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ABSTRACT
Objectives  To investigate whether autoimmunity to 
transcriptional intermediary factor 1 (TIF1)γ, a ubiquitous 
nuclear autoantigen for myositis-specific autoantibodies 
detected in patients with dermatomyositis (DM) is 
pathogenetic for inflammatory myopathy.
Methods  Wild-type, β2-microglobulin-null, perforin-null, 
Igμ‐null and interferon α/β receptor (IFNAR)-null mice 
were immunised with recombinant human TIF1γ whole 
protein. A thymidine incorporation assay was performed 
using lymph node T cells from TIF1γ-immunised mice. 
Plasma was analysed using immunoprecipitation 
followed by western blot analysis and enzyme-
linked immunosorbent assays. Femoral muscles were 
histologically and immunohistochemically evaluated. 
CD8+ or CD4+ T cells isolated from lymph node T cells 
or IgG purified from plasma were adoptively transferred 
to naïve mice. TIF1γ-immunised mice were treated with 
anti-CD8 depleting antibody and a Janus kinase inhibitor, 
tofacitinib.
Results  Immunisation with TIF1γ-induced experimental 
myositis presenting with necrosis/atrophy of muscle 
fibres accompanied by CD8+ T cell infiltration successfully 
in wild-type mice, in which TIF1γ-specific T cells and 
antihuman and murine TIF1γ IgG antibodies were 
detected. The incidence and severity of myositis were 
significantly lower in β₂-microglobulin-null, perforin-null, 
CD8-depleted or IFNAR-null mice, while Igμ‐null mice 
developed myositis normally. Adoptive transfer of CD8+ 
T cells induced myositis in recipients, while transfer of 
CD4+ T cells or IgG did not. Treatment with tofacitinib 
inhibited TIF1γ-induced myositis.
Conclusions  Here we show that TIF1γ is immunogenic 
enough to cause experimental myositis, in which CD8+ T 
cells and type I interferons, but not CD4+ T cells, B cells 
or antibodies, are required. This murine model would be 
a tool for understanding the pathologies of DM.

INTRODUCTION
Idiopathic inflammatory myopathies (IIMs) include 
dermatomyositis (DM), polymyositis, immune-
mediated necrotising myopathy (IMNM), inclusion 
body myositis and antisynthetase syndrome (ASS), 
characterised by inflammation of muscles and other 
organs.1 2 Autoimmunity mediates these diseases, as 
a number of myositis-specific autoantibodies have 
been identified3–6 and are associated with distinct 

clinical features.7 In DM, five autoantibodies 
have been identified: anti-Mi-2, antimelanoma 
differentiation-associated gene 5, antitranscrip-
tional intermediary factor 1 (TIF1),8 9 antinuclear 

Key messages

What is already known about this subject?
►► A number of autoantibodies have 
been identified in sera of patients with 
dermatomyositis (DM), which are not only 
highly disease specific but are associated with 
distinct clinical features.

►► One of the autoantigens for the myositis-
specific autoantibodies, transcriptional 
intermediary factor 1 (TIF1) γ, is a ubiquitous 
intracellular molecule that is often mutated 
or overexpressed in tumours and triggers the 
development of anti-TIF1γ antibody-positive 
DM.

►► Previously established murine models of 
experimental autoimmune myositis are 
dependent on immune responses against 
muscle tissue-specific antigens.

What does this study add?
►► Autoimmunity against TIF1γ results in 
experimental myositis.

►► The initiation of the experimental myositis is 
completely dependent on autoreactive TIF1γ-
specific CD8+ T cells, but not on CD4+ T cells or 
IgG.

►► The type I interferon pathway is partially 
involved in the pathogenesis of myositis caused 
by autoimmunity against TIF1γ.

How might this impact on clinical practice or 
future developments?

►► Autoimmunity to TIF1γ is not only a diagnostic 
marker for a subset of human DM and may play 
a role in the pathogenesis of the DM seen in 
patients with these autoantibodies.

►► This new murine model of experimental 
myositis might be a useful tool to investigate 
pathologic mechanisms of, and to develop 
specific treatments for, human anti-TIF1γ 
antibody-positive DM.
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matrix protein 2 and antismall ubiquitin-like modifier activating 
enzyme.

While autoantibodies against various nuclear/cytoplasmic 
components serve as diagnostic tools for systemic autoimmune 
diseases, a direct causative role for most of them has been 
questioned. TIF1γ, a major antigen of anti-TIF1 antibodies, 

is a 155 kDa nuclear protein belonging to the tripartite motif 
superfamily.8 9 Anti-TIF1γ antibody is present in a quarter of 
adult/juvenile patients with DM10 11 and is associated with an 
increased risk of malignancies in elderly patients.12–14 TIF1γ was 
found to be overexpressed not only in tumours15 but also in 
muscle tissues, especially in regenerating atrophic perifascicular 

Figure 1  Development of experimental myositis dependent on the immune response to transcriptional intermediary factor 1 (TIF1)γ. (A) Sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (second lane) followed by a western blotting assay using anti-TIF1γ antibodies (third lane) 
revealed that the purified protein has a molecular weight (MW) of about 150 kDa, which is consistent with TIF1γ whole protein. MW markers are 
shown in first lane. (B) The upper panel shows our immunisation protocols. Mice received intraperitoneal injection (i.p.) of pertussis toxin (PT), 
and intradermal injection of an emulsion of complete Freund’s adjuvant with/without TIF1γ protein at the back and foot pads. The graph shows 
histological scores for experimental myositis in the hamstrings and quadriceps of mice immunised once (n=8) and four times (n=10) with TIF1γ 
whole protein, and mice immunised with adjuvant only four times (n=6). Dots and bars represent individuals and medians with interquartile ranges 
(IRs), respectively. *p<0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons test. (C–E) Representative myositis (yellow arrows) with muscle 
fibre atrophy (C) or necrosis (D), and perifascicular atrophy (E) observed in H&E-stained sections of muscle tissues from TIF1γ-immunised mice. Bars 
represent 50 µm. (F) 3H thymidine incorporation (cpm) in T cells from regional lymph nodes of TIF1γ-immunised mice (n=3) co-cultured with bone 
marrow-derived dendritic cells (BMDCs) presenting TIF1γ. T cells from mice immunised BMDCs pulsed with adjuvant only (n=3) or without antigen 
were used as control T cells and control BMDCs, respectively. Bars represent means with SE of the mean (SEM). *p<0.05, and **p<0.01 by two-way 
ANOVA with Tukey’s multiple comparisons test. (G) IgGs binding TIF1γ antigens from K562 and EL-4 cell lysates, the MWs of which were between 
150 and 250 kDa, were detected in the plasma of TIF1γ-immunised mice (n=4), but not in plasma from mice immunised with adjuvant only (n=3). (H) 
Enzyme-linked immunosorbent assay conducted with plasma from TIF1γ-immunised mice (n=10) and mice immunised with adjuvant only (n=7). The 
titre index calculation method is detailed in online supplemental materials and methods. Dots and bars represent individuals and means with SEM, 
respectively. ***p<0.001 by Student’s t-test. Data are representative of two independent experiments.
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myofibers and in skin.16 17 Our observations revealed that preg-
nancy might trigger the development of anti-TIF1γ antibody-
positive DM,18 which would be related to overexpression of 
TIF1γ antigen in the embryo and mammary epithelial cells 
during pregnancy.19 20 While this evidence suggests the aetiologic 
roles of TIF1γ, it remains unknown whether autoimmunity to 
TIF1γ is directly involved in disease pathogenesis. Here we show 
that experimental myositis can develop following immunisation 
with recombinant TIF1γ protein.

METHODS
Mice
Female C57BL/6 (B6) mice 8–10 weeks of age were purchased 
from Charles River. Beta2-microglobulin (β2MG)-null, perforin-
null and Igμ-null (μMT) B6 mice and interferon α/β receptor 
(IFNAR)-null B6 mice21 were purchased from The Jackson 
Laboratory and B&K Universal. All experiments were carried 
out under specific pathogen-free conditions in accordance with 
the University of Tsukuba’s ethics and safety guidelines for 
animal experiments.

Recombinant human TIF1γ protein
A full-length human TIF1γ gene (GenBank accession number: 
AF119043) was His-tagged at its 3’ end and inserted into 
pFastBac1 vector for baculovirus expression (invitrogen). 
The detailed protocol for the expression and purification of 

recombinant TIF1γ protein is described in online supplemental 
materials and methods. Human TIF1γ whole protein is 93.3% 
homologous with the murine protein.

Induction of experimental myositis
Mice were immunised intradermally with 200 µg of TIF1γ protein 
emulsified in complete Freund’s adjuvant (CFA) containing 
100 µg of heat‐killed Mycobacterium butyricum (Difco) once in 
the back and in foot pads along with an intraperitoneal injec-
tion of 250 ng of pertussis toxin (PT, Wako Junyaku). Other 
mice were immunised intradermally with the CFA emulsion 
containing TIF1γ protein four times weekly at multiple sites of 
the back and foot pads. The same time as the last (fourth) intra-
dermal injection of the emulsion, 250 ng of PT was once injected 
intraperitoneally. Mice treated with CFA (weekly, 4 times) and 
PT were used as controls. These immunisation protocols are 
presented in figure 1B. Following the evaluation method for C 
protein-induced myositis (CIM),22 three H&E-stained sections 
from the hamstring and quadricep each were blinded to the 
intervention and examined histologically for necrosis/atrophy of 
muscle fibres accompanied by mononuclear cell infiltration. The 
scoring system is detailed in online supplemental materials and 
methods.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
and western blotting assay and immunoprecipitation 
followed by western blot assay
Fifty microliters of mouse plasma were combined with 50 µL of 
Protein G Sepharose 4 Fast Flow (GE Healthcare) for 2 hours 
at room temperature. Antibody-bound sepharose beads were 
washed with immunoprecipitation (IPP) buffer (10 mM tris-HCl, 
pH 8.0; 50 mM NaCl and 0.1% 4-nonylphenyl-polyethylene 
glycol (BioVision)) and incubated with extracts from 1×107 K562 
human cells and EL-4 murine cells (American Type Culture 
Collection (ATCC)), respectively, for 2 hours at 4℃. Purified 
recombinant TIF1γ protein, K562-precipitated protein and 
EL-4-precipitated protein were fractionated by sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 

Figure 2  Infiltration of inflammatory cells and upregulation of 
major histocompatibility complex (MHC) class I molecules in muscle 
tissues. (A–D) Immunohistochemical (IHC) analyses of CD8 (A), CD4 
(B), CD11b (C) and B220 (D) on the mononuclear cells infiltrating into 
the endomysium areas of the muscle tissues of TIF1γ-immunised mice. 
(E–G) IHC analyses of MHC class I molecules on the cell membranes 
of the muscle fibres in control adjuvant-treated mice (E) and in TIF1γ-
immunised mice (F), compared with the isotype-control antibody-
stained samples from TIF1γ-immunised mice (G) Data are representative 
of three independent experiments.

Figure 3  TIF1γ-specific B cell linages and antibodies are not required 
for the development of TIF1γ-induced myositis. (A) Histologic scores 
for experimental myositis in hamstrings and quadriceps of μMT mice 
immunised with TIF1γ whole protein (n=9) were equal to TIF1γ-
immunised wild-type (WT) mice (n=12). Dots and bars represent 
individuals and medians with IRs, respectively. (B) Histologic scores for 
experimental myositis in the hamstrings and quadriceps of recipient 
mice (n=12) with adoptive intravenous transfer of IgGs purified from 
pooled plasma of TIF1γ-immunised mice or control recipients (n=10) of 
IgGs from pooled plasma of mice immunised with adjuvant only. Dots 
and bars represent individuals and medians with IRs, respectively. Data 
are representative of two independent experiments. IRs, interquartile 
ranges.
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10% polyacrylamide gels, applied to Mini-PROTEANTGX 
precast gels (4%–15%, Bio-Rad Laboratories). The gel on 
which recombinant TIF1γ protein was applied was stained with 
Bio-Safe Coomassie Stain (Bio-Rad Laboratories). For western 
blotting (WB) assay, proteins were transferred onto nitrocel-
lulose membranes using a wet transfer apparatus (Mini Trans-
Blot Cell, Bio-Rad Laboratories) from the gels. The membranes 
were blocked with 5% skim milk and incubated with rabbit 
antihuman/murine TIF1γ polyclonal antibody (NB100-57498, 
Novus Biologicals), antihuman TIF1γ polyclonal antibodies 
(LS-C408048, LifeSpan Biosciences) and antimurine TIF1γ 
polyclonal antibodies (ab47062; Abcam), respectively, over-
night at 4℃. They were washed with tris-buffered saline with 
Tween 20, incubated with peroxidase-labelled goat antirabbit 
IgG polyclonal antibodies (sc-2004, Santa Cruz Biotechnology) 
and then visualised using SuperSignal West Pico (Thermo Fisher 
Scientific).

Enzyme-linked immunosorbent assay
The plasma samples collected from immunised mice 2 weeks 
after the last immunisation were evaluated in our established 
enzyme-linked immunosorbent assay (ELISA) system (online 
supplemental materials and methods).

Immunohistochemical analyses
CD8, CD4, CD11b and B220-positive cells and upregulation of 
H‐2Kb molecules were detected on sections from muscle tissue 
samples (online supplemental materials and methods).

In vivo depletion of CD8+ T cells
To deplete CD8+T cells, mice were intraperitoneally injected 
with purified rat anti-CD8α depleting monoclonal antibody 
(53.67.2) in the protocol as shown previously22 and as described 
in online supplemental materials and methods.

Adoptive transfer of T cells or IgG
T cells were purified from the inguinal and popliteal lymph 
node (LN) cells of immunised mice 2 weeks after the fourth 
immunisation using CD3 T cell enrichment columns (R&D 
systems). Three million T cells were cultured with 1.5×105 
TIF1γ-pulsed mature bone marrow-derived dendritic cells 
(BMDCs, generated in the protocol shown in online supple-
mental materials) and 100 U/mL recombinant murine IL-2 
(PeproTec) in 2 mL RPMI1640 with 10% fetal bovine serum 
(FBS) for 72 hours using 24-well culture plates. CD8‐positive 
or CD4‐positive T cells were sorted with MACS magnetic 
beads (Miltenyi Biotech). Flow cytometric analyses showed 
that the purities of the sorted CD8+ and CD4+ T cells were 
>95%, and that CD11c-positive DCs were absent. IgG was 
purified from the plasma of immunised mice 2 weeks after 
the fourth immunisation using protein G columns (Ab-Rapid 
SPiN Ex, ProteNova). One million whole T cells, 4×105 
CD8-positive or CD4-positive T cells or 500 µg of IgG were 
intravenously injected into recipient mice that had been 
pretreated with CFA.23 The muscles of the hind legs were 
evaluated histologically 2 weeks after transfer.

Figure 4  TIF1γ-specific CD8+ T cells are critical for the development of TIF1γ-induced myositis. (A) Histological scores for experimental myositis 
in the hamstrings and quadriceps of WT mice (n=11), β2-microgloblin (β2MG)-null mice (n=8), and perforin-null mice (n=10) 2 weeks after fourth 
immunisation with TIF1γ whole protein. Dots and bars represent individuals and medians with IRs, respectively. *p<0.05, and **p<0.01 by Kruskal-
Wallis test with Dunn’s multiple comparisons test. (B) Histological scores for experimental myositis of TIF1γ-immunised mice treated with anti-CD8 
depleting antibody (n=7) compared with those treated with control antibody (n=7). Dots and bars represent individuals and medians with IRs, 
respectively. **p<0.01 by Mann-Whitney U test. (C) Histological scores for experimental myositis in the hamstrings and quadriceps of recipient mice 
(n=10) following adoptive intravenous transfer of TIF1γ-activated T cells originally purified from pooled lymph node cells of TIF1γ-immunised mice 
compared with TIF1γ-activated T cells originally from pooled lymph node cells of mice immunised with adjuvant only (n=10). Dots and bars represent 
individuals and medians with IRs, respectively. *p<0.05 by Mann-Whitney U test. (D) Representative myositis (yellow arrows) in HE-stained sections 
of muscle tissues from TIF1γ-specific T cell-recipients. Bars represent 50 µm. (E) Histological scores for experimental myositis in hamstrings and 
quadriceps of TIF1γ-CD8 recipient mice (n=10) following adoptive intravenous transfer of CD8+ T cells purified from TIF1γ-specific T cells compared 
with transfer of TIF1γ-CD4 recipient mice (n=8) with adoptive intravenous transfer of CD4+ T cells purified from TIF1γ-specific T cells and control CD8 
recipients (n=5) following adoptive intravenous transfer of CD8+ T cells purified from T cells of mice immunised with adjuvant only. Lack of myositis in 
control CD4 recipients (n=2) following adoptive intravenous transfer of CD4+ T cells purified from T cells of mice immunised with adjuvant only. Dots 
and bars represent individuals and medians with IRs, respectively. **p<0.01 by Kruskal-Wallis test with Dunn’s multiple comparisons test. Data are 
representative of two independent experiments. IRs, interquartile ranges.
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Real-time quantitative polymerase chain reaction analyses
As shown in online supplemental materials and methods and 
online supplemental table 1), real-time quantitative poly-
merase chain reaction (RT-qPCR) analyses were performed 
on total RNA extracted from the muscle tissue samples.

Treatment with the Janus kinase inhibitor tofacitinib
In accordance with a previous report,24 tofacitinib (MedChe-
mExpress) in 0.5% methylcellulose/0.025% Tween 20 was 
orally administrated to mice at 12.5 or 50 mg/kg Twice daily 
from the day of fourth immunisation of TIF1γ.

Statistical analysis
Data were analysed with Prism 8 (GraphPad Software). P 
values less than 0.05 were considered significant.

RESULTS
TIF1γ-immunised mice develop experimental myositis
SDS-PAGE and WB revealed that the purified recombinant 
human whole TIF1γ protein contained few contaminants 
(figure 1A). Wild-type (WT) B6 mice immunised with the 
TIF1γ protein four times weekly developed myositis 2 
weeks after the fourth immunisations in their hamstrings 
and quadriceps as assessed histologically. The incidence 
rate and the median ((IQRs) of histologic scores were 
70% and 0.5 (0–0.5), while none of the mice treated only 
with adjuvant was affected (p=0.0143; figure  1B). The 
mice immunised once with TIF1γ rarely did (12.5% and 
0 [0–0]; figure  1B) as well as the mice treated only with 
adjuvant (p>0.9999). No mice exhibited significant weight 
loss during the observation period. Histologic analysis of 
muscles from the mice immunised with TIF1γ four times 
showed atrophy and necrosis of muscle fibres accompa-
nied by infiltrating mononuclear cells in the perifascicular 
and endomysial sites of the muscle tissue (figure  1C,D), 
sometimes (in one per five samples) typical perifascicular 
atrophy (figure 1E). Myositis was still observed in 60% of 
the immunised mice 3 weeks after the fourth immunisation 
(incidence rate, 60%; median (IQRs) of histologic score, 

0.500 (0–1.250); n=5), and some mice also presented 
myositis 1 week later (60%, 0.500 (0–0.625); n=5). No 
inflammation was observed in other organs, including skin, 
cardiac muscles and lungs.

Thymidine incorporation assay was performed as shown 
in online supplemental materials and methods. T cells 
from mice with TIF1γ-induced myositis (TIM) proliferated 
significantly more than T cells from control mice treated 
only with adjuvants when cocultured with TIF1γ-presenting 
BMDCs (the means±SEMs of 3H thymidine incorporation 
were 35899±7411 and 3940±2086 (cpm), respectively; 
p=0.0022). T cells from TIM or control mice did not prolif-
erate when cocultured with BMDCs presenting no specific 
antigen (11055±3156 and 3600±1782 (cpm), respectively, 
p=0.6218; figure  1F). IPP-WB analysis demonstrated the 
existence of not only antihuman TIF1γ antibodies reacting 
to the human cell (K562) lysate but also antimurine TIF1γ 
autoantibodies reacting to the murine cell (EL-4) lysate in 
the plasma from TIM mice, but not in that from CFA-treated 
control mice (figure  1G). Our ELISA system demonstrated 
higher titers of anti-TIF1γ antibodies in TIM mice (the 
mean±SEM of titre index was 82.8±2.2) compared with 
control mice (0.1±0.5, p=0.0005; figure 1H).

CD8+ T cells predominantly adhere to muscle fibres, which 
upregulate major histocompatibility complex class I 
molecules, in the muscle tissues of TIM mice
Immunohistochemical analyses of the muscle tissues of 
TIM mice revealed that CD8+ cells predominantly infil-
trated into the endomysium areas and adhered to the muscle 
fibres (figure 2A). On the other hand, only a few CD4+ cells 
(figure  2B), CD11b+ macrophages (figure  2C), and B220+ 
B cells (figure  2D) infiltrated into the endomysium areas. 
Moreover, major histocompatibility complex (MHC) class 
I molecules were upregulated on the cell membranes of the 
muscle fibres in TIM mice (figure 2F) compared with those 
in control adjuvant-treated mice (figure 2E) and the isotype-
control antibody-stained TIM samples (figure 2G).

Figure 5  Type I interferon (IFN) signalling in the pathogenesis of TIF1γ-induced myositis. (A) Fold changes in mRNA levels of type I IFN-related 
genes, Mx1, Isg15, Osa1 and Osa3, which were normalised against β-actin mRNA levels, in muscle tissues from naïve, adjuvant-treated, and TIF1γ-
immunised mice 2 weeks after fourth immunisation. n=2–6 in each group. Bars represent the means with SEMs. *p<0.05, and **p<0.01 by ordinary 
one-way analysis of variance. (B) Histological scores for experimental myositis in the hamstrings and quadriceps of wild-type (n=5) and IFN α/β 
receptor-null mice (n=6) 2 weeks after the fourth TIF1γ immunisation. Dots and bars represent individuals and the medians with IRs, respectively. 
*p<0.05 by Mann-Whitney U test.
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TIF1γ-specific B cell linages and antibodies are not required 
for the initiation of TIM
μMT mice, which completely lack B cell lineages, developed 
myositis (the incidence and the median±IQR of histologic 
scores were 67% and 1.000 (0–1.250)) at a similar incidence and 
severity as observed in WT mice (83% and 0.625 (0.500–1.000), 
p=0.9014) when immunised with TIF1γ emulsion (figure 3A). 
Moreover, intravenous adoptive transfer of the IgG purified 
from pooled plasma of TIM mice did not induce myositis in 
recipient mice (figure 3B).

TIF1γ-specific CD8+ T cells are involved in the initiation of TIM
β2MG-null mice lacking MHC class I expression and perforin-
null mice rarely developed TIM (figure 4A). While the incidence 
rate and the median histologic score with IQRs for TIM were 
82% and 1.000 (0.500–1.500) in WT mice, they were 29% and 
0 (0–0.375) in β2MG-null and 40% and 0 (0–0.500) in perforin-
null mice (p=0.0054 and p=0.0123 vs WT mice, respectively). 
Mice treated with anti-CD8 depleting antibody rarely presented 
TIM (the incidence rate and the median histologic score with 
IQRs, 71.4% and 0.500 (0–0.500)) compared with control mice 
(100% and 1.250 (1.250–1.500), p=0.0006; figure 4B).

Moreover, adoptive transfer of enriched TIF1γ-specific T 
cells derived from TIM mice-induced TIM-like myositis with an 
incidence of 50% in naïve recipient mice (the median (IQRs) of 

histologic scores was 0.250 (0–0.500)), while transfer of CFA-
treated mouse-derived T cells stimulated by TIF1γ-presenting 
BMDCs did not (p=0.0325, figure  4C,D). Adoptive transfer 
of CD8+ T cells from TIM mice-induced myositis with a high 
incidence (90%) as well as muscle damage (the median (IRs) of 
histologic scores was 0.750 (0.500–1.063)); however, transfer of 
CD4+ T cells from TIM mice did not (p=0.0010) nor did CD8+ 
T cells from CFA-treated control mice (p=0.0067, figure 4E).

Type I interferon partially mediates the pathogenesis of TIM
Our RT-qPCR analyses revealed that the mRNA expression 
of type I interferon (IFN)-related genes, Mx1 and Osa3, was 
significantly upregulated in the muscle tissues of the TIM mice 
(the mean±SEM, 11.3±4.49 and 3.66±0.11) compared with 
those of naïve mice (0.86±0.14 and 0.95±0.11; p=0.0205 and 
0.0063, respectively); however, Osa3 mRNA expression was 
also upregulated in adjuvant-treated control mice (5.96±1.00, 
p=0.0019 vs naïve mice, figure  5A). Upregulation of mRNA 
expression for other type I IFN-related genes, Isg15 and Oas1, 
was not observed in the muscle tissues of TIM mice or control 
mice (figure  5A). IFNAR-null mice developed milder myositis 
(the medians (IQRs) of the histological scores, 1.250 (0.750–
1.500)) than WT mice after TIF1γ immunisations (2.000 
(2.250–1.500), p=0.0433, figure 5B).

Figure 6  Inhibitory effect of tofacitinib on TIF1γ-induced myositis. (A) Histological scores for experimental myositis in the hamstrings and 
quadriceps of TIF1γ-immunised mice treated with low dose (12.5 mg/kg, two times per day; n=7) or high dose (50 mg/kg, two times per day; n=7) 
tofacitinib from the fourth day of TIF1γ immunisation compared with control vehicle-treated TIF1γ-immunised mice (n=6) and control vehicle-treated 
mice immunised with adjuvant alone. Dots and bars represent individuals and medians with IRs, respectively. *p<0.05, and **p<0.01 by Kruskal-
Wallis test with Dunn’s multiple comparisons test. (B–E) Representative H&E-stained sections of muscle tissues from TIF1γ-immunised mice treated 
with control vehicle (B) low-dose tofacitinib, (C) high-dose tofacitinib and (D) control vehicle-treated mice immunised without any antigens (E). 
Yellow arrows show myositis and bars represent 50 µm. (F) Total T cells in the regional lymph nodes per mouse. TIF1γ-immunised treated vehicle 
control (n=5), low-dose tofacitinib (n=5) and high-dose tofacitinib (n=5), and vehicle control-treated mice immunised without any antigens (n=3), 
were counted after T cell purification. Dots/squares/triangles and bars represent medians and interquartile ranges, respectively. (G) Proliferation of 
purified T cells from TIF1γ-immunised mice treated with vehicle, low-dose tofacitinib, and high-dose tofacitinib compared with those from control 
vehicle-treated mice immunised without any antigens when co-cultured with bone marrow-derived dendritic cells presenting TIF1γ (DC-TIF1γ) or with 
dendritic cells lacking antigen. Bars represent means with SEMs. ***p<0.001, and ****p<0.0001 by two-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons test. (H) ELISA of plasma from TIF1γ-immunised mice treated with control vehicle, low-dose tofacitinib, or high-dose 
tofacitinib (n=6–7, each) compared with mice immunised with adjuvant alone (n=3). Dots and bars represent individuals and means with SEMs, 
respectively. **p<0.05, **p<0.01, and ***p<0.0001 by ordinary one-way ANOVA.
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Treatment with a JAK inhibitor, tofacitinib, inhibits the 
development of TIM
TIF1γ-immunised mice treated with high dose (50 mg/kg, two 
times per day) or low dose (12.5 mg/kg, two times per day) of 
tofacitinib starting on the fourth day of TIF1γ immunisation 
developed milder myositis (the medians (IQRs) of histologic 
scores were 0.500 (0–0.500) and 0.500 (0–0.7500), respec-
tively) at a lower incidence rate (57% and 57%, respectively) 
than vehicle control-treated mice (1.500 (0.938–1.563); 
p=0.0075 and 0.0873, respectively; 100% incidence; figure). 
T cell counts in regional LNs of mice treated with low/high-
dose tofacitinib did not differ from those of vehicle-treated 
mice (the medians (IRs) of T cell counts were 72 [45 – 110] 
and 43 [36 – 52] vs 68 [59 – 75] [×105], p>0.9999 and 
p=0.0909, figure  6F). Moreover, there was no inhibition of 
ex vivo proliferation of T cells purified from regional LNs 
of tofacitinib-treated TIF1γ-immunised mice when cocul-
tured with TIF1γ-presenting BMDCs (figure 6G). This effect 
was significant when compared with that of mice immunised 
with adjuvant alone (p=0.0002, 0.0007 and 0.0009 for 
TIF1γ-immunised mice treated with vehicle, low-dose and 
high-dose tofacitinib, respectively). Index values of TIF1γ-spe-
cific antibodies in low-dose and high-dose tofacitinib-treated 
TIF1γ-immunised mice (the means±SEMs were 84.7±15.3 and 
131.0±17.1, respectively) were also equal to those in vehicle-
treated TIF1γ-immunised mice (110.5±7.6; p=0.3713 and 
0.3713, respectively; figure 6H).

DISCUSSION
Our findings indicate that immunity to TIF1γ can contribute 
to the development of myositis in mice. This is the first study 
to demonstrate the immune response to a DM-specific autoan-
tigen that can induce myositis. Therefore, this new experimental 
murine model, which we termed TIM, closely mimics human 
pathogenesis, especially in the initiation phase.

A number of animal models for IIMs have been estab-
lished, including infectious, genetic and antigen-induced 
models.25 26 While experimental autoimmune myositis27 28 and 
CIM22 29 completely depend on immune responses specific to 
muscular antigens, myosin and C protein, TIM is induced via 
autoimmunity generated in response to a ubiquitous intracel-
lular molecule, which has been identified as an autoantigen in 
humans suffering DM. In addition to a previous report showing 
that muscle and lung inflammation could be induced by immuni-
sation with purified epitopic peptides derived from conspecific 
histidyl-tRNA synthetase (Jo-1) as a murine model for ASS,30 
our results indicate that experimental myositis can be induced 
by immunisation with the DM-specific autoantigen. In our TIM 
model, mice immunised by xenogeneic (human) TIF1γ protein 
developed autoimmunity to conspecific TIF1γ resulting in 
experimental myositis, which might be due to epitope spreading 
to a counterpart conspecific molecule as shown in experimental 
autoimmune encephalomyelitis.31

TIM is initiated by cytotoxic CD8+ T cells, which evokes 
infiltration of CD8+ T cells and MHC class I upregulation in 
muscle fibres of patients with IIM.32–36 While it has also been 
proven that genetically modified mice with overexpression of 
MHC class I in muscle tissues naturally develop myositis via 
endoplasmic reticulum (ER) stress,34 37 our experiments showed 
that adoptive transfer of TIF1γ-specific CD8+ T cells, but not of 
TIF1γ-specific CD4+ T cells, caused myositis in recipient mice. 
This suggests that autoaggressive CD8+ T cells are indicative of 
the development of myositis.

In contrast, B cells and autoantibodies themselves are not 
required for the development of TIM. Previous clinical reports 
indicated that the titres of anti-TIF1γ antibody were related to 
the conditions of DM38 and/or the presence of internal malig-
nancies.39 40 Our findings indicate that while the immune 
response against TIF1γ is likely to mediate the induction of 
myositis, the development of anti-TIF1γ autoantibodies may be 
an epiphenomenon lacking direct pathogenic roles. In contrast, 
transfer of human IgGs from patients with IMNM, which 
contained antisignal recognition particle or anti-3-hydroxy-3-
methylglutaryl-CoA reductase antibodies, corroborated the idea 
that complement can provoke muscle deficiency in recipient 
mice.41 The difference between our experiments and this study 
may clarify the differences in pathogenesis of DM and IMNM.

Immunohistochemistry and gene-expression analyses of 
muscle and skin biopsy samples revealed that type I IFN expres-
sion correlates with DM pathogenesis.42 43 Janus kinase (JAK)1 
mediates downstream effects of type I IFN, and it has been 
reported that ruxolitinib, a JAK1/2 inhibitor, is effective for the 
treatment of DM case, some of which were positive for anti-
TIF1γ antibody.44–46 In addition, a report presented that treat-
ment with tofacitinib, a JAK1/3 inhibitor, also improved myositis 
in a case of anti-TIF1γ antibody-positive DM.47 Our experiments 
revealed that deficiency of IFNAR partially inhibits the develop-
ment of TIM. Treatment of myositis with tofacitinib after the 
initiation of immunity to TIF1γ was effective; however, it did 
not result in significant inhibitory effects on the TIF1γ-specific 
T cells and antibodies. The mechanism underlying these results 
could be that the activation of type I IFN pathway induces 
myotube atrophy and impairs endothelial cells angiogenesis.45

Collectively, the limitations of this murine model include 
the lack of several DM-like phenomenons (specific rash, define 
muscle weakness with persistent myositis and upregulation of 
some type I INF-related genes in the muscle) and predominant 
infiltration of CD8 T cells to muscle fibres, which is not usually 
observed in patients with DM. Nevertheless, our new model 
based on autoimmunity against the ubiqutous interacellular 
antigen, TIF1γ, provides a useful tool to investigate the patho-
logic mechanisms of anti-TIF1γ antibody-positive DM.
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Supplemental Materials and Methods 

 

Recombinant human TIF1γ protein. 

A full-length human TIF1γ gene (GenBank accession Number: AF119043) was 

His-tagged at its 3’ end and inserted into pFastBac1 vector for baculovirus expression 

(Invitrogen). Recombinant bacmids produced using the expression vectors were 

transfected into SF9 cells using Cellfectin II (Invitrogen). The infected SF9 cells were 

incubated for 48 hours at 27 C and then harvested and lysed by sonication. The soluble 

cell lysate from 8 - 10  10
7
 cells/15 ml was applied onto a Ni Sepharose 6 Fast Flow 

Resin column (GE Healthcare). The purified recombinant protein was collected from 2
nd

 

and 3
rd

 fractions eluted with phosphate buffer containing 200 mM imidazole, and 

concentrated to > 1 mg/ml using Centriprep


 Centrifugal Filter Devices YM-50 

(Millipore). 

 

Histological scoring system for experimental myositis 

The histological severity of inflammation in each muscle block of the hamstrings and 

quadriceps was graded as follows:  grade 1 = involvement of 1-4 muscle fibers; grade 

2 = a lesion involving 5–30 muscle fibers; grade 3 = a lesion involving a muscle 

fasciculus; and grade 4 = diffuse and extensive lesions. When multiple lesions with the 

same grade were found in a single muscle block, 0.5 point was added to the grade. The 

histological severity in each mouse was determined as the average of the hamstring and 

quadricep blocks. 
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Generation of antigen-pulsed mature bone marrow–derived dendritic cells 

(BMDCs). 

BMDCs were generated from BM cells of B6 mice cultured in RPMI1640 with 10% 

fetal bovine serum (FBS) and 20 ng/ml recombinant murine granulocyte-macrophage 

colony stimulating factor (Wako Junyaku) for 8 days. The cells were incubated with 50 

μg/ml of the recombinant TIF1γ protein and 1 μg/ml lipopolysaccharide 

(Sigma-Aldrich) for an additional 24 hours. More than 70% of the treated cells were 

CD11c-positive. 

 

Cell proliferation assay.  

T cells were purified from the inguinal and popliteal lymph node (LN) cells of 

immunized mice 14 days after the last immunization using CD3 T cell enrichment 

columns (R&D systems). Two hundred thousand T cells and 2  10
4
 mature BMDCs 

were cultured in 200 μl RPMI1640 with 10% FBS for 3 days using 96-well 

round-bottom plates, into which 1 μCi [3
H]thymidine was added during the last 18 

hours of culture. Proliferation of the T cells was evaluated as radioactivity of harvested 

cells counted by a β counter (MicroBetaTM
, Perkin Elmer). 

 

Enzyme-linked immunosorbent assay (ELISA). 

The plasma samples collected from immunized mice 2 weeks after the last 

immunization were diluted at 1:100 or 1:1000 and then incubated in 96-well flat-bottom 

microtiter plates, which had been coated with 3 ng/ml of full-length human TIF1γ for 1 

hour at 37 ℃. Pooled plasma from three TIF1γ-immunized mice was used as the 

positive control and plasma from one CFA-treated mouse was the negative control. 
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Plates were washed four times then incubated with peroxidase-conjugated goat 

anti-murine IgG antibodies (ab205719, Abcam) and visualized by incubation with 3, 3’ 

5, 5’-tetramethyl-benzidine for 1 hour at room temperature. The reactions were stopped 

by 0.5 N sulfuric acid. Optical density (OD) at 450 nm was measured, and each 

antibody index was calculated from the formula: ([sample OD - blank OD] / [positive 

reference OD - blank OD])  100. 

 

Immunohistochemical analyses (IHC) 

Sections (6 μm) from formalin-fixed paraffin-embedded muscle tissue samples 

were pretreated with Trilogy (Merck), and stained with rabbit anti‐mouse CD8α 

(EPR20305; Abcam), rabbit anti‐mouse CD4 (EPR19514; Abcam), and rat anti‐

mouse/human B220 (RA3‐6B2; BD Biosciences PharMingen) monoclonal antibodies, 

and rabbit anti-rat/human/mouse CD11b polyclonal antibodies (product number, 

PA5-79533, Invitrogen). Nonspecific staining was blocked with 5-10% bovine serum 

albumin (BSA). Bound antibodies were visualized with peroxidase‐labeled anti‐

rabbit/mouse IgG antibody (Envision™+ Dual Link System-HRP; Dako) or goat 

anti-rat IgG antibody (Abcam), and associated substrates (Liquid DAB+ Substrate 

Chromogen System; Dako). Cryostat‐frozen sections (6 μm) fixed in cold acetone were 

preincubated with 5% BSA, stained with mouse anti‐mouse H‐2K
b
 monoclonal 

antibody (AF6‐88.5; BioLegend), and visualized with peroxidase‐labeled goat 

anti-mouse/rabbit IgG antibodies and its substrates (Dako). Isotype controls were used 

as negative control. The stained sections were evaluated by two independent observers, 

who reported results that were comparable. 
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In vivo depletion of CD8
+
 T cells 

Mice were injected intraperitoneally with 1 mg of purified rat anti-CD8α depleting 

monoclonal antibody (53.67.2), produced by hybridoma cells cultured in CELLLine 

flasks (WHEATON) with Hybridoma-SFM (Gibco), or purified rat IgG2b (BioXCell) 

as a control, for three consecutive days. This treatment started 10 days before the 4
th

 

immunization, and injection of 500 µ of the same antibody was repeated every other day 

for 14 days. Complete depletion of CD8
+
 T cells in the splenocytes were confirmed by 

flow cytometric analysis. 

 

Real-time quantitative polymerase chain reaction (RT-qPCR) analyses 

Total RNA was extracted from the muscle tissue samples using Trizol Reagent 

(Invitrogen). Complementary DNA was synthesized with a High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher). Levels of expression were detected using 

the QuantStudio™ 5 Real-Time PCR Systems (Applied Biosystems) with PrimeTime
®
 

Gene Expression Master Mix and Prime Time qPCR predesigned primers (Integrated 

DNA Technologies; Supplemental Table 1). All RT-qPCR analyses were performed in 

triplicate. Amplification products were quantified by the comparative CT method. The 

mRNA level of each gene was normalized to that of Actb. 
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Supplemental Table 1. Primers for real-time quantitative polymerase chain 

reactions 

 

Target ID 

Mx1 Mm.PT.58.12101853.g 

Isg15 Mm.PT.58.41476392.g 

Osa1b Mm.PT.56α.10289138.g 

Osa3 Mm.PT.58.12139602 
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