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Molecular imaging of chemokine-like receptor 1 (CMKLR1) for non-invasive monitoring
of monocyte-derived macrophages in experimental lung injury and remodeling

Philip Zachary Mannes, PhD

University of Pittsburgh, 2023

There is a lack of techniques for noninvasive imaging of pulmonary inflammation associated
with acute lung injury and pulmonary fibrosis. Here we determined the potential of positron
emission tomography of chemokine-like receptor 1 (CMKLR1) to monitor pulmonary
inflammation in murine models of lipopolysaccharide- and bleomycin-induced lung injury. Lung
uptake of our recently described CMKLR 1-targeting radiotracer, [**Cu][NODAGA-CG34, was
increased in both models during the inflammatory phase of lung injury and corresponded to lung
regions with high CMKLR1 expression. Monocyte-derived macrophages, and to a lesser extent
interstitial macrophages and natural killer cells, were the predominant CMKLR1 expressing
leukocytes in the lungs, and the pattern of CMKLR1 expression closely resembled that of the
radiotracer uptake. Additionally, we establish the clinical relevance of CMKLRI1 as a biomarker
of ongoing pulmonary inflammation by demonstrating expression of CMKLR1 among patients
with acute respiratory distress syndrome (e.g., COVID-19) and pulmonary fibrosis resulting from
multiple etiologies. Furthermore, we show that pulmonary expression of CMKLR1 may provide
prognostic information in patients with pulmonary fibrosis. CMKLRI-PET is a promising
approach to monitor the dynamics of lung inflammation and may represent a new approach for

endotyping patients with inflammatory lung diseases.
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1.0 Introduction

The following subchapters will briefly introduce key topics relevant to the projects in chapters
2, 3, and 4. These later chapters will explore and expand upon the relevant aspects of this
introduction as necessary to provide the appropriate context and rationale for individual studies.
Afterward, there will be a discussion section primarily highlighting the translational relevance of

the projects described herein and potential future experiments (chapter 5).

1.1 Lung function

The lungs are the fundamental organ of the respiratory system and function to facilitate gas
exchange between the environment and bloodstream. Specifically, the major gases exchanged are
oxygen and carbon dioxide. In the lungs, oxygen is absorbed into the arterial circulation until being
released into peripheral tissues via the capillaries. Oxygen is required for multiple biologic
functions, most importantly being aerobic respiration from which much of life, including humans,
derives most of its cellular energy. Carbon dioxide, by contrast, is a major byproduct of cellular
metabolism and is removed from cells via the bloodstream and ultimately via exhalation in the

lungs (e.g., the reverse of oxygen delivery).

Gas exchange occurs in the terminal lung regions, e.g., alveoli, which are highly specialized
pulmonary units optimized for efficient diffusion of gases into or out of the bloodstream (Figure

1). Alveoli are air sacs lined with a very thin layer of epithelial pneumocytes in direct contact with



air on one side and capillary endothelial cells carrying blood on the other side. As oxygen and
carbon are both relatively non-polar molecules, they diffuse freely across the thin alveolar-

capillary barrier.
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Figure 1. Gas exchange in the healthy lungs.

Deoxygenated blood enters the lungs via the pulmonary artery and travels through the pulmonary arterial system until
reaching the capillary bed. Gas exchange readily occurs across the thin alveolar-capillary barrier by diffusion of carbon
dioxide from the blood into the alveolar space and oxygen from the alveoli into the blood. Under normal physiologic
conditions, the alveoli is filled with air without an air-fluid level. The oxygenated blood then leaves the capillaries and
enter the pulmonary veins to eventually return to systemic ciruclation. The figure was provided by BioRender

(publication license # DH25CI9RE1).

1.2 Acute lung injury

While the alveoli are ordinarily highly efficient at gas exchange, various pulmonary insults,
whether direct (e.g., pneumonia, inhalation injury, lung trauma) or indirect (e.g., sepsis,

pancreatitis, non-pulmonary trauma), may lead to disruption of the alveolar-capillary barrier and



the development of acute lung injury (ALI) or acute respiratory distress syndrome (ARDS).
Clinically, the diagnosis of ARDS is based on several major criteria including acute onset, bilateral
lung infiltrates from non-cardiac origin, and PaO»/FiO, ratio of less than 300 mmHg (1).
Unfortunately, there is often a poor prognosis for patients who develop ARDS, and the primary

management of ARDS remains supportive as there are currently no definitive treatments.
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Figure 2. Acute respiratory distress syndrome (ARDS) timeline.

The phases of ARDS are reproducible and reflect the global mechanisms of wound repair (exudation, proliferation,
variable fibrogenesis). The indefinite relationship between proliferation and fibrogenesis is depicted as a hashed
line in the sequence at the top of the figure. In experimental ARDS, the exact time of injury is known, and the entire
lung proceeds through the phases at the same time. In a patient who develops diffuse alveolar damage from any cause,
the acute lung injury may begin in different areas at different times, so a biopsy specimen may demonstrate injury at
various phases in this sequence. The figure and associated legend were reproduced with a license from the publisher

(Elsevier) #5534411239332 (2).

ARDS has two key phases: the exudative and proliferative stages (Figure 2) (3). During the
early portion of the exudative stage, the lungs undergo diffuse alveolar damage with the key
histopathological changes in the lungs being alveolar edema and hyaline membrane formation.

The damage to the alveolar pneumocytes and vascular endothelium results in leakage of



proteinaceous fluid and inflammatory cells into the alveolar space. The combination of disruption
of the alveolar-capillary barrier along with the alveolar edema results in an air-fluid interface that
cannot effectively exchange gases. During the later stages of the exudative phase, patients enter
the fibroproliferative/transition phase characterized by resolution of pulmonary edema and early

collagen deposition.

In patients surviving the exudative stages, some patients progress into the proliferative phase
which is characterized by continued interstitial inflammation and interstitial fibrosis. Chronic
activation of inflammatory and fibrogenic processes result in obliteration of the normal lung
architecture, including the alveoli, and the development of potentially irreversible pulmonary
fibrosis. However, there are no effective methods to predict patients who will progress into the

proliferative phase or monitor response to therapy (4).

1.3 Pulmonary fibrosis

In addition to ALI/ARDS, there are a variety of other, non-related causes of pulmonary fibrosis
(5) including drug-induced (e.g. amiodarone, bleomycin), environmental (e.g., mold), autoimmune
(e.g., scleroderma, sarcoidosis), radiation-induced, and occupational (e.g., silicosis, asbestosis). In
some cases, the inciting exposure remains unknown and is classified as idiopathic. Ordinarily
following pulmonary injury, the body removes the inciting stimuli and repairs the resulting tissue
damage with minimal scar production. In pulmonary fibrosis, various triggers produce an
exaggerated wound healing response ultimately leading to fibrotic remodeling and extracellular

matrix deposition (6). The underlying pathophysiology of pulmonary fibrosis is believed to involve

4



aberrant interactions between epithelial and mesenchymal cells leading to activation of fibroblasts
and collagen deposition. However, substantial evidence now demonstrates that pulmonary fibrosis
often has an inflammatory component that plays a role in the pathogenesis of the inflammation-

fibrosis axis (7-9).

Interstitial thickening and destruction of lung architecture leads to poor gas exchange causing
many of the hallmark symptoms. Patients with pulmonary fibrosis frequently demonstrate an
unpredictable clinical course characterized by periods of relatively stable disease interspersed with
life threatening acute exacerbations (10, 11). While there are no treatments, there are two FDA
approved medications that slow the decline of pulmonary function (12, 13). Similar to ARDS,
there is no widespread consensus on techniques or biomarkers to prognosticate patient outcomes

or appropriately select and monitor therapeutic response (10, 14, 15).

1.4 Chemokine-like receptor 1

Chemokine-like receptor 1 (CMKLR1) (16), also identified as ChemR23 (17), is a G protein-
coupled receptor (GPCR) that shares structural similarities to other GPCRs for chemokines and
chemoattractant molecules (18). Chemerin was the first confirmed endogenous ligand for
CMKLRI1, although resolvin E1 has subsequently been identified as a second ligand (19, 20). A
number of leukocyte populations are known to express CMKLR1 and respond to chemerin
signaling, such as macrophages, natural killer cells, and plasmacytoid dendritic cells (21-23).
Interestingly, adipocytes have also been shown to express CMKLR1 (24), although the role of

CMKLRI1 on these cells is less. Chemerin has been further found to bind to two related GPCR, G



protein-coupled receptor 1 (GPR1) and C-C motif chemokine receptor like 2 (CCRL2) (18).
However, the function of these two receptors is less well characterized and appears to demonstrate

a different expression pattern than that of CMKLR1 (18, 25).

Regulation of the chemerin-CMKLR1 axis is primarily driven by posttranslational processing
of chemerin. The best-described function for CMKLR1 is as a chemokine receptor, and the
bioactivity of chemerin and related peptides are measured by their potency in chemoattractant and
calcium flux assays. Under homeostatic conditions, chemerin is secreted by a diverse range of
cells, including the pulmonary epithelium (21), as an inert 143 amino acids pro-peptide (e.g.,
chemerinyo-163) and circulates throughout the body in its inactive form (18, 21). In the inflammatory
environment, a number of serine proteases derived from neutrophils, mast cells, and the
coagulation cascade proteolytically bioactivate pro-chemerin by selective cleavage of 6 or 7 C-
terminus amino acid residues to give chemerin-derived products with high chemotactic potency
(i.e., chemerino-157 and chemerinoo-1s6, respectively) (Figure 3) (26). Despite the necessity of
proteases for chemerin bioactivity, a distinct set of enzymes inactivate or degrade chemerin

peptides to limit the extent of chemerin activity (27, 28).
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Figure 3. Proteolytic processing of chemerin.

Chemerin is produced as a pre-proprotein, pre-prochemerin (1-163), which requires N-terminal cleavage of a secretion
signal peptide before it is secreted as an inactive precursor protein, prochemerin (20—-163). Extracellular proteolytic
processing of the carboxyterminus of prochemerin exposes the bioactive region. Cathepsin G cleaves seven C-terminal
amino acids from prochemerin (chemerin-156), elastase is able to cleave six (chemerin-157), eight (chemerin-155) or
eleven (chemerin-152), plasmin cleaves five (chemerin-158), and tryptase cleaves five (chemerin-158) or eight
(chemerin-155). Multiple cleavages might be required to fully activate chemerin, with an initial tryptase cleavage
resulting in chemerin with low activity (chemerin-158), and a second cleavage by carboxypeptidase N or B producing
highly active chemerin (chemerin-157). Chemerin-156 and -157 activities are terminated by chymase cleavage to
produce inactive chemerin-154. Chemerin-157 activity might also be terminated by ACE cleavage to produce inactive
chemerin-155. The number (e.g. -157) refers to the terminal amino acid position of the processed protein. Solid arrows
represent activation pathways; broken arrows represent inactivation pathways. The figure and associated figure legend

are reproduced with permission from the publisher (Elsvier) #5534420653203 (29).

Short peptides derived from the C-terminus (e.g., chemeriniss.157) of bioactivated chemerin are
known to be high-affinity CMKLR1 agonists (30), suggesting that the C-terminus of chemerin

may be responsible for CMKLR1 signaling. Additionally, modification of these truncated



chemerin analogs at their N-terminus appears to minimally affect CMKLR1 binding and efficacy
(31, 32), which is supported by a recently published cryo-electron microscopy structure of
CMKLRI1 showing the N-terminus of a short nine amino acid peptide sitting on the outer edge of
the ligand-binding pocket (Figure 4) (33). CMKLRI1 also appears to tolerate amino acid
substitutions (e.g., incorporation of D- or unnatural amino acids) at selected locations without
altering the pharmacologic properties of the peptide (31, 32, 34). However, the bioactivated, full
length chemerin proteins are more potent and show slightly different signaling properties than that
of their truncated or modified counterparts and hints at an unrealized function for the N-terminus
of chemerin (27, 35, 36). Interestingly, chemerin and truncated analogs show comparable potency
and efficacy in pharmacologic assays when compared across species, which may result from the
high degree of sequence homology of CMKLR1 among different species (18). This facilitates

evaluation of chemerin-derived analogs in non-human models of disease (21, 32, 34).
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Figure 4. Cryo-EM structure of chemeriniss-157 bound to a CMKLR1/G.i protein complex.
(A) Chemeriniso.157 binds to CMKLR1 such that the C-terminus is buried deep in the binding pocket created by the

transmembrane domains with the N-terminus remaining near the surface. The N-terminus amine group of tyrosine
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(denoted by the white arrow) does not participate in binding to CMKLR1 points outside of the receptor-ligand binding
pocket. (B) Magnification of the binding pocket showing the chemeriniso.1s7 peptide and CMKLRI1 amino acid
residues within 5 A of the peptide. The yellow dotted lines denote polar contacts between the ligand and receptor. For
simplicity of the figure, the Gp and Gy subunits, as well as an antibody used for stability of the protein complex, were
removed. The figure was created using PyMOL and data available on the Protein Data Bank website (7YKD) (33).
Colors: CMKLR1 = green; Gq; protein = light blue; Chemeriniso.157: orange with exception of C-terminus serine and

N-terminus tyrosine which are yellow to assist in their identification.

The chemerin-CMKLR1 axis is biologically relevant in the pathogenesis of pulmonary
conditions (21, 37-39), in addition to a wide range of other disorders including the skin (40, 41),
heart (42, 43), vasculature (36), and gastrointestinal system (44, 45). For example, in a murine
model of lipopolysaccharide-induced acute lung injury, co-administration of chemerin resulted in
significantly reduced levels of infiltrating neutrophils (21). By contrast, CMKLR 1-knockout mice
demonstrated increased numbers of pulmonary neutrophils and macrophages (21). In a separate
model of acute viral pneumonia, appropriate chemerin-CMKLR1 signaling was associated with
significantly increased survival and improved pulmonary functional measures (37). The role of
CMKLRI1 in pulmonary fibrosis, however, remains relatively unexplored. While it may be
tempting to conclude the chemerin-CMKLR1 axis exerts an anti-inflammatory effect, the exact
function of CMKLR1 is likely more complex and, based on available evidence, better understood

as a pathway for the recruitment and activation of subsets of leukocytes.



1.5 Positron emission tomography

Despite the relevance of CMKLR1 to the pathophysiology of pulmonary diseases, there
remains a lack of available methods for investigating the role and function of CMKLRI1 in vivo.
To enable in vivo monitoring of CMKLR1" cell recruitment and kinetics during distinct phases of
preclinical models of lung injury and remodeling, we proposed CMKLRI1-targeted positron

emission tomography with our recently developed radiotracer, [**Cu]NODAGA-CG34 (22).

Positron emission tomography (PET) is a highly sensitive and non-invasive imaging method
for detection of molecular and biological processes in the lung that are difficult to obtain with other
imaging modalities, such as computed tomography (CT), magnetic resonance (MR), and
ultrasound. Additionally, PET has advantages over non-imaging-based techniques commonly used
for assessment of pulmonary pathology, including bronchoalveolar lavage, biopsy, and pulmonary
function tests. Firstly, PET is well tolerated by patients with decreased lung function and
appropriate for serial measurements, which may be a significant limitation for invasive sampling
methods. Secondly, PET is not subject to sampling bias and can provide information regarding
disease processes throughout the entirety of the lungs. Thirdly, PET tracer uptake is not dependent

on patient effort and less invasive than procedures like bronchoscopy.

There are many reports of PET being used to study pulmonary disease mechanisms in both
preclinical and clinical studies. The most commonly used PET tracer remains ['*F]FDG largely
due to its widespread availability and clinical approval by the U.S. Food & Drug Administration.
Although ['8F]JFDG-PET has shown promise for monitoring inflammatory and fibrogenic

processes in the lungs (46-49), the interpretation of ['*FJFDG-PET is complicated given its uptake
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by all metabolically active cells. To address the lack of specificity of ['*F]JFDG uptake, PET
imaging agents have been developed for selective targeting of individual molecular pathways and

processes.

Considerable efforts have been dedicated to investigating individual molecular targets for PET
imaging of lung specific applications. For molecular imaging of acute lung injury, many of the
reported radiotracers target leukocyte subsets or secreted inflammation associated proteins (22, 46,
50-55). In particular, monocyte (53) and macrophage (22, 54, 55) populations have proven
promising as PET imaging targets for non-invasive detection of ongoing inflammation, and the
tracer uptake tends to correlate well with established inflammatory markers. While the underlying
pathophysiology of acute lung injury and pulmonary fibrosis are different, various PET tracers
developed for imaging inflammation have found success for in vivo quantification of diseases
processes associated with pulmonary fibrosis, notably several myeloid targeted radiotracers (22,
56, 57). Additionally, a separate class of radiotracers specific for fibrogenic mechanisms have
found success for imaging pulmonary fibrosis (58-61). Given the complexity of the inflammation-
fibrosis axis, a multipronged approach for investigating molecular patterns of lung injury and
remodeling is useful to understand distinct aspects of disease pathology and their correlation with

clinically meaningful endpoints.

1.6 Organization of thesis chapters.

The first chapter reports preclinical PET imaging of ALI using the most widely available and

utilized radiotracer, ['*FJFDG. We also show that ['*F]JFDG uptake by PET may non-invasively
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monitor response to anti-inflammatory therapy. Further, we demonstrate that while ['*F]JFDG
appears promising for molecular imaging of ALI, the non-specificity of ['*F]FDG uptake by all
metabolically active cells is a significant barrier to providing biologically or pathogenically
relevant information. We conclude the chapter by highlighting the need to develop pathway
specific molecular imaging agents.

In the second chapter, we describe CMKLR 1-targeted PET as a new approach for non-invasive
and selective monitoring of a specific immune cell population, monocyte-derived macrophages, in
the same preclinical model of ALI employed for chapter 1. We report the design and
characterization of our CMKLR1-PET tracer, [**Cu]NODAGA-CG34. Additionally, we show that
its PET-derived uptake effectively monitors both ongoing pulmonary inflammation and its
response to treatment. Furthermore, in vivo uptake of [**Cu]NODAGA-CG34 correlates with
various biological measures of inflammation. Finally, we demonstrate the potential clinical
relevance of CMKLRI1 to pulmonary inflammation as CMKLR 1 expression in the lungs of patients
with COVID-19 closely resembles the expression pattern observed in our preclinical model. Given
the known role of monocyte-derived macrophages in driving lung modeling following ALI and
the abundance of CMKLR1-cells during the inflammatory phase of ALI, we hypothesized that
CMKLRI1-PET during the acute inflammatory period of lung injury may predict the development
and extent of future lung fibrosis.

In the third chapter, we demonstrate CMKLR1-PET is a promising biomarker for ongoing
monocyte-derived macrophage inflammation associated with the early stages of pulmonary
fibrosis. Similar to chapter 2, we show that CMKLR1 expression in the lung is primarily expressed
by monocyte-derived macrophages during the inflammatory phase in our lung fibrosis model. We

further confirm the ability of CMKLR1-PET for non-invasive monitoring of monocyte-derived
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macrophages as the of pattern PET-derived [**Cu]NODAGA-CG34 uptake closely resembles that
of CMKRL1 expression as measured with flow cytometry. The chapter concludes with clinical
histologic and transcriptomics data showing that CMKLR1 expression is increased in the lungs of
patients with pulmonary fibrosis and may provide prognostic information regarding patient
survival.

The final chapter of the thesis discusses future directions for this CMKLR1 project, with the

ultimate goal of eventually translating CMKLR1 radiotracers into the clinic.
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2.0 2-deoxy-2-[18F]fluoro-D-glucose positron emission tomography to monitor lung
inflammation and therapeutic response to dexamethasone in a murine model of acute

lung injury

The work presented in this chapter has been previously published the Molecular Imaging and
Biology (62), and 1 am the first author of the manuscript. I have obtained the proper permission
from the journal to reproduce the contents of the article in my dissertation (Publisher license
#5517271323926).

This study was supported by the following grants: National Institute of Biomedical Imaging
and Bioengineering (NIBIB, R21EB027871) and National Heart, Lung, and Blood Institute
(NHLBI, KO8HL144911) to Sina Tavakoli; NHLBI (F30HL158038) to Philip Mannes; NHLBI
(RO1THL136143, PO1HL114453, RO1HL142084, and K24HL143285) to Janet Lee. This work
utilized the Hillman Cancer Center In Vivo Imaging Facility, a shared resource at the University

of Pittsburgh (supported by P30CA047904).

2.1 Abstract

The purpose of this current study was to image inflammation and monitor therapeutic response
to anti-inflammatory intervention using 2-deoxy-2-['®F]fluoro-D-glucose (['*F]FDG) positron
emission tomography (PET) in a preclinical model of acute lung injury (ALI). Mice were
intratracheally administered lipopolysaccharide (LPS, 2.5 mg/kg) to induce ALI or phosphate-

buffered saline as the vehicle control. A subset of mice in the ALI group received two
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intraperitoneal doses of dexamethasone 1 and 24 hours after LPS. ['F]JFDG PET/CT was
performed 2 days after the induction of ALL ['*F]FDG uptake in the lungs was quantified by PET
(%ID/mLmean and standardized uptake value (SUVmean)) and ex vivo y-counting (%ID/g). The
severity of lung inflammation was determined by quantifying the protein level of inflammatory
cytokines/chemokines and the activity of neutrophil elastase and glycolytic enzymes. In separate
groups of mice, flow cytometry was performed to estimate the contribution of individual immune
cell types to the total pulmonary inflammatory cell burden under different treatment conditions.
Lung uptake of ['*F]JFDG was significantly increased during LPS-induced ALI, and a decreased
['®F]FDG uptake was observed following dexamethasone treatment to an intermediate level
between that of LPS-treated and control mice. Protein expression of inflammatory biomarkers and
the activity of neutrophil elastase and glycolytic enzymes were increased in the lungs of LPS-
treated mice versus those of control mice, and correlated with ['F]FDG uptake. Furthermore,
dexamethasone-induced decreases in cytokine/chemokine protein levels and enzyme activities
correlated with ['*F]JFDG uptake. Neutrophils were the most abundant cells in LPS-induced ALI,
and the pattern of total cell burden during ALI with or without dexamethasone therapy mirrored
that of ["*F]FDG uptake. ['*F]JFDG PET noninvasively detects lung inflammation in ALI and its
response to anti-inflammatory therapy in a preclinical model. However, high ['*F]FDG uptake by
bone, brown fat, and myocardium remains a technical limitation for quantification of ['*FJFDG in

the lungs.
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2.2 Introduction

Acute lung injury (ALI), clinically known as respiratory distress syndrome (ARDS), represents
a life-threatening condition in seriously ill patients characterized by an acute onset of pulmonary
infiltrates and impaired oxygenation. ARDS is an inflammatory driven disease resulting from
direct (e.g., pneumonia) or indirect pulmonary (e.g., sepsis or trauma) insults leading to disruption
of the alveolar-capillary barrier and, ultimately, impaired lung function (3). Clinically, ARDS
continues to significantly burden healthcare settings (63), particularly intensive care units, with
the incidence of ARDS increasing many folds during the COVID-19 pandemic (64). Despite our
improved understanding on the risk factors that are associated with the development of ARDS, the
diagnosis of ARDS remains clinical that is based on a constellation of clinical, physiological, and
radiographic findings, and we currently lack effective methods to predict patient’s outcomes and

monitor treatment response.

A promising method for in vivo monitoring of molecular patterns of lung inflammation and
response to therapy is positron emission tomography (PET). In particular, PET visualizes and
quantifies ongoing molecular processes and therefore supplements the anatomical and structural
information provided by other imaging modalities, such as computed tomography (CT).
Additionally, PET has many advantages to study pulmonary inflammation in comparison to those
of currently employed methods. For instance, PET, in contrast to lung biopsy or bronchoalveolar
lavage (BAL), can noninvasively visualize lung inflammation without being subject to sampling
bias (65). Moreover, PET may detect molecular patterns of inflammation or resolution at an earlier
stage than that of other imaging techniques, including CT (46). Also, PET is a quantitative

technique that is less affected by patient’s effort, which represents a major disadvantage of
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physiological tests, such as pulmonary function tests (66). Further, PET can be tailored to monitor
individual molecular targets or pathways of interest by the use of specific radiotracers. While much
effort is currently being devoted to the development of PET tracers targeting specific aspects of
the inflammatory response, the most widely available and studied radiotracer remains 2-deoxy-2-

['®F]fluoro-D-glucose (['*F]FDG).

Cellular uptake of ['®F]FDG closely reflects glucose uptake as both ['*F]JFDG and glucose are
internalized and processed by related cellular processes (67, 68). ['*F]FDG is transported into
metabolically active cells via the glucose transporter (GLUT) family of proteins and is
subsequently phosphorylated by hexokinases into ['*F]JFDG-6-phosphate, which is essentially

irreversibly trapped intracellularly and cannot be further metabolized via glycolysis (69).

Although ['®F]FDG is most extensively utilized for oncological purposes to detect the tumor-
associated Warburg effect, the applications of ['*F]JFDG PET in inflammatory diseases have
increased (48, 49, 70). In the inflammatory environment, molecular signals and cascades alter
immune cell metabolism in highly orchestrated ways, referred to as immunometabolism. One of
the key cellular responses to inflammation is increased glucose metabolism (71). Given that
several cell types abundant in the acutely injured lung, such as neutrophils and macrophages,
demonstrate increased influx and glucose metabolism in the acutely inflamed tissues, ['*F]JFDG
PET is a clinically available method to sensitively and noninvasively visualize in vivo changes in

glucose metabolism, ultimately a proxy for total inflammatory cell burden (46, 47, 72).
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Clinically, ['®*F]JFDG PET has been demonstrated to noninvasively monitor the underlying
inflammatory processes in various pulmonary diseases. Lung uptake of ['*F]FDG is increased in
chronic obstructive pulmonary disease (COPD), cystic fibrosis, asthma, interstitial lung diseases,
and ARDS (47, 48, 73-78). Importantly, ['*F]JFDG PET provides clinically useful information
about disease phenotypes and treatment response. In both COPD (74-76) and idiopathic pulmonary
fibrosis (77), for instance, increased ['*F]JFDG uptake correlates with clinical markers of disease
severity and indicates aggressive disease status. A separate study has demonstrated that both total
and rate of ['®F]FDG uptake are increased in patients with cystic fibrosis compared to healthy
controls, and ['*F]FDG uptake correlates with neutrophil content of BAL samples (78). Increased
lung uptake of ['®F]FDG has also been reported in healthy volunteers instilled with intrabronchial
endotoxin (48). Interestingly, ['*)FJFDG PET has been shown to sensitively detect the lung-specific
responses to therapies, including statins and recombinant activated protein C, in healthy volunteers
receiving intrabronchial endotoxin (47). While almost all immune and non-immune cells
contribute to the total uptake of ['®F]FDG in the tissues, neutrophils have been shown have the

highest ex vivo uptake of [°’H]deoxyglucose among the cells recovered by BAL (48, 78).

Despite significant interest in exploring ['*F]FDG as a method to noninvasively monitor lung
inflammation, with a particular interest in improving our ability to molecularly endotype and
stratify patients for improving clinical outcomes, there remain critical gaps in our knowledge that
limit the interpretation of ['*FJFDG PET and its utility for understanding lung diseases. Two key
gaps include whether ['®F]FDG uptake correlates with lung tissue expression of inflammatory
biomarkers and if ['®F]JFDG can monitor the response to corticosteroids, as a clinically relevant

anti-inflammatory therapy in ARDS. In this study, we demonstrated in a preclinical
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lipopolysaccharide (LPS)-induced ALI model that ['*F]JFDG PET noninvasively detected lung
inflammation and response to dexamethasone therapy. Additionally, we showed that ['*F]JFDG
uptake correlated with the expression of selected inflammatory proteins and activity of neutrophil
elastase and glycolytic enzymes. We further showed that the total number of cells in the lungs,
predominantly driven by changes in neutrophils, closely mirrored that of ['*F]FDG uptake under

different conditions.

2.3 Methods

2.3.1 Chemicals and reagents

The major chemicals and reagents are listed in Supplemental Table 1, Supplemental Table 2,

Supplemental Table 3, Supplemental Table 4, and Supplemental Table 5.

2.3.2 Mouse model of experimental lung injury

Animal experiments were performed using C57BL/6J mice (9- to 12-week-old, Jackson
Laboratory, strain #000664). Mice were administered intratracheally with 2.5 ug/g LPS from
Escherichia coli O111:B4 in 60 ul of phosphate-buffered saline (PBS) to induce lung injury.
Control mice were intratracheally injected with 60 ul of PBS. In experiments involving anti-
inflammatory treatment, mice received two doses of dexamethasone (10 mg/kg in 500 uL of PBS)
via intraperitoneal injections at 1 and 24 hours following LPS instillation, whereas non-

dexamethasone treated mice were given intraperitoneal PBS (500 uL) injections. Studies were
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performed in accordance with a protocol approved by the University of Pittsburgh Institutional

Animal Care and Use Committee.

2.3.3 PET/CT and quantification of ['*F|FDG uptake

Mice (n=4 PBS, 8 LPS, and 8 LPS + Dexamethasone) were fasted the night prior to PET/CT.
Two days after intratracheal LPS or PBS instillation, mice were injected intravenously with
['®F]FDG (7.52 + 0.03 MBq) while awake, and the mice remained awake until PET/CT acquisition.
Mice were anesthetized with inhalational isoflurane and static PET (~5-min) and CT (180
projections, 140-msec exposure, 180° rotation, 80-kVp, 500-uA, field-of-view: 78.5x100-mm)

were performed (Inveon, Siemens) ~60 minutes after radiotracer injection.

Regions of interest were drawn over the left and right lungs, and ['®F]JFDG uptake in the left
and right lungs was averaged and quantified as the mean percentage of injected dose per milliliter
of tissue (%ID/mLmean) and standard uptake value (SUVmean) (IRW software). The peripheral
regions of the lungs were excluded from the regions of interest to minimize the effect of scattered
radiation from ['®F]JFDG uptake by myocardium and bones. Following PET/CT, mice were
euthanized, and radiotracer uptake was also quantified ex vivo by y-counting (Wizard?,

PerkinElmer) of harvested lungs. Decay-corrected ['*F]JFDG uptake values are reported.

2.3.4 Lung homogenization

Following y-counting, the lungs were frozen at -20 °C and stored for >10 half-lives to allow

['®F]FDG to fully decay. Then, the left lung was mechanically homogenized in 1 mL of distilled
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water. A 10x cytokine lysis buffer (Supplemental Table 2) was added to the lung homogenate (9
parts of lung homogenate: 1 part of 10x cytokine lysis buffer, by volume). After incubating for 30
min at 4 °C, the lung homogenate was centrifuged (10,000 g for 20 min). The resulting supernatant

was collected and stored at -80 °C until use.

2.3.5 Protein expression assays

The protein expression of select inflammatory markers in the lung homogenate was quantified
using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s directions

(Supplemental Table 3).

2.3.6 Neutrophil elastase activity assay

The neutrophil elastase activity in lung homogenates was determined as previously described,
with minor modifications (79, 80). Briefly, lung homogenate (10 pL) was incubated with 100 uM
of a fluorogenic neutrophil elastase substrate (MeOSuc-AAPV-AMC, Millipore Sigma) in 50 uL
assay buffer (100 mM Tris-HCI, 500 mM NaCl, pH = 8.0) at 37 °C. Over the course of 3 hours,
the fluorescence of each sample was measured every 10 min (Excitation = 380 nm, Emission =
460 nm) with a Synergy H4 Hybrid Microplate Reader (BioTek). The neutrophil elastase activity
was calculated as the slope of the linear portion of the fluorescence versus time graph normalized

to the average of that of the control mice.
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2.3.7 Glycolytic enzyme activity assays

The activity of hexokinase (HK) (81) and lactate dehydrogenase (LDH) (82) was measured
using previously reported methods with optimization for use with lung homogenate. Briefly, lung
homogenate samples (4.0 uL) were incubated at room temperature with 56.0 puL of the appropriate
assay buffers (Supplemental Table 4 and Supplemental Table 5). The absorbance of each sample,
resulting from NADH or NADPH reduction of nitro blue tetrazolium chloride, was measured over
10 min at 1 min intervals at 490 nm (83) using a Synergy H4 Hybrid Microplate Reader (BioTek).
The rate of enzymatic activities was determined as the slope of the linear portion of the absorbance

versus time graph normalized to the average of that of the control mice.

2.3.8 Flow cytometric immunophenotyping of murine lungs

Separate groups of mice treated with LPS (N =4), LPS + Dexamethasone (N=4), or PBS (N=4)
were euthanized, and the pulmonary circulation was perfused with PBS via a right ventricular
puncture. Both lungs were then minced with scissors and diluted with dissociation buffer
(collagenase A, 1.0 mg/mL in PBS supplemented with 1 mM of Ca™ and Mg*?). The lungs were
enzymatically dissociated at 37 °C for 1 hour with shaking. Then, the resulting cell suspensions
were passed through 40-um cell strainers. After red blood cell lysis, Precision Count Beads (50
pL) were added to each sample. After washing with PBS, cells were incubated with 1% bovine
serum albumin (BSA) in PBS and treated first with mouse Fc block (2.0 uL per sample), followed
by a mixture of antibodies (0.5 pL per antibody per sample) and DAPI (5.0 uL of 1 ug/mL per
sample) for 0.5 hour at 4 °C. Finally, cells were washed and fixed with 4% formalin for 0.5 hour

at room temperature. Flow cytometry was performed the following day using a LSR II Flow
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Cytometry (BD Biosciences) and analyzed using FlowJo software version 10.7.2 (BD

Biosciences). A list of the antibodies used in this study is available in Supplemental Table 1.

2.3.9 Statistics

Statistical analysis was performed with Prism 9 (GraphPad). The data are shown as the mean
+ SEM. A one-way analysis of variance, followed by Fisher’s Exact post hoc test, was used to
compare mean values in > 2 groups. Pearson correlations were used to determine the linear

relationship between two groups. Statistical significance was considered P < 0.05.

2.4 Results

2.4.1 Noninvasive detection of ALI and anti-inflammatory response to dexamethasone by

['SF]JFDG PET

At 1-h post-injection of ['®F]FDG, we observed increased radiotracer uptake in the lungs of
LPS-treated mice as compared to those of control mice (Figure 5).The mice receiving LPS
followed by dexamethasone demonstrated less lung ['*F]JFDG uptake than that of LPS-treated mice
alone, but greater than that of the control mice. Quantification of PET-derived ['*F]FDG uptake
confirmed that LPS-treated mice demonstrated significantly increased tracer uptake over PBS-

treated mice (by both PET-derived %ID/mLmean and SUVmean), which was significantly reduced
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by administration of dexamethasone (PET-derived %ID/mLmean) with a trend towards a significant

decline as measured by SUVmean (Fig. 2A, B).

A Axial B Sagittal

LPS+Dex

PET-derived %ID/mL CT-derived HU

EE @490 )

0.5 30 Min Max

Figure 5. Representative ['SF]FDG PET/CT images in LPS-induced ALI and its response to dexamethasone
treatment.

(A) Axial and (B) sagittal PET, CT, and coregistered PET/CT images for mice treated with PBS, LPS, or LPS followed
by dexamethasone. Mice treated with LPS show focal regions of pulmonary consolidation and groundglass opacities
on the CT, which demonstrate increased ['F]FDG uptake. Dexamethasone treatment decreases lung ['®F]FDG uptake,
although not to the level of control treated mice. High ['®F]FDG uptake is seen in lung-adjacent tissues, including the
heart, ribs, and brown fat. The lungs are outlined in white in the PET/CT overlaid images. The white letters indicate
image direction: A = anterior, L = left, P = posterior, R = right. Abbreviations: PBS = phosphate buffered saline, LPS

= lipopolysaccharide, Dex = dexamethasone.
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2.4.2 Ex vivo quantification of ['3F|FDG uptake by y-counting correlates moderately with

PET-derived %ID/mLmean, but less strongly with SUVmean

PET-derived quantification of the uptake of radiotracers is subject to inaccuracies resulting
from lung-specific (e.g. respiratory motion and lung tissue density) (84, 85) and PET-specific (e.g.
scatter, partial volume effect, and positron range) (86, 87) factors. Therefore, we determined the
correlations between PET-derived ['*F]FDG uptake (%ID/mLmean 0r SUVmean) in the lung and the
uptake quantified by ex vivo y-counting (%ID/g), the gold standard for quantification of radiotracer
uptake by organs in preclinical studies, to address the accuracy of in vivo quantification of
['®F]FDG. Similar to the ['*F]FDG uptake determined by PET imaging, mice treated with LPS
demonstrated significantly increased ['*F]JFDG uptake in the lungs, compared to that of control
mice by ex vivo y-counting (6.95%+0.48 vs. 2.43%+0.37, respectively; P < 0.0001) (Figure 6).
Consistent with PET-derived quantification, mice receiving LPS followed by dexamethasone had
an intermediate level of ['®F]FDG uptake that was less than that of the LPS only treated mice
(4.79%=%0.19 vs. 6.95%+0.48, respectively; P = 0.0004) yet greater than that of the control mice
(4.79%=%0.19 vs. 2.43%+0.37, respectively; P = 0.0011). Importantly, there was a moderate
correlation between in vivo PET-derived %ID/mLmean and ex vivo y-counting-derived (%ID/g)
['®F]FDG lung uptake (R? = 0.53; P = 0.0003) (Figure 6). However, the correlation between in
vivo PET-derived SUVmean and ex vivo y-counting (%ID/g) ['*F]FDG was less strong (R? = 0.24;

P =0.027).
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Figure 6. Quantification of ['*F]FDG uptake in a preclinical LPS-induced ALI model confirms dexamethasone
treatment response may be detected noninvasively by ['*F|[FDG PET.

The in vivo uptake of ['®F]FDG in the lungs was quantified by PET-derived (A) %ID/mLyean and (B) SUV mean. (C) Ex
vivo y-counting was performed on the lungs following completion of PET/CT. (D, E) Correlations between in vivo
and ex vivo ['®F]FDG uptake were calculated. N = 4 PBS, 8 LPS, and 8 LPS+Dex treated mice. Equal numbers of
male (squares) and female (circles) mice were used per group. Colors: PBS = black, LPS = red, LPS+Dex = blue.

Abbreviations: PBS = phosphate buffered saline, LPS = lipopolysaccharide, Dex = dexamethasone.

26



2.4.3 ['8F]FDG uptake correlates with inflammatory biomarkers and the activity of

glycolytic enzymes

One of the hallmarks of experimental ALI is the inflammatory response that is characterized
by an increase in cytokines and chemokines (88). We tested whether increased ['*F]FDG lung
uptake in ALI correlates with the abundance of select inflammatory proteins. We found that LPS
treatment significantly increased the pulmonary expression of pro-inflammatory cytokines and
chemokines (3, 89-92), including interleukin 1-beta (IL-1f), interferon gamma (IFN-y), interleukin
6 (IL-6), and CXC motif chemokine ligand 1 (CXCLT1), versus that of control treated mice (Figure
7). Additionally, dexamethasone reduced the expression of these cytokines and chemokines to an
intermediate level between that of the LPS-treated and control mice. We further established that
lung uptake of ['8F]FDG, as measured with in vivo %ID/MLmean 0 SUVmean Or ex vivo %ID/g,
generally correlated with the expression of established inflammatory markers (Figure 7). In
particular, the ex vivo ['®F]FDG uptake most strongly correlated with inflammatory markers IL-

1B and CXCLI.

Recruitment and activation of neutrophils are key features of the initial inflammatory phase of
ALI (88), which are mediated by several chemokines, including CXCL1. We therefore tested if
['®F]FDG uptake correlated with neutrophil elastase activity in lung homogenate, as a measure for
the total burden of neutrophil activation in the lungs (80, 93). As expected, LPS induced a
significant increase in lung neutrophil elastase activity, versus that of control mice, that was
decreased upon dexamethasone treatment (Figure 8). Although ex vivo y-counting-derived

['®F]FDG uptake correlated with neutrophil elastase activity (R* = 0.43, P = 0.0017), the
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correlations were weaker with PET-derived quantification of ['*F]FDG uptake (%ID/mLmean: R?

=0.18, P = 0.064 and SUVmean: R>=0.28, P=0.017) (Fig. 4B).
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Figure 7. PET-derived ['®F]FDG uptake correlates with protein expression of inflammatory markers.

(A) The protein expression of select markers was determined with an enzyme-linked immunosorbent assay following
PET/CT. (B) Expression of inflammatory cytokines/chemokines was correlated with PET-derived (Top: %ID/mLmean
or Middle: SUV ean) and y-counter-derived (Bottom) ['*F]FDG uptake. N = 4 PBS, 8 LPS, and 8 LPS+Dex treated
mice. Equal numbers of male (squares) and female (circles) mice were used per group. Abbreviations: PBS =

phosphate buffered saline, LPS = lipopolysaccharide, Dex = dexamethasone.
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Figure 8. Pulmonary ['*F]FDG uptake correlates with neutrophil elastase activity.

(A) Neutrophil elastase activity was determined in lung homogenates following PET/CT. The total neutrophil elastase
activity is increased following intratracheal instillation of LPS and decreases nearly to baseline with dexamethasone
treatment. The neutrophil elastase activity of LPS and LPS+Dex groups was normalized to the average of the controls.
(B) Neutrophil elastase activity was correlated with PET-derived (Left: %ID/mLmean or Middle: SUV mean) Or y-counter-
derived (Right) ["*F]FDG uptake. N = 4 PBS, 8 LPS, and 8 LPS+Dex treated mice. Equal numbers of male (squares)
and female (circles) mice were used per group. Abbreviations: PBS = phosphate buffered saline, LPS =

lipopolysaccharide, Dex = dexamethasone.

As several inflammatory stimuli inhibit the tricarboxylic acid cycle, many leukocytes in
inflammatory environments rely on glycolysis for energy production and proper inflammatory
functions (94-98). Further, a switch to glycolysis with an associated increase in lactate production
represents a validated metabolic alteration and poor clinical prognostic factor in ARDS (99-106).
We therefore examined whether ['*FJFDG uptake correlates with pulmonary glycolytic activity of
HK and LDH. We focused on HK and LDH as they represent important steps in glycolysis; HK
traps glucose and ['*F]FDG intracellularly via phosphorylation whereas LDH catalyzes the critical
final step of glycolysis to regenerate NAD+ to sustain high levels of glycolysis. Following LPS
treatment, we found that the relative activity of HK and LDH were both significantly increased
over that of controls (Figure 9). Interestingly, dexamethasone decreased HK and LDH activities to

the levels of control mice. Further, the HK and LDH activity both generally correlated with
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['®F]FDG uptake, although most strongly with ex vivo y-counting-derived measurements (Figure
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Figure 9. ['8F|FDG uptake correlates with the activity of glycolytic enzymes.

(A) The activity of hexokinase (HK) and lactate dehydrogenase (LDH) in lung homogenates was measured following
PET/CT. The total lung activity of both enzymes was significantly increased following administration of LPS. Anti-
inflammatory treatment by dexamethasone reduced the activity of HK and LDH nearly to that of controls. Enzymatic
activity was normalized to that of the average of the controls. (B) HK and LDH activities were correlated with PET-
derived (Left: %ID/MLmean or Middle: SUV yea) or y-counter-derived (Right) ['*F]FDG uptake. N = 4 PBS, 8 LPS,
and 8 LPS+Dex treated mice. Equal numbers of male (squares) and female (circles) mice were used per group.

Abbreviations: PBS = phosphate buffered saline, LPS = lipopolysaccharide, Dex = dexamethasone.

2.4.4 Neutrophil burden in the lungs mirrors the observed pattern of ['*F]FDG uptake in

LPS-induced ALI and response to anti-inflammatory treatment

To determine changes in pulmonary immune cell populations in response to LPS

administration with or without dexamethasone treatment, we first determined the absolute cell
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count for individual cell types harvested from the lungs (Figure 10) using a flow cytometry gating
strategy provided in Fig. S1. Following LPS-treatment, we detected significantly increased
numbers of lung neutrophils (e.g., ~60-fold increase) versus that of control mice (P = 0.0008)
(Figure 10). However, LPS induced only modest increases in the number of several other lung
immune cell populations, including interstitial and monocyte-derived macrophages. We found that
dexamethasone treatment reduced the number of infiltrating neutrophils without affecting the
abundance of other cell populations. Additionally, we observed minimal changes to the number of
lymphoid cells (B-cells, natural killer cells, and T-cells), monocytes (Ly6C™ and Ly6C'®), dendritic
cells (CD11b" and CD11b'°), eosinophils, and CD45"¢ non-immune cells after treatment with LPS

or dexamethasone versus that of controls.

We next calculated the relative contributions of individual cell types to the total pulmonary
cell counts under different treatment conditions (Figure 10). Unsurprisingly, LPS-treated mice
exhibited the highest number of total lung cells, with neutrophils accounting for over half of all
cells in the lungs of mice with LPS-induced ALI. Dexamethasone therapy decreased the number
of lung leukocytes largely due to a decrease in the number of neutrophils. By contrast, neutrophils
represented only 2% of all cells in the control lungs. As the changes in CD45"¢ cells and other
leukocyte populations were relatively minor compared to that of the neutrophils, the change in
total cell count was driven primarily by neutrophils. Furthermore, we observed the total cell count
measured by flow cytometry in different experimental groups (Figure 10) closely mirrored that of
['®F]FDG uptake under the same treatment conditions (Figure 6). Unsurprisingly, CD45" cells
represent a significant fraction of total lung cells under all conditions and are presumably a major

contributor to ['*FJFDG uptake in healthy lungs.
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Figure 10. Neutrophils are the most abundant cell type during LPS-induced ALI as measured by flow
cytometry.

(A) The cell count was quantified for mice treated with intratracheal LPS or LPS+Dex vs. control. (B) The relative
contribution of individual cell types to the total recovered cells from the lungs of mice following treatment with LPS
and/or dexamethasone versus control, as visualized with a stacked-bar graph. Abbreviations: NK cells = natural killer
cells; aM@ = alveolar macrophage; iM¢ = interstitial macrophage; MDMg = monocyte-derived macrophage; CD11b"
DC = CD11b" dendritic cells; CD11b" DC = CDI11b% dendritic cells; Eosin = eosinophils; CD45"¢ cells = non-
immune cells . N =4 PBS, 4 LPS, and 4 LPS+Dex treated mice. Equal numbers of male and female mice were used

per group. Abbreviations: PBS = phosphate buffered saline, LPS = lipopolysaccharide, Dex = dexamethasone.

2.5 Discussion

In this study, we demonstrate that ['*F]JFDG uptake is increased in LPS-induced ALI and
noninvasively detects the response to a clinically relevant anti-inflammatory therapy,
dexamethasone. We found that ["*F]JFDG uptake during ALI with or without dexamethasone
treatment correlates with the degree of inflammatory cytokine/chemokine expression and the
activity of neutrophil elastase and glycolytic enzymes. We further found that ['*F]JFDG uptake

closely mirrors the pattern of pulmonary neutrophil accumulation during ALI, and the dominant
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immune cell population in this model. Thus, ['*FJFDG PET is effective in monitoring ongoing and
resolving lung inflammation through its correlations with lung specific expression of inflammatory

biomarkers and active neutrophils.

While the pathophysiology of ARDS/ALI is complex, we demonstrate that ['*F]JFDG PET
noninvasively and directly monitors specific aspects of the inflammatory response in the lung that
are difficult to obtain via other available techniques. We show that ['*F]JFDG uptake correlates
with pathogenically relevant and therapeutically targetable biomarkers expressed in lung tissue,
which may prove advantageous over measurement of serum biomarkers that may reflect systemic
rather than lung specific inflammatory processes. Importantly, we found that ['*F]JFDG uptake
monitors the anti-inflammatory response to dexamethasone therapy, as confirmed by correlations
between reduced radiotracer uptake with decreased expression of inflammatory mediators,
including cytokines, chemokines, and proteases. Furthermore, ['*F]JFDG PET more accurately
visualizes the response to anti-inflammatory treatment compared to that of CT, as demonstrated
by reduced ['*F]FDG uptake in regions of CT-defined pulmonary airspace opacification following

steroid therapy.

Despite the widespread use of and research on ['®F]FDG for imaging inflammation, there
remain biologic and technological limitations that may hinder interpretability of ['*F]FDG for
monitoring ongoing lung inflammation. For example, both clinical and preclinical studies have
shown that all metabolically active cells metabolize ['*F]FDG, including the liver, ribs, heart, and
brown fat (107-110). Due to the positron range and scattered radiation, the high radiotracer uptake

in extra-pulmonary tissues, enhanced by the systemic inflammation induced by LPS, appears to
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“spillover” into the lungs, and leads to overestimation of the true extent of pulmonary ['*F]FDG
uptake by PET in regions adjacent to organs with high ["FJFDG uptake. In preclinical
experiments, the combination of respiratory motion from non-respiratory gated scans and small
subject size further enhances the undesirable impact of the relatively high positron range and
scatter, ultimately leading to inaccurate assessments of pulmonary radiotracer uptake. These
limitations may account for the moderate correlation between ex vivo y-counting (%ID/g) derived
["®F]FDG uptake and in vivo PET %ID/mLmean and fair correlation between ex vivo y-counting
(%ID/g) derived ['®F]JFDG uptake and in vivo PET SUVmean. The lower correlation strength of
SUViean With y-counting-derived uptake values may result from the weight loss in LPS-treated
mice that lowers the SUVean (111-114). As the %ID/mL does not account for weight changes, we
observed a stronger correlation between PET-derived %ID/mLmean and y-counting derived %ID/g.
Notably, the correlations between ['*F]JFDG uptake and biological markers in our study were
generally strongest when tracer uptake was assessed by ex vivo y-counting, consistent with the
inaccuracies of in vivo PET-derived measurements. While the larger size of humans and
implementation of respiratory gating in clinical scans reduce the above mentioned effects, the non-
specific ['®F]JFDG uptake by the heart, liver, and ribs may obscure inflammatory processes in the

lung periphery and subpleural space.

Although ['®F]FDG PET is the most popular molecular imaging approach for assessment of
inflammation, there remains a clear need to develop new radiotracers targeting specific aspects of
the inflammatory process. In particular, our study demonstrates that ['*F]JFDG uptake is likely
driven by abundant, metabolically active cell types, e.g., neutrophils in the case of ALI (48, 49,

65, 115, 116), with probable contributions from lung parenchymal cells. Additionally, prior studies
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have shown that neutrophils contribute to most [*H]deoxyglucose uptake among the cells
recovered from BAL of humans intrabronchially administered with LPS (48, 78). To address the
non-specificity of ['®F]JFDG, selective PET agents have been developed to study specific
inflammatory pathways, particularly monocyte/macrophage-driven inflammation. For instance,
the PET tracer [**Cu]DOTA-ECLIi is reported to target CCR2-expressing monocytes (53, 56),
which have been demonstrated to be relevant in pulmonary inflammation and noninvasively
monitors response to immunotherapies. Additionally, we have recently reported that
[**Cu]NODAGA-CG34, a PET tracer that selectively binds to chemokine-like receptor-1
(CMKLRU1), detects the accumulation of monocyte-derived macrophages in the lungs of mice with
ALI (22). Other emerging molecular imaging targets include, ouf; integrin (117), leukocyte
receptor CD11b (118), folate receptor-p (55), and translocator protein receptor (119), which have

been successfully used for noninvasive detection of lung inflammation in ALI.

There remain several limitations of our current study. First, as previously mentioned, the high
degree of ['8F]FDG uptake in lung-adjacent tissues results in the spillover of radiotracer signal
into the lungs, as measured by PET. To minimize the unwanted contribution from these non-lung
organs to the lung ['*F]FDG uptake, we drew our regions of interest to include a few millimeter
margins between the lung and adjacent organs, leading to underestimation of lung radiotracer
uptake. Another limitation of our study is that we measured a relatively limited number of
inflammatory and glycolytic markers with which to correlate ["*FJFDG uptake. We chose to
measure these chemokines, cytokines, and enzymes as they are common biomarkers characterizing
the inflammatory response observed in experimental ALI (88). Additionally, decreased blood flow

to areas of lung inflammation due to hypoxia-induced vasoconstriction (120) is expected to affect
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the observed ['®F]FDG uptake. Kinetic analysis of ['*F]JFDG uptake along with perfusion PET
imaging allows for a more accurate measurement of the rate of ['*F]FDG uptake. However, the
static PET design of our approach is aligned with our primary goal to determine the utility of the
['8FIFDG PET according to the currently performed clinical protocols to monitor lung

inflammation and response to therapy.

In conclusion, ['*F]FDG PET may be useful in monitoring ongoing pulmonary inflammation
and therapeutic response. Additionally, our data along with the previous publications (48, 78)
suggest that ['®F]FDG uptake is mostly driven by the metabolic activity of neutrophils in this
preclinical model of ALI, and is less reflective of other specific subsets of immune cells. While
our results should encourage additional work into better understanding the biological correlations
of ['"®F]FDG uptake, there remains a clear need to develop new radiotracers targeting specific
aspects of the inflammatory process and better understand the biologic correlates of molecular

imaging.
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3.0 Molecular Imaging of Chemokine-Like Receptor 1 (CMKLR1) in Experimental Acute

Lung Injury

The work presented in this chapter has been previously published the Proceedings of the
National Academy of Sciences (PNAS) (22), and I am the first author of the manuscript. PNAS
does not require authors to obtain permission for use of articles in their dissertations.

This study was supported by the following grants: National Institute of Biomedical Imaging
and Bioengineering (NIBIB, R21EB027871) and National Heart, Lung, and Blood Institute
(NHLBI, KO8HL144911) to Sina Tavakoli; NHLBI (F30HL158038) to Philip Mannes; NHLBI
(RO1THL136143, PO1HL114453, RO1HL142084, and K24HL143285) to Janet Lee; and National
Cancer Institute (NCI, KOSCA222663, R21CA263381, and R37CA258829), Burroughs Wellcome
Fund (Career Award for Medical Scientists), and Fast Grant for COVID-19 research to Benjamin
Izar. This work utilized the Hillman Cancer Center In Vivo Imaging Facility, a shared resource at

the University of Pittsburgh (supported by P30CA047904).

3.1 Abstract

The lack of techniques for noninvasive imaging of inflammation has challenged precision
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 lipopolysaccharide-induced injury. Lung uptake

of a CMKLR1-targeting radiotracer, [**Cu]NODAGA-CG34, was significantly increased in
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lipopolysaccharide-induced injury, correlated with the expression of multiple inflammatory
markers, and reduced by dexamethasone treatment. Monocyte-derived macrophages, followed by
interstitial macrophages and monocytes were the major CMKLRI1-expressing leukocytes
contributing to the increased tracer uptake throughout the first week of lipopolysaccharide-induced
injury. The clinical relevance of CMKLRI1 as a biomarker of lung inflammation in ARDS was
confirmed using single-nuclei RNA-sequencing datasets which showed significant increases
in CMKLRI expression among transcriptionally distinct subsets of lung monocytes and
macrophages in COVID-19 patients vs. controls. CMKLR 1-targeted PET is a promising strategy
to monitor the dynamics of lung inflammation and response to anti-inflammatory treatment in

ARDS.

3.2 Introduction

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-cardiogenic
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 27-45%, ARDS has
long been a major healthcare issue (121). This has been drastically aggravated during the current
pandemic, as ARDS occurs in ~5% of patients with COVID-19 and accounts for most of its

fatalities (122).

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, 123, 124).
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Despite the etiological heterogeneity of the triggering events, dysregulated inflammation is a
critical driver of ALI/ARDS and its progression to the fibroproliferative phase (3). 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 (90, 125, 126).

The current clinical methods to characterize lung inflammation have significant limitations.
Invasive techniques, like lung biopsy, pose significant risks to critically ill patients and are subject
to sampling bias (127). Additionally, the available plasma biomarkers of inflammation are non-
specific, and their alterations may be related to extra-pulmonary processes (128). Molecular
imaging, by contrast, can non-invasively provide spatially-resolved information about
pathological processes contributing to lung inflammation (129). Early molecular imaging studies
of lung inflammation were mostly focused on ['®F]fluorodeoxyglucose (['*F]FDG) positron
emission tomography (PET), which relies on the detection of enhanced glucose utilization by
activated leukocytes (129). However, the non-specificity of ['*F]JFDG uptake has prompted the
development of novel tracers targeting more specific aspects of the immune response (85, 130).
Notably, pre-clinical studies have shown the feasibility of targeted imaging of C-C motif
chemokine receptor-2 (CCR2) (53), very late antigen-4 (VLA4) (117), CD11b (118), and folate
receptor-f (55) 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 as major barriers to clinical implementation of therapies targeting different

aspects of disease pathogenesis, e.g., immunomodulatory/immunosuppressive or anti-fibrotic
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drugs, in individual patients (131). For example, while targeted imaging of CCR2 allows for the
detection of ongoing influx of monocytes, CCR2 downregulation upon monocyte-to-macrophage
differentiation (132, 133) 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 novel tracers that target diverse aspects of the immune
response are critical to establish a multi-pronged approach for characterizing 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
cells, and plasmacytoid dendritic cells in inflammatory diseases across multiple organs, including
atherosclerosis (134, 135), rheumatoid arthritis (136), and inflammatory bowel disease (45). With
respect to the lungs, CMKLR1 has been shown to contribute to the inflammation induced by
cigarette smoke (38), traffic-related particles (39), viral pneumonia (37) and ALI (21) in pre-
clinical models. Moreover, a comprehensive single-cell transcriptomic study has recently shown
the expression of CMKLRI by a subset of monocyte-derived macrophages in patients with
COVID-19 ARDS (137), which supports the clinical relevance of CMKLR1 as a biomarker of

lung inflammation in ARDS.

In this study, we hypothesized that molecular imaging of CMKLRI1, as a biomarker of lung
inflammation, is feasible and allows for non-invasive quantitative detection of ongoing lung
inflammation in an experimental model of ARDS. We describe the development and validation of

a new CMKLRI-targeting radiotracer, based on a recently discovered high-affinity and
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proteolytically stable peptidomimetic analog of the carboxyl terminus of chemerin (referred to as
CG34) (31), for PET imaging of lung inflammation in a murine model of lipopolysaccharide
(LPS)-induced ALI and monitoring the therapeutic response to dexamethasone, 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
contributing to tracer uptake in experimental ALI. We further characterize the kinetics of
CMKLRI1 expression over the course of LPS-induced ALI and compare the pattern to that of
CCR2. Finally, we address the clinical relevance of CMKLRI1 as a biomarker in ARDS by
determining the expression of CMKLRI in lungs of patients with COVID-19 vs. controls by

secondary analysis of a single-nuclei RNA-sequencing (snRNA-seq) dataset (138).

3.3 Methods

3.3.1 Chemicals and reagents

The major chemicals and reagents (Supplemental Table 6), plasmids (Supplemental Table 7),
HPLC methods (Supplemental Table 8), flow cytometry reagents (Supplemental Table 9),
histology antibodies (Supplemental Table 10), Tagman primers (Supplemental Table 11), and
details of publicly available single-cell RNA sequencing datasets (Supplemental Table 12) are
listed in the Supplementary Information. Chemical characterization of NODAGA-CG34 is shown

in Appendix Figure 26.
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3.3.2 Cell culture

HeLa cells transiently transfected with mouse CMKLR1 and/or Gq1s cDNA plasmids were
used for calcium flux or radioligand binding assays. Resident peritoneal cells harvested from
C57BL/6J mice via peritoneal lavage (139), were used to determine the binding/uptake of 6CF-

Chemiss.157 by flow cytometry.

3.3.3 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 [**Cu]CuCl, in 0.1 M HCI (37 MBq per 1.0 nmol
of NODAGA-CG34) and incubation at 40 °C for 30 minutes. The radiochemical purity of
[**Cu]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 Supplemental Table 8.

3.3.4 Mouse model of experimental lung injury

Animal experiments were performed on C57BL/6J mice under a protocol approved by the
University of Pittsburgh Institutional Animal Care and Use Committee. Adult 9- to 12-week-old

C57BL/6J mice were used throughout the study. Mice were administered intratracheally with 2.5
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ug/g LPS from Escherichia coli O111:B4 in 60 ul of phosphate-buffered saline (PBS) to induce
lung injury (117). Control mice were intratracheally injected with 60 ul of PBS. In experiments
involving anti-inflammatory treatment, mice receiving dexamethasone were given two doses of 10
mg/kg (in 500 pL in PBS) via intraperitoneal injections at 1 and 24 hours following LPS

instillation, whereas control mice were treated with intraperitoneal PBS (500 pL) injections.

3.3.5 PET/CT and quantification of [**Cu]NODAGA-CG34 uptake

Mice were injected intravenously with [**Cu]NODAGA-CG34 (6.41+0.05 MBq). Tracer
specificity was addressed by co-injection of [**Cu]NODAGA-CG34 and 100-fold molar excess of
non-radiolabeled NODAGA-CG34. Static PET (~10-min) and CT (180 projections, 140-msec
exposure, 180° rotation, 80-kVp, 500-pA, field-of-view: 78.5 x 100-mm) were performed,
according to our previous experiments (117) (Inveon, Siemens), 90 minutes after

[**Cu]NODAGA-CG34 injection.

Regions of interest were drawn over the left and right lungs, and the uptake in the left and right
lungs of [**Cu]NODAGA-CG34 was averaged and quantified as the mean and maximal
standardized uptake value (SUVmean and SUVmax) (IRW software). Biodistribution was performed
by y-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 autoradiography

and histology images.
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3.3.6 Gene expression assays

Following PET/CT, the lungs of mice were harvested and stored frozen for >10 half-lives of
[**Cu]NODAGA-CG34 prior to use for gene expression assays using TagMan primers according
to standard methods (117). All transcript levels were normalized to the expression level of 18S

ribosomal RNA (Rn8s).

3.3.7 Flow cytometric immunophenotyping of murine lungs

Mechanically dissociated cells from murine lungs were incubated in the absence or presence
of 6CF-Chemiss.157 (100 nM) with or without co-incubation with Chemjas.157 (10 uM) at 37 °C for
1 hour. After washing with PBS and blocking of nonspecific binding using 1% BSA and Fc block,
a mixture of antibodies and DAPI was added for 0.5 hour at 4 °C. Cells were then washed and

fixed for flow cytometry.

3.3.8 Lung immunostaining

Murine lung cryosections were incubated with primary antibodies (1:200, 4 °C, overnight)
prior to incubation with fluorescently-conjugated secondary antibodies (1:200, 4 °C, 2 hours) and

mounting.

3.3.9 snRNA-seq of COVID-19 and control lungs

A secondary analysis of a previously published snRNA-seq dataset from the autopsied lungs
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of nineteen patients with lethal COVID-19 and lung tissue (biopsy or lung resection) from seven
pre-pandemic control patients without COVID-19 was performed to determine the expression of
CMKLRI 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

(138). Differential gene expression was performed using the Seurat (v4.1.0) (140).

3.3.10 Analysis of additional publicly available human scRNA-seq datasets

CMKLRI expression by different immune cells were determined across different 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/) (141-145).

3.3.11 Statistical analysis

Statistical analysis was performed using Prism 9 (GraphPad). Data are presented as mean +
SEM. A student’s t-test was performed 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 CMKLRI and the average
CMKLRI 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
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was considered as P < 0.05.

3.3.12 Supplemental methods

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

3.4 Results

3.4.1 NODAGA-CG34 is a potent CMKLRI1 agonist

To achieve site-specific [**Cu]Cu*? radiolabeling of CG34, a high-affinity (i.e. low nanomolar)
human CMKLR1 agonist (31), we conjugated the N-terminus of CG34 with NODAGA, a chelator
with favorable in vivo pharmacokinetics, through a 6-aminohexanoic acid linker (Appendix Figure
25 and Appendix Figure 26). 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 (Ga15) vs. Ga1s alone (Appendix Figure 25
and Appendix Figure 27). The potency of NODAGA-CG34 in eliciting CMKLR1-specific
response was comparable to that of a high-affinity peptide derived from amino acids 145-157 of
chemerin (Chemiss.1s7, Appendix Figure 28) with ECso of 45.7 vs. 42.2 nM, respectively

(Appendix Figure 25).
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Figure 11. Radiolabeling of NODAGA-CG34 and select in vitro pharmacologic properties of [**Cu][NODAGA-

CG34.

(A) Radiolabeling of NODAGA-CG34 was performed by its incubation with [**Cu]CuCl, in sodium acetate buffer
containing gentisic acid at 40 °C for 30 min. (B) Radiolabeling efficiency >95% is consistently achieved as confirmed

by radio-HPLC as a quality control threshold for proceeding to downstream experiments. Radio-HPLC of free

[**Cu]Cu™ (top panel) has a retention time of ~1.2 minutes vs. [**Cu]NODAGA-CG34 (middle panel) with a retention
time of 10.2 minutes. Unlabeled NODAGA-CG34 (lower panel) demonstrates a similar retention time by HPLC, as
measured by UV detection, to that of [*Cu]NODAGA-CG34. (C) A saturation binding curve demonstrates specific
(total minus non-specific) binding of [**Cu]NODAGA-CG34 to mCMKLRI1 in HeLa cells transiently transfected with
mCMKLRI1 with a K4 0of 192.1 + 28.6 nM. Total and non-specific binding were conducted in the absence or presence
of 2.5 uM Chems.157, respectively. (D) The plasma protein binding of [**Cu]NODAGA-CG34 was determined by
separation of bound and free [*Cu]NODAGA-CG34 using a size-exclusion column following by y-counting at
specified time points. (E) Representative radio-HPLC chromatograms demonstrate high (~100%) in vitro stability of

[**Cu]NODAGA-CG34 in mouse plasma at different time-points over a 19-hour period. N = 3 independent
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experiments for all experiments, except for radiolabeling which has been performed >10 times. Data are expressed as

the mean = SEM.

3.4.2 [Cu]NODAGA-CG34 exhibits a favorable in vitro profile for CMKLR1-targeted

PET

Radiolabeling of NODAGA-CG34 with [**Cu]Cu*? consistently provided [**Cu]NODAGA-
CG34 with radiochemical yields >95% at a molar activity of ~37 MBqg/nmol (Figure 11).
Radioligand binding assays demonstrated a high affinity of [**Cu]NODAGA-CG34 to mCMKLR
with a dissociation constant (Kq) of 192.1 nM (Figure 11), which is further enhanced by the cellular

internalization of CMKLR1 agonists (146).

[**Cu]NODAGA-CG34 is highly hydrophilic with an 1-octanol/PBS partition coefficient
(logD) of -2.86 + 0.08. Additionally, [**Cu]NODAGA-CG34 demonstrated low plasma protein
p p

binding both at 15 minutes (3.0% =+ 0.7) and 90 minutes (6.0% + 0.8) (Figure 11).

Radio-HPLC of [**Cu]NODAGA-CG34 after overnight incubation in radiolabeling buffer
under ambient conditions did not reveal any additional radioactive peaks (Appendix Figure 29),
confirming its stability to both radiolysis and radiometal chelation. Additionally, radio-HPLC of
[¢*Cu]NODAGA-CG34 after extended incubation in mouse plasma revealed no detectable

radiometabolites, indicating its excellent plasma stability (Appendix Figure 29).
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3.4.3 [**Cu]NODAGA-CG34 PET quantitatively detects lung inflammation

Visual assessment of PET/CT demonstrated both diffuse and distinct focal lung uptake of
[**Cu]NODAGA-CG34 in regions of airspace opacification two days after the induction of ALI,
which were blocked by co-administration of unlabeled NODAGA-CG34 (Figure 12 and Appendix
Figure 30). Consistent with this qualitative assessment, the maximum and mean standardized
uptake values (SUVmax and SUVmean) of [**Cu]NODAGA-CG34 were ~1.7-fold higher in ALI
compared to control lungs (Figure 12). A marked reduction in SUVmax and SUVmean in mice co-
injected with excess unlabeled NODAGA-CG34 confirmed the in vivo specificity of

[**Cu]NODAGA-CG34 uptake (Figure 12).

Similarly, ex vivo y-counting determined that lung uptake of [**Cu]NODAGA-CG34 was ~2-
fold higher in ALI mice as compared to controls and was blocked by co-injection of unlabeled
NODAGA-CG34 (Figure 12). We verified the accuracy of PET-derived quantification of
[**Cu]NODAGA-CG34 uptake by demonstrating a strong correlation between SUVmean and y-

counting measurements of [**Cu]NODAGA-CG34 uptake (R>=0.53, P=0.0006) (Figure 12).

Consistent with prior reports of systemic inflammation associated with intratracheal LPS-
induced ALI (53, 117, 118), significant increases in [**Cu]NODAGA-CG34 uptake were present
in several organs (particularly liver, spleen, thymus, and intestine) in ALI mice compared to

controls (Fig. 2F).

To validate the accuracy of [**Cu]NODAGA-CG34 PET as an imaging biomarker of lung

inflammation, we determined the correlations between lung SUVmean and mRNA expression of
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inflammatory markers. ALI substantially increased the expression of multiple inflammation-
associated genes, including chemokines, interleukins, and cytokines, in the lungs (Appendix

Figure 31), many of which significantly correlated with SUVmean (Appendix Figure 31).

A Axial Coronal

CT PET/CT PET CT PET/CT PET

0 100
B 0.0007 0.0038 C . <0.0001 <0.0001
§1.0) ——— £0.4
£ o} oo
> S
7 08 So03
5 0.6 % 0o
9 8 ° ® 02 2 o
‘= 044 o = 2
g o
% 02 ° S o1
i b
a 0.0 0.0
Ctl LPS LPS+ o Ctl LPS |é||°s|:
Block oc
Do <0.0001<0.0001 E .
Q 6; 9 §04 . o
f :>JEos g
(0] .
41 »n
2 @
o © 02 /.
32 £ § R2=053
9 Lo =0.
S A P =0.0006
8 Woo
g "% 2 42 6 8
L Ctl LPS LPS + TS
Block y-counter-derived %I|D/g
0.046
F e, 0.0001 —, _, 20904 <0.0001
2 | -C 00018 | <0.0001 o
a -LPS 01 = .00
X g LoLPS+Block 7} o ° ; o
B oo
> o o | <0.0001
o 44 0.017 ol 10 . cf 0.0_0?1
? 0.046 L s °
) o ° <0.0001 o A
C 4 o
S 24037 0.0005 i ﬂ
o O]
>0ﬁ?‘§ﬁ%méﬂ ﬁ . éﬁq ﬁﬁ

T

"3
oo e® €& \«\e'°‘ e \/\\6“6 W \w"c’\ "*"’\“‘“

Figure 12. [*Cu]NODAGA-CG34 PET/CT in LPS-induced lung injury.
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(A) Representative axial (left) or coronal (right) CT, PET and co-registered PET/CT images acquired ~90 minutes
after intravenous tracer injection from a control mouse (top row) vs. a mouse 2 days after intratracheal LPS
administration (middle row) demonstrate markedly increased lung uptake of [**Cu]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 SUVnax (B) and ~72% increase
SUVmean (C) in LPS-injured mice compared to control mice (N = 3 males and 4 females per group), which is
completely blocked by co-injection of excess non-labeled NODAGA-CG34 despite CT evidence of lung injury (N =
2 males and 2 females in the blocked group). (D) Quantification of tracer uptake by y-counting confirms a similar
pattern with 103% increased [**Cu]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 y-counting-derived (%ID/g) measurements of [*Cu]NODAGA-CG34 uptake correlate significantly (R? =
0.53, P =0.0006), confirming the accuracy of non-invasive quantification of tracer uptake in lungs. (F) Biodistribution
of [**Cu]NODAGA-CG34, determined by ex vivo y-counting (%ID/g) in select organs, demonstrated systemic
inflammation upon LPS-induced lung injury as evidenced by multi-organ increases in [**Cu]NODAGA-CG34 uptake.
SUVimax, 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% confidence intervals. 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.

3.4.4 [Cu]NODAGA-CG34 PET monitors the therapeutic response to dexamethasone

Considering the promise and accuracy of [**Cu]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 [**Cu]NODAGA-

CG34 was significantly increased on day 2 post-LPS-induced ALI compared to controls, as
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determined by in vivo PET and ex vivo y-counting (Figure 13). Dexamethasone treatment (1 and
24 hours post-LPS) significantly reduced lung uptake of [**Cu]NODAGA-CG34 in LPS-injured
mice, as measured both globally throughout the lungs (SUVean and %ID/g) and in the most
inflamed regions (SUVmax) (Figure 13). Notably, dexamethasone-treated ALI mice, when
compared to untreated ALI mice, frequently demonstrated consolidated regions with minimal
tracer uptake, highlighting the potential of [**Cu]NODAGA-CG34 PET to quantify the
inflammatory burden of consolidated lungs, hence supplementing the structural information
obtained by CT (Figure 13). Consistent with PET findings, dexamethasone significantly reduced

the expression of inflammatory biomarkers in LPS-injured lungs (Figure 13).
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Figure 13. Effect of dexamethasone treatment on the lung uptake of [*Cu]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 minutes after intravenous [**Cu]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-C) In vivo PET-derived quantification of tracer uptake demonstrates ~46% decrease in lung SUV . and ~41%

decrease in SUVpean in LPS-injured mice receiving dexamethasone compared to mice treated with LPS only (N =4
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males and 4 females per group). The lung radiotracer uptake in dexamethasone-treated mice approached that of control
mice (N = 2 males and 2 females for control mice). (D) Quantification of lung radiotracer uptake by y-counting
confirms a similar pattern with 28% decreased [**Cu]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 Rn/8s, the housekeeping gene. SUVmax and SUVean, 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.

3.4.5 Uptake of CMKLRI1-targeting peptide in ALI represents the expansion of CMKLR1-

expressing monocytes and macrophages and to a lesser extent natural Kkiller cells

We identified the major immune cells in control and LPS-injured lungs using the gating
strategy provided in Appendix Figure 32. For flow cytometric identification of immune cells
contributing to [**Cu]NODAGA-CG34 uptake, we utilized a fluorescently-conjugated peptide
derived from an established high-affinity CMKLR1 ligand (36) and analog of CG34 derived from
the natural amino acids 145-157 of chemerin, 6CF-Chemiss.157 (Appendix Figure 33). We first
determined the high potency and specificity of 6CF-Chemiss.is7 to mCMKLR1 in murine
peritoneal macrophages (Appendix Figure 33). Then, we confirmed 6CF-Chemiss.157 binding may
serve as a proxy for [*Cu]NODAGA-CG34 uptake by demonstrating that NODAGA-CG34
displaced 6CF-Chemiss.157 binding on murine peritoneal macrophages (Appendix Figure 33).
Finally, we confirmed that 6CF-Chemiss.157 binding is restricted to CMKLR 1-expressing cells by
co-staining of peritoneal cells with 6CF-Chemiss.1s7 and an anti-CMKLR1 antibody, which

demonstrated 6CF-Chemiss.157 binding is only detectable in CMKLR 1-expressing macrophages
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(Appendix Figure 33).

Flow cytometry of mechanically-dissociated lungs demonstrated that two days after LPS-
induced injury most leukocyte populations, most pronouncedly neutrophils and monocyte-derived
macrophages, followed by natural killer (NK) cells, interstitial macrophages, Ly6C" monocytes
and lymphocytes, were increased (Figure 14). However, the LPS-induced increase in 6CF-
Chemiss.1s7 uptake at this timepoint was predominantly restricted to monocyte-derived
macrophages, followed by modest increases among interstitial macrophages, Ly6CM monocytes,
Ly6C" monocytes, and alveolar macrophages (Figure 14). NK cells were the only population that
demonstrated significant 6CF-Chemiss.157 uptake both at steady-state and following LPS-induced
injury. There was no significant uptake of 6CF-Chemiss.157 by neutrophils, B-cells, T-cells, and
CD45"¢ cells. Treatment with dexamethasone significantly reduced the number of CMKLRI1-
expressing cells (e.g., macrophages, monocytes, and NK cells) within the LPS-injured lungs, while
only decreasing 6CF-Chems.157 uptake per cell in alveolar macrophages and Ly6C" monocytes

(Figure 14).
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Figure 14. 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-Chemiss.1s7 (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-Chemiss.1s57 in the absence of Chemis.

157; blue: non-specific binding of 6CF-Chemss.157 in the presence of 10 uM Chemyys.is7). (C) Specific 6CF-Chemis.
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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 CMKLR 1-targeted tracer ([**Cu]NODAGA-CG34), in LPS-injured vs. control
mice. Monocyte-derived macrophages, interstitial macrophages, and monocytes (Ly6C" and Ly6C°) demonstrated
the largest increases in 6CF-Chemys.is7 uptake in LPS-induced experimental lung injury. Natural killer cells had
significant 6CF-Chem4s.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-Chem4s.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-Chemis.is7 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-Chemiss.1s7 uptake. N for PBS group = 2 male and 2 female mice; N for LPS
group: 3 male and 2 female mice; N for LPS + dexamethasone group: 3 male and 3 female mice. aMe: alveolar
macrophages; Eosins: eosinophils; iMe: interstitial macrophages; MDMg: monocyte-derived macrophages; NK cells:
natural killer cells; Neuts: 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.

To estimate the contribution of individual CMKLR1 expressing cell types to the total lung
uptake of 6CF-Chemis.1s7, as a proxy for the uptake of [**Cu]NODAGA-CG34 in PET imaging
studies, we multiplied the number of counted cells per type by their 6CF-Chemis.1s7 uptake
measured by specific mean fluorescence intensity. Using this measure, we confirmed that LPS-
treated mice had the highest total lung uptake of 6CF-Chemi4s.157, while dexamethasone treatment
markedly reduced 6CF-Chemiss.1s7 uptake (Figure 14). By contrast, there was minimal 6CF-
Chemiss.157 uptake in PBS-treated mice. Importantly, we determined that monocytes and
macrophages represented the majority (~85%) of total 6CF-Chemi4s.157 uptake on day-2 post-LPS-
induced ALI which was largely driven by monocyte-derived macrophages (contributing to ~70%
of the uptake) with smaller contributions from alveolar macrophages (~7%), interstitial

macrophages (~5%), and monocytes (~3%). NK cells represented only ~14% of 6CF-Chemi4s.157
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uptake in LPS-injured lungs. A similar pattern of 6CF-Chemiss.157 uptake by cell type was found
in dexamethasone-treated ALI mice though at a significantly reduced total uptake of 6CF-Chemi4s.
157. By contrast, 6CF-Chemi4s.157 uptake was markedly lower in PBS-treated mice and was largely
driven by NK cells (~60%) and alveolar macrophages (~21%), while monocytes-derived
macrophages (~6%), interstitial macrophages (~2%), and monocytes (~1%) contributed minimally

to the total uptake.

We used combined high-resolution autoradiography and histology to confirm the spatial
colocalization of [**Cu]NODAGA-CG34 uptake to regions of lung inflammation and increased
CMKLRI1 expression. As demonstrated in Figure 15, autoradiography revealed minimal diffuse
[**Cu]NODAGA-CG34 uptake throughout the lungs in control mice. However, a marked increase
in [**Cu]NODAGA-CG34 uptake was present in LPS-injured lungs manifesting 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 [**Cu]NODAGA-CG34 uptake colocalized with inflamed
regions of lungs as determined by hematoxylin and eosin staining (Figure 15) and increased
CMKLRI1 expression (Figure 15). Further, we confirmed that the abundant expression of
CMKLRI in inflamed regions of LPS-injured lungs mostly co-localized with CD45 (Figure 15)
and F4/80 (Figure 15), consistent with flow cytometric finding of 6CF-Chemiss.157 uptake in

macrophages.
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Figure 15. Co-localization of [**Cu]NODAGA-CG34 uptake and CMKLR1 expression via PET/CT,
autoradiography and immunohistology in murine lungs.

Representative PET/CT images (A) from a control mouse (top) and day-2 post-LPS (bottom) reformatted according
to the plane of ex vivo autoradiography (B) and hematoxylin and eosin-stained tissues (C) confirm excellent
colocalization of [**Cu]NODAGA-CG34 uptake with inflamed regions of the lungs. Representative low- and high-
magnification immunofluorescent staining images (D) from adjacent tissue sections demonstrate the abundant
expression of CMKLRI in a highly inflamed region of the lungs in an LPS-treated mouse (red box in C) while there
is minimal CMKLR1 expression in a less inflamed (yellow box in C) or non-inflamed (purple box in C) regions of
lungs in the LPS- and PBS-treated mice [Scale bar in hematoxylin and eosin imaging = 5 mm, in 5X
immunofluorescence images = 800 um, and in 20X immunofluorescence images =200 pm. N for PBS and LPS groups
= 2 and 3 male mice, respectively]. Increased CMKLRI1 expression in LPS-induced lung injury mostly colocalizes
with (E) CD45" leukocytes, and in particular (F) F4/80" macrophages. Scale bar 20X immunofluorescence images =

200 um, and in 100X immunofluorescence images =40 pm. N for PBS and LPS groups = 2 female and 1 male mouse

per group.

59



3.4.6 Distinct Kkinetics 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 using [**Cu]DOTA-ECLI1i has been reported to detect the early phase of
lung inflammation at 24 hours post-LPS administration in the murine model of ALI (53). Notably,
the lung uptake of [**Cu]DOTA-ECLI1i returned to the level of control lungs on days 2 and 6 post-
LPS (53). To determine the potential of [**Cu]NODAGA-CG34 PET in detecting a distinct aspect
of inflammation captured by [**Cu]DOTA-ECL1i PET (i.e., increased burden of recruited
monocytes/macrophages versus ongoing monocyte flux), we compared the kinetics of CCR2 and
CMKLRI1 expression at different timepoints after LPS administration by flow cytometry (Figure
16). CCR2 expression was highest among Ly6C" 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 (147, 148).
In contrast, 6CF-Chemiss.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. A progressive increase in 6CF-Chemiss.1s7 uptake by interstitial
macrophage was also noted throughout the 7-day period, while its uptake by Ly6C" monocytes
markedly dropped from day-1 to day-2 post-LPS. Notably, CCR2 and CMKLR1 expression by
SiglecFM 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 Ly6C" monocytes while CMKLRI1
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
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induction of ALI, we performed a time course analysis of [**Cu]NODAGA-CG34 PET over one
week following LPS administration (Figure 16). Interestingly, the Iung wuptake of
[**Cu]NODAGA-CG34 closely paralleled the kinetic changes in CMKLR1 expression by
monocytes and macrophages detected by flow cytometry, i.e., a persistent increase in
[**Cu]NODAGA-CG34 uptake throughout the first week after LPS administration with a modest
decrease on day 7 coinciding with the resolving phase of inflammation as detected by the reduced
number of inflammatory cells (Appendix Figure 34). Together, our data suggest that CMKLR1-
and CCR2-targeted PET detect distinct aspects of monocyte/macrophage biology in ALI in which
the uptake of [**Cu]NODAGA-CG34 is primarily reflective of the accumulated burden of recruited
monocyte-derived and interstitial macrophages, while [**Cu]DOTA-ECLI1i uptake is largely
driven by ongoing flux of monocytes during the early stage of ALI irrespective of the total burden

of macrophage accumulation.
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Figure 16. Kinetics of CMKLRI1 and CCR2 expression by monocytes and macrophages during LPS-induced

ALI and time course of [*Cu]NODAGA-CG34 PET/CT.

(A-B) Representative histograms showing the specific uptake of a CMKLRI1-targeted fluorescent ligand, 6CF-

Chemyss.157 (100 nm), or expression of CCR2 in lung monocytes and macrophages throughout the course of LPS-
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induced ALI (gray: background/autofluorescence; red: total-binding of 6CF-Chemiss.is7 in the absence of Chemas.is7
or binding of a CCR2 antibody; blue: non-specific binding of 6CF-Chemss.157 in the presence of 10 uM Chemjys.is7
or binding of isotype control antibody). Data for monocyte-derived macrophages is omitted for the control group as
the cell number was very low for accurate quantification. (C) The absolute number of Ly6C" monocytes, interstitial
macrophages, and monocyte-derived macrophages at different time points 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 Ly6C" monocytes remains consistently low. (D-E) Specific 6CF-Chem;as.
157 uptake (total minus non-specific/blocked) or anti-CCR2 binding (anti-CCR2 minus isotype control) in Ly6Ch
monocytes, interstitial macrophages, and monocyte-derived macrophages following LPS-induced lung injury.
Monocyte-derived macrophages maintain high 6CF-Chemiss.is7 uptake throughout the course of ALI, whereas
interstitial macrophages demonstrate increasing 6CF-Chems.1s7 uptake through day 7. Ly6C" monocytes show high
6CF-Chemys.157 uptake only on day 1. By contrast, CCR2 expression is primarily restricted to Ly6C" 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 [**Cu]NODAGA-CG34 PET/CT images of mice at 1, 2, 4,
and 7 days following LPS-treatment or non-treated controls. (G-H) In vivo PET-derived quantification of
[**Cu]NODAGA-CG34 uptake demonstrates lung SUV max and SUV mean peaking around 2 to 4 days post-LPS followed
by a decrease on day 7. (I) Quantification of lung radiotracer uptake by y-counting confirms a similar pattern of tracer
uptake to that obtained by in vivo PET. SUVnax and SUViean, and %ID/g values represent the average values of the
left and right lungs for each mouse. Ctl = untreated mice; LPS = lipopolysaccharide; mono = monocytes; aM¢e =
alveolar macrophages; iM¢@ = interstitial macrophages; MDMg = monocyte-derived macrophages. N for panels A-E:
3 male and 2 female mice except for day-2 with N=2 male and 3 female mice; N for panels F-I: 3 male and 2 female
mice except for control group with N=2 male and 2 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 Ly6C" monocytes
and interstitial macrophages or to the 1-day treatment group for monocyte-derived macrophages (as the control group
is omitted). P-values: * <0.05; ** <(.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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3.4.7T CMKLRI1 expression is increased in lung monocytes and macrophages in COVID-19

Our preclinical results support the premise of CMKLR1 as a novel imaging biomarker of
monocyte/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 (138) to determine the total and cell-specific expression
of CMKLRI in autopsied lungs of patients with fatal COVID-19-induced ARDS vs. pre-pandemic
controls who underwent lung resection or biopsy. CMKLRI 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 (Figure 17), supporting the
presence of different inflammatory endotypes of COVID-19. Consistent with our data in the
murine model, CMKLR I-expressing cells were markedly more abundant in COVID-19 compared
to control lungs and were mostly clustered with monocytes and macrophages (Fig. 7B-C). Detailed
analysis across various cell types (Fig. 7D) demonstrated significant increases both in the
abundance of CMKLRI-expressing monocytes and macrophages, and their expression level of

CMKLRI in COVID-19 compared to controls.

A focused analysis of alveolar macrophages and monocyte-derived macrophages (the two
populations with most abundant CMKLR1 expression) in COVID-19 lungs demonstrated distinct
transcriptional profiles of CMKLR I-positive and CMKLR I-negative cells, as summarized by heat
maps and volcano plots of the most differentially expressed genes (Figure 17). Interestingly, the
transcriptional profiles of CMKLRI-expressing alveolar macrophages and monocyte-derived
malcrophages closely resembled those of a recently discovered subset of profibrotic

CD163/LGMN-expressing lung macrophages in COVID-19 and idiopathic pulmonary fibrosis
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(137), as confirmed by the overexpression of a significant number of genes upregulated in these

cells (Figure 17).

To confirm these results, we analyzed an independent publicly available scRNA seq dataset
which demonstrated the increased expression of CMKLRI in macrophages obtained from three
different sites within the respiratory tract (bronchoalveolar lavage fluid, nasopharynx, and airways)
of patients with COVID-19 vs. control subjects (Appendix Figure 35) (141, 142, 144). Similarly,
using another publicly available scRNA-seq dataset (143, 144), we demonstrated increased
expression of CMKLRI in macrophages obtained from bronchoalveolar fluid of patients with
cystic fibrosis. The expression of CMKLRI was mostly restricted to two clusters of FOLR2" and
SPP1" interstitial macrophages which were expanded in cystic fibrosis patients compared to
control subjects (Appendix Figure 36). Finally, we sought to explore CMKLR1 as a macrophage
marker in non-pulmonary tissues. Using a fourth independent sScRNA-seq dataset (144, 145), we
confirmed that CMKLR1 expression in other tissues, including spleen, thymus, liver, and fat, was
largely restricted to macrophages (Appendix Figure 37). These results collectively suggest a
broader clinical relevance of CMKLRI1 as an imaging biomarker of inflammatory diseases of the

lung and other organs.
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Figure 17. CMKLRI1 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 CMKLR 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) CMKLRI expression
clusters predominantly among the monocytes and macrophages subsets, and CMKLR] 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 CMKLRI expression and the percentage of CMKLRI-expressing cells in selected cell
subsets. Monocytes and macrophages demonstrate the highest expression level (avg exp) of CMKLRI and frequency
(% exp) of cells expressing (avg exp) CMKLRI both in control and COVID-19 lungs. Notably, both the frequency of
CMKLR I-expressing cells and the expression level of CMKLRI by monocytes and macrophages are increased in
COVID-19 ARDS compared to control lungs. By contrast, CMKLRI expression is negligible by other cell types,

compared to that of monocytes and macrophages, and is only minimally affected by COVID-19 (E-F). Heat maps and
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volcano plots of the most differentially expressed genes demonstrate distinct transcriptional profiles of CMKLRI-
positive and CMKLR [-negative cells among both alveolar macrophages (E) and monocyte-derived macrophages (F)
in COVID-19 patients (CMKLRI data points are excluded from the volcano plots). (G-H) Heat map representations
support the transcriptional resemblance of CMKLRI-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 CMKLRI-expressing cells. aM@: alveolar macrophages; AT1: type 1 alveolar cells; AT2:
type 2 alveolar cells; MDM¢g: 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 CMKLR 1 expression in different cell subsets were compared between COVID-

19 and control groups using Fisher’s Exact and Wilcoxon rank-sum tests, respectively.

3.5 Discussion

In this study, we demonstrated the accuracy of CMKLR 1-targeted PET with [**Cu]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 (3), and to monitor the therapeutic response to a clinically relevant anti-inflammatory
intervention, i.e., dexamethasone. Additionally, we established the biological basis of
[**Cu]NODAGA-CG34 uptake by identifying a marked increase in the abundance of CMKLR1-
expressing immune cells in inflamed lungs, which were mostly comprised of monocyte-derived
macrophages and to a lesser extent monocytes and interstitial macrophages. 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
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transiently expressed by undifferentiated monocytes in the early stages of ALI. Finally, we
confirmed 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
expression of CMKLRI 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 (91, 131).
In other inflammatory lung diseases, e.g., asthma and chronic obstructive pulmonary disease,
identification of clinically measurable endotypes has enabled successful clinical trials and
subsequent approval of treatments specifically for patients with certain molecular patterns of
inflammation (149, 150). Although ARDS endotypes exist (91, 151), our limited mechanistic
understanding of relevant ARDS biomarkers and molecular pathways along with limited non-
invasive approaches for assessment of lung inflammation remain major barriers to endotype ARDS
and evaluate targeted immunomodulatory therapies in the clinical setting and clinical trials (91,

131).

Molecular imaging is a promising approach for ARDS endotyping through non-invasive
characterization of specific patterns of inflammation. The most extensively studied radiotracer,
['®F]FDG, detects pulmonary inflammation in both preclinical and clinical settings (47, 85), but
poorly predicts disease course or treatment response (47, 76, 152). Considering the non-specificity
of ['®F]FDG (85), its use is limited as a precision medicine tool in inflammatory lung diseases, and

there is a growing interest in developing novel radiotracers for specific inflammatory biomarkers.
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Previously tested tracers targeting CCR2 (53), VLA4 (117), CD11b (118), and folate receptor-§
(55) 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 imaging
biomarker for the detection of ongoing influx of classical monocytes to inflamed tissues (53, 56,
153). 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 (132, 133). Supporting this scenario, the uptake of a
%4Cu-DOTA-ECLI1i, a CCR2-targeting tracer, in a murine model of LPS-induced ALI is only
detectable in the first 24 hours after induction of ALI and returns to the uptake of uninjured lung
by days 2 and 6 post-injury (53), the timeframe which corresponds to the maximal accumulation
of monocytes and macrophages in this model. On the other hand, folate receptor-f3 expression is
mostly restricted to lung interstitial macrophages compared to monocytes and alveolar
macrophages (154, 155). Unlike CCR2 and folate receptor-p, VLA-4 (156) and CD11b (157) 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 underlying ALI cannot be captured through a single
molecular imaging 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 contributor to monocyte and macrophage

recruitment in multiple preclinical models of lung inflammation. For example, the activation of
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the chemerin-CMKLR1 axis in LPS-induced lung injury increased macrophage migration, while
decreasing neutrophil influx and pro-inflammatory cytokine production in the lungs (21). Also,
functional CMKLRI1 signaling provided a survival benefit along with decreased complications in
a murine viral pneumonia model (37). Furthermore, CMKLR1 activation improved viral clearance
and production of anti-viral antibodies and decreased the expression of pro-inflammatory
mediators (21, 37). CMKLR1 may also influence the innate and adaptive immune responses upon
environmental exposures and its deficiency markedly reduces leukocyte recruitment to inflamed
lungs (38, 39). While clinical data are still lacking, these preclinical findings highlight the potential
of CMKLRI1 as a novel mechanistically relevant biomarker of lung inflammation in a variety of

pulmonary diseases.

We are unaware of prior reports using CMKLR 1-targeted imaging in inflammatory diseases.
To address this gap, we developed [**Cu]NODAGA-CG34 and demonstrated its favorable
pharmacodynamics and pharmacokinetic properties for PET, including high affinity at CMKLR1
and receptor-mediated internalization (146), 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 (31) provided excellent stability against proteolytic degradation
compared to natural chemerin-derived peptides. To take advantage of its superior radiometal
chelation properties for radiolabeling with [**Cu]Cu*?, lower susceptibility to trans-chelation, and
higher in vivo stability compared to DOTA (158-160), we used NODAGA as the radiotracer
chelating moiety instead of a recently reported DOTA-conjugate (31). NODAGA-based PET

tracers, in particular, are readily radiolabeled under mild conditions without the need for post-
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synthesis radiochemical purification (3, 158, 161). 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 obviates the need for on-site

production (63), allowing for its cost-effective nationwide availability (64).

PET/CT showed spatially heterogeneous [**Cu]NODAGA-CG34 uptake in experimental lung
injury with focal regions of intense uptake, corresponding to areas of airspace opacites determined
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
[**Cu]NODAGA-CG34, as measured with y-counting-derived %ID/g, was quantitatively
comparable to that of other pulmonary molecular imaging agents (53, 56, 118). Despite the known
difficulties of quantification of tracer uptake in the lungs (85), strong correlations between in vivo
(PET-derived SUVmean) and ex vivo (y-counting-derived %ID/g) measures of [**Cu]NODAGA-
CG34 uptake support the accuracy of our approach to non-invasively measure tracer uptake.
Encouragingly, in vivo radiotracer uptake also correlated with lung expression of multiple
pathogenically relevant and therapeutically targetable biomarkers of lung injury (3, 126), such as
111b, 116, and Tnf, highlighting the accuracy of CMKLR 1-targeted PET to serve as a surrogate non-

invasive marker of lung inflammation.

To highlight the translational potential of CMKLR 1-targeted PET to non-invasively monitor

lung inflammation during treatment, we performed [**Cu]NODAGA-CG34 PET/CT after
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dexamethasone treatment in LPS-injured mice, a clinically relevant therapy for ARDS and other
inflammatory conditions (126). Dexamethasone treatment significantly reduced lung radiotracer
uptake (SUVmax and SUV mean) almost to the control levels, paralleling a significant downregulation
of several key pro-inflammatory mediators. Interestingly, PET/CT of LPS-injured mice treated
with dexamethasone frequently showed focal airspace opacities (i.e. consolidation) by CT with
little [**Cu]NODAGA-CG34 uptake compared to mice not treated with dexamethasone. This
finding highlights the potential of [**Cu]NODAGA-CG34 PET to provide biological information
beyond what can be achieved by traditional radiographic methods such as CT, which are limited

to the detection of anatomical/structural changes.

A key biological validation for [**Cu]NODAGA-CG34 PET was establishing the cells
contributing to its uptake in LPS-induced lung injury. Little is known about leukocyte subtypes
that express CMKLRI1 in steady-state and inflamed lungs, although data from other organs,
including spleen (21) and blood (45), have shown the expression of CMKLRI1 by
monocytes/macrophages, NK cells, and dendritic cells. We performed immunophenotyping of
lungs cells which bind to 6CF-Chemiass.is7, as a proxy for [**Cu]NODAGA-CG34 uptake and
CMKLRI1 expression, after establishing its competitive receptor binding profile with NODAGA-
CG34 uptake and CMKLR 1-specificity. 6CF-Chemiss.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-Chemiss.157 uptake in the lungs during LPS-induced injury driven by a combination of
increased cell count and per cell 6CF-Chemi4s.157 uptake. By contrast, NK cells contributed only

14% to the total lung uptake of 6CF-Chemiss.157 in LPS-injury. Interestingly, 6CF-Chemias.157
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flow cytometry data support that dexamethasone-induced decline in [**Cu]NODAGA-CG34
uptake in lung injury is primarily driven by reducing the influx of CMKLR 1-expressing leukocytes
with smaller contributions of reduced CMKLR1 expression per cell in alveolar macrophages and

Ly6C" monocytes.

To establish the potential of [**Cu]NODAGA-CG34 PET to capture a distinct aspect of
monocyte/macrophage-driven inflammation, we compared the kinetic changes in CMKLR1 and
CCR2 expression by monocytes and macrophages along with a time course analysis of
[**Cu]NODAGA-CG34 uptake over one week after the induction of ALI. We demonstrated that
CCR2 is highly expressed by Ly6C" monocytes, but is downregulated upon monocyte-to-
macrophage differentiation, which could explain the previously reported rapid decrease in the lung
uptake of [**Cu]DOTA-ECLIi as early as 2 days after LPS-induced ALI (53). In contrast,
CMKLRI1 expression and [**Cu]NODAGA-CG34 uptake remained high in monocyte-derived and
interstitial macrophages during the first 4 days after the induction of ALI and only modestly
declined on day 7, which coincides with the resolution phases of inflammation as detected by the
decreased number of lung monocytes and macrophages. Collectively, our data support that distinct
kinetics of CMKLR1 and CCR2 expression by monocytes and macrophages allows for monitoring
different aspects of lung inflammation by [**Cu]NODAGA-CG34 PET (total burden of recruited

macrophages) vs. [**Cu]DOTA-ECLI1i PET (ongoing flux of monocytes).

Despite strong preclinical evidence demonstrating the importance of CMKLRI1 to the
pathophysiology of inflammation, little is known clinically about its role or utility as a biomarker

in ARDS (45). Here, we showed a significant increase in CMKLRI expression in COVID-19
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ARDS, which consistent with our findings in the mouse model was mostly due to the accumulation
of CMKLRI-overexpressing macrophages and monocytes. The replacement of homeostatic
resident 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 (162,
163). Therefore, developing tools to monitor the accumulation 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 CMKLRI.

Interestingly, a recent snRNA-seq study in an independent dataset has reported that COVID-
19 is associated with the expansion of a subset of profibrotic CD163/L GMN-expressing monocyte-
derived macrophages which overexpress CMKLR and transcriptionally resemble a similar subset
of profibrotic macrophages expanded in interstitial lung diseases (137). Consistent with this report,
CMKLR I-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 macrophages previously
identified in fibroproliferative ARDS and other fibrotic interstitial lung diseases. We therefore
propose that CMKLRI1 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 CMKLRI1-targed PET for molecular endotyping of Ilung

inflammation.
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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 (164). Moreover,
we established the potential clinical relevance of our data using three independent COVID-19
RNA-seq datasets. Second, while our data indicated that CMKLR1 expression in the murine model
of ALI is predominantly restricted to monocyte-derived macrophages and interstitial macrophages
with negligible CMKLR1 expression by alveolar macrophages, the human datasets demonstrated
increased CMKLRI expression by the airspace macrophages of patients with COVID-19.
Monocyte and macrophage tracing studies in mice have shown that monocyte-derived
macrophages acquire a transcriptional phenotype which is almost indistinguishable from that of
tissue-resident alveolar macrophages after an extended period of residence in the lungs (162).
Moreover, recent work has highlighted that distinct subsets of monocyte-like cells and resident
macrophages contribute to diversity of the alveolar macrophage pool in both health as well as
disease in human lungs (165-167). Our study cannot discern the ontogeny of the expanded pool of
CMKLR I-expressing alveolar macrophages in COVID-19. Therefore, it remains to be determined
if these cells represent monocyte-derived alveolar macrophages which have acquired a close
transcriptional resemblance to tissue-resident alveolar macrophages and/or embryonically-derived
alveolar macrophages which are induced to express CMKLR 1 upon lung inflammation. Third, it
remains to be determined if CMKLRI1 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
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irrespective of its mechanistical 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 novel radiotracer. However, the promising results of the current study open the

possibility for future New Drug Application (NDA) and conduct of first-in-human PET studies.

In summary, our study demonstrates CMKLR 1-targeted PET with [**Cu]NODAGA-CG34 as
a promising approach for molecular endotyping of lung inflammation and monitoring the
therapeutic response through detection of a distinct subset of monocytes and macrophages. We
speculate that [**Cu]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 immunomodulatory therapeutics. We envision CMKLR 1-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 (168) and relative specificity of CMKLRI1 expression by macrophages, we anticipate
that CMKLR1 may emerge as a potential biomarker of inflammation beyond diseases of the

respiratory system.
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4.0 Chemokine-like receptor 1 targeted positron emission tomography for non-invasive
assessment of monocyte-derived macrophages in a preclinical model of pulmonary

fibrosis

The work presented in this chapter is being prepared for submission to a peer-reviewed journal
and has not been previously published.

This study was supported by the following grants: National Institute of Biomedical Imaging
and Bioengineering (NIBIB, R21EB027871) and National Heart, Lung, and Blood Institute
(NHLBI, KO8HL144911) to Sina Tavakoli; NHLBI (F30HL158038) to Philip Mannes; and
NHLBI (RO1HL136143, POIHL114453, RO1HL142084, and K24HL143285) to Janet Lee. This
work utilized the Hillman Cancer Center In Vivo Imaging Facility, a shared resource at the

University of Pittsburgh (supported by P30CA047904).

4.1 Abstract

There remains a lack of techniques for molecular endotyping of patients with pulmonary
fibrosis. Here, we describe the utility of chemokine-like receptor 1 (CMKLR1) targeted positron
emission tomography (PET) to noninvasively detect a monocyte-derived macrophage driven
inflammatory phenotype in a murine model of bleomycin-induced lung injury and fibrosis. Lung
uptake of our CMKLR 1-selective radiotracer, [**Cu]NODAGA-CG34, was significantly increased
during the inflammatory phase and the early stages of fibrogenesis. The pattern of radiotracer

uptake by PET closely matched the temporal pattern of monocyte-derived macrophage
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accumulation in the lungs during bleomycin-lung injury, as measured with flow cytometry. Early
CMKLR-targeted PET following bleomycin treatment predicted the localization and severity of
future pulmonary fibrosis. In patients with idiopathic pulmonary fibrosis, analysis of
bronchoalveolar lavage samples with RNA-sequencing demonstrates that high pulmonary
expression of CMKLR] is associated with increased expression of established inflammatory and
fibrotic biomarkers. Further, the relative expression of CMKLRI prognosticates patient survival,
critically during years 1 and 2 following bronchoalveolar lavage. In conclusion, CMKLR1-PET is
a promising method for noninvasive monitoring of pulmonary monocyte-derived macrophages
associated with pulmonary fibrosis. Additionally, we show CMKLRI1 is a clinically relevant
biomarker and represents an inflammatory endotype that may find use in stratification of clinical

carc.

4.2 Introduction

Lung fibrosis is an insidious condition characterized by the replacement of the elastic and
compliant lung interstitium by a disorganized and collagen-rich extracellular matrix (ECM) (5,
169) which leads to various impairments in pulmonary function (e.g., restrictive lung physiology,
impaired gas exchange, and ventilation/perfusion mismatch) (170). Triggers of pulmonary fibrosis
are diverse (5) and include infectious (e.g., COVID-19) or non-infectious acute respiratory distress
syndrome (ARDS), radiation, environmental exposures, and a wide range of interstitial lung
diseases (ILD) due to known rheumatological and immunological diseases (e.g., scleroderma,
sarcoidosis, and hypersensitivity pneumonitis) in addition to a diverse category of idiopathic ILDs.

Collectively, pulmonary fibrosis resulting from interstitial lung disease alone represents a
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substantial burden of disease with an overall prevalence around >80 cases per 100,000 people (5,
171), which does not account for the large number of patients with pulmonary fibrosis resulting

from other causes.

The heterogeneous nature of fibrotic lung diseases, as reflected by the highly variable clinical
course and treatment response of patients, is a major challenge to the individualized management
of patients (172, 173). While some patients demonstrate a non-progressive disease or a slow
physiologic deterioration over the course of years, others experience progressive fibrosis,
occasionally interspersed with unpredictable episodes of acute exacerbations, leading to rapid
decompensation and/or death in a few months (5, 10). Despite recent advances in the development
and FDA approval of medications (e.g. pirfenidone and nintedanib) for both idiopathic and non-
idiopathic pulmonary fibrosis which are able to slow the rate of functional decline in certain
patients (12, 13, 174-176), the existing clinical, radiographic, physiologic, and laboratory
biomarkers are suboptimal in stratifying the risk of progressive disease or predicting and
monitoring the response to a specific therapy (7, 10). As such, noninvasive tools to monitor the
molecular processes driving adverse ECM remodeling will be vital for a precision medicine

approach to fibrotic lung diseases.

Despite the etiological heterogeneity of fibrotic lung diseases, dysregulated immune response
is a major driver of adverse ECM remodeling across various diseases, which may be best
exemplified by fibrosis caused by pneumonia, ARDS, rheumatological diseases, sarcoidosis, and
hypersensitivity pneumonitis (5, 7, 162, 163, 177-180). Even in fibrotic diseases with a less robust

inflammatory profiles, e.g., idiopathic pulmonary fibrosis (IPF), a growing body of evidence
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supports the role of dysregulated innate and adaptive immune responses, such as high levels of
proinflammatory cytokines (e.g., TNF-a and IL-8), in the pathogenesis of lung fibrosis (7, 8, 180-

187).

The accumulation of proinflammatory and profibrotic monocyte-derived macrophages which
replace or outnumber the homeostatic tissue-resident alveolar macrophages have garnered much
attention over the past decade as monocyte-derived macrophages tip the balance towards either
normal or pathogenic interstitial remodeling (7, 66, 155, 188). Homeostatic tissue-resident alveolar
macrophages are ordinarily the predominant subtype in the lungs and remove pathogenic stimuli
without triggering an inflammatory response (189). However, significant numbers of monocyte-
derived macrophages are recruited into the lungs during injuries, which play major roles in the
development of pulmonary fibrosis including the recruitment and activation fibroblasts (162, 178,
190-193). Further, infiltrating monocyte-derived macrophages persist in the lungs and maintain
their acquired transcriptional program from the fibrotic and inflammatory microenvironment
following the resolution of lung injury and fibrosis, and these macrophages may pathogenically
influence future lung remodeling (162, 194). Therefore, measurement of the in vivo kinetics of
monocyte-derived macrophage accumulation in the lungs represents a promising approach to

monitor disease activity or treatment response.

A promising technology to non-invasively monitor dynamic changes in lung immune cell
populations is positron emission tomography (PET). For instance, C-C chemokine receptor 2
(CCR2) targeted-PET with [**Cu]ECLI1i detects the influx of CCR2-expressing monocytes into

inflamed lungs in animal models of acute lung injury (53), ischemia-reperfusion injury after lung
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transplantation (195), and fibrotic lung injury indued by bleomycin or radiation (56). The
feasibility of CCR2-targeted PET has also been recently demonstrated in a first-in-human study in
patients with IPF (56). As CCR2 expression is rapidly downregulated upon differentiation of
monocytes into macrophages, CCR2-targeted PET is a promising approach to monitor the ongoing
flux of monocytes in the lungs (53, 56), while other approaches are needed to detect different
kinetic aspects of monocyte-derived macrophages during lung diseases, for example the long-term
retention of monocyte-derived macrophages. To address this need, we recently described that
targeted imaging of chemokine-like receptor 1 (CMKLR1), a marker expressed by monocyte-
derived macrophages, but not by tissue-resident alveolar macrophages, allows for noninvasive
monitoring of total burden of lung monocyte-derived macrophages in a mouse model of acute lung
injury (22). We also demonstrated the accumulation of distinct CMKLRI1" monocytes and
macrophages in the lungs of patients with fatal COVID-19 which transcriptionally resemble a
recently described subset of CD163" and LGMN"* monocytes-derived macrophages with a

profibrotic phenotype in patients with COVID-19 (137).

The goal of the present study is to demonstrate the potential of CMKLR 1-targeted PET to non-
invasively track the accumulation of monocyte-derived macrophages in a murine model of
bleomycin-induced fibrotic lung injury and to explore the potential of CMKLR1 expression as a

clinically relevant biomarker of ongoing fibrogenesis and for disease prognostication.
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4.3 Methods

4.3.1 Chemicals and reagents

The major chemicals and reagents (Table S1), plasmids (Table S2), flow cytometry reagents

(Table S3), and histology antibodies (Table S4), are listed in the Supplementary Material.

4.3.2 Cell culture

CHO-K1 cells were grown in complete growth media formulated as Ham's F-12K (Kaighn's)
Medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Resident peritoneal cells were harvested from C57BL/6J mice, as previously described (139), via
peritoneal lavage with PBS and grown in RPMI Medium supplemented with 10% fetal bovine

serum and 1% pencillin/streptomycin.

4.3.3 Transient transfection

CHO-KI1 cells at 70-90% confluency were transiently transfected with mouse CMKLRI,
mouse GPR1, or mouse CCRL2 plasmids using Lipofectamine 3000 according to manufacturer’s

instructions.
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4.3.4 Stable transfection

CHO-KI1 cells at 70-90% confluency were transfected with human CMKLR1 and Gais
plasmids using Lipofectamine 3000 according to the manufacturer’s instructions. The transfected
cells were next treated with selection antibiotics (e.g., geneticin 400 ug/mL and hygromycin B
800ug/mL) and allowed to grow for about two weeks. Then, individual cell colonies were
subcultured and grown until sufficient numbers were available to evaluate the expression of the

transfected gene by flow cytometry.

4.3.5 Radiolabeling

NODAGA-CG34 was radiolabeled and characterized as previously reported (22). Radio-
HPLC was performed to ensure a radiochemical purity of >95% for [**Cu]NODAGA-CG34 prior

to its use in all in vitro and in vivo experiments.

4.3.6 Mouse model of experimental lung injury

Animal experiments were performed on C57BL/6J mice under a protocol approved by the
institutional animal care and use committee. Adult 9- to 12-week-old C57BL/6J mice (Jackson
Laboratory, strain #000664) were used throughout the study. Mice were administered
intratracheally with 1.5 U/kg bleomycin in 60 ul of phosphate-buffered saline (PBS) to induce

lung injury. Control mice were intratracheally injected with 60 ul of PBS. Mice were euthanized
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at either 1, 2, or 4 weeks after the induction of lung injury or if the weight loss was >25% of the
initial body weight. Studies were performed in accordance with a protocol approved by the

University of Pittsburgh Institutional Animal Care and Use Committee.

4.3.7 PET/CT and quantification of [**Cu]NODAGA-CG34 uptake

Two days after intratracheal LPS or PBS instillation, mice were injected intravenously with
[**Cu]NODAGA-CG34 (6.76:0.07 MBq). Tracer specificity was addressed by co-injection of
[**Cu]NODAGA-CG34 and 100-fold molar excess of non-radiolabeled NODAGA-CG34. Static
PET (~10-min) and low-resolution CT (Projections =180; Exposure = 140 msec; Rotation = 180°;
Voltage = 80 kV; Current = 500 pA; Field-of-view = 78.5 x 100mm) were performed using a
Siemens Inveon PET/CT at 90 minutes after [**Cu]NODAGA-CG34 injection. High-resolution
CT scans were similarly performed using a Siemens Inveon machine (Projections = 220; Exposure

=800 msec; Rotation =220°; Voltage = 60 kV; Current = 500 pA; Field-of-view 30.2 x 31.1 mm).

Regions of interest were drawn over the left and right lungs, and the uptake in the left and right
lungs of [**Cu]NODAGA-CG34 was averaged and quantified as the mean and maximal
standardized uptake value (%ID/mLmean and %ID/mLmax) (IRW software). Biodistribution was
performed by y-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

autoradiography and histology images.
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4.3.8 [**Cu]NODAGA-CG34 autoradiography of lungs

Immediately following PET/CT imaging, mice were euthanized, and the lungs were inflated
with 1 mL of warmed (37 °C) optimal cutting temperature compound (OCT). Then, the lungs were
placed in a block of OCT, quickly frozen, and placed at -20 °C. The following morning
cryosections were cut (10 pm) and exposed to high-resolution phosphor screens (GE, BAS-IP
SR2025 Super Resolution) overnight at 4 °C. Phosphor screens were scanned at 100-pum resolution

using a Sapphire Biomolecular Imager.

4.3.9 Lung immunostaining

Mice treated with bleomycin or PBS were sacrificed and the pulmonary circulation was
perfused with ~5 mL of PBS. The lungs were subsequently inflated by intratracheal instillation of
I mL OCT and quickly frozen. Cryosections were cut (10 um) and fixed with cold methanol-
acetone (1:1). Primary antibodies (1:200 dilution) were applied and incubated at 4 °C overnight.
After washing with PBS, fluorescently conjugated secondary antibodies (1:200 dilution) were
added and incubated at 4 °C for 2 hours. Slides were mounted with ProLong Gold Antifade

Mountant with DAPI and photographed with an Axio Vert microscope (Zeiss).
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4.3.10 Binding/uptake of 6CF-CG34 or 6TAM-CG34 by peritoneal macrophages

Peritoneal cells were incubated in indicator-free RPMI in the presence of increasing
concentrations of 6CF-CG34 or 6TAM-CG34 with or without co-incubation with unlabeled
Chemiss.157 (2.5 uM). Uptake of 6CF-CG34 or 6TAM-CG34 was allowed to proceed at 37 °C for
1 hour, vortexing samples every ~15 minutes. After a single wash with PBS, flow cytometry was
performed using a BD LSR II Flow Cytometer (BD Biosciences) and analyzed by FlowJo software
version 10.7.2 (BD Biosciences). The total, non-specific, and specific saturation binding curves

were generated using GraphPad Prism 9 Software.

4.3.11 Competitive binding/uptake assay of 6CF-CG34 or 6TAM-CG34 vs. NODAGA-

CG34 in peritoneal macrophages

Peritoneal cells were incubated in indicator-free RPMI in the presence of 6CF-CG34 or 6TAM-
CG34 (50 nM) with increasing concentrations of NODAGA-CG34 (1x107' M to 1x10” M). The
competitive binding of NODAGA-CG34 and 6CF-CG34 or 6TAM-CG34 was allowed to proceed
at 37 °C for 1 hour, vortexing samples every ~15 minutes. After a single wash with PBS, flow
cytometry was performed using a BD LSR II Flow Cytometer (BD Biosciences) and analyzed by
FlowlJo software version 10.7.2 (BD Biosciences). The competitive binding curves were generated

using GraphPad Prism 9 Software.
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4.3.12 Binding/uptake of fluorescently tagged CG34 peptides by CHO-K1 cells transiently

expressing mouse or human CMKLR1, mouse GPR1, or mouse CCRL2

CHO-K1 cells transiently expressing mCMKLR1, hCMKLR1, mGPR1, or mCCRL2 were
incubated in indicator-free RPMI in the presence of increasing concentrations of 6CF-CG34 or
6TAM-CG34 with or without co-incubation with unlabeled CG34 (2.5 uM). Uptake of 6CF-CG34
or 6TAM-CG34 was allowed to proceed at 37 °C for 1 hour, vortexing samples every ~15 minutes.
After a single wash with PBS, flow cytometry was performed using a BD FACSCalibur or BD
LSR 1II Flow Cytometer (BD Biosciences) and analyzed by FlowJo software version 10.7.2 (BD
Biosciences). The total, non-specific, and specific saturation binding curves were generated using

GraphPad Prism 9 Software.

4.3.13 Internalization of 6TAM-CG34 by mouse CMKLR1

CHO-K1 cells transiently expressing mCMKLR1 or non-transfected cells grown on glass
coverslips coated with fibronectin were incubated in indicator-free RPMI with 6TAM-CG34 (250
nM) with or without co-incubation with CG34 (10 uM) for 1 hour at 37 °C. The cells were washed
with PBS and then treated with Alexa Fluor 647 conjugated wheat germ agglutinin (2 pg/mL) for
20 mins at 4 °C. Next, the cells were fixed with formalin and the coverslips were mounted onto
glass slides with ProLong Gold Antifade Mountant with DAPI and photographed with an Axio

Vert microscope (Zeiss).
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4.3.14 Flow cytometric immunophenotyping of murine lungs

Mice treated with bleomycin or PBS were euthanized and the pulmonary circulation was
perfused with PBS via a right ventricular puncture. Both lungs were then minced with scissors and
diluted with 5 mL of ice-cold dissociation buffer (50 mL RPMI, 1 mL FBS, and 100 ug DNase).
The lungs were mechanically dissociated using a gentleMACS Dissociator (Miltenyi) using the
cycle m_lung 1.02 (1X), followed by m_lung 02.01 (2X). The resulting cell suspensions were
filtered using 40-um cell strainers and red blood cells (RBC) were lysed. After counting the cells,
Precision Count Beads (50 uL) were added to each sample. The cells were then divided between
tubes and incubated in indicator-free RPMI in the absence or presence of 6CF-CG34 (50 nM) with
or without co-incubation with Chemiss.157 (10 uM). Uptake of 6CF-CG34 was allowed to proceed
at 37 °C for 1 hour, vortexing samples every ~15 minutes. After washing with PBS, cells were
blocked using 1% BSA in PBS and treated first with Fc block (2.0 pL per sample), followed by a
mixture of antibodies (0.5 pL per antibody per sample) and DAPI (5.0 uL 1 ug/mL per sample)
for 0.5 hour at 4 °C. Finally, cells were washed and fixed with 4% formalin for 0.5 hour at room
temperature. Flow cytometry was performed the following day using a LSR II Flow Cytometry
(BD Biosciences) and analyzed using FlowJo software version 10.7.2 (BD Biosciences). The
recovery of dendritic cells (both CD11b" and CD11b" subtypes) was low following mechanical

dissociation, and they were therefore omitted from the subsequent analysis.

4.3.15 Hydroxyproline assay

At a specified timepoint following PET/CT imaging of mice treated intratracheally with
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bleomycin or PBS, mice were euthanized and their lungs were immediately frozen on dry ice and
stored at -80 °C until further use. The lungs were then thawed, and the hydroxyproline content of
the lungs (left only) was quantified using a commercially available kit following the

manufacturer’s protocol (Sigma).

4.3.16 RNA-sequencing analysis

We performed a reanalysis of a previously published RNA-sequencing dataset from
bronchoalveolar lavage fluid from patients with idiopathic pulmonary fibrosis or healthy controls
(GEO accession: GSE70867) (196). Initially, the data were harmonized using the ComBat package
in the R software to reduce inter-study site variability. Patients were subsequently stratified by
their CMKLR expression using either the median (e.g., high or low) or tertiles. Similarly, patients
were also grouped according to their GAP score (e.g., high or low). Pathway enrichment analysis
was performed using the database Kyoto Encyclopedia of Genes and Genomes in R. Prism
software was used to generate Kaplan-Meyer and receiver operator curves to determine patient
survival using the harmonized CMKLR1 expression values or comparison of the prognostic value
of CMKLRI expression vs. that of the GAP score at different time points following

bronchoalveolar lavage, respectively.

4.3.17 Immunofluorescence staining of paraffin-embedded lung tissues from patients

Patient-derived histology specimens (formalin fixed, embedded in paraffin) were provided by

the University of Pittsburgh Biorepository and were cut at a thickness of 5 um. Tissue sections
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were then deparaffinized and rehydrated (xylenes=>100% EtOH—->95% EtOH->70%
EtOH->distilled water). Antigen retrieval was performed by heating tissue sections to ~95 °C in
10 mM sodium citrate buffer (pH 6.0) for 20 min, followed by an additional 20 min at room
temperature. The tissue sections were incubated with the primary antibody (CMKLR1 = 1:2000;
CD45 = 1:500) overnight at 4 °C. After washing with PBS, fluorescently conjugated secondary
antibodies were incubated with the tissue sections for 2 hr at 4 °C. Slides were mounted with
ProLong Gold Antifade Mountant with DAPI and photographed with an Axio Vert microscope

(Zeiss).

4.4 Results

4.4.1 Monocyte-derived macrophages drive the uptake of CMKLRI1-targeting peptide

throughout different stages of bleomycin-induced fibrotic lung injury

To determine the kinetics of CMKLRI1 expression by different immune cell subset during
fibrotic lung injury, we used a fluorochrome-labeled analog of our CMKLR 1-targeting radiotracer
at 1-, 2-, and 4-weeks post-bleomycin administration, which approximately corresponds to the
peak pneumonitis phase, early extracellular matrix remodeling with continued pneumonitis, and
the resolution of inflammation with established fibrosis. Employing the gating strategy described
in Appendix Figure 38, we identified the major immune cell populations and quantified their
abundance at different stages of bleomycin-induced lung injury (Appendix Figure 41). We were
particularly interested in characterization of macrophages as our recent work in a preclinical acute

lung injury model demonstrated CMKLR1 expression was mostly restricted to monocyte-derived
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macrophages (22). In other immune cell populations, including B-cells, natural killer cells, T-cells,
eosinophils, and neutrophils, and non-leukocytes (e.g., CD45"¢), we generally noted a transient
increase followed by decrease in the cell count, largely mirroring that of the macrophage

populations (Appendix Figure 41).

We defined distinct pulmonary macrophage populations by taking advantage of their
differential expression of CD11b, CD11c¢, and SiglecF, as previously established by lineage tracing
studies (162, 178) as alveolar ~ (CD11b°/CD11c"/SiglecF™), interstitial
(CD11b"/CD11c"°/SiglecF'), and monocyte-derived (CD11b"/CD11c"/SiglecF™) macrophages
(Figure 18). At baseline, alveolar macrophages were the most abundant population recovered from
the lungs with fewer interstitial macrophages and almost no monocyte-derived macrophages. At 1
week following bleomycin, there was a significant accumulation of monocyte-derived
macrophages, whereas the number of alveolar macrophages remained stable (Figure 18). Although
by 2 weeks the number of monocyte-derived macrophages remained similar to that at 1 week, there
was a large increase in the number of alveolar macrophages. Interestingly, the monocyte-derived
macrophages at 2 weeks post-bleomycin demonstrated increasing resemblance to tissue-resident
alveolar macrophages (i.e., increased SiglecF and decreased CD11b expression), in line with
progressive differentiation of monocyte-derived macrophages into alveolar macrophages. By 4
weeks, the number of both monocyte-derived and alveolar macrophages returned to that of
baseline. By contrast, the number of lung monocytes (Ly6C" and Ly6C'°) remained relatively
stable from week 1 to week 4 after bleomycin-induced injury.

To identify the temporal changes in the abundance and phenotype of the immune cells

contributing to the uptake of our CMKLR 1-targeting tracer ([**Cu]NODAGA-CG34) derived from

91



the carboxyl terminus of chemerin, we determined the specific uptake of its fluorescent analog
6CF-CG34 )Appendix Figure 39). We confirmed that fluorochrome-modified CG34 maintained
similar pharmacodynamic properties to those of NODAGA-CG34. Further we established that
CG34-derived peptides are internalized in a CMKLR1-selective manner, with no significant
binding/uptake by the two related G-protein-coupled receptors of chemerin, i.e., chemokine (C-C

motif) receptor-like 2 (CCRL2) and G protein-coupled receptor 1 (GPR1) (Appendix Figure 40).

A < aMg
o e 1wk ZWIT_ 4 wk B © MDMg 3 Ly8CN monocytes
- e ‘ ‘,mi%‘ ,;;4;%| oF ‘ 2600004 € Mg 13 Ly6Cmonocytes
— R el -
@] Mp| iMp "—m| M| Mo o 230000+
O - ! o 200000+ ek
8 120000 1
L ¥ WDWo MDM¢ | MDMg@ | MDMg| o
$ ﬁ /t & ég@i (ks ( ,{j.-« \ 9 90000
D alig allp alp 2 500004
wn | 11 [(b]
CD11b > O 30000 e
o) - il = dulebelubal — bbbl =
C LG tw 2w 4w 0 J s 3 4
m . Weeks
§ i ‘ Ly6Ch D
| Al
£ \ monocytes < _ 40000 -©MDMe-a@- LyBCM monocytes
[e] o= i . I
% LysClo 0] E ©-iMp -B:-LyBC"“monocytes
o monocytes Q€ 350004
o~ L @
@ I A A A (@R
E I\ | | {1 aMe E_’ a 20000 .
o \ f\ [\ / s} S
c : =
el 2L E 10000+
2 iM¢p E© q *
E S E ofeesee- e . =
3 0 1 2 3 4
5 MDMep E Weeks
S ‘
6CF-CG34 uptake — = 3x10%- = NK cells
< =
ho] 8 == Mg
=== Total binding L5 = MDM
9 | P
=== Non-specific binding % o 2x10
Background 5 3
w3 1x1094
O L
(SN )
© 04

Ctl 1w 2-w 4-w

Figure 18. Flow cytometry identification of monocyte-derived macrophages as the primary CMKLRI1
expressing cell population during bleomycin-induced lung injury.
(A) Different macrophage populations in mechanically dissociated lungs were defined based on their relative

expression of CD11b, CD1 1¢, and SiglecF. Following bleomycin administration, the expression of these three markers
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in alveolar and interstitial macrophages remained consistent. By contrast, the initial distinct monocyte-derived
macrophage population gradually demonstrated a decrease in CD11b and increase in SiglecF expression from 1
through 4 weeks resulting merging of the monocyte-derived and alveolar macrophage populations by 2 weeks. (B)
The absolute number of recovered monocyte and macrophage populations. (C) Representative histograms showing
the uptake of CMKLR1-selective fluorescent ligand 6CF-CG34 (50 nM) in various lung macrophage and monocyte
populations following treatment with bleomycin or PBS (gray: background/autofluorescence; red: total-binding of
6CF-CG34 in the absence of Chemis.i57; blue: non-specific binding of 6CF-CG34 in the presence of 10 uM Chemss.
157). (D) Quantification of specific uptake (total minus non-specific uptake) of 6CF-CG34 (MFI was converted to
molecules per cell) by selected monocyte and macrophage populations. Monocyte-derived macrophages showed the
highest 6CF-CG34 uptake after instillation of intratracheal bleomycin. (E) A stacked-bar chart summary of the cell
count for CMKLR1 expressing populations multiplied by the cellular uptake of 6CF-CG (molecules per cell) shows
monocyte-derived macrophages account for 62% and 84% of the total lung uptake of 6CF-CG34, as a proxy for
CMKLRI1 expression, at 1- and 2-weeks following bleomycin treatment, respectively. Natural killer cells have N for
PBS group = 3 male and 3 female mice; N for 1-w bleomycin group: 3 male and 3 female mice; N for 2-w bleomycin
group: 3 male and 3 female; N for 4-w bleomycin group: 3 male and 2 female. aM¢: alveolar macrophages; Eosins:
eosinophils; iMe: interstitial macrophages; MDMe: monocyte-derived macrophages; NK cells: natural killer cells;
Neuts: neutrophils. Data are expressed as the mean = SEM. Comparisons were made between the various treatment
timepoints to the control group for alveolar macrophages, interstitial macrophages, Ly6C" monocytes, and Ly6C'®
monocytes or to 7-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 between groups was calculated using a one-

way ANOVA with a post-hoc two-tailed Fisher’s exact test.

We found a high uptake of 6CF-CG34 by monocyte-derived macrophages during the first two
weeks after bleomycin lung injury which appeared to begin decreasing by the 4™ week (Figure
18). Interestingly, interstitial macrophages demonstrated only a transient increase in 6CF-CG34
uptake at 1 week which returned to their baseline level at 2- and 4-weeks post-bleomycin.

However, alveolar macrophages and monocytes (Ly6C™ and Ly6C") did not demonstrate

93



appreciable uptake of 6CF-CG34 throughout the 4 weeks post-injury. The only other cell type
exhibiting 6CF-CG34 uptake was natural killer cells (Appendix Figure 41). Notably, CMKLR1

expression by NK cells did not significantly change after bleomycin-induced injury.

To estimate the relative contribution of individual immune cell populations to the total uptake
of the fluorescent CMKLR 1-selective ligand, we multiplied the cell count of CMKLR 1-expressing
cells (e.g., monocyte-derived macrophages, interstitial macrophages, and natural killer cells) by
the number of 6CF-CG34 molecules uptaken per cell (Figure 18). At baseline, we found minimal
6CF-CG34 uptake due to minimal numbers of known CMKLR 1 expressing cells in the lungs under
steady-state conditions. By contrast, the total 6CF-CG34 uptake at 1 and 2 weeks was significantly
increased with monocyte-derived macrophages accounting for 62% and 84% of the observed
uptake, respectively. This observed increase in 6CF-CG34 uptake was primarily driven by the
recruitment of 6CF-CG34 avid (e.g., high CMKLRI1 expressing) monocyte-derived macrophages
into the lung. The amount of 6CF-CG34 uptake was decreased to approximately that of the baseline
by 4 weeks reflecting a reduction in the abundance of CMKLR1-expressing monocyte-derived
macrophages. Importantly, natural killer cells minimally contributed to the total 6CF-CG34 uptake
by the bleomycin-injured lungs (12% and 11% at 1 and 2 weeks compared to 92% at baseline) due
to their markedly lower abundance and lower CMKLRI1 expression compared to those of

monocyte-derived macrophages.
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4.4.2 [**Cu]NODAGA-CG34 PET quantitatively detects lung inflammation during the

course of bleomycin-induced injury

Our flow cytometry data showed that monocyte-derived macrophages are the primary
contributors to the uptake of our CMKLRI1-selective 6CF-CG34 ligand. We next sought to
determine the potential of CMKLR 1-targeted PET with [**Cu]NODAGA-CG34 to noninvasively
monitor the kinetics of monocyte-derived macrophage accumulation during bleomycin-induced

lung injury.

Kinetic PET studies in bleomycin-treated versus control mice demonstrated high blood pool
activity during the first 30 minutes following radiotracer administration, precluding accurate
quantification of [*Cu]NODAGA-CG34 uptake in the lungs at timepoints <30 minutes (Figure
19). There was progressive blood pool clearance of the PET ligand from 30 — 60 minutes, which
plateaued from 60 — 90 minutes. Therefore, we conducted static scans and radiotracer

quantifications at 90 minutes post-injection.

Consistent with our flow cytometric observation, visual assessment of PET-derived
[**Cu]NODAGA-CG34 uptake demonstrated high radiotracer accumulation in the lungs of mice
at 1 and 2 weeks following bleomycin, which decreased to nearly that of the control mice by 4
weeks (Figure 19). At early timepoints (e.g., 1 and 2 weeks), we generally observed globally
increased radiotracer uptake by PET throughout the lungs despite the presence of discrete regions
of airspace opacification on CT. In vivo PET-derived quantification of [**Cu]NODAGA-CG34
uptake was consistent with that of our qualitative assessment of radiotracer uptake as we found

>100% increases in uptake determined by both global (%ID/mLmax) and focal (%ID/mLmean)
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measures 1 and 2 weeks post-bleomycin vs. that of controls (Figure 19). Importantly, we confirmed

radiotracer specificity in the lungs by blockade of [**Cu]NODAGA-CG34 uptake upon co-

injection with excess non-radiolabeled NODAGA-CG34.
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Figure 19. In vivo PET imaging of monocyte-derived macrophages with [*Cu]NODAGA-CG34 PET/CT in

bleomycin-induced lung injury.

(A, B) Kinetic in vivo PET-derived [**Cu]NODAGA-CG34 uptake in the lungs and blood over the first 90 minutes

following intravenous injection of the radiotracer into bleomycin and control treated mice (1-week after treatment).

By 90 minutes, there was high accumulation of [**Cu]NODAGA-CG34 in the lungs of bleomycin vs. control treated
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mice, and the radiotracer is mostly cleared from systemic circulation. (C) The longitudinal study for quantifying
[*#*Cu]NODAGA-CG34 uptake at distinct stages during bleomycin induced lung injury and remodeling. (D)
Representative axial CT, PET, and co-registered PET/CT imaging acquired ~90 minutes following intravenous
administration of [**Cu]NODAGA-CG34 to control or bleomycin treated mice at 1, 2, or 4 weeks after intratracheal
instillation. Diffuse lung uptake of [**Cu]NODAGA-CG34 was observed in the lungs of mice at 1 and 2 weeks after
bleomycin treatment, which decreased to baseline by 4 weeks. The specificity of radiotracer uptake was confirmed by
blockade of [**Cu]NODAGA-CG34 uptake in the lungs when co-injected with 100x molar excess of non-radiolabeled
NODAGA-CG34. (E, F) In vivo PET-derived quantification of the tracer demonstrates increased lung uptake of 192%
and 142%, as well as 254% and 119%, for the %ID/mLmax and %ID/mLycan at 1- and 2-weeks following administration
of bleomycin vs. that of controls, respecitvely. %ID/mLyax and %ID/mLiean data in panels A, B, E, and F represent
the average values of the left and right lungs for each mouse. Ctl = control, i.e. phosphate-buffered saline; Bleo =
bleomycin. Data are expressed as the mean + SEM. Linear regressions are shown along with 95% confidence intervals.
Statistical significance between groups was calculated using a one-way ANOVA with a post-hoc two-tailed Fisher’s

exact test. Linear correlations were determined by calculating the Pearson correlation coefficient.

Ex vivo y-counting-derived radiotracer uptake (as the gold standard method for quantification
of tracer accumulation) similarly found a 116% and 45% increase in radiotracer uptake at 1- and
2-weeks post-bleomycin, respectively, that was blocked by co-injection of the unlabeled tracer
(Figure 20). To confirm the accuracy of PET quantification of radiotracer uptake, we found a
strong correlation between in vivo PET- and ex vivo y-counting-derived [**Cu]NODAGA-CG34
uptake in the lungs (R? = 0.77; P < 0.0001) (Figure 20). Additionally, we observed increased
radiotracer accumulation in several non-lung organs, several of which demonstrated specific

uptake (Figure 20).
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Figure 20. Ex vivo measurement of [**Cu]NODAGA-CG34 uptake confirms accuracy and specificity of in vivo
quantification of PET-derived radiotracer uptake.

(A) Radiotracer uptake in the lungs was quantified with ex vivo y-counting (%ID/g), and (B) the strong correlation
between in vivo PET- and ex vivo y-counting-derived quantification of [**Cu]NODAGA-CG34 uptake in the lungs

confirms the accuracy of PET. (C) y-counting-derived uptake of [**Cu]NODAGA-CG34 uptake by non-lung organs.
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(D) Representative full body PET/CT maximal intensity projections to visualize [**Cu]NODAGA-CG34 uptake in
mice in both lung and non-lung organs, with magnification (yellow box) of PET/CT and PET maximal intensity
projections for the thoracic region. Linear regressions are shown along with 95% confidence intervals. Ex vivo uptake
of radiotracer in various organs at different time points were compared to that of the control. Statistical significance
between groups was calculated using a one-way ANOVA with a post-hoc two-tailed Fisher’s exact test. Linear

correlations were determined by calculating the Pearson correlation coefficient.

4.4.3 [**Cu]NODAGA-CG34 uptake localizes to inflamed lung regions with increased

CMKLRI1 expression

To show [**Cu]NODAGA-CG34 uptake is specific to regions of high-CMKLR1 expression,
following PET imaging we conducted autoradiography of lung sections and subsequent
immunofluorescence for CMKLR1 and a macrophage marker, F4/80 (Figure 21). Similar to what
we found with PET, radiotracer uptake was increased in the lungs of bleomycin treated mice.
Additionally, the regions of high [**Cu]NODAGA-CG34 uptake were localized to inflamed areas
with abundance of CMKLR 1-expressing F4/80" macrophages. Together, our data indicated that
[**Cu]NODAGA-CG34 PET allows for localization and quantitative monitoring of the
accumulation of monocyte-derived macrophages throughout different stages of bleomycin-

induced fibrotic lung injury.

99



in vivo Ex vivo

PET/CT B Autoradiography C  H&E D Immunofluorescence
g "Q"_ 5x 20x
s &)
€
=]
O
c £ c £
g g g g
£ £ £ £
o o o o
@ o o Q0
o m m m
PET-Derived %ID/mL Autoradiography Immunofluorescence
HEEEY T T ]
0 5 Min Max DAPI F4/80 CMKLR1

Figure 21. Co-localization of [**Cu]NODAGA-CG34 uptake and CMKLR1 expression via PET/CT,
autoradiography and immunohistology in murine lungs.

Representative PET/CT images (A) from control and bleomycin treated mice reformatted to the plane of ex vivo
autoradiography (B) and hematoxylin and eosin-stained tissues (C) validate selective [**Cu]NODAGA-CG34 uptake
by inflamed lung regions. Representative low- and high-magnification immunofluorescent stained images (D) from
adjacent lung tissues show high CMKLR1 and F4/80 expression and co-localization in inflamed lung regions (bottom
pink box) with high [*Cu]NODAGA-CG34 uptake. There was minimal expression of either marker in non-inflamed
lung tissue from control (top yellow box) or bleomycin treated mice (bottom red box). [Scale bar in hematoxylin and
eosin imaging = 5 mm, in 5X immunofluorescence images = 800 um, and in 20X immunofluorescence images = 200

um. N for PBS and bleomycin groups = 2 and 3 male mice, respectively].

4.4.4 [Cu]NODAGA-CG34 uptake during the early stage of bleomycin-induced injury

predicts the severity of future pulmonary fibrosis

To determine the ability of CMKLRI1-targeted PET to predict the future development of
pulmonary fibrosis, we performed a longitudinal study in which mice underwent PET/CT during

the early pneumonitis phase (i.e., 1 week following administration of bleomycin) and were
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followed until 4 weeks to determine the extent of fibrosis (Figure 22). As shown by representative

images from a control mouse and two mice with low vs. high levels of [**Cu]NODAGA-CG34

uptake (Figure 22), different levels of increased radiotracer uptake were noted in the lungs at 1

week after bleomycin administration, which spatially colocalized with regions and severity of

future fibrosis as identified by high-resolution CT performed at 4 weeks. We next quantitatively

confirmed these findings by showing early PET-derived radiotracer uptake correlated with the

magnitude of lung fibrosis, as measured by hydroxyproline content (Figure 22).

A

Intratracheal )
bleomycin or PBS PET/CT

Measure

Inflammatory phase:

» hydroxyproline
and HRCT

ECM remodeling and fibrosis

Bleomycin

%ID/mL
OSHTT 30

HU
Min I [ Max

Hydroxyproline (Jg)

O

Hydroxyproline (ug)

40~

w
?

N
?

—_
o
1

o

S
?

w
=]
1
&

n
?

-
o
1

0

o 1 2 3 a4
PET-derived %ID/mL 4y

R? =049
P=00013 o .

-85
|‘€

1 1 1 1
00 05 10 15 20

PET-derived %ID/mLean

Figure 22. Early CMKLRI1-targeted PET predicts the extent of pulmonary fibrosis in a preclinical murine

model of lung fibrosis.
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(A) Experimental design to establish early CMKLR1-PET during the inflammatory phase predicts the development
of future fibrosis. (B) Representative PET/CT images show lung regions with increased [**Cu]NODAGA-CG34
uptake at 1-week following bleomycin treatment develop more severe fibrosis by 4-weeks as visualized with high-
resolution computed tomography (HRCT). (C, D) The extent of pulmonary fibrosis, measured by the hydroxyproline
content in the left lung, at 4-weeks correlates with [**Cu]NODAGA-CG34 uptake in the corresponding lung as
measured by (C) %ID/mLiax or (D) %ID/mLiean at 1-week. Linear correlations were determined by calculating the

Pearson correlation coefficient.

4.4.5 CMKLRI1 expression by bronchoalveolar lavage cells is associated with an

inflammatory phenotype in patients with IPF and is a predictor of mortality

To explore the potential of CMKLRI1 to serve as a clinical biomarker for patient stratification
and prognostication, we analyzed its expression by bronchoalveolar lavage cells through
secondary analysis of a longitudinal cohort of patients with IPF from three sites, Freiburg, Leuven,
and Siena (Appendix Figure 42) (196). We first compared CMKLR expression in healthy controls
vs. patients with IPF according to their Gender-Age-Physiology (GAP) index, a clinically accepted
risk stratification model in IPF (197). While CMKLR1 expression was significantly increased in
patients with IPF versus that of healthy volunteers (Figure 23), its expression was not significantly
different between different categories of GAP scores. Moreover, there was a marked heterogeneity

in CMKLRI expression across patients stratified by the GAP index.

To determine if the heterogeneity of CMKLR1 expression may be used to identify patients with
different inflammatory phenotypes, we compared the BAL transcriptome in patients with
CMKLR]I expression above vs. below the median value, which revealed many differentially

expressed genes (Figure 23). Of note, patients with high CMKLR1 expression were found to have
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a significantly increased expression of many genes with established roles in inflammation,
including cytokines (e.g., ILIR2, ILI2RB2) and chemokine (e.g., CXCLI14, CCLS8, CCL2)
signaling, as well as extracellular matrix remodeling (e.g., LGMN, MMP25, SSP1, COLIAI,
FGFBP?2), as summarized by the volcano plot (Figure 23). Pathway enrichment analysis of the
differentially overexpressed genes further confirmed this finding by demonstrating significant
enrichment of several important inflammatory and extracellular matrix remodeling pathways
(Figure 23). Together, our results support that a heterogeneous expression of CMKLR1 in patients
with IPF may be harnessed for identification of distinct subsets of patients with a higher

inflammatory and ECM remodeling profile.

We next assessed the potential of CMKLRI expression to serve as biomarker for prediction of
future disease progression by comparing the survival of patients in different tertiles of CMKLRI
expression (Figure 23). Interestingly, patients in the highest tertile of CMLRI expression
demonstrated a significantly worse outcome median survival of 388 days vs. those in the middle
(718 days) and lower (1394 days) tertiles. To determine if CMKLRI expression provides
incremental risk stratification information compared to a clinically established prognostication, we
repeated the survival analysis after stratifying patients by their GAP score. Indeed, in patients with
both low GAP index (0 to 4, Figure 23) and high GAP index (5 to 8, Figure 23), CMKLRI

expression was a significant predictive of survival.

Finally, we performed a receiver operating characteristic (ROC) analysis to compare the
performance of CMKLR 1 expression by BAL cells vs. GAP index to predict the risk of mortality

by 1%, 2™, 39 and 4" years following BAL Figure 23. The comparison of the ROC curves
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demonstrated that the areas under the curve (AUC) was higher for CMKLRI expression than the
GAP score during the first two years, whereas the GAP score was higher at later timepoints (e.g.,
years 3 and 4), suggesting that CMKLR expression, as a biomarker of ongoing inflammation and
ECM remodeling, outperforms GAP index for predicting mortality over short to intermediate

follow up while GAP index remains a more stable predictor of long-term survival.
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Figure 23. CMKLRI expression is associated with an inflammatory gene signature and predicts survival in
patients with idiopathic pulmonary fibrosis.
(A) Patients were divided into tertiles based on their GAP score and their CMKLR expression was plotted versus that

of healthy donors. CMKLR1 expression is increased in patients with IPF versus that of healthy donors but does not
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differ based on the severity of the GAP score. (B) A volcano plot for differentially expressed genes in patients with
IPF stratified by their CMKLR1 expression (lower 50 percentile = blue, higher 50" percentile = red). Patients with
high CMKLRI1 expression had significantly increased expression of inflammatory and fibrotic genes. (C) Pathway
enrichment analysis in patients with high versus low CMKLRI1 expression. Patients with high CMKLR1 expression
show significant increases in inflammatory and fibrotic pathways. (D) Kaplan-Meier survival curves stratified by
CMKLRI1 expression alone (left) or in conjunction with GAP score (top = low GAP score, bottom = high GAP score).
Higher CMKLRI1 expression was associated with a worse survival. (G, H) Receiver operating characteristic curves
comparing CMKLR1 expression versus GAP score for predicting patient mortality after the indicated timepoints
following bronchoalveolar lavage. The area under the curve (AUC) is higher for CMKLRI1 than that of GAP

expression during the first two years.

4.5 Discussion

In the present study, we established the promise of CMKLR 1-targeted PET as a noninvasive
method to assess the lung inflammation-fibrosis axis through detecting the accumulation of
MDMeg and predicting the severity of future fibrosis in the murine model of bleomycin-induced
fibrotic lung injury. To establish the clinical relevance of our findings, we showed that CMKLR 1
expression is mainly restricted to a subset of LGMN- and MERTK-expressing macrophages which
have been found to be expanded in the lungs of patients with fibrotic ILDs (137) and COVID-19
(22, 138). Finally, we demonstrated that high expression of CMKLRI in BAL identifies a subset
of IPF patients with increased inflammation and ECM remodeling transcriptomics profile, and it
strongly predicts mortality. These results support the potential of CMKLR1-targeted PET as a

precision medicine approach in fibrotic lung diseases.

Current therapeutic approaches for fibrotic lung diseases do not consider the molecular
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endotypes and the heterogeneity of the pathogenic processes which drive adverse ECM
remodeling. As a result, these approaches primarily rely on long-term monitoring of functional
and structural consequences of the diseases, for example by PFT and CT, to assess disease
progression and response to therapy (14, 175). The inability to identify distinct molecular
endotypes of fibrotic lung diseases not only hampers personalized patient management but has
also contributed to the string of clinical trials with negative outcomes in fibrotic lung diseases as
patient subgroups who are likely to respond to specific treatments cannot be prospectively
identified and recruited (198, 199). Encouragingly, molecular endotyping using blood biomarkers
(200, 201) or transcriptomics signature of BAL cells (202) has been recently shown to predict IPF
progression risk (202, 203) and aids in selectively recruiting patients to clinical trials for pathway-
specific therapies (204). However, blood biomarkers are affected by systemic processes and may
not be representative of the ongoing pathogenic processes in the lungs. Although BAL-driven
endotyping overcomes this limitation, its invasive nature hinders repetitive monitoring of temporal
changes in disease endotype caused by the natural progression of the disease or response to therapy
(205). Noninvasive imaging offers a solution to address both limitations and has been increasingly
explored to monitor molecular processes underlying lung fibrosis (56, 60, 206-208), such as

inflammation and adverse ECM remodeling.

We have recently identified CMKLRI1 as a promising target for imaging MDMg in a
preclinical model of acute lung injury (22). Furthermore, we observed increased CMKLRI
expression in transcriptionally distinct subsets of lung monocytes and macrophages in patients
with fatal COVID-19 (22). Interestingly, another study in COVID-19 patients found that CMKLR1

expression is predominantly in profibrotic LGMN" and CD163* MDMg¢ resembling macrophages
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expanded in patients with fibrotic ILDs (137). Based on these findings, we aimed to evaluate the
potential of CMKLR 1-targeted PET for noninvasive assessment of the lung inflammation-fibrosis
axis in a preclinical model and investigate CMKLRI1 as a clinical biomarker for prognostication

in IPF patients.

[**Cu]NODAGA-CG34 is a peptidomimetic tracer that bears structural resemblance to the
carboxyl terminus of the natural ligand of CMKLRI1, known as chemerin, but it has been
engineered with proteolytic stability through incorporating unnatural amino acids (22, 31). We
recently demonstrated several favorable features of [**Cu]NODAGA-CG34 as a molecular
imaging probe, including facile radiolabeling with a high yield and molar activity, plasma stability,
low plasma protein binding, and rapid clearance (22). Although its affinity (K4 ~ 200 nM) is lower
compared to the natural ligand (22), here, we demonstrated that CG34 exhibits internalization
similar to natural chemerin-derived peptides (146), which may explain the high accumulation of
[**Cu]NODAGA-CG34 in inflamed lungs. Furthermore, we demonstrated that CG34 specific
binding is restricted to CMKLR 1 with no detectable binding to the other two receptors of chemerin,

1.e., CCRL2 and GPRI.

A major limitation of molecular imaging strategies is their tendency to target a single molecule
or biological process, whereas accurate identification of specific cell subsets typically requires
simultaneous assessment of multiple markers due to the lack of absolute specificity of a single
marker for individual cell subsets. As a result, molecular imaging approaches are inherently less
specific compared to immunoprofiling of specimens by flow cytometry or scCRNA seq. Therefore,

we determined the accuracy of CMKLRI1 targeting by [**Cu]NODAGA-CG34 in detecting
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MDMge by investigating the uptake of its fluorochrome-conjugated analog (6CF-CG34) by
different immune cells at different stages of bleomycin-induced lung injury. Our findings revealed
that MDM¢ were the primary source of increased 6CF-CG34 uptake during the inflammatory
phase of lung injury, contributing to ~62% and ~84% of total uptake at weeks 1 and 2 post-
bleomycin, respectively. In contrast, 6CF-CG34 uptake by tissue-resident alveolar macrophages,
monocytes, neutrophils, and lymphocytes was negligible. Interstitial macrophages were the only
other major contributors to 6CF-CG34 uptake during the pneumonitis phase of lung injury,
peaking at week 1 (approximately 26% of total uptake) and declining by week 2 (approximately
5%). It is worth noting that the interstitial stage is an obligatory step preceding the differentiation
of monocytes into alveolar macrophages (209); therefore, it may be speculated that the observed
transient increase in the uptake of TMRA-CG34 by interstitial macrophages reflects CMKLR1
expression during this intermediary differentiation stage of MDMe. However, alternative
explanations, such as the induction of CMKLR1 by tissue-resident interstitial macrophages, need
to be explored through fate mapping studies. As previously reported (22), CMKLR 1-expressing
natural killer cells were the main contributors to 6CF-CG34 uptake in non-inflamed lungs,
although their contribution to total 6CF-CG34 uptake during lung injury was overshadowed by
that of MDMeg. Overall, our data support the potential of CMKLRI1 as a favorable target for
identifying MDMag in inflamed lungs which can be effectively targeted by CG34-derived imaging

probes.

PET-driven quantification of [**Cu]NODAGA-CG34 at various timepoints after bleomycin
administration revealed a temporal uptake pattern that closely mirrored the accumulation of

CMKLR I-expressing lung MDMe observed in our flow cytometric analysis. Specifically, we
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observed increased [**Cu]NODAGA-CG34 uptake at 1 and 2 weeks after bleomycin treatment
which then returned to near-baseline levels by week 4. Despite challenges posed by respiratory
motion (210), we demonstrated the accurate noninvasive quantification of lung uptake of
[**Cu]NODAGA-CG34, as evidenced by the strong correlation between PET- and y-counting-
derived measures of uptake. Importantly, we validated the prognostic value of CMKRL]1-targeted
PET by showing that [**Cu]NODAGA-CG34 uptake during the early stage of bleomycin-induced
injury predicts the extent and spatial distribution of future pulmonary fibrosis. These findings
highlight the potential of CMKLR1-targeted PET as a promising precision medicine tool for
monitoring the lung inflammation-fibrosis axis through the detection of MDM¢ accumulation

during the inflammatory phase of lung injury.

A comprehensive diagnostic approach that encompasses multiple aspects of the lung
inflammation-fibrosis axis may facilitate pathway-specific therapeutic strategies for fibrotic lung
diseases. Various molecular imaging approaches have been investigated for this purpose. For
instance, the ongoing flux of monocytes to inflamed lungs has been successfully visualized using
a CCR2-targeted tracer ([**Cu]ECLI1i) in preclinical models of lung inflammation and fibrosis (53,
56) as well in a first-in-human trial in patients with IPF (56). However, the downregulation of
CCR2 upon differentiation of monocytes to macrophages (148) may limit the utility of
[**Cu]ECLI1i for capturing the total burden of MDMg (22), which can be detected by CMKLR1-
targeted PET. Folate receptor-, predominantly expressed by macrophages, represents another
potential target for molecular imaging of macrophages and has been utilized in murine models of
lung inflammation (55) and fibrosis (57). However, the specific immunophenotype of folate

receptor-B-expressing macrophages in the lungs and their biological significance in fibrotic lung

110



diseases require further exploration. Additionally, tracers targeting receptors that are expressed by
a broader range of leukocytes, such as [**Ga]pentixafor (206) and [**Cu]LLP2A (117), targeting
CXCR4 and VLA-4, respectively, have shown promise in imaging lung inflammation.
Furthermore, there is ongoing research on a separate class of imaging agents that target proteins
involved in adverse ECM remodeling, rather than the inflammatory arm of the inflammation-
fibrosis axis, such as fibroblast activation (211), collagen crosslinking (61), and tissue collagen
content (58). By employing a multi-pronged complementary imaging approach, a more
comprehensive understanding of the lung inflammation-fibrosis axis can be achieved, enabling the

development of more targeted and effective therapeutic interventions.

For patients with pulmonary fibrosis, a current challenge remains identification of patients who
display rapidly progressive disease or are at increased risk for acute exacerbations or death (212).
Our secondary data analysis of IPF BAL transcriptomics revealed a heterogeneous expression of
CMKLRI which allows distinction of a subset of patients with enrichment of inflammatory and
ECM remodeling pathways who are at risk of more progressive disease. Additionally,
measurement of pulmonary CMKLRI expression provides an incremental prognostication benefit
over the GAP score, particularly over the short to intermediate term, which is a critical window
for selecting patients at high risk of immediate adverse outcomes for prioritization of lung
transplant recipients and more intensive care (212, 213). Furthermore, we speculate that
identification and monitoring of patient inflammatory profiles may improve clinical trials. Many
large clinical trials for pulmonary fibrosis have failed (198), possibly due to the heterogeneity of
underlying patient pathophysiology combined with small sample sizes (173). Establishing

inflammatory endotypes as inclusion criteria for clinical trials may assist in appropriately selecting
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patients and allow for monitoring therapeutic response using molecular, rather than physiologic,
endpoints (14). Additionally, clinical trials may benefit from measurement of lung specific
inflammatory processes. While peripheral measures of inflammation may be more convenient and
safer for serial sampling, a large post-hoc analysis found that measurement of blood inflammatory
biomarkers was inferior to the GAP score for prediction of predicted patient outcomes (214). This
result stands in contrast to our findings resulting from direct measurement of pulmonary CMKLR1

expression.

This study has several limitations. First, there are relatively few preclinical models of
pulmonary fibrosis and none entirely replicates the pathological complexities of the diverse
diseases which lead to lung fibrosis in humans (215). Nevertheless, the bleomycin-induced lung
fibrosis model is widely validated and recapitulates key pathogenic aspects of fibrosis, such as the
release of similar cytokines and growth factors and activation of relevant signaling pathways which
are observed in clinical disease (162, 216, 217). Additionally, we confirmed the relevance of
CMKLRI as a clinical biomarker of MDMg¢ accumulation in inflamed and fibrotic lungs in
patients with COVID-19 (22) and fibrotic ILDs in multiple sScRNA seq datasets. Another limitation
of our study is that our analysis of the prognostic role of CMKLRI expression in BAL cells was
restricted to patients with IPF (196). While pulmonary fibrosis can have various other underlying
etiologies, we focused on IPF as it represents the prototypical and most common fibrotic ILD.
Additionally, we are not aware of other publicly available BAL transcriptomics dataset with
longitudinal follow up in other diseases, which limits our ability to explore the potential of
CMKLRI in predicting outcome in other diseases. Another limitation of this study is that BAL

sampling underestimates the extent of CMKLR1 expression which can be detected by PET as
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interstitial CMKLR1" macrophages (22) are not efficiently recovered by BAL. To address this
issue, we performed an exploratory study to determine CMKLR1 expression in lung tissues from
patients with different causes of pulmonary fibrosis, including IPF, scleroderma, rheumatoid
arthritis, sarcoidosis, and occupational lung diseases (Appendix Figure 43). Our findings
demonstrated that CMKLRI1 is widely expressed in the lungs of patients across all these etiologies,
albeit at different levels, suggesting that CMKLR1 may serve as a biomarker in non-IPF
pulmonary fibrotic diseases as well. Finally, due to the lack of FDA approval for this novel tracer,
we were unable to perform PET studies in patients. However, the promising results of
[**Cu]NODAGA-CG34 in two independent preclinical models of lung diseases and the clinical
relevance of CMKLRI1 as a biomarker of MDM in patients with COVID-19 (22) and IPF will
provide a strong foundation for future application of an Investigational New Drug (IND) for the

first-in-human use of this tracer in fibrotic lung diseases.

In conclusion, assessment of monocyte-derived macrophage accumulation in the lungs with
CMKLRI-PET is a promising method for molecular endotyping of ongoing inflammation
associated with the development of pulmonary fibrosis. We highlight the translational relevance
of CMKLRI1 in clinical disease and demonstrate the clinical value of identifying patients
demonstrating an inflammatory phenotype. Given the pathogenic role of monocyte-derived
macrophages across organ systems (168, 218), we anticipate CMKLR1-PET may find uses in

additional pulmonary and non-pulmonary diseases.
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5.0 Future directions and potential relevance to human disease

We demonstrate that CMKLRI1 is a promising biomarker for non-invasive PET imaging of
monocyte-derived macrophages in preclinical models of acute lung injury and pulmonary fibrosis
(22). To highlight the translational potential of CMKLR1, we show that the pattern of CMKLR1
expression in clinical disease (e.g., COVID-19 and pulmonary fibrosis resulting from various
etiologies) closely resembles that of our preclinical models. While these studies have provided
contributions to our understanding of CMKLR 1 biology, we envision many future studies resulting

from our findings.

To our knowledge, there have been no prior clinical investigations of CMKLRI1-PET. We
believe our results collectively form the rationale for further preclinical development of CMKLR1
with the ultimate goal of filing an Investigational New Drug (IND) Application with the U.S. Food
& Drug Administration (FDA) to conduct first-in-human studies. Prior to filing an IND
application, there are many remaining preclinical validations focused on pharmacokinetics and
toxicology, as well as manufacturing information (e.g., good manufacturing process for
radiopharmaceuticals) (219). Should CMKLRI1-PET be advanced into clinical trials, the initial
studies may focus on imaging healthy volunteers with the eventual aim of enrolling patients with
acute lung injury or pulmonary fibrosis to prognosticate outcomes, enable molecular endotyping,

and monitor therapeutic response.

While we establish CMKLRI1 as a biomarker of lung inflammation in both preclinical models
and clinical disease, an outstanding question concerns whether CMKLR1 is mechanistically
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relevant to inflammatory processes. Our studies were not designed to provide mechanistical data,
and many of the conclusions in the original reports regarding the function of CMKLRI1 in the lungs
were overly simplistic (21, 37-39). To investigate CMKLR1 as a biomarker and function during
inflammation, future experiments may examine the function of CMKLRI1 through use of
CMKLR1-knockout mice or pharmacologic modulation of the CMKLRI-chemerin axis.
Additionally, we have noticed expression of CMKRL1, by single-cell RNA-sequencing, on non-
monocyte-derived macrophage lung populations, such as fibroblasts and endothelial cells, which
we believe warrant more investigation. Studies in the future might incorporate altered flow
cytometry panels for the detection of individual subpopulations of non-leukocytes and compare
the function of CMKLRI1 across cell lineages. For these in vitro and ex vivo studies, there remains
the need for a fully validated anti-CMKLR1 antibody, particularly for flow cytometry. Although
our studies have thus far primarily focused on pulmonary inflammation, we are aware of early
reports implicating CMKLR1 in the pathobiology non-lung diseases (220-222). We have started
branching out from exclusively studying CMKLR1 in the lungs, and our preliminary findings from
RNA-sequencing and preclinical studies suggest several exciting new directions for CMKLR1

biology.

Should CMKLR1 prove mechanistically relevant for pulmonary inflammation, there will
likely be desire to continue development of CMKLR 1-targeted therapeutics. There have been
several prior reports of potent CMKLR1 agonists and antagonists (32, 36, 223-226), however we
are unaware of any compounds reaching clinical trials. In the age of targeted immunotherapies,
our PET imaging methods may also assist in evaluating CMKLR1-selective therapeutics,

especially during the in vivo and clinical testing stages. During preclinical studies, CMKLR1-PET
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may allow for serial non-invasive monitoring of the CMKLRI1-chemerin axis to enhance
mechanistical insights gained from in vitro and ex vivo studies. In clinical trials, CMKLR1-PET
may enable molecular endotyping of patients to appropriately select and monitor patients’

treatment response.

Another area of interest is the development of newer generations of CMKLR 1-targeted PET
agents to alter specific pharmacologic properties. To our knowledge, a limited number of PET
tracers, including [®*Ga]DOTA-CG34 (31) and [**Cu]NODAGA-CG34 (22), have been previously
disclosed, differing only by the radiometal and chelator. Thus, the medical chemistry of CMKLR1-
PET remains relatively unexplored, and many opportunities exist for optimization of the current
radiotracers. For example, future tracers may address the high [**Cu]NODAGA-CG34 uptake by
the liver and other gastrointestinal organs, to improve tracer quantification in liver-adjacent
thoracic organs (e.g., inferior lung lobes and heart apex and inferior wall) and permit abdominal
CMKLRI1-PET. Also, there is a need to evaluate different targeting peptides for the radiotracer
backbone. While our current targeting peptide, CG34, has been promising, structural modification
incorporating elements from other known CMKLR1 agonists may improve imaging performance
(e.g., target-to-background ratio) and pharmacologic properties (e.g., binding affinity, elimination
half-life). Further, newer radiotracers may compare the use of different PET isotopes to that of Cu-
64 for CMKLRI1-PET, such as gallium-68 and fluorine-18. However, inherent to the process of

medicinal chemistry is a significant degree of trial and error.

In conclusion, our results should inspire additional investigations into the biology of CMKLR1

for which there are many unanswered questions. Hopefully, a better understanding of the biologic
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role of CMKLRI1 will enable future studies into its use for medical imaging, patient

prognostication, and therapeutic purposes with the ultimate goal of improving human health.
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Appendix A Supplemental information for “2-deoxy-2-['3F]fluoro-D-glucose positron

emission tomography to monitor lung inflammation and therapeutic response to

dexamethasone in a murine model of acute lung injury”
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Appendix Figure 24. Gating strategy used for separation of cell types by flow cytometry under different
treatment conditions.

The gating strategy used to identify the indicated cell populations is shown for mice treated with (A) PBS (top), (B)
LPS (middle), and (C) LPS+Dex (bottom). The same gating strategy was applied to the isolated cells under all
treatment conditions. Abbreviations: PBS = phosphate buffered saline, LPS = lipopolysaccharide, Dex =

dexamethasone.

Appendix A.2 Supplemental Tables

Supplemental Table 1. List of reagents used for flow cytometry.

Reagent Assay Company Catalog
Anti-CD11b-PE Flow cytometry BioLegend 101208
Anti-CD11c-PerCP Flow cytometry BioLegend 117326
Anti-CD24-AF700 Flow cytometry BioLegend 101836
Anti-CD45-BV421 Flow cytometry BioLegend 103134
Anti-CD64-APC Flow cytometry BioLegend 139306
Anti-Ly6C-APC-Cy7 Flow cytometry BioLegend 128026
Anti-Ly6G-BV395 Flow cytometry BD Biosciences 563978
Anti-MHC-II-BV605 Flow cytometry BioLegend 107639
Anti-SiglecF-BV510 Flow cytometry BD Biosciences 740158
DAPI Flow cytometry BD Biosciences 564907
Mouse Fc block Flow cytometry BD Pharmingen 553141
Precision count beads Flow cytometry BioLegend 424902
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Supplemental Table 2. Composition of 10x cytokine lysis buffer used in preparing lung

homogenates for ELISA.
Cytokine lysis buffer pH | Amount of reagents per 100 Concentration of 10x stock
7.4 mL
Triton-X 100 5.0mL 5%
NaCl 877 ¢g 1500 mM
Tris 1.82¢g 150 mM
CaCl, ImLof 1.0 M 10 mM
MgCl» 1 mL of 1.0M 10 mM
diH>O Add to a final volume of 100 ---

Supplemental Table 3. List of ELISA Kkits used to measure lung cytokine or chemokine

protein expression.

Protein Company Catalog #
IL-1B R&D Systems DY401
[FN-y R&D Systems DY485
IL-6 R&D Systems DY406
CXCLI1 R&D Systems DY453
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Supplemental Table 4. Hexokinase activity assay buffer.

Reagent Concentration
Distilled water -

Tris-base 50 mM

MgCl» 10 mM
Glucose 100 mM
Glycose-6-phosphate dehydrogenase 0.25 U/mL
NADP* 0.20 mM

ATP 0.60 mM
1-methoxy-5-methylphenazinium methyl sulfate 0.32 mM

Nitro blue tetrazolium chloride 0.70 mM

Note: The reagents were added in order (top to bottom), and the pH was adjusted
to 7.5 with NaOH (1.0 M) or HCI (1.0 M) after the addition of each chemical.

Supplemental Table 5. Lactate dehydrogenase activity assay buffer.

Reagent Concentration
PBS (1x) -

NaNj3 5.0 mM

NAD" 3.0 mM
Sodium lactate 125 mM
I-methoxy-5-methylphenazinium methyl sulfate 0.32 mM

Nitro blue tetrazolium chloride 0.70 mM

Note: The reagents were added in order (top to bottom), and the pH was adjusted
with NaOH (1.0 M) or HCI (1.0 M) after the addition of each chemical.
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Appendix B Supplemental information for “Molecular Imaging of Chemokine-Like

Receptor 1 (CMKLR1) in Experimental Acute Lung Injury”

Appendix B.1 Supplemental Methods

Appendix B.1.1 Tracer synthesis and characterization

NODAGA-CG34, Chemiss-157 and 6CF-Chemiss.157 were synthesized by the University of
Pittsburgh Peptide and Peptoid Synthesis Core Facility. NODAGA-CG34 (NODAGA-Ahx-Y-
Cha-Hyp-G-Cit-F-a-Tic-S-COOH) synthesis was performed on a Liberty CEM microwave
synthesizer using fluorenylmethyloxycarbonyl (Fmoc) chemistry at a 0.1 mmol scale. Stepwise
addition of each Fmoc-protected amino acid to p-alkoxybenzyl alcohol (Wang) resin was
accomplished wusing ethyl-(2Z)-2-cyano-2-hydroxyiminoacetate/N,N-Diisopropylcarbodiimide
(Oxyma/DIC) activation chemistry. Upon completion of peptide chain assembly, the N-terminal
amino group of the peptide resin was manually coupled with 6-(Fmoc-amino)hexanoic acid
(Fmoc-6-Ahx-OH) using N,N-diisopropylethylamine/N,N,N’,N'-tetramethyl-O-(benzotriazol-1-
yl)uronium tetrafluoroborate/1-hydroxybenzotriazole (DIPEA/TBTU/HOBY) for 2 hours at room
temperature. Manual deprotection of the final Fmoc group using 20% piperidine was followed by
on-resin attachment of NODAGA-NHS (5 eq.) in DIPEA / N,N-dimethylformamide (DMF) for 2
hours at room temperature. Cleavage of NODAGA-CG34 from the Wang resin was performed
using trifluoroacetic acid (TFA): triisopropylsilane:H>O (TFA:TIPS:H>O) (90:25:25) for 2 hours
at room temperature followed by precipitation in diethyl Ether (Et2O). The resulting crude peptide

was purified by preparative C-18 RP-HPLC on a Waters Delta Prep 4000 chromatography system
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and standard acetonitrile (ACN) / 0.1%TFA gradient conditions. Analytical C-18 RP-HPLC
characterization on a Waters Alliance chromatography system followed by high resolution mass
spectrometry (HRMS) using a Thermo Scientific Q-Exactive Oribtrap (Mass Spectrometry Lab,
University of Pittsburgh) confirmed the expected purity (>95%) and mass of the final product
(FTMS -p ESI, Expected C77H1080220N15 = 1594.77879, found 1594.78165), respectively. The
characterization for NODAGA-CG34 (NODAGA-Ahx-Y-Cha-Hyp-G-Cit-F-a-Tic-S-COOH) is
shown in Fig. S1 and Fig. S2. Two additional peptides, Chemiss.157 (P-H-S-F-Y-F-P-G-Q-F-A-F-
S-COOH) and 6CF-Chemiss.157 (6-carboxyfluorescein-P-H-S-F-Y-F-P-G-Q-F-A-F-S-COOH)
were also synthesized using related solid phase peptide chemistry and were similarly characterized

using HPLC and mass spectrometry.

Appendix B.1.2 Transient transfection

HeLa cells at 70-90% confluency were transiently transfected with mouse CMKLR1 and/or
Gais cDNA plasmids using Lipofectamine 3000 according to manufacturer’s instructions. Co-
transfections of mouse CMKLR1 and G5 were conducted at a ratio of 4:1. On day one post-
transfection, cells were seeded on poly-D-lysine coated black or clear 96-well plate for calcium
mobilization or radioligand bind assays, respectively, at a density of ~40,000 cells/well. The
transfected cells were grown in complete growth media until use in a calcium flux or radioligand

binding assay on day two post-transfection.

Appendix B.1.3 Calcium mobilization assay

The calcium flux assay was performed according to the manufacturer’s instructions with minor
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modifications. HeLa cells transiently transfected with mouse CMKLR1 and/or Gq15 were washed
with assay buffer (HBSS with Ca* and Mg™, supplemented with 20 mM HEPES and 2 mM
probenecid), and loaded with Fluo-4 AM dye dissolved in loading buffer (assay buffer
supplemented with 2.5 uM Fluo-4 and 0.2% Pluronic F-127) for 30 minutes at 37 °C in the dark.
Then, cells were washed twice and incubated with assay buffer. A baseline fluorescence
measurement was recorded by a Synergy H4 Hybrid Multi-Mode Microplate Reader (Biotek)
using the following parameters for 4 minutes: excitation: 490 nm, emission: 515 nm, bandwidths:
9 nm, and frequency: 10 seconds. Subsequently, cells were stimulated with different
concentrations of either NODAGA-CG34 or Chemias-157, and kinetic fluorescent measurements
were performed every 10 seconds for 4 minutes. The maximum response values (F) were
normalized to baseline values (Fo) for each well with the following equation: response = F/Fo.

Dose-response curves were generated using GraphPad Prism 9 Software.

Appendix B.1.4 Radioligand binding assay

HelLa cells transiently transfected with mouse CMKLR1 were washed with a binding buffer
(50 mM HEPES, 1.0 mM CaCly, 5.0 mM MgCl,, 0.5% BSA, pH: 7.5). Cells were then incubated
at room temperature in the binding buffer with [**Cu]NODAGA-CG34 (0 to 1,000 nM) in the
absence or presence of 2.5 uM Chemiss.157 to measure total and non-specific binding, respectively.
After 1 hour, cells were washed twice with ice-cold binding buffer and lysed with 0.2 M NaOH /
1% SDS. The radioactivity of cell lysates was quantified in a y-counter (Wizard2, PerkinElmer).
The total, non-specific, and specific saturation binding curves were generated (227) using

GraphPad Prism 9 Software.
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Appendix B.1.5 Measurement of octanol/water partition coefficient (logD)

Approximately 1.48 MBq of [**Cu]NODAGA-CG34 (in 5 pL) was added to a 1 mL mixture
of 1-octanol (500 uL) and PBS (500 puL). The mixture was vigorously vortexed for one minute
and then centrifuged at 1,000 rpm for 5 minutes. The sample was then placed at room temperature
for 30 minutes to allow the phases to completely separate. An equal aliquot (25-50 pL) was
carefully removed from each the organic and aqueous layers and counted with a y-counter
(Wizard?, PerkinElmer). The octanol/water partition coefficient (logD) was calculated as:

log([**Cu]NODAGA-CG34ocianol / [**Cu]NODAGA-CG34pss).

Appendix B.1.6 Plasma stability assay

Plasma stability assay was performed according to previous reports (228) with minor
modifications. [**Cu]NODAGA-CG34 (~22 — 26 MBq in 70 pL of radiolabeling buffer) was added
to 700 uL of C57BL/6 mouse plasma (Innovative Research). The mixture was incubated at 37 °C.
At specific time points, an aliquot of ~60 uL (0, 2, and 4 hours) or 100 uL (19 hours) was removed,
diluted with acetonitrile (> 1:1 plasma/radiotracer: acetonitrile), and centrifuged at 14,000 g for 5
minutes. Supernatant was carefully removed and diluted up to 200 uL with water and analyzed by

radio-HPLC using the method described above.

Appendix B.1.7 Plasma protein binding assay

Plasma protein binding assay was performed per previous reports (229) with minor

modifications. [**Cu]NODAGA-CG34 (1.0 uL undiluted from radiolabeling stock, ~0.185 MBq)
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was added to 50 uL of mouse plasma. The mixture was briefly vortexed and incubated at 37 °C.
At 15 or 90 minutes after incubation, 25 pL of the plasma/radioligand mixture was carefully added
to the resin of a prepared (protocol from manufacturer) G50 Microspin column. The samples were
centrifuged at 2,000 g for 2 minutes. The radioactivity in both the eluent and remaining on the
column were counted with a y-counter (Wizard2, PerkinElmer). Plasma protein binding was
calculated as follows: [**Cu]NODAGA-CG34ewent / ([**Cu]NODAGA-CG34eyent +

[**CulNODAGA-CG34column).

Appendix B.1.8 Radiolysis stability measurement

Undiluted samples of [**Cu]NODAGA-CG34 in radiolabeling buffer (~ 37 MBq/0.100 mL of
initial activity) were left overnight at room temperature. The following morning, an aliquot of

[**Cu]NODAGA-CG34 (~ 1.1 — 1.9 MBq) was analyzed by radio-HPLC to evaluate radiolysis.

Appendix B.1.9 [**Cu]NODAGA-CG34 autoradiography of lungs

Immediately following PET/CT imaging, mice were euthanized, and the lungs were inflated
with 1 mL of warmed (37 °C) optimal cutting temperature compound (OCT). Then, the lungs were
placed in a block of OCT, quickly frozen, and placed at -20 °C. The following morning
cryosections were cut (10 pm) and exposed to high-resolution phosphor screens (GE, BAS-IP
SR2025 Super Resolution) overnight at 4 °C. Phosphor screens were scanned at 100-pum resolution

using a Sapphire Biomolecular Imager.
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Appendix B.1.10 Binding/uptake of 6CF-Chemi4s-157 by peritoneal macrophages

Peritoneal cells were incubated in indicator-free RPMI in the presence of 6CF-Chemiss.157 (0
— 500 nM) with or without co-incubation with unlabeled Chemiss.157 (2.5 uM). Uptake of 6CF-
Chemiss.157 was allowed to proceed at 37 °C for 1 hour, vortexing samples every ~15 minutes.
After a single wash with PBS, flow cytometry was performed using a BD FACSCalibur (BD
Biosciences) and analyzed by FlowJo software version 10.7.2 (BD Biosciences). The total, non-

specific, and specific saturation binding curves were generated using GraphPad Prism 9 Software.

Appendix B.1.11 Competitive binding assay of 6CF-Chemi4s.157 and NODAGA-CG34 in

peritoneal macrophages

Peritoneal cells were incubated in indicator-free RPMI in the presence of 6CF-Chemis.157 (100
nM) with increasing concentrations of NODAGA-CG34 (1x107'° M to 1x107°> M). The competitive
binding of NODAGA-CG34 and 6CF-Chemjss.157 was allowed to proceed at 37 °C for 1 hour,
vortexing samples every ~15 minutes. After a single wash with PBS, flow cytometry was
performed using a BD FACSCalibur (BD Biosciences) and analyzed by FlowJo software version
10.7.2 (BD Biosciences). The competitive binding curves were generated using GraphPad Prism

9 Software.

Appendix B.1.12 Flow cytometry for peritoneal macrophages

Peritoneal cells were incubated in indicator-free RPMI in the absence or presence of 6CF-

Chemiss.157 (100 nM) with or without co-incubation with Chemiss.157 (10 uM). Uptake of 6CF-
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Chemiss.157 was allowed to proceed at 37 °C for 1 hour, vortexing samples every ~15 minutes.
After washing with PBS, blocking was performed by 1% BSA in PBS and Fc block (2.0 pL per
sample). Subsequently, a mixture of antibodies (0.5 puL per antibody per sample) was added for
0.5 hour at 4 °C. Finally, cells were washed and fixed with 4% formalin for 0.5 hour at room
temperature. Flow cytometry was performed the following day using a LSR II Flow Cytometry

(BD Biosciences) and analyzed by FlowJo software version 10.7.2 (BD Biosciences).

Appendix B.1.13 Single-nuclei RNA sequencing (snRNA-seq) of COVID-19 and control

lungs

A secondary analysis of a previously published snRNA-seq dataset from the autopsied lungs
of nineteen patients with lethal COVID-19 and lung tissue (biopsy or lung resection) from seven
pre-pandemic control patients without COVID-19 was performed to determine the expression of
CMKLRI 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
and analysis were conducted as previously reported (138). Major cell populations were identified
using UMAP analysis, as described in the original paper (138). The abundance and expression
level of CMKLRI among different cell subsets were determined and compared between COVID-

19 patients and controls.

Differential gene expression was performed using the Seurat (v4.1.0) (140) function
‘FindAllMarkers’ to identify markers in CMKLRI-positive and CMKLRI-negative cell
populations. MAST algorithm was used to identify differentially expressed genes between the two
groups, which were averaged across CMKLR I-positive and CMKLR I-negative cell populations
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for heat map representation with maximum and minimum display values clipped at 0.75 and -0.75,

respectively.

Appendix B.1.14 Statistical analysis

Statistical analysis was performed using Prism 9 (GraphPad). Data are presented as mean +
SEM. A student’s t-test was performed 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 CMKLRI and the average
CMKLRI 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.
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Appendix B.2 Supplemental Figures
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Appendix Figure 25. Synthesis and potency of NODAGA-CG34.

(A) Synthetic overview of NODAGA-CG34 which is composed of three moieties: CMKLR1-targeting peptide
(CG34), 6-aminohexanoic acid (Ahx) linker, and chelator (NODAGA). (B) Representative examples of Ca'?
mobilization assay elicited by different concentrations of NODAGA-CG34 demonstrate a transient increase in
intracellular calcium, detected by a Fluo-4 fluorescent signal, in HeLa cells transiently expressing mouse CMKLR1
(mCMKLR1) and Gqis (left) but not in cells transfected with Gqis alone (right). (C) Concentration-response curves
demonstrate the high potency of NODAGA-CG34 to CMKLRI1 which is similar to a natural chemerin-derived peptide
(Chemiss.157) (ECso of 45.7 £ 15.4 nM vs. 42.2 + 3.8 nM, respectively, P = 0.95, N = 3 independent experiments).

Data are expressed as the mean = SEM. Statistical significance was calculated using a two-tailed Student’s t-test.
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Appendix Figure 26. Confirmation of the identity and purity of NODAGA-CG34.
(A) Structure of NODAGA-CG34. (B) High resolution mass spectrometry confirms the expected mass and molecular
formula of NODAGA-CG34 (C77H10s022N15 = 1594.77879, found: 1594.78165). (C) The chemical purity (96%) of

NODAGA-CG34 is confirmed by analytical reverse-phase high performance liquid chromatography.
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Appendix Figure 27. Surface expression of CMKLRI1 in HeLa cells transfected with CMKLR1 and Gais vs.
Guis alone.

(A) HeLa cells transiently transfected with mouse CMKLR1 (mCMKLR1) and Ga15 demonstrate surface expression
of mCMKLRI as confirmed by flow cytometry using an anti-mCMKLRI1 antibody. (B) By contrast, HeLa cells
transiently transfected with Ggis alone do not show binding of the anti-mCMKLR1 antibody. N = 3 independent

experiments.
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Appendix Figure 28. Structure of Chem145-157 peptide.

The structure of Chemjss.157 is shown above.
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Appendix Figure 29. Stability of [*Cu]NODAGA-CG34.

(A) A radio-HPLC immediately following radiolabeling of NODAGA-CG34 with [**Cu]Cu*? shows ~100%
radiochemical purity. (B) A repeat radio-HPLC after [**Cu]NODAGA-CG34 was stored overnight under ambient
conditions shows no new peaks, demonstrating a high degree of stability with no observable radiolysis. N =2

independent experiments.
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Appendix Figure 30. [**Cu]NODAGA-CG34 PET/CT in LPS-induced lung injury.

Maximum intensity projection (MIP) PET/CT images from a control mouse (A) vs. a mouse at day 2 post-LPS
administration (B) demonstrate focal areas of increased tracer uptake in ALI. The specificity of tracer uptake is
confirmed by co-injection of 100-fold molar excess of non-radiolabeled NODAGA-CG34 which blocks the lung

uptake of [*Cu]NODAGA-CG34 in ALI (C). The notable increase in the specific uptake of [**Cu]NODAGA-CG34
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in the liver, intestines and spleen of ALI mice is compatible with the induction of a systemic inflammatory response

by intra-tracheal LPS.
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Appendix Figure 31. Correlation of [*Cu]NODAGA-CG34 uptake and the expression of inflammatory
markers.

(A) The mRNA expression of multiple inflammatory markers is markedly increased in the lungs two days after
induction of LPS-induced experimental lung injury. (B) PET-derived quantification of lung [*Cu]NODAGA-CG34
uptake significantly correlates with the expression of multiple inflammatory markers. mRNA transcript levels are
normalized to the geometric mean of Rnl8s, the housekeeping gene. PBS = phosphate buffered saline; LPS =
lipopolysaccharide. Linear regressions are shown along with 95% confidence intervals. P-values: * < 0.05; ** < 0.01;
*Ex < 0.001; **** < (0.0001. Statistical significance was calculated using a two-tailed Student’s t-test. Linear

correlations were determined by calculating the Pearson correlation coefficient.
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Appendix Figure 32. Flow cytometric gating strategy for identification of major leukocyte subsets in murine
lungs.
An 11-color flow cytometry panel was adapted for identification of major leukocyte subsets in murine lungs.

Representative examples are shown from lungs of PBS (A) vs. lipopolysaccharide (B) treated mice. aMe: alveolar
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macrophages; DC: dendritic cells; iMe: interstitial macrophages; M@: macrophages; MDMg: monocyte-derived

macrophages; NK: natural killer cells.
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Appendix Figure 33. Specificity of 6CF-Chemi4s.1s7 for mnCMKLRI1.
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(A) The structure of 6CF-Chemiss.is7 is shown. (B) The potency (ECso) of 6CF-Chemjss.is7 at mCMKLR1 on F4/80*
peritoneal macrophages is 246.3+48.3 nM (N = 3 independent experiments). (C) NODAGA-CG34 competes with
6CF-Chemiss.157 for binding and uptake at CMKLR1 (ICso = 163.3£21.0 nM; N = 3 independent experiments). (D)
CMKLRI1-expressing F4/80" peritoneal macrophages demonstrate specific uptake of 6CF-Chemss.i1s7. In contrast,
there is no binding of 6CF-Chemiss.is7 in the remaining non-macrophage peritoneal cells (F4/807). Together, these
data confirm the specificity and restricted binding of 6CF-Chem4s.157 to CMKLR1-expressing cells. Blocking studies

were conducted by co-incubation of cells with 6CF-Chemiss.157 and 100-fold excess Chemias.isy.
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Appendix Figure 34. Kinetics of lung leukocyte populations during LPS-induced ALI as determined by flow
cytometry.

The absolute cell count for the indicated cell populations at specific time points in lipopolysaccharide (LPS) treated
or untreated control mice. Ctl = untreated mice; LPS = lipopolysaccharide; Ly6C" mono = Ly6C" monocytes; Ly6C'
mono = Ly6C'® monocytes; aM@ = alveolar macrophages; iM@ = interstitial macrophages; MDM¢g = monocyte derived
macrophages. n=3 male and n=2 female mice in each group, except for day 2 with n=2 male and n=3 female mice.
aMe: alveolar macrophages; iM¢: interstitial macrophages; MDMe: monocyte-derived macrophages; NK cells:
natural killer cells; Neuts: neutrophils. Data are expressed as the mean = SEM. 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 comparing the control group with each treatment group.
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Appendix Figure 35. Increased expression of CMKLRI in the respiratory tract of COVID-19 patients is mostly
restricted to macrophages.

UMAP display of major cell types (left columns) identified from single-cell RNA sequencing of bronchoalveolar
(BAL) fluid (top panel), nasopharynx (middle panel) or airway (lower panel) specimens from patients with COVID-
19 or SARS-CoV-2-negative healthy controls. The expression of CMKLRI in specimens obtained from all three sites
is predominantly restricted to macrophages. Moreover, BAL fluid analysis demonstrates a distinct increase in the
expression of CMKLR in macrophages of COVID-19 patients compared to those of controls. The number of patients
per panel is as follows: top panel (BAL fluid): N = 9 patients with COVID-19 and 4 healthy controls; middle panel

(nasopharynx): N = 19 patients with COVID-19 and 5 healthy controls; and bottom panel (airways): N = 2 patients
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with COVID-19. The raw and processed data is available in the Gene Omnibus (GSE145926) and European Genome-
Phenome Archive (EGAS00001004481) (141, 142). Data was accessed and analyzed using the UCSC Cell Browser

software (144). A link is provided in Table S7 (https://cells-test.gi.ucsc.edu/?ds=ams-supercluster&gene=CMKILR1).

Abbreviations: Ciliated: ciliated epithelial cells; FOXN4: FOXN4" epithelial cells; Secretory: secretory epithelial
cells; Squamous: squamous epithelial cells; rMa: resident macrophages; moDC: monocyte-derived dendritic cells;
nrMa: non-resident macrophages; Treg: regulatory T-cells; CTL: cytotoxic T-cells; NKT: natural killer T-cells; NKT-
p: proliferating natural killer T-cells; NK: natural killer cells; Neu: neutrophils; pDC: plasmacytoid dendritic cells;

MC: mast cell; mDC: myeloid dendritic cells.
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Appendix Figure 36. Restricted expression of CMKLRI by macrophages in bronchoalveolar fluid specimens
from patients with cystic fibrosis.

UMAP display of major cell types identified from single-cell RNA sequencing of bronchoalveolar lavage (top panel)
and their distribution by disease status (middle panel) in three patients with mild cystic fibrosis and four healthy
control participants. CMKLRI expression (bottom panel) was predominantly restricted to FOLR2" and SPP1*
interstitial macrophages in patients with cystic fibrosis with less abundant expression in monocytes and macrophages.

The raw and processed data is available in the Gene Omnibus (GSE193782) (143). Data was accessed and analyzed
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using the UCSC Cell Browser website (144). A link is provided in Table S7 (https://cells-test.gi.ucsc.edu/?ds=ams-

supercluster&gene=CMKLR1).

Abbreviations: AMs: alveolar macrophages; Cyc Lymph: lymphoid cycling cells; FOLR2 IM: FOLR2" interstitial
macrophages; SPP1 IM: SPP1" interstitial macrophages; Mig DC: migratory dendritic cells; pDC: plasmacytoid

dendritic cells; Lym: lymphocytes.
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Appendix Figure 37. CMKLRI1 is predominantly expressed on macrophages in various non-pulmonary tissues.
UMAP display of major cell types identified from single-cell RNA sequencing of the indicated tissue (left panel) and
their CMKLR1 expression (right panel) in donor tissue. CMKLR! expression was largely restricted to macrophages.
The raw and processed data is available in the Gene Omnibus (GSE201333). Data was accessed and analyzed using

the UCSC Cell Browser website (144). Links to the data are provided in Table S7.
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Abbreviations: AMs: alveolar macrophages; Cyc Lymph: lymphoid cycling cells; FOLR2 IM: FOLR2" interstitial
macrophages; SPP1 IM: SPP1" interstitial macrophages; Mig DC: migratory dendritic cells; pDC: plasmacytoid

dendritic cells; Lym: lymphocytes.
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Appendix B.3 Supplemental tables

Supplemental Table 6. List of general reagents.

Reagent Company Catalog #
Black 96-well plate Thermo Fisher 165305
C57BL/6 plasma Innovative Research | IGMSCS57PLAK2E10ML
Cell strainer (70 um) VWR 10199-656
Clear 96-well plate Fisher FB012931
Dexamethasone Fresenius Kabi USA | 500601
DMEM Thermo Fisher 10566016
DNase [ Sigma D4527-10KU
Fetal bovine serum Gibco 10082147
Fluo-4 AM Thermo Fisher F14201
G50 Microspin column GE 27-5330-01
HBSS with Ca™ and Mg" Gibco 14025-076
Lipofectamine 3000 Thermo Fisher L3000008
Lipopolysaccharide Millipore Sigma 437627
Low retention tubes (radiolabeling) | Eppendorf 022431081
Qiagen Plasmid Maxi Kit Qiagen 12162

PBS Lonza 17-512F
Penicillin/streptomycin Gibco 15070-063
Pluronic F-127 Millipore Sigma P2443
Poly-D-lysine Thermo Fisher A3890401
Protease Inhibitor Thermo Fisher A32963
RBC Lysis Buffer (10X) Biolegend 420301
%ltantiTeCt Reverse Transcription Qiagen 205313
Rodent Intubation Stand Braintree Scientific | RIS 100
Tagman Master Mix Thermo Fisher 4369510
Trizol Thermo Fisher 15596026
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Supplemental Table 7. Plasmids for transient transfections.

Plasmid Company Catalog
Gais cDNA Resource Center | GNA1500000
mCMKLR1 Origene MC208581

Supplemental Table 8. Radio-HPLC methods (Agilent 1260 Infinity HPLC, C18 Luna

Analytical Column).

Time Solvent 1 (%) Solvent 2 (%) Flow rate
(min) (H20 with 0.1% v/v (Acetonitrile with 0.1% v/v il Lt
trifluoroacetic acid) trifluoroacetic acid)
0 100 0 2.0
5 95 5 2.0
15 5 95 2.0
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Supplemental Table 9. List of reagents used for flow cytometry.

Reagent Assay Company Catalog #
Anti-CCR2-Fluorescein Flow cytometry R&D FABS5538F-100
Biosystems
Anti-CD11b-PE Flow cytometry | BioLegend 101208
Anti-CD11c-PerCP Flow cytometry | BioLegend 117326
Anti-CD24-AF700 Flow cytometry | BioLegend 101836
Anti-CD45-BV421 Flow cytometry | BioLegend 103134
Anti-CD64-APC Flow cytometry | BioLegend 139306
Anti-CMKLR1-AF488 Flow cytometry I];f;]s)ys toms FAB7610G
Anti-Ly6C-APC-Cy7 Flow cytometry | BioLegend 128026
Anti-Ly6G-BV395 Flow cytometry | BD Biosciences 563978
Anti-MHC-II-BV605 Flow cytometry | BioLegend 107639
Anti-SiglecF-BV510 Flow cytometry | BD Biosciences 740158
DAPI Flow cytometry | BD Biosciences 564907
IgGog isotype control-AF488 Flow cytometry R&D ICO013G
Biosystems
%iizscemmtype control- | b v cytometry gfggs s ICO13F
Mouse Fc block Flow cytometry | BD Pharmingen 553141
Precision count beads Flow cytometry | BioLegend 424902
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Supplemental Table 10. List of reagents used for immunofluorescent histology.

Antibody Assay Company Catalog #

Anti-rabbit IgG (H+L) - Cy5 | Immunofluorescence Jackson 711-175-152
ImmunoResearch

Anti-rat IgG (H+L) - Cy3 Immunofluorescence Jackson 712-165-150
ImmunoResearch

ProLong Gold Antifade .

Mountant with DAPI Immunofluorescence | Thermo Fisher P36931

Rabbit anti-mouse Immunofluorescence | LSBio B12924

CMKLR1 unofluoresce

Rat anti-mouse CD45 Immunofluorescence | BioLegend 103101

Rat anti-mouse F4/80 Immunofluorescence | Thermo Fisher 14-4801-81

Rat anti-mouse Ly6G Immunofluorescence | BioLegend 127601
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Supplemental Table 11. List of mouse primers used for quantitative RT-PCR.

Assay Name | Gene Assay ID

Argl Arginase 1 Mm00475988 ml
Ccl2 C-C motif chemokine ligand 2 Mm00441242 m1
Ciita g;?lsssa CﬁVIEIItor major  histocompatibility = complex Mm00482914 m]
Cx3cll C-X3-C motif chemokine ligand 1 Mm00436454 ml
Cxcll0 C-X-C motif chemokine ligand 10 Mm00445235 ml
Cxclll C-X-C motif chemokine ligand 11 Mm00444662 ml
Cxcl2 C-X-C motif chemokine ligand 2 Mm00436450 ml
Cxcl9 C-X-C motif chemokine ligand 9 Mm00434946 ml
Ifng Interferon-y MmO01168134 ml
1110 Interleukin 10 Mm01288386 ml
1l12a Interleukin 12A Mm00434169 ml
1112b Interleukin 12B MmO00434174 ml
111b Interleukin 1B Mm00434228 ml
116 Interleukin 6 Mm00446190 ml
Nos2 Nitric oxide synthase 2 Mm00440502 ml
Rnl8s 18S ribosomal RNA Mm03928990 ml
Tnf Tumor necrosis factor Mm00443258 ml
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Supplemental Table 12. Single-cell RNA-seq datasets for CMKLR1 expression.

Sample Disease Direct link for dataset Figure | Ref
Bronchoalveolar https://cells-test.gi.ucsc.edu/?ds=covid19- Fig.
lavage COVID-19 1 4 18 gene=CMKLR1 si1 | (141)
https://cells-test.gi.ucsc.edu/?ds=covid- Fig.
Nasopharynx COVID-19 airways+nasopharynx&gene=CMKLR1 S11 (142)
. https://cells-test.gi.ucsc.edu/?ds=covid- Fig.
Alrways COVID-19 1 i rways tall&gene=CMKLR | sii | 142
Bronchoalveolar Cystic https://cells-test.gi.ucsc.edu/?ds=ams- Fig. (143)
lavage fibrosis supercluster&gene=CMKLR1 S12
) https://cells.ucsc.edu/?ds=tabula- Fig.
Spleen Various sapiens+by-organ+spleen S13 (143)
https://cells.ucsc.edu/?ds=tabula- Fi
Thymus Various sapiens+tby- S 1g3. (145)
organ+thymus&gene=CMKLR 1
. . https://cells.ucsc.edu/?ds=tabula- Fig.
Liver Various sapiens+tby-organtliver&gene=CMKLR1 S13 (145)
. https://cells.ucsc.edu/?ds=tabula- Fig.
Fat Various sapiens+by-organ+fat&gene=CMKLR1 S13 (145)
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Appendix C Supplemental information Chemokine-like receptor 1 targeted positron
emission tomography for “Non-invasive assessment of monocyte-derived macrophages in a

preclinical model of pulmonary fibrosis”

Appendix C.1 Supplemental Figures
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Appendix Figure 38. Gating strategy for flow cytometric analysis of pulmonary immune cell populations.

The gating strategies used to identify the specific leukocyte populations in control (A) or bleomycin treated mice at 1
(B), 2 (C), and 4 (D) weeks following intratracheal administration. aM¢: alveolar macrophages; CD11b” DC: CD11b
dendritic cells; CD11b" DC: CD11b" dendritic cells; iMe: interstitial macrophages; Ly6C" mono: LyC6" monocytes;
Ly6C"* mono: Ly6"° monocytes; MDM¢: monocyte-derived macrophages; NK cells: natural killer cells; Neuts:

neutrophils.
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Appendix Figure 39. Characterization of 6CF-CG34 and 6TAM-CG34.

The purity and molecular mass for CG34 fluorescent analogs (A) 6CF-CG34 and (B) 6TAM-CG34 were confirmed
by high-performance liquid chromatography (HPLC) and high-resolution mass spectrometry, respectively. The
compounds were synthesized by the University of Pittsburgh Peptide and Peptoid Synthesis Core using the chemistry

described in our previous publication (22).
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Appendix Figure 40. Pharmacologic potency and selectively of 6CF-CG34 and 6TAM-CG34 for CMKLRI.

(A-D) Both fluorescent ligands showed comparable binding and uptake to in both mouse CMKLRI1* peritoneal
macrophages (22) and CHO cells transiently expressing mCMKLRI1. (E) NODAGA-CG34 displaces 6CF-CG34 and
6TAM-CG34 in a competitive uptake assay with CMKLR1" peritoneal macrophages. (F, G) No significant binding
and uptake was observed for fluorescent CG34 analogs to CMKLRI1 related receptors GPR1 or CCRL2. (H) 6CF-
CG34 demonstrates potency at hCMKLRI1 to that of mMCMKLR1. (I) 6TAM-CG34 (250 nM) is internalized by CHO
cells transiently expressing mCMKLR1. The specificity of 6TAM-CG34 internalization by mCMKLRI1 is confirmed
by co-incubation with non-fluorescent CG34 (10 uM). No 6TAM-CG34 is observed in non-transfected CHO cells.

The cell membrane was stained with wheat germ agglutinin conjugated to Alexa Fluor 647 (WGA-AF647).
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Appendix Figure 41. Flow cytometric quantification of cell count and uptake of 6CF-CG34 by pulmonary
leukocyte subset.

Following treatment with either bleomycin or PBS (e.g. control), the (A) absolute cell count and (B) per cell uptake
of 6CF-CG34 for individual cell populations from the lungs was determined with flow cytometry. aMe: alveolar
macrophages; Eosins: eosinophils; iMe: interstitial macrophages; Ly6C" mono: LyC6" monocytes; Ly6C'® mono:
Ly6" monocytes; MDMg: monocyte-derived macrophages; NK cells: natural killer cells; Neuts: neutrophils.
Statistical significance between groups was calculated using a one-way ANOVA with a post-hoc two-tailed Fisher’s

exact test.
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Appendix Figure 42.

pulmonary.

Analysis of RNA-sequencing data from bronchoalveolar lavage fluid demonstrates inter-site variability (A) that was

reduced following harmonization (B). These data are a reanalysis of a previously published dataset (GEO accession:

GSE70867) (196).

PC1 (15.2% variation explained)
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Appendix Figure 43. CMKLRI1 expression and its colocalization with CD45 in the lungs of patients with
pulmonary fibrosis.

Immunofluorescence imaging to visualize CMKLR1 and CD45 expression in the lungs of deceased donors who had
previously been diagnosed with or without (e.g., controls) pulmonary fibrosis. CMKLR1 expression is heterogenous
among patients with lung fibrosis and generally colocalizes with CD45 expression. Scale bars: 5x = 800 um; 20x =
200 um. Abbreviations: IPF = idiopathic pulmonary fibrosis; OLD = occupational lung disease; RA-ILD =

rheumatoid arthritis-associated interstitial lung disease.
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Appendix C.2 Supplemental Tables

Supplemental Table 13. List of general reagents.

Reagent Company Catalog #
Bleomycin Sigma B8416-15UN
C57BL/6 plasma Innovative IGMSC57PLAK2E10ML
Cell strainer (70 um) VWR 10199-656
Clear 96-well plate Fisher FB012931
DNase | Sigma D4527-10KU
Fetal bovine serum Gibco 10082147
Geneticin Fisher 10-131-035
Ham’s F-12K Medium Thermo Fisher 21127022
Hydroxyproline assay kit Sigma MAKO08-1KT
Hygromycin B Thermo Fisher 10687010
Lipofectamine 3000 Thermo Fisher L3000008
Low retention tubes (radiolabeling) | Eppendorf 022431081
PBS Lonza 17-512F
Penicillin/streptomycin Gibco 15070-063
Poly-D-lysine Thermo Fisher A3890401
Qiagen Plasmid Maxi Kit Qiagen 12162

RBC Lysis Buffer (10X) Biolegend 420301
Rodent Intubation Stand Braintree RIS 100
RPMI-1640 Gibco 11879-020
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Supplemental Table 14. Plasmids for transient transfections.

Plasmid Company Catalog

Gals Sino Biological HG12687-CF
hCMKLR1 cDNA Resource Center | CMKL100000
mCCRL2 Origene MG205519
mCMKLR1 Origene MC208581
mGPR1 Origene MG205364

Supplemental Table 15. List of reagents used for flow cytometry.

Reagent Assay Company Catalog #
Anti-CD11b-PE Flow cytometry | BioLegend 101208
Anti-CD11c-PerCP Flow cytometry | BioLegend 117326
Anti-CD24-AF700 Flow cytometry | BioLegend 101836
Anti-CD45-BV421 Flow cytometry | BioLegend 103134
Anti-CD64-APC Flow cytometry | BioLegend 139306
Anti-CMKLR1-AF488 Flow cytometry | R&D Biosystems FAB7610G
Anti-Ly6C-APC-Cy7 Flow cytometry | BioLegend 128026
Anti-Ly6G-BV395 Flow cytometry | BD Biosciences 563978
Anti-MHC-II-BV605 Flow cytometry | BioLegend 107639
Anti-SiglecF-BV510 Flow cytometry | BD Biosciences 740158
DAPI Flow cytometry | BD Biosciences 564907
IgGog isotype control-AF488 Flow cytometry | R&D Biosystems IC013G
Mouse Fc block Flow cytometry | BD Pharmingen 553141
Precision count beads Flow cytometry | BioLegend 424902
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Supplemental Table 16. List of reagents for immunofluorescent histology.

Antibody Assay Company Catalog #
Anti-rabbit IgG Immunofluorescence | Jackson ImmunoResearch | 711-175-152
(H+L) - Cy5

Anti-rat [gG (H+L) - |Immunofluorescence | Jackson ImmunoResearch | 712-165-150
Cy3

ProLong Gold Immunofluorescence Thermo Fisher P36931
Antifade Mountant

Rabbit anti-mouse Immunofluorescence LSBio B12924
CMKLRI1

Rat anti-mouse F4/30 Immunofluorescence Thermo Fisher 14-4801-81
Wheat germ Immunofluorescence | Fisher W32466
agglutinin

Rabbit anti-human Immunofluorescence | Abcam ab306554
CMKLRI1

Mouse anti-mouse Immunofluorescence Thermo Fisher Mal-19111

CD45
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