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Significance

This study developed a positron 
emission tomography (PET) 
imaging agent that detects 
pulmonary inflammation during 
acute lung injury. The PET 
radiotracer uptake was highest in 
lung regions with high 
macrophage influx, and 
quantification of radiotracer 
uptake strongly correlated with 
the expression of established 
inflammatory markers. Further, 
this PET tracer was able to 
monitor treatment response to a 
clinically relevant treatment, 
providing information beyond 
what would be obtained by other 
imaging modalities, like computed 
tomography, alone. This 
knowledge will enhance our ability 
to noninvasively characterize and 
monitor molecular patterns of 
inflammation to help develop 
precision medicine approaches to 
treat the acutely injured lung.
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The lack of techniques for noninvasive imaging of inflammation has challenged preci-
sion medicine management of acute respiratory distress syndrome (ARDS). Here, we 
determined the potential of positron emission tomography (PET) of chemokine-like 
receptor-1 (CMKLR1) to monitor lung inflammation in a murine model of lipopol-
ysaccharide-induced injury. Lung uptake of a CMKLR1-targeting radiotracer, [64Cu]
NODAGA-CG34, was significantly increased in lipopolysaccharide-induced injury, 
correlated with the expression of multiple inflammatory markers, and reduced by dex-
amethasone treatment. Monocyte-derived macrophages, followed by interstitial mac-
rophages and monocytes were the major CMKLR1-expressing leukocytes contributing 
to the increased tracer uptake throughout the first week of lipopolysaccharide-induced 
injury. The clinical relevance of CMKLR1 as a biomarker of lung inflammation in ARDS 
was confirmed using single-nuclei RNA-sequencing datasets which showed significant 
increases in CMKLR1 expression among transcriptionally distinct subsets of lung mono-
cytes and macrophages in COVID-19 patients vs. controls. CMKLR1-targeted PET is 
a promising strategy to monitor the dynamics of lung inflammation and response to 
anti-inflammatory treatment in ARDS.

acute lung injury | positron emission tomography | CMKLR1 | macrophage | inflammation

Acute lung injury (ALI) is a heterogeneous life-threatening condition which is caused by 
diffuse alveolar damage and manifests as acute hypoxemic respiratory failure and non-car-
diogenic pulmonary edema, clinically referred to as the acute respiratory distress syndrome 
(ARDS). With an annual incidence of ~75 per 100,000 individuals and a mortality rate 
of 27 to 45%, ARDS has long been a major healthcare issue (1). This has been drastically 
aggravated during the recent pandemic, as ARDS occurs in ~5% of patients with COVID-
19 and accounts for most of its fatalities (2).

The disruption of the alveolar-capillary barrier in ALI may occur following direct exposure 
to various biological, chemical, and physical hazards, or indirect injuries, e.g., sepsis (3–5). 
Despite the etiological heterogeneity of the triggering events, dysregulated inflammation 
is a critical driver of ALI/ARDS and its progression to the fibroproliferative phase (5). 
Therefore, detection of the inter-individual heterogeneity of the immune response plays a 
crucial role in understanding the pathophysiology of ALI/ARDS and promoting a precision 
medicine approach through predicting the clinical trajectory of disease in individual patients 
and monitoring their responses to various anti-inflammatory therapies (6–8).

The current clinical methods to characterize lung inflammation have significant limi-
tations. Invasive techniques, like lung biopsy, pose significant risks to critically ill patients 
and are subject to sampling bias (9). Additionally, the available plasma biomarkers of 
inflammation are non-specific, and their alterations may be related to extra-pulmonary 
processes (10). Molecular imaging, by contrast, can noninvasively provide spatially-
resolved information about pathological processes contributing to lung inflammation 
(11). Early molecular imaging studies of lung inflammation were mostly focused on [18F]
fluorodeoxyglucose ([18F]FDG) positron emission tomography (PET), which relies on 
the detection of enhanced glucose utilization by activated leukocytes (11). However, the 
non-specificity of [18F]FDG uptake has prompted the development of tracers targeting 
more specific aspects of the immune response (12, 13). Notably, preclinical studies have 
shown the feasibility of targeted imaging of C-C motif chemokine receptor-2 (CCR2) 
(14), very late antigen-4 (VLA4) (15), CD11b (16), and folate receptor-β (17) in ALI, 
each depicting a different aspect of lung inflammation. However, no single molecular 
imaging strategy can capture the complexity of the immune response and the substantial 
heterogeneity of ARDS, which represents major barriers to clinical implementation of 
therapies targeting different aspects of disease pathogenesis, e.g., immunomodulatory/
immunosuppressive or anti-fibrotic drugs, in individual patients (18). For example, while 
targeted imaging of CCR2 allows for the detection of ongoing influx of monocytes, CCR2 
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downregulation upon monocyte-to-macrophage differentiation 
(19, 20) may limit the utility of this approach in inflammatory 
conditions driven by local proliferation or sustained activation of 
the accumulated macrophages. Therefore, continued development 
and validation of tracers that target diverse aspects of the immune 
response are critical to establish a multipronged approach for char-
acterizing disease endotypes, ultimately leading to the precision 
management of ALI/ARDS.

Chemokine-like receptor 1 (CMKLR1) is a G-protein-coupled 
receptor for chemerin and resolvin E1, which plays key roles in 
recruitment and activation of macrophages, natural killer (NK) 
cells, and plasmacytoid dendritic cells in inflammatory diseases 
across multiple organs, including atherosclerosis (21, 22), rheu-
matoid arthritis (23), and inflammatory bowel disease (24). With 
respect to the lungs, CMKLR1 has been shown to contribute to 
the inflammation induced by cigarette smoke (25), traffic-related 
particles (26), viral pneumonia (27), and ALI (28) in preclinical 
models. Moreover, a comprehensive single-cell transcriptomic 
study has recently shown the expression of CMKLR1 by a subset 
of monocyte-derived macrophages in patients with COVID-19 
ARDS (29), supporting the clinical relevance of CMKLR1 as a 
biomarker of lung inflammation in ARDS.

In this study, we hypothesized that molecular imaging of 
CMKLR1, as a biomarker of lung inflammation, is feasible and 
allows for noninvasive quantitative detection of ongoing lung 
inflammation in an experimental model of ARDS. We describe 
the development and validation of a CMKLR1-targeting radio-
tracer, based on a recently discovered high-affinity and proteolyt-
ically stable peptidomimetic analog of the carboxyl terminus of 
chemerin (referred to as CG34) (30), for PET imaging of lung 
inflammation in a murine model of lipopolysaccharide (LPS)-
induced ALI and monitoring the therapeutic response to dexa-
methasone, as a clinically relevant intervention in ARDS. 
Additionally, we establish the biological correlates of this imaging 
approach by determining the relationship between tracer uptake 
and the expression of multiple markers of lung inflammation, and 
by immunophenotyping of CMKLR1-expressing leukocytes con-
tributing to tracer uptake in experimental ALI. We further char-
acterize the kinetics of CMKLR1 expression over the course of 
LPS-induced ALI and compare its pattern to that of CCR2. 
Finally, we address the clinical relevance of CMKLR1 as a bio-
marker in ARDS by determining the expression of CMKLR1 in 
lungs of patients with COVID-19 vs. controls by secondary anal-
ysis of a single-nuclei RNA-sequencing (snRNA-seq) dataset (31).

Results

NODAGA-CG34 Is a Potent CMKLR1 Agonist. To achieve site-
specific [64Cu]Cu+2 radiolabeling of CG34, a high-affinity (i.e., 
low nanomolar) human CMKLR1 agonist (30), we conjugated the 
N-terminus of CG34 with NODAGA, a chelator with favorable 
in vivo pharmacokinetics, through a 6-aminohexanoic acid linker 
(SI  Appendix, Figs. S1 and S2). To confirm that NODAGA-
6-aminohexanoic acid conjugation did not impair CG34 
functionality, calcium flux assays were performed in HeLa cells 
expressing mouse CMKLR1 (mCMKLR1) and G-protein alpha-15 
(Gα15) vs. Gα15 alone (SI Appendix, Figs. S1B and S3). The potency 
of NODAGA-CG34 in eliciting CMKLR1-specific response was 
comparable to that of a high-affinity peptide derived from amino 
acids 145 to 157 of chemerin (Chem145–157, SI Appendix, Fig. S4) 
with EC50 of 45.7 vs. 42.2 nM, respectively (SI Appendix, Fig. S1C).

[64 Cu]NODAGA-CG34 Exhibits a Favorable In Vitro Profile for 
CMKLR1-Targeted PET. Radiolabeling of NODAGA-CG34 with 

[64Cu]Cu+2 consistently provided [64Cu]NODAGA-CG34 with 
radiochemical yields >95% at a molar activity of ~37 MBq/nmol 
(Fig.  1 A  and  B). Radioligand binding assays demonstrated a 
high affinity of [64Cu]NODAGA-CG34 to mCMKLR1 with 
a dissociation constant (Kd) of 192.1 nM (Fig.  1C), which is 
further enhanced by the cellular internalization of CMKLR1 
agonists (32).

[64Cu]NODAGA-CG34 is highly hydrophilic with an 
1-octanol/PBS partition coefficient (logD) of −2.86 ± 0.08. 
Additionally, [64Cu]NODAGA-CG34 demonstrated low plasma 
protein binding both at 15 min (3.0% ± 0.7) and 90 min (6.0% 
± 0.8) (Fig. 1D).

Radio-HPLC of [64Cu]NODAGA-CG34 after overnight incu-
bation in radiolabeling buffer under ambient conditions did not 
reveal any additional radioactive peaks (SI Appendix, Fig. S5), 
confirming its stability to both radiolysis and radiometal chelation. 
Additionally, radio-HPLC of [64Cu]NODAGA-CG34 after 
extended incubation in mouse plasma revealed no detectable radi-
ometabolites, indicating its excellent plasma stability (Fig. 1E).

[64Cu]NODAGA-CG34 PET Quantitatively Detects Lung 
Inflammation. Visual assessment of PET/CT demonstrated both 
diffuse and distinct focal lung uptake of [64Cu]NODAGA-CG34 
in regions of airspace opacification on day 2 post-induction of ALI, 
which were blocked by co-administration of unlabeled NODAGA-
CG34 (Fig. 2A and SI Appendix, Fig. S6). Consistent with this 
qualitative assessment, the maximum and mean standardized 
uptake values (SUVmax and SUVmean) of [64Cu]NODAGA-CG34 
were ~1.7-fold higher in ALI compared to control lungs (Fig. 2 
B and C). A marked reduction in SUVmax and SUVmean in mice 
co-injected with excess unlabeled NODAGA-CG34 confirmed 
the in vivo specificity of [64Cu]NODAGA-CG34 uptake (Fig. 2 
B and C).

Similarly, ex vivo γ-counting determined that lung uptake of 
[64Cu]NODAGA-CG34 was ~twofold higher in ALI mice as 
compared to controls and was blocked by co-injection of unlabeled 
NODAGA-CG34 (Fig. 2D). We verified the accuracy of PET-
derived quantification of [64Cu]NODAGA-CG34 uptake by 
demonstrating a strong correlation between SUVmean and γ-count-
ing measurements of [64Cu]NODAGA-CG34 uptake (R2 = 0.53, 
P = 0.0006) (Fig. 2E).

Consistent with prior reports of systemic inflammation associ-
ated with intratracheal LPS-induced ALI (14–16), significant 
increases in [64Cu]NODAGA-CG34 uptake were present in sev-
eral organs (particularly liver, spleen, thymus, and intestine) in 
ALI mice compared to controls (Fig. 2F).

To validate the accuracy of [64Cu]NODAGA-CG34 PET as an 
imaging biomarker of lung inflammation, we determined the corre-
lations between lung SUVmean and mRNA expression of inflamma-
tory markers. ALI substantially increased the expression of multiple 
inflammation-associated genes, including chemokines, interleukins, 
and cytokines, in the lungs (SI Appendix, Fig. S7A), many of which 
significantly correlated with SUVmean (SI Appendix, Fig. S7B).

[64Cu]NODAGA-CG34 PET Monitors the Therapeutic Response 
to Dexamethasone. Considering the promise and accuracy of 
[64Cu]NODAGA-CG34 PET to quantify lung inflammation, 
we next determined its potential in monitoring the response to 
anti-inflammatory treatment by dexamethasone. Similar to our 
prior experiment, lung uptake of [64Cu]NODAGA-CG34 was 
significantly increased on day 2 post-LPS-induced ALI compared 
to controls, as determined by in vivo PET and ex vivo γ-counting 
(Fig. 3 A–D). Dexamethasone treatment (1 and 24 h post-LPS) 
significantly reduced lung uptake of [64Cu]NODAGA-CG34 
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in LPS-injured mice, as measured both globally throughout the 
lungs (SUVmean and %ID/g) and in the most inflamed regions 
(SUVmax) (Fig. 3 A–D). Notably, dexamethasone-treated ALI mice, 
when compared to untreated ALI mice, frequently demonstrated 
consolidated regions with minimal tracer uptake, highlighting 
the potential of [64Cu]NODAGA-CG34 PET to quantify the 
inflammatory burden of consolidated lungs, hence supplementing 
the structural information obtained by CT (Fig. 3A). Consistent with 
PET findings, dexamethasone significantly reduced the expression 
of inflammatory biomarkers in LPS-injured lungs (Fig. 3E).

Increased Uptake of CMKLR1-Targeting Peptide in ALI 
Predominantly Represents the Expansion of CMKLR1-Expressing 
Macrophages and Monocytes. We identified the major immune 
cells in control and LPS-injured lungs using the gating strategy 
provided in SI Appendix, Fig. S8. For flow cytometric identification 
of immune cells contributing to [64Cu]NODAGA-CG34 uptake, 
we utilized a fluorescently-conjugated peptide derived from an 
established high-affinity CMKLR1 ligand (33) and analog 
of CG34 derived from the natural amino acids 145 to 157 of 
chemerin, 6CF-Chem145–157 (SI  Appendix, Fig. S9A). We first 
determined the high potency and specificity of 6CF-Chem145–157 to 
mCMKLR1 in murine peritoneal macrophages (SI Appendix, Fig. 
S9B). Then, we confirmed 6CF-Chem145–157 binding may serve 
as a proxy for [64Cu]NODAGA-CG34 uptake by demonstrating 
that NODAGA-CG34 displaced 6CF-Chem145–157 binding 
on murine peritoneal macrophages (SI  Appendix, Fig. S9C). 
Finally, we confirmed that 6CF-Chem145–157 binding is restricted 

to CMKLR1-expressing cells by co-staining of peritoneal cells 
with 6CF-Chem145–157 and an anti-CMKLR1 antibody, which 
demonstrated 6CF-Chem145–157 binding is only detectable in 
CMKLR1-expressing macrophages (SI Appendix, Fig. S9D).

Flow cytometry of mechanically-dissociated lungs demonstrated 
that 2 d after LPS-induced injury most leukocyte populations, 
most pronouncedly neutrophils and monocyte-derived mac-
rophages, followed by NK cells, interstitial macrophages, Ly6Chi 
monocytes, and lymphocytes, were increased (Fig. 4A). However, 
the LPS-induced increase in 6CF-Chem145–157 uptake at this time-
point was predominantly restricted to monocyte-derived mac-
rophages, followed by modest increases among interstitial 
macrophages, Ly6Chi monocytes, Ly6Clo monocytes, and alveolar 
macrophages (Fig. 4 B and C). NK cells were the only population 
that demonstrated significant 6CF-Chem145–157 uptake both at 
steady state and following LPS-induced injury. There was no sig-
nificant uptake of 6CF-Chem145–157 by neutrophils, B-cells, T-cells, 
and CD45neg cells. Treatment with dexamethasone significantly 
reduced the number of CMKLR1-expressing cells (e.g., mac-
rophages, monocytes, and NK cells) within the LPS-injured lungs, 
while only decreasing 6CF-Chem145–157 uptake per cell in alveolar 
macrophages and Ly6Chi monocytes (Fig. 4 B and C).

To estimate the contribution of individual CMKLR1 expressing 
cell types to the total lung uptake of 6CF-Chem145–157, as a proxy 
for the uptake of [64Cu]NODAGA-CG34 in PET imaging studies, 
we multiplied the number of counted cells per type by their 
6CF-Chem145–157 uptake measured by specific mean fluorescence 
intensity. Using this measure, we confirmed that LPS-treated mice 
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had the highest total lung uptake of 6CF-Chem145–157, while dex-
amethasone treatment markedly reduced 6CF-Chem145–157 uptake 
(Fig. 4D). By contrast, there was minimal 6CF-Chem145–157 uptake 
in PBS-treated mice. Importantly, we determined that monocytes 
and macrophages represented the majority (~85%) of total 
6CF-Chem145–157 uptake on day 2 post-LPS-induced ALI which 
was largely driven by monocyte-derived macrophages (contribut-
ing to ~70% of the uptake) with smaller contributions from alve-
olar macrophages (~7%), interstitial macrophages (~5%), and 
monocytes (~3%). NK cells represented only ~14% of 
6CF-Chem145–157 uptake in LPS-injured lungs. A similar pattern 
of 6CF-Chem145–157 uptake by cell type was found in dexameth-
asone-treated ALI mice though at a significantly reduced total 
uptake of 6CF-Chem145–157. By contrast, 6CF-Chem145–157 uptake 
was markedly lower in PBS-treated mice and was largely driven by 
NK cells (~60%) and alveolar macrophages (~21%), while mono-
cyte-derived macrophages (~6%), interstitial macrophages (~2%), 
and monocytes (~1%) contributed minimally to the total uptake.

We used combined high-resolution autoradiography and histol-
ogy to confirm the spatial colocalization of [64Cu]NODAGA-CG34 

uptake to regions of lung inflammation and increased CMKLR1 
expression. As demonstrated in Fig. 5 A and B, autoradiography 
revealed minimal diffuse [64Cu]NODAGA-CG34 uptake through-
out the lungs in control mice. However, a marked increase in [64Cu]
NODAGA-CG34 uptake was present in LPS-injured lungs man-
ifesting as discrete foci of tracer accumulation, mostly in a 
peri-bronchial distribution as expected by the intratracheal delivery 
route of LPS, superimposed on a diffusely increased tracer uptake 
in the remaining parts of the lungs. Notably, the foci of high [64Cu]
NODAGA-CG34 uptake colocalized with inflamed regions of 
lungs as determined by hematoxylin and eosin staining (Fig. 5C) 
and increased CMKLR1 expression (Fig. 5D). Further, we con-
firmed that the abundant expression of CMKLR1 in inflamed 
regions of LPS-injured lungs mostly co-localized with CD45 
(Fig. 5E) and F4/80 (Fig. 5F), consistent with flow cytometric 
finding of 6CF-Chem145–157 uptake in macrophages.

Distinct Kinetics of CMKLR1 and CCR2 Expression by Monocytes 
and Macrophages in ALI Allow for Monitoring of Different 
Aspects of Lung Inflammation by PET. CCR2-targeted PET 
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injury. (A) Representative axial (Left) or coronal (Right) CT, 
PET, and co-registered PET/CT images acquired ~90 min 
after intravenous tracer injection from a control mouse (Top 
row) vs. a mouse 2 d after intratracheal LPS administration 
(Middle row) demonstrate markedly increased lung uptake 
of [64Cu]NODAGA-CG34 mostly localized to regions of 
airspace opacities detected by CT. Co-injection of 100-
fold molar excess of non-radiolabeled NODAGA-CG34 
blocks the tracer uptake in inflamed lungs (Bottom row), 
confirming the specificity of tracer uptake. In  vivo PET-
derived quantification of tracer uptake demonstrates ~73% 
increase in lung SUVmax (B) and ~72% increase SUVmean (C) in 
LPS-injured mice compared to control mice (N = three males 
and four females per group), which is completely blocked by 
co-injection of excess non-labeled NODAGA-CG34 despite 
CT evidence of lung injury (N = two males and two females 
in the blocked group). (D) Quantification of tracer uptake by 
γ-counting confirms a similar pattern with 103% increased 
[64Cu]NODAGA-CG34 uptake in experimental lung injury, 
compared to control lungs, which is completely blocked by 
co-injection of unlabeled NODAGA-CG34. (E) In  vivo PET-
derived (SUVmean) and ex  vivo γ-counting-derived (%ID/g) 
measurements of [64Cu]NODAGA-CG34 uptake correlate 
significantly (R2 = 0.53, P = 0.0006), confirming the accuracy 
of noninvasive quantification of tracer uptake in lungs. (F) 
Biodistribution of [64Cu]NODAGA-CG34, determined by 
ex vivo γ-counting (%ID/g) in select organs, demonstrated 
systemic inflammation upon LPS-induced lung injury as 
evidenced by multi-organ increases in [64Cu]NODAGA-
CG34 uptake. SUVmax, SUVmean, and %ID/g data in panels 
B–E represent the average values of the left and right lungs 
for each mouse. PBS = phosphate-buffered saline; LPS = 
lipopolysaccharide. Data are expressed as the mean ± SEM. 
Linear regressions are shown along with 95% CIs. Statistical 
significance between groups was calculated using a one-
sided ANOVA with a post hoc two-tailed Fisher’s exact test. 
Linear correlations were determined by calculating the 
Pearson correlation coefficient.
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using [64Cu]DOTA-ECL1i has been reported to detect the early 
phase of lung inflammation at 24 h post-LPS administration 
in the murine model of ALI (14). Notably, the lung uptake 
of [64Cu]DOTA-ECL1i returned to the level of control lungs 
on days 2 and 6 post-LPS (14). To determine the potential of 
[64Cu]NODAGA-CG34 PET in detecting a distinct aspect 
of inflammation captured by [64Cu]DOTA-ECL1i PET (i.e., 
increased burden of recruited monocytes and macrophages vs. 
ongoing monocyte flux), we compared the kinetics of CCR2 
and CMKLR1 expression at different timepoints after LPS 
administration by flow cytometry (Fig. 6 A–E). CCR2 expression 
was highest among Ly6Chi monocytes while it was markedly lower 
in interstitial and monocyte-derived macrophages particularly on 
days 4 and 7 post-LPS, consistent with the rapid downregulation 
of CCR2 upon monocyte-to-macrophage differentiation (34, 
35). In contrast, 6CF-Chem145–157 uptake, as a surrogate for 
CMKLR1 expression, remained high in monocyte-derived 
macrophages throughout the first week after LPS administration 
with only a modest decrease on day 7 coinciding with the resolving 
phase of inflammation as detected by the reduced number of 
lung inflammatory cells (SI Appendix, Fig. S10). A progressive 
increase in 6CF-Chem145–157 uptake by interstitial macrophage 
was also noted throughout the 7-d period, while its uptake by 
Ly6Chi monocytes markedly dropped from day 1 to day 2 post-
LPS. Notably, CCR2 and CMKLR1 expression by SiglecFhi 
alveolar macrophages remained negligible in control mice and 
throughout the first week after LPS administration. These data 
support distinct kinetics of CCR2 and CMKLR1 expression with 
CCR2 primarily expressed by undifferentiated Ly6Chi monocytes 
while CMKLR1 predominantly expressed upon differentiation of 
monocytes to macrophages.

To confirm that the persistent expression of CMKLR1 by the 
accumulated burden of lung macrophages allows for the imaging of 

lung inflammation over an extended period after the induction of 
ALI, we performed a time course analysis of [64Cu]NODAGA-CG34 
PET over 1 wk following LPS administration (Fig. 6 F–I). 
Interestingly, the lung uptake of [64Cu]NODAGA-CG34 closely 
paralleled the kinetic changes in CMKLR1 expression by monocytes 
and macrophages detected by flow cytometry, i.e., a persistent 
increase in [64Cu]NODAGA-CG34 uptake throughout the first 
week after LPS administration with a modest decrease on day 7. 
Together, our data suggest that CMKLR1- and CCR2-targeted PET 
detect distinct aspects of monocyte/macrophage biology in ALI in 
which the uptake of [64Cu]NODAGA-CG34 is primarily reflective 
of the accumulated burden of recruited monocyte-derived and inter-
stitial macrophages, while [64Cu]DOTA-ECL1i uptake is largely 
driven by ongoing flux of monocytes during the early stage of ALI 
irrespective of the total burden of macrophage accumulation.

CMKLR1 Expression Is Increased in Lung Monocytes and 
Macrophages in COVID-19. Our preclinical results support the 
premise of CMKLR1 as an imaging biomarker of monocyte- 
and macrophage-driven inflammation in an experimental 
model of ALI. To establish the clinical relevance of CMKLR1 
as a biomarker of inflammation in ARDS, we performed a 
secondary analysis of a snRNA-seq dataset (31) to determine 
the total and cell-specific expression of CMKLR1 in autopsied 
lungs of patients with fatal COVID-19-induced ARDS vs. pre-
pandemic controls who underwent lung resection or biopsy. 
CMKLR1 expression was increased nearly threefold on average 
in COVID-19 compared to control lungs, though there was 
a significant heterogeneity in CMKLR1 expression among 
the individual patients (Fig.  7A), supporting the presence of 
different inflammatory endotypes of COVID-19. Consistent 
with our data in the murine model, CMKLR1-expressing cells 
were markedly more abundant in COVID-19 compared to 
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Fig.  3. Effect of dexamethasone treatment on the lung 
uptake of [64Cu]NODAGA-CG34 in LPS-induced experimental 
lung injury. (A) Representative axial (Left) and coronal (Right) 
CT, PET, and co-registered PET/CT on day 2 post-PBS 
or LPS treatment. Images were acquired ~90 min after 
intravenous [64Cu]NODAGA-CG34 injection in control (Top 
row) and LPS-treated mice after receiving (Bottom row) or 
not receiving (Middle row) dexamethasone. Corticosteroid 
treatment reduced radiotracer uptake by PET, although 
areas of airspace opacities were still frequently observed 
on CT. (B and C) In vivo PET-derived quantification of tracer 
uptake demonstrates ~46% decrease in lung SUVmax and 
~41% decrease in SUVmean in LPS-injured mice receiving 
dexamethasone compared to mice treated with LPS only (N = 
four males and four females per group). The lung radiotracer 
uptake in dexamethasone-treated mice approached that of 
control mice (N = two males and two females for control 
mice). (D) Quantification of lung radiotracer uptake by 
γ-counting confirms a similar pattern with 28% decreased 
[64Cu]NODAGA-CG34 uptake in LPS-injured mice treated 
with dexamethasone, when compared to mice receiving 
only LPS. (E) The mRNA expression of select inflammatory 
markers is significantly reduced in dexamethasone-treated, 
compared to untreated, LPS-injured lungs. mRNA transcript 
levels are normalized to the geometric mean of Rn18s, 
the housekeeping gene. SUVmax and SUVmean, and %ID/g 
values represent the average values of the left and right 
lungs for each mouse. PBS = phosphate-buffered saline; 
LPS = lipopolysaccharide; Dex = dexamethasone. Data 
are expressed as the mean ± SEM. Statistical significance 
between groups was calculated using a one-sided ANOVA 
with a post hoc two-tailed Fisher’s exact test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216458120#supplementary-materials
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control lungs and were mostly clustered with monocytes and 
macrophages (Fig. 7 B and C). Detailed analysis across various 
cell types (Fig. 7D) demonstrated significant increases both in the 
abundance of CMKLR1-expressing monocytes and macrophages, 
and their expression level of CMKLR1 in COVID-19 compared 
to controls.

A focused analysis of alveolar macrophages and monocyte-de-
rived macrophages (the two populations with most abundant 
CMKLR1 expression) in COVID-19 lungs demonstrated distinct 
transcriptional profiles of CMKLR1-positive and CMKLR1-
negative cells, as summarized by heat maps and volcano plots of 
the most differentially expressed genes (Fig. 7 E and F). 
Interestingly, the transcriptional profiles of CMKLR1-expressing 
alveolar macrophages and monocyte-derived macrophages closely 
resembled those of a recently discovered subset of profibrotic 
CD163/LGMN-expressing lung macrophages in COVID-19 and 
idiopathic pulmonary fibrosis (29), as confirmed by the overex-
pression of a significant number of genes upregulated in these cells 
(Fig. 7 G and H).

To confirm these results, we analyzed an independent publicly 
available scRNA-seq dataset which demonstrated the increased 
expression of CMKLR1 in macrophages obtained from three differ-
ent sites within the respiratory tract (bronchoalveolar lavage fluid, 
nasopharynx, and airways) of patients with COVID-19 vs. control 
subjects (SI Appendix, Fig. S11) (36–38). Similarly, using another 

publicly available scRNA-seq dataset (38, 39), we demonstrated 
increased expression of CMKLR1 in macrophages obtained from 
bronchoalveolar fluid of patients with cystic fibrosis. The expression 
of CMKLR1 was mostly restricted to two clusters of FOLR2+ and 
SPP1+ interstitial macrophages which were expanded in cystic fibro-
sis patients compared to control subjects (SI Appendix, Fig. S12). 
Finally, we sought to explore CMKLR1 as a macrophage marker 
in non-pulmonary tissues. Using a fourth independent scRNA-seq 
dataset (38, 40), we confirmed that CMKLR1 expression in other 
tissues, including spleen, thymus, liver, and fat, was largely restricted 
to macrophages (SI Appendix, Fig. S13). These results collectively 
suggest a broader clinical relevance of CMKLR1 as an imaging 
biomarker of inflammatory diseases of the lung and other organs.

Discussion

In this study, we demonstrated the accuracy of CMKLR1-targeted 
PET with [64Cu]NODAGA-CG34 to quantify lung inflammation 
in a preclinical model of ALI, as validated by strong correlations 
between radiotracer uptake and expression of biologically relevant 
inflammatory biomarkers (5), and to monitor the therapeutic 
response to a clinically relevant anti-inflammatory intervention, 
i.e., dexamethasone. Additionally, we established the biological 
basis of [64Cu]NODAGA-CG34 uptake by identifying a marked 
increase in the abundance of CMKLR1-expressing immune cells 
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Fig. 4. Flow cytometry identification of CMKLR1 
expressing cells in healthy and LPS-injured lungs. 
(A) The absolute number of most immune cells 
within the lungs is significantly increased at 
day 2 post-intratracheal instillation of LPS. (B) 
Representative histograms showing specific 
uptake of a CMKLR1-targeted fluorescent ligand, 
6CF-Chem145–157 (100  nM), by various immune 
cells in the lungs of mice treated with PBS, LPS, 
or LPS plus dexamethasone (gray: background/
autofluorescence; red: total-binding of 6CF-
Chem145–157 in the absence of Chem145–157; blue: 
non-specific binding of 6CF-Chem145–157 in the 
presence of 10 µM Chem145–157). (C) Specific 6CF-
Chem145–157 uptake (total minus non-specific/
blocked) in different cell subsets was quantified 
by mean fluorescent intensity (MFI), as a proxy 
for the uptake of CMKLR1-targeted tracer ([64Cu]
NODAGA-CG34), in LPS-injured vs. control mice. 
Monocyte-derived macrophages, interstitial 
macrophages, and monocytes (Ly6Chi and Ly6Clo) 
demonstrated the largest increases in 6CF-
Chem145–157 uptake in LPS-induced experimental 
lung injury. NK cells had significant 6CF-Chem145–157 
uptake during steady state, but the uptake was not 
further induced by lung injury. (D) A stacked-bar 
graph summary of the cell count multiplied by the 
cellular uptake (MFI) of 6CF-Chem145–157 highlights 
that monocyte-derived macrophages are the 
major contributors to the tracer uptake (~70%) 
due to a marked increase in their abundance and 
significant induction of 6CF-Chem145–157 uptake 
per cell in mice with LPS-induced ALI compared 
to control or dexamethasone-treated mice. CD45-
negative cells and neutrophils are omitted from 
this graph due to their negligible specific 6CF-
Chem145–157 uptake. N for PBS group = two male 
and two female mice; N for LPS group: three male 
and two female mice; N for LPS + dexamethasone 
group: three male and three female mice. aMφ: 
alveolar macrophages; Eosins: eosinophils; iMφ: 
interstitial macrophages; MDMφ: monocyte-
derived macrophages; NK cells: natural killer 
cells; Neut: neutrophils. Data are expressed as 
the mean ± SEM. Statistical significance between 
groups was calculated using a one-sided ANOVA 
with a post hoc two-tailed Fisher’s exact test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216458120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216458120#supplementary-materials
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in inflamed lungs, which were mostly comprised of monocyte-de-
rived macrophages and to a lesser extent interstitial macrophages 
and monocytes. Further, we showed that the sustained expression 
of CMKLR1 on monocyte-derived and interstitial macrophages 
over the course of LPS-induced ALI represented a distinct pattern 
than that of CCR2, which was transiently expressed by undiffer-
entiated monocytes in the early stages of ALI. Finally, we con-
firmed the clinical relevance of CMKLR1, as a biomarker of lung 
inflammation and a potential target for molecular imaging, by 
demonstrating significant increases in the abundance and expres-
sion of CMKLR1 in transcriptionally distinct subsets of lung 
monocytes and macrophages in patients with COVID-19, as an 
example of ARDS associated with a major healthcare burden, and 
in patients with cystic fibrosis.

Disease endotyping is critical for precision medicine-driven 
management of ARDS (18, 41). In other inflammatory lung dis-
eases, e.g., asthma and chronic obstructive pulmonary disease, 
identification of clinically measurable endotypes has enabled suc-
cessful clinical trials and subsequent approval of treatments spe-
cifically for patients with certain molecular patterns of 
inflammation (42, 43). Although ARDS endotypes exist (41, 44), 
our limited mechanistic understanding of relevant ARDS bio-
markers and molecular pathways along with limited noninvasive 
approaches for assessment of lung inflammation remain major 
barriers to endotype ARDS and evaluate targeted immunomod-
ulatory therapies in the clinical setting and clinical trials (18, 41).

Molecular imaging is a promising approach for ARDS endo-
typing through noninvasive characterization of specific patterns of 
inflammation. The most extensively studied radiotracer, [18F]FDG, 
detects pulmonary inflammation in both preclinical and clinical 

settings (13, 45), but poorly predicts disease course or treatment 
response (45–47). Considering the non-specificity of [18F]FDG 
(13), its use is limited as a precision medicine tool in inflammatory 
lung diseases, and there is a growing interest in developing radio-
tracers for specific inflammatory biomarkers. Previously tested 
tracers targeting CCR2 (14), VLA4 (15), CD11b (16), and folate 
receptor-β (17) have successfully imaged lung inflammation in 
preclinical models of ALI, though each delineates a selected aspect 
of the immune response. For example, CCR2 is a promising imag-
ing biomarker for the detection of ongoing influx of classical 
monocytes to inflamed tissues (14, 48, 49). However, CCR2-
targeted PET may not accurately reflect the total burden of tissue 
macrophages in inflammatory conditions driven by prolonged 
survival and/or proliferation of tissue macrophages rather than 
monocyte influx, as CCR2 expression rapidly downregulates upon 
differentiation of monocytes to macrophages (19, 20). Supporting 
this scenario, the uptake of a 64Cu-DOTA-ECL1i, a CCR2-
targeting tracer, in a murine model of LPS-induced ALI is only 
detectable in the first 24 h after induction of ALI and returns to 
the uptake of uninjured lung by days 2 and 6 post-injury (14), the 
timeframe which corresponds to the maximal accumulation of 
monocytes and macrophages in this model. On the other hand, 
folate receptor-β expression is mostly restricted to lung interstitial 
macrophages compared to monocytes and alveolar macrophages 
(50, 51). Unlike CCR2 and folate receptor-β, VLA-4 (52) and 
CD11b (53) have a broader expression across various leukocyte 
subsets, hence their targeted imaging likely reflects broader, though 
less specific, aspects of the inflammatory response. Therefore, the 
complexity and heterogeneity of the inflammatory processes under-
lying ALI cannot be captured through a single molecular imaging 
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approach, which necessitates the development of a multi-pronged 
diagnostic approach to delineate various complementary aspects 
of lung inflammation, paralleling similar efforts for development 
of therapeutics affecting different inflammatory pathways.

The chemerin-CMKLR1 axis is emerging as a major contribu-
tor to monocyte and macrophage recruitment in multiple preclin-
ical models of lung inflammation. For example, the activation of 
the chemerin-CMKLR1 axis in LPS-induced lung injury increased 
macrophage migration, while decreasing neutrophil influx and 
pro-inflammatory cytokine production in the lungs (28). Also, 
functional CMKLR1 signaling provided a survival benefit along 
with decreased complications in a murine viral pneumonia model 
(27). Furthermore, CMKLR1 activation improved viral clearance 
and production of anti-viral antibodies and decreased the expres-
sion of pro-inflammatory mediators (27, 28). CMKLR1 may also 
influence the innate and adaptive immune responses upon envi-
ronmental exposures and its deficiency markedly reduces leukocyte 
recruitment to inflamed lungs (25, 26). While clinical data are 
still lacking, these preclinical findings highlight the potential of 
CMKLR1 as a mechanistically relevant biomarker of lung inflam-
mation in a variety of pulmonary diseases.

We are unaware of prior reports using CMKLR1-targeted imag-
ing in inflammatory diseases. To address this gap, we developed 
[64Cu]NODAGA-CG34 and demonstrated its favorable pharma-
codynamics and pharmacokinetic properties for PET, including 
high affinity at CMKLR1 and receptor-mediated internalization 
(32), facile site-specific radiolabeling at high molar activity, low 
plasma protein binding, excellent plasma stability, and fast blood 
clearance. Consistent with the prior report of a DOTA-conjugated 
CG34, the incorporation of unnatural amino acids in the CG34 
peptide (30) provided excellent stability against proteolytic degra-
dation compared to natural chemerin-derived peptides. To take 
advantage of its superior radiometal chelation properties for radi-
olabeling with [64Cu]Cu+2, lower susceptibility to trans-chelation, 
and higher in vivo stability compared to DOTA (54–56), we used 
NODAGA as the radiotracer chelating moiety instead of a recently 
reported DOTA-conjugate (30). NODAGA-based PET tracers, in 
particular, are readily radiolabeled under mild conditions without 
the need for post-synthesis radiochemical purification (5, 54, 57). 
Further, we selected copper-64 as the radiolabeling isotope due to 
its advantages over other radiometals, such as gallium-68, including 
its higher spatial resolution and its longer physical half-life which 
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Fig.  6. Kinetics of CMKLR1 and CCR2 expression by 
monocytes and macrophages during LPS-induced ALI 
and time course of [64Cu]NODAGA-CG34 PET/CT. (A and B) 
Representative histograms showing the specific uptake 
of a CMKLR1-targeted fluorescent ligand, 6CF-Chem145–157 
(100 nm), or expression of CCR2 in lung monocytes and 
macrophages throughout the course of LPS-induced ALI 
(gray: background/autofluorescence; red: total-binding of 
6CF-Chem145–157 in the absence of Chem145–157 or binding of 
a CCR2 antibody; blue: non-specific binding of 6CF-Chem145–157 
in the presence of 10 µM Chem145–157 or binding of isotype 
control antibody). Data for monocyte-derived macrophages 
are omitted for the control group as the cell number was very 
low for accurate quantification. (C) The absolute number of 
Ly6Chi monocytes, interstitial macrophages, and monocyte-
derived macrophages at different timepoints following LPS 
instillation. The number of monocyte-derived macrophages 
peaks on days 2 and 4, whereas the number of interstitial 
macrophages increases through day 7. By contrast, the 
number of Ly6Chi monocytes remains consistently low. (D and 
E) Specific 6CF-Chem145–157 uptake (total minus non-specific/
blocked) or anti-CCR2 binding (anti-CCR2 minus isotype 
control) in Ly6Chi monocytes, interstitial macrophages, and 
monocyte-derived macrophages following LPS-induced lung 
injury. Monocyte-derived macrophages maintain high 6CF-
Chem145–157 uptake throughout the course of ALI, whereas 
interstitial macrophages demonstrate increasing 6CF-
Chem145–157 uptake through day 7. Ly6Chi monocytes show 
high 6CF-Chem145–157 uptake only on day 1. By contrast, 
CCR2 expression is primarily restricted to Ly6Chi monocytes 
in ALI with only a transient low-level CCR2 expression by 
monocyte-derived macrophages during days 1 and 2 after 
LPS administration. (F) Representative axial co-registered 
[64Cu]NODAGA-CG34 PET/CT images of mice at 1, 2, 4, and 
7 d following LPS-treatment or non-treated controls. (G and 
H) In vivo PET-derived quantification of [64Cu]NODAGA-CG34 
uptake demonstrates lung SUVmax and SUVmean peaking 
around 2 to 4 d post-LPS followed by a decrease on day 7. 
(I) Quantification of lung radiotracer uptake by γ-counting 
confirms a similar pattern of tracer uptake to that obtained by 
in vivo PET. SUVmax and SUVmean, and %ID/g values represent 
the average values of the left and right lungs for each mouse. 
Ctl = untreated mice; LPS = lipopolysaccharide; mono = 
monocytes; aMφ = alveolar macrophages; iMφ = interstitial 
macrophages; MDMφ = monocyte-derived macrophages. N 
for panels A–E: three male and two female mice except for 
day 2 with N = two male and three female mice; N for panels 

F–I: three male and two female mice except for control group with N = two male and two female mice. Data are expressed as the mean ± SEM. For panels 
C–E, comparisons were made between the various treatment timepoints to the control group for Ly6Chi monocytes and interstitial macrophages or to the 
1-d treatment group for monocyte-derived macrophages (as the control group is omitted). P-values: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. Statistical 
significance was calculated using a one-sided ANOVA with a post hoc two-tailed Fisher’s exact test.
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obviates the need for on-site production (58), allowing for its cost-ef-
fective nationwide availability (59).

PET/CT showed spatially heterogeneous [64Cu]NODA 
GA-CG34 uptake in experimental lung injury with focal regions 
of intense uptake, corresponding to areas of airspace opacites deter-
mined by CT, superimposed on relatively diffusely increased uptake, 
when compared to control lungs. Therefore, we quantified SUVmax 
and SUVmean to better capture the extent of tracer uptake in the 
most inflamed regions and the global burden of inflammation, 
respectively, which both revealed highly reproducible increased 
tracer uptake in LPS-injured vs. control lungs. The lung uptake of 
[64Cu]NODAGA-CG34, as measured with γ-counting-derived 

%ID/g, was quantitatively comparable to that of other pulmonary 
molecular imaging agents (14, 16, 49). Despite the known difficul-
ties of quantification of tracer uptake in the lungs (13), strong cor-
relations between in vivo (PET-derived SUVmean) and ex vivo 
(γ-counting-derived %ID/g) measures of [64Cu]NODAGA-CG34 
uptake support the accuracy of our approach to noninvasively meas-
ure tracer uptake. Encouragingly, in vivo radiotracer uptake also 
correlated with lung expression of multiple pathogenically relevant 
and therapeutically targetable biomarkers of lung injury (5, 8), such 
as Il1b, Il6, and Tnf, highlighting the accuracy of CMKLR1-
targeted PET to serve as a surrogate noninvasive marker of lung 
inflammation.
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Fig. 7. CMKLR1 expression in the lungs of patients with COVID-19-induced ARDS. (A) Pooled-cell analysis of a previous snRNA-seq dataset demonstrates a 
significant increase in CMKLR1 expression in the lungs of patients with COVID-19-induced ARDS as compared to non-COVID-19 controls. (B) A UMAP projection 
of the snRNA-seq data allowing for the identification of major lung cell subsets. (C) CMKLR1 expression clusters predominantly among the monocytes and 
macrophages subsets, and CMKLR1 is significantly increased in abundance and expression (log-normalized, per cell) in COVID-19 (Right) patients vs. controls 
(Left). (D) Dot plot representation of the average CMKLR1 expression and the percentage of CMKLR1-expressing cells in selected cell subsets. Monocytes and 
macrophages demonstrate the highest expression level (avg exp) of CMKLR1 and frequency (% exp) of cells expressing (avg exp) CMKLR1 both in control and 
COVID-19 lungs. Notably, both the frequency of CMKLR1-expressing cells and the expression level of CMKLR1 by monocytes and macrophages are increased in 
COVID-19 ARDS compared to control lungs. By contrast, CMKLR1 expression is negligible by other cell types, compared to that of monocytes and macrophages, 
and is only minimally affected by COVID-19 (E and F). Heat maps and volcano plots of the most differentially expressed genes demonstrate distinct transcriptional 
profiles of CMKLR1-positive and CMKLR1-negative cells among both alveolar macrophages (E) and monocyte-derived macrophages (F) in COVID-19 patients 
(CMKLR1 data points are excluded from the volcano plots). (G and H) Heat map representations support the transcriptional resemblance of CMKLR1-expressing 
alveolar macrophages (G) and monocyte-derived macrophages (H) with the previously reported profibrotic CD163/LGMN-expressing profibrotic macrophages in 
COVID-19 patients. The majority of transcripts reported to be upregulated in CD163/LGMN profibrotic macrophages are also overexpressed in CMKLR1-expressing 
cells. aMφ: alveolar macrophages; AT1: type 1 alveolar cells; AT2: type 2 alveolar cells; MDMφ: monocyte-derived macrophages; NK: natural killer cells. n.a: not 
applicable; n.s: not significant. Data are expressed as the mean ± SEM. P-values: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. Statistical significance between 
two groups was calculated using a two-sided Student’s t test. The percentage of cells positive for CMKLR1 and the average CMKLR1 expression in different cell 
subsets were compared between COVID-19 and control groups using Fisher’s exact and Wilcoxon rank-sum tests, respectively.
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To highlight the translational potential of CMKLR1-targeted 
PET to noninvasively monitor lung inflammation during treatment, 
we performed [64Cu]NODAGA-CG34 PET/CT after dexameth-
asone treatment in LPS-injured mice, a clinically relevant therapy 
for ARDS and other inflammatory conditions (8). Dexamethasone 
treatment significantly reduced lung radiotracer uptake (SUVmax 
and SUVmean) almost to the control levels, paralleling a significant 
downregulation of several key pro-inflammatory mediators. 
Interestingly, PET/CT of LPS-injured mice treated with dexameth-
asone frequently showed focal airspace opacities (i.e., consolidation) 
by CT with little [64Cu]NODAGA-CG34 uptake compared to 
mice not treated with dexamethasone. This finding highlights the 
potential of [64Cu]NODAGA-CG34 PET to provide biological 
information beyond what can be achieved by traditional radio-
graphic methods such as CT, which are limited to the detection of 
anatomical/structural changes.

A key biological validation for [64Cu]NODAGA-CG34 PET was 
establishing the cells contributing to its uptake in LPS-induced lung 
injury. Little is known about leukocyte subtypes that express 
CMKLR1 in steady-state and inflamed lungs, although data from 
other organs, including spleen (28) and blood (24), have shown the 
expression of CMKLR1 by monocytes/macrophages, NK cells, and 
dendritic cells. We performed immunophenotyping of lungs cells 
which bind to 6CF-Chem145–157, as a proxy for [64Cu]
NODAGA-CG34 uptake and CMKLR1 expression, after establish-
ing its competitive receptor-binding profile with NODAGA-CG34 
uptake and CMKLR1-specificity. 6CF-Chem145–157 uptake was 
predominantly restricted to macrophages, monocytes, and NK cells, 
with minimal binding to other immune and non-immune cells. 
Notably, recruited monocyte-derived macrophages accounted for 
nearly 70% of the observed 6CF-Chem145–157 uptake in the lungs 
on day 2 post-LPS-induced injury driven by a combination of 
increased cell count and per cell 6CF-Chem145–157 uptake. By con-
trast, NK cells contributed only 14% to the total lung uptake of 
6CF-Chem145–157 in LPS injury. Interestingly, 6CF-Chem145–157 flow 
cytometry data support that dexamethasone-induced decline in 
[64Cu]NODAGA-CG34 uptake in lung injury is primarily driven 
by reducing the influx of CMKLR1-expressing leukocytes with 
smaller contributions of reduced CMKLR1 expression per cell in 
alveolar macrophages and Ly6Chi monocytes.

To establish the potential of [64Cu]NODAGA-CG34 PET to 
capture a distinct aspect of monocyte/macrophage-driven inflam-
mation, we compared the kinetic changes in CMKLR1 and CCR2 
expression by monocytes and macrophages along with a time course 
analysis of [64Cu]NODAGA-CG34 uptake over 1 wk after the 
induction of ALI. We demonstrated that CCR2 expression by 
Ly6Chi monocytes is downregulated upon monocyte-to-mac-
rophage differentiation, which could explain the previously reported 
rapid decrease in the lung uptake of [64Cu]DOTA-ECL1i as early 
as 2 d after LPS-induced ALI (14). In contrast, CMKLR1 expres-
sion and [64Cu]NODAGA-CG34 uptake remained high in mono-
cyte-derived and interstitial macrophages during the first 4 d after 
the induction of ALI and only modestly declined by monocyte-de-
rived macrophages on day 7, which coincides with the resolution 
phases of inflammation as detected by the decreased number of 
infiltrated lung leukocytes. Collectively, our data support that dis-
tinct kinetics of CMKLR1 and CCR2 expression by monocytes 
and macrophages allows for monitoring different aspects of lung 
inflammation by [64Cu]NODAGA-CG34 PET (total burden of 
recruited macrophages and monocytes) vs. [64Cu]DOTA-ECL1i 
PET (ongoing flux of monocytes).

Despite strong preclinical evidence demonstrating the importance 
of CMKLR1 to the pathophysiology of inflammation, little is known 
clinically about its role or utility as a biomarker in ARDS (24). Here, 

we showed a significant increase in CMKLR1 expression in COVID-
19 ARDS, which consistent with our findings in the mouse model 
was mostly due to the accumulation of CMKLR1-overexpressing 
macrophages and monocytes. The replacement of homeostatic-res-
ident macrophages by monocyte-derived macrophages, which retain 
their pro-inflammatory phenotype long after the resolution of injury, 
is a critical pathophysiological process which may drive long-lasting 
pathogenic remodeling following the resolution of the initial lung 
injury (60, 61). Therefore, developing tools to monitor the accumu-
lation of hematopoietic-derived lung macrophages may play a major 
role in ARDS precision medicine by providing insights into its long-
term consequences, particularly through molecular imaging of lung 
macrophage ontogeny via CMKLR1.

Interestingly, a recent snRNA-seq study in an independent data-
set has reported that COVID-19 is associated with the expansion 
of a subset of profibrotic CD163/LGMN-expressing monocyte-de-
rived macrophages which overexpress CMKLR1 and transcription-
ally resemble a similar subset of profibrotic macrophages expanded 
in interstitial lung diseases (29). Consistent with this report, 
CMKLR1-expressing monocyte-derived and alveolar macrophages 
in our dataset shared significant transcriptional similarities with 
CD163/LGMN-expressing macrophages, suggesting the potential 
of our imaging approach to selectively target a population of mac-
rophages previously identified in fibroproliferative ARDS and 
other fibrotic interstitial lung diseases. We therefore propose that 
CMKLR1 serves as a promising biomarker for COVID-19 as a 
clinical example of viral pneumonia-induced ARDS with a major 
healthcare concern. Given the heterogenous immunologic response 
and clinical course of patients with COVID-19 or other causes of 
ARDS, future studies should explore CMKLR1-targed PET for 
molecular endotyping of lung inflammation.

There are several limitations of this study. First, no experimental 
model fully recapitulates the pathogenesis of ARDS in humans. 
However, LPS-induced lung injury is the most extensively validated 
experimental model of ALI and shares important features with 
ARDS (62). Moreover, we established the potential clinical rele-
vance of our data using three independent COVID-19 RNA-seq 
datasets. Second, while our data indicated that CMKLR1 expres-
sion in the murine model of ALI was predominantly restricted to 
monocyte-derived macrophages and interstitial macrophages with 
only a low level of expression by alveolar macrophages, the human 
datasets demonstrated increased CMKLR1 expression by the air-
space macrophages of patients with COVID-19. Recent work has 
highlighted that distinct subsets of monocyte-like cells and resident 
macrophages contribute to the diversity of the alveolar macrophage 
pool in both health and disease in humans (63–65). However, our 
study could not discern the ontogeny of the expanded pool of 
CMKLR1-expressing alveolar macrophages in COVID-19. 
Therefore, it remains to be determined if CMKLR1-expressing 
alveolar macrophages in COVID-19 represent monocyte-derived 
macrophages which have acquired a close transcriptional resem-
blance to tissue-resident alveolar macrophages after an extended 
period of residence in the lungs, as reported in mice (60), and/or 
embryonically-derived alveolar macrophages which are induced to 
express CMKLR1 upon lung inflammation. Third, it remains to be 
determined if CMKLR1 expression plays a mechanistic role in the 
pathogenesis of lung injury in addition to its role as a biomarker 
of lung inflammation. However, the primary aim of this study was 
to validate the utility of CMKLR1 as an imaging biomarker for 
precision management of ALI by monitoring lung inflammation 
and response to anti-inflammatory therapy irrespective of its mech-
anistical contribution to the pathogenesis of the disease. Finally, 
the imaging components of this study were only performed in 
animals, as no FDA approval currently exists for this radiotracer. 
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However, the promising results of the current study open the pos-
sibility for future New Drug Application (NDA) and conduct of 
first-in-human PET studies.

In summary, our study demonstrates CMKLR1-targeted PET 
with [64Cu]NODAGA-CG34 as a promising approach for molec-
ular endotyping of lung inflammation and monitoring the ther-
apeutic response through detection of a distinct subset of 
monocytes and macrophages. We speculate that [64Cu]
NODAGA-CG34 PET may provide similar promising results in 
the detection of monocyte- and macrophage-driven inflammation 
in other lung diseases and monitoring response to selective immu-
nomodulatory therapeutics. We envision CMKLR1-targeted PET 
as an emerging precision medicine tool facilitating the endotyping 
of inflammatory lung diseases. Finally, considering the growing 
recognition of the pathogenic roles of macrophages in many 
inflammatory processes (66) and relative specificity of CMKLR1 
expression by macrophages across different organs, we anticipate 
that CMKLR1 may emerge as a potential biomarker of inflam-
mation beyond diseases of the respiratory system.

Materials and Methods

Additional details on materials and methods are provided in SI Appendix.

Chemicals and Reagents. The major chemicals and reagents (SI Appendix, Table 
S1), plasmids (SI Appendix, Table S2), HPLC methods (SI Appendix, Table S3), flow 
cytometry reagents (SI Appendix, Table S4), histology antibodies (SI Appendix, 
Table S5), Taqman primers (SI Appendix, Table S6), and details of publicly avail-
able single-cell RNA sequencing datasets (SI Appendix, Table S7) are listed in 
the Supplementary Information. Chemical characterization of NODAGA-CG34 is 
shown in SI Appendix, Fig. S2.

Cell Culture. HeLa cells transiently transfected with mouse CMKLR1 and/or Gα15 
cDNA plasmids were used for calcium flux or radioligand binding assays. Resident 
peritoneal cells harvested from C57BL/6J mice via peritoneal lavage (67) were 
used to determine the binding/uptake of 6CF-Chem145–157 by flow cytometry.

Radiolabeling. Radiolabeling of NODAGA-CG34 was performed in 0.5 M 
NaOAc buffer (pH = 6.9 and 0.8 mM gentisic acid dissolved in water) by adding 
[64Cu]CuCl2 in 0.1 M HCl (37 MBq per 1.0 nmol of NODAGA-CG34) and incu-
bation at 40 °C for 30 min. The radiochemical purity of [64Cu]NODAGA-CG34 
was determined by radio-HPLC to confirm a minimum purity of >95% prior to 
use in all in vitro (measurement of octanol/water partition coefficient (logD), 
radiolysis and plasma stability assays, and plasma protein binding assay) and 
in vivo (PET/CT) experiments. Relevant radio-HPLC methods are described in 
SI Appendix, Table S3.

Mouse Model of Experimental Lung Injury. Animal experiments were per-
formed on C57BL/6J mice under a protocol approved by the University of Pittsburgh 
Institutional Animal Care and Use Committee. Adult 9- to 12-wk-old C57BL/6J 
mice were used throughout the study. Mice were administered intratracheally 
with 2.5 µg/g LPS from Escherichia coli O111:B4 in 60 µL of phosphate-buffered 
saline (PBS) to induce lung injury (15). Control mice were intratracheally injected 
with 60 µL of PBS. In experiments involving anti-inflammatory treatment, mice 
receiving dexamethasone were given two doses of 10 mg/kg (in 500 µL in PBS) via 
intraperitoneal injections at 1 and 24 h following LPS instillation, whereas control 
mice were treated with intraperitoneal PBS (500 µL) injections.

PET/CT and Quantification of [64Cu]NODAGA-CG34 Uptake. Mice were 
injected intravenously with [64Cu]NODAGA-CG34 (6.41 ± 0.05 MBq). Tracer 
specificity was addressed by co-injection of [64Cu]NODAGA-CG34 and 100-fold 
molar excess of non-radiolabeled NODAGA-CG34. Static PET (~10-min) and CT 
(180 projections, 140-ms exposure, 180° rotation, 80-kVp, 500-µA, field-of-view: 
78.5 × 100-mm) were performed, according to our previous experiments (15) 
(Inveon, Siemens), 90 min after [64Cu]NODAGA-CG34 injection.

Regions of interest were drawn over the left and right lungs, and the uptake 
in the left and right lungs of [64Cu]NODAGA-CG34 was averaged and quantified 
as the mean and maximal standardized uptake value (SUVmean and SUVmax) (IRW 

software). Biodistribution was performed by γ-counting (Wizard2, PerkinElmer) 
of harvested organs. Data are reported as percentage of injected dose per gram 
tissue (%ID/g) after decay correction. Multiplanar reformats of PET/CT images were 
performed (Vivoquant software) to reconstruct planes matching the autoradiog-
raphy and histology images.

Gene Expression Assays. Following PET/CT, the lungs of mice were harvested 
and stored frozen for >10 half-lives of [64Cu]NODAGA-CG34 prior to use for gene 
expression assays using TaqMan primers according to standard methods (15). 
All transcript levels were normalized to the expression level of 18S ribosomal 
RNA (Rn18s).

Flow Cytometric Immunophenotyping of Murine Lungs. Mechanically 
dissociated cells from murine lungs were incubated in the absence or presence 
of 6CF-Chem145–157 (100 nM) with or without co-incubation with Chem145–157 
(10 µM) at 37 °C for 1 h. After washing with PBS and blocking of non-specific 
binding using 1% BSA and Fc block, a mixture of antibodies and DAPI was added 
for 0.5 h at 4 °C. Cells were then washed and fixed for flow cytometry.

Lung Immunostaining. Murine lung cryosections were incubated with primary 
antibodies (1:200, 4 °C, overnight) prior to incubation with fluorescently-conju-
gated secondary antibodies (1:200, 4 °C, 2 h) and mounting.

snRNA-Seq of COVID-19 and Control Lungs. A secondary analysis of a pre-
viously published snRNA-seq dataset from the autopsied lungs of 19 patients 
with lethal COVID-19 and lung tissue (biopsy or lung resection) from seven 
pre-pandemic control patients without COVID-19 was performed to deter-
mine the expression of CMKLR1 among different cell types in the lungs. The 
RNA sequencing data are available in the Gene Expression Omnibus (GEO) 
database under accession number GSE171524. Data collection, analysis, and 
UMAP identification of major cell populations were conducted as previously 
reported (31). Differential gene expression was performed using the Seurat 
(v4.1.0) (68).

Analysis of Additional Publicly Available Human scRNA-Seq Datasets. 
CMKLR1 expression by different immune cells were determined across differ-
ent organs through secondary analysis of separate independently published 
scRNA-seq datasets (GEO accession numbers GSE145926, GSE193782, and 
GSE201333, or European Genome-Phenome Archive accession number 
EGAS00001004481) using the UCSC Cell Browser software (available at: https://
cells.ucsc.edu/) (36–40).

Statistical Analysis. Statistical analysis was performed using Prism 9 
(GraphPad). Data are presented as mean ± SEM. A Student’s t test was per-
formed to compare the means values between two groups. One-way analysis 
of variance, followed by Fisher's exact post hoc test, was used to compare mean 
values in >2 groups. Pearson’s test was used to determine the correlations 
between continuous variables. For snRNA-seq data, the percentage of cells 
positive for CMKLR1 and the average CMKLR1 expression in different cell 
subsets were compared between COVID-19 and control groups using Fisher’s 
exact and Wilcoxon rank-sum tests, respectively. Statistical significance was 
considered as P < 0.05.

Data, Materials, and Software Availability. COVID-19 snRNA-seq data were 
previously deposited in GEO with the accession number GSE171524 and are 
also available through the single-cell portal: https://singlecell.broadinstitute.org/
single_cell/study/SCP1219. Additional scRNA-seq datasets in COVID-19 and cystic 
fibrosis patients were previously deposited (GEO accession numbers GSE145926 
and GSE193782) and publicly available through UCSC cell browser (available at: 
https://cells.ucsc.edu/). The other data needed to evaluate the conclusions of the 
paper are present in the paper and/or the SI Appendix.
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