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Bone marrow transplantation (BMT) substantially im-
proves 10-day survival after total body irradiation (TBI),
consistent with an effect on intestinal radiation death. Total
body irradiation, in addition to injuring the intestinal
epithelium, also perturbs the mucosal immune system, the
largest immune system in the body. This study focused on
how transplanted bone marrow cells (BMCs) help restore
mucosal immune cell populations after sublethal TBI (8.0
Gy). We further evaluated whether transplanted BMCs: (a)
home to sites of radiation injury using green fluorescent
protein labeled bone marrow; and (b) contribute to restoring
the mucosal barrier in vivo. As expected, BMT accelerated
recovery of peripheral blood (PB) cells. In the intestine, BMT
was associated with significant early recovery of mucosal
granulocytes (P = 0.005). Bone marrow transplantation did
not affect mucosal macrophages or lymphocyte populations
at early time points, but enhanced the recovery of these cells
from day 14 onward (P = 0.03). Bone marrow transplantation
also attenuated radiation-induced increase of intestinal
CXCL1 and restored IL-10 levels (P = 0.001). Most
importantly, BMT inhibited the post-radiation increase in
intestinal permeability after 10 Gy TBI (P = 0.02) and
modulated the expression of tight junction proteins (P =0.01-
0.05). Green fluorescent protein-positive leukocytes were
observed both in intestinal tissue and in PB. These findings
strongly suggest that BMT, in addition to enhancing general
hematopoietic and immune system recovery, helps restore the
intestinal immune system and enhances intestinal mucosal
barrier function. These findings may be important in the
development and understanding of strategies to alleviate or
treat intestinal radiation toxicity. © 2014 by Radiation Research Society
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INTRODUCTION

Injuries to the bone marrow and gastrointestinal (GI)
tract are critical determinants of lethality after total body
irradiation (TBI). Radiation causes inflammation, loss of
mucosal barrier function and immune imbalance. Typical-
ly, humans exposed to radiation doses in the range of 0.7—
4 Gy develop symptoms that are secondary to hematopoi-
etic and immune system damage (/). Moreover, alteration
of the mucosal immune system occurs at doses that do not
cause symptoms of radiation sickness and mucosal
permeability increases at doses as low as 1-2 Gy. This
loss of mucosal barrier integrity can lead to bacterial
translocation and/or the release of nonmicrobial gut-
derived factors that potentiate the development of a septic
state, one of the overwhelming causes of mortality after
exposure to ionizing radiation.

The predominant cause of death within 10 days of
radiation exposure has traditionally been attributed to GI
injury. Interestingly, replacing or shielding part of the bone
marrow substantially increases 10 day survival rates
seemingly without changing the level of epithelial injury
(2), suggesting that local and/or remote immune mecha-
nisms play a role. In fact, damage to the hematopoietic/
lymphopoietic system also occurs over a similar time period
(3) and radiation exposure also leads to complete perturba-
tion of the mucosal immune system (4), the largest and most
complex immune system in the body.

Bone marrow transplantation (BMT) has become a
powerful adjunct in the treatment of hematological
disorders, congenital immunodeficiencies, autoimmune
diseases and malignant tumors (5). The ability of stem cells
to divide and differentiate allows them to act as a repair
system for the body (6). Bone marrow cells (BMCs) have
been reported to modulate epithelial regeneration (7, §),
home to sites of injury or inflammation (9—/7) and play a
direct role in vasculogenesis (/2). Therefore, it is important
to gain an understanding of whether immune cell reconsti-
tution, mechanisms related to endothelial cells and/or
vasculogenesis and/or epithelial regeneration or any com-
bination of these mechanisms, are the important variable
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that helps protect the intestine after exposure to ionizing
radiation.

This study was undertaken to investigate whether
transplanted BMC:s: (a) help restore intestinal immune cell
populations after a sublethal dose of TBI; (b) home to sites
of radiation injury in the gut; and (c) contribute to the
restoration of post-TBI intestinal mucosal barrier integrity.
BMT was associated with significant early recovery of
mucosal granulocytes, with subsequent recovery of mucosal
macrophage or lymphocyte populations, as well as with
attenuation of post-TBI changes in the levels of certain
chemokines and cytokines. Despite the observation of BMC
homing to the injured gut, BMT did not appear to influence
the level of structural mucosal injury. However, BMT
significantly enhanced mucosal barrier integrity, thus
suggesting a mechanism by which BMCs may reduce GI
radiation-induced death without altering crypt survival or
mucosal architecture.

MATERIALS AND METHODS
Animals

The experimental protocol was reviewed and approved by the
Institutional Animal Care and Use Committees (IACUC) at the
University of Arkansas for Medical Sciences (UAMS) and the Central
Arkansas Veterans Healthcare System (CAVHS). Male CD2F1 mice,
with an initial body weight of 23-25 g, were obtained from Harlan
Sprague Dawley® (Indianapolis, IN). In addition, C57BL/6 mice and
GFP-transgenic (Tg) mice [C57BL/6-Tg (CAG- EGFP) 1310sb/
LeySoplJ], 7-8 weeks old, were obtained from the Jackson Laboratory
(Bar Harbor, ME). Animals were housed in conventional cages under
standardized conditions, with controlled temperature and humidity and
a 12/12 h, day/night light cycle. Animals had free access to water and
chow (Harlan Teklad laboratory diet 7012, Purina Mills, St. Louis,
MO).

To study the effect of bone marrow transplantation on radiation-
induced intestinal immune cell populations, mice received a single
dose of TBI (8.0 Gy, unless otherwise specified), and groups of mice
were euthanized at set time points after irradiation [0 h (nonirradiated),
1 day, 3.5, 7, 14, 21 and 30 days], with n = 8-10 mice per time point.
Previous experiments in CD2F1 mice have shown that 8.0 Gy induces
substantial intestinal and hematopoietic injury but with adequate 30
day survival (/3). Green fluorescent protein (GFP) transgenic mice
were used to investigate the ability of BMCs to home to areas of
radiation-induced injury in the gut.

Chemicals and Media

Calcium- and magnesium-free PBS, RPMI-1640, FBS, penicillin-
streptomycin, L-glutamine, B-mercaptoethanol, Percoll (1:130 =+
0.005 g/ml) and Dulbecco’s phosphate-buffered saline (DPBS) were
purchased from Sigma-Aldrich (St. Louis, MO). RPMI-1640 was
supplemented with FBS (10% v/v), 100 U/ml penicillin-streptomycin,
2 mM r-glutamine and 5 X 10> M f-mercaptoethanol. A stock
solution of 0.5 M ethylenediaminetetraacetic acid (EDTA) and
dithiothreitol (DTT) were purchased from Sigma-Aldrich.

Irradiation and Dosimetry

Irradiation was performed as previously described (/3). Briefly,
after confirmation of dose uniformity by thermoluminescence
dosimetry, irradiation was performed in a Shepherd Mark I, model
25, Cs-137 irradiator (J.L. Shepherd & Associates, San Fernando,

CA). The average dose rate was 1.35 Gy/min. Irradiation was
performed on a turntable rotating at 6 rpm, without anesthesia, and
with the mice held in a pie-shaped container with one compartment for
each animal.

Generation of Bone Marrow Transplanted Mice

The procedure for generation of bone marrow transplanted mice
was based on previously published studies, with minor modifications
(14). Briefly, donor mice (CD2F1 or GFP) were euthanized and BMCs
were collected from the tibias and femurs by flushing with sterile PBS.
Recipient mice were subjected to a dose of 8.0 or 10.0 Gy TBI for the
assessment of in vivo permeability (see below). Within 4-6 h after
irradiation, recipient mice received an intravenous (i.v.) injection of 2
X 10" BMCs supplemented with 1 X 107 cells from the spleen to serve
as an immediate source of immune cells. In the homing experiment,
recipient mice received BMCs only.

Immunohistochemical and Immunofluorescent Detection

Immunohistochemical staining for myeloperoxidase (MPO, neutro-
phils), macrophages, CD45R (B-lymphocytes), and CD4 (T-lympho-
cytes) on proximal segments of jejunum obtained at O h, 4 h, 1 day,
3.5, 7, 14, 21 and 30 days (with and without BMT) was performed as
previously described (4). Quantitative assessment of immunoreactivity
was performed using computerized image analysis (Image-Pro Plus,
Media Cybernetics Inc., Silver Springs, MD) as described and
validated previously (/5). Cells positive for MPO, CD45R, CD4 or
macrophages were identified by color thresholding. The number of
positive cells per 10 fields (40X objective) was considered a single
value for statistical analysis.

For immunofluorescent detection of CD68, proximal segments of
jejunum samples were obtained and flash frozen at 7 days after BMT
from GFP mice. The tissues were embedded in optimal cutting
temperature (OCT) media and were stored at —80°C until use. Briefly,
6 um sections after fixation in pre-cold acetone for 5 min at room
temperature and air drying for 2 min, were incubated with blocking
solution (10% FBS in PBS) for 1 h. Sections were then incubated with
rat anti-CD68 (Abcam, Cambridge, MA) overnight at 4°C in a
humidified chamber (1:500). After washes in PBS, CD68 were
detected and visualized with goat anti-rat [gG-H&L (DyLight A®594)
(1:250) for 1 h at room temperature. To detect the eGFP protein, Alexa
Fluor 488-labeled rabbit anti-GFP (Invitrogen) was used (1:800) for 2
h at room temperature for double immunostaining. Upon completion
of the staining protocols, coverslips were placed over the slides using
the Prolong Gold antifade reagent with DAPI (Invitrogen). Slides were
scanned with Aperio Scanscope XT (Aperio Technologies Inc., Vista,
CA).

RNA Extraction and Quantitative Reverse Transcription PCR (qRT-
PCR)

Total RNA was purified from frozen tissue using RNeasy Plus
Mini Kit (Qiagen, Valencia, CA) as instructed by the manufacturer
after homogenizing the samples in TRIzol® Reagent (Life Technol-
ogies, Grand Island, NY). cDNA was synthesized using a cDNA
reverse transcription kit (Applied Biosystems®) after treating with
RQ-DNase I (Promega, Madison, WI). Predesigned Tagman assay

(Applied Biosystems®) for mouse gene: CXCLI,
MmO04207460_m1; CXCL9, Mm00434946_ml; IL-12,
Mm00434200_m1; IL-10, Mm00439614_m1l; Foxp3,

MmO00475162_m1; CTLA-4, Mm00486849_m1; Claudin-2,
MmO00516703_s1; Claudin-4, MmO00515514_s1; Claudin-10,
Mm01226326_g1; Claudin-11, Mm00500915_m1; Mylk,
Mm00653039_m1; Occludin, Mm00500912_m1 and 18s rRNA,
Hs99999901_s1 was used. The mRNA levels were normalized to
eukaryotic 18s rRNA and calculated relative to control mice, using
the standard AACt method.
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Preparation of Intestinal Tissue Homogenates

To prepare intestinal homogenates for protein analysis, tissues
obtained at different time points were homogenized in 600 pul of
PBS supplemented with a complete protease inhibitor cocktail
tablet (Roche Diagnostics, Indianapolis, IN ) and 160 U/ml RNase
inhibitor (Promega, Madison, WI) using a polytron homogenizer
(Brinkmann Instruments, Delran, NJ). Subsequently, homogenates
were centrifuged at 14,000 rpm for 15 min at 4°C to pellet
membrane material and supernatants were removed and stored at
—80°C until multiplex cytokine microbead array analysis, described
below.

Multi-Analyte Microbead Array to Detect Proinflammatory Mediator
Expression

To assess inflammatory mediators in whole tissue homogenates of
the proximal jejunum, a mouse 20-plex cytokine microbead array
system was used according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). Results were analyzed using a Bioplex
Workstation (Bio-Rad Laboratories, Hercules, CA) and normalized
against the amount of total protein extracted from the intestinal tissues.
The level of sensitivity for each microbead cytokine standard curve
ranged from 1-40 pg/ml.

Assessment of Radiation Injury

Mucosal surface area (MSA)

Intestinal mucosal surface area, a well-validated, sensitive param-
eter of intestinal radiation injury that, at sublethal radiation doses,
mainly reflects changes in the villus epithelium, was measured in
vertical H&E—stained sections of the jejunum at baseline and 3.5 days,
7 days and 14 days after TBI, using a projection/cycloid method as
described by Baddeley et al. (16). The method has previously been
validated by us specifically for surface area determination of the
intestinal mucosa after irradiation (/7) and has been used extensively
both with localized intestinal irradiation as well as after exposure to
TBI (13).

Plasma citrulline levels

The plasma level of citrulline is a well-validated biomarker for
functional enterocyte mass. While there is excellent correlation
between plasma citrulline levels and more conventional markers of
intestinal radiation injury, including mucosal surface area and the
crypt colony survival assay (/8), plasma citrulline, by reflecting
enterocyte mass (both villus and crypt cells), is more sensitive than the
crypt colony assay at sublethal doses of radiation. Because citrulline
levels can be determined in as little as 10 pl of plasma, the citrulline
assay is an attractive, minimally invasive longitudinal marker of
radiation-induced bowel injury.

Whole blood was collected into EDTA-coated tubes (Fisher
Scientific, Pittsburgh, PA.). Plasma was obtained by centrifugation
(12,000 rpm, 5 min, 4°C) and stored at —80°C until analyzed.
Citrulline was determined in plasma using a validated LC-MS method
as described before (/9). Briefly, plasma samples were protein-
precipitated for assay in 96-well Strata Impact 2-ml filtration plates
(Phenomenex, Torrance, CA). Samples (10 pL) were treated with 490
pL acetonitrile:water:formic acid (85:14.8:0.2 v/v) containing internal
standard (2 pM). After mixing gently, the plate was covered, allowed
to stand for 5 min, and the filtrate was collected under vacuum. The
LC-MS system was an Acquity UPLC system interfaced to a Quattro
Premier triple quadrupole mass spectrometer (Waters Corp., Milford,
MA), and chromatographic separation was achieved using a
Phenomenex 1.7 pM Kinetex Diol analytical column (50 X 2.1 mm
i.d.). Mass spectrometric detection was performed in the multiple-

reaction-monitoring (MRM) mode using the precursor—product ions
176.2—158.9 Th and 181.2—163.8 Th for citrulline and citrulline+35,
respectively.

Peripheral Blood Cell Count

Whole blood was collected into EDTA-coated tubes from mice with
or without BMT at O h, 4 h, 1 day, 3.5 days, 7 days, 14 days, 21 days
and 30 days after 8.0-Gy TBI. Peripheral blood cell counts were
obtained using a veterinary hemocytometer (Hematrue System, Heska
Corporation, Loveland, CO) according to the manufacturer’s instruc-
tions.

In Vivo Intestinal Permeability Assay

Intestinal permeability was examined on day 7 post-TBI in mice
exposed to 10 Gy, with or without BMT, by using an in vivo
fluorescein isothiocyanate (FITC)-labeled dextran method. Briefly, the
mice were anesthetized with isoflurane inhalation, a midline
laparotomy was performed, and the renal artery and vein were ligated
bilaterally. A 10-cm small intestine segment, located 5 cm distal to the
ligament of Treitz, was isolated and tied off. One hundred pl of 4-kDa
fluorescein isothiocyanate-conjugated dextran (FITC-dextran, 25 mg/
ml in PBS) was injected into the isolated intestine using a 30-gauge
needle, and the abdominal incision was closed. Blood samples were
collected retro-orbitally at 90 min after infusion of FITC-dextran.
Plasma was separated by centrifuging (8000 rpm, 10 min, 4°C), and
was analyzed for FITC-dextran concentration using a fluorescence
spectrophotometer (Synergy HT, Bio-Tek Instruments, Winooski, VT)
at an excitation wavelength of 480 nm and an emission wavelength of
520 nm. Standard curves to calculate FITC-dextran concentration in
the plasma samples were prepared from dilutions of FITC-dextran in
PBS.

Intestinal Intraepithelial Leukocyte Preparation and Flow Cytometry
Examination

For detecting the percentage of GFP-positive intestinal intraepithe-
lial leukocyte (i-IELs) by FACS, i-IELs were isolated as described by
Montufar-Solis and Klein (20). Confirmation of IELs was carried out
by staining cells with APC-conjugated anti-CD45 and analyzing by
FACSCalibur flow cytometry. A gate was set up according to SSC and
FSC signals to exclude cell debris and clumps. Data were analyzed
using FCS Express V3 software (De Novo™).

Statistical Analysis

Data are expressed as the mean * the standard error of the mean
(SEM). Statistical analysis was performed with NCSS 2007 (NCSS,
Kaysville, UT) and GraphPad Prism 5.0 (La Jolla, CA). Comparison
among multiple means was performed by analysis of variance
(ANOVA) and comparison of groups was performed by either Mann
Whitney U test or two-tailed ¢ tests and difference of P < 0.05 was
considered statistically significant.

RESULTS
BMT Accelerated Peripheral Blood Counts

The 8.0 Gy dose was well tolerated up to 30 days after
radiation, with only two deaths noted on day 29 after TBI
in mice without BMT. Irradiation caused a significant
decrease in the numbers of circulating leukocytes,
erythrocytes and thrombocytes. For some cell types
(particularly lymphocytes and monocytes) significant
decreases were already observed 4 h postirradiation. As
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FIG. 1. Effects of BMT on intestinal immune cell populations. Sublethal TBI (8 Gy) induced a time-dependent decrease in numbers of MPO-
positive cells (panel A), macrophages (panel B), CD45R-positive cells (B-lymphocytes) (panel C) and CD4-positive cells (T-lymphocytes) (panel
D). BMT significantly enhanced the recovery of mucosal granulocytes (P = 0.005), T-lymphocytes (P = 0.03) and B-lymphocytes (P = 0.03) by
day 14. However, there was no difference in macrophage number in groups with or without BMT. Ten fields per section with a 40X objective;

average = SEM, n =4-6.

expected, BMT significantly accelerated blood cell
recovery (data not shown).

BMT Enhanced the Recovery of Intestinal Immune Cell
Populations in Jejunum Mucosa

Immunohistochemistry was used to evaluate the influence
of BMT on the distribution of various types of immune cells
in the intestinal mucosa. Radiation alone induced a time-
dependent decrease in MPO-positive cells (mainly neutro-
phils), which was statistically significant at 3.5 days (P =
0.01) and persisted until 21 days (P = 0.001). Interestingly,
in the intestine BMT was associated with significant
recovery of mucosal granulocytes by day 14 (P = 0.005),
which persisted until day 21 (P = 0.003). By day 30 after
TBI, animals with and without BMT had reached baseline
levels (Fig. 1A).

TBI also caused a reduction in the number of macro-
phages between 4 h and 3.5 days (Fig. 1B) while CD45R-
positive cells (B-lymphocytes) and CD4-positive cells
(mainly T-lymphocytes) remained reduced up to 7 days
after TBI (Fig. 1C-D). Although BMT did not affect the
numbers of mucosal macrophages, B-lymphocytes or T-
lymphocytes at early time points (Fig. 1B-D), recovery of
these cells in transplanted mice was enhanced from day 14

onward (P = 0.03). However, macrophages unlike the other
immune cells were noted to recover equally in both groups
(with or without BMT).

BMT did not Affect Structural Radiation Injury of the
Intestinal Epithelium

It is well known that postirradiation crypt survival is not
affected by BMT or bone marrow sparing (2, 3). However,
it is not known if this also applies to other compartments of
the intestinal epithelium. Therefore, structural radiation
injury of the gut was assessed using intestinal mucosal
surface area and plasma citrulline levels.

Mucosal surface area primarily reflects changes in the
villus epithelium. Exposure to 8.0 Gy TBI resulted in a
significant decrease in mucosal surface area in groups with
or without BMT at 3.5 days postirradiation. A trend toward
improved mucosal area was observed from day 7 forward in
mice with BMT compared with irradiated mice that were
not transplanted, although a level of statistical significance
was not reached (Fig. 2A).

To study the effect of BMT on overall enterocyte mass,
plasma levels of citrulline were measured in sham-irradiated
mice and on days 3.5, 7 and 14 in mice exposed to 8.0 Gy
TBI with or without BMT. TBI induced a significant
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FIG. 2. Effect of BMT on post-TBI mucosal surface area, plasma citrulline and intestinal permeability. Panel
A: BMT did not significantly improve postirradiation mucosal surface area 3.5, 7 or 14 days after 8 Gy TBI
when compared to groups without transplantation. Average = SEM, n = 4-6. Panel B: TBI (8 Gy) induced a
significant reduction in plasma citrulline at 3.5 days postirradiation (P =0.0001). BMT did not prevent the effect
of TBI on plasma citrulline. Mean = SEM, n = 8 mice per group. Panel C: Compared to sham-irradiated
controls, 10 Gy TBI induced a significant increase in intestinal permeability (P = 0.05) at day 7, while BMT
significantly reduced FITC-dextran levels (P = 0.02). Average = SEM, 6—8 mice per group.

decrease in plasma citrulline levels on day 3.5 (P =0.0001)
(Fig. 2B), but levels had returned to baseline values by day
7. No significant difference was noted between groups with
or without BMT.

BMT was Associated with Reduced Intestinal Permeability

In vivo assessment of intestinal permeability showed that,
compared to sham-irradiated controls, permeability in-
creased significantly (P = 0.05) 7 days after mice were
exposed to 10 Gy TBIL In contrast, transplanted mice
exposed to 10 Gy TBI showed significantly lower FITC-
dextran levels at day 7 postirradiation. Permeability levels
in irradiated BMT mice were similar to those of sham-
irradiated control mice, and irradiated BMT mice exhibited
a statistically significant reduction (P = 0.02) compared
with the irradiated non-transplanted group (Fig. 2C).

Effect of BMT on Radiation-Induced Alterations in
Cytokines and Chemokines on Intestinal Tissue

A mouse 20-plex cytokine microbead assay was used to
assess levels of inflammatory mediators in whole tissue
homogenates of proximal jejunum in mice with or without
BMT. As shown in Fig. 3A, radiation exposure caused a
decrease in IL-1a in the early postirradiation phase (24 h to

7 days). BMT induced a significant increase in IL-1o (P =
0.01) by day 7 compared with non-transplanted animals and
remained consistently high until day 30. Both IL-6 and IL-
10 were greatly reduced during the early phase of
irradiation, to such an extent that their levels were below
the detection limit of the assay. BMT increased their
availability at day 7 postirradiation (P = 0.0003 and P =
0.0001, respectively) (Fig. 3B—C). Likewise, tissue IL-12
levels were also below the detection limit as early as 24 h
postirradiation and this persisted until day 7 (Fig. 3D),
whereas BMT increased the availability of IL-12 at day 7 (P
=0.0001). Interestingly, by day 14 forward, the transplanted
group exhibited IL-12 levels that were significantly higher
than in the non-transplanted groups (day 14, P =0.001; day
21, P=0.01; day 30, P =0.04) (Fig. 3D). Further, at day 14
post-TBI, MIG was significantly induced (P = 0.0004)
whereas FGF-2 exhibited a significant attenuation (P =
0.0008) in the BMT group (Fig. 4A-B).

BMT Limits the Radiation-Induced Increased Production of
CXCLI and CXCL9 and Restores IL-10 and IL-12 in
Jejunum Mucosa

Radiation-induced increase of CXCL1 mRNA levels in
the jejunum was noted as early as 4 h postirradiation and
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was maintained until 21 days (Fig. 5A), however, BMT
attenuated this increase at day 7 post-TBI (P = 0.001). On
the contrary, BMT restored radiation-induced decrease in
CXCL9 and IL-12 by day 14 post-TBI (Fig. 5SB—C). While
IL-10 is required for the maintenance of noninflammatory
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FIG. 4. Effect of BMT on radiation-induced (8 Gy TBI) alteration in MIG and FGF-2 in whole tissue homogenates of the jejunum. Panel A:
MIG was significantly induced in transplanted mice at day 14 and reached baseline levels by day 21. Panel B: TBI induced a significant increase
in FGF-2 (4 h to 3.5 days) while BMT reduced FGF-2 at 3.5 and 14 days. *P =0.001 compared to non-transplanted group. Average = SEM, n=
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CXCL1 expression at day 7 post-TBI and restored IL-10 and 1I-12 at day 14. *P = 0.05; **P = 0.03; #+P = 0.001 compared to non-transplanted
group; P=0.03; "tP=0.05 """P=0.001 compared to controls. Average = SEM, n =4 mice per group.

persisted until day 7 (Fig. 5D-E). CTLA-4 expression
evolved similarly (Fig. 5F). By day 14 post-TBI, Foxp3
levels were significantly elevated compared to controls (P =
0.05) in both groups (with or without BMT), whereas
CTLA-4 expression reached the baseline (Fig. 5F). Further,
IL-10 levels were restored in BMT group by day 14 post-
TBI (P = 0.05).
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BMT Modulated the Expression of Tight Junctions in
Jejunum Mucosa

Real time quantitative PCR revealed that a sublethal dose
of TBI induced a significant increased expression of
Claudin-2 mRNA in the jejunum at early time points (4 h,
24 h, 3.5 days). However, by day 7 post-TBI the level
returned to baseline (Fig. 6A). Likewise, the mRNA levels
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FIG. 6. Effects of BMT on intestinal tight junction-related genes in the jejunum. Irradiation (8 Gy TBI) significantly induced mRNA levels of
Claudin-2 (panel A) and Claudin-4 (panel B), while Claudin-11 (panel C) were ing{iuced at all time points.. BMT restored mRNA levels of
Claudin-4 and Claudin-11 to baseline by day 7 post-TBIL. *P = 0.05; **P = 0.003; P = 0.001 compared to non-transplanted group; Ttp=

0.001 compared to controls. Average = SEM, n =4 mice per group.
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FIG. 7. Homing of GFP-positive BMCs in the intestine and peripheral blood after 8 Gy TBI. Panel A: Flow
cytometry analysis of ilELs and peripheral blood leukocytes to show GFP-positive and CD45-positive cells and
(panel B) its quantitative analysis of percentage of GFP-positive and CD45-positive cells in the intestine and
peripheral blood. Average = SEM, n = 4-6 mice per group.

of Claudin-4 (Fig. 6B) initially showed an increased
expression at 4 h post-TBI (P = 0.01). However, a time-
dependent decrease was noted after 24 h, which persisted
until day 21 (latest time point examined in this study).
Conversely, Claudin-11 (Fig. 6C) showed an increased
expression at all time points examined. However, by day 7
post-TBI, BMT appears to have restored both claudin-4 and
claudin-11 mRNA level in the jejunum. Further, myosin
light chain kinase (MYLK), an important regulator of
intestinal barrier function, exhibited a decreased mRNA
level at 4 h post-TBI (P = 0.01). However, by day 7,
baseline levels were reached in both groups (with or without
BMT) (data not shown). Relative mRNA levels of Claudin-
10 and Occludin in groups with or without BMT were also
not significantly different from controls (data not shown).

Homing of Donor BMCs to Recipient Intestine

Using flow cytometry, we quantitatively analyzed the
percentage of GFP-positive and CD45 positive cells (i.e.
GFP-positive leukocytes) both in intestine and peripheral
blood. On day 7 post-TBI, the percentage of GFP-positive
and CD45 positive cells in the gut were almost negligible
compared with GFP-positive and CD45 positive cells in the
peripheral blood. However, by day 14 post-TBI, the GFP-
positive and CD45 positive cells were significantly
increased in both the intestine and the peripheral blood (P
=0.0001 and P = 0.02, respectively) (Fig. 7A-B).

Immunofluorescent studies revealed the presence of GFP-
positive cells in the gut on day 7 post-TBI (the earliest time
point examined in these studies). To further determine the
characteristics of these accumulated cells, an immunofluo-
rescent labeling technique was applied to detect the
expression of macrophages (CD68-positive). As shown in
Supplementary Fig. S1 (http://dx.doi.org/10.1667/
RR13548.1S1), cells were positive for both GFP and
CD68 were mainly localized in the intestinal lamina propria.

DISCUSSION

The mucosal surface of the intestine represents one of the
largest and most complex parts of the immune system (27).
Although changes in intestinal immune cell populations and
in the expression levels of cytokines, chemokines and
transcription factors after localized and abdominal irradia-
tion (22, 23) and/or total body irradiation have been well
documented (4, 24), relatively little is known about the role
of BMCs in restitution of these immune cell populations and
about the possible functional implications thereof.

Recently, bone marrow-derived stem cells (BMDSCs)
have garnered a great deal of attention from various research
groups even though the high degree of plasticity of
BMDSCs is somewhat controversial (25, 26). The ability
of bone marrow stem cells (or progenitor cells) to home to
areas of injury, including the heart, liver, brain, kidney and
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pancreas suggest that the bone marrow may contribute to
organ repair after cellular injury. BMCs have also been
shown to have the ability to differentiate into various
nonhematopoietic cells (27, 28), such as epithelial cells that
can repopulate damaged intestinal epithelium (29, 30) and
vasculogenic cells (/2). These studies highlight the
importance of BMDSCs to the body’s healing process.

The mechanisms by which BMCs attenuate mucosal
inflammation are poorly understood. However, it is well
recognized that the epithelial barrier coordinates immune
responses to the myriad of microorganisms that colonize the
gut and, if dysregulated, might contribute to intestinal
inflammation (3/). The intestinal epithelial barrier is
maintained by intracellular junctional complexes, such as
tight junction, adherent junctions and desmosomes. Numer-
ous studies have demonstrated that decrease of tight
junction complexes may disturb the epithelial barrier and
increase intestinal permeability. We and others have shown
that ionizing radiation increases intestinal permeability
through a combination of epithelial tight junction disruption
and insufficient replacement of villus epithelium (32, 33). It
is also possible that BMCs, through enhancing vasculogen-
esis (/2), help counteract both acute (34) and delayed (35)
radiation effects in the gut.

The current study demonstrates that intestinal ‘‘leakage’,
which was significantly increased in animals exposed to
radiation, was markedly reduced by BMT. Analogously,
bone marrow-derived mesenchymal stem cells have also
been reported to improve intestinal permeability after
ischemia-reperfusion intestinal injuries (36). Further, we
demonstrated that radiation was associated with increased
intestinal expression of Claudin-2 and Claudin-11, and also
showed decreased expression of Claudin-4, similar to in
ulcerative colitis (37). Restoration of Claudin-4 and
Claudin-11 by BMT post-TBI day 7 accompanied by
decreased gut permeability suggest a possible role of
Claudins in intestinal barrier function. These findings
strongly suggest that BMCs contribute to restore the
mucosal barrier after injury caused by irradiation. More-
over, since there was no evidence of enhanced epithelial
regeneration by the citrulline or mucosal surface area
assays, our study suggests that the benefit of BMT is
derived from immune reconstitution (directly or indirectly)
rather than from enterocyte regeneration. More detailed
studies with various amounts of purified hematopoietic and
bone marrow stromal cells and different doses of radiation
(lethal, as well as sublethal) are needed to address the
questions of whether BMCs influence the bowel (directly or
indirectly through resident cells), as well as which
component(s) of the bone marrow is critical for the
beneficial effect.

The profile of cytokine secretion reflects the functional
integrity of the immune system. Results from this study
showed that BMT increased the intestinal tissue levels of
IL-1a, IL-6, IL-12 and IL-10, all interleukins that are known
to stimulate hematopoiesis. Previous studies have shown

that IL-12 in synergy with IL-1 can enhance hematopoietic
effects due to its ability to synergize with hematopoietic
growth factors to increase the number and size of
hematopoietic colonies (38). The fact that IL-1 and TNF,
both potent inducers of IL-6, have been reported to increase
in mice after a sublethal dose of irradiation (4), suggests that
hematopoietic regeneration may be partially mediated by
the induction of endogenous IL-6 by release of endogenous
IL-1 and TNF. Interestingly, results from some experiments
even suggest that IL-6 may protect the intestinal mucosa
from the consequences of systemic inflammation (39).
Furthermore, CD4'FOXP3*CD25* Tregs also play an
important role in immune regulation in the intestine.
Reduced expression of various signaling molecules such
as Foxp3 (recognized marker of Tregs), microenvironmen-
tal factors (CTLA-4), and anti-inflammatory cytokines (as
IL-10) may contribute to impairment of Treg function. In
our study, the reduced intestinal expression of IL-10, Foxp3
and CTLA-4 post-TBI suggest a defect of Tregs, which is
inconsistent with results of studies with abdominal
irradiation (40). Interestingly, BMT enhanced the recovery
of IL-10 by day 14 post-TBI, suggesting that BMCs may
play a role in maintaining mucosal homeostasis. In addition,
IL-10 has also been reported to be highly implicated in
maintaining Treg function in the intestine (47). Most
importantly, we observed that BMT decreased the radia-
tion-induced production of inflammatory mediators such as
CXCLI1.

Both in animal models as well as in patients, BMCs have
been reported to be involved in the healing process after
intestinal injury (42). Therefore, to investigate the homing
potential of BMC:s to sites of radiation-induced injury, BMT
mice were generated by using BMCs from GFP donor mice.
Analysis of trafficked GFP-expressing cells within the
intestine was performed 7, 14 and 21 days post-TBI. Many
GFP-positive leukocytes from the donor’s bone marrow
could be found in the recipient intestine at different time
points after transplantation and were noted as early as 7
days post-BMT. These observations suggest that donor
BMCs do home to the injured gut and possibly participate in
the physiological recovery/healing process.

To obtain further evidence, the fluorescent labeling
technique for GFP and CD68 was applied. A majority of
the GFP positive cells were positive for CD68, located
primarily in the lamina propria of the intestine. Macro-
phages are known to be actively recruited to sites of injury
(43). Reports have shown that monocytes/macrophages may
contribute to wound healing after vascular injury, myocar-
dial infarction and notably, gastrointestinal mucositis (44).
Donor-derived intraepithelial cells in the small intestine also
showed a significant time-dependent increase after trans-
plantation. This may partly explain the healing of mucosal
damage observed in our mouse model.

In summary, we observed that BMT, in addition to
enhancing general hematopoietic and immune system
recovery, also enhances the local intestinal immune system
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and restores mucosal barrier function after sublethal
irradiation. Future studies should be performed to determine
whether bone marrow transplantation protects against
mucosal barrier dysfunction because of immune -cell
reconstitution, epithelial cell regeneration, through micro-
vascular mechanisms, or by a combination of these
mechanisms. Understanding how bone marrow cells
participate in shaping the immune response and promote
repair of the damaged tissue could be important for the
development of new therapies to treat intestinal radiation
toxicity.

SUPPLEMENTARY INFORMATION

Supplementary Fig. S1. http://dx.doi.org/10.1667/
RR13548.1.S1; Homing of transplanted BMCs as detected
by presence of GFP-positive macrophages in the mouse
small intestine on day 7 postirradiation. CD68-positive cells
were mainly seen in the lamina propria of villi. Most if not
all GFP-positive cells were CD68-positive (as shown by
arrows). Panel A: GFP-positive cells were shown by Alexa
Fluor 488. Panel B: CD68-positive cells shown by Dylight
594. Panel C: Nuclei stained with DAPI. Panel D: Merged
image of A, B and C. Bar =50 um.
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