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This study shows that supramolecular arrangement of proteins in nanoparticle structure predicts
nanoparticle accumulation in neutrophils in acute lung inflammation (ALI). We observed homing
to inflamed lungs for a variety of nanoparticles with agglutinated protein (NAPs), defined by
arrangement of protein in or on the nanoparticles via; a) hydrophobic interactions; b) crosslinking;
c) electrostatic interactions. Nanoparticles with symmetric protein arrangement (e.g., viral capsids)
had no selectivity for inflamed lungs. Flow cytometry and immunohistochemistry showed

NAPs have tropism for pulmonary neutrophils. Protein-conjugated liposomes were engineered

to recapitulate NAP tropism for pulmonary neutrophils. NAP uptake in neutrophils was shown to
depend on complement opsonization. We; a) demonstrate diagnostic imaging of ALI with NAPs;
b) show NAP tropism for inflamed human donor lungs; c) show NAPs can remediate pulmonary
edema in ALI. This work demonstrates structure-dependent tropism for neutrophils drives NAPs to
inflamed lungs and shows NAPs can detect and treat ALI.

Neutrophils are “first responder” cells in acute inflammation, rapidly “marginating” in and
adhering to inflamed vessels.1~7 Neutrophils can be activated by a variety of pathogen-
and damage-associated factors, such as bacterial lipopolysaccharides (LPS).89 In acute
inflammation, neutrophils marginate in most organs, but by far most avidly in the

lung capillaries. There, abundant narrow vessels provide an ideal setting for neutrophil
accumulation by adhesion and by mechanical retention aided by changes in neutrophil
stiffness during inflammation.>:6:10-15 Neutrophils are therefore key cell types in acute
lung inflammation (ALI). In ALI, marginated neutrophils can secrete tissue-damaging
substances (proteases, reactive oxygen species) and extravasate into alveoli, leading to
disrupted endothelial barrier and accumulation of neutrophils and edema in the alveoli
(Figure 1a).5:7:10-12,16 patients suffering the worst outcomes in COVID-19 have elevated
neutrophil counts and neutrophilic infiltration in the alveoli.17-19

One of the challenges to treating ALI with drugs is poor tolerance of side effects in patients
with the severe and heterogeneous system-wide maladies that can lead to ALI.20-23 Targeted
nanoparticle delivery to marginated neutrophils could provide treatment with lessened side
effects, but delivery to marginated neutrophils remains an open challenge. Antibodies
against Ly6G have achieved targeting to neutrophils in mice, but also deplete circulating
neutrophils.24-27 Additionally, while Ly6G marks neutrophils in mice, there is no analogous
specific and ubiquitous marker on human neutrophils.24 Therefore, antibody targeting has
not been widely adopted for targeted drug delivery to neutrophils.26 As another route to
neutrophil targeting, previous studies observed activated neutrophils take up denatured and
crosslinked albumin, concluding that denatured protein is critical in neutrophil-nanoparticle
interactions.28:29

Nanoparticle structural properties like shape, size, and surface charge can define targeting
behaviors.30-34 Here, we screened a diverse panel of nanoparticles to identify structural
properties that predict nanoparticle uptake in pulmonary marginated neutrophils in ALI.
We identified >10 nanoparticles with high selectivity for inflamed over naive lungs. Flow
cytometry and immunohistochemistry showed these nanoparticles homing to marginated
neutrophils. In many of the nanoparticles we tested, proteins were arranged at the
supramolecular scale by different engineered intermolecular interactions or by evolved
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highly symmetrical arrangement of proteins (e.g., viral capsids). Each nanoparticle

with selectivity for inflamed lungs had structures with agg/utinated protein in or on

the nanoparticle. Nangparticles with agglutinated protein (NAPs) are defined here as
nanoparticles with supramolecular arrangement of protein in or on the nanoparticles
determined by; a) hydrophobic interactions; b) non-site-specific crosslinking; c) electrostatic
interactions. In contrast to NAPs, we found that viral capsids and ferritin nanocages,

defined by regularly spaced and symmetric protein arrangement, have no selectivity for
inflamed lungs. This study therefore shows that supramolecular arrangement of protein in
nanoparticle structure predicts nanoparticle uptake in neutrophils in ALI. Our findings show
that NAPs may improve diagnosis and treatment of acute lung inflammation.

Injury-Selective Uptake of Nanoparticles in Marginated Neutrophils

Tracing of radiolabeled anti-Ly6G antibody, flow cytometry data, and histology showed
intravenous (1) LPS challenge in mice induces neutrophil margination in pulmonary
vasculature 5 hours after LPS administration (Supplementary Figures 1-2). Following V-
LPS, tracing of radiolabeled, fixed, and inactivated £. co// indicated marginated neutrophils
in the lungs taking up the bacteria (Supplementary Figure 3). To identify parameters in
nanoparticle structure that correlate with nanoparticle uptake in marginated neutrophils in
inflamed lungs, we thus conducted an /7 vivo screen of biodistributions for a diverse array
of radiolabeled nanoparticles in naive and 1\-LPS-challenged mice. To show the radiotracer
screen measures nanoparticle uptake in pulmonary marginated neutrophils, we more fully
characterized /n vivo behavior of two early hits in the screen.

Lysozyme-dextran nanogels (NGs) and poly(ethylene)glycol (PEG)-crosslinked albumin
nanoparticles (albumin NPs) have been characterized as targeted drug delivery
agents.35-38 125)_|abeled NGs (136.4+3.6 nm diameter, 0.10+0.02 PDI, zeta potential
-0.3+0.1 mV, Supplementary Figure 4a) and human albumin NPs (317.8+3.6 nm diameter,
0.14+0.05 PDI, zeta potential —13.6£0.6 mV, Supplementary Figure 4b) were traced 30
minutes after IV injection in naive and IV-LPS-injured mice. Absolute NG lung uptake
and lung:liver ratio increased 25-fold between naive and LPS-injured animals (Figure 1b,
Supplementary Table 2). Lung uptake of human albumin NPs increased 14-fold (Figure 1c,
Supplementary Table 2). Pharmacokinetics studies showed that NG uptake in inflamed lungs
peaked 30 minutes after injection, followed by clearance over 24 hours (Supplementary
Figure 5).

Flow cytometry identified cell types taking up fluorescent NGs or albumin NPs in the

lungs. Flow data showed the total number of lung cells containing NGs or albumin

NPs increased between naive and LPS-injured lungs, corroborating radiotracer findings
(Supplementary Figures 5-6). Neutrophils accounted for the bulk of NG and albumin
nanoparticle accumulation in IV-LPS-injured lungs (Figures 1d—e). More than 70% of
neutrophils contained nanoparticles in LPS-affected lungs, compared to <20% in naive
lungs. Likewise, more than 70% of nanoparticle uptake in the lungs was accounted for by
uptake in neutrophils (Figure 1f-i, Supplementary Table 3). Leukocytes in general accounted
for more than 90% of nanoparticle uptake (Supplementary Figure 6¢—d). Histology of
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LPS-injured lungs confirmed NGs localization to neutrophils in lung vasculature (Figure
1j). Slices in confocal images indicated NGs were inside neutrophils (Figure 1k). Intravital
imaging of injured lungs showed real-time colocalizing of NGs with leukocytes in injured
lungs (Figure 11, Supplementary Movie 1).

NGs accumulated in neutrophils in other models. Radiolabeled NGs also accumulated in
the lungs following intratracheal (1T)3° and footpad LPS administration.#? Lung:liver NG
uptake ratio increased 45-fold following IT-LPS injury (Supplementary Figure 8). Footpad
LPS induced an 11-fold increase in NG lung uptake 6 hours after insult and a 38-fold
increase at 24 hours (Supplementary Figure 9). Footpad LPS also enhanced NG uptake

in the legs. Intraplantar complete Freund’s adjuvant (CFA) injection was used to induce
acute neutrophil accumulation local to the footpad, rather than the lungs.*1:42 CFA injury
led to a threefold increase in NG uptake in the ipsilateral paw, but no change in lung
uptake (Supplementary Figure 10). Flow cytometry showed that ~90% of NG uptake in the
feet was in leukocytes. CFA induced a fourfold increase in the proportion of NG uptake
accounted for by neutrophils, demonstrating NG tropism for neutrophils outside of the lungs
(Supplementary Figure 11).

In Vivo Screen of Diverse Nanoparticle Structures in Acutely Inflamed Lungs

We screened biodistributions of nanoparticles with different sizes, shapes, compositions, and
surface charges in naive and IV-LPS-challenged mice. A subset of these nanoparticles had
structures incorporating protein, including variant NGs (nanoparticles based on hydrophobic
interactions between proteins), crosslinked protein nanoparticles, nanoparticles based on
electrostatic interactions of charged proteins, viral capsids, and ferritin nanocages.

Nanoparticles Based on Hydrophobic Protein Interactions—Atomic force
microscopy and electron microscopy studies have shown that NGs form by lysozyme-
lysozyme hydrophobic interactions, arranging a protein core stabilized by a dextran
shell.35:3743 Noting previous work implicating denatured protein as a factor in nanoparticle
uptake in neutrophils,28:2 we obtained CD spectroscopy data indicating that secondary
structure of lysozyme in NGs is the same as lysozyme itself (Supplementary Figure 12a).
Lysozyme and NGs were exposed to the hydrophobic probe 8-anilino-1-naphthalenesulfonic
acid (ANSA),* demonstrating increased hydrophobicity on NGs vs. lysozyme itself
(Supplementary Figure 12b). Our data are not consistent with lysozyme being denatured

in NGs, but lysozyme arrangement in NGs alters accessibility of hydrophobic domains.

NG structure was varied by modifying lysozyme-dextran composition and pH at which
NGs were formed.*3 NGs of diameter ~75 nm (zeta potential 7.1+0.5 mV), ~200 nm
(zeta potential —0.2+0.2 mV), and ~275 nm (zeta potential —0.4+0.1 mV) were traced,
adding to data above for 130 nm NGs (Supplementary Figure 4a, Supplementary Figure
13, Supplementary Table 1). All the NG variants had consistent uptake in inflamed
lungs, despite size-dependent variations in NG uptake in the liver and spleen (Figure 2a,
Supplementary Table 4).

Nanoparticles Based on Protein Crosslinking—Electrohydrodynamic (EHD) jetting
has formed highly monodisperse PEG-crosslinked albumin micro- and nanoparticles, as
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characterized in electron microscopy studies.3845-47 CD spectroscopy indicated albumin
secondary structure was not altered in albumin NPs, while ANSA staining indicated that
PEG-albumin NPs are more hydrophilic than albumin alone (Supplementary Figure 14).

We varied the geometry and protein composition of crosslinked protein nanoparticles.
Human albumin nanorods (aspect ratio 3:1), bovine albumin nanoparticles (317.3+38.5
nm, PDI 0.17+0.04, zeta potential —11.2+0.5 mV), human hemoglobin nanoparticles
(328.1+16.1 nm, PDI 0.08+0.01, zeta potential —6.6+£0.8 mV), human transferrin
nanoparticles (345.2+10.2 nm, PDI 0.12+0.004, zeta potential —5.6+0.8 mV), and chicken
lysozyme nanoparticles (298.6+12.4 nm, PDI 0.06+0.01, zeta potential —0.2+0.7 mV)
were traced in naive and IV LPS-treated mice (Figure 2b, Supplementary Figure 4b,
Supplementary Figure 15, Supplementary Table 1). Including human albumin NPs (Figure
1c), five of the formulations had selectivity for inflamed lungs (Supplementary Table 5).
Lysozyme nanoparticles were not selective for inflamed lungs, but accumulated in both
naive and inflamed lungs in high concentrations.

Nanoparticles Based on Electrostatic Protein Interactions—Electron microscopy
studies and functional assays have recently characterized nanoparticles based on interactions
between charged proteins and oppositely charged polymers or gold nanoclusters.8-50 \We
traced nanoparticles comprising poly(glutamate)-tagged green fluorescent protein (E-GFP)
combined with arginine-gold nanoparticles (89.0£1.6 nm diameter, PDI 0.14+0.04, zeta
potential —6.4 £0.5 mV) or with poly(oxanorborneneimide) (PONI) with guanidino and
tyrosyl groups (158.9+6.2 nm diameter, PDI 0.17+0.03, zeta potential 18.3+0.5 mV)
(Supplementary Figure 4c, Supplementary Table 1). For PONI/E-GFP nanoparticles, PONI
was labeled with 1311 and E-GFP was labeled with 12] to trace both components of the
nanoparticles. PONI/E-GFP and arginine-gold/E-GFP nanoparticles were both selective for
IV-LPS-affected lungs (Figure 2c¢, Supplementary Figure 16). PONI and E-GFP components
of PONI/E-GFP nanoparticles accumulated in inflamed lungs at similar concentrations.

Nanoparticles Based on Symmetric Protein Arrangement—Adeno-associated
virus (AAV), adenovirus, and horse spleen ferritin are nanoparticles based on arrangement
of protein in symmetrical structures (sizes in Supplementary Figure 4c, zeta potentials

in Supplementary Table 1).51-56 AAV serotype 8, human adenovirus, and horse spleen
ferritin had no selectivity for IV-LPS-affected lungs (Figure 2d, Supplementary Figure 17,
Supplementary Table 6).

Non-Protein Nanoparticles—PEGylated liposomes (103.6x8.7 nm, PDI 0.09+0.01, zeta
potential —2.2+0.2 mV) were traced with 111In-DOTA-lipids and carboxylate polystyrene
nanoparticles were conjugated to tracer 1251-1gG (230.5+2.8 nm, PDI 0.14+0.0, zeta
potential —4.0+0.8 mV, Supplementary Figure 2c—d, Supplementary Table 1). As example
nanoparticles with few or no proteins, these two nanoparticles did not home to 1\-LPS-
affected lungs (Figure 2e, Supplementary Figure 18).

Free Protein Controls—As compared to nanoparticles based on bovine albumin, hen
lysozyme, and human transferrin, albumin, lysozyme, and transferrin themselves did
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not home to or have selectivity for IV-LPS-affected lungs (Supplementary Figure 19,
Supplementary Table 7).

Protein-Conjugated Liposomes—Beyond data with PEGylated liposomes above, we
traced protein-conjugated liposomes in naive and I'\V-LPS-treated mice. Liposomes were
functionalized with rat 19gG conjugated via SATA-maleimide chemistry (178.8+6.9 nm,
PDI 0.23+0.03, zeta potential -2.1+0.5 mV) or via click chemistry methods (128.3+4.3
nm, PDI 0.17£0.03, zeta potential —4.1+0.2 mV), in which 1gG was conjugated to
dibenzocyclooctyne (DBCO) and the modified 1gG was conjugated to azide-liposomes
(Figure 3a, Supplementary Figure 4d, Supplementary Table 1).5” Compared to bare and
SATA-IgG liposomes, DBCO-IgG liposomes had enhanced tropism for I\V-LPS-affected
lungs (Figure 3b, Supplementary Figure 20, Supplementary Table 8). IT-LPS injury also
enhanced lung uptake of DBCO-IgG liposomes (Supplementary Figure 21). Flow cytometry
with fluorescent DBCO-IgG liposomes confirmed liposome tropism for neutrophils in
inflamed lungs (Figure 3c—d, Supplementary Figure 22). ~90% of liposome signal in
inflamed lungs was in neutrophils and >98% was in leukocytes.

We confirmed that DBCO modification of 1gG confers neutrophil tropism on 1gG-
liposomes by titrating the DBCO:IgG ratio (Supplementary Figure 4d for liposome sizes,
Supplementary Figure 23, Supplementary Table 1 for liposome zeta potentials). Results in
Figure 3b used 20 DBCO per 1gG. Reducing DBCO:IgG reduced DBCO-IgG liposome
uptake in I\V-LPS-affected lungs (Figure 3e, Supplementary Table 9). DBCO-IgG itself

did not accumulate in the lungs (Supplementary Figure 24), showing that incorporation

of the modified protein in nanoparticle structure was necessary for inflamed lung tropism.
CD spectroscopy indicated DBCO did not change IgG secondary structure (Supplementary
Figure 25).

In the above data, nanoparticles based on “agglutination” of protein (NAPS) in hydrophobic
interactions, crosslinking, and charge interactions all exhibited selectivity for inflamed lungs
(Figure 2a—c), with additional data indicating that this selectivity is based on tropism for
marginated neutrophils (Figure 1). Adding hydrophobic DBCO to protein on liposomes

led to liposome uptake in neutrophils in inflamed lungs (Figure 3), indicating hydrophobic
interactions between proteins on liposome surfaces also predict tropism for marginated
neutrophils. Nanoparticles based on highly symmetrical protein arrangement had no tropism
for inflamed lungs (Figure 2d). NAP selectivity for inflamed lungs did not linearly correlate
with size or zeta potential (Supplementary Figure 26), accommodated both spheres and rods,
and was observed with eight different types of protein. Agglutinated protein was unique as
a structural motif common to all nanoparticles with high selectivity for inflamed lungs.
Principal component and linear discriminant analyses of our compiled biodistributions
confirmed; a) NAPs as nanoparticles with tropism for inflamed lungs; b) alignment of
DBCO-IgG liposomes with other NAPs (Supplementary Figures 27-28).

Complement Opsonization as a Mechanism in NAP Tropism for Neutrophils

We conducted /n vitro and in vivo studies isolating biological mechanisms by which
neutrophils recognize NAPs. Exposure of NGs to serum prior to /n vitro incubation with

Nat Nanotechnol. Author manuscript; available in PMC 2022 May 18.
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neutrophils led to a >30-fold increase in NG uptake (Figure 4a, Supplementary Figure
29a-b). We hypothesized that serum opsonins are a determinant in NG interactions with
neutrophils. Mass spectrometry quantified the abundance of different proteins adsorbed on
NGs after incubation in serum, identifying large quantities of complement proteins C3 and
C5 (Figure 4b, Supplementary Figure 30a). C3 and C5 were significantly more abundant
than complement C2 and C4, signifying predominance of alternative pathway complement
activation.%8

Serum was heat treated to inactivate complement.>® Heat treatment eliminated the effect of
serum on NG uptake in neutrophils (Figure 4c, Supplementary Figure 29a-b). Cobra venom
factor (CVF) treatment to deplete serum complement by C3 activation®® also eliminated
serum effects on NG-neutrophil interactions (Figure 4c, Supplementary Figure 29a-b).
Serum from a mouse treated with CVF yielded identical results (Supplementary Figure
29a-b). /n vitro, LPS stimulation of neutrophils did not modify NG uptake (Figure 4d,
Supplementary Figure 29c—d). /n vitro, complement interactions with NAPs, rather than LPS
stimulation of neutrophils, determined NAP uptake in neutrophils.

We treated mice with intraperitoneal CVF to deplete complement /n vivo prior to NAP
administration. CVF treatment reduced NG tropism for 1\V-LPS-inflamed lungs by >50%,
with >5-fold reduction in lungs:blood ratio (Figure 4e, Supplementary Figure 31).

We also performed mass spectrometry analysis of serum proteins on adenovirus capsids,

a protein nanoparticle with no tropism for neutrophils in inflamed lungs. All tested
complement proteins were reduced on adenovirus vs. NGs, with C5 and factor B absent

on adenovirus (Figure 4f, Supplementary Figure 30a—c). CVF treating serum reduced the
quantities of C3 and factor B on NGs, and levels of these proteins on adenovirus capsid with
naive serum were less than those on NGs with complement-depleted serum (Supplementary
Figure 30c).

Imaging Lung Inflammation with NAPs

Computerized tomography (CT) imaging can diagnose ALI by detecting pulmonary

edema, but cannot distinguish ALI from cardiogenic pulmonary edema (CPE).%1 CPE was
induced in mice via propranolol infusion.62 CT imaging confirmed pulmonary edema after
propranolol infusion (Figure 5a-b, Supplementary Figure 32, Supplementary Movies 2 and
3). NGs homed to IV-LPS-affected lungs, but not CPE-affected lungs (Figure 5c). We tested
NGs as SPECT-CT contrast agents for ALI by imaging 11In-labeled NGs (Supplementary
Figure 33) in naive and IV-LPS-affected lungs. 111In SPECT signal was detectable in LPS-
affected lungs, but at background level in naive lungs (Figure 5d, Supplementary Movies
4-7). Previous studies have noted the potential for diagnostic imaging of lung inflammation
based on neutrophils, including clinical data with autologous neutrophils in ALI and chronic
obstructive pulmonary disease.12:63 However, our results with NAPs are the first use of
nanoparticles with tropism for neutrophils for non-invasive imaging of inflamed lungs with a
translational modality.

Nat Nanotechnol. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Myerson et al.

Page 8

NAP Accumulation in Inflamed Human Lungs Ex Vivo

We performed experiments to test NAP tropism for inflamed human lungs. NGs were added
to single cell suspensions prepared from human lungs. NGs accumulated in leukocytes in
the suspensions in a dose-dependent manner (Supplementary Figure 34a—b). Fluorescent

or 125|-labeled NGs were infused via arterial catheter into ex vivo human lungs excluded
from transplant due to lung damage.4 Tissue dye indicated areas of the lungs perfused

by NG suspensions (Supplementary Figure 34c). For fluorescent NG experiments, high-
and low-perfusion regions were selected for histology. NGs were detectable only in well-
perfused tissue (Supplementary Figure 34d). In experiments with 1251-NGs, 13|-ferritin was
concurrently infused as a control particle without tropism for injured mouse lungs. NGs
retained in human lungs at >5-fold higher concentration than ferritin (Supplementary Figure
34e). NGs were concentrated in highly-perfused lung regions, while ferritin was uniformly
distributed (Supplementary Figure 35). Our data indicate NAP tropism for neutrophils in
inflamed mouse lungs may be recapitulated in human lungs.

Effects of NAPs in Acute Lung Inflammation

Mice were treated with nebulized LPS as a high-throughput model for severe acute
respiratory distress syndrome (ARDS).5% Histology showed nebulized LPS caused
hemorrhage and airway infiltration by neutrophils 24 hours after insult (Supplementary
Figure 36). In bronchoalveolar lavage fluid (BALF), nebulized LPS elevated neutrophil/
leukocyte concentrations 50-fold and protein concentration 3-fold (Figure 6a—b,
Supplementary Figure 37), indicating vascular disruption and edema.

DBCO-IgG liposomes, NGs, and bare liposomes were administered (30 mg/kg dose) two
hours after nebulized LPS. BALF leukocytes and protein were reduced by >50% by
DBCO-IgG liposomes, but were unaffected by bare liposomes and NGs (Figure 6a—b,
Supplementary Figure 37). DBCO-IgG liposome effects on BALF leukocytes and protein
were dose-dependent, with 1C50s of 5.7 mg/kg and 1.5 mg/kg, respectively (Figure 6¢—

d, Supplementary Figure 38). CXCL2, a chemoattractant in neutrophil diapedesis,®® was
elevated in BALF and liver by nebulized LPS. BALF and liver CXCL2 were reduced by
DBCO-IgG liposomes (Figure 6e, Supplementary Figure 39). Cytokine IL-6 is elevated in
plasma in severe ARDS.%7 In our model, DBCO-1gG liposomes suppressed plasma IL-6 in a
dose-dependent manner (Supplementary Figure 40).

DBCO-IgG liposomes suppressed neutrophil accumulation in BALF in a manner consistent
with suppression of BALF leukocytes (Figure 6f, Supplementary Figure 41). Quantifying
intravascular neutrophils via radiotracer Ly6G antibody, we found DBCO-IgG liposomes
reduced pulmonary marginated neutrophils, increased circulating neutrophils, and transiently
increased spleen neutrophils, relative to untreated values (Figure 6g, Supplementary

Figure 42). Complete blood count (CBC) confirmed DBCO-IgG liposome effects on
circulating neutrophils (Figure 6h, Supplementary Figure 43). CBC also indicated DBCO-
1gG liposomes mitigate LPS suppression of lymphocytes and platelets and have insignificant
effects on red blood cells (Supplementary Figures 43-44).

Nat Nanotechnol. Author manuscript; available in PMC 2022 May 18.
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These findings indicate DBCO-IgG liposomes cause neutrophils to leave the lungs, getting
sequestered in the spleen or returning to circulation. Accordingly, we observe lower
neutrophil extravasation into alveoli and less edema after DBCO-IgG liposome treatment
(Figure 6i). DBCO-IgG liposomes had no significant effects on body weight (Supplementary
Figure 45), but changes to signaling molecules CXCL2 and IL-6 and effects on platelets and
lymphocytes indicate systemic effects for these NAPs.

Conclusions

This study identifies nanoparticle properties leading to tropism for neutrophils in inflamed
lungs. These neutrophils take up nanoparticles with agglutinated protein (NAPS), but not
nanoparticles whose surface proteins are arranged with regular and symmetric spacing

(e.g., viral capsids and protein nanocages®1-23-56), “Agglutination” is defined here by the
three types of protein-protein interactions enumerated in figure 2, which are designed
without specific supramolecular arrangement. Electron microscopy data confirms there is
no symmetry or regularity in protein-protein spacing in NAPs32:37:43:46.47.49.50 Thys, the
structures of nanoparticles tested in our studies are differentiated by arrangement of protein
at the supramolecular scale: Nanoparticles with or without regular spacing and symmetry in
protein arrangement. Differences in nanoparticle tropism for neutrophils in inflamed lungs
aligned with differences in supramolecular-scale protein arrangement, but not differences in
size, shape, or zeta potential (Supplementary Figures 26—28). Correlation between this type
of supramolecular structure and immune cell tropism has not previously been reported.

Supporting our conclusions, we re-engineered liposomes to behave like NAPs. We
hypothesized that addition of the hydrophobic molecule DBCO to IgG on liposomes

would recapitulate protein “agglutination” seen in NAPs based on hydrophobic interactions.
Three lines of data confirm this: DBCO-1gG liposomes and NGs have similar tropism for
neutrophils in inflamed lungs; replacing DBCO with less hydrophobic SATA-maleimide
conjugation®® abrogates neutrophil tropism; titrating down the amount of DBCO on IgG
ratchets down neutrophil tropism of DBCO-1gG liposomes.

We showed the mechanism by which neutrophils recognize NAPs is dependent on
complement opsonization. While prior literature shows the importance of complement
opsonization in nanoparticle uptake®?, our observations are unique in suggesting that the
alternative pathway of complement responds to differences in supramolecular arrangement
of protein.

Finally, we showed that some NAPs have anti-inflammatory properties. DBCO-IgG
liposomes, without any cargo drug, provide dose-dependent reduction in protein and
leukocyte extravasation into pulmonary alveoli in a model of the human lung disease
ARDS. Neutrophil tracing showed that DBCO-1gG liposomes effect these benefits by
decreasing; neutrophils’ retention in inflamed pulmonary vasculature; neutrophils’ ability
to cross the pulmonary vascular barrier. DBCO-IgG liposomes decreased systemic and

local inflammatory cytokines and chemokines, which may indicate effects on other cell
types (e.g., CXCL2 is secreted primarily by monocytes and macrophages)56:70. These anti-
inflammatory effects may be viewed as side effects, since they imply effects on multiple cell
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types and signaling molecules (A full discussion of immunological implications is included
in the supplementary materials). Not all NAPs have anti-inflammatory effects (e.g., NGs), so
NAPs may be loaded with drugs, such as antibiotics, that have benefits in ALI.

In conclusion, supramolecular arrangement of protein in nanoparticle structure predicts
nanoparticle uptake in pulmonary marginated neutrophils during acute inflammation.
Agglutinated protein is a motif in nanoparticle structure correlated with nanoparticle tropism
for neutrophils. The NAPs identified in this study and future NAPs based on parameters
outlined here could be untapped resources for diagnosis and treatment of devastating
inflammatory disorders like ALI.

Nanoparticle Synthesis

NGs, crosslinked protein nanoparticles, charged protein nanoparticles, liposomes, and
polystyrene nanoparticles were prepared as previously described.36:43 Details of synthesis
for each type of nanoparticle are included in the supplementary material. Nanoparticles,
proteins, and bacteria were labeled with 1251, 1311 or 111n according to described
methods.>” Details of labeling techniques are provided in the supplement.

E. Coli Preparation

TOP10 E. coli (ThermoFisher #C404002) were grown overnight in Terrific broth with
ampicillin. Bacteria were heat-inactivated by 20-minute incubation at 60°C, then fixed by
overnight incubation in 4% paraformaldehyde. After fixation, bacteria were pelleted by
centrifugation at 1000xg for 10 minutes. Pelleted bacteria were washed three times in PBS,
prior to resuspension by pipetting. Bacterial concentration was verified by optical density at
600 nm, prior to radiolabeling as described above. Bacteria were administered IV in mice
(7.5%107 colony forming units in a 100 pL suspension per mouse).

Nanoparticle and Protein Tracing in Mice

Nanoparticle or protein biodistributions were tested by IV injecting nanoparticles or protein
(suspended to 100 pL in phosphate buffered saline (PBS) or 0.9% saline at a dose of 2.5
mg/kg with tracer quantities of radiolabeled material) in C57BL/6 male mice from Jackson
Laboratories. For experiments tracing anti-Ly6G biodistributions to locate intravascular
neutrophils, radiolabeled anti-Ly6G was administered IV at 0.1 mg/kg. Quantity of injected
radioactivity was measured by gamma counter (Perkin-Elmer) immediately before injection.
To determine nanoparticles masses for dosing; NGs and charged protein nanoparticles

were prepared from reactants at known concentrations in synthetic methods involving

no material loss; crosslinked protein nanoparticles were re-suspended from weighed
powder; polystyrene nanoparticles, ferritin, and viral capsids were purchased at known
concentrations. Liposomes were prepared from reactants at known concentrations and
previous work with the same synthetic methods assessed low material losses during filtration
and purification of liposomes.>”:71
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Biodistributions in naive mice were compared to biodistributions in injury models.
Biodistribution data were collected at 30 minutes after nanoparticle or protein injection,
unless otherwise stated. Blood was collected by vena cava draw and mice were sacrificed

by exsanguination and cervical dislocation. Organs were harvested and rinsed in saline, and
blood and organs were examined for nanoparticle or protein retention by gamma counter. To
calculate concentration in organs, quantity of retained radioactivity was normalized to organ
weights.

For IV LPS, mice were anesthetized with 3% isoflurane before retroorbital injection

of LPS from E. colistrain B4 at 2 mg/kg in 100 uL PBS. After five hours, mice

were anesthetized with ketamine-xylazine (10 mg/kg ketamine, 100 mg/kg xylazine,
intramuscular administration) and before jugular vein nanoparticle or protein injection. For
IT LPS, B4 LPS was administered to mice (anesthetized with ketamine/xylazine) at 1 mg/kg
in 50 uL of PBS via tracheal catheter, followed by 100 pL of air.”? NGs were injected 16
hours after IT LPS and DBCO-IgG liposomes were injected 1, 2, or 6 hours after IT LPS.
For footpad LPS, B4 LPS was administered at 1 mg/kg in 50 uL PBS via footpad injection.
NGs were injected 1V 6 or 24 hours after footpad LPS. For cardiogenic pulmonary edema,
mice were anesthetized with ketamine/xylazine and administered propranolol in saline (3
Hg/mL) via jugular vein catheter at 83 pL/min over 120 minutes52 prior to IV NG injection.
For localized footpad inflammation, mice were anesthetized with 3% isoflurane and 20 pL
of CFA or 20 pL of sham saline was injected subcutaneously in the central plantar region of
the left hind paw,*2 six hours before IV NG injection.

Single Cell Suspension Flow Cytometry

Single cell suspensions were prepared from male C57BL/6 mouse lungs for flow cytometry.
Fluorescent nanoparticles were administered at 2.5 mg/kg 30 minutes prior to sacrifice

and lung extraction. Mice were anesthetized with ketamine/xylazine (10 mg/kg ketamine,
100 mg/kg xylazine, intramuscular administration) prior to installation of tracheal catheter
secured by suture. After sacrifice by vena cava exsanguination, lungs were perfused by right
ventricle with ~10 mL of cold PBS. Lungs were then infused via tracheal catheter with 1
mL of cold PBS solution with 5 U/mL dispase, 2.5 mg/mL collagenase I, and 1 mg/mL

of DNAse |. Immediately after infusion, the trachea was sutured shut while removing the
tracheal catheter. Lungs with intact trachea were removed via thoracotomy and kept on ice
prior to manual disaggregation.

Single cell suspensions were also prepared from mouse feet. Feet were removed
immediately following sacrifice by cervical dislocation and 100 pL of dispase/collagenase/
DNAse was injected subcutaneously in the feet. Tissue was separated from the bones while
the feet were held in 1 mL of dispase/collagenase/DNAse.

Disaggregated lung or foot tissue was aspirated in an additional 2 mL of dispase/
collagenase/DNAse and incubated at 37°C for 45 minutes, vortexing every 10 minutes. After
addition of 1 mL of fetal calf serum, tissue suspensions were strained through 100 pm filters
and centrifuged 400xg for 5 minutes. Pelleted material was resuspended in 10 mL of cold
ACK lysing buffer. The resulting suspensions were strained through 40 um filter, incubated
for 10 minutes on ice, and centrifuged 400xg for 5 minutes. The pelleted material was rinsed
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in 10 mL of FACS buffer (2% fetal calf serum and 1 mM EDTA in PBS). After 400xg/5
minute centrifugation, pellets were resuspended in 2% PFA in 1 mL FACS buffer for 10
minutes room temperature incubation. Fixed cell suspensions were centrifuged 400xg for 5
minutes and resuspended in 1 mL of FACS buffer.

To stain fixed cells, 100 pL aliquots of cell suspensions were pelleted 400xg for 5 minutes,
then resuspended in labeled antibody diluted in FACS buffer (1:150 dilution for anti-Ly6G,
APC-anti-CD31, or PE-anti-F480 antibodies and 1:500 dilution for anti-CD45 andtibodies).
Samples were incubated with staining antibodies for 20 minutes at room temperature in the
dark, diluted with 1 mL of FACS buffer, and pelleted at 400xg for 5 minutes. Stained pellets
were resuspended in 200 pL of FACS buffer immediately prior to flow cytometry (BD
Accuri). Data was gated to exclude debris and doublets. Controls with no stain, obtained
from naive and I'V-LPS-injured mice, established gates for negative/positive staining with
FITC/AlexFluor 488, PE, PerCP/Cy5.5, and APC/AlexaFluor 647. Single stain controls
allowed automatic generation of compensation matrices in FCS Express software.

To analyze intravascular leukocyte populations in lungs, mice received IV FITC-anti-CD45
five minutes prior to sacrifice. Populations of intravascular vs. extravascular leukocytes
were assessed by also staining fixed cell suspensions with PerCP-conjugated anti-CD45
and/or Alexa Fluor 647-conjugated anti-Ly6G. Comparing PerCP anti-CD45 with FITC
anti-CD45 signal indicated intravascular vs. extravascular leukocytes. Comparison of Alexa
Fluor 647 anti-Ly6G, PerCP anti-CD45, and FITC anti-CD45 signal indicated intravascular
vs. extravascular neutrophils.

To characterize nanoparticle distribution among different cells in lungs or feet, fluorescent
nanoparticles were administered at 2.5 mg/kg via jugular vein injection and circulated for
30 minutes. Fixed single cell suspensions were stained and coincidence of nanoparticle
fluorescence with anti-CD45, anti-Ly6G, PE anti-CD31, or PE anti-F480 fluorescence was
assessed.

In Vitro Neutrophil Uptake of Nanoparticles

Bone marrow was collected from pooled femorae of C57BL/6 mice. Neutrophils were
isolated with StemCell Technologies RoboSep Mouse Neutrophil Enrichment Kit by
magnetic bead-mediated depletion of non-neutrophils. To serum-treat NGs prior to
incubation with neutrophils, 5x10° FITC-labeled NGs in 10 pL PBS were incubated with
10 pL serum for one hour at 37°C. 1x106 neutrophils were rotated with 5x10° NGs in
20uL PBS for 15 minutes at 37°C. For flow cytometry (BD Accuri C6), neutrophils were
washed and stained with PerCP/Cy5.5 Ly6G antibodies (BD Biosciences, 1:100 dilution)
and non-neutrophils were excluded from analysis via Ly6G staining (see Supplementary
Figure 27 for gating). NG fluorescence in neutrophils was quantified.

To probe the role of complement in neutrophil-nanoparticle interactions, complement was
depleted from serum via two methods: heat treatment and cobra venom factor (CVF). For
heat treatment, serum was incubated at 56°C for one hour and denatured proteins were
removed by centrifugation at 10,000g for 15 minutes. For CVF treatment, 10 units CVF
per mL serum were incubated one hour at 37°C, then centrifuged 10,0009 for 15 minutes.
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Nanoparticle incubation with heat- and CVF-treated serum followed the same protocol
described above for naive serum.

In Vivo Effects of Complement on Nanoparticle Tropism for Neutrophils

Mice were dosed with 100 ug/kg CVF via intraperitoneal injection 24 hours prior to

NG administration or blood draw to test /7 vivo effects of complement depletion on
nanoparticle-neutrophil interactions. For experiments with both LPS and CVF, B4 LPS from
E. coliwas administered 1V at 2 mg/kg 19 hours after CVF and five hours before 1V NGs
(2.5 mg/kg), as described in Nanoparticle and Protein Tracing in Mice.

Mass Spectrometry Profiles of Protein Coronae on Nanoparticles

25 UL NGs or adenovirus capsids in a 5 mg/mL suspension were incubated with equivalent
volume of wild type or CVF-treated (as above) mouse serum or saline sham for one hour at
37°C. Nanoparticles were pelleted by centrifugation and washed with 1 mL PBS three times
to separate from unbound serum proteins.

Opsonized and sham-opsonized nanoparticles were prepared for mass spectrometry analysis
as follows: Samples were solubilized and digested with the iST kit (PreOmics GmbH)

per manufacturer protocol. Nanoparticle pellets were re-suspended, reduced, and alykylated
by addition of sodium deoxycholate (SDC) buffer containing tris(2-carboxyethyl)phosphine
(TCEP) and 2-chloroacetamide. The resulting suspensions were heated at 95°C for 10
minutes. Proteins were enzymatically hydrolyzed for 1.5 hours at 37°C by endoproteinase
Lys-C and trypsin. The resulting peptides were de-salted, dried by vacuum centrifugation,
and reconstituted in 0.1% trifluoroacetic acid (TFA) containing indexed retention time (iRT)
peptides (Biognosys Schlieren). UPLC-mass spectrometry data were obtained and analyzed
by published methods,”273 as detailed in the supplement.

SPECT/CT Imaging

Imaging techniques, as described previously,>’ are detailed in the supplement. SPECT and
CT data, in NIFTI format, were opened with ImageJ software (FIJI package) and processed
for background removal, pseudo-color assignment, and three-dimensional reconstruction, as
detailed in the supplement.

Nanoparticle Administration in Human Lungs

Human lungs were obtained after organ harvest from transplant donors whose lungs were
in advance deemed unsuitable for transplantation. Lungs were kept at 4°C and used within
24 hours of organ harvest. Lungs were inflated with low pressure oxygen and oxygen flow
was maintained at 0.8 L/min for gentle inflation. Pulmonary artery subsegmental branches
were endovascularly cannulated, then tested for retrograde flow by perfusing for 5 minutes
with Steen solution containing a small amount of green tissue dye at 25 cm H,O pressure.
Pulmonary veins through which efflux of perfusate emerged were noted, allowing collection
of solutions after passage through the lungs. A 2 mL mixture of 125]-labeled NGs and
131)-1abeled ferritin was injected through the arterial catheter. ~100mL of 3% BSA in PBS
was passed through the same catheter to rinse unbound nanoparticles. A solution of green
tissue dye was subsequently injected through the same catheter. The cannulated lung lobe
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was dissected into ~1 g segments, which were evaluated for density of tissue dye staining.
Segments were weighed, divided into ‘high’, ‘medium’, ‘low’, and ‘null’ levels of dye
staining, and measured for 1311 and 1251 signal in a gamma counter.

For experiments with cell suspensions derived from human lungs (chosen for research use

as above), single cell suspensions were generously provided by Edward Morrisey at the
University of Pennsylvania. Aliquots of 600,000 cells were pelleted at 400xg for 5 minutes
and resuspended in 100 uL FACs buffer containing different quantities of FITC-dextran
NGs. Cells and NGs were incubated at room temperature for 60 minutes before two-fold
pelleting at 400xg with 1 mL PBS washes. Cells were re-suspended in 200 L FACS

buffer for staining with APC anti-human CD45 (1:500 dilution, 20-minute room temperature
incubation). Cells were pelleted at 400xg for 5 minutes and resuspended in 200 uL PBS for
immediate analysis with flow cytometry (BD Accuri). Negative/positive NG or anti-CD45
signal was established by comparison to unstained cells. Single-stained controls indicated no
spectral overlap between FITC-NG fluorescence and anti-CD45 APC fluorescence.

Effects of Nanoparticles in Nebulized LPS Model

Mice were exposed to nebulized B4 LPS in a whole-body exposure chamber, with separate
compartments for each mouse (MPC-3 AERO; Braintree Scientific). To maintain adequate
hydration, mice were injected with 1 mL sterile saline warmed to 37°C, intraperitoneally,
immediately before LPS exposure. LPS was reconstituted in PBS to 10 mg/mL and stored at
—80°C until use. Immediately before nebulization, LPS was thawed and diluted to 5 mg/mL
with PBS. 5 mL of diluted LPS was aerosolized via a jet nebulizer connected to the exposure
chamber (NEB-MED H, Braintree Scientific). Nebulization was performed until all liquid
was nebulized (~20 minutes).

DBCO-IgG liposomes (20:1 DBCO:IgG, 2.5, 5,10, or 30 mg/kg dose), bare liposomes (30
mg/kg dose), NGs (30 mg/kg dose), or saline sham were administered via retro-orbital
injections of 100 uL of suspension 2 hours after LPS exposure. Mice were anesthetized with
3% isoflurane to facilitate injections. Blood draws and BALF were collected 24 hours after
LPS exposure, as previously described and detailed in the supplement.” Mice were weighed
before administration of nebulized LPS and before BALF and blood draws.

To stain for flow cytometry, BALF samples were centrifuged at 300xg for 4 minutes,

the supernatant was aspirated, and 100 pL of staining buffer (1:1000 APC-anti-CD45

or 1:150 Alexa Fluor 488-anti-Ly6G in FACS buffer) was added. Samples were stained
for 30 minutes at room temperature in the dark, then 1 mL of FACS buffer was added,
samples were centrifuged at 300xg for 4 minutes, and supernatant was aspirated. Cells were
resuspended in 900 pL of FACS buffer for flow cytometry analysis (BD Accuri). Forward
scatter (area) vs. side scatter (area) plots gated out non-cellular debris and forward scatter
(area) vs. forward scatter (height) plots gated out doublets. Unstained controls set gates
for APC and Alexa Fluor 488 signal. Single-stained controls showed no spectral overlap
between APC-anti-CD45 and Alexa Fluor 488-anti-Ly6G. CD45- and Ly6G-positive cells
determined leukocyte and neutrophil concentrations, respectively.
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To trace intravascular neutrophils after nebulized LPS treatment and 10 mg/kg DBCO-

IgG liposome dosing, 1251-anti-Ly6G (0.1 mg/kg) was administered 1 or 22 hours after
liposomes, and biodistributions were determined as described above. In mice treated

with DBCO-IgG liposomes, blood was drawn into EDTA via the vena cava before
exsanguination. Lungs and liver were removed after obtaining BALF and stored at —80°C.
Blood was immediately evaluated with CBC measurements (Abaxis VetScan HM5). Blood
remaining after CBC was centrifuged at 1500xg for 10 minutes at 4°C and plasma was
extracted and stored at —80°C. Chemokine CXCL2 and cytokine IL-6 were measured in
BALF, plasma, and lung and liver homogenates according to published methods detailed in
the supplement.”4

Circular Dichroism Spectroscopy

Proteins were prepared in deionized and filtered water at concentrations of 0.155 mg/mL
for human albumin, 0.2 mg/mL for hen lysozyme, and 0.48 mg/mL for 1gG. Albumin
NPs, NGs, and 1gG-coated liposomes were diluted such that alobumin, lysozyme, and

IgG concentrations in the suspensions matched concentrations of corresponding protein
solutions. Protein and nanoparticle solutions were analyzed in quartz cuvettes with 10 mm
path length in an Aviv circular dichroism spectrometer. The instrument was equilibrated

in nitrogen at 25°C for 30 minutes prior to use and samples were analyzed with sweeps
between 185 and 285 nm in 1 nm increments. Each data point was obtained after a 0.333 s
settling time, with a 2 s averaging time. CDNN’® software deconvolved CD data (expressed
in millidegrees) via neural network algorithm assessing alignment of spectra with library-
determined spectra for helices, antiparallel sheets, parallel sheets, beta turns, and random
coil.”™

8-anilino-1-naphthalenesulfonic Acid Nanoparticle Staining

Histology

8-anilino-1-naphthalenesulfonic acid (ANSA) at 0.06 mg/mL was mixed with lysozyme,
human albumin, or IgG at 1.5 mg/mL in PBS. For nanoparticle analysis, nanoparticle
suspensions were prepared such that albumin, lysozyme, and IgG concentrations in

the suspensions matched the 1.5 mg/mL concentration of protein solutions. Protein or
nanoparticles and ANSA were reacted at room temperature for 30 minutes. Excess

ANSA was removed from solutions by 3 centrifugations against 3 kDa cutoff centrifugal
filters (Amicon). After resuspension to original volume, ANSA-stained protein/nanoparticle
solutions/suspensions were examined for fluorescence (excitation 375 nm) and absorbance
maxima corresponding to ANSA.

For imaging neutrophils in naive and IV-LPS-affected lungs, mice were given 1V anti-Ly6G
and sacrificed 30 minutes later. Lungs were embedded in M1 medium, flash frozen,

and sectioned in 10 pm slices. Sections were stained with Alexa Fluor 594-goat anti-rat
secondary antibody (1:200 dilution) and imaged with epifluorescence microscopy. Similarly,
rhodamine-dextran NGs were administered IV in IV-LPS mice 30 minutes prior to sacrifice.
Lungs were sectioned as above and stained with clone 1A8 anti-Ly6G antibody, followed by
Alexa Fluor 350-goat anti-rat secondary antibody (1:150 dilution), prior to epifluorescence
and confocal imaging of NG and neutrophil fluorescence.

Nat Nanotechnol. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Myerson et al.

Page 16

For histological verification of injury following nebulized LPS treatment, one set of
injured mouse lungs and one set of naive lungs was infused intratracheally with 4%
paraformaldehyde. The trachea was tied off and lungs and trachea were removed via
thoracotomy. The lungs were suspended in 4% paraformaldehyde for overnight fixation
prior to embedding in paraffin, sectioning, and hematoxylin/eosin staining.

Sections of human lungs were obtained after administration of rhodamine-dextran NGs.
NG-perfused and non-perfused tissue regions were harvested, embedded in M1 medium,
flash frozen, and sectioned in 10 um slices. NG fluorescence and tissue autofluorescence
were detected with epifluorescence imaging.

Live Lung Imaging

A mouse was anesthetized with ketamine/xylazine five hours after IV LPS. A jugular vein
catheter was placed for injection of NGs, anti-CD45, and fluorescent dextran. A patch of
skin on the back of the mouse, around the juncture between the ribcage and the diaphragm,
was denuded. The mouse was maintained on mechanical ventilation and the lungs were
exposed via incision at the juncture between the ribs and the diaphragm. A coverslip affixed
to a rubber o-ring was sealed to the incision by vacuum. The exposed lungs were focused
under the objective using autofluorescence. With 100 ms exposure, channels corresponding
to violet, green, near-red, and far-red fluorescence were sequentially imaged. Rhodamine-
dextran NGs (2.5 mg/kg), Brilliant Violet-anti-CD45 (0.8 mg/kg), and Alexa Fluor 647-70
kDa dextran (40 mg/kg) were injected via jugular vein. Images were recorded for 30 minutes
in SlideBook software and opened in ImageJ (F1JI distribution) for composition in movies
with co-registration of the four fluorescent channels.

Animal and human study protocols

All animal studies were carried out in strict accordance with Guide for the Care and

Use of Laboratory Animals as adopted by National Institute of Health and approved by
University of Pennsylvania Institutional Animal Care and Use Committee (IACUC). All
animal experiments used male C57BL/6J mice, 6—8 weeks old, purchased from Jackson
Laboratories. Mice were maintained at 20-25°C, 50%20% humidity, and on a 12/12 hour
dark/light cycle with food and water ad libitum.

Human lungs were obtained by the University of Pennsylvania Lung Biology Institute’s
Human Lung Tissue Bank (HLTB) from Gift of Life Donor Program (Philadelphia, PA,
United States of America). Lungs provided to the HLTB were determined unsuitable

for transplantation into a recipient, and would have been discarded if not used for our
studies. Lungs provided by the HLTB for these studies are de-identified and cannot be
linked to individual donors. Clinical staff procuring and distributing the tissue through
the HLTB are not involved in the research after distribution of the de-identified tissue.
Studies employing de-identified tissue from the HLTB were therefore determined by the
University of Pennsylvania Institutional Review Board (IRB) to be IRB-exempt and were
not considered human subjects research as defined by the Office of Human Research
Protection of the National Institutes of Health. De-identified patient data for human lungs
(age, sex, and cause of death) are tabulated in Supplementary Table 11.
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Statistical Analysis

Error bars indicate standard error of the mean throughout. Significance tests are described
in captions. Statistical power was determined for statements of statistical significance and
tabulated in the supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lysozyme-Dextran Nanogels and Crosslinked Albumin Nanoparticles Accumulate in
Marginated Neutrophils in Inflamed Lungs.
(a) Schematic of neutrophil margination and extravasation in inflamed lungs (created with

BioRender.com). (b) Biodistributions of lysozyme-dextran nanogels (NGs) in naive (n=4
animals) and 1V-LPS-affected (n=8 animals) male C57BL/6 mice (red box: p<1x10710, *:
p=0.00008). (c) Biodistributions of PEG-NHS crosslinked human albumin nanoparticles
(albumin NPs) in naive (n=3 animals) and IV-LPS-injured (n=3 animals) mice (red box:
p<Ix10710 *: p=0.004). (d-k) Flow cytometry characterization of single cell suspensions
prepared from naive and IVV-LPS-affected mouse lungs. (d-e) Vertical axis indicates Ly6G
staining for neutrophils and horizontal axis indicates signal from fluorescent NGs (d) or
fluorescent albumin NPs (e). (f/h) NG/albumin NP fluorescent signal from neutrophils

in 1\VV-LPS-injured mouse lungs (red/pink), compared to naive lungs (blue) (inset: Flow
cytometry data verifying increased neutrophil concentration in IV-LPS-injured mouse lungs
(red/pink). (g-h, j-k) Fraction of neutrophils positive for NGs (g) or albumin NPs (j) in
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naive or IV-LPS-injured lungs and fraction of NG-positive (h) or albumin NP-positive (k)
cells that are neutrophils. For (g-h), NGs/naive: n=4 animals, NGs/LPS: n=4 animals. For
(j-k), albumin NPs/naive: n=3 animals, albumin NPs/LPS: n=3 animals. (g)*: p=2.6x10".
(hy*: p=1.7x107°. (j)*: p=0.0006. (k)*: p=0.007. (I-m) Fluorescence micrographs indicating
association of NGs (red) with neutrophils (green, Ly6G stain) in the lungs of an IV-LPS-
affected mouse (blue, tissue autofluorescence). Data are from histology for two naive mice
and two IV-LPS affected mice. (n) Single frame from real-time intravital imaging of NG
(red) uptake in leukocytes (green) in the lungs of one IV-LPS-affected mouse (blue, Alexa
Fluor 647-dextran). Statistical significance in (b) and (c) is derived from two-way ANOVA
with Sidak’s multiple comparisons test. Statistical significance in (@), (h), (j), and (k) is
derived from paired two-tailed t-tests. All error bars indicate mean + SEM.
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Figure 2. Screen of Diverse Nanoparticle Biodistributions in Naive and 1VV-LPS-Affected Lungs.

(a-c) Nanoparticles with agglutinated protein (NAPS) accumulate

in acutely inflamed lungs.

(a) Biodistributions of variant NGs indicating uptake of 75 nm NGs (n=4 IV-LPS animals,
n=4 naive animals, red box: p<1x10~19 and 200 nm NGs (n=5 IV-LPS, n=5 naive, red box:
p<Ix1071% in LPS-injured lungs, but not naive lungs. Data for 130 nm NGs is identical to
that presented in figure 1b. (b) Biodistributions of variant crosslinked albumin nanoparticles

indicating uptake of albumin nanorods (n=3 IV-LPS animals, n=3

naive animals, red box:

p<I1x1071% and bovine albumin nanoparticles (n=3 IV-LPS animals, n=3 naive animals, red
box: p<1x10~1% in LPS-injured, but not naive lungs. Data for human albumin nanoparticles
is identical to that presented in figure 1c. (c) Biodistributions of charge-agglutinated

protein nanoparticles, indicating uptake of particles comprised of
fluorescent protein (E-GFP) and guanidine-tagged poly(oxanorbo

glutamate-tagged green
rneneimide) (PONI) or

particles comprised of E-GFP and guanidine-tagged gold nanoparticles (Au) in LPS-injured
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(PONI: n=5 animals, Au: n=3 animals), but not naive (PONI: n=4 animals, Au: n=3 animals)
lungs. PONI/E-GFP data reflects tracing of both 1311-labeled PONI and 125]-labeled E-GFP.
For PONI tracer data, red box p<1x10~10. For E-GFP tracer data, red box: p=0.0003. For
AU/E-GFP data, red box: p=1.6x1077. (d) Nanoparticles based on symmetric supramolecular
arrangement of protein do not have tropism for inflamed lungs (schematics created with
BioRender.com). Biodistributions of adenovirus (n=5 IV-LPS animals, n=5 naive animals,
blue box: p=0.88), adeno-associated virus (n=3 IV-LPS animals, n=3 naive animals, b/ue
box: p=0.56), and ferritin nanocages (n=5 IV-LPS animals, n=5 naive animals, b/ue box:
p=0.35) indicating no selectivity for LPS-injured vs. naive lungs. (e) Biodistributions of bare
liposomes (schematic created with BioRender.com, n=4 IV-LPS animals, n=4 naive animals)
indicating no selectivity for LPS-injured vs. naive lungs (b/ue box: p=0.31). Biodistributions
of 1gG-coated polystyrene nanoparticles indicating low levels of uptake in both naive (n=4
animals) and LPS-injured (n=4 animals) lungs (b/ue box: p=0.0004). Statistical significance
in all panels is derived from two-way ANOVA with Sidak’s multiple comparisons test. All
error bars indicate mean + SEM.
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Figure 3. Engineering of Liposome Surface Chemistry to Confer NAP-like Behavior in LPS-

Inflamed Lungs.
(a) Schematic of antibody-coated liposomes prepared via copper-free click

functionalized liposomes with dibenzocyclooctyne (DBCO)-functionalized

reaction of azide-
1gG (liposome

schematic created with BioRender.com). (b) Biodistributions in 1\V-LPS-injured mice

for bare liposomes (n=3 animals), liposomes conjugated to 1gG via SATA-maleimide
chemistry (n=3 animals), and liposomes conjugated to IgG via DBCO-azide chemistry
(n=3 animals) (red box: p<1x10~19 for DBCO-IgG liposomes vs. bare liposomes and
DBCO-IgG liposomes vs. SATA-1gG liposomes). (¢) Mouse lungs flow cytometry data
indicating Ly6G anti-neutrophil staining density vs. levels of DBCO-IgG liposome uptake.
(d) Flow cytometry data verifying increased DBCO-1gG liposome uptake in and selectivity
for neutrophils following LPS insult. Inset: Verification of increased concentration of

neutrophils in the lungs following LPS. (e) Fraction of neutrophils positive

for DBCO-1gG

liposomes in naive (n=3 animals) or I\V-LPS-injured (n=3 animals) lungs (*: 0=0.0003)
and fraction of DBCO-1gG liposome-positive cells that are neutrophils (*: p=1.7x1079) (f)
Biodistributions in 1\VV-LPS-injured mice for azide-functionalized liposomes conjugated to

IgG loaded with 2.5 (n=3 animals), 5 (n=3 animals), 10 (n=4 animals), and
molecules per 19G (n=3 animals, red box: p<1x10~19 for DBCO(20X)-1gG

20 DBCO
liposomes

compared to each of the other DBCO density groups). Statistical significance in (b) and
() is derived from two-way ANOVA with Tukey’s multiple comparisons test. Statistical
significance in (e) is derived from paired two-tailed t-tests. All error bars indicate mean +

SEM.
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Figure 4. Complement Opsonization of NAPs is Necessary for NAP Uptake in Neutrophils.
(@) Flow cytometry data indicating neutrophils take up lysozyme-dextran nanogels (NGs)

after NG incubation in mouse serum (n=18 biological replicates) but not after NG incubation
in buffer (n=18 biological replicates, *: p=6.9x10~9. (b) Mass spectrometry characterization
of proteins adsorbed on NGs after incubation with mouse serum as in (a). Plotted data
indicates the concentration of detected peptides associated with the five most abundant
proteins on serum-incubated NGs (n=3 serum/NG preparations). Complement proteins are
highlighted in red text. (c-d) Flow cytometric assessment of NG uptake in mouse neutrophils
after NG incubation with; buffer; mouse serum; heat-treated mouse serum and; mouse serum
treated with cobra venom factor. Example histograms of NG fluorescence in neutrophils

for different serum conditions are depicted in (c). Data reflecting NG mean fluorescence

in neutrophils for different serum conditions is plotted in (d). In (d), bars with blue stripes
indicate naive neutrophils (=18 biological replicates for naive serum, n=10 for heat-treated
serum, n=11 for CVF-treated serum) and bars with red stripes indicate LPS-stimulated
neutrophils (n=12 biological replicates for naive serum, n=>5 for heat-treated serum, n=7

for CVF-treated serum). For comparison to normal serum/naive, *: p<Ix102%and §:
p<I1x10710. For comparison to normal serum/LPS, #: p=7.3x10"1%and # p=3.7x107%. (e)
Biodistributions of NGs in; naive mice (n=4 animals); mice treated with CVF (n=4 animals);
mice treated with IV LPS (n=4 animals) and; mice treated with IV LPS and CVF (n=4
animals). Naive and I'V-LPS data is identical to that presented in supplementary figure 13,
upper right panel. For comparison between LPS and CVF + LPS groups, *: p=1.6x10710.

(f) Mass spectrometry characterization of complement opsonization of NGs (n=3 serum/NG
preparations) and human adenovirus (n=3 serum/adenovirus preparations). Peptide count
data as in (b) is normalized to peptide counts on NGs incubated with complement-depleted
CVF-treated serum. Relative complement quantities below zero indicate complement
opsonization at lower levels than on NGs after treatment with complement-depleted serum.
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Statistical significance in (a) is derived from paired two-tailed t-tests. Statistical significance
in (d) is derived from one-way ANOVA with Tukey’s multiple comparisons test. Statistical
significance in (e) is derived from two-way ANOVA with Tukey’s multiple comparisons test.
All error bars indicate mean + SEM.
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Figure 5. Specificity of NAPs for LPS-Inflamed Lungs vs. Edematous Lungs and SPECT
Imaging of NAPs in LPS-Inflamed Lungs.

(a) Three-dimensional reconstructions of chest CT data for naive mouse lungs and lungs
with cardiogenic pulmonary edema (CPE). White/yellow indicates lower attenuation,
corresponding to airspace in healthy lungs. Red/dark background indicates higher
attenuation, corresponding to fluid in the lungs. (b) Quantification of CT attenuation in naive
(blue) and edematous (yellow) lungs, averaged across axial slices (individual slice values

in supplementary figure 32). (c) Biodistributions of 200 nm lysozyme-dextran nanogels in
naive mice, mice treated with I\V-LPS, and mice subject to cardiogenic pulmonary edema
(n=4 animals). Naive and IV-LPS data is identical to that presented in supplementary figure
13, upper right panel. For comparison of CPE and IV-LPS values, *: p<1x10719 for main
panel and p=0.005 for inset. (d) Co-registered CT (greyscale) and SPECT (red-yellow)
images indicating 111In- labeled lysozyme-dextran nanogel uptake in a naive and an IV-
LPS-affected mouse. White/yellow indicates more nanogel uptake. Red/dark background
indicates less lysozyme-dextran nanogel uptake. Statistical significance in (c) is derived
from two-way ANOVA with Tukey’s multiple comparisons test. All error bars indicate mean
+ SEM.
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Figure 6. Effects of NAPs in Model Acute Respiratory Distress Syndrome.
Timeline: Nanoparticles or vehicle were administered as an IV bolus two hours after

nebulized LPS administration (Liposome schematic created with BioRender.com). (a-b)
Bronchoalveolar lavage fluid (BALF) was harvested 22 hours after nanoparticle (30 mg/kg)
or vehicle administration. (a) Protein concentration in BALF, reflecting quantity of edema
in naive mice (n=5 animals), sham-treated mice with model ARDS (n=15 animals), and
mice with model ARDS treated with DBCO-IgG liposomes (n=14 animals), NGs (n=5
animals), or bare PEGylated liposomes (n=5 animals). *: p=6.6x1077, 0.0001, and 0.002
for comparison of DBCO-IgG liposome treatment with sham treatment, NG treatment, and
bare liposome treatment, respectively. (b) Concentration of leukocytes in BALF for same
groups as in (a). *' p=1.1x107%, 0.0001, and 0.002 for comparison of DBCO-IgG liposome
treatment with sham treatment, NG treatment, and bare liposome treatment, respectively.
Quantities in (a-b) are represented as degree of protection against infiltration into alveoli,
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extrapolated from levels in naive mice (100% protection) and untreated mice with model
ARDS (0% protection). (c-d) Dose-response for edema (c) and leukocyte infiltration (d) in
alveoli of ARDS mice treated with DBCO-1gG liposomes. Data were obtained as in (a-b),
but with different liposome doses (n=3 animals for 2.5 mg/kg, 5 mg/kg, and 10 mg/kg
liposome doses). (e) Chemokine CXCL2 levels in alveoli of LPS-injured mice with and
without DBCO-1gG liposome treatment (n=3 animals for all groups). Dashed line indicates
CXCL2 levels in alveoli of naive mice. £ p=0.024, 0.079, and 0.034 for comparison of
sham treatment with 2.5 mg/kg, 5 mg/kg, and 10 mg/kg DBCO-IgG liposomes treatment,
respectively. (f) Concentration of neutrophils in BALF of naive mice (n=5 animals), mice
with model ARDS (n=9 animals), and mice with model ARDS dosed with 30 mg/kg
DBCO-IgG liposomes (n=9 animals). For comparison of DBCO-IgG liposome treatment
to sham treatment, *: p=0.009. (g) Biodistributions of anti-Ly6G antibody in naive mice
(n=3 animals), LPS-injured mice (n=3 animals), and mice treated with 10 mg/kg DBCO-IgG
liposomes, with organs sampled at 1 hour after treatment (n=3 animals) or 22 hours after
treatment (n=3 animals). Naive and untreated LPS-affected data are identical to data in
supplementary figure 1a. *: p<Ix10~2%for all comparisons of anti-Ly6G uptake in lungs or
spleen of liposome-treated mice vs. sham treated mice. (h) Complete blood count analysis
of circulating leukocyte concentrations in naive mice (n=3 animals), LPS-injured mice
(n=3 animals), and mice treated with 10 mg/kg DBCO-IgG liposomes, with blood sampled
22 hours after treatment (n=3 animals). *: p=0.019, 0.025, and 0.047 for comparison of
DBCO-IgG liposome-treated to sham-treated values for total white blood cell, lymphocyte,
and neutrophil counts, respectively. (i) Schematic for the fate of neutrophils in mice with
model ARDS, with and without DBCO-1gG liposome treatment, based on data in (f-h)
(created with BioRender.com). Statistical significance in (a), (b), (e), and (f) is derived from
one-way ANOVA with Tukey’s multiple comparisons test. Statistical significance in (g-h)
is derived from two-way ANOVA with Tukey’s multiple comparisons test. All error bars
indicate mean £ SEM.
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