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Cell Therapy Trials for Lung Diseases: Progress
and Cautions

Idiopathic pulmonary fibrosis (IPF) is a catastrophic disease that
inmost patients is characterized by a progressive nature that con-
fers upon it a high mortality (1). This is aggravated by lack of
understanding of IPF pathogenesis, which undermines the abil-
ity to model the disease in animals and impedes development of
effective therapies. Consequently, with the exception of oxygen
administration and lung transplantation, the latter a limited op-
tion that improves survival in some patients, no currently effec-
tive treatment options are available (2). Despite this, the IPF
community has made significant advances, and the last decade
saw its transformation into a worldwide network of community-
and academic-based organizations that, in conjunction with
sponsorship from the pharmaceutical industry and the National
Institutes of Health–sponsored IPF network, resulted in the
development of rigorous clinical trials (reviewed in Reference
1). Although these were not successful in demonstrating drug
efficacy in IPF treatment, they helped clarify the natural history
of the disease and documented differences in disease progres-
sion, with some patients experiencing exacerbations and rapid
progression, whereas others have a more protracted course (1).
Genetic studies clarified the familial nature of IPF in a subset of
patients and identified genetic mutations compromising telome-
rase function, thus linking the disease to bone marrow abnormal-
ities (3). Clinical trials also contributed a unique repository of
biological materials for identification and validation of biomarkers
to follow disease progression (1). In a short period of time, these
research initiatives have altered clinical practice by demonstrating
that the use of azathioprine is toxic to patients with IPF, effec-
tively eliminating the use of this drug in IPF, thus affirming the
“primum non nocere” principle (NCT00650091) (4).

Within this historical and scientific context, the IPF commu-
nity has followed closely the potential clinical application of
stem cells in the treatment of this disease. The goals of stem cell
therapies in IPF might include (1) stabilization or even reversal of
inflammation and fibrosis or (2) regeneration of damaged tissue.
However, the use of stem cells for lung regenerative purposes
remains elusive, as we are just learning the principles that may be
involved in embryonic and postnatal stem–progenitor cell differ-
entiation. In contrast, the clinical application of mesenchymal
stem cells (MSCs) is not predicated on their ability to “rebuild”
the damaged lung. Current theories as to their endogenous bio-
logic function include their role as pericytes that line blood ves-
sels and that respond in a patterned manner to counteract local
inflammatory stimuli (5). After isolation from bone marrow, ad-
ipose tissue, placenta, or other sources, MSCs can be expanded in
culture and subsequently administered by systemic or local routes
into injured animals. These exogenously administered MSCs lo-
calize to sites of active inflammation, through chemotactic signals
still being elucidated, and exert patterned antiinflammatory
responses depending on the specific inflammatory environment (5).
Further, administration of non–HLA-matched allogeneic MSCs
appears both feasible and safe (5–7). As such, MSCs have already
been tested in a number of clinical scenarios, although there remain
many unanswered questions as to optimal source and processing

of the MSCs, dosing, route of administration, potential effects
of the MSC vehicle, and other practical considerations.

A growing body of preclinical literature supports the efficacy of
MSC administration in a range of experimentally induced lung pa-
thologies, including those used as models of acute lung injury, lung
infections, asthma, bronchopulmonary dysplasia, bronchiolitis oblit-
erans, chronic obstructive pulmonary disease (COPD), pulmonary
ischemia–reperfusion injury, and pulmonary hypertension as well
as in models of septic shock (reviewed in Reference 8). These
studies consistently show that MSC administration ameliorates part
or all of the model-specific disease endpoints. MSCs are hypothe-
sized to reduce inflammation primarily by release of soluble anti-
inflammatory mediators and microvesicles without the need
for engraftment or recapitulation of lung morphogenesis.
Other mechanisms may be involved, and although significant
deficiencies persist regarding our understanding of the disease-
specific molecular mechanisms by which MSCs mediate these
ameliorating effects, these studies provide a solid rational basis
for the clinical application of MSCs in human lung diseases.

With respect to MSC effects on lung fibrosis, a systematic review
of the English language literature identifies 12 publishedmanuscripts
that have investigated the effects of syngeneic, allogeneic, or xenoge-
neic MSC administration in mouse, rat, or pig models of bleomycin-
induced lung fibrosis, the most commonly used preclinical model (8,
9). Notably, MSC administration by either systemic or intratracheal
route during the early stage of the injury ameliorates acute inflam-
mation and is protective against subsequent development of fibrotic
changes. These effects occur in the absence of what appears to be
any substantive engraftment of the MSCs in the lung, and limited
available data so far implicate release of soluble antiinflammatory
mediators as contributing to the MSC effects (8, 9). Impor-
tantly, administration of MSCs at time intervals longer than 7
days after bleomycin administration had no effect on estab-
lished fibrotic changes in either mouse or pig lungs (10, 11).
Further, in studies in radiation-induced lung fibrosis in rodents
where fibrosis is established prior to institution of therapy, MSCs
acquired a myofibroblast phenotype and contributed to fibrotic
changes (12, 13). Collectively, despite the well-recognized lim-
itations of the currently available animal models of lung fibrosis
(14), these preclinical data support a beneficial effect of MSC
administration in fibrotic lung diseases, but only if they are
administered early in the disease course, during active inflam-
mation and before significant fibrotic changes.

Clinical studies addressing the value of MSCs in human lung
diseases have been conducted in a parallel track in which the
safety and potential efficacy of MSCs in lung diseases are studied
in anticipation of clarification of the molecular mechanisms re-
sponsible for MSC effects. These studies are informed by data
obtained during the development of clinical trials of MSCs in dif-
ferent organs such as the heart. For example, as part of the sur-
veillance of untoward effects, Hare and colleagues followed the
lung function (FEV1 and FVC) of subjects enrolled in a double-
blind, placebo-controlled, dose-ranging safety trial of intrave-
nous allogeneic human bone marrow–derived MSCs (hMSCs)
(Prochymal; Osiris Therapeutics, Columbia, MD) in reperfused
patients with acute myocardial infarction (MI) (n ¼ 53) and
observed that compared with patients receiving placebo, those
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treated with hMSCs showed a greater increase in predicted FEV1

and FVC relative to baseline, from 3 days through 6 months after
infusion (15). On the basis of these data, Osiris Therapeutics spon-
sored the largest trial conducted to date inhuman lung diseases to
examine, in a multicenter, double-blinded, placebo (vehicle)-
controlled, randomized trial the safety and potential efficacy
of non–HLA-matched allogeneic bone marrow–derived hMSCs in
subjects with moderate-to-severe COPD (16, ClinicalTrials.gov iden-
tifier: NCT00683722). Sixty-two patients were recruited at six sites to
receive four monthly infusions (100 3 106 cells/infusion) of hMSCs
and to undergo periodic evaluations of lung function, quality of life,
6-minute walk, and assessment of systemic inflammation for
2 years. Although this study was not statistically designed to test
endpoints of efficacy, it found no significant toxicity, including no
clinical signs or symptoms of significant pulmonary emboli during
hMSC infusion, or of COPD exacerbations or mortality over the
2-year follow-up period. In addition, an early significant decrease
in levels of circulating C-reactive protein was observed in hMSC-
treated patients who had elevated CRP levels at study entry, sug-
gesting an antiinflammatory effect of the MSCs.

A Pulmonary Perspective in this issue of the Journal (pp.
133–140) (17) and a related press release (18) by Toonkel and
colleagues outline the rationale and describe plans for an inves-
tigation of MSC administration to patients with IPF. This trial
will complement other ongoing safety investigations using
MSCs of adipose or placental origin in patients with IPF taking
place in Greece and Australia (19, Clinicaltrials.gov NCT01385644).
Given our interest in pursuing clinical trials of MSCs in lung
diseases, a carefully designed Food and Drug Administration–
compliant safety trial of MSCs in IPF is welcome. The role of
the Food and Drug Administration is critical to promote ethical,
safe, and transparent conduct of the trial and thus to provide an
alternative to some patients with IPF who would otherwise resort
to medical tourism where the scientific and ethical standards are
unknown. Although Toonkel and colleagues make a compelling
argument for initiation of IPF trials using MSCs, there are some
unanswered questions that are worthy of discussion at this time.

These investigators indicate that they are capitalizing on the
available preclinical data using mouse models of bleomycin-
induced lung fibrosis and also the experience of clinical trials
of MSCs in heart diseases to delineate the clinical trial on IPF.
The clinical findings of Hare and colleagues (15) on FEV1 and
FVC in hMSC-treated patients with acute MI were used by Osiris
in their design of the COPD trial, and this trial clarified the
possibility of administering repeated doses of large numbers of
MSCs to an older sicker cohort of patients with severe lung disease
(16). However, the recently published POSEIDON trial of autol-
ogous versus allogeneic MSC administration in patients with
decompensated heart failure by the same group indicates differ-
ences in effects of autologous versus allogeneic MSCs, and that low
rather than highMSC doses appear to have a more beneficial effect
on cardiac function (20). Therefore, data gathered from multiple
trials by the same group that will be conducting the IPF safety trial
introduce further questions that need to be reconciled about the
source and dosing of MSCs and their relative effects on cardiac
versus pulmonary endpoints. In particular, questions remain about
autologous versus allogeneic bone marrow MSC use, as IPF has
been linked to genetic predispositions mediating abnormities in
bone marrow function, suggesting potential abnormalities in MSCs
obtained from patients with IPF, although a small study suggests
that MSCs isolated from patients with IPF appear to have the same
telomere lengths as age-matched controls (3, 21).

Further, acknowledging the inadequacy of currently available
models of lung fibrosis, there are no current preclinical data to
support an effect of MSCs to reverse or slow progression of al-
ready established lung fibrosis. The question of potential MSC

efficacy thus merits further consideration as the authors are unclear
about specifically what inclusion and exclusion criteria will be
employed in the trial. Is there a way to include patients earlier in
the course of IPF to increase the probability of benefit and lower risk,
a difficult prospect, as acknowledged by the authors? Will inclusion
criteria be defined by natural history of disease (which has no clear
pathogenesis and is variable in its progression), disease biol-
ogy (fibroblast proliferation with concomitant paradoxical ap-
optosis of alveolar epithelium), or biologic properties of the
MSCs as they “go to the lung and stimulate other cells into
making new tissue”? It is entirely possible that in established
lung fibrosis, MSCs could lead to the aggravation of the fibrotic
process, and there are no currently available data that contra-
dict this potential risk. Addressing these questions is fundamen-
tal because it will not only determine the mechanism of action
but also the potential toxicity of MSCs in patients with IPF. In
this regard, the IPF community could benefit from upcoming
clinical trials of MSCs in acute lung injury to consider the use of
MSCs in the treatment of highly lethal acute IPF exacerba-
tions. Clinical investigations of MSCs in IPF and other lung
diseases are a welcome advance, but we must balance the po-
tential risks while clarifying the cellular and molecular mecha-
nisms associated with MSC use in specific lung diseases. Patients
should be encouraged to participate, and the medical community
should be well informed about the indications and potential com-
plications associated with their clinical application.
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Triggering Receptor Expressed on Myeloid
Cells-2: A New Ally against Sepsis

The importance of sepsis need not be stated for readers of the
Journal. Although much effort has been made over many years
to understand the immunology of sepsis, our understanding of
the mechanisms and intermediates that lead to, maintain, and
resolve a septic state is still incomplete, and there are thus
insufficient opportunities for effective therapeutic intervention.
Now an article by Chen and colleagues (pp. 201–212) in this
issue of the Journal (1) introduces triggering receptor expressed
on myeloid cells-2 (TREM-2) as a protective factor during
polymicrobial sepsis. TREM-2 has recently generated much in-
terest in the field of Alzheimer’s disease, with the discovery of
rare missense mutations that significantly increase susceptibility
(2, 3). However, the present study returns to TREM-2’s roots as
an immune signaling molecule. As its name suggests, TREM-2
was originally identified as a receptor on the surface of dendritic
cells that signals through the adaptor protein DAP12 (DNAX-
activating protein of 12 kD) to promote dendritic cell matura-
tion (4). Subsequent research has identified three related but
distinct biological roles for TREM-2: as a phagocytic and im-
mune modulatory receptor on macrophages, as a neuroprotec-
tive factor expressed on microglia (reviewed in Reference 5),
and as a regulator of osteoclast differentiation (6). Myeloid cell
TREM-2 has been found to be induced during inflammation (7),
to secrete antiinflammatory cytokines and tame TLR signaling
(8–10), and to act as a direct phagocytic receptor for bacteria
(11). Thus, TREM-2 may also have a role to play in sepsis.

Chen and colleagues start with the observations that TREM2
mRNA expression is markedly increased in the abdominal as-
cites of some patients with sepsis. Although such data indicate
a role for TREM-2 during sepsis, they do not show what that
role may be, nor how important it is to the outcome, nor even
whether it is protective or maladaptive. To answer these ques-
tions, Chen and colleagues turned to a mouse model. Experi-
mental ligation and puncture of the cecum (CLP) causes enteric
microbes to leak into the abdominal cavity, and so provides
a widely used model for polymicrobial sepsis. Chen and

colleagues show that both Trem2 transcript and TREM-2 pro-
tein expression are induced in multiple tissues by CLP, peaking
about 72 hours after surgery. This is not just a result of cell
recruitment, because peritoneal macrophages isolated from sep-
tic mice show a marked increase in TREM-2 staining compared
with normal controls. They then address the issue of how this
elevated TREM-2 influences the outcome of sepsis. A blocking
protein impairs bacterial clearance, and injection of bone marrow–
derived macrophages constitutively overexpressing TREM-2
improves both survival and bacterial clearance. Thus, TREM-2
is protective in this model of sepsis.

The next important question is, how does TREM-2 exert its ef-
fect? There is robust evidence to support amodel in which TREM-2
activity exerts an antiinflammatory influence (9, 10), which suggests
that the survival benefit of TREM-2 expression may be, at least in
part, due to reduced immunopathology. In vitro data initially sup-
port this model: Chen and colleagues observe increased IL-10 and
reduced proinflammatory cytokine production in their TREM-2
transgenic macrophages. However, they did not observe these
changes in tissues of septic mice injected with TREM-2 transgenic
macrophages, despite reduced bacterial burden. Instead, they pres-
ent evidence that TREM-2 promotes AKT-dependent phagocytosis
and killing of bacteria by TREM-2–expressing macrophages them-
selves (see Figure 1). This is reminiscent of an ongoing debate in the
neurodegeneration field, where the importance in vivo of TREM-
2–mediated phagocytosis of apoptotic neurons and proinflamma-
tory debris and TREM-2–dependent antiinflammatory cytokine
section by microglia is unclear (5). Interestingly, a very recent re-
port (12) did observe increased proinflammatory cytokine and re-
duced Th2 cytokine production after small interfering RNA
knockdown of Trem2 in the corneas of mice infected with Pseudo-
monas aeruginosa. This was associated with impaired bacterial
clearance, which, in the absence of phagocytosis data, the authors
attributed to the altered Th1/Th2 balance. Thus, it will be important
for future studies to distinguish between the antiinflammatory and
phagocytic activities of TREM-2 in a given context.
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