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Allogeneic hematopoietic stem cell trans-
plantation (SCT) is a curative therapy for
various hematologic disorders. Graft-
versus-host disease (GVHD) and infec-
tions are the major complications of SCT,
and their close relationship has been
suggested. In this study, we evaluated a
link between 2 complications in mouse
models. The intestinal microbial commu-
nities are actively regulated by Paneth
cells through their secretion of antimicro-
bial peptides, a-defensins. We discov-
ered that Paneth cells are targeted by

GVHD, resulting in marked reduction in
the expression of a-defensins, which se-
lectively kill noncommensals, while pre-
serving commensals. Molecular profiling
of intestinal microbial communities
showed loss of physiologic diversity
among the microflora and the overwhelm-
ing expansion of otherwise rare bacteria
Escherichia coli, which caused septice-
mia. These changes occurred only in mice
with GVHD, independently onconditioning-
induced intestinal injury, and there was a
significant correlation between alteration

in the intestinal microbiota and GVHD
severity. Oral administration of poly-
myxin B inhibited outgrowth of E coli and
ameliorated GVHD. These results reveal
the novel mechanism responsible for shift
in the gut flora from commensals toward
the widespread prevalence of pathogens
and the previously unrecognized associa-
tion between GVHD and infection after
allogeneic SCT. (Blood. 2012;120(1):
223-231)

Introduction

Allogeneic hematopoietic stem cell transplantation (SCT) is a
curative therapy for hematologic malignant tumors, bone marrow
failure, and congenital metabolic disorders. Graft-versus-host dis-
ease (GVHD) and related infections are major obstacles to SCT,
and their close relationship has been indicated in clinical settings.
Septicemia is the most life-threatening infection after allogeneic
SCT and gram-negative rods are the most dominant pathogens of
septicemia, whereas incidence of drug-resistant enterococci infec-
tion increase in neutropenic patients colonized with these bacteria
in some centers.! GVHD is one of the major predisposing factors
for the development of septicemia.? Since the pioneering works of
van Bekkum? and others in the 1960s-1970s, interaction between
intestinal flora and GVHD has been suggested.>-¢

We recently demonstrated that intestinal stem cells (ISCs),
which are essential to repair damaged intestinal epithelium, are
targeted by GVHD.” Recently, Paneth cells located besides ISCs
within the crypts are identified as niche for ISCs.® In addition,
Paneth cells are essential regulators of the composition of intestinal
microbiota by secreting antimicrobial peptides, a-defensins, which
provide broad-spectrum antimicrobial properties by pore formation
in the bacterial cell walls.”!! The intestine, which is the major
interface between the environment and the host, is an open ecologic
system that is colonized by at least 1000 distinct bacterial species,
of which more than 80% are nonculturable.!> !4 Accurate identifica-
tion of species in the gut microbiota requires culture-independent,
molecular profiling methods. Firmicutes and Bacteroidetes make

up approximately 90% of the intestinal microbiota.'>!> These
commensals are rarely pathogenic and instead make several
essential contributions to human physiology and health.!?13.1516 Tn
contrast, Gammaproteobacteria such as Escherichia coli, which
have a gram-negative cell wall make up a small proportion of the
microbiota.'” A recent study showed an increase in gram-negative
Enterobacteriaceae family members including E coli among the
intestinal microbiota after allogeneic bone marrow transplantation
(BMT) in mice.'® It remains unclear why they are most frequent
pathogens in patients with intestinal GVHD, although the role of
systemic immunosuppression and use of antibiotics has been well
appreciated.!®

In this study, we focused on Paneth cells and evaluated the
possible mechanistic links between GVHD and infection in mouse
models of BMT. We found that GVHD targets Paneth cells and
causes subsequent impairment of antimicrobial peptide secretion,
leading to marked loss of diversity among the intestinal microflora.
This results in shift in the gut flora from commensal microorgan-
isms toward the widespread prevalence of gram-negative bacteria
and development of bloodstream infection.

Methods
Mice

Female C57BL/6 (B6: H-2°), B6D2F1 (H-2Y4), B6C3F1 (H-2%%), B6-Ly5.1
(H-2%, CD45.1%), and C3H.Sw (H-2") mice were purchased from Charles
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River Japan, KBT Oriental, or Japan SLC. All animal experiments were
performed under the auspices of the Institutional Animal Care and Research
Advisory Committee.

BMT

Mice were transplanted as previously described.? In brief, after lethal x-ray
total body irradiation (TBI) delivered in 2 doses at 4-hour intervals, mice
were intravenously injected with 5 X 10° T-cell depleted bone marrow
(TCD-BM) cells with or without 2 X 10° splenic T cells on day 0. Isolation
of T cells and T-cell depletion were performed using the T-cell isolation kit
and anti-CD90 microBeads, respectively, and the AutoMACS (Miltenyi
Biotec) according to the manufacturer’s instructions. In some experiments,
unirradiated B6D2F1 mice were intravenously injected with 12 X 107 spleno-
cytes.” Mice were maintained in specific pathogen-free conditions and received
normal chow and autoclaved hyperchlorinated water (Ph 4) for the first 3 weeks
after BMT and filtered water thereafter. Polymyxin B (Calbiochem) diluted in
water was administered by daily oral gavage at a dose of 100 mg/kg from
day —4 until day 28 after BMT. Survival after BMT was monitored daily and the
degree of clinical GVHD was assessed weekly by a scoring system which sums
changes in 5 clinical parameters: weight loss, posture, activity, fur texture, and
skin integrity (maximum index = 10) as previously described.?

Histologic and immunohistochemical analysis

For pathologic analysis, samples of the small intestine were fixed in
10% neutral-buffered formalin, embedded in paraffin, sectioned, slide
mounted, and stained with H&E. Immunohistochemistry was performed as
described?! using rabbit anti-lysozyme (Dako) and rabbit anti-defensin].
Histofine simple stain MAX PO (Rat) kits and subsequently diaminoben-
zide (DAB) solution (Nichirei Biosciences) was used to generate brown-
colored signals. Slides were then counterstained with hematoxylin. Pictures
from tissue sections were taken at room temperature using a digital camera
(DP72; Olympus) mounted on a microscope (BX51; Olympus). Acute
GVHD was assessed by detailed histopathologic analysis using a semiquan-
titative scoring system.??

Preparation and analysis of isolated mouse crypts

Individual crypts were isolated from the small intestine as previously
described.? Isolated crypts were fixed with 2% paraformaldehyde in PBS
for 20 minutes and permeabilized with 0.2% Triton X-100 in PBS for
5 minutes. Crypts were incubated for 1 hour with fluorescein isothiocyanate-
conjugated anti-lysozyme (10 pg/mL; Dako), washed 3 times in PBS,
followed by incubation for 1 hour with Allexa Fluor 594—conjugated
phalloidin (1 U/mL; Invitrogen). Tetramethyl 4,6-diamidino-2-phenylindole
(DAPI; 5 pg/mL; Invitrogen) was used to stain the nucleus. Samples were
mounted in aqua poly/mount (Polysciences) and examined with a confocal
laser-scanning microscope (LSM510; Carl Zeiss).

Enzyme-linked immunosorbent assay

The limulus amebocyte lysate assay QCL-1000 (Lonza) was performed
according to the manufacturer’s instructions to determine the serum level of
lipopolysaccharide (LPS) with a sensitivity of 0.1 EU/mL. All units
expressed are relative to the United States reference standard EC-2.

Quantitative real-time PCR analysis

Total RNA was purified using the RNeasy Kit (QIAGEN). cDNA was
synthesized using a QuantiTect reverse transcription kit (QIAGEN).
Polymerase chain reactions (PCRs) and analyses were performed with ABI
PRISM 7900HT SDS 2.1 (Applied Biosystems) using TagMan universal
PCR master mix (Applied Biosystems), and TagMan gene expression
assays (Defal: Mm02524428 g1, Defad: Mm00651736_gl, Defa5:
Mm00651548_gl1, Defa2l/Defa22: Mm04206099_gH, Defcr-rsl:
MmO00655850_m1, Lyz1: Mm00657323_m1, and Gapdh: Mm99999915_g1;
Applied Biosystems). The relative amount of each mRNA was determined
using the standard curve method and was normalized to the level of
GAPDH in each sample.
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Total fecal bacterial DNA extraction

Total DNA was isolated from fecal pellets using a QIAamp DNA stool mini
kit (QIAGEN) with bead beating treatment during the cell-lysis step.
Briefly, fresh fecal pellets were collected from individual mice; 0.5 g baked
0.1 mm zirconia/silica beads (Biospec Products) and ASL buffer were
added to each aliquot. Fecal samples with ASL buffer were incubated at
95°C, and samples were processed for 1 minute at speed 5.5 on Fastprep
system (Qbiogene).?*

PCR amplification of 16S rRNA gene

Bacterial 16S ribosomal RNA (rRNA) genes were amplified with bacterial-
universal primers, 27F (5'-AGAGTTTGATCCTGGCTCAG-3’) labeled at
the 5 end with 6-carboxyfluorescein (6-FAM) and 1492R (5'-
GGTTACCTTGT TACGACTT-3').> PCR amplification was performed
using EX Tag (Takara Bio) and the following program: 3 minutes of
denaturation at 95°C, 30 cycles of 0.5 minute at 95°C, 0.5 minute at 50°C,
1.5 minute at 72°C, and a final 10 minutes extension step at 72°C in a
BiometraT3 thermocycler (Biometra). Amplicons were purified using a
QIAquick PCR Purification kit (QIAGEN).

Restriction fragment length polymorphism (RFLP) analysis

The purified DNA products (3 pL) were digested with 10 U of either Hhal
or Mspl (Takara Bio) in a total volume of 10 pL at 37°C for 3 hours. The
restriction digest products (2 wL) were mixed with 10 wL deionized
formamide and 0.5 pL GeneScan-1200 LIZ standard (Applied Biosys-
tems). The samples were denatured at 95°C for 2 minutes, followed by
rapid chilling on ice. The fluorescently labeled fragments (T-RFs) were
separated by size on an ABI 3130 genetic analyzer (Applied Biosystems).
The electropherograms were analyzed with GeneMapper Version 4.0 software
(Applied Biosystems), and the fragment sizes were estimated using the Local
Southern method. Each unique RFLP pattern was designated as an operational
taxonomic unit (OTU). OTUs with a peak area of less than 0.5% of the total area
were excluded from the analysis. Proportion of E coli was defined as the ratio of
area of OTU for E coli to total areas of OTUs. Diversity of the microbial
community corresponding to the RFLP banding pattern was calculated using the
Simpson index of diversity 1-D (D = 2pi?)*® and Shannon diversity index H’
(H' = —Xpiln(pi))*” and where pi is the proportion of total number of species
made up of its species.

Cloning and sequencing analysis

Internal region of the 16S rRNA genes were amplified using 27F and 806R
(5'-GGACTACCAGGGTATCTAAT-3") primers, and were transformed
using TOPO TA Cloning Kit with TOP10 E coli (Invitrogen). The
nucleotide sequences of inserts were determined using the M 13 forward and
reverse primers. All sequences were examined for possible chimeric
artifacts by the Chimera check with Bellerophon Version 3. After eliminat-
ing chimeric sequences, the partial 16S rRNA sequences were compared
with the sequences in the Ribosomal Database Project and GenBank, using
the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/). Cloned se-
quences were identified as representing the species or phylotype of the
sequence with the highest matching score. Sequences with less than 98%
identity with a GenBank sequence were defined as a new phylotype. In
addition, we checked whether the sequenced clones had the correct T-RFs
compared with the sequence information.

Microbiologic analysis of bacterial translocation

The livers and mesenteric lymph nodes (mLNs) isolated from mice that had
received transplants were removed aseptically and homogenized in 1 mL
saline. Then, 500 L of homogenate was transferred into a tube containing
4.5 mL of saline and used to perform 4 serial dilutions. From this dilution,
100 pL aliquots were cultured aerobically on blood agar and LB agar plates
(Difco) for 24 hours at 37°C in room air supplemented with 10% CO,.
Colony-forming units (CFUs) were counted and adjusted per organ.
Bacteria were identified by biochemical profiles.
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Figure 1. Paneth cell injury in GVHD. Lethally irradi-
ated B6D2F1 mice were transplanted with 5 X 10% TCD A B
BM cells without (control group, n =6) or with @100 Controlo » 8 GVHD
2x 108 T cells (GVHD group, n = 12) from MHC- < 80 o 6
mismatched B6 donors on day 0. (A-B) Survival (A) and © 60 8
clinical GVHD scores (B) means = SE are shown. Data % 40 n 4
from 2 independent experiments were combined. (C-F) 5 * GVHD g 2 Control
Small intestines were isolated from mice 7 days after o 20 >
BMT. (C) Top panels: histology of the small intestine 0 @ o 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

stained with H&E. Bottom panels: Lysozyme staining
(brown). Magnification:100x. Bars, 100 um. (D) Confo-
cal cross-sectioning of the isolated small intestinal crypt.
Lysozyme (green) is expressed by Paneth cells. Tetram-
ethyl DAPI (blue) stains the nucleus and phalloidin (red)
stains F-actin. Magnification: 1000X. Bars, 10 pm. (E)
Pathology scores of the small intestine (mean *+ SE,
n = 3-6 / group). (F) Quantification of Paneth cells per
crypt (mean = SE, n = 3-6/group; *P < .05).
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Statistical analysis

Mann-Whitney U tests were used to compare data, the Kaplan-Meier
product limit method was used to obtain survival probability, and the
log-rank test was applied to compare survival curves. To determine the
statistically significant correlation, the Spearman rank correlation coeffi-
cient (R) was adopted. All tests were performed with SigmaPlot Version
10.0 software. P < .05 was considered statistically significant.

Accession numbers

Sequence data are available in the GenBank (http://www.ncbi.nih.gov/
genbank) under the accession number 1509996.

Results

Paneth cell damage and decreased expression of a-defensins
in GVHD

We evaluated whether Paneth cells could be damaged during GVHD.
Lethally irradiated B6D2F1 (H-2Yd) mice received 5 X 10° TCD-BM

cells (control group) or these cells plus 2 X 10° T cells (GVHD group)
from major histocompatibility complex (MHC)-mismatched B6 (H-2%)
donors on day 0. The allogeneic animals developed severe GVHD and
all of these mice died within 50 days after BMT, whereas all TCD-BM
controls survived through this period (Figure 1A). The surviving
allogeneic animals showed significantly more severe signs of GVHD
than controls, as assessed by clinical GVHD scores? (Figure 1B).
Pathologic analysis of the small intestine 7 days after BMT showed
mostly normal architecture in controls, whereas severe blunting of villi
and inflammatory infiltration were observed in the GVHD group
(Figure 1C). Paneth cells, which are typically identified microscopically
by their location in the crypts and by the large granules occupying most
of their cytoplasm, were hardly observed in the GVHD group. Immuno-
histochemical analysis for lysozyme, which indicates the presence of
Paneth cells, confirmed loss of Paneth cells in the GVHD group, but not
in controls (Figure 1C). Confocal cross-sectioning of individual crypts
isolated from the small intestine further confirmed Paneth cell loss in
these mice (Figure 1D). In mice with GVHD, GVHD pathology scores
were significantly higher (Figure 1E), whereas numbers of Paneth cells
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Figure 2. Decreased expression of Paneth cell-derived a-defensins
in GVHD. Lethally irradiated B6D2F1 mice were transplanted with
5 X 108 TCD BM without (control group) or with (GVHD group) 2 X 106 T
cells from B6 donors. Small intestines were isolated from mice 7 days after
BMT. (A) Immunohistochemical staining for defensin oy (brown). Magnifi-
cation: 100X. Bars, 100 pm. (B) RNA was extracted from samples and
quantitative real-time PCR analysis for enteric defensins including Defat,
Defa4, Defab, Defa21,22, and Defcr-rs1 was performed (n = 6 / group).
Data are representative of 2 similar experiments and are shown as
mean * SE (*P < .05).
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were significantly and constantly lower compared with those in controls
after BMT (Figure 1F).

a-Defensins are the major antimicrobial peptides produced by
Paneth cells.”®> We evaluated the expression levels of enteric
defensin families in the small intestines. Defensin «; expression
was limited in Paneth cells in the crypts of naive mice (Figure 2A).
Expression of defensin a; was preserved in controls 7 days after
BMT but was severely suppressed in mice with GVHD. Quantita-
tive real-time PCR analysis of the terminal ileum confirmed the
reduced expression of defensin-a; (Defal) and other enteric
defensin family members, including Defa5, Defa21,22, and defen-
sin a-related sequence 1 (Defa-rs1) in the small intestine of GVHD
mice (Figure 2B). These results demonstrate that GVHD targets
Paneth cells and limits the expression of Paneth cell-derived
defensin family members.

Perturbation of normal intestinal microbiota in GVHD

Paneth cell-derived a-defensins are essential regulators of the
microbiota composition in the intestine.!! a-defensins have selec-
tive bactericidal activity against noncommensals, whereas exhibit-
ing minimal bactericidal activity against commensals.?®? We
therefore hypothesized that the reduced expression of a-defensins
results in dysbiosis in the intestinal microbial community. To test
this hypothesis, we evaluated changes in the gut flora during the
course of GVHD in a B6 — B6D2F1 murine model of BMT
without administering any antibiotic or immunosuppressive drugs.
Before and after BMT, fecal pellets were collected from each
mouse once per week. The composition of the intestinal microflora
was determined by RFLP analysis of bacteria-specific 16S rRNA
genes that were constructed from each sample of fecal pellets.?3!
Representative RFLP analysis is shown in Figure 3A. Each unique
RFLP pattern is designated by an OTU that corresponds to specific
species of bacteria. The peak height of each OTU indicates its
relative quantity among the intestinal microflora and the number of
OTUs indicates the diversity of flora. Before BMT, multiple OTUs
were observed with little interindividual variation among the RFLP
patterns (Figure 3A left panels). Seven days after BMT, numbers of

OTUs were slightly decreased with little changes in the RFLP
patterns in controls (Figure 3A right top panels); however, in the
mice with GVHD, the number of OTUs decreased and the peak
heights of OTUs were markedly reduced, with the exception of an
aberrantly high peak at 368 bp (Figure 3A right bottom panels).
Sequence analysis of subclones from a representative animal from
GVHD group showed that proportions of both Firmicutes and
Bacteroidetes, which are the major enteric commensals,'>!> were
decreased in mice with GVHD on day 7 compared with those
before BMT (Firmicutes; 22.9% vs 52.1%, Bacteroidetes; 2.1% vs
13.5%, respectively).

These compositional changes in the intestinal microflora were
consistently observed in all mice with GVHD. Diversity of the
microbial community, which corresponds to the RFLP banding
patterns, was significantly reduced in mice with GVHD at all time
points, as assessed by the Simpson index of diversity,? Shannon
diversity index,?” and the number of OTUs counted (Figure 3B-D).

Overwhelming outgrowth of E coliin mice with GVHD

Assingle high peak at 368bp was noted in mice with GVHD (Figure
3A arrows). To identify the bacteria included at this OTU, plasmid
DNA from the corresponding clone was purified. DNA sequencing
showed a high similarity to 16S rRNA from E coli with a similarity
rate of more than 99.5%. The proportion of E coli in the microbiota,
which was defined as the ratio of the area of OTU for E coli to the
total areas of all OTUs, was dramatically higher 7 days after BMT
and remained higher in mice with GVHD throughout the entire
observation period; however, E coli remained to be a small portion
of the microbial population in controls (Figure 3E). Next, we
evaluated whether the high levels of E coli in the intestine could be
associated with the development of systemic infection in mice with
GVHD. Seven days after BMT, mLNs and livers were harvested.
E coli was identified from samples taken from mice with GVHD,
but not the controls. The number of CFUs of E coli was signifi-
cantly higher in the mLNs and liver of mice with GVHD than those
in controls (Figure 3F-G). Serum LPS levels were also significantly
higher in mice with GVHD than in controls (Figure 3H).
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Figure 3. Perturbation of normal intestinal microbiota A b G
in GVHD. Fecal pellets were collected before and after a 0 00 200 300 400( P) 100 200 300 400( P)
B6 — B6D2F1 BMT weekly and intestinal microbiota was a3
characterized by RFLP analysis of 16S rRNA gene ‘|l it k “ oo . L "
libraries constructed from each sample of fecal pellets ° ’ ’ i
and digested with Hhal (n = 6 / group). (A) Representa- s b un ‘ A
tive RFLP patterns are shown in control group (a-d) and [= bl ik et le l 1 Lo | L
GVHD group (e-j). Left panels indicate before BMT; right 8 c
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diversity after BMT determined by using Simpson index h J |
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The composition of intestinal microflora in animals can differ
depending on the environment and other factors.’? Therefore, we
used mice purchased from multiple vendors; however, the resulting
patterns of dysbiosis were similar, regardless of the origin source of
the mice. In addition, we found similar changes in the intestinal
microbiota of another haplotype, the mismatched B6 — B6C3F1
(H-2%%) model of BMT. Diversity of intestinal flora was lost with
an outgrowth of E coli 7 days after BMT and thereafter only in
mice with GVHD (data not shown).

Association between changes in intestinal microbiota and
GVHD severity

Further studies were conducted to determine whether there could
be an association between the magnitude of changes observed in
the intestinal flora and GVHD severity. Diversity of the flora, as
determined by the Simpson index, Shannon index, and the number
of OTUs was inversely correlated with GVHD severity (Figure

4A-C). On the other hand, the proportion of E coli in the intestinal
flora was positively correlated with GVHD severity (Figure 4D).

Delayed alteration in intestinal microbial diversity after
MHC-matched BMT

To further confirm that our observations were not strain or model
dependent, we evaluated whether the observed changes in the
intestinal flora could be observed in a clinically relevant, MHC-
matched, and minor histocompatibility antigen-mismatched C3H.Sw
(H-2%) — B6 (H-2%) model of BMT, in which GVHD developed
more slowly and was less severe compared with the MHC-
mismatched models of GVHD (Figure 5A-B).>* Again, normal
microbial diversity was lost in mice with GVHD and E coli levels
were higher at 2 weeks after BMT and thereafter (Figure 5C-F).
Thus, changes in the intestinal microbiota occurred more slowly in
this model, at least compared with the MHC-mismatched model of
GVHD:; furthermore, the changes occurred in parallel with the
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Figure 4. Correlation between the degree of flora changes and GVHD
severity. Lethally irradiated B6D2F1 mice were transplanted with TCD BM
with T cells from B6 donors (n = 6/ group). Fecal pellets were collected at
day 0 and weekly thereafter and intestinal microbiota was characterized by
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slower development of GVHD. It should be noted that normal flora
diversity was recovered and E coli returned to a normally small
population among the intestinal microbiota late after BMT, as
GVHD severity reduced. No mortality was observed in allogeneic
animals after regaining normal intestinal flora.

Loss of Paneth cells and the dysbiosis by a mechanism
independent on conditioning

We addressed whether GVHD mediates Paneth cell injury and the
alteration of the composition of the intestinal flora by a mechanism
dependent on radiation-induced intestinal tract damage in the
B6 — B6D2F1 BMT model without conditioning, as previously
described.” Unirradiated B6D2F1 mice were intravenously injected
with 12 X 107 splenocytes from syngeneic or allogeneic B6 donors
on day 0. In this model, GVHD occurred early after BMT at a peak
around day 20 but was spontaneously improved (Figure 6A-C).
Numbers of Paneth cells were markedly reduced 2 weeks after
BMT but gradually returned to normal levels thereafter in alloge-
neic animals (Figure 6D). The changes in the intestinal microbiota
occurred in parallel with the degree of GVHD severity and Paneth
cell injury; normal microbial diversity was lost with the outgrowth
of E coli, but was gradually restored later after BMT in allogeneic
animals (Figure 6E-H).

Oral administration of antibiotics inhibited the outgrowth of
E coli and ameliorated GVHD

Finally, we evaluated whether modifying the enteric flora using oral
antibiotics could ameliorate GVHD. Lethally irradiated B6D2F1 mice
were transplanted with 5 X 10 TCD BM cells with or without
2 X 10°T cells from B6-Ly5.1 (CD45.1%) donors. Polymyxin B
(PMB), an antibiotic primarily effective against gram-negative
bacteria, was administered by daily oral gavage at a dose of
100 mg/kg from day —4 until day 28 after BMT. Analysis of
fecal pellets 7 days after BMT showed that the outgrowth of
E coli was inhibited in mice treated with PMB compared with
those treated with diluent (Figure 7A). PMB suppressed the
outgrowth of E coli during PMB treatment; however, E coli
levels increased after cessation of PMB treatment (Figure 7B).
Notably, administration of PMB significantly reduced mortality
and morbidity of GVHD (Figure 7C-D). Donor (CD45.1%)
T-cell expansion (Figure 7E) and pathology scores of the small
intestine (Figure 7F) were significantly reduced in PMB-treated
mice compared with those in controls.

Discussion

Intestinal GVHD is critical for determining the outcome of
allogeneic BMT. Paneth cells are essential regulators of the
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composition of commensal microbiota in the intestine, and they
maintain the intestinal microbial environment by secreting various
microbial peptides. In this study, we found that damage to Paneth
cells by GVHD results in dramatically reduced expression of
a-defensins in the small intestines and perturbed normal intestinal
environment. These changes occurred in the absence of condition-
ing irradiation, thus indicating a mechanism dependent on alloge-
neic T-cell responses. However, Paneth cell loss occurred earlier
and more prolonged in mice receiving irradiation than in unirradi-
ated mice, suggesting that conditioning enhanced Paneth cell
damage directly and indirectly by accelerating GVHD. The diver-
sity of the intestinal microflora was lost with overwhelming
expansion of specific bacteria, such as E coli, which are normally a
very small proportion of the intestinal microbial communities.
Paneth cells secret a-defensins into the intestinal lumen within
minutes after sensing gram-negative and gram-positive bacteria
and their components, such as LPS, through activation of pattern
recognition receptors.?>3** «-defensins are the most potent anti-
microbial peptides and account for 70% of the bactericidal peptide
activity released from Paneth cells.!!?* a-Defensins are released in
the small bowel lumen and persist as intact and functional forms
throughout the intestinal tract.> Thus, they shape the composition
of the microbiota in the entire intestine. Importantly, a-defensins
have selective bactericidal activity against noncommensals, such as
Salmonella enterica, E coli, Klebsiella pneumoniae, and Staphylo-
coccus aureus, although exhibiting minimal bactericidal activity
against commensals.?$2 Such bacteria-dependent bactericidal ac-
tivities of a-defensins are in tune with intestinal environment and
may explain why the absence of a-defensins causes the alterations
in the intestinal microbiota in GVHD. Because commensals have a
profound influence on nutritional, physiologic, and metabolic
function of the host,'#3%37 reduction of commensals may have ill
effects on the host with GVHD. In this study, E coli was the
dominant enteric microbe in mice with GVHD among multiple
strains of mice. However, the dominant species may differ between
studies because of the differences in several factors, including
differences in the maintenance protocols used to feed and care for
the experimental animals.?> Nonetheless, our study confirms and

0 80 100
Days after BMT

80 100

further extends a recent study showing the intestinal flora change,
with an increase in gram-negative Enterobacteriaceae family
members including E coli, after allogeneic BMT in mice.!8
Alteration of the intestinal microbiota has been shown in
experimental and clinical inflammatory bowel diseases, allergies,
diabetes, and obesity.!>38-42 This study provides several lines of
evidence that suggest a close association between dysbiosis and
GVHD. Mice without GVHD maintained normal microbiota after
BMT, and dysbiosis only occurred in mice with GVHD, indepen-
dent of the murine models used. The normal intestinal environment
was never restored as long as severe GVHD persisted, but was
restored when tolerance was induced after transplant. In mice with
GVHD, the degree of changes to the microflora was significantly
correlated to GVHD severity and MHC disparity between the
donor and recipient. Furthermore, modifying enteric flora by oral
administration of antibiotics inhibited the outgrowth if E coli and
ameliorated GVHD. The flora shift toward the widespread preva-
lence of gram-negative bacteria increases the translocation of LPS,
the major component of the outer membrane of gram-negative
bacteria, into systemic circulation and further accelerates GVHD
by stimulates production of inflammatory cytokines, such as
TNF-« and IL-1, which are critical effector molecules that mediate
GVHD.?2#3% Thus, GVHD and the dysbiosis can lead to a positive
feedback loop that increases the translocation of LPS, thereby
resulting in further cytokine production, progressive intestinal
injury, and systemic GVHD acceleration. Earlier seminal studies in
the 1960s-1970s suggested that GVHD is reduced in germfree mice
or by treatment with poorly absorbable antibiotics.>® A recent study
also demonstrated that modifying the enteric flora using a probiotic
microorganism reduced GVHD in mice.* Thus, our study again
highlights an important role of oral antibiotics administration on
GVHD. Our study demonstrated that dominant bacteria in the
intestinal microbiota cause systemic infection. There was a micro-
biologic evidence of infection in mice with severe GVHD and a
correlation between severity of infection and GVHD, thus suggest-
ing that severe bacteremia, probably caused by the translocation of
enteric bacteria, can also contribute to GVHD mortality, as
previously suggested.>*¢ Indeed, septicemia by gram-negative rods
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Figure 7. Oral administration of polymyxin B amelio-
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is one of the most frequent causes of death in patients with severe
intestinal GVHD.

There are other interfaces that exist between the environment
and the host, such as the skin and airways. Epithelial cells in these
tissues can also release antimicrobial peptides such as B-defensins
in response to bacteria and LPS.*” GVHD-mediated epithelial cell
damage of these tissues may also impair the local secretion of
antimicrobial peptides, leading to aberrant overgrowth of pathogens and
development of dermal infections or pneumonia, which are frequently
observed in patients with GVHD. Furthermore, the development of
these pathologic conditions may be associated with the unique tissue
specificity of GVHD for tissues that are in contact with high microbial
loads, such as the skin, liver, intestine, and lung.

Intestinal epithelial cells are continuously regenerated from
ISCs, which are required to regenerate damaged sections of the
intestinal epithelium.*® Paneth cells are derived from ISCs and
serve as a niche for ISCs.® Our previous’ and current studies
addressed intestinal GVHD at the cellular level, and demonstrated
that ISCs and their niche Paneth cells could survive pretransplant

conditioning and regenerate injured epithelium by conditioning in
the absence of GVHD. However, both ISCs and Paneth cells are
targeted by GVHD, resulting in an impairment of the physiologic
repair mechanisms of injured epithelium, although it remains to be
elucidated whether Paneth cell loss is induced by direct cytotoxicity to
Paneth cell itself or secondary to the loss of ISCs. This phenomenon
may explain the prolonged and refractory nature of clinical intestinal
GVHD. These new insights will help to establish new therapeutic
strategies that can be used to prevent and treat GVHD and related
infections and improve the clinical outcome of allogeneic BMT.
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