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Inflammation plays a central role in the pathogenesis of acute lung
injury (ALI) during both the acute pneumonitis stage and progres-
sion into the chronic fibroproliferative phase, leading to pulmonary
fibrosis. Currently, there is an unmet clinical and research need for
noninvasive ways to monitor lung inflammation through targeting of
immunoregulatory pathways contributing to ALI pathogenesis. In
this study, we evaluated the role of targeted imaging of very late
antigen-4 (VLA-4), as a key integrin mediating the adhesion and
recruitment of immune cells to inflamed tissues, in quantifying lung
inflammation in a mouse model of lipopolysaccharide-induced ALI.
Methods: ALI was induced by a single intratracheal administration
of lipopolysaccharide (10, 20, or 40 pg per mouse) in C57BL/6J
mice. Control mice were intratracheally instilled with sterile phos-
phate-buffered saline. VLA-4-targeted PET/CT was performed 24 h
after intravenous injection of a 84Cu-labeled high-affinity peptidomi-
metic ligand referred to as 84Cu-LLP2A, which is conjugated with
the chelator (1,4,8,11-tetraazacyclotetradecane-1-(methane phos-
phonic acid)-8-(methane carboxylic acid) and a polyethylene glycol
4 linker, at day 2 after the induction of ALI. Ex vivo biodistribution of
84Cu-LLP2A was determined by y-counting of harvested organs.
The severity of lung inflammation was assessed histologically and
by measuring the expression of inflammatory markers in the lung
tissue lysates using reverse transcription quantitative polymerase
chain reaction. Results: Intratracheal lipopolysaccharide instillation
led to an acute inflammatory response in the lungs, characterized
by increased expression of multiple inflammatory markers and in-
filtration of myeloid cells, along with a significant and specific in-
crease in ®*Cu-LLP2A uptake, predominantly in a peribronchial
distribution. There was a strong correlation between the lipopoly-
saccharide dose and ®4Cu-LLP2A uptake, as quantified by in vivo
PET (R = 0.69, P < 0.01). Expression levels of both subunits of VLA-
4, that is, integrins a4 and B4, significantly correlated with the ex-
pression of multiple inflammatory markers, including tumor necrosis
factor-a, interleukin-13, and nitric oxide synthase-2, highlighting the
potential of VLA-4 as a surrogate marker of acute lung inflammation.
Notably, in vivo 84Cu-LLP2A uptake significantly correlated with the
expression of multiple inflammatory markers and VLA-4. Conclusion:
Our study demonstrates the feasibility of molecular imaging of VLA-4,
as a mechanistically relevant target in ALI, and the accuracy of VLA-
4-targeted PET in quantification of ongoing lung inflammation in a
murine model.
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Acute lung injury (ALI) is a clinical syndrome of acute hyp-
oxemic respiratory failure associated with diffuse alveolar damage
and bilateral radiographic opacities, not attributable to fluid over-
load or cardiogenic pulmonary edema (/). With an age-adjusted
incidence of about 86 per 100,000 person-years, and an in-hospital
mortality rate of about 38% (/), ALI is a major health issue,
accounting for approximately 74,500 deaths and 3.6 million hos-
pital days in the United States annually (/).

ALI is a heterogeneous syndrome that may arise from direct
exposure to various biologic, chemical, or physical hazards (e.g.,
pneumonia, aspiration, and toxic fumes) or through indirect
insults to the lungs (e.g., sepsis), leading to the disruption of the
alveolar—capillary integrity (2). Despite this etiologic heterogene-
ity, an uncontrolled acute inflammatory response, characterized by
excessive accumulation of neutrophils, monocytes, and macro-
phages, and release of proinflammatory mediators, is a key path-
ogenic mechanism shared by different etiologies and a major
predictor of mortality in ALI (3,4). Additionally, a nonresolving
inflammatory response, characterized by continued accumulation
of macrophages and fibrocytes or fibroblasts, triggers a fibropro-
liferative response and is associated with a poor prognosis, such as
prolonged ventilator dependence and high mortality (5). This out-
come ultimately leads to pulmonary fibrosis, an irreversible se-
quela of ALI in survivors of the acute pneumonitis phase (6,7).

Molecular imaging is an attractive approach to noninvasively
track inflammatory processes contributing to ALI pathogenesis
(8,9), through which prognostication and assessment of disease
progression or response to therapy may be improved without the
need for invasive diagnostic studies, such as bronchoalveolar la-
vage and lung biopsy. Among the various molecular imaging ap-
proaches, detection of the enhanced metabolic activity of activated
immune cells, by '®F-FDG PET, has been extensively exploited in
inflammatory diseases, including ALI (/0,11). However, the lim-
ited specificity of '3F-FDG, which targets a nearly ubiquitous
metabolic process, has been a challenge to unraveling its biologic
and clinical implications in inflammatory diseases (/2—14). This
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challenge has triggered recent efforts in imaging specific aspects
of immune response in ALI, such as infiltration of neutrophils,
monocytes, and macrophages by targeting chemokine receptor-2
(8), folate receptor-f3 (9), and CD11b (/5), with promising results
in preclinical studies.

Very late antigen-4 (VLA-4) is a heterodimeric adhesion
molecule comprising integrins oy (CD49d) and 3, (CD29). Inter-
action of VLA-4 with its ligands, vascular cell adhesion molecule-1
and fibronectin, plays crucial roles in cell—cell and cell-matrix adhe-
sions required for leukocyte influx in various inflammatory diseases,
including pneumonia (/6-18) and asthma (/9,20). VLA-4 contrib-
utes to the recruitment of neutrophils, monocytes, and macrophages
in ALI and its blocking reduces lung inflammation in murine models
(21,22). Additionally, strong expression of VLA-4 by immune cells
infiltrated into the interstitial and alveolar space has been shown in
patients with sepsis-induced ALI (23). Consistently, VLA-4 is crucial
for recruitment of neutrophils and lymphocytes to lungs in Strepto-
coccus pneumoniae (16) and Mycobacterium tuberculosis (17,18)
pneumonia. These findings strongly support the potential of VLA-4
as a mechanistically relevant and pharmacologically intervenable tar-
get for molecular imaging of lung inflammation in ALL

LLP2A, a peptidomimetic ligand with a high affinity to the
activated state of VLA-4 and an excellent safety profile, has been
used as the targeting moiety of several preclinical theranostic
agents in various oncologic diseases, such as melanoma (24-26)
and multiple myeloma (27,28), as well as in imaging immune cells
in tuberculosis granulomas in a macaque model (29). Imaging of
activated VLA-4 in inflammatory diseases has remained largely
unexplored. In this study, we used a previously described LLP2A-
derived ®*Cu-labeled tracer referred to as ®*Cu-LLP2A, which is
conjugated with the chelator (1,4,8,11-tetraazacyclotetradecane-1-
(methane phosphonic acid)-8-(methane carboxylic acid) and a
polyethylene glycol 4 linker (26), to determine whether VLLA-4—targeted
imaging can quantitatively track the severity of lung inflammation in
a murine model of lipopolysaccharide-induced ALIL

MATERIALS AND METHODS

Mouse Model of ALI
Adult C57BL/6J mice (n = 29) were administered lipopolysaccha-
ride (Escherichia coli, O111:B4) or phosphate-buffered saline (PBS)

intratracheally. The studies were performed in accordance with a pro-
tocol approved by the University of Pittsburgh Institutional Animal
Care and Use Committee.

PET/CT and Quantification of 4Cu-LLP2A Uptake

Tracer synthesis and radiolabeling were previously described (26).
Twenty-four hours after instillation of lipopolysaccharide (10, 20, or
40 pg) or PBS (2 male mice and 2 female mice in each group), the
mice were injected intravenously with ®*Cu-LLP2A (6.4 + 0.2 MBq).
Tracer specificity was addressed in separate groups of male mice (40 pg
of lipopolysaccharide), imaged with (n = 3) or without (n = 4) coin-
jection of approximately 25 nmol of nonlabeled LLP2A. Static PET
(~10 min) and CT (180 projections, 140-ms exposure, 180° rotation,
80 kVp, 500 pA, 78.5 x 100 mm field of view) were performed (Inveon;
Siemens) 24 h after “*Cu-LLP2A injection. **Cu-LLP2A uptake was
quantified as SUV (IRW software). Because of the heterogeneous
pattern of lung inflammation, we used SUV .« rather than SUV ¢,
to avoid underestimation of tracer uptake. To obtain a representation
of the total burden of inflammation, the lungs were divided into serial
nonoverlapping zones, each comprising 5 slices about 0.8 mm thick.
This yielded 4-5 approximately 4-mm zones after exclusion of apices
and bases, which could not be analyzed because of uptake in adjacent
organs (thymus and liver). Regions of interest were drawn over the
right and left lungs in slices with the highest uptake to determine the
SUVux in each zone. These SUV,,,, results were averaged (4-5
values per each lung) to obtain average SUV ..

Biodistribution was performed by <y-counting (Wizard?; Perki-
nElmer) of harvested organs. Data are reported as percentage injected
dose per gram of tissue (26).

Gene Expression Assays

Gene expression was quantified in the right lungs of mice that
underwent PET/CT after instillation of 10, 20, or 40 pg of lipopoly-
saccharide or PBS (2 male mice and 2 female mice per group), per
standard methods (/3) using TagMan primers (Supplemental Table 1;
supplemental materials are available at http://jnm.snmjournals.org)
and a QuantStudio 3 real-time polymerase chain reaction system (Applied
Biosystems). Transcript levels are normalized to 18S ribosomal RNA
(Rni8s) (12) and presented relative to the levels in PBS control mice.

Histology

Immunohistology of the lungs was performed on 10-pwm cryosec-
tions (CM1860; Leica) in 3 male and 3 female mice instilled with 40 g
of lipopolysaccharide or PBS, respectively,
using commercially available antibodies (Sup-

A CT PET PET/CT B Plemfantal Table 2). Th&j:se mice did not u.ndergo
08 1 P<0.01 imaging, as lung architecture preservation ne-
P<0.05 o cessitated inflation by fixative, interfering with
% 07 . . . .
>E =008 measurement of lung weights for biodistribu-
= J—— o | tion analysis. The slides were photographed
g ::J ) | using an Axio Vert microscope (Zeiss).
© 054 8, .. 8
c - G
E e 1 Statistical Analysis
041 % o R=069 Statistical analysis was performed using
alo . Feom Prism (version 8; GraphPad). Data are pre-
EP d 20 " 40 sented as mean = SEM. D’ Agostino—Pearson
IR 0 i) normality testing revealed a normal distribution

FIGURE 1.
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PET/CT of lung inflammation in lipopolysaccharide-induced ALI. (A) Representative
PET/CT images of mice 2 d after intratracheal administration of 40 ug of lipopolysaccharide (top
row) or PBS (bottom row) demonstrate heterogeneous uptake of 64Cu-LLP2A in inflamed lungs,
with peribronchial distribution. (B) Quantitative analysis demonstrates significant correlation be-
tween 84Cu-LLP2A uptake and lipopolysaccharide dose. Data points represent averaged uptake
of right and left lungs in each mouse (4 per group; red dot in 20-ug lipopolysaccharide group
represents technical outlier (female), excluded in all subsequent analysis because of absence of
lung inflammation by gene expression assays). LPS = lipopolysaccharide.

of tracer uptake (SUV,,.« and biodistribution)
but nonnormal distributions of gene expression
(except for Cd68 and Itga4). Accordingly, 1-way
ANOVA, followed by Fisher exact post hoc test-
ing, was used to compare mean values of tracer
uptake in more than 2 groups (i.e., different
lipopolysaccharide doses). Nonpaired # testing
was performed to compare tracer uptake
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gold standard, we determined the correlation
between average SUV . and percentage in-
jected dose per gram of tissue. As shown in
Figure 2A, there was a strong correlation be-
tween in vivo and ex vivo quantification of
64Cu-LLP2A uptake in the lungs (R = 0.77,
P < 0.001).

Consistent with a recent report of
intratracheal lipopolysaccharide-induced sys-
temic inflammation and enhanced multi-
organ uptake of a **Cu-labeled anti-CD11b
immunotracer (/5), our ex vivo biodistri-
bution studies (Fig. 2B) demonstrated a
significant increase in **Cu-LLP2A uptake

=40 ug LPS

FIGURE 2. Biodistribution of 84Cu-LLP2A. (A) In vivo PET-derived quantification of lung 84Cu-
LLP2A uptake significantly correlates with ex vivo quantification of uptake 2 d after induction of
ALI. Data points represent averaged uptake of right and left lungs in each mouse. (B) Ex vivo
biodistribution of 64Cu-LLP2A in major organs 24 h after intravenous administration. Data are
expressed as percentage injected dose per gram of tissue (%1D/g) (3 in 20-ug lipopolysaccharide
group and 4 in other groups). “P < 0.05 compared with PBS control group. **P < 0.01 compared
**P < 0.001 compared with PBS control

with  PBS control
lipopolysaccharide.

group.

between blocked and nonblocked groups. Pearson correlation test-
ing was used to determine the associations between in vivo and ex
vivo quantifications of tracer uptake, as well as their associations
with lipopolysaccharide doses. Nonparametric Kruskal-Wallis
analysis, followed by Benjamini—Yekutieli testing, was used to
compare the expression levels of inflammatory markers between
the groups. Associations between tracer uptake and markers of
inflammation were determined nonparametrically by Spearman
testing. P values of less than 0.05 were considered statistically
significant.

RESULTS

Uptake of 64Cu-LLP2A Correlates with the Inciting Dose of
Lipopolysaccharide-Induced ALI

PET/CT performed 24 h after injection of *Cu-LLP2A dem-
onstrated heterogeneous tracer accumulation, predominantly lo-
calized in a peribronchial distribution, in the mice that were
intratracheally instilled with lipopolysaccharide but not the PBS
control mice (Fig. 1A). In vivo PET-derived quantification of
64Cu-LLP2A uptake (Fig. 1B) demonstrated significant increases
in the average SUV,,, in the lungs of mice receiving 40 pg of
lipopolysaccharide (SUV ,x, 0.57 = 0.06; P < 0.01) and 20 pg of
lipopolysaccharide (SUV ¢, 0.51 = 0.06; P < 0.05), as well as a
trend toward significance in those receiving 10 pg of lipopolysac-
charide (SUV ,.x, 0.48 = 0.02; P = 0.08), versus the PBS control
group (SUV ax, 0.37 = 0.02). Notably, there was a strong correlation
between the average SUV ., and the inciting dose of lipopolysac-
charide (R = 0.69, P < 0.01) (Fig. 1B). No significant difference was
present in %*Cu-LLP2A uptake between male and female mice
(though our study was not powered for sex-specific analysis).

Consistent with in vivo PET-derived quantification, ex vivo
quantification by y-counting demonstrated an approximately 1.5-
fold increase in the **Cu-LLP2A uptake in lungs instilled with 40 pg
of lipopolysaccharide, versus PBS (3.63 = 0.46 vs. 2.35 £ 0.19
percentage injected dose per gram of tissue, respectively, P =
0.01) (Fig. 2A). To verify whether quantification of in vivo imaging
accurately reflects the y-counting measure of tracer uptake, as the
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in several organs, including liver, spleen,
and intestines. There was also a significant
increase in the blood-pool activity in the
mice that received higher doses of lipo-
polysaccharide (20 and 40 .g), versus the
PBS control mice.

Specificity of °*Cu-LLP2A uptake was
determined by coadministration of an ap-
proximately 200-fold molar excess of non-
labeled LLP2A to mice instilled with 40 pg of lipopolysaccharide.
This procedure reduced lung uptake of ®*Cu-LLP2A by about
50%, as determined by SUV. and y-counting (Supplemental
Fig. 1). Interestingly, there were significant decreases in °*Cu-
LLP2A uptake in additional organs (e.g., thymus, spleen, and
bone), but not in the blood pool, indicating specific uptake of

group. LPS =

FIGURE 3. Immunohistology in lipopolysaccharide-induced ALI. (A—-C)
Representative immunofluorescent staining shows intense infiltration of
inflamed lungs after lipopolysaccharide-induced ALI (top rows), com-
pared with PBS control lungs (bottom rows), by myeloid cells expressing
neutrophilic and monocytic or macrophage markers (in red), including
Ly6g (A), CD11b (B), and CD68 (C). (D) Abundance of integrin as,—
expressing cells is also increased in ALIl. Right columns in each group
represent high-magnification images of regions demarcated by dashed
boxes in low-magnification images in right columns with overlaid DAPI
nuclear staining (blue). Insets in lower right corner of low-magnification
images represent negative control staining. Scale bars indicate
1,000 pm and 200 pm in low- and high-magnification images, respec-
tively. n = 3 per group. LPS = lipopolysaccharide.
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lipopolysaccharide, compared with those re-
ceiving PBS (Fig. 3). In addition, there was
an increase in the abundance of cells express-
ing the a integrin subunit of VLA-4 in lipo-
polysaccharide-treated versus PBS-treated
lungs. We further quantified the severity
of lung inflammation by assessing the
transcription level of a panel of inflam-
matory markers. As summarized in a heat
map (Fig. 4), there was a robust increase in

PBS 10 yg LPS 20 pg LPS 40 ug LPS
vpo RN N | . |
Lysg I [ [ | | | I .
caeg [N . [ 1 [ |
Nos2 M| I | 0§ | [ ]
Tor | | [ §F P § [
Y Dy | || [ B J [ ] [ |
mnz I . [
0 2 40
. -
Fold change compared to mean values of PBS controls
FIGURE 4. Induction of lung inflammation by lipopolysaccharide-induced ALI. Heat map rep-

resentation confirms marked increase in mRNA transcripts of several inflammatory markers in
inflamed lungs 2 d after induction of ALI. Expression level of each transcript is demonstrated
relative to average expression in PBS control group, using color intensity scale ranging from
0 (dark blue) to >40 (dark red), with 2-fold values in white. Analyses were performed for right
lung. n = 3 in 20-pg lipopolysaccharide group and 4 in other groups. LPS =

04Cu-LLP2A secondary to lipopolysaccharide-induced systemic
inflammation.

VLA-4 Expression Is a Surrogate Marker of Acute
Inflammation in Lipopolysaccharide-Induced ALI

Intense infiltration of immune cells, most notably neutrophils,
monocytes, and macrophages, is a critical process in the pathogenesis of
ALl (34,8921,22). Consistently, our immunofluorescent staining
showed an abundance of cells expressing myeloid markers CD11b,
Ly6g, and CD68 in the lungs of mice treated with intratracheal

the expression of several markers of acute
inflammation, most pronounced in the 40-
png lipopolysaccharide group versus the
PBS control group, including Cd68 (15-
fold), myeloperoxidase (Mpo) (18-fold), Ly6g
(72-fold), nitric oxide synthase 2 (Nos2)
(73-fold), tumor necrosis factor-a (7Tnf)
(70-fold), interleukin-1@ (Z11b) (500-fold),
and interleukin-12 (/[12) (17-fold).

To determine whether VLA-4 expression quantitatively tracks the
severity of lung inflammation, thereby serving as a surrogate target for
imaging, we assessed the correlations between VLA-4 subunits (i.e.,
integrin oy [lrga4] and integrin (3, [/zghl]) and the above markers of
inflammation (Figs. 5A and 5B). Irga4 mRNA expression was signifi-
cantly correlated with levels of Ly6g (R = 0.63, P = 0.01), Cd68 (R =
0.85, P < 0.001), Nos2 (R = 0.80, P < 0.001), Tnf (R = 0.70, P <
0.01), 1b (R = 0.58, P = 0.02), and /12 (R = 0.81, P < 0.001).
There was also a trend toward modest correlations between the expres-
sion of ltga4 and Mpo (R = 043, P = 0.10).
Moreover, Itghl expression was significantly

lipopolysaccharide.

A Correlations between expression of ltga4 and inflammatory markers correlated with Mpo (R = 0.81, P < 0.001),
- . - Ly6g (R = 0.75, P = 0.001), Cd68 (R = 0.70,
= 200 = = =
et 3l ]P0 T -5+ ¥ P < 001), Nos2 (R = 0.59, P = 0.02), Tnf
g e E‘” (R = 065, P < 001), and IlIb (R = 0.82,
O 4o A

P < 0.001).

4 1 2 3 4

Itgad

“IR=081 .
/P <0001

2
Itga4

In Vivo Uptake of ¢4Cu-LLP2A
Parallels the Severity of Acute
Inflammation in ALI

We next determined whether in vivo uptake
of ¥*Cu-LLP2A reflects the extent of ongoing
lung inflammation by assessing correlations
between SUV .« and the expression of VLA-
4 and other inflammatory markers in the

P =0.001

B Correlations between expression of "gbf and inflammatory markers
501 3 0 "
R=0.81 200 . - 200
1P <0.001 150{R =075 30- §<8(§$ 150-

corresponding right lung (Fig. 6). Signifi-
cant correlations were noted between *Cu-
LLP2A uptake and expression of Mpo (R =
068, P < 001), Cd68 (R 053, P =

" ligbt

TrR=0.82
1P < 0.001

Tnf

—— 0.04), Nos2 (R = 0.63, P = 0.01), and IIlb
(R = 060, P = 0.01). Correlations between
SUV,,,.x and other markers also trended to-
ward significance, including ftga4 (R
051, P = 0.05), Igthl (R = 046, P =
0.08), Tnf (R = 049, P = 0.06), and /12

Itgb1

; R =

044, P = 0.10), though these were
modest in strength.

FIGURE 5. Correlations between expression of ltga4 (A) and ltgb1 (B) with markers of lung

DISCUSSION

inflammation. Expression of both a4 and B4 subunits of VLA-4 correlates with expression levels

of various markers of neutrophil and monocyte- or macrophage-driven
levels are normalized to Rn18s. Analyses were performed for right lung.
saccharide group and 4 in other groups.
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Our study demonstrated significant cor-
relations between the expression of VLA-4
and multiple inflammatory markers in a mouse

inflammation. Transcript
n = 3 in 20-pg lipopoly-
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The number of VLA-4—expressing hema-
topoietic progenitor cells increases and peaks
by approximately 48 h after intratracheal ad-
ministration of lipopolysaccharide, coinciding
with the raised level of cytokines in bronchoal-
veolar lavage fluid (3/). VLA-4—expressing

neutrophils and monocytes have also been
shown to infiltrate lung interstitium and alve-
olar space during ALI (22,23,32). The mech-
anistic role of VLA-4 in recruitment of
myeloid cells to the lungs has been confirmed
through pretreatment with an anti-VLA-4
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blocking antibody in a murine model of lipo-
polysaccharide-induced ALI (22,32). Consis-
tently, our results demonstrated significant
correlations between the expression levels of
oy and B, integrin subunits of VLA-4 and
multiple markers of acute inflammation, sup-
porting the premise to noninvasively target
VLA-4 as a mechanistically relevant imaging
biomarker of lung inflammation. Correlations

FIGURE 6. Correlations between $4Cu-LLP2A uptake and markers of lung inflammation. In vivo
quantification of 84Cu-LLP2A uptake demonstrates significant correlations between average
SUVhax and expression of Mpo, Cd68, Nos2, and I/1b in right lungs. There are also trends toward
significance between average lung SUV,,.x and expression of Tnf (P = 0.06) and /|72 (P = 0.10).
Transcript levels are normalized to Rn18s. n = 3 in 20-ug lipopolysaccharide group and 4 in other

groups.

model of lipopolysaccharide-induced ALIL highlighting its role as a
biomarker of acute lung inflammation. We also showed the feasibility,
specificity, and accuracy of quantitative in vivo VLA-4—targeted PET,
using “Cu-LLP2A, to track the severity of inflammation in ALI
throughout a range of inciting lipopolysaccharide doses.

An acute inflammatory response, manifesting as intense in-
filtration of lungs by immune cells (predominantly neutrophils and
monocytes or macrophages (3)) and release of proinflammatory
mediators, is a hallmark of ALI (3,30). The release of various
proteolytic enzymes, reactive oxygen and nitrogen species, and
cytokines by infiltrated leukocytes plays a critical role in ALI
pathogenesis through disrupting the alveolar endothelial-epithelial
barrier. Additionally, a longstanding nonresolving inflammatory re-
sponse causes irreversible lung damage that ultimately leads to lung
fibrosis (6). Consistent with previous reports (8,9,21,24,26), immu-
nohistology demonstrates accumulation of myeloid cells in ALIL. This
finding was confirmed quantitatively by distinctly higher transcript
levels of myeloid markers in lipopolysaccharide-treated lungs than in
PBS controls. Moreover, our data indicated a robust increase in the
expression of several other markers of acute inflammation in ALIL
including Mpo, Tnf, 1l1b, 1112, and Nos2.

Increasing preclinical evidence supports the promising role of
molecular imaging in noninvasive detection of various aspects of
myeloid cell biology in ALI (8,9,15). For example, %*Cu-labeled
anti-CD11b (/5) and ®*Cu-DOTA-ECLI1i, a ®*Cu-labeled tracer
targeting chemokine receptor-2 (8), have been successfully used in
imaging of lipopolysaccharide-induced ALI. Expression of folate re-
ceptor-3 by activated macrophages has also been exploited for opti-
cal imaging of lipopolysaccharide-induced lung inflammation (9).

Here, we evaluated the role of targeted imaging of VLA-4 as a
key adhesion molecule in promoting the migration of immune
cells to inflammatory sites to quantify acute lung inflammation.

284

of oy and 3, subunits with a few inflamma-
tory markers were modest but trended toward
significance, presumably because of differential
expression of VLA-4 subunits among differ-
ent subtypes or activation states of leukocytes.

Several pharmacokinetic and pharmaco-
dynamic features of LLP2A have made it
an excellent theranostic agent, including its
high and selective affinity toward activated VLA-4 (in the low
nanomolar range, promoting receptor-mediated tracer internaliza-
tion), its resistance to plasma proteases conferred by its unnatural
amino acids, and its compatibility with various derivatization,
allowing achievement of high molar activity, optimal bioavail-
ability, and excellent safety profile (27,33). Although LLP2A-de-
rived theranostic agents have been extensively investigated in
oncologic studies (24-28), their roles in molecular imaging of
inflammatory diseases has remained largely unexplored (29). Con-
sidering the well-established role of VLA-4 in the recruitment of
immune cells, specifically its role in leukocyte influx into inflamed
lungs (16-23,34), we sought to determine whether ®*Cu-LLP2A
PET allows for quantitative imaging of inflammation in ALL

In this study, we showed that focal areas of **Cu-LLP2A uptake
localize predominantly in a peribronchial distribution, correspond-
ing to the expected pattern of inflammation in intratracheal lipo-
polysaccharide-induced ALI (35). Given this spatial heterogeneity
in the inflammatory response, we quantified ®*Cu-LLP2A uptake
as the average of SUV,,,« in nonoverlapping zones of each lung,
as an indicator of overall burden of lung inflammation. This quan-
tification approach avoids underestimation of the inflammatory
burden using SUV can, Which is influenced by inclusion of non-
inflamed lung regions. The significant correlations between in vivo
quantification of ®*Cu-LLP2A and ex vivo uptake determined by
v-counting, as well as the administered lipopolysaccharide dose,
support the accuracy of this quantification approach to track the
biodistribution and extent of lung inflammation. A notable finding
is the presence of significant correlations between in vivo quanti-
fication of ®*Cu-LLP2A and expression levels of integrins oy and
1, as well as multiple proinflammatory markers, supporting the
potential role of ®*Cu-LLP2A in imaging acute inflammation in
ALIL The strengths of correlations between ¢4Cu-LLP2A uptake
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and a few inflammatory markers, including Mpo, Nos2, and 1l1b,
were stronger than others, particularly Ly6 g and 1/12. This finding
suggests that VLA-4 expression or activation may be more
strongly associated with specific subsets or activation states of
immune cells in inflamed lungs. Considering the phenotypic di-
versity of recruited immune cells in ALI and the complex regula-
tion of inflammatory markers beyond their transcription, further
investigations are required to address this possibility.

Consistent with the results of a recent study involving systemic
inflammation induced by intratracheal lipopolysaccharide detect-
able by *Cu-labeled anti-CD11b PET (/5), our biodistribution
analysis showed higher levels of **Cu-LLP2A in multiple organs,
including liver, spleen, intestine, kidneys, and heart, as well as blood,
indicating a multiorgan inflammatory response to lipopolysaccharide.
Similarly, blood-pool activity was higher in mice receiving high
doses of lipopolysaccharide (20 and 40 pg), presumably secondary
to peripheral blood leukocytosis, which occurs as part of the systemic
inflammatory response during the acute phase of lipopolysaccharide-
induced ALI (35), and increased binding of tracer to VLA-
4—expressing circulating cells. We also noted a significant decrease
in thymic uptake of %*Cu-LLP2A in response to the low dose (10 jg)
of lipopolysaccharide, speculatively representing the mobilization of
VLA-4—expressing cells, including lymphocytes.

CONCLUSION

Consistent with the mechanistic role of VLA-4 in leukocyte
recruitment to inflamed lungs (/16-22,34), our study highlights the
role of VLA-4 as a biomarker of acute lung inflammation and the
feasibility of quantitative ®*Cu-LLP2A PET in noninvasive track-
ing of ongoing inflammation in ALI. The excellent safety profile
and correlation of ®*Cu-LLP2A uptake in lungs with lipopolysac-
charide dose underscores the translational potential of VLA-
4-targeted imaging, which may be used toward a precision ap-
proach for risk stratification and management of ALIL

DISCLOSURE

This work was supported by NIH-NHLBI KO8-HL 144911 and a
Seed Fund grant from the University of Pittsburgh to Sina Tavakoli.
This work was also supported by NIH-NCI Cancer Center support
grant P30-CA047904 (In Vivo Imaging Facility) and by NIH-NIAID
RO1-AI118195. No other potential conflict of interest relevant to this
article was reported.

KEY POINTS

QUESTION: Can VLA-4-targeted PET noninvasively monitor the
severity of lung inflammation in ALI?

PERTINENT FINDINGS: Lung uptake of 64Cu-LLP2A correlated
with the inciting dose of intratracheal lipopolysaccharide and ex-
pression of proinflammatory markers in a mouse model of ALI.

IMPLICATIONS FOR PATIENT CARE: Quantitative 64Cu-LLP2A
PET is a feasible and translatable approach for noninvasive tracking
of lung inflammation and may be used toward a precision approach
to AL
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