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A B S T R A C T

Establishing molecular and cellular indicators that reflect the extent of dilation of the left ventricle (LV) after
myocardial infarction (MI) may improve diagnostic and prognostic capabilities. We queried the Mouse Heart
Attack Research Tool (mHART) 1.0 for day 7 post-MI mice (age 3–9months, untreated males and females) with
serial echocardiographic data at days 0, 1, and 7 (n=51). Mice were classified into two subgroups determined
by a median fold change of 1.6 in end-diastolic dimensions (EDD) normalized to pre-MI values; n= 26 fell below
(moderate; mean of 1.42 ± 0.01) and n= 25 fell above this cut-off (extreme; mean of 1.79 ± 0.01; p < 0.001
vs. moderate). Plasma proteomic profiling of 34 analytes measured at day 7 post-MI from male mice (n= 12
moderate and 12 extreme) were evaluated as the test dataset, and receiver operating curve (ROC) analysis was
used to assess strength of biomarkers. Females (n= 6 moderate and 9 extreme) were used as the validation
dataset. Both by t-test and characteristic (ROC) curve analysis, lower macrophage inflammatory protein-1
gamma (MIP-1γ), lymphotactin, and granulocyte chemotactic protein-2 (GCP-2) were identified as plasma in-
dicators for dilation status (p < 0.05 for all). Macrophage numbers were decreased and complement C5, la-
minin 1, and Ccr8 gene levels were significantly higher in the LV infarcts of the extreme dilation group
(p < 0.05 for all). A composite panel including plasma MIP-1γ, lymphotactin, and GCP-2, and LV infarct Ccr8
and macrophage numbers strongly mirrored LV dilation status (AUC=0.92; p < 0.0001). Using the mHART
1.0 database, we determined that a failure to mount sufficient macrophage-mediated inflammation was in-
dicative of exacerbated LV dilation.

1. Introduction

The cardiac wound healing process after myocardial infarction (MI)
is divided into three distinct, but temporally overlapping, phases of
infarct healing: an inflammatory phase, a proliferative phase, and a
maturation phase [1]. Optimal healing of the left ventricle (LV) requires
mechanisms to initiate an inflammatory response, mechanisms to re-
solve inflammation by inhibiting pro-inflammatory cytokines and
clearing inflammatory cells, and mechanisms to induce repair [2–6].

Markers of inflammation, including myeloperoxidase (MPO) and
white blood cell count (WBC), are strong predictors of post-MI adverse
remodeling [7–9]. When WBC was used as a marker for post-MI in-
hospital mortality, the pattern followed a J curve shape [10]. Patients

with< 1.0×103 cell/mL WBC had a mortality rate of 29%, which
decreased to 4% in patients with 5–6×103/mL WBC. When WBC in-
creased to over 25×103/mL, mortality increased to 35% indicating
that too few or too many inflammatory cells adversely affected the post-
MI wound healing response.

Better biomarkers are needed to improve diagnosis, guide molecular
target therapy, and monitor activity and therapeutic response in post-
MI patients. An ideal biomarker has the following characteristics: high
specificity, sensitivity, accessibility, speed, and cost-effectiveness [11].
Recent advances in genomic and proteomic approaches have increased
the number of diagnostic marker candidates [12]. The Mississippi
Center for Heart Research developed the Mouse Heart Attack Research
Tool (mHART) as a means to consolidate results into an easily
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searchable format to facilitate broad use of big data analysis [13]. Be-
cause LV dilation is a strong predictor of post-MI survival [14], the goal
of this study was to identify biomarkers that linked to the post-MI LV
dilation phenotype. We hypothesized that using the mHART database
would allow us to isolate the molecular and cellular LV dilation phe-
notype.

2. Materials and methods

2.1. Analysis of the mHART 1.0 database

The mHART database consists of data collected from projects pub-
lished since 2007 for male and female mice ranging from 3 to
36months of age. Data from the mHART database were collected from
a single site lab with multiple investigators [13]. To limit inter-in-
vestigator variability, all experiments were collected under standard
operating procedures that underwent periodical review by all lab
members to prevent deviations in protocol. All data included in the
mHART database underwent at least two quality control assessments,
one initial at the time of collection and one at the time of inclusion in
the database. The article describing the development of the database
included a preliminary example of dilation responses. Here, we expand
this original observation to identify molecular and cellular indicators
that reflect LV dilation status.

2.1.1. Sample selection
The database was accessed on April 15, 2017. Of 2095 mice

downloaded, 759 were C57BL/6J post-MI mice. Of the 759 mice, 51 (31
males and 20 females) had serial echocardiography at day 0 (baseline)
and at days 1 and 7 after MI and were between 3 and 9months of age.
Of the 51 mice, 39 (24 males and 15 females) had plasma measure-
ments and 16 (8 males and 8 females) had immunohistochemistry
measurements at day 7 post-MI. A 1.6 fold change in end diastolic di-
mension (EDD) was used as a cut-off point to distinguish groups, as this
was the median value. Infarct size was determined by 1% 2,3,5‑tri-
phenyltetrazolium chloride staining and calculated as the percentage of
infarct area to total LV area. Data from the male cohort were used to
define the phenotype, and data from the females were used as the va-
lidation cohort. MI surgeries, echocardiography, and im-
munohistochemistry staining were performed according to established
guidelines [15–17]. Echocardiography measurements were taken from
the parasternal long axis B-mode and short axis M-mode views. To
determine extent of LV remodeling, the 3D spherical index was calcu-
lated by dividing end diastolic volume by the volume of a sphere using
the diameter from the major end-diastolic LV long axis.

2.1.2. Data variables
In addition to echocardiography, plasma proteomics, im-

munohistochemistry, and gene array variables from the database were
included. For plasma proteomic profiling, blood was collected from the
common carotid artery in heparin. Proteinase inhibitor cocktail (1×
Complete; Roche, Indianapolis, IN) was added to the plasma, which was
snap frozen at stored at −80 °C until use. Samples (100 μL) were sent to
Myriad RBM (Austin, TX) for multi-analyte proteomic profiling of 56
analytes, of which 34 had detectable levels [18,19]. For im-
munohistochemistry, the LV middle section was fixed in 10% zinc
formalin (Fisher Scientific), paraffin-embedded, and sectioned [18,19].
Heat mediated antigen retrieval (Target retrieval solution, Dako) was
performed to expose antigen epitopes, followed by incubation in rabbit
blocking serum (Vector Laboratories, Marion, IA). Tissue was incubated
in a primary antibody specific for macrophages (Mac-3, Cedarlane,
CL8943AP; 1:100) or neutrophils (PMNs; anti-neutrophil mouse
monoclonal, Cedarlane, CL8993AP; 1:100) at 4 °C overnight. Sections
were incubated with the respective secondary antibodies and positive
staining was visualized by HistoMark Black (KPL 54-75-00) and eosin
was used as a counterstain. For gene array, RNA was extracted from LV

infarct tissue using PureLink RNA Mini Kit (Invitrogen, 12183-018A).
RNA concentrations were determined using the NanoDrop ND-1000
Spectrophotometer (Thermo Scientific). Equal RNA (10 ng) was re-
versed transcribed using the High Capacity RNA-to-cDNA Kit (Life
Technologies 4837406). Real Time RT2-PCR gene array for in-
flammatory cytokines and receptors (Qiagen PAMM-011A) and extra-
cellular matrix (ECM; Qiagen PAMM-013A) was performed to quantify
mRNA levels in the LV infarct. Values were normalized to hprt1, the
only one of five housekeeping genes evaluated that did not change with
MI [20].

2.2. RNA sequencing in isolated infarct macrophages

RNA extraction from macrophages for sequencing were pooled from
n=81 hearts to obtain 4 biological replicates for each day post-MI
[21]. LV macrophages were isolated from the infarct region by im-
munomagnetic separation as described previously [21–23]. Excised LV
tissue was minced and digested by collagenase II (Worthington) and
DNase solution in Hanks buffered saline solution. After digestion, a
single cell suspension was generated by filtering through a 30 μm pre-
separation column followed by incubation at 4 °C with an anti-Ly6G-
biotin antibody (Miltenyi Biotech #130-092-332) to remove neu-
trophils. Cells were then incubated in an anti-CD11b-biotin antibody
(Miltenyi #130-049-601) followed by anti-biotin microbeads (Miltenyi
#130-092-332) for 10min. Post-MI macrophages (CD11b+Ly6G−;
1.5× 106 cells/well) were plated in 6-well culture dishes for 2 h in
RPMI 1640 medium supplemented with 0.1% FBS and 10% antibiotics.
After incubation, non-adherent cells were washed off and the remaining
adherent cells were used for transcriptomics analysis by RNA-sequen-
cing.

Whole transcriptome analysis was performed as described pre-
viously [23,24]. RNA was extracted using the Pure Link RNA Mini Kit
(Ambion) according to manufacturer instructions and assessed for
quality control parameters of minimum concentration and size range.
cDNA libraries were developed using the TruSeq Total Stranded RNA
with RiboZero Kit (Ambion), Set-A, quantified with the Qubit System
(Invitrogen), and assessed for quality and size with the Experion DNA
1K Chip (Bio-Rad). The libraries were sequenced using the NextSeq 500
High Output Kit (300 cycles, paired end 100 bp) on the Illumina
NextSeq 500 platform. Sequenced reads were assessed for quality using
the Illumina Basespace Onsite Computing Platform, and Fastq sequence
files were used to align reads to the reference genome USCS-GRCm38/
mm10. The full dataset has been published in a study that mapped out
the macrophage profile over the post-MI time course [21].

2.3. Bioinformatics and statistical analyses

Post-MI LV EDD values were normalized to baseline no MI values,
and the median was calculated to separate groups. GraphPad Prism 7
was used for statistical analysis. For two group comparisons, unpaired t-
test was used for normally distributed data; otherwise, the nonpara-
metric Wilcoxon rank sum test was used. Partial least squares dis-
criminant analysis (PLS-DA) was used for assessment of distribution.
Plasma analytes from the extreme group were normalized to values for
the moderate group to generate comparison datasets, which were in-
putted into the pathway analysis program within the Metaboanalyst 4.0
package (www.metaboanalyst.ca/) [25,26]. The Z-score for pathway
analysis was based on the mean and standard deviation of the extreme
samples and compared to the moderate group. Areas under ROC curves
(AUC) were calculated using GraphPad Prism 7 statistics software. The
appropriate threshold values for sensitivity and specificity were de-
termined at the point at which the maximum sensitivity+ specifi-
city− 1 was obtained. A value of p < 0.05 was considered statistically
significant.
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3. Results

3.1. Clustering of EDD identified two distinct LV dilation response groups

Serial measurements of EDD combined from both sexes dis-
tinguished LV dilation into moderate (< 1.6 fold change) and extreme
(> 1.6 fold change) responses (Fig. 1A). The average fold change at day
7 for the moderate group was 1.42 ± 0.01 and for the extreme group
was 1.79 ± 0.01 (p < 0.001). End systolic dimension, infarct wall
thickness, end diastolic and systolic volumes, fractional shortening, and
ejection fraction were significantly different between dilation groups
(p<0.05 for all), indicating the change in EDD was a good marker of
remodeling status. The differences in the two groups were not due to
sex or other physiological attributes, including heart rate or infarct size

(Table 1).
As a first pass test, male plasma samples (n= 12 moderate and 12

extreme) were analyzed to identify biomarkers that tracked with dila-
tion. Sparse classification of the partial least squares discriminant
analysis (sPLS-DA) of the 34 plasma analytes indicated distinct se-
paration between groups (Fig. 1B). By pathway analysis, differentially
expressed analytes highly associated with regulation of inflammation
(Fig. 1C). Chemokine signaling was significantly downregulated while
toll-like receptor, cell adhesion, and complement and coagulation were
significantly upregulated in the extreme group compared to the mod-
erate group. No differences were identified in the cytokine-cytokine
receptor interaction between the extreme and moderate groups.

3.2. Reduced macrophage inflammatory protein (MIP)-1γ, granulocyte
chemotactic protein (GCP-2), and lymphotactin were strong indicators of
dilation status

As published previously, Euclidean's hierarchal unsupervised clus-
tering of the plasma analytes within the male cohort, the two groups
clustered separately based on plasma analyte expression profiles.
Averages of the plasma profiles are shown in Fig. 2A. By unpaired t-test,
plasma MIP-1γ, lymphotactin, and GCP-2 were the only proteins lower
in the extreme group compared to the moderate group (Fig. 2B–D). This
is consistent with a decrease in the chemokine signaling shown in
Fig. 1C. Of note, none of the plasma analytes were increased in the
extreme group.

By ROC analysis, MIP-1γ had an AUC of 0.81 and was a strong in-
dicator of moderate LV dilation in males (Fig. 3A). GCP-2 and lym-
photactin both had AUC values of at least 0.7 (Fig. 3B–C). Myeloper-
oxidase (MPO) is a biomarker shown to independently predict the risk
of major adverse cardiac events in the 1-month and 6-month periods
after an MI [9,27] At day 7 post-MI, MPO had an AUC of 0.63
(p= 0.27; Fig. 3D). By unpaired t-test, MPO (p= 0.12) was not dif-
ferent between groups. Neutrophil-mediated inflammation at day 7 is
almost fully resolved, which explains why MPO was not a strong in-
dicator of day 7 LV dilation.

As a second pass validation, plasma MIP-1γ, GCP-2, and lympho-
tactin were analyzed in females (n=6 moderate and 9 extreme) using
the 1.6 fold change cut-off value. In females, MIP-1γ was significantly
lower in the extreme group, similar to what was observed in the males
(Fig. 4A). MIP-1γ negatively correlated with EDD values (Fig. 4B) and
ROC analysis showed an AUC of 0.85 (Fig. 4C; p= 0.02) supporting the
hypothesis that MIP-1γ is a strong indicator of beneficial cardiac wound
healing. While plasma GCP-2 concentration in females was not sig-
nificantly different by t-test (p= 0.09), by ROC analysis, GCP-2 was a
strong predictor of LV dilation state (AUC=0.83, p= 0.04; Fig. 4D).

Fig. 1. Two distinct dilation response groups were identified. (A) Using
mHART, a median change in end diastolic dimension (EDD) of 1.6 fold, mice
were classified into moderate and extreme groups. (B) Partial least squares
discriminant analysis (PLS-DA) of 34 plasma analytes from mHART revealed
separate clustering of the two groups. (C) By pathway analysis, chemokine
signaling was downregulated (blue) and toll-like receptor, cell adhesion, and
complement and coagulation were upregulated (orange) in the extreme group
compared to the moderate group. No differences were observed in cytokine-
cytokine receptor interaction (gray). Z-score was calculated based on the mean
and standard deviation of extreme compared to moderate.

Table 1
Physiological measurements of moderate and extreme groups at day 7 post-
myocardial infarction shows physiological differences were not due to age, sex,
or infarct size.

Moderate Extreme p value

Age, months 5.8 ± 0.1 5.4 ± 0.1 0.32
Sex, males/females (% females) 15/11 (42%) 16/9 (36%) 0.78
Infarct size, % infarct 50 ± 1 54 ± 1 0.16
Body weight, g 24 ± 1 23 ± 1 0.76
Heart rate, bpm 485 ± 1 477 ± 1 0.58
Left ventricle mass, mg 98 ± 1 101 ± 1 0.69
Right ventricle mass, mg 25 ± 1 21 ± 1 0.07
Wall thickness, systole mm 0.62 ± 0.01 0.48 ± 0.02 0.002
End diastolic dimension, mm 5.20 ± 0.02 6.28 ± 0.03 <0.001
End systolic dimension, mm 4.88 ± 0.03 6.06 ± 0.03 <0.001
Fractional shortening, % 6 ± 1 4 ± 1 0.002
End diastolic volume, μL 111 ± 1 165 ± 2 <0.001
End systolic volume, μL 96 ± 1 151 ± 2 <0.001
Ejection fraction, % 15 ± 1 9 ± 1 <0.001
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Lymphotactin (p=0.42) was not significantly different by t-test and
had an AUC of< 0.7 in the female validation set, similar to what was
shown in the male cohort.

3.3. Macrophage numbers negatively correlated with LV dilation status

To determine if LV dilation status was a reflection of leukocyte
numbers, we evaluated neutrophil and macrophage numbers in the day
7 post-MI LV infarct (Fig. 5). No difference was observed in neutrophil
numbers between the dilation groups (p= 0.46). Of note, macrophage
numbers were lower in the extreme group compared to the moderate
group, in line with the downregulation of chemokine signaling ob-
served in the plasma. By ROC analysis, neutrophil numbers had an AUC
of 0.57 (p=0.64) and macrophage numbers had an AUC of 0.83
(p= 0.03), implicating macrophages as being a key reflection of dila-
tion phenotype. The reduced macrophage numbers in the extreme
group highlight the importance of the macrophage in the repair process
[19,28,29].

Of 184 inflammatory and fibrotic genes evaluated in the LV infarct,
three (complement C5, laminin 1, and Ccr8) were significantly elevated
in the extreme group (Fig. 6A). This is consistent with the increase in
complement and coagulation and cell adhesion pathways (Fig. 1C). No
genes were significantly downregulated. Gene expression of MIP-1γ
(p= 0.18) in the LV infarct was not significantly different between
groups, indicating that the differences observed in the plasma were
post-transcriptional. Lymphotactin and GCP-2 were not measured in the
gene array. Out of the three genes significantly different between LV
groups, Ccr8 was the only one that positively correlated with EDD
(r= 0.51; p= 0.01) and negatively correlated with macrophage num-
bers (r=−0.66; p=0.04), indicating Ccr8 gene was an indicator of
extreme dilation (Fig. 6B-C). C5 (r= 0.21; p=0.53) and laminin 1
(r= 0.52; p=0.10) did not correlate to EDD values. By ROC analysis,
Ccr8 had an AUC of 0.75 (p=0.04; Fig. 6D). Ccr8 and MIP-1γ did not
associate with each other (r= 0.20; p=0.64), indicating these markers
likely work independently.

3.4. Macrophage highly expressed MIP-1γ and correlated with spherical
index

To determine the cellular source of the biomarkers identified, we
isolated macrophages from the infarct at days 0, 1, 3, and 7 post-MI and
assessed their genomic profile [21]. Of the three plasma markers

Fig. 2. Analysis of plasma proteins identified potential indicators that correlate
with dilation outcome. (A) Heat map of the top 15 differentially expressed
plasma analytes (mHART plasma proteomic dataset) showed strong clustering
of groups based on protein profiles; 3 were significantly downregulated in the
extreme group compared to the moderate group (◄). (B) Macrophage in-
flammatory protein (MIP)1γ, (C) lymphotactin, and (D) granulocyte chemo-
tactic protein (GCP)2 were significantly lower in the extreme dilation group.
n= 12 male mice/group.

Fig. 3. MIP1γ, GCP-2, and lymphotactin were strong indicators of moderate LV
dilation in males. By ROC analysis (A) high circulating MIP-1γ at day 7 post-MI
was a strong indicator of moderate LV dilation. (B) Granulocyte chemotactic
protein (GCP)2, and (C) lymphotactin were also strong indicators of moderate
LV dilation. (D) Myeloperoxidase (MPO) was not a strong indicator of day 7
post-MI LV dilation. Plasma proteomic data collected from males within
mHART was used for analysis. n= 12 male mice/group.

Fig. 4. Validation using a separate MI cohort of females also identifies MIP1γ
and GCP-2 as indicators of moderate LV dilation. (A) Using a separate cohort of
female day 7 post-MI mice (n= 6 moderate; n= 9 extreme), MIP-1γ was sig-
nificantly reduced in the extreme dilation group. (B) MIP-1γ negatively corre-
lated with end diastolic dimension (EDD) and ROC analysis indicated (C) MIP1γ
and (D) GCP-2 were strong indicator of LV dilation. Plasma proteomic data
collected from females within mHART was used for analysis.
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identified using mHART, only MIP-1γ was found to be expressed by
post-MI macrophages (Fig. 7A). Macrophage expression of MIP-1γ
peaked at post-MI day 1 and by day 7 was lower than post-MI day 0
macrophages.

To dissect if macrophage expression of these biomarkers was re-
sponsible for the dilation status, we calculated the spherical index that
reflects LV eccentric remodeling in post-MI patients [30]. Spherical
index negatively correlated with macrophage numbers, indicating that
macrophages prevented LV dilation (Fig. 7B). Mice with fewer macro-
phages had increased spherical index signifying a larger, rounder LV.
Interestingly, MIP-1γ had a non-linear relationship with macrophage
cell numbers, indicating too much or too little MIP-1γ may be a nega-
tive regulator of macrophage recruitment (Fig. 7C). This is in line with
what we observed with our extreme phenotype that had lower levels of
macrophages and decreased Ccl9 levels. Our data indicates that mac-
rophage secretion of Ccl9 is partially responsible for LV dilation status.

3.5. Composite multi-marker strategy improves indication of LV dilation
state

To test the feasibility of using a multi-marker strategy to improve
the indication of LV dilation status, we assessed 5 biomarkers: plasma
MIP-1γ, lymphotactin, and GCP-2, and LV infarct Ccr8 and macrophage
numbers (Fig. 8). Using a five panel test improved determination of LV
dilation state (AUC=0.92; p < 0.001). The addition of laminin 1 or
complement C5 decreased the AUC to below 0.7, consistent with the
lack of individual association. Despite not being a strong predictor
alone, lymphotactin when added to MIP-1γ, GCP-2, Ccr8, and macro-
phage numbers increased the AUC from 0.85 for the 4 indicators to
0.92.

Fig. 5. Extreme dilator group had fewer macrophages without differences in neutrophil numbers. (A) No difference in neutrophil numbers at day 7 post-MI between
groups (arrows depict positive staining). (B) ROC analysis indicated neutrophil numbers did not reflect LV dilation status. (C) Macrophage numbers were significantly
lower in the extreme group compared to the moderate group (arrows depict positive staining) and (D) ROC analysis indicated macrophage numbers reflected LV
dilation state. Immunohistochemistry data collected from mHART was used for analysis. Scale bar, 60 μM.

Fig. 6. Elevated Ccr8 gene expression in the day 7 infarct predicts extreme dilation. (A) Assessment of 184 genes collected from the mHART database indicated C5,
laminin a1 (Lama1), and Ccr8 were significantly higher in the day 7 infarct of extreme dilators compared to the moderate group. MIP-1γ gene expression in the
infarct was not significantly different between groups indicating plasma differences were post-transcriptional. (B) Ccr8 negatively correlated with macrophages in the
infarct area and (C) positively correlated with EDD. (D) ROC analysis substantiated Ccr8 as an indicator of LV dilation.
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4. Discussion

The goal of this study was to use the mHART database to identify an
extreme post-MI LV dilation phenotype. Elevated plasma MIP-1γ, GCP-
2, and lymphotactin along with decreased LV infarct expression of Ccr8
and increased macrophage numbers, were identified as strong in-
dicators of the moderate LV dilation phenotype. Our results indicate
that a failure to mount a sufficient macrophage response linked with
adverse remodeling after MI more than an overabundant response.
Using the mHART database, we were able to identify a composite
multimarker panel that included MIP-1γ, GCP-2, and lymphotactin
from the plasma, as well as Ccr8 and macrophage numbers from the LV
infarct, as being a strong indicator panel for LV dilation status.

This is the first report that has assigned a positive role for MIP-1γ in
post-MI wound healing. MIP-1γ/Ccl9 is a chemotactic protein secreted
by neutrophils and macrophages that regulates the wound healing re-
sponse in multiple disease processes, including cutaneous wound
healing [31–34]. MIP-1γ inhibition reduces neutrophil and macrophage

infiltration, collagen deposition, and improves pulmonary function in a
mouse model of chronic graft-versus-host disease [33]. MIP-1γ has been
shown to correlate with the extent of atherosclerotic lesions [35]. While
not previously evaluated in the MI setting, a similar inhibition pheno-
type would be detrimental for MI remodeling. In addition, in a model of
colon cancer, MIP-1γ promotes recruitment of the matrix metallopro-
teinase-expressing stromal cells [32], consistent with a positive role in
necrotic tissue removal.

Overexpression of GCP-2 has been linked to improved LV re-
modeling by increasing pro-angiogenic and anti-apoptotic gene ex-
pression within the infarct [36]. Less is known about the role of lym-
photactin (Xcl1) during the cardiac remodeling processes, in part due to
conflicting results. In a rat model of cardiac allograft, lymphotactin was
linked to accelerated allograft rejection [37]. In contrast, lymphotactin
expression was not associated with rejection in cardiac allograft re-
cipients [38]. Ccr8 is primarily expressed by regulatory T-cells and is
known to regulate monocyte chemotaxis [39,40]. In left ventricular
assist device patients, decreased Ccr8 expression was found to correlate
with increased 1 year mortality [41]; however, its post-MI role has not
been extensively studied.

Multiple studies have shown negative [42–44] and positive [45–47]
correlations between monocyte and macrophage numbers and MI LV
remodeling. Macrophages regulate a number of wound healing events,
including removal of cell debris, development of the infarct scar, and
angiogenesis [2,21]. In a recent publication, we demonstrated that at
day 1 post-MI, the macrophage exhibits a pro-inflammatory phenotype
and by day 7 post-MI, macrophages exhibit a reparative phenotype that
indirectly contributes to ECM formation through release of paracrine
factors and directly secretes ECM proteins (collagen and periostin) [21].
Decreased day 7 reparative macrophages would exacerbate LV re-
modeling resulting in the extreme dilator phenotype.

White blood cell count within 24 h of admission for an MI (in-
flammatory phase) is a strong and independent predictor of in-hospital
and 30-day mortality as well as in-hospital clinical events [7]. Our data
indicated that during the later maturation phase of wound healing,
neutrophil numbers are not strong predictors for adverse remodeling.
Neutrophils likely have an indicator role early during days 1–3 after MI
during the phase that neutrophils are the prominent cell type. Macro-
phages become the primary cell at around post-MI day 5 making these
cells ideal for predicting LV changes during the proliferative and ma-
turation phase of cardiac wound healing.

A strength of using the multimarker panel is that despite having
overlap, each of the biomarkers regulate separate pathways of the LV
remodeling process. For example, MIP-1γ regulates macrophage re-
cruitment, while GCP-2 is a pro-angiogenic protein secreted by mac-
rophages and lymphotactin and Ccr8 are markers of T-cell mediated
inflammation [36,39,48–50]. Having biomarkers that incorporate
multiple aspects of MI remodeling can improve specificity and sensi-
tivity because they are not inter-dependent [51,52]. Another strength is
that the plasma results alone provided a strong composite indicator,
which improves ease of use and cost-effectiveness. Future evaluations
to determine if these markers have translational relevance in clinical
cohorts are warranted.

Fig. 7. Macrophages express increased levels of
macrophage inflammatory protein (MIP)1-γ early
post-myocardial infarction and correlate to spherical
index. (A) Sequencing of macrophages isolated from
the infarct at post-MI days 0, 1, 3, and 7 showed MIP-
1γ expression peaked at post-MI day 1 and decreased
by day 7 to levels lower than day 0 macrophages. (B)
Macrophage numbers negatively correlated with
spherical index. (C) Macrophage-specific expression
of MIP-1γ had a non-linear relationship with mac-

rophage numbers indicating too much or too little MIP-1γ may be a negative regulator of macrophage recruitment. Dashed lines represent confidence interval. Data
was generated from a separate cohort of mice [21]. n=81 mice total with n=4 pooled biological replicates/day post-MI. *p < 0.05 vs day 0. FPKM= fragments
per kilobase million.

Fig. 8. Multi-marker strategy with key independent biomarkers improves in-
dication of LV dilation status. (A) Single marker ROC analysis of MIP-1γ,
lymphotactin, GCP-2, Ccr8, and macrophage numbers using males and females
(n=18 moderate; n= 21 extreme). (B) Using a five panel test improved de-
termination of LV dilation state. All data was collected from the mHART da-
tabase.
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In summary, this is the first report to detail LV dilation phenotypes
after MI in mice and identify plasma proteins and LV infarct in-
flammatory cells and genes that explain the differences in dilation.
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