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Mesenchymal stem cells infected with Mycoplasma
arginini secrete complement C3 to regulate
immunoglobulin production in b lymphocytes

D-S Lee1,6, TG Yi2,3,6, H-J Lee4, S-N Kim4, S Park5, M-S Jeon*,2 and SU Song*,1,2

Mesenchymal stem cells (MSCs) have immunomodulatory functions such as the suppression of T and B cells. MSCs suppress
immunoglobulin (Ig) production by B cells via cell–cell contact as well as via secretion of soluble factors. Our study showed that
the conditioned medium (CM) of MSCs infected with a mycoplasma strain, Mycoplasma arginini, has marked inhibitory effects on
Ig production by lipopolysaccharide/interleukin-4-induced B cells compared with mycoplasma-free MSC-CM. We analyzed
mycoplasma-infected MSC-CM by fast protein liquid chromatography and liquid chromatography to screen the molecules
responsible for Ig inhibition. Complement C3 (C3) was the most critical molecule among the candidates identified. C3 was shown
to be involved in the suppression of the Ig production of B cells. C3 was secreted by mycoplasma-infected MSCs, but not by
mycoplasma-free MSCs or B cells. It was able to directly inhibit Ig production by B cells. In the presence of a C3 inhibitor, Ig
inhibition by MSC-CM was abrogated. This inhibitory effect was concomitant with the downregulation of B-cell-induced
maturation protein-1, which is a regulator of the differentiation of antibody-secreting plasma cells. These results suggest that C3
secreted from mycoplasma-infected MSCs has an important role in the immunomodulatory functions of MSCs. However, its role
in vivo needs to be explored.
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Mesenchymal stem cells (MSCs) are adult stem cells that
have developmental lineage-restricted differentiation potential.
They can differentiate into mesenchymal tissues such as
bone, fat, and cartilage and can be isolated from various
tissues, including bone marrow, adipose tissue, and umbilical
cord.1 Although their differentiation potential is not as great as
that of embryonic stem cells or induced pluripotent stem cells,
MSCs are considered the most promising candidates for
clinical applications.2,3 A characteristic property of MSCs is
their immunomodulatory activity.4 Unlike other pluripotent
stem cells, MSCs are not immunogenic when administered
in vivo.5 Instead, they can alleviate host immune responses by
suppressing inflammation in instances of inflammatory
abnormalities. This immunomodulatory or immunosuppres-
sive property of MSCs has accelerated the research and
development of their clinical use. In fact, accumulating
evidence indicate that MSCs regulate various types of
immune cells.6,7 MSCs inhibit T-cell proliferation, dendritic
cell differentiation, and natural killer cell activation, whereas
they promote the generation of regulatory T cells.8–11

In addition, few studies have focused on the effect of MSCs
on B cells but the results are contradictory. Some studies
reported that MSCs could suppress the activation, prolifera-
tion, and differentiation of B cells.12–19 Other studies showed
that MSCs induce B-cell expansion and differentiation.20–22

Furthermore, most of them reported that soluble factor(s)
might have an important role in B-cell immunomodulation.
However, the molecular mechanism of how MSCs regulate B
cells is not fully understood yet.

Mycoplasmas are very small bacteria lacking cell walls and
are the smallest free-living organisms capable of self-replica-
tion.23 Mycoplasma contamination tends to be ignored in many
laboratories without a stringent quality control. Many researchers
fail to notice mycoplasma contamination owing to the
absence of visible signs in routine culture.24 As a result, some
mycoplasma-contaminated cultures have been used unknow-
ingly in research for years. However, mycoplasmas can affect
the key characteristics and functions of cells. For example,
mycoplasma-derived macrophage-activating lipoprotein 2
induces inflammatory cytokines in myeloid dendritic cells
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and macrophages.20 Mycoplasma arginini produces a lipid-
associated membrane lipopeptide that is an agonist of toll-like
receptor-2/6.25 This lipopeptide regulates the production of
several cytokines via nuclear factor-k B in infected cells.21

Before conducting this study, we had investigated the
biological mechanism of MSC-mediated B-cell regulation.
Unfortunately, some of our MSC cultures were found to be
contaminated with mycoplasmas by our routine quality control
program. Interestingly, these MSCs were still found to
effectively suppress T and B-cell functions despite the
mycoplasma infection. They did not lose their stem cell
properties such as differentiation potential and stem cell
marker expression. Recently, mycoplasma-contaminated
MSCs were reported to enhance the inhibition of T-cell
proliferation in vitro.26 Thus, the accidentally detected
mycoplasma contamination in our laboratory prompted us to
examine whether mycoplasmas affect the MSC-mediated
regulation of B-cell functions.

In this study, we showed that a mycoplasma infection allows
MSCs to significantly regulate B-cell functions. We demon-
strated that MSCs are significantly altered by mycoplasma
infection to differentially express various soluble protein
factors that are not present in uninfected cells. In particular,
complement C3 (C3) was identified as a potent soluble factor
responsible for the negative regulation of Ig production in B
cells in vitro. Here, we describe our observation and present
evidence that mycoplasma contamination has a great
influence on MSCs to modulate B-cell functions.

Results

B-cell immunoregulatory activity of MSC-secreted
factors was possibly correlated with their mycoplasma
infection. It has been suggested that soluble factors
secreted from MSCs have an important role in inhibiting
antibody-producing B cells.18 Thus, we attempted to evaluate
the regulatory activity of conditioned medium (CM) of MSCs
(MSC-CM) harvested from our clonal MSCs on the Ig
production by B cells. When splenic B cells isolated from
Balb/c mice were stimulated with lipopolysaccharide (LPS)/
interleukin-4 (IL-4), IgE production was observed (Figure 1a).
Co-culture of B cells with MSCs almost completely suppressed
IgE production by B cells. Similarly, MSCs suppressed the
IgE production in transwell cultures as effective as in
co-cultures, suggesting that a soluble factor(s) is responsible
for the IgE downregulation. When CM harvested from MSCs
normally cultured for 3 days was applied to LPS/IL-4-
stimulated B cells, it still potently suppressed IgE production,
comparable to co-cultures or transwell cultures. Surprisingly,
significant IgE downregulation by MSC-CM was observed
even at a dilution of 25 600-fold, suggesting that an unknown
powerful B-cell inhibitor(s) may be present in the MSC-CM
(Figure 1b). In addition, inhibition of Ig production by MSC-
CM appeared to be general rather than isotype-specific
because the production of other Ig isotypes, including IgG1
and IgM, was also substantially inhibited by MSC-CM
(Figures 2a and b). Our next goal was to identify the soluble
factors that are responsible for the IgE downregulation in B
cells. During the process, it was unexpectedly found by our
routine quality control program that this MSC-CM was

contaminated with mycoplasma (Supplementary Figure 1).
Because a recent study reported that T-cell inhibition by
MSCs is markedly affected by mycoplasma infection,27 we
then tried to examine whether B-cell inhibition by MSC-CM is
also influenced by mycoplasma infection. In order to
eradicate mycoplasmas from infected MSCs, the cells were
treated with a commercial antimycotic reagent according to
the manufacturer’s instruction. Mycoplasma eradication from
MSCs was verified by the negative result of the mycoplasma
PCR (Figure 2b). Surprisingly, CM harvested from antimycotic-
treated MSCs did not downregulate IgE production by B cells.
Furthermore, the production of other immunoglobulins,
including IgM and IgG1, was not inhibited by the same
antimycotic-treated MSC-CM (Figure 2a). These results
strongly suggest that MSC-CM-mediated Ig downregulation in
B cells is possibly correlated with mycoplasma contamination.

M. arginini was responsible for Ig downregulation by
MSC-CM. Next, we analyzed the DNA present in myco-
plasma-infected MSC-CM to identify the infecting
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Figure 1 MSCs inhibited IgE production in B cells. (a) Purified B cells secreted
IgE in the presence of LPS (10 mg/ml) and IL-4 (30 ng/ml). When MSCs were co-
cultured, IgE secretion from B cells was significantly decreased. IgE downregulation
was observed in the absence of cell–cell contact between MSCs and B cells in a
transwell system. CM harvested from MSCs after 3-day cultivation also markedly
inhibited IgE production. Extracellular protein levels of IgE were quantitatively
measured by ELISA. (b) LPS-IL-4-mediated IgE induction was significantly
suppressed by serial dilution of MSC-CM. NC, negative control with no stimulus;
CC, co-culture; TW, transwell system; CM, MSC-CM
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mycoplasma strain. DNA sequence analysis strongly indicated
that M. arginini is the infecting strain (Supplementary Figures
1a and b; Supplementary Table 1). To determine whether this
strain is specifically responsible for Ig downregulation by
MSC-CM, we purchased the identified strain from American
Type Culture Collection (ATCC, Manassas, VA, USA). Our
approach was to evaluate whether mycoplasma infection
explains the MSC-CM-mediated Ig downregulation in B cells
by directly infecting healthy MSCs with cultured microbes.
Mycoplasma-free MSCs were directly infected with different
titers of the mycoplasma strain and PCR analysis was then
performed for its detection. M. arginini-specific PCR detection
was verified (Supplementary Figure 1b). On the basis of semi-
quantitative PCR results, we estimated that there are B20
colony-forming units per milliliter (cfu/ml) of M. arginini in
MSC-CM (Supplementary Figure 1c).

We then determined the minimal number of M. arginini
required to infect two different cell types, mouse dermal
fibroblasts (MDFs) and MSCs. Mycoplasma-free MSCs and
MDFs were inoculated with several cfu/ml of M. arginini and

cultured. On the basis of the results of M. arginini-specific
PCR, the minimal numbers of microbes required for success-
ful infection were 20 cfu/ml for MDFs and 40 cfu/ml for MSCs
(Figure 3a). When CMs harvested from mycoplasma-free or
-infected cells were evaluated for their effect on the IgE
production in B cells, only CMs from M. arginini-infected cells
inhibited the IgE production in B cells, regardless of the cell
type (Figure 3b). CMs from M. arginini-free MSCs or MDFs did
not influence the IgE production in B cells. On the other hand,
we wondered whether M. arginini itself affects the IgE
production in B cells. When M. arginini was added to LPS/
IL-4-stimulated B cells, the IgE production was significantly
reduced (Figure 3c). It appeared that just 2 cfu/ml of
M. arginini were sufficient for IgE downregulation (Figure 3c).
In addition, other Ig isotypes such as IgG1 and IgM were also
significantly downregulated by M. arginini (Figure 3d). These
results suggest that the inhibition of the Ig production in B cells
is specifically correlated with the presence of M. arginini.

Cellular soluble factors secreted from M. arginini-
infected MSCs contributed to Ig downregulation in B
cells. Intriguingly, we noticed that a highly diluted MSC-CM
sample could inhibit IgE production, although mycoplasma
was not detectable by PCR (sample 5; 25 600-fold dilution,
Figure 4a). This observation implied the existence of a
secreted cellular factor(s) other than mycoplasma particles.
Therefore, we hypothesized that a soluble factor(s) secreted
from mycoplasma-infected MSCs may mediate Ig down-
regulation in B cells. To investigate whether a soluble
factor(s) present in mycoplasma-contaminated MSC-CM
is involved in Ig downregulation, we simply removed
mycoplasma particles from MSC-CM by passing through a
0.22-mm filter and then used the filtered CM to assay its effect
on IgE production. The filtrate inhibited the IgE production in
B cells to the same extent as non-filtered CM did (Figure 4b).
The absence of mycoplasma in this filtrate was confirmed by
PCR as shown in Figure 4b. These results indicate that not
only mycoplasma particles but also an unknown soluble
cellular factor(s) secreted from mycoplasma-infected MSCs
contributes to the immunoregulatory functions of B cells.

Next, in order to confirm and characterize a soluble factor(s)
that inhibits the IgE production in B cells, the MSC-CM was
subjected to heat inactivation, protein transport inhibition, and
size fractionation. First, we measured the inhibitory activity of
the CM after boiling (or heat inactivation) to examine whether
the soluble factor(s) is a protein. Boiling abrogated the
inhibitory activity of MSC-CM on IgE production, indicating
that the soluble factor(s) is a protein (Figure 5a). Second, we
examined the effect of monensin, a protein transport inhibitor,
on the inhibitory activity of MSC-CM. IgE downregulation was
not observed when monensin-treated MSC-CM was used,
suggesting that the soluble protein factor(s) is synthesized
intracellularly and secreted extracellularly through a cellular
protein transport process (Figure 5b). This result was also
consistent with the result from the heat inactivation experi-
ment. Third, we tried to approximate the size of the molecule
by fractionating MSC-CM according to the molecular weight.
The size of the putative soluble factor(s) was estimated to be
over 50 kDa (Figure 5c). Next, we performed fast protein liquid
chromatography (FPLC) to separate the putative soluble
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Figure 2 CM harvested from mycoplasma-free MSCs did not inhibit IgE
production in B cells. (a) In addition to IgE, production of other Ig isotypes including
IgM and IgG1 was also decreased by mycoplasma-contaminated MSC-CM in LPS/
IL-4-stimulated B cells. However, Ig production (IgE, IgG1, and IgM) was not
observed when mycoplasma-free MSC-CM was added. (b) Mycoplasma infection
was determined by PCR. myco(þ ), CM from mycoplasma-infected MSCs;
myco(� ), CM from mycoplasma-free MSCs
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factor(s) from MSC-CM according to the molecular weight
(Figure 5d). IgE downregulation in B cells was evident in only
three fractions (fractions 12, 13, and 14) (Figure 5e). The
other fractions were excluded because their effect on IgE
inhibition was unclear. No inhibition was observed in MDF-CM
fractions or the culture medium (Figure 5f). Therefore, these
results suggest that M. arginini-infected MSCs secrete a
soluble protein molecule(s) that is able to inhibit the IgE
production in B cells.

C3 secreted from M. arginini-infected MSCs was identi-
fied to negatively regulate Ig production in B cells. To
identify the soluble factor secreted from mycoplasma-
infected MSCs responsible for the downregulation of IgE in
B cells, we performed liquid chromatography (LC) analysis
with fraction 13 of MSC-CM, MDF-CM, and medium. Among
the top 100 proteins identified according to peptide score and
coverage percentage (Supplementary Table 2), we selected
12 candidate molecules of which the expression was
exclusive in MSC-CM according to their potential role in
B-cell regulation (Table 1). We further selected four proteins,
including C3, haptoglobin, translationally-controlled tumor
protein (TCTP), and cathepsin L; the protein expression of
each molecule in MSC-CM was confirmed by either an
enzyme-linked immunosorbent assay (ELISA) or western
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Figure 3 M. arginini specifically downregulated IgE production in B cells. (a) To
estimate the minimal numbers of infecting mycoplasma required to infect host cells,
two cell types including MDF and MSC were infected with 10–80 cfu/ml of cultured
M. arginini. MDF was included because it is a type of fibroblast without stem cell
properties. M. arginini-specific PCR was performed for validity of infection. (b) IgE
levels in LPS/IL-4-stimulated B cells were measured after incubation with CMs
harvested from mycoplasma-free cells or from M. arginini-infected cells. In parallel,
M. arginini infection to MDF or MSC was determined by PCR. (c) Several numbers
of M. arginini (1, 2, 4, and 20 cfu/ml) were directly added to LPS/IL-4-stimulated B
cells and then secreted IgE concentration was measured by ELISA. Significant
existence of M. argininiin CM was determined by PCR. (d) After M. arginini (20 cfu/ml)
was added to LPS/IL-4-stimulated B cells, IgG1 and IgM levels were determined by
ELISA. myco(þ ), CM from mycoplasma-infected MDFs or MSCs; myco(� ), CM
from mycoplasma-free MDFs or MSCs, Ma, M. arginini
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blot analysis (Supplementary Figure 2). Among these four
candidate proteins, we investigated the effect of C3, the most
potential candidate with the highest peptide score in the LC
analysis. When MSCs were infected with M. arginini, C3 was
detected in the CM (Figure 6a). However, it was not detected
in CM harvested from B cells after mycoplasma infection
(Figure 6a), indicating that M. arginini infection specifically
affects MSCs to secrete C3. Mouse C3 protein by itself
downregulated IgE as well as IgG1 and IgM in B cells

(Figures 6b and c). As expected, heat-inactivated C3
treatment of B cells did not reduce the IgE production
(Figure 6b). To obtain further evidence of C3 involvement,
the downregulation of IgE by mycoplasma-infected MSC-CM
was evaluated in the presence of the C3 inhibitor compstatin.
Treatment with compstatin reversed the MSC-CM-mediated
downregulation of IgE in a dose-dependent manner
(Figure 6d). In the presence of compstatin, mycoplasma-
infected MSC-CM did not reduce the production of IgG1 and
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IgM (Figure 6f). The inhibition of IgE production with a size-
fractionated sample (fraction 13) of mycoplasma-infected
MSC-CM was also abrogated by compstatin treatment
(Figure 6e). Taken together, these results suggest that C3
secreted from mycoplasma-infected MSCs may inhibit Ig
production in B cells by hampering B-cell differentiation into
antibody-producing plasma cells. To investigate this possibi-
lity, we examined whether B-cell expression of B-cell-
induced maturation protein-1 (Blimp-1), one of the most
important regulators in plasma cell differentiation, was
influenced by C3 treatment. Blimp-1 expression in B cells
was enhanced by LPS/IL-4 stimulation, whereas its expres-
sion was completely blocked by either mycoplasma-infected
MSC-CM or C3 protein (Figure 6g). Compstatin treatment
restored the MSC-CM-induced inhibition of the Blimp-1
expression (Figure 6g). Furthermore, C3, inactivated by
boiling, did not block the Blimp-1 expression (Figure 6g).
Although it remains unclear at present whether C3 sup-
presses the Blimp-1 expression directly or indirectly, it is
evident that mycoplasma infection-associated abnormal C3
expression from MSCs negatively regulates B-cell differen-
tiation. Collectively, our results showed that mycoplasma
infection enhances the MSC-mediated B-cell immunosup-
pression by altering MSCs to secrete C3, thereby mediating
the inhibition of B-cell differentiation.

Discussion

Over the past decade, the finding that ex vivo-expanded MSCs
can modulate immune responses has promoted the clinical
translation of stem cell therapy. The MSC-mediated immuno-
modulation of T cells has been largely investigated, whereas
relatively less attention has been paid to B-cell regulation by
MSCs. Only few studies reported the effects of MSCs on B
cells, showing contradictory results. Some works showed that
MSCs induce antibody production in the presence of spleno-
cytes or a TLR9 ligand.20–22 In particular, antibody-producing
plasma cells were induced via cell–cell contact in the presence
of MSCs, when B cells from patients with systemic lupus
erythematosus were stimulated with a TLR9 ligand.21 Similar
results were observed in mice; MSCs inhibited the antibody
production by B cells in the presence of LPS, splenocytes, or a
TLR9 ligand,16–19 whereas MSCs increased the in vivo

production of IgM and IgG in both T-cell-dependent and -
independent manners.22 Contrarily, other studies showed that
MSCs suppress the antibody production by human B cells in
the presence of activated T cells, plasmacytoid dendritic cells,
or a TLR9 ligand.12–15 It has been demonstrated that MSCs
inhibit the antibody production by B cells in transwell systems
as well as in co-culture systems.12,14,15,18,19 Considering these
results, soluble factors secreted from splenocytes, peripheral
blood mononuclear cells, or B cells probably activate MSCs
and the activated MSCs inhibit B-cell functions subsequently.
However, Rafei et al.17 reported that MSC-CM alone is
sufficient to decrease the number of antibody-producing
splenocytes from ovalbumin-immunized mice. The authors
suggested that the soluble factors secreted from MSCs are
matrix metalloproteinases and chemokine (C-C motif) ligand 2,
which suppress the antibody production in B cells.17 This
discrepancy between MSC activation by neighboring cell-
secreted soluble factors and MSC-secreted molecules them-
selves may be owing to different stimulators and conditions,
different MSCs, or undefined factors.

In this study, we showed for the first time how an unexpected
mycoplasma contamination in MSC cultures can affect B-cell
functions. Mycoplasma contamination is a well-known problem
in cell culture laboratories. The most common contaminants in
cell cultures include M. arginini, M. fermentans, M. orale, M.
hyorhinis, and Acholeplasma. laidlawii.24 However, little has
been reported on the effects of mycoplasma contamination in
MSCs. Zinocker et al.26 showed that mycoplasma-contami-
nated MSCs enhance the inhibition of T-cell proliferation
in vitro. Their MSCs were found to be contaminated with M.
hyorhinis. In our study, M. arginini was identified as MSC-
infecting mycoplasma strain (Supplementary Figure1) and
found to be significantly correlated with antibody downregula-
tion. Intriguingly, we found that M. arginini not only directly
suppressed the Ig production in B cells but also indirectly
downregulated Ig production without affecting the activation
status of B cells (Supplementary Figures 3a and b). The direct
downregulation by M. arginini appeared to be different from the
indirect mechanism with no influence on B-cell activation.
Although IgE production was downregulated by direct addition
of M. arginini to B-cell cultures, the mycoplasma rather
increased B-cell proliferation (unpublished data). We speculate
that hyperactivation of B cells by M. arginini likely suppressed
IgE production.28 On the other hand, the indirect down-
regulation occurred through C3, which is induced by M.
arginini-infected MSCs (Figure 6a). In addition, C3 alone could
suppress the Ig production in B cells (Figures 6b and c).

C3 has a central role in the activation of the complement
system and contributes to innate immunity. C3 convertase
catalyzes the proteolytic cleavage of C3 into C3a and C3b
during activation.29 In humans, complement receptor 1 (CR1
or CD35) and 2 (CR2 or CD21) are expressed on B cells. CR1
binds to C3b and prevents B-cell differentiation to plasma-
blasts and their Ig production, whereas CR2 binds to iC3b,
C3dg, or C3d and transduces a positive activation signal upon
colligation with surface IgM.30–32 The mouse complement
system is quite different from the human system. In mice, CR1
and CR2 are generated by alternative splicing of Cr2. In Cr2
(CD21-CD35)-deficient mice, B cells exhibited a reduction in
Blimp-1 expression and impaired antibody persistence

Table 1 List of proteins that regulate B-cell functions among the top 100
proteins identified from conditioned medium of Mycoplasma arginini-infected
mesenchymal stem cells

Rank Genes PS PC (%) Description Reference

1 Complement C3 1244 31.3 Differentiation 28

5 CTSB 598 46.9 Pro B-cell proliferation 29

27 HSP90B1 325 17.1 Early B cells 30

36 Cathepsin L 279 21.6 APC apoptosis 31

45 Haptoglobin 224 22.5 Migration and function 32

47 BIP 220 22.9 Anti-inflammation 33

51 HSP90AB1 213 12.3 Early B cells 30

57 TCTP 188 30.8 Allergy 34

60 Gelsolin 177 11.4 BCR signalosomes 35

63 HSP84 167 11.2 Early B cells 30

68 Biglycan 154 21.7 Proliferation 36

88 Moesin 127 9.9 BCR microclusters 37

Abbreviations: APC, antigen-presenting cell; BCR, B cell receptor;
PC, percentage of coverage; PS, peptide score
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paralleled by a strongly reduced development of bone marrow
plasma cells.33 These findings suggest that complement
receptors maintain antibody responses by delivering differ-
entiation and survival signals to bone marrow plasma cell
precursors. Unlike in vivo findings, our study showed that C3
directly inhibits Ig production in LPS/IL-4-induced mouse B
cells in vitro. This inhibition was rescued by compstatin, a
peptide inhibitor of the complement system (Figures 6d–f).
Compstatin binds directly to C3 and prevents the cleavage of
C3 into C3a and C3b by the C3 convertase.34 It seems that the
cleaved C3 product C3b is required for Ig downregulation in B
cells. However, it remains unknown whether mouse CR1

negatively regulates B-cell differentiation, as demonstrated in
human B cells. Pappworth et al.35 generated human CR1
(hCR1) transgenic mice in the presence of mouse CR1/2. In
these mice, the number of CD138-positive plasma cells was
reduced in spleens of antigen-immunized mice compared with
negative control mice, suggesting that hCR1 overexpression
may alter B-cell differentiation in mice.35 On the basis of these
data and our results, we speculate that C3 from M. arginini-
infected MSCs can bind to CR1 and inhibit B-cell differentia-
tion via inhibition of Blimp-1 expression. However, the
molecular mechanism by which C3/C3b regulates Blimp-1
expression needs to be elucidated.
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Figure 6 C3 secreted from M. arginini-infected MSC-CM was responsible for Ig downregulation in B cells. (a) Secreted C3 level in M. arginini-infected MSC-CM was
quantitatively measured by ELISA. C3 secretion was apparent only in mycoplasma-infeced MSCs. C3 was not detected in B-cell-CM (B-CM) regardless of mycoplasma
infection. (b) When mouse C3 (10 ng/ml) was added to LPS/IL-4-stimulated B cells, it significantly inhibited IgE production as mycoplasma-infected MSC-CM. IgE
downregulation was abrogated when boiled C3 was added to the culture. (c) Elevated production of IgG1 and IgM in LPS/IL-4-stimulated B cells was also reduced with C3
treatment (10 ng/ml). (d) Compstatin suppressed IgE downregulation by mycoplasma-infected MSC-CM in a dose-dependent manner. (e) IgE production inhibited by a FPLC
fraction number 13 was restored by compstatin. (f) Compstatin treatment restored the reduced production of IgG1 and IgM by mycoplasma-infected MSC-CM. (g) Blimp-1
expression in LPS/IL-4-stimulated B cells was examined by semi-quantitative RT-PCR. In B cells, Blimp-1 expression induced by LPS/IL-4 stimulation was not observed by
addition of mycoplasma-infected MSC-CM or by C3 treatment. In the presence of compstatin, Blimp-1 downregulation by the MSC-CM was restored. It is likely that boiled C3
treatment does not downregulate Blimp-1 expression. myco(þ ), CM from mycoplasma-infected MSCs or B cells; myco(� ), CM from mycoplasma-free MSCs or B cells.
Significance was *Po0.01, **Po0.001, or ***Po0.01
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M. arginini is a mammalian parasite found in a number of
animal species. Accumulating evidence in the case reports
suggests the pathogenic role of M. arginini as a new human
zoonosis. M. arginini was first reported to cause a fatal
septicemia with pneumonia in a 64-year-old patient with
advanced non-Hodgkin’s lymphoma.36 A recent case report
provided another evidence of eosinophilic fasciitis associated
with M. arginini infection in a 23-year-old man.37M. arginini
was also reported to be isolated from an open femur fracture
by an African lion attackin a 56-year-old hunter and from the
blood of an immunocompromised Japanese patient with
advanced non-Hodgkin’s lymphoma.27,38 Therefore, these
findings suggest the pathogenicity of M. arginini in humans.

The results of our study speculate a potentially new mechanism
of the immunomodulatory function of infused MSCs in vivo, which
is difficult to observe in vitro. For example, MSCs transplanted into
a patient can encounter pathogens in the blood stream and then
get stimulated and secret immunomodulatory factors, such as C3
as demonstrated in this study, to regulate the transcription of
genes in immune cells. If this is true, the response of MSC
treatment to patients may vary depending on the pre-existing
condition of each patient, which may require a pre-examination of
patients before MSC transplantation. However, the relationship
between a host pathogen and MSCs remains elusive. The
immunomodulatory effects of MSCs are being exploited in clinical
settings, for example, in patients with autoimmune diseases such
as graft-versus-host disease, rheumatoid arthritis, type I diabetes,
and Crohn’s disease, after allogeneic stem cell transplantation.
The findings of this study may initiate the unfolding of unknown
mechanisms of immunomodulatory functions of MSCs and
provide a scientific basis of why MSCs have different outcomes
on a wide range of immune diseases.

It is unlikely that mycoplasma contamination deprives MSCs
of their stem cell properties, including differentiation potential,
proliferation, cytokine secretion, and stem cell marker expres-
sion. Thus, mycoplasma contamination in MSC cultures may
not be recognized. Because mycoplasma-infected MSCs show
remarkably enhanced immunomodulatory activity, more atten-
tion and routine examination is required, especially in
investigations on the immunomodulation of MSCs.

Our present study suggests that C3 secreted from M.
arginini-infected MSCs has an important role in Ig production
of B cells via regulation of Blimp-1. However, its role in vivo
needs to be explored. In addition, further study is required as
to whether C3 treatment itself has the same effects in vivo as it
has in M. arginini-infected MSCs.

Materials and Methods
Cell culture. MSCs were isolated from C3H HeN (Orient, Seongnam, Korea)
bone marrow according to the subfractionation culturing method.39 MDFs were
isolated from C3H HeN dermal tissue. These two cell lines were incubated using
Dulbecco’s modified Eagle’s medium with low glucose (Gibco, Carlsbad, CA, USA)
and supplemented with 10% fetal bovine serum (Gibco) and 1� antibiotic-
antimycotic solution (Gibco) at 37 1C in 5% CO2. B cells were isolated from Balb/c
splenocytes using the EasySep Mouse B Cell Enrichment Kit (StemCell
Technologies, Vancouver, BC, Canada) and cultured in RPMI 1640 (Hyclone,
South Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco),
2-mercaptoethanol (Gibco), and 1� antibiotic-antimycotic solution (Gibco).

CM preparation. MSC- or MDF-derived CM was harvested 3 days post
incubation. For some experiments, CM was subjected to some modifications;

CM was filtered using a 0.22-mm syringe filter (Pall Corporation, Port Washington,
NY, USA); filtered CM was heat-inactivated at 100 1C for 5 min; CM was treated
with different doses (15–60mM) of compstatin (TOCRIS, Bristol, UK), which is a
C3 inhibitor; CM was separated using filter units with a molecular weight cutoff size
of 50 or 100 kDa (Millipore, Billerica, MA, USA). For FPLC separation and western
blot analysis, 200 ml of filtered CM, which was harvested 3 days post incubation in
the absence of serum, were concentrated (200� ) using filter units with a
molecular weight cutoff size of 50 kDa. For ER/Golgi block, cells were incubated
for 24 h with 2 mM of monensin (Sigma, St. Louis, MO, USA), which blocks the
protein transport from the endoplasmic reticulum to the Golgi apparatus. Then, CM
was harvested and filtered by using a 0.22-mm syringe filter.

Co-culture and B-cell treatment. The experiments were set up using
24-well culture plates (1 ml culture medium per well). Briefly, 105 cells of MSCs in
100ml of MSC culture medium were mixed with 106 B cells for co-culture
experiments. For transwell experiments, cells were seeded on the upper side of a
transwell chamber (Corning, Tewksbury, MA, USA) on a membrane with a 5.0-mm
pore size. CM was added at a 1 : 10 (v/v) ratio to B cells (unmodified and filtered,
boiled, or size-fractionated, respectively). B cells were stimulated with 10 mg/ml
LPS (Sigma) and 30 ng/ml mouse IL-4 (Prospec-TanyTechnogene, Rehovot,
Israel). Mouse C3 (Kamiya Biomedical Co., Seattle, WA, USA) was treated with B
cells at a concentration of 10 ng/ml.

ELISA and western blot analysis. The titers of IgE, IgM, and IgG1 in
culture medium of B cells were measured by using ELISA (BD Pharmingen, San
Diego, CA, USA). Levels of C3 and haptoglobin in CM were measured by using
the C3 ELISA kit (Kamiya Biomedical Co.) and the Haptoglobin ELISA kit (Abnova,
Taipei, Taiwan). TCTP and cathepsin L in the CMs were detected by performing a
western blot analysis using the following antibodies; purified mouse anti-TCTP
(BD Biosciences, San Jose, CA, USA), mouse anti-cathepsin L (Pierce, Rockford,
IL, USA), and horseradish peroxidase-conjugated anti-mouse IgG (Santa Cruz
Biotechnology, Dallas, TX, USA).

Mycoplasma. Mycoplasmas in CM and cell lysates were detected by
using a mycoplasma detection kit (e-Myco, iNtRON, Sungnam, Korea) and
M. arginini-detecting PCR using the following primer sequences: Forward:
50-GATTCCGTTGTGAAAGGAGC-30, Reverse: 50-TCAAGCTTTCGCTC ATTGTG-30.
The 16S ribosomal DNA region of the strain with which the cell lines were infected
was amplified by PCR and sequenced. These sequences were then compared
with those in the NCBI databases using BLAST version 2.2.28þ . M. arginini
(ATCC 23243) was obtained from ATCC and propagated in mycoplasma
medium.26 For mycoplasma eradication, mycoplasma-contaminated MSCs were
treated with a commercial antimycotic reagent MycoGONE (Genlantis, San Diego,
CA, USA) according to the manufacturer’s instruction. Mycoplasma eradication
was evaluated by PCR. Mycoplasma infection was done by inoculating
mycoplasma-free MSCs or MDFs with M. arginini and cultured for 3 days.
Successful infection of the cells was confirmed by PCR (Bio-Rad, Hercules,
CA, USA).

FPLC purification. FPLC was performed on an ÄKTA Prime plus system
(GE Healthcare Life Sciences, London, UK). The concentrated CM was loaded
onto a superose 12 10/300 GL column (GE Healthcare Life Sciences) equilibrated
in phosphate-buffered saline. The column was eluted with two-column volumes of
buffer. The fractions were filtered with a 0.22-mm syringe filter before using them
for treatment of B cells.

LC. The FPLC fractions that had an effect on the IgE production of B cells were
digested with trypsin (Promega, Madison, WI, USA). Nano-LC-tandem mass
spectroscopy (MS/MS) analysis was performed on an Agilent 1100 series nano-LC
and LTQ-mass spectrometer (Agilent, Santa Clara, CA, USA). The capillary
column used for LC-MS/MS analysis (150� 0.075 mm) was obtained from
Proxeon (Odense M, Denmark) and slurry-packed in house with Magic C18
stationary phase (5 mm particle size, 100 Å pore size; MichromBioResources,
Auburn, CA, USA). The mobile phase A for LC separation was 0.1% formic acid in
deionized water and mobile phase B was 0.1% formic acid in acetonitrile. The
chromatography gradient was set up to give a linear increase from 5 B to 35% B in
100 min, from 40 B to 60% B in 10 min, and from 60 B to 80% B in 20 min. The
flow rate was maintained at 300 nl/min after splitting. Mass spectra were acquired
using data-dependent acquisition with full mass scan (400–1800 m/z) followed by
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MS/MS scans. Each acquired MS/MS scan was an average of three microscans
on the LTQ. The temperature of the ion transfer tube was controlled at 200 1C and
the spray voltage was in the range 1.5–2.0 kV. The normalized collision energy
was set at 35% for MS/MS. Mass tolerances of 1.2 and 0.6 Da were used for
precursor and fragment ions, respectively. Peptides were allowed to be variably
oxidized at methionine residues and to be variably carboxyamidomethylated at
cysteine residues.

Reverse transcription (RT)-PCR. Total RNA was isolated from LPS/IL-4-
induced B cells using a total RNA extraction kit, easy-BLUE (iNtRON). RNA was
reverse-transcribed using AccuPower RT PreMix (Bioneer, Daejeon, Korea) and
OligodT (Bioneer). Blimp-1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were detected by PCR using the following primer sequences:
Blimp-1-F: 50-TGGTATTGTCGGGACTTTGC-30, Blimp-1-R: 50-TGGGGACACTCTTT
GGGTAG-30, GAPDH-F: 50-CCACTGGCGTCTTCACCAC-30, GAPDH-R: 50-CCT
GCTTCA CCACCTTCTTC-30. GAPDH was used for loading the control.
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