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Mesenchymal Stem Cells Increase T-Regulatory Cells and
Improve Healing Following Trauma and Hemorrhagic Shock
(MSCs Increase Tregs and Improve Healing After T/HS)
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Abstract

Background—Rodent lungs undergo full histologic recovery within one week following
unilateral lung contusion (LC). However, when LC is followed by hemorrhagic shock (HS),
healing is impaired. We hypothesize that the intravenous administration of mesenchymal stem
cells (MSC) to animals undergoing combined LC followed by HS (LCHS) will improve wound
healing.

Methods—Male Sprague-Dawley rats (n=5-6/group) were subjected to LCHS with or without
the injection of a single iv dose of 5 x 106 MSCs following return of shed blood after HS. Rats
were sacrificed seven days following injury. Flow cytometry was used to determine the T
regulatory (Treg) cell population in peripheral blood (PB). Lung histology was graded using a
well-established lung injury score (LIS). Components of the LIS include average inflammatory
cells/high power field (hpf) over 30 fields, interstitial edema, pulmonary edema, and alveolar
integrity with total scores ranging from 0-11. Data analyzed by ANOVA followed by Tukey's
multiple comparison test, expressed as mean + SD. p<0.05 considered significant.

Results—Seven days following isolated LC animals demonstrate lung healing with a LIS
unchanged from naive. The addition of HS results in a persistently elevated LIS score, whereas
addition of MSC to LCHS decreased the LIS score back to naive levels. The change in LIS was
driven by a significant decrease in edema scores. In rats undergoing LC alone, 10.5 + 3.3% of
CD4+ cells were Tregs. The addition of HS caused no significant change in Treg population
(9.3+0.7%), whereas LCHS+MSC significantly increased the population to 18.2+6.8% in PB
(p<0.05 vs LCHS).
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Conclusion—Impaired wound healing following trauma and hemorrhagic shock is improved by
a single dose of MSCs given immediately after injury. This enhanced healing is associated with an
increase in the T regulatory cell population and a significant decrease in lung edema score as
compared to animals undergoing LCHS. Further study into the role of Tregs in MSC-mediated
wound healing is warranted.
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INTRODUCTION

Traumatic injury induces a systemic inflammatory response necessary to initiate wound
healing and return of tissue integrityl. However, when response is potentiated by
hemorrhagic shock, there is an excessive upregulation of inflammatory mediators and
migration of neutrophils into the tissues. These changes contribute to end-organ damage and
dysfunction following severe injury2. Impairment of wound healing has long been
recognized as a consequence of hemorrhagic shock3- and strategies to improve healing
could significantly reduce trauma-associated morbidity.

Cell based therapy using mesenchymal stem cells (MSCs) has great potential following
traumatic injury. These multipotent cells have both paracrine and immunomodulatory
properties and have shown promise in treatment of multiple disease states including
myocardial infarction, traumatic brain injury, and graft versus host disease®8. One putative
mechanism by which MSCs have been shown to act is by expanding the circulating
population of T regulatory cells (Treg)®. Tregs are an immunosuppressive subset of T cells
important for self-tolerance and maintaining immune homeostasisZC.

Our lab has previously shown MSCs enhance wound healing following unilateral lung
contusion!?, but has never examined their role in a more severe injury model involving the
second hit of hemorrhagic shock (HS). We hypothesize that the treatment of animals
undergoing combined lung contusion (LC) and HS with MSCs given at the time of
resuscitation can reverse HS-induced impairment of lung healing. Furthermore we
hypothesize that this improvement in healing will be associated with an expansion of the
systemic Treg population.

METHODS

Experimental Groups

Rats (n=5-6/group) were randomly assigned to undergo unilateral lung contusion (LC), LC
followed by hemorrhagic shock (LCHS), or LCHS followed by the administration of MSCs
(LCHS +MSC). Seven days following injury, rats were sacrificed; lungs were examined for
histologic evidence of healing and blood was collected to assess the Treg population by flow
cytometry.
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Lung Contusion Model

Rats received intraperitonal sodium pentobarbital (50mg/kg) (B&B Pharmacy, Bellflower,
CA) for anesthesia prior to undergoing unilateral lung contusion (LC). A 12mm metal plate
was secured to the right axilla and LC was induced using the blast wave of a percussive nail
gun (Craftsman 968514 Stapler, Sears Brands, Chicago IL).

Hemorrhagic Shock Model

Animals

As previously described?4, The LCHS and LCHS/CS groups underwent cannulation of the
right internal jugular vein with polyethylene (PE-50; Becton Dickinson and Co., Sparks,
MD) and right femoral artery with Silastic (Dow Corning Corp., Midland, MI) tubing
immediately following LC. All tubing was flushed with 10 units/ml of heparinized saline
(Hospira Inc., Lakefront, IL) in order to prevent clotting. The femoral artery catheter was
connected to a continuous blood pressure monitoring device for measurement of mean
arterial pressure (MAP) and heart rate. Blood was withdrawn and rats were maintained at a
MAP of 30-35mmHg for 45 minutes. Temperature was maintained at approximately 37°C
with the use of an electric heating pad placed under the surgical platform. Following the
completion of the shock period, shed blood was re-infused at a rate of ImL/min.

Male Sprague-Dawley rats ranging from 250-350g (Charles River, Wilmington, MA), were
maintained according to the recommendations of the Guide for the Care and Use of
Laboratory Animals. Use was approved by the Rutgers New Jersey Medical School Amimal
Care and Use Committee. Rats were housed in a 25° C barrier-sustained animal facility with
12-hour light/dark cycles and free access to water and chow (Teklad 22/5 Rodent Diet
W-8640; Harlen, Madison WI).

Mesenchymal Stem Cell Culture

Sprague-Dawley rat mesenchymal stem cells (MSCs) (Cyagen Biosciences, Santa Clara,
CA) were cultured and expanded. Briefly, after thawing, cells were transferred into 15mL
OriCell MSC Growth Medium. Cells were then centrifuged at 250 x g for 5 minutes,
supernatant removed, and cells resuspended and seeded into T25 flasks containing growth
medium. Cells were incubated with 5% humidified CO2 at 37°C. Medium was changed the
day following incubation then every three days. Once cells reached 80-90% confluence they
were dissociated with Trypsin-EDTA and re-seeded. Cell lines were maintained until
harvesting for injection. On the day of injection, MSCs were aliquoted into preparations of 5
x 108 cells in one mL Iscove's Modified Dulbecco's Medium (IMDM) and incubated at
37°C until injection.

Mesenchymal Stem Cell Injection

As above, animals were anesthetized with intraperitoneal sodium pentobarbital (50mg/kg)
and underwent LCHS. Within ten minutes of completion of resuscitation, injection of 5 x
108 cells in one mL IMDM was given into the jugular vein over five minutes.
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Lung Histology and Lung Injury Score

Lungs were placed in 10% buffered formalin following sacrifice. Slide preparation consisted
of dehydrating samples and embedding them in paraffin blocks. Four-micrometer thick
sections were stained with hematoxylin and eoisin (H&E). Degree of injury was scored
according to a quantitative lung injury score (LIS) using standard light microscopy. LIS
ranged between 0 and 11, with 11 representing the most severe injury2 (Table 1). 30
random high power fields/sample were examined for grading. Slides were coded and read by
one of two interpreters blinded to their origin.

Flow Cytometry for % T-regulatory Cells

At the time of sacrifice, whole blood was collected by direct cardiac puncture using a
heparinized syringe. Blood was analyzed for the presence of Treg by flow cytometry with
the use of the T-regulatory Cell Staining Kit from eBioscience, Inc (San Diego, CA).
Briefly, 100uL aliquots (one million cells) of blood in 5mL polystyrene tubes were stained
with 10pL of each stain: BD Pharmingen™ mouse anti-rat CD4 antibody conjugated with
fluorescein isothiocyanate (FITC) and BD Pharmingen™ rat anti-mouse CD25 antibody
conjugated to phycoerythrin (PE) (BD Biosciences, Franklin Lakes, NJ). Samples were
incubated in the dark for 30 minutes. After being centrifuged at 300 x g for 5 minutes, cells
were washed with stain buffer for a total of two washes. Cells were then resuspended in
1mL FoxP3 fixation/permeabilization working solution, pulse vortexed, and incubated for
two hours in the dark. Without washing, 2mL fixation/permeabilization working solution
was added to each tube prior to centrifugation and washing. Cells were resuspended in
100uL 1X permeabilization buffer and stained with 10uL eBioscience mouse anti-rat FoxP3
conjugated to APC. Samples were then incubated in the dark for 30 minutes. A final two
washes with permeabilization buffer were performed prior to resuspension in stain buffer.
Cells were analyzed using BD FACSCalibur flow cytometer (BD) equipped with CellQuest
software (BD) with an event count of 300,000 for each run.

Statistical Analysis

RESULTS

Data presented as mean £ SD. Statistical analysis using GraphPad Prism (Version 4.0, San
Diego, CA) consisted of one-way analysis of variance (ANOVA) followed by Tukey-
Kramer's multiple comparison post-test. *p <0.05 vs. LC or **p <0.05 vs LCHS considered
significant.

Mesenchymal Stem Cell Decrease Total Lung Injury Score

Seven days following unilateral LC, the lung injury has completely healed, with a mean lung
injury score (LIS) of 0.8 = 0.4. Those rats that underwent LCHS had a LIS of 3.7 + 0.81
(p<0.05 vs LC), indicating that the addition of HS delays the normal healing pattern. When
rats received MSCs following LCHS, LIS returned to 1.6 £ 0.6 at one week (p<0.05 vs
LCHS), which is not statistically different from LC alone (Table 2).
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Mesenchymal Stem Cells Affect Lung Subgroup Scores

Pulmonary and Interstitial Edema Scores—Lung injury subgroup scores at seven
days for pulmonary and interstitial edema are 0 £ 0 and 0.75 £ 0.5 respectively. In those
animals undergoing LCHS, there is still a moderate amount of interstitial edema, with a
subgroup score of 2.0 = 0 (p<0.05 vs LC). Pulmonary edema remains as well, affecting
5-25% of the lung parenchyma, with LIS subgroup score of 1.0 = 0.7 (p<0.05 vs LC). MSC
administration reversed the pulmonary and interstitial edema seen in rats undergoing LCHS
with subgroup scores of 0.4 + 0.5 and 0 + 0 respectively (p<0.05 vs LCHS) (Supplementary
Digital Content 1).

Alveolar Integrity Score—The alveolar integrity subscore is 0 £ 0 in rats undergoing LC
alone seven days after injury. There is no significant change in either rats undergoing LCHS
or LCHS + MSCs (subgroup scores of 0.4 £ 0.5 and 0.2 + 0.4 respectively; p>0.05) (Table
2).

Number of Inflammatory Cells—In those rats undergoing LC alone, the subgroup score
for inflammatory cells/high power field (hpf) is 0 £ 0. While this score is elevated in rats
undergoing LCHS (0.4 + 0.5, p<0.05 vs LC), it is even higher in those animals receiving
MSCs (1.0 = 0, p<0.05 vs LCHS) one week following injury (Table 2).

Mesenchymal Stem Cells Expand the T Regulatory Cell Population

At day seven following injury, the percent of circulating T regulatory cells found in the
peripheral blood of SD rats undergoing LC alone was 10.5 + 3.3%, not significantly
different from naive rats (6.0 £ 1.5, p>0.05). The addition of HS resulted in no significant
change in peripheral Tregs. (Figure 1). Rats receiving MSCs following LCHS had a
significantly increased proportion of Tregs in their peripheral blood at 18.2 + 6.8% (p<0.05
vs LCHS) (Figure 1).

DISCUSSION

Following unilateral LC, lungs display complete histologic healing within seven days'1,
however, wound healing is delayed when LC is followed by a period of hemorrhagic shock.
Hannoush et al previously demonstrated that MSCs hasten healing following isolated LC,
with histologic recovery evident two days earlier, or five days post-injuryll. Our data
presented here demonstrates a single iv dose of MSCs given immediately following
resuscitation reverses HS induced wound healing dysfunction. Furthermore, this
improvement in wound healing is associated with an expansion of the peripheral Treg
population.

MSCs have been studied as a potential cell based therapy in multiple clinical scenarios
including fulminant hepatic failure, myocardial infarction, and acute renal failure®13-14,
Studies on the effect of MSCs on lung healing have predominately looked at acute injury
induced by barotrauma, chemical injury, or remote injury in the setting of sepsis and
shock®17. The current study is one of the first times MSCs have been studied in the context
of direct traumatic injury followed by shock. While it was initially believed that the
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mechanism of action of MSCs was secondary to their capacity to differentiate and engraft
into tissues, it appears that their immunomodulatory properties are much more important18.
Xu et al showed MSCs decreased pulmonary edema in mice undergoing endotoxin-induced
ALl as well as decreasing the number of neutrophils within the alveolar airspace®. This
decrease in edema and inflammatory cells was associated with decreased levels of pro-
inflammatory cytokines including IFN- y and IL-1f. In the current study we demonstrate
impaired wound healing with the addition of hemorrhagic shock following unilateral lung
contusion that is associated with persistently elevated edema scores in the injured lung and
an increase in inflammatory cells as compared to LC alone. This is consistent with our
findings in that our data indicate that the administration of MSCs results in significant
decreases in both pulmonary and interstitial edema.

While MSCs have been shown to interact with most cells of the immune system, of
particular interest is their interaction with Tregs. Following traumatic injury, the initial pro-
inflammatory response is mediated by activation of T helper 1 (Th1) lymphocytes, whereas
the late-occurring anti-inflammatory response is driven by T helper 2 (Th2) cells®. T
regulatory cells (Treg) interact with cells of both the innate and adaptive immune system
and work to restore Th1/Th2 balance, shifting the immune response toward an anti-
inflammatory, or Th2 phenotype2°. Zhang et al recently examined the changes in Treg
population as well as Th1/Th2 balance in rats undergoing hemorrhagic shock and found an
early decrease in Tregs and shift toward Th121. When looked at later after injury, the Treg
population has been shown to increase. Cook et al investigated the Treg population
following LC alone and showed an increase in Treg 5 days after injury. This was further
increased by treatment with MSCs®. There is mounting evidence that this Treg response is
necessary for healing. When Cook looked at the effect of MSCs in unilateral LC and
blocked Tregs, MSCs no longer had a therapeutic effect on healing?2. In addition, Kavanagh
et al showed a protective effect of MSCs by expansion of the Treg population in allergic
airway inflammation that was no longer seen when the Treg population was depleted?3. Our
data similarly indicate that a MSC-mediated expansion of the peripheral T regulatory cell
population may be responsible for the improvement in wound healing. In those animals
receiving MSCs, edema scores were significantly lower than those in animals undergoing
LCHS. While the inflammatory cell score is higher as compared to both LC alone and
LCHS it may be that these cells, while physically present within the lung parenchyma, have
been inhibited either directly by the MSCs or by the immunosuppressive Tregs and are
functionally inactivated.

In summary, a single dose of MSCs given immediately following resuscitation improves
wound healing following trauma and hemorrhagic shock. This enhanced healing is
associated with significant decreases in both pulmonary and interstitial edema as well as an
increase in the peripheral Treg population. While the inflammatory cell component of the
LIS remains elevated, this may be secondary to either functional inactivation of
inflammatory cells within the lung by MSCs or Tregs, or an increase in the number of Tregs
within the lung itself. Further study is needed to elucidate the mechanisms by which MSCs
enhance healing and how their apparent benefit in pre-clinical animal models can be
translated to the care of human trauma patients. This further characterization of the
immunomodulatory pathways of MSCs will enhance our understanding of the inflammatory
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pathway and immune interactions following severe injury, potentially opening up new
avenues for therapy. As MSCs themselves do not incite an immune response and treatment
with MSCs does not require concomitant immunosuppression, they have the potential to
become a readily available cellular therapy to limit the secondary effects of trauma in

se

Supplement

lected patients.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T-Regulatory Cell Population Seven Days Following Injury
Dotted line represents naive. LC= lung contusion, LCHS= lung contusion hemorrhagic

shock, MSC= mesenchymal stem cells. Data presented as mean score + standard deviation;
n= 5-6/group; *p<0.05 vs LCHS.
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TABLE 1

Subgroup

Points

Interstitial Edema

None
Minimal
Moderate

Severe

w Nk O

Pulmonary Edema

<5%
5-25%
>25%

Alveolar Integrity

Normal
Abnormal moderate

Abnormal severe

Inflammatory Cells/HPF

<5
6-10
11-15
16-20
>20

A W N B O
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Table 2

LIS Total and Subgroup Score Seven Days Following Injury

Group Inflammatory cells/hpf | Interstitial Edema | Pulmonary Edema | Alveolar Integrity | Total LIS
LC 0+0 0.75+0.5 0+0 0+0 0.8+0.4
* * * *
LCHS 0.4+05 20+0 1.0£0.7 0405 3.7+0.81
*% * % * % * %
LCHS+MSC 1.0+0 0.4+0.5 0+0 0.2+04 16+0.6

LC= lung contusion, LCHS= lung contusion hemorrhagic shock, MSC= mesenchymal stem cells. Data presented as mean score + standard

deviation; n=5-6/group

*
p<0.05vs LC

*

*
p<0.05 vs LCHS
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