JACC: BASIC TO TRANSLATIONAL SCIENCE

VOL.

-, NO. -, 2021

ª 2021 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN
COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER
THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

PRECLINICAL RESEARCH

Selective Interleukin-6 Trans-Signaling
Blockade Is More Effective Than
Panantagonism in Reperfused
Myocardial Infarction
Marc Jonathan George, MB CHB, PHD,a,b Nur Hayati Jasmin, BSC, MRES,c Valerie Taylor Cummings,c
Angela Richard-Loendt, BSC, MSC,d,e Francesca Launchbury, BSC,e Kevin Woollard, PHD,f
Tabitha Turner-Stokes, MB BCHIR,f Ana Isabel Garcia Diaz, BSC,f Mark Lythgoe, PHD,c
Daniel James Stuckey, BSC, DPHIL,c Aroon Dinesh Hingorani, MB BS, PHD,b,g Derek William Gilroy, PHDa

VISUAL ABSTRACT
HIGHLIGHTS
 The inﬂammatory cytokine interleukin-6
(IL-6) is an emerging therapeutic target in
myocardial infarction (MI).
 In a rat model of reperfused MI, IL-6 is
rapidly up-regulated and remains
elevated for 7 days.
 The novel recombinant protein sgp130Fc
achieves selective IL-6 trans-signaling
blockade, whereas anti–IL-6 antibody
(Ab) blocks both trans- and classic
signaling.
 sgp130Fc but not anti–IL-6-Ab attenuated
neutrophil and macrophage inﬁltration
into the myocardium, reduced infarct size,
and preserved cardiac function 28 days
George, M.J. et al. J Am Coll Cardiol Basic Trans Science. 2021;-(-):-–-.

after MI.
 Because sgp130Fc has already entered
clinical phase II testing (for other
indications), it could also be rapidly
evaluated in humans as a potential novel
therapy in MI.
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ABBREVIATIONS

SUMMARY

AND ACRONYMS
AAR = area at risk

Interleukin-6 (IL-6) is an emerging therapeutic target in myocardial infarction (MI). IL-6 has 2 distinct signaling

Ab = antibody

pathways: trans-signaling, which mediates inﬂammation, and classic signaling, which also has anti-

c-caspase-3 = cleaved

inﬂammatory effects. The novel recombinant fusion protein sgp130Fc achieves exclusive trans-signaling
blockade, whereas anti–IL-6 antibodies (Abs) result in panantagonism. In a rat model of reperfused MI,

caspase-3

CCL = C-C motif chemokine

sgp130Fc, but not anti–IL-6-Ab, attenuated neutrophil and macrophage inﬁltration into the myocardium,

ligand

reduced infarct size, and preserved cardiac function 28 days after MI. These data demonstrate the efﬁcacy of

CMR = cardiac magnetic

exclusive IL-6 trans-signaling blockade and support further investigation of sgp130Fc as a potential novel

resonance

therapy in MI. (J Am Coll Cardiol Basic Trans Science 2021;-:-–-) © 2021 The Authors. Published by Elsevier

CXCL = C-X-C motif ligand

on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

ICAM-1 = intercellular

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

adhesion molecule 1

IL = interleukin

D

IS = infarct size
LGE = late-gadolinium
enhancement

espite modern therapies, myocar-

approach to modulating IL-6 in MI, given the com-

dial infarction (MI) remains a lead-

plexities of its signaling and pleiotropic nature. IL-6

ing

heart

failure,

a

has 2 distinct signaling pathways termed classic and

with

signiﬁcant

trans. Classic signaling is achieved by IL-6 binding to

morbidity and mortality (1). Therefore, there

its membrane-bound a -receptor, which associates

histocompatability complex

is a pressing need for new therapeutic ap-

with a dimer of the receptor b-subunit glycoprotein

MI = myocardial infarction

proaches, which can reduce the development

130 (gp130) to initiate intracellular signaling (13)

LVEF = left ventricular

syndrome

ejection fraction

MHC = major

cause

of

associated

of this debilitating condition after MI. Several

(Supplemental Figure 1A). Classic signaling stimu-

elevation MI

strands of evidence have suggested that tar-

lates only cells that express membrane-bound IL-6R,

RCAEC = rat coronary artery

geting

including hepatocytes and leukocytes (13). Tissues

endothelial cell

interleukin-6 (IL-6) may be such an approach.

NSTEMI = non–ST-segment-

the

inﬂammatory

cytokine

may

also

respond

to

IL-6

via

trans-signaling

sIL-6R = soluble IL-6 receptor

First, data from multiple large clinical

(Supplemental Figure 1B). This is achieved by IL-6

STEMI = ST-segment-elevation

studies have demonstrated a strong associa-

binding a circulating soluble form of the receptor

MI

tion between IL-6 and adverse outcomes af-

(sIL-6R), and then the IL-6/sIL-6R complex subse-

TCZ = tocilizumab

ter MI (2). Second, IL-6 plays a central role in

quently binds to a dimer of membrane-bound gp130

Trop-T = troponin T

coordinating

inﬂammatory

(13). Because gp130 is ubiquitously expressed, this

response (3–5) and contributes directly to neutrophil-

pathway enables IL-6 to stimulate all tissues regard-

mediated myocyte necrosis (6). Third, its signaling

less of their expression of membrane-bound IL-6R.

the

acute

can lead to excessive ﬁbrosis and adverse remodeling,
culminating in reduced cardiac function (7,8).

Crucially,

whereas

trans-signaling

has

proin-

ﬂammatory effects facilitating leukocyte recruitment

These and other data have prompted 2 clinical tri-

(13), classic signaling also has multiple well described

als of IL-6 antagonism in MI. In the ﬁrst, a single dose

anti-inﬂammatory effects (3,14). Drugs targeting IL-6

of the human anti–IL-6 receptor (IL-6R) monoclonal

directly, or IL-6R, such as TCZ, achieve pan–IL-6

antibody (Ab) tocilizumab (TCZ) was administered to

blockade, that is, they antagonize both pathways (15)

117 patients presenting with non–ST-segment-eleva-

(Supplemental Figure 1C). An alternate approach, to

tion MI (NSTEMI), resulting in reduced C-reactive

speciﬁcally target trans-signaling, is to use a novel

protein and troponin-T (Trop-T) (9). Crucially, these

recombinant form of gp130: sgp130Fc, a fusion pro-

reductions and antiinﬂammatory effects of TCZ on

tein of 2 gp130 molecules bound by IgG1-Fc that,

the proteome (10) were seen only in the patients that

compared with native sgp130, has 10–100 times

intervention.

higher afﬁnity for the IL-6/sIL-6 complex (16).

Therefore, targeting IL-6 is likely to be more effective

Because it has no afﬁnity for free IL-6, it is an

underwent

percutaneous

coronary

in the context of reperfusion.

exclusive trans-signaling inhibitor (16) (Supplemental

The follow-up ASSAIL-MI study (11) was performed

Figure 1D) and therefore leaves the anti-inﬂammatory

in 199 patients with STEMI undergoing percutaneous

effects of IL-6 classic signaling intact. sgp130Fc has

coronary intervention (12). Preliminary data from the

been shown to reduce atherosclerosis in mice (17), but

study have recently been presented showing that TCZ

it has never been investigated in a model of MI.

improved myocardial salvage index (12).

In this paper, we present data demonstrating that

However, despite the promising results from these

sgp130Fc has greater anti-inﬂammatory effects than

studies, it is unclear if targeting IL-6R is the best

an anti–IL-6 antibody and is more effective in
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reducing infarct size and preserving cardiac function

were performed in an identical manner but did not

in an animal model of reperfused MI. This work

include ligation of the LAD (further details in

identiﬁes sgp130Fc as an eminently tractable poten-

Supplemental Methods).

tial novel therapy for MI.

FLOW CYTOMETRY. Inﬂammatory cells from circu-

METHODS

lating blood and myocardial digests were identiﬁed
with the use of a panel of surface markers based on an

STUDY DESIGN. The study was conducted in 3 stages.

approach previously described (19) (Supplemental

First, candidate anti–rat anti–IL-6 drugs were vali-

Table 1). Cells were analyzed with the use of

dated in vitro with the use of rat coronary artery

LSR

endothelial cells (RCAECs). Second, a rat model was

Lakes, New Jersey). Gating for data acquisition was

characterized to identify key time points in the IL-6

performed with the use of FACSDiva 8.0.1 (BD)

response after reperfused MI and to guide the

and ﬁnal analysis was performed with the use of

design of subsequent therapeutic experiments. Third,

FlowJo v.10.0.7 (BD). Gating strategy is detailed in

the validated drugs were used in vivo to investigate

Supplemental Figure 2 and Supplemental Table 2.

the relative contribution of classic and trans-signaling

CD11b was included as a measure of cell activation

to the acute inﬂammatory response and their thera-

and expressed as geometric mean ﬂorescence in-

peutic effects on infarct size and cardiac function.

tensity. Full methods for ﬂow cytometry are detailed

RAT CORONARY ARTERY ENDOTHELIAL CELL CULTURE.

Fortessa

(Becton

Dickinson

[BD],

Franklin

in the Supplemental Methods.

Primary RCAECs isolated from 6–8-week-old Sprague-

MEASUREMENT OF SOLUBLE MEDIATORS. Soluble

Dawley rats were used (CellBiologics, Chicago, Illi-

mediators were measured in the supernate from

nois). Conﬂuent cells were used for experiments at P8

myocardial digests and plasma using enzyme-linked

in 24-well plates (Corning Costar, Corning, New

immunosorbent assay and enzyme immunoassay

York). RCAECs were stimulated with recombinant IL-

kits. Kits were performed in accordance with the

6 protein (Biolegend, San Diego, California) and re-

manufacturer’s instructions. MSD plates were read on

combinant rat soluble IL-6R (Sino Biological, Beijing,

a QuickPlex SQ 120 (Merck, Sharpe & Dohme, Kenil-

China) for 16 h. Soluble mediators in the supernate

worth, New Jersey) and all others on a FluoStar

were measured by means of enzyme-linked immu-

Omega (BMG Labtech, Ortenberg, Germany), and

nosorbent assay and enzyme immunoassay. RCAEC

normal curves of standards and extrapolated values

surface expression of intercellular adhesion molecule

were calculated with the use of Prism Version 6.0

1 (ICAM-1) was measured by means of ﬂow cytometry

(GraphPad, San Diego, Caliﬁornia). The kits used are

(antibody clone 1A29, conjugated to PE; Biolegend)

fully listed in the Supplemental Methods.

and expressed as geometric mean ﬂorescence in-

IMMUNOHISTOCHEMISTRY. Hearts were stained with

tensity. The antagonistic properties of several anti–

antibodies against IL-6 (goat polyclonal; Bio-techne,

IL-6 and anti–IL-6R antibodies were assessed. Further

Minneapolis, Minnesota), CD68 (rabbit polyclonal;

details are provided in the Supplemental Methods.

Abcam, Cambridge, United Kingdom), and cleaved

ANIMAL EXPERIMENTS. All investigators conformed

caspase-3

to the guidelines from Directive 2010/63/EU of the

Signaling, Danvers, Massachusetts) with the use of

(c-caspase-3)

European Parliament on the protection of animals

species-speciﬁc

used for scientiﬁc purposes, the Home Ofﬁce Guid-

Glostrup, Denmark).

ance on the Operation of the Animals (Scientiﬁc Pro-

c-Caspase-3

(rabbit

secondary
expression

polyclonal;

antibodies
of

Cell

(Dako,

nonmyocytes

was

cedures) Act 1986, and institutional guidelines.

measured in the area of infarction in the apical slice.

Approval was granted by the University College

Positively stained cells were counted within a grid of

London Animal Welfare and Ethical Review Body and

100 200-m m 2 squares (total area: 4 mm 2) and

the Home Ofﬁce (project license no. 70/8709, per-

expressed as cells/mm 2. Further details are provided

sonal license under A(SP)A IEEABED33).

in the Supplemental Methods.

INFARCT MODEL. Male Sprague-Dawley rats (Harlan,

IN VIVO DRUG ADMINISTRATION. In therapeutic

Indianapolis, Indiana) 7–8 weeks old and weighing

experiments rats were randomized to receive 1 mL

200–250 g were used. MI with reperfusion was

phosphate-buffered saline solution (PBS) (control and

induced as previously described (18). In brief, rats

sham), or drugs reconstituted in 1 mL PBS 1 minute

were anesthetized (2% isoﬂurane), and the left ante-

before reperfusion intravenously via the internal ju-

rior descending coronary artery (LAD) was ligated for

gular vein. Drugs were administered in a blinded

50 min, followed by reperfusion. Sham procedures

fashion. Rat sgp130Fc (R&D Systems, Minneapolis,

3
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Minnesota) was administered at a dose of 0.5 m g/g as

unless otherwise stated. Parametric tests were used

previously described (17). Rabbit polyclonal anti–IL-

after conﬁrming gaussian distribution by applying the

6-Ab (AF506; R&D Systems) was administered at

Shapiro-Wilk normality test. In experiments with

0.1 mg/g. Because the intention was to provide a single

multiple comparisons data were analyzed by means

bolus dose at reperfusion, this dose is 5 the previ-

of 1-way analysis of variance with Dunnett correction

ously reported daily intraperitoneal (IP) dose (20).

for multiple pairwise comparisons to a control or

However, because this antibody had not previously

Tukey correction for all pairwise comparisons as

been administered in this manner, plasma measure-

appropriate. Comparisons between 2 groups were

ments were taken to guide dosing (Supplemental

made by means of unpaired Student t-tests and be-

Methods and Supplemental Figure 3). Based on

tween 2 time points within a group by means of

these, a second dose of 0.1 m g/g was administered IP

paired Student t-tests. A p value <0.05 was consid-

in 0.5 mL PBS 3 days after MI to ensure pan–IL-6

ered to be statistically signiﬁcant.

antagonism for at least 7 days after MI (total dose per
rat 0.2 m g/g). PBS, rather than isotype controls,
were used in the control group, after the relevant
isotype controls were shown to be inactive in vitro
(Supplemental Figure 4) and to avoid including
additional groups of rats.

RESULTS
VALIDATION OF ANTI-IL-6 DRUGS IN

VITRO. RCAECs

(Figure 1A) responded to IL-6 in a concentrationdependent manner by upregulating surface ICAM-1
expression and C-C motif chemokine ligand 2 (CCL2)

INFARCT SIZE MEASUREMENT. Infarct size and area

production (Figure 1B). The addition of sIL-6R did not

at risk (AAR) in excised hearts was measured with

signiﬁcantly

Evans Blue and 2,3,5-triphenyl-tetrazolium-chloride

(Figure 1B). The cells shed sIL-6R, which was not

dyes as previously described (21). Staining was per-

inﬂuenced by IL-6 stimulation (Figure 1C).

formed on 6–8 parallel short-axis sections, and scans

affect

the

expression

of

either

Of a series of antibodies tested (Supplemental

were analyzed with the use of ImageJ software

Table

(open source).

(Supplemental Figure 5). This was the goat poly-

CARDIAC MAGNETIC RESONANCE IMAGING. Cardiac

clonal anti–IL-6 antibody AF506, which antagonized

magnetic resonance (CMR) imaging was performed in

IL-6 in a concentration-dependent manner (Figure 1D).

3),

all

but

1

failed

to

antagonize

IL-6

rats 1 and 28 days of MI with a 9.4-T Varian MRI System

Therefore, AF506 (subsequently referred to as anti–IL-

(Palo Alto, California). Cardiac- and respiratory-gated

6-Ab) was used as an effective pan–IL-6 inhibitor.

cinematic (cine) CMR imaging was performed to mea-

Rat sgp130Fc had no direct effect on RCAEC ICAM-1

sure cardiac structure and left ventricular ejection

expression

fraction (LVEF), followed by multislice inversion

Figure 5F). It also had no antagonistic effect on free IL-

or

CCL2

production

recovery images acquired 15 min after IP injection of

6 (Figure 1E). However, in the presence of sIL-6R,

0.5 mmol/kg gadolinium (Magnevist; Bayer, Leverku-

sgp130Fc

sen, Germany) to measure late gadolinium enhance-

dependent

ment (LGE). Enhancement on CMR images was

demonstrated that sgp130Fc is an exclusive IL-6 trans-

presented as a percentage of the entire left ventricular

signaling inhibitor.

myocardium. Full methods used for CMR are detailed

CHARACTERIZATION

in the Supplemental Methods.

RESPONSE AFTER MI WITH REPERFUSION. The char-

STATISTICAL ANALYSIS. All statistical analyses were

acterization provided novel insights into the tem-

performed with the use of Prism v.6.0 (GraphPad, San

poral dynamics of IL-6 after MI. The concentration

Diego, California). Data are presented as mean  SEM

of IL-6 in plasma and myocardium after MI with

antagonized

IL-6

manner

(Figure

OF

in

THE

(Supplemental

a
1E).

concentrationThese

data

INFLAMMATORY

F I G U R E 1 Continued

(A) RCAECs were seeded in 24-well plates at P8 and grown until conﬂuent in serum-containing medium. Conﬂuent cells were imaged with a light microscope to conﬁrm
endothelial cell morphology. (B) The cells were stimulated with 1, 10, or 100 ng/mL IL-6  500 ng/mL sIL-6R in serum-free medium for 16 hours. CCL2 was measured
in the supernates by means of enzyme-linked immunosorbent assay (ELISA), and surface ICAM-1 expression was quantiﬁed by means of ﬂow cytometry. (C) Shed sIL-6R
was measured by means of ELISA in the supernate of RCAECs incubated for 16 hours with and without 100 ng/mL IL-6. RCAECs were stimulated with 100 ng/mL IL-6
for 16 hours with increasing concentrations of (D) anti–IL-6-Ab (AF506) and (E) sgp130Fc alone and (F) with sIL-6R. n ¼ 3 (technical repeats), data shown as mean þ
SEM. Statistical signiﬁcance was tested with the use of analysis of variance with multiple comparisons (comparing each condition with [B, C] unstimulated or [D–F]
100 ng/mL IL-6; black asterisks) or unpaired t-test ([D–F] unstimulated vs. 10 ng/mL IL-6; gray asterisks). Multiplicity-adjusted p < 0.05 was considered to be
signiﬁcant. *p < 0.05; **p < 0.01; ***p < 0.001. ICAM-1 ¼ intercellular adhesion molecule 1; IL-6 ¼ interleukin-6; RCAEC ¼ rat coronary artery endothelial cell; sIL6R ¼ soluble IL-6 receptor.
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F I G U R E 2 Temporal Proﬁle of IL-6, sIL-6R, sgp130Fc, and Leukocytes After MI With Reperfusion

Rats were subjected to surgical MI with 50 min of ischemia before reperfusion. (A) IL-6, (B) sIL-6R, and (C) sgp130Fc were measured by means of enzyme-linked
immunosorbent assay in plasma (blue)  supernates of heart digests (red) at 7 time points (0 hours to 7 days after MI) (n ¼ 3–4/group). (D) Leukocyte counts in the
myocardium and (E) their CD11b expression were measured by means of ﬂow cytometry at 6 time points (0 hours to 7 days after MI) (n ¼ 3–4/group). Statistical
signiﬁcance was tested by means of analysis of variance with multiple comparisons (comparing each time point with naïve rats). Data presented as mean  SEM.
Multiplicity-adjusted p < 0.05 was considered to be signiﬁcant. *p < 0.05; **p < 0.01; ***p < 0.001. MI ¼ myocardial infarction; other abbreviations as in Figure 1.

reperfusion was biphasic (Figure 2A). Plasma levels

returning to baseline (Figure 2B), and the concentra-

rose rapidly into the nanogram range, peaked 2 h

tion of sgp130 was unchanged throughout the time

after MI, and then fell back to near baseline by day

course (Figure 2C).

1. In the myocardium, there was a similar early

Neutrophils rapidly inﬁltrated the myocardium

peak at 4 h, and there was a second peak 3 days

and were signiﬁcantly elevated by 4 hours and

after MI, before levels dropped to near baseline by

peaked 1 day after MI, corresponding with the tran-

day 7. Immunohistochemistry showed IL-6 produc-

sient elevation in sIL-6R (Figure 2D). Classical mono-

tion by myocytes, ﬁbroblasts, and RCAECs during

cyte numbers (Figure 2D) increased signiﬁcantly also

the ﬁrst peak and by CD68 positive macrophages

peaking 1 day after MI, but there was no signiﬁcant

during the second (Supplemental Figure 6). Plasma

change in the numbers of nonclassical monocytes or

concentration of sIL-6R peaked 1 day after MI before

lymphocytes (Figure 2D).
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There was a signiﬁcant increase in numbers of 2

However, in the anti–IL-6-Ab group this rose to 29.2 

macrophage populations, major histocompatability

5.92 cells/mm2 (p ¼ 0.18 vs. vehicle) and in the

complex (MHC) II

pos

and MHC-II

neg

, 3 days after MI,

sgp130Fc group to 39.72  5.84 cells/mm2 (p ¼ 0.019

corresponding with the second peak in IL-6. This was

vs. vehicle) (Figure 4A).

most dramatic in the MHC-IIneg subset, which

sgp130Fc BUT NOT anti–IL-6-AB REDUCES INFARCT

increased w20-fold from baseline (Figure 2D). This

SIZE

subset also had the highest surface CD11b expression

REPERFUSED MI. Having established the differential

(Figure

effects of the two drugs on inﬂammation, we next

and

2E)

intracellular

IL-6

production

(Supplemental Figure 7).

AND

LGE

AND

PRESERVES

LVEF

AFTER

investigated their therapeutic efﬁcacy.

These data informed the design of the subsequent

Infarct size (IS) as a percentage of AAR (IS/AAR)

experiments. First, they highlight 4 h, 1 day, and

was signiﬁcantly reduced in the sgp130Fc group but

3 days after MI as key time points in the inﬂammatory

not in the anti–IL-6-Ab group relative to vehicle

response that may be modulated by targeting IL-6.

controls. While IS/AAR in the vehicle group was 21.49

Second, for therapeutic experiments, they provided

 2.63%, in the anti–IL-6-Ab group it was 22.55 

a rationale for targeting IL-6 at reperfusion and for at

2.89% (p ¼ 0.94 vs. vehicle) and in the sgp130Fc

least 7 days thereafter. The design of these experi-

group 12.07  2.04% (p ¼ 0.031 vs. vehicle)

ments is outlined in Supplemental Table 4.

(Figures 4B and 4C).

Anti–IL-6-AB AND sgp130Fc HAVE DIFFERENTIAL
EFFECTS ON INFLAMMATION AFTER REPERFUSED
MI. Anti–IL-6-Ab, but not sgp130Fc, reduced IL-6

concentrations
(Figure

3A).

in

the

Both

plasma

drugs,

and

myocardium

however,

signiﬁcantly

reduced myocardial CCL2 concentration 3 days after
MI (Figure 3B), whereas only anti–IL-6-Ab increased
C-X-C motif ligand 1 (CXCL1) concentration 4 hours
after MI (Figure 3C).
Neither drug altered plasma sIL-6R concentration
proteins

alpha-2-macroglobulin

and

alpha-1-acid glycoprotein (Supplemental Figure 8).
Relative to vehicle control, total mononuclear
phagocyte (Figure 3E) and neutrophil (Figure 3G)
counts were both reduced in the sgp130Fc group, and
lymphocytes (Figure 3F) were reduced in both drugs
groups 1 day after MI (Figure 3F). Crucially, at this
time point the number of classic monocytes was
signiﬁcantly

higher

p ¼ 0.166), whereas there was a trend to reduction in
the anti–IL-6-Ab group (25.7  6.99% vs. 16.15 
4.21%; p ¼ 0.099) and a signiﬁcant reduction in the
sgp130Fc group (26.4  4.07% vs. 17.98  2.53%;
p ¼ 0.0221) (Figures 4D and 4E).
Interestingly, 1 day after MI, LVEF was only
signiﬁcantly reduced in the anti–IL-6-Ab group

(Figure 3D) or other soluble mediators, including the
acute-phase

LGE from 1 to 28 days after MI was unchanged in
the vehicle group (27.12  4.34% vs. 29.35  5.16%;

in

the

anti–IL-6-Ab

group

compared with the sgp130Fc group (Figure 3H).
Neither drug had an effect on nonclassical monocytes

compared with the naïve group of rats: 58.06  1.78%
vs. 68.51  1.82%, respectively (p ¼ 0.015) (Table 1).
However by 28 days, compared with the naïve group,
whose LVEF was 72.94  1.59%, there were modest
but signiﬁcant reductions in both the vehicle group
(62.58  1.44%; p ¼ 0.004) and the anti–IL-6-Ab group
(63.34  2.59%; p ¼ 0.011) and a nonsigniﬁcant
reduction in the sgp130Fc group (67.91  2.88%;
p ¼ 0.25). Additional results from the CMR-cine imaging are included in Table 1.
Collectively these data show that only sgp130Fc
conferred a therapeutic beneﬁt, reducing infarct size
and preserving LVEF 28 days after MI.

(Figure 3I). Similarly, 3 days after MI, the number of
highly inﬂammatory MHC-II neg macrophages was

DISCUSSION

signiﬁcantly reduced only in the sgp130Fc group
(Figure 3J). In blood, neither drug altered leukocyte

This is the ﬁrst study to investigate speciﬁc targeting

numbers (Supplemental Figure 8G).

of IL-6 trans-signaling in reperfused MI and to

Interestingly, only anti–IL-6-Ab had a signiﬁcant

demonstrate the superior efﬁcacy of this approach

effect on leukocyte CD11b expression, suppressing it

over panantagonism. Furthermore, this study pro-

on neutrophils (1 day) (Figure 3G) and both macro-

vided novel insights into the temporal dynamics of

phage subtypes (3 days) (Figures 3J and 3K), suggest-

IL-6 and the relative contribution of trans-signaling

ing that this effect is classic signaling dependent.

to the acute inﬂammatory response after MI.

Apoptosis likely contributed to reduction of inﬂammatory cells observed in the sgp130Fc group. In

THE TEMPORAL PROFILE OF IL-6 AFTER REPER-

the sham group, c-caspase-3 staining of nonmyocytes

FUSED MI. The biphasic temporal proﬁle of IL-6 after

was 2.08  0.58 positive cells/mm 2, and 4 h after MI

MI

in the vehicle group it was 15.93  5.18 cells/mm 2.

described. The early increase 4 hours after MI is likely

with

reperfusion

has

not

previously

been
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due to passive release from necrotic myocytes (22) as

observation.

well as rapid transcription in viable myocytes, endo-

signaling reduces expression of endothelial adhe-

thelial cells, and ﬁbroblasts (8), all of which cells

sion molecules such as ICAM-1, which has been

However,

blockade

of

IL-6

trans-

showed strong staining for IL-6 2 h after MI. A similar

shown to attenuate cell trafﬁcking (3,5). In addi-

rapid rise has been described in humans (23). Circu-

tion, the reduced inﬂammatory cell numbers may

lating levels returned to baseline 1 day after MI,

also be due to increased apoptosis, given the in-

whereas in humans the levels may be raised for

crease in c-caspase-3 expression in nonmyocytes 4

several days (24,25). The second peak at 3 days, which

hours after MI. This is in keeping with data

was restricted to the myocardium, appears to be

showing that IL-6 signaling has antiapoptotic ef-

largely due to the massive inﬂux of mononuclear

fects on leukocytes (26).

phagocytes, which stained strongly for IL-6. This was

Interestingly, 4 h after MI, anti–IL-6-Ab, but not

preceded by a rapid rise in sIL-6R concentration 1 day

sgp130Fc, increased the plasma concentration of

after MI, coinciding with peak neutrophil numbers

CXCL1, suggesting that IL-6 classic signaling nega-

which shed it to drive trans-signaling (13).

tively

regulates

this

chemokine,

as

previously

AND

described (27). CXCL1 drives monocyte trafﬁcking

sgp130Fc ON IL-6 SIGNALING. We used anti–IL-6-Ab

(28) and this likely explains the increase in classical

to achieve panantagonism and sgp130Fc for exclusive

monocytes observed in the anti–IL-6-Ab group 1 day

trans-signaling blockade. The in vitro RCAEC data

after MI.

DIFFERENTIAL

EFFECTS

OF

anti–IL-6-AB

demonstrated that anti–IL-6-Ab is able to bind and

That pan–IL-6 antagonism can increase CXCL

neutralize IL-6, which prevents both classic and

family cytokines is supported by data from the Oslo

trans-signaling, as has been extensively described

NSTEMI TCZ trial. In a follow-up study, the group

(13,15). In contrast, sgp130Fc had no effect on free IL-

examined the effect of TCZ treatment on soluble

6 in vitro, only blocking its action in the presence of

mediators (25). Although they did not include CXCL1

sIL-6R and is therefore an exclusive trans-signaling

in their measurements, the related CXCL chemokines

antagonist. In vivo, only anti–IL-6-Ab, not sgp130Fc,

CXCL8 (IL-8) and CXCL10 (interferon-g–induced

reduced IL-6 concentration, providing direct evi-

protein 10) were both elevated in the TCZ group (25).

dence of their different effects on classic signaling.

Both drugs signiﬁcantly reduced myocardial CCL2

Although it is not possible to provide similar direct

3 days after MI. CCL2 is one of the primary chemo-

in vivo evidence for equipotent effects on trans-

kines responsible for monocyte trafﬁcking in acute

signaling, both reduced the trans-signaling–depen-

inﬂammation (4), and its reduction corresponded

dent chemokine CCL2 (4) to a similar degree, which is

with the lower numbers of proinﬂammatory MHC-

strongly suggestive that this was indeed the case.

II neg macrophages in the sgp130Fc group. The failure

Thus, the two drugs achieved the intended differen-

of anti–IL-6-Ab to reduce macrophage numbers to the

tial effects on IL-6 signaling.

same extent is likely a result of the early increases in
CXCL1 and classical monocyte numbers.

THE ROLE OF IL-6 CLASSIC AND TRANS-SIGNALING

In

summary,

we

demonstrated

that

proin-

AFTER REPERFUSED MI. There were reductions in

ﬂammatory effects of IL-6 after MI are trans-signaling

total

dependent, whereas classic signaling has antiin-

mononuclear

phagocytes

and

neutrophils

1 day after MI in those that received sgp130Fc,

ﬂammatory effects. Therefore, speciﬁc targeting of

suggesting that this was a trans-signaling–depen-

IL-6 trans-signaling had more pronounced antiin-

dent effect. There was no corresponding reduction

ﬂammatory effects than pan-blockade (the proposed

in

mechanism is shown in Supplemental Figure 9).

a

speciﬁc

chemokine

to

account

for

this

F I G U R E 3 Continued

Rats were subjected to surgical myocardial infarction with 50 min of ischemia before reperfusion. One minute before reperfusion, vehicle
(phosphate-buffered saline solution [PBS]), anti–IL-6-Ab (0.1 mg/mg, second dose intraperitoneally 3 days after MI), or sgp130Fc (0.5 mg/mg)
was administered intravenously in 1 mL PBS (n ¼ 5–9/group). (A–D) Cytokines in plasma and supernate of myocardial digests were measured
by means of enzyme-linked immunosorbent assay and enzyme immunoassay. (E–K) Cell concentrations and CD11b expression were measured
by means of ﬂow cytometry. Data presented as mean þ SEM. Statistical signiﬁcance was tested by means of analysis of variance (ANOVA)
with multiple comparisons (comparing drug groups with vehicle; black asterisks and daggers) or unpaired Student t-tests (comparing sham
with vehicle controls; gray asterisks and daggers). Where ANOVA was signiﬁcant but differences between vehicle and the drug groups were
not, a post hoc unpaired Student t-test was performed between the two drug groups (red asterisk). Multiplicity-adjusted (asterisks) and
ANOVA (daggers) p < 0.05 was considered to be signiﬁcant. */†p<0.05; **/††p<0.01; ***/†††p<0.001. Ab ¼ antibody; MHC ¼ major
histocompatibility complex; Mo ¼ monocytes; other abbreviations as in Figures 1 and 2.
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F I G U R E 4 The Effect of Anti–IL-6-Ab and sgp130Fc on Infarct Size, c-Caspase-3 Expression, and LGE After MI With Reperfusion

Rats were subjected to surgical myocardial infarction with 50 min ischemia prior to reperfusion. 1-min prior to reperfusion, vehicle (phosphate-buffered saline solution
[PBS]), anti–IL-6-Ab (0.1 mg/mg, second dose intraperitoneally 3 days after MI) or sgp130Fc (0.5 mg/mg) were administered intravenously in 1 mL PBS (n ¼ 7–9/group).
(A) Hearts were excised 4 hours after MI and stained with an anti–c-caspase-3 antibody. Nonmyocytes positive for c-caspase-3 were manually counted in a 4-mm2
transmural grid sited over the infarct area and expressed as positive cells/mm2 (n ¼ 5–7/group). (B, C) Area at risk and infarct size were measured histologically by
staining with 2,3,5-triphenyl-tetrazolium-chloride and Evans Blue and analyzed with the use of ImageJ 1 day after MI. (D, E) In further groups, electrocardiographygated cardiac magnetic resonance–cine and gadolinium scans were performed 1 and 28 days after MI. LGE as percentage of total LV mass was calculated. Data
presented as mean  SEM. (A, B) Statistical signiﬁcance tested with the use of analysis of variance with multiple comparisons (comparing the drug groups with vehicle)
or unpaired t-test (sham vs. vehicle). (C) Paired Student t-tests were performed to compare means of the 2 time points within each group. Multiplicity-adjusted
p < 0.05 was considered to be signiﬁcant. *p < 0.05; **p < 0.01; ***p < 0.001. c-Caspase-3, cleaved caspase-3; LGE ¼ late gadolinium enhancement; LV ¼ left
ventricular; other abbreviations as in Figures 1 and 2.

SELECTIVE INTERLEUKIN-6 TRANS-SIGNALING BLOCKADE

antiinﬂammatory effects compared with anti–IL-6-

IS MORE EFFECTIVE THAN PANANTAGONISM IN REPER-

Ab. Neutrophils and mononuclear phagocytes, both

FUSED MI. Only sgp130Fc, not anti–IL-6-Ab, reduced

of which were reduced in the sgp130Fc group, have

infarct size. This effect may be the result of its greater

been implicated in driving myocyte death through the
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T A B L E 1 Cardiac Magnetic Resonance–Cine Results 1 Day and 28 Days After MI in Rats Administered Anti–IL-6-Ab or sgp130Fc

Naïve (n ¼ 8)

Vehicle (n ¼ 8)

Anti–IL-6-Ab (n ¼ 7)

sgp130Fc (n ¼ 7)

ANOVA p Value

End-diastolic volume, mL
1d

330.4 (275.2–385.7)

301.4 (278.1–324.7)

279.2 (242.1–316.3)

300 (247.2–352.8)

0.284

28 d

430.4 (350.8–510.1)

485.1 (429.8–540.4)

441.5 (386.9–496)

450.8 (361.9–539.6)

0.575

0.001

<0.001

<0.001

0.001

–

p value
End-systolic volume, mL
1d

105.6 (80.06–131.2)

112.6 (98.73–126.6)

116.1 (103–129.2)

105.1 (73.52–136.6)

0.803

28 d

117.8 (87.49–148.1)

181.3* (156.2–206.4)

163.8 (120.6–207)

147.4 (100.6–194.2)

0.032

0.103

<0.001

0.027

0.009

–

1d

224.8 (191.6–258)

188.7 (167.7–209.8)

163.1* (133.1–193.1)

190.2 (144.8–235.5)

0.03

28 d

312.6 (257.1–368.1)

303.8 (265–342.6)

277.7 (246.5–308.8)

303.3 (244.6–362.1)

0.648

<0.001

<0.001

<0.001

0.001

–

1d

68.5 (64.2–72.8)

62.6 (58.5–66.6)

58.1* (53.7–62.4)

64.5 (54.7–74.3)

0.041

28 d

72.9 (69.2–76.7)

62.6† (59.2–66)

63.3* (57–69.7)

67.9 (60.9–75)

0.006

0.033

0.985

0.034

0.153

–

1d

403.1 (371.6–434.6)

401.5 (361.9–441.1)

390.7 (367.4–414.1)

391.4 (345.1–437.7)

0.905

28 d

325.1 (279.6–370.7)

356 (309.1–402.9)

358.4 (324.5–392.4)

317.1 (271–363.3)

0.298

0.01

0.036

0.004

0.034

–

p value
Stroke volume, mL

p value
LVEF, %

p value
Heart rate, beats/min

p value
Cardiac output, mL/min
1d

90.3 (76.6–104)

75.6 (65.5–85.7)

63.7† (51.6–75.7)

73.6 (57.3–89.9)

0.016

28 d

101.7 (79–124.3)

107.9 (89.7–126.1)

99.8 (83.4–116.2)

95.3 (76.1–114.3)

0.742

0.067

0.016

<0.001

0.031

–

p value

Data presented as mean (95% conﬁdence interval). Parameters from scans performed 1 day and 28 days after MI. p values for paired Student t-tests performed within each
group between the 2 time points are reported below the 2 time point values. Analysis of variance performed at each time point across all 4 groups and signiﬁcance are reported
in the righthand column (ANOVA p Value). Signiﬁcance of individual pairwise comparisons with the naïve group: *p < 0.05; †p < 0.01.
ANOVA ¼ analysis of variance.

release of reactive oxygen species and proteolytic

blockade with an anti–IL-6R MAb in a mouse model

enzymes (6) as well as in contributing to microvas-

reduced LVEF (31). Therefore, current preclinical data

cular obstruction and the “no-reﬂow” syndrome (29).

do not support the hypothesis that pan–IL-6 blockade

However, it is also possible that other mechanisms,

would be an effective therapy in reperfused MI.

such as direct effects on myocytes, contributed to this

However, in the phase 2 clinical trial of IL-6 re-

observation. For example, Smart et al. (30) demon-

ceptor blockade with TCZ in NSTEMI, high-sensitivity

strated that IL-6 classic signaling protects isolated

Trop-T was reduced in the treatment group (9).

neonatal rat myocytes against ischemia-reperfusion

Furthermore, results of ASSAIL-MI suggest improved

injury in a phosphoinositide 3-kinase–dependent

myocardial salvage index with the use of TCZ after

manner. Therefore, we speculate that this protection

STEMI (12). Therefore, there may be interspecies

would be lost in the anti–IL-6-Ab group but preserved

variability in the effect of pan–IL-6 blockade in

in the sgp130Fc group. This possibility warrants

reperfused MI. One such difference may be the effect

further study.

on neutrophils. In the NSTEMI study, a signiﬁcant

The early effects of sgp130Fc on inﬂammation and

reduction

in

circulating

neutrophil

count

was

infarct size translated to a reduction in LGE as well as

observed in the TCZ-treated group, which was pro-

preserved LVEF 28 days after MI, demonstrating long-

posed to mediate the beneﬁcial effects of the drug

term beneﬁcial effects of this strategy on cardiac

(25). However, in the present study we did not

remodeling and function. In contrast, LVEF was

observe a reduction in circulating neutrophil count in

signiﬁcantly reduced in the anti–IL-6-Ab group to the

either drug group.

same extent as in the controls.
Our data regarding pan–IL-6 blockade reﬂect those

Although myocardial salvage index was reportedly
improved by TCZ in the ASSAIL-MI trial, infarct size,

of Hartman et al. (31), who are the only other group to

Trop-T, N-terminal pro–B-type natriuretic peptide,

pharmacologically antagonize IL-6 in an animal

and LV end-diastolic volume at 6 months were not

model of reperfused MI. They found that pan–IL-6

(12). Therefore, while TCZ shows some promise in
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STEMI, our results suggest that selective IL-6 trans-

Research Council (MR/R026416/1 to Dr. Stuckey), the National Insti-

signaling antagonism with sgp130Fc would have

tute for Health Research (Senior Investigator: Dr, Hingorani), and a

greater efﬁcacy and should be investigated as a novel

King Scholarship of Malaysia (Ms. Jasmin). Dr. Woollard is an
employee of AstraZeneca. No funding or support was received from

therapeutic in this setting. Under the trade name

AstraZeneca. All other authors have reported that they have no re-

Olamkicept, sgp130Fc is currently undergoing phase

lationships relevant to the contents of this paper to disclose.

II clinical trials in inﬂammatory bowel disease (32).
STUDY LIMITATIONS. While our study has provided

ADDRESS FOR CORRESPONDENCE: Dr. Marc Jona-

evidence for the therapeutic potential of sgp130Fc in

than George, Division of Medicine, University College

MI, some limitations are noteworthy. Our rat model

London, 5 University Street, London, WC1E 6JF,

resulted in a relatively small, largely apical infarct,

United Kingdom. E-mail: marc.george@ucl.ac.uk.

which translated to a modest reduction in LVEF at
28 days of 10%. A larger infarct may have resulted in
greater cardiac dysfunction and allowed better

PERSPECTIVES

discrimination between groups at that time point.
In the characterization studies, we did not observe

COMPETENCY IN MEDICAL KNOWLEDGE: The

a rise in myocardial lymphocytes after MI, which are

inﬂammatory cytokine IL-6 is associated with adverse

increasingly recognized to play an important role in

outcomes after MI and is an emerging therapeutic

myocardial injury and remodeling (33). However, our

target in coronary disease. IL-6 has 2 discrete

ﬂow cytometry panel was not designed to identify

signaling pathways: classic and trans. Trans-signaling

individual lymphocyte subsets and therefore we can

mediates inﬂammation, while classic-signaling also

not exclude the possibility that there was an increase

has anti-inﬂammatory effects. Current approaches

in speciﬁc cell types, such as CD4 T cells.

using anti–IL-6 antibodies block both pathways

Finally, while we have demonstrated that sgp130Fc

(panantagonism), whereas the novel recombinant

reduces infarct size and suggest that this is due to its

protein sgp130Fc achieves selective IL-6 trans-

anti-inﬂammatory effects, further work is required to

signaling blockade. Using a rat model of reperfused

discern the precise mechanisms which underpin this

MI, we demonstrated that sgp130Fc, but not anti–IL6-Ab, attenuated neutrophil and macrophage inﬁl-

observation.

tration into the myocardium, reduced infarct size, and

CONCLUSIONS

preserved cardiac function 28 days after MI.

We demonstrated for the ﬁrst time that exclusive IL-6

TRANSLATIONAL OUTLOOK: Targeting pan–IL-6

trans-signaling antagonism with sgp130Fc is more

signaling with the monoclonal antibody tocilizumab

effective than pan-blockade in reperfused MI. This

has been shown to reduce C-reactive protein and

approach attenuated inﬂammation, reduced infarct

troponin T in a phase 2 clinical trial of NSTEMI and to

size, and preserved cardiac function. Given the

improve myocardial salvation index in STEMI. Our

pressing need to reduce the incidence of heart failure

ﬁndings suggest that speciﬁc targeting of IL-6 trans-

after MI, sgp130Fc warrants further investigation as a

signaling in STEMI with sgp130Fc may be more

potential novel therapeutic in this setting.

effective that tocilizumab and should be investigated
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