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Normal ex vivo mesenchymal stem cell 
function combined with abnormal immune 
profiles sets the stage for informative cell 
therapy trials in idiopathic pulmonary fibrosis 
patients
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Abstract 

Background: Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive pulmonary disease characterized by aber-
rant tissue remodeling, formation of scar tissue within the lungs and continuous loss of lung function. The areas of 
fibrosis seen in lungs of IPF patients share many features with normal aging lung including cellular senescence. The 
contribution of the immune system to the etiology of IPF remains poorly understood. Evidence obtained from animal 
models and human studies suggests that innate and adaptive immune processes can orchestrate existing fibrotic 
responses. Currently, there is only modest effective pharmacotherapy for IPF. Mesenchymal stem cells (MSCs)-based 
therapies have emerged as a potential option treatment of IPF. This study characterizes the functionality of autolo-
gous MSCs for use as an IPF therapy and presents an attempt to determine whether the disease occurring in the 
lungs is associated with an alterated immune system.

Methods: Comprehensive characterization of autologous adipose-derived MSCs (aMSCs) from 5 IPF patient and 5 
age- and gender-matched healthy controls (HC) was done using flow cytometry, PCR (ddPCR), multiplex Luminex 
xMAP technology, confocal microscopy self-renewal capacity and osteogenic differentiation. Additionally, multi-
parameter quantitative flow cytometry of unmanipulated whole blood of 15 IPF patients and 87 (30 age- and 
gender-matched) HC was used to analyze 110 peripheral phenotypes to determine disease-associated changes in the 
immune system.

Results: There are no differences between autologous aMSCs from IPF patients and HC in their stem cell properties, 
self-renewal capacity, osteogenic differentiation, secretome content, cell cycle inhibitor marker levels and mitochon-
drial health. IPF patients had altered peripheral blood immunophenotype including reduced B cells subsets, increased 
T cell subsets and increased granulocytes demonstrating disease-associated alterations in the immune system.
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Background
Idiopathic pulmonary fibrosis (IPF) is a complex dis-
order caused by multiple injuries to lung epithelium 
which triggers a local immune response leading to dys-
regulation of cellular homoeostasis [1]. Accumulations 
of extracellular matrix and scar formation in IPF are 
consequences of impaired wound repair mechanisms 
[2–4]. The pathogenesis is still poorly understood, and 
with the exception of lung transplantation, currently 
there are no significantly effective pharmacotherapies 
for IPF [2, 5–8]. Growing body of evidence from basic 
science and translational research indicates that IPF 
appears to be a direct result of immune dysregulation 
and aberrant wound-healing response in the lungs [2, 9, 
10]. Not much is known about the contribution of the 
immune system to the development of IPF or how lung 
immune responses affect the systemic immunity. To 
the best of our knowledge there are no studies, which 
comprehensively investigate the immune status of IPF 
patients, although there are few studies identifying 
potential leukocytes involved with IPF pathogenesis [8, 
11–17].

MSCs are important regulators of tissue repair and 
wound-healing processes, have anti-inflammatory 
properties and display significant immunomodula-
tory capacity [18]. The use of MSCs-based therapy has 
emerged as a potential option for treatment of IPF. We 
have developed an expansive clinical program [21–25] 
evaluating the therapeutic index of autologous and allo-
geneic MSC in a variety of conditions, none of which 
have evaluated patients with chronic progressive fibro-
sis. There are promising results of preclinical [24–26] 
and clinical studies [27–30] using allogeneic MSC in 
assessing their safety for IPF treatment. However, the 
use of autologous adipose MSCs has not being investi-
gated as a possible treatment of IPF.

This study explores the suitability of autologous adi-
pose MSCs as a viable therapy for IPF. Furthermore, it 
is an attempt to determine whether the disease occur-
ring in the lungs can be reflected on peripheral blood 
immune status and thus be used to stage the disease 
as well as monitoring/predicting changes during MSC 
therapy.

Materials and methods
Procedural factors
IPF patients (group of 5) were identified from Inter-
stitial Lung Diseases Outpatient Clinic by an expert 
pulmonologist in IPF and other fibrotic diseases of the 
lung following the ATS/ERS/JRS/ALAT Statement cri-
teria [31]. All the aspects of this study involving sam-
ples from IPF patients and age- and gender-matched 
healthy volunteers were reviewed and approved by the 
Mayo Clinic Institutional Review Board. All subjects 
provided written informed consent to participate.

Patients characteristics for adipose tissue collection and MSC 
isolation

Variable Characteristics IPF (n = 5) Healthy 
control 
(n = 5)

Age (years) Mean 77.8 74.8

Range 73–80 61–80

Gender Male 3 3

Female 2 2

Isolation, propagation and identification of adipose MSC 
(aMSC)
Abdominal wall adipose tissue (approximately 1.5–
2.5  g) was obtained under sterile conditions from IPF 
patients and age- and gender-matched healthy donors 
in an outpatient surgical suite. Tissues were processed 
within 2 h of procurement. Cells were expanded ex vivo 
according to the protocol based on Standard Opera-
tion Procedures for isolation, extraction and expansion 
of aMSC analogs for clinical use [32, 33]. In brief, after 
microdissection the fat tissue was digested with colla-
genase Type I at 0.075% w/v, (Worthington Biochemi-
cals, Lakewood, NJ) for 1.5 h at 37 °C. Adipocytes were 
separated from the vascular fraction by centrifugation 
(400×g for 5 min, at room temperature). The cell pellet 
was washed with PBS and passed through cell strain-
ers (70 μm followed by 40 μm, BD Biosciences, Frank-
lin Lakes, New Jersey). The resulting cell fraction was 

Conclusions: Our results indicate that there are no differences in aMSC properties from IPF patients and HC, suggest-
ing that autologous aMSCs may be an acceptable option for IPF therapy. The altered immune system of IPF patients 
may be a valuable biomarker for disease burden and monitoring therapeutic response,
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plated in T-75  cm2 flasks (Thermo Fisher, Waltham, 
MA) and incubated in a fully humidified incubator 
supplied with 5%CO2 in PLGold xeno-free media. The 
xeno-free media named “PLGold media” consist of: 
Advanced MEM (Thermo Fisher Scientific) supple-
mented with 5% (v/v) PLTGold, (Mill Creek Life Sci-
ences, Rochester, MN), 1% (v/v) GlutaMax (Thermo 
Fisher) and 1% (v/v) antibiotics (100 U/ml penicillin, 
100  g/ml streptomycin, HyClone, Logan, UT). Cells 
were propagated when they were 60–80% confluent 
using TrypLE (Trypsin-like Enzyme, Invitrogen, Carls-
bad, CA) [30]. Cells yield and viability was quantified 
using acridine orange (AO) and propidium iodide (PI) 
nuclear stains for exclusion assay on Luna-FL Dual 
Fluorescence Cell Counter (all from Logos Biosystems, 
Annandale, VA). All aMSC used in the experimental 
procedures were between passages 2 and 5.

The proliferation and growth rate of aMSCs was moni-
tored by adding IncuCyte NucLight Rapid Red Reagent 
for Nuclear Labeling at 1:500 dilution (Essen Bioscience, 
Ann Arbor, MI) in the media. After 30-min incubation 
at 37  °C in a fully humidified incubator supplied with 
5%CO2 cells were placed in IncuCyte S3 Live Cell Analy-
sis instrument (Sartorius, Ann Arbor, MI) for fluorescent 
quantification of cell proliferation. Fluorescent images of 
red nuclei from sixteen fields in each well were captured 
at 681 nm every 6 h with 10 × objective. Each cell count 
was repeated twice in four replicas. The data acquisi-
tion, visualization and analysis were done using internal 
IncuCyte S3 Analyzing Software. The growth rate kinetic 
and doubling times (td) were evaluated recording the cell 
proliferation rate by counting the number of red nuclei 
every six hours for duration of five days. The population 
doubling time (td) was calculated by computing the linear 
regression of N = N0 × ekt, where N is the number of red 
nuclei count at time t, N0 is red nuclei count at time t = 0, 
and k is cell growth rate per hour.

Cell phenotype was analyzed by labeling them with pri-
mary fluorochrome-conjugated monoclonal antibodies, 
as described before [32, 34, 35]. Samples were analyzed 
using the Beckman Coulter Gallios 3-laser, 10-color flow 
cytometer and Kaluza 2.1 software (Beckman Coulter, 
Chaska, MN).

Morphologic characterization
Cells were seeded at 6100 cells/cm2 in a sterile eight well 
chamber (Cellvis, Sunnyvale, CA) for 48 h. Fresh media 
containing 350  nM MitoTracker Red CXMRos (Invitro-
gen) were added to the cells and incubated 30  min in a 
fully humidified incubator supplied with 5%CO2, fol-
lowed by washing with PBS. Cells were fixed by adding 
10% buffered formalin (Azer Scientific, Morgantown, 
PA). The covered glass chambers wrapped in aluminum 

foil were kept for 30 min on a rocker at room tempera-
ture. PBS-washed cells were permeabilized with 0.3% 
TRITON X-100 in PBS containing Hoechst 33342 
(1:1000 dilution, Thermo Fisher) and AlexaFluor™ 
488 Phalloidin (1:1500 dilution, Thermo Fisher). Alu-
minum foil-wrapped covered glass chambers were kept 
for 30 min on a rocker at room temperature. Cells were 
washed with PBS and kept in PBS to prevent them from 
drying during imaging.

2D and 3D cell images were collected using a laser 
scanning confocal microscope LSM 780 and ZEN 2010 
software (Carl Zeiss, NY). For quantification of the cells 
mitochondrial volume five individual aMSC from each 
cell line [total 25 cells from healthy controls (HCaMSC) 
and 25 cells from IPF patients (IPFaMSC)] were imaged 
under the same acquisition conditions: image size 
(512 × 512 pixels), number of Z-stack slices (16 slices, 
7.692  μm), number of averaging Z-stuck slices (averag-
ing 2 Z-stuck slices), scan zoom (X: 1.0, Y: 1.0), pinhole 
sizes and laser intensities (1.42 AU for 405-nm laser at 
50% intensity, 1.19 AU for 488-nm laser at 50% inten-
sity and 0.99 AU for 561-nm laser at 40% intensity) using 
C-Apochromat 63x/1.2 W Korr objective.

Detection was carried out at wavelengths of 406–
480 nm for Hoechst 33342 (nuclear stain), 499–560 nm 
for AlexaFluor™ 488 Phalloidin (actin F stain) and 566–
696  nm for MitoTracker Red CXMRos (mitochondria 
stain). For image analysis and mitochondria volume cal-
culations Image Data Management Software Imaris 8 
(Oxford Instruments, Abingdon, GB) was used. Unpaired 
Student’s t test analysis was used to determine the statis-
tical difference in mitochondria volumes between aMSC 
of the two tested groups.

Adipogenic differentiation capacity
Cells (passages 2 and 3) previously cultured in PLGold 
media were cultured for two consecutive passages in 
MSC NutriStem® XF Basal Medium containing MSC 
NutriStem® XF Supplement Mix (named “MSC NutriS-
tem® XF Medium” Biological Industries, Cromwell, CT) 
supplemented with 5% (v/v) PLTGold before seeding 
at 5260 cells/cm2 in a CellBIND 24 well plate (Corning, 
Corning NY). After 4 days, media in the wells with cells 
assigned for adipogenesis were replaced with MSCgo™ 
Adipogenic Differentiation Medium (Biological Indus-
tries, Cromwell, CT) containing Adipogenic Differen-
tiation Supplement Mix I and Adipogenic Differentiation 
Supplement Mix II (Biological Industries). Control cul-
tures were maintained in MSC NutriStem® XF Medium. 
Cells were kept for six days in the respected media, 
changing media once, before adding to the cells fresh 
respected media containing 1:500 dilution of IncuCyte 
NucLight Rapid Red Reagent for Nuclear Labeling and 
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1:1000 dilution of LipidSpot™ 488 Lipid Droplet Stain 
(Biotium, Fremont, CA). After 30-min incubation at  370C 
in a fully humidified incubator supplied with 5%CO2, 
plates were placed in an IncuCyte S3 Live Cell Analysis 
instrument for red nuclei count and green lipid droplets 
total green-integrated intensity (GCU) imaging using 
20 × objective. Fluorescent images of red nuclei (imaged 
at 681  nm) and green lipid GCU (imaged at 585  nm) 
from sixteen fields in each well were captured every 6 h 
for 24 h. The data acquisition, visualization and analysis 
were done using internal IncuCyte S3 Analyzing Soft-
ware. Each GCU value per well was normalized to the 
number of cells (red nuclei count) per well.

Secretome analysis of resting aMSC
aMSC were seeded at 2105 cell/cm2 in 6 well pates with 
2.5 ml PLGold media/well. Forty-eight hours later, media 
were replaced with 2 ml fresh media/well. One well kept 
with media only was used as a control background val-
ues. Four days (96  h) after, media were collected, spun 
for 5  min at 750 × g and supernatants store at -200C 
until use. Immediately after collecting the media, 1  ml 
of fresh media containing 1:500 diluted IncuCyte Nuc-
Light Rapid Red Reagent was added to the cells. Cell 
number (red nuclei count) was counted in an IncuCyte 
S3 Live Cell Analysis instrument. For determining aMSC 
secretome content a 20plex custom made kit (Human 
Cytokine/Chemokine, Human Bone and Adipokine Mag-
netic bead panel, EMD Millipore, Burlington, MA), and 
Luminex xMAP technology (R&D Systems Inc., Minne-
apolis, MN) were used. The secretome assay was done 
in triplicate  and was performed following the manufac-
turer’s instructions. The plates were read by the MAGPIX 
instrument using xPONENT software for acquisition 
(Luminex, Austin, TX). Data analysis of the median 
fluorescence intensity (MFI) and coefficient of variance 
(CV%) estimation was done by MILLIPLEX Analyst 5.1 
software (EMD Millipore). The analyte concentrations 
(pg/ml) were normalized to 1 ×  106 cells.

Analysis of aMSC senescence status by droplet 
digital polymerase chain reaction (ddPCR)
For establishing the status of aMSCs senescence we 
developed a Droplet Digital PCR (ddPCR) protocol for 
estimating the transcription level of CDKN1,  p16INK4A, 
p53 and RB1 cell cycle inhibitor markers. Total RNA from 
1.5 ×  106 cell pellets was extracted using RNeasy Mini Kit 
(Qiagen, Germantown, MD). The reverse transcription 
reaction was performed with random, Oligo(dT)20, prim-
ers using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, 
CA). For ddPCRs fluorescent-labeled custom-designed 
primers and probe for  p16INK4A:

p16INK4A forward primer: 5’ GCC CAA CGC ACC 
GAA TAG 3’,
p16INK4A reverse primer: 5’ ACG GGT CGG GTG 
AGA GTG 3’ and
p16INK4A probe: FAM6-TCA TGA TGA TGG GCA 
GCG CC-TAMRAIowaBlack, (IDT, Coralville, IA) 
were used.

For the other tested cell cycle inhibitor markers 
as well as for TATA binding protein (TBP) as refer-
ence gene, commercially available fluorescent-labeled 
expression primers and probes were used (Bio-Rad).

The ddPCR setup was as previously described [36]. 
The final concentration of primers and probes in the 
reactions was 900 nmol/L and 250 nmol/L, respectively. 
Multiwall plates were sealed, vortexed briefly, centri-
fuged and placed on an automated droplet genera-
tor (AutoDG- Bio-Rad). Each sample was partitioned 
into 15,000–20,000 droplets. PCR amplification was 
performed on a Veriti Thermal Cycler (Applied Bio-
systems). The initial heating at 95  °C for 10  min was 
followed by 60 cycles of denaturation at 94 °C for 30 s, 
annealing and extension at 58 °C for 1 min, and a final 
extension step at 98 °C for 10 min. The completed reac-
tions were stored at 4 °C until reading them on a QX200 
droplet reader (Bio-Rad). Data analysis was performed 
using 2D Module of the QuantaSoft software (BioRad).

Quantitative flow cytometry assay 
for immunoprofiling
Procedural factors
An separate group of 15 IPF patients were identified 
from Interstitial Lung Diseases Outpatient Clinic by 
an expert pulmonologist in IPF and other fibrotic dis-
eases of the lung following the ATS/ERS/JRS/ALAT 
Statement criteria [31]. All the aspects of this study 
involving samples from IPF patients and age- and 
gender-matched healthy volunteers were reviewed 
and approved by the Mayo Clinic Institutional Review 
Board. All subjects provided written informed consent 
to participate.YYY.

To characterize the circulating immune phenotype, 
peripheral blood samples from 87 healthy volunteers 
(30 of which age and gender matched) and from a sepa-
rate group of 15 IPF patients were collected in  K2EDTA 
tubes (Becton Dickinson, Franklin Lakes, NJ) at ini-
tial or return visits. Un-manipulated whole blood was 
stained with antibodies directly, within 12  h of col-
lection as previously described [37, 38]. Quantitative 
flow cytometry was performed to comprehensively 
assess 110 leukocyte populations and phenotypes from 
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lymphocytes, monocytes and granulocytes as previ-
ously described [37, 38]. The flow cytometry data were 
analyzed using Kaluza 2.1 software (Beckman Coulter), 
allowing quantification of the absolute number as well 
as percent of immune cell subtypes.

Statistical analysis
Results are expressed as mean ± SD. Statistical analysis 
was performed using GraphPad Prism 8 software. Inter-
group comparisons of parametrically distributed continu-
ous data were made using un-paired two-tailed Student’s 
t-test. Differences were considered significant when p 
values *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Correlations between IPF patients pulmonary function 
tests (PFT) values were established by calculating the 
Pearson correlation coefficient (r). Flow cytometry data 
are either represented as percentage of population or 
number of cells/μl. ddPCR data and presented as mean of 
three with CV%.

Results
Isolation, propagation and identification of adipose MSC 
(aMSC)
All tested cell lines (five IPFaMSC and five HCaMSC) 
expanded and grew as spindle-shaped adherent mon-
olayer cells (Fig. 1A). There is no difference in prolifera-
tion rate as well as population doubling times between 
the cells from both tested groups: IPFaMSC and 
HCaMSC  tds were 16.4 ± 0.55 and 17.8 ± 1.83 h, respec-
tively (Fig. 1B and 1C). Growth rate kinetic parameters 
are summarized in Additional file 1.

According to the criteria established by the Interna-
tional Society for Cellular Therapy [34] a flow cytom-
etry protocol previously described [37, 38] was used 
to establish the aMSC identity and purity. All ten cell 
lines were consistent with MSC expression of classical 
MSC markers: CD44, CD73, CD90, CD105 and HLA-
ABC and showed lack expression of lineage markers: 
CD14, CD45 and HLA-DR as summarized in Fig.  1D. 
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Fig. 1 Proliferation, growth rate kinetic, doubling time comparison. A. Representative images of HCaMSC (a) and IPFaMSC (b) growth for 2 days 
in IncuCyte S3 Live Cell Analysis instrument. All tested cells lines exhibit spindle-shaped adherent morphology. Nuclei are stained red. Scale 
bar = 400 μm. B. HCaMSC and IPFaMSC cell proliferation estimated by counting the number of red nuclei for 3 days. C. Unpaired Student’s t test 
analysis of population doubling times of both tested groups. Dots represent individual cell line values. Median values for IPFaMSC and HCaMSC 
were 17.0 and 16.6 h, respectively. Differences were considered significant when *p < 0.05, compared with control cell lines values. D. Flow 
cytometry results of IPFaMSCs HCaMSCs phenotypes. All ten cell lines tested more than 95% positive for typical MSC markers CD90, CD73, CD105, 
CD44 and HLA-ABC expression, and negative for lineage markers CD14, CD45 and HLA-DR expression
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No difference in expression of cell surface markers was 
noticed between aMSC isolated from IPF patients and 
HCs.

Morphologic characterization
To evaluate cellular morphology and obtain more 
detailed information for the intracellular structures of 
tested aMSC, laser scanning confocal microscopy was 
used. Cells were stained with AlexaFluor™ 488 Phalloidin 
as actin F stain, MitoTracker Red CXMRos as mitochon-
drial stain and Hoechst 33342 to define cell nucleus. In 

both tested groups cells exhibit spindle-like morphology, 
branched cytoplasms and intact cytoskeletons. Mito-
chondria distribution is concentrated around the nucleus 
and along filopodia. Nuclei appear characteristically ellip-
tical and uniformly speckled (Fig.  2A) which indicates 
homogeneous distribution of the chromatin throughout 
the nucleus. Using Z-stack confocal images mitochondria 
3D isosurface was created, and the mitochondria volume 
was calculated using Imaris 8 software (Fig. 2B). Student’s 
t test analysis of mitochondrial volumes in both groups 
showed no differences (Fig. 2C).

Fig. 2 Cell morphology and mitochondrial volume evaluation by laser scanning confocal microscopy. A Representative fluorescence images of 
HCaMSC (a) and IPFaMSC (b). Scale bar = 20 μm. B. Representative images of mitochondria 3D isosurface in HCaMSC (a) and IPFaMSC (b) created 
by Imaris 8 software. Scale bar = 20 μm. C Statistical analysis of IPFaMSC and HCaMSC cells mitochondrial volumes was done by unpaired Student’s 
t test. Dots represent individual cell values. No significant difference in the mitochondrial volume between two groups was found, with median 
values for IPFaMSC and HCaMSC of 596 and 702 μm3, respectively. Differences were considered significant when *p < 0.05, compared with control 
cell values

Fig. 3 Adipogenic differentiation of IPFaMSCs and HCaMSCs. A. Representative images of undifferentiated and adipogenic differentiated (a) 
HCaMSC and (b) IPFaMSC. Scale bar = 200 μm. B. Unpaired Student’s t  test was used for analyzing the statistical differences of adipogenesis in 
undifferentiated HCaMSC and IPFaMSC. No significant difference in growth rate in nonadipogenic media between these two groups was found, 
with median values of 588 (GCU x  mm2/well)/cell and 353 (GCU x  mm2/well)/cell, respectively. No significant difference was found between 
adipogenic capacity of HCaMSC and IPFaMSC with median values of 1768 (GCU x  mm2/well)/cell and 1408 (GCU x  mm2/well)/cell, respectively. 
Significant difference was found between undifferentiated and adipogenic differentiated HCaMSC as well as between undifferentiated and 
adipogenic differentiated IPFaMSC. Dots represent individual cell lines values. **p < 0.01, compared with control cell lines

(See figure on next page.)
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Adipogenic differentiation
aMSC differentiation into adipocytes was confirmed by 
the presence of prominent green fluorescent lipid drop-
lets compared to undifferentiated aMSC (Fig. 3A). aMSC 
from both groups showed no significant differences in 
adipogenic capacity (Fig.  3B) suggesting that cell lines 
from both groups have the similar adipogenic potential.

Secretome analysis of resting aMSC
The functional capacity of aMSC from both groups was 
assessed by their secretome profile. The analysis of pro-
tein content of the aMSC secretome was performed on 
media collected 4  days after incubation with the cells. 
For base line, the concentrations of the assayed analytes 
in the media alone were used. The analytes were divided 
into three groups: growth factors (GM-CSF, TGF and 
VEGF, Fig. 4A), anti-inflammatory cytokines (IL-4, IL-5, 
IL-10 and IL13, Fig. 4B) and pro-inflammatory cytokines 

(IFN-γ, TNF-α, IL-1β, IL-2, IL-3, IL7, IL-15, IL17A, PAI 
1, IL-6, IL-8, GRO and OPG, Fig.  4C). No differences 
in secretion of the analyzed cytokines were observed 
between the two tested groups. The concentrations of 
analytes (pg/ml) were normalized to the number of cells 
in each well and expressed as (pg/ml)/106 cells. Student’s 
t test analysis of the secretome in both aMSC tested 
groups showed no differences.

Senescence status of aMSC
The expression levels of the  p16INK4A/Rb and p53/
p21CIP1 (CDKN1) pathway members of the cells’ senes-
cence phenotype were analyzed by the ddPCR method, 
a sensitive and accurate method of measuring small 
changes in gene expression [41, 42]. The expression level 
of TBP was measured along with each cell cycle inhibi-
tor marker and used for normalization of the expression 
levels of the genes of interest. The normalized transcript 
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Fig. 4 Unpaired Student’s t test of the secretome profile of IPFaMSC and HCaMSC cells. The Luminex assay was performed in triplicate on 
media collected 4 days after initial incubation of the cells. A Secreted growth factors.  B Secreted anti-inflammatory cytokines.  C Secreted 
pro-inflammatory cytokines, group 1 (upper graphs)  and secreted pro-inflammatory cytokines, group 2 (lower graphs). CV% was less than 13% for 
all analytes. The concentrations of analytes (pg/ml) were normalized to the number of cells in each well and expressed as (pg/ml)/1 ×  106 cells. Data 
are expressed as mean and dots represent individual cell line values. Differences were considered significant when *p < 0.05
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values were expressed as a ratio of genes of interest tran-
script copy number to TBP transcript copy number per 
cell. Unpaired Student’s t test showed that there is no sig-
nificant difference in the expression levels between the 
two aMSC tested groups (Fig. 5).

Quantitative flow cytometry assay for immunoprofiling
Multi-parameter flow cytometry was conducted of 
whole blood samples from 15 IPF patients and 87 HCs 
between age 19 and 69 with 30 of those being 50 + years 
old (Table 1). Seven leukocyte phenotypes were meas-
ured as cells/μl and as a percentages of larger groups: 
granulocytes, [CD14 +] monocytes, [CD19 +] B cells, 
[CD56 + CD16-] NK cells, [CD3 + T] cells, [CD4 + T] 
cells, [CD8 + T] cells, and [CD3 + CD56 +] cells. Out of 
110 leukocyte phenotypes tested, 16 were found differ-
ent in IPF patients from HCs. Although there was no 
difference between IPFs and HCs samples in the total 
percentage of plasma B cells, as well as the number of 

(cells/μl) of [CD19 +] B cells as a group the subsets of 
[CD19 +] B cells were different. IPF patients exhibited 
lower percentages of transitional B cells. The num-
ber of (cells/μl) and percentages of [CD19 +] naïve 
[IgD + IgM +] cells in IPF were also lower than in 
HCs. At the same time the percentage of double-neg-
ative [IgD-IgM-] B cells were elevated in IPF patients 
(Fig.  6A and Additional file  2). IPF patients exhibited 
elevated cell counts (cells/μl) of granulocytes, eosino-
phils, and neutrophils compared to HCs (Fig.  6B and 
Additional file  2). The total number of [CD3 + T] 
cells between IPF patients and HCs was not different, 
but the subpopulations of the T cells in IPF patients 
were (Fig.  6C and Additional file  2). The percentage 
of [CD25 + CD45RA + Tregs] cells decreased in IPF 
patients, while the percentages of [CD25 + Tregs], 
[CD4 + Tcm], [CD8 + PD-1 +] were increased. Per-
centages in T signaling cells [CD4 + CTLA4 +], 
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Table 1 Demographic characteristics and lung function indices

Data are presented as mean ± SD, FVC% predictive = % of Forced Vital Capacity; FEV1% predictive = % of Forced Expiratory Volume in the 1st second, predictive;  VCmax 
% predictive = % Maximal Vital capacity

“Predictive” means values adjusted for patient age, gender and race

Variable Characteristics IPF patients (n = 15) Healthy control Healthy control
Age 50 + (n = 30) All (n = 87)

Age (years) Mean ± STD 76 ± 6.94 56 ± 3.74 40 ± 13.32

Range 65–89 50–69 19–69

Gender Female 6 7 20

Male 9 23 67

Lung function

 FVC% predictive 73 ± 15.6

 FEV1% predictive 85.2 ± 14.1

  VCmax % predictive 74.2 ± 15.1

Treatment at immunophenotyping (n)

 Pirfenidone 5

 Nintedanib 2

 Prednisone 1

 No medications 7
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[CD4 + CTLA4 + CD28 +], [CD8 + CTLA4 +] and 
[CD8 + CTLA4 + CD28 +] in IPF patients were also 
noted as well as an increase in percentage of [CD33 +] 
monocytes in IPF patients (Fig.  6D and Additional 
file 2).

To determine whether any of these identified dif-
ferences in IPF immunophenotypes were associ-
ated with IPF patient’s pulmonary functions, ratios 
of immunophenotypes for each subject (IPF patients 
and HCs, age 50 +) were calculated by dividing indi-
vidual leukocyte phenotypes with the mean of the age 
50 + cohort HCs and performed a Pearson’s correla-
tion coefficients tests (Fig.  7). Pulmonary Functional 
Tests (PFT) were performed on the same day as blood 
draw collection for immunoprofiling with the excep-
tion of two patients which had a gap of a few months 
between the PFT and blood draw. Three phenotypes, 
[CD25 + Treg] cells neutrophils showed moderate 
inverse correlation with the PFTs (Fig.  7). Treg cells 
had the highest degree of inverse correlations with all 
PFTs values and have the highest degree of probability 
being correlated with IPF.

Potential medications effect
To exclude the influence of potential medications effect 
on IPF patient’s immunophenotyping, ad hoc statistic 
comparisons were made. No difference in the percent-
age or number of measured phenotypes was found to 
be affected by patient’s medications.

Discussion
In this study, we provide data that autologous adi-
pose MSC from IPF patients retain all tested potential 
mechanisms of action of therapeutic MSC as therapeu-
tic cells as well as baseline identification of immune 
biomarkers for IPF. MSC’s mode of action is still not 
fully understood, but they target the sites of injury, 
enhance angiogenesis, modulate immunity and contrib-
ute to epithelial tissue repair [19–23, 26, 43]. Promis-
ing results of preclinical studies using MSCs suggest 
that they may represent a potential therapeutic option 
for the treatment of chronic lung diseases including 
IPF [24–26]. Few clinical trials have been reported 
using adult allogeneic MSCs of different sources for 
treatment of IPF. Tzouvelekis et  al. conducted a phase 
1b clinical trial to assess the safety of the allogeneic 

Fig. 7 Pearson’s correlation coefficients (r) for IPF phenotype = f (pulmonary function test). Dots represent each individual values. Correlation 
graphs show Pearson correlation coefficient r- and p- values. p-values were determined by Student’s t test distribution for Pearson correlation. Lines 
represent the best fit resulting from linear regression analysis. The results are significant at *p < .05
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adipose MSCs in treatment of IPF [27]. Chambers et al. 
reports using placental MSCs in a clinical 1b study on a 
small cohort of IPF patients [28] . Glassberg et al. were 
using bone marrow-derived MSCs in a phase I safety 
clinical trial [29] . Averyanov et al. reports that in phase 
I/IIA clinical study high cumulative doses of bone mar-
row MSCs were used [30]. All of the clinical trials so far 
demonstrate that use of MSCs in IPF treatment is safe 
and well tolerated, even in the case when an extremely 
high dose of MSCs was used [30].

Subcutaneous adipose tissues MSCs are frequently 
used for clinical applications because of their easy 
access, minimal invasive procedure and their therapeu-
tic potentials [32, 44]. This study examined the char-
acteristics of adipose aMSCs isolated from IPF patients 
(IPFaMSC) and age- and gender-matched healthy con-
trols (HCaMSC) to establish their potential suitability for 
IPF treatment.

Comprehensive characterization of aMSCs from both 
groups was carried out using a combination of flow 
cytometry, ddPCR, confocal microscopy, IncuCyte Live 
Cell Imaging and LUMINEX xMAP technologies. Our 
data provide evidence that autologous adipose tissue-
derived MSCs from IPF patients exhibit the same proper-
ties as the adipose tissue-derived MSCs from the HC. In 
summary, the aMSCs were adherent to plastic and exhib-
ited the same small, spindle shape morphology, all tested 
cell lines had characteristic MSC phenotype [34, 39, 40], 
the growth curves of IPFaMSC and HCaMSC cell lines 
were identical and in agreement with the general behav-
ior of the MSCs including exponential growth [45], and 
all aMSCs display similar mitochondrial morphology and 
assessing mitochondrial volumes. Changes in mitochon-
drial volume have been associated with a wide range of 
important biological functions and pathologies [46]. In 
particular, current evidence suggests that the areas of 
fibrosis seen in IPF patients lungs share many mitochon-
drial dysfunction features [47]. The mitochondria of both 
tested cell lines have a typical shape and distribution 
for healthy MSC mitochondria [48]; also, the IPFaMSC 
mitochondrial volume is not different from mitochon-
drial volume of HCaMSC, which indicate that IPFaMSC 
are healthy, not in a state of stress and are fully func-
tional. The capacity and plasticity for adipogenic differ-
entiation of IPFaMSC were the same as of HCaMSC also 
suggestive of a stem cell phenotype. MSC are known to 
interact and actively communicate with their surround-
ing microenvironment through the secretion of cytokines 
and growth factors. Both cell groups secrete the same 
amount of growth factors, anti-inflammatory as well as 
pro-inflammatory cytokines, which indicates that the cell 
lines from both groups have the same capacity for regu-
lating the tissue regeneration, proliferation, angiogenesis 

and modulation of inflammation. Finally, it has been long 
recognized that cellular senescence significantly contrib-
utes to the aging-related declines in tissue regeneration 
capacity and in the pathogenesis of aging-related dis-
eases, such as IPF. The mechanism of how senescent cells 
contribute to aging and aging-related diseases remains 
unclear. Resident stem cells are particularly sensitive to 
senescence stresses. One hypothesis of the pathogenic 
fibrosis of IPF is that cellular senescence leads to exhaus-
tion of the resident stem cells, which, in turn, causes a 
decline in tissue regenerative capacity during aging or 
upon injury [49]. Our data are representative of the tran-
scriptome and would need to be confirmed with follow-
up of protein analysis. But taken together, these findings 
suggest that IPF patients’ aMSC are as capable and func-
tional as healthy volunteers’ aMSC. Also, if the pathogen-
esis of IPF includes local depletion of MSC, the patient 
could be a reasonable resource for replacing that deficit.

While establishing the suitability of using autologous 
aMSCs for IPF treatment, we also wanted to find out 
whether a known mechanism of action of MSC therapy 
(that is an altered immune system) is associated with the 
disease pathology. To do so, we assessed the immune sta-
tus of IPF patients by quantifying their circulating phe-
notypes and compared them with healthy controls. In 
addition, we sought to identify changes in IPF patient’s 
immunological phenotypes, which correlate with their 
lung function indices.

Circulating granulocytes, neutrophils and eosino-
phils were found elevated in IPF patient blood. These 
cells are first to respond to the presence of pathogens in 
human lungs or upon tissue damage. They migrate from 
periphery to the damaged lungs in response to secreted 
chemokine and interleukin signals from invaded lungs 
and become activated [48, 49]. They were found elevated 
in bronchoalveolar lavage fluid (BALF) and sputum of 
IPF patients [50], as well as in peripheral blood, sputum 
and BALF in chronic obstructive pulmonary disease 
(COPD) patients [11]. Neutrophil count in IPF patients 
in our study inversely correlates with all three measured 
pulmonary indices. High levels of neutrophil elastase 
were found in lung parenchyma and also in both BALF 
and IPF patient serum. Therefore, neutrophils might 
indeed play an important role in the pathogenesis of IPF 
[52]. The same result was found in IPF patients BALF 
along the increased IL-8 concentrations [51], and it was 
speculated that those findings might be predictive for 
future exacerbations of IPF [53]. There is evidence that 
neutrophils might promote fibrosis via their regulation of 
extra cellular matrix (ECM) turnover [52, 54, 55]. Kinder 
et  al. report that increased number of neutrophils in 
BALF is associated with early mortality in IPF [56]. All 
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these effects/interactions are complex and multifaceted, 
and they are not fully studied nor understood in IPF.

Recent studies have shown that B cells, as part of 
adaptive immunity, are involved in IPF pathology [13, 
14, 58]. In our study the total number of B cells and 
the percentage of Plasma B cells were not different 
between two tested groups. Our measurement of circu-
lating [CD27 + IgM−IgD−] cell percentage shows an 
increase in IPF patients. It has been found that stimu-
lated [CD27 + IgM−IgD−] cells activate telomerase and 
are responsible for age-related exhaustion of the B cells 
[16, 59, 60]. Since immune exhaustion and telomerase 
dysfunction have been implicated in IPF pathology, this 
subset of B-cells may be a good topic for further research.

In contrast to [CD27 + IgM−IgD−] cells, the number of 
transitional B cells as well as the number and percentage 
of [CD27 + IgM + IgD +] cells in the IPF patients’ blood 
was lower than in HCs. Characterization of pathological 
pattern in lung tissue samples from IPF patients [14, 15] 
has shown that there are lymphoid aggregates present in 
the regions with dense scars. Gene expression profile of 
the same lung tissue areas has identified a cluster of over-
expressed genes of which the chemokine (C-X-C motif ) 
ligand 13 (CXCL13) was elevated in comparison with 
the control group. It is known that CXCL13 selectively 
mediates B-cell migration. As immature B cells emigrate 
from the bone marrow and enter the blood stream, they 
migrate toward the wounded organ (the lungs in the case 
of IPF), being attracted by secreted CXCL13 chemokine 
from the wounded lungs [13–15], where they are form-
ing the lymphoid aggregates. This model supports our 
findings of decreased circulating transitional B cell per-
centage and [CD27 + IgM + IgD +] cells in IPF patients’ 
peripheral blood. It is worth noting that the longitudinal 
studies of CXCL13 concentration in peripheral blood of 
IPF patients, but not in COPD patients, were also found 
elevated and were correlated with IPF survival [14, 15], 
which may be of use as an indicator for severity of the 
disease. Reduced amounts of these B cells subpopulations 
also have been found in the blood of sarcoidosis patients 
[61] and in patients with common variable immunode-
ficiency (CVID) with recurrent lower respiratory tract 
infections [62]. Studying the functional capacity of these 
cells in early inflammatory responses Seifert et  al. con-
cluded that [CD27 + IgM + IgD +] memory B cells are 
generated in T cell-dependent immune response [61]. 
The exact role of this B cell subpopulation in IPF pathol-
ogy is not yet clear.

The role of T cells in the pathology of pulmonary fibro-
sis is poorly understood and controversial. It was hypoth-
esized that if IPF progression depends on an adaptive 
immune component, it would be possible to find associa-
tions between phenotypic changes of circulating T cells 

and clinical manifestations of the disease [57]. Current 
evidence suggests that there are substantial T cell sub-
set abnormalities in the blood [63–65], peripheral blood 
proteome profile [65], BALF [66, 67] and lung tissue in 
IPF patients [68, 69] which may contribute to the fibrotic 
processes. In our study, the total number of circulating T 
cells in IPF patients does not differ from HCs, but there 
is a difference in T helper cells as well as in cytotoxic/
suppressor T cell subpopulations. Five [CD4 +] sub-
population T helper cells have increased percentages in 
comparison with HCs of which [CD4 + CD25 + Tregs] 
are most studied. Patients with IPF had larger fractions 
of these circulating cells, and they are inversely corre-
lated with all three measured pulmonary indices. Our 
results are in agreements of findings of Hou et  al. [63]. 
An increase in circulating [CD4 + CD25 + Tregs] cells is 
a hallmark of disturbed immune homeostasis in various 
pulmonary diseases, including IPF [70]. A lower propor-
tion of regulatory [CD25 + CDRA + Treg] cells in IPF 
patients in our study are in agreement with the findings 
in other studies where low proportion of these cells have 
being detected in blood and BALF of IPF patients [63, 
71]. A low percentage of regulatory T cells have limited 
inhibitory activity and hence impaired immune tolerance 
[71].

The involvement of T helper and cytotoxic/suppressor 
cell subsets in pathology of IPF has been poorly under-
stand (76). The increased percentage of [CD4 + CTLA4 +], 
[CD4 + CTLA4 + CD28 +], [CD8 + PD-1 +], [CD8 +  
CTLA +] and [CD8 + CTLA4 + CD28 +] indicate that 
there is substantial downregulation in immune response 
in IPF patients [72].

Monocytes are known to contribute to the pathogen-
esis of idiopathic pulmonary fibrosis as was shown in the 
retrospective, multicenter cohort study [73]. The robust 
association of high monocyte count associated with mor-
tality in other fibrotic diseases suggests they might con-
tribute to the pathogenesis of these diseases as well. In 
our study IPF patients have a higher percentage of circu-
lating [CD33 +] monocytes, which may contribute to the 
progression of the disease.

Conclusion
MSC-based therapies for IPF, so far, are using allogeneic 
cells for treatment. Although the safety and tolerance of 
their use has been confirmed, it is still not clear whether 
these are the optimal source for therapy in IPF. Autolo-
gous adipose MSC are suitable for multiple doses poten-
tially even the ability of dosing to a therapeutic response. 
Our study shows that adipose MSCs from IPF patients 
are not part of IPF pathology, are fully functional in all of 
our assessments and may be used for IPF therapy.
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Understanding the immunological status of IPF 
patients may provide insight into their immunity and 
its role in etiology of the disease. To our knowledge, 
our study is the most comprehensive evaluation of 
circulating phenotype in IPF patients so far and pro-
vides further evidence for the role of immunity in the 
pathogenesis of IPF. The increased Tregs in the IPF 
patient’s peripheral blood correlate inversely with dis-
ease severity. Treg subpopulations may be promis-
ing prognostic factors for IPF. Characterization of the 
peripheral immune phenotypes in IPF patients may 
answer the question whether or not the immune events 
identified in the circulation can be used as a monitor 
for personalized IPF therapy, to potentially classify 
or stage the disease, and identify those more likely to 
respond to therapy. Additional studies are needed with 
an expanded cohort of patients for positive identifica-
tion of circulating phenotypes from peripheral blood as 
potential biomarkers for IPF.

Abbreviations
aMSCs: Adipose tissue-derived mesenchymal stem cells; AO: Acridine orange; 
ATS/ERS/JRS/ALAT: American Thoracic Society/ European Respiratory Society/ 
Japanese Respiratory Society/ Latin American Thoracic Society; CDKN1/
p21CIP1: Cyclin-dependent kinase inhibitor 1; COPD: Chronic obstructive 
pulmonary disease; CV%: Coefficient of variance %; CVID: Common variable 
immune deficiency; ddPCR: Droplet digital polymerase chain reaction; 
CXCL13: (C-X-C motif ) ligand 13; ECM: Extracellular matrix; FEV1: Forced 
expiratory volume during first second; FVC: Forced vital capacity; GCU : Total 
green-integrated intensity; HCs: Healthy controls; HCaMSCs: Healthy controls 
adipose mesenchymal stem cells; IPF: Idiopathic pulmonary fibrosis; IPFaMSCs: 
Idiopathic pulmonary fibrosis patients adipose mesenchymal stem cells; MFI: 
Mean fluorescent intensity; MEM: Modified Eagle medium; MSCs: Mesenchy-
mal stem cells; p16ink4a: Cyclin-dependent kinase inhibitor 2A; NK: Natural 
killer cells; p53: Cellular tumor antigen p53; PBS: Phosphate-buffered saline; 
PFT: Pulmonary function test; PI: Propidium iodide; PLGold: Human platelet 
lysate; PCR: Polymerase chain reaction; K2EDTA: Di-potassium ethylenediami-
netetraacetic acid; RB1: Retinoblastoma transcriptional corepressor 1; RNA: 
Ribonucleic Acid; SD: Standard deviation; TBP: TATA binding protein; VCmax: 
Maximal vital capacity.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 021- 02692-0.

Additional file 1. Growth rate kinetic, population doubling time and 
R2 for the linear regressions. k represents cell growth rate per hour; td 
represents cell doubling time per hour, and  R2 represents the coefficient 
of determination for the linear regression.

Additional file 2. Comparison of immunophenotypes between healthy 
controls (HC, age 50 +) and IPF patients. In Blue: decreased mean values 
in IPF patients; in Red: increased mean values in IPF patients. *p < 0.05, 
**p < 0.01, ***p < 0.001, ***p < 0.0001, compared with control group. The 
phenotypes which correlate with the pulmonary functions are denoted 
with a red asterisk.

Acknowledgements
We would like to thank the IPF patients and their families for graciously 
contributing to these studies. We would like to thank Darla Severtson for 
manuscript preparation and laboratory support.

Authors’ contributions
EA oversaw the project, performed most of the in vitro experiments on MSC, 
wrote the manuscript, performed statistical analysis and generated the figures. 
DM supported the droplet digital PCR. SB performed flow cytometry analysis, 
data analysis of flow, and supported flow figure development. KPK consented 
patients and collected fat samples. EKJ organized the healthy control cohort 
for flow. EMCP consented and evaluated IPF patients. DKA consented and 
evaluated IPF patients, and AME consented and evaluated IPF patients. AHL 
consented and evaluated IPF patients and consulted on study design. ABD 
designed the study and edited the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by the Three Lakes Foundation and by Mayo Institu-
tional Resources.

Availability of data and materials
Data from this manuscript are available upon request from the corresponding 
author.

Declarations

Ethics approval and consent to participate
This study, the patient consent forms and the samples and information to be 
collected in this study were reviewed and approved by the Mayo Clinic Insti-
tutional Review Board. All patients were informed and consented onto study 
numbers 18-000711 or 17-008088.

Consent for publication
Not applicable.

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

Author details
1 Department of Laboratory Medicine and Pathology, Mayo Clinic College 
of Medicine, Rochester, MN, USA. 2 Department of Laboratory Medicine 
and Pathology, Divisions of Clinical Biochemistry and Immunology, Mayo 
Clinic College of Medicine, Rochester, MN, USA. 3 Division of Transfusion 
Medicine, Mayo Clinic, Rochester, MN, USA. 4 Thoracic Diseases Research 
Unit, Division of Pulmonary Critical Care and Internal Medicine, Mayo Clinic 
College of Medicine, Rochester, MN, USA. 5 Divisions of Transfusion Medicine 
and Experimental Pathology, Immune Progenitor and Cell Therapeutics 
(IMPACT) Lab, Mayo Clinic College of Medicine, Rochester, MN, USA. 

Received: 3 June 2021   Accepted: 21 December 2021

References
 1. Fernandez IE, Eickelberg O. New cellular and molecular mechanisms 

of lung injury and fibrosis in idiopathic pulmonary fibrosis. Lancet. 
2012;380(9842):680–8.

 2. Betensley A, Sharif R, Karamichos D. A systematic review of the role of 
dysfunctional wound healing in the pathogenesis and treatment of idi-
opathic pulmonary fibrosis. J Clin Med. 2017;6(1):2.

 3. Ryu JH, Moua T, Daniels CE, Hartman TE, Eunhee SY, Utz JP, et al., editors. 
Idiopathic pulmonary fibrosis: evolving concepts. Mayo Clinic Proc.; 2014: 
Elsevier.

 4. Foronjy RF, Majka SM. The potential for resident lung mesenchymal stem 
cells to promote functional tissue regeneration: understanding microen-
vironmental cues. Cells. 2012;1(4):874–85.

 5. King TE Jr, Albera C, Bradford WZ, Costabel U, Hormel P, Lancaster L, et al. 
Effect of interferon gamma-1b on survival in patients with idiopathic pul-
monary fibrosis (INSPIRE): a multicentre, randomised, placebo-controlled 
trial. Lancet. 2009;374(9685):222–8.

 6. Raghu G, Brown KK, Costabel U, Cottin V, Du Bois RM, Lasky JA, et al. Treat-
ment of idiopathic pulmonary fibrosis with etanercept: an exploratory, 
placebo-controlled trial. Am J Respir Crit Care Med. 2008;178(9):948–55.

https://doi.org/10.1186/s13287-021-02692-0
https://doi.org/10.1186/s13287-021-02692-0


Page 15 of 16Atanasova et al. Stem Cell Research & Therapy           (2022) 13:45  

 7. Network IPFCR. Prednisone, azathioprine, and N-acetylcysteine for pul-
monary fibrosis. N Engl J Med. 2012;366(21):1968–77.

 8. Feghali-Bostwick CA, Tsai CG, Valentine VG, Kantrow S, Stoner MW, 
Pilewski JM, et al. Cellular and humoral autoreactivity in idiopathic pul-
monary fibrosis. J Immunol. 2007;179(4):2592–9.

 9. Desai O, Winkler J, Minasyan M, Herzog EL. The role of immune and 
inflammatory cells in idiopathic pulmonary fibrosis. Front Med. 2018;5:43.

 10. Shenderov K, Collins SL, Powell JD, Horton MR. Immune dys-
regulation as a driver of idiopathic pulmonary fibrosis. J Clin Invest. 
2021;131(2):e143226.

 11. Freeman CM, Crudgington S, Stolberg VR, Brown JP, Sonstein J, Alexis NE, 
et al. Design of a multi-center immunophenotyping analysis of peripheral 
blood, sputum and bronchoalveolar lavage fluid in the Subpopulations 
and Intermediate Outcome Measures in COPD Study (SPIROMICS). J 
Transl Med. 2015;13(1):19.

 12. Esposito I, Perna F, Ponticiello A, Perrella M, Gilli M, Sanduzzi A. Natural 
killer cells in Bal and peripheral blood of patients with idiopathic pulmo-
nary fibrosis (IPF). Int J Immunopathol Pharmacol. 2005;18(3):541–5.

 13. Xue J, Kass DJ, Bon J, Vuga L, Tan J, Csizmadia E, et al. Plasma B lympho-
cyte stimulator and B cell differentiation in idiopathic pulmonary fibrosis 
patients. J Immunol. 2013;191(5):2089–95.

 14. DePianto DJ, Chandriani S, Abbas AR , Jia G, Elsa N. N’Diaye EN, Caplazi P, 
et al. Heterogeneous gene expression signatures correspond to distinct 
lung pathologies and biomarkers of disease severity in idiopathic pulmo-
nary fibrosis. Thorax. 2015; 70 (1): 48–56

 15. Vuga LJ, Tedrow JR, Pandit KV, Tan T, Kass DJ, Xue J, at al. C-X-C Motif 
Chemokine 13 (CXCL13) Is a prognostic biomarker of idiopathic pulmo-
nary fibrosis. Am J Respir Crit Care Med. 2014;189 (8): 966–74

 16. Heukels P, van Hulst JA, van Nimwegen M, Boorsma CE, Melgert BN, Jan 
H, et al. Enhanced Bruton’s tyrosine kinase in B-cells and autoreactive IgA 
in patients with idiopathic pulmonary fibrosis. Respir Res. 2019;20(1):232.

 17. Asai Y, Chiba H, Nishikiori H, Kamekura R, Yabe H, Kondo S, et al. Aberrant 
populations of circulating T follicular helper cells and regulatory B cells 
underlying idiopathic pulmonary fibrosis. Respir Res. 2019;20(1):1–9.

 18. Uccelli A, More cxtta L, Pistoia V. Mesenchymal stem cells in health and 
disease. Nat Rev Immunol. 2008;8(9):726–36.

 19. Singer W, Dietz AB, Zeller AD, Gehrking TL, Schmelzer JD, Schmeichel AM, 
et al. Intrathecal administration of autologous mesenchymal stem cells in 
multiple system atrophy. Neurology. 2019;93(1):e77–87.

 20. Dietz AB, Dozois EJ, Fletcher JG, Butler GW, Radel D, Lightner AL, et al. 
Autologous mesenchymal stem cells, applied in a bioabsorbable matrix, 
for treatment of perianal fistulas in patients with Crohn’s disease. Gastro-
enterology. 2017;153(1):59–62.

 21. Saad A, Dietz AB, Herrmann SM, Hickson LJ, Glockner JF, McKusick MA, 
et al. Autologous mesenchymal stem cells increase cortical perfusion in 
renovascular disease. J Am Soc Nephrol. 2017;28(9):2777–85.

 22. Dozois EJ, Lightner AL, Mathis KL, Chua HK, Kelley SR, Fletcher JG, et al. 
Early results of a phase I trial using an adipose-derived mesenchymal 
stem cell-coated fistula plug for the treatment of transsphincteric cryp-
toglandular fistulas. Dis Colon Rectum. 2019;62(5):615–22.

 23. Bydon M, Dietz AB, Goncalves S, Moinuddin F, Alvi MA, Goyal A, et al., edi-
tors. CELLTOP clinical trial: first report from a phase 1 trial of autologous 
adipose tissue–derived mesenchymal stem cells in the treatment of 
paralysis due to traumatic spinal cord injury. Mayo Clinic Proceedings; 
2020: Elsevier.

 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 
bleomycin exposure and ameliorates its fibrotic effects. Proc Natl Acad 
Sci. 2003;100(14):8407–11.

 25. Limper AH. Safety of IV human mesenchymal stem cells in patients with 
idiopathic pulmonary fibrosis. Chest. 2017;151(5):951–2.

 26. Tzouvelekis A, Toonkel R, Karampitsakos T, Medapalli K, Ninou I, Aidinis V, 
et al. Mesenchymal stem cells for the treatment of idiopathic pulmonary 
fibrosis. Front Med. 2018;5:142.

 27. Tzouvelekis A, Paspaliaris V, Koliakos G, Ntolios P, Bouros E, Oikonomou 
A, et al. A prospective, non-randomized, no placebo-controlled, phase 
Ib clinical trial to study the safety of the adipose derived stromal cells-
stromal vascular fraction in idiopathic pulmonary fibrosis. J Transl Med. 
2013;11(1):171.

 28. Chambers DC, Enever D, Ilic N, Sparks L, Whitelaw K, Ayres J, et al. A phase 
1b study of placenta-derived mesenchymal stromal cells in patients with 
idiopathic pulmonary fibrosis. Respirology. 2014;19(7):1013–8.

 29. Glassberg MK, Minkiewicz J, Toonkel RL, Simonet ES, Rubio GA, DiFede 
D, et al. Allogeneic human mesenchymal stem cells in patients with 
idiopathic pulmonary fibrosis via intravenous delivery (AETHER): a phase I 
safety clinical trial. Chest. 2017;151(5):971–81.

 30. Averyanov A, Koroleva I, Konoplyannikov M, Revkova V, Lesnyak V, Kalsin 
V, et al. First-in-human high-cumulative-dose stem cell therapy in idi-
opathic pulmonary fibrosis with rapid lung function decline. Stem Cells 
Transl Med. 2020;9(1):6–16.

 31. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An 
official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis: 
evidence-based guidelines for diagnosis and management. Am J Respir 
Crit Care Med. 2011;183(6):788–824.

 32. Dudakovic A, Camilleri E, Riester SM, Lewallen EA, Kvasha S, Chen X, et al. 
High-resolution molecular validation of self-renewal and spontaneous 
differentiation in clinical-grade adipose-tissue derived human mesenchy-
mal stem cells. J Cell Biochem. 2014;115(10):1816–28.

 33. Crespo-Diaz R, Behfar A, Butler GW, Padley DJ, Sarr MG, Bartunek J, et al. 
Platelet lysate consisting of a natural repair proteome supports human 
mesenchymal stem cell proliferation and chromosomal stability. Cell 
Transpl. 2011;20(6):797–812.

 34. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause 
D, et al. Minimal criteria for defining multipotent mesenchymal stromal 
cells. The International Society for Cellular Therapy position statement. 
Cytotherapy. 2006;8(4):315–7.

 35. Camilleri ET, Gustafson MP, Dudakovic A, Riester SM, Garces CG, Paradise 
CR, et al. Identification and validation of multiple cell surface markers 
of clinical- grade adipose-derived mesenchymal stromal cells as novel 
release criteria for good manufacturing practice-compliant production. 
Stem Cell Res Ther. 2016;7(1):107.

 36. Milosevic D, Mills JR, Campion MB, Vidal-Folch N, Voss JS, Halling KC, et al. 
Applying standard clinical chemistry assay validation to droplet digital 
PCR quantitative liquid biopsy testing. Clin Chem. 2018;64(12):1732–42.

 37. Gustafson MP, Lin Y, Maas ML, Van Keulen VP, Johnston PB, Peikert T, et al. 
A method for identification and analysis of non-overlapping myeloid 
immunophenotypes in humans. PloS one. 2015;10(3).

 38. Gustafson MP, DiCostanzo AC, Wheatley CM, Kim C-H, Bornschlegl S, 
Gastineau DA, et al. A systems biology approach to investigating the 
influence of exercise and fitness on the composition of leukocytes in 
peripheral blood. J Immunother Cancer. 2017;5(1):30.

 39. Gustafson MP, Staff NP, Bornschlegl S, Butler GW, Maas ML, Kazamel M, 
et al. Comprehensive immune profiling reveals substantial immune sys-
tem alterations in a subset of patients with amyotrophic lateral sclerosis. 
PloS one. 2017;12(7).

 40. Gustafson MP, Lin Y, LaPlant B, Liwski CJ, Maas ML, League SC, et al. 
Immune monitoring using the predictive power of immune profiles. J 
Immunother Cancer. 2013;1(1):7.

 41. Taylor SC, Laperriere G, Germain H. Droplet Digital PCR versus qPCR 
for gene expression analysis with low abundant targets: from variable 
nonsense to publication quality data. Sci Rep. 2017;7(1):1–8.

 42. Van Heetvelde M, Van Loocke W, Trypsteen W, Baert A, Vanderheyden 
K, Crombez B, et al. Evaluation of relative quantification of alternatively 
spliced transcripts using droplet digital PCR. Biomol Detect Quant. 
2017;13:40–8.

 43. Mundra V, Gerling IC, Mahato RI. Mesenchymal stem cell-based therapy. 
Mol Pharm. 2013;10(1):77–89.

 44. Chu D-T, Nguyen Thi Phuong T, Tien NLB, Tran DK, Minh LB, Thanh VV, 
et al. Adipose tissue stem cells for therapy: an update on the pro-
gress of isolation, culture, storage, and clinical application. J Clin Med. 
2019;8(7):917.

 45. Colter DC, Sekiya I, Prockop DJ. Identification of a subpopulation of 
rapidly self- renewing and multipotential adult stem cells in colonies of 
human marrow stromal cells. Proc Natl Acad Sci. 2001;98(14):7841–5.

 46. Kaasik A, Safiulina D, Zharkovsky A, Veksler V. Regulation of mitochondrial 
matrix volume. Am J Physiol Cell Physiol. 2007;292(1):C157–63.

 47. Wanet A, Arnould T, Najimi M, Renard P. Connecting mitochondria, 
metabolism, and stem cell fate. Stem Cells Dev. 2015;24(17):1957–71.

 48. Seo BJ, Yoon SH, Do JT. Mitochondrial dynamics in stem cells and dif-
ferentiation. Int J Mol Sci. 2018;19(12):3893.



Page 16 of 16Atanasova et al. Stem Cell Research & Therapy           (2022) 13:45 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 49. Liu R-M, Liu G. Cell senescence and fibrotic lung diseases. Exp Gerontol. 
2020;132:110836.

 50. Futosi K, Fodor S, Mócsai A. Reprint of Neutrophil cell surface receptors 
and their intracellular signal transduction pathways. Int Immunopharma-
col. 2013;17(4):1185–97.

 51. Ashitani J-i, Mukae H, Taniguchi H, Ihi T, Kadota J-i, Kohno S, et al. Granulo-
cyte-colony stimulating factor levels in bronchoalveolar lavage fluid from 
patients with idiopathic pulmonary fibrosis. Thorax. 1999;54(11):1015–20.

 52. Obayashi Y, Yamadori I, Fujita J, Yoshinouchi T, Ueda N, Takahara J. The 
role of neutrophils in the pathogenesis of idiopathic pulmonary fibrosis. 
Chest. 1997;112(5):1338–43.

 53. Car BD, Meloni F, Luisetti M, Semenzato G, Gialdroni-Grassi G, Walz A. 
Elevated IL-8 and MCP-1 in the bronchoalveolar lavage fluid of patients 
with idiopathic pulmonary fibrosis and pulmonary sarcoidosis. Am J 
Respir Crit Care Med. 1994;149(3):655–9.

 54. Gregory AD, Kliment CR, Metz HE, Kim KH, Kargl J, Agostini BA, et al. Neu-
trophil elastase promotes myofibroblast differentiation in lung fibrosis. J 
Leukoc Biol. 2015;98(2):143–52.

 55. Kolahian S, Fernandez IE, Eickelberg O, Hartl D. Immune mechanisms in 
pulmonary fibrosis. Am J Respir Cell Mol Biol. 2016;55(3):309–22.

 56. Kinder BW, Brown KK, Schwarz MI, Ix JH, Kervitsky A, King TE Jr. Baseline 
BAL neutrophilia predicts early mortality in idiopathic pulmonary fibrosis. 
Chest. 2008;133(1):226–32.

 57. Jacobs R, Stoll M, Stratmann G, Leo R, Link H, Schmidt RE. CD16-CD56+ 
natural killer cells after bone marrow transplantation. 1992; Blood 79(12): 
3239- 3244

 58. Todd NW, Scheraga RG, Galvin JR, Iacono AT, Britt EJ, Luzina IG, et al. 
Lymphocyte aggregates persist and accumulate in the lungs of patients 
with idiopathic pulmonary fibrosis. J Inflamm Res. 2013;6:63.

 59. Colonna-Romano G, Bulati M, Aquino A, Pellicanò M, Vitello S, Lio 
D, et al. A double-negative (IgD− CD27−) B cell population is 
increased in the peripheral blood of elderly people. Mech Ageing Dev. 
2009;130(10):681–90.

 60. Martorana A, Balistreri CR, Bulati M, Buffa S, Azzarello DM, Camarda C, 
et al. Double negative (CD19+ IgG+ IgD− CD27−) B lymphocytes: a 
new insight from telomerase in healthy elderly, in centenarian offspring 
and in Alzheimer’s disease patients. Immunol Lett. 2014;162(1):303–9.

 61. Heaps A, Varney V, Bhaskaran S, Ford B, Mosley A. Patients with chronic 
sarcoidosis have reduced CD27+IgM+IgD+ unswitched memory B cells 
and an expanded population of terminal effector CD8+CD27-CD28-T 
cells. J Clin Cell Immunol. 2012;3(132):2.

 62. Carsetti R, Rosado MM, Donnanno S, Guazzi V, Soresina A, Meini A, 
et al. The loss of IgM memory B cells correlates with clinical disease 
in common variable immunodeficiency. J Allergy Clin Immunol. 
2005;115(2):412–7.

 63. Hou Z, Ye Q, Qiu M, Hao Y, Han J, Zeng H. Increased activated regulatory 
T cells proportion correlate with the severity of idiopathic pulmonary 
fibrosis. Respir Res. 2017;18(1):170.

 64. Gilani SR, Vuga LJ, Lindell KO, Gibson KF, Xue J, Kaminski N, et al. CD28 
down-regulation on circulating CD4 T-cells is associated with poor prog-
noses of patients with idiopathic pulmonary fibrosis. PloS one. 2010;5(1).

 65. O’Dwyer DN, Norman KC, Xia M, Huang Y, Gurczynski SJ, Ashley SL, et al. 
The peripheral blood proteome signature of idiopathic pulmonary fibro-
sis is distinct from normal and is associated with novel immunological 
processes. Sci Rep. 2017;7:46560.

 66. Galati D, De Martino M, Trotta A, Rea G, Bruzzese D, Cicchitto G, et al. 
Peripheral depletion of NK cells and imbalance of the Treg/Th17 axis in 
idiopathic pulmonary fibrosis patients. Cytokine. 2014;66(2):119–26.

 67. Papiris SA, Kollintza A, Karatza M, Manali ED, Sotiropoulou C, Milic-Emili 
J, et al. CD 8+ T lymphocytes in bronchoalveolar lavage in idiopathic 
pulmonary fibrosis. J Inflamm. 2007;4(1):14.

 68. Nuovo GJ, Hagood JS, Magro CM, Chin N, Kapil R, Davis L, et al. The 
distribution of immunomodulatory cells in the lungs of patients with 
idiopathic pulmonary fibrosis. Mod Pathol. 2012;25(3):416–33.

 69. Adegunsoye A, Hrusch CL, Bonham CA, Jaffery MR, Blaine KM, Sullivan 
M, et al. Skewed lung CCR4 to CCR6 CD4+ T cell ratio in idiopathic pul-
monary fibrosis is associated with pulmonary function. Front Immunol. 
2016;7:516.

 70. Singh R, Alape D, de Lima A, Ascanio J, Majid A, Gangadharan SP. Regula-
tory T Cells in respiratory health and diseases. Pulmonary Med. 2019;2019.

 71. Kotsianidis I, Nakou E, Bouchliou I, Tzouvelekis A, Spanoudakis E, Steiro-
poulos P, et al. Global impairment of CD4+ CD25+ FOXP3+ regulatory 
T cells in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 
2009;179(12):1121–30.

 72. Habiel DM, Espindola MS, Kitson C, Azzara AV, Coelho AL, Stripp B, et al. 
Characterization of CD28 null T cells in idiopathic pulmonary fibrosis. 
Mucosal Immunol. 2019;12(1):212–22.

 73. Scott MK, Quinn K, Li Q, Carroll R, Warsinske H, Vallania F, et al. Increased 
monocyte count as a cellular biomarker for poor outcomes in fibrotic 
diseases: a retrospective, multicentre cohort study. Lancet Respir Med. 
2019;7(6):497–508.

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


	Normal ex vivo mesenchymal stem cell function combined with abnormal immune profiles sets the stage for informative cell therapy trials in idiopathic pulmonary fibrosis patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Procedural factors
	Isolation, propagation and identification of adipose MSC (aMSC)

	Morphologic characterization
	Adipogenic differentiation capacity
	Secretome analysis of resting aMSC
	Analysis of aMSC senescence status by droplet digital polymerase chain reaction (ddPCR)
	Quantitative flow cytometry assay for immunoprofiling
	Procedural factors
	Statistical analysis

	Results
	Isolation, propagation and identification of adipose MSC (aMSC)
	Morphologic characterization
	Adipogenic differentiation
	Secretome analysis of resting aMSC
	Senescence status of aMSC
	Quantitative flow cytometry assay for immunoprofiling
	Potential medications effect

	Discussion
	Conclusion
	Acknowledgements
	References


