52-60% versus
particle-free mice and between 93-98% in BALB/c mice. This suppressed neutrophil migration resulted
from particle-induced neutrophil diversion to the liver. These data indicate a considerable acute
interaction between injected particles and circulating neutrophils that can drive variations in neutrophil
function during inflammation and implicate neutrophil involvement in the clearance process of
intravenously-injected particle therapeutics. Such understanding will be critical towards both enhancing
designs of drug delivery carriers and developing effective therapeutic interventions in diseases where

neutrophils have been implicated.
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Rationally designed nano- and microparticle therapeutics have been studied for a range of drug
delivery applications, including cancer, atherosclerosis, and vaccines."” Somewhat surprisingly, one of
the most commonly overlooked biological barriers for these intravenously (IV) administered particulate
drug carriers are their physical interactions within blood. Blood itself is a complex fluid, composed of
various cellular subsets. These blood cells segregate under flow into a concentrated red blood cell (RBC)
core and a near-wall excess of leukocytes and platelets in the RBC free layer (RBC-FL).*® For many
delivery applications, particle carriers must mimic leukocyte localization and also marginate to the vessel
wall to extravasate from the blood vessel.” Thus, the physical presence of particles in blood flow may
have noticeable consequences. For one, an increased association between particles and concentrated
leukocytes in the RBC-FL may escalate physical collisions and enhance clearance by circulating
phagocytes, namely neutrophils (2-8x10°/L) and monocytes (0.2-1.0x10°L).” Indeed, particle
circulation times can be dramatically increased through depletion of circulating phagocytic cells,
indicating the predominance of these leukocyte-particle interactions in the vasculature.® While phagocytes
in general are known to contribute to the clearance of particle therapeutics, clearance is generally
perceived to occur in the organs of the reticuloendothelial system (RES), including the liver and spleen.’'
How the colocalization of both particles and leukocytes within the RBC-FL contributes to the clearance
process of IV-injected therapeutics remains unclear however.

Neutrophils (N®) are the largest human leukocyte population and are considered the first line of
defense for the innate immune system; these cells are responsible for destroying pathogens through
phagocytosis, degranulation, and formation of neutrophil extracellular traps (NETs).'"""* These functions
have been mainly studied following N® migration into inflamed tissue.” Despite the obvious potential
for IV delivered particles to interact with N®s in circulation due to their co-localization in the RBC-FL
and the ability of N®s to phagocytose foreign objects, there have been very few studies that directly
probe the results of these interactions, regarding both particle efficacy and N® function. Countless studies
have explored the biological fate of particles through in vitro and in vivo biodistribution, uptake, and
efficacy studies, typically deriving therapeutic impact from the loaded active pharmaceutical ingredient
(API) cargo, rather than the particle itself.'® The limited studies exploring the impact of IV-administered
particles on leukocyte function have focused on narrow leukocyte subsets. For example, recent work from
Getts et al. demonstrated that the injection and phagocytosis of API-free, negatively charged
microparticles diverted inflammatory monocytes to the spleen in a number of chronic disease models,
resulting in a therapeutic benefit."” While this work excitingly documents how phagocyte internalization
of API-free particles can impact leukocyte function and disease outcomes, the dynamics of these
interactions remain largely unexplored. Notably, interaction between non-native particle entities and

N®s, the largest circulating phagocytic population, has not been investigated.
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In this work, we sought to investigate the involvement of circulating N®s with IV-injected
particles. We observe that circulating N®s, found in vasculature outside of major phagocytic organs, are
capable of rapidly binding and sequestering particles. These interactions away from RES organs likely
contribute to particle clearance following injection. Furthermore, we demonstrate that these associations
with API-free particles in the vasculature can alter normal N® interactions with the vascular wall and

subsequently hinder neutrophil recruitment into inflammatory tissues.

RESULTS
Circulating mouse neutrophils associate with intravenously injected particles

While previous studies have demonstrated particle association broadly with phagocytes in the
vasculature outside of the RES organs of the liver and spleen,’ we first sought to observe if neutrophils
(N®) specifically associate with particles in circulation. C57BL/6 mice were injected with an ~30 mg/kg
dosage of either 2 ym or 0.5 um polystyrene (PS) carboxylate-functionalized (COOH) particles
(corresponding to 2x10® 2 ym particles or 1.28x10' 0.5 ym particles) and whole blood obtained via
cardiac puncture approximately 2 minutes following injection. Particles 2 ym in diameter were chosen
due to their efficient margination (i.e. localization) in the RBC-FL,'® as well as a prior report of
microparticle interference with the functionality of inflammatory monocytes by Getts et al.'” Particles of
0.5 pm were chosen as representative nanoparticle therapeutics which do not localize to the RBC-FL, but
rather distribute uniformly in flow." As shown in Figure 1A, mouse N®s were identified using flow
cytometry first via FSC vs SSC and then as CD45+CD11b+Ly6G+. Ly6G is the most commonly used
surface protein for mouse N® identification.'”” A co-expression of CD11b, a leukocyte adhesion molecule
and subunit of integrin ayf,,” with Ly6G differentiates neutrophils from monocytes. From this
population, particle positive N®s were identified as FITC+ cells (Figure 1B). When dosed at equivalent
mass, 11.1 = 1.0 % of collected N®s from mice receiving 2 ym particles were particle positive, while

35.7 £ 2.9% of collected N®s from mice receiving 0.5 pm particles were particle positive (Figure 1C).
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Figure 1. Neutrophil association with particles immediately following IV injection. C57BL/6 were
injected with equivalent mass dosage of either 2 ym or 0.5 ym COOH particles via tail vein and blood
was obtained within 2 minutes of particle injection via cardiac puncture. A) Representative gating
analysis of blood sample to identify neutrophil (N®) population. B) Representative gating analysis and C)
quantified results of particle positive N® in mouse blood. Graphs are representative data from a single
experiment (n=3). Error bars represent standard error.

Given this measurable proportion of N®s in circulation found to be rapidly associated with
particles of both sizes, we sought to visualize these interactions live within the bloodstream. Using
intravital microscopy, we visualized vasculature in the mouse mesentery and monitored rolling N®s at
the surface of an inflamed vascular wall. TNF-a was locally (topical) applied to the exposed vessel prior
to particle injection to upregulate adhesive molecules and facilitate N®s rolling, enabling us to visualize a
subset of Nds passing through the vasculature in real time. Circulating N®s were pre-stained with anti-
Ly6G and particles injected at the same equivalent mass dosage as before. As shown in Figure 2, both 2
pum and 0.5 ym particles were found associated with rolling N®s (see Supplemental Video 1 and 2 for
representative injection of 2 ym and 0.5 ym particles and Supplemental Figure 1 for a representative
lower magnification of the mesentery vessel). Arrows indicate Ly6G+ N®s that were found with particles
for at least three consecutive frames, indicating that particles are firmly associated with the cell.

Interestingly from these observations, we can identify N® which have bound both single or multiple

particles. Both particle sizes were found associated specifically with N® populations outside of the RES
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organs, indicating that N®s in the periphery are involved in binding particles and likely contribute to

clearance of IV-administered particles.

Figure 2. Particles in circulation associated with Ly6G+ neutrophils. Mesentery vasculature of
C57BL/6 mice injected with equivalent mass dosage of either A) 2 ym or B) 0.5 ym COOH particles
(green). N® stained with anti-Ly6G-APC (red) prior to injection and topical TNF-a applied locally to
enable visualization of rolling N®. Arrows indicate N® and particles associated for at least three
consecutive frames of imaging.

Particles in blood flow reduce neutrophil adhesion at an inflamed vascular wall

During our intravital investigation, we noted that the presence of particles in circulation appeared
to reduce neutrophil adhesion at the vascular wall over time. To quantify this change, we assessed N®s
adhesion over time in a previously established model of acute murine mesentary inflammation."*
Following the dosing schedule shown in Figure 3A, N® populations were quantified following 0.5 ym
and 2 um particle injection. In addition to the COOH 2 um PS particles, we also evaluated 2 ym PS
particles functionalized with a high density PEG coating (brush conformation). As discussed elsewhere®"
» and confirmed in Supplemental Figure 2, high density PEG coatings mitigate cell uptake in mice,
allowing us to confirm that any change in localization to the vessel wall would be an impact of particle
internalization. TNF-a was topically applied to mesenteric veins to induce local, rapid N® accumulation
on the vessel wall. As shown in Supplemental Figure 3, few N®s were observed in untreated vessels,

while topical administration of TNF-a resulted in rapid recruitment of Nds. We visualized an average of

over 20 N®s on TNF-a treated vessels after 3 minutes, more than double number found after the first

7
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minute following TNF-o application. This increased number of N®s was maintained for the duration of
the experiment in mice receiving only topical TNF-a, confirming a local inflammatory event in the
vessel. Particles were injected following 3 mins of inflammation; representative images of the vessel wall
following particle injections are shown in Figure 3B. Average N® numbers were quantified in the first
minute following particle injection (3-4 minutes after TNF-a) and at subsequent (4-7 min after TNF-a)

time points.
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Figure 3. Acute mesentery inflammation. A) Dosing schedule of acute mesentery inflammation model
in C57BL/6 mice. Mice received topical TNF-a at time O and a particle injection at 3 minutes. B)
Representative images shown at 8 minutes with N®s labeled red and particles labeled green and C)
quantified results of N® frequency at the vascular wall following particle administration of 0.5 #m and 2
pum COOH particles or 2 ym PEGylated particles via IV injection. Results averaged over two ranges of
time points. The top image in B shows the merge of both red and green channels, with the individual
colors split below. Average N® counts were quantified during the first minute following particle injection
(3-4 min) and longer time points (4-7 min). (*) Indicates significant difference in cell counts relative to
the corresponding TNF-a only value. Statistical analysis was performed using two-way ANOVA with
Sidak’s multiple comparison test to TNF-a group with a = 0.01. Bars represent averages from at least 8
different vessels within groups, n=4 mice per group and error bars represent standard error.

In the first minute following injection, both COOH 0.5 ym and 2 ym particles produced an
immediate and significant reduction in N® localization versus particle free TNF-a only vessels and
continued to do so for more than four minutes (Figure 3C). N® localization following COOH particle
injections were not statistically different than untreated vessels at either time point evaluated and resulted
in about 80% reduction versus the TNF-a group between 4-8 minutes (78% for 0.5 ym and 83% for 2
pm, non-significant from each other). In contrast, the 2 ym PEG particles failed to result in any reduction
to the N® localization to the vessel wall for the duration of the experiment. PEG particles were still found

circulating in high quantities following 7 minutes, in comparision to both of the COOH particles which
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had been largely cleared from circulation (Figure 3B bottom). The rapid decrease in N® adhesion
following COOH administration and minimal impact of PEG administration indicates that particle uptake
by N®s may hinder normal N® function during inflamation.

To confirm that the observed effect was a direct impact of particle interactions with N®s, we
performed an in vitro parallel plate flow chamber assay (PPFC) using freshly isolated human N®s. '8
Human N®s are used due to the difficulty of isolating and obtaining a measurable quantity of mouse
N®s. As shown in Supplemental Figure 4, we observed that N®s pre-incubated with particles reduced
overall N® adhesion to an inflamed endothelial monolayer in a realistic flow profile as compared to
samples perfused immediately after addition of particles. This trend held true for both particle sizes, with
a 2 hr incubation resulting in a 30-45% reduction in N® adhesion from particle-free controls at the
particle concentrations tested. The continued viability of the Nds was confirmed at this time point,
suggesting that particle uptake by N®s occurring during the preincubation period and not N® death
impacted N® adhesive abilities. Combined with the intravital findings, these results demonstrate that

particle administration can prevent normal N® capture and adhesion at the vessel wall.

Reduction of neutrophil airway accumulation in an ALI model.

A critical function of N®s are their ability to rapidly respond to proinflammatory signals and
emigrate from the blood into inflammatory tissues.''"*'> We sought to explore if N®-particle interactions
would impact the normal migratory N® function by assessing N® transmigration in an acute lung injury
(ALI) model.** ALI was induced via lipopolysaccharide (LPS) instillation into mice lungs, causing
recruitment of N®s to the airspace via increased expression of inflammatory cytokines and chemokines.”
25 Notably, LPS instillation alone does not result in significant emigration of monocytes at early time
points, allowing us to isolate the evaluation of emigrating neutrophils.’**” One hour after LPS instillation,
we administered 2 ym and 0.5 ym particles at equivalent mass via IV-tail vein injection to both C57BL/6
and BALB/c mice as in Figure 4A. BALB/c mice were evaluated in addition to C57BL/6 mice as they are
known to demonstrate increased N® response to instilled LPS* as well as rapid particle internalization
compared to C57BL/6 mice.® To assess N® migration, we evaluated the total cells in the bronchoalveolar
lavage fluid (BALF) (Supplemental Figure 5), the percentage of N®ds in the BALF (Figure 4B), and the
total BALF N® counts (Figure 4C and 4D, representative gating Supplemental Figure 5B). As shown in
Figure 4B-D, mice receiving only LPS demonstrated increased BALF infiltrates, with Nds counts
averaging 1.1x10° = 1x10° that corresponded to over 46% of the collected cells in C57BL/6 mice; in
BALB/c mice, BALF N®s counts averaged 3.3x10”+ 1x10’, corresponding to over 67%. The BALF N®s
counts following an LPS administration in both mouse strains indicate occurrence of an acute

inflammatory event and correspond to previous findings that BALB/c mice are more sensitive to LPS
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instillation than C57BL/6. However, upon IV particle injections, the percentage of BALF N® and the
total number of N® infiltrates decreased in both mouse strains. In C57BL/6 mice, ALI mice receiving 2
um particles had total BALF N® counts of 5.2x10° + 2x10°, representing a 52% decrease from the LPS-
only group and corresponding to only 37% of collected cells. Similarly, ALI mice receiving 0.5 ym
particles had total BALF N® counts of 4.5x10° + 1x10°, representing a 59% decrease from the LPS-only
group and corresponding to only 41% of collected cells. In BALB/c mice, the results were more
pronounced. ALI BALB/c mice receiving 2 um particles had total BALF N® counts of 2.9x10° + 2x10°,
representing a 93% decrease from the LPS-only group and corresponding to only 31% of collected cells.
Similarly, ALI mice receiving 0.5 um particles had total BALF N® counts of 6.4x10° + 5x10°,
representing a 98% decrease from the LPS-only group and corresponding to only 32% of collected cells.
Both particle treated groups were non-statistically different than the untreated mice in both mouse strains.

Given that particle treatment resulted in a dramatic decreased accumulation of BALF N®ds, we
evaluated the number of circulating N® present in blood at the time of harvest (Figure 4E and 4F). We
observed no variation in the concentration of N®s in the C57BL/6 mice (Figure 4E), but did observe a
N® increase in LPS-only treated BALB/c mice, which was significantly higher than ALI mice receiving
particles or untreated mice. In these mice, particle treatment decreased the number of circulating blood
N®s from an average of 2.09 + 0.9 K/uL for LPS-only mice, to concentrations of 0.45 + 0.2 K/uL and
0.71 = 0.8 K/uL, for 2 ym and 0.5 pm ALI groups, respectively. N® concentrations in particle treated
groups were not significantly different from the untreated mice. To evaluate if a particle administration
still did not impact the total numbers of circulating N®s during a period of elevated N® response to this
tissue-specific inflammatory event, we evaluated N® blood concentrations following sequential blood
draws following particle injection. As shown in Supplemental Figure 6, LPS treatment alone caused
elevated circulating N®s in BALB/c mice, while particle treatment appeared to suppress this response, in
line with the endpoint blood results shown in Figure 4F. Significant increase in the N® concentration
were observed for the LPS-treated mice at 30 and 60 mins, while N® concentrations in ALI mice
receiving 2 pm particles remained consistent to the original baseline values. Likely, additional N®s were
released from a reservoir in the bone marrow during the ALI model, which is known to occur during
inflammatory events."

Thus, in the heightened inflammation of BALB/c mice, particle administration of both particle
sizes decreased the number of circulating N®s in the blood during ALI inflammation, in addition to
reducing the number of infiltrating BALF N®s. Evaluation of the BALF inflammatory cytokines after 2
pm particle treatment again in BALB/c mice, including IL-6, TNF-a., and albumin, which is indicative of
lung permeability, indicated no statistical difference between treatment groups (Supplemental Figure 7).

Taken in combination with the variation with N® concentrations in the blood, these results imply that the

10
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chemoattractive signal for N® blood emigration remained present, but rather the decreased availability of
N® in the blood was the main driver for decreased numbers of BALF N®s. Likely, particle clearance by
N®s accounts for this decreased availability and occurs in both mouse strains; however, the overall

dampened response to LPS in the C57BL/6 mice did not result in increased N®s in the blood of LPS-only

groups (Figure 4F).

Figure 4. Neutrophil distribution in ALI model. A) Diagram and dosing schedule of ALI model
performed in both BALB/c and C57BL/6 mice. B) Average BALF distribution of N® and macrophage
populations (M®) following particle injection. Total BALF N® counts in C) BALB/c and D) C57BL/6
mice. N® concentrations from the blood following particle injection in E) BALB/c and F) C57BL/6 mice.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test, (**)
p<0.01, (***) p<0.001, n.s. non-significant. BALF N® counts and blood N® distributions from
representative single experiment (n=5). Error bars represent standard error.

To further explore the relevance of these results to drug delivery vehicles, we also evaluated 2 ym
PEGylated particles in BALB/c mice in the ALI model. As shown in Supplemental Figure 8, emigrating
BALF N®s were reduced following PEGylated particle administration to the same degree as COOH
particles. Furthermore, we decreased the dosed particle concentration of the 2 ym COOH particles by half

to 1x10°%, finding again a similar decrease in BALF N®s following particle administration (Supplemental

11
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Figure 8). Thus, the trends demonstrated in Figure 4 likely apply to a range of particle surfaces and

concentrations beyond those presented here.

IV administration of particles diverts neutrophils to the liver

We next evaluated N® distribution in the lung, liver, and spleen, by histopathology and flow
cytometry to explore if N® localization increased in these organs, which may account for the observed
reduction of both circulating and BALF N®s. While no differences between N® distributions were
observed in the lung tissue or spleen (Supplemental Figure 9), we did find notable N® differences in the
liver by both methods. As shown in the representative immunofluorescence images of liver histology
sections of C57BL/6 mice (Figure 5), an increase in Ly6G+ N®s (red) was observed in all ALI mice over
the untreated groups, with further increases in both particle-ALI groups over the LPS-only controls. As
corroborated in hematoxylin and eosin (H&E) stained micrographs in Supplemental Figure 10, liver
sections demonstrated increased N® infiltrates within the hepatic sinusoids of ALI particle groups, which

were mild and multifocal within affected livers without evidence of hepatocellular injury.

12
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Figure 5. Representative immunofluorescence images of ALI liver histology sections. 4 ym liver
sections from C57BL/6 ALI mice as in Figure 5. Particles indicated in green and Ly6G+ N®s indicated
in red. Image taken at equivalent exposure time at 40x magnification, scale bar 20 ym.

To quantify these findings, flow cytometry was used to evaluate N® populations in single cell
liver suspensions (Figure 6, representative gating in Supplemental Figure 9). The percentage of
CD45"CD11b*Ly6G*™ N®s in the liver was significantly increased in 2 ym and 0.5 ym particle treated
ALI groups compared to LPS-only and untreated mice in both mouse strains (Figure 6A and B). While
LPS-only ALI mice maintained N® levels of roughly 10% of collected CD45+ liver cells in both mouse
strains, the N® populations of the liver in the ALI particle groups were significantly increased. C57BL/6
mice exhibited a mild increase to 14 + 2% and 14 + 3% for 2 ym and 0.5 ym groups, respectively.
Corresponding to the more robust response of the BALB/c mice in both LPS-sensitivity and phagocytic
ability, N® populations of the liver of these mice increased to 33 + 18% and 33 + 12% for 2 ym and 0.5
pm groups, respectively. In both mouse strains, these ALI particle groups were significantly larger than
both the untreated and LPS-only groups.

These findings prompted us to further explore N® association with particles in the liver,
performed at both the whole organ and cellular level. As expected, analysis of whole organ distribution
showed a considerable degree of overall particle clearance in the liver (Supplemental Figure 11). As
shown in the representative immunofluorescence liver histology sections of Figure 6, we observe
colocalization between Ly6G+ N®s (red) and particles (green) throughout both the 2 ym and 0.5 pym ALI
groups (Supplemental Figure 12 for annotated image). Just as frequently, we observe particles not
associated with Ly6G+ N®s. H&E stained sections of the liver suggests particle can also be found within
the cytoplasm of Kupffer cells and possibly free within sinusoidal spaces (Supplemental Figure 10).

Probing at the cellular distribution within the liver with flow cytometry (Figure 6C and D), we
find statistically equivalent particle uptake between CD45+CD11b+Ly6G+ N®s and
CD45+CD11b+Ly6G- macrophages (M®) for both particle sizes in both mouse strains (Figure 6C and
D). While not statistically significant, Nds were found associated with slightly more particles than M®Ps
in C57BL/6 mice; 23% or 35% N®s were identified as particle positive while only 11% or 16% M®s
were identified as such in the 2 ym and 0.5 gm ALI groups, respectively. In BALB/c ALI 2 ym mice, 3-
4% of either N®s or M®s were identified as particle positive; in 0.5 ym treated LPS mice, 24-25% of
either N®s or M®s were identified as particle positive. Differences between the two particle sizes are
attributed to the difference in number dose.

Finally, we explored whether protein changes on the N®s or secreted within the liver of ALI
mice following 2 ym particle administration contributed to N® recruitment to the liver. As shown in

Supplemental Figure 11, relatively minimal fold change differences (less than 1-fold for all) in liver N®

13
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expression of either CD11b or CD62L were observed across LPS-only and ALI particle groups. No
changes in either of these phenotypic markers could be correlated to the increased N® accumulation in
the liver following particle treatment. However, evaluation of inflammatory cytokines and chemokines in
liver homogenates, including TNF-a, CXCL-1 KC, and CXCL-2 MIP-2 (Supplemental Figure 13) found
increased production in the LPS-only group compared to the ALI 2 ym particle group or untreated mice.
As in the circulating blood N® concentrations, 2 ym particle treatment in LPS-treated mice suppressed or

prevented the inflammatory response as indicated by these cytokine/chemokine levels.

L4 L4

I l H =
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Figure 6. Flow cytometry evaluation of liver in ALI mice. N® populations of CD45+ cells in the liver
following 2 ym and 0.5 pm COOH particle injection in A) C57BL/6 and B) BALB/c mice. Cellular
distribution of 2 ym and 0.5 ym particles in the liver of C) C5S7BL/6 and D) BALB/c mice in ALI model.
Statistical analysis for % N® population was performed using one-way ANOVA with Tukey’s multiple
comparison test to untreated, (*) p<0.05, (¥*) p<0.01. Representative results from single experiment (n=5
mice). Error bars represent standard error.

DISCUSSION
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Despite the strong emergence of IV administrated micro- and nanoparticle therapeutics, major
gaps remain in our understanding of how these foreign objects interact with blood cells in circulation.
Here, we report that IV administration of API-free particles results in rapid association with circulating
N®s, as evidenced in collected whole blood samples (Figure 1) and visualized N®s at the vascular wall
(Figure 2). Furthermore, these associations between N®s and API-free particles can interfere with normal
N® function in inflammatory environments, hindering normal adhesion of circulating N® on an inflamed
mouse mesentery wall (Figure 3) and mitigating N®s accumulation into the inflamed mouse lung tissue
(Figure 4).

The results presented here indicate a direct interaction between IV injected particles and
circulating N®s, which impacts the clearance of both entities. Indeed, these interactions do not happen in
isolation. Other cellular actions are influential in the removal of both neutrophils and particles, with
circulating monocytes also capable of internalizing particles'’, particle clearance occurring in the RES
organs’, and various other cell subsets contributing to cytokine and chemokine profiles responsible for
cellular homing occurring after a particle interaction.””® However, key observations indicate that the direct
interaction between N®s and particles are essential to clearance. In the ALI model, N®s are diverted
from the airspace only in the presence of IV-administered particles regardless of the sustained N®-
homing cytokine signals observed in the BALF (TNF-a and IL-6, Supplemental Figure 7), which would
be expected to maintain N® recruitment to the airspace. Furthermore, N® were diverted to the liver
despite the decreased N®-homing cytokine signals in the liver (TNF-a, MIP-2, and KC, Supplemental
Figure 13), which should not increase N® populations in the liver. These data imply that the observed
interactions between particles and N®s are impacting individual N® responses to drive changes in
localization that are independent of existing soluble cues. Moreover, the short timescale, within minutes,
of this interaction and N® adhesion reduction (demonstrated in Figures 1-3) likely precludes any
significant change to N®d-homing cytokines that may be secreted by other cell types, which might
otherwise be hypothesized to contribute to the observed decrease in N® adhesion (Figure 3).
Furthermore, the adhesion of isolated human N®s to an inflamed endothelium in vitro was impaired by
preincubation with particles (Supplemental Figure 4), further directly implicating the N®d-particle
interaction, as all other aspects of N® recruitment were held constant. Thus, the interaction between N®s
and particles following injection clearly drives N® response.

Our data suggest that multiple mechanisms contribute to N® diversion to the liver in the ALI
model. As the liver is known to clear both IV-administrated particles’ and apoptotic N®s'" '*'* N®
diversion may occur by the following: 1) particles are first captured in the liver through phagocytosis by
resident M®s (Kupffer cells) which then recruit circulating N®s through elaboration of various

cytokines, or 2) N®s first phagocytose particles in the systemic circulation, triggering N® apoptosis and
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subsequent localization to the liver for elimination, or 3) a combination of both mechanisms. Kupffer
cells are known to elaborate proinflammatory cytokines to recruit inflammatory cells, including N®s*,
and also can phagocytose dying N®s through a P-selectin-mediated response using phosphatidylserine-
dependent mechanisms." In the liver, we found equivalent percentages of particle bound M®s and N®s
(Figure 6) and equivalent N®s expression of CD11b and CD62L (Supplemental Figure 11) across
treatment groups, which are indicative markers of N® activation and liver homing on N®s'**?%; taken
together, these observations failed to lend insight into the driving mechanism for N® localization to the
liver. However, we did observe suppressed production of inflammatory cytokines, including TNF-a, KC,
and MIP-2, in the liver homogenate of particle-treated ALI mice (Supplemental Figure 13). Previous
studies investigating systemic bacteria clearance indicated that the sequential involvement of Kupffer cell
bacterial capture, N® immigration and phagocytosis, and subsequent N® apoptosis reduces

proinflammatory liver cytokine production®-*

, similar to the observations presented here. In line with
these results, apoptotic N®s are known to have an anti-inflammatory impact on Kupffer cells and can
drive a pro-resolution environment.'" ***° These in sum may account for the suppressed inflammatory
cytokine production, decreased circulating N®s, and diminished migration to the inflamed airway in our
ALI studies. Furthermore, recent work has demonstrated that the flow dynamics within the liver support
passive particle capture'®, lending support to the hypothesis of initial Kupffer cell particle capture in the
liver followed by N® recruitment. However, observations from Figure 1 and 2, which clearly identify
particle association with circulating N®s, indicate that N® phagocytosis of IV-administered particles
occurs rapidly throughout the blood stream (within minutes). Our work demonstrates that N®s in the
periphery are capable of binding both 2 and 0.5 ym particles; combined with work by Jones et al., who
demonstrated uptake of smaller nanoparticles by blood leukocytes in the vasculature, this further supports
peripheral particle capture by N®s and subsequent N® homing to the liver.® Additional in vitro PPFC
assays demonstrated that isolated Nds which interact with particles are unable to adhere to inflamed
HUVEC endothelial cells, again suggesting a change to the N® in the periphery could prevent adhesion
at the inflamed vascular wall and drive liver accumulation. Thus, our results suggest that both
mechanisms contribute to the observed N® liver accumulation; future studies are needed to further
elaborate the exact contributions of each of these mechanisms following particle injection.

Regardless of the location of where N®s first interact with particles, our results indicate that N®
phagocytosis is involved in the clearance of IV-injected particles. A greater decrease in BALF N® was
observed for the BALB/c mice than the C57BL/6, in line with previous work demonstrating that BALB/c
mice have more rapid particle clearance times due to enhanced phagocyte function in Th2 strain mice.?
The particles studied here were carboxylate-modified particles, which are known to exhibit poor

circulation times and rapid clearance.” This is attributed to specific protein absorption forming a protein
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corona, which facilitates cellular internalization.”’”® Indeed, most therapeutic drug particle designs include
a brush coating of PEG to delay internalization and extend circulation times, although these particles are
still cleared through the RES system.”"** Our results in Figure 3 demonstrate that PEGylated particles did
not hinder N® presence at the vascular wall, likely due to a lack of N® internalization of particles during
this time point. This contrasts with the results of the rapidly internalized COOH particles in this model.
However, the N®-particle mechanisms observed with the COOH particles in both models also eventually
occurred with PEGylated ones. Given longer timepoints to facilitate interactions between particles and
N®s, PEGylated particles will still be cleared in part by Nd-mediated phagocytosis, as a protein corona
still is able to form on these particles prompting recognition by phagocytes.” Thus, the PEGylated
particles in the ALI model were also capable of reducing the BALF N® emigration. As such, the role of
N®s in particle clearance of all types should not be over-looked. Future work will include assessment of
whether other non-fouling particle surface coatings with demonstrated functional superiority over PEG,

4041

such as zwitterionic coatings™ ', would be beneficial in eliminating the negative impact of particles on

neutrophil adhesion.

CONCLUSIONS

The work presented here importantly indicates that the phagocytic prowess of circulating N®s
represents both a potential obstacle and an untapped opportunity for particulate therapeutics. Thus,
improved understanding of particle-N® interactions will not only aid in improved designs of drug
delivery carriers to optimize the particle efficacy while avoiding potentially harmful impacts on N®s, but
may also offer an opportunity to specifically manipulate neutrophil functions in numerous diseases where

N®s have been implicated.'> ** Indeed, rampant and abnormal recruitment of Nds are common in the

14, 32, 42 2

pathogenesis of many serious diseases, including atherosclerosis, sepsis,”” ischemia/reperfusion
(I/R),® ALIL** cystic fibrosis,” and cancer.* However, more work is needed to explore the extent of
particle-N® interaction and long-term effects, including the restoration of normal N® recruitment, the
impact of particle delivery on subsequent infection, and the consequences of N® liver accumulation.
Ultimately, increased knowledge of the interactions between N®s and particles in circulation will enable

successful translation of rationally designed particle therapeutics to the clinic.

METHODS
Study Approvals
Animal studies were conducted in accordance with NIH guidelines for the care and use of

laboratory animals and approved by the Institutional Committee on Use and Care of Animals (ICUCA) at
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the University of Michigan. All animals were maintained in pathogen-free facilities at the University of

Michigan and used between 3-8 weeks in age, with study groups randomized across housing.

Particle functionalization and fabrication

Fluorescent carboxylated (COOH) polystyrene (PS) particles of 2 ym or 0.5 ym in diameter were
purchased containing either a green (fluorescein isothiocyanate, FITC, Polysciences) or near-infrared
(Phosphorex) fluorophore. Stock concentrations of all particles were tested for endotoxin contamination
using a chromogenic LAL assay (Genscript) and confirmed injected doses were approximated at <0.1
EU/mL. Endotoxin-free water and sterile conditions (whenever possible) were implemented throughout
particle processing. To fabricate PEG modified 2 ym PS particles, particles (0.1% w/v) were washed with
50 mM MES buffer and incubated with N-(3-Dimethylaminopropyl)-N’ -ethylcarbodiimide
hydrochloride (EDC, 20 mg/ml, Sigma) and methoxypolyethylene glycol amine, molecular weight 5,000
(30 mg/mL, Alfa Aesar). After incubating for 2 hr at room temperature, glycine (7.5 mg/ml, Sigma) was
added for 15 mins to quench the reaction and then washed with PBS buffer containing 1% BSA and
stored at 4°C until use. PEG brush density was confirmed using rhodamine PEG amine, MW 5,000

(Nanocs) as described previously”' and in Supplemental Figure 2.

Mouse whole blood sampling and analysis following particle injection

Female C57BL/6 mice (Jackson) between 6-10 weeks in age were injected via tail vein with
either 2 ym or 0.5 um particles, dosed at equivalent mass. Mice received 2x10* 2 um particles or
1.28x10'" 0.5 ym in 200 uL injection volume, corresponding to ~0.6mg/mouse, ~30mg/kg. These dosages
were chosen as they are within a particle mass range typically used in drug delivery preclinical mouse

214749 and are appropriate to translate to human doses.” Blood was collected at various time

evaluations
points either via cardiac puncture or saphenous vein. Samples collected via cardiac puncture were
collected in heparin as an anti-coagulant and immediately stained with anti-Ly6G-APC, anti-CD45-
PE/Cy7, and anti-CD11b-APC/Cy7 on ice. After 30 minutes of staining, blood was treated with 1X RBC
Lyse/Fix (eBioscience) following recommended protocol and analyzed via flow cytometry. Flow
cytometry data was collected on an Attune NxT Focusing flow cytometer (Life Technologies) and
analyzed using FlowJo software (Tree Star). Samples collected via saphenous vein for N® concentrations

were collected in EDTA coated tubes and analyzed using a Hemavet Analyzer (Drew Scientific)

Complete Blood Counter (CBC).

Inflamed Mesentery Evaluation via Intravital Fluorescence Microscopy
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Female C57BL/6 mice (Jackson) between 3-4 weeks in age were evaluated in a model of
mesentery inflammation as described previously."” Neutrophil rolling and adhesion in mesenteric veins
was visualized using a 25x oil objective an inverted fluorescence microscope (Zeiss Axio Observer Z1
Marianas Microscope) using Slidebook 6 software. Mice were anesthetized and a tail vein catheter placed
for delivery of reagents. Mice were placed on a custom-made microscopic heated stage at 37°C, and the
mesentery was exteriorized to a glass cover slip through a midline incision. Rhodamine 6G (Rh6G,
Sigma, 100 L of 0.1 mg/mL in PBS) or anti-Ly6G (Biolegend) was injected IV and local injury was
induced by topical application of TNF-a (Fitzgerald, 10 xL of 200 pg/mL in PBS). FITC labeled particles
suspended in PBS were injected via IV catheter 3 mins following topical TNF-a application and imaged
for another 7 mins. Mice received 2x10® 2 ym particles or 1.28x10' 0.5 gm in 200 L injection volume,
corresponding to ~0.6mg/mouse, ~30mg/kg. Analysis was performed using Slidebook 6 and ImageJ by a
blinded investigator. Images were recorded continuously in green, red, and bright field channels every
100 ms. Vessels were chosen in each mouse based on size and vessel exposure, with the average diameter
of veins ranging from 90 - 190 ym, with an average of 130 ym. Total number of N® and particles were
counted per frame to obtain average N® counts per 3 s of capture in 125 ym length of mesentery vessel,

corresponding to 30 frames at 100 ms/frame."

Parallel Plate Flow Chamber Assay

A parallel plate flow chamber (PPFC) assay was performed to evaluate N® binding in vitro.
Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as described previously.'®*
Venous blood from healthy adults was collected in heparin anticoagulant and separated using a
Lymphoprep (STEMCELL Technologies) gradient. Following the centrifugal separation, monocytes and
lymphocytes were discarded from the buffy-coat; N®s and RBCs obtained in the pellet were recombined
with leukocyte-free plasma collected above the buffy-coat. N®s and RBCs in plasma were then added to
particles at an equivalent mass concentration (1x10’/mL 2 ym particles or 6.8x10%/mL 0.5 ym particles).
Preincubated samples were incubated at 37°C for 2 hrs, with control particle-free samples incubated
under the same conditions. Samples were then assayed over an interleukin-1f (I ng/ml) activated
HUVEC monolayer to evaluate N® binding as described previously.'®* Samples were perfused over the
activated HUVEC monolayer attached to a PPFC (Glycotech) in a laminar flow profile, corresponding to
a wall shear rate of 1000 s for 5 minutes. After sample perfusion, N® adhesion was assessed via optical
imaging using a Nikon TE-2000-S inverted microscope with a digital camera (Photometrics CoolSNAP
EZ with a Sony CCD sensor). Results were imaged and analyzed via Image] by a blinded investigator.
Each experimental data point with particles was normalized to an untreated control from the same blood

donor to eliminate donor to donor N® variation, then averaged across donors. Cell viability of N®s with
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and without particle incubation was performed following a dextran separation from RBCs using a

CellTiter Glo Luminescent Cell Viability Assay (Promega) following manufacturer’s instructions.

Acute Lung Injury Model

The impact of [V-administered particles on N® migration was evaluated in an established model
of ALL*** Male C57BL/6 and BALB/c mice (Jackson) were anesthetized using isofluorane and then
lipopolysaccharide (LPS, 20 pg of LPS at 0.4 mg/mL) was delivered to the lungs through an orotracheal
instillation in a 50 uL volume in PBS, as described elsewhere.” °' This causes a rapid recruitment of
neutrophils to the airspace.** One hour after instillation, mice were injected with a suspension of particles
in PBS through the tail vein. Mice received 2x10® 2 ym particles or 1.28x10'° 0.5 xm in 200 L injection
volume, corresponding to ~0.6mg/mouse, ~30mg/kg. Two or three hours after LPS instillation, mice were
euthanized, blood collected via cardiac puncture in ACD, and perfused with PBS. Bronchoalveolar lavage
fluid (BALF) was collected by inserting a cannula in an incision in the trachea and flushing the lungs
three sequential 1 mL washes of PBS. BALF cells were obtained by centrifugation, separating BALF
cells from supernatant.

Following the lavage, organs were harvested and imaged using an Odyssey CLx Infrared Imaging
System (LI-COR) and whole organ scans performed. Following NIR scan, lung, liver, and spleen were
homogenized into single cell suspensions as previously described® or frozen for histological examination.
Frozen samples were imbedded in OCT (Fisher) in disposable cassettes and flash frozen with a isopentane
slurry; additional liver samples were fixed in 4% paraformaldehyde (PFA)or flash frozen in liquid

nitrogen and stored for histology or protein analysis.

Whole organ NIR scans

Whole organ scans were completed at 169 ym resolution using the 800 nm detection channel with
NIR particles. Total fluorescence for each organ was determined by drawing a region of interest (ROI)
using Image Studio Software (LI-COR). Background organ fluorescence was determined from untreated
samples and subtracted from the fluorescence obtained in each organ ROI. Total recovered fluorescence
was determined as the sum from each organ; the corresponding fluorescent percentage was determined as

a portion of this total.

Histology
Cryosectioning, hematoxylin and eosin (H&E), and immunofluorescence staining was performed
by the In Vivo Animal Core (IVAC) at the University of Michigan. Liver samples were sliced into 4 ym

sections. Samples for immunofluorescence obtained from frozen samples and stained with primary rat
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anti-mouse Ly6G antibody and rabbit anti-rat IgG H+L secondary Alexa Fluor 594 antibody (Fisher).
Histopathologic examination of liver sections was blinded, assessed, and imaged by a board-certified

veterinary pathologist.

Cell Isolation and Tissue Homogenates

For analysis of ALI cells, single cell suspensions of the lung and liver in the ALI model were first
digested with 5 mg/mL collagenase D. All three organs were physically agitated and exposed to RBC lyse
buffer. Liver and lung lymphocytes were isolated using a Lymphoprep (Stemcell Technologies) gradient
and all cells then stained for flow cytometry. Cells were counted via hemocytometer to obtain total BALF
cell numbers. Single cell suspensions of mouse cells from BALF, lung, liver, or spleen were blocked
(anti-CD16/32, Biolegend) and stained with a panel of fluorescent antibodies for flow cytometric analysis
of cell populations. The following antibodies were used: CD45-PE, CD45-APC/Cy7, CD11c-APC/Cy7,
Ly6-G-APC, CD11b-Alexa488, CD11b-PE, CD62L-PE/Cy7, annexin V-PE, annexin V-APC (Biolegend)
and SiglecF-BV515 (BD). Cells were fixed with 4% PFA in PBS after staining and kept at 4°C until
analysis.

To measure cytokine concentrations in the liver, frozen tissue samples were weighed and added
to T-PER extraction buffer (Thermo Pierce) containing HALT protease inhibitor cocktail EDTA free
(Thermo Pierce) at 30 mg/mL. Samples were mechanically agitated and sonicated on ice and centrifuged.
The lysate was evaluated via enzyme-linked immunosorbent assay (ELISA) for TNF-a, MIP-2, KC
(R&D Systems), and IL-6 (BD) following manufacturer’s instructions. Cytokine concentrations in the
BALF were also evaluated via ELISA.

Flow cytometry data was collected on an Attune NxT Focusing flow cytometer (Life

Technologies) and analyzed using FlowJo software (Tree Star).

Statistics

For all studies, all data points were included in the analyses and no outliers were excluded in
calculations of means or statistical significance. Data are plotted with standard error bars and analyzed as
indicated in figure legends. Asterisks indicate p values of *<0.05, **<0.01, ***<0.001 and n.s indicates

not significant.
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