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Short-term memory of danger signals or environmental
stimuli in mesenchymal stem cells: implications for
therapeutic potential

Guang-Yang Liu1, Yang Liu2, Ying Lu3, Ya-Ru Qin2, Guo-Hu Di2, Yong-Hong Lei4, Hu-Xian Liu4,
Yan-Qi Li1, Chutse Wu1,2, Xian-Wen Hu5 and Hai-Feng Duan2

Mesenchymal stem/stromal cells (MSCs) possess some characteristics of immune cells, including a pro-inflammatory

phenotype, an immunosuppressive phenotype, antibacterial properties and the expression of Toll-like receptor proteins.

Here we show that, similar to immune cells, MSCs retain information from danger signals or environmental stimuli for a

period of time. When treated with the pro-inflammatory factors lipopolysaccharide (LPS) or tumor necrosis factor-a
(TNF-a), MSCs display increased expression of IL-6, IL-8 and MCP-1. Following re-plating and several rounds of cell

division in the absence of stimulating factors, the expression of IL-6, IL-8 and MCP-1 remained higher than in untreated

cells for over 7 days. A spike in cytokine secretion occurred when cells were exposed to a second round of stimulation. We

primed MSCs with LPS and LPS-primed MSCs had better therapeutic efficacy at promoting skin flap survival in a diabetic

rat model than did unprimed MSCs. Finally, we found that several microRNAs, including miR146a, miR150 and

miR155, along with the modification of DNA by 5-hydroxymethylcytosine (5hmC), mediate the MSC response to LPS and

TNF-a stimulation. Collectively, our data suggest that MSCs have a short-term memory of environmental signals, which

may impact their therapeutic potential.
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INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) have been isolated

from multiple human tissues, including bone marrow (BM-

MSCs), umbilical cord, umbilical cord blood, subcutaneous

adipose tissue (AD-MSCs), the placenta and dental pulp.1,2

Because these cells can home to damaged and inflamed tissues,

they are useful for stem cell-based strategies for tissue repair

and gene therapy. Like all stem cells, MSCs display self-renewal

and multilineage differentiation potential. However, MSCs

also exhibit certain characteristics of immune cells. For

example, MSCs can display a pro-inflammatory, MSC1,

phenotype or an immunosuppressive, MSC2, phenotype under

certain conditions.3,4 MSCs also have antibacterial properties5

and express Toll-like receptors.6,7

In recent years, a number of pre-conditioning strategies

have been used to boost MSC function and therapeutic poten-

tial. Such strategies include treatment with growth factors,8,9

cytokines,10–12 hypoxic shock,13 HDLs,14 lipopolysaccharide

(LPS)15 or chemical compounds.16,17 Based on findings from

these studies, pre-treatment greatly enhances cell survival and

the potential to migrate to damaged or inflamed tissues, thereby

markedly improving the efficacy of these cells in the treatment

of certain diseases or in tissue repair in an injury-specific fash-

ion. A notable example is that hypoxia preconditioned MSCs

dramatically promote tissue repair of myocardial ischemia-

reperfusion injury,18 ischemic acute kidney injury19 and experi-

mental traumatic brain injury.20 However, it remains unclear

why a short treatment of MSCs exerts a long-lasting effect and
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why MSCs react differently to different environmental stimuli.

One possibility is that MSCs possess a ‘short-term memory’ for

danger signals or environmental stimuli.21

In this study, we tested the hypothesis that MSCs display a

‘short-term memory’ effect when exposed to danger signals or

environmental stimuli. We found that transient stimulation of

AD-MSCs with tumor necrosis factor-a (TNF-a) or LPS dra-

matically increased the secretion of MCP-1, IL-8 and IL-6.

Interestingly, all cytokine levels remained elevated, even after

re-plating and allowing multiple cell divisions to occur in the

absence of stimulating factor. Following a second round of

stimulation, cytokines were quickly released. We found that

LPS-primed MSCs display enhanced therapeutic efficacy in

skin flap survival in a diabetic rat model than did unprimed

MSCs. Finally, we identified several epigenetic factors medi-

ating short-term memory in MSCs.

MATERIALS AND METHODS

Diabetic rat model

Male Wistar rats weighing 200–250 g (Laboratory Animal

Center, Academy of Military Medical Sciences, Beijing,

China) were used for modeling diabetes. The animals received

humane care, and all experimental procedures were carried out

with the approval of the Animal Use and Care Committee of

Beijing Institute of Radiation Medicine (Beijing, China).

Diabetes was induced in rats by a single intraperitoneal injec-

tion of 45 mg/kg streptozotocin (Sigma Chemical Co., St Louis,

MO, USA). Plasma glucose levels were measured with a glucose

analyzer (Roche, Buonas, Switzerland). Rats with glucose levels

greater than 15 mmol/l on the fifth day after streptozotocin

treatment were considered diabetic and were included in the

study.

Preparation and culture of MSCs

In accordance with the Ethics Committee at the Beijing

Institute of Radiation, adipose tissues from normal healthy

donors were obtained from 301 hospitals of the Chinese

People’s Liberation Army.

AD-MSCs were isolated and cultured according to a collage-

nase digestion protocol. Briefly, adipose tissues were extensively

washed with phosphate-buffered saline and mechanically

minced into small pieces. Tissues were then digested with

0.075% collagenase I (Invitrogen, Carlsbad, CA, USA) at

37 uC for 30 min. Next, a high-density stromal vascular fraction

was collected by centrifugation. The cell pellet was washed with

phosphate-buffered saline and filtered through a 100 mm nylon

mesh to remove cellular debris. The cells were then incubated

overnight at 37 uC/5% CO2 in control medium (a-MEM

medium containing 10% FBS).

Chemical reagent treatment

A total of 105 MSCs were plated in a-MEM containing 10%

FBS in 25 cm2 culture flasks (Corning, Corning, NY, USA) and

incubated for 24 h. For pre-treatment, AD-MSCs were treated

with 10 ng/ml TNF-a or 100 ng/ml LPS (Sigma, St Louis, MO,

USA) for 24 h, and then the cells and culture supernatants were

collected.

For the long-term treatment, on day 0, AD-MSCs were sti-

mulated with or without LPS or TNF-a for 24 h, then replaced

with fresh complete medium every 24 h. The cells were har-

vested with 0.05% trypsin-EDTA and sub-cultured in new

flasks at a density of 13104 cells/cm2 every 3 days; on day 3,

the treated AD-MSCs were sub-cultured and divided into two

groups. One group was stimulated with LPS or TNF-a for the

second time, and another group was left untreated. Cell culture

supernatants were collected every day for Enzyme-linked

immunosorbent assay (ELISA) analysis.

Immunophenotype assay

Treated and untreated MSCs were analyzed by flow cytometry

using a FACS Calibur flow cytometer and the following mono-

clonal antibodies: CD34-FITC, CD45-PE, HLA-DR-PE, CD90-

PE, CD73-PE (BD Biosciences, San Jose, CA, USA) and

CD105-PE (Tianjin Sungene Biotech, Tianjin, China). A non-

specific mouse isotype (IgG1) was used as a negative control.

Differentiation assay

Adipogenic differentiation. MSCs were plated in 24-well plates

at a density of 23104 cells/well. When confluence was reached,

adipogenic differentiation medium was added to the cells and

changed every 3 days. After 2 weeks of culturing, differentiated

cells were fixed with 4% formaldehyde and stained with oil red-

O (Sigma). Adipogenic differentiation medium consists of

DMEM supplemented with 10% FBS, 1 mmol/l dexametha-

sone (Sigma), 500 mmol/l isobutylmethylxanthine (Sigma)

and 60 mmol/l indomethacin (Sigma).

Osteogenic differentiation. MSCs were plated in 24-well plates

at a density of 13104 cells/well. When confluence was reached,

osteogenic differentiation medium was added and changed

every 3 days. On day 21, the cells were fixed and stained with

alizarin red-S. Osteogenic growth medium consists of DMEM

supplemented with 10% FBS, 10 mmol/l b-glycerophosphate

(Sigma), 100 nmol/l dexamethasone (Sigma) and 100 mmol/l

ascorbic acid-2-phosphate (Sigma).

Real-time reverse transcription polymerase chain Reaction

The cells were harvested and rinsed twice with 13 phosphate-

buffered saline. Total RNA was extracted using TRIzol reagent

(Invitrogen), and first-strand cDNA was reverse-transcribed

using a qPCR Reverse Transcriptase MIX Kit (Toyobo Co.,

Ltd, Osaka, Japan). Quantitative real-time PCR was performed

with an ABI 7500 fast real-time PCR system (Applied

Biosystems Inc., Foster City, CA, USA) using the Fast SYBR

Green PCR Master Mix (Applied Biosystems Inc.). Primer

pairs for the following human genes were used: b-actin (59-

GAA GGT GAA GGT CGG AGT CA-39 forward, 59-GAA GAT

GGT GAT GGG ATT TC-39 reverse); IL-6 (59-CTA GAG TAC

CTC CAG AAC AG-39 forward, 59-TGA CCA GAA GAA GGA

ATG C-39 reverse); IL-8 (59-TGC AGC TCT GTG TGA AGG

TG-39 forward, 59-AAT TTC TGT GTT GGC GCA GT-39
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reverse); and MCP-1 (59-ATC AAT GCC CCA GTC ACC TG-

39 forward, 59-TCT CCT TGG CCA CAA TGG TC-39 reverse).

cDNA for microRNA (miRNA) analysis was converted from

mRNA using the TaqMan miRNA Reverse Transcription kit

(Applied Biosystems, Foster City, CA, USA). The expression

of miR-146a, miR-150, and miR-155 (Applied Biosystems)

was measured with TaqMan qPCR assays (DBI Bioscience,

Ludwigshafen, Germany) according to the manufacturer’s pro-

tocol. MicroRNA levels were normalized to U6 small nuclear

RNA (snRNA; Applied Biosystems). The DDCt method was

used for analysis.

ELISA

MSCs were treated with LPS or TNF-a for 24 h. The cell culture

medium was changed every day, and supernatants were collected

to evaluate the concentrations of MCP-1, IL-6, and IL-8 using

the Human MCP-1, IL-6 and IL-8 ELISA Kits (Neobioscience

Technology Co., Ltd, Beijing, China), respectively. The kits were

used according to the manufacturer’s instructions.

Skin flap surgery of diabetic rats

Twenty male rats were treated with streptozotocin by intraperi-

toneal injection. We chose 15 diabetic rats that had plasma

glucose levels ranging from 15–25 mmol/l. The backs of the

rats were completely shaved with an electric razor, and a ran-

domly selected dorsal skin flap (833 cm) was elevated on the

dorsal trunk of the animal according to a previous protocol.22

Each of the 15 diabetic rats was randomly placed into one of

three groups. One hour after skin flap surgery, rats in the three

groups were intraperitoneally injected with isotonic sodium

chloride, 23106 AD-MSCs or 23106 LPS-treated AD-MSCs.

During the postoperative period, the rats were individually

housed to prevent cannibalism. Flap viability was evaluated

on postoperative days 7, 9 and 11.

Dot blot analysis

DNA from MSCs was isolated using a General AllGen Kit (CW

Biotech, Beijing, China). Then, 3 mg/ml DNA was denatured in

TE buffer for 10 min at 100 uC and serially diluted twofold with

TE buffer on ice. One hundred microliter DNA samples were

spotted on a nylon membrane (Biodyne-Plus; Pall Corporation,

New York, USA) pre-wet with TE buffer using a Bio-Dot appar-

atus (Bio-Rad, Hercules, CA, USA) connected to a vacuum. The

blotted membrane was dried at 80 uC for 5 min, and then UV

cross-linking was performed at 120 000 mJ/cm2. The membrane

was then blocked with 5% nonfat milk in TBS containing 0.1%

Tween 20 for 1 h. This was followed by incubation with mouse

anti-5-methylcytosine monoclonal antibody (1 : 500; Active

Motif, Carlsbad, CA, USA) or rabbit anti-5-hydroxymethylcy-

tosine (5hmC) polyclonal antibody (1 : 1000; Active Motif) for

3 h at room temperature. The membrane was washed three

times in TBS containing 0.1% Tween 20 and then incubated

with HRP-conjugated secondary antibody and visualized using

Super Signal West Pico Chemiluminescent Substrate (Millipore,

Bedford, MA, USA).

Statistical analysis

The data are presented as the mean6standard deviation. The

means were compared using Student’s two-tailed t-test. A P

value,0.05 was considered statistically significant.

RESULTS

MCP-1 expression in AD-MSCs treated with TNF-a

Previous work has shown that BM-MSCs treated with the pro-

inflammatory factor TNF-a display increased cytokine/chemo-

kine production. Most notably, MCP-1, the major chemokine

for monocyte trafficking, was expressed at an extremely high

level in TNF-a-treated MSCs.10 Consistent with these findings,

we show that AD-MSCs treated with TNF-a for 24 h display

strong induction of MCP-1 at both the mRNA and protein

levels (Figure 1a and b). To test whether this response was
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Figure 1 Real-time PCR and ELISA used to analyze MCP-1 expression
in AD-MSCs after TNF-a stimulation. (a) Gene expression analysis of
MCP-1 in AD-MSCs incubated with TNF-a at a concentration of 20 ng/
ml for 24 h by real-time PCR. The values are the means6s.d. (n53;
**P,0.01; two-tailed Student’s t-test). (b) ELISA for MCP-1 expression
in medium from AD-MSCs incubated as in (a) for 24 h (**P,0.01). (c)
Schematic diagram of the study design. (d) ELISA for the expression of
MCP-1 in culture supernatants from AD-MSCs treated with TNF-a for 7
days. Three independent experiments were carried out and yielded
similar results. AD-MSC, adipose tissue mesenchymal stem/stromal
cell; TNF, tumor necrosis factor; TNF-a2, AD-MSC not treated with
TNF-a; TNF-a1, AD-MSC treated with TNF-a once; TNF-a11, AD-
MSC treated with TNF-a twice.
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transient or whether it could be maintained for a prolonged

period, we collected supernatants from BM-MSC cultures

every day for 7 days and measured MCP-1 expression by

ELISA. Cells were treated with TNF- a for 24 h on day 0 and

then stimulated with TNF-a for a second time on day 3 (after

the first round of sub-culturing); a schematic diagram of the

treatment program is shown in Figure 1c. Interestingly, the

expression of MCP-1 remained elevated even in the absence

of stimulating factor after a single treatment with TNF-a. This

effect increased when cells were treated for a second time.

However, the expression of MCP-1 decreased after every sub-

culture (Figure 1d).
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Figure 2 Real-time PCR and ELISA used to analyze IL-6 and IL-8 expression in AD-MSCs after LPS treatment. (a and b) Gene expression analysis
by real-time PCR of IL-6 and IL-8 in AD-MSCs treated with LPS at a concentration of 100 ng/ml for 24 h. The values are the means6s.d. (n53;
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IL-6 and IL-8 expression in AD-MSCs treated with LPS

We treated AD-MSCs with another pro-inflammatory fac-

tor, LPS, and measured the expression of IL-6 and IL-8

following treatment. Consistent with earlier reports, IL-6

and IL-8 were increased at both the mRNA (Figure 2a

and b) and protein (Figure 2c and d) levels following the

treatment of AD-MSCs with LPS. We next tested whether

IL-6 and IL-8 remained elevated for a prolonged period of

time. Supernatants from AD-MSC cultures were collected

every day, and the cells were sub-cultured every 3 days for
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7 days. One of the AD-MSC groups was treated a second

time with LPS during the first round of sub-culturing

(Figure 2e). The expression of IL-6 and IL-8 remained high

even in the absence of stimulating factor (Figure 2f). The

levels were further increased after secondary stimulation

(Figure 2g and h).

Immunophenotype, differentiation potential and

morphology of AD-MSCs treated with LPS/TNF-a
MSCs can ‘remember’ transient stimulation by pro-inflammatory

factors (TNF-a and LPS). Thus, we next determined whether

these pro-inflammatory stimuli affect the morphology, immu-

nophenotype and differentiation potential of MSCs. The

immunophenotypes of AD-MSCs were analyzed by flow cyto-

metry. Osteogenic and adipogenic differentiation were assessed

by alizarin red-S and oil red-O staining, respectively.

The morphology of AD-MSCs was observed under an

inverted light microscope. TNF-a-primed AD-MSCs were

slightly longer in shape and bigger in size. In contrast, AD-

MSCs did not show marked morphological changes upon

treatment with LPS (Figure 3a). Flow cytometric analysis con-

firmed that regardless of priming with LPS/TNF-a, AD-MSCs

were positive for CD73, CD90 and CD105, but negative for

CD34, CD45 and HLA-DR (Figure 3b). Moreover, AD-MSCs

did not show an obvious divergence in differentiation, regard-

less of priming with LPS/TNF-a (Figure 3a).

Effect of AD-MSC treatment on skin flap survival in diabetic

rats

Compared to internal injuries, trauma is more susceptible to

pathogenic microbes. Here, we generated a dorsal skin flap

(trauma) in diabetic rats to further explore the therapeutic

potential of the short-term memory of MSCs. AD-MSCs were

preconditioned with the bacterial endotoxin LPS. They were

then intraperitoneally administered to rats with a randomly

selected dorsal skin flap (833 cm). The necrotic size/flap size

ratio in each sample was analyzed on postoperative days 7, 9

and 11. The regions of survival and the necrotic areas were

clearly demarcated in every flap because the flaps had not

shrunk by postoperative day 7. The section of surviving skin

appeared pink-white in color and was normal in texture. In

contrast, necrotic skin was black and rigid and did not bleed.

Clearly, LPS-primed AD-MSC treatment resulted in a significant

decrease in skin flap necrosis compared to either vehicle-treated

or unprimed AD-MSCs. There was no change in necrosis

between days 7 and 11. In contrast, treatment with LPS-primed

AD-MSCs displayed continuous therapeutic benefits for skin

flap survival over time (Figure 4).

DNA hydroxymethylation and microRNA levels are altered

in AD-MSCs treated with LPS/TNF-a
The potential mediators of short-term memory may belong to

a broad class of stimulus-responsive regulatory molecules that

differ from labile second messengers. A number of reports have

firmly established the importance of miRNAs in development,

differentiation, maturation, and activation of immune cells.

Some miRNAs, such as miR146a, miR155 and miR150, also

mediate the response of immune cells to danger signals or

environmental stimuli. These miRNAs are likely candidates

for the regulation of short-term memory in immune cells. To

determine the importance of miRNAs in the short-term mem-

ory maintenance of MSCs, we analyzed the expression of miR-

146a, miR-155, and miR-150 in AD-MSCs at different time

points after transient treatment with LPS/TNF-a. miR-146a

and miR-155 are upregulated in AD-MSCs by both LPS and

TNF-a; similar findings were reported in immune cells.23,24 In

contrast, the expression of miR-150 was decreased. Interestingly,

the time course of changes in expression of miR-146a, miR-155

and miR-150 in TNF-a-treated MSCs was similar to the changes

seen in LPS-treated MSCs (Figure 5). In contrast to control cells,

the expression of miR-146a and miR-155 remained high for at

least 5 days following either LPS or TNF-a treatment. The

decrease in miR-150 also lasted for several days. These observa-

tions indicate that some miRNAs serve as underlying regulators

of short-term memory in MSCs.

The epigenetic DNA modification 5hmC could be responsi-

ble for mediating the short-term memory of MSCs following

exposure to certain stimuli. Importantly, this epigenetic mark

is reversible and has a short half-life. Both TNF-a and LPS

treatment resulted in a delayed decrease in 5hmC, which
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returned to the basal, pre-stimulus state 7 days after treatment

(Figure 6). These data suggest that 5hmC may also be involved

in the short-term memory of environmental stimuli in MSCs.

DISCUSSION

In a recently published review, Monticelli and Natoli proposed

the concept that immune cells have a ‘short-term memory’ of

danger signals or environmental stimuli.21 Immune cells record

information they receive from the environment and maintain it

over a period of time. The essential features of such memory

phenomena are their persistence beyond the initial stimulation

and their decay over time.21 MSCs have great potential to be

used for clinical applications, especially for immune-related dis-

eases, because of their potent immunoregulatory properties.25,26

These cells are also regarded as sensors and switchers of inflam-

mation and have many characteristics of immune cells.4 For

example, they can exhibit either anti-inflammatory or pro-

inflammatory effects when cultured under certain conditions;

this is similar to macrophages and natural killer T cells.27,28

Here we demonstrate that MSCs display a characteristic

short-term memory response, which is reflected in two ways:

maintaining a biological change following a short stimulus, and

responding more intensely to the same stimulus upon a second

exposure.

This finding is important because transient preconditioning

greatly improves the therapeutic efficacy of MSCs. It also

implies that MSCs can be primed by different environmental

signals in a disease-specific manner. For example, hypoxia pre-

conditioning dramatically enhances the capacity of MSCs to

repair ischemic tissue injury, such as a myocardial ischemia–

reperfusion injury18 or an ischemic acute kidney injury.19 Here,

we show that LPS pre-contacted AD-MSCs display better

therapeutic efficacy for skin flap survival in a diabetic rat

model. Recently, erythropoietin, which is primarily produced

by renal cells, dramatically primes BM-MSCs for kidney-dir-

ectional migration.29 This observation provides additional

support for MSC memory in response to environmental signals

and its potential clinical significance.

The potential mediators of short-term memory are a broad

class of stimulus-responsive regulatory molecules that differ

from labile second messengers.21 These mediators include some

inducible regulatory molecules, such as miRNAs and a subset of

newly deposited chromatin modifications, including DNA

hydroxymethylation and histone acetylation or methylation.
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miRNAs have at least three essential properties that make them

compatible with the maintenance of short-term memory. One is

that some miRNAs are stable and can be maintained for several

days.30,31 Second, some miRNAs can be recycled after recogniz-

ing their targets and can participate in multiple rounds of tar-

geting. Finally, some miRNAs can be transferred from one cell to

another, thereby transferring the memory state to neighboring

cells.21,32 Here, we identify three miRNAs, miR146a, miR150

and miR155, which may mediate short-term memory both in

cells of the immune system and in MSCs. Importantly, transient

stimulation by both LPS and TNF-a results in a long-lasting

(approximately 1 week) effect on these miRNAs.

In contrast to 5-methylcytosine, 5-methylcytosine is reversi-

ble and has a short half-life. Thus, this modification is poten-

tially suitable for transient modification of gene expression and

for mediating short-term memory. 5hmC is derived from 5-

methylcytosine in a reaction catalyzed by the TET (‘ten-eleven-

translocation’) family of dioxygenases. Research on 5hmC and
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TET enzymes has mainly focused on embryonic stem cells.33,34

As a type of adult stem cell, MSCs have relatively high levels of

5hmC. This can be suppressed upon treatment with either LPS

or TNF-a. Within 3–7 days of treatment, 5hmC levels are usu-

ally recovered (Figure 5b). Taken together, regulatory mechani-

sms governing short-term memory in immune cells may also be

shared by MSCs.

Stem cell memory of environmental signals explains why

conditioned stem cells may be better suited to clinical applica-

tions. These cells can migrate and adapt to the microenviron-

ment of inflamed or injured tissues, and they can exhibit

different phenotypes and modulate their function to establish

a balance between pathogen elimination and tissue repair. This

is a markedly different process from tumor metastasis. When

tumor cells arrive at different tissues or organs, they maintain

the characteristics of their tissue of origin. Chronic tissue

damage and repeated inflammation are causative factors of

tumorigenesis. Thus, tumors are considered to be wounds that

do not heal.35 Chronic inflammation or viral infection may

lead to dysfunction of local stem cells involved in tissue repair

via the loss of their memory or adaptive ability, or the loss of

stem cells that remember the microenvironment, as has been

demonstrated in cells of immune system,36 and lead to tumori-

genesis. From this perspective, tumor cells or tumor stem cells

may be regarded as a class of stem cells that have lost their

ability to ‘remember’. Our results indicate that epigenetic regu-

latory molecules or chromatin modifications may be the poten-

tial mediators of memory in stem cells. Intriguingly, both

histone acetyltransferase inhibitors and DNA methyltransfer-

ase inhibitors have been widely used in the clinic as anticancer

drugs.37,38 These drugs interfere with epigenetic modifications

and may help tumor cells restore their memory of the sur-

rounding environment. Therefore, it might be possible to

develop a novel anti-tumor strategy by investigating the diffe-

rences among stem cells, tumor cells, and tumor stem cells.

Perhaps in the near future we can eradicate tumors by restoring

their ability to ‘remember’.

In conclusion, we have shown that MSCs have short-term

memory properties, which may have important therapeutic

implications.
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