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Peripheral Blood RNA Levels of QSOX17 and
PLBD1 Are New Independent Predictors of
Left Ventricular Dysfunction After Acute

Myocardial Infarction

BACKGROUND: The identification of patients with acute myocardial
infarction (MI) at risk of subsequent left ventricular (LV) dysfunction
remains challenging, but it is important to optimize therapies. The aim of
this study was to determine the unbiased RNA profile in peripheral blood
of patients with acute Ml and to identify and validate new prognostic
markers of LV dysfunction.

METHODS: We prospectively enrolled a discovery cohort with acute

MI (n=143) and performed whole-blood RNA profiling at different time
points. We then selected transcripts on admission that related to LV
dysfunction at follow-up and validated them by quantitative polymerase
chain reaction in the discovery cohort, in an external validation cohort
(n=449), and in a representative porcine MI model with cardiac magnetic
resonance—-based measurements of infarct size and postmortem
myocardial pathology (n=33).

RESULTS: RNA profiling in the discovery cohort showed upregulation

of genes involved in chemotaxis, IL (interleukin)-6, and NF-xB (nuclear
factor-xB) signaling in the acute phase of MI. Expression levels of the
majority of these transcripts paralleled the rise in cardiac troponin T

and decayed at 30 days. RNA levels of QSOXT7, PLBD1, and STO0A8 on
admission with MI correlated with LV dysfunction at follow-up. Using
guantitative polymerase chain reaction, we confirmed that QSOX17

and PLBD1 predicted LV dysfunction (odds ratio, 2.6 [95% Cl, 1.1-6.1]
and 3.2 [95% Cl, 1.4-7.4]), whereas ST00AS8 did not. In the external
validation cohort, we confirmed QSOXT and PLBD1 as new independent
markers of LV dysfunction (odds ratio, 1.41 [95% Cl, 1.06-1.88] and 1.43
[95% Cl, 1.08-1.89]). QSOXT had an incremental predictive value in a
model consisting of clinical variables and cardiac biomarkers (including
NT-proBNP [N-terminal pro-B-type natriuretic peptide]). In the porcine Ml
model, whole-blood levels of QSOXT and PLBD1 related to neutrophil
infiltration in the ischemic myocardium in an infarct size-independent
manner.

CONCLUSIONS: Peripheral blood QSOX7 and PLBD1 in acute Ml are new
independent markers of LV dysfunction post-Ml.
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acute myocardial infarction (M), the long-term
outcome after Ml remains poor. The rate of re-

hospitalization for heart failure at 1 year post-MlI ranges
from 5% <20%, despite state-of-the-art therapy." Up
to 15% of patients with ST-segment-elevation Ml have
a left ventricular (LV) ejection fraction <40% at follow-
up.? Heart failure post-MI encompasses high morbidity
and a high cost for rehospitalizations, drugs, and device
therapies. Therefore, position papers have recently em-
phasized the need to identify new predictors and iden-
tify new targets for intervention.>

Since inflammation plays a pivotal role in the acute injury
during Ml and subsequent repair, a better characterization
of the inflammatory drivers might improve the identifica-
tion of patients at increased risk for adverse outcome.®
Conventional markers such as white blood cell count and
C-reactive protein are indeed associated with outcome.”?
However, a more comprehensive assessment of the inflam-
matory response upstream of these markers is lacking, but
it is indispensable to identify new targets for intervention
and improve the identification of high-risk patients.

Detailed assessment of the inflammatory response
using whole-blood RNA in dedicated RNA tubes is a
promising approach, providing detailed information
on leukocyte function without the need for expedite
sample handling or complex cell isolation techniques.
Both coding and selected long noncoding RNAs were
reported to be regulated in peripheral blood of patients
with acute Ml and to correlate with outcome. -2

Therefore, the aim of this study was to characterize
the unbiased circulating RNA signature during and after
Ml and to identify and validate new prognostic markers
for LV dysfunction at follow-up.

D espite marked improvements in the treatment of

METHODS

We prospectively enrolled a discovery cohort of patients with
acute Ml (n=143) and performed whole-blood RNA profiling
at different time points. Selected transcripts related to LV dys-
function were validated in a validation cohort (n=449) using
guantitative polymerase chain reaction and in a porcine model
of MI with myocardial histology and cardiac magnetic reso-
nance (CMR) imaging. Detailed methods and data supporting
the findings are available in the Data Supplement. RNA profil-
ing data are publicly available in the Gene Expression Omnibus
(GSE123342). The study protocol complies with the Declaration
of Helsinki, was approved by the institution’s ethical commit-
tee, and all patients signed informed consent. Animal experi-
ments were approved by the institution’s ethical committee
and performed according to the institutional guidelines.

RESULTS

Characteristics of the Study Cohorts

Demographic and clinical variables of patients in the dis-
covery and validation cohorts are shown in Table 1. In
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the discovery cohort, the samples of 143 of 180 prospec-
tively enrolled patients were eligible for measurement of
RNA expression (study flow chart; Figure | in the Data
Supplement). Forty-three percent of patients had ST-seg-
ment—elevation Ml (n=61), and 13% (n=18) developed
LV dysfunction at follow-up. Patients in the validation
cohort had a higher risk profile: 78% of patients (n=352)
had ST-segment—elevation MI, and 18% of patients
(n=79) had LV dysfunction at follow-up. There were no
baseline differences in the use of ACE (angiotensin-con-
verting enzyme) inhibitors or B-blockers in patients with
versus without LV dysfunction at follow-up.

Unbiased RNA Profiling Identifies
Pathways Related to Inflammation in the
Acute Phase of Mi

In the discovery cohort, we first compared the unbiased
RNA expression profile of 65 patients on admission with
Ml to 22 stable controls matched in 3:1 ratio (Figure 1A).
This resulted in 1084 differentially expressed transcripts
(false discovery rate—adjusted P<0.05; Figure 1B), including
469 annotated protein-coding genes and 25 long noncod-
ing transcripts (8 intergenic RNAs, 4 antisense RNAs, and
13 pseudogenes; Figure 1C). Unbiased network analysis
shows clustering related to Toll-like receptor and NF-kB
(nuclear factor-xB) signaling, chemotaxis, and ubiquitina-
tion (Figure 1D). Gene ontology analysis confirms signifi-
cant enrichment of biological processes related to immune
response and chemotaxis in acute MI (Figure 1E, blue).
The underlying pathways related to the observed immune
response were identified using pathway analysis: 9 canoni-
cal pathways were significantly enriched in the acute phase
of Ml (Fisher exact false discovery rate—adjusted P<0.0005),
shown in Figure 1E (green). The identified transcripts were
predominantly expressed on the plasma membrane (Fig-
ure 1F, blue), and tissue expression profiles confirmed
that they were predominantly originating from circulating
leukocytes (Figure 1F, green). Taken together, the global
transcriptome response highlights upregulation of differ-
ent pattern recognition receptors (Toll-like receptors such
as TLR4 and TLR2, C-type lectin receptors such as CLEC4E
and CLEC4D, and Nod-like receptors such as NLRC4 and
NLRP12), resulting in downstream NF-xB (NFKBIA and
MYD8S8) signaling. Additional markers of leukocyte activa-
tion (IRAK3, ILTR2, and IL18R1) and mean arterial pressure
kinase signaling were also upregulated. A full list of all dif-
ferentially expressed transcripts, biological processes, and
pathways is available in the Data Supplement.

RNA Expression in the Acute Phase
Clusters With Acute Cardiac Injury and
Conventional Markers of Inflammation

A large number of transcripts significantly correlated
with ejection fraction in the acute phase of Ml (374
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Table 1. Baseline Characteristics of the Discovery Cohort, Validation Cohort, and Stable Controls
Discovery Cohort Validation Cohort
(n=143) (n=449) Controls (n=22) P Value*

Age, y; median (range) 63 (30-88) 61(30-91) 60 (47-90) 0.118
Sex, male; n (%) 113 (79.0) 339 (75.5) 17 (77.2) 0.430
Body mass index, median (range) 27 (18-46) 27 (18-51) 27 (20-38) 0.952
Medical history, n (%)

Current smoker 55 (38.5) 205 (45.9) 4(18.2) 0.147

Hypertension 66 (46.2) 217 (48.8) 15 (68.2) 0.701

Hypercholesterolemia 112 (78.3) 199 (45.3) 21(95.5) <0.001

Diabetes mellitus 18(12.6) 98 (22.0) 0 (0) 0.015

Prior Ml 14 (9.8) 51(11.4) 5(22.7) 0.649
Medication on admission, n (%)

Aspirin 42 (29.4) 85(19.2) 18 (81.8) 0.010

{3-Blocker 40 (28.0) 94 (21.3) 13(59.1) 0.086

ACE inhibitor 25(17.5) 56 (12.8) 11 (50.0) 0.162

Angiotensin receptor antagonist 11(7.7) 51(11.6) 2(4.5) 0.272

Statin 45 (31.5) 89 (20.1) 18 (81.8) 0.006
MI presentation, n (%)

ST-segment elevation 61(42.7) 352 (78.4) <0.001

Anterior infarction 59 (41.3) 348 (77.5) <0.001

CABG 13(9.1) 3(0.7) <0.001

PClI 141 (98.6) 433 (96.4) 0.266
White blood cells on admissiont

Total white blood cells, 10%/L 9.5 (4.3-21.1) 10.8 (3.1-29.0) 7.0 (4.8-11.0) <0.001

Neutrophils, % 66 (34-89) 74 (24-94) 62 (36-81) <0.001

Lymphocytes, % 23 (6-55) 16 (3-70) 27 (10-51) <0.001

Monocytes, % 8 (4-15) 6(1-22) 8(4-11) <0.001
Biomarkers, peak valuest

CRP, mg/L 10.30 (0.60-251.00) 8.80 (0.30-333.40) 0.227

cTnT, ng/L 994 (20-18680) 3820 (10-26930) <0.001
LV EF £40% at follow-up, n (%) 18 (12.6) 79 (17.6) 0(0) 0.194

ACE indicates angiotensin-converting enzyme; CABG, coronary artery bypass grafting; CRP, C-reactive protein; cTnT, cardiac
high-sensitivity troponin T, EF, ejection fraction; LV, left ventricle; MI, myocardial infarction; and PCl, percutaneous coronary

intervention.
*P value for discovery vs validation cohort.
tMedian values (range).

transcripts with adjusted Spearman P<0.05), peak
cTnT (684 transcripts), and white blood cell count
(688 transcripts). RNA expression also clustered with
type of presentation, with a gradient from patients
with ST-segment—elevation MI over non-ST-seg-
ment—elevation Ml to stable coronary artery disease
(Figure Il in the Data Supplement). At 30-day and
1-year follow-up, RNA expression largely normalized:
only 5.8% and 3.4% of the initial 1084 transcripts
remained differentially expressed compared with sta-
ble controls, with low fold changes. Further analyses,
therefore, focused on RNA expression patterns in the
acute phase of Ml.

Circ Genom Precis Med. 2019;12:e002656. DOI: 10.1161/CIRCGEN.119.002656

Identification of QSOX1, PLBD1, and
S100A8 on Admission for the Prediction
of LV Dysfunction at Follow-Up in the
Discovery Cohort

In light of the high correlation between RNA expression
and cardiac injury and inflammation, we next investi-
gated whether RNA expression at the time of admis-
sion is related to LV function at follow-up. We selected
QSOXT1, PLBD1, and STO0AS8 as 3 top RNAs that were
significantly upregulated in the acute phase of Ml and
related to LV function at follow-up, for further evalua-
tion using quantitative polymerase chain reaction. We
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Figure 1. Coding and noncoding RNAs in whole blood reflect inflammatory pathways involved in the acute phase of myocardial infarction (MI).
A, We performed unbiased RNA profiling in peripheral blood of patients presenting with acute M, with the specific aim of identifying patterns that relate to
cardiac injury and outcome. B, This approach revealed 802 upregulated and 282 downregulated transcript clusters in the acute phase of MI (downregulated to

the left in green, upregulated to the right in red), with a fold change compared with stable controls >1.5 or <1.5 and adjusted P<0.05. C, These transcripts were
predominantly protein coding (47 %) but also included long noncoding transcripts (1.7 %), although many remained unannotated (48.5%). D, Network analysis
shows that many of these transcripts cluster together in networks associated with immune response, chemotaxis, and Toll-like receptor/NF-kB (nuclear factor-kB)
signaling. E, These biological processes are confirmed by gene ontology analysis (left, blue), and additional pathways in IL (interleukin) signaling, MAPK signaling,
and neutrophil activation were activated (right, green). F, The identified transcripts are predominantly expressed on the cell membrane (left, blue), and were
enriched in circulating leukocytes (right, green). All P values are false discovery rate (FDR) adjusted for multiple testing. iNOS indicates inducible NO synthase; M@,
macrophages; MAPK, mitogen-activated protein kinase; TLR, toll-like receptor; and TREM1, triggering receptor expressed on myeloid cells 1.
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first confirmed that these 3 transcripts were significant-
ly upregulated in Ml on admission (n=138) compared
with stable controls (n=20) using quantitative poly-
merase chain reaction (Figure 2A): 1.77-fold change
for QSOX71 (P=0.013), 1.58 for PLBD1 (P<0.001),
and 2.40 for STO0A8 (P<0.001). Second, QSOXT and
PLBD1, but not STO0AS8, were significantly higher on
admission in patients who developed LV dysfunction at
1-year follow-up (n=18), compared with those who did
not (n=100; Figure 2B): 1.50-fold change for QSOX1
(P=0.021), 1.39-fold change for PLBD1 (P<0.001), and
1.06-fold for STO0A8 (P=0.45; Figure 2B). In binary
logistic regression, QSOXT and PLBD1 were univariate
predictors of LV dysfunction at follow-up (odds ratio
[OR], 2.6 [95% ClI, 1.1-6.1] and OR, 3.2 [95% Cl, 1.4-
7.4], respectively), whereas ST00A8 was not (OR, 1.2
[95% Cl, 0.8-1.7]).

External Validation Confirms QSOX1 and
PLBD1 as Independent Predictors of LV
Dysfunction at Follow-Up

In the independent validation cohort, QSOXT and PLBD1
were confirmed to be significantly higher expressed in
the group of patients with LV dysfunction at 4 months
of follow-up (n=79) compared with patients without
LV dysfunction (n=370): 1.31-fold (P<0.001) and 1.32-
fold (P<0.001), respectively (Figure 3A). Consistent
with the discovery cohort, no difference was observed
for STO0A8 (1.14-fold; P=0.487). QSOX1 and PLBD1
showed statistically significant positive correlation with
leukocyte and neutrophil count, peak levels of cTnT, NT-
proBNP (N-terminal pro-B-type natriuretic peptide), and
negative correlation with ejection fraction at 4 months
of follow-up, with moderate correlation coefficients
(Table 2; Table Il in the Data Supplement).

In logistic regression, QSOXT and PLBD1 were uni-
variate predictors of LV dysfunction at 4 months with

ORs of 1.74 (95% Cl, 1.37-2.22) and 1.71 (95% C|,
1.33-2.19), respectively (Figure 3B). In multivariable
analysis, QSOXT1 and PLBD1 were independent predic-
tors of LV dysfunction (ORs, 1.43 [95% Cl, 1.08-1.89]
and 1.41 [95% Cl, 1.06-1.88], respectively), as well
as admission levels of NT-proBNP and peak levels of
CPK (creatine phosphokinase; Figure 3C through 3E).
ST00A8 was not a significant predictor of LV dysfunc-
tion in this cohort.

The incremental predictive value of these 3 new mark-
ers on top of conventional clinical and biochemical vari-
ables was calculated using the Akaike information criteria
(AIC) of prediction models. The use of the AIC instead
of the area under the curve allows for adjusting for the
multiplication of variables entered into the model, there-
fore, avoiding model overfitting. A lower AIC indicates a
better model fit. The AIC was calculated for the clinical
model alone and after adding each combination of 1 to
3 genes (Table 3). All models were able to significantly
predict LV dysfunction (Wald x? test P<0.001). While the
addition of ST00AS8 to the clinical model did not pro-
vide a significant incremental predictive value, adding
QSOXT or PLBD1 to the clinical model improved predic-
tion. The best improvement of prediction (lowest AIC)
was observed for the clinical model with QSOX7. Adding
PLBD1 did not provide a further incremental predictive
value. In reclassification analysis, the addition of QSOX1
to the clinical model was able to reclassify a moderate
but significant proportion of patients (1.6%) misclassi-
fied by the clinical model alone with a net reclassification
index of 0.397 (95% Cl, 0.161-0.634) and an integrated
discrimination index of 0.017 (95% Cl, 0.003-0.031,
Table 3). Adding QSOXT improved the sensitivity of the
model from 69.6% to 73.4% and specificity from 69.5%
to 70.5% (Figure Il in the Data Supplement). Since the
3 identified transcripts correlated with leukocyte counts,
we next adjusted the expression of QSOXT, PLBD1, and
ST00A8 for white blood cell count. The predictive value
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Figure 2. Expression levels of QSOX1, PLBD1, and S100AS8 in the discovery cohort.

A, In the discovery cohort, QSOXT1, PLBD1, and ST00AS8 are upregulated in acute myocardial infarction (MI; n=138) compared with stable controls (n=20). B, QSOX1
and PLBD1 on admission were significantly higher in patients who developed left ventricular (LV) dysfunction (n=18) compared with those who did not (n=100).
CAD indicates coronary artery disease; PLBD1, Phospholipase B Domain Containing 1; QSOX1, Quiescin sulfhydryl oxidase 1; ST00A8, S100 calcium-binding protein

A8; and SF3A1, Splicing factor 3 subunit 1.

Circ Genom Precis Med. 2019;12:e002656. DOI: 10.1161/CIRCGEN.119.002656

December 2019 565



Vanhaverbeke et al; Peripheral Blood RNA in Acute M

A p<0.001 0<0.001 p=0.487 B
— OR 95% ClI  p-value
100 $ Age e 1.38 1.07-1.80 0.015
e BMI —— 1.06 0.83-1.35 0.65
O < NT-ProBNP H— 1.80 1.41-2.31 <0.001
@@ 10 be . Hypercholesterolemia — 0.92 0.56-1.50 0.734
Swn CPK D — 171 1.29227  <0.001
S Diabetes ! ——e—— 2,03 1.19-3.47 0.010
o > 1 I - s Hypertension ————— 1.25 0.77-2.04 0.367
3 S 2 M Previous M —t————— 148 0.74-297 0272
N % $ * Ischemic time —p— 1.03 0.81-1.31 0.813
85 Gender —_— 0.95 0.54-1.66 0.852
§ - 0.1 Smoking —_— 0.87 0.53-1.42 0.577
§ o Troponin T I —e— 194 141267 <0.001
~ MI type ———e—— 167 086322 0.130
0.01 ; ; ; LoD T 171 129 <aoor
o —— - . -4 R
Qsoxi PLBD1 S100A8 QSOX1 D —e— 174 1.37-2.22 <0.001
S100A8 —— 1.07 0.84-1.37 0572
LV function at 4 months: EE Normal (n=370) 07 : ™
Bl Reduced (n=79) Odds ratio (univariate)
C D
OR 95%Cl p-value OR 95%Cl p-value
Age —— 113 0.79-1.62 0.496 Age — 111 0.78-158 0.575
BMI —— 1.09 0.82-1.45 0.563 BMI —t— 1.09 0.82-1.45 0.562
NT-ProBNP i —e— 191 137:268 <0.001 NT-ProBNP i e 196 1.40-2.74 <0.001
Hypercholesterolemia — em——gm— 1.07 0.61-1.88 0.810 Hypercholesterolemia + 1.05 0.60-1.84 0.859
CPK ! e 2,02 1.14-356 0.016 CPK e 1.88 1.06-3.35 0.031
Diabetes g 1.61 0.85-3.05 0.143 Diabetes —t————  1.56 0.82-2.97 0.172
Hypertension ———emi—— 0.83 0.45-1.50 0.528 Hypertension  ———emim— 0.84 0.46-1.52 0.562
Previous M| ——————tegmme  1.16 0.51-2.64 0.720 Previous Ml e 1.21 0.53-2.76 0.645
Ischemic time —o—l- 0.79 0.60-1.06 0.115 Ischemic time —o—g- 0.80 0.60-1.06 0.121
Gender =it 129 0.67-247 0.5 Gender ~ ———i—e———  1.32 0.69-255 0.401
e 1 T S— 1.02 0.53-1.95 0.951 Smoking 1.01 0.53-1.93 0.980
I T -s— 110 0.66-1.83 0.721 Troponin T —— 141 0.66-1.86 0.690
YR ———— 042 0.14-1.21 0.106 MI type e e 045 0.15-1.30 0.140
WBC ——— 147 0.88-1.56 0.275 WBC . 116 0.87-1.55 0.307
PLBD1 o 1.41 1.06-1.88 0.018 QSOX1 H— 1.43 1.08-1.89 0.012
0.1 1 10 0.1 1 10
Odds ratio (multivariable for PLBD1) Odds ratio (multivariable for QSOX1)
E OR 95% Cl p-value
Age e 111 077-158 0.584
BMI —— 1.09 0.82-1.45 0.557
NT-ProBNP ] ——e— 201 144281 <0.001
Hypercholesterolemia —— 1.01 0.58-1.77 0.970
CPK ! —e—— 2.00 1.13-3.56 0.018
Diabetes —f—e——— 153 0.81-2.86 0.189
Hypertension ~——e—i— 0.85 0.47-1.53 0.591
Previous Ml _— 1.25 0.55-2.82 0.593
Ischemic time ~ =—emi 0.82 0.62-1.09 0.168
Gender —_—— 1.25 0.66-2.39 0.495
SMOKING e e 1.10 0.58-2.08 0.776
Troponin T —_—— 123 0.73-2.09 0.436
Y ——— 0.38 0.13-1.07 0.067
WBC —— 1.25 0.94-1.66 0.121
S100A8 — 0.96 0.72-1.27 0.753
0.1 1 10
QOdds ratio (multivariable for S100A8)

Figure 3. QSOX1 and PLBD1 are independent predictors of left ventricular (LV) dysfunction in the validation cohort.

A, In the validation cohort (n=449), QSOX1 and PLBD1 expression at reperfusion was upregulated in patients developing LV dysfunction (n=79) compared with
those who did not (n=370). B-E, The ability of QSOX7, PLBD1, and STO0AS8 to predict LV dysfunction was determined using univariate (B) and multivariable analy-
ses (C-E). The parameters included in the clinical model were age, body mass index (BMI), admission level of NT-proBNP (N-terminal pro-B-type natriuretic peptide),
hypercholesterolemia, peak levels of CPK (creatine phosphokinase), diabetes mellitus, hypertension, previous myocardial infarction (MI), ischemic time (ie, delay
between chest pain onset and reperfusion), sex, smoking, peak levels of cardiac troponin T, Ml type (ST-segment—elevation Ml vs non-ST-segment-elevation M),
and white blood cell count (WBC). Odds ratios (ORs) with 95% Cls are shown, and significant associations are in bold. PLBD1 indicates Phospholipase B Domain
Containing 1; QSOX1, Quiescin sulfhydryl oxidase 1; STO0A8, S100 calcium-binding protein A8; and SF3A1, Splicing factor 3 subunit 1.
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Table 2. Spearman Correlation in Patients Between Expression Levels of QSOX1, PLBD1, and S100A8, Blood Biomarkers on
Admission, Peak Levels of Cardiac Biomarkers, and EF at 4-mo Follow-Up in the Validation Cohort

QsOoX1 PLBD1 S100A8
Coeff ‘ P Value Coeff ‘ P Value Coeff ‘ P Value
Blood biomarkers* (admission levels)
White blood cell count 0.254 ‘ <0.001 0.262 ‘ <0.001 0.184 ‘ <0.001
Neutrophils
% 0.272 <0.001 0.26 <0.001 0.117 0.017
10°/L 0.296 <0.001 0.302 <0.001 0.174 <0.001
Lymphocytes
% -0.262 <0.001 -0.268 <0.001 -0.078 0.111
10°L -0.096 0.051 -0.115 0.018 0.038 0.442
Monocytes
% -0.073 0.135 -0.016 0.74 -0.143 0.003
10°L 0.128 <0.001 0.181 <0.001 0.019 0.702
Platelet count 0.097 0.045 0.080 0.099 0.005 0.912
CRP 0.247 <0.001 0.285 <0.001 0.175 <0.001
Cardiac biomarkers (peak levels)
cInT 0.3 <0.001 0.247 <0.001 0.105 0.030
NT-proBNP 0.055 0.263 0.116 0.017 -0.030 0.535
EF at 4 mo -0.2 <0.001 -0.163 <0.001 -0.043 0.366

Coeff indicates correlation coefficient; CRP, C-reactive protein; cTnT, cardiac high-sensitivity troponin T; EF, ejection fraction; and NT-

proBNP, N-terminal pro-B-type natriuretic peptide.

*White blood cell counts are expressed in absolute values (billion cells per liter of blood). Neutrophils, lymphocytes, and monocytes are
expressed both as a percentage of white blood cell count and as absolute values.

of the 3 genes was conserved, and we observed similar
predictive values after adjustment (Figure IV in the Data
Supplement).

Circulating QSOX1 and PLBD1 Relate
to Neutrophil Count and Neutrophil
Infiltration in Porcine Ischemic Myocardium

To provide direct evidence that whole-blood RNA expres-
sion as surrogate tissue is associated with myocardial

injury, we correlated RNA levels from porcine blood with
serial cTnT measurements, CMR-based infarct size, and
myocardial tissue analysis in a representative experimen-
tal Ml model. Baseline characteristics of the animals are
shown in Table 4. Expression levels of QSOXT, PLBDT,
and ST00A8 in whole blood were significantly upregulat-
ed at 120 minutes after transient left anterior descend-
ing artery occlusion (1.6-, 2.2-, and 4.0-fold; Figure 4A).

Consistent with the human data, QSOX1, PLBD1,
and ST00A8 at 120 minutes after reperfusion correlat-

Table 3. Prediction and Reclassification Analyses in the Validation Cohort
Gene Added NRI DI
to the Clinical Wald y? Test LRT (vs Clinical
Model P Value AIC Model) Value 95% Cl P Value Value 95% ClI P Value
None <0.001 390.56
PLBD1 <0.001 386.90 0.017 0.244 0.002 to 0.485 0.048 0.012 -0.001 to 0.026 0.073
QSOX1 <0.001 386.14 0.011 0.397 0.161t0 0.634 0.001 0.017 0.003 to 0.031 0.019
S100A8 <0.001 392.46 0.753 0.005 -0.23810 0.248 0.966 6x107* -0.001 to 0.003 0.533
PLBD1+QSOX1 <0.001 387.78 <0.001 0.336 0.097 to 0.575 0.006 0.017 0.002 to 0.031 0.024

The parameters included in the clinical model were age, BMI, admission level of NT-proBNP, hypercholesterolemia, peak levels of CPK, diabetes mellitus,
hypertension, previous M, ischemic time (ie, delay between chest pain onset and reperfusion), sex, smoking, peak levels of cardiac troponin T, Ml type (ST-
segment—elevation vs non-ST-segment-elevation Ml), and WBC. The Wald y? test indicates the overall significance of the model. A lower AIC indicates a better
model fit. The LRT compares the fit of a model with genes to the clinical model alone. The NRI and IDI were used to quantify the ability of genes to reclassify
patients misclassified by the clinical model. AIC indicates Akaike information criteria; BMI, body mass index; CPK, creatine phosphokinase; IDI, integrated
discrimination index; LRT, likelihood ratio test; MI, myocardial infarction; NRI, net reclassification index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and

WBC, white blood cell.
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Table 4. Baseline Characteristics, Pathology, and CMR Imaging in Pigs
Undergoing Myocardial Ischemia-Reperfusion Injury (n=33)

120 min
Baseline | Reperfusion
(n=33) (n=31) P Value
Death (refractory VF) n=2
VF with successful defibrillation n=10
Hemodynamic and biochemical measurements
Systolic blood pressure, 95+12 89+5 0.059
mmHg
Diastolic blood pressure 6310 54+8 0.002
MAP, mmHg 78+11 70+5 <0.001
Heart rate (per min) 99+19 103425 0.57
WBC count, 10%L 16.68+5.00 | 16.67+3.90 0.98
Neutrophil count, % 37412 40«11 0.13
Lymphocyte count, % 54114 51+12 0.13
Monocyte count, % 5+2 6+3 0.45
cTnT, ng/L 136 13521+12221 | <0.001
Pathology Ischemic Remote zone
zone
Neutrophils (per mm?) 261+78 160+65 <0.001
Macrophages (per mm?) 229+111 175100 <0.001
MPO activity (mU/mg protein) | 535+263 78+70 <0.001
CMR measurements
Ejection fraction, % 34+9
LVEDVi, mL/m? 88+16
LVESVi, mL/m? 57+11
Infarct size (%LV mass) 27+9
Microvascular obstruction 7+10
(%LV mass)
Edema (%LV mass) 37+7

Data are shown as mean+SD. CMR indicates cardiac magnetic resonance;
cTnT, cardiac high-sensitivity troponin T; LV, left ventricle; LVEDVi, left
ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic
volume index; MAP, mean arterial pressure; MPO, myeloperoxidase; VF,
ventricular fibrillation; and WBC, white blood cell.

ed significantly with neutrophil count (Table 5). ST00A8
and PLBD1, but not QSOXT, moderately correlated with
the area under the curve of cTnT release (P=0.020 and
P=0.142; n=31). However, none of the 3 transcripts
correlated to CMR-based infarct size (n=18).

We next assessed the correlation between these
transcripts and neutrophil and macrophage infiltration
in the ischemic myocardium. A representative histo-
logical section, stained with a neutrophil-specific MPO
(myeloperoxidase) antiserum, is shown in Figure 4B.
Circulating QSOXT7 and PLBDT1 significantly correlat-
ed with neutrophil infiltration (r=0.47, P=0.024 and
r=0.48, P=0.0007; Table 5). PLBD1 and to a lesser extent
QSOXT1 also correlated with neutrophil (MPO) activity in
tissue (r=0.40, P=0.030 and r=0.37, P=0.087). In con-
trast, STO0AS8 correlated significantly with macrophage
infiltration (r=0.42, P=0.018).

Circ Genom Precis Med. 2019;12:e002656. DOI: 10.1161/CIRCGEN.119.002656

Origin of Circulating QSOX1, PLBD1, and
S100A8 in Isolated Leukocytes and in
Ischemic Myocardium

To identify the origin of the identified expression chang-
es, we measured QSOXT, PLBD1, and STO0AS8 in leuko-
cyte subtypes and in the ischemic myocardium. QSOX1
in whole blood only weakly correlated with expression
levels in circulating neutrophils (r=0.43, P=0.04), and
it did not correlate with expression levels in isolated
lymphocytes or monocytes (Table 5). Moreover, QSOX1
showed only minor differential expression in these cells
(Figure 4C). However, circulating QSOXT1 highly corre-
lated with expression in the ischemic zone of the myo-
cardium (r=0.61, P=0.002). In contrast, PLBD1 levels in
whole blood highly correlated with expression in circu-
lating lymphocytes (r=0.584, P<0.001), and the latter
paralleled the expression observed in whole blood after
ischemic injury (Figure 4D). However, PLBD1 levels in
peripheral blood did not correlate with expression lev-
els in the myocardium. Also peripheral blood S7T00A8
appeared to parallel expression in neutrophils and lym-
phocytes, in which it was also differentially expressed
(Figure 4E). In contrast to QSOX7, STO0A8 was not
related to the levels in the myocardium.

DISCUSSION

New strategies to identify patients at risk for develop-
ing LV dysfunction after Ml are needed to improve out-
come. We here report that whole-blood transcriptome
profiling at the time of hospital admission for acute Ml
reveals significant upregulation of pattern recognition
receptors and transcripts involved in NF-xB, IL (inter-
leukin)-6, and TLR signaling. Moreover, we identified
QSOXT and PLBD1 as new markers for the prediction
of LV dysfunction at follow-up, independent of conven-
tional risk factors, and validated these findings in a large
independent Ml cohort. In a large animal MI model rep-
resentative of human disease, circulating QSOX7 and
PLBD1 were related to neutrophil count and neutrophil
infiltration in the ischemic myocardium. Circulating
QSOXT1 levels highly related to those measured in the
ischemic myocardium, while PLBDT levels correlated
with levels in lymphocytes. Taken together, these find-
ings indicate the diagnostic potential of whole-blood
RNA to reveal disease-specific regulatory pathways in
Ml and to identify patients with increased risk for LV
systolic dysfunction at follow-up.

The first key observation in our unbiased analysis is
the identification of over 1084 coding and noncoding
transcripts that are differentially expressed in whole
blood of patients with ST-segment-elevation or non-ST-
segment—elevation MI. These findings are in line with
previous studies, which reported smaller numbers of dif-
ferentially expressed transcripts in acute Ml by includ-
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Figure 4. RNA expression in whole-blood and leukocyte subpopulations following acute myocardial infarction (M) in pigs 120 min after reperfusion.
The identified transcripts were validated in 33 pigs undergoing acute myocardial infarction. A, All 3 transcripts that were upregulated in acute Ml in patients were also
upregulated in whole blood of pigs undergoing MI. B, Representative light microscopy image of MPO (myeloperoxidase)-stained porcine ischemic myocardium, show-
ing neutrophils (black arrowheads), cardiomyocytes, and capillaries. C-E, Expression levels of QSOX7, PLBD1, and ST00A8 in isolated circulating monocytes, lympho-
cytes, and neutrophils. PLBD1 indicates Phospholipase B Domain Containing 1; QSOX1, Quiescin sulfhydryl oxidase 1; and S100A8, S100 calcium-binding protein A8.

ing only selected patients with ST-segment—elevation
Ml or by using a targeted approach for coding RNA
or selected transcripts.'®'>'> Moreover, we show that
63% of the identified transcripts relate to the extent
of myocardial injury in the acute phase of MI. Many of
the identified transcripts in our study relate to sterile
inflammation and code for pattern recognition surface
receptors such as TLR2, TLR4, and CLEC4E. These recep-
tors respond to damage-associated molecular patterns,

Circ Genom Precis Med. 2019;12:002656. DOI: 10.1161/CIRCGEN.119.002656

including HMGB1 and necrotic cell content, which are
released during myocardial injury.'®'® Pathway analysis
also showed activation of IL-1 signaling (ILTR2, IL18R1,
IRAK3, NFKBIA, and MYD88). Several clinical trials have
targeted some of these pathways in the setting of acute
MI, including IL-1, CD11, and P-selectin, but failed to
show marked clinical benefit.’>?> The identified tran-
scripts in our study may point to alternative pathogenic
pathways in acute Ml and warrant further exploration.>#
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Table 5. Spearman Correlation Between Porcine Peripheral Blood RNA Expression and RNA Expression in Isolated Leukocyte

Subsets and Ischemic Myocardium

Porcine Blood RNA Expression
QSOX1 PLBD1 S100A8
Coeff P Value Coeff P Value Coeff P Value

Blood biomarkers*

White blood cell count 0.267 0.208 0.375 0.038 0314 0.085

Neutrophils, % 0.522 0.009 0.565 <0.001 0.592 <0.001

Lymphocytes, % -0.526 0.010 -0.573 <0.001 -0.599 <0.001

Monocytes, % 0.368 0.084 0.367 0.046 0.368 0.046
Cardiac biomarkers

cTnT* 0.231 0.277 0.318 0.081 0.349 0.054

cTnT (AUC) 0.279 0.187 0.270 0.142 0.417 0.020
CMR measurements

Ejection fraction, % 0.121 0.681 0.059 0.824 0.152 0.559

Infarct size (%LV mass) -0.114 0.683 -0.111 0.663 0.150 0.553

Microvascular obstruction -0.021 0.944 0.314 0.205 0.201 0.424

(%LV mass)

Edema (%LV mass) -0.021 0.944 -0.015 0.951 0.150 0.553
Pathologyt

Neutrophils (per mm?) 0.470 0.024 0.483 0.007 -0.049 0.798

Macrophages (per mm?) 0.416 0.043 0.321 0.079 0.422 0.018

MPO activity 0.373 0.087 0.404 0.030 0.157 0.407
RNA expression$

Ischemic myocardium 0.610 0.002 -0.222 0.231 0.267 0.147

Neutrophils 0.431 0.040 0.135 0.477 0.553 0.002

Lymphocytes 0.0791 0.720 0.584 <0.001 0.718 <0.001

Monocytes 0.0346 0.876 -0.103 0.588 0.096 0.614

AUC indicates area under the curve; CMR, cardiac magnetic resonance; Coeff, correlation coefficient; cTnT, cardiac high-sensitivity

troponin T, LV, left ventricle; and MPO, myeloperoxidase.
*Measured at 120 min after reperfusion.
tStainings in the ischemic myocardium.

F+Comparison of gene expression in tissue or isolated cells with expression of the respective gene in whole blood.

The second main finding is that, besides conven-
tional markers of cardiomyocyte death such as cTnT,
we identified a number of inflammation-related tran-
scripts that also relate to LV dysfunction at follow-up.
We validated QSOXT7 and PLBD1. Although expression
of QSOX71 and PLBD1 shows some intragroup vari-
ability and the improvement of the risk prediction by
adding QSOXT to a full model including NT-proBNP
is significant but moderate, the unbiased observation
that the inflammatory process measured at RNA level
relates to LV function at follow-up, independent from
conventional markers of cardiomyocyte death, is a key
finding.

QSOX1 (quiescin sulfhydryl oxidase 1) is a sulfhy-
dryl oxidase involved in cellular growth and extracel-
lular matrix remodeling. Our mechanistic studies in a
representative large animal model suggest that the
circulating QSOXT levels may relate to those observed

Circ Genom Precis Med. 2019;12:e002656. DOI: 10.1161/CIRCGEN.119.002656

in the ischemic myocardium. Previously, QSOXT was
induced in the LV of pressure-overloaded rat hearts and
has been described as a marker of acute heart failure.?*
QSOX1 has been shown to exhibit a cardioprotective
response upon acute stress by orchestrating adequate
protein folding in the endoplasmatic reticulum. Indeed,
QSOX1-~ knockout mice showed a phenotype of
dilated cardiomyopathy and enhanced inflammation.?
Alternatively, circulating QSOX1 also alters the redox
status of soluble proteins in plasma.?® PLBD1 (Phospho-
lipase B domain containing 1) is a phospholipase, which
can generate lipid mediators of inflammation and was
first identified in neutrophils.?” While our data confirm
the expression of PLBD1 in monocytes and neutrophils,
they also show that increased PLBD1 levels in the set-
ting of acute Ml are attributable to significant upregu-
lation in circulating lymphocytes. Finally, we could not
validate STO0AS8 expression as a marker of LV dysfunc-
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tion. STO0A8 (5100 calcium-binding protein A8) is a
S100 calcium-binding protein and can act as a dam-
age-associated molecular pattern to initiate neutrophil
chemotaxis.'® Although S100A8 signaling is related to
vascular inflammation and has been shown to aggra-
vate post-MI heart failure, its expression may represent
a more generic inflammatory signal detectable in many
leukocyte subpopulations.2°

Other complementary RNA-based strategies to
improve risk stratification in patients with Ml are cur-
rently being explored, including circular RNA in whole
blood but also long noncoding RNA or microRNA in
plasma.”*° Nevertheless, whole blood seems to be a
valuable source for risk stratification in Ml, since neu-
trophils and lymphocytes contribute substantially to the
expression pattern in whole blood.3'32

We recognize the limitations of our study. First, as base-
line medication use was different between the acute Ml
patients and the control group with stable coronary artery
disease, we cannot completely exclude that the identified
RNA profile and pathways in the profiling phase of the
study are to some extent driven by imbalances in base-
line medication use. However, medication use in patients
with Ml who did or did not develop LV dysfunction was
well balanced. Second, we lack CMR-based assessments
of infarct size in our patients, and additional CMR-derived
prognostic information including microvascular obstruc-
tion. However, in the subset of pigs with available CMR
imaging (n=18 of 33), we did not observe associations
between RNA expression and infarct size. Third, blood
samples from patients (and pigs) were obtained in the
acute phase of M, at the time of reperfusion. Because
the inflammatory response is time dependent and RNA
profiling was performed on admission, we cannot exclude
different RNA profiles at later time points. Fourth, in our
bioinformatics analysis, we did not assess the possible
contributions of the platelet transcriptome to the whole-
blood RNA expression profile. Finally, extended follow-up
preclinical studies are required to identify the exact role of
QSOXT and PLBD1 as specific markers of cardiac inflam-
mation in acute Ml and predictors of LV dysfunction.

In conclusion, whole blood as surrogate tissue pro-
vides a valuable noninvasive platform to differentiate
dysregulated immune-related pathways in patients with
Ml at risk for LV dysfunction. Increased expression levels
of QSOXT1 and PLBD1 represent promising new predic-
tors of functional impairment and targets for personal-
ized treatment. Future studies will need to investigate
whether optimizing interventions at discharge in acute
MI patients, based on RNA levels measured on admis-
sion, may improve patient outcome.
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