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Purpose: To characterize a chemokine receptor type 2 (CCR2)–
binding peptide adapted for use as a positron emission 
tomography (PET) radiotracer for noninvasive detection 
of lung inflammation in a mouse model of lung injury and 
in human tissues from subjects with lung disease.

Materials and 
Methods:

The study was approved by institutional animal and human 
studies committees. Informed consent was obtained from 
patients. A 7-amino acid CCR2 binding peptide (extracel-
lular loop 1 inverso [ECL1i]) was conjugated to tetraazacy-
clododecane tetraacetic acid (DOTA) and labeled with cop-
per 64 (64Cu) or fluorescent dye. Lung inflammation was 
induced with intratracheal administration of lipopolysac-
charide (LPS) in wild-type (n = 19) and CCR2-deficient (n 
= 4) mice, and these mice were compared with wild-type 
mice given control saline (n = 5) by using PET performed 
after intravenous injection of 64Cu-DOTA-ECL1i. Lung im-
mune cells and those binding fluorescently labeled ECL1i in 
vivo were detected with flow cytometry. Lung inflammation 
in tissue from subjects with nondiseased lungs donated for 
lung transplantation (n = 11) and those with chronic ob-
structive pulmonary disease (COPD) who were undergoing 
lung transplantation (n = 16) was evaluated for CCR2 with 
immunostaining and autoradiography (n = 6, COPD) with 
64Cu-DOTA-ECL1i. Groups were compared with analysis of 
variance, the Mann-Whitney U test, or the t test.

Results: Signal on PET images obtained in mouse lungs after in-
jury with LPS was significantly greater than that in the 
saline control group (mean = 4.43% of injected dose [ID] 
per gram of tissue vs 0.99% of injected dose per gram of 
tissue; P , .001). PET signal was significantly diminished 
with blocking studies using nonradiolabeled ECL1i in ex-
cess (mean = 0.63% ID per gram of tissue; P , .001) and 
in CCR2-deficient mice (mean = 0.39% ID per gram of 
tissue; P , .001). The ECL1i signal was associated with 
an elevated level of mouse lung monocytes. COPD lung 
tissue displayed significantly elevated CCR2 levels com-
pared with nondiseased tissue (median = 12.8% vs 1.2% 
cells per sample; P = .002), which was detected with 64Cu-
DOTA-ECL1i by using autoradiography.

Conclusion: 64Cu-DOTA-ECL1i is a promising tool for PET-based de-
tection of CCR2-directed inflammation in an animal model 
and in human tissues as a step toward clinical translation.
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Materials and Methods

This study was supported by National 
Heart, Lung, and Blood Institute Pro-
grams of Excellence in Nanotechnol-
ogy: Integrated Nanosystems for Di-
agnosis and Therapy contract number 
HHN268201000046C (NIH BAA no. 
NHLBI-HV-10-08, Y.L., R.J.G., S.L.B.; 
R01 HL131908, Y.L., S.L.B.; U19 
AI070489, M.J.H.; and R01 HL121791, 
(M.J.H.). S.L.B. is the Hubert S. and 
Dorothy R. Moog Professor of Pulmo-
nary Medicine supported by the Barnes 
Jewish Hospital Foundation.

Human Tissues
The institutional review board ap-
proved these studies. Human COPD 
lung tissue samples were obtained at 
lung transplantation from individuals 
who provided consent before surgery 
(n = 16). All patients undergoing lung 
transplantation had very severe COPD 
according to clinical criteria. Nondis-
eased donated lungs were those not us-
able for transplantation or were tissues 
provided after lungs were downsized 

Chemokine (C-C motif) ligand type 
2 (also called monocyte chemoattrac-
tant protein-1) and its receptor che-
mokine (C-C motif) receptor type 2 
(CCR2) are often elevated in the lung 
tissue of subjects with pulmonary 
disease (6–10). CCR2 is a surface re-
ceptor found on most inflammatory 
monocytes and macrophages, as well 
as on some dendritic cells and lympho-
cytes (1,2). CCR2-positive inflamma-
tory monocytes are essential early re-
sponding immune cells, and excessive 
or prolonged recruitment impairs the 
resolution of inflammation and prop-
agates disease progression (3,11,12). 
Experimentally, endotoxin triggers 
CCR2-dependent migration of mono-
cytes and macrophages to the lung 
and influences subsequent neutrophil 
recruitment (13–15). CCR2-positive 
signaling in monocytes provides a sec-
ondary source of proinflammatory cy-
tokines and proteases, contributing 
to lung injury (12,16). Recruitment of 
CCR2-dependent leukocytes affects the 
magnitude and duration of acute re-
spiratory distress syndrome (17), and 
elevated numbers of CCR2-positive 
monocytes are associated with ongoing 
inflammation in chronic obstructive pul-
monary disease (COPD) (6,7), which 
supports the use of CCR2-positive cells 
as a marker of disease activity. CCR2-
positive cells may also serve as a ther-
apeutic target because CCR2 blockade 
improves outcome in animal models of 
disease and has steered considerable 
effort toward the development and test-
ing of CCR2 antagonists (18,19).

We have recently described the use 
of a peptide that binds the first extra-
cellular loop of CCR2, called extracel-
lular loop 1 inverso (ECL1i) (20), for 
noninvasive imaging in initial studies in 
a lung ischemia-reperfusion model (21), 
but the generalizability to common in-
flammatory conditions and the activity 
in human disease tissue is unknown. 
The goal of this study was to further 
characterize the ECL1i-based positron 
emission tomography (PET) radiotracer 
for the noninvasive detection of mono-
cyte-related inflammation in a mouse 
model of endotoxin-induced lung injury 
and in human lung tissue.
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Abbreviations:
CCR2 = chemokine receptor type 2
COPD = chronic obstructive pulmonary disease
DAPI = 49,6-diamidino-2-phenylindole
DOTA = tetraazacyclododecane tetraacetic acid
ECL1i = extracellular loop 1 inverso 
ID = injected dose
LPS = lipopolysaccharide
PBS = phosphate-buffered saline
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Advances in Knowledge

 n Chemokine receptor type 2 
(CCR2) binding peptide extrcel-
lular loop 1 inverso (ECL1i), 
adapted as a PET radiotracer, 
can be used to detect 3.5-fold 
greater activity in the lungs of 
mice injured after intratracheal 
delivery of lipopolysaccharide 
compared with a control group 
receiving saline (P , .001).

 n Levels of CCR2-positive cells 
varied in human lung tissue 
among subjects with chronic ob-
structive pulmonary disease 
(COPD) (range, 1.62%–24.11% 
cells per tissue sample).

 n The radiotracer copper 64–tet-
raazacyclododecane tetraacetic 
acid–ECL1i can be used to detect 
inflammation in human lung 
tissue from subjects with COPD 
by using autoradiography (speci-
ficity determined with nonradio-
active blockade, 54.5%; P = 
.002), which suggests that there 
may be a possible clinical appli-
cation if approved for in vivo 
human use.

L ung inflammation is a result of the 
recruitment of inflammatory cells, 
guided along chemokine gradi-

ents by their cognate receptors (1,2). 
In some lung conditions (eg, asthma, 
eosinophilic pneumonia), patterns of 
inflammatory cell recruitment can be 
used to diagnose diseases and direct 
therapeutic decisions (3,4). However, 
the development of a detection strat-
egy for identifying immune population 
signatures has been difficult because 
many inflammatory cells are localized 
within the lung parenchyma, out of 
reach of conventional diagnostic tools. 
Consequently, the understanding of 
the contribution of immune cell sub-
sets in disease is limited and the clini-
cal development of specific antagonists 
for lung disease is stalled. Noninvasive 
detection could ultimately be used to 
characterize an individual’s molecular 
status, disease activity, and response 
to established or new therapies (5).
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received an LPS dose of 2.5 mg/g. Lung 
water was quantified by using wet- 
to-dry weight ratios in mice treated 
with PBS or intermediate-dose LPS 
(three per group). Lungs were resected 
and weighed immediately. The weights 
obtained immediately after resection 
were compared with those obtained af-
ter drying at 65°C for 48 hours. The 
study flowchart is shown in Figure 1.

Synthesis, Labeling, and Stability of ECL1i
The ECL1i peptide (LGTFLKC) was 
synthesized from d-form amino acids 
by CPC Scientific (Sunnyvale, Calif). 
DOTA-ECL1i was prepared by conju-
gating DOTA, which was modified as 
maleimido-monoamide-DOTA (1.573 

(n = 6), in vivo immune cell peptide 
binding (n = 18), lung water weight 
measurements (n = 6), in vivo biodis-
tribution analysis (n = 12), and PET/
computed tomography (CT) (n = 36). 
For the lung injury studies, mice did 
not undergo treatment (treatment na-
ive group, n = 8) or received intratra-
cheal vehicle control (phosphate buff-
ered saline [PBS], 1 mL/g, n = 26) or 
lipopolysaccharide (LPS) (endotoxin, 
Escherichia coli strain 055:B5; Sigma-
Aldrich, St Louis, Mo) at a dose of 
2.5 mg/g (n = 44). Other mice were 
administered a high dose (10 mg/g,  
n = 3) or a low dose (0.5 mg/g, n = 
3) of LPS as described in Appendix 
E1 (online). All CCR2-deficient mice 

(n = 11). Samples were prospectively 
collected between 2005 and 2013, de-
identified, and stored before use (Table 
E1 [online]). Samples were selected 
for analysis on the basis of tissue avail-
ability without preselection for specific 
clinical features.

Mice
The institutional animal care and use 
committee approved these studies. We 
evaluated 77 wild-type and four CCR2-
deficient (CCR22/2) mice (C57BL6/J 
strain) of both sexes (age, 8–12 weeks; 
weight, approximately 25 g). Mice were 
used for radiotracer stability studies 
(n = 3) and lung injury studies that 
included immunostaining for CCR2 

Figure 1

Figure 1: Flowcharts show study design of CCR2 
imaging with ECL1i peptide. (a) Peptide labeling and 
stability. (b) Mouse imaging studies. The number 
of mice in each treatment group is indicated. Bold 
boxes indicate in vivo PET/CT studies. Time-activity 
analysis was performed on a subgroup of PET im-
ages obtained 24 hours after treatment. (c) Human 
lung tissue studies. A subgroup of lung tissues 
from subjects with COPD displaying elevated levels 
of CCR2-positive cells was analyzed for copper 
64 (64Cu)–tetraazacyclododecane tetraacetic acid 
(DOTA)–ECL1i binding by using autoradiography 
followed by blocking (n = 6).
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(Novus Biologicals, Littleton, Colo) in 
mouse and human tissue (mice, n = 6; 
human tissue, n = 27). In each human 
tissue section, CCR2-staining cells were 
assessed from five photomicrographs 
obtained at 3200 magnification. Images 
were analyzed by investigators who 
were unfamiliar with the hypothesis. 
The percentage of CCR2 expression 
was determined as a ratio of the area 
of CCR2 signal relative to 49,6-diamid-
ino-2-phenylindole (DAPI) by using 
software (ImageJ, v1.50; National Insti-
tutes of Health, Bethesda, Md). Details 
are provided in Appendix E1 (online).

Autoradiography
Fixed human lung tissue sections that 
were deparaffinized and hydrated in 
PBS were incubated with 64Cu-DOTA-
ECL1i for 5 minutes (donor tissue, n 
= 4; COPD tissue, n = 6). Blocking 
studies were performed in lung sec-
tions from subjects with COPD demon-
strating levels of CCR2 immunostaining 
above the median (n = 6) by means of 
coincubation with 500-fold nonradio-
active ECL1i. Slides were washed 30 
times with water and then placed in 
an instant imager (Packard, Meriden, 
Conn) for 30 minutes. Images were 
postprocessed by using software (Im-
ager, Packard), and the percentage of 
blocked signal was calculated.

Statistical Methods
Data were analyzed by using software 
(Prism, version 6.07; GraphPad, La Jol-
la, Calif). Differences between groups 
were compared by using the two-tailed 
Student t test. Means of nonparametric 
data from human samples were com-
pared with the Mann-Whitney U test. 
Multiple means were compared by us-
ing a one- or two-way analysis of vari-
ance with the Tukey test. P , .05 was 
indicative of a statistically significant 
difference.

Results

64Cu-DOTA-ECL1i Radiochemistry and 
Stability
Results of mass spectrometry of 
the conjugate confirmed that one 

computed tomographic (CT) images 
were obtained by using cross-calibrated 
scanners (Inveon microPET/CT [Sie-
mens, Malvern, Pa] or Focus 220 PET 
[Concorde Microsystems, Knoxville, 
Tenn]) immediately after tail vein injec-
tion of 64Cu-DOTA-ECL1i (3.7 MBq per 
mouse) at 24, 48, and 144 hours after 
LPS treatment. Organ uptake was cal-
culated as the percentage ID per gram 
of tissue in three-dimensional regions 
of interest from PET images, without 
correction for partial volume effect, by 
using software (Inveon Research Work-
place, Siemens) (23). Time-activity 
curves were calculated from the regions 
of interest from PET images obtained in 
a subgroup of the PBS- and LPS-treat-
ed mice (three per group) undergoing 
imaging at 24 hours. Competitive PET 
blocking studies were performed in the 
LPS mouse model with coinjection of 
an excess amount of nonradiolabeled 
ECL1i (900.9 pmol) and 64Cu-DOTA-
ECL1i (1.8 pmol) (ECL1i-to-64Cu-DOTA-
ECL1i molar ratio = 500:1) followed by 
a 0–60-minute dynamic scan. PET/CT 
images of naive (n = 4) and PBS-treated 
(n = 5) mice at 24 hours were used as 
controls for all LPS-treatment studies 
performed at 24 hours, including ECL1i 
blocking studies (n = 4), CCR22/2 mice 
(n = 4), low-dose (n = 3) and high-dose 
(n = 3) LPS, and images obtained at 48 
(n = 3) and 144 (n = 3) hours after LPS.

Flow Cytometry
Mice received intratracheal PBS (n = 4) 
or LPS (n = 5), and 24 hours later were 
injected intravenously with ECL1i la-
beled with amine-reactive dye (Dylight 
550, 100 mg) to determine the type of 
inflammatory cell binding ECL1i. Other 
mice (four in the PBS group and five 
in the LPS group) were treated in par-
allel but were not given ECL1i-Dylight 
550. One hour after injection, a single 
cell suspension was produced from the 
lungs, immunostained with immune cell 
markers (Table E2 [online]), and ana-
lyzed with flow cytometry as described 
in Appendix E1 (online).

Immunostaining and Microscopy
Tissue sections were immunostained 
by using a CCR2 monoclonal antibody 

mg, 0.2 µmol; Macrocyclics, Dallas, 
Tex), to the cysteine residue of ECL1i 
by using established methods (22). 
The crude conjugate was purified by 
means of high-performance liquid 
chromatography to reach 99% chemi-
cal purity and verified with mass spec-
trometry. 64Cu was selected as an ini-
tial radiolabel for ECL1i on the basis 
of a high specific activity that enabled 
the administration of a trace amount 
and provided a decisive PET signal if 
present, straightforward radiochemis-
try by means of the conjugation of the 
DOTA chelator on the peptide, on-site 
availability, and previous experience 
with this radionuclide (22). The DO-
TA-ECL1i conjugate was radiolabeled 
with 64CuCl2 as previously described 
(22). 64Cu-DOTA-ECL1i was tested 
for stability by means of incubation in 
mouse serum at 37°C for 1 hour and, 
in vivo, in blood and lung 1 hour af-
ter injection (n = 3) with radio–high-
performance liquid chromatography 
analysis as described in Appendix E1 
(online). Maleimide-modified amine-
reactive dye (Dylight 550; Thermo-
Fisher Scientific, Waltham, Mass) 
was conjugated to ECL1i on the cys-
teine residue by using the same pro-
tocol for DOTA conjugation and pu-
rified with high-performance liquid 
chromatography.

Biodistribution Analysis
For biodistribution analysis, mice in the 
treatment-naive group and those treat-
ed with intratracheal PBS or LPS (four 
in each group) received a bolus injec-
tion of 100 mL (0.37 MBq per mouse) 
64Cu-DOTA-ECL1i via the tail vein 24 
hours after treatment. After euthana-
sia, which was performed 1 hour after 
radiotracer injection, organs of interest 
were collected, weighed, and assayed 
by means of a gamma counter (Beck-
man, Brea, Calif) as previously de-
scribed (23). Standards were prepared 
and measured in parallel to calculate 
the percentage of injected dose (ID) 
per gram of tissue.

PET/CT and Image Analysis
Dynamic PET image acquisition (from 
0 to 60 minutes) and corresponding 
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imaging period. 64Cu-DOTA-ECL1i up-
take in the lung peaked at 24 hours, 
followed by a loss of signal in mice in-
jected and imaged at 48 hours (mean: 
1.04% ID per gram of tissue 6 0.17, n 
= 5) or 144 hours (mean: 1.29% ID per 
gram of tissue 6 0.32, n = 5) after LPS 
(Fig 3c). Mice were administered high 
and low doses of LPS to determine the 
sensitivity of 64Cu-DOTA-ECL1i detec-
tion with PET. The lung signal in mice 
treated with a low dose of LPS (mean: 
1.82% ID per gram of tissue 6 0.17, 
n = 5) was decreased compared with 
that in mice treated with intermediate 
and high doses (Fig 3d).

The specificity of the ECL1i ra-
diotracer was examined in additional 

inflammation. Compared with PBS de-
livery, there was a prominent signal 
in the lungs of LPS-treated mice at 24 
hours (PBS mean: 0.99% ID per gram 
of tissue 6 0.29, n = 5; LPS mean: 
4.43% ID per gram of tissue 6 1.44, 
n = 7; P , .001) (Fig 3). Consistent 
with biodistribution studies, LPS also 
increased activity in the liver and renal 
clearance was indicated by enhanced 
kidney and bladder activity in all mice. 
The time-activity curve acquired 24 
hours after injury demonstrated a 
higher and consistent accumulation of 
64Cu-DOTA-ECL1i in the LPS-treated 
lung compared with the PBS-treated 
control lung, which was significantly 
lower, and further diminished over the 

DOTA conjugated to one ECL1i pep-
tide (mass/charge ratio calculated: 
1306.65, observed: 1306.69) (Fig E1, 
A [online]). The radiochemical purity 
of 64Cu-DOTA-ECL1i used for animal 
studies was 98% or greater, and this 
was confirmed with radio–high-perfor-
mance liquid chromatography (Fig E1, 
B [online]). The mean specific activity 
(6standard deviation) of 64Cu-DOTA-
ECL1i was 55.5 MBq/nmol 6 1.11 (n 
= 20), which enabled trace amounts 
(approximately 70 pmol) to be injected 
for in vivo studies. 64Cu-DOTA-ECL1i 
was stable in mouse serum in vitro at 
37°C for 1 hour (mean, 98.2% 6 2.1) 
and in vivo in serum (96.5% 6 1.1) 
and lung (95.6% 6 3.0) recovered from 
treatment-naive mice 1 hour after injec-
tion by using high-performance liquid 
chromatography analyses and gamma 
counting (Fig E2 [online]).

Biodistribution of 64Cu-DOTA-ECL1i in the 
LPS Mouse Lung Injury Model
We assayed 64Cu-DOTA-ECL1i in a 
well-characterized lung injury model 
in which endotoxin (LPS) activates 
the accumulation of CCR2-expressing 
cells in the lung (13,24). As expected, 
CCR2-expressing cells were detected 
in mouse lungs 24 hours after intra-
tracheal delivery of LPS (Fig 2a). The 
in vivo pharmacokinetic evaluation of 
64Cu-DOTA-ECL1i acquired 1 hour af-
ter intravenous injection was compared 
in naive mice and 24 hours after the 
delivery of intratracheal control vehicle 
PBS or LPS (Fig 2b). Accumulation of 
tracer in the lung of mice given LPS was 
2.5 times higher than that in the PBS 
group, although there was no difference 
in blood retention. 64Cu-DOTA-ECL1i-
wed renal clearance, as evidenced by 
the kidney accumulation in both groups. 
Liver and bone marrow uptake of 64Cu-
DOTA-ECL1i in LPS-treated mice was 
significantly higher than that in PBS-
treated mice.

CCR2 Imaging in LPS Lung Injury
On the basis of the biodistribution 
studies, we administered intratra-
cheal PBS or LPS and determined if 
intravenous 64Cu-DOTA-ECL1i could 
be used as a PET agent to image lung 

Figure 2

Figure 2: Biodistribution of 64Cu-DOTA-ECL1i in mice with lung injury. Mice were not treated (naive) or 
received intratracheal PBS or LPS. (a) Photomicrographs (original magnification, 3400) illustrate immu-
nostaining for CCR2 24 hours after intratracheal delivery of PBS or LPS. Tissues were counterstained with 
hematoxylin. Bar = 50 mm. (b) Chart shows biodistribution of 64Cu-DOTA-ECL1i at 24 hours in treatment-
naive, PBS, and LPS groups. Data are means 6 standard deviations. There were four mice per group. ∗ 
5 P , .001 (two-way analysis of variance with Tukey test).
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coinjected with excess nonradioactive 
ECL1i plus 64Cu-DOTA-ECL1i (blocked) 
(mean: 0.63% ID per gram of tissue 
6 0.15, n = 4; P , .001). There was 

not significantly different from that in 
mice treated with PBS. Moreover, the 
signal in these conditions was similar 
to that in LPS-treated mice that were 

control conditions (Fig 4). The level of 
64Cu-DOTA-ECL1i lung signal in treat-
ment-naive mice (mean: 0.39% ID per 
gram of tissue, n = 3) was negligible and 

Figure 3

Figure 3: PET 64Cu-DOTA-ECL1i imaging in mouse lung injury model. Mice received intratracheal PBS or LPS followed by intravenous injection of 64Cu-DOTA-
ECL1i . (a) Representative PET images of maximum intensity projection reconstructed PET/CT scans (center) and from indicated planes acquired 24 hours after 
treatment and after injection with 64Cu-DOTA-ECL1i . (b) Time-activity curves of 64Cu-DOTA-ECL1i in heart and lungs from 0 to 60 minutes after injection (n = 3 
per group from subgroup described in c). ∗ 5 P , .001 compared with lung PBS and LPS groups (unpaired two-tailed Student t test). Data are means 6 standard 
deviations. (c) Bar chart shows 64Cu-DOTA-ECL1i lung uptake after treatment (PBS: n = 5; LPS: n = 7 at 24 hours, n = 3 at 48 hours, n = 3 at 144 hours).  
∗ 5 P , .001 compared with PBS. Data are means 6 standard deviations. (d) Uptake in lung after delivery of low (n = 3), intermediate (Int ) (n = 7), and high  
(n = 3) dose of LPS. Intermediate dose activity is same data as shown in c for comparison. Data are means 6 standard deviations. ∗ 5 P , .001 and ∗∗ 5 P 
= .006 compared with low-dose LPS (one-way analysis of variance with Tukey test).
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lung weight wet-to-dry ratios in PBS- 
compared with LPS-treated mice (5.20 
g 6 0.20 vs 5.34 g 6 0.34, respectively, 
three per group; P = .650).

ECL1i Tracer Binds Monocytes in Vivo
To determine the cell types that bound 
ECL1i in wild-type mice, the peptide 
was tagged with the fluorescent dye 
Dylight 550. At 24 hours after intratra-
cheal delivery of PBS or LPS, ECL1i-
Dylight 550 was injected intravenously 
and, 1 hour later, lungs were analyzed 
with flow cytometry. LPS induced sig-
nificant binding of ECL1i-Dylight 550 
to monocytes (Ly6Glo, Ly6Chi) (Fig 5). 
ECL1i-Dylight 550 also bound lung to 
macrophages (CD11bhi, CD11clow) and 
a very small group of “bright” dendritic 
cells (CD11bhi, CD11chi), consistent 
with known CCR2-positive populations 
(1,2).

CCR2 Detection in Lung Tissue from 
Subjects with COPD
The percentage of CCR2-positive cells 
was significantly increased in lung tis-
sues from subjects with COPD (me-
dian: 12.82% cells per sample; range: 
1.16%–24.11% cells per sample) com-
pared with lung donors (median: 1.66% 
cells per sample; range: 0.19%–23.67% 
cells per sample) (P = .002) (Fig 6,  
Table E1 [online]). However, there 

that blood flow may contribute to dif-
ferences in the PET signal between 
LPS-treated and control mice; however, 
there were not significant differences in 

also nearly complete loss of lung sig-
nal in LPS-treated CCR2-deficient mice 
(mean: 0.39% ID per gram of tissue 6 
0.04, n = 3; P , .001). We considered 

Figure 4

Figure 4: Specificity of 64Cu-DOTA-ECL1i imaging in LPS lung injury model. Mice were not treated or received intratracheal LPS and, 24 hours later, 64Cu-DOTA-
ECL1i for PET/CT. Naive = treatment-naive wild-type mice, WT = LPS-treated wild-type mice, WT + Block = LPS-treated wild-type mouse coinjected with nonradiola-
beled ECL1i, CCR22/2 = LPS-treated CCR2-deficient mice. (a) Representative transverse PET images of mouse lung from treatment-naive wild-type mice  
(n = 4), LPS-treated wild-type mice (n = 7 [from Fig 2b]), LPS-treated wild-type mouse coinjected with nonradiolabeled ECL1i (n = 4), and LPS-treated CCR2-defi-
cient mice (n = 4). (b) Bar chart shows quantification of lung activity after treatment described in a. Data are means 6 standard deviations. ∗ 5 P , .001 compared 
with LPS-treated wild-type mice injected with 64Cu-DOTA-ECL1i (one-way analysis of variance with Tukey test).

Figure 5

Figure 5: Detection of ECL1i–Dylight 550 in lung immune cells after LPS-
induced lung injury. Mice treated with intratracheal PBS or LPS were given 
intravenous fluorescent-labeled ECL1i (four mice in PBS group and five in LPS 
group) at 24 hours. Four mice in PBS group and four in LPS group were not 
injected with ECL1i and served as controls for flow cytometry. One hour later, 
lung cell digests were analyzed with flow cytometry for ECL1i–Dylight 550–
positive cells by using cell-type specific antibodies. PMN = neutrophils,  
Mono = monocytes, Mac = macrophages, DC = dendritic cells. Data are means 
6 standard errors of four independent experiments. ∗ 5 P = .001 compared 
with PBS treatment (unpaired Student t test).
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in representative samples with high 
numbers of CCR2-positive cells com-
pared to those with low numbers of 
CCR2-positive cells (Fig 6c). Qualitative 
assessment of probe binding was deter-
mined by blocking the 64Cu-DOTA-ECL1i 
signal with nonlabeled ECL1i in tissue 

subjects by using autoradiography of 
slides. To enhance the differences in 
CCR2 detection, we studied samples 
with high versus low numbers of CCR2-
positive cells detected with immunos-
taining. This comparison showed that 
64Cu-DOTA-ECL1i binding was increased 

were a wide range of CCR2-positive 
cells, with the levels being similar in tis-
sues from some subjects with and some 
subjects without COPD.

Accordingly, we next tested the 
binding of 64Cu-DOTA-ECL1i in the lung 
tissue sections from COPD and donor 

Figure 6

Figure 6: 64Cu-DOTA-ECL1i binding in human lung samples from subjects with severe COPD. (a) Photomicrographs of CCR2 immunostaining in lung tissue from 
non-COPD lung donor and subject with severe COPD (original magnification, 3100) demonstrate a high number of CCR2-expressing cells. Bar = 100 mm. CCR2 
is red and DAPI is blue. (b) Quantification of CCR2 staining area relative to DAPI in lung sections from donors (n = 11) and subjects with COPD (n = 16). Data were 
obtained from photomicrographs acquired at magnification of 3200. Bars indicate median values, which were significantly different between groups. ∗ 5 P = 
.002 (Mann-Whitney U test for nonparametric data). (c) Representative images from autoradiography of 64Cu-DOTA-ECL1i binding to lung tissues sections on glass 
slides. (d) Quantification of autoradiography of lung sections from subjects with COPD. Counts in each blocked sample were compared with those from nonblocked 
tissues that were set as 1.0 (n = 6). Bars indicate median values, which were significantly different between groups. ∗ 5 P = .002 (Mann-Whitney U test for 
nonparametric data).
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in levels between the COPD and donor 
groups, possibly owing to underlying 
phenotypic differences in COPD and in-
flammation that may occur in the donor 
lungs before harvest for transplanta-
tion. Thus, further study will be needed 
to define precise differences for CCR2-
positive cells in COPD; however, the 
present observations identify a set of 
clinical samples and a strategy that can 
be used to validate whether the level of 
CCR2-positive cells in tissue correlates 
with the level detected by using our 
probe for noninvasive imaging.

This study has several limitations. 
We assessed radiotracer activity in 
a limited number of mice and 64Cu-
DOTA-ECL1i has a very rapid blood 
clearance (,1% ID per gram of tis-
sue at 1 hour after injection), so that 
the sensitivity of detection may be 
limited. Chemical modification of the 
radiotracer could improve the phar-
macokinetics to increase the blood re-
tention time. Although we have shown 
that ECL1i can bind human tissues 
from subjects with COPD, sampling 
issues inherent in this heterogeneous 
disease prevent generalization to the 
whole lung. The assessment of mice 
is also limited because relatively small 
numbers have been studied with PET/
CT after 64Cu-DOTA-ECL1i injection 
and models of chronic lung disease 
such as COPD are lacking; cigarette 
smoke in mice does not induce in-
flammation similar to that in humans 
(35). Interpretation of results is also 
limited by a lack of current approval 
for clinical testing. Moving to human 
trials may be the only way to test our 
proposal that a 64Cu-DOTA-ECL1i sig-
nal is increased in the lungs of subjects 
with COPD. Although the 64Cu decay 
half-life of approximately 13 hours may 
be less desirable for imaging, the high 
specific activity and the longer physi-
cal half-life will permit production and 
distribution of intact radiotracer for 
nationwide trials. For expanded clini-
cal use of ECL1i, radiochemistry could 
be developed for fluoride-18 labeling. 
Moreover, future human studies of 
PET with use of radiolabeled ECL1i 
n combination with CT may provide 
synergistic information regarding the 

ECL1i. To determine the cell types 
binding ECL1i, we created a fluores-
cently tagged ECL1i imaging agent 
for in vivo labeling of immune cells in 
wild-type mice. Injection of ECL1i–Dy-
light 550 and analysis of whole lung 
cell preparations with flow cytometry 
revealed ECL1i signal in lung mono-
cytes and macrophages as well as 
in small numbers of dendritic cells, 
which are also known to express 
CCR2 (12,26,29). Thus, future in vivo 
studies with ECL1i–Dylight 550 and 
CCR2 reporter mice may provide ad-
ditional information as to cell targets. 
Ultimately, the characterization of the 
complete identity of cell types that 
bind 64Cu-DOTA-ECL1i in vivo will be 
difficult owing to inherent differences 
in the sensitivity of detection methods 
for fluorescent and radionuclide labels.

64Cu-DOTA-ECL1i joins a small 
number of agents developed for PET of 
nonmalignant lung disease. The strength 
of the ECL1i radiotracer is its ability to 
enable imaging of CCR2-related inflam-
mation, as we have shown in the lung 
by using the mouse endotoxin and a 
mouse ischemia-reperfusion model of 
lung transplantation (21). 64Cu-DOTA-
ECL1i activity in the bone marrow and 
extrapulmonary organs suggests that it 
may also be possible to follow CCR2 
cell trafficking. Moving forward, it will 
be important to compare the utility of 
64Cu-DOTA-ECL1i with radiotracers 
that are less specific for a defined im-
mune cell population, such as fluorine 
18 fluorodeoxyglucose PET (5,31), and 
using single photon emission CT or pla-
nar imaging with technetium 99m hexa-
methylpropylene amine oxime (32) as 
well as targeted approaches including 
the translocator protein (33) and fo-
late receptor b (34) to identify CCR2-
dependent inflammation.

We identified that the percentage 
of CCR2-expressing cells detected with 
immunostaining was elevated in lung 
tissue from subjects with severe COPD 
compared with that from the lung do-
nor group. This finding was consistent 
with previous reports of elevated levels 
of CCR2-positive cells in other types of 
samples obtained from individuals with 
COPD (6,7). There was some overlap 

samples from subjects with COPD with 
high levels of CCR2-positive cells. In all 
samples tested (n = 6), competition with 
nonlabeled ECL1i diminished the level of 
64Cu-DOTA-ECL1i binding on the basis 
of autoradiographic signal (Fig 6d).

Discussion

We selected a CCR2 binding peptide 
as a PET imaging target on the ba-
sis of several observations. First, the 
CCR2–chemokine ligand type 2 axis 
recruits inflammatory monocytes and 
other types of immune cells into the 
lung (1). Second, CCR2 is elevated 
in lung cells in acute respiratory dis-
tress syndrome, COPD, experimental 
asthma, and pulmonary fibrosis as well 
as in common nonpulmonary diseases, 
including atherosclerosis and malig-
nancy (6,8–10,17,25–28). Third, there 
is substantial evidence that genetic 
deletion or pharmacologic inhibition 
of CCR2 ameliorates disease in ani-
mal models, leading to industry efforts 
to develop and test CCR2 antagonists 
for respiratory disorders and other 
disease (2,18,19).

Current tools are limited for the non-
invasive assessment of inflammation in 
lung disease. To test 64Cu-DOTA-ECL1i 
as an agent for detecting inflammation, 
we chose LPS injury, a well-established 
model that has been characterized rel-
ative to CCR2-mediated inflammation 
(13,24,29). Previous reports demon-
strated that LPS directs accumulation 
of CCR2-expressing cells in the lung 
in wild-type but not CCR22/2 mice 
or after anti-CCR2 antibody block-
ade (13,24,30). Consistent with these 
findings, 64Cu-DOTA-ECL1i activity in 
the lung was increased only during the 
acute phase of injury and was not pre-
sent in CCR22/2 mice. The specificity of 
64Cu-DOTA-ECL1i activity was further 
shown by the ability to block detection 
of LPS-induced activity by using nonra-
dioactive ECL1i.

Because CCR2 deletion in mice 
alters immune responses, including 
decreased neutrophil influx and other 
inflammatory cells in the lung (13–15), 
we sought alternative approaches 
to study the in vivo performance of 
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