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Neutrophils play critical roles in a broad spectrum of clinical conditions.
Accordingly, manipulation of neutrophil function may provide a powerful
immunotherapeutic approach. However, due to neutrophils characteristic
short half-life and their large population number, this possibility was
considered impractical. Here we describe the identification of peptides
which specifically bind either murine or human neutrophils. Although the
murine and human neutrophil-specific peptides are not cross-reactive, we
identified CD177 as the neutrophil-expressed binding partner in both species.
Decorating nanoparticles with a neutrophil-specific peptide confers neutrophil
specificity and these neutrophil-specific nanoparticles accumulate in sites of
inflammation. Significantly, we demonstrate that encapsulating neutrophil
modifying small molecules within these nanoparticles yields specific
modulation of neutrophil function (ROS production, degranulation,
polarization), intracellular signaling and longevity both in vitro and in vivo.
Collectively, our findings demonstrate that neutrophil specific targeting may
serve as a novel mode of immunotherapy in disease.
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Introduction

Neutrophils are short lived polymorphonuclear
granulocytic myeloid cells, the most abundant white blood
cell in the human circulation. They represent the first line of
defense against microbial infections and play a critical role
in inflammatory processes. Their differentiation occurs in
the bone marrow, yielding short-lived cells (1). It is
estimated that every human produces ~1 billion
neutrophils per kg daily at steady state, and up to 10 times
more under inflammatory conditions (2). Notably,
neutrophils from the circulation can rapidly migrate into
sites of infection or inflammation (3).

Traditionally, neutrophils were considered to be a
homogeneous population of terminally differentiated cells
with limited functional plasticity. However, there is an
increasing body of evidence to suggest that neutrophils are a
diverse and plastic population of cells with varied functions
(4-6). The main tasks of neutrophils are related to their anti-
microbial activity. As such they are capable of phagocytosis,
secretion of reactive oxygen species (ROS), proteases and
nitric oxide (NO), autophagy and NETosis (7). Indeed,
neutrophils possess granules containing antimicrobial
compounds, but also additional proteases, lysozyme,
metalloproteases, and mediators of the oxidative burst (8, 9).
Some of the additional functions that neutrophils possess are
direct cytotoxicity to cells (mostly via ADCC), the
suppression, recruitment and modulation of other immune
cells (6, 7, 10).

Although neutrophil cytotoxicity is beneficial for fighting
infections, in many other pathological and chronic conditions
these activities can cause significant collateral damage thereby
aggravating pathological conditions (11-13). In addition, the
notion that neutrophils are massively recruited to sites of sterile
injury have raised the possibility that they have an active role in
tissue repair (14). An important aspect of neutrophils’
capabilities that is being described is their many effects on the
adaptive immune response. Neutrophils were found to be
capable of modulating adaptive reactions via the production of
cytokines, and even direct interactions with lymphocytes and
dendritic cells (6).

Using discrete parameters (e.g., localization, shape, surface
markers and more), heterogeneous populations of circulating
and tissue residing neutrophils have been described in health
and in different states of disease including infections,
autoimmune & inflammatory disorders and cancer (15-18).
Importantly, there is no clear consensus criteria to
reproducibly and unequivocally define clinically relevant
distinct neutrophil subsets. In the circulation, the two main
sub-populations of neutrophils described by us and others
include normal density neutrophils (NDN) and low-density
neutrophils (LDN) (19). Other important sub-populations
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described include tissue residing neutrophils such as tumor-
associated neutrophils, that have been further suggested to
divide to N1 and N2 neutrophils (20, 21).

Neutrophils can also play a conflicting role in a wide variety
of clinical conditions (7). Some of the non-infectious diseases in
which major involvement of neutrophils in the pathogenesis has
been described include inflammatory diseases such as
Inflammatory bowel diseases (IBD) (22), Adult respiratory
distress syndrome (ARDS) (23) and Chronic Obstructive
Pulmonary diseases (COPD) (24), as well as autoimmune
diseases such as Systemic lupus erythematosus (SLE) and
systemic vasculitis (25). It is also now well accepted that
neutrophils have an important role in the initiation and
progression of cancer (5). Neutrophils’ involvement in a wide
range of clinical conditions highlights the possibility that
targeting neutrophils to modify their function may serve as a
novel mode of immunotherapy in various inflammatory and
autoimmune diseases as well as in cancer (26-29). While this
may be true, their characteristic short life span makes ex vivo
manipulation impractical for therapeutic purposes. Instead,
neutrophil manipulation may be achieved via cell specific drug
delivery in vivo (26).

In the current study we used a phage display library to
identify short peptide sequences which specifically bind either
murine or human neutrophils. We show that the identified
peptides are benign and do not affect neutrophil activation or
viability. Importantly, decorating nanoparticles with neutrophil-
specific peptide confers neutrophil specificity and, depending on
the payload, neutrophil-specific nanoparticles can modify
various neutrophil functions both in vitro and in vivo.
Furthermore, we demonstrate that when administered
systemically, neutrophil-specific nanoparticles are taken up by
circulating neutrophils that carry them to sites of inflammation.
The ability to specifically modify neutrophil function enables the
possibility of modulating neutrophil toxicity for a wide range
of diseases.

Results

Neutrophils are known to play critical roles in a wide range
of pathologies. While possessing beneficial properties, under
certain conditions their function may be harmful. In the case of
COPD as an example, neutrophils were shown to generate ROS
and release destructive proteases which destroy the lung
parenchyma ultimately leading to emphysema (30-32). This
suggests that targeting deleterious processes in neutrophils
may be therapeutically beneficial. While this may be true, their
characteristic short life span makes ex vivo manipulation
impractical for therapeutic purposes (33). Instead, neutrophil
manipulation may be achieved via cell specific drug delivery in
vivo (26).

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1003871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vols et al.

To design neutrophil-targeting molecules we hypothesized
that relatively short peptides may specifically bind neutrophils
yet would not yield neutrophil activation & depletion as caused
by antibodies. To test this possibility, we used phage display to
screen through 10'° 6-12aa long random peptide sequences (34).
The screen was conducted using murine Normal-Density
Neutrophils (NDN (19)) for positive selection whereas
monocytes and lymphocytes served for negative selection
(Figure S1A). Following 3 rounds of positive panning and 2
interlaced rounds of negative panning, the neutrophil affinity
selected phages were eluted and sequenced (Figure S1A). Of the
resulting sequences (Figure S1B) the sequence LQIQSWSSSP
stood out as it was repeatedly isolated, constituting 28.4% of all
phages enriched during the panning (Figure SIC). The phage

10.3389/fimmu.2022.1003871

presenting the LQIQSWSSSP peptide (designated LQI-peptide)
continued to show the highest specificity, binding to 95% of
mouse neutrophils, with no detectable binding to monocytes or
lymphocytes (Figures S1D, E). Interestingly, while the unlabeled
LQI-peptide (Figure S1F) efficiently competed with LQI-phage
binding to neutrophils, any modification of the peptide
dramatically reduced its binding to neutrophils (Figure S1G).
We noticed that fluorescently labeled free LQI peptide
generated a low neutrophil binding signal and therefore
generated a tetramer molecule where 4 repetitive LQI-peptide
sequences are connected via a Doa-Mpa linker to a single biotin
molecule (Figure 1A). When incubated with white blood cells
(using Cy3-labeled streptavidin as a fluorophore) the LQI-
tetramer efficiently binds nearly 100% of neutrophils, however
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FIGURE 1

Interaction factor

Murine Neutrophil-Specific LQI-Peptide binding via CD177. (A) Schematic representation of the biotin-LQl-tetramer. (B) FACS analysis
comparing the binding of LQI tetramer (left) and 16-LQl (right) to WBC following 20 min. incubation with 1uM of each. (C) Quantification of LQI
tetramer (blue) or 16-LQl (red) binding to neutrophils and other WBC. (D) Mouse neutrophils were incubated with the LQl-tetramer, the 16-LQl
complex and the 16-Cont. (human neutrophil binding peptide - KFP) complex in increasing concentration. The samples were then analyzed by
flow cytometry and the presented shows the fraction of Cy3* neutrophils (Ly6G*). The 16-LQi and the 16-Cont. were preincubated with SA-
Cy3, the LQl-tetramer was first incubated with the cells and then incubated with SA-Cy3. (E) Quantification of FACS analysis of the extent of
binding of 16-LQI (1uM) to circulating Ly6G™ neutrophils from healthy Balb/C and C57BL/6 mice (n=3). (F) Silver staining of the gel plotting the
proteins pulled down using naked (Cont.) and LQl-tetramer decorated (LQI-peptide) SA agarose beads. (G) Top ranking proteins enriched by
LQl-tetramer-SA pull down. (H, 1) Representative dot plots of isolated WBC stained with Ly6G and CD177 (H) and CD177 and 1uM LQI-tetramer
(1). (3) FACS analysis of 16-LQl binding to control HEK293T cells (Red), SA-Cy3 binding to HEK293T cells overexpressing the murine CD177
protein (Green) and CD177-overexpressing HEK293T cells were incubated with 16-LQlI (blue). (K) Representative STORM imaging of a single
neutrophil with staining of CD177 (green) and 16-LQl (red), overlay with brightfield (left) or DAPI staining of nucleus (right). (L) Quantification of
CD177 and 16-LQl interaction for image depicted in (K) using the ImageJ Interaction Factor plugin (35). Error bars represent + SEM. * p<0.05.
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it concomitantly binds ~50% of other WBC (Figure 1B left, 1C).
In contrast preincubation of the LQI-tetramer with Cy3-labeled
streptavidin generates a tetramer of multiantigen molecules
(total of 16 LQI peptide repeats, designated 16-LQI, Figure 1B
right). The 16-LQI, showed 100% binding of neutrophils with
only ~10% binding to other WBC (Figures 1B, C). Further, the
affinity of 16-LQI to neutrophils is ~100 times higher than that
of the LQI-tetramer alone (Figure 1D). Next, we found that 16-
LQI efficiently binds circulating neutrophils from both healthy
Balb/c and C57Bl6 mice (Figure 1E). Finally, confocal imaging of
cells incubated with 16-LQI shows it interacts specifically with
murine neutrophils (Figure S1H).

Importantly, the binding of the LQI-tetramer to neutrophils
has no significant effect on viability, activation or on ROS
production (Figures S2A-E). In addition, the LQI-tetramer
does not act as a chemoattractant (Figure S2F) and does not
interfere with neutrophil chemoattraction (Figure S2G). Taken
together, these observations suggest that the LQI-tetramer
efficiently binds mouse neutrophils and does not interfere with
neutrophil function.

Next, we investigated the binding target of the LQI peptide
on the neutrophil surface. Using the biotinylated LQI-tetramer
to decorate streptavidin agarose beads we captured interacting
proteins from a murine neutrophil lysate. The enriched proteins
were run on a gel and were visualized using silver staining
(Figure 1F) prior to mass spectrometry. The highest-scoring hit
in the mass spectrometry analysis was CD177, a neutrophil
specific membrane associated protein (Figure 1G). Flow
cytometry showed that >99% of Ly6G" circulating murine
neutrophils are also CD177" whereas Ly6G™ cells are CD177°
(Figure 1H). Importantly, all circulating CD177" cells
(neutrophils) bind 16-LQI (Figure 1I). The fact that the LQI-
peptide binds only to HEK293T cells ectopically expressing the
murine CD177 confirms that CD177 is both required and
sufficient for LQI-peptide binding (Figure 1J). Finally, using
Stochastic Optical Reconstruction Microscopy (STORM) we
found that the CD177 and 16-LQI signals overlap in >90% of
the clusters, indicating that these molecules are in very close
interaction (Figures 1K, L).

To achieve neutrophil specific drug delivery, we next
decorated nanoparticles with the LQI-tetramer to render them
neutrophil-specific. We fabricated PLGA (poly(lactic-co-glycolic
acid)) nanoparticles (NP) containing PLGA-PEG-Maleimide
(30%) and designed an LQI-tetramer bearing a c-terminal
cysteine instead of biotin. Incorporating PLGA-Cy5 (10%) in
the NP formulation facilitated detection of NP uptake by flow
cytometry. Following extensive optimization, we determined
that the most efficient NP peptide conjugation for neutrophil
targeting is via PLGA-PEG-Mal providing very high neutrophil
uptake with minimal uptake by non-neutrophil WBC (Figures
S3A-E). Importantly, using electron microscopy we observed no
size difference between peptide-coated (P-NP) and non-peptide
coated NP (Figure S3F). Indeed, decorating NP with the peptide
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(P-NP) conferred neutrophil specificity and dramatically
increases the uptake by neutrophils (Figures 2A, B). Using 3D
reconstitution of confocal imaging, we demonstrated that the P-
NP are taken up by neutrophils (Movie S1).

PLGA nanoparticles are known to gradually degrade within
the cell, releasing encapsulated payload (36). We therefore tested
whether neutrophil degranulation or ROS production could be
modulated by encapsulating small molecule inhibitors within
neutrophil specific P-NP. Neutrophils generate ROS via the
NADPH oxidase complex which is potently inhibited by
Diphenyleneiodonium (DPI). Stimulating neutrophils with
Phorbol 12-myristate 13-acetate (PMA) dramatically increases
ROS production (Figure 2C). While addition of empty P-NP had
no effect on PMA stimulated ROS production, free DPI, and to a
greater extent DPI-containing P-NP, efficiently blocked the
effect of PMA on ROS production (Figure 2C). Using a similar
strategy, we tested whether P-NP may be used to block
neutrophils’ ability to degranulate, a process that may be
inhibited by Nexinhib-20 (37). Following PMA stimulation
neutrophils degranulate, as shown by an increase in CDI1b
surface expression. This process is dramatically lowered when
neutrophils are pre-treated with Nexinhib-20 containing P-NP
(Figure 2D). We next tested whether neutrophil-specific
targeting may be used to modify intracellular signaling. To the
end we used SB431542, a small molecule inhibitor of TGF
signaling loaded into P-NP. Notably, while neutrophils
stimulated with TGFB show an increase in Smad2
phosphorylation, in the presence of SB431542 Smad2
phosphorylation is blocked (Figure 2E). In a similar fashion,
while empty P-NP have no effect on TGFf stimulated neutrophil
Smad2 phosphorylation, SB431542-containing P-NP efficiently
down-regulate the phosphorylation of Smad2 (Figure 2F).
Finally, we tested whether neutrophil viability may be
manipulated by specific targeting of Roscovitine. Our data
show that in comparison with empty P-NP, Roscovitine
containing P-NP increase the fraction of Ly6G" neutrophils
undergoing apoptosis, reaching levels similar to those of free
Roscovitine (Figures 2G, H). Importantly, while free Roscovitine
dramatically increases the rate of apoptosis in non-neutrophil
Ly6G- cells, encapsulated Roscovitine has no effect of their rate
of apoptosis (compared with empty P-NP, Figure 2I). This
suggests that encapsulating Roscovitine within P-NP can be
used to induce apoptosis in a neutrophil specific manner.

Together, these observations demonstrate both the efficacy
and specificity of using P-NP to specifically manipulate
processes within neutrophils that are critical in the context of
inflammation. We then analyzed the biodistribution of Cy3™
streptavidin-coated nanobeads (NB) using TyphoonTM (38) and
found that splenic accumulation of NB was very high but was
lower when using LQI-peptide decorated NB (P-NB)
(Figures 3A, B). In contrast, P-NB accumulation in the lungs
was significantly higher than that of NB (Figures 3A, C)
reflecting the presence of lung resident neutrophils. We also
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FIGURE 2

P-NP Mediated Modulation of Neutrophil Function In Vitro. (A) Representative quantification of uncoated or LQI-coated NP binding to
neutrophils (blue) or other WBC (red). (B) FACS plots showing uncoated (middle) or LQI tetramer coated (right) Cy5-labelled PLGA NP binding to
Ly6G* neutrophils in whole blood. Left panel shows unstained control. RBC were lysed prior to FACS analysis. Cells with high side scatter (SSC)
represent neutrophils. (C) PMA (50 nM) induced ROS production in control neutrophils (Cont.), neutrophils treated with empty (Empty NP) or
DPI-containing P-NP (DPI NP) or with free DPI (DPI, 10 uM). (D) FACS analysis of CD11b expression in neutrophils before (Cont.) or following
PMA (100 nM) stimulation. Neutrophils were preincubated with vehicle, empty or Nexinhib-20 loaded LQI tetramer coated NP#. The experiment
was done several times in different combination of experimental conditions which cannot be averaged and presented with error bars. (E) Upper
panel - western blot analysis showing Smad2 phosphorylation in neutrophils stimulated with TGFf (10 ng/pl, 30 min.) in the presence of
SB431542 (100 puM or 10 uM). Control neutrophils (leftmost lane) were treated with vehicle. Lower panel - western blot analysis of Smad 2/3
serving as loading control for the samples in the upper panel. (F) Western blot analysis of Smad2 phosphorylation and Smad2/3 expression in
neutrophils which were pre-incubated with 6 or 0.6 ug/ul empty (1:10) NP, 6 or 0.6 ug/ul (1:10) SB431542 NP before stimulating with TGFf (10
ng/ul, 30 min.). Control cells were treated only with TGFB. Lower panel - western blot analysis of Smad 2/3 serving as loading control for the
samples in the upper panel. (G) Ly6G* Neutrophils isolated from 4T1-tumor bearing mice were incubated with empty P-NP, roscovitine-loaded
P-NP or free Roscovitine. Subsequently cells were analyzed for Annexin-V binding to quantify apoptotic cells. (H) Effect of empty or roscovitine-
containing P-NP on neutrophil numbers 4 hrs following P-NP administration. (I) Non-neutrophil Ly6G™ cells isolated from 4T1-tumor bearing
mice were incubated with empty P-NP, roscovitine-loaded P-NP or free Roscovitine. Subsequently cells were analyzed for Annexin-V binding to
quantify apoptotic cells. The experiments were repeated at least 3 times with similar results. Error bars represent + SEM. * p<0.05, ** p<0.01. ns,

10.3389/fimmu.2022.1003871

not significant. *The experiment was done several times in different combination of experimental conditions which cannot be averaged and

presented with error bars.

noticed that the site of i.v. injection in the tail shows
accumulation of P-NB but not of uncoated NB (Figures 3A, D,
E) suggesting that P-NB are taken up by circulating neutrophils
which are recruited to the site of inflammation caused
by injection.

To further examine nanoparticle labeled neutrophil
recruitment, we used the DSS-induced mouse model of colitis.
Healthy and colitic mice were injected i.v. with P-NB and Cy3
fluorescence in their colons were evaluated using TyphoonTM.
While there is no fluorescence emanating from the colons of
healthy mice (left panel), there are foci within the inflamed colon
(right panel) with very high Cy3 signal representing the
accumulation of P-NB (Figure 3F). Indeed, observing the
inflamed colon using fluorescent imaging (4X) shows the
accumulation of clusters of Cy3" cells in this site (Figure 3G).

Finally, we investigated whether P-NP may be used to modify
neutrophil function in vivo. First, we injected P-NP iv. to healthy
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mice and monitored particle uptake and distribution. We found that
4 hrs following i.v. administration, ~80% of circulating neutrophils
are labeled by P-NP whereas fewer than 30% of circulating
neutrophils are labeled by NP (Figure 4A). However, the extent of
neutrophil association with these PLGA P-NP rapidly decreases with
a half-life of approximately 4 hrs (Figure 4A). Still, we tested whether
P-NP loaded with specific neutrophil inhibitory small molecules can
modify neutrophil function in vivo. We found that while empty P-
NP had no effect on ROS production, P-NP containing DPI
administered in a mouse model of peritonitis, significantly reduced
ROS production (Figure 4B). Notably, blocking of ROS production
by DPI containing P-NP was similar to the blocking achieved using
free DPI suggesting that targeting DPI specifically to neutrophils is as
efficient as systemic DPI administration and may serve as a mode for
circumventing the toxicity associated with systemic administration of
DPL In a previous study we demonstrated that neutrophils exist in
two phenotypically distinct subsets, normal-density (NDN) and low-
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FIGURE 3

Nanoparticle distribution in vivo. For biodistribution experiments we used Cy3™-streptavidin nanobeads which were either administered as naked
nanobeads (NB) or following labelling with the LQI neutrophil targeting peptide (P-NB). (A) Typhoon™ biodistribution imaging in healthy Balb/C mice 3
hours following i.v. injection of either Cy3* NB, Cy3* P-NB or PBS as control. The mice were sactrificed and their organs imaged immediately. (B-D)
Quantification of Typhoon Cy3 fluorescence reading from the spleen (B), the lungs (C) and the tail (D) of mice injected with either NB or P-NB/(E)
Fluorescent staining of a neutrophils (green) carrying fluorescent nanobeads (red) within a blood vessel (dashed lines). (F) Representative NyphoonTM
imaging of Cy3* P-NB in colons from healthy mice (left) and mice with DSS-induced colitis (right). The mice were sacrificed 3 hours following i.v.
injection Cy3* P-NB, the colon harvested, washed with PBS and imaged immediately. (G) Representative imaging taken with a fluorescent binocular
showing the accumulation of P-NB the inflamed colon from mouse with DSS-induced colitis. Following the induction of colitis, the mouse was injected
with Cy3* P-NB, the colon harvested, washed with PBS and imaged immediately. Error bars represent + SEM

density (LDN (19)). We further showed that TGFJ drives the circulation of 4T1 tumor bearing mice, SB431542-containing P-NP

transition of NDN to the LDN and that blocking of TGE reduces administered i.v. dramatically reduced LDN numbers (Figure 4C).
the numbers of circulating LDN. Here we show that in a similar The relatively short half-life of the neutrophil targeting
fashion, while empty P-NP had little effect on LDN numbers in the PLGA nanoparticles (~4 hrs, Figure 4A) represents a major
Frontiers in Immunology 06

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1003871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vols et al. 10.3389/fimmu.2022.1003871

A B c
100, 97 :
g
801 ~ Empt DPI P-NP X
. S pty P-NP =
r S 61 E?
2601 P-NP x P
o @ a
S0 5 DPI o ”
= NP 2 g’
201 & 3
5
o : : : : : ) 0 . . . . \ 0
0 4 8 12 16 20 24 0 1 2 3 4 5 & L
Time (hrs) Time (sec. x1000) o &
Q/é\
E F
12 100+ P-Lip
10 MOther T -
R 80
> s
% 260
6 )
= 340
2 207 ’\QLIP\.
0 - n 0 ; . , g
Lip P-Lip 0 6 12 18 24
H | Time (hrs)
) - 140,
120+
<
8100+
c
S 80+
2
a 60
£ 40
['4
20+
03 E 8 10
N Q,\}\Q Stelazine (uM)
L
Cont. LPS+PBS LPS+Stelazine 1404 LPS
- : 120
, _ . x
41X =100 ns
S
Y | g 80
= Beo M T ns
LPS LPS & w
+Empty P-Lip +Stelazine Lip +Stelazine P-Lip 8 407
. x h|
gy, : 20
. N
] ' & Q¥ @ < E @ @ 2
' o & @ & A4 @
X RSN
& & < %@

FIGURE 4

Modulation of Neutrophil Function /n Vivo. (A) NP containing neutrophils in healthy Balb/C mice injected i.v. with either NP or P-NP at 4, 8 and
24 hours post injection (n=2 per group). (B) Healthy Balb/c mice were intraperitoneally injected with Zymosan-A to induce peritonitis. These
mice were then i.v. injected with free DPI, empty P-NP or DPI containing P-NP. The peritoneal neutrophils were then isolated and stimulated
with PMA (100 nM). Graph shows the extent of H,O, production in neutrophils isolated from treated mice following PMA stimulation. (C)
SB431542-containing P-NP limit the propagation of circulating low density neutrophils in 4T1 tumor bearing mice, indicating effective blocking
of TGF in vivo (19). Control mice (Cont.) were untreated and mice treated with empty P-NP (Empty NP) served as control for P-NP injection
(D) The extent of targeting Cy5* Lip and P-to neutrophils (blue) or other WBCs (red) 4 hrs post i.v. administration (n=4 per group). (E) The
relative uptake (Cy5 MFI) of Cy5* Lip and Cy5" P-Lip by neutrophils (blue) or other WBCs (red) 4 hrs post i.v. administration (n=4 per group)

(F) Lip-containing neutrophils in healthy Balb/C mice injected i.v. with either Lip or P-Lip at 1, 6 and 24 hours post injection (n=4 per group).
(G) Representative imaging of Cy5 emanating from the lungs of mice with ARDS treated with Cy5* Lip or Cy5* P-Lip. (H) Average intensity of
Cy5 emanating from the lungs of mice with ARDS treated with Cy5"* Lip or Cy5* P-Lip (n=4 per group). (I) Stelazine dose dependent inhibition
of ROS production in isolated neutrophils. (J) Representative IVIS imaging of ROS production emanating from lungs extracted from a control
mouse and mice treated with LPS. LPS treated mice were further treated with PBS, free Stelazine, empty P-Lip, Stelazine Lip and Stelazine P-Lip.
(K) Average IVIS reading from control mice and LPS treated mice that were also treated with PBS, free Stelazine, empty P-Lip, Stelazine Lip and
Stelazine P-Lip (n=4 per group). (L) Average ROS production in LPS treated mice that were also treated with PBS, free Stelazine, empty P-Lip,
Stelazine Lip and Stelazine P-Lip. LPS treated mice treated with PBS were used as 100% (n=4 per group). The experiments were repeated at
least 3 times with similar results. Error bars represent + SEM. ** p<0.01. ns, not significant.
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challenge for application of these molecules in the clinic. We
therefore explored the possibility of using liposomes, which have
previously demonstrated extended nanoparticle
pharmacokinetics to prolong the duration of effective
neutrophil targeting. To this end we fabricated either standard
liposomes (Lip) or peptide decorated liposomes (P-Lip). As seen
with the PLGA NP, decorating liposomes dramatically enhances
both the fraction of targeted neutrophils (% Cy5" neutrophils,
Figure 4D) and the number of liposomes per cell (average Cy5
MFI, Figure 4E). These observations show that decorating
liposomes with the neutrophil-specific peptide enhances both
the specific delivery to neutrophils and the number of liposomes
per neutrophil. Strikingly, we also noted that the duration of P-
Lip labeling of neutrophils is dramatically increased (Figure 4F)
when compared with P-NP.

Next, we used a mouse model of Acute Respiratory Distress
Syndrome (ARDS) and noted that neutrophil targeted liposomes
(P-Lip, Figures 4G, H) accumulate in the inflamed lungs
significantly more than non targeted liposomes (Lip,
Figures 4G, H). We then tested the efficacy of neutrophil
targeted liposomal drug delivery on neutrophil function in the
ARDS model. This again presented a difficulty since liposomes
consist of a hydrophilic lumen which is incompatible with the
neutrophil modulating small molecules used thus far (e.g., DPI).
We therefore performed a high throughput screen for

10.3389/fimmu.2022.1003871

hydrophilic drugs that efficiently block neutrophil ROS
production and found that Stelazine, an anti-psychotic drug,
efficiently blocks neutrophil ROS production of activated
neutrophils with an IC50 of ~ IuM (Figure 4I). We then
tested whether targeting Stelazine to neutrophils using P-Lip
can block ROS production in vivo. We compared the extent of
ROS production in LPS induced ARDS while treating the mice
with vehicle, free Stelazine, Stelazine in non-targeted liposomes
(Stelazine-Lip) and Stelazine in targeted liposomes (Stelazine P-
Lip). While free Stelazine and Stelazine-Lip had some effect on
neutrophil ROS production, targeted delivery of Stelazine to
neutrophils in Stelazine P-Lip reduced neutrophil ROS
production by >65% (Figures 4]-L).

Using a strategy similar to the one described above (Figure
S1), we screened our phage display library for peptides specifically
binding human neutrophils. This strategy yielded 8 different
peptides (Figure 5A) which specifically bind human neutrophils
when presented on the phage surface. Notably, phages expressing
the various neutrophil binding peptides all bound ~60% of
circulating neutrophils obtained from healthy donors
(Figure 5B) suggesting a common binding mechanism.
Nonetheless, these phages consistently bound ~5% of
neutrophils from one specific healthy donor (black empty
circles, Figure 5B) suggesting that the binding target is lacking
in this individual. We focused on one peptide
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FIGURE 5

Characterization of Human P-NP. (A) High ranking human neutrophil binding peptide sequences. (B) Binding of phages expressing different
peptides to CD66b* neutrophils from different donors (colored circles). Open black circles represent an outlier excluded from the overall
average. (C) Representative quantification of 16-KFP binding to neutrophils (SSCM9", blue) and other WBC (SSC'°Y, red) from a healthy donor.
(D) 16-KFP binding and CD177 expression of neutrophils of healthy donors (2, 6, 10), COPD patients (11, 12) and lung cancer patients (13). Note
the low neutrophil binding and low CD177 expression in healthy donor #2. (E) Correlation between CD177 expression and 16-KFP binding in
different donors. (F) Binding of 16-KFP to neutrophils with increasing amounts of CD177 blocking antibody. (G) FACS analysis of human
neutrophil binding of KFP-tetramer coated (right) and uncoated (middle) PLGA-Cy5 labelled NP in WBC from a healthy donor. (H) PMA induced
ROS production in control neutrophils (Cont.), neutrophils treated with empty (Empty NP) or DPI-containing P-NP (DPI NP).
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(KFPDLDSRRLPHMSL - KFP) and generated a biotinylated KFP-
tetramer multiantigen (designated 16-KFP) for downstream
applications. In whole blood, 16-KFP bound ~80% of human
neutrophils and less than 10% of non-neutrophil WBC
(Figure 5C). The human 16-KFP has no significant effect on
neutrophil activation, viability or chemotactic properties (Figure
§4). Using the KFP-tetramer as bait in a pull-down experiment
followed by mass spectrometry, we again identified CD177 the
binding partner for 16-KFP. Indeed, although the number of
samples is limited, we found a correlation between CD177
expression and KFP-tetramer binding to neutrophils of healthy
donors, patients with COPD and lung cancer patients (Figures 5D,
E; Table S1). Importantly, we found that healthy donor #2, whose
neutrophils were bound only to a low percentage by the
neutrophil-specific phages (Figure 5D), is in fact a CD177
hypomorph (as are ~5% of the population (39)) (Figure 5D).
The low binding of KFP to the neutrophils from donor #2 (of
which only 5% express its binding partner CD177) supports the
notion that KFP binding to neutrophils requires CD177
expression. Moreover, the extent of KFP-tetramer neutrophil
binding and CD177 levels fit well within the correlation plot
and support the role of CD177 in mediating the binding of the
KFP-tetramer to neutrophils (Figure 5E). Further corroborating
the role of CD177 in this process, we demonstrated that increasing
concentrations of a human CD177 antibody effectively compete
with the binding of the 16-KFP (Figure 5F). Intriguingly, the
mouse and human CD177 proteins act as binding partners for our
neutrophil specific peptides though they differ in molecular weight
[105kDa and 54kDa respectively (40)] and the 16-LQI and the 16-
KFP do not cross bind (see Figure 1D, 16-Cont.).

Next, we tested whether human P-NP may be used to modify
human neutrophil function in vitro. Coating the PLGA/PLGA-
PEG-Maleimide NP with the KFP-tetramer indeed confers
neutrophil specificity (Figure 5G). We then demonstrated that
DPI-loaded, but not empty P-NP, efficiently block PMA-
induced ROS production in human neutrophils (Figure 5H).

Discussion

Neutrophils are the most abundant white blood cell
population in the circulation. Although previously thought to
have a limited functional plasticity this view has changed due to
findings made in recent years. Neutrophils were found to play
various, sometimes conflicting, roles in many clinical scenarios
ranging from periodontal diseases to cancer (7). This new
understanding has made it clear that neutrophils, being
numerous and highly active in a variety of diseases, may serve
as a therapeutic target for therapeutic treatment. However, this
was considered difficult due to the unique nature of neutrophils.
Neutrophils are short lived (2-5 days at the most in the human
circulation) and easily activated yielding cell death. This
precludes the option of harvesting and modifying neutrophils
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for therapeutic purposes the same way T cells are currently
modified in CAR-T. Instead, neutrophils must be modified in
vivo, by targeted molecules with an extended half-life to account
for constant turnover (26). Indeed, there are ongoing efforts to
modify neutrophils therapeutically via systemic blocking of
neutrophil recruitment, mobilization or activation. However,
there are no FDA approved neutrophil targeting molecules
and those that proceeded through clinical trials showed
significant side effects, including increased infections which
may be a result of neutropenia (41, 42).

With this realization we postulated that neutrophil targeted
drug delivery, aimed at blocking specific neutrophil functions,
will circumvent several hurdles associated with utilizing
neutrophils for therapeutic purposes: 1) It will allow
modification of neutrophils in vivo. 2) It will allow the use of
potentially toxic compounds that are not tolerated well when
administered systemically. 3) It will block specific neutrophil
functions without eliminating neutrophils altogether. To this
end we used a phage display library to screen for short peptides
which bind neutrophils in a specific fashion. In the mouse phage
display screen, we identified a single neutrophil specific peptide.
It was highly represented and bound neutrophils with increased
specificity when expressed in multiple copies on the phage
surface (Figure 1). With the requirement for both high affinity
and high avidity, achieving similar binding of the purified
peptide required a unique chemical structure where 4 peptide
repeats are linked together on a single peptide backbone.
Importantly, this peptide had no apparent effect on neutrophil
function or viability. When used to decorate PLGA
nanoparticles or liposomes the neutrophil-specific peptide
confers neutrophil targeting specificity and was found to bind
all subsets of neutrophils including NDN, LDN, inflammatory
neutrophils and tumor associated neutrophils (TAN, data not
shown). PLGA nanoparticles and liposomes decorated with the
peptide not only bind neutrophils specifically in vitro but also in
vivo. Furthermore, they are taken up by neutrophils in vivo and
are carried to the sites of inflammation where they accumulate.

We also showed that we can effectively use drugs loaded
nanoparticles to modulate neutrophil activity by blocking the
production of Reactive Oxygen Species (ROS), neutrophil
degranulation, TGFP signaling and even induce apoptosis in a
specific manner (Figure 2). Lastly, we were able to identify
human neutrophil binding peptides which, like the mouse
peptide, provide neutrophil specificity to nanoparticles when
they are presented on the particle surface. Taken together, these
observations suggest that targeted nanoparticles (PLGA or
liposomes) may be used as a platform for modifying specific
neutrophil functions in vivo without inhibiting other important
functions of these cells.

Neutrophils play a key role in a wide array of clinical
conditions including inflammatory diseases, severe reactions to
infections (e.g., sepsis or ARDS) and cancer. Neutrophil targeted
nanoparticles may be used to limit inflammation (ROS,
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degranulation, chemotaxis), enhance anti-tumor immunity
(TGFB), decrease NETosis (PAD4) and more. In this respect,
neutrophil specific drug delivery may be viewed as a platform
that may be custom tailored to benefit patients in a broad
spectrum of clinical conditions. These findings create a new
avenue in immunotherapy by establishing a platform delivery
modality to modulate neutrophils.

Materials and methods
Animals

5-6-week-old BALB/c and C57BL/6 mice were purchased
from Harlan (Israel). All experiments involving animals were
approved by the Hebrew University’s Institutional Animal Care
and Use Committee (IACUC).

Cell lines

4T1 and HEK293T cells were purchased from the ATCC.
HEK293T cells were infected with a lentiviral vector (pLVX-
mCD177) to stably express the murine CD177. All cells were
cultured in DMEM with 10% FCS, 2 mM L-glutamine and 100
U/ml penicillin/100 pg/ml streptomycin.

Antibodies

Antibodies used in this study were the following: rat anti
mouse Ly6G-violet 450 (Tonbo Biosciences), rat anti mouse
Gr1-FITC (Tonbo Biosciences), rat anti mouse/human CD45-
PE (BD Biosciences), rat anti mouse/human CD45-APC (Bio
Legend), rat anti mouse/human CD11b-FITC (BD Biosciences),
rat anti mouse CD177-Alexa Fluor 647 (R&D Systems), rat anti
human CD177-APC (Bio Legend), mouse anti phage M13-PE
(Santa Cruz), rabbit anti mouse/human pSmad2 (Cell
Signaling), rabbit anti mouse/human pSmad3 (Abcam), rabbit
anti mouse/human Smad2/3 (Cell Signaling), Annexin-V FITC
(Biotium) and SA-Alexa Fluor 568 (Thermo Scientific).

Peptides

Peptides used in this study were the following:
LQIQSWSSSP and Cy5-LQIQSWSSSP (Sigma), Biotin-
LQIQSWSSSP and Fluorescein-GGGS-RG-LQISWSSSP-AAG-
CONH, (by solid phase peptide synthesis (SPPS) as previously
described by (43)). LQIQSWSSSP-Doa-Doa-C),-(Mpa),-Lys,-
Lys-B-Ala-Lys(Biotin)-B-Ala-OH, (LQIQSWSSSP-Doa-Doa-C)
4+-(Mpa) 4-Lys,-Lys-Cys-NH,, (KFPDLDSRRLPHMSL-Doa-
Doa-C),-(Mpa),-Lys,-Lys-B-Ala-Lys(Biotin)-3-Ala-OH and
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(KFPDLDSRRLPHMSL-Doa-Doa-C)4-(Mpa)4-Lys,-Lys-Cys-
NH, (Intavis, Ttibingen, Germany). The tetramer peptides were
synthesized with a structure similar to multimeric peptides
described by Li et al. in 2009 (44). The LQI tetramer presents
the LQIQSWSSSP peptide on 4 branches with a free N-terminus
connected by maleimide tetrameric cores. In addition to the
peptide sequence two residues of 8-amino-3,6-dioxaoctanoic
acid (Doa) were attached to the peptide to increase solubility.
The C-terminus had either a biotin-tag which makes it accessible
for fluorescent detection with Cy3-labeled streptavidin or a
cysteine residue which allowed a click reaction to PLGA-PEG-
Maleimide (structure in Figure 1). The human KFP tetramer was
designed in the same fashion.

Mouse models of disease

Cancer - Female 6-8 weeks old Balb/C mice were injected
with 0.5x10° of 4T1 tumor cells into the mammary fat pad or
1x10° ABI12 mesothelioma cells subcutaneously to the flank.
Tumor growth was monitored and mice were sacrificed after 15-
25 days depending on tumor size. The tumors were allowed to
reach an average size of (700-800 mm?>). Colitis - Colitis was
induced in healthy male C57/Bl6 mice by adding 4% DSS to the
drinking water for 5 consecutive days. The mice were then given
DSS-free water for 2 days. ARDS - Healthy male C57/Bl6 mice
were anesthetized with Xylazine/Ketamine and LPS (7.5mg/kg in
50ul PBS) was introduced by inhalation into the Iungs. Control
mice were treated with PBS. Measurement of ROS in the lungs
was done using IVIS imaging at 48 hrs post LPS administration.

Mouse neutrophil purification

Circulating Neutrophils were purified from orthotopically
injected (mammary fat pad) 3-week 4T1 tumor-bearing mice as
described before (45). In brief, whole blood was collected by cardiac
puncture using heparinized (Sigma) syringe. The blood was diluted
to a volume of 6 ml with 0.5% BSA/PBS and subjected to a
discontinuous Histopaque (Sigma) gradient (1.077 and 1.119).
NDN were collected from the 1.077-1.119 interface. LDN were
collected from the plasma-1.077 interface. Red blood cells (RBCs)
were eliminated by hypotonic lysis. Neutrophil purity and viability
were determined visually and were consistently >98% for NDN.
Tumor associated neutrophils were isolated from 4T1 tumors that
were minced and digested in L15 medium (Sigma-Aldrich)
containing 0.2 mg/mL collagenase type I, 0.05 mg/mL collagenase
II, 0.2 mg/mL collagenase type IV (all from Sigma-Aldrich), 0.025
mg/mL DNase I (Roche Applied Science), and 0.025 mg/mL elastase
at 37C for 40 minutes. The digested tissue mixture was then filtered
through a 70-mm filter and centrifuged at 1,250 rpm, 5 minutes at
room temperature. The pellet was then resuspended in RBC lysis
buffer for 1 minute, RPMI medium was added to stop the lysis, and
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centrifuged again 1,250 rpm, 5 minutes at room temperature. Pellet
was resuspended in EasySep buffer, and Ly6G" cells were isolated
using the EasySep APC-positive Selection Kit (STEMCELL
Technologies) with anti-mouse Ly6G APC antibody (BioLegend)
according to the manufacturer’s protocol.

Human neutrophil purification

Collection of blood from patients was approved by Hadassah
Medical Center institutional review board (IRB). Following
informed consent, blood samples (~10cc) were collected from
healthy volunteers or from lung or breast cancer patients. Blood
samples were transferred to the lab for analysis no more than 15
minutes post-blood draw. Neutrophils were purified as
previously described (45). In brief, heparinized blood (20U/ml)
was mixed with an equal volume of Dextran 500 (3% in saline)
and incubated 30 minutes at room temperature. The leukocyte-
rich supernatant was layered on top of Histopaque 1077 (Sigma)
and centrifuged. High-density neutrophils were collected in the
pellet fraction. LDN were collected from the 1077-plasma
interface. Neutrophils were resuspended in 10ml 0.2% NaCl
for 30 seconds to remove contaminating erythrocytes.
Isotonicity was restored by the addition of 10 ml 1.6% NaCl.
Neutrophils were then washed three times in HBSS.

Phage screening

Murine - The phage library stock (lib-8 mix) had a
concentration of 1x10** pfu/ml (34). The stock was diluted 1:10
in 0.5% BSA/1xPBS and 200 ul were incubated with 2x10” purified
NDN from 4T1 tumor bearing mice. The eluate was amplified in
DH5aF" E. coli and negatively selected on circulating
lymphocytes and monocytes purified for healthy mice.
Following 2 rounds of positive selection and an additional
round of negative selection the phages were amplified by PCR
(fwd - cgtcggcagegtcagatgtgtataagagacagggecaacgtgge, rev —
gtctegtgggctcggagatgtgtataagagacagggecccagaced) and subjected
to deep sequencing by MiSeq (Core Research Facility Unit
Hadassah Ein Kerem). The screen on murine NDN was
conducted in 5 replicates in parallel. Human - Using a similar
protocol phage panning was done on neutrophils isolated from 5
healthy donors (Table S1). The positive selections rounds were
performed on NDN and the negative selection was performed
using of mononuclear low-density cells. Final eluates were
subjected to PCRs, purified and sequenced as described above.

Neutrophil functional assays

ROS production - 2x10° purified NDN in HBSS without
phenol red were plated in white 96- flat-bottom well plate. 20 ul
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of a 500 UM luminol solution in HBSS including 40 U/ml HRP is
added to each well. Then cells were treated with various amounts
of the LQI tetramer peptide, 10 nM PMA or 100 nM PMA.
Chemiluminescence was measured for 90 min (InfiniteF200Pro,
TECAN) (46).

Migration - NDN were isolated by density-gradient
centrifugation from the circulation of 4T1 tumor-bearing
mice. 800 ul of 2% FCS/RPMI medium was placed into the
24-well plate, then Millicell® cell culture inserts with a pore size
of 5 uM were placed into the wells and were allowed to soak for 5
min. NDN were suspended to a density of 2.5x10° cells/ml in 2%
FCS/RPMI and 200 pl of the cell suspension was placed into the
upper chamber of the transwell insert (46). Migration was
stimulated by added 100 ng/ul CXCL2 to the bottom chamber
of the wells (consider V=800 pl), and the LQI tetramer peptide
was added to either in the lower chamber or to NDN in the
upper chamber in different concentrations. The assay was
stopped after 90 min. Each condition was tested in triplicate.
Per well 5 pictures were taken at the same coordinates (middle,
top, bottom, left, right). Cells per field of view were counted
using Image].

Protein pulldown and mass spectrometry

Protein lysate (107 NDN purified from 4T1-tumor
bearing mice) were incubated for 3 hrs with 25 ul of LQI-
SA-agarose beads (SA-agarose beads served as controls).
Following washing, the beads were resuspended in 50 pl of
1.5x protein sample buffer (incl. 3% SDS and f-
mercaptoethanol) and incubated for 15 min at 95°C. After
short spin down, 35 pl of the supernatant were loaded on to
a pre-cast gradient SDS-PAGE, the gel was stained with
Pierce Silver Stain Kit according to manufacturer’s
instructions. Relevant lanes were excised and sent for
mass spectrometry analysis to the Smoler Proteomics
Center (Technion, Haifa).

Overexpression of murine CD177 in
HEK293T cells

The murine CD177 generated a PCR using the primers
Agel-CD177 mouse and Nhel-CD177 mouse (fwd -
cagtacgaccggtgccgccaccatgaattctataccagtgctgacce, rev —
aaggctactagctagcgcagagaggacagatcccagecatac) on NDN
c¢DNA. The mCD177 PCR product was digested with the
restriction enzymes Agel and Nhel and cloned into the pLVX
plasmid. HEK293T cells were infected with the generated
lentiviral vector pLVX-mCD177. Overexpression of
mCD177 was determined using anti-CD177-Alexa647 in
flow cytometry analysis using parental HEK293T cells
as control.
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Stochastic optical reconstruction
microscopy imaging and analysis

STORM analysis was performed as previously described
(47). In brief, WBC were isolated from 4T1-tumor bearing
mice and incubated in 5 ml glycine quenching buffer for 30 min
at RT. The cells were incubated with the LQI tetramer SA-
Alexa 568 and CD177-Alexa 647 antibody for 30 min at 4°C.
Following washing and fixation (PFA) the cells were stained
with YOYO-1. Before imaging, cells were resuspended in
STORM imaging buffer (100mM MEA, 10% glucose, Glox
(11.2 mg/ml glucose oxidase (Sigma) and 1.8 mg/ml catalase
(Sigma)) in dilution buffer (50 mM NaCl, 200 mM Tris in
D,0)). STORM was performed in a Nikon Eclipse Ti-E
microscope with a CFI Apo TIRF x 100 DIC N2 oil objective
(NA 1.49, WD 0.12 mm) equipped with a Andor iXon-897
EMCCD camera. Super-resolution images were reconstructed
from a series of at least 5000 images per channel using the N-
STORM analysis module, version 1.1.21 of NIS Elements AR v.
4.40 (Laboratory imaging s.r.o.). Co-localization analysis was
performed using the Image]J plugin ‘Interaction Factor package’
described previously (35). The calculated ‘Interaction Factor’
scores between 0 and 1, where 0 represents no interaction and 1
represents complete overlap.

Nanoparticle fabrication

PLGA - NP were synthesized by single emulsion method
using PLGA (60%), PLGA-PEG-Maleimide (30%) and PLGA-
Cy5 (10%) in the presence or absence of payload compound. For
peptide coating, NP were incubated overnight at 4°C. The NP
were washed, resuspended in PBS and loaded onto a dialysis tube
with a cut-off of 300 kDa. Following dialysis, the NP were
washed, suspended in PBS stored at 4°C in the dark until use.
NP were measured using dynamic light scattering (Zetasizer
Nano-ZSP, Malvern Instruments, UK). NP morphology was
evaluated by means of transmission electron microscopy
(TEM, Hebrew University core facility). To quantify drug
loading, NP were dissolved in DMSO, sonicated and analyzed
for absorbance at the wavelength specific to the drug (SB-431542
= 325 nm, DPI = 257 nm, roscovitine = 293 nm, Nexinhib20 =
272 nm). NP were fabricated using: PLGA (50:50), acid
terminated Mw 38,000-54,000 (Resomer® RG 504 H, acid
terminated, Sigma); PLGA-Cy5 (50:50) Mw 45,000 - 55,000
(AV034, PolySciTech®, Akina, Inc.), PLGA(50:50) (30,000)-
PEG(5,000)-Maleimide Mw ~30,000-55,000 (AIl10,
PolySciTech®, Akina, Inc.).

Streptavidin Coated Fluorescent Nile Red Particles (0.7-0.9
uM) were purchased from Spherotech, Inc., IL, US. The
nanospheres were decorated with the LQI-tetramer using
Streptavidin-Biotin interactions.
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Liposomes - Liposomes were fabricated using HSPC
(Lipoid), Cholesterol (Sigma), DSPE-PEG3400-Mal (NOF) and
DilC18 (5)-DS at a molar ratio of 56.5: 41: 2.5: 0.18. Liposomes
were fabricated as described before (48, 49). The liposomes were
incubated with the targeting peptide for 1.5hr at RT on shaker
(20 rpm), and then incubated overnight at 4°C on shaker (20
rpm). Free maleimide was quenched using 1mM L-Cysteine.
Small molecule drugs were actively loaded into liposomes which
were then cleansed using PD-10 columns.

High throughput screening

High throughput screening for molecules blocking neutrophil
ROS was done at the INCPM (Weizmann Institute, Israel). 2000
human neutrophils were plated onto 384 plates containing 10pM
compounds from the Sigma LOPAC collection, Prestwick Known
Drugs, Selleck Chemicals Screening collections (there are many
subsets there), Targetmol FDA approved cancer and the
Microsource Spectrum Collection. Following 30 min. incubation
the neutrophils were stimulated PMA and the production of ROS
was measured as described above. Positive hits which were found to
affect neutrophil viability or the ROS production assay
were discarded.

In vivo NP administration

Biodistribution - Healthy 6-8 weeks old Balb/C mice were
injected 7.v. with 30 pl of Cy5-labeled NP or P-NP (in 200 ul PBS). 3
hours later mice were sacrificed, organs were extracted and imaged
immediately using the TyphoonTM FLA 7000 biomolecular Imager
as previously described (38). NP were similarly administered to 7-8
weeks old male C57Bl/6 mice with DSS-induced colitis.

Roscovitine-loaded NP - 6-8 week old male Balb/C mice
were injected i.v. with 200 ul empty or roscovitine-containing P-
NP in sterile PBS (5 pg). Control mice were treated with vehicle.
4 hours after NP administration mice were sacrificed, blood was
extracted by cardiac puncture and neutrophils were quantified
by flow cytometry.>

DPI- and Nexinhib20-loaded NP - Mice were injected i.v.
with 200 ul of empty, DPI-containing P-NP (1.2ug/mouse) or
Nexinhib20-containing P-NP (1.56pg/mouse). Stelazine — Mice
were injected i.v. with 200 ul of empty P-NP, Stelazine-containing
NP or Stelazine-containing P-NP (6.6mg/kg for both).

Statistical analysis
For studies comparing differences between two groups, we

used unpaired Student’s t tests. For studies comparing more than
two groups, we used ANOVA with appropriate post hoc testing.
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Differences were considered significant when p < 0.05. Data are
presented as mean + SEM.
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SUPPLEMENTARY FIGURE 1

Validation of Phage Binding of Highest-Ranking Peptides Sequences
Selected on Mouse Neutrophils. (A) Phage display panning for
neutrophil specific peptides - The phage library was incubated with
murine neutrophils to enrich neutrophil specific phages, binders were
amplified and the amplificate was incubated with monocytes and
lymphocytes for negative selection. After three rounds, enriched phages
were subjected to sequencing. (B, C) Table (B) and pie diagram (C) of the
top-ranking enriched peptide sequences and their prevalence in the final
eluate (average of 5 replicates). D. WBC were isolated from 4T1 tumor
bearing mice and binding of phage presenting the LQIQSWSSSP peptide
to neutrophils (Ly6G* CD11b*, red) and other WBC (Ly6G CD11b", blue)
was evaluated using anti-M13 PE-labelled antibody and flow cytometry
analysis. (E) Overview of LQIl peptide constructs - the LQI peptide
sequence on the phage is inserted within the protein VIII coat protein
of the phage (LQl peptide in orange) and neighboring amino acid residues
are depicted (recombinant LQI pVIII). An unlabeled, Cy5-labeled, biotin-
labelled and the LQI peptide construct including neighboring amino acids
from coat protein VIII as well as a glycine linker and fluorescein, were
generated and tested for binding. (F) Competition assay of LQl phage
binding and LQI peptide constructs. Neutrophils were incubated with the
LQl-presenting phage (black line) alone or with the LQI-presenting phage
and different LQI peptide constructs at the same time (blue line). Phage
binding to neutrophils was quantified using anti-M13-PE antibody (only
M13-PE = dotted line). (H) Representative image of confocal microscopy
with Gr-1* neutrophils (green) bound by the 16-LQl (red). SA=streptavidin.

SUPPLEMENTARY FIGURE 2

Effect of the LQI-tetramer on neutrophil function. (A) Neutrophils were
incubated for 6.5 hours in the presence or absence of 10, 100 and 1000
nM of LQI tetramer. Treatment with 10 nM PMA was used as positive
control. Viability was determined by trypan exclusion and compared to
untreated control neutrophils. (B, C) FACS analysis of Annexin® (B) and
Annexin*PI™ (C) neutrophils following 30 min incubation in the presence
or absence of 10, 100 and 1000 nM of LQl tetramer. Treatment with 10 nM
PMA was used as positive control. (D) Mean fluorescence intensity (MFI) of
CD11b expression in neutrophils following 30 min incubation in the
presence or absence of 10, 100 and 1000 nM of LQI tetramer.
Treatment with 10 nM PMA was used as positive control. (E) ROS
production by neutrophils in the presence of absence of 10, 100 and
1000 nM of LQI tetramer. Treatment with 100 nM PMA was used as
positive control. (F, G) Neutrophils migration (Boyden chamber) towards
control medium or media containing LQI-tetramer 100 nM and 1 uM).
Data represents average of 5 high power fields (HPF). (H) Neutrophils
migration (Boyden chamber) towards control medium or media
containing CXCL2 (100 ng/ul) alone or supplemented with LQI-tetramer
(100 nM and 1 uM). The LQl-tetramer (100 nM and 1 uM LQI) was added to
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neutrophils in the upper chamber. Data represents average of 5 high
power fields (HPF). The experiments were repeated at least 3 times with
similar results. Error bars represent + SEM.

SUPPLEMENTARY FIGURE 3

Optimization of LQI Tetramer Coating of PLGA NP. (A) FACS analysis of
the binding of different PLGA nanoparticle formulations to neutrophils in
whole blood. The top row plots neutrophils (SSC high) with nanoparticles
fabricated from PLGA-PEG incubated with PBS (PBS-Cont., left),
biotinylated LQI (LQI-Biotin, middle) or the LQI tetramer with c-
terminal cysteine (LQI-SH). The top row plots neutrophils (SSC high)
with nanoparticles fabricated from PLGA-PEG-Maleimide incubated
with PBS (Mal-PBS-Cont., left), biotinylated LQI (Mal-LQI-Biotin, middle)
or the LQI tetramer with c-terminal cysteine (Mal-LQI-SH). (B) MFI of
PLGA-Cy5 for neutrophils and other WBC incubated with indicated NP
formulations. C. Ratio of PLGA-Cy5 MFI between neutrophils and other
WBC. (D) Binding of PLGA-PEG-Maleimide NP decorated with different

References

1. Quail DF, Amulic B, Aziz M, Barnes BJ, Eruslanov E, Fridlender ZG, et al.
Neutrophil phenotypes and functions in cancer: A consensus statement. ] Exp Med
(2022) 219(6). doi: 10.1084/jem.20220011

2. Ley K, Hoffman HM, Kubes P, Cassatella MA, Zychlinsky A, Hedrick CC,
et al. Neutrophils: New insights and open questions. Sci Immunol (2018) 3(30). doi:
10.1126/sciimmunol.aat4579

3. Chavakis E, Choi EY, Chavakis T. Novel aspects in the regulation of the
leukocyte adhesion cascade. Thromb Haemost (2009) 102(2):191-7. doi: 10.1160/
THO08-12-0844

4. Granot Z, Fridlender ZG. Plasticity beyond cancer cells and the
“immunosuppressive switch”. Cancer Res (2015) 75(21):4441-5. doi: 10.1158/
0008-5472.CAN-15-1502

5. Hedrick CC, Malanchi I. Neutrophils in cancer: heterogeneous and
multifaceted. Nat Rev Immunol (2022) 22(3):173-87. doi: 10.1038/s41577-021-
00571-6

6. Rosales C. Neutrophils at the crossroads of innate and adaptive immunity. J
Leukoc Biol (2020) 108(1):377-96. doi: 10.1002/JLB.4MIR0220-574RR

7. Silvestre-Roig C, Fridlender ZG, Glogauer M, Scapini P. Neutrophil diversity
in health and disease. Trends Immunol (2019) 40(7):565-83. doi: 10.1016/
j.it.2019.04.012

8. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil
function: from mechanisms to disease. Annu Rev Immunol (2012) 30:459-89. doi:
10.1146/annurev-immunol-020711-074942

9. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the
activation and regulation of innate and adaptive immunity. Nat Rev Immunol
(2011) 11(8):519-31. doi: 10.1038/nri3024

10. Shaul ME, Fridlender ZG. The dual role of neutrophils in cancer. Semin
Immunol (2021) 57:101582. doi: 10.1016/j.smim.2021.101582

11. Adrover JM, Aroca-Crevillen A, Crainiciuc G, Ostos F, Rojas-Vega Y,
Rubio-Ponce A, et al. Programmed ‘disarming’ of the neutrophil proteome
reduces the magnitude of inflammation. Nat Immunol (2020) 21(2):135-44. doi:
10.1038/s41590-019-0571-2

12. Blanco LP, Wang X, Carlucci PM, Torres-Ruiz JJ, Romo-Tena J, Sun HW,
et al. RNA Externalized by neutrophil extracellular traps promotes inflammatory
pathways in endothelial cells. Arthritis Rheumatol (2021) 73(12):2282-92.
doi: 10.1002/art.41796

13. Phillipson M, Kubes P. The neutrophil in vascular inflammation. Nat Med
(2011) 17(11):1381-90. doi: 10.1038/nm.2514

14. Peiseler M, Kubes P. More friend than foe: the emerging role of neutrophils
in tissue repair. J Clin Invest (2019) 129(7):2629-39. doi: 10.1172/JCI124616

15. Chatfield SM, Thieblemont N, Witko-Sarsat V. Expanding neutrophil
horizons: New concepts in inflammation. J Innate Immun (2018) 10(5-6):422—
31. doi: 10.1159/000493101

16. Deniset JF, Kubes P. Neutrophil heterogeneity: Bona fide subsets or polarization
states? J Leukoc Biol (2018) 103(5):829-38. doi: 10.1002/JLB.3RI0917-361R

17. Garley M, Jablonska E. Heterogeneity among neutrophils. Arch Immunol
Ther Exp (Warsz) (2018) 66(1):21-30. doi: 10.1007/s00005-017-0476-4

Frontiers in Immunology

14

10.3389/fimmu.2022.1003871

concentrations of the LQI tetramer with c-terminal cysteine. (E) Electron
microscopy images of uncoated NP and LQI tetramer coated NP.

SUPPLEMENTARY FIGURE 4

Effect of the KFP-tetramer on neutrophil function. (A) No effect of KFP-
tetramer on neutrophil ROS production. (B, C) No effect of KFP-tetramer
on neutrophil viability. (D) The KFP-tetramer is not chemoattractive to
neutrophils. (E) No effect of KFP-tetramer on neutrophil attraction to
CXCL2. The experiments were repeated at least 3 times with similar
results. Error bars represent + SEM.

SUPPLEMENTARY TABLE 1
Characteristics of human blood donors

MOVIE S1
3-dimensional reconstitution of Z-stack confocal images of a neutrophil
(green) and P-NP (white).

18. Rosales C. Neutrophil: A cell with many roles in inflammation or several cell
types? Front Physiol (2018) 9:113. doi: 10.3389/fphys.2018.00113

19. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic
diversity and plasticity in circulating neutrophil subpopulations in cancer. Cell Rep
(2015) 10(4):562-73. doi: 10.1016/j.celrep.2014.12.039

20. Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A.
Neutrophil diversity and plasticity in tumour progression and therapy. Nat Rev
Cancer (2020) 20(9):485-503. doi: 10.1038/541568-020-0281-y

21. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization
of tumor-associated neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN.
Cancer Cell (2009) 16(3):183-94. doi: 10.1016/j.ccr.2009.06.017

22. Wera O, Lancellotti P, Oury C. The dual role of neutrophils in inflammatory
bowel diseases. J Clin Med (2016) 5(12). doi: 10.3390/jcm5120118

23. Yang SC, Tsai YF, Pan YL, Hwang TL. Understanding the role of
neutrophils in acute respiratory distress syndrome. BioMed ] (2021) 44(4):439-
46. doi: 10.1016/j.bj.2020.09.001

24. Mincham KT, Bruno N, Singanayagam A, Snelgrove R]. Our evolving view
of neutrophils in defining the pathology of chronic lung disease. Immunology
(2021) 164(4):701-21. doi: 10.1111/imm.13419

25. Wang L, Lugmani R, Udalova IA. The role of neutrophils in rheumatic
disease-associated vascular inflammation. Nat Rev Rheumatol (2022) 18(3):158-70.
doi: 10.1038/s41584-021-00738-4

26. Granot Z. Neutrophils as a therapeutic target in cancer. Front Immunol
(2019) 10:1710. doi: 10.3389/fimmu.2019.01710

27. Filep JG. Targeting neutrophils for promoting the resolution of
inflammation. Front Immunol (2022) 13:866747. doi: 10.3389/fimmu.2022.866747

28. De Volder ], Vereecke L, Joos G, Maes T. Targeting neutrophils in asthma: A
therapeutic opportunity? Biochem Pharmacol (2020) 182:114292. doi: 10.1016/
j.bcp.2020.114292

29. Su'Y, Gao J, Kaur P, Wang Z. Neutrophils and macrophages as targets for
development of nanotherapeutics in inflammatory diseases. Pharmaceutics (2020)
12(12):1222. doi: 10.3390/pharmaceutics12121222

30. Barnes PJ. Oxidative stress-based therapeutics in COPD. Redox Biol (2020)
33:101544. doi: 10.1016/j.redox.2020.101544

31. McGuinness AJ, Sapey E. Oxidative stress in COPD: Sources, markers, and
potential mechanisms. J Clin Med (2017) 6(2):21. doi: 10.3390/jcm6020021

32. Pandey KC, De S, Mishra PK. Role of proteases in chronic obstructive
pulmonary disease. Front Pharmacol (2017) 8:512. doi: 10.3389/
fphar.2017.00512

33. Pillay J, den Braber I, Vrisekoop N, Kwast LM, de Boer RJ, Borghans JA,
et al. In vivo labeling with 2H2O reveals a human neutrophil lifespan of 5. 4 days
Blood (2010) 116(4):625-7. doi: 10.1182/blood-2010-01-259028

34. Ryvkin A, Ashkenazy H, Weiss-Ottolenghi Y, Piller C, Pupko T, Gershoni
JM. Phage display peptide libraries: deviations from randomness and correctives.
Nucleic Acids Res (2018) 46(9):¢52. doi: 10.1093/nar/gky077

35. Bermudez-Hernandez K, Keegan S, Whelan DR, Reid DA, Zagelbaum J, Yin
Y, et al. A method for quantifying molecular interactions using stochastic

frontiersin.org


https://doi.org/10.1084/jem.20220011
https://doi.org/10.1126/sciimmunol.aat4579
https://doi.org/10.1160/TH08-12-0844
https://doi.org/10.1160/TH08-12-0844
https://doi.org/10.1158/0008-5472.CAN-15-1502
https://doi.org/10.1158/0008-5472.CAN-15-1502
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1002/JLB.4MIR0220-574RR
https://doi.org/10.1016/j.it.2019.04.012
https://doi.org/10.1016/j.it.2019.04.012
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1038/nri3024
https://doi.org/10.1016/j.smim.2021.101582
https://doi.org/10.1038/s41590-019-0571-2
https://doi.org/10.1002/art.41796
https://doi.org/10.1038/nm.2514
https://doi.org/10.1172/JCI124616
https://doi.org/10.1159/000493101
https://doi.org/10.1002/JLB.3RI0917-361R
https://doi.org/10.1007/s00005-017-0476-4
https://doi.org/10.3389/fphys.2018.00113
https://doi.org/10.1016/j.celrep.2014.12.039
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.3390/jcm5120118
https://doi.org/10.1016/j.bj.2020.09.001
https://doi.org/10.1111/imm.13419
https://doi.org/10.1038/s41584-021-00738-4
https://doi.org/10.3389/fimmu.2019.01710
https://doi.org/10.3389/fimmu.2022.866747
https://doi.org/10.1016/j.bcp.2020.114292
https://doi.org/10.1016/j.bcp.2020.114292
https://doi.org/10.3390/pharmaceutics12121222
https://doi.org/10.1016/j.redox.2020.101544
https://doi.org/10.3390/jcm6020021
https://doi.org/10.3389/fphar.2017.00512
https://doi.org/10.3389/fphar.2017.00512
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.1093/nar/gky077
https://doi.org/10.3389/fimmu.2022.1003871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vols et al.

modelling and super-resolution microscopy. Sci Rep (2017) 7(1):14882. doi:
10.1038/s41598-017-14922-8

36. Hines DJ, Kaplan DL. Poly(lactic-co-glycolic) acid-controlled-release
systems: experimental and modeling insights. Crit Rev Ther Drug Carrier Syst
(2013) 30(3):257-76. doi: 10.1615/CritRevTherDrugCarrierSyst.2013006475

37. Johnson JL, Ramadass M, He J, Brown SJ, Zhang J, Abgaryan L, et al.
Identification of neutrophil exocytosis inhibitors (Nexinhibs), small molecule
inhibitors of neutrophil exocytosis and inflammation: DRUGGABILITY OF
THE SMALL GTPase Rab27a. ] Biol Chem (2016) 291(50):25965-82. doi:
10.1074/jbc.M116.741884

38. Aizik G, Waiskopf N, Agbaria M, Levi-Kalisman Y, Banin U, Golomb G.
Delivery of liposomal quantum dots via monocytes for imaging of inflamed tissue.
ACS Nano (2017) 11(3):3038-51. doi: 10.1021/acsnano.7b00016

39. Bai M, Grieshaber-Bouyer R, Wang J, Schmider AB, Wilson ZS, Zeng L,
et al. CD177 modulates human neutrophil migration through activation-mediated
integrin and chemoreceptor regulation. Blood (2017) 130(19):2092-100. doi:
10.1182/blood-2017-03-768507

40. Schreiber A, Eulenberg-Gustavus C, Bergmann A, Jerke U, Kettritz R.
Lessons from a double-transgenic neutrophil approach to induce antiproteinase
3 antibody-mediated vasculitis in mice. ] Leukoc Biol (2016) 100(6):1443-52. doi:
10.1189/j1b.5A0116-037R

41. Lazaar AL, Miller BE, Donald AC, Keeley T, Ambery C, Russell ], et al.
CXCR2 antagonist for patients with chronic obstructive pulmonary disease with
chronic mucus hypersecretion: a phase 2b trial. Respir Res (2020) 21(1):149. doi:
10.1186/512931-020-01401-4

42. Kirsten AM, Forster K, Radeczky E, Linnhoft A, Balint B, Watz H, et al. The
safety and tolerability of oral AZD5069, a selective CXCR2 antagonist, in patients
with moderate-to-severe COPD. Pulm Pharmacol Ther (2015) 31:36-41. doi:
10.1016/j.pupt.2015.02.001

43. Yehuda A, Slamti L, Bochnik-Tamir R, Malach E, Lereclus D, Hayouka Z.
Turning off bacillus cereus quorum sensing system with peptidic analogs. Chem
Commun (Camb) (2018) 54(70):9777-80. doi: 10.1039/C8CC05496G

Frontiers in Immunology

15

10.3389/fimmu.2022.1003871

44. Li S, McGuire MJ, Lin M, Liu YH, Oyama T, Sun X, et al. Synthesis and
characterization of a high-affinity {alpha}v{beta}6-specific ligand for in vitro and in
vivo applications. Mol Cancer Ther (2009) 8(5):1239-49. doi: 10.1158/1535-
7163.MCT-08-1098

45. Sionov RV, Assi S, Gershkovitz M, Sagiv JY, Polyansky L, Mishalian I, et al.
Isolation and characterization of neutrophils with anti-tumor properties. J Vis Exp
(2015) 100):e52933. doi: 10.3791/52933

46. Sagiv JY, Voels S, Granot Z. Isolation and characterization of low- vs. High-
Density Neutrophils Cancer Methods Mol Biol (2016) 1458:179-93. doi: 10.1007/
978-1-4939-3801-8_3

47. Fastman Y, Assaraf S, Rose M, Milrot E, Basore K, Arasu BS, et al. An
upstream open reading frame (uORF) signals for cellular localization of the
virulence factor implicated in pregnancy associated malaria. Nucleic Acids Res
(2018) 46(10):4919-32. doi: 10.1093/nar/gky178

48. Haran G, Cohen R, Bar LK, Barenholz Y. Transmembrane ammonium
sulfate gradients in liposomes produce efficient and stable entrapment of
amphipathic weak bases. Biochim Biophys Acta (1993) 1151(2):201-15. doi:
10.1016/0005-2736(93)90105-9

49. Mamot C, Drummond DC, Greiser U, Hong K, Kirpotin DB, Marks JD,
et al. Epidermal growth factor receptor (EGFR)-targeted immunoliposomes
mediate specific and efficient drug delivery to EGFR- and EGFRvIII-
overexpressing tumor cells. Cancer Res (2003) 63(12):3154-61.

COPYRIGHT

© 2022 Vdls, Kaisar-Iluz, Shaul, Ryvkin, Ashkenazy, Yehuda, Atamneh,
Heinberg, Ben-David-Naim, Nadav, Hirsch, Mitesser, Salpeter, Dzikowski,
Hayouka, Gershoni, Fridlender and Granot. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

frontiersin.org


https://doi.org/10.1038/s41598-017-14922-8
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2013006475
https://doi.org/10.1074/jbc.M116.741884
https://doi.org/10.1021/acsnano.7b00016
https://doi.org/10.1182/blood-2017-03-768507
https://doi.org/10.1189/jlb.5A0116-037R
https://doi.org/10.1186/s12931-020-01401-4
https://doi.org/10.1016/j.pupt.2015.02.001
https://doi.org/10.1039/C8CC05496G
https://doi.org/10.1158/1535-7163.MCT-08-1098
https://doi.org/10.1158/1535-7163.MCT-08-1098
https://doi.org/10.3791/52933
https://doi.org/10.1007/978-1-4939-3801-8_3
https://doi.org/10.1007/978-1-4939-3801-8_3
https://doi.org/10.1093/nar/gky178
https://doi.org/10.1016/0005-2736(93)90105-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.1003871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Targeted nanoparticles modify neutrophil function in vivo
	Introduction
	Results
	Discussion
	Materials and methods
	Animals
	Cell lines
	Antibodies
	Peptides
	Mouse models of disease
	Mouse neutrophil purification
	Human neutrophil purification
	Phage screening
	Neutrophil functional assays
	Protein pulldown and mass spectrometry
	Overexpression of murine CD177 in HEK293T cells
	Stochastic optical reconstruction microscopy imaging and analysis
	Nanoparticle fabrication
	High throughput screening
	In vivo NP administration
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


