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Abstract

Since radiotherapy is widely used in managing
thoracic tumors, physicians have begun to realize that
radiation-induced lung injury (RILI) seriously limits the
effects of radiotherapy. Unfortunately, there are still no
effective methods for controlling RILI. Over the last
few decades numerous studies have reported the
beneficial effects of mesenchymal stem cells (MSCs)
on tissue repair and regeneration. MSCs can not only
differentiate into lung alveolar epithelial cells and
secrete anti-inflammatory factors, but they also deliver
some vehicles for gene therapy in repairing the
injured lung, which provides new ideas for managing
RILI. Thus, many scientists have attempted to manage
RILI using MSC-based therapy. However, as a novel
therapy MSCs still face various limitations. Herein, we
shed light on the current understanding of MSC-based
therapy for RILI, including the feasibility, molecular
mechanisms, animal studies, and clinical research of
MSC-based therapy for RILI. We also present an
overview of RILI and MSCs.
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Background
Over the last few decades, radiotherapy has become one
of the most important treatment modalities for thoracic
tumors [1]. Even though more localized dose delivery to
patients with tumors via advanced radiation techniques
can increase the survival rate and lessen radiation-
related toxicity, the occurrence of radiation-induced lung
injury (RILI) is still inevitable and limits dose escalation
for thoracic radiotherapy [2]. The molecular events
underlying the development of RILI remain poorly
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understood. Furthermore, effective treatments for RILI
are still lacking [1]. Due to this lack of effective treat-
ment, the prognosis for patients with RILI is poor. For-
tunately, regenerative medicine provides a potential
strategy to solve this problem. Since mesenchymal stem
cells (MSCs) have effective immune-modulatory fea-
tures, inhibit T-lymphocyte proliferation, and have a
high regenerative capacity, they can play a vital role in
the reconstruction of injured tissues, including bronchi-
oles, in pulmonary diseases. A variety of studies have
also illustrated the potent immune-modulatory effects of
MSCs on immune lung diseases and the inflammatory
response. Therefore, many scientists have attempted to
treat radiation sickness with MSCs. In 2007, human
bone marrow-derived MSCs (hBM-MSCs) were reported
to migrate to radiation-damaged tissues in mice, provid-
ing potential evidence for restorative therapy outside of
the bone marrow [3]. Since then, an increasing number
of research advances have made MSCs a viable therapy
for RILI; this is the focus of this review.

RILI
When lung tissue is irradiated by x-ray cells are injured
by the direct or indirect action of radiation. Once the
radiation dose exceeds the radiation threshold, radiation
damage may extend beyond the intrinsic repair capacity
of the human body, and radiation-induced lung injury oc-
curs (Fig. 1). RILI can be divided into two phases—radiation
pneumonitis (RP) and radiation-induced pulmonary fibrosis
(RIPF)—which represent acute and late phases in the
development of RILI, respectively.
The exact mechanisms of RILI are largely unknown. The

consensus of researchers studying RILI is that ionizing radi-
ation could induce damage to epithelial cells and endothe-
lial cells, dysfunction of the blood-air barrier, and increase
vascular permeability. The ionizing radiation further acti-
vates alveolar macrophages and upregulates transforming
growth factor (TGF)-β1, tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, IL-6, and IL-12 (especially the key
factor TGF-β1) [4]. The immune response of human the
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body can amplify the process, increasing the local inflam-
mation response and giving rise to the development of
interstitial pneumonia. The persistence of chronic inflam-
mation eventually causes lung fibrosis. In normal wound
healing, this inflammation response may subside and in-
duce a vicious cycle of further inflammation once radiation
pneumonitis happens, finally leading to the poor prognosis.
Alveolar epithelial cells participate in the pathogenesis of fi-
brosis, producing pro-inflammatory mediators, and under-
going epithelial-to-mesenchymal transition (EMT). TGF-
β1, a necessary cytokine to induce EMT, promotes EMT of
pulmonary epithelial cells and plays an important role in
lung fibrosis [5]. In the early stage of injury, due to the
chemotactic action of cytokines, bone marrow fibroblasts
migrate to the lung and there promote fibrosis progression.
In addition, the lung fibroblasts will also excessively prolif-
erate after exposure to irradiation.
While a few pharmacological treatment strategies can

mitigate the adverse effects of irradiation, regenerative
medicine provides possible opportunities for restoring
functionality to the irradiated tissue bed.

MSCs
Among the stem cell populations, MSCs are the most
extensively studied and may have the optimal outcome
for regenerative medical research [6]. MSCs are com-
monly found in several adult tissues, including bone
marrow, umbilical cord, and adipose tissue. Adipose tis-
sue is of special interest since it represents an abundant

and easily accessible source of MSCs. Friedenstein et al.
first showed the existence of MSCs in the late 1960s [7].
Later, several other scholars further demonstrated that
MSCs have the potential for proliferation, self-renewal,
and differentiation. The superiorities of MSCs are sum-
marized as the following five aspects [8–10]: 1) MSCs
are easily obtained from multiple sources; 2) MSCs can
home and engraft to injured tissues; 3) MSCs possess
extensive proliferation potential and can differentiate
into a wide variety of cell types; 4) MSCs have low
immunogenicity and so can be transplanted successfully
across immune barriers; and 5) the application of MSCs
to patients has no ethical controversy.
In numerous animal studies, the physiological functions

of MSCs have been well studied, especially the chemotaxis
of MSCs. MSCs can selectively migrate to sites of tissue
injury and exert an immunosuppressive activity by the
secretion of anti-apoptotic, anti-inflammatory, and angio-
genic factors, such as monocyte chemoattractant protein
(MCP)-3, stromal-derived factor-1 (SDF-1), TGF-β1, vas-
cular endothelial growth factor (VEGF), platelet derived
growth factor (PDGF), and hepatocyte growth factor
(HGF). This stimulates angiogenesis, building a protective
environment for host cell recovery and thus preserving or
even rescuing injured tissue from destruction [11–13].
Experimental studies have revealed that MSCs may have
great therapeutic potential in several clinical diseases,
including myocardial infarction, acute lung injury (ALI),
acute respiratory distress syndrome (ARDS), and hepatic

Fig. 1 The mechanisms of radiation-induced lung injury (RILI) and the mechanisms by which mesenchymal stem cells (MSCs) alleviate it. BM bone
marrow, EMT epithelial-to-mesenchymal transition, TGF transforming growth factor
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failure [14–16]. In 2012, MSC product approval was
gained for the treatment of pediatric graft-versus host
disease (GVHD) in New Zealand and Canada (Prochymal®;
Osiris Therapeutics) [17]. Three years later in Japan,
Temcell HS Injection, the same MSC product for treatment
of acute GVHD, was the first allogeneic product to receive
full approval [18]. In 2016, MSCs were even recommended
as third-line treatment for grade II–IV acute GVHD in
guidelines from the British Committee for standards in
hematology [19]. With this great progress it is certain that
MSC therapy will have a bright future.

MSC-based therapy for RILI
Feasibility of MSC-based therapy for RILI
SC therapy for lung injury specifically exists as a “first-
pass” effect whereby the MSCs are expected to first
reach the lung and then secret the paracrine factors
needed to regulate the microenvironment [20–22]. A
growing number of studies have demonstrated at least
two major advantages of MSC therapy for lung injury
(Fig. 1): 1) MSCs could participate in modulating the im-
munological response, promoting an anti-inflammatory
or tolerant phenotype; and 2) MSCs could migrate to
sites of injury after systemic administration, where a
portion of them can save cellular injury or differentiate
into the corresponding tissue cells to replace the injured
lung tissue [16].
The promising clinical therapeutic effects of MSCs rely

especially on paracrine and nonimmunogenic mecha-
nisms. Although several studies have reported that injured
lung tissue increases the retention of MSCs in the lungs,
and that BM-MSCs are able to differentiate into airway
and epithelial cells in the lung [23, 24], they will be cleared
by the immune system soon after transplantation into the
body. Fortunately, MSCs can secrete a variety of anti-
inflammatory cytokines, such as prostaglandin E2 (PGE2),
IL-10, inducible nitric oxide (iNO), and indoleamine-2,3-
dioxygenase (IDO) [16]. By upregulating the expression of
these cytokines, MSCs could mitigate local inflammatory
injury, stimulate the proliferation of lung epithelial cells,
and restrain the pulmonary epithelial cell EMT process.
Additionally, BM-MSCs have been shown to release high
levels of growth factors, including VEGF, which are benefi-
cial for normal wound healing [25].
The multi-differentiation potential and the migration of

MSCs to injured tissues also contributes to the possible
application of MSC therapy. More recently, it has been
shown that MSCs used in a mouse model of total body
irradiation before transplant can proliferate without any
remarkable loss in their differentiation capacities [3]. After
transplantation into adult non-irradiated mice, MSCs mi-
grate to the bone marrow or other tissues and differentiate
into the corresponding tissue cells to replace the injured
lung tissue [3]. Consistently, MSCs have been shown to

possess a greater potential to differentiate into epithelial
cells in a coculture system with irradiated lung biopsies in
vitro [26]. Therefore, MSC-based therapy for radiation-
induced lung injury is feasible.

Molecular mechanisms of MSC-based therapy for RILI
The exact mechanisms of RILI are still largely unknown,
so the molecular mechanisms for MSC-based therapy
for RILI are still under study. The Wnt signaling path-
way plays crucial roles in the differentiation and the pro-
liferation of cells. Previously, it was demonstrated that
cooperativity between the TGF-β and Wnt signaling
pathways could induce alveolar epithelial cells to
undergo EMT [27, 28]. Therefore, Zhang et al. further
evaluated the associations between MSCs and the Wnt
pathway, and found that coculture of normal human
lung fibroblasts (nHLFs) with umbilical cord-derived
MSCs (UC-MSCs) weakened the radiation-induced acti-
vation of Wnt/β-catenin signaling [29]. Wnt/β-catenin
signaling thus became a potential therapeutic target for
attenuating RILI. Then Shen and colleagues found that
TGF-β1 and Wnt5a expressions correlated with the
inhibition of Wnt3a/β-catenin signaling in an acute lung
injury model, and that exogenously supplied MSCs could
migrate to sites of lung injury and reduce the epithelial
permeability, likely by blocking TGF-β1 and Wnt5a-
mediated inhibition of wnt3/β-catenin signaling [30].
Xue et al. examined the paracrine influence of MSC
therapy on the development of RILI [31]. Both in vivo
and in vitro, MSC-conditioned medium could attenuate
RILI, which indicated that paracrine activity of MSCs
was very important in their beneficial effects [31]. As
mentioned previously, TGF-β1 is a key factor in RILI.
Huber with his team demonstrated that small-molecule
inhibitors of the TGF-β receptor I kinase markedly
reduced the inflammation response and pulmonary fi-
brosis and prolonged survival in a mouse model, which
may offer a promising approach to attenuate radiation-
induced lung toxicity [32].
Klein et al. first demonstrated that MSCs could protect

the highly radiosensitive lung tissue from RILI in an
animal model [33]. Compared with 15 Gy whole-thorax
irradiation without MSC therapy, MSC therapy reduced
the radiation-induced endothelial Mmp2 expression,
thereby normalizing vascular function and alleviating the
damage to vascular structures; it further participated
in the paracrine or protective effects against lung
metastasis [33].

Animal studies of MSC-based therapy for RILI
Experimental studies have also indicated that MSCs are
useful for relieving RILI [3]. Here we discuss research on
RILI treated with MSCs (Table 1).
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After thoracic irradiation with a dose of 12 Gy in male
C57BL/6 mice, Kursova et al. explored the possible effect
of MSC therapy in RILI. After local thoracic irradiation,
with the accumulation of transplanted stem cells in the
lung tissue increased, the mortality rate of mice with
RILI decreased [34].
The time window is a key point in the treatment of

RILI. Yan et al. analyzed the behavior of MSCs trans-
planted at different time points after lung irradiation.
Being controlled by the microenvironment, MSCs
injected into the body immediately after irradiation
helped the repair of lung injury. On the contrary, cells
injected later (2 months later) were involved in fibrosis
development [35].
It is unscientific to evaluate an effect if the dose factor

is ignored. By observing therapeutic effects with low
(1 × 103 hBM-MSCs/g), medium (5 × 103 hBM-MSCs/g),
and high (1 × 104 hBM-MSCs/g) doses in an RILI mouse
model, Xia et al. found that low-dose BM-MSCs better
contributed to functional recovery in mice [36].
The effect of different MSC sources may also be differ-

ent. There are more studies on hBM-MSCs than UC-

MSCs and adipose tissue-derived MSCs (AD-MSCs);
however, the clinical use of BM-MSCs has several prob-
lems, including morbidity, pain, and low cell number on
harvest [37]. UC-MSCs and AD-MSCs also have other
advantages including easy expansion in vitro, a noninva-
sive harvest procedure, low immunogenicity, and limited
ethical concerns compared with those of other stem
cells. AD-MSCs have been shown to have better expan-
sion capacity than BM-MSCs in vitro, and hUC-MSCs
show faster self-renewal properties along with a painless
collection procedure [37, 38]. Subsequently, Wang et al.
proved that hUC-MSCs have definite therapeutic effects
on acute radiation pneumonitis in rats [10]. The mouse
model with acute radiation pneumonitis showed pro-
longed survival and reduced signs of pulmonary
inflammation when animals received intravenous MSC
infusions. Jiang et al. found that AD-MSCs could re-
lieve RILI through reducing the serum levels of IL-1,
IL-6, and TNF-α, increasing the levels of IL-10, and
downregulating TGF-β1, α-smooth muscle actin
(SMA), and type 1 collagen levels in irradiated lung
tissue [39].

Table 1 Research on radiation-induced lung injury treated with MSC-based therapy

Study Model Cell type Route Efficacy results

Wei et al. 2017 [46] Mice UC-MSCs transduced or
not to express SOD3

iv The early treatment with UC-MSCs alone significantly reduced
radiation pulmonary fibrosis, with further improvement by
administration of SOD3-infected UC-MSCs

Klein et al. 2017 [47] Mice BM-MSCs iv As a MSC-secreted factor, MSC-derived SOD1 is involved in
the protective action of MSCs, and it plays a pivotal role
against oxidative damage

Chen et al. 2016 [45] Mice Mn-SOD-MSCs iv Mn-SOD-MSCs were successful in modulating RILI in mice

Zhang et al. 2015 [29] Human lung fibroblasts UC-MSCs Cocultured Coculture of nHLFs with HU-MSCs weakened the radiation-
induced activation of Wnt/β-catenin signaling. Wnt/β-catenin
signaling became a potential therapeutic target for attenuating RILI

Xia et al. 2016 [36] Mice BM-MSCs iv Low-dose hBM-MSC therapy in a dose-dependent manner
better contributed to functional recovery in mice

Jiang et al. 2015 [39] Rats AD-MSCs iv AD-MSCs could relieve RILI by reducing serum levels of IL-1, IL-6,
and TNF-α, increasing levels of IL-10, and downregulating TGF-β1,
α-SMA, and type 1 collagen levels in irradiated lung tissues

Wang et al. 2014 [10] Rats UC-MSCs iv The UC-MSCs had definite therapeutic effects on acute radiation
injury in rats

Klein et al. 2016 [33] Mice BM-MSCs iv Therapy with BM-MSCs alleviated RILI and reduced the risk
of lung metastasis

Hu et al. 2013 [43] Mice Trx-1-overexpressing
hUC-MSCs

iv Trx-1-overexpressing hUC-MSCs prolonged the survival of injured mice

Wang et al. 2013 [42] Mice AD-HGF-modified
MSCs

iv AD-HGF-modified MSCs did not reduce inflammation of the
lungs but inhibited fibrosis

Xue et al. 2013 [31] Mice AD-sTβR-MSCs iv MSCs and AD-sTβR-MSCs adopted the characteristics of alveolar
type II (ATII) cells and significantly alleviated lung injury

Kursova et al. 2009 [34] Mice and humans Autologous MSCs iv The increasing accumulation of transplanted stem cells in the
lung tissue decreased the mortality rate of mice with RILI followed
by thoracic irradiation and cell therapy with MSCs did not induce
progression of the underlying oncological disease in clinical trial

AD adipose tissue, BM bone marrow, h human, HGF hepatocyte growth factor, IL interleukin, iv intravenous, Mnmanganese, MSC mesenchymal stem cell,
nHLF normal human lung fibroblast, RILI radiation-induced lung injury, SMA smooth muscle actin, SOD superoxide dismutase, TGF transforming growth
factor, TNF tumor necrosis factor, UC umbilical cord
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As mentioned earlier, by showing several benefits
(especially their homing capability), the potential appli-
cation of MSCs as an ideal carrier for the treatment of
RILI has been well recognized. For instance, as a critical
mediator of pulmonary epithelial repair, keratinocyte
growth factor (KGF) could stimulate epithelial cell
proliferation and repair pulmonary epithelia. James and
colleagues demonstrated that gene therapy combined
with stem cell transplantation delivering KGF could pro-
vide an effective therapy for bleomycin-induced pulmon-
ary fibrosis in mice [40]. In the early years, several
studies confirmed that therapeutic genes modified with
MSCs could effectively transfer the target genes onto the
targets, and enhance the therapeutic effects [40, 41]. All
those studies provided new insight for RILI therapy due
to a lack of efficacy treatments. Later, some literature
indicated that MSCs as a vector could also cure RILI
(Table 1).
Due to the key effect of TGF-β1 in RILI, Xue et al.

combined two therapeutic strategies, MSC therapy and
sTβR overexpression, and identified the curative efficacy
of genetically modified MSCs for relieving RILI in a
mouse model [31]. Based on the regeneration of organs
being enhanced by HGF its inhibitory effect on fibrosis,
Wang et al. evaluated the curative efficacy of HGF gene
expression induced with MSCs on RILI, and these
results proved that MSC-based HGF gene therapy does
not reduce the inflammation response but also inhibits
the development of radiation-induced lung fibrosis
(RILF) [42]. Another candidate therapy for RILI is Trx-1,
which can scavenge reactive oxygen species (ROS), ad-
just and control cell growth and differentiation, inhibit
apoptosis, and participate in immune reactions. Further-
more, Trx-1 also decreases the excessive inflammation
response in RILI by adjusting the creation of inflamed
media, reducing the chemotaxis, adhesion, and migra-
tion of inflammatory cells, and inhibiting the activation
of complement. In animal experiments, after irradiation
with 4.5 Gy 60Co gamma-rays, Trx-1 overexpression
induced by infusing MSCs prolonged survival compared
with a control group [43]. Superoxide dismutase (SOD)
plays a pivotal role against oxidative damage. A study con-
firmed that manganese superoxide dismutase (Mn-SOD)
gene therapy could ameliorate radiation-induced intestinal
syndrome in vivo [44], and thus Chen et al. attempted to
research whether administration of Mn-SOD-MSCs could
attenuate RILI; the results proved that Mn-SOD-MSCs
were effective in relieving RILI in mice [45]. Furthermore,
SOD1 as a MSC-secreted factor could mitigate radiation-
induced lung endothelial cell damage and dysfunction.
Moreover, through injection of UC-MSCs overexpressing
SOD3, it was also found that SOD3-infected UC-MSCs
more significantly reduced radiation pulmonary fibrosis,
better than with UC-MSCs alone [46, 47].

In these studies, genetically modified MSC therapy
also had several problems, including biosecurity issues
and cell activity after gene transfection.

Clinical research on MSC-based therapy for RILI
Although an increasing number of animal and in-vitro
studies have shown good prospects for MSC-based
therapy in RILI, clinical research is still lacking despite
some employing MSCs in chronic lung disease [6, 48]. It
has been reported that 11 patients (four breast cancer
patients and seven lymphogranulomatosis patients) with
RILI are being treated with MSC autotransplantation
combined with standard therapy drugs, such as nonste-
roidal anti-inflammatories, broncholytics and muco-
lytics, vitamins, antihistamine, and antibiotics drugs [34].
After 1 year of treatment, MSC-based therapy has not
induced the progression of the underlying oncological
disease and no adverse changes have been found for the
parameters of external respiration, indexes of tissue
hypoxia, or inflammatory tests and the immune state
[34]. Unfortunately, these results fail to demonstrate the
effectiveness of MSC-based therapy for RILI due to the
lack of a control, but these data do indicate that MSC-
based therapy is safe when used in the human body with
radiation damage. Notably, RILF followed by asymptom-
atic radiation pneumonia is often diagnosed in the late
stages when serious fibrosis has usually developed, and
this might be difficult to effectively reverse with MSCs
[49]. Therefore, potential clinical application of MSC-
based therapy for RILI still has a long way to go.

Conclusion
RILI is a major and deadly clinical complication of
radiotherapy in thoracic malignancies. The quality of life
and overall survival in patients with RILI is reduced. In
the clinic, steroids are still the treatment mainstay for
RILI. As increased academic research has produced
more papers on MSCs, some scholars have attempted to
treat RILI using MSCs, and have demonstrated that
MSCs could alleviate radiation pneumonitis and RILF.
In addition, since MSCs can migrate to the injured
lungs, they can also act as cell therapy vehicles for
treating RILI.
However, it is difficult to gather enough MSCs and to

keep enough time of them at the injury site. MSC senes-
cence could impair their proliferation and differentiation
potential [50]. In terms of RILI, we still need to evaluate
the safety of MSC therapy, and a considerable number
of studies are needed to evaluate the optimal dosage,
time, and route of administration. Furthermore, the
therapeutic effect of MSCs in experimental animals does
not always show satisfying results. Treatment effects
enhanced with therapeutic genes modified by MSCs are
becoming the future trend of development. Thus, seeking
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out a powerful therapeutic gene is a key point. In
addition to this, MSCs from different sources have dif-
ferent characteristics. Which one is more appropriate
in cell therapy? In conclusion, MSC therapy has great
potential for managing RILI; however, there is still a
long way to go before it will be used in clinical practice.

Abbreviations
AD-MSC: Adipose tissue-derived mesenchymal stem cell; ALI: Acute lung injury;
ARDS: Acute respiratory distress syndrome; EMT: Epithelial-to-mesenchymal
transition; GVHD: Graft-versus-host disease; hBM-MSC: Human bone marrow-
derived mesenchymal stem cell; HGF: Hepatocyte growth factor; IL: Interleukin;
KGF: Keratinocyte growth factor; MSC: Mesenchymal stem cell; RILF: Radiation-
induced lung fibrosis; RILI: Radiation-induced lung injury; RIPF: Radiation-induced
pulmonary fibrosis; ROS: Reactive oxygen species; SOD: Superoxide dismutase;
TGF: Transforming growth factor; TNF: Tumor necrosis factor; UC-MSC: Umbilical
cord-derived mesenchymal stem cell; VEGF: Vascular endothelial growth factor

Acknowledgements
The authors thank Dr. Hongwei Lv, Eastern Hepatobiliary Surgery Institute,
Second Military Medical University, for help with the review.

Funding
This review was supported by the China National Natural Science
Foundation (no. 81502751) and the Jilin Province Science and Technology
Development Plan (item 20150101141JC).

Availability of data and materials
Not applicable.

Authors’ contributions
TX was responsible for writing the first draft of the manuscript. YZ, PC, and SG were
responsible for a critical review of the manuscript. LS and LD were responsible for
the concept of the review. All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Radiation Oncology, The First Bethune Hospital of Jilin
University, Changchun, Jilin 130021, China. 2Key Laboratory of Radiobiology,
Ministry of health, School of Public Health, Jilin University, Changchun
130021, China.

References
1. Zhang K, Yang S, Zhu Y, Mo A, Zhang D, Liu L. Protection against acute

radiation-induced lung injury: a novel role for the anti-angiogenic agent
Endostar. Mol Med Rep. 2012;2:309–15.

2. Han S, Gu F, Lin G, Sun X, Wang Y, Wang Z, et al. Analysis of clinical and
dosimetric factors influencing radiation-induced lung injury in patients with
lung cancer. J Cancer. 2015;11:1172–8.

3. Mouiseddine M, Francois S, Semont A, Sache A, Allenet B, Mathieu N, et al.
Human mesenchymal stem cells home specifically to radiation-injured

tissues in a non-obese diabetes/severe combined immunodeficiency mouse
model. Br J Radiol. 2007;80(Spec No 1):S49–55

4. Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med.
2011;7:1339–50.

5. Balli D, Ustiyan V, Zhang Y, Wang IC, Masino AJ, Ren X, et al. Foxm1
transcription factor is required for lung fibrosis and epithelial-to-
mesenchymal transition. Embo J. 2013;2:231–44.

6. Chambers DC, Enever D, Lawrence S, Sturm MJ, Herrmann R, Yerkovich
S, et al. Mesenchymal stromal cell therapy for chronic lung allograft
dysfunction: results of a first-in-man study. Stem Cells Transl Med. 2017;
4:1152–57.

7. Friedenstein AJ, Gorskaja JF, Kulagina NN. Fibroblast precursors in normal
and irradiated mouse hematopoietic organs. Exp Hematol. 1976;5:267–74.

8. Prockop DJ, Gregory CA, Spees JL. One strategy for cell and gene therapy:
harnessing the power of adult stem cells to repair tissues. Proc Natl Acad
Sci U S A. 2003;(Suppl 1):11917–23.

9. Francois S, Bensidhoum M, Mouiseddine M, Mazurier C, Allenet B, Semont A,
et al. Local irradiation not only induces homing of human mesenchymal
stem cells at exposed sites but promotes their widespread engraftment to
multiple organs: a study of their quantitative distribution after irradiation
damage. Stem Cells. 2006;4:1020–9.

10. Wang R, Zhu CZ, Qiao P, Liu J, Zhao Q, Wang KJ, et al. Experimental
treatment of radiation pneumonitis with human umbilical cord
mesenchymal stem cells. Asian Pac J Trop Med. 2014;4:262–6.

11. Alimperti S, You H, George T, Agarwal SK, Andreadis ST. Cadherin-11
regulates both mesenchymal stem cell differentiation into smooth muscle
cells and the development of contractile function in vivo. J Cell Sci. 2014;
127(Pt 12):2627–38.

12. Ulivi V, Tasso R, Cancedda R, Descalzi F. Mesenchymal stem cell paracrine
activity is modulated by platelet lysate: induction of an inflammatory
response and secretion of factors maintaining macrophages in a
proinflammatory phenotype. Stem Cells Dev. 2014;16:1858–69.

13. Linero I, Chaparro O. Paracrine effect of mesenchymal stem cells
derived from human adipose tissue in bone regeneration. PLoS One.
2014;9:e107001.

14. Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, et al. Intravenous
hMSCs improve myocardial infarction in mice because cells embolized in
lung are activated to secrete the anti-inflammatory protein TSG-6. Cell Stem
Cell. 2009;1:54–63.

15. Parekkadan B, van Poll D, Suganuma K, Carter EA, Berthiaume F, Tilles AW,
et al. Mesenchymal stem cell-derived molecules reverse fulminant hepatic
failure. PLoS One. 2007;9:e941.

16. Yagi H, Soto-Gutierrez A, Parekkadan B, Kitagawa Y, Tompkins RG, Kobayashi
N, et al. Mesenchymal stem cells: mechanisms of immunomodulation and
homing. Cell Transplant. 2010;6:667–79.

17. Vaes B, Van't Hof W, Deans R, Pinxteren J. Application of MultiStem®
allogeneic cells for immunomodulatory therapy: clinical progress and pre-
clinical challenges in prophylaxis for graft versus host disease. Front
Immunol. 2012;3:345.

18. Konishi A, Sakushima K, Isobe S, Sato D. First approval of regenerative
medical products under the PMD act in Japan. Cell Stem Cell. 2016;4:434–5.

19. Hashmi S, Ahmed M, Murad MH, Litzow MR, Adams RH, Ball LM, et al.
Survival after mesenchymal stromal cell therapy in steroid-refractory acute
graft-versus-host disease: systematic review and meta-analysis. Lancet
Haematol. 2016;1:e45–52.

20. Vilalta M, Degano IR, Bago J, Gould D, Santos M, Garcia-Arranz M, et al.
Biodistribution, long-term survival, and safety of human adipose tissue-
derived mesenchymal stem cells transplanted in nude mice by high
sensitivity non-invasive bioluminescence imaging. Stem Cells Dev. 2008;
5:993–1003.

21. Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H, Savitz SI,
et al. Pulmonary passage is a major obstacle for intravenous stem cell
delivery: the pulmonary first-pass effect. Stem Cells Dev. 2009;5:683–92.

22. Gao J, Dennis JE, Muzic RF, Lundberg M, Caplan AI. The dynamic in vivo
distribution of bone marrow-derived mesenchymal stem cells after infusion.
Cells Tissues Organs. 2001;1:12–20.

23. Rippon HJ, Polak JM, Qin M, Bishop AE. Derivation of distal lung epithelial
progenitors from murine embryonic stem cells using a novel three-step
differentiation protocol. Stem Cells. 2006;5:1389–98.

24. Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, et al.
Mesenchymal stem cell engraftment in lung is enhanced in response to

Xu et al. Stem Cell Research & Therapy  (2018) 9:18 Page 6 of 7



bleomycin exposure and ameliorates its fibrotic effects. Proc Natl Acad Sci U
S A. 2003;14:8407–11.

25. Ramdasi S, Sarang S, Viswanathan C. Potential of mesenchymal stem cell based
application in cancer. Int J Hematol Oncol Stem Cell Res. 2015;2:95–103.

26. Maria OM, Maria AM, Ybarra N, Jeyaseelan K, Lee S, Perez J, et al.
Mesenchymal stem cells adopt lung cell phenotype in normal and
radiation-induced lung injury conditions. Appl Immunohistochem Mol
Morphol. 2016;4:283–95.

27. Zhang P, Cai Y, Soofi A, Dressler GR. Activation of Wnt11 by transforming
growth factor-beta drives mesenchymal gene expression through non-
canonical Wnt protein signaling in renal epithelial cells. J Biol Chem. 2012;
25:21290–302.

28. Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z. TGF-beta1 induces human
alveolar epithelial to mesenchymal cell transition (EMT). Respir Res. 2005;56.

29. Zhang C, Zhu Y, Zhang Y, Gao L, Zhang N, Feng H. Therapeutic potential of
umbilical cord mesenchymal stem cells for inhibiting myofibroblastic
differentiation of irradiated human lung fibroblasts. Tohoku J Exp Med.
2015;3:209–17.

30. Zhang J, Shao Y, He D, Zhang L, Xu G, Shen J. Evidence that bone marrow-
derived mesenchymal stem cells reduce epithelial permeability following
phosgene-induced acute lung injury via activation of wnt3a protein-
induced canonical wnt/beta-catenin signaling. Inhal Toxicol. 2016;12:572–79.

31. Xue J, Li X, Lu Y, Gan L, Zhou L, Wang Y, et al. Gene-modified mesenchymal
stem cells protect against radiation-induced lung injury. Mol Ther. 2013;2:456–65.

32. Flechsig P, Dadrich M, Bickelhaupt S, Jenne J, Hauser K, Timke C, et al.
LY2109761 attenuates radiation-induced pulmonary murine fibrosis via
reversal of TGF-beta and BMP-associated proinflammatory and
proangiogenic signals. Clin Cancer Res. 2012;13:3616–27.

33. Klein D, Schmetter A, Imsak R, Wirsdorfer F, Unger K, Jastrow H, et al.
Therapy with multipotent mesenchymal stromal cells protects lungs from
radiation-induced injury and reduces the risk of lung metastasis. Antioxid
Redox Signal. 2016;2:53–69.

34. Kursova LV, Konoplyannikov AG, Pasov VV, Ivanova IN, Poluektova MV,
Konoplyannikova OA. Possibilities for the use of autologous mesenchymal
stem cells in the therapy of radiation-induced lung injuries. Bull Exp Biol
Med. 2009;4:542–6.

35. Yan X, Liu Y, Han Q, Jia M, Liao L, Qi M, et al. Injured microenvironment
directly guides the differentiation of engrafted Flk-1(+) mesenchymal stem
cell in lung. Exp Hematol. 2007;9:1466–75.

36. Xia C, Chang P, Zhang Y, Shi W, Liu B, Ding L, et al. Therapeutic effects of
bone marrow-derived mesenchymal stem cells on radiation-induced lung
injury. Oncol Rep. 2016;2:731–8.

37. Zhu Y, Liu T, Song K, Fan X, Ma X, Cui Z. Adipose-derived stem cell: a better
stem cell than BMSC. Cell Biochem Funct. 2008;6:664–75.

38. Li T, Xia M, Gao Y, Chen Y, Xu Y. Human umbilical cord mesenchymal stem
cells: an overview of their potential in cell-based therapy. Expert Opin Biol
Ther. 2015;9:1293–306.

39. Jiang X, Jiang X, Qu C, Chang P, Zhang C, Qu Y, et al. Intravenous delivery
of adipose-derived mesenchymal stromal cells attenuates acute radiation-
induced lung injury in rats. Cytotherapy. 2015;5:560–70.

40. Aguilar S, Scotton CJ, McNulty K, Nye E, Stamp G, Laurent G, et al. Bone
marrow stem cells expressing keratinocyte growth factor via an inducible
lentivirus protects against bleomycin-induced pulmonary fibrosis. PLoS One.
2009;11:e8013.

41. Kim SH, Moon HH, Kim HA, Hwang KC, Lee M, Choi D. Hypoxia-inducible
vascular endothelial growth factor-engineered mesenchymal stem cells
prevent myocardial ischemic injury. Mol Ther. 2011;4:741–50.

42. Wang H, Yang YF, Zhao L, Xiao FJ, Zhang QW, Wen ML, et al. Hepatocyte
growth factor gene-modified mesenchymal stem cells reduce radiation-
induced lung injury. Hum Gene Ther. 2013;3:343–53.

43. Hu J, Yang Z, Wang J, Tang Y, Liu H, Zhang B, et al. Infusion of Trx-1-
overexpressing hucMSC prolongs the survival of acutely irradiated NOD/SCID
mice by decreasing excessive inflammatory injury. PLoS One. 2013;11:e78227.

44. Yang C, Chen HX, Zhou Y, Liu MX, Wang Y, Wang JX, et al. Manganese
superoxide dismutase gene therapy protects against irradiation- induced
intestinal injury. Curr Gene Ther. 2013;5:305–14.

45. Chen HX, Xiang H, Xu WH, Li M, Yuan J, Liu J, et al. Manganese superoxide
dismutase gene-modified mesenchymal stem cells attenuate acute
radiation-induced lung injury. Hum Gene Ther. 2016;6:523–32.

46. Wei L, Zhang J, Yang ZL, You H. Extracellular superoxide dismutase
increased the therapeutic potential of human mesenchymal stromal cells in
radiation pulmonary fibrosis. Cytotherapy. 2017;5:586–602.

47. Klein D, Steens J, Wiesemann A, Schulz F, Kaschani F, Rock K, et al.
Mesenchymal stem cell therapy protects lungs from radiation-induced
endothelial cell loss by restoring superoxide dismutase 1 expression.
Antioxid Redox Signal. 2017;11:563–82.

48. Stewart DJ, Mei SH. Cell-based therapies for lung vascular diseases: lessons
for the future. Proc Am Thorac Soc. 2011;6:535–40.

49. Lau AN, Goodwin M, Kim CF, Weiss DJ. Stem cells and regenerative
medicine in lung biology and diseases. Mol Ther. 2012;6:1116–30.

50. Kim HJ, Park JS. Usage of human mesenchymal stem cells in cell-based
therapy: advantages and disadvantages. Dev Reprod. 2017;1:1–10.

Xu et al. Stem Cell Research & Therapy  (2018) 9:18 Page 7 of 7


	Abstract
	Background
	RILI
	MSCs
	MSC-based therapy for RILI
	Feasibility of MSC-based therapy for RILI
	Molecular mechanisms of MSC-based therapy for RILI
	Animal studies of MSC-based therapy for RILI
	Clinical research on MSC-based therapy for RILI

	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethical approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

