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A variety of cytokines and immunologically relevant surface molecules are expressed
by normal human skeletal muscle cells under proinflammatory stimuli
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SUMMARY

Muscle is an attractive target for gene therapy and for immunization with DNA vaccines and is also the
target of immunological injury in myositis. It is important therefore to understand the immunologic
capabilities of muscle cells themselves. In this study, we show that proinflammatory stimuli induce the
expression of other cytokines such as IL-6, transforming growth factor-beta GJGd granulocyte-
macrophage colony-stimulating factor (GM-CSF) by muscle cells themselves, as well as the up-
regulation of human leucocyte antigen (HLA) class I, class Il and intercellular adhesion molecule-1
(ICAM-1). Thus, muscle cells have an inherent ability to express and respond to a variety of cytokines
and chemokines. The levels of HLA class |, class Il and ICAM-1 in inflamed muscle may be affected by
the secreted products of the stimulation.
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INTRODUCTION In an effort to increase the understanding of inflammation in
myositis and to help lay the groundwork for the use of muscle as a

Although it is conventional to discuss the effects of the immune . -
. , .site for gene therapy and vaccination, we explored the response of
system on other cells, tissues, or organs, the system’s boundariés

. ; . uscle cells to immunological stimuiin vitro. In particular, we
cannot be sharply drawn, and in an increasing number of ways th ave measured the s nthegsis of various ¢ tokineps and HLA class |
immunologic capabilities of non-immune tissues are recognized as Y Y '

determining the course of inflammation. Beyond the need l‘orMHCCIaSS Il and intercellular adhesion molecule-1 (ICAM-1) expres-

molecules on cell surfaces to mark a target for lymphocytes, angion by human myoblasts and myotubes both constitutively and in

the presence of professional antigen-presenting cells (APC) ihesponse to inflammatory stimuli.

many tissues, highly differentiated non-immune cells make cyto-
kine receptors, adhesion molecules and co-stimulatory molecules, MATERIALS AND METHODS
and some tissues use immunologic mechanisms to protect then}(ntibodies

selves from immunologic injury [1]. Mouse monoclonal FITC-conjugated anti-HLA (A, B, C) class |

Because muscle is an attractive tgrget for gene therapy W6/32), PE-conjugated anti-HLA DR DQ + DR (IQU9) (Sero-
myoblasts offer advantages for gene delivery [2] and intramuscul ech, Raleigh, NC), PE-conjugated anti-human ICAM-1 (CD54)

|mmgn|zqt|on W'tlr D_NA va%(;;_n_es [i/]l_ltl |sh|mportantdto u.nder- MEM-111) (Caltag Labs, Burlingame, CA), anti-human N-CAM
stand its immunologic capabilities. Muscle has proved resistant t CD56) (MY31), and mouse immunoglobulin fluorescence con-

the development of inflammation caused by immunization Withtrols (Becton Dickinson, San Jose, CA) were used for flow cyto-
heterologous muscle [4], and inflammation does not persist Ion%etric analysis

after acute viral injury [5]. Although knockout of transforming
growth factor-beta (TGIB) causes myositis in mice, the manifes- Muscle cell culture

tation .Of deranged |mmun|t_y is not limited to muscle [6_5]._ Thus_, Normal human skeletal muscle cells from a single donor (Clonetics
_there IS no satlsfactor)_/ animal mode! _for the human 'd_'c_)path'cCorp., San Diego, CA) were maintained in F10 growth medium
|nflammqtory myopathies—polymyositis, dermatomyositis and(Ham’s F10 nutrient mixture (8co BRL, Gaithersburg, MD)
related diseases. supplemented with 20% fetal calf serum (FCS), 2% chick embryo
extract, 100 U/ml penicillin, 10@g/ml streptomycin). The purity
Correspondence: Dr K. Nagaraju MVSc, PhD, Clinical Center, Bld 10, 0f myoblasts was determined by analysing for the presence of N-
9N244 National Institutes of Health, Bethesda, MD 20892-1820, USA. CAM (CD56) by flow cytometry £ 96% cells expressed CD56).
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The cells were maintained at a very low density6(a1:0 x 10/ Reverse transcriptase-PCR

cn?) to prevent differentiation due to contact. Myotubes were First strand cDNA synthesis for reverse transcriptase (RT)-PCR
obtained by culturing myoblasts initially in growth medium and analysis for cytokines was primed fronug total RNA with 50 ng
later changing to fusion medium (Dulbecco’s minimum essentialrandom hexamers and 20U AMV reverse transcriptase under
medium (DMEM) supplemented with 2% horse serum, 100 U/mlconditions suggested by the manufacturer (Boehringer-Mannheim,
penicillin, 100ug/ml streptomycin) until cells were confluent. Indianapolis, IN). PCR was performed with cytokine-specific
Myotubes were maintained in fusion medium for at least 14 daysprimers (Clontech) according to the manufacturer’s instructions.
before the addition of cytokines. PCR conditions were as follows: 30—35 cycles at®4or 455,
60°C for 455, and 7Z for 2 min followed by a final extension at
72C for 7min. The sequences of the primers are indicated in
Table 1. The primers for IL4 and MIP-kx were a gift from

S. Kotake and E. Adams (NIAMS, NIH, Bethesda, MD). Aliquots
(10%) of PCR products were analysed 08% agarose gels, and
the bands were visualized by ethidium bromide staining.

Cytokine and chemokine incubations

Myoblasts and myotubes were incubated with cytokines @-1
IL-18, tumour necrosis factor-alpha (TNB; interferon-gamma
(IFN-y)) to induce cytokine synthesis. Alternatively, myoblasts
and myotubes were incubated for 48 h with cytokines (b1 ng/
ml), IL-18 (1 ng/ml), TNFe (1 ng/ml), IFN< (500 U/ml), IL-6
(10ng/ml), TGFB (10ng/ml)) or chemokines (MIPel (100ng/  ELISAs

ml), MIP-18 (100 ng/ml), RANTES (100 ng/ml), GR@-(100ng/  Immunoassays were carried out only for the cytokines whose
ml), IL-8 (100 ng/ml), MCP-1 (100 ng/ml)) to induce HLA class I, expression was detected by RT-PCR. Assays for BGMIP-1a,
HLA class Il, and ICAM-1 expression. The effective concentra- IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF),
tions of cytokines and chemokines were determined in preliminaniL-13, TNF-« and IFN« were carried out as per the manufacturers’
experiments (not shown). protocol (Quantikine human TGE-MIP-1«, IL-6, GM-CSF, IL-138
(R&D Systems, Minneapolis, MN), TNk&-and IFN« (Endogen,
Woburn, MA). If no cytokine was detected in a culture, the assay

Total RNA was isolated using RNeasy total RNA Kit (Qiagen Inc, was repeated after the_ supernatant was f:onpent_ra_ted 10-fold by
speed vac. Each experiment was done twice in triplicate, and the

Chatsworth, CA). RNA (1@g) was subjected to 1% denaturing

- - results were expressed as meas.e.m.
agarose gel electrophoresis followed by blotting onto a nytran
membrane (Schleicher & Schuell, Keene, NH). Blots were hybri-
dized with *P-labelled HLA class | cDNA probe (391bp). The Flow cytometry
probe was generated by polymerase chain reaction (PCRJells were harvested using08% trypsin—-@G3nmv EDTA in
amplification of a muscle cDNA library with primers in exon 4 Hanks’ balanced salt solution (HBSS), washed twice with PBS
(sense fgaattttctgactcticcegtcagd3 and exon 5 (anti-sense containing 2% FCS, 1% bovine serum albumin (BSA) ar@b@o
5acggcagcgaccacagctccaytsf the heavy chain of class | (HLA  sodium azide (PBS—FBS), and divided into aliquots {8° cells/
A11). Hybridization was performed overnight at’@2in Hybrisol ml). The cell pellets were centrifuged for 10 min at 2Pt 4£C,
1 solution containing 50% formamide, 10% dextran sulfate, 1%resuspended in 1Q0 PBS—FBS, and incubated for 30 min &4
SDS and blocking reagents (Oncor, Gaithersburg, MD). The filteron ice with MoAbs against HLA (ABC) class I-FITC, class I
was washed twice at room temperature withS3C/05% SDS DP+ DQ+ DR-RPE, ICAM-PE, NCAM—-PE. The cells were
under gentle shaking for 30 min and once atG%or 20 min with  washed three times, resuspended in 1% paraformaldehyde in
0-2xSSC/05% SDS. Finally, the filter was briefly washed with PBS, and analysed using FACScan (Becton Dickinson). The results
2xSSC and exposed overnight using Biomax MR single emulsiorwere expressed as average fluorescence intensity of the entire
film (Kodak, Rochester, NY)3?P-labelled human G3PDH cDNA population of cells. Three independent experiments were carried
probe (11 kb) (Clontech, CA) was used to determine RNA loading. out for each of the cytokines or chemokines tested.

Northern blotting

Table 1. List of cytokine-specific primers used for reverse transcriptase-polymerase chain reaction

(RT-PCR)
Cytokine Sense primer Antisense primer
IL-1x caaggagagcatggtggtagtagcaaccaacg tagtgccgtgagtttcccagaagaagaggagg
IL-18 tacgaatctccgaccaccactacag tggaggtggagagctttcagttcatatg
TNF-o gagtgacaagcctgtagcccatgttgtagca gcaatgatcccaaagtagacctgcccagact
IFN-y gcatcgttttgggttctcttggtcgttactge ctectttttcgcttcectgttttagetgetgg
IL-6 agctcagctatgaactccttctc gtctcctcattgaatccagattgg
IL-4 cggcaactttgaccacggacacaagtgcgata acgtactctggttggcttccttcacaggacag
GM-CSF atgtggctgcagagcctgctge ctggctcccagcagtcaaaggg
IFN-« tgatggcaaccagttccagaaggctcaag acaacctcccaggcacaagggctgtattt
MIP-1« gcccggtgtcatcttcctaacca gtcccacagtgtggctgtttg
IL-10 aagctgagaaccaagacccagacatcaaggcg agctatcccagagccccagatccgattttgg
TGF3I gccectggacaccaactattgct aggctccaaatgtaggggcagg
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I Untreated
IL-1a and IL-1B 200 ng/ml; TNF-a 10 ng/ml; IFN-y 500 U/ml Fig. 2. Effect of IL-1-« (50 ng/ml), IL-18 (100 ng/ml), tumour necrosis

IL-1a and IL-1B 100 ng/ml; TNF-a 1 ng/ml; IFN-y 50 U/ml factor-alpha (TNFe) (1 ng/ml) and IFNy (500 U/ml) on the production of
B IL-1a and IL-1B 50 ng/ml; TNF-a 0-1 ng/ml; IFN-y 5 U/ml IL-6 (a), transforming growth factor-beta (TGH-(b) and granulocyte-
I IL-1a and IL-1B 5 ng/ml macrophage colony-stimulating factor (GM-CSF) (c) by myoblasts. The

values are presented as mean (pg/m$)e.m. of three determinations in a
Fig. 1. Dose effect of IL-%, IL-13, tumour necrosis factor-alpha (TNE)- representative experiment.

and IFN< on the production of IL-6 (a), transforming growth factor-beta

(TGF-8) (b) and granulocyte-macrophage colony-stimulating factor (GM-

CSF) (c) by myoblasts. The values are presented as mean (pgém)m. levels of IL-6 production than did IL4 and IFN+ (Fig. 1a). The

of three determinations in a representative experiment. constitutive low level production of TGB-(77 %+ 4 pg/ml) was

increased more by IFN-and TNFe than by IL-1 (Fig. 1b). IL-13

RESULTS suppressed the basal level of TBRBynthesis. Myoblasts do not
produce GM-CSF constitutively. ILed, IL-13 and TNFe, but not

Cytokines produced by myoblasts under proinflammatory stimuli IFN-v, induced GM-CSF production in a dose-dependent manner.

The constitutive low level production of IL-6 (504 pg/ml) was  TNF-« and IL-1« induced more than did ILA (Fig. 1c).

increased in a dose-dependent manner under the stimulation of Peak levels of IL-6 production were observed at 9h under

IL-1e, IL-13, TNF-« and IFN<. TNF-« and IL-1x induced higher  TNF-o and IFN+ stimulation, and between 24 h and 48 h under

© 1998 Blackwell Science LtdClinical and Experimental Immunolog$13407—-414
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= 5 - Table 2. Summary of various cytokine
T < = mRNAs and proteins detected by reverse
2 8 =] transcriptase-polymerase chain reaction
RT-PCR) and ELISA
IL-1o Untreated ( )
IL-1B IL-1c , _
TNF-a IL-18 Cytokine MRNA Protein
IFN-y TNF-a IL-l o y B
¥ IL-1 +*
-6 _ IFN-y TNFﬂfa + —~
Negative control IL-6 IFN-y — -
Untreated i IL-6 + +
Positive control IL-4 _ _
Positive control | | GM-CSE n I
| w =
. o £z IFN-o + -
®g @ = MIP-1a + -
IL-10 - -
TGFH1 + +

Fig. 3. Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
of the untreated and cytokine-treated muscle cultures for MiPximour

necrosis factor-alpha (TN&) and IFN« expression. *IL-1B was induced only with combi-
nation of cytokines.

IL-1« and IL-183 stimulation (Fig. 2a). By contrast, peak levels of of the proinflammatory stimuli (data not shown). IFey-TNF-c,
TGF-3 production were observed at 48 h under Ti@nd IL-1x MIP-1« and IL-13 cytokines were not detected in the medium by
stimulation and at 9 h under IFN-stimulation. IL-18 stimulation ~ ELISA even after 10-fold concentration of culture supernatants
did not result in additional synthesis of TGFever 48 h (Fig. 2b).  (the detectable levels for these cytokines aBpg/ml,<5 pg/ml,
Peak levels of GM-CSF production were observed at 24 h undex 6 pg/ml, anck 1 pg/ml, respectively). A summary of mMRNAs and
TNF-o, IL-1 and IL-13 stimulation. proteins detected by RT-PCR and ELISA is shown in Table 2.
The quantity of cytokines secreted by muscle cells under
proinflammatory conditions varied widely. For IL-6 the level Effect of myoblast fusion and differentiation on the response to
ranged from 7 to 500 pg/ml, for TGE-it ranged from 21 to  proinflammatory cytokines
700 pg/ml, and for GM-CSF from 1 to 175 pg/ml. The levels of When mononucleated myoblasts fuse to form multinucleated myo-
cytokines secreted by muscle cells were within the biologicallytubes, muscle-specific gene expression is altered [10]. To deter-

effective range [7-9]. mine whether the differentiation of myoblasts into myotubes has an
effect on cytokine synthesis in response to proinflammatory stimuli,
Synthesis of cytokine mRNA without cytokine secretion we compared the production of IL-6, TGFand GM-CSF in

Under untreated culture conditions in a medium containing 20%myoblasts and myotubes cultured under optimal concentrations of
FCS and chick embryo extract, myoblasts made detectable mRNAtese stimuli. The secretion of IL-6 was higher in myoblasts than in
for MIP-1a and IFN« (Fig. 3). Individual proinflammatory cyto- myotubes under all conditions except after IFMtimulation (Fig.

kine stimulation of myoblasts by ILel(1 ng/ml), IL-18 (I ng/ml), 4a). TGFB secretion was higher in myoblasts than in myotubes
TNF-o« (1ng/ml), IFN<y (500 U/ml) or IL-6 (1ng/ml) induced under all conditions of stimulation. ILAlstimulation did not result
mRNA expression of TNFke (Fig. 3) but not of IL-%x, IL-18, in TGFB synthesis either in myoblasts (see above) or in myotubes
IL-4, IL-10, IL-12, and IFN< (data not shown). Similar results (Fig. 4b). GM-CSF secretion was higher in myoblasts than in
were observed for myotubes, except that TMFARNA was not  myotubes under IL-& and TNFe stimulation. IL-18 induced less
induced by any proinflammatory stimuli (data not shown). B-1 GM-CSF synthesis in myoblasts than in myotubes. Neither cell
MRNA expression in myoblasts was induced only by a combinatiortype secreted GM-CSF under IFNstimulation (Fig. 4c).

6001 (a) C— Untreated 8001 (b) 180 (c)
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o 7 o = = ]
= 2 S —_— E 600} E 1400
€ 400F g =23 TNF-a 5 S 1201
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Fig. 4. Comparison of the levels of synthesis of IL-6 (a), transforming growth factor-beta @)@}-and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (c) by myoblasts and myotubes after stimulation withwl(50 ng/ml), IL-13 (100 ng/ml), tumour necrosis
factor-alpha (TNFe) (1 ng/ml) and IFNy (50 U/ml) for 48 h. The values are presented as mean (pg/rslg.m. of three determinations in a
representative experiment.
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Fig. 5. Flow cytometric analysis of myoblasts for HLA class |, HLA class Il and intercellular adhesion molecule-1 (ICAM-1) after stimulation
with IL-1« (1 ng/ml), IL-13 (1 ng/ml), tumour necrosis factor-alpha (TNE1 ng/ml), IFN- (500 U/ml) and transforming growth factor-

beta (TGFB) (10 ng/ml) for 48 h. Dashed lines, shaded areas, and dotted lines represent isotype-matched controls, unstimulated myoblasts,
and stimulated myoblasts, respectively.

Constitutive and cytokine- and chemokine-stimulated expression ¢Fig. 5). IL-6 did not show any effect on class | expression (data not
HLA class I, class Il and ICAM-1 on muscle cells shown). In the absence of added cytokines, HLA class Il and
Normal human skeletal myoblasts constitutively express very lolCAM-1 expression was not detected. IRNnduced high levels of
levels of HLA class I. The proinflammatory cytokines at biologic- class Il expression, whereas other cytokines induced very low
ally active doses (IL-& 1 ng/ml, IL-13 1 ng/ml, TNF« 1 ng/ml, levels of HLA class Il expression. All the cytokines with the
and IFN< 500 U/ml) increased HLA class | expression on myo- exception of TGH3 induced significantly higher levels of ICAM-1
blasts, whereas TGF-reduced the basal levels of HLA class | expression on myoblasts (Fig. 5).

© 1998 Blackwell Science LtdClinical and Experimental Immunolog$13407—-414
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chemokines only MIP-& induced low levels of HLA class |
expression (Fig. 6e). Neither HLA class Il nor ICAM-1 expression
were affected by the chemokines (Fig. 6a—d).

. Cytokines IL-1, IL-13, TNF-, IFN-y and IL-6, and chemo-

r £, r £ kines IL-8, MIP-1x, MIP-13, RANTES, IL-8, Groee and MCP-1
were used to determine whether the differentiation of myoblasts
; into myotubes has any effect on HLA class | expression. HLA class
0 . 0 W 9 | was induced in myotubes by the same set of cytokines, which
10° 10" 102 10 104 10° 10" 102 10 104 induced class | expression in myoblasts. In myotubes, as in myo-

blasts, MIP-& stimulated low levels of HLA class | expression
1001 (c) 100 (d) (Fig. 7).

100 (a) 100~ (b)

DISCUSSION

1% Infiltration of skeletal muscle by inflammatory cells has been
A reported in a number of chronic pathologic conditions, including
s \ autoimmune inflammatory myopathies, muscular dystrophies, post-
' ' q PO ' poliomyelitis progressive muscular atrophy, and Graves’ disease
[12-14]. The cells are usually activated T cells, B cells, macro-
100f (e) 100 (f) phages, and occasionally natural killer (NK) cells [15—17]. These
activated immune cells are capable of secreting a variety of cyto-
! kines, and in fact various cytokines and chemokines have been
- found in muscle biopsies of inflammatory myopathies by a variety
nos o of techniques [11,18,19]. The source and the effects of these local

ARV :-' '-,_ cytokines, however, are not known.

Nl AL WA In the studies described here, we sought to determine
0 e zcane 0 T W Eee o y whether the proinflammatory stimuli induce the secretion of
100 10t 1 10° 100 100 102 10° 10° other proinflammatory cytokines by muscle cells themselves, and
Fig. 6. Flow cytometric analysis of myoblasts for HLA class | (e,f), HLA whether these St.imuli also up-regulate the immunologically impor-
class Il (c,d) and intercellular adhesion molecule-1 (ICAM-1) (a,b) after {@Nt surface antigens HLA class I and Il and ICAM-1 on muscle
stimulation with MIP-% (a,c,e) (100 ng/ml) and MCP-1 (b,d,f) (100 ng/ml) Cells. Although all of the experiments were performed with a fetal
for 48 h. Dashed lines, shaded areas, and dotted lines represent isotypeell line, the changes observed are consistent with many obser-

matched controls, untreated myoblasts, and stimulated myoblasts, respectiveiyations on adult muscle biopsies [17-19].
We show that normal human muscle celisvitro constitu-

Recent experiments have demonstrated that mRNA for chematively express IL-6 and TGIB; suggesting that these cytokines
kines MIP-Xx and RANTES are more commonly present in muscle have a role in muscle homeostasis. Indeed, IL-6 and BGByve
biopsy specimens of patients with inflammatory myopathies tharbeen shown to induce neuronal differentiation and to inhibit
are any of the proinflammatory cytokines [11]. Therefore, wemyogenesis [20]. The proinflammatory cytokines increased secre-
looked at the effects of various chemokines (Mi&-MIP-18, tion of both IL-6, which may help differentiation of B cells and
MCP-1, RANTES, IL-8 and Graex) on muscle cells. Of these activation of T cells in the inflammatory milieu [21], and T@F-

4
o
o
-
o
2
-
7
4
-
o
w
-
o
B

MIP-1c + MCP-1

MCP-1
MIP-1c
MIP-1p
RANTES
GROwo

Untreated
IL-8

IL-1o
IL-1B
TNF-a.
IFN-7y

IL-6

Class |

GAPDH k. 2 B E -

Fig. 7. Northern hybridization for the detection of HLA class | on myotubes after stimulation witred(2hg/ml), IL-13 (1 ng/ml), tumour
necrosis factor-alpha (TN&) (1 ng/ml), IFN- (500 U/ml), IL-6 (10 ng/ml) and chemokines IL-8 (100 ng/ml), MCP-1 (100 ng/ml), MéP-1
(2100 ng/ml), MIP-3B (100 ng/ml), RANTES (1 ng/ml), GR@-(100 ng/ml) and combination of MIPeland MCP-1 for 48 h.
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