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Colchicine prevents disease progression in viral
myocarditis via modulating the NLRP3 inflammasome
in the cardiosplenic axis
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Abstract

Aim The acute phase of a coxsackievirus 3 (CVB3)-induced myocarditis involves direct toxic cardiac effects and the
systemic activation of the immune system, including the cardiosplenic axis. Consequently, the nucleotide-binding
oligomerization domain-like receptor pyrin domain-containing-3 (NLRP3) inflammasome pathway is activated, which plays
a role in disease pathogenesis and progression. The anti-inflammatory drug colchicine exerts its effects, in part, via
reducing NLRP3 activity, and has been shown to improve several cardiac diseases, including acute coronary syndrome
and pericarditis. The aim of the present study was to evaluate the potential of colchicine to improve experimental
CVB3-induced myocarditis.

Methods and results C57BL6/j mice were intraperitoneally injected with 1 x 10° plaque forming units of CVB3. After 24 h,
mice were treated with colchicine (5 umol/kg body weight) or phosphate-buffered saline (PBS) via oral gavage (p.o.). Seven
days post infection, cardiac function was haemodynamically characterized via conductance catheter measurements. Blood,
the left ventricle (LV) and spleen were harvested for subsequent analyses. In vitro experiments on LV-derived fibroblasts
(FB) and HL-1 cells were performed to further evaluate the anti-(fibro)inflammatory and anti-apoptotic effects of colchicine
via gene expression analysis, Sirius Red assay, and flow cytometry. CVB3 + colchicine mice displayed improved LV function
compared with CVB3 + PBS mice, paralleled by a 4.7-fold (P < 0.01) and 1.7-fold (P < 0.001) reduction in LV CVB3 gene
expression and cardiac troponin-| levels in the serum, respectively. Evaluation of components of the NLRP3 inflammasome re-
vealed an increased percentage of apoptosis-associated speck-like protein containing a CARD domain (ASC)-expressing,
caspase-1-expressing, and interleukin-1B-expressing cells in the myocardium and in the spleen of CVB3 + PBS vs. control mice,
which was reduced in CVB3 + colchicine compared with CVB3 + PBS mice. This was accompanied by 1.4-fold (P < 0.0001), 1.7-
fold (P < 0.0001), and 1.7-fold (P < 0.0001) lower numbers of cardiac dendritic cells, natural killer cells, and macrophages,
respectively, in CVB3 + colchicine compared with CVB3 + PBS mice. A 1.9-fold (P < 0.05) and 4.6-fold (P < 0.001) reduced car-
diac gene expression of the fibrotic markers, Collal and lysyl oxidase, respectively, was detected in CVB3 + colchicine mice
compared with CVB3 + PBS animals, and reflected by a 2.2-fold (P < 0.05) decreased Collagen I/Ill protein ratio. Colchicine
further reduced Col3al mRNA and collagen protein expression in CVB3-infected FB and lowered apoptosis and viral progeny
release in CVB3-infected HL-1 cells. In both CVB3 FB and HL-1 cells, colchicine down-regulated the NLRP3
inflammasome-related components ASC, caspase-1, and IL-1f.

Conclusions Colchicine improves LV function in CVB3-induced myocarditis, involving a decrease in cardiac and splenic NLRP3
inflammasome activity, without exacerbation of CVB3 load.
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Introduction

Myocarditis is a cardiac disorder, which is characterized by
prominent immune cell infiltration in the heart, predomi-
nantly due to viral infection. Particularly infections with the
enterovirus coxsackievirus B3 (CVB3) are known to cause
acute viral myocarditis in young patients.’™ In the acute
phase of myocarditis, viral entry is not always limited to the
heart but may involve other organs, including lymphoid or-
gans such as the spleen.* Homing of potentially infected im-
mune cells* from the spleen towards the heart takes place
and leads to cardiac fibrosis.> This cardiosplenic axis must
be balanced such that immune-mediated virus-clearing
mechanisms are effective without causing aberrant cardiac
inflammation, which can trigger myocardial destruction and
remodelling that culminates in cardiac dysfunction.?

The control of inflammasomes belongs to a critical early
response of the host that enables detection of pathogens
and endogenous stress signals, initiates production of
pro-inflammatory cytokines, and induces recruitment of
effector cells to the site of infection. The inflammasome com-
plex is made up of intracellular multiprotein oligomers, which
includes a sensor protein such as the nucleotide-binding olig-
omerization domain (NOD)-like receptor proteins, an adapter
protein called apoptosis-associated speck-like protein con-
taining a CARD domain (ASC), and the cysteine protease cas-
pase-1. Triggered by endogenous and exogenous molecules,
assembly of the complex leads to autocatalysis and activation
of caspase-1, which converts pro-IL-1R into the mature form
IL-1R,® which subsequently activates the inflammatory arm
of the immune response to infection.

The NOD-like receptor pyrin domain-containing-3 (NLRP3)
inflammasome is the most thoroughly described inflamma-
some complex to date.® Its relevance in myocarditis follows
from findings of Toldo et al.” who demonstrated increased
formation of the NLRP3 inflammasome in endomyocardial bi-
opsies of myocarditis patients, whereby the severity of heart
failure correlated with the intensity of NLRP3 inflammasome
formation. In agreement with these findings, we have shown
that CVB3 infection up-regulates myocardial NLRP3
expression in experimental and human myocarditis®® and
that cardiac NLRP3 expression decreases in CVB3-positive
patients who clear the virus over time. Moreover, knockdown
of NOD2° or treatment with mesenchymal stromal cells®
protected mice against myocarditis through down-regulation
of NLRP3 expression, which was further associated with less
migration of immune cells from the spleen towards the heart.
Therefore, reduction of NLRP3 inflammasome activity
seems to be a potential therapeutic target to control and
modify the cardiosplenic axis in acute myocarditis. The

anti-inflammatory drug colchicine inhibits NLRP3 activity®®
as part of its well-known microtubule-disassembling
properties.’* Furthermore, anti-fibrotic effects of colchicine
have also been reported.? Its recommendation for use as a
first-line therapy for treatment of acute pericarditis, which,
similar to myocarditis is often of viral origin,**** further sup-
ports the hypothesis that colchicine could be also useful in
the treatment of myocarditis.

This proof-of-concept study was conducted with the aim of
investigating the impact of colchicine in experimental
CVB3-induced myocarditis and of gaining insights into the
underlying mechanisms of how colchicine functions. Given
the fact that colchicine is inexpensive and its use worldwide
is established, colchicine could be an ideal candidate for the
treatment of potentially all forms of virus-induced myocardi-
tis, including SARS-CoV2-related myocarditis syndromes.>

Methods

Experimental coxsackievirus B3-induced acute
myocarditis

To induce viral myocarditis, 6 week old male C57BL6/j mice
were purchased from Charles River (Sulzfeld, Germany) and
housed in the animal facilities of the Charité -
Universitdtsmedizin Berlin under standard housing conditions
(12 h light/dark cycle, 50-70% humidity, 19-21°C). Animals
were housed with 4-5 mice per cage with unlimited access
to food and water. At the age of 8 weeks, mice were
randomly divided into four groups. Two of these groups
(CVB3 and CVB3 + colchicine group) were intraperitoneally
(i.p.) injected at the age of 8 weeks with 200 pL
phosphate-buffered saline (PBS) (Life Technologies, Carlsbad,
CA, USA) containing 1 x 10° plaque forming units (p.f.u) of
CVB3 (Nancy strain). Control mice (control and colchicine
group) received the same volume (200 pL) of PBS (Life Tech-
nologies) alone. Twenty-four hours after CVB3 infection, mice
were treated either with 5 pmol/kg body weight (BW) colchi-
cine (Merck Millipore, Darmstadt, Germany; colchicine group
and CVB3 + colchicine group) or PBS (Life Technologies;
control and CVB3 group) via oral gavage. Seven days post
infection, left ventricular (LV) function was determined via
conductance catheter as reported in detail in the following
paragraph.’® Subsequently, mice were euthanized via
cervical dislocation, and serum and LV were collected for
ELISA, gene expression analysis, caspase 3/7 assay,
immunohistochemistry, and plaque assay. The respective n-
number of each group used for each molecular
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investigation is indicated in the respective figure legend. Due
to the limited amount of available tissue material, not all
investigations could be performed for the whole set of
animals. In a second set of experiments (n = 8/group,
whereby 2 animals per group were pooled for cell isolation)
with the same experimental design, mice were euthanized
via cervical dislocation without prior haemodynamic
measurement. For subsequent flow cytometry, LV and
spleen were harvested and stored on ice until further
processing. All experiments were performed according to
the European legislation for the Care and Use of Laboratory
Animals (Directive 2010/63/EU) and approved by the local
ethics committee (Landesamt fiir Gesundheit und Soziales,
Berlin, G0310/15).

Haemodynamic characterization

To determine the effect of colchicine on cardiac function,
mice were haemodynamically characterized using conduc-
tance catheter. Animals were anaesthetized with a mixture
of 1.2 g/kg BW urethane (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) and 0.05 mg/kg BW buprenorphine
(Indivior UK limited, Slough, UK) followed by mechanical
ventilation. For continuous recording of pressure-volume
loops in an open-chest model, a 1.2 F conductance catheter
(SciSense, Ontario, Canada) was apically positioned in the
LV. In addition to heart rate (bpm), LV ejection fraction (EF;
%), cardiac output (CO; uL/min), LV maximal pressure (LVP-
maxs ~MmHg), end-systolic pressure (Po.; mMmHg),
end-diastolic pressure (Peq; mmHg), LV contractility (dP/dt-
max; MMHg/s), LV relaxation (dP/dt.,i,; mmHg/s), and LV re-
laxation time (Tau; ms) as indices for cardiac function were
assessed.’®

Serum troponin-l ELISA

As a biochemical marker for myocardial damage, cardiac
troponin-I (cTN-l) was measured in the serum of controls
and CVB3-infected mice treated with or without colchicine.
For this purpose, a commercially available ultra-sensitive
mouse cTN-I ELISA (Life Diagnostics, West Chester, PA, USA)
was performed according to the manufacturer’s protocol.

Gene expression analysis

According to established protocols, RNA extraction from LV
tissue was performed using the TRIzol” method. In case of
the in vitro experiments, FB were harvested after 24 h and
washed twice with PBS. Afterwards, 1 mL TRIzol” was added,
followed by chloroform extraction and precipitation. Purifica-
tion of the samples was performed via the NucleoSpin® RNA
mini kit (Macherey-Nagel GmbH, Diiren, Germany). For sub-

sequent cDNA transcription, 1000 ng of the total RNA and
the high-capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Darmstadt, Germany) was used. To perform
guantitative real-time PCR, a QuantStudio 6 Flex Real-Time
PCR System (Thermo Fisher Scientific, Darmstadt, Germany)
and the following gene expression assays (all provided by
Applied Biosystems, Darmstadt, Germany) were used:
a-smooth muscle actin (a-SMA; Mm00725412_s1), B-cell
lymphoma 2 (Bcl-2; Mm00477631_m1), Bcl-2-associated X
protein  (Bax; MmO00432050_m1), caspase-3 (Casp3;
MmO00438045_m1), Collal (Mm01302043 gl1), Col3al
(Mm00802331_m1), lysyl oxidase (Lox; Mm00495386_m1),
NADPH Oxidase 1 (NOX1; MmO00549170_m1), NADPH
Oxidase 4 (NOX4; MmO00479246_m1), mitochondrial
superoxide dismutase 2 (SOD2; Mm01313000_m1), and
transforming growth factor-f (TGF-B; MmO00441724_m1).
Furthermore, CVB3 copy numbers in LV tissue samples were
detected via a forward primer (5'-CCCTGAATGCGGCTAATCC-
3’), reverse primer (5-ATTGTCACCATAAGCAGCCA-3’), and
FAM-labelled MGB probe (FAM 5-TGCAGCGGAACCG-3').
For quantification, data were first normalized to the
endogenous control, Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Mm99999915 gl1) and afterwards
to the control group, set as 1.

Plagque assay

To determine viral progeny release of CVB3-infected HL-1 cells
and LV viral load, a plaque assay was performed. Supernatant
of untreated or colchicine-treated HL-1 cells 24 h post
infection and homogenized LV tissue samples of CVB3 + PBS
and CVB3 + colchicine mice were analysed, as previously
described.”*” In detail, Hela cells were overlaid with 300 uL
of the LV lysates and incubated for 30 minutes (min) at 37°C.
Afterwards, supernatant was removed and cells were overlaid
with 500 pL agar containing Eagle’s MEM. After 3 days, the
virus titre was determined by plague counting and depicted
as p.f.u./mL or p.f.u/heart weight (mg), respectively.

Preparation of left ventricle and spleen
homogenates

For subsequent investigations on protein level, tissue homog-
enates of LV and spleen (with n = 5-6/group and organ) were
prepared. To this end, the respective tissue was homogenized
in 200 pL cell lysis buffer (Thermo Fisher Scientific) using the
Precellys homogenizer (Bertin Technologies SAS, Montigny-
le-Bretonneux, France). After 20 min incubation on ice,
samples were centrifuged at 13 500 rpm and 4°C for
15 min. Afterwards, supernatant was transferred, and protein
amount was determined via the Pierce” BCA Protein Assay
Kit (Thermo Fisher Scientific).
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Caspase 3/7 assay of left ventricle tissue
homogenates

To determine apoptotic processes in LV tissue, a caspase 3/7
activity assay (Promega, Madison, WI, USA) was performed.
In detail, LV homogenates were prepared as described earlier.
Afterwards, 100 pL of the lysates containing 250 ug protein
were added to a white-walled 96-well luminometer plate. Ac-
cording to the manufacturer’s protocol and as described
previously, 1”18 100 uL of the caspase-Glo 3/7 reagent contain-
ing caspase 3/7 buffer and the pro-luminescent caspase 3/7
substrate, was added to each sample. After 60 min of incuba-
tion at room temperature, the luminescence of each sample
was measured in a microplate-reading luminometer (Mithras
LB 940, Berthold Technologies GmbH & Co KG, Germany).

Coxsackievirus B3 infection of HL-1
cardiomyocytes

The subsequently described experiment was performed using
the murine cardiomyocyte cell line HL-1. Before cell plating,
6-well plates were coated with 0.02% gelatin (Sigma-Aldrich
Chemie GmbH) for 30 min at 37°C. Thereafter, 225 000 HL-1
cells/well were plated in full Claycomb medium (Sigma-Al-
drich Chemie GmbH) supplemented with 10% foetal bovine
serum (FBS; Biochrom, Berlin, Germany), 1% penicillin/
streptomycin  (P/S, Life Technologies), 0.1 mmol/L
norepinephrine (Sigma-Aldrich Chemie GmbH), and 2 mmol/
L t-glutamine (Biochrom) into 6-well plates. Twenty-four
hours later, cells were either infected with CVB3 (Nancy
Strain) at a multiplication of infection (m.o.i.) of two in
serum starvation medium [DMEM 11966 (Gibco, Thermo
Fisher Scientific, Darmstadt, Germany)] + 5 mM Glucose
(Sigma-Aldrich Chemie GmbH) + 0.01% FBS (Biochrom), or
incubated with serum starvation medium only, both for 2 h.
One hour post-CVB3-infection or serum starvation, cells
were incubated in the presence of 100 ng/mL colchicine
(Merck Millipore, Darmstadt, Germany) or PBS (Thermo
Fisher Scientific, Darmstadt, Germany). Supernatant and cells
were collected 24 h after CVB3 infection for viral progeny
release and flow cytometry analyses of apoptotic cells, re-
spectively. Furthermore, expression of NLRP3 inflammasome-
related proteins (ASC, caspase-1, and IL-1B3) were analysed af-
ter 4 h of stimulation with colchicine using flow cytometry.

Flow cytometry

To investigate the expression of the NLRP3 inflammasome-re-
lated proteins ASC, caspase-1, and IL-1f in the heart and
spleen of mice upon CVB3 infection and subsequent treat-
ment with/without colchicine, a second set of in vivo experi-
ments was performed as described earlier. In brief, mice were

euthanized under anaesthesia via cervical dislocation without
prior haemodynamic measurement. Subsequently, LV and
spleen were harvested and stored on ice for cardiac mononu-
clear cell (MNC) or splenocyte isolation.® After cell isolation,
expression of ASC, caspase-1, and IL-1fB in total and specifi-
cally on dendritic cells (DC; CD11c" cells), natural killer (NK)
cells (CD49" cells), and macrophages (F4/80" cells) was
analysed in the heart and the spleen.® For this purpose,
1 x 10° splenocytes or 0.9-1.2 x 10° cardiac MNCs were fixed
and permeabilized in Cytofix/Cytoperm buffer (BD Biosci-
ences, Heidelberg, Germany). After washing and centrifuga-
tion, samples were stained with the respective anti-ASC
(BioLegend, Koblenz, Germany), anti-caspase-1 (p10; Bioss
Antibodies, Woburn, MA, USA), anti-CD11c (Biolegend, San
Diego, CA, USA), anti-CD49 (Biolegend), anti-F4/80
(Biolegend), and anti-IL-1f (BioLegend) antibodies.

For the assessment of early apoptosis of HL-1 cells follow-
ing CVB3 infection, Annexin V*/7AAD~ flow cytometry was
performed as described previously.r” Twenty-four hours
post-CVB3 infection or serum starvation, cells were harvested
and washed twice with cold cell staining buffer (Biolegend,
Koblenz, Germany) for subsequent Annexin V' and 7AAD™
staining. After the last wash step, cells were re-suspended
in 100 pL Annexin-binding buffer (BioLegend). Next, 5 uL
anti-Annexin V and 5 pL of anti-7AAD were added and
incubated at room temperature for 15 min in the dark.
After incubation, 400 pL Annexin-binding buffer was added
for measurement.

In addition to the measurement of early apoptosis, ASC,
caspase-1, and IL-1f3 expression were also assessed in HL-1
cells or FB. For this, cells were harvested after 4 h stimulation
time and subsequently fixed and permeabilized in Cytofix/
Cytoperm buffer (BD Biosciences). After washing procedure,
cells were stained with anti-ASC (BioLegend), anti-caspase-1
(p10; Bioss Antibodies), and anti-IL-1f (BioLegend) antibodies.

After the respective stainings, measurements were per-
formed on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch
Gladbach, Germany). Next, data were analysed with the
Flowlo software version 8.7 (Tree Star Inc., Ashland, VA,
USA) and expressed as percentage (%) of gated cells or as
number of events (cell counts).

IL-1p ELISA

To investigate IL-1p protein on a systemic and organ level, the
commercially available IL-1f ELISA (R&D Systems Inc., McKin-
ley Place NE, MN, USA) was performed using LV homoge-
nates, serum, and spleen homogenates. In brief, 50 uL of LV
or spleen homogenates containing 250 pg protein and 50 pL
undiluted serum were added per well. All further steps were
performed according the manufacturer’s protocol. Optical
density was determined at 540 and 450 nm, whereby read-
ings at 540 nm were subtracted from the readings at 450 nm.
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Immunohistochemistry

First, frozen LV tissue samples were embedded in Tissue-Tek
OCT (Sakura, Zoeterwoude, NL) and cut into 5 pum thick
sections for subsequent immunohistological investigations.
To this end, slides were incubated with the following anti-
bodies: anti-collagen | (dilution 1:350; Chemicon, Merck
Millipore, Darmstadt, Germany) and anti-collagen Il (dilu-
tion 1:200; Calbiochem, Merck Millipore, Darmstadt,
Germany) using the EnVision® method. After the respective
staining, samples were investigated on a Leica DM2000
LED microscope (Leica Microsystems GmbH, Wetzlar,
Germany) at 100x magnification, followed by digital image
analysis via the Leica Application Suite version 4.4 (LAS
V4.4). In general, specific epitopes of the stained structure
are coloured red and the heart area (HA) was counter-
stained with Hemalum (blue). To distinguish between differ-
ent types of fibrosis, LV samples were analysed including
vessel and arteries (total LV area) and without vessels and
arteries (interstitial fibrosis).

Coxsackievirus B3 infection of murine primary
fibroblasts derived from the left ventricle

To investigate the impact of colchicine on inflammasome ac-
tivation and the fibrotic response upon CVB3 infection in car-
diac fibroblasts, in vitro experiments with murine LV-derived
fibroblasts (FB) were performed. For this purpose, cells were
obtained via outgrowth culture according to our established
protocol.'® At passage 9, cells were seeded either at a cell
density of 10 000 cells per well for Sirius red and crystal violet
assay or 150 000 cells per well for gene expression analysis
and flow cytometry. As seeding media, DMEM high glucose
media (Gibco; Thermo Fisher Scientific) supplemented with
20% FBS (Bio&Sell GmbH, Feucht bei Nirnberg, Germany)
and 1% P/S (Gibco) was used. Twenty-four hours later, FB
were infected at a m.o.i. of 2 in serum starvation medium
[DMEM 11966 (Gibco) + 5 mM Glucose (Sigma-Aldrich
Chemie GmbH) + 0.01% FBS (Bio&Sell GmbH)] or incubated
with pure serum starvation medium. After 1 h incubation,
cells were washed twice with PBS (Gibco), followed by
treatment with DMEM high glucose (Gibco) containing 10%
FBS (Bio&Sell GmbH) and 1% P/S (Gibco) with or without
100 ng/mL colchicine. Depending on the respective
experiment, cells were stimulated up to 72 h.

Sirius red and crystal violet assay

To determine the anti-fibrotic potential of colchicine, a Sirius
red and crystal violet assay were performed according to our
established protocols.??! In detail, cells were seeded at a
cell density of 10 000 cells per well in 96-well plates, infected,

and stimulated as described in the respective paragraph.
After 24 or 72 h of stimulation, media was removed and
plates were either fixated with cold methanol (Carl Roth,
Karlsruhe, Germany) or 4% paraformaldehyde (PFA; SAV
Liquid Production GmbH, Flintsbach am Inn, Germany). The
methanol-fixated plates were used for subsequent Sirius red
staining (Sigma-Aldrich Chemie GmbH) to measure collagen
deposition. In parallel, crystal violet staining (Sigma-Aldrich
Chemie GmbH) on the PFA-fixated plates was performed to
determine the cell number per well. The photometric analy-
ses were performed at 540 or 595 nm using the Spectra
Max 340PC microplate reader (Molecular Device GmbH LLC,
San Jose, CA, USA). Absorbance values were depicted
separately (collagen deposition and cell count) or normalized
(collagen content/cell number).

Statistical analysis

Statistical analysis was performed using Graph Pad Prism 8.0
(GraphPad Software, La Jolla, USA). Data are depicted as scat-
ter plots with bars, showing individual data points and the
mean + SEM and were tested for normal distribution using
the Shapiro—Wilk test. For normally distributed data, ordinary
one-way ANOVA with Sidak’s post hoc test was performed. In
case data were not normally distributed, Brown—Forsythe and
Welch-ANOVA followed by unpaired t test with Welch’s cor-
rection was performed. All in vitro experiments were
analysed via Brown-Forsythe and Welch-ANOVA followed
by unpaired t test with Welch’s correction. Differences were
considered statistically significant at P < 0.05.

Results

Colchicine improves left ventricular function and
decreases cardiac troponin-l in experimental
Coxsackievirus B3-induced myocarditis

The CVB3-induced myocarditis mice were characterized by
impaired global heart function, as indicated by a decline in
LV EF and CO (Table ). In parallel, systolic and diastolic func-
tion was reduced as shown by 2.1-fold (P < 0.0001) lower
dP/dt .y 2.4-fold (P < 0.0001) lower dP/dt,,;,, and 2.3-fold
(P < 0.01) elevated Tau compared with uninfected control
animals. In addition, LVP,,.x was 1.4-fold (P < 0.01) reduced
in control vs. CVB3-infected mice. Related to end-diastolic
LV pressure, no differences between control and CVB3 mice
were observed. Treatment with colchicine abrogated the ad-
verse effects on LV function in CVB3-infected mice, indicated
by improved EF and CO. Furthermore, higher dP/dt,,., dP/dt-
min and lower Tau values were observed in CVB3 + colchicine
mice vs. CVB3 mice, indicative for an improved systolic and
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Table 1 Colchicine improves left ventricular function and decreases cardiac troponin | levels in experimental Coxsackievirus B3-induced
myocarditis

Control Colchicine CVB3 CVB3 + colchicine

Left ventricular function

HR 510.6 + 12.19 544.0 + 8.92 407.3 + 32.38%* 479.2 + 18.19%

EF 78.20 + 0.82 78.08 + 1.27 67.25 + 2.26%*** 73.56 + 1.306"

co 20 780 + 1996 26 724 + 1983 10 099 + 2395** 17 875 + 1758"

LVPmax 102.1 + 6.81 112.7 = 4.13 71.10 + 7.06** 103.3 + 3.75%%#

Pes 94.64 + 7.49 104.2 + 4.79 66.01 + 7.40* 99.37 + 3.86""

Ped 7.47 + 0.95 10.07 + 0.77 7.039 = 0.68 8.90 = 0.86

dP/dtmax 8847 + 560.3 10 186 + 462.2 4278 + 759.1%*** 8344 + 264.77%##

dP/dtmin 5631 * 423.2 —7038 + 375.9 —2389 + 440.5%*** 5118 + 302.07###

Tau 12.05 + 0.67 10.71 + 0.55 27.23 + 4.20%* 14.04 + 0.96"
Myocardial damage

cTN-I 5.78 + 0.60 6.70 = 0.57 8.68 = 0.70* 5.45 + 0.52%#*

As indices for global left ventricular (LV) function, heart rate (HR; bmp), cardiac ejection fraction (EF; %) and cardiac output (CO; ul/min)
were obtained via conductance catheter measurements. Additionally, LV maximal pressure (LVPya; mmHg), end-systolic pressure (Pes;
mmHg), end-diastolic pressure (Pey; mmHg), LV contractility (dP/dty,. mmHg/s), LV relaxation (dP/dtyi,; mmHg/s) and LV relaxation time
(Tau; ms) were analysed. Measurements were performed in control mice or CVB3-infected mice treated with phosphate-buffered saline
(PBS) or 5 umol/kg BW colchicine. As a marker for myocardial damage, cardiac Troponin-I (cTN-I; ng/mL) in the serum was measured
via ELISA. Data are presented as mean + SEM. Statistical analysis was performed by using ordinary one-way ANOVA or Welch-ANOVA.

‘P < 0.05.

ek

P < 0.0001 vs. control mice.
’P < 0.05.

P < 0.01.

P < 0.001.

***p < 0.0001 vs. CVB3 mice; with n = 11/control + PBS, n = 13/control + colchicine, n = 11/CVB3 + PBS, and n = 16/CVB3 + colchicine.

diastolic function, respectively. Administration of colchicine
in CVB3 mice led to a 1.5-fold (P < 0.001) improvement of
LVP.x compared with PBS treatment. In addition to haemo-
dynamic parameters, cardiac troponin-l (cTN-1), a marker for
myocardial damage, was measured in the serum of mice. As
shown in Table 1, CVB3 mice displayed 1.5-fold (P < 0.05)
higher cTN-I levels compared with controls. Colchicine was
able to diminish myocardial damage, as indicated by the
1.6-fold (P < 0.001) reduced <cTN-l levels in
CVB3 + colchicine mice vs. CVB3 mice.

Colchicine leads to reduced viral gene expression,
apoptosis, and oxidative stress in experimental
Coxsackievirus B3-induced myocarditis

The impaired cardiac function in CVB3 mice was associated
with LV CVB3 presence, as indicated by LV CVB3 mRNA
levels and viral load in CVB3 animals (Figure 1A + B). Colchi-
cine treatment in CVB3 animals reduced LV CVB3 mRNA ex-
pression by 4.7-fold (P < 0.01) (Figure 1A), while the LV viral
load in CVB3 + colchicine mice only tended to be lower com-
pared with CVB3 + PBS mice (1.5-fold; P = 0.4209) (Figure
IB). In vitro, viral progeny release was less pronounced upon
colchicine-treated vs. untreated CVB3-infected HL-1 cells
(Figure 1C). Because cardiomyocyte apoptosis is known to
underlie viral progeny release,’” we next investigated
whether colchicine decreases CVB3-induced apoptosis in
the LV and in HL-1 cardiomyocytes (Figure IC—F). As a

marker for in vivo cardiac apoptosis,>>*3 LV gene expression
of the anti-apoptotic Bcl-2 and pro-apototic Bax were
analysed and the subsequent ratio calculated (Figure
SIA-C). In detail, CVB3 mice displayed a 1.7-fold
(P < 0.01) and 2.2-fold (P < 0.001) induced LV Bcl-2 and
Bax gene expression compared with controls, which was di-
minished by the application of colchicine. In accordance
with previous own findings,?* the Bcl-2/Bax ratio did not dif-
fer between the groups. In addition, we could confirm our
own previous observations,”*® reporting increased LV
caspase-3 gene expression (Figure ID) and caspase 3/7 ac-
tivity (Figure 1E) upon CVB3 infection. Colchicine treatment
abrogated cardiac apoptosis as indicated by a 2.1-fold
(P < 0.05) decrease in LV caspase 3/7 activity. In vitro, col-
chicine lowered the percentage of CVB3-induced Annexin
V*/7AAD™ HL-1 cells by 1.4-fold (P < 0.0001), indicative
for early apoptotic cells (Figure IF). Finally, knowing that ox-

idative  stress triggers apoptosis in  experimental
myocarditis,>*?°> LV gene expression of the oxidative stress
markers NOX1, NOX4, and of the enzyme SOD2,

counteracting oxidative stress, was investigated (Figure
SID-F). Compared with controls, CVB3 mice exhibited 24-
fold (P < 0.0001) and 4.3-fold (P < 0.0001) higher LV mRNA
levels of NOX1 and NOX4, respectively (Figure SID + E). In
contrast, LV SOD2 gene expression was 1.4-fold (P < 0.01)
reduced in CVB3-infected mice vs. control animals (Figure
SIF). Treatment with colchicine reduced LV NOX1 and
NOX4 mRNA levels, whereas SOD2 gene expression was
increased.
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Figure 1 Colchicine leads to reduced viral gene expression, decreased viral progeny release, and less apoptosis in experimental Coxsackievirus B3-in-
duced myocarditis. The impact of colchicine on (A) CVB3 expression and (B) viral load in CVB3-infected mice (grey bars) treated with
phosphate-buffered saline (PBS) (o) or 5 pumol/kg BW colchicine (m) was analysed via real-time PCR and plaque assay, respectively. In vitro, colchicine
reduced CVB3-induced viral progeny release in HL-1 cardiomyocytes (C). Graphs represent viral progeny release in CVB3-infected HL-1 cells (grey bars)
treated without (0) or with 100 ng/mL colchicine (m). To determine apoptosis, LV caspase 3 mRNA level (D) and caspase 3/7 activity (E) were assessed by
real-time PCR and luminescence measurements, respectively. In parallel, the effect of in vitro infection of HL-1 cells and subsequent treatment with col-
chicine on apoptosis was investigated via flow cytometry. In detail, the percentage of Annexin V + /7AAD- HL-1 cells was determined (F). Data are
depicted as scatter plots with bars, showing individual data points and the mean + SEM. Statistical analyses were performed with Mann—Whitney test
for LV CVB3 gene expression (¥**P < 0.01, n=12/CVB3 + PBS and n = 14/CVB3 + colchicine; A) and with unpaired t test with Welch’s correction for plaque
assay data (with n = 8/CVB3 + PBS and n = 10/CVB3 + colchicine; B). Data of the HL-1 plaque assay were statistically analysed with Mann—-Whitney test
(*P < 0.05 with n = 5-6/group). In graph (D—F), statistical analysis was performed by using ordinary one-way ANOVA or Welch-ANOVA (*P < 0.05,
**p < 0.01, ***P < 0.001, and ****P < 0.0001; with n = 11-12/control + PBS, n = 11-15/control + colchicine, n = 11-12/CVB3 + PBS, n = 12-13/
CVB3 + colchicine for D, and n = 5-6/group for E + F).
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Colchicine reduces left ventricular NLRP3 (Figure 2A—C), respectively. Along with this, a higher percent-

inflammasome activity in experimental
Coxsackievirus B3-induced myocarditis

Given the relevance of the cardiac NLRP3 inflammasome in
CVB3 myocarditis’~® and the capacity of colchicine to reduce
NLRP3 inflammasome activity,10 we next investigated the im-
pact of colchicine on NLRP3 inflammasome activity in cardiac
immune cells. CVB3 mice exhibited a 1.8-fold (P < 0.0001),
2.4-fold (P < 0.0001), and 1.2-fold (P < 0.0001) higher per-
centage of cardiac ASC-expressing, caspase-l-expressing,
and IL-1B-expressing cells compared with uninfected controls

age of cardiac ASC-expressing DC (Figure 2D), ASC-expressing
NK cells (Figure 2G) and ASC-expressing macrophages (Figure
2J) were detected in CVB3 mice compared with control ani-
mals. In parallel, the number of cardiac caspase-1-positive
(Figure 2E,H,K) and IL-1B-positive (Figure 2F,I,L) DC, NK cells,
and macrophages was also increased after CVB3 infection
vs. corresponding controls. In contrast, CVB3 + colchicine
mice showed lower numbers of cardiac ASC-expressing, cas-
pase-1-expressing, and IL-1B-expressing DC, NK cells, and
macrophages compared the CVB3 + PBS mice (Figure 2D-L).
With respect to IL-18 at the protein level, no significant in-
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Figure 2 Colchicine reduces the presence of NLRP3 inflammasome-expressing cells in the left ventricle of experimental Coxsackievirus B3-induced
myocarditis. Bar graphs represent the percentage of ASC-positive (A), caspase-1-positive (B), and IL-1B-positive (C) cells in the LV of control mice (white
bars) or CVB3-infected mice (grey bars) treated with phosphate-buffered saline (PBS) (o) or 5 umol/kg BW colchicine (m). Furthermore, the amount of
ASC-positive (D,G,J), caspase-1-positive (E,H,K), and IL-1B-positive (F,I,L) dendritic cells (CD11c"), natural killer cells (CD49"), and macrophages (F4/80")
in the different groups were assessed. Data are depicted as scatter plots with bars, showing individual data points and the mean + SEM. Statistical
analysis was performed by using ordinary one-way ANOVA or Welch-ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****pP < 0.0001, with

n = 4/group).
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crease was observed in the LV homogenate, nor serum of
CVB3 mice vs. control mice. Colchicine did not affect IL-1R
protein levels in the LV (Figure S2A), whereas 1.1.-fold
(P < 0.05) higher serum IL-1R8 levels were detected in
CVB3 + colchicine vs. CVB3 + PBS mice (Figure S2B). Along
with the observed increased NLRP3 activity in cardiac DC,
NK cells and macrophages, the total percentage of DC, NK
cells, and macrophages was elevated by 1.7-fold
(P < 0.0001), 2.1fold (P < 0.0001), and 2.0-fold
(P < 0.0001) in the myocardium of CVB3-infected mice, re-
spectively (Figure S3A—C). These changes in percentages were
also reflected in the number of events (Table S1), as shown
by a 2.5-fold (P < 0.01), 3.3-fold (P < 0.0001), and 2.9-fold
(P < 0.01) higher event number of DC, NK cells, and macro-
phages, respectively, in CVB3 mice vs. controls. This increase
was diminished by application of colchicine, as shown by the
lower percentage and number of events of the respective cell
population in CVB3 + colchicine vs. CVB3 + PBS mice.

Colchicine abrogates splenic NLRP3
inflammasome activation in experimental
Coxsackievirus B3-induced myocarditis

With the spleen being a reservoir of immune cells, which can
be mobilized and subsequently migrate to the heart,?®?” we
next investigated the impact of colchicine on splenic inflam-
masome activation (Figure 3). In accordance with our own
previous data,® the percentage of ASC- and IL-1B-expressing
cells was elevated in the spleen of CVB3 mice compared with
controls (Figure 3A + B). Oral application of colchicine vs. PBS
treatment in CVB3-infected mice reduced the number of
splenic ASC-positive and IL-1B-positive cells by 1.5-fold
(P < 0.0001) and 1.2-fold (P < 0.001), respectively. Addition-
ally, the amount of ASC-positive (Figure 3C,E,G) and IL-1pB-
positive (Figure 3D,F,H) DC, NK cells, and macrophages was
higher in CVB3-infected mice compared with the respective
controls. Colchicine abrogated this CVB3-induced effect, as
indicated by a lower percentage of splenic ASC-expressing
and IL-1B-expressing DC, NK cells, and macrophages in
CVB3 + colchicine vs. CVB3 + PBS mice. In parallel, colchicine
normalized the 4.1-fold (P < 0.05) down-regulated splenic IL-
1R protein levels observed in CVB3 mice to levels of control
mice. (Figure S2C). Similar to the heart, the amount of splenic
DC (Figure S4A), NK cells (Figure S4B), and macrophages
(Figure S4C) was 1.3-fold (P < 0.0001), 1.5-fold
(P < 0.0001), and 2.4-fold (P < 0.0001) higher respectively
in CVB3 compared with control mice. Further, the number
of events of the respective cells were 1.2-fold (ns), 1.4-fold
(P < 0.01), and 2.0-fold (P < 0.01) higher in CVB3 animals
compared with control mice (Table SZ). Application of colchi-
cine lowered the percentage and number of events of all cell
populations in CVB3 animals compared with PBS treatment
(Figure S4 and Table S1).

Colchicine alters left ventricular collagen
composition in experimental Coxsackievirus B3-
induced myocarditis

The CVB3-induced myocarditis is associated with cardiac fi-
brosis, as indicated by alterations in collagen | and Ill protein
expression and reflected in an increased collagen I/Ill protein
ratio.*® In accordance, 3.9-fold (P < 0.01), 4.1-fold (P < 0.01),
and 33.5-fold (P < 0.0001) higher LV Collal, Col3al, and LOX
gene expression, respectively, was detected in CVB3-infected
mice compared with uninfected controls (Figure S5). This was
further associated with 4.4-fold (P < 0.01) and 12-fold
(P < 0.01) higher LV collagen | protein expression in the total
LV area (Figure 4A + B) and in the LV area, excluding all ves-
sels and arteries of the analysis (Figure 4E), respectively when
compared with uninfected controls. Protein expression of the
compliant collagen Il (Figure 4A,C,F) did not differ between
controls and CVB3 mice. This was reflected in a 5.0-fold
(P < 0.01; Figure 4D) and 13-fold (P < 0.01; Figure 4G) ele-
vated LV collagen I/Ill protein ratio in the total LV area and
in the LV area without vessels and arteries respectively of
CVB3-infected mice vs. control animal. Colchicine interven-
tion reduced LV Collal and LOX mRNA expression (Figure
S5A,C), and collagen | protein expression in the LV area ex-
cluding vessels and arteries (Figure 4E) in CVB3 + colchicine
mice vs. CVB3 + PBS animals. The collagen I/Ill ratio was
2.2-fold (P < 0.05; Figure 4D) and 2.9-fold (P < 0.05; Figure
4G) lower in the total LV and in the LV area without vessels
and arteries, respectively, in colchicine-treated CVB3 vs.
CVB3 + PBS mice.

Colchicine exerts anti-(fibro)inflammatory effects
in cardiac cells

To finally investigate possible underlying mechanisms of the
anti-(fibro)inflammatory potential of colchicine,
in vitro infection experiments on FB and HL-1 cells were
performed.

As shown in the Figure S6A-D, CVB3 infection of FB re-
sulted in 1.3-fold (P < 0.05), 1.5-fold (P < 0.01), and 1.5-fold
(P < 0.05) higher gene expression of Col3al, a-SMA, and
TGF-B, respectively, compared with controls. Interestingly,
only gene expression of Col3al was reduced by colchicine
supplementation. Verification of these results at the protein
level revealed changes of collagen deposition in FB after 24
and 72 h stimulation with colchicine (Figure 5A). Taking the
cell number into account (Figure 5B), the resulting collagen
amount per cell (Figure 5C) was increased in CVB3-infected
FB vs. controls only after 72 h colchicine stimulation. Admin-
istration of colchicine to the media was able to reduce colla-
gen levels in these cells.

Because inflammasome activation in cardiac resident cells
is linked to cardiac fibrosis,?® expression of NLRP3 compo-
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Figure 3 Colchicine abrogates splenic NLRP3 inflammasome activity in experimental Coxsackievirus B3-induced myocarditis. Bar graphs represent the
percentage of total ASC-positive (A) and IL-1B-positive (B) cells in the spleen of control mice (white bars) or CVB3-infected mice (grey bars) treated with
phosphate-buffered saline (PBS) (o) or 5 pmol/kg BW colchicine (m). Similar to the investigations of the heart, the amount of ASC-expressing (C,E,G)
and IL-1B-expressing (D,F,H) DC (CD11c"), NK cells (CD49"), and macrophages (F4/80") in the spleen were determined. Data are depicted as scatter
plots with bars, showing individual data points and the mean * SEM. Statistical analysis was performed by using ordinary one-way ANOVA or
Welch-ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with n = 4/group).

splenic CD49*ASC* cells

splenic F4/80*ASC* cells

splenic ASC* cells

splenic CD11¢*ASC* cells

(% gated)

(% gated)

(% gated)

(% gated)

(A)
ASC* cells (spleen)

-
(2,
L

-
(=]
L

cvB3

control

©)
CD11c*ASC* cells (spleen)

12+

*kkk *kkk
[ —]

-
o
L

-]
L

CcvB3

(E)
CD49*ASC* cells (spleen)

Fekdk

*kkk
p——

control CvB3

(G)
F4/80*ASC* cells (spleen)

CvB3

control

splenic IL-18* cells
(% gated)

splenic CD11c*IL-16* cells
(% gated)

(% gated)

splenic CD49*IL-1B* cells

splenic F4/80*IL-18* cells
(% gated)

IL-18* cells (spleen)

P i S—
90+ Fededede Fedek
80+

nm -
70+
60 =t e L
control CVB3
(D)
CD11c*IL-1B* cells (spleen)
£%3
704 dededede £33
604 |L|
50+
nm
404 l I \
L]
304 l 6 |
20 +—-"————=
control CvB3
(F)

CD49*IL-1p* cells (spleen)

*%

—_—

60~ dededede *k
—_—d —
*
—_—
45+
am o
30+
E
15
control CvB3
(H)

F4/80*IL-1B" cells (spleen)

*
—_—

*kk *%
—_—
n [ ]
m R
oo
| ]
oo| .

control CVB3

ESC Heart Failure 2022; 9: 925-941
DOI: 10.1002/ehf2.13845



Colchicine and NLRP3 inflammasome in viral myocarditis 935

Figure 4 Colchicine alters left ventricular collagen composition in experimental Coxsackievirus B3-induced myocarditis. To determine the impact of
colchicine on cardiac fibrosis, LV cryosections were stained with antibodies directed against collagen | (A, upper row) and Il (A, lower row). To illustrate
changes in collagen expression, representative pictures (scale bar = 200 um) of both stainings were depicted. Quantitative analysis of the stainings
were performed via digital image analysis at a 100x magnification, and expressed as positive area (%) /heart area (HA; mmz). To distinguish between
different types of fibrosis, LV samples were analysed including vessel and arteries (total LV area; B + C) and without vessels and arteries (interstitial
fibrosis; E + F). Subsequently, the collagen I/lll ratio of both analysis settings was calculated (D + G). Data of control mice (white bars) or
CVB3-infected mice (grey bars) treated with phosphate-buffered saline (PBS) (o) or 5 umol/kg BW colchicine (m) were depicted as scatter plots with
bars, showing individual data points and the mean + SEM. Statistical analysis was performed by using ordinary one-way ANOVA or Welch-ANOVA
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with n = 12/control + PBS, n = 15/control + colchicine, n = 12/CVB3 + PBS, n = 14/
CVB3 + colchicine).
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nents in FB and HL-1 cells was measured (Figure 6). The per- 1.9-fold (P < 0.001; Figure 6C) higher in CVB3-infected FB
centage of ASC', caspase-1*, and IL-1B" cells was 1.5-fold compared with non-infected controls, respectively. Colchicine
(P < 0.001; Figure 6A), 1.4-fold (P < 0.01; Figure 6B), and  blunted NLRP3 inflammasome activation in CVB3-infected FB
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Figure 5 Colchicine decreases collagen deposition in Coxsackievirus B3-infected left ventricle-derived fibroblasts. To verify the impact of colchicine on
the collagen protein level in CVB3-infected fibroblast (FB), a Sirius red (A) and crystal violet assay (B) were performed. For this purpose, FB were in-
fected and subsequently stimulated for 24 h (upper row) and 72 h (lower row) with colchicine. Photometric analyses were performed at 540 and
595 nm for both the Sirius Red staining and crystal violet staining, using the Spectra Max 340PC microplate reader. In addition to the depicted absor-
bance values, collagen deposition was normalized against the cell number (collagen content/cell number; C). The scatter plots illustrate the individual
data points and the mean + SEM of FB under control conditions (white bars) or in CVB3-infected cells (grey bars) treated without (o) or with 100 ng/mL
colchicine (m). Statistical analysis was performed by using Welch-ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with n = 9-10/

group for 24 h and n = 7-10/group for 72 h).
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as illustrated by a 1.1-fold (P < 0.05), 1.1-fold (P < 0.05), and
1.2-fold (P < 0.01) lower percentage of ASC" cells, caspase-1"
cells, and IL-1B" cells vs. CVB3 FB, respectively. Infected HL-1
cells exhibited a 1.8-fold (P < 0.001; Figure S7A), 1.4-fold
(P < 0.001; Figure S7B), and 3.2-fold (P < 0.01; Figure S7C)
higher percentage of ASC" cells, caspase-1" cells, and IL-1B*
cells, respectively, compared with uninfected controls. Colchi-
cine abrogated the CVB3-mediated increase in HL-1 cells ex-
pressing components of the NLRP3 inflammasome, as
indicated by 1.3-fold (P < 0.01), 1.2-fold (P < 0.001), and
2.0-fold (P < 0.001) lower numbers of ASC" cells, caspase-
1* cells, and IL-1B* cells, compared with CVB3 HL-1 cells,
respectively.

Discussion

In the present study, we demonstrate that an intervention
with colchicine during the acute phase of CVB3-induced myo-
carditis prevents deterioration of cardiac function. Colchicine
exerts systemic immunomodulatory effects as indicated by a
reduction in NLRP3 inflammasome activation and subsequent

IL-1B production in cardiac and splenic macrophages (F4/80"
cells), NK cells (CD49b* cells), and DCs (CD11c" cells).
Targeting the NLRP3 axis by colchicine did not exacerbate
CVB3 load. In vitro experiments with murine LV-derived FB
and HL-1 cardiomyocytes further showed that the
colchicine-mediated reduction in NLRP3 inflammasome acti-
vation was extended to cardiac resident cells including fibro-
blasts and cardiomyocytes.

Due to direct viral toxicity and a consequent massive in-
flammatory response, viral persistence in myocarditis can
be associated with an impaired prognosis.® For this clinical
scenario, treatment options are not established since direct
anti-viral drugs are not available for most cardiotropic
viruses and global immunosuppressive interventions are
contraindicated. The development of immunomodulatory
strategies to increase viral clearance (e.g. via interferon-R2°)
or to balance key pathways of an uncontrolled inflammatory
response without compromising viral control as shown for
eplerenone®® would be important for advanced therapy
options in viral myocarditis.3%3?

As part of the inflammatory response in CVB3-induced
myocarditis, a large number of immune cells including NK
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Figure 6 Colchicine reduces inflammasome activation in Coxsackievirus B3-infected left ventricle-derived fibroblasts. Expression of components of the
NLRP3 inflammasome in primary cardiac fibroblast (FB) obtained via outgrowth culture was determined via flow cytometry. Graphs illustrate the per-
centage of ASC-positive (A), caspase-1-positive (B), and IL-1B-positive cells (C) under control conditions (white bars) or in CVB3-infected cells (grey bars)
treated without (o) or with 100 ng/mL colchicine (m). Data are depicted as scatter plots with bars, showing individual data points and the mean + SEM.
Statistical analysis was performed by using Welch-ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, with n = 5/group).
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cells, monocytes, and lymphocytes infiltrate into the inflamed
areas of the heart.®® The spleen is known to be a reservoir
from which monocytes can migrate into the heart,?®? differ-
entiate into macrophages and DCs, and mediate a detrimental
immune reaction. CVB3-infected mice exhibit increased
splenic and myocardial expression of NLRP3, ASC, and
caspase-1 as well as a higher percentage of splenic ASC-ex-
pressing, caspase-1-expressing, and IL-1B8-expressing DCs, NK
cells, and macrophages compared with control mice.® Further-
more, cardiac infiltrating macrophages express high levels of
NLRP3 and IL-1 in CVB3 mice and contribute to severe myo-
cardial inflammation.3® Similar to our own previous observa-
tions in MSC-treated CVB3 mice,® a lower number of splenic
ASC-expressing, caspase-l-expressing, and IL-1R-expressing
cells, indicative for a reduced NLRP3 inflammasome
formation,®* was present in colchicine-treated vs.
PBS-treated CVB3 mice. Evaluation of cardiac inflammatory
cells further indicated the presence of fewer cardiac ASC-ex-
pressing, caspase-1-expressing, and IL-1B8-expressing DCs, NK
cells, and macrophages, supporting the hypothesis that colchi-
cine modulates the cardiosplenic axis, resulting in a dimin-
ished infiltration of NLRP3-active inflammatory cells into the
heart. This systemic immunomodulatory effect of colchicine
might  explain  the  cardio-beneficial effects in
colchicine-treated CVB3 mice, which is founded not solely on
a reduction of NLRP3 inflammasome activation, but also of
splenic and cardiac DCs, NK cells and macrophages. Our find-
ings are therefore not contradictory per se to the increased
myocardial and pancreatic damage and impaired cardiac func-
tion in CVB3-infected NLRP3 knockout mice compared with
non-transgenic control mice, which might be due to the com-
plete absence of NLRP3.3® Interestingly, ubiquitous knock-
down of the intracellular pattern recognition receptor NOD2
resulted in a reduced NLRP3 activation leading to an ameliora-
tion of experimental CVB3-induced myocarditis.® With the
spleen being a target organ of CVB3,* it is conceivable that

partly splenectomised mice would exhibit a less pronounced
infiltration of the heart with CVB3-infected immune cells,
resulting in reduced cardiac inflammation and fibrosis, and
improved LV function. However, resolution of cardiac
inflammation upon CVB3 infection is a subtle balance of
pro-inflammatory and anti-inflammatory immune responses,
and splenectomy could also lead to increased severity. By
the application of colchicine, we were able to modulate this
cardiosplenic axis, as indicated by a reduced infiltration of po-
tentially CVB3-infected immune cells into the heart, which can
be explained by the decreased cardiac CVB3 copy number and
lower percentage of ASC-expressing, caspase-l-expressing,
and IL-1R-expressing cells in the colchicine-treated CVB3 mice.
In contrast to our study, Smilde et al.*® showed that i.p.
injected colchicine led to higher cardiac CVB3 mRNA levels
and aggravated CVB3-induced myocarditis in CH3 mice, lead-
ing to severe illness and mortality on the third day after
infection.3® However, this might be due to the chosen admin-
istered dose and application route,®” because increased in-
flammatory cell numbers (lymphocytes, neutrophils, and
macrophages) were observed in the pancreas and heart of
colchicine-treated vs. untreated control mice, indicative for
well-known drug-induced toxicity.>® Compared with Smilde
et al.,*® we administered the same dose of colchicine, which
also has been successfully used in several other experimental
scenarios,>*° but per oral gavage. Furthermore, differences
in the outcome of the studies due to the use of different
mouse strains, resulting in a different sensitivity to
colchicine-induced toxicity, is also a possible explanation for
the observed differences between the studies.

In parallel to the reduced cardiac infiltrating immune cells
and conforming with the anti-fibrotic effects of colchicine,
LV interstitial fibrosis was reduced in colchicine-treated vs.
PBS-injected CVB3 animals. Subsequent analyses on
LV-derived FB further supported the hypothesis that
CVB3-mediated inflammasome activation in cardiac resident
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cells is directly linked to myofibroblast activation and subse-
quent tissue fibrosis, as shown for myocardial ischaemia/re-
perfusion injury,** for angiotensin Il-induced heart failure,*?
and for cancer.”® In addition to alterations of the collagen I/
Il protein ratio, we demonstrated improved systolic and dia-
stolic function in CVB3 + colchicine vs. CVB3 mice. This is in
accordance with the observed improvement in left ventricu-
lar remodelling and cardiac function seen following colchicine
treatment in experimental acute myocardial infarction.** The
improvement of cardiac function upon colchicine administra-
tion, cannot be explained by the anti-fibrotic effects of colchi-
cine alone, but also by its anti-apoptotic effects. It is
well-known that CVB3 infection has a direct cytotoxic effect
on cardiomyocytes, which is also triggered by oxidative
stress.'” In agreement with our own previous findings,”*&%°
increased oxidative stress and apoptosis as well as serum
CTN-I levels™® were detected in CVB3 mice. Treatment with
colchicine reduced both oxidative stress and apoptosis and
was finally translated in the reduction in CVB3 copy number
and lower CcTN-I levels in the serum of the
CVB3 + colchicine mice.

Taken together, to our knowledge, this study is the first
investigating the impact of colchicine on disease progression
involving modulation of the cardiosplenic axis. We show
that colchicine applied in the early phase of viral infection
decreases splenic NLRP3 inflammasome activity, which was
associated with lower myocardial immune cell infiltration
and improved LV function. Additionally to these effects on
the cardiosplenic axis, in vitro experiments further illustrated
that colchicine inhibits NLRP3 inflammasome activation in FB
and HL-1 cardiomyocytes, blunting their (fibro)inflammatory
potential. Importantly, no exacerbation of CVB3 was de-
tected, showing that colchicine did not negatively influence
the viral defence reaction of the host, therefore allowing ap-
plication of colchicine during viral persistence. These results,
together with the findings that SARS-CoV-2-infected macro-
phages, can migrate into the heart,* and SARS-CoV2 leads
to NLRP3 activation®®*” further supporting the hypothesis
of Deftereos et al.*® that colchicine may also be useful to
treat COVID-19-associated heart diseases. Based on the pos-
itive immunomodulatory effects, colchicine provides a new
potential treatment option for acute viral myocarditis. How-
ever, the safety and efficacy of colchicine in myocarditis
need to be investigated under a clinical study setting. Here,
a properly designed clinical study should include follow-up
re-biopsy to allow quantification of myocardial inflammation
and viral activity.
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Figure S1. Colchicine reduces apoptosis and oxidative stress
in experimental Coxsackievirus B3-induced myocarditis. Indic-
ative for cardiomyocyte apoptosis, B-cell lymphoma 2 (Bcl-2;
A) and Bcl-2-associated X protein (Bax; B) gene expression
was analysed and the Bcl-2/Bax ratio (C) was calculated in
control mice (white bars) or CVB3-infected mice (grey bars)
treated with PBS (o) or 5 umol/kg BW colchicine (m). Addi-
tionally, gene expression of NADPH oxidase (NOX) 1 (D),
NOX4 (E), and superoxide dismutase (SOD) 2 (F), as markers
for oxidative stress, were measured via real-time PCR. All
data are depicted as scatter plots with bars, showing individ-
ual data points and the meantSEM. Statistical analysis was
performed by using ordinary one-way ANOVA or Welch-

ANOVA  (*p<0.05, **p<0.01, ***p<0.001, and
*¥*%*p<0.0001; with n=11-12/control + PBS, n=11-15/
control + colchicine, n=11-12/CVB3 + PBS, n=12-13/

CVB3 + colchicine).

Figure S2. Colchicine modulates organ-specific and systemic
interleukin-1p expression in experimental Coxsackievirus
B3-induced myocarditis. To further investigate the impact of
colchicine on interleukin (IL)-18 expression, an IL-1p ELISA
on LV homogenates (A), serum (B), and spleen homogenates
(C) was performed. Graphs show the amount of IL-1f protein
in the respective organ (ng/250 ug protein) or serum (ng/mL)
of control mice (white bars) or CVB3-infected mice (grey bars)
treated with PBS (o) or 5 umol/kg BW colchicine (m). Data are
depicted as scatter plots with bars, showing individual data
points and the mean+SEM. Statistical analysis was performed
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by using ordinary one-way ANOVA or Welch-ANOVA
(*p<0.05, and ***p<0.001; with n=5-6/group for A + C and
n=7/control + PBS, n=12/control + colchicine, n=16/
CVB3 + PBS, n=9/CVB3 + colchicine for B).

Figure S3. Colchicine reduces cardiac immune cell presence in
experimental Coxsackievirus B3-induced myocarditis. Bar
graphs represent the percentage of dendritic cells (DC;
CD11c" cells; A), natural killer (NK) cells (CD49"cells; B) and
macrophages (F4/80" cells; C) in the heart of control mice
(white bars) or CVB3-infected mice (grey bars) treated with
PBS (0) or 5 pmol/kg BW colchicine (m). Data are depicted
as scatter plots with bars, showing individual data points
and the meantSEM. Statistical analysis was performed by
using ordinary one-way ANOVA or Welch-ANOVA (*p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001, with n=4/
group).

Figure S4. Colchicine diminishes the number of splenic den-
dritic cells, natural killer cells, and macrophages in experi-
mental Coxsackievirus B3-induced myocarditis. Bar graphs
represent the percentage of DC (A), NK (B), and macrophages
(C) in the spleen of control mice (white bars) or
CVB3-infected mice (grey bars) treated with PBS (0) or 5
umol/kg BW colchicine (m). Data are depicted as scatter plots
with bars, showing individual data points and the mean+SEM.
Statistical analysis was performed by using ordinary one-way
ANOVA or Welch-ANOVA (*p<0.05, **p<0.01, ***p<0.001,
and ****p<0.0001, with n=4/group).

Figure S5. Colchicine alters left ventricular gene expression of
pro-fibrotic  factors in  experimental  Coxsackievirus
B3-induced myocarditis. To determine the impact of colchi-
cine on cardiac fibrosis, gene expression of LV Collal (A),
Col3al (B), and lysyloxidase (LOX; C) was investigated by
real-time PCR. Bar graphs depict gene expression level of
the respective target genes in the LV of control mice (white
bars) or CVB3-infected mice (grey bars) treated with PBS (o)
or 5 umol/kg BW colchicine (m). Data are depicted as scatter
plots with bars, showing individual data points and the mean
+SEM. Statistical analysis was performed by using ordinary
one-way ANOVA or Welch-ANOVA (*p<0.05, **p<0.01,
***%p<0.001, and ****p<0.0001, with n=12/control + PBS,
n=15/control + colchicine, n=12/CVB3 + PBS, n=14/
CVB3 + colchicine).
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