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Summary
Background Mesenchymal stem cells (MSCs) decrease airway eosinophilia, airway
hyperresponsiveness (AHR), and remodelling in murine models of acutely induced asthma.
We hypothesized that MSCs would diminish these hallmark features in a chronic feline
asthma model.
Objective To document effects of allogeneic, adipose-derived MSCs on airway inflamma-
tion, AHR, and remodelling over time and investigate mechanisms by which MSCs alter
local and systemic immunologic responses in chronic experimental feline allergic asthma.
Methods Cats with chronic, experimentally induced asthma received six intravenous infu-
sions of MSCs (0.36–2.5 9 10E7 MSCs/infusion) or placebo bimonthly at the time of
study enrollment. Cats were evaluated at baseline and longitudinally for 1 year. Outcome
measures included: bronchoalveolar lavage fluid cytology to assess airway eosinophilia,
pulmonary mechanics and clinical scoring to assess AHR, and thoracic computed tomo-
graphic (CT) scans to assess structural changes (airway remodelling). CT scans were evalu-
ated using a scoring system for lung attenuation (LA) and bronchial wall thickening
(BWT). To assess mechanisms of MSC action, immunologic assays including allergen-
specific IgE, cellular IL-10 production, and allergen-specific lymphocyte proliferation were
performed.
Results There were no differences between treatment groups or over time with respect to
airway eosinophilia or AHR. However, significantly lower LA and BWT scores were noted
in CT images of MSC-treated animals compared to placebo-treated cats at month 8 of the
study (LA P = 0.0311; BWT P = 0.0489). No differences were noted between groups in
the immunologic assays.
Conclusions and Clinical Relevance When administered after development of chronic
allergic feline asthma, MSCs failed to reduce airway inflammation and AHR. However,
repeated administration of MSCs at the start of study did reduce computed tomographic
measures of airway remodelling by month 8, although the effect was not sustained at
month 12. Further study of MSC therapy including repeated MSC administration is
warranted to assess impact on remodelling in chronic asthma.
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Introduction

Studies in rodent asthma models demonstrated that
intravenous mesenchymal stem cells (MSCs) attenuate

the major pathologic features of asthma including air-
way inflammation [1–3], airway hyperresponsiveness
(AHR) [3–5], and remodelling [5–7]. Most of these stud-
ies administered MSC infusions immediately after initial



sensitization to allergen followed by allergen challenge
for several days to weeks prior to assessing immuno-
logic and pathologic parameters [2, 5, 7, 8]. Human
asthmatics who would be candidates for novel therapy
such as MSC infusions would likely have chronic estab-
lished asthma poorly responsive to standard therapies.
Thus, the effect of MSC therapy needs to be assessed in
chronic established asthma.

Administration of MSCs in murine models of asthma
polarizes T lymphocytes from a Th2 to a Th1 phenotype
[2, 5], decreases bronchoalveolar lavage fluid (BALF)
eosinophilia [1, 7], blunts AHR [2, 4, 5], and improves
pulmonary histologic scores [1, 6, 7]. Unfortunately,
promising therapeutics in murine models of asthma
have failed to translate to positive outcomes in human
clinical trials, emphasizing a need for better pre-clinical
models [9–11]. Cats are the only animal species to
spontaneously develop allergic asthma which shares
features of human asthma including recurrent symp-
toms secondary to airflow obstruction, AHR, eosino-
philic inflammation, and remodelling [12–14]. There are
many important parallels in the anatomy, physiology
and immunology of cats and humans [15], and both
species share close genetic homology [16]. To capitalize
on the parallels of spontaneous feline and human
asthma, a well-controlled and characterized experimen-
tal model of feline asthma has been developed [17]
using allergens implicated in pet cats with asthma. A
pilot study utilizing this feline model investigated
adipose-derived MSCs in acute experimental asthma.
This study demonstrated that adipose-derived MSCs sig-
nificantly diminished indices of airway remodelling and
may decrease airway inflammation and hyperrespon-
siveness [unpublished data].

The purpose of this study was to evaluate the impact
of intravenous adipose-derived MSC therapy on airway
inflammation, airflow limitation, and remodelling in a
chronic feline asthma model followed longitudinally
over a 1 year period. Airway inflammation was assessed
using BALF cytology; airflow limitation was determined
using clinical scores and ventilator-acquired pulmonary
mechanics; and airway remodelling was evaluated
using parameters derived from thoracic computed
tomographic (CT) scans. A secondary objective was to
investigate mechanisms by which adipose-derived MSCs
alter the immunologic response in BALF and blood. We
hypothesized that longitudinal evaluation of chronically
asthmatic cats administered intravenous allogeneic
MSCs would demonstrate decreased airway eosinophilia,
airflow limitation, and remodelling compared to cats
receiving placebo. We postulated that the mechanism
by which this occurs would involve induction of the
immunosuppressive cytokine, interleukin (IL)-10, and/or
modulation of the T helper (TH2) immune response to
allergen.

Materials and methods

Animals

Nine purpose-bred cats [intact males; 12 months old;
median weight 5.8 kg (range 4.6–6.3)] were obtained
from a commercial supplier (Liberty Research, Inc.,
Waverly, NY, USA). These cats were selected from a
pool of 24 asthmatic cats based on the strongest clinical
response to allergen challenge. Cats were housed indi-
vidually in runs throughout the study. This study was
approved by the University of Missouri Animal Care
and Use Committee (Protocol #6912) and performed in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Asthma induction

Cats were documented to lack pre-existing sensitiza-
tion to Bermuda grass allergen (BGA) prior to asthma
induction by intradermal testing and BALF analysis.
An asthmatic phenotype was induced by sensitizing
cats to BGA (Greer laboratories, Lenoir, NC, USA) as
previously described [18]. An asthmatic phenotype
was confirmed by identifying > 17% eosinophils in
BALF [17]. After asthma induction, BGA challenges
were performed weekly to bimonthly (24 times total)
for 9 months prior to study enrollment to mimic the
inflammation and remodelling present with chronic
asthma. Once administration of MSC or placebo treat-
ments commenced, cats continued to receive BGA
aerosol challenges weekly for 4 months after the first
MSC infusion. Subsequently, cats were allergen-
challenged bimonthly between months 4 and 8 and
monthly from 8 months until study end to maintain a
chronic asthmatic phenotype (Fig. 1). Allergen chal-
lenges were timed 24 h prior to any sample collection
and 48 h prior to administration of experimental
treatments.

Experimental treatment

Adipose-derived MSCs were chosen for this study as
previous studies have demonstrated that adipose-
derived MSCs are easier to culture in large numbers
and share a similar phenotype to bone marrow-derived
MSC [19–21]. In addition, several studies have demon-
strated that adipose-derived MSCs are capable of reduc-
ing airway inflammation, airway hyperresponsiveness,
and Th2 cytokine production in a murine model
[unpublished data] [5, 22, 23]. Prior to performing this
study, the effects of MSCs in an acute model of experi-
mental asthma were assessed longitudinally in a pilot
study [unpublished data]. After approximately 2 months
of administration of adipose-derived MSCs, there was
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diminished airway inflammation, hyperresponsiveness,
and remodelling between 3 and 9 months after the ini-
tial infusion (but not at the early time-points). Thus,
this study was modelled after that study.

Allogeneic MSCs were expanded from cryopreserved
adipose tissue harvested from healthy donor cats at the
Center for Immune and Regenerative Medicine at Colo-
rado State University. The cells were plastic adherent
and were assessed as previously described for tri-lineage
differentiation and the presence of appropriate cell sur-
face markers to ensure a phenotype consistent with
MSCs [20, 24]. Cells were harvested between passages 2
and 5.

Cats were randomized using a random numbers
table to receive infusions of MSCs (n = 5) or PBS
(n = 4) [25]. MSCs were shipped live to the University
of Missouri overnight the day prior to each infusion.
Cells were assessed for viability using trypan blue
dye; the average percentage of viable cells was 92%
(range 84–98%). Washed cells were resuspended in
20 mL of PBS with 200 U of unfractionated heparin
and administered through a cephalic catheter over
1 h. The concentration of live MSCs for each infusion
ranged from 3.64 9 106–2.50 9 107 MSCs (average
1.44 9 107 live MSCs/infusion). Intravenous placebo
(20 mL PBS) was administered to cats over 1 h. Infu-
sions were performed bimonthly for a total of six
infusions (Fig. 1). To assess safety, cats were moni-
tored for adverse reactions throughout the infusions.
Vital parameters (temperature, pulse, and respiratory
rate) were monitored prior to and after completion of
infusions.

Sample collection

After an overnight fast, blood was collected from the
jugular vein into serum and sodium heparin tubes. For
serum tubes, blood was allowed to clot for at least
15 min at room temperature and centrifuged at 1720 g
for 20 min. Serum was harvested and aliquots were
stored at �20°C for batched analysis at a later date.
Sodium heparin tubes were processed within 1 h of col-
lection to harvest peripheral blood mononuclear cells
(PBMCs) by density gradient centrifugation using hist-
opaque 1077 (density 1.077, Sigma–Aldrich, St. Louis,
MO, USA) for BGA-specific lymphocyte proliferation
assays. Sodium heparinized blood was also processed
within 1 h for a whole blood IL-10 restimulation assay.

Bronchoalveolar lavage fluid was collected in a blind
fashion as previously described [17]. An aliquot of
BALF was processed for a BALF IL-10 restimulation
assay within 1 h of collection. The remaining BALF
sample was centrifuged at 300 g for 10 min, and the
supernatant was harvested in aliquots for storage at
�20°C for later batched analysis.

Blood samples and BALF for immunologic assays
were collected at baseline and on days 3, 75, 241, and
367 after the first treatment infusion. The time table for
sample collection is outlined in Fig. 1.

BALF eosinophil percentage

Wright’s stained cytocentrifuged BALF samples under-
went a 200 nucleated cell differential count. Data were
reported as percentage of eosinophils.

Fig. 1. Schematic overview of study design. After induction of asthma and chronic allergen challenge for 9 months, cats were enrolled in the

study and randomized to receive 6 bimonthly infusions of mesenchymal stem cells (MSC; n = 5) or PBS (n = 4). During the remaining study per-

iod, no further experimental treatments were administered. Allergen challenges were performed weekly for 4 months after the first infusions. Sub-

sequent challenges were performed bimonthly between months 4 and 8 and monthly from 8 months until study end. Blood and bronchoalveolar

lavage fluid (BALF) were collected and pulmonary function testing was performed at baseline and days 3, 75, 240, and 367. Thoracic computed

tomographic (CT) scans were acquired at month 8 and 12 after the first experimental infusion.
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Clinical assessment of airflow limitation

Airflow limitation was assessed using both a clinical
scoring scheme and a visual analogue scale (VAS). The
clinical scoring scheme is outlined in Table 1. The
scores for each individual parameter of the clinical
score were combined to create a composite score. The
VAS used a 10 cm scale to assess signs observed rang-
ing from no clinical signs (0 cm) to extreme respiratory
distress (10 cm). Both the clinical score and VAS were
performed by a single investigator [J.E.T]. Assessments
were performed during/after aerosol challenge with
BGA.

Pulmonary function testing

Ventilator-acquired pulmonary mechanics were performed
using a commercial ventilator (Engstrom Carestation; GE
Healthcare, Fairfield, CT, USA). Cats were sedated with
ketamine (30 mg i.v. or i.m; KetaVed, Vedco Inc., St.
Joseph, MO, USA) for intravenous catheter placement.
Propofol (Propoflo; Abbott Laboratories, Abbott Park,
IL, USA) was used for anaesthetic induction (6 mg/kg
i.v) and maintenance (0.3 mg/kg/min as a CRI). Addi-
tional boluses of propofol (0.5–1 mg/kg i.v.) were
administered as needed to maintain an appropriate
plane of anaesthesia. Cats were intubated with identical

(internal diameter 4 mm, length 14 cm) cuffed endo-
tracheal tubes to standardize the effect of the endotra-
cheal tube on airway resistance. Mechanical ventilation
was performed as previously described [26]. The
maximum allowable peak airway pressure was set at
50 cmH20.

After a 5-min equilibration period, saline was nebu-
lized for 30 s through an in-line nebulizer (Aeroneb,
Pro; Aerogen, Mountain View, CA, USA) and measure-
ments were obtained to establish baseline values. This
was followed by bronchoprovocation using increasing
concentrations of BGA (doubling doses from 1.25 to
40 lg/mL) nebulized for 30 s. Data collection was per-
formed for 2 min after each dose of BGA. Data collec-
tion ended after the dose of BGA that resulted in an
increase in airway resistance by 150% above saline aer-
osol (baseline). Data were expressed as the effective
concentration of BGA increasing baseline airway resis-
tance by 150% (EC150Raw), as determined by linear
interpolation of the log-log plot of the dose–response
curve.

Thoracic CT imaging

Thoracic CT scans were obtained with cats under gen-
eral anaesthesia in sternal recumbency using a 64 row
detector CT scanner (Aquilion 64; Toshiba America
Medical Systems, Inc., Tustin, CA, USA). Contiguous
transverse images were acquired with 0.5 mm collima-
tion, matrix of 512 9 512, pitch of 1.0, small focal
spot size, 10–12 cm field of view, 120 kVp, and
250 mAs during both inspiration and exhalation.
Images were reconstructed with a high-resolution algo-
rithm and 1-mm-thick sections, no interval. Images
were transferred to an Empiric PACS system (Encom-
pass; Fujifilm Medical Systems USA Inc., Tokyo,
Japan), viewed using OsiriX v.3.9.4 32 bit (Pixmeo,
Geneva, Switzerland), and displayed with a constant
window width of 1600 Hounsfield units (HU) and level
of �550 HU.

Inspiratory CT images were blindly evaluated by a
board-certified radiologist [I.M.]. A semi-quantitative
scoring system for lung parenchymal abnormalities
adapted from Warrick et al. [27] (Table 2) was used.
A global lung attenuation (LA) score was calculated by
combining the score for each individual parameter that
was assessed. Bronchial wall thickening (BWT) was
determined by comparing wall thickness in treated cats
to the mid-range value derived from a series of six
clinically healthy non-asthmatic cats as has been per-
formed previously [28]. The number of thickened bron-
chi and severity [mild (1), moderate (2), severe (3)] of
the thickening were determined for each lung lobe and
summed to obtain a global score.

Table 1. Clinical respiratory scoring system

Respiratory rate (RR) change

0 points – < 50% increase in baseline RR

0.5 points – > 50% increase in baseline RR

1 point – > 100% increase in baseline RR

Auscultation (scored pre- and post-BGA challenge)

0 points – no wheezes

1 point – wheezes

Inducible cough (scored pre- and post-BGA challenge)

0 points – no

1 point – yes

Time in chamber prior to onset of first clinical respiratory sign

0 points – 10 min

0.5 points – 5 to 10 min

1 point – 2 to < 5 min

1.5 points – 1 to < 2 min

2 points – < 1 min

Clinical signs (post-chamber)

0 points – no signs

0.5 points – mild to moderate increase in respiratory effort but not

enough to affect activity or mentation; spontaneous cough

1.0 points – moderate signs of respiratory difficulty (expiratory

push or rapid and shallow breathing)

1.5 points – moderate to severe signs of respiratory difficulty

(nostrils flaring, impaired activity, obvious distress)

2.0 points – severe signs (open mouth breathing, lateral collapse,

obtunded)
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Allergen-specific IgE concentration

Analysis of BGA-specific IgE was determined by ELISA
using a validated polyclonal chicken anti-feline IgE
antisera [29]. Serum and BALF BGA-specific IgE,
assayed in triplicate, were determined from batched
serum and BALF samples as previously described [29,
30]. The positive control consisted of pooled sera or
BALF from cats sensitized to BGA in a separate study.
Negative controls consisted of PBS and pooled sera or
BALF supernatant from cats prior to induction of
asthma. The polyclonal anti-feline antibody was diluted
to 1 : 15 000, the secondary antibody, biotinylated
donkey anti-chicken IgG, (cat no. 703-065-155; Jack-
son Immunoresearch, West Grove, PA, USA) was diluted
1 : 20 000, and avidin-horse-radish peroxidase (cat no.
016-030-084; Jackson Immunoresearch) was diluted
1 : 1000 with 0.5% BSA in wash buffer (PBS-Tween
0.5%). Samples were incubated for 1 h at 37°C after the
addition of each antibody and washed prior to the
addition of the next antibody. After the addition of
substrate (o-phenylenediamine; cat no. P-1526; Sigma–
Aldrich), plates were incubated at room temperature for
10 min for BALF samples and 20 min for serum sam-
ples. The plates were read at dual wavelengths of 450–
650 nm on a spectrophotometer (SpectraMax� Plus 384
Microplate Spectrophotometer; Molecular Devices, Sun-
nyvale, CA, USA). Samples were diluted as necessary to
ensure that results fell within the working range of the
assay. Coefficients of variation were < 15%. Results
were reported as an optical density and converted to
ELISA units (EU). To convert to EU, a standard curve
using the pooled positive control was generated using
doubling dilutions. The undiluted pooled positive con-
trol sample was arbitrarily set as 1000 EU, and the
maximally diluted sample (1 : 64) was set as 15.6 EU.
For patient samples, the EU was then determined by
plotting the optical density vs. EU, accepting values
that fell within the linear portion of the standard curve.

IL-10 restimulation assay

For determination of IL-10 production, whole blood
was diluted 1 : 2 in warmed cRPMI culture media
(990 lL) with lipopolysaccharide (LPS; 10 lg). BALF
samples were standardized to ensure that the number of
mononuclear cells per well was consistent between
samples. Cells were plated at a final volume of 50 lL in
500 lL of cRPMI with 1 lg/mL of LPS with a target of
5 9 105 cells/well.

Samples were incubated at 37°C, 5% CO2 for 24 h.
Plates were centrifuged at 400 g for 7 min. Supernatant
was harvested and banked at �20°C until batched
analysis of IL-10 concentration could be performed.
Determination of IL-10 concentrations was performed
on samples in triplicate using a commercial ELISA kit
(cat no. DY736; R&D systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions; range of
assay detection was 125–8000 pg/mL. Samples below
the limit of detection were reported as 125 pg/mL for
statistical analysis.

Lymphocyte proliferation assay

Bermuda grass allergen-specific CD4+ T cell prolifera-
tion using PBMCs in a flow cytometric assay was deter-
mined as previously described [31]. PBMCs were
harvested from sodium heparinized blood and resus-
pended in cRPMI at a concentration of 2 9 105 cells/
well in a final volume of 200 lL/well. Cells were incu-
bated for 7 days either with or without BGA (BGA
25 lg/mL). On the 6th day of incubation, 5-bromo-20-
deoxyuridine (BrdU B5002; Sigma–Aldrich) was added
at a final concentration of 10 lM/well. For flow cyto-
metric analysis, PBMCs were labelled with fixed viabil-
ity dye efluor 780 (eBioscience, San Diego, CA, USA),
anti-feline CD4 PE (clone 3-4F4; Southern Biotech, Bir-
mingham, AL, USA), anti-feline CD5 biotin (clone f43;
Southern Biotech), and streptavidin APC (cat no. 7100;
Southern Biotech). Cells were permeabilized using
FoxP3/transcription factor staining buffer set (cat no
00-5523-00; eBioscience) followed by labelling with
anti-BrdU FITC (cat no. 11-6071-42; eBioscience). Flow
cytometry was performed on a CyAn ADP Flow Cytom-
eter (Becton Dickenson, Franklin Lakes, NJ, USA) with a
minimum of 20 000 gated events collected. Cells which
fell in the lymphocyte gate on the forward vs. side scat-
ter plot and which were live (i.e. negative for fixable
viability dye) were subsequently analysed. The percent-
age of CD5+ cells (pan T cell marker in cats) that were
also positive for CD4 and BrdU were determined on
samples cultured with and without BGA. The data are
expressed as the percentage of proliferating CD4+ CD5+

T lymphocytes in response to BGA above baseline (%
proliferating cells incubated in BGA minus % proliferat-
ing cells incubated in media alone).

Table 2. Semi-quantitative scoring method for lung attenuation

adapted from Warrick et al. [27]

Abnormality

Grading for each

abnormality
Anatomical regions

scored (Lobes scored

independently)

% Disease

extent Score

Parenchymal band

or linear opacity

0 0 Left cranial; cranial

segment, caudal segment

Hazy or ground-

glass opacity

1–25 1 Right cranial

Right middle

26–50 2 Left caudal

Complete attenuation

or consolidation

51–75 3 Right caudal

> 75 4 Right accessory
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Statistics

Data were assessed for normality using a Shapiro–Wilk
test. A two-way repeated measures ANOVA was used to
assess changes over time in each treatment group for
EC150Raw, BALF eosinophil percentage, VAS and com-
posite clinical score, serum and BALF IgE, serum and
BALF IL-10 restimulation, and lymphocyte proliferation.
Post hoc multiple comparisons were performed as
appropriate. A Student’s t-test for parametric data and
a Mann–Whitney rank sum test for non-parametric data
were used to compare LA and BWT scores between
MSC-treated and placebo-treated cats at 8 and
12 months. Statistical analysis was performed using
commercially available software (SigmaPlot 12, Systat
Software Inc, San Jose, CA, USA).

Results

MSC therapy fails to decrease airway inflammation

Airway inflammation in allergic asthma is characterized
by infiltration of eosinophils [32]. To assess alterations
in airway inflammation in response to MSC therapy in
this study, the eosinophil percentage in BALF was
determined at baseline, immediately after the first MSC
administration (Day 3), after all MSC infusions were
given (Day 75), and months 8 and 12. The mean BALF

eosinophil percentage for each treatment group at all
time-points is presented in Table 3. The BALF eosino-
phil percentage was not significantly different between
MSC-treated and placebo-treated cats (P = 0.300). In
addition, there was not a statistically significant differ-
ence over time (P = 0.438). Thus, in this model, MSC
therapy did not appear to dampen eosinophilic airway
inflammation.

MSC therapy does not attenuate airway
hyperresponsiveness in response to allergen challenge

One of the defining characteristics of both human and
feline asthma is bronchoconstriction in response to
allergen exposure resulting in signs of respiratory
distress [14]. Clinical signs of asthma and ventilator-
acquired pulmonary mechanics were used to assess air-
way hyperresponsiveness at baseline and longitudinally
after MSC administration. Improvement in clinical
symptoms of asthma was evaluated in MSC- and pla-
cebo-treated cats using both a composite clinical
scoring scheme and a VAS score (Table 3). For both
scores, there were no significant differences observed
between treatment groups (clinical score P = 0.327;
VAS P = 0.384) or over time (clinical score P = 0.934;
VAS P = 0.216). Thus, the symptoms observed in
response to allergen challenge were not decreased after
MSC therapy.

Table 3. Selected blood and bronchoalveolar lavage assays for MSC-treated and placebo-treated asthmatic cats

Assay Tx Baseline Day 3 Day 75 Month 8 Month 12

BALF eosinophil % PBS 33 � 14 45 � 27 55 � 8 40 � 6 44 � 8

MSC 37 � 11 64 � 14 50 � 22 41 � 19 57 � 12

Composite clinical score PBS 3.3 � 0.5 4.1 � 0.9 4.3 � 0.9 4.3 � 0.9 4.3 � 1.3

MSC 4.0 � 0.5 3.4 � 0.8 3.7 � 1.3 3.2 � 1.7 3.2 � 1.2

VAS PBS 4.5 � 2.2 7.4 � 0.6 6.3 � 1.4 5.2 � 1.1 4.3 � 2.2

MSC 5.9 � 1.3 5.2 � 2.0 5.2 � 3.1 3.8 � 3.3 2.8 � 1.8

EC150RAW PBS 1.3 (1.2–30.2) 1.3 (1.2–1.9) 1.7 (1.2–3.1) 1.2 (0.3–1.9) 3.2 (2.2–4.4)

MSC 2.3 (1.2–12.9) 1.3 (1.3–17.7) 1.3 (1.2–13.7) 1.3 (1.1–49.5) 4.0 (1.8–6.2)

BALF IgE (EU) PBS 258 (144–609) 725 (242–1645) 331 (121–706) 997 (304–1776) 220 (125–535)

MSC 315 (123–1181) 745 (103–1023) 468 (105–1424) 288 (146–1006) 261 (79–2139)

Serum IgE (EU) PBS 93 (17–603) 448 (196–12271) 587 (125–803) 120 (19–2301) 173 (24–11422)

MSC 15 (14–256) 16 (14–743) 242 (19–3583) 17 (15–2716) 143 (17–19694)

WB IL-10 restimulation (pg/mL) PBS 406 (345–770) 377 (177–680) 125 (125–125) 125 (125–125) 134 (125–197)

MSC 125 (125–136)* 357 (158–865) 125 (125–141) 125 (125–125) 221 (125–258)

BALF IL-10 restimulation (pg/mL) PBS 492 (158–828) 635 (252–3197) 405 (125–2423) 646 (125–1917) 546 (179–887)

MSC 1306 (535–2204) 864 (487–1569) 569 (482–763) 391 (149–936) 824 (462–1368)

BGA-specific lymphocyte proliferation % PBS 3.9 � 3.8 1.8 � 2.6 1.2 � 0.3 1.4 � 1.2 0.7 � 0.9

MSC 3.4 � 3.1 1.5 � 1.2 1.8 � 1.6 1.3 � 1.0 0.4 � 0.5

Tx, treatment group; BALF, bronchoalveolar lavage fluid; PBS, placebo-treated asthmatic cats; MSC, MSC-treated asthmatic cats; VAS, visual ana-

log scale of respiratory symptoms; EC150RAW, dose of BGA increasing baseline airway resistance by 150%; EU, ELISA units; WB, whole blood;

BGA, Bermuda grass allergen.

Parametric data are expressed as mean � standard deviation, and non-parametric data are expressed at median (interquartile range).

*P < 0.05 in MSC-treated cats compared with placebo-treated cats.
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Ventilator-acquired pulmonary mechanics allow for
objective assessment of AHR. Changes in airway
resistance in response to nebulization with BGA were
used to determine the EC150Raw (i.e. the dose of BGA
inducing a 150% increase in airway resistance over
baseline). Cats with less responsive airways will have a
higher EC150Raw. This was evaluated at baseline, days
3 and 75, and months 8 and 12 (Table 3). There was no
significant difference between treatment groups
(P = 0.480) or over time (P = 0.234). Thus, MSC ther-
apy did not attenuate airflow limitation in response to
allergen bronchoprovocation.

MSC therapy reduces CT-derived indices of airway
remodelling

Airway remodelling causes long-term declines in lung
function in asthmatic patients [33]. It has been
proposed that MSC therapy may attenuate or reverse
airway remodelling [6]. However, changes in remodel-
ling after administration of MSC therapy in rodent
models have not been repeatedly assessed over long
time periods. Additionally, sacrifice has been required
in rodent models. To overcome these limitations, we
assessed changes in airway remodelling using indices
derived from thoracic CTs at months 8 and 12 (6 and
10 months after the last MSC infusion; Figs 2 and 3).
Representative CT images from both MSC- and placebo-
treated cats are presented in Fig. 4. There was a
significant difference in both global scores between
MSC- and placebo-treated cats 8 months after the first
infusion (LA score P = 0.031; BWT score P = 0.049);
however, this difference was no longer present at
month 12 of the study (LA score P = 0.406; BWT score
P = 0.077). MSC therapy appears to reduce CT-derived
indices of remodelling over time in chronic established

feline asthma. However, the effect is not sustained
indefinitely.

Effect of treatment on immunologic parameters

To investigate the influence of MSC therapy on the
abnormal immune response observed in asthma, several
immunologic assays were performed. Results of all
immunologic assays are presented in Table 3.

Allergen-specific IgE is the prototypical antibody
associated with allergic asthma [32] and has previously
been shown to decrease with MSC therapy in murine
models [1, 7, 34]. Thus, we investigated changes in both
systemic and local production of allergen-specific IgE in
this study. BGA-specific IgE was evaluated in serum and
BALF at baseline, days 3 and 75, and months 8 and 12.
There was no significance difference for serum or BALF
IgE between MSC-treated and placebo-treated cats
(serum P = 0.927; BALF P = 0.856). In addition, there
was no significant difference noted over time for serum
or BALF IgE levels (serum P = 0.762; BALF P = 0.067).

We next sought to evaluate the effect of MSC therapy
on IL-10 production after stimulation with LPS. Previ-
ous murine studies have demonstrated that BALF IL-10
concentrations are increased after MSC administration
[3, 7, 35] presumably secondary to upregulation of T
regulatory cell proliferation [3]. IL-10 decreases activa-
tion of dendritic cells, induces T cell anergy, and inhib-
its IgE class switching [36], which may be beneficial in
the restoring immune tolerance in asthma. IL-10 con-
centrations were determined in whole blood and BALF
after ex vivo stimulation with LPS. For whole blood,
there was a statistically significant difference between
treatment groups (P = 0.037). This difference was only
observed at baseline (P = 0.003) and at no other time-
point throughout the study; MSC-treated cats had
significantly lower IL-10 concentrations than placebo-
treated cats. For BALF IL-10 concentrations after

Fig. 2. Global bronchial wall thickness score on thoracic computed

tomography (CT). Mean � standard deviation of bronchial wall thick-

ness scores were determined during inspiration in mesenchymal stem

cell (MSC)- (n = 5) and placebo-treated (n = 4) cats at month 8 and

12 after experimental treatment. Cats given experimental treatments

were compared to a healthy cat with a mid-range score as has been

performed previously [27]. *P = 0.049.

Fig. 3. Global lung attenuation score on thoracic computed tomo-

graphy (CT). Mean � standard deviation of global lung attenuation

scores determined during inspiration in mesenchymal stem cell

(MSC)- (n = 5) and placebo-treated (n = 5) cats at month 8 and 12

after experimental treatment. *P = 0.031.
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ex vivo stimulation, there was no significant difference
noted between treatment groups (P = 0.943) or over
time (P = 0.393).

This feline model has previously been shown to dem-
onstrate allergen-specific increases in CD4+ T lympho-
cyte proliferation [17]. While MSCs are thought to have
direct effects on T cell function resulting in downregu-
lation of T lymphocyte proliferation or skewing to a
Th1 phenotype, the current evidence is limited [37].
Thus, we investigated the effect of MSC therapy on T
lymphocyte proliferation. The percentage of CD4+ T
lymphocytes in whole blood that proliferated in
response to BGA was determined ex vivo. There was no
significant difference noted between MSC-treated or
placebo-treated cats (P = 0.942) or over time
(P = 0.979). Thus, MSC therapy did not attenuate over-
all CD4+ T lymphocyte proliferation.

Safety

No adverse reactions were noted as assessed by changes
in vital parameters noted before and after each infu-
sion. Approximately 1 month after study conclusion,
one cat that received MSC treatment developed a scro-
tal mass. A biopsy was consistent with an aggressive

sarcoma. Blood testing for feline immunodeficiency
virus and feline leukaemia virus was negative. The cat
was subsequently humanely euthanized. Post-mortem
examination confirmed a spindle cell sarcoma with no
evidence of any other malignancies or metastatic dis-
ease. Immunohistochemistry for FeLV (gp70 and gp27)
was negative. There were no subjective histopathologic
characteristics consistent with an injection site sarcoma.

Discussion

In chronic established feline asthma, intravenous adi-
pose-derived feline MSC infusions resulted in signifi-
cant reduction in CT-derived indices of airway
remodelling when assessed serially. In particular, there
was a significant decrease in BWT and LA obtained on
CT examination at month 8, roughly 6 months after the
final MSC infusion. This effect was not sustained at
month 12, suggesting that additional MSC treatments
might be necessary to slow progression of remodelling.
In contrast to studies in rodent asthma models investi-
gating the use of MSCs, in our feline model, there was
no reduction of eosinophilic airway inflammation or
AHR. Although disappointing, a lack of effect of
adipose-derived MSCs on airway inflammation and

Fig. 4. Representative thoracic computed tomographic (CT) images from mesenchymal stem cells (MSC)- and placebo-treated cats. Cross-sectional

CT images of six asthmatic cats at the level of the caudal and accessory lung lobes which represented the three least and three most affected cats

based on objective CT grading. Top panel (from left to right): images of lungs from cats (#1–3) with the lowest final scores; all three of these cats

were MSC-treated. Note a few lesions (white arrows) in cat #3 qualified as ‘hazy’ in both caudal lung lobes. Cat #1 and 2 had lesions in the cra-

nial lung lobes but not at this level. Bottom panel (from left to right): images of lung from cats (#9–7) with the highest final scores; two of these

(#8 and #9) were placebo treated. Illustrated in images from cat #8 and #9 are lesions with severe increase in lung attenuation (black arrows) in

the caudal and accessory (cat #9 only) lung lobes. These three cats also had also hazy pulmonary lesions distributed in various lung lobes; of

which, a few are seen at this level of the thorax (white arrows).
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AHR does not dampen enthusiasm for a treatment
which may reduce airway remodelling, a key feature of
asthma that current therapies do not consistently
address.

In previous rodent asthma models, MSC therapy has
diminished airway eosinophilia and AHR [1–3, 6].
Decreased airway eosinophilia has been one of the most
consistent effects of MSC therapy in rodent models
noted regardless of the model used, source of MSCs,
and method of administration. While inconsistent with
prior rodent studies, the lack of an effect of MSCs on
airway eosinophilia in this study may be related to the
more complex genetics and immune system in cats
compared to rodents. Some other interventions that
have initially appeared promising in rodent models ulti-
mately failed to provide a benefit in human clinical tri-
als underscoring the need for more relevant pre-clinical
models [9–11]. The feline model may be more represen-
tative of asthma in human disease [14].

Airway hyperresponsiveness, defined as an excessive
narrowing of airways in response to an inhaled sub-
stance that fails to elicit such a response in a normal
person, is a hallmark feature of asthma. While AHR has
not been extensively evaluated after MSC-treatment in
murine asthma models, a few studies have demon-
strated a reduction in this parameter [3–5]. In the pres-
ent study, no change in AHR was noted between MSC-
treated and placebo-treated groups at any time period
assessed. Aside from differences in protocols for MSC
administration, reasons for discrepancies between
results from murine studies and this feline study could
include differences in methods to assess AHR, broncho-
provocants, and/or key features of the models (i.e. com-
plexity and chronicity of the asthmatic phenotype,
unidentified species differences in MSC function, or
secretome under specific model conditions). In the
majority of rodent models, barometric whole body
plethysmography has been employed, which uses the
unitless parameter of enhanced pause (Penh) to assess
AHR, and has been criticized for not directly measuring
airway resistance [38, 39]. In the present study, direct
measurement of airway resistance was performed using
ventilator-acquired pulmonary mechanics. To the
authors’ knowledge, all previous murine models assess-
ing AHR have used the bronchoprovocant methacholine
[2–5], which directly acts on smooth muscle causing
contraction [39]. In this study, BGA was used for
bronchoprovocation, which is more likely to mimic air-
flow limitation that occurs in naturally occurring
asthma [39].

Airway remodelling has long been a significant con-
cern in asthmatic patients as this is one reason for
worsening clinical signs that ultimately are refractory
to therapy [40]. Many rodent models have evaluated
MSC therapy in acutely induced asthma and have found

a decrease in airway remodelling [3, 4, 7, 34]. However,
MSC intervention in humans would not occur prior to
induction of asthma and would be less likely to be
administered early in the course of disease when con-
ventional therapies would be prescribed. While treat-
ment in chronic asthma is unlikely to be able to reverse
long-standing pathologic changes such as fibrosis and
smooth muscle hypertrophy, slowing progression of
remodelling is an important therapeutic goal.

There have been few studies in rodent models to
investigate the effect of MSC therapy given after
chronic asthma has been established [1, 6]. Firinci et al.
[6] performed aerosolized ovalbumin challenges on
3 days per week for a total of 8 weeks. Bonfield et al.
[1], performed intranasal challenges every other day for
4 weeks. In both studies, mice were given a single
intravenous infusion of MSCs at the end of the chal-
lenge period and then sacrificed 1 and 2 weeks later for
histopathologic analysis of airway remodelling. While
both studies demonstrated significant improvement in
remodelling including a decrease in goblet cell hyper-
plasia and epithelial and basement membrane thicken-
ing compared to placebo-treated mice, the length of
time that challenges were administered may not be rep-
resentative of what occurs in naturally developing
chronic asthma. In addition, the short time period
between MSC administration and histopathologic evalu-
ation does not allow assessment of the duration of MSC
effect. In this study, we showed that in chronically
asthmatic cats, CT-derived indices of airway remodel-
ling, specifically lung attenuation and bronchial wall
thickness, were diminished with MSC therapy compared
with placebo up to 8 months after initial infusions.
Because baseline CT scans were not performed, we can-
not say whether the pathologic changes were reversed
or the progression was simply delayed, although the
latter seems more feasible given MSCs appear not to
engraft into the pulmonary tissue leading to regenera-
tion [22, 41, 42].

Mesenchymal stem cells are believed to modulate the
local environment through cell-to-cell interactions and
release of soluble mediators [43]. Several factors are
thought to contribute to airway remodelling in human
asthmatics including, but not limited to chronic airway
inflammation, soluble mediators and mechanical stres-
ses [44, 45]. In this study, there were no significant
differences between treatment groups in airway eosino-
philia, allergen-specific IgE, allergen-specific T lympho-
cyte proliferation, or stimulated IL-10 production,
making it less likely that the decrease in airway remod-
elling was related to attenuation of the Th2-predomi-
nating environment. Additionally, there were no
significant differences between treatment groups in
clinical response to allergen challenge (clinical scoring
system or VAS) or in direct measurement of pulmonary
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mechanics in response to BGA bronchoprovocation.
Thus, allergen-driven mechanical stresses also fail to
provide an explanation for remodelling. Further study
needs to be performed to specifically identify the mech-
anism for delayed progression of remodelling.

The nature of the changes in airway remodelling can-
not be defined in this study. CT scans were used as a
non-invasive serial surrogate marker of airway remod-
elling. Animal sacrifice was prohibited by the granting
institution for this particular study, thus histopathologic
changes could not be assessed. Histopathologic exami-
nation in combination with thoracic CT scans should be
performed to define what features of remodelling are
altered by MSC therapy.

No adverse reactions were noted during any MSC
infusion suggesting that repeated infusions were safe. It
was interesting to note that one cat developed a scrotal
sarcoma subsequent to study end. Known factors pre-
disposing cats to development of sarcomas include
injection-associated sarcomas [46] and feline retrovirus-
es [47]. The cat had no history of injections in the
region, and the tumour did not have histopathologic
characteristics suggestive of an injection-associated sar-
coma [48]. Furthermore, this cat tested negative both in
blood and tumour tissue for feline leukaemia virus and
feline immunodeficiency virus, the two retroviruses
commonly associated with neoplastic transformation in
the cat [47]. Thus, there is concern that the develop-
ment of this tumour could potentially be related to
administration of MSCs. A previous study has evaluated
the effect of high-dose MSC infusion in immunodefi-
cient mice; no tumour development was noted for up to
26 weeks [49]. In addition, MSCs are being used in a
number of human clinical trials with no reported
tumour developments noted to date suggesting low
tumorigenicity of MSCs; however, these studies have
primarily utilized autologous bone marrow-derived
MSCs [50]. Unfortunately, based on the information
available at this time, it is impossible to determine

whether this neoplasm developed spontaneously or was
related to MSC infusion.

In conclusion, the most striking results of this trial in
a feline chronic allergic asthma model were attenuated
CT-derived indices of airway remodelling noted
6 months past the last infusion of allogeneic MSCs.
Longitudinal evaluation of hallmark asthmatic features
was possible in this model and demonstrated that
reduction of CT parameters was not permanent; this
holds relevance for future studies to determine how
often dosing of MSCs might be necessary. In contrast to
rodent models of asthma, we were unable to document
blunted airway inflammation or AHR once inflamma-
tion and AHR were established. Despite this, the reduc-
tion of CT evidence of airway remodelling by adipose-
derived MSCs in this study may hold promise for
human asthmatics in whom remodelling contributes to
airflow limitation and where no current treatment con-
sistently reduces this key feature of asthma.
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