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Abstract
Implantation of myoblasts into skeletal muscle still faces a number of problems that hinder its
efficient use as a cell-mediated gene therapy. In previous work, different types of cell implants,
ranging from minced muscle to myoblast lines, have been used and have yielded quite different
results. This raises questions about the proper type of muscle cell preparation to be used.
Expanded primary cultures of pure myoblasts should provide the ideal solution in terms of cell
characterization and sufficient cell numbers, and indeed, effective transplantations of such
preparations have been performed recently. However, mouse myogenic cultures seem to
transform readily in vitro to form permanent lines, previously shown>to be tumorigenic in vivo.
In this paper we report on unexpected immune responses after implantation of expanded
primary myoblasts into histocompatible hosts. Furthermore, it is shown that cultured myoblasts
can easily acquire immunogenic properties following a sudden change in culture medium
composition. These findings suggest that culture conditions might influence cell behavior in
vivo and indicate the necessity to develop adequate methods of quality control to assure
predictable transplantation results.
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Several problems concerning the efficiency of myoblast
transplantation as a therapeutic approach are being consid-
ered in this issue of BAM. Here we will consider the
dependence of in vivo results on type of implanted cell
preparation.

Transplantation of muscle tissue in the form of whole
muscle grafts is generally quite successful [3], as is implan-
tation of sliced muscle grafts into host muscles which has
resulted in good incorporation and long-term survival (up
to 1 year) of donor myogenic cells contained in the graft
[7]. Even minced muscle retains high regenerative capacity
in vivo and, in the mouse, can form functional muscle
tissue [2]. Limitations for use of such preparations are
mainly tissue availability and inapplicability of genetic cell
manipulations, but also immunogenicity [22].

Muscle precursor cells in the form of cell suspensions
have been implanted immediately after enzymatic tissue
disaggregation without culturing [20], and incorporation
of donor cells into the host muscle and survival for up to
several months have been documented [21, 22]. Implanta-
tion of myogenic cell suspensions from normal donors into
dystrophin-difficient mdx muscles has resulted in dystro-
phin expression in host muscles [17]. The efficiency of
such transplantations can be improved if the host muscle
is X-irradiated prior to cell implantation [16].

Primary cultures, i.e. myogenic cells cultured for short
periods (several days) and implanted before the first sub-
culture, survive poorly in vivo: most cells die during the
first few days, and the progeny of the remaining cells
disappears gradually over the next few weeks [6, 8, 9].
Prolonged survival (up to 9 months) and enhanced incor-
poration of donor myoblasts have been achieved after toxin
damage of the host muscle preceded by X-radiation of the
limb [19].

Several factors might have an impact on viability and
myogenicity of implanted cells in vivo. Numerous assaults
associated with cell culture (enzymatic digestions, cen-
trifugations, artificial media, etc.) might negatively influ-
ence cell viability. Trophic factors such as basic fibroblast
growth factor (bFGF) and crushed muscle mitogen [1,4]
are reduced or completely eliminated in cell suspensions
and cell cultures. The influence of trophic factors on pri-
mary cell behavior is illustrated by recent findings that

, addition of b FGF to the growth medium prior to implan-
tation improves cell survival [13]. It is also likely that
extracellular matrix molecules and/or non-myogenic cells
(e.g. fibroblasts) present in whole, sliced or minced muscle
grafts, but absent or reduced in cell cultures, support the
survival, proliferation and migration of myoblasts after
bulk implantation.
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One obvious limitation for use of primary cell suspen-
sions or cultures in cell-mediated gene therapy is that these
methods do not allow for growth of large numbers of cells.
This is not the case with immortal myoblast lines which are
available in unlimited quantities. Cells from such perma-
nent lines possess high myogenic potential and their prog-
eny survives for up to 660 days in vivo [23,24]. They give
rise to large amounts of new muscle tissue, both well
differentiated and innervated, and muscle contractile
strength is largely increased [24]. These results clearly
show that, in principle, myoblast transfer can be very
effective. However, after good initial differentiation, ma-
lignant tumors (rhabdomyosarcomas) inevitably form in
implanted muscles at periods of time which range, depend-
ing on the cell line clone, from 5 weeks to 4 months
post-implantation [24]. This finding generally seems to
preclude the use of permanent cell lines for myoblast
transfer. Cells from permanent lines have also enabled the
observation of "bystander" damage, i.e. damage to host
tissue during rejection of donor cells, a phenomenon lead-
ing to permanent structural and functional deficits in re-
generating muscles [12, 23, 25].

The last type of myogenic cells, which have only recently
been used, are expanded primary cultures [10, 18]. Pri-
mary cell cultures grown under conditions which preferen-
tially support the proliferation of myoblasts compared with
that of non-myogenic cells, soon contain nearly 100%
myoblasts. Rando and Blau [18] found survival of p-galac-
tosidase expressing myogenic cells without tumor forma-
tion in vivo over a period of 6 months. Using a
Y-chromosome specific probe we observed survival of
male Balb/c donor cells from expanded primary cultures
in female Balb/c mice for 4 months [10]. Interestingly,
numbers of surviving cells in this study were dependent
upon the degree of previous damage to the recipient mus-
cles; they were lowest in intact muscles, higher in moder-
ately cryodamaged muscles and highest in severely
cryodamaged muscles. In accordance with cell survival
there were corresponding increases in contractile strength
as compared to control cryodamaged muscles without cell
implantation: severely damaged muscles exhibited the
relatively best functional improvement, moderately dam-
aged muscles exhibited marginal improvement and intact
muscles did not show improvement. In these experiments
myogenic cells expanded over 2-6 passages were used and
no tumor formation or specific immune response was
observed within 4 months. From these results and from
what is known of the behavior of other cell preparations, it
would appear that expanded primary cultures are best
suited for myoblast transfer. However, mouse myoblasts
tend to form permanent lines in vitro, which enhances the
risk for tumor formation in vivo [26], Wernig and Irin-
tchev, unpublished results]. Also immunogenicity ob-
served with permanent cell lines [12, 23, 25] demands
stringent controls and further investigations.

We report here on a cytotoxic immune reaction in inbred
mice against early passages of two expanded primary

muscle cell cultures from C57B1/1OJ mice but not of a third
one grown under the same conditions. Such spontaneous
immunogenicity was not observed with similarly grown
Balb/c cultures (n = 6) [10] and unpublished results].
However, when the culture medium composition was
changed (withdrawal of supplemented basic fibroblast
growth factor, bFGF) non-immunogenic Balb/c cultures
did acquire immunogenic properties. These results clearly
indicate that culture conditions may influence cell proper-
ties and thus behavior in vivo.

Materials and Methods

Cell cultures

Primary cultures were prepared from male postnatal
Balb/c (n = 3) and C57B1/10J (n = 3) mice (4-13 days old)
and expanded for several passages in F-10 medium supple-
mented with foetal bovine serum (20%) and bFGF (2.5 ng
ml"1) as described elsewhere [10]. Three C57B1/10J and
two Balb/c cultures expanded under these conditions (pas-
sages 2-3) were used. In addition, supplementation with
bFGF in one of the Balb/c cultures was discontinued at
passage 2 and at passage 3 in two independent experi-
ments, respectively; these cells were then implanted after
expansion for an additional 1-2 passages. Control implan-
tations in Balb/c mice were performed with C2C12 cell line
[23] and with Balb/c primary myoblasts grown from the
onset without bFGF. Myoblast cultures were over 95%
pure as estimated from desmin staining [10] and myoblasts
fused to form myotubes in low-serum medium. No differ-
ences in cell growth rate or cell morphology among differ-
ent primary cultures were detected in vitro.

Animals and cell implantation

Balb/c and C57B1/10J mice, purchased from Charles
River Wiga (Sultzfeld, Germany) were bred in the labora-
tory. Primary myoblasts from male donor animals were
implanted into soleus muscles of 2-3 month-old female
littermates (35 Balb/c and 24 C57B1/10 mice). Cells were
implanted into cryodamaged soleus muscles (single
freeze-thaw cycle) as described previously [10]. The cell
suspension (10 cells in 2 jul Hanks' balanced salt solution
per muscle) was introduced as a single injection with a
Hamilton syringe (10 jul, gauge 22S) along the length of
the muscle. To exclude that immune reactions against
immunogenic Balb/c cells are due to H-Y antigens, these
cells were also implanted into male Balb/c host mice (n =
5). In two other control groups, cryodamaged muscles of
female Balb/c mice were implanted with C2nlsBAG cell
line cells (n = 5) or injected with 2 |ul Hanks' balanced salt
solution containing no cells (n = 5). Treatments of animals
were in accordance with the German law for protection of
experimental animals.

Histology

Soleus muscles (implanted and intact contralateral) were
harvested between 2 and 40 days post-implantation and
immediately frozen in melting isopentane. Staining was
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Figure 1. Numbers ofCD4+ (helper T-cells, A) and CD8+ (killer T-) cells, normalized per unit cross-sectional area, in
complete cross-sections from C57BI/10 soleus muscles which had been cryodamaged and implanted 2-40 days
earlier with cells from three different C57BI/10 cultures (indicated by different symbols). Each symbol represents
one section / muscle. One culture (squares) was implanted after 2 (open squares) and after 3 (filled squares)
subcultures. The other two cultures (circles and triangles) were implanted after only 2passages. After implantation
of one culture (circles) numbers of T-cells are low and within the range observed previously in cryodamaged
non-implanted muscles [23]. The other two cultures (squares and triangles) cause massive cellular infiltration.

done on serial cross-sections from the mid-belly of the
muscle. Sections were stained with 1% w/v toluidine blue/
1% w/v borax to reveal general muscle morphology. Im-
munofluorescent detection of major histocompatibility
complex (MHC) class I molecules (monoclonal antibody,
mAb, Rl -9.6) [14], desmin (muscle cell marker, mAb D33,
Dako, Hamburg, Germany), Lyt2 (mouse equivalent of
human CDS, killer subset of T-lymphocytes, mAb 53-6.7)

[15], L3T4 (CD4, helper T-cells, mAb GK 1.5) [5] and
Macl (CDlib, macrophages/monocytes, mAb Ml/70,
Boehringer Mannheim, Mannheim Germany) was done as
previously described [11, 12, 25]. The number of immune
cells was quantified on complete cross-sections (one for
each staining and muscle) and normalized per unit cross-
sectional area [12].

Figure 2. ImmunofluorescentstainingsofCD8+ T-lympho-
cytes (A) and desmin (B) in t\vo neighbouring
cross-sections from C57BU10 soleus muscle. The
muscle has been implanted 8 days earlier with
cultured myoblasts causing T-cell infiltration (sec-
ond muscle in the group indicated with open
squares in fig. 1). At this low magnification most of
the muscle cross-sectional area is visible. Two re-
gions (asterisks) contain numerous T-cells (A) but
no desmin-positive muscle cells (B), indicating de-
struction of muscle tissue. Higher background
straining (B, arrow) is seen in non-phagocytized
remnants of muscle fibers or myotubes that have
died either as a result of the cryodamage (an
unusual finding at 8 days after damage) or, more
likely, due to destruction by T-lymphocytes.
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Figure 3. Numbers ofCD4+ (T-helper; A, D), CD8+ (T-killer; B, E) and CD lib (Mad, macrophages/monocytes; C, F)
cells normalized per unit muscle cross-sectional area in Balb/c soleus muscles 2-26 days after cryodamage and
implantation of different syngenic primary cultures, and in different control muscles. Each point represents one
animal. Controls (A-C): cryodamaged non-implanted muscles (O), and muscles implanted with non-histocompat-
ible C2nlsBAG cell line (%) or cells from two different primary cell cultures grown with bFGF (O, A/ Numerous
T-cells associated with rejection ofC2nlsBAG myoblasts in the second and third week after implantation (A, B);
delayed disappearance ofmacrophages as compared to muscles with inconspicuous T-cell infiltrates is evident (C).
Muscles implanted with cells from one of the primary cultures (L]) contain low numbers ofCD4 cells (A), but no
T-killer cell infiltrates (B); reduction ofmacrophages with time precedes rapidly (C). Fig. 4D-E show muscles
implantated with cells deprived of bFGF (Q, D, A). Deprivation was undertaken independently two times (O and
D + A) starting with the same passage of cells grown with bFGF. Deprived cells induce massive infiltration of
T-helper cells (D) and to a lesser extent T-killer cells (E), and macrophages persist for longer periods in the muscles
(F). Immune infiltrates were not obviously caused by H-Y antigens since identical cells caused similar reactions in

female (O) and male (A) animals. In contrast, in muscles implanted with cells from a culture initially established
without bFGF (9) T-cell infiltration was not observed (D, E) and macrophage numbers declined more rapidly (F).

Results

Immune reactions against C5 7BI/10 cells but not Balb/c
cells

Myoblasts from early passages of expanded primary
cultures from Balb/c mice formed muscle fibers after im-
plantation into syngenic animals and contributed to muscle
contractile force [10]. Survival of donor-derived male cells
in female hosts for periods of up to 4 months, shown
previously with in situ hybridisation of a Y-chromosome
specific DNA probe [10], and the lack of significant infil-
tration of muscles by immune cells at early post-implanta-

tion periods in the present study (see below) indicate that
these Balb/c myoblast preparations were not immuno-
genic. Similarly, numbers of lymphocytes present 2-40
days after implantation of C57B1/10 cells from one culture
(passage 3) into C57B1/10 host muscles (circles in fig. 1)
were within the range previously observed for muscles
cryodamaged only, which indicates unspecific infiltration
of inflammatory cells. However, in muscles implanted
with cells from two other cultures from different C57B1/10
donors (both cultures at passage 2), there was significant
infiltration with a maximum in the second week post-im-
plantation (fig. 1, open triangles and open squares). Im-
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plantation of one of these cultures (open squares) after an
additional passage (passage 3) caused an even more mas-
sive infiltration (filled squares in fig. 1).

In C57B1/10 muscles implanted with the non-immuno-
genic cultured cells (filled circles in Fig. 1), neither MHC
class I expression in muscle fibers nor areas of muscle fiber
destruction (as seen in Fig. 2 B) were detected at 2-40 days
(not shown). In contrast, cytotoxic reaction was evident in
muscles into which immunogenic cells were implanted
(squares or triangles in fig. 1). These muscles exhibited
areas filled with numerous lymphocytes but devoid of
muscle cells (fig. 2A, B); in areas containing muscle cells
MHC class I positive muscle fibers were present (not
shown). These features were previously observed in the
course of rejection of non-histocompatible cells [12, 23].

Induction ofimmunogenicity in Balb/c myoblasts

While none of the Balb/c muscles implanted with regu-
larly grown cell preparations from inbred Balb/c mice used
in a previous study (n = 6) [10] displayed unusual T-cell
reactions between 5 and 30 days (open symbols in Fig.
3 A-C), muscles implanted with two samples, derived from
the same cultures and independently expanded in a me-
dium deprived of bFGF, contained large numbers of CD4
and CDS lymphocytes (open symbols in fig. 3D-F). By the
second week after implantation these muscles contained
MHC class I positive muscle fibers as well as necrotic
myofibres (not shown). It is unlikely that infection with
microorganisms caused this T-cell response, since transfer
of conditioned medium did not enhance immunogenicity
of cells grown continually in the presence of bFGF (data
not shown). Thus, due to different culture conditions, the
cells may be altered to cause T-cell reactions.

Discussion

We found T-cell reactions after implantation of bFGF-
deprived Balb/c cultures and this effect was reproducible.
Immunogenicity was not due to H-Y antigens since im-
plantation of these cells (male) into male recipients caused
similar infiltrates as in female hosts (fig. 3D-F). Nor can
immunogenicity be attributed to infection with microor-
ganisms (e.g., viruses or mycoplasma), since immuno-
genic properties could not be transfered to other culture
preparations by transfer of conditioned medium. Acquisi-
tion ofimmunogenicity in myogenic cells of Balb/c mice
is attributable to the culture conditions, specifically, the
change in medium composition, and not the absence of
bFGF supplementation per se, since myoblast cultures
established and expanded without bFGF (fig. 3D-F) were
not immunogenic.

How cultured cells develop immunogenic properties is
not clear. One may assume that initial culturing in the
presences of bFGF results in selection of cells dependent
on this substance for proliferation. Subsequent deprivation
may now cause selection of cells which are both immuno-
genic and less mitogen-dependent. It is also possible that
changes in growth conditions only modify the expression
of (a) cell surface or secreted molecule(s) such as adhesion,

chemotactic or mitogenic molecules causing accumulation
and activation of T-cells in implanted muscles.

Why immune reaction after implantation of C57B1/10
cultures occurred apparently "spontaneously" in two out
of the three preparations is not clear. The reason might be
a trivial one such as viral infection of the cultures, which
we have not excluded in these particular preparations.
Another possibility is that myoblasts react to culture con-
ditions in a strain-specific manner. Thus, C57B1/10 cells,
unlike Balb/c cells, might tend to become immunogenic
even without dramatic manipulation of culture conditions.
Vulnerability of myogenic cells to culture conditions may
even be species-specific: formation of permanent cell lines
which are tumorigenic, for example, readily occurs with
mouse cultures but have not been reported for human
myogenic cells.
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