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Summary

Acute graft-versus-host disease (GVHD) following allogeneic bone marrow
transplantation (BMT) is initiated by donor T lymphocytes that recognize
histocompatibility antigens presented by recipient dendritic cells (DCs).
Current approaches to reduce GVHD are focused on suppressing donor T
lymphocyte responses to alloantigens. However, these strategies may be inad-
equate in the setting of allogeneic transplants (particularly histoincompat-
ible transplants), may increase the risk of tumour relapse and are associated
with high rates of opportunistic infections. We hypothesized that inhibition
of recipient DCs might suppress GVHD. We recently demonstrated in vitro
that azithromycin, a macrolide antibiotic, also acts as a nuclear factor
(NF)-kB inhibitor of murine DCs and inhibits their maturation and func-
tions, including allogeneic responses. We investigated whether azithromycin
could prevent alloreactions in a murine histoincompatibility model. Oral
administration of azithromycin to recipient mice for 5 days during major-
histoincompatible BMT suppressed lethal GVHD significantly, whereas
ex-vivo lymphocyte function was not affected by the drug. These data suggest
that azithromycin has potential as a novel prophylactic drug for lethal
GVHD.
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Introduction

Haematopoietic stem cell transplantation from an alloge-
neic donor provides curative therapy for patients with
malignant and non-malignant haematological diseases.
However, acute graft-versus-host disease (GVHD) is still a
major cause of morbidity and mortality after allogeneic
bone marrow transplantation (BMT). GVHD is initiated by
donor T lymphocytes that recognize host histocompatibility
antigens that distinguish host from donor. To date, most
therapeutic approaches designed to attenuate GVHD have
focused on suppressing donor T lymphocytes [1–5]. These
approaches, however, often result in incomplete GVHD
attenuation, especially in histoincompatible transplants.
Recent murine studies have shown that interactions
between donor T lymphocytes and host antigen-presenting
cells (APCs) are essential for triggering GVHD [6–11].

Dendritic cells (DCs) derived from haematopoietic stem
cells are distributed ubiquitously in blood, lymphoid and
peripheral tissues and play important roles in the immune
system by stimulating naive T lymphocytes and secreting
cytokines that initiate the immune response [12]. The state
of DC maturation influences their functions. Various
factors, including bacteria-derived antigens such as
lipopolysaccharide (LPS), viral products, inflammatory
cytokines and conditioning regimens such as total body
irradiation (TBI) can induce maturation of DCs, which is
characterized by up-regulation of major histocompatibility
complex (MHC) class II, co-stimulatory molecules and
essential chemokine receptors. Mature DCs (mDCs)
promote antigen-specific T cell activation and proliferation.
Moreover, following CD40 ligation or Toll-like receptor
ligation, mDCs secrete interleukin (IL)-12 p70, which
induces interferon (IFN)-g-producing T helper type 1
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(Th1) cells that are considered a pivotal pathogenic factor
in acute GVHD [12–15].

Nuclear factor (NF)-kB is a rapid response transcription
factor in various cells involved in immune and inflamma-
tory reactions and exerts its effect by inducing expression of
cytokines, chemokines, cell adhesion molecules and growth
factors [16,17]. NF-kB is sequestered normally in the cyto-
plasm of non-stimulated cells and is translocated into the
nucleus in response to a variety of stimuli, such as bacterial
lipopolysaccharide (LPS) and tumour necrosis factor
(TNF)-a. Because it also plays a crucial role in DC matura-
tion [18,19], NF-kB in DCs might be a rational target for
preventing GVHD. Recently, early administration of bort-
ezomib, a proteasome inhibitor that is effective against mul-
tiple myeloma, was shown to attenuate acute GVHD in a
murine histoincompatibility model through suppression of
NF-kB activity in DCs [20–22]. Moreover, a Phase I clinical
trial was conducted of human leucocyte antigen (HLA)-
mismatched reduced-intensity conditioning for unrelated
donor allogeneic BMT using bortezomib, tacrolimus and
methotrexate for GVHD prophylaxis. It was reported that
bortezomib appeared safe, was well tolerated and might be a
novel immunomodulatory agent in allogeneic transplanta-
tion [23].

We reported recently in this journal that azithromycin
(AZM), a macrolide antibiotic, blocked LPS-induced
nuclear translocation of NF-kB in murine bone marrow-
derived DCs and inhibited significantly their immunophe-
notypic and functional maturation [24]. Therefore, we
hypothesize that AZM, being not only an antibiotic but also
a NF-kB inhibitor, has potential as a novel drug for
manipulation of allogeneic responses such as acute GVHD
after BMT. In support of that, we report here, for the
first time, that AZM attenuated acute GVHD in a fully
allogeneic murine GVHD model.

Materials and methods

Mice

Female C57BL/6 (H-2 Kb) donor mice and BALB/c (H-2
Kd) recipient mice aged 6–12 weeks were purchased from
Japan SLC, Inc. (Shizuoka, Japan). Institutional approval
was obtained for all animal experimentation.

Antibodies and media

Fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-
conjugated monoclonal antibodies (mAbs) used to detect
cell surface expression of CD3, CD4, CD11c, CD40, CD69,
CD80, CD86, I-Ab, H-2Kb and H-2Kd by flow cytometry, as
well as isotype-matched control mAbs, were purchased
from BD Pharmingen and eBioscience (San Diego, CA,
USA). RPMI-1640 supplemented with 10% fetal calf serum

(FCS), 5 ¥ 10-5 M 2-mercaptoethanol (ME) and 10 mM
HEPES was used as the culture medium.

BMT and induction of lethal acute GVHD

Mice underwent allo-BMT, as described elsewhere [25].
Briefly, recipient BALB/c mice (H-2d, 11 animals in each
group) received 7·5 Gy total total body irradiation (TBI).
On the day of transplantation (day 0), within 24 h of irra-
diation recipients received a single injection of BM cells
(2 ¥ 106) and spleen cells (2 ¥ 106) obtained from donor
C57BL/6 mice (H-2b) for allogeneic BMT or BALB/c mice
for syngeneic BMT through the tail vein. Recipients in each
group received 100 mg/kg of azithromycin (AZM) (Pfizer
Inc., Groton, CT, USA) or vehicle orally once a day from day
-2 to day 2, respectively (see Fig. 1a).

Systemic and histopathological analysis of GVHD

Survival and the degree of clinical GVHD by a scoring
system as described [7,26] were monitored once every 3
days after BMT. Skin, small intestine and liver tissues, as
primary GVHD target organs, were obtained from recipi-
ents on day 7 after BMT. Sections were stained with haema-
toxylin and eosin. Slides were examined systematically by
two of the authors (T.Y. and S.I.) using a semiquantitative
scoring system, as described elsewhere [27].

Flow cytometric analysis

Spleen cells suspended in phosphate-buffered saline (PBS)
were preincubated with FcgR blocking antibody (anti-
mouse CD16/CD32; BD Pharmingen) and then incubated
with FITC- or PE-labelled mAbs at 4°C for 20 min. After
staining, the cells were washed twice with PBS, incubated
with propidium iodide at room temperature for 5 min and
then subjected to fluorescence activated cell sorter (FACS)
analysis. Flow cytometry was performed on a FACScan or
FACSCantoII with CellQuest or Diva software (Becton
Dickinson, Franklin Lakes, NJ, USA).

Preparation of BM-derived DCs

Bone marrow (BM)-derived DCs were generated as
described previously [24]. Briefly, BM cells were flushed
from tibias and femurs of BALB/c mice and seeded
at 2 ¥ 106 cells onto six-well culture plates in culture
medium supplemented with 20 ng/ml recombinant murine
granulocyte–macrophage colony-stimulating factor (GM-
CSF) (Kirin Brewery Co., Gunma, Japan). The culture
medium, containing 20 ng/ml murine GM-CSF, was
changed every 2 days. Loosely adherent cells were used on
day 6 as immature DCs (imDCs). The purity of imDCs was
routinely > 85%, as confirmed by dual positivity for major
histocompatibility complex (MHC) class II (I-Ab) and
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CD11c. ImDCs were stimulated with 1 mg/ml LPS from
Escherichia coli (serotype 055:B5) (Sigma, St Louis, MO,
USA) for 24 h for maturation.

Mixed lymphocyte reaction (MLR)

Allogeneic MLR assay was performed as described, with
minor modifications [28]. Splenic CD4+ T lymphocytes
from C57BL/6 mice treated with or without oral AZM
(100 mg/kg) once a day for 3 days were enriched using
an EasySepTM-Murine CD4+ T cell enrichment kit (Stem

Cell Technologies Inc., Vancouver, Canada) and used as
responders. BALB/c BM-derived mDCs, as stimulator
(2 ¥ 104 cells), were irradiated with 30 Gy, added to
responders (2 ¥ 105 cells) in 96-well round-bottomed plates
(Falcon, Tokyo, Japan) and then incubated for 3 days. CD4+

T cells were labelled with a cell tracer, carboxyfluorescein
succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA, USA),
for proliferation assay. At the end of culture, cells were har-
vested and stained for flow cytometric analysis of CD4+

T cell proliferation by CFSE dilution.

Proliferation assay

[3H]-thymidine (Amersham Biosciences, Piscataway, NJ,
USA) incorporation was measured to evaluate the
mitogenic response of spleen cells from C57BL/6 mice
treated with or without oral AZM (100 mg/kg) once a day
for 3 or 5 days, as described previously [29]. Mitogens were
used at the following concentrations: 10 mg/ml concanava-
lin A (ConA) (Sigma), 5 mg/ml pokeweed mitogen (PWM)
(Sigma) and 10 mg/ml LPS (Sigma).

Statistical analysis

Survival curves were plotted using Kaplan–Meier estimates.
Analysis of variance (anova) and unpaired two-tailed
t-tests were used to determine the statistical significance of
in-vitro data and clinical scores. P < 0·05 was considered
statistically significant.

Results

AZM attenuates lethal GVHD

Interactions between recipient DCs and donor T lym-
phocytes are critical for triggering the induction of GVHD
[7,10,30]. Interestingly, MacDonald et al. [31] reported that
lack of the NF-kB/Rel family in DCs, using Rel knock-out
(KO) mice, suppressed initiation and maintenance of
GVHD due to the failure of donor Th1 expansion after
transplantation. We postulated that administration of AZM,
as a NF-kB inhibitor, to recipient mice during transplanta-
tion might inhibit alloreactions in vivo, i.e. the development
of lethal GVHD in a MHC-incompatible BMT model
(B6→BALB/c). All BALB/c recipient mice receiving 7·5 Gy
of irradiation alone died, but syngeneic BALB/c BM graft
rescued all mice. Meanwhile, irradiated mice injected intra-
venously with B6 BM and spleen cells all died of lethal
GVHD by day 24. In contrast, 73% of similarly treated mice
survived when they were placed on oral AZM (Fig. 1a). The
changes in body weight (Fig. 1b) and clinical score (Fig. 1c)
following transplantation were compatible with the clinical
course of lethal GVHD [7,26]. Flow cytometric analysis
found that more than 95% of BM cells at 6 months post-
transplantation expressed donor-type H-2b (data not
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Fig. 1. Azithromycin treatment confers protection from lethal acute

graft-versus-host disease (GVHD). Lethally irradiated BALB/c

recipients treated with or without oral azithromycin (AZM) as a

nuclear factor (NF)-kB inhibitor, were injected intravenously with

bone marrow (BM) and spleen cells from C57BL/6 (B6; allogeneic)

or BALB/c (syngeneic) donors. Survival (a) and serial change in body

weight (b) from the day of transplantation to 90 days after BM

transplantation (BMT) were monitored. �: Lethally irradiated

BALB/c; �: BALB/c→BALB/c; �: B6→BALB/c; �: B6→AZM-treated

BALB/c (a)*P < 0·01 (� versus �) (b) **P < 0·05 (� versus �). (c)

Clinical score of acute GVHD on day 14 after BMT. The degree of

clinical GVHD was assessed by a scoring system, which sums the

changes in five clinical parameters: weight loss, posture, activity, fur

texture and skin integrity (maximum index = 10), as described in

Materials and methods. B6→BALB/c recipients developed significant

acute GVHD as determined by the clinical score, compared with

B6→AZM-treated BALB/c recipients. ***P < 0·01. All data are

expressed as the mean � standard deviation (n = 11 per group).
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shown). Thus, AZM did not inhibit engraftment. These
findings indicate that AZM attenuates lethal GVHD sig-
nificantly while permitting long-term engraftment of
histoincompatible donor marrow cells.

AZM treatment is effective in reducing
GVHD-associated histopathology

Tissue samples from GVHD target organs were taken from
representative acute GVHD-positive control mice, AZM-
treated mice and GVHD-negative syngeneic control mice
on day 7 after BMT. Recipients of syngeneic BMT showed
no signs of GVHD in their tissues (Fig. 2d,g). Skin from
control mice with GVHD [32–34] showed epidermal hyper-
plasia, basal layer cell injury, severe inflammatory infiltrates
with intraepidermal lymphocytes, acidophilic bodies and
loss of hair follicles (Fig. 2b). Such changes were not
observed in mice administered AZM (Fig. 2c).

The small intestine of control mice with GVHD [7,26,27]
showed villous atrophy with epithelial apoptosis (Fig. 2e).
The liver of those control mice with GVHD showed massive
infiltration of mononuclear cells, mainly in the periportal
areas (Fig. 2h). In contrast, such findings were hardly
observed in the small intestine and liver of AZM-treated
mice (Fig. 2f,i). The acute GVHD pathology scores [27] of
the small intestine and liver of AZM-treated recipients were
significantly lower than those of corresponding allogeneic
control recipients (Fig. 2j,k). These results suggest that

administration of AZM attenuates the development
of acute GVHD-associated histopathological features in
recipients of allogeneic BMT.

AZM does not inhibit donor lymphocyte functions

It has not been known whether AZM affects lymphocyte
functions. AZM was administered orally to C57BL/6 (B6)
mice, which we used as donors in the murine BMT model,
for 3 days. B6 splenic T lymphocytes were examined for
their cell numbers and expression of CD69, an early activa-
tion marker of T lymphocytes. The number of splenic T
lymphocytes was not affected by the AZM treatment (data
not shown). After in-vitro stimulation with ConA, CD69
expression by both CD3+ and CD4+ T lymphocytes was
up-regulated, but was not affected by AZM treatment
(Fig. 3a). Furthermore, AZM did not affect splenic T or B
lymphocyte proliferation in response to stimulation with
LPS, PWM or Con A (Fig. 3b). Similar results were gener-
ated in longer, 5-day administration of AZM (data not
shown). Additionally, CFSE-labelled splenic CD4+ T lym-
phocytes from C57BL/6 mice treated with or without
AZM for 3 days were cultured in MLR with allogeneic
BALB/c BM-derived mDCs for 3 days. It was confirmed that
expression of major histocompatibility complex (MHC)
class II and co-stimulatory molecules (CD40, CD80 and
CD86) on LPS-induced mDCs was elevated in comparison
with imDCs (data not shown). We did not observe any
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Fig. 2. Administration of azithromycin

attenuates development of acute graft-versus-

host disease (GVHD) histopathological features.

Skin, small intestine and liver samples were

obtained on day 7 post-bone marrow

transplantation (BMT) for pathological analysis

(n = 3 per group). Paraffin sections were

stained with haematoxylin and eosin (original

magnification: skin, ¥600; small intestine, ¥100

liver; ¥200). (a–i) Histology of the skin (a–c),

small intestine (d–f) and liver (g–i) from

BALB/c→BALB/c recipients (a,d,g), B6→
BALB/c recipients (b,e,h), and B6→
AZM-treated BALB/c recipients (c,f,i). Black

arrowheads: inflammatory response associated

with acute GVHD. (j,k) Pathology scores of

small intestine and liver from the same

recipients. Coded slides were scored

semiquantitatively as described in Materials and

methods. All data are expressed as the mean �

standard deviation (n = 3 per group).

**P < 0·001.
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differences in the dividing CFSElow CD4+ population
between AZM-treated and untreated C57BL/6 mice in the
allogeneic MLR (Fig. 3c). These data indicate that AZM
does not inhibit donor lymphocyte functions ex vivo at the
tested doses.

Discussion

Novel immunomodulatory agents focused on NF-kB in
host DCs [6–11,20–22,31] instead of the conventional
immunosuppressants targeted on donor T lymphocytes
[1–5] have been reported to prevent or attenuate GVHD in

allogeneic haematopoietic transplantation, including in the
histoincompatible setting. In this study, we used AZM – a
macrolide antibiotic and a NF-kB inhibitor of murine DC
maturation – alone for GVHD prophylaxis and showed
that it inhibited acute GVHD significantly in MHC-
incompatible bone marrow transplantation (BMT) without
interfering with donor engraftment.

AZM is active against a wide variety of bacteria and also
acts as an anti-inflammatory agent by modulating the func-
tions of DCs, monocytes and/or macrophages [24,35–37].
Previously, Sugiyama et al. [35] and our team [24] have
reported that AZM inhibits the maturation and functions of
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3 days were cultured with allogeneic BALB/c BM-derived mature DCs for 3 days. Cultured cells were harvested, and proliferation was quantified by

flow cytometry. Data represent three independent experiments (c).
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murine bone marrow-derived DCs in vitro. We also showed
that AZM, by inhibiting the NF-kB pathway in LPS-
stimulated DCs and generating DCs with regulatory DC
properties, blocks murine DC–T lymphocyte interaction in
allogeneic immune systems [24]. In murine allogeneic BMT
models, recipient-type regulatory DCs, characterized by low
expression levels of co-stimulatory molecules, moderate
levels of MHC molecules, low production of IL-12, high
production of IL-10 and suppression of NF-kB activity even
after stimulation with LPS, inhibited acute GVHD, medi-
ated partly by IL-10, as a key regulator of anti-inflammatory
responses [38,39]. Sato et al. [38] also found that recipient-
type regulatory DCs increased donor-type regulatory T cells
(Treg) which produced IL-10 and resulted in protection from
lethal acute GVHD. Additionally, we reported significantly
increased IL-10 levels in co-cultures of allogeneic T lym-
phocytes and AZM-treated DCs [24].

The precise mechanisms underlying the findings pre-
sented in this report are unknown, because we did not
analyse induction of Treg and/or plasma IL-10 of recipient
mice treated with AZM, or for immunophenotypic or func-
tional changes in DCs derived from recipients treated with
AZM due to a numerical problem without in-vivo expan-
sion stimulated with Flt3 ligand and/or other cytokines
[11,40,41]. In addition, these cytokines for in-vivo expan-
sion of DCs reportedly might alter the proportion and
function of DC subsets in some tissues [42,43]. Therefore,
in-vivo DC expansion system using such cytokines might
not be preferable to examine the essential function of AZM
in the present report. However, our in-vivo data suggest that
acute GVHD was clearly suppressed, clinically and patho-
logically, by oral AZM (Figs 1 and 2). It is tempting to
speculate that AZM-treated DCs may be related function-
ally to regulatory DCs, not only in vitro but also in vivo, and
might induce Treg in an allogeneic BMT setting. We are also
interested in testing whether injection of AZM-treated DCs
to recipients following allogeneic BMT could attenuate
acute GVHD, as observed with regulatory DCs [38].
However, it might be difficult to develop and expand
these DCs ex vivo. Simply administering AZM orally to
recipients would be much more practical from the clinical
viewpoint.

Next, we confirmed the effects of AZM on donor lym-
phocytes. Tomazic et al. [44] reported that the absence of
impairment of T and B lymphocytes by AZM might be an
important property of this drug, especially in immuno-
compromised individuals. Our data for C57BL/6 murine
lymphocytes are compatible with their results (Fig. 3). The
fact that AZM has no deleterious effects on T lymphocyte
functions in this setting is important for preservation of
the graft-versus-leukaemia (GVL) effect of AZM therapy.
Conversely, commonly used immunosuppressants such
as tacrolimus (a 23-membered ring-macrolide) and
cyclosporin inhibit T lymphocyte functions strongly by
blocking the phosphatase activity of calcineurin, resulting

in susceptibility to infections and a decreased GVL effect.
Moreover, potential concerns for the use of these cal-
cineurin inhibitors include renal toxicity, veno-occlusive
disease of the liver, hypertension, hyperglycaemia and neu-
rological side effects [45]. In contrast, AZM has been used
safely worldwide as an antibiotic. Nevertheless, AZM is not
without its own safety issues: reversible hearing loss with
high doses (600 mg daily for 1·5–20 weeks) [46] and long-
term treatment (600 mg once weekly for 1 year) [47] and
cardiovascular effects; specifically, prolongation of the QT
interval that leads to torsades de pointes, an abnormal
heart rhythm that can be fatal [48].

In addition to the immunoregulatory effects of AZM, its
anti-microbial effect may also be important in BMT as bac-
teria and bacterial products, especially LPS, are associated
with exacerbation of GVHD [49,50]. In the clinical setting,
Gram-negative gut decontamination has actually been
found to reduce the incidence of GVHD [51–53]. Interest-
ingly, some investigators reported that changes in the
microbial flora, due to intestinal inflammation caused by
TBI as preconditioning for murine recipients of allogeneic
BMT, influenced the severity of acute GVHD, and that
manipulation of the intestinal flora enabled regulation of
acute GVHD [53,54]. We reported that AZM attenuated the
response of DCs to LPS due to reduced Toll-like receptor
(TLR)-4 expression on their surface [24]. Therefore, the
attenuating effect of AZM on GVHD might be due partly to
its control of bacteria.

Concerning the timing and dose of oral AZM, we chose a
regimen of 100 mg/kg orally for 5 days starting from day -2
to day 2. Amsden et al. [55] reported that the blood concen-
tration of the drug in humans became stable (0·5–1·0 mg/
ml) after 3 or 5 days of oral AZM. The 100 mg/kg/day
dosage was used because it corresponds to the human
dosage after size correction [56]. Accumulating evidence
indicates that early interaction between allogeneic T lym-
phocytes and residual recipient APCs immediately after
allo-BMT is critical for eliciting acute GVHD [6,10].

Zhang et al. [57] studied the kinetic window during
which recipient APCs elicited acute GVHD in a murine
model and demonstrated that recipient DCs were activated
and aggregated rapidly in T lymphocyte-rich areas of the
spleen within 6 h after lethal irradiation. By 5 days after
irradiation, <1% of recipient DCs were detectable, but the
activated donor CD8+ T lymphocytes had already under-
gone as many as seven divisions. This indicates that,
although recipient DCs disappear rapidly after allo-BMT,
they first prime donor T lymphocytes and play a critical
role in triggering donor CD8+ T lymphocyte-mediated
GVHD. In our transplantation model, AZM-treated recipi-
ents developed GVHD in the later phase. Although Zhang
et al. [57] demonstrated the critical, early role of DCs in ini-
tiating acute GVHD, they also found that a small number of
radio-resistant recipient DCs remained even at 4 months
after allo-BMT and pointed out the possibility that they
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might be important in amplifying the GVHD response.
Further studies are necessary to elucidate later events in the
induction of acute GVHD.

Taken together, our results suggest that blockade of
DC–T lymphocyte interaction by inactivating DCs with
AZM, i.e. DC targeting, might require administration of the
drug for a short period before and after BMT. It is this
period that should be targeted in an attempt to attenuate
acute GVHD. Moreover, this treatment might not be
accompanied by suppression of the beneficial GVL effect, as
oral AZM had no effect on the lymphocyte functions of
mice. AZM already has a history of use in the treatment of
bacterial infections, so its administration should also be safe
in patients undergoing BMT for haematological disorders.
Similarly to bortezomib [23], AZM could be used singly or
in conjunction with immunosuppressants to prevent acute
GVHD in various clinical settings. AZM also seems to have
potential for use in treating already developed GVHD.
Further studies of the in-vivo effects of AZM in allogeneic
BMT are clearly warranted.
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