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Abstract

Rationale: Paradigm shifting studies have revealed that the heart contains functionally diverse
populations of macrophages derived from distinct embryonic and adult hematopoietic progenitors.
Under steady state conditions, the heart is largely populated by CCR2- macrophages of embryonic
descent. Following tissue injury, a dramatic shift in macrophage composition occurs whereby
CCR2+ monocytes are recruited to the heart and differentiate into inflammatory CCR2+
macrophages that contribute to heart failure progression. Currently, there are no techniques to

Address correspondence to: Dr. Kory J. Lavine, Division of Cardiology, Department of Medicine, 660 South Euclid, Campus Box
8086, St. Louis, MO 63110, Tel: 314 362-1171, klavine@wustl.edu, Dr. Yongjian Liu, Department of Radiology, 510 S.
Kingshighway Blvd, Campus Box 8225, St. Louis, MO 63110, Tel: 314 362-8431, yongjianliu@wustl.edu.
AUTHOR CONTRIBUTIONS
K.J. Lavine and Y. Liu designed and supervised the project. G.S. Heo, B. Kopecky, M. Ou, G. Feng, G. Bajpai, D. Sultan, X. Zhang,
H. Luehmann, L. Detering, and Y. Su performed the experiments and analyzed the data. F. Leuschner provided human ischemic
cardiomyopathy specimens. Y. Liu and K.J. Lavine wrote and edited the manuscript. D. Kreisel, R.J. Gropler, C. Combadiere, S.L.
grody, K.J. Lavine and Y. Liu edited the manuscript.

Co-senior authors

In December 2018, the average time from submission to first decision for all original research papers submitted to Circulation
Research was 14.99 days.

DISCLOSURES

Yongjian Liu, Daniel Kreisel, Christophe Combadiere, Robert Gropler, Steven Brody, and Kory Lavine have a pending patent entitled
“Compositions and methods for detecting CCR2 receptors” (application number 15/611,577).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heo et al. Page 2

noninvasively detect CCR2+ monocyte recruitment into the heart and thus identify patients who
may be candidates for immunomodulatory therapy.

Obijective: To develop a noninvasive molecular imaging strategy with high sensitivity and
specificity to visualize inflammatory monocyte and macrophage accumulation in the heart.

Methods and Results: We synthesized and tested the performance of a positron emission
tomography (PET) radiotracer (°3Ga-DOTA-ECL1i) that allosterically binds to CCR2. In naive
mice, the radiotracer was quickly cleared from the blood and displayed minimal retention in major
organs. In contrast, biodistribution and PET demonstrated strong myocardial tracer uptake in 2
models of cardiac injury (diphtheria toxin induced cardiomyocyte ablation and reperfused
myocardial infarction). 88Ga-DOTA-ECL1i signal localized to sites of tissue injury and was
independent of blood pool activity as assessed by quantitative PET and ex vivo autoradiography.
68Ga-DOTA-ECL1i uptake was associated with CCR2+ monocyte and CCR2+ macrophage
infiltration into the heart and was abrogated in CCR2™/~ mice, demonstrating target specificity.
Autoradiography demonstrated that 58Ga-DOTA-ECL 1i specifically binds human heart failure
specimens and with signal intensity associated with CCR2+ macrophage abundance.

Conclusions: These findings demonstrate the sensitivity and specificity of 88Ga-DOTA-ECL1i
in the mouse heart and highlight the translational potential of this agent to noninvasively visualize
CCR2+ monocyte recruitment and inflammatory macrophage accumulation in patients.

Subject Terms:
Inflammation; Ischemia; Translational Studies

Keywords
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INTRODUCTION

It is increasingly recognized that the innate immune system is robustly activated at the local
and systemic level following ischemic myocardial injury.l From a prognostic standpoint, the
intensity and duration of inflammation following a myocardial infarction (MI) is strongly
associated with clinical outcomes. For example, despite similar infarct sizes, patients who
display greater extents of inflammation experience accelerated post-infarct remodeling, left
ventricle (LV) systolic dysfunction, and higher mortality rates.2~* Previous studies utilizing
human pathological specimens and animal models of MI and ischemia reperfusion injury
have demonstrated that monocytes, macrophages, and neutrophils accumulate within the
injured myocardium and constitute the initial inflammatory responses to cardiac injury.>:

While it is well established that neutrophils produce significant inflammatory and oxidative
responses and contribute to the development of heart failure, considerable debate exists
regarding the exact role of monocytes and macrophages within the injured heart. In fact,
there are numerous examples of contradictory reports claiming that monocytes and
macrophages are both harmful following injury and are essential mediators of tissue repair.’
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Macrophages within the infarcted heart not only drive vigorous inflammatory responses and
LV remodeling, but also are required for the resolution of inflammation and reparative
activities including angiogenesis.8 One proposed explanation for these findings is that
distinct macrophage populations may mediate inflammatory and reparative macrophage
behaviors.9 However, the exact identities, origins, and functions of these proposed
macrophage subsets have remained elusive.

Recently, we have uncovered a previously unrecognized complexity within the innate
immune system that begins to reconcile conflicting observations that inflammation is
paradoxically both harmful following cardiac injury and essential for myocardial repair.
Using a combination of genetic lineage tracing, flow cytometry, and immunostaining, we
have demonstrated that the mouse and human hearts contain a complex and heterogeneous
array of resident and recruited macrophage subsets derived from embryonic and adult
hematopoietic progenitors with differing recruitment dynamics and functions.1? Under
steady state conditions, the heart contains at least 2 functionally distinct macrophage
subsets: CCR2- and CCR2+ macrophages. Resident CCR2- macrophages are derived from
embryonic progenitors (yolk sac and fetal liver) and are maintained locally independent of
blood monocyte input.10 In contrast, CCR2+ macrophages are derived from adult bone
marrow progenitors and are continually replenished by blood monocytes. Resident CCR2-
macrophages are critical regulators of coronary development, vascular expansion, and tissue
repair.11: 12

Following myocardial infarction, a dramatic shift in macrophage composition and ontogeny
is observed. Ly6Cidh CCR2+ monocytes infiltrate the heart, replace resident cardiac
macrophage subsets, and differentiate into CCR2+ macrophages to stimulate pro-
inflammatory responses, collateral tissue damage, and ultimately contribute to heart failure
pathogenesis.1! These findings implicate infiltrating CCR2+ monocytes and macrophages as
important mediators of heart failure pathogenesis and suggest that therapies which target
these cells may improve outcomes for patients who suffer a myocardial infarction.

Current techniques to detect CCR2+ monocyte and macrophage accumulation within the
heart are limited to pathological analyses of myocardial tissue, which is clinically
impractical. To date, no noninvasive approaches exist to image CCR2+ monocytes and
macrophages in intact animals in real time. We have recently described the use of a peptide-
based radiotracer that binds to the extracellular domain of CCR2 (ECL1i) for noninvasive
imaging of inflammation using positron emission tomography (PET).13-17 The 84Cu-DOTA-
ECL1i tracer specifically detects CCR2+ monocyte and macrophage accumulation within
the lung following ischemia reperfusion injury and lipopolysaccharide administration. While
this imaging tool proved to be effective in animal models, the production of 84Cu needs
cyclotron facility and the relatively long half-life of 64Cu (t;,= 12.7 h) precludes serial
imaging in an acute setting and increases the concerns of radiation exposure.

To mitigate this issue, we developed a gallium-68 radiolabeled CCR2 PET tracer (88Ga-
DOTA-ECL1i) with a relatively short half-life (t;,= 68 min) that can be produced using a
commercially available 88Ge/88Ga generator. The $8Ga-DOTA-ECL 1i tracer represents an
ideal tool for serial imaging of CCR2+ monocyte recruitment and inflammatory macrophage
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accumulation with reduced radiation exposure. We show that implementation of the 68Ga-
DOTA-ECL1i radiotracer in vivo detected regions of myocardial injury in mouse models in
a CCR2+ monocyte and macrophage specific fashion, and the same cell populations in ex
vivo diseased human cardiac tissue using autoradiography. Together, these findings establish
sensitivity and specificity of ®8Ga-DOTA-ECL1i in the mouse and human hearts and support
the use of this imaging agent to noninvasively and dynamically visualize inflammatory
monocyte and macrophage recruitment.

The authors declare that all supporting data are available within the article and its online
supplementary files. Raw data are available from the corresponding author upon reasonable
request.

Detailed descriptions of mouse strains, 88Ga-DOTA-ECL1i synthesis, biodistribution,
autoradiography, PET/CT, reperfused myocardial infarction, DT cardiomyocyte ablation,
echocardiography, flow cytometry, immunostaining, RT-PCR, and statistical analysis are
provided in the online supplement.

68Ga-DOTA-ECL1i displays rapid in vivo pharmacokinetics and is retained in the heart
following sterile tissue injury.

68Ga-DOTA-ECL1i was synthesized following the radiosynthetic route outlined in Figure
1A. High yield and specific activity (6.05 MBg/nmol) were obtained enabling administration
of small quantities (0.92 nmol/mouse) for in vivo imaging. Radiochemical purity (=95%) of
the tracer was demonstrated by radio-HPLC prior to in vitro and in vivo applications.
Stability studies demonstrated that the tracer remained intact in mouse serum for up to 4
hours (Figure 1B). To decipher whether $8Ga-DOTA-ECL1i could selectively detect CCR2+
monocytes and macrophages recruited to the injured heart, we first utilized a cardiomyocyte
ablation model. Transgenic mice were generated that expressed the Diphtheria toxin receptor
(DTR) under the control of the rat Troponin T2 (Tnnt2) promotor. We used a modified
version of the DTR (human HB-EGF 1117V/L148V) that lacks capacity to signal via
epidermal growth factor receptor but retains sensitivity to Diphtheria toxin (DT).18 Tnnt2-
DTR mice specifically express DTR in cardiomyocytes and display evidence of
cardiomyocyte cell death following administration of DT (25 ng IP) (Online Figure I).

Similar to previous studies employing DT-mediated cardiomyocyte ablation systems,
injection of DT (25 ng IP) resulted in marked accumulation of CCR2+ monocytes and
macrophages in the heart, compared to littermate controls (Figure 1C).11 In vivo
biodistribution analysis performed 4 days following DT administration revealed rapid renal
clearance and low organ retention of 8Ga-DOTA-ECL 1i at 1 hour post tail vein injection in
DT treated wildtype (WT+DT) mice. Increased tracer retention was observed in most major
organs including blood, liver, spleen, heart and marrow beginning at day 3 following DT
injection. By day 4 there was a nearly a 10-fold increase of myocardial radioactivity
between the WT+DT and Tnnt2-DTR+DT groups (p<0.001, n=6-8/group). Increased %8Ga-
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DOTA-ECL1i retention was also observed outside of the myocardium including in the
blood, lung, liver, spleen, muscle, bone marrow, and stomach, possibly as a result of
extramedullary myelopoiesis, venous congestion, and/or systemic hypoperfusion (Figure
1D).19-22 Immunostaining revealed increased abundance of CCR2+ cells in the spleen and
lung (Online Figure. 11). As the liver did not contain elevated numbers of CCR2+ cells,
observed increases in liver 88Ga-DOTA-ECL1i retention in Tnnt2-DTR mice may be a result
of expanded blood pool as a result of severe biventricular heart failure and venous
congestion. Importantly, Tnnt2-DTR/CCR2 KO mice treated with DT did not demonstrate
significant increases in 88Ga-DOTA-ECL1i retention compared to WT+DT mice
establishing tracer specificity. We further compared heart/blood and heart/muscle uptake
ratios to address the potential contribution of non-specific blood pool radiotracer retention.
Tnnt2-DTR+DT mice displayed significantly increased heart/blood and heart/muscle uptake
ratios compared to WT+DT and Tnnt2-DTR/CCR2 KO+DT mice, indicating selective
accumulation of 88Ga-DOTA-ECL1i in the heart over the blood pool (Figure 1E).

68Ga-DOTA-ECL i is suitable for PET and readily detects cardiac inflammation in a DT
cardiomyocyte injury model.

We next examined the suitability of 58Ga-DOTA-ECL1i for in vivo PET of CCR2+
monocyte and macrophage accumulation in the heart using our DT cardiomyocyte injury
mouse model. PET images (40-60 minutes summed images) revealed intense and
heterogeneous PET signal in the hearts of Thnt2-DTR+DT mice (Figure 2A). In
comparison, minimal PET signal was observed in the hearts of WT, WT+DT, or Thnt2-DTR
mice. Quantitative analysis demonstrated approximately 7 times higher PET signal in the
hearts of Tnnt2-DTR mice compared to the other groups (Figure 2B), consistent with the
biodistribution analysis. We then compared heart/aorta uptake ratios between experimental
groups to normalize the effect of tracer blood pool retention. Tnnt2-DTR+DT mice showed
significantly higher tracer uptake ratios compared to controls (p<0.05, n=4), indicating that
while blood pool signal was evident, 58Ga-DOTA-ECL1i effectively labeled cells within the
injured heart (Figure 2C). To verify the presence of $8Ga-DOTA-ECL 1i signal within the
myocardium, hearts were collected immediately after PET and slices prepared for ex vivo
autoradiography. In agreement with PET, the summed radioactive counts in Tnnt2-DTR+DT
hearts were significantly elevated compared to control hearts (Figure 2D, E). Measurement
of 1118, Ccl2, and 116 mRNA expression further revealed that ®8Ga-DOTA-ECL 1i signal
closely correlated with inflammatory chemokine and cytokine expression in Tnnt2-DTR
+DT hearts (Figure 2F). Taken together, these data demonstrate the suitability of 68Ga-
DOTA-ECL1i for PET and establish the ability of ¥8Ga-DOTA-ECL 1i to identify
myocardial CCR2+ monocyte and macrophage accumulation in our DT cardiomyocyte
injury model.

Serial noninvasive 8Ga-DOTA-ECL1i PET effectively detects CCR2+ monocytes and
macrophages within the infarct region following ischemia reperfusion injury.

To further assess the sensitivity and specificity of $3Ga-DOTA-ECL1i to detect CCR2+
monocytes and macrophages within the injured heart, we performed serial PET in an
ischemia reperfusion injury mouse model. We employed a closed-chest ischemia reperfusion
system to minimize confounding effects of inflammation associated with thoracotomy.23 We
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utilized 18F-FDG PET/CT to noninvasively identify the infarct area. Consistent with
ischemia reperfusion injury involving the left coronary artery, 18F-FDG PET/CT
demonstrated evidence of an anterior and apical infarct (Figure 3A), which was also
confirmed by polar map analysis (Online Figure I11A). Quantification of PET signal showed
comparable 18F-FDG heart uptake among the M1 mice, sham-operated mice, and naive

animals during the longitudinal study (Online Figure 111B), consistent with a previous report.
24

68Ga-DOTA-ECL1i PET/CT obtained on day 4 following ischemia reperfusion injury
revealed high PET signal localized to the infarct region. In contrast, minimal PET signal was
detected in the hearts of sham-operated mice (Figure 3A-B). Quantitative serial PET
analysis performed on days 1, 4, 7, 14, and 21 following ischemia reperfusion injury
demonstrated highest PET signal 4 days following ischemia reperfusion injury (Figure 3C).
At this time point, there was a statistically significant increase in total PET signal between
the hearts of mice that underwent the sham operation versus ischemia reperfusion injury.
PET of CCR2™/~ mice 4 days following ischemia reperfusion injury showed no increase in
tracer uptake compared to either sham operated or naive mice, demonstrating the specificity
of $8Ga-DOTA-ECL 1i detecting CCR2+ cells. Moreover, quantification of infarct/remote
tracer uptake ratios throughout the above time course revealed statistically significant
increases in PET signal intensity on days 4 and 7 following ischemia reperfusion injury
(p<0.01 and p<0.001, respectively), with peak PET signal intensity observed on day 4
following ischemia reperfusion injury (Figure 3D). Biodistribution at day 4 post ischemia
reperfusion injury (Figure 3E) showed robust tracer retention in the heart. Minimal blood
retention was evident within this model as blood signal was not increased compared to that
measured in WT+DT mice (Figure 1D). Histology, flow cytometry, and immunostaining
confirmed that inflammatory cell accumulation and CCR2+ monocyte (CCR2+MHC-11'0W)
and CCR2+ macrophage (CCR2+MHC-11'") abundance within the infarct area was greatest
4 days post ischemia reperfusion injury and gradually reduced thereafter in our closed-chest
model (Fig. 3F-H).

Importantly, the blood pool retention of 88Ga-DOTA-ECL 1i measured by aortic PET signal
showed no statistically significant difference between sham operated and ischemia
reperfusion groups (Online Figure I1IC). Furthermore, aortic PET signal intensity was more
than 2-fold lower than PET signal intensity measured within the heart, strongly suggesting
that 88Ga-DOTA-ECL1i accumulated within the infarcted myocardial tissue. Consistent with
this interpretation, ex vivo autoradiography performed 4 days after ischemia reperfusion
injury revealed significantly increased radioactive signal within the heart compared to sham
operated controls (Online Figure 111D, E). These data demonstrate the ability of $8Ga-
DOTA-ECL1i to specifically detect CCR2+ monocyte and macrophage accumulation within
and around the infarct region following ischemia reperfusion injury and highlight the
feasibility of serial PET at acute setting using this radiotracer.

To assess the predictive value of 8Ga-DOTA-ECL1i imaging, we examined whether 58Ga-
DOTA-ECL1i signal intensity measured by PET on day 4 post ischemia reperfusion injury
was associated with LV function and infarct size measured by echocardiography 28 days
following ischemia reperfusion injury. Remarkably, ®8Ga-DOTA-ECL 1i signal was
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predictive of both LV ejection fraction and akinetic area. Mice that displayed higher %8Ga-
DOTA-ECL1i signal intensity demonstrated lower LV ejection fraction and larger akinetic
area (Figure 3l). These observations highlight the potential clinical utility of imaging
CCR2+ monocyte and macrophage accumulation following myocardial infarction.

68Ga-DOTA-ECL1i detects CCR2+ monocytes and macrophages in the human heart.

We next assessed the capability of 88Ga-DOTA-ECL1i to detect CCR2+ monocytes and
macrophages within the ex vivo human heart using autoradiography.1® We focused our
studies on tissues obtained from patients with recent myocardial infarction or ischemic
cardiomyopathy (n=16) (Online Table I). 58Ga-DOTA-ECL1i autoradiography demonstrated
heterogeneous radioactive signal in specimens obtained from individuals with acute
myocardial infarction and chronic ischemic cardiomyopathy (Figure 4A). Addition of excess
nonradioactive DOTA-ECL1i in the ischemic cardiomyopathic samples led to a significant
reduction in measured radioactive signal indicating specificity of probe binding (Figure 4B).
To assess whether the extent of 88Ga-DOTA-ECL1i binding was associated with CCR2+
monocyte and macrophage abundance, we performed immunohistochemistry for CD68
(monocyte and macrophage marker) and CCR2. We then quantified the number of CCR2-,
CD68+ and CCR2+, and CD68+ cells present within the human heart failure specimens
evaluated by autoradiography (Figure 4C). Linear regression analysis revealed that 8Ga-
DOTA-ECL1i signal intensity was associated with total number of CD68+ monocytes and
macrophages detected by immunostaining (p=0.010, r2=0.387). Consistent with the ability
of 68Ga-DOTA-ECL1i to specifically recognize CCR2, 8Ga-DOTA-ECL1i signal intensity
was associated with CCR2+, CD68+ cell abundance (p=0.0023, r2=0.498). No relationship
was evident between 58Ga-DOTA-ECL1i signal intensity and CCR2-, CD68+ cell
abundance (p=0.32, r2=0.069) (Figure 4D). The data suggest that 88Ga-DOTA-ECL1i likely
recognizes CCR2+ monocytes and macrophages in human cardiac tissue and highlight the
potential applicability of using ®8Ga-DOTA-ECL1i to image CCR2+ monocyte and
macrophage accumulation in acute myocardial infarction and heart failure patients.

DISCUSSION

Despite the development and implementation of advanced imaging techniques and reagents,
it remains challenging to gather precise information regarding prognosis for patients who
suffered an acute myocardial infarction or those with heart failure25-31. Numerous studies
across a spectrum of cardiovascular diseases have unveiled important roles for innate
immunity in disease pathogenesis.2> 32 Likewise, biomarkers of inflammation have been
shown to predict clinical outcomes in the context of heart failure and atherosclerosis.33: 34
Investigation of a strategy to inhibit IL1p signaling described in the CANTOS trial
established the principle that inflammation is a relevant therapeutic target, reducing the
incidence of atherosclerotic events in a high risk population.3% 36 However, the precise
immune cell populations that drive inflammatory responses in the heart and vasculature have
remained elusive.

Recently, we and others have identified functionally distinct macrophage populations that
reside within the mouse and human heart under steady state and diseased conditions.
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10,11, 12,37 Among these populations, CCR2+ macrophages represent a particularly pro-
inflammatory subset derived from circulating monocytes. In the setting of cardiac tissue
injury, CCR2+ monocytes are recruited to the heart in large numbers, differentiate into
CCR2+ macrophages, and promote collateral tissue injury through the generation of
inflammatory cytokines/chemokines (i.e., IL1B), recruitment of neutrophils and additional
monocytes, and production of oxidative species. Inhibition of CCR2+ monocyte and
macrophage accumulation in the injured heart is sufficient to reduce inflammation and
improve outcomes, highlighting the potential utility of therapeutics that target these cell
populations.

Based on these findings, we developed a peptide-based PET tracer (¥8Ga-DOTA-ECL1i) to
noninvasively track the recruitment, accumulation, and resolution of CCR2+ monocytes and
macrophages. Our previous studies have established that ECL1i binds to an allosteric
position within the CCR2 protein and that ECL1i-CCR2 binding is selectively increased in
the presence of a CCR2 ligand (CCL2 or CCL7).23-17 Compared to our previously described
64Cu-DOTA-ECL1i imaging probe, 88Ga-DOTA-ECL1i tracer has a number of unique
properties to further broaden CCR2 imaging research, including the short half-life of 68Ga
for reduced radiation exposure, positive charge facilitating rapid clearance, commercially
available 88Ge/88Ga generator for multiple dose preparations and serial imaging in the acute
setting, and low liver retention for hepatic imaging.1®

Using two mouse models of cardiac injury, we revealed that 8Ga-DOTA-ECL1i PET
specifically detects the accumulation of CCR2+ monocytes and macrophages in the injured
myocardium. Concomitant 18F-FDG PET demonstrated that 8Ga-DOTA-ECL1i specifically
localized inflammation to the infarct and peri-infarct area. In addition, we showed that the
short radioactive half-life of 88Ga-DOTA-ECL1i was sufficient to support serial imaging
applications. Finally, we provided evidence that 58Ga-DOTA-ECL1i recognizes human
CCR2+ monocytes and macrophages within tissue specimens obtained from patients who
either experienced a myocardial infarction or were diagnosed with chronic ischemic
cardiomyopathy. Compared to other reported molecular imaging probes detecting
myocardial inflammation after ischemia,38 our $8Ga-DOTA-ECL1i probe not only showed
close correlation to inflammatory biomarkers, but also demonstrated its predictive value in
monitoring LV function and extent of infarction. Thus, these findings establish the
applicability of ¥8Ga-DOTA-ECL1i PET in mouse models and suggest that 58Ga-DOTA-
ECL1i may similarly be suitable to noninvasively visualize CCR2+ monocyte and CCR2+
macrophage recruitment in humans.

Surprisingly little is understood regarding the exact timing, patient to patient heterogeneity,
and prognostic relevance of monocyte recruitment, macrophage accumulation, and
inflammatory cell resolution following myocardial infarction in humans. $8Ga-DOTA-
ECLL1i PET (in conjunction with MRI or CT) would provide new and important insights into
these questions as they relate to CCR2+ monocytes and macrophages. Most importantly,
68Ga-DOTA-ECL1i imaging has the clinical potential to identify patients best served by
immunomodulatory therapy, based on the presence of exaggerated or prolonged
inflammatory responses in the heart. Future clinical studies will be required to address these
important issues and questions.
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In the present study, we focused on mouse models of sterile tissue injury, including DT
cardiomyocyte ablation and ischemic reperfusion injury. Whether 68Ga-DOTA-ECL1i PET
identifies inflammatory responses in mouse models of other cardiac diseases such as
myocarditis, pressure overload, and toxin exposures, remains to be evaluated. An important
limitation of 58Ga-DOTA-ECL1i is that it may recognize immune cells other than
monocytes and macrophages (i.e., dendritic cells or lymphocytes) that express CCR2. For
example, dendritic cells have been shown to infiltrate the heart following myocardial injury
including myocarditis, albeit at significantly lower numbers compared to macrophages.3°
Therefore, a precise understanding of immune composition is essential to interpret the likely
cell specificity of 88Ga-DOTA-ECL1i PET. An additional limitation is that ex vivo
autoradiography of human cardiac tissue specimens does not guarantee similar performance
of 8Ga-DOTA-ECL1i in living patients. Proof of concept human studies will undoubtedly
be required to establish the potential use of 88Ga-DOTA-ECL1i in patients with
cardiovascular disease.

In conclusion, we have generated a peptide-based radiotracer (63Ga-DOTA-ECL1i) that
specifically recognizes CCR2+ monocytes and macrophages and demonstrated the
suitability of 88Ga-DOTA-ECL1i PET to serially visualize recruitment of CCR2+ monocytes
and macrophages to the heart in intact animals. Collectively, these findings support future
assessment of this tracer to noninvasively image myocardial inflammation in humans.
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Refer to Web version on PubMed Central for supplementary material.
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ECL1i extracellular loop 1 inverso
HPLC high performance liquid chromatography
LV left ventricle
Ml myocardial infarction
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NOVELTY AND SIGNIFICANCE
What Is Known?

. CCR2+ monocytes and macrophages, recruited to the site of myocardial
injury, are important mediators of heart failure pathogenesis and potential
therapeutic targets to improve outcomes following myocardial infarction.

. There is a lack of clinical imaging tools to noninvasively visualize
inflammatory monocyte and macrophage recruitment to the injured heart.

. PET imaging using 54Cu radiolabeled CCR2-binding peptide ECL1i has
shown sensitivity and specificity for detecting tissue CCR2+ cells in non-
cardiac mouse models.

What New Information Does This Article Contribute?

. The CCR2 targeting agent %8Ga-DOTA-ECL 1i demonstrated sensitive and
specific detection of CCR2+ monocytes and CCR2+ macrophages in
diphtheria toxin and ischemia reperfusion injury mouse models, by
identifying the recruitment of CCR2+ monocytes and accumulation of
CCR2+ macrophages in the injured heart.

. The heart uptake of %8Ga-DOTA-ECL1i not only showed a close correlation
with inflammatory chemokines and cytokines, but also was associated with
indices of left ventricle function and infarct size.

. Autoradiography demonstrated specific binding of 68Ga-DOTA-ECL 1i to
human heart failure tissues. The extent of 8Ga-DOTA-ECL 1i activity was
associated with CCR2+ macrophage abundance.

. 68Ga-DOTA-ECL1i has desirable physical properties (radiochemistry and
short half-life) and pharmacokinetics to support serial PET.

. Collectively, these findings highlight the potential of %8Ga-DOTA-ECL1i PET
to noninvasively and serially visualize inflammatory monocyte recruitment
and macrophage accumulation in the mouse and human hearts.

The heart contains distinct macrophage populations with differing origins and divergent
functions. Among these subsets, CCR2+ macrophages are a particularly inflammatory
population derived from circulating blood monocytes that infiltrate the heart following
various forms of tissue injury and contribute to adverse cardiovascular outcomes.
However, no technique is currently available to detect these cells in the heart in intact
organisms. We developed and validated a molecular imaging agent to specifically
visualize CCR2+ monocytes and macrophages in the mouse and human heart using
positron emission tomography. These findings provide the requisite pre-clinical data
needed to support clinical and translational studies focused on investigating the dynamics
and prognostic implications of CCR2+ monocyte and macrophage accumulation in the
heart across the spectrum of cardiac pathologies. This novel imaging technique will
provide new insights into the role of inflammation during human heart failure
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progression. Moreover, this technique has the potential to identify patients that may be
best suited for immunomodulatory therapies.
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Figure 1. Generation of a CCR2-targeted %8Gallium PET tracer.
(A) Synthetic scheme utilized to generate $8Ga-DOTA-ECL 1i. (B) Serum stability of 58Ga-

DOTA-ECL1i administered to mice via tail vein injection. (C) Flow cytometry showing that
CCR2+ monocytes (CCR2+MHC-11'"V) and CCR2+ macrophages (CCR2+MHC-11high)
accumulate in the hearts of Tnnt2-DTR mice 4 days after the administration of diphtheria
toxin (DT, 25 ng IP). In contrast, the hearts of littermate control mice contain predominately
CCR2- macrophages following DT injection. (D) Biodistribution of 68Ga activity in DT
treated wild type (WT) and Tnnt2-DTR mice 1 h post intravenous injection (tail vein) of
68Ga-DOTA-ECL1i. n=5 per experimental group. (E) Tracer uptake ratios (heart/blood and
heart/muscle) in WT and Tnnt2-DTR mice demonstrating enrichment of 68Ga activity in the
hearts of Tnnt2-DTR mice administered DT over the blood pool. n=5 per experimental
group. * p< 0.05, ** p< 0.01, *** p< 0.005, **** p<0.001.
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Figure 2. PET of 58Ga-DOTA-ECL 1i in a mouse model of cardiomyocyte ablation.
(A) Representative PET/CT images of 88Ga-DOTA-ECL1i in wild-type (WT) and Tnnt2-

DTR mice 4 days following either vehicle (PBS) or diphtheria toxin (DT) administration.
Arrow denotes robust tracer accumulation in the hearts of Tnnt2-DTR+DT mice compared
to all other groups. PET images are overlaid on CT images. (B) Quantitative analysis of
68Ga-DOTA-ECL1i signal in the hearts of WT and Tnnt2-DTR mice treated with either
vehicle or DT. n=5 per experimental group. (C) Ratio of 88Ga-DOTA-ECL1i signal between
the heart and aorta of WT and Tnnt2-DTR mice demonstrating that increased $8Ga-DOTA-
ECL1i signal in Tnnt2-DTR+DT hearts is not a result of increased blood pool signal, n=5
per experimental group. (D) Autoradiography of heart slices collected from WT and Tnnt2-
DTR mice immediately after PET showing myocardial uptake of 58Ga-DOTA-ECL1i. Mice
were flushed with saline prior to heart collection and autoradiography to remove
intravascular cells. (E) Quantitative comparison of radioactivity measured from
autoradiography images of WT and Tnnt2-DTR hearts expressed as fold increase over WT
control. (F) Linear regression of $8Ga-DOTA-ECL1i heart uptake and chemokine/cytokine
MRNA expression. n=5 per experimental group. * p< 0.05, ** p< 0.01, *** p< 0.005, ****
p<0.001.
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!:i_gure 3. PET of 88Ga-DOTA-ECL1i in a mouse model of closed-chest ischemia reperfusion
injury.

(AJ\) F{epresentative 18F_FDG PET/CT images obtained 5 days following 90 minutes of
ischemia reperfusion injury identifying the infarct region in mice that underwent ischemia
reperfusion injury (MI) compared to sham controls. Transverse, coronal, and maximal
intensity projected (MIP) views are shown and white arrows denote the infarct area. (B)
Representative 8Ga-DOTA-ECL1i PET/CT images showing regional accumulation of 8Ga-
DOTA-ECL1i signal in the infarct and border zone 4 days following ischemia reperfusion
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injury. Transverse, coronal and maximal intensity projected (MIP) views are shown. Yellow
arrow identifies tracer uptake in hearts that underwent ischemia reperfusion injury compared
to sham controls. White arrows denote the infarct area as determined by 18F-FDG imaging.
(C) Quantitative analysis of ¥Ga-DOTA-ECL1i accumulation in the hearts of naive, sham,
MlI, and CCR2 KO mice that underwent ischemia reperfusion injury at the indicated time
points. n=4-5 per experimental group. (D) Regional accumulation of 68Ga-DOTA-ECL1i
uptake in the infarct and remote areas of sham and MI mice over the indicated time points.
(E) Biodistribution of %8Ga activity 4 days following ischemia rerpefusion injury measured 1
h post intravenous injection (tail vein) of %Ga-DOTA-ECL1i. n=5 per experimental group.
(F) Trichrome and H&E staining show the evolution of fibrosis (trichrome-blue, 40X
magnification) and cell infiltration (H&E, 200X magnification) over time in the closed-chest
ischemia reperfusion injury model. Note the dense accumulation of cells within the infarct 4
days following ischemia reperfusion injury. Representative images from 6 independent
experiments. (G) Flow cytometry analysis showing accumulation of CCR2+ monocytes
(CCR2+MHC-I1'""%) and CCR2+ macrophages (CCR2+MHC-11"d") 4 days following
ischemia reperfusion injury and persistence of CCR2+ macrophages 7 days following
ischemia reperfusion injury compared to sham controls. (H) Immunostaining showing
accumulation of CCR2+ cells (brown) in the infarct region peaking at day 4 following
ischemia reperfusion injury. (I) Linear regression analyses showing the relationship between
68Ga-DOTA-ECL1i heart uptake measured on day 4 following ischemia reperfusion injury
and echocardiographic assessment of LV ejection fraction and akinetic area measured on day
28 following ischemia reperfusion injury. * p< 0.05, ** p< 0.01, *** p< 0.005, ****
p<0.001.
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Figure 4. 68Ga-DOTA-ECL1i identifies CCR2+ monocytes and macrophages in the human heart.
(A) Autoradiography images of human acute myocardial infarction and chronic ICM

specimens incubated with 88Ga-DOTA-ECL1i revealing heterogeneous distribution or tracer
binding. Competitive blocking assaying using excess non-radioactive DOTA-ECL1i showing
decreased tracer binding. (B) Quantification of 58Ga-DOTA-ECL1i binding (displayed as
relative counts ratio) demonstrated significantly decreased tracer binding following co-
incubation with DOTA-ECL1i blocking agent (n=11). (C) Immunohistochemical staining
for CD68 (white), CCR2 (red), and DAPI (blue) highlighting the distribution of CCR2-
CD68+ and CCR2+CD68+ macrophages in human ICM samples. Representative images
(200X magnification) from acute ICM (n=5) and chronic ICM (n=11) samples. (D) Linear
regression analysis demonstrating that the intensity of 88Ga-DOTA-ECL1i binding is
associated with the number of total CD68+ macrophages (left) and abundance of CCR2+
macrophages (right). No association was detected between 88Ga-DOTA-ECL1i binding and
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the number of CCR2- macrophages (center). * p< 0.05, ** p< 0.01, *** p< 0.005, ****
p<0.001.
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