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Noninvasive Immunometabolic Cardiac Inflammation
Imaging Using Hyperpolarized Magnetic Resonance
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Rationale: Current cardiovascular clinical imaging techniques offer only limited assessment of innate immune
cell-driven inflammation, which is a potential therapeutic target in myocardial infarction (MI) and other diseases.
Hyperpolarized magnetic resonance (MR) is an emerging imaging technology that generates contrast agents with
10- to 20000-fold improvements in MR signal, enabling cardiac metabolite mapping.

Objective: To determine whether hyperpolarized MR using [1-*C]pyruvate can assess the local cardiac
inflammatory response after MI.

Methods and Results: We performed hyperpolarized [1-*C]pyruvate MR studies in small and large animal models
of MI and in macrophage-like cell lines and measured the resulting [1-1*C]lactate signals. MI caused intense [1-
BC]lactate signal in healing myocardial segments at both day 3 and 7 after rodent MI, which was normalized at
both time points after monocyte/macrophage depletion. A near-identical [1-1*C]lactate signature was also seen
at day 7 after experimental MI in pigs. Hyperpolarized [1-*C]pyruvate MR spectroscopy in macrophage-like
cell suspensions demonstrated that macrophage activation and polarization with lipopolysaccharide almost
doubled hyperpolarized lactate label flux rates in vitro; blockade of glycolysis with 2-deoxyglucose in activated
cells normalized lactate label flux rates and markedly inhibited the production of key proinflammatory cytokines.
Systemic administration of 2-deoxyglucose after rodent MI normalized the hyperpolarized [1-*C]lactate signal
in healing myocardial segments at day 3 and also caused dose-dependent improvement in IL (interleukin)-18
expression in infarct tissue without impairing the production of key reparative cytokines. Cine MRI demonstrated
improvements in systolic function in 2-DG (2-deoxyglucose)-treated rats at 3 months.

Conclusions: Hyperpolarized MR using [1-*C]pyruvate provides a novel method for the assessment of innate
immune cell-driven inflammation in the heart after MI, with broad potential applicability across other
cardiovascular disease states and suitability for early clinical translation. (Circ Res. 2018;122:1084-1093. DOI:
10.1161/CIRCRESAHA.117.312535.)
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Magnetic resonance (MR) provides exquisite structural
imaging of the cardiovascular system, although cur-
rent proton-based techniques provide only limited assessment
of cellular disease processes, including inflammation. Innate
immune cells are now understood to be pathophysiological
mediators and potential therapeutic targets in myocardial in-
farction (MI), atherosclerosis, and other cardiovascular dis-
eases.'? However, clinical translation of a greatly improved
understanding of the biology and pathophysiological mecha-
nisms of innate immune cells after MI** has been limited, in
part, because of the absence of imaging tools to define the
monocyte/macrophage response in humans.
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Hyperpolarized MR is an emerging technology in which
the magnetic properties of external molecules are manipulated
to create molecular MR contrast agents with improvements
in signal-to-noise ratio of several orders of magnitude.” One
key hyperpolarized substrate, [1-*C]pyruvate, shows particu-
lar promise for cardiovascular applications®’ and enables the
detection of its downstream metabolic products, lactate and bi-
carbonate, at millimolar concentration with spatial localization
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What Is Known?

The myocardial inflammatory response that follows myocardial infarc-
tion (MI) may be a future clinical therapeutic target.

There is a lack of clinical imaging tools to assess the cardiac mono-
cyte/macrophage response noninvasively.

Hyperpolarized magnetic resonance is an emerging imaging technol-
ogy in which the magnetic resonance imaging signal of key substrates
is enhanced by several orders of magnitude, enabling noninvasive car-
diac metabolite mapping.

What New Information Does This Article Contribute?

High hyperpolarized [1-'*C]lactate signal detected from healing infarct
tissue in vivo at days 3 and 7 post-MI reflects the monocyte/macro-
phage inflammatory response.

High [1-*C]lactate signal is because of transcriptionally mediated
metabolic reprogramming toward glycolysis in activated monocytes/
macrophages, which is essential for IL (interleukin)-1{ synthesis.

Novelty and Significance

e Inhibition of monocyte/macrophage metabolic reprogramming with
2-DG (2-deoxyglucose) in vivo reduces cardiac [1-'3C]lactate signal
and IL-1f3 levels post-MI, providing proof of concept of magnetic reso-
nance-visible immunomodulation.

We here use hyperpolarized magnetic resonance with the [1-°C]
pyruvate tracer in small and large animal models of Ml and in
cell lines to show that a high [1-°C]lactate signature provides an
imaging biomarker of the monocyte/macrophage response after
MI, reflecting metabolic reprogramming in activated monocyte/
macrophages, which is intricately linked to their inflammatory
function. Our findings identify a new method for imaging the
post-MI inflammatory response, which is in principle suitable
for rapid clinical translation, and may be of value in a range of
other cardiovascular diseases in which innate immune system
is implicated.

Nonstandard Abbreviations and Acronyms
18-FDG "*flourodeoxyglucose

IL interleukin

LDH lactate dehydrogenase

Mi myocardial infarction

MR magnetic resonance

PDH pyruvate dehydrogenase

PDK1 pyruvate dehydrogenase kinase 1
PET positron emission tomography
PFKFB3 6-phosphofructo-2-kinase

PKM pyruvate kinase

SST2 somatostatin receptor subtype-2
TGF- B transforming growth factor-3
VEGF-C vascular endothelial growth factor C

within an organ of interest.® Hyperpolarized [1-"*C]pyruvate
has recently been administered to healthy human volunteers
in pilot studies with sufficient signal-to-noise ratio to enable
cardiac metabolite mapping with high spatial and temporal
resolution using multinuclear clinical MRI systems.’

Most experimental cardiovascular applications of hyper-
polarized MR have to date been conducted with the intention
of studying cardiomyocyte metabolism; however, because the
monocarboxylate transporters responsible for the cellular up-
take of [1-"C]pyruvate are widely expressed,'® hyperpolarized
substrates could in principle also be used to assess metaboli-
cally active, noncardiomyocyte cell populations within hearts,
such as innate immune cells. Furthermore, because hyperpo-
larized [1-"*C]pyruvate MR uniquely assesses 13C label flux
through both LDH (lactate dehydrogenase) and PDH (pyruvate
dehydrogenase), it holds potential to separate these cell popula-
tions by exploiting the intrinsic differences in cellular metabolic
machinery and phenotype between immune cells (which are
predominantly glycolytic'') and cardiomyocytes (predominant-
ly oxidative'?). Hyperpolarized MR, therefore, has the potential
to overcome the insensitivity of existing cardiac inflammation

imaging techniques and has other potential advantages, includ-
ing the absence of ionizing radiation, rapid acquisition times,
and near-simultaneous, high-resolution, anatomic and function-
al imaging with accurate metabolite coregistration.

Here, we show that hyperpolarized [1-"*C]pyruvate MR
imaging and spectroscopy provide a new approach for imaging
the presence and activity of innate immune cells in myocardial
tissue by exploiting metabolic reprogramming toward glycol-
ysis in activated monocytes/macrophages, which results in a
high [1-*C]lactate signature. The underlying metabolic repro-
gramming is essential for monocyte/macrophage inflammatory
function, enabling MR-visible pharmacological immunomod-
ulation of the local myocardial inflammatory response to MI.

Methods

The study data are available on reasonable request.

Full details of the experimental methods used, including hyperpo-
larized MRI, flow cytometry, cell culture, quantitative polymerase chain
reaction, and ELISA, are described in the Online Data Supplement.

Statistical Analysis

Data are presented as mean+SEM; statistical comparisons are identi-
fied in the figures. In brief, where 3 groups were compared, statistical
comparisons were by 1-way ANOVA with the Holm-Sidak correc-
tion for multiple comparisons, and where 2 experimental groups were
compared, statistical comparisons were performed using either paired
or unpaired 7 tests as appropriate.

Results

High Hyperpolarized [1-'*C]Lactate Signal at

Days 3 and 7 Post-MI Is Because of Monocyte/
Macrophage-Driven Inflammation

MI is known to induce an intense local cardiac inflamma-
tory response, including biphasic monocyte/macrophage ac-
cumulation.” After an influx of monocytes with a primarily
inflammatory phenotype (which peak in number at day 3), the
myocardium subsequently recruits monocytes with broadly re-
parative functions (which are the dominant population by day
7'%). To determine whether these processes could be assessed
using hyperpolarized MRI, we performed either experimental
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cryoinfarction or a sham procedure in rats before hyperpolar-
ized MRI, cine MRI, and heart isolation for flow cytometric
analysis at day 3 or 7 after surgery (n=6 rats per time point
per group). The custom-designed spectral spatial echo-planar
imaging sequence provides 3-dimensional cardiac metabo-
lite mapping with a spatial resolution of 2x2x3.8 mm?® and
temporal resolution of 1.8 seconds.!* ['*C]lactate signals were
measured from segmentation regions of interest drawn manu-
ally around the infarct region (identified as the hypokinetic
segments on cine MR) and the spatially average lactate signal
normalized by mask size, flip angle, and whole-heart pyruvate
signal.

We identified intense [1-'*C]lactate signal in the hypoki-
netic, healing infarct segments in the separate groups of rats
imaged at either day 3 or 7 (Figure 1A and 1B). Quantitative
analysis of the lactate signal from infarct regions of interest
confirmed a >2-fold increase in [1-"*C]lactate signal when
compared with sham-operated controls (P<0.01). In pilot
studies, the same high ["*C]lactate signature was observed
with both coronary artery ligation and cryoinfarction models
of MI in rats, although cryoinfarction led to more reproducible
infarct sizes and lower mortality and was, therefore, used for
the remainder of the study.

Rat hearts were isolated immediately after the MRI assess-
ments for enzymatic digestion and flow cytometric analysis.
This confirmed that the high [1-"*C]lactate signature was as-
sociated with high numbers of monocytes/macrophages rela-
tive to sham-operated controls (Figure 1C). These monocytes/
macrophages were as expected predominantly of inflamma-
tory phenotype (CD43"his48") at day 3 and reparative pheno-
type (CD43"his48!n) at day 7 because CD43 expression in
rat monocytes/macrophages exhibits reciprocal expression to
the murine Ly6C marker.'

To mechanistically test the contribution of the monocyte/
macrophage population to the [1-*C]lactate signature, we
next performed monocyte/macrophage depletion by adminis-
tering clodronate liposomes to rats after cryoinfarction (n=6
at each time point). Efficient depletion of the monocyte/mac-
rophage population was confirmed by flow cytometry with a
99% reduction in CD43"his48" monocytes/macrophages at
day 3 (Figure 1C). Equivalent myocardial injury sizes were
confirmed by cine MRI (Online Figure II) with identical in-
creases in end-systolic volume and decreases in ejection frac-
tion seen in both groups relative to sham controls. Monocyte/
macrophage depletion with clodronate liposomes essentially
normalized the [1-"*C]lactate signal recorded at both time
points (P<0.05 at day 3 and P<0.01 at day 7). These findings
suggest that monocytes/macrophages are responsible for the
[1-3C]lactate signature detected by hyperpolarized MRI and
that hyperpolarized MRI is, therefore, sensitive to the post-MI
monocytes/macrophage inflammatory response, although it
does not differentiate the 2 phases of the response.

We next asked whether a similar effect would also be
present in a more clinically relevant large animal model of
MLI. To test this, and to provide cross-species validation, we
performed hyperpolarized [1-'*C]pyruvate MR imaging at
baseline and 7 days after coronary artery balloon-occlusion
MI in pigs (n=7). The imaging sequence for these porcine

experiments provides whole-heart coverage with spatial reso-
lution of 10.7x10.7 mm? for 6 slices covering the left ventricle
from base to apex. The ["*C]lactate signal was derived from
the apical slices covering the infarct region and normalized to
[1-"*C]pyruvate signal intensity.

Again, high [1-"*C]lactate signal was observed in infarct
segments at day 7 (Figure 2A), with a 45% increase in [1-
BCllactate signal when compared with baseline (P<0.05;
Figure 2A and 2B). No significant difference in [1-'*C]bicar-
bonate signal was detected. Histopathologic examination of
these pig hearts confirmed that the regions of highest [1-1*C]
lactate signal corresponded to high numbers of macrophages
(Figure 2C), consistent with the rodent experiments.

Metabolic Reprogramming in Activated
Macrophages Causes High Hyperpolarized [1-*C]
Lactate Signal and Is Essential for Proinflammatory
Macrophage Function

The hypoxic microenvironment of infarcted myocardium
would be expected to provide a significant cellular energetic
challenge to infiltrating immune cells, which have a myriad of
energetically demanding roles, including proteolysis, phago-
cytosis, and collagen deposition.'*!7 Because glycolysis is an
oxygen-efficient pathway for ATP synthesis, it follows that
high [1-*C]lactate signal detected in vivo post-MI might re-
flect metabolic reprogramming in monocytes/macrophages
activated by immunologic danger signals released from the ne-
crotic myocardium. To test this, we used an 11.7T vertical bore
MR system to measure hyperpolarized [1-*C]lactate signals
spectroscopically from a controlled number of macrophages in
suspension. We selected the RAW264.7 macrophage cell line
to generate the high numbers of cells required for robust analy-
sis of these data, including kinetic modeling (8x107 cells per
biological replicate, n=6 biological replicates per group).

We found that polarization of RAW264.7 macrophages us-
ing lipopolysaccharide strikingly increased the raw [1-"*C]lac-
tate signal detected spectroscopically from a given number of
cells when compared with the same number of saline-treated
quiescent cells (Figure 3A). We used kinetic modeling of the
dynamic spectroscopic data to estimate pyruvate to lactate ex-
change constants'® and multiplied these by the final pyruvate
concentration in solution to derive cellular ['*C]lactate label flux
rates. This analysis confirmed that ['*C]lactate label flux rates
were approximately doubled in activated macrophages (P<0.01
when compared with saline-treated control cells; Figure 3A),
suggesting that both the influx of monocytes/macrophages and
also metabolic reprogramming in these activated cells may con-
tribute to the high lactate signature detected after MI in vivo.

Gene expression analysis of RAW264.7 cells using quan-
titative polymerase chain reaction confirmed that polarization
with lipopolysaccharide caused regulation of a panel of genes
encoding key glycolytic enzymes, including LDH, PKM
(pyruvate kinase), and PFKFB3 (6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase3; Figure 3B), alongside key pro-
inflammatory cytokines, including IL (interleukin)-1f3. These
findings suggest that transcriptionally mediated metabolic re-
programming in activated RAW264.7 macrophage-like cells
leads to higher glycolytic rates, providing a potential mecha-
nism for the high [1-*C]lactate signal and flux rates detected.
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Figure 1. Hyperpolarized lactate generation in a rodent model of cryoinfarction. A and B, Hyperpolarized MRI demonstrated
intense [1-'C]lactate signal at both days 3 and 7 post-experimental myocardial infarction, which was normalized in rats undergoing
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pharmacological macrophage depletion (n=6 rats assigned per time point per group [n= 36] to give 4-6 evaluable datasets per time point

per group; mean+SEM; statistical comparison by 1-way ANOVA with the Holm-Sidak correction for multiple comparisons). Higher lactate
signal is detected from the anterior portion of the heart because of some inhomogeneity from the 13C surface coil; lactate signal detected
from the chest wall may reflect inflammation in the healing incision. C, Flow cytometric analysis of infarct tissue confirmed predominantly

inflammatory monocyte/macrophage phenotype (CD43"°his48") at day 3 and predominantly reparative (CD43"his48'°) phenotype at day

7 and that both subsets were depleted after the administration of clodronate liposomes. *P<0.05, **P<0.01, ***P<0.001. LDH indicates

lactate dehydrogenase; NADH, nicotinamide adenine dinucleotide; PDH, pyruvate dehydrogenase; and TCA, tricarboxylic acid.



1088 Circulation Research April 13, 2018

>

Normalised lactate signal (AU)

| .

[1-*C]lactate (baseline) [1-'*C]lactate (day 7)

15+
[]
2
©
8=
S 2 101
i
i T
w® 2
En 51
e
]
4
0 T
Baseline Day 7

'H image (baseline)

Figure 2. Hyperpolarized lactate generation in a porcine model of myocardial infarction. A and B, High hyperpolarized lactate signal
was again detected in infarct tissue at day 7 in a large animal model of myocardial infarction when compared with the same animal pre-
infarction (n=7; mean+SEM; statistical comparison by paired 2-tailed t test). C, The high lactate signal again corresponded to macrophage
accumulation on histopathologic examination of the tissue. *P<0.05, **P<0.01, ***P<0.001.

PDK1 (PDH kinase 1) is a negative regulator of PDH activ-
ity and was downregulated, which, therefore, implies an in-
creased PDH flux. This finding suggests that the increase in
cellular glycolytic rate is accompanied by an increase in glu-
cose oxidation via PDH, although this was not to a sufficient
degree to cause a detectable hyperpolarized [1-"*C]bicarbon-
ate signal (which reflects PDH flux) in this experiment.

A near-identical pattern of gene regulation was demonstrat-
ed in primary murine spleen-derived macrophages, performed
to validate these cell line experiments (Online Figure III).

To further understand the relationship between lipopolysac-
charide-induced macrophage metabolic reprogramming, hy-
perpolarized [1-"*C]lactate signal, and inflammatory cytokine
synthesis, we next tested the effect of coincubation of lipopoly-
saccharide-treated RAW264.7 cells with 2-deoxyglucose, which
blocks glycolysis at the level of the hexokinase reaction and sta-
bilizes hypoxia-inducible factor 1a signaling.'” We found that
2-DG (2-deoxyglucose) treatment normalized the RAW264.7
macrophage-hyperpolarized [1-"*C]Jlactate signal (P<0.01) by
inhibiting lipopolysaccharide-mediated transcriptional meta-
bolic reprogramming and abrogating the upregulation of LDH,
PKM, and PFKFB3 (Figure 3B). 2-DG also strikingly inhibited
the synthesis of IL-1f (which has been reported previously!*?°),
highlighting a link between hyperpolarized [1-'"*C]lactate signal
and cellular inflammatory function in vitro.

MR-Visible Metabolic Imnmunomodulation
Improves Cardiac Systolic Function Post-MI

We next sought to test the links between hyperpolarized [1-*C]
lactate signal, the macrophage response for MI, and the result-
ing effects on cardiac remodeling and systolic function in vivo,

with the aim of understanding whether hyperpolarized MR may
have a potential future role as an imaging biomarker to test im-
munomodulation after MI. Although nonselective immunosup-
pression in this setting is known to be associated with impaired
cardiac wound healing and a risk of ventricular rupture,?’-?
selective targeting of the phase 1 monocyte/macrophage pro-
inflammatory response pathways may be a viable strategy to
improve cardiac remodeling and systolic function.??

To address this, we administered either 2-DG or saline
to rats between days 0 and 3 after cryoinfarction (n=12). We
found that 2-DG caused dose-dependent downregulation of IL.-
1P gene expression in infarct tissue (Figure 4A) with a 66%
reduction at the higher dose of 1g/kg per day in 2 divided doses
(P<0.01). This dose of 2-DG also reduced the high hyperpo-
larized [1-"*C]lactate signal detected by hyperpolarized MR
at day 3 (P<0.05), which was suppressed to a level similar to
that observed in sham-treated animals in previous experiments.
Because our previous cell depletion experiments have suggest-
ed that elevated cardiac ['*C]lactate signal post-MI is caused by
monocytes/macrophages, this finding implies sufficient deliv-
ery of 2-DG to the cardiac monocyte/macrophage population to
reproduce the anti-inflammatory effect demonstrated in vitro. It
furthermore highlights a mechanistic link between hyperpolar-
ized [1-BC]lactate signal and cardiac tissue-level inflammation.

The 2-DG dosing strategy (0—72 hours) was selected with
the intent of suppressing primarily the phase 1 inflammatory
response while preserving tissue repair processes in phase 2
(maximal at day 7). To determine whether this was the case,
we measured the day 7 expression of cytokines and growth
factors with roles in cardiac repair, revascularization, and
mature collagen deposition,” including TGF-f (transforming
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Figure 3. Hyperpolarized lactate generation in activated RAW264.7 cell suspensions. A, Hyperpolarized MR experiments in
RAW264.7 cell suspensions demonstrated high lactate signal and label flux rates in activated cells, which was normalized by 2-DG
(2-deoxyglucose; 80x10° cells per biological replicate; mean+SEM; n=5-6 evaluable datasets per group; 1-way ANOVA with the
Holm-Sidak correction for multiple comparisons; PBS; lipopolysaccharide [LPS]). ['*C]lactate signal intensity curves (normalized to [1-
3C]pyruvate signal) after [1-'*C]pyruvate injection are presented; shaded region denotes SEM. ['*C]lactate label flux rates were derived
by kinetic modeling of the spectroscopic data multiplied by the final pyruvate concentration in solution. B, LPS caused regulation of a
panel of genes encoding glycolytic enzymes and proinflammatory cytokines, which were attenuated after administration of 2-DG. Similar
patterns of gene regulation were demonstrated in primary murine spleen-derived macrophages (Online Figure Il). *P<0.05, **P<0.01,
***P<0.001. IL indicates interleukin.
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Figure 4. Systemic administration of 2-DG (2-deoxyglucose) to rats post-myocardial infarction (Ml) caused dose-dependent
downregulation of IL (interleukin)-1( gene expression in infarct tissue and also normalized hyperpolarized [1-'*C]lactate signal
(n=4-5 evaluable datasets per group). 2-DG had no significant effect on expression of genes encoding the proreparative factors IL-10,
VEGF-C (vascular endothelial growth factor C), and TGF-f3 (transforming growth factor-f3; n=3-4 biological replicates per group; 1-way
ANOVA with the Holm-Sidak correction for multiple comparisons) Cine MRI analysis demonstrated that 2-DG attenuated the rate of decline
in left ventricle (LV) systolic function between day 3 and 3 months (n=9 biological replicates per group to give 7-9 evaluable data sets;

unpaired unequal variance t test). *P<0.05, **P<0.01, **P<0.001.

growth factor-f3), IL-10, and VEGF-C (vascular endothelial
growth factor C; Figure 4B) in healthy control rats and rats un-
dergoing cryoinfarction with either saline treatment or 2-DG
treatment between days 0 and 3 (n=12). We found no signifi-
cant difference in the expression of these factors. These find-
ings suggest that this regimen of 2-DG selectively modulates
phase 1 of the immune response post-MI. Consistent with this,

no incidence of ventricular rupture was detected by cine MRI
in any 2-DG-treated rat.

Because selective modulation of the phase 1 inflamma-
tory response is a potential therapeutic target after MI, we
next asked what effect MR-visible immunomodulation of IL-
13 synthesis with 2-DG would have on cardiac remodeling
and systolic function, assessed using cine MRI. Control- and
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2-DG-treated rats had equivalent ventricular volumes and
systolic function at day 3, which suggests equivalent acute in-
jury size (Online Figure IV). The left ventricles in both groups
dilated by around 30% between day 3 and 3 months during
remodeling, and the rate of increase of end-systolic volume
was modestly attenuated in 2-DG—treated rats, with a 5% ab-
solute improvement in ejection fraction at 3 months (P<0.05;
Figure 4C). These findings suggest that 2-DG-mediated im-
munomodulation post-MI can be monitored noninvasively us-
ing hyperpolarized MRI and may improve cardiac remodeling
by selectively targeting the phase I inflammatory response.

Discussion
Acute MI remains a leading cause of heart failure, despite
effective reperfusion strategies.’® The development of new
imaging technologies to define pathways, which could be tar-
geted in the days after MI with the aim of improving cardiac
remodeling and reducing heart failure, therefore, represents an
important and clinically relevant goal.

Our finding that the influx and metabolic reprogramming
of activated innate immune cells within infarct tissue can be
assessed using hyperpolarized [1-'*C]pyruvate MR provides
an approach by which MR could be used to better understand
innate immune cell biology in human cardiovascular disease.
Conventional proton MR-based techniques, including T, para-
metric mapping and T, weighted imaging, are known to be in-
sensitive to immune cell number after MI because any signal
change attributable to these cells is masked by much larger
changes in 'H T, and T, resulting from edema and collagen
deposition.””® Tt follows that the combination of hyperpolar-
ized [1-"*C]pyruvate MR (to assess inflammation via ["*C]lac-
tate mapping) with 'H T, T,, and gadolinium-based contrast
agent techniques, including extracellular volume mapping (for
tissue characterization and functional imaging) could be used to
provide a more comprehensive assessment of the interplay be-
tween the myocardial inflammatory response and the resulting
tissue architecture and ventricular function than is possible cur-
rently. Furthermore, because the immunologic danger signals
released from necrotic myocardium polarize quiescent innate
immune cells via their conserved pattern recognition/toll-like
receptors,”* inflammation imaging with hyperpolarized [1-
BClpyruvate MR may well be broadly applicable across other
cardiovascular disease states involving innate immune cell acti-
vation, including atherosclerosis, myocarditis, and endocarditis.

Previous studies using positron emission tomography
(PET) of the 18-fluorodeoxyglucose (*FDG) tracer have dem-
onstrated high cardiac'®FDG uptake in the days after MI, which
may reflect similar cellular processes to those resulting in high
[1-CJlactate signal in this study.’’ However, cardiac '"SFDG
PET can be confounded by high background glucose uptake
by the myocardium, and its ability to detect the smaller signal
resulting from immune cell activity is, therefore, critically de-
pendent on artificial suppression of cardiac carbohydrate me-
tabolism using, for example, high fat/low carbohydrate diets in
clinical studies, and the mode of anesthesia used in preclinical
studies.’ The failure rate of cardiac carbohydrate uptake sup-
pression in humans is reported to be 20% to 30%.*

Newer PET tracers targeting macrophage cell surface pro-
teins (such as ®*Ga-DOTATATE or ®*Ga-DOTA-TOC, which
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bind SST, [somatostatin receptor subtype-2], and ®*Ga-citrate,
which binds lactoferrin) show promise for the identification
of inflammatory activity of monocytes and macrophages.*
Furthermore, because SST, is exclusively expressed in pro-
inflammatory M 1-type macrophages, %Ga-DOTATATE offers
reliable imaging of inflammatory activity in active atheroscle-
rotic plaques,*** avoiding the limitation of ®FDG myocardial
spillover for coronary imaging. These tracers have been clini-
cally translated to human use and in a clinical investigation,
%Ga-DOTA-TOC demonstrated consistent uptake in patients
with myocarditis or subacute ML as well as in a patient with
cardiac involvement from sarcoidosis.*® Balanced against
these studies, in a detailed preclinical investigation, neither
%Ga-DOTATATE nor **Ga-citrate showed appreciable uptake
in myocardial infarct tissue after MIL.%” Further leukocyte trac-
ers, including those targeting the chemokine receptor CXCR4
(C-X-C chemokine receptor type 4)* or translocator protein,*
are in development although they remain to be tested post-MI.
In future clinical studies, the performance of these PET trac-
ers for post-MI inflammation imaging could be prospectively
tested alongside alternative MRI technologies, including 19F
MRI using emulsified perfluorocarbons,***! which shows
promise in preclinical models or iron oxide nanoparticles, as
well as hyperpolarized [1-"C]pyruvate.

Hyperpolarized [1-'*C]pyruvate offers several advan-
tages over 'SFDG for cardiac applications. First, the ability
to image the downstream products of glucose metabolism
offers the potential to improve specificity when compared
to measurement of glucose uptake because of the diver-
gent metabolic phenotypes of glycolytic immune cells and
oxidative cardiomyocytes. Furthermore, hyperpolarized
MR enables imaging without the need for artificial suppres-
sion of cardiomyocyte metabolism, the absence of ionizing
radiation (enabling longitudinal studies in humans), faster
acquisition times (cardiac hyperpolarized MR acquisitions
typically last 2-5 minutes compared with cardiac gated PET
acquisitions, which can take >30 minutes), and the ability
to normalize the [1-'*C]lactate signal to tissue delivery rates
of the [1-"*C]pyruvate substrate, which may be particularly
important after MI when tissue delivery rates of the tracer
may be impaired by either an epicardial coronary stenosis or
microvascular dysfunction. Furthermore, because lactate is
increasingly recognized to be an immunologic danger signal
in its own right,” assessment of the lactate pool size might
provide a more fundamental assessment of innate immune
cell immunometabolic function after MI than glucose uptake
alone. It is, however, not yet clear whether clinical cardiac
hyperpolarized MRI will achieve or exceed the spatial reso-
lution of PET (which is typically 4-6 mm for "*FDG*) be-
cause clinical 13C MR coils and sequences are still in their
infancy. Furthermore, clinical grade hyperpolarizers are cur-
rently only available in a few centers worldwide, unlike PET
cyclotrons and scanners.

IL-1p is a cytokine known to control processes determin-
ing myocardial remodeling post-MI,*#*# and most therapeu-
tic studies to date have focussed on downstream targeting of
the cytokine using monoclonal antibodies. Although this ap-
proach avoids the potentially deleterious effects of nonselec-
tive immunosuppression with, for example, corticosteroids,
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the lack of routine availability of human myocardial tissue for
cytokine assay or assessment of inflammation post-MI limits
the potential for individualization of therapy or validation of
dosing strategy.” Given that the degree of myocardial injury
and subsequent inflammation after acute coronary syndromes
is highly heterogeneous, it is perhaps not surprising that clini-
cal trials involving largely unselected patients with MI have
had variable results to date.**® Hyperpolarized MR may,
therefore, have an early role in the identification of patient
subgroups with the highest degree of myocardial inflamma-
tion, who might be expected to derive the most benefit from
currently available immunomodulatory therapies, such as
anakinra or canakinumab. In the future, hyperpolarized MR
may also have utility in the development of drugs targeting
upstream pathways responsible for proinflammatory cyto-
kines by immune cells. Although 2-deoxyglucose experiences
unpredictable pharmacokinetics and toxicity and is unlikely
to be tested in humans with ML,** newer immunometabolic
modulators are in advancing stages of development and may
provide new classes of drugs for immunomodulation.®

In summary, hyperpolarized MR using [1-"*C]pyruvate
provides a novel noninvasive assessment of cardiac innate im-
mune cell-driven inflammation by detecting [1-"*C]lactate sig-
nal resulting from induction of an immunometabolic signaling
axis, which is essential for inflammatory cytokine production
and controls cardiac remodeling. In addition to potential fu-
ture applications in human ischemic heart disease, this tech-
nique may have broad value in other forms of inflammatory
disease with important advantages over existing techniques.
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