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Introduction

Summary

Programmed death-1 (PD-1) plays an important role in protecting against
inflammation and myocyte damage in T-cell-mediated myocarditis. To
understand whether fibrinogen-like protein-2 (FGL2) can affect the role of
the PD-1/PD-L1 pathway in experimental autoimmune myocarditis
(EAM), we investigated cardiac function in EAM rats over-expressing
FGL2. Over-expression of FGL2 significantly decreased PD-1 and deterio-
rated cardiac function in rats with autoimmune myocarditis. Histopathol-
ogy revealed increased inflammatory cell infiltrate in EAM-FGL2 rats
compared with the control groups (EAM, EAM-GFP and NC). Notably,
transcription factor forkhead box P3 (Foxp3) and retinoic acid-related
orphan receptor yt (RORyt) protein and mRNA levels were statistically
(P < 0-05) increased in EAM rats. We also found that interferon-y, inter-
leukin-6, interleukin-17 and brain natriuretic peptide levels were pro-
foundly increased in serum of FGL2 over-expressing EAM rats. Hence,
FGL2 plays an important role in the pathogenesis of autoimmune
myocarditis that also involves the PD-1/PD-L1 pathway. Our findings
may provide novel therapeutic targets for the treatment of immune-
induced heart injury.

Keywords: cardiac function; experimental autoimmune myocarditis.
fibrinogen-like protein-2; inflammatory cytokines; programmed death-1.

associated antigen 4 superfamily. The PD-1 signalling
pathway plays an extensive and complex role in immune

Viral myocarditis (VMC) is an important cause of dilated
cardiomyopathy that leads to significant mortality in
young people."” Studies have shown that T helper type
17 (Th17)/ regulatory T (Treg) cell imbalance plays an
important role in the pathogenesis of the immune-cell-
mediated myocardial injury observed in VMC.? Targeting
immune cells to prevent and treat myocardial injury in
VMC and dilated cardiomyopathy is an active area of
research.

Programmed death factor 1 (PD-1) is a member of the
co-stimulatory molecule CD28, cytotoxic T-lymphocyte-

regulation.* PD-1 and its ligand PD-L1, can negatively
regulate the balance between T-cell activation and
immune tolerance. This pathway has been an important
therapeutic target in various cancers and immune-cell-
mediated diseases. Loss of the PD-1 gene can cause lethal
dilated cardiomyopathy in mice due to the formation of
autoantibodies against cardiac troponin L>° In CD4"
T-cell-dependent experimental autoimmune myocarditis
(EAM) rat model, PD-1 knockout aggravated the severity
of myocarditis.” Therefore, PD-1 plays an important role
in T-cell-mediated EAM.

Abbreviations: BNP, brain natriuretic peptide; EAM, experimental autoimmune myocarditis; FGL2, fibrinogen-like protein-2;
Foxp3, transcription factor forkhead box P3; IFN-y, interferon-y; IL-6, interleukin-6; PD-1, programmed death-1; RORyt
retinoic acid-related orphan receptor yt; Th17, T helper type 17; Treg, regulatory T; VMC, viral myocarditis
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Fibrinogen-like protein 2 (FGL2), a member of the fib-
rinogen family, is expressed either as a pro-coagulative
membrane protein or as an immunosuppressive secreted
protein.® FGL2 over-expression resulted in deterioration
of heart function in rats with acute EAM, increased the
inflammatory cell infiltrations, and increased the level of
brain natriuretic peptide (BNP), tumour necrosis factor-
o, interleukin-6 (IL-6) and IL-17° Increased expression of
PD-1/PD-L1 in ischaemia re-perfused and cryoinjured
hearts was associated with a marked increase in IL-17."
In our current study we explored the involvement of the
PD-1/PD-L1 pathway in immunotolerance as a potential
mechanism for the pathogenesis of EAM mediated by
FGL2.

Material and methods

Reagents

Lentivirus vector and GFP plasmids were prepared by the
Jikai Gene Chemical Technology Corporation (Shanghai,
China). Paracoccidioidomycosis and complete Freund’s
adjuvant were purchased from Sigma Corporation (St.
Louis, MO, USA). Applied antibodies were purchased
from Abcam Trading Co. Ltd. (Cambridge, UK). The
ELISA kit was obtained from Senxiong Technology Cor-
poration (Shanghai, China).

Animals

Thirty-two SPF Lewis rats (6 weeks old) were purchased
from Weitonglihua Experimental Animal Technology
Corporation (quality conformance number: SCXK 2012-
0001, Beijing, China). Padding and feed were provided by
laboratory animal centre in Nanchang University.

Establishment of EAM rat models

The study protocol was approved by the Institutional
Review Board of the First Affiliated Hospital of Nanchang
University. All participants signed the informed consent
before study participation. Generation of EAM rat models
was described previously.”"' Briefly, purified porcine
myosin was dissolved in 0-15 M PBS at a concentration of
2 g/l. The solution was mixed with complete Freund’s
adjuvant in 1 : 1 volume and emulsified completely under
sterile conditions. Paracoccidioidomycosis (2-0 mg/ml)
was mixed and emulsified with complete Freund’s adju-
vant in the same volume, and subcutaneously injected at
multiple points — bilateral groin, footpad and oxter of 24
rats at days 1 and 8 (200 pl/rat). Then, the rats were ran-
domly divided into four groups with eight rats in each
group: EAM rats that received lentivirus carrying FGL2
(EAM-FGL2 group); EAM rats that received lentivirus
carrying GFP (EAM-GFP group); EAM rats that received
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PBS buffer (EAM group); rats that were not injected to
induce EAM but received PBS buffer (NC group). Len-
tivirus at a concentration of 5 x 10”7 Transducing Units
(TU)/ml and PBS buffer were injected into the tail vein
in each group of rats (1 ml).

Echocardiogram

At day 40 post inoculation, rats were anaesthetized with
7% chloral hydrate. Diasonograph (Philips, Amsterdam,
the Netherlands) was used to detect the ultrasonic cardio-
gram of each rat with a transducer frequency of 37 MHz.
Detection indices included heart rate, left ventricular end-
diastolic dimension, left ventricular end-systolic diameter,
left ventricular fractional shortening and left ventricular
ejection fraction. Each index was examined three times to
obtain an average.

Histopathology

Rats were killed by cervical dislocation, and hearts were
extracted and fixed with 10% formalin. Each fixed cardiac
tissue was embedded, sectioned and stained with haema-
toxylin & eosin. Inflammation of myocardial tissues was
evaluated as previously described'?. Five high-power fields
were randomly chosen in each slice. According to the
percentage of infiltration of inflammatory cells and
myocardial necrosis area compared with the total area, a
scoring system was calculated: 0 for no lesion, 1 point for
< 25%, 2 points for 25-50%, 3 points for 50-75% and 4
points for > 75%.

ELISA

Rat blood was centrifuged at 1000 g for 15 min after
20 min standing. The serum was separated and examined
using an ELISA kit to detect the BNP, IL-6, IL-17, and
interferon-y (IFN-y) according to the specification of the
ELISA Kkit.

RT-PCR

Total RNA was extracted from myocardial tissue with
TRIzol according to the manufacturer’s instructions. Sam-
ples were subjected to RT-PCR with a First Strand cDNA
Synthesis Kit. The primers were synthesized by Invitrogen
Biotechnology Co., Ltd (Carlsbad, CA, USA), and their
base sequence was displayed below.

Western blotting

Total protein was extracted from myocardial tissue, and
loaded onto SDS-PAGE at a dose of 40 pg. Elec-
trophoretic deposition was performed under constant
voltage of 80 V in spacer gel and 120 V in separating gel.
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After electrophoresis, proteins were transferred onto
PVDF membranes. The membranes were blocked in 5%
skimmed milk, and incubated with appropriate antibody
in 4° overnight. Then the proteins were detected by
enhanced chemiluminescence colouration. GAPDH served
as internal control.

Statistical analysis

Data were presented as mean £ SD, and analysed with
spss 19.0 software (SPSS, Inc., Chicago, IL, USA). Com-
parison between various groups was analysed by one-way
analysis of variance, while intragroup comparison was
performed by Student’s t-test. Values of P < 0-05 repre-
sented statistical difference.

Results

FGL2 causes a deterioration of cardiac function in
autoimmune myocarditis rats

At day 40 post inoculation, the cardiac function from each
group of rats was examined by ultrasonic cardiogram. In
EAM groups, left ventricular end-diastolic dimension and
left ventricular end-systolic diameter were significantly
increased, but left ventricular ejection fraction, left ven-
tricular fractional shortening and heart rate were dramati-
cally decreased, compared with the NC group (P < 0-05).
Notably, left ventricular end-diastolic dimension and left
ventricular end-systolic diameter in the EAM-FGL2 group
were dramatically decreased compared with those in both
EAM and EAM-GFP groups, suggesting that FGL2 could
lead to deterioration of cardiac function in autoimmune
myocarditis in rats (Table 1 and Fig. 1).

FGL2 increases inflammatory cell infiltration in
autoimmune myocarditis rats

Effective visualization of myocardial inflammatory cell
infiltrates revealed an increase in inflammatory cell

Table 1. Result of rat colour Doppler ultrasound examination

infiltrates in EAM-FGL2 compared with EAM and EAM-
GFP (P < 0-05). No inflammation or fibrosis was
detected in the NC group at day 40 after inoculation
(Fig. 2).

FGL2 promotes the levels of BNP, IL-6, IL-17 and
IFN-y in sera of autoimmune myocarditis rats

Levels of BNP in the EAM, EAM-GFP and EAM-FGL2
groups were much higher than in the NC group. BNP
levels in the EAM-FGL2 group were increased compared
with those in the EAM and EAM-GFP groups, which was
consistent with the echo observations (P < 0-05). Further-
more, the levels of IL-6, IL-17 and IFN-y in the EAM-
FGL2 groups were also remarkably increased compared
with those in the EAM and EAM-GFP groups, suggesting
that FGL2 causes the cardiac function to deteriorate by
increasing the levels of inflammatory cytokines in EAM
rats (P < 0-05) (Table 2).

FGL2 down-regulates PD-1, but up-regulates RORyt
and Foxp3 mRNA and protein levels in autoimmune
myocarditis rats

The mRNA levels of FGL2, transcription factor forkhead
box P3 (Foxp3) and retinoic acid-related orphan receptor
yt (RORyt) in EAM, EAM-GFP and EAM-FGL2 groups
were much higher than those in the NC group. The
mRNA levels of FGL2, Foxp3 and RORyt in EAM-FGL2
were the highest among all groups (P < 0-05). However,
mRNA levels of PD-1 in the EAM, EAM-GFP and EAM-
FGL2 groups were reduced compared with that in NC
group. Furthermore, mRNA levels of PD-1 in the EAM-
FGL2 group were significantly decreased compared with
those in the EAM and EAM-GFP groups (P < 0-05)
(Fig. 3).

Consistent with the mRNA levels, the protein levels of
FGL2, Foxp3 and RORyt could be barely detected in the
myocardial tissue of the NC group, whereas the expres-
sion of these three proteins increased in the other three

NC EAM EAM-GFP EAM-FGL2
LVEDd (cm) 0-490 £ 0-062 0-589 £ 0-050* 0-603 & 0-038**** 0-647 £ 0-059***
LVEDs (cm) 0-274 £+ 0-031 0-377 4 0-028* 0-395 £ 0-0367*** 0-459 £ 0-056***
LVEF (%) 80-71 £ 3-545 71-66 £ 3-228* 69-53 £ 5-807**** 62-24 & 3-648*
LVES (%) 43-87 £+ 3-772 3599 £ 2-623* 34-52 £ 4-309%7** 29-30 4 2.2570%*
HR (bpm) 342 + 26:786 294 + 18-375* 300 £ 14-990*** 255 £ 19-506**

Abbreviations: HR, heart rate; LVEDd, left ventricular end-diastolic distance; LVEDs, left ventricular end-systolic diameter; LVEF, left ventricular
ejection fraction; LVFS, left ventricular fractional shortening.

*Indicates P < 0-05 while comparing with NC group.
**P < 0-05 while comparing with EAM group.
**P > 0-05 while comparing with EAM group.

248

© 2017 John Wiley & Sons Ltd, Immunology, 153, 246-252



TIS0.7 MI1.3
L11-3/Venous

PHILIPS
Test Hospital

F
5.0cm

R 31Hz ¢ Dist  0.281cm

A Time 28
2D/ MM - Slope 9.96
65% 6a% = , + Dist 0.526cm
C 53 :
P Low 3 £ S Time 4ms
Pen 7 Slope 149 cmis

TIS1.1 MI1.1
Test Hospltal L11-3/Venous
= Dist  0.407 cm "
Time 21 ms
20/ MM = Slope 19.3 cmis l
56% 58% 2 . + Dist 0659 cm
C54 - 5
P Low = Time 14 ms
Pen o - Slope 46.8 cmis

FR 34Hz
4.0cm

FGL2 regulates PD-1, inflammatory cytokines in EAM

TIS0.8 MI1.3

Test Hospital L11-3/Venous

FR 37Hz = Dist 0.390 cm
35em Time
Slope

:x Dist 0.598 cm

Time 4ms

Slope 170cmis

+ Dist 0.000 cm

Time 218 ms

Slope 0.000 cmis

PHILIPS

TIS0.2 MI1.2

Test Hospital L11-3/Venous
FR 34Hz : Dist 0.435cm M2

4.0cm Time Tms
Slope 61.8cmis l

PHILIPS

s Dist 0.631cm
Time 7ms
Slope 89.7cmis

+ Dist 0.140 cm
Time 215ms
Slope 0.653 cmis

Figure 1. Rat cardiac ultrasound graph. Ultrasonic cardiogram detection has been performed to examine the cardiac function of each rat.
Comparing with the control, NC, group, left ventricular end-diastolic distance (LVEDd) and left ventricular end-systolic diameter (LVEDs) of
rats in experimental groups increased while left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS) with statistical
difference. The left ventricular end-diastolic distance (LVEDd) and left ventricular end-systolic diameter (LVEDs) of rats in experimental groups

were significantly increased compared to those in the normal control group (NC group). However, the left ventricular ejection fraction (LVEF),
left ventricular fractional shortening (LVES) in the EAM groups were decreased statistically (P < 0-05). There was no significant difference
between EAM-GFP group and EAM group (P > 0-05). Notably, LVEDs and LVEF in the EAM-FGL2 groups were significantly changed compared
to these indicators of EAM group, suggesting overexpression of FGL2 further aggravates cardiac function deterioration. [Colour figure can be

viewed at wileyonlinelibrary.com]

groups. Among them, protein expression in the EAM-
FGL2 group was the highest (P < 0-05), whereas EAM
and EAM-GFP groups showed no difference. PD-1
expression in the three experimental groups was higher
than in the NC group (P < 0-05). Likewise, PD-1 expres-
sion in the EAM group and EAM-GFP group displayed
no difference, whereas it was lowest with a statistical sig-
nificance (P < 0-05) in the EAM-FGL2 group (Fig. 4).

Discussion

The PD-1/PD-L1 pathway is known to regulate the deli-
cate balance between immune tolerance and immune acti-
vation. Previous studies have shown that EAM rats in
which PD-1 was knocked down developed auto-antibodies

© 2017 John Wiley & Sons Ltd, Immunology, 153, 246-252

against much severe myocarditis. In the present study, we
first created the EAM rat model by subcutaneous injection
with porcine cardiac myosin. To over-express FGL2 in
these EAM rats, lentivirus-FGL2 was administrated
through the tail veins of EAM rats. We found that PD-1
was decreased in the EAM group, and over-expression of
FGL2 further reduced PD-1 levels in the EAM-FGL2
group.

Iwai et al."” reported an increase in proliferation and
infiltration activity of effector T cells that eliminated the
virus in adenovirus-infected PD-1"'~ mouse compared
with wild-type mouse, demonstrating that blockade of the
PD-1 signal pathway enhanced antiviral immunity. How-
ever, Seko et al.'* found that PD-1 inhibited T-cell activa-
tion and thereby reduced myocardial inflammation in the
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Histological score of inflammation
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1

Figure 2. Histopathological observation (haematoxylin & eosin
staining, x 200) in myocardial tissue in rats (a). Different extents of
inflammatory cell infiltration and myocardial cellular degeneration
were observed in myocardial tissue of EAM group, EAM-FGL2
group and NC group (b) (P < 0-05). Scale bar 50 um. [Colour fig-
ure can be viewed at wileyonlinelibrary.com]

CVB3-induced VMC model. In the present study, FGL2
over-expression  down-regulated  PD-1, aggravated
myocardial inflammation and reduced cardiac function,
which is consistent with the report of Seko et al.'* Given
that we observed this phenomenon in the chronic stage
of autoimmune myocarditis and given the known T-cell
activatory effects of PD-1 in response to adenovirus, we
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Figure 3. Data of fluorescent quantitative PCR. The increased
mRNA expression of fibrinogen-like protein-2 (FGL2), transcription
factor forkhead box P3 (Foxp3) and retinoic acid-related orphan
receptor yt (RORyt). In the EAM group was significantly higher than
those in the NC group (P < 0-05). In contrast, there was little PD-1
mRNA expression observed in the NC group, and that in the EAM
and EAM-GFP groups was even less than in the NC group
(P < 0-05). PD-1 expression in the EAM-FGL2 group was found to
be a minimum in all four groups with a statistical significance of
P < 0:05. *P <0-05 while comparing with NC group; #P < 0-05
while comparing with EAM group; P > 0-05 while comparing with
EAM group.

hypothesized that PD-1 plays distinct roles during various
stages of VMC. Specifically, we hypothesized that during
the acute stage of viral infection, PD-1 suppresses effector
T-cell proliferation and infiltration thereby delaying the
elimination of viruses, resulting in the development of
autoimmune myocarditis. During the autoimmune
myocarditis stage, we hypothesized that PD-1 inhibits the
development of myocarditis through its immunosuppres-
sive activity.

In the current study, we found that Foxp3 protein and
mRNA expression in the experimental groups was higher
than in the NC group with the maximum Foxp3 expres-
sion observed in the EAM-FGL2 group. Previous studies
have demonstrated that immunosuppressive Treg cells
could improve cardiac remodelling.">'® This contrasts
with our observation that high Foxp3 expression resulted
in aggravated myocardial damage. Zhong et al." found

Table 2. Serum brain natriuretic protein (BNP), interleukin-6 (IL-6), IL-17 and interferon-y (IFN-y) level of rats in each group

Groups BNP (pg/l) IFN-y (ng/l) IL-6 (ng/1) IL-17 (pg/ml)
NC group 14-73 £ 1-29 17-52 £ 2-61 12:53 £ 1:47 9-13 4+ 0-93
EAM-GFP group 25:73 £ 3.7100% 38-81 £ 5-94%%** 17-11 £ 1.96%F%** 23-82 &£ 2.52%%%%
EAM group 2391 £ 3.92% 40-23 4 5-23% 19-12 £ 2-18* 21-19 £ 1.78*

EAM-FGL2 group 32:28 £ 3.340%*

52-41 £ 7.260%*

25-39 £ 2.94%%* 34-21 & 4-1n2***

*P < 0-05 while comparing with NC group.
**P < 0-05 while comparing with EAM group.
**P > (-05 while comparing with EAM group.

250

© 2017 John Wiley & Sons Ltd, Immunology, 153, 246-252



(@)

FGL2 regulates PD-1, inflammatory cytokines in EAM

Figure 4. Protein expression assessed by Wes-

tern blotting. (a) The expression of fibrinogen- () 1.0 1.0

like protein-2 (FGL2), transcription factor ° J RORY#/GAPDH ° FgI2/GAPDH

forkhead box P3 (Foxp3) and retinoic acid- B 08 FoxpS/GAPDH T 0.8 |72 PD-1/GAPDH .

related orphan receptor yt (RORypt) could be % 06| H oy % 06k £

barely examined in the myocardial tissue of g . " g

the NC group, whereas the expression of these i 04r N A i 0-4r hl . = “

three proteins increased in the other three 8 02+ H H g 02 H H N

gro‘ups. (b) ()'uantiflcation of (a). >:;P< 0-05 00 _l:]_% % % 00 %_

while c.ompa.rmg with NC gerup, P <0-05 R Qy@ c;‘Q ((élx RS Q,Y?\ (§<Q QQ\(L

comparing with EAM group, “P > 0-05 com- 3
&g & & &

paring with EAM group.

that PD-1 reduced the first
T-cell activation by binding with its ligands B7-1 or B7-2,
thereby, negatively regulating the T-cell receptor sig-
nalling pathway. Research has found that PD-1 expression
increased in Treg cells.”® In addition, another report
found that oestrogen promoted the PD-1 expression in
Treg cells and increased the immunosuppressive action of
Treg cells. In PD-1 knockout mice, Treg cells expressed
Foxp3 protein lacking its repressive activity,”’ suggesting
that PD-1 played a regulatory role in immunosuppressive
activity.

Expression of PD-1 decreased while Foxp3 expression
increased among the three EAM groups. We therefore

signal required for

speculated that reduced PD-1 negatively regulated the
immunosuppressive activity of Treg cells even when
Foxp3 was highly expressed, and that FGL2 over-
expression aggravated myocardial damage in EAM rats
through inhibition of PD-1 and immunoreceptor tyro-
sine-based inhibitory motif domain expression in Treg
cells, which resulted in deteriorated cardiac function.
We found that Foxp3 expression level increased with
increasing severity of autoimmune myocarditis whereas
Treg cell counts were known to be decreased in other
autoimmune diseases. This indicated that the biological
behaviour of Treg cells in VMC was much more com-
plicated.

ELISA have been performed to determine the IL-6,
IL-17 and IFN-y expression. All of these cytokines were
highly expressed in the EAM-FGL2 group (P < 0-05).
Moreover, Western blotting and quantitative PCR assays
revealed that RORyt protein and mRNA expression was
highest in the EAM-FGL2 group. These observations sug-
gested that FGL2 over-expression regulated Th17 cell dif-
ferentiation at transcriptional level and promoted
secretion of IL-17. The IL-17 secretion, inhibition of Treg
cell immunosuppression, and down-regulation of PD-1,

© 2017 John Wiley & Sons Ltd, Immunology, 153, 246-252

sequentially tilted the immune balance towards immuno-
logical damage.

To summarize, PD-1 expression decreased and Foxp3
expression increased in EAM. FGL-2 over-expression fur-
ther increased the expression of Foxp3 and IL-17 and
decreased the expression of PD-1 in the hearts of these
EAM rats. These expression patterns are known to
increase the Treg and Th17 cell populations while reduc-
ing the T-cell immunosuppressive activity of Treg cells.
We believe that this tilted the immune balance towards
immunological damage, mediated in part by the increased
number of Th17 cells, whereas Treg cells are functionally
impaired in suppressing these T cells thereby failing to
resolve the inflammatory process. Therefore, we speculate
that FGL2 gene silencing using a lentivirus can be used for
the prevention and treatment of autoimmune myocarditis
by blocking its chronic persistent period, and eventually
preventing progression to dilated cardiomyopathy.

In conclusion, FGL2 plays a role in the progression of
autoimmune myocarditis in rats potentially by accelerat-
ing Th17 cell proliferation and differentiation, However,
the relationship between FGL2, PD-1 and Th17/Treg cells,
and their effects on immunological response during the
pathogenesis of autoimmune myocarditis remains unclear,
and needs to be further investigated.
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