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Abstract 
Background:  We have previously shown bone marrow-derived mesenchymal stem cells (MSCs) may shift immune responses toward anti-in-
flammatory pathways and stabilize the course of obstructive chronic lung allograft syndrome (o-CLAD) after lung transplantation. In this study, 
we measured the response of lower dose infusions.
Methods:  We infused low-dose MSCs intravenously in 13 patients who had developed moderate-to-severe o-CLAD. Three had previously re-
ceived an infusion of MSCs from a different donor and were re-dosed at 1 × 106 MSC/kg, while 5 received a first dose at 1 × 106 MSC/kg and five 
received an even lower dose at 0.5 × 106 MSC/kg. We recorded pulmonary function tests before and after infusion, and patients were followed 
clinically for 12 months.
Results:  Infusions were well tolerated, and no significant adverse events were recorded in the first 30 days. There was significant decline 
(mean ± SD) in forced vital capacity (FVC) (3.49 ± 1.03 vs 3.18 ± 0.94 L, P = .03) and forced expiratory volume in 1 second (FEV1) (2.28 ± 0.86 
vs 1.77 ± 0.49 L, P = .04) over the year preceding infusion. FVC (3.18 ± 0.94 vs 3.46 ± 0.99 L, P = .53) and FEV1 was not significantly changed 
(1.77 ± 0.49 vs 1.88 ± 0.75, P = .72) when comparing values immediately prior to infusion to those obtained 1 year after infusion, indicating a 
possible stabilizing effect on lung function decline due to o-CLAD.
Conclusion:  Intravenous infusions of bone marrow-derived MSCs are well tolerated in lung transplant recipients with moderate-to-severe 
CLAD. Low-dose MSCs appear to slow progression of CLAD in some patients.
Key words: lung; mesenchymal stem cells; Th1/Th2; transplantation; adult human bone marrow.
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Forced expiratory volume in 1 second (FEV1 in liters) was measured before and after low-dose mesenchymal stem cell infusions (0.5 or 1 mil-
lion cells/kg on day 0) in lung transplant recipients with moderate to severe chronic lung allograft dysfunction. Infusions were well tolerated and 
showed a stabilizing effect on FEV1 decline when measured 1 year after infusion (P = .72)
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Lessons Learned
•	 Bone marrow-derived mesenchymal stem cells may be safely administered to lung transplant recipients with chronic rejection (CLAD).
•	 Preliminary results suggest this intervention may slow the decline in lung function associated with CLAD.

Significance Statement
Chronic rejection is the major cause of death and debility in lung transplant recipients who survive the first year. While survival after lung 
transplant has significantly improved over the past 2 decades, chronic rejection continues to be a problem. Any intervention that slows or 
stops the process will have a significant impact on survival. Preliminary results suggest mesenchymal stem cells should be investigated 
as a possible solution and they have shown some beneficial effects in other inflammatory lung diseases. We have shown that these cells 
can be safely administered to lung transplant recipients.

Introduction
Lung transplantation offers prospects for better longevity 
and quality of life for a variety of end-stage lung diseases 
unresponsive to medical or surgical interventions.1 Despite 
improvements over the last decade, chronic lung allograft 
failure (CLAD) still limits long-term survival. In a retrospec-
tive cohort study of primary lung transplant recipients (1994-
2011) reported to the International Society of Heart and 
Lung Transplantation Thoracic Transplant Registry, 79 896 
person-years of follow-up showed that median bronchiolitis 
obliterans syndrome (BOS) (obstructive CLAD) free survival 
to be 3.16 (95% CI, 2.99-3.3) and 3.58 (95% CI, 3.53-3.72) 
years for single vs bilateral lung transplant recipients, respec-
tively. Almost 90% of single and bilateral lung transplant 
recipients achieved the composite outcome of BOS (obstruc-
tive CLAD) or death 10 years after transplantation.2 Chronic 
rejection remains the most important factor limiting sur-
vival after lung transplantation. Several clinical phenotypes 
for CLAD have been identified, predominantly obstructive 
(BOS) or restrictive (restrictive allograft syndrome).3–5 All 
phenotypes are associated with a sustained decline in air-
flow, measured most reliably by a decline in forced expiratory 
volume in 1 second (FEV1) compared to baseline (average of 
2 best FEV1 values post-transplant, measured at least 3 weeks 
apart), in the absence of acute rejection, airway stenosis or 
active infection. Several factors may predispose patients to 
develop CLAD. Repeated bacterial, fungal, or viral infection, 
episodes of acute rejection (both cell-mediated and humoral), 
gastroesophageal reflux disease (GERD) with aspiration, 
vascular injury, and others have been implicated.6–9 Medical 
therapy with azithromycin10 or montelukast,11 enhanced 
immunosuppression,12, 13 extracorporeal photopheresis, or 
medical and surgical intervention for GERD14 may stabilize 
some patients, but in others progressive decline is relentless. 
Re-transplantation as a last resort carries a worse prognosis 
than primary lung transplantation, and few patients qualify 
for re-transplantation.15, 16 Better interventions are required 
if lung transplantation is to no longer lag other solid organs 
for long-term survival. The development of novel and well-
tolerated therapies for CLAD remains a high priority.

Mesenchymal stem cells (MSCs) are preferentially trapped 
in the lung after intravenous infusion, particularly in a set-
ting of acute inflammation.17, 18 They are known to modulate 
the cellular immune system by suppressing effector T cells. 
They shift T-helper (Th) 1 to a Th2 immune response, thereby 
shifting immune responses toward an anti-inflammatory 
and tolerogenic phenotype.19, 20 They also exert an effect on 

B cells, thereby reducing antibody production.20 Autologous 
and allogeneic MSCs have been evaluated in the treatment of 
other inflammatory lung conditions, such as graft versus host 
disease (GVHD).21 In a prior phase I study at our institution 
(referred to in this study as phase Ia), we administered a single 
dose of MSCs to 9 patients, divided into 3 groups according 
to dose (4 × 106, 2 × 106, and 1 × 106 cells/kg), with estab-
lished moderate CLAD (6.6 ± 3.1-year post-transplant). All 
patients had an obstructive phenotype. Clinically, there was 
no discernible difference in gas exchange at 1 year and renal 
function was unaffected. Spirometry suggested a pattern of 
stabilization in FEV1 and forced vital capacity (FVC) over 
the year following infusion. The most beneficial biological ef-
fect of an increase in tolerance inducing Th2 cytokines and 
reduction in Th1 pro-inflammatory cytokines (IL-1-α, IL-6, 
IL-8) and chemokines (MIP-1α, MIP-1β) appeared to occur 
in the group receiving the lowest dose of MSCs.22 Others have 
also demonstrated that intravenous administration of bone 
marrow-derived allogeneic MSC is well tolerated in lung 
transplant recipients with moderate to severe CLAD and may 
provide stabilization to lung function.23

In this study, (referred to as phase Ib), we measured lung 
function and clinical parameters in lung transplant recipients 
with established moderate to severe CLAD and an obstructive 
phenotype after a single low-dose infusion of MSCs. We also 
re-dosed a small number of patients (n = 3) who had received 
MSCs in the previous (phase Ia) study. All patients received 
a single-dose intravenous infusion of bone marrow-derived 
mesenchymal stem cells (BMSCs).

Materials and Methods
Patient Population/Trial Design
The study patients were recruited from the clinical practice of 
the lung transplant program at Mayo Clinic in Jacksonville, 
Florida. This study was conducted under IND15807 from 
the US Food and Drug Administration (FDA), approved by 
the Mayo Clinic Institutional Review Board (Protocol #14-
000025), and registered at ClinicalTrials.gov NCT02181712. 
Informed consent was obtained from all study participants.

Patients diagnosed with moderate to severe obstructive 
CLAD (Table 1), refractory to standard interventions were 
enrolled in this phase I study. Thirteen patients received MSC 
infusion, but one withdrew before the 60-day follow-up, after 
being deemed suitable for re-transplantation. Twelve patients 
(11 male and 1 female) completed follow-up. All subjects 
were enrolled between July 23, 2018 and September 18, 2020 
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and were followed for 12 months. Three patients who had 
participated in the phase Ia study received a second dose of 
MSCs in this phase Ib study (group 1). Demographic char-
acteristics are summarized in Table 1. Thirteen patients (11 
male and 2 female) were recipients of either bilateral (n = 10) 
or single (n = 3) lung transplants. Underlying pre-transplant 
diagnoses included idiopathic pulmonary fibrosis (n = 8), fi-
brotic NSIP (n = 1), idiopathic bronchiectasis (n = 1), pri-
mary ciliary dyskinesia (n = 1), cystic fibrosis (n = 1), and 
alpha-1 antitrypsin deficiency with severe emphysema (n = 1). 
Patients were generally of advanced age (mean 64.4 ± 11.2 
years). The day of infusion was considered day 0. Baseline 
immunosuppression agents are included in Table 1. All 
patients were immunosuppressed by a calcineurin inhibitor 
and prednisone. All but one patient in group 1 and one in 
group 2 were also on a cell cycle inhibitor (mycophenolate 
or azathioprine). Baseline immune function was measured as 
follows: mononuclear cells (MNCs) were isolated from the 
peripheral blood collected at baseline and days 1 and 7 ± 1 
using Ficoll-Paque PREMIUM 1.077 (Cytiva, Marlborough, 
MA). Isolated MNCs were evaluated for B cells (CD45+, 
CD19+), natural killer (NK) cells (CD45+, CD56+), and reg-
ulatory T cells (Tregs) (CD4+, CD25+) (Abs from Beckton 
Dickinson, Franklin Lakes, NJ). Data were acquired using an 
Accuri C6 Cytometer and analyzed using FCS Express. None 
of the patients had received a monoclonal antibody infusion 
or GCSF (granulocyte colony-stimulating factor) within the 

year preceding MSC infusion. Baseline PRA (pre-formed an-
tibody) data are included in Table 2. Two patients had detect-
able PRAs, but none were donor-specific.

Subject Monitoring
Safety was evaluated by monitoring patients for their capacity 
to tolerate intravenous infusion without the development of 
toxicities and adverse reactions. Feasibility was evaluated by 
assessing the ability to recruit patients and by determination 
of logistical issues associated with product preparation and 
delivery to the clinical unit. Laboratory testing, including 
complete blood count and liver and renal function tests, was 
performed for all subjects prior to MSC infusion (day −7 to 1) 
and on days 1 and 7 post-infusion. Pulmonary function testing 
(PFT), including FVC and FEV1, was conducted on days −7 
to −1 before infusion, on infusion day (day 0), and days 1, 7, 
30, 90, 180, 270, and 365 post-infusion. Wherever possible, 
historical spirometry values were obtained at days −365 and 
−180 ± 30 prior to infusion. A single patient, transplanted else-
where, did not have historical PFT within the pre-treatment 
time frame parameters (−365 and −180 days). Baseline best 
historical FEV1 was obtained by averaging the best two his-
torical post-transplant FEV1 values prior to participation in 
the study, measured at least 3 weeks apart. All patients had 
routine post-transplant monitoring every 3 months and when 
clinically indicated. Whole blood was collected from subjects 
on days 0, 1, and 7 for biomarker evaluation.

Table 1. Demographic characteristics of the 3 study groups. 

Dosing Age Sex Pre-Tx 
diagnosis 

IS Type Tx cPRA 
% 

Re-dose 
MSC 

FEV1 % decline 
at infusion 

Interval from 
prior MSC dose 
(years) 

Time: Tx to 
MSC infusion 
(years) 

Group 1
1 × 106 MSC/kg

74 M PCD CyA, 
MMF, Pred

Bilateral 0 Yes 49 3.05 10.3

73 M IPF Tac, AZA, 
Pred

Single 0 Yes 48 3.68 13.1

64 M IPF Tac, MMF, 
Pred

Bilateral 0 Yes 52 3.26 8.45

Group 2
0.5 × 106 MSC/kg

71 M IPF Tac, Pred Bilateral 0 No 42 NA 6

36 M CF Tac, MMF, 
Pred

Bilateral 4 No 53 NA 6.5

65 F IPF Tac, MMF, 
Pred

Bilateral 0 No 49 NA 3.12

72 M IPF Tac, MMF, 
Pred

Bilateral 32 No 45 NA 5.02

70 M IPF CyA, Pred Bilateral 0 No 32 NA 8.75

Group 3
1 × 106 MSC/kg

72 M BE Tac, MMF, 
Pred

Bilateral 0 No 46 NA 9.5

71 M IPF Tac, Pred Single 0 No 32 NA 12.75

62 M IPF Tac, MMF, 
Pred

Bilateral 0 No 48 NA 8.04

48 M α-1 AT Tac, MMF, 
Pred

Bilateral 0 No 38 NA 2.47

59a F f-NSIP Tac, MMF, 
Pred

Single 0 No 53 NA 4.79

Mean ± SD 64.4 ± 11.2 45 ± 7 7.6 ± 3.4

Abbreviations: AZA, azathioprine; BE, bronchiectasis; CF, cystic fibrosis; CyA, cyclosporine; F, female; FEV1, forced expiratory volume in 1 second; 
f-NSIP, fibrosing nonspecific interstitial pneumonia; IPF, idiopathic pulmonary fibrosis; IS, immunosuppression; M, male; MSC, mesenchymal stem cells; 
PCD, primary ciliary dyskinesia; Pred, prednisone; Re-dose MSC, prior MSC infusion in phase Ia trial; Tac, tacrolimus; Tx, transplant; α-1 AT, alpha-1 
antitrypsin deficiency.
aWithdrew from study after MSC infusion.
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MSC Manufacturing
BMSC manufacturing was performed at the Human Cellular 
Therapy Laboratory (HCTL) at Mayo Clinic in Jacksonville, 
Florida. Bone marrow was obtained from a healthy donor 
who underwent a comprehensive medical examination and 
completed an institutionally approved donor history ques-
tionnaire. Infectious disease marker testing HIV-1 and 2 
Antibodies, HIV Nucleic Acid Testing (NAT), HTLV I and 
II Antibodies, Syphilis Screen, Hepatitis B Surface Antigen, 
Hepatitis B Core Antibody, HBV NAT, HCV Antibody, 
HCV NAT, Trypanosoma cruzi Antibody, West Nile Virus 
NAT, Zika ELISA, Zika PCR was performed by a Clinical 
Laboratory Improvement Amendments (CLIA)-approved 
Laboratory. After a medical evaluation of the donor, re-
view of infectious disease testing results, and donor his-
tory questionnaire, donor eligibility determination was 
performed by the HCTL Medical Director. After informed 
consent was obtained, and following bone marrow aspira-
tion, allogeneic BMSCs from this single healthy donor were 
created by expanding the adherent fraction of fresh bone 
marrow aspirate using the Quantum Cell Expansion System 
(Terumo BCT, Lakewood, CO).24, 25 MSCs were cultured 
in α-minimum essential medium (Thermo Fisher Scientific, 
Waltham, MA), supplemented with 5% pooled Human 
Platelet Lysate (Sexton Biotechnologies, Indianapolis, IN), 
and 1× GlutaMAX (Thermo Fisher Scientific). Final cell 
products were cryopreserved at 2.5 × 106 MSCs/mL in 20 mL 
CryoStor CS10 (10% dimethyl sulfoxide) (STEMCELL 
Technologies, Vancouver, BC) and stored in vapor phase 
liquid nitrogen at less than −150°C. Quality control testing 
was performed on the final cryopreserved cell product prior 
to release.

MSC Preparation and Infusion
On the day of infusion, final cryopreserved MSC products 
were thawed and diluted 5-fold with Plasma-Lyte A (Baxter, 
Deerfield, IL) to yield a concentration of 2.0% DMSO and 
0.5-1 million MSC/kg which were infused intravenously as 
outlined in Table 2. An aliquot of the final formulated product 
was reserved for cell count, viability testing, Gram staining, 
and bacterial/fungal culture evaluation.

Infusion of MSCs was performed in the clinical apheresis 
unit. MSCs were infused at a rate of 3-5 mL/minute for the 
first 15 minutes and subsequently adjusted based on toler-
ability. Patients were monitored for the occurrence of any 
adverse reactions, and infusion toxicity was evaluated by 
continuously monitoring the subject’s vital signs, before, 
during, and up to two hours after MSC infusion (Table 
3). Five patients in group 2 received 0.5  ×  106 MSC/kg 
whereas 1  ×  106 MSC/kg was administered to the three 
subjects in group 1, and the five subjects in group 3 
(Tables 1, 2). Doses were chosen based on the maximal ef-
fect of dosing 1 × 106 cells/kg as opposed to 4 × 106 cells/
kg in a prior phase Ia study. A lower dose of 0.5  ×  106 
was chosen to measure the effectiveness of an even lower 
dose. A paradoxical inverse dose response has previously 
been reported when administering MSCs to patients with 
cardiomyopathy.26

Statistical Analysis
All variables are summarized as mean ± SD or median (range). 
Individual variables were compared over time using paired t 
test. A P value of .05 was considered significant. All analysis 
was completed using SAS version 9.4 (Cary, NC).

Table 2. Cell count, viability, and sterility of infused MSCs in 13 subjects.

Group Patient Weight, 
kg 

Prescribed cell 
dose, million/kg 

Total number 
of cells infused 

Pre-infusion 
viability, % 

Gram 
stain 

Bacterial/
fungal culture 

1 1 99.8 1.0 7.50E+07 76.5 NOS Negative

2 94.8 1.0 7.51E+07 79.5 NOS Negative

3 90.8 1.0 7.49E+07 72.1 NOS Negative

2 4 87.5 0.5 3.75E+07 72.5 NOS Negative

5 66.9 0.5 2.49E+07 75.3 NOS Negative

6 74.9 0.5 2.50E+07 82.3 NOS Negative

7 86.9 0.5 3.75E+07 77.9 NOS Negative

8 68.8 0.5 2.50E+07 80.7 NOS Negative

3 9 95.4 1.0 7.50E+07 88.2 NOS Negative

10 70.4 1.0 5.00E+07 86.1 NOS Negative

11 77.6 1.0 7.50E+07 89.7 NOS Negative

12 92.1 1.0 7.50E+07 76.6 NOS Negative

13 70.5 1.0 5.00E+07 77.4 NOS Negative

Total patient population

Mean 82.8 0.8 5.38E+07 79.6

SD 11.6 0.3 2.19E+07 5.6

Median 86.9 1.0 5.00E+07 77.9

Minimum 66.9 0.5 2.49E+07 72.1

Maximum 99.8 1.0 7.51E+07 89.7

Abbreviations: MSC, mesenchymal stem cells; NOS, no organism seen; SD, standard deviation.
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Results
MSC Product
An average of 5.38 × 107 MSCs were intravenously infused 
for each subject. The viability of the cell product prior to in-
fusion was determined as 79.6% ± 5.6% by flow cytometry 
7AAD staining. Among the three groups, no significant 
differences in viability were observed. All post-thaw bacterial/
fungal cultures were negative and “no organisms seen” was 
reported for all Gram Stain evaluations performed (Table 2).

Tolerance of MSC Infusion
There was no detrimental change to vital signs after infusion. 
Compared to baseline values measured before infusion, heart 
rate, BP mean, respiratory rate, temperature, oxygen satu-
ration, and Borg dyspnea index measured at 0.5-, 1-, 1.5-, 
and 2-hour post-infusion were not significantly different  
(Table 3).

Clinical Events Following MSC Infusion
There were no major clinical events during, immediately after 
(within the first week), or up to 1 month after MSC infu-
sion. Significant clinical events occurring within the first year 
of follow-up are included in Supplementary Table S1. Two 
patients died within the 12-month period of follow-up after 
MSC infusion. One developed progressive left ventricular 
failure and renal failure 10 months after MSC infusion and 
requested palliation (group 3). The other (group 1) developed 
acute on chronic respiratory failure following an aspiration 
event 4 months after MSC infusion and requested palliation. 
Two patients (groups 2 and 3) were diagnosed and treated 
for new squamous cell cancer (SCC). Both had a history of 
treatment for SCC at different sites prior to enrollment. One 
patient (group 2) suffered a focal seizure deemed likely sec-
ondary to an old cerebral infarction, which had occurred 
years before enrollment. One patient (group 3) was treated 
for a respiratory infection 45 days after MSC infusion and 
recovered without sequelae. Since we do not have a control 
population, it is impossible to define whether any of these 
events were related to MSC infusion.

Pulmonary Function Testing
Changes in pulmonary function at days −365, −180, and 
0 prior to infusion of MSCs were compared to changes 
occurring on days 180 and 365 after MSC therapy and are 
presented in Table 4. Findings were not significantly different 
from those recorded in the previous phase Ia study.22 The 
dataset was incomplete at days 180 and 365 for one patient 

in group 1 and one patient in group 3 who died within the 
first year of follow-up. One patient in group 2 did not have 
historical PFT within the −365- and −180-day time frame be-
fore MSC infusion but had sufficient PFT to establish a di-
agnosis of obstructive CLAD at day 0. Overall, there was a 
significant decline in FVC (P = .03) and FEV1 (P = .04) from 
day −365 prior to therapy compared to the mean FVC and 
FEV1 measured immediately prior to MSC infusion on day 0. 
During the year following infusion, the mean FVC (P = .59, 
P = .53) and FEV1 (P = .84, P = .72) were not significantly 
changed on days 180 and 365 compared to days 0 (Table 4). 
Figure 1a shows individual changes in FEV1 for the 3 groups 
of patients according to whether they were re-dosed (group 1) 
with a dose of 1 × 106 MSC/kg or received a first dose (group 
3) at 1 × 106 MSC/kg or (group 2) 0.5 × 106 MSC/kg. Figure 
1b shows the combined change in FVC and FEV1 before and 
after MSC infusion for the 3 groups. The dataset on day 365 
did not include one patent from group 1 and one patient 
from group 3, who died during the year of follow-up. One 
patient in group 3 withdrew from the study as noted above. 
Stabilization in FEV1 at day 365 compared to day 0 indicates 
a change in pattern from the significant decline noted over 
the year preceding infusion. Patient 12 showed significant im-
provement in FVC and FEV1 on days 180 and 365 following 
MSC infusion.

Effect of MSC Therapy on Immune Effector Cells
We evaluated immune effector cells (NK, B, and Tregs) in the 
blood samples from 11 out of the 13 study subjects (Fig. 2). 
For group 2 and 3 subjects, there was an overall increase in 
the percentage of B and NK cells at day 7 ± 1 when compared 
to baseline. Compared to baseline, the percentage of Tregs 
decreased on day 1 and then increased on day 7 ± 1 for groups 
2 and 3. Analysis of group 1 data did not produce a readily 
identifiable trend for the cell types evaluated. Overall, looking 
at the data for all subjects in aggregate (dashed lines), there 
was an increase in the number of B cells, NK cells, and Tregs 
from baseline to day 7 ± 1, with the increase in B-cell number 
being the most pronounced.

Discussion
MSC are trapped in the vasculature of the lung after intra-
venous infusion. This “pulmonary first-pass effect” poses 
problems for administration to sites of injury other than the 
lung but may be particularly advantageous when the lung is 
the target site.17 We have previously shown that MSCs are in-
deed trapped in lung vasculature after intravenous infusion.22 

Table 3. Clinical parameters on day of infusion.

Variables measured at 
the time of MSC infusion 

Pre-infusion
Mean ± SD 

0.5 hours after infusion
Mean ± SD 

1 hour after infusion
Mean ± SD 

1.5 hours after infusion
Mean ± SD 

2 hours after infusion
Mean ± SD 

Heart rate, bpm 73 ± 6 72 ± 8 74 ± 9 73 ± 7 74 ± 6

BP mean, mmHg 95 ± 10 91 ± 8 91 ± 10 92 ± 10 91 ± 7

Respiratory rate, Brpm 18 ± 2 17 ± 2 17 ± 2 17 ± 2 17 ± 2

Temperature, °C 36.7 ± 0.2 36.7 ± 0.1 36.7 ± 0.2 36.7 ± 0.1 36.7 ± 0.2

Oxygen saturation, % 97 ± 2 97 ± 2 97 ± 1 97 ± 2 97 ± 0.1

Borg dyspnea index 0.04 ± 0.14 0.15 ± 0.55 0.08 ± 0.19 0.04 ± 0.14 0.04 ± 0.14

Abbreviations: bpm, beats per minute; BP mean, mean arterial blood pressure; Brpm, breaths per minute.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac051#supplementary-data


896 Stem Cells Translational Medicine, 2022, Vol. 11, No. 9

Ta
b

le
 4

. C
ha

ng
es

 in
 F

VC
 a

nd
 F

E
V

1 
be

fo
re

 a
nd

 a
ft

er
 M

S
C

 in
fu

si
on

.

D
os

in
g 

gr
ou

ps
 

ph
as

e 
1b

 
FV

C
 p

re
-

in
fu

si
on

  
da

y 
−3

65
 

FV
C

 p
re

-
in

fu
si

on
 

da
y 

−1
80

 

FV
C

 p
re

-
in

fu
si

on
 

da
y 

0 

FV
C

 p
os

t-
in

fu
si

on
 

da
y 

18
0 

FV
C

 p
os

t-
in

fu
si

on
 

da
y 

36
5 

FE
V

1 
pr

e-
in

fu
si

on
 

da
y 

−3
65

 

FE
V

1 
pr

e-
in

fu
si

on
 

da
y 

−1
80

 

FE
V

1 
pr

e-
in

fu
si

on
 

da
y 

0 

FE
V

1 
po

st
-

in
fu

si
on

  
da

y 
18

0 

FE
V

1 
po

st
-

in
fu

si
on

  
da

y 
36

5 

G
ro

up
 1

R
e-

do
se

4.
41

4.
01

4.
44

3.
7

4.
49

2.
38

2.
31

2.
55

2.
33

2.
5

2.
13

1.
97

2.
1

2
2.

11
1.

36
1.

3
1.

38
1.

31
1.

28

3.
24

2.
87

2.
89

1.
77

1.
39

1.
41

G
ro

up
 2

3.
41

3.
53

3.
63

2.
93

3.
06

1.
68

1.
83

1.
72

1.
51

1.
56

3.
56

3.
69

3.
64

1.
44

1.
5

1.
43

2.
64

1.
55

1.
56

1.
55

1.
85

2.
18

1.
13

1.
14

1.
13

0.
91

3.
73

3.
81

3.
44

3.
77

3.
46

2.
43

2.
26

1.
91

2.
06

2.
07

4.
11

3.
84

3.
86

3.
88

2.
4

2.
26

2.
28

2.
17

G
ro

up
 3

3.
62

3.
53

3.
42

3.
33

3.
37

2.
12

2.
08

1.
98

1.
94

1.
92

1.
74

1.
53

1.
65

1.
59

1.
38

1.
25

1.
35

1.
36

4.
07

3.
42

3.
68

3.
67

3.
56

3.
06

1.
76

1.
48

1.
49

1.
44

5.
3

5.
5

4.
05

4.
59

5.
2

4.
39

3.
98

2.
58

3
3.

56
a

2.
16

2.
1

1.
71

1.
82

1.
72

1.
04

M
ea

n 
± 

SD
3.

49
 ±

 1
.0

3b
3.

17
 ±

 1
.2

3
3.

18
 ±

 0
.9

4
3.

15
 ±

 1
.0

1
3.

46
 ±

 0
.9

9
2.

28
 ±

 0
.8

6b
1.

93
 ±

 0
.8

4
1.

77
 ±

 0
.4

9
1.

81
 ±

 0
.5

6
1.

88
 ±

 0
.7

5

M
ed

ia
n 

(r
an

ge
)

3.
62

 (
1.

7-
5.

3)
3.

48
 (

1.
53

-5
.5

)
3.

5 
(1

.5
6-

4.
44

)
3.

67
 (

1.
55

-4
.5

9)
3.

51
 (

1.
85

-5
.2

)
2.

18
 (

1.
36

-4
.3

9)
1.

8 
(1

.1
3-

3.
98

)
1.

6 
(1

.1
4-

2.
58

)
1.

51
 (

1.
13

-3
)

1.
74

 (
0.

9-
3.

56
)

a W
it

hd
re

w
 f

ro
m

 s
tu

dy
, s

pi
ro

m
et

ry
 n

ot
 in

cl
ud

ed
 in

 fi
na

l a
na

ly
si

s.
b P

 <
 .0

5 
co

m
pa

re
d 

to
 d

ay
 0

, g
ro

up
 1

: 1
 ×

 1
06  

M
SC

/k
g,

 g
ro

up
 2

: 1
 ×

 1
06  

M
SC

/k
g,

 g
ro

up
 3

: 0
.5

 ×
 1

06  
M

SC
/k

g.
A

bb
re

vi
at

io
ns

: F
E

V
1,

 f
or

ce
d 

ex
pi

ra
to

ry
 v

ol
um

e 
in

 1
 s

ec
on

d;
 F

V
C

, f
or

ce
d 

vi
ta

l c
ap

ac
it

y;
 M

SC
, m

es
en

ch
ym

al
 s

te
m

 c
el

ls
.



Stem Cells Translational Medicine, 2022, Vol. 11, No. 9 897

Furthermore, the inflamed lung may exert a chemoattractant 
effect on MSCs. The debate as to whether MSCs primarily 
exert their influence through direct contact or by altering the 
micro-environment continues. This effect may include soluble 
factor release, including growth factors or cytokines, or via the 
release of lipid microvesicles.27, 28 Studies have demonstrated 
MSC response to chemokines, such as SDF-1 and MCF-329, 30 
and inflammatory cytokines tumor necrosis factor α, IL-1β, 
and IL-1α are required to induce immunosuppression by 

MSCs through the concerted action of chemokines and NO.31 
Therefore, MSCs may be particularly suited to exerting their 
effect on inflamed lungs, such as with chronic lung allograft 
dysfunction. In a previous study, our group demonstrated 
a decrease in pro-inflammatory cytokines IL-6 and IL-8 in 
some patients and an increase in tolerogenic cytokine IL-4. 
Additionally, patients receiving lower-dose MSCs had also 
demonstrated an increase in epidermal growth factor in the 
serum, which may have a favorable effect on MSC-induced 
wound healing and tissue regeneration.32 In our previous 
phase Ia trial,22 we had demonstrated a more profound ef-
fect on biomarkers at the lowest dose (1 × 106 MSC/kg). This 
dose was repeated for groups 1 and 3 in this study. An even 
lower dose (0.5 × 106 MSC/kg) was chosen for group 2. MSCs 
used for ischemic heart failure have similarly demonstrated 
the greatest improvement in left ventricular function at low 
but not at high dose,33 and MSCs used to treat GVHD have 
shown no difference in safety profile or effect at low (2 × 106 
MSC/kg) vs high (8 × 106 MSC/kg) dose.34

This clinical trial demonstrates that BMSCs (HCTL, Mayo 
Clinic Florida) were well tolerated with no demonstrable 
short-term adverse effects. MSCs at doses of 1  ×  106 and 
0.5 × 106 cells/kg may be safely administered to lung trans-
plant recipients. Several studies have demonstrated safety 
when administering to patients with other lung diseases, such 
as chronic obstructive pulmonary disease, GVHD, and adult 
respiratory distress syndrome.35–37 Doses of 1 × 106, 2 × 106, 
and 4 × 106 cells/kg were well tolerated in a prior study of 
lung transplant recipients at our institution.22 Chambers et al 
had previously shown that MSC from 5 different donors was 
safely administered to a more heterogeneous population of 
lung transplant recipients.38 Clinical events which occurred 
during the 12-month follow-up period were not unexpected 
in this elderly population of lung transplant recipients who 
had survived an average of 7.8 ± 3.4 years since transplant at 
the time MSCs were infused. There was no further decline in 
lung function over 12 months after MSCs were administered, 
suggesting stabilization in lung function after MSC infusion. 
All but patient 12 (in group 3) had an obstructive CLAD 
diagnosis established for more than 6 months before they 
were enrolled. Patient 12 had been diagnosed with recent-
onset moderate obstructive CLAD less than 3 months before 
being infused. This patient also showed the most dramatic 
response, with spirometry values significantly improving at 
days 180 and 365 compared to day 0. In this small study, 
demographics were skewed toward a diagnosis of idiopathic 
pulmonary fibrosis (n = 8), elderly, and male (11 of 13) 
patients.

Figure 1. (a) Change in FEV1 before and after mesenchymal stem cell 
infusion on day 0. Groups 1 and 3: 1 million MSC/kg. Group 2: 0.5 million 
MSC/kg. (b) Mean ± SD change in FVC and FEV1 before and after MSC 
infusion for groups 1 and 2 and 3 combined. Compared to t = 0, P = .03, 
0.04 for FVC and FEV1 at day −365; compared to t = 0, P = .84, 0.72 
for FVC and FEV1 at day +365. Abbreviations: FEV1, forced expiratory 
volume in 1 second; FVC, forced vital capacity; MSC, mesenchymal stem 
cells.

Figure 2. Circulating immune cells stratified by MSC dose groups at baseline, and days 1 and 7 ± 1 after infusion. Data for group 1 includes 3 subjects, 
data for group 2 include 5 subjects, and data for group 3 include 3 out of the 5 subjects. Abbreviation: MSC, mesenchymal stem cells.
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This study has limitations. As a phase I trial, the popula-
tion was too small to make conclusions regarding efficacy. 
All but 1 patient had an established diagnosis of CLAD for 
more than 6 months before enrollment. MSC at 1 × 106 or 
0.5 × 106 cells per kg can be safely administered to lung trans-
plant recipients. Preliminary findings suggest there may be 
a stabilizing effect on progressive lung function decline in 
patients with obstructive CLAD. Except for 1 patient, these 
infusions were administered to patients with a well-estab-
lished CLAD diagnosis of >6 months since onset. We believe 
there would be value in measuring the effect of MSCs on lung 
transplant patients with mild or early-onset CLAD in a phase 
II study. MSCs may provide greater impact before the patho-
logical changes of CLAD are set, such as fibrotic changes of 
the restrictive phenotype, or the irreversible changes of bron-
chiolitis in the obstructive phenotype. We did not see an ob-
vious paradoxical inverse dose response at the lowest dose. 
We propose using a dose of 1 × 106 cells/kg in a possible phase 
II trial, as a similar stabilizing effect on lung function was 
observed in our previous phase I study at this dose.22

Conclusion
BMSCs may be safely administered to lung transplant 
recipients with moderate to severe, treatment-refractory ob-
structive CLAD (BOS). Preliminary results suggest that larger, 
randomized prospective studies are warranted.
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