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Abstract

Mesenchymal stem cells (MSCs) are widely distributed throughout the body. Despite intensive
studies on the immunosuppressive effect of MSCs, little is known about whether MSCs affect
lymphocyte apoptosis. We investigated the effect of MSCs on the spontaneous death of lymphocytes
and found that MSCs inhibit the apoptosis of splenocytes and thymocytes as well as purified T and
B cells. The protective effect of MSCs was absent when lymphocytes were not in contact with MSCs,
indicating that the anti-apoptotic effect is exerted through direct interaction between MSCs and
lymphocytes. Interestingly, this anti-apoptotic effect could be inhibited by neutralization of I1L-6.
Consequently, we found that of the expression of IL-6 by MSCs was augmented by contact with
lymphocytes. Taken together, these results demonstrate that IL-6 plays an important role in the
inhibition of lymphocyte apoptosis by MSCs.
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Introduction

Mesenchymal stem cells (MSCs), also known as mesenchymal progenitor cells, are adult stem
cells that have been identified in various tissues, including bone marrow, placenta, neurons,
cartilage, fat, skin and intestine. MSCs are capable of differentiating into lineage-specific cells
and it is believed that these cells are critical in replenishing their respective adult tissues to
maintain cellular homeostasis. The most studied MSCs are those derived from bone marrow,
and it has been proposed that all stem cells in adult tissues originate from bone marrow. MSCs
hold great promise for use in regenerative medicine in the treatment of degenerative diseases,
pathological tissue damage, cancer, and autoimmune disorders. Furthermore, unlike embryonic
stem cells, there are few ethical issues associated with clinical use of MSCs. Recently, several
studies have shown that MSCs have strong immunosuppressive functions both in vitro and in
vivo [1-4], eliciting great enthusiasm for their use as a potential therapy for autoimmune
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disorders [5] and transplant rejection. In fact, clinical trials with MSCs have achieved great
success in treating severe graft versus host disease in patients [6,7].

Recent studies have also revealed that MSCs are capable of promoting the survival of
surrounding cells. It is believed that the supportive effect of bone marrow stromal cells on the
hematopoietic process is in fact mediated by MSCs, especially for the survival and development
of B lymphocytes [8,9]. MSCs also promote the survival of tumor cells [10-12]. While the
immunosuppressive properties of MSCs have been studied extensively, little is known about
their influence on lymphocyte apoptosis. Apoptosis is critical in regulating the development
and survival of immune cells, as well as in mediating their effector function. By default,
lymphocytes must defend the body while avoiding reactivity to self-antigens. Lymphocytes
turnover very quickly in comparison to other cell types, and are easily induced to undergo
apoptosis. The negative selection of thymocytes occurs through apoptosis, [13,14] and
apoptosis mediates peripheral lymphocyte contraction after antigen-induced expansion[15,
16]. In the current study, we found that MSCs inhibit lymphocyte apoptosis, specifically the
spontaneous death of splenocytes and thymocytes, as well as purified T and B cells.
Surprisingly, this inhibitory effect required direct interaction between lymphocytes and MSCs,
and depended on the induction of IL-6 expression by MSCs. Our findings reveal a novel
mechanism by which MSCs provide survival signals to other cells.

Methods and Materials

Reagents, antibodies and mice

Antibodies against IL-6, and isotype controls were from eBioscience (San Diego, CA). Mouse
T cell and B cell isolation kits were purchased from Miltenyi Biotech (Bergisch Gladbach,
Germany). C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were kept under specific
pathogen-free conditions in an American Association for Accreditation of Laboratory Animal
Care-accredited animal facility at the Robert Wood Johnson Medical School.

MSC culture

Bone marrow was flushed out of tibia and femur bones isolated from 6 — 10 week old C57BL/
6 mice. Cells were filtered through 40 um nylon mesh, and cultured in a-MEM medium
supplemented with 10% FBS, 2 mM glutamine, 100U/mL penicillin, and 100 pg/mL
streptomycin (Invitrogen, Carlsbad, CA). After 24 h., all non-adherent cells were removed.
The medium was replenished every three days. MSC clones were generated by limiting
dilution. Clone #12 was used for all clonal experiments. As reported in other studies, these
cells were found to express MHC class | (Ky and Dy) and Sca-1, but were negative for MHC
class Il, CD11b, CD31 and CD34. These MSCs were demonstrated to be capable of
differentiating into adipocytes and osteocytes under appropriate differentiation conditions
[17], indicating their pluripotency. Cells were always used before the 20t passage.

Apoptosis assay by DNA content analysis

Lymphocytes were cultured with MSCs at a 30:1 ratio (lymphocytes:MSCs) in 24 well plates,
unless otherwise stated. DNA content analysis was done as previously described [18]. Briefly,
cells were harvested and washed once with PBS. The cell pellets were then resuspended in
staining buffer consisting of PBS containing 0.2% saponin, 50 ug/ml propidium iodide, and
10 ug/ml RNase A. Following a thirty-minute incubation at 37°C in dark, the samples were
analyzed by flow cytometry using a FACScan flow cytometer (BD Immunocytometry Systems,
San Jose, CA) with Cellquest software.
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Real time PCR

Total RNA was isolated from cell pellets using an RNeasy Mini Kit (QIAGEN, Germany).
Genomic DNA was removed from total RNA prior to cDNA synthesis using the RNase-free
DNase Set for DNase digestion during RNA purification (QIAGEN). First-strand cDNA
synthesis was performed for each RNA sample using Sensiscript RT Kit (QIAGEN). Random
hexamers were used to prime cDNA synthesis. Messenger RNA expression was determined
by real-time PCR using SYBR Green Master Mix (Applied Biosystems, Foster City, CA).
Nucleotide sequences of specific primers were as follows:

IL-6, forward 5'-GAGGATACCACTCCCAACAGACC-3/,

reverse 5-AAGTGCATCATCGTTGTTCATACA-3'. Thermocycling conditions included an
initial hold at 50°C for 2 min., then 95°C for 10 min, followed by a 2-step PCR program of
95°C for 15 sec. and 60°C for 60 sec. for 40 cycles. Data were collected and quantitatively
analyzed on an Mx 4000 system (Stratagene). Total RNA in each sample was normalized on
endogenous B-actin expression level. All values are expressed as fold increase relative to the
expression of B-actin

Microbead-based Cytokine Assay

Supernatants from cultures of MSC or MSCs co-cultured with splenocytes were collected at
the indicated time points, and I1L-6 was assayed using Bio-plex (Bio-Rad, Hercules, CA)
according to the product instruction.

Results

MSCs inhibit the spontaneous apoptosis of lymphocytes

In our studies of MSCs, we have noticed that various cell types exhibit improved survival when
co-cultured with MSCs. To systematically examine whether MSCs affect apoptosis, we
employed mouse lymphocytes, which undergo rapid apoptosis in vitro. We co-cultured MSCs
with freshly isolated splenocytes for two or three days, and determined apoptosis by detection
of hypodiploid DNA content. MSCs strongly inhibited spontaneous splenocyte apoptosis, with
the anti-apoptotic effect being proportional to the number of MSCs added (Fig. 1A). Significant
inhibition was observed even at a ratio of 1:90 (MSCs:splenocytes). MSCs also inhibited the
spontaneous apoptosis of thymocytes (Fig. 1B).

Since preparations of splenocytes and thymocytes are mixtures of several cell types and contain
some non-lymphocytic cells, it is possible that the effect of MSCs on one subgroup of
splenocytes requires the presence of another population. To rule out this possibility, we next
determined whether purified lymphocytes are similarly protected by MSCs. Accordingly, T
cells and B cells were purified from whole splenocytes using immunoaffinity sorting with
magnetic beads (Miltenyi Biotech) and then cultured with MSCs. As shown in Fig. 1C, purified
T cells and B cells were protected by MSCs to the same extent as were bulk splenocytes. These
results suggest that the anti-apoptotic effect of MSCs is independent of other cell types and is
exerted on lymphocytes directly. In addition, we found that the anti-apoptotic function of MSCs
is not MHC-restricted, since splenocytes from C57BL/6 and BALB/c mice were equally well
protected from apoptosis by C57BL/6-derived MSCs (data not shown).

Lymphocyte protection by MSCs requires direct interaction

To understand the mechanism by which MSCs inhibit lymphocyte apoptosis, we first asked
whether this effect is mediated by soluble factor(s) secreted by MSCs or if it requires cell-cell
contact between splenocytes and MSCs. To distinguish between these two mechanisms, we
cultured cells using the Transwell system, in which a permeable membrane separates two
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different chambers of a well. When MSCs and lymphocytes were co-cultured in the upper and
lower chambers of the Transwell, the anti-apoptotic effect of MSCs was largely diminished
(Fig. 2A), demonstrating that direct contact between splenocytes and MSCs is necessary for
optimal inhibition of cell death. We reasoned that three possible scenarios may explain this
result: (1) inhibition of apoptosis is dependent on direct cell-cell contact between MSCs and
lymphocytes; (2) the anti-apoptotic factor(s) secreted by MSCs are effective only at close
range; or, (3) MSCs produce soluble survival factors only after direct contact with lymphocytes.
To distinguish between these possibilities, Transwell cultures were again employed.
Lymphocytes and MSCs were added together in the upper chamber, with lymphocytes alone
in the lower chamber (Fig. 2A). Spontaneous apoptosis of lymphocytes in the lower chamber
was found to be inhibited when the upper chamber contained the MSC + splenocytes co-culture,
but not when it contained MSCs alone (Fig. 2A). To further verify the above results, supernatant
was harvested from cultures of MSCs grown alone or with splenocytes. Fresh splenocytes were
then supplemented with 50 % supernatant and the effect on spontaneous apoptosis determined.
As shown in Fig. 2B, supernatant from the MSC + splenocyte co-culture significantly inhibited
splenocyte apoptosis, while supernatant from MSCs alone had limited effect. This result is
consistent with that obtained using the Transwell system. These data indicate that cell-cell
contact between MSCs and lymphocytes is required for MSCs to secrete the soluble survival
factor(s). It should be noted that although this soluble factor(s) inhibited lymphocyte apoptosis,
protection was incomplete, suggesting that other non-soluble factors may also be involved.

IL-6 plays an important role

We have shown that soluble factor(s) are important in mediating the anti-apoptotic function of
MSCs. To identify the culpable soluble factor(s), we employed neutralizing antibodies against
several potential cytokines, such as I1L-2 [19-21], IL-4[19,22], IFNp [23-26] and IL-6[21,
27-32] that have been shown to promote the survival of lymphocytes. As shown in Fig 3A,
we found that neutralization of IL-6 largely eliminated the anti-apoptotic effect of supernatant
from MSC + splenocyte co-culture, while the other antibodies had no significant effect (data
not shown). Furthermore, anti-1L-6 also inhibited the protection of lymphocytes co-cultured
directly with MSCs (Fig. 3B).

To confirm that IL-6 is indeed present in the culture supernatant, 1L-6 protein was determined
by Luminex microbead-based immunoassay. We found the amount of IL-6 was increased in
supernatant from the MSC + splenocyte co-culture (Fig. 4A). To determine whether the
increased IL-6 arises from MSCs or from splenocytes, IL-6 mMRNA expression was measured
in both MSCs and splenocytes separately harvested after mixed co-culture. As shown in Fig.
4B, IL-6 mRNA levels increased in MSCs after culture with splenocytes, while decreased in
the co-cultured splenocytes. These data indicate that direct interaction between MSCs and
lymphocytes is required to induce the expression of IL-6 by MSCs.

Discussion

MSCs have great potential for use in regenerative medicine. While various studies have focused
on the immunosuppression and differentiation aspects of this unique cell population, very
limited data is available on the ability of MSCs to inhibit apoptosis. In consistent with a recent
report[33], our findings demonstrated that MSCs inhibit spontaneous lymphocyte apoptosis.
Importantly, our findings further showed that the inhibition of lymphocyte apoptosis by MSCs
requires direct interaction between MSCs and lymphocytes. Interestingly we demonstrate that
one of the major anti-apoptotic factors produced by MSCs is IL-6. Also, the secretion of IL-6
by MSCs is also dependent on the direct interaction between MSCs and lymphocytes.
Therefore, our study revealed a novel mechanism underlying the anti-apoptotic function of
MSCs.
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Our studies demonstrate a critical role for IL-6 in mediating the anti-apoptotic function of
MSCs. Our evidence is that anti-1L-6 abrogated a major part of the protection from apoptosis
provided by supernatant from co-cultures of MSCs + splenocytes. In addition, IL-6 expression
is dramatically increased in MSCs after their contact with lymphocytes, as detected by real
time quantitative PCR. Supernatants from of MSC + splenocyte co-cultures also contained
large amounts of IL-6. While splenocytes alone also produced little IL-6, these cells actually
showed decreased IL-6 expression after contact with MSCs, indicating that splenocytes are not
the main source of IL-6 providing protection from apoptosis. We conclude that IL-6 secreted
by MSCs is the major soluble factor, if not the only one, responsible for the anti-apoptotic
effect of MSCs. It remains to be discovered how the interaction between lymphocytes and
MSCs leads to increased IL-6 expression by MSCs.

We found that supernatant from co-cultures of MSCs and lymphocytes significantly protected
lymphocytes from apoptosis. This effect, however, was less than that achieved by direct contact
between lymphocytes and MSCs. Therefore, it is possible that non-soluble factors associated
with MSCs also contribute to their ability to inhibit lymphocyte apoptosis.

A recent report showed that MSCs can also inhibit apoptosis in tumor cells [11]. Although the
mechanism of MSC-mediated protection of tumor cells is not known, IL-6 may play a role
here as well. We believe that MSCs might inhibit apoptosis in a wide range of cells. It would
be interesting to discover whether apoptosis in different cell types is inhibited by MSCs through
a common mechanism.

In conclusion, our findings indicated that MSCs inhibit apoptosis of lymphocytes, which
requires direct interaction between MSCs and lymphocytes, and that soluble factors (mainly
IL-6) secreted by MSCs after having cell-cell contact with lymphocytes play an important role
in the anti-apoptotic function of MSCs.
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Figure 1. MSCs inhibit spontaneous lymphocyte apoptosis

(A) Splenocytes were co-cultured with MSCs at a ratio of 30:1, 60:1 or 90:1
(splenocytes:MSCs), harvested at the indicated time points, then permeabilized and stained
with propidium iodide to reveal hypodiploid peaks characteristic of apoptotic cells. (B)
Thymocytes were co-cultured with MSCs at a 30:1 ratio for 2 days, and similarly analyzed for
DNA content. (C) Purified T cells and B cells, prepared from splenocytes by immunoaffinity
magnetic separation, were co-cultured with MSCs (30:1) for 2.5 days and DNA content
determined. Values indicate percentage of cells with hypodiploid DNA content as detected by
flow cytometry. Data shown are representative of four experiments.
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Figure 2. Direct interaction is important for the inhibition of lymphocyte apoptosis by MSCs

(A) Splenocytes and MSCs were cultured in 6-well Transwell plates in which upper and lower
chambers were separated by a permeable membrane (0.4 um pores). Splenocytes (4.5x106)
and MSCs (1.5x10°) were added to the upper and/or lower chambers in the configurations
depicted in the upper panels, at a 30:1 ratio. After 60 hours, splenocytes were analyzed to detect
apoptotic cells. Data shown are representative of three independent experiments. (B) MSCs
and splenocytes were cultured alone or together, and supernatant medium collected after 3
days. Subsequently, cultures of fresh splenocytes were supplemented with 50% supernatant,
and the percentage of cells undergoing spontaneous apoptosis after 60 h determined. Cultures
used to generate supernatants are indicated [SPL Sup = splenocytes alone, MSC Sup = MSCs
alone, (MSC + SPL) Sup = co-culture of MSCs and splenocytes]. Data shown are representative
of two separate experiments.
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Figure 3. Neutralization of IL-6 blocked the anti-apoptotic function of MSCs

(A) Cultures of splenocytes were supplemented with or without 50% supernatant from MSC
+ splenocyte co-culture, or (B) splenocytes were co-cultured directly with MSCs in the
presence of antibody against IL-6 or an isotype control, and apoptosis determined after 60 h.
Data are representative of three experiments.
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Figure 4. Directinteraction between splenocytes and MSCs induced the expression of IL-6 by MSCs
(A) MSCs and splenocytes were cultured separately or together for 3 days and the amount of
IL-6 in the supernatant measured using Bio-Plex analysis. (B) Splenocytes and MSCs were
then harvested separately from either monoculture or the co-culture (MSCs are adherent) and
expression of IL-6 mRNA was determined by real time PCR. Results shown as fold increase
relative to p-actin. All values represent means + SD of three separate samples. Data are
representative of two independent experiments. SPL (MSC) = splenocytes from co-culture
with MSCs; MSC (SPL) = MSCs from co-culture with splenocytes.
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