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Abstract

Ischemia reperfusion injury-mediated primary graft dysfunction substantially hampers short- and
long-term outcomes after lung transplantation. This condition continues to be diagnosed based on
oxygen exchange parameters as well as radiological appearance, and therapeutic strategies are
mostly supportive in nature. Identifying patients who may benefit from targeted therapy would
therefore be highly desirable. Here, we show that CCR2 expression in murine lung transplant
recipients promotes monocyte infiltration into pulmonary grafts and mediates graft dysfunction.
We have developed new positron emission tomography imaging agents using a CCR2 binding
peptide ECL.i1 that can be used to monitor inflammatory responses after organ transplantation.
Both %4Cu-radiolabeled ECL1i peptide radiotracer ((4Cu-DOTA-ECL1i) and ECL1i-conjugated
gold nanoclusters doped with 64Cu (84CuAuNCs-ECL1i) showed specific detection of CCR2,
which is up-regulated during ischemia-reperfusion injury after lung transplantation. Due to its fast
pharmacokinetics 4Cu-DOTA-ECL1i functioned efficiently for rapid and serial imaging of CCR2.
The multivalent %4CuAuUNCs-ECL1i with extended pharmacokinetics is favored for long-term
CCR2 detection and potential targeted theranostics. This imaging may be applicable for diagnostic
and therapeutic purposes for many immune-mediated diseases.
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Introduction

Ischemia reperfusion injury-mediated primary graft dysfunction is a critically important
contributor to early and late morbidity as well as mortality after lung transplantation (1). The
incidence of primary graft dysfunction after pulmonary transplantation has not changed
substantially over the last few decades. Up to 80% of lung transplant recipients experience
some degree of primary graft dysfunction based on broad clinical criteria (2). These include
non-specific features, such as impaired oxygen exchange and pulmonary infiltrates on chest
radiographs. Likewise, the treatment for these patients has been mainly supportive.
Therefore, developing novel diagnostics and therapeutics for this condition and identifying
patients who could benefit from targeted strategies would be desirable.

Recruitment of innate immune cells to lungs shortly after reperfusion plays a key role in
mediating tissue injury. We have reported that in addition to their well-recognized role in
promoting acute injury, neutrophils can enhance adaptive immune responses after pulmonary
transplantation (3). We have demonstrated that monocytes facilitate the extravasation of
neutrophils into reperfused lungs indicating that for pulmonary graft dysfunction, monocytes
play a critical role in orchestrating tissue injury (4). These observations may be more
generalizable as CCR2* monocytes promote the transendothelial migration of neutrophils in
murine models of arthritis (5). Mouse monocytes are heterogeneous with
CD11b*Ly6ChighCCR2MIN monocytes considered to be an inflammatory subset.
Experiments using CCR2-deficient mice have demonstrated that CCR2 signaling contributes
to myocardial, renal and cerebral ischemia reperfusion injury (6-8). Attenuation of injury
was associated with reductions of monocytic and neutrophilic infiltration into the affected
tissues.

Several CCR2 antagonists including small molecules and antibodies have been used as
inhibitors in various inflammatory diseases, experimentally and clinically (9). However,
clinical trials have yielded equivocal or negative results (10, 11). This may be due to
recruitment of anti-inflammatory monocyte populations or other chemokine receptors
contributing to inflammation. Moreover, inadequate dosing or duration of therapy due to
concerns for toxicity or impedance of the essential role of CCR2 for immune surveillance
may cloud the benefit of antagonists. It would therefore be desirable to devise a non-invasive
CCR2 imaging technique, which is not only able to monitor the degree of receptor
occupancy to aid in dose selection, but also to determine the therapeutic response in real
time (12).

Here we report the use of CCR2-specific molecular probes through the conjugation of a
novel targeting peptide for positron emission tomography (PET) imaging in a mouse model
of lung transplant-mediated ischemia reperfusion injury. This work may provide a powerful
tool for the sensitive and specific detection of CCR2 to track inflammatory monocytes in
various pathological conditions and lay the foundation for new approaches for the diagnosis
and treatment of immune-mediated processes such as ischemia reperfusion injury and
rejection in transplant recipients.
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Materials and Methods

Mice and surgical procedures

C57BL/6 (B6), B6 CD45.1 and B6 CCR2-deficient mice were purchased from The Jackson
Laboratories (Bar Harbor, ME) and maintained in pathogen-free facilities. Left lung
transplants were performed following 1 hour of storage in low-potassium-dextran solution at
4°C unless otherwise specified (13).

PET Imaging

At 1 hour after transplantation, 0-60 min dynamic PET/CT scan was performed following
injection of 84Cu-DOTA-ECL1i (100 uCi in 100 pL saline) with microPET Focus 220
(Siemens, Malvern, PA) or Inveon PET/CT system (Siemens, Malvern, PA) (Figure S1). For
PET/CT imaging at 4 and 24 hours after transplantation, a 30-minute background scan (10
min/frame, 3 frames) was performed prior to injecting 84Cu-DOTA-ECL1i (100 uCi in 100
uL saline). The Jin vivo retention of 84Cu-DOTA-ECL1i in the donor lung from the previous
injection was quantified and subtracted from the uptake value at 4 or 24 hours (Figure S2).
For $4CuAuNCs-ECL1i, PET/CT was conducted 1 hour after transplantation. A static scan
was performed at 1, 4 and 24 hours after injection. The PET images were reconstructed with
the maximum a posteriori algorithm and analyzed by Inveon Research Workplace. The organ
uptake was calculated as percent injected dose per gram (%ID/qg) of tissue in three-
dimensional regions of interest without correction for partial volume effect (14).
Competitive PET blocking studies were performed immediately after transplantation with
co-injection of non-radiolabeled ECL1i and 84Cu-DOTA-ECL1i (ECL1i: $4Cu-DOTA-
ECL1i molar ratio = 500:1) followed by a 0-60 minute dynamic scan. 18F-FDG (250 pCi in
100 pL saline) PET/CT was performed following the same protocol as 84Cu-DOTA-ECL1i
(15). To measure surgery-induced blood flow changes in lungs, 1°0-water (~1 mCi) was
injected intravenously into mice used for CuNCs-ECL1i imaging 1 hour after
transplantation, followed by a 0-10 minute dynamic scan. The relative blood flow change
was evaluated by standardized uptake values (SUVSs) (16).

Probe synthesis

Reagents, synthesis and characterization of all compounds are described in supporting
information.

Statistical Analysis

Group variation is described as mean + SD. Groups were compared using 1-way ANOVA
with a Bonferroni post-test. Individual group differences were determined with a 2-tailed
Mann-Whitney test. The significance level in all tests was P < 0.05. Prism, version 6.07
(GraphPad, La Jolla, CA), was used for analyses. Error bars designate standard deviation of
the mean unless indicated otherwise.
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Results

Recipient CCR2 expression promotes monocyte recruitment to pulmonary grafts and
ischemia reperfusion injury after lung transplantation

To assess the role of recipient CCR2 expression after lung transplantation we used a model
of severe ischemia reperfusion injury (13). We transplanted wildtype B6 lungs following 18
hours of cold ischemia into syngeneic wildtype or CCR2-deficient recipients. Lack of CCR2
expression in the host resulted in significant amelioration in ischemia reperfusion injury as
evidenced by improvement in oxygen exchange (Figure S3A). To determine the specificity
of monocyte recruitment we next transplanted B6 CD45.1 wildtype lungs into congenic B6
CD45.2 wildtype (Figure S3B) or B6 CD45.2 CCR2-deficient recipients (Figure S3C) and
evaluated recipient (CD45.2) and donor (CD45.1) monocytes within the pulmonary grafts 6
hours later with flow cytometry. We noticed a substantial reduction in graft infiltration of
recipient monocytes (CD11b*Ly6CN) when the hosts lacked CCR2 expression (Figure
S3D). Notably, a small population of CCR2-expressing monocytes of donor origin was
present in wildtype grafts after transplantation into either wildtype or CCR2-deficient
recipients. These findings were corroborated by gene expression analysis (Figure S3E).
These results indicate that recipient CCR2 expression is involved in ischemia reperfusion-
induced lung injury and that monocyte recruitment to the lung is CCR2-dependent in an
isotype-specific manner.

Biodistribution of 84Cu-DOTA-ECL1i and 84CuAuNCs-ECL1i

To examine the monocyte recruitment into the lung during ischemia reperfusion injury a new
CCR2 PET imaging probe (4Cu-DOTA-ECL1i) was developed. The biodistribution

of 64Cu-DOTA-ECL1i was assessed at 1 hour after transplantation of wildtype B6 lungs into
wildtype recipients. We observed high uptake in the kidneys, with minor accumulation in the
liver, spleen and negligible uptake in other organs (Figure 1A), consistent with other peptide
tracers (14). After transplantation of wildtype B6 lungs into wildtype B6 recipients, the
uptake in the donor lung was more than twice the uptake in the native lung, consistent with
the infiltration of inflammatory cells.

To further improve the imaging efficiency, multivalent *CuAuNCs-ECL 1i nanoclusters with
neutral surface charge and conjugated with multiple copies of ECL1i peptide were
developed (Figure S4). In wildtype mice, 84CuAuNCs-ECL 1i demonstrated extended blood
circulation at 1 hour with significant renal accumulation (Figure 1B). Consistent with a
previous report from our group using 84Cu nanoclusters, liver accumulation was higher
compared to our findings with the monovalent probe (17). The progressive diminution in
liver activity with stable uptake in the gastrointestinal tract is consistent with effective
hepatobiliary excretion (17). In contrast to the decreased activity in blood pool organs
observed with the peptide, the localization of the targeted nanoclusters in spleen and bone
marrow remained constant throughout the 24 hour imaging period.

In vivo PET imaging of 64Cu-DOTA-ECL1i peptide tracer

To assess the CCR2 imaging efficiency, 54Cu-DOTA-ECL1i PET was performed in wildtype
recipients of wildtype lungs. We observed uptake in the graft with minimal signal retained in
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the native lung at 1 hour after transplantation (Figure 2 A, B), resulting in a graft/native lung
uptake ratio of 3.71 + 0.44. These results were indicative of infiltration of CCR2* cells into
lung grafts at these time points. A PET signal was predominantly observed in B6 wildtype
lungs after transplantation into CCR2-deficient recipients, consistent with donor CCR2*
cells being present in these grafts at this time point. In the absence of graft infiltration of
recipient CCR2* cells, the uptake in these pulmonary grafts was only 40% of that observed
in wildtype lungs after transplantation into wildtype hosts. The activity of $4Cu-DOTA-
ECL1i retained in both lungs measured from background scans was less than 10% of the
uptake acquired after the re-injection of 84Cu-DOTA-ECL1i at 4 or 24 hours. Thus, the rapid
clearance of this peptide tracer in lungs indicates that it can be used for serial scans in a
short time period allowing for the assessment of dynamic expression of CCR2. We next
wanted to assess whether differences existed between blood flow to the transplanted graft
and the native lung. To this end, PET using 1°0-water provides a direct physiologic
measurement of circulatory parameters for regional blood and vascular volume (16).
PET/CT images of 150 water at 1 hour after transplantation showed similar signals in both
graft and native lung (Figure S5). Comparable SUV activities were observed in grafts and
native lungs after transplantation of wildtype B6 lungs into syngeneic wildtype hosts,
yielding a graft/native lung uptake ratio of 1.09 + 0.28. A high intensity of PET signal in the
kidney also corroborated the renal clearance determined by the biodistribution study. PET
imaging performed on naive mice showed minimal tracer uptake in the lungs (Figure S6).

The uptake in both grafts and native lungs of wildtype recipients progressively decreased at
4 and 24 hours likely reflecting temporal changes of CCR2* cell infiltration or expression of
the receptor on these cells. However, the PET intensities in the pulmonary grafts were
significantly higher than those in the native lungs at these later time points. The graft/native
lung uptake ratio reached a peak at 4 hours (4.13 £+ 0.32) and at 24 hours decreased to a level
(3.73 £ 0.45) similar to that observed at 1 hour. Unlike the 63% decreased uptake in the
donor lung in the wildtype B6 — wildtype B6 combination at 24 hours, we found no
significant difference between the three examined time points (1, 4, and 24 hours) in
wildtype lung grafts after transplantation into CCR2-deficient recipients. However, at all
time points the uptake in the graft was significantly higher than in the native lung reflecting
the presence of CCR2* cells that are carried over with the transplanted lung (Figure 2 A, B).
When we co-injected non-radiolabeled ECL 1i to block uptake of 84Cu-DOTA-ECLL1i, the
PET signal of 4Cu-DOTA-ECL1i in the grafts at 1 hour after transplantation into wildtype
hosts was decreased to a level comparable to that in native lungs (Figure S7). This blocking
resulted in a decrease in the graft/native lung uptake ratio, indicating binding specificity of
the probe.

We have reported that 18F-FDG PET can be used to detect graft rejection after pulmonary
transplantation, which has been linked to glucose uptake by graft-infiltrating T cells

(18). 18F-FDG PET/CT showed significantly higher uptake in the donor graft than native
lung at 1 hour after wildtype B6 — wildtype B6 transplantation (Figure S8). However, the
FDG imaging yielded a graft/native lung uptake ratio of 2.29 + .037, which was significantly
lower than the data acquired with 84Cu-DOTA-ECL1i.
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In vivo PET/CT imaging of 84CuAuNCs-ECL1i nanoclusters

We next set out to assess the CCR?2 targeting efficiency of the multivalent %4CuAuNCs-
ECL1i nanoclusters. Based on the /n vivo pharmacokinetics of 84CuAuNCs-ECL1i, PET/CT
images were acquired at 1, 4 and 24 hours following engraftment for both CCR2-

targeted 54CuAuNCs-ECL1i and non-targeted %4CuAuNCs in the wildtype B6 — wildtype
B6 combination. At 4 hours after transplantation, uptake of 84CuAuNCs-ECL1i was
observed in the grafts with minimal accumulation in the native lungs yielding a graft/native
lung uptake ratio of 6.58 + 0.47 (Figure 3). For non-targeted 54CuAuNCs, the signal in the
graft was significantly lower while the uptake in the native lung was comparable to the
targeted counterpart, resulting in a significantly lower graft/native lung ratio (1.51 + 0.20).
Due to their small size and neutral surface charge (Figure S4), both nanoclusters were
cleared through the genitourinary system, confirming the pharmacokinetic data. At 24 hours,
the targeted $4CuAuNCs-ECL1i nanocluster showed relatively stable uptake in both lungs
while the signal was somewhat diminished in the pulmonary graft after injection of non-
targeted 54CuAuNCs nanoclusters. Notably, the graft/native lung ratio of *4CuAuNCs-
ECL1i gradually increased from 7.24 + 0.38 at 4 hours to 8.44 + 0.54 at 24 hours. These
values were significantly higher than those obtained with the non-targeted counterpart.

Discussion

Ischemia reperfusion injury-mediated primary graft dysfunction continues to represent one
of the most serious complications after lung transplantation. It does not only contribute to
early morbidity and mortality, but has also been shown to be a risk factor for the
development of chronic allograft dysfunction (2). Primary graft dysfunction is diagnosed
and its severity graded based on the impairment of oxygen exchange and the radiographic
presence of infiltrates. The identification of reliable biomarkers could facilitate a timely
diagnosis of primary graft dysfunction and elucidating pathways that contribute to its
pathogenesis will allow for the development of targeted therapies. We show that recruitment
of CCR2™ cells promotes pulmonary graft dysfunction and have used a new PET probe
against CCR2 to image lung grafts during ischemia reperfusion injury. Our study
demonstrates that infiltration of CCR2* cells into lung grafts can be detected noninvasively
and serially using PET imaging.

Clinically, correlations exist between plasma levels of inflammatory cytokines and
chemokines and the development of primary graft dysfunction in lung recipients (19, 20).
MCP-1, a ligand for CCR2, has been found to be elevated in patients, who suffered from this
complication. We show that recruitment of CD11b*Ly6Ch monocytes to pulmonary grafts is
significantly reduced when recipients lack CCR2. Based on our previous observation that
monocytes mediate transendothelial migration of neutrophils in injured lungs, we speculate
that amelioration of ischemia reperfusion injury in CCR2-deficient recipients may in part be
due to reduced neutrophilic infiltration (4). Collectively, these clinical and experimental
studies indicate that CCR2 is an important contributor to ischemia reperfusion injury and
therefore could serve as a biomarker of primary graft dysfunction and as a therapeutic target.

PET imaging has been used experimentally and clinically by our group and others to
evaluate transplanted organs (15, 18, 21, 22). However, to date no imaging probe has been
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available to detect the CCR2 receptor in vivo, which is expressed on monocytes and other
cell types that are known to mediate inflammatory responses after transplantation (23, 24).
We showed that a CCR2 binding peptide can specifically detect these receptors with
PET/CT imaging during lung transplant-mediated ischemia reperfusion injury /n vivo both
as a monovalent peptide tracer and a multivalent nanoplatform (25). We recognize that lung
stromal cells can express CCR2, which needs to be considered when interpreting CCR2
imaging results (26). However, our findings suggest that any potential contribution of such
cells to the CCR2 PET signal in vivo is inconsequential compared to hematopoietic cells. As
the majority of clinical pulmonary transplants are bilateral, the native lungs cannot serve as a
control for the CCR2 signal in the transplanted grafts. Thus, prior to adaptation of this agent
for clinical use in lung transplantation imaging of healthy volunteers will be required. This
will help to establish baseline values in normal lungs that can be used to interpret signals in
injured pulmonary grafts.

ECLZ1i has been recently demonstrated to selectively bind CCR2 in a non-competitive way
compared to CCL2 ligand in vitro (25). In this study, 4Cu-DOTA-ECL1i retention was
primarily detected in the lung graft after transplantation into syngeneic CCR2-deficient
recipients, consistent with the presence of donor monocytes in pulmonary grafts. Given the
lack of CCR2 receptor in these hosts, we suggest that the minimal localization in native
lungs was due to non-specific retention. Thus, if the localization of $4Cu-DOTA-ECL1i in
the native CCR2-deficient lung is due to non-specific background retention, more than 70%
of the observed accumulation in the graft is due to CCR2-mediated uptake, given that 150-
H,0 imaging did not show a difference in blood flow.

After lung transplantation into wildtype recipients the PET/CT images showed considerable
accumulation of CCR2* cells in the whole body. Consistent with other inflammatory models
we have shown that CCR2 is critical to mobilize CD11b*Ly6CN9" monocytes from the bone
marrow after lung transplantation (27, 28). In some settings CCR2 may promote monocyte
recruitment from the blood into inflamed sites (29). Our imaging indicates that CCR2* cells
are rapidly released into the periphery after engraftment of lungs. These observations extend
previous findings where MRI imaging of myeloperoxidase activity detected graft-infiltrating
Ly-6CN monocytes and neutrophils during murine heart transplant rejection (30). Through
competitive receptor blocking, approximately 75% of the PET signal in the grafts was
blocked after transplantation into wildtype recipients, resulting in comparable retentions in
both native and donor lungs. The consistent results between CCR2 receptor-specific uptake
from the calculation after transplantation into CCR2-deficient hosts and the blocking
percentage after engraftment into wildtype recipients support the specificity of 4Cu-DOTA-
ECL1i binding CCR2.

In contrast to monovalent 54Cu-DOTA-ECL1i peptide tracers, we observed six-fold higher
retention in the blood 1 hour after injection of targeted $#CuAuNCs-ECL1i nanoclusters,
confirming the advantage of multivalent nanoclusters for improved CCR2 detection (17).
More importantly, the targeted $4CuAuNCs-ECL1i probe demonstrated specific retention in
donor grafts and minimal localization in native lungs. If the low and non-specific
accumulation of 84CuAuNCs in native lungs is set as background, more than 80% of the
accumulation of 84CuAuNCs-ECL1i in pulmonary grafts was due to CCR2-mediated
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uptake, demonstrating specific and persistent imaging of CCR2. Furthermore, these
specificity values were significantly higher than those for the 54Cu-DOTA-ECL1i peptide
tracer, underscoring the usefulness of multivalent nanoclusters for enhanced targeting and
longitudinal imaging.

In conclusion, PET imaging of CCR2" cells with targeted molecular probes can serve as a
biomarker for primary graft dysfunction after lung transplantation. Additionally, the targeted
nanoclusters provide a theranostic platform for image-guided delivery of specific treatment.
These imaging approaches could be useful for a variety of CCR2-mediated inflammatory
conditions, both sterile and infectious.
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Figure 1. Biodistribution studiesin B6 wildtype mice demonstrate different phar macokinetics
between 84Cu-DOTA-ECL 1i and 84CUAUNCS-ECL 1i

(A) $4Cu-DOTA-ECL1i showed rapid renal clearance at 1 hour and (B) 84CuAuNCs-ECL1i
showed extended pharmacokinetics at 1, 4, and 24 hours (n=4/group).
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Figure 2. CCR2 is detected by ®4CuDOTA-ECL 1i using PET
(A) Representative $4CuDOTA-ECL1i PET/CT images in B6 wildtype — B6 wildtype and

B6 wildtype — B6 CCR2-deficient lung transplant combinations at 1, 4 and 24 hours after
transplantation. Tracer uptake was observed in the donor lungs in both models. Quantitative
uptake analysis in lung grafts and native lungs after (B) B6 wildtype — B6 CCR2-deficient
and (C) B6 wildtype — B6 wildtype pulmonary transplantation. L: liver, K: kidney, B:
bladder. Circle: donor lung (n=4/group).
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Figure 3. CCR2 isdetected by 84CuAUNCS-ECL 1i with enhanced efficiency using PET
(A) Representative *CuAuNCs-ECL1i and $*CuAuNCs nanoclusters PET/CT images in B6

wildtype — B6 wildtype lung transplantation model at 24 hours following engraftment. The
targeted nanocluster showed significant uptake in the donor lung while the non-targeted
counterpart showed minimum non-specific retention. Quantitative uptake analysis of

(B) 84CuAuNCs and (C) 84CuAuNCs-ECL1i in lung grafts and native lungs after B6
wildtype — B6 wildtype pulmonary transplantation and (D) Donor graft/native lung uptake
ratios for ##CuAuNCs-ECL1i and 84CuAuNCs PET after B6 wildtype — B6 wildtype
pulmonary transplantation. Circle: donor lung (n=4/group).
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