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Abstract

Background: Any inflammatory response following corneal transplantation may induce rejection and irreversible
graft failure. The purpose of this study is to analyze the anti-inflammatory effect of azithromycin (AZM) following
experimental keratoplasty in rats.
Methods: Corneal transplants were performed between Fisher-donor and Lewis-recipient rats. Recipients were
postoperatively treated three times daily with AZM, miglyol, ofloxacin or dexamethasone eye drops. As an additional
control, AZM was applied following syngeneic keratoplasty. Furthermore, short-term treatments with AZM for seven
days perioperatively or with AZM only three days prior to the transplantation were compared to appropriate controls.
All transplants were monitored clinically for opacity, edema, and vascularization. Infiltrating CD45+, CD4+, CD8+,
CD25+, CD161+ and CD163+ cells were quantified via immunohistochemistry.
Results: AZM significantly promoted corneal graft survival compared with miglyol or ofloxacin treatment. This effect
was comparable to topical dexamethasone. No adverse AZM effect was observed. Histology confirmed a significant
reduction of infiltrating leukocytes. The short-term application of AZM for three days prior to transplantation or for
seven days perioperatively reduced corneal graft rejection significantly compared with the controls.
Conclusions: Along with antibiotic properties, topical AZM has a strong anti-inflammatory effect. Following
keratoplasty, this effect is comparable to topical dexamethasone without the risk of steroid-induced adverse effects.
Short-term treatment with AZM three days prior to the transplantation was sufficient to promote graft survival in the
rat keratoplasty model. We therefore suggest further assessing the anti-inflammatory function of topical AZM
following keratoplasty in humans.
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Introduction

Corneal transparency is essential for optimal vision.
Inflammatory processes at the ocular surface can severely
affect corneal transparency because of possible leukocytic
infiltration, vascularization and scar formation and subsequent
disruption of the ocular immune privilege [1].

Since the first successful keratoplasty was reported a
hundred years ago [2], corneal transplantation has become a
standard procedure to restore corneal transparency [3]. Graft
survival is excellent, with less than 10% of corneal grafts being
rejected [4]. This is mainly due to the immune-privileged status
of the eye and the cornea [5] and holds true for low-risk

situations, e.g., keratokonus or Fuchs' dystrophy [4]. However,
even in these patients, topical corticosteroids are essential as a
mainstay treatment during the first months following
keratoplasty [6] to reduce corneal inflammation and corneal
lymph- and hemangiogenesis [7,8].

In contrast, rejection rates rise comparatively in an infected
or vascularized recipient cornea [9,10]. Corneal transplantation
in pre-sensitized hosts with surface inflammation, in emergency
situations [11], in very young recipients [12,13] or in patients
with allergic or atopic afflictions [14,15] shows a higher rate of
immune reactions leading to graft failure. Compared to low-risk
situations, these patients require systemic immunosuppressive
therapy with cyclosporin A or mycofenolate mofetile [10,14] in
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addition to topical corticosteroids. These systemic treatments
are associated with severe adverse effects [6]. Therefore, new
formulations and therapeutic strategies to minimize these side
effects are currently under investigation [16-18].

Azithromycin (AZM) is a second generation macrolide
antibiotic that inhibits mRNA synthesis by binding to the 50S
subunit of the bacterial ribosome. As a broad-spectrum
antibiotic with a long half-life, AZM is routinely used in the
treatment for airway and urogenital infections [19,20]. It has
successfully been introduced to treat infectious keratitis,
blepharitis and ocular chlamydia trachomatis infections [21-23].
AZM easily penetrates human and rabbit corneas [23,24], even
better so in dry eyes [25]. Drug levels remain in a therapeutic
range for several days after discontinuation of the application
[26,27]. In addition to its antibiotic effect, AZM has been
reported to have an anti-inflammatory effect in vitro and in vivo
[20,28,29]. Regarding the ocular surface, a reduction of pro-
inflammatory cytokines such as IL-1beta and TNF-alpha and
infiltrating leukocytes by AZM application has been observed in
an experimental model of corneal and conjunctival
inflammation [20,30]. Most recently, the beneficial effect of
AZM was reported in a mouse model of corneal transplantation
[31]. We studied the effects of topically applied AZM in a well-
established rat keratoplasty model [12,18] with a particular
emphasis on the adequate time frame for treatment. Our data
also supports the use of AZM to prevent corneal graft rejection
and we strongly suggest that short-term perioperative
application is sufficient to abrogate graft failure.

Materials and Methods

1: Animals and groups
For corneal transplantation, inbred female Fisher (Rt1lv) and

Lewis (Rt1l) rats (Charles River, Sulzfeld, Germany) were used
as donors and recipients as previously reported [12,18]. All
animals were handled according the EU Directive 2010/63/EU.
The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Regional Council of Freiburg and
the University Medical Center.

Eight-week-old Lewis rats were assigned to one of nine
groups: Group 1 (n = 6, allogeneic) received dexamethasone
eye drops (Monodex, Théa Pharma; Clermont-Ferrand,
France) three times daily. Group 2 (n = 16, allogeneic) and
group 3 (n = 6, syngeneic) received AZM eye drops (1.5%)
(Azytèr, Théa Pharma) three times daily. Group 4 (n = 6,
allogeneic) received the azithromycin-solving neutral oil miglyol
(Miglyol 812, Caesar& Loretz GmbH, Hilden, Germany). Group
5 (n = 4, allogeneic) received ofloxacin (Floxal EDO, Dr. Mann
Pharma GmbH, Berlin, Germany) three times daily. For all
groups, therapy was administered for 35 days or until rejection
occurred.

A short-term treatment regimen of azithromycin for seven
days in total (three days prior to transplantation, perioperatively
and three days postoperatively) was administered to group 6 (n
= 4, allogeneic). Group 7 received miglyol according to the
same scheme (n = 4, allogeneic). Groups 8 and 9 (n = 7 each,
allogeneic) received azithromycin and miglyol eye drops,

respectively, only for three days prior to transplantation (Table
1).

2: Corneal transplantation and anesthesia
Anesthesia was introduced by isoflurane (ABBOTT

GmbH&Co.KG, Wiesbaden, Germany) inhalation and
maintained by the intraperitoneal application of xylazine (Bayer,
Leverkusen, Germany), ketamine (Essex, München, Germany)
and atropine (Braun, Melsungen, Germany). Orthotopic
penetrating keratoplasties were performed as previously
described [12,18]. In brief, the rats were anesthetized as
described above. Fisher donor buttons (2.5 mm) were obtained
and the animals were euthanized afterwards. The central
corneas of the Lewis recipients were trephined (2.0 mm) and
the donor corneas were fixed with eight interrupted sutures
(11.0 Ethilon, Ethicon, Norderstedt, Germany). Following
keratoplasty, a blepharorrhaphy was applied for one day to
protect the graft.

3: Clinical graft assessment
Two independent investigators blinded to treatment groups

performed the clinical examination. Signs of opacity,
vascularization and corneal edema were evaluated as
described previously [18] (Table 2). Opacification of the graft
was scored as follows: 0 = no opacity; 1 = slight opacity, details
of iris clearly visible; 2 = moderate opacity, some details of iris
not visible; 3 = strong opacity, pupil still recognizable; and 4 =
total opacity. Rejection was defined as complete graft
opacification (grade 4). Vascularization was scored as follows:
0 = no vessels; 1 = vessels on host; 2 = vessels in the
periphery of the transplant; and 3 = vessels reaching the center
of the transplant. Edema was scored as follows: 0 = no edema;
1 = slight edema; 2 = strong edema, margin of the transplant
slightly elevated; and 3 = severe edema, margin of the
transplant severely elevated [12].

4: Histological analyses of the corneal infiltrate
On day 13 following keratoplasty, the rats were euthanized to

conduct a immunohistological evaluation. CD45+ leukocytes,
CD4+ T cells, CD8+ T cells, CD25+ T cells, CD161+ NK cells

Table 1. Groups.

Group   Treatment 3x daily with End point
1 Dexamethasone Until rejection occured or day 35
2 Azithromycin Until rejection occured or day 35
3 Azithromycin, syngeneic Until rejection occured or day 35
4 Miglyol Until rejection occured or day 35
5 Ofloxacin Until rejection occured or day 35

6 Azithromycin
Seven days, starting three days prior to
keratoplasty

7 Miglyol
Seven days, starting three days prior to
keratoplasty

8 Azithromycin Three days prior to keratoplasty
9 Miglyol Three days prior to keratoplasty

doi: 10.1371/journal.pone.0082687.t001
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and CD163+ macrophages were stained on cryosections as
described previously [12]. Snap-frozen eyes were sliced in 6-
µm cryosections and fixed in acetone at –20°C. After blocking
unspecific bindings with TRIS buffers containing 10% of calf
serum, mouse anti-rat antibodies (anti-CD45: clone IBL-3/16;
anti-CD4: clone W3/25; anti-CD8: clone OX-8; anti-CD25:
clone OX-39; anti-CD163: clone ED2; and anti-CD161: clone
10/87—all from AbD Serotec, Düsseldorf, Germany) were
applied to the sections. Subsequently, a biotinylated rabbit anti-
mouse secondary antibody (Dako, Hamburg, Germany) was
incubated and followed by streptavidin-conjugated alkaline
phosphatase (Dako, Hamburg, Germany). In the following step,
the corresponding substrate (Vector, Burlingame, VT, USA)
was incubated and the sections were counterstained with
Mayer’s hematoxylin. Two independent and blinded
investigators counted positively stained cells within three
squares in the central corneal stroma, and the mean cellular
infiltrate per mm2 was calculated. Stained slices of rat spleen
served as positive and negative controls.

5: Statistics
Rejection was analyzed using the Kaplan–Meier estimator

and compared with the log-rank test between the groups. The
densities of infiltrating immune cells in corneal allografts were
compared with two-tailed student's t-tests. An alpha level of 5%
was considered statistically significant.

Results

1: Topical AZM improves corneal graft survival
No rejection was observed in the syngeneic group treated

with AZM. All allogeneic grafts treated with miglyol (group 4)
were rejected around postoperative day 13. In contrast, a
significant number of corneal transplants (> 65%) in recipients
that received topical AZM (group 2) survived throughout the
observation period (p < 0.01 compared to miglyol). No

Table 2. Clinical Graft Assessment Score.

Opacification  
0 No opacity
1 Slight opacity, details of the iris clearly visible
2 Moderate opacity, some details of the iris no longer visible
3 Strong opacity, pupil still recognizable
4 Total opacity, pupil no longer visible
Vascularization  
0 No vessels
1 Vessels on host not in the transplant
2 Vessels in the periphery of the transplant
3 Vessels reaching the center of the transplant
Edema  
0 No edema
1 Slight edema
2 Strong edema, transplant margin slightly elevated
3 Severe edema, transplant margin elevated

doi: 10.1371/journal.pone.0082687.t002

beneficial effect of the topical ofloxacin treatment was seen,
with 100% rejection occurring in group 5 (Figure 1).

2: Comparison of topical AZM and topical
corticosteroid treatment

No rejection occurred at any time point if topical
dexamethasone was applied. This effect was clinically superior
to the AZM treatment, in which some grafts were rejected
during the observation period (Figure 2a). To analyze
differences in the inflammatory responses in the graft in more
detail, infiltrating CD45+ leukocytes were stained histologically
in the graft at postoperative day 35. No significant differences
in the amount of infiltrating cells were found (Figure 2b).

3: Topical AZM treatment reduces clinical signs of
inflammation after keratoplasty

Grafts that had been treated with topical miglyol (group 4,
solvent control) were rejected on postoperative day 13 (Figure
1). All clinical signs of inflammation increased to a peak on day
13 (Figure 3). Syngeneic corneal grafts treated with AZM did
not develop a comparable opacification or edema. In contrast,
in the allogeneic group 2, which had been treated with topical
AZM, scores for opacification and edema formation were
significantly lower compared to the miglyol controls (p < 0.05).
No effect on corneal vascularization was detected in any of the
groups.

4: Influence of topical AZM on leukocytic infiltration
following corneal transplantation

Regarding the total leukocyte infiltration, a significant
reduction was achieved by AZM compared to miglyol treatment
(p < 0.01) (Figure 4a). The infiltrate of CD4+, CD8+ and CD25+

cells was reduced in the AZM-treated grafts (p < 0.05 for CD8+

and CD25+; Figure 4b). The amount of CD161+ NK cells and
CD163+ macrophages was also significantly lower following
AZM treatment (p<0.05; Figure 4c). Only a minor cellular
infiltrate was observed in the syngeneic grafts. Generally, graft
edema was also decreased in the histological sections in the
allogeneic AZM group compared with the allogeneic miglyol
group.

5: Short-term topical AZM is sufficient to promote
corneal graft survival

The reduced seven-day treatment with AZM (group 6)
showed significantly improved allograft survival compared with
group 7 (migylol; p < 0.05; Figure 5a). In the miglyol-treated
group, rejection occurred at day 13. Three-day AZM treatment
prior to keratoplasty (group 8) was sufficient to significantly
increase corneal graft survival compared with the control group
9. (p < 0.05; Figure 5b).

Discussion

Corneal transplantation is the standard procedure to restore
corneal transparency and improve vision. An optimal
postoperative treatment should not only control the
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inflammatory response efficiently and be applied topically, but
also be kept as short as possible to reduce adverse effects.

Azithromycin (AZM) is a well-known antibiotic agent
approved for topical use against ocular surface infections
[21–26]. AZM acts as an anti-inflammatory agent modifying the
production of inflammatory cytokines that play an important role
in corneal graft rejection [20,28–30]. Therefore, we
hypothesized that 1.5% AZM drops would affect the
inflammatory process following keratoplasty and thereby
prolong graft survival.

Topical AZM prolonged graft survival significantly in the rat
keratoplasty model compared with its solvent miglyol (p<0.01;
Figure 1a). To exclude side effects, syngeneic grafts were
similarly treated topically with AZM. No clinically obvious
inflammation was observed (Figure 1a). Therefore, we
excluded a negative effect of AZM on corneal transplants.

In addition to its anti-inflammatory effect, AZM is bactericidal.
The bacterial flora of the ocular surface is affected by antibiotic
treatment, possibly changing the immune response triggered
by the corneal graft. To address the possible influence of a
reduced bacterial load on allograft survival, we treated
allogenically transplanted rats with non-conserved antibiotic
ofloxacin in an additional control group. All ofloxacin-treated
grafts were rejected. No significant difference to the animals
treated with miglyol was detected (Figure 1a). Despite the anti-
inflammatory benefit of topical AZM, its continuous application
should be evaluated critically considering that antibiotics could
favor the selection of antibiotic-resistant bacteria.

We also compared the anti-inflammatory effect of AZM with
the effects of the current first-line therapy with topical
corticosteroids. Dexamethasone (DM) is a very effective anti-
inflammatory agent but associated with a plethora of short-term
and long-term adverse effects, e.g., the feared steroid
response that jeopardizes the transplant and the vision itself.
All grafts treated with DM survived. Topical treatment with DM
was superior to treatment with AZM (Figure 1a). Histologically,
a minimal corneal infiltrate in both AZM- and DM-treated grafts
(groups 1–3) could be detected (Figure 2). From these results,
we concluded that DM, the mainstay treatment following
keratoplasty, is superior and should still be administered as a
first-line treatment. However, AZM might be a valuable additive
to reduce steroid use and associated side effects (IOP
elevation, cataracts).

To further analyze the anti-inflammatory effect of AZM on
inflammation following keratoplasty, we examined the
inflammation clinically and histologically. Clinically, the
inflammation was quantified by a score of corneal opacification,
edema-formation and corneal vascularization. This score
followed internationally accepted standards [12,18]. As
demonstrated in Figure 3, opacity and edema were significantly
lower in the AZM-treated group compared with the miglyol
group. No effect was seen with respect to blood vessel
formation. This is consistent with the results obtained by Sadrai
et al. [30], who found that corneal neovascularization induced
by VEGF A pellets was not affected by AZM in a mouse model.
In our model, this may be explained by the fact that not only the
graft but also the remaining sutures induced corneal

Figure 1.  Graft survival.  (A) Clear graft survival following keratoplasty is shown by Kaplan-Meier estimator. Treatment with
miglyol (group 4) led to rejection at day 13 [12.5–13.5], whereas with AZM (group 3), no rejection was detected. When treating the
allogeneic transplanted animals with AZM (group 2), rejection occurred at day 28.5 [20.3–36.6] postoperatively. AZM allogeneic
compared with the control with miglyol did promote graft survival (p < 0.004).
(B) Treatment with ofloxacin (group 5) led to rejection at day 13, similar to miglyol, while AZM improved graft survival significantly.
doi: 10.1371/journal.pone.0082687.g001

Azithromycin Promotes Allograft Survival

PLOS ONE | www.plosone.org 4 December 2013 | Volume 8 | Issue 12 | e82687



vascularization. This would be consistent with the observation
that a similar amount of vessels is formed following syngeneic
transplantation. Irrespective of the tissue studied or animal
model chosen, AZM does not seem to have an effect on
neovascularization.

Our clinical results were further confirmed by histological
analyses. The total leukocytic infiltration was significantly
reduced by AZM. This applied to all cell types studied (Figure 4
a-c.) Despite a reduction of all these cell types, no significant
difference was observed for total CD4+ T cells. This finding was
especially interesting given that CD4+ T cells are known to be
the critical element that leads to corneal graft rejection [32,34].
However, several studies indicated that aside from CD4+ T
cells, different elements of the immune system mediate graft
rejection following keratoplasty [9,33]. We therefore suggest
that AZM has a general anti-inflammatory effect that is weakest
with respect to CD4+ T cell inhibition. However, this remains to
be determined in further in vitro analyses.

AZM is used in pulmonology, based on the observation that it
reduces the levels of inflammatory cytokines such as IL-1beta
and TNF-alpha in the lung [20,29,30]. An IL-10-mediated effect
on dendritic cells in vitro is also reported [28]. These cells and
cytokines are known to play an important role during corneal
graft rejection [33]. This might explain why the effect of AZM on

CD4+ T cells becomes negligible and AZM has a statistically
significant effect on graft survival in the rat keratoplasty model.

Our results are in line with very recent observations reported
by Medina et al. [31] that demonstrated that AZM promotes
corneal graft survival in a mouse model for high-risk
keratoplasty. Similarly, we did not observe altered T-cell
responses in draining lymph nodes of AZM-treated recipients
with respect to cytokine production or proliferative capacity
(data not shown). In addition, we provided evidence to suggest
that topical application of AZM is sufficient to reduce corneal
inflammation and that the treatment period can be reduced to
three days prior to transplantation without losing a graft-survival
promoting effect. This is especially important given the risk of
emerging bacterial resistances. We excluded an effect by
alteration of the bacterial flora using appropriate controls.

In summary, we confirm in the rat keratoplasty model that
topical AZM has sufficient anti-inflammatory capacity to prevent
corneal graft rejection. In addition, we showed that three days
of topical preoperative treatment suffice to improve graft
survival. The Food and Drug Administration has approved AZM
(AZASite, Inspire Pharmaceuticals Inc., Durham, USA) as an
antibiotic with a treatment duration of seven days and the
administration of Azyter for three days. Even though the exact
mechanism of action of AZM in transplant preservation remains
incompletely understood, we suggest investigations of the

Figure 2.  Clinical graft evaluation of azithromycin and dexamethasone following keratoplasty.  (A) Orthotopic penetrating
keratoplasties between Lewis and Fisher rats were performed. Total graft survival post keratoplasty is shown by Kaplan-Meier
curves. Rejection was defined as total graft opacification (opacity grade 4). With AZM (group 2), rejection occurred at day 28.5
[20.3–36.6] postoperatively. No rejection occurred in the DM-treated group (group 1) (p < 0.14).
(B) Immunostainings on cryosections of DM-treated (control, black) and AZM-treated animals (light grey). Total leukocytic infiltrate
was counted in three different squares per animal by two independent investigators. No significant difference of total leukocytic
infiltrate (red cells) between the group 1 and 2 could be detected at day 35. Bars show group 1 (control, black) in comparison to
group 2 (grey) with SEM.
doi: 10.1371/journal.pone.0082687.g002
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Figure 3.  Clinical graft evaluation of AZM compared to miglyol.  (A) Opacification, vascularization, and edema were monitored
every three days by two independent investigators. A significant difference in opacification between the miglyol and AZM allogen
group could be detected at day 3 (p < 0.05), day 9 (p < 0.01) and at day 12 (p < 0.001) after keratoplasty. No significant difference
between AZM syngeneic (group 3) and allogeneic (group 2) could be detected. Vascularization was not influenced in all groups.
(B) Vascularization was not affected by AZM compared to controls.
(C) Corneal edema was reduced in the AZM allogen group compared to the miglyol group beginning at day 9 (p < 0.05). A
representative photo on day 12 following keratoplasty is shown. Bars show group 4 (control, black) in comparison with group 2
(grey) and group 3 (control, light grey) with SEM.
doi: 10.1371/journal.pone.0082687.g003
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Figure 4.  Immunohistological analysis of leukocytic infiltration.  (A) Immunostainings on cryosections of miglyol-treated (group
4, black) and AZM-treated animals (group 2, light grey; group 3, dark grey) were performed on day 13. Infiltrating CD45+ leukocytes
in group 2 were significantly reduced in comparison to group 4 (p<0.01). Red cells are positive for the antibody.
(B) While no difference in the number of CD4+ T cells was seen in both groups, the infiltrating CD8+ T cells (p < 0.05) and CD25+ T
cells (p < 0.05) were reduced significantly in the AZM-treated animals.
(C) The number of infiltrating CD161+ NK cells (p < 0.05) and of CD163+ macrophages (p < 0.05) in the central corneal stroma was
significant reduced.
doi: 10.1371/journal.pone.0082687.g004
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topical application of AZM following corneal transplantation in
clinical trials. The standard treatment scheme being a
combination of steroids and antibiotics, AZM would both fulfill
anti-bacterial and anti-inflammatory functions. The advantages
of AZM are its topical applicability and the already existing
approval. Its advantageous side effect profile as topical
antibiotic was confirmed after keratoplasty in a small single
center study in humans [35]. Our promising results for AZM
following keratoplasty support clinical studies in humans of
AZM as an anti-inflammatory agent with additive antibiotic
function that acts together with topical steroids.

Acknowledgements

The authors thank Günther Schlunck for critically reading the
manuscript and Yvonne Kern for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: KW JS TR.
Performed the experiments: KW SD AH JS. Analyzed the data:
KW SD JS. Contributed reagents/materials/analysis tools: TR
JS. Wrote the manuscript: KW PE TR JS. Conception and
design: KW JS TR. Acquisition of data, analysis and
interpretation of data: KW JS SD AH PE. Final approval of the
version: KW SD AH PE TR JS.

References

1. Hori J (2008) Mechanisms of immune privilege in the anterior segment
of the eye: what we learn from corneal transplantation. J Ocul Biol Dis
Infor 1: 94-100. doi:10.1007/s12177-008-9010-6. PubMed: 20072639.

2. Zirm E (1906) Eine erfolgreiche totale Keratoplastik. Albrecht von
Graefes Arch Opthalmol 64: 580-593.

3. Williams KA, Coster DJ (2007) The immunobiology of corneal
transplantation. Transplantation 84: 806-813. doi:10.1097/01.tp.
0000285489.91595.13. PubMed: 17984831.

4. Thompson RW, Price MO, Bowers PJ, Price FW (2003) Long-term graft
survival after penetrating keratoplasty. Ophthalmology 110: 1396-1402.
doi:10.1016/S0161-6420(03)00463-9. PubMed: 12867398.

5. Coster DJ, Williams KA (2005) The impact of corneal allograft rejection
on the long-term outcome of corneal transplantation. Am J Ophthalmol
140: 1112-1122. doi:10.1016/j.ajo.2005.07.024. PubMed: 16376660.

6. Reis A, Reinhard T (2010) New developments in topical and systemic
immunomodulation following penetrating keratoplasty. In: T ReinhardF
Larkin. Cornea and external eye disease. Berlin, Heidelberg: Springer-
Verlag. p. 25.

7. Hos D, Saban DR, Bock F, Regenfuss B, Onderka J et al. (2011)
Suppression of inflammatory corneal lymphangiogenesis by application
of topical corticosteroids. Arch Ophthalmol 129: 445-452. doi:10.1001/
archophthalmol.2011.42. PubMed: 21482870.

Figure 5.  Short-time treatment with AZM.  (A) A reduced treatment regimen with seven days in total (three days prior to
transplantation and three days following keratoplasty) in group 6 improved graft survival significantly compared to controls in group
7 (p < 0.05). Rejection occurred in miglyol-treated rats at day 14 [12.3–15.2], whereas in the AZM-treated group, rejection occurred
at day 30 [22.2–38.1].
(B) Even only a three-day preoperative treatment with AZM (group 8) improved graft survival significantly compared with controls
with miglyol (group 9; p < 0.05). Rejection occurred in group 9 at day 13 [13.0–14.4], whereas in group 8, rejection occurred at day
26 [18. –33.7].
doi: 10.1371/journal.pone.0082687.g005

Azithromycin Promotes Allograft Survival

PLOS ONE | www.plosone.org 8 December 2013 | Volume 8 | Issue 12 | e82687

http://dx.doi.org/10.1007/s12177-008-9010-6
http://www.ncbi.nlm.nih.gov/pubmed/20072639
http://dx.doi.org/10.1097/01.tp.0000285489.91595.13
http://dx.doi.org/10.1097/01.tp.0000285489.91595.13
http://www.ncbi.nlm.nih.gov/pubmed/17984831
http://dx.doi.org/10.1016/S0161-6420(03)00463-9
http://www.ncbi.nlm.nih.gov/pubmed/12867398
http://dx.doi.org/10.1016/j.ajo.2005.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16376660
http://dx.doi.org/10.1001/archophthalmol.2011.42
http://dx.doi.org/10.1001/archophthalmol.2011.42
http://www.ncbi.nlm.nih.gov/pubmed/21482870


8. Barshes NR, Goodpastor SE, Goss JA (2004) Pharmacologic
immunosuppression. Front Biosci 9: 411-420. doi:10.2741/1249.
PubMed: 14766378.

9. Pleyer U, Schlickeiser S (2009) The taming of the shrew? The
immunology of corneal transplantation. Acta Ophthalmol 87: 488-497.
doi:10.1111/j.1755-3768.2009.01596.x. PubMed: 19664109.

10. Reinhard T, Mayweg S, Sokolovska Y, Seitz B , Mittelviefhaus H et al.
(2005) Systemic mycophenolate mofetil avoids immune reactions in
penetrating high-risk keratoplasty: preliminary results of an ongoing
prospectively randomized multicenter study. Transpl Int 18: 703-708.
doi:10.1111/j.1432-2277.2005.00126.x. PubMed: 15910297.

11. Maier P, Böhringer D, Reinhard T (2007) Clear graft survival and
immune reactions following emergency keratoplasty. Graefes Arch Clin
Exp Ophthalmol 245: 351-359. doi:10.1007/s00417-006-0410-7.
PubMed: 17024439.

12. Schwartzkopff J, Berger M, Birnbaum F, Böhringer D, Reinhard T
(2010) Accelerated corneal graft rejection in baby rats. Br J Ophthalmol
94: 1062-1066. doi:10.1136/bjo.2008.154435. PubMed: 19726423.

13. Reidy JJ (2001) Penetrating keratoplasty in infancy and early
childhood. Curr Opin Ophthalmol 12: 258-261. doi:
10.1097/00055735-200108000-00004. PubMed: 11507338.

14. Reinhard T, Möller M, Sundmacher R (1999) Penetrating keratoplasty
in patients with atopic dermatitis with and without systemic cyclosporin
A. Cornea 18: 645-651. doi:10.1097/00003226-199911000-00003.
PubMed: 10571292.

15. Niederkorn JY (2010) High-risk corneal allografts and why they lose
their immune privilege. Curr Opin Allergy Clin Immunol 10: 493-497.
doi:10.1097/ACI.0b013e32833dfa11. PubMed: 20689406.

16. Bertelmann E, Pleyer U (2004) Immunomodulatory therapy in
ophthalmology - is there a place for topical application?
Ophthalmologica 218: 359-367. doi:10.1159/000080937. PubMed:
15564752.

17. Reinhard T, Reis A, Böhringer D, Malinowski M, Voiculescu A et al.
(2001) Systemic mycophenolate mofetil in comparison with systemic
cyclosporin A in high-risk keratoplasty patients: 3 years’ results of a
randomized prospective clinical trial. Graefes Arch Clin Exp Ophthalmol
239: 367-372. doi:10.1007/s004170100285. PubMed: 11482341.

18. Wacker K, Gründemann C, Kern Y, Huber R, Reinhard T et al. (2012)
Inhibition of corneal inflammation following keratoplasty by birch leaf
extract. Exp Eye Res 97: 24-30. doi:10.1016/j.exer.2012.01.004.
PubMed: 22360995.

19. Stamm WE (1991) Azithromycin in the treatment of uncomplicated
genital chlamydial infections. Am J Med 91: 19-22. doi:
10.1016/0002-9343(91)90396-F. PubMed: 1858825.

20. Amsden GW (2005) Anti-inflammatory effects of macrolides- an
underappreciated benefit in the treatment of community-acquired
respiratory tract infections and chronic inflammatory pulmonary
conditions? J Antimicrob Chemother 55: 10-21. PubMed: 15590715.

21. Evans JR, Solomon AW (2011) Antibiotics for trachoma. Cochrane
Database Syst Rev 16: CD001860: CD001860 PubMed: 21412875.

22. Veldman P, Colby K (2011) Current evidence for topical azithromycin
1% ophthalmic solution in the treatment of blepharitis and blepharitis-

associated ocular dryness. Int Ophthalmol Clin 51: 34-52. PubMed:
21897139.

23. van Eyk AD, Seifart HI, Meyer D, van der Bijl P (2009) In vitro
transcorneal diffusion of the antimicrobial macrolides azithromycin and
clarithromycin and the impact on microbial keratitis. Cornea 28:
441-446. doi:10.1097/ICO.0b013e31818c901f. PubMed: 19411964.

24. Kuehne JJ, Yu AL, Holland GN, Ramaswamy A, Taban R et al. (2004)
Corneal Pharmacokinetics of topically applied azithromycin and
clarithromycin. Am J Ophthalmol 138: 547-554. doi:10.1016/j.ajo.
2004.04.071. PubMed: 15488779.

25. Tabbara KF, Kotb AA, Hammouda EF, Elkum N (2005) Effects of
dehydratation on corneal tissue absorption of topical azithromycin in
rabbits. Curr Eye Res 30: 915-918. doi:10.1080/02713680500306223.
PubMed: 16251129.

26. Stewart W, Crean CS, Zink RC, Brubaker K, Haque RM et al. (2010)
Pharmakokinetics of azithromycin and moxifloxacin in human
conjunctiva and aqueous humor during and after the approved dosing
regimens. Am J Ophthalmol 150: 744-751. doi:10.1016/j.ajo.
2010.05.039. PubMed: 20813346.

27. Amar T, Caillaud T, Elena PP (2008) Ocular pharmacokinetic study
following single and multiple azithromycin administration in pigmented
rabbits. Curr Eye Res 33: 149-158. doi:10.1080/02713680701860499.
PubMed: 18293185.

28. Sugiyama K, Shirai R, Mukae H, Ishimoto H, Nagata T et al. (2007)
Differing effects of clarithromycin and azithromycin on cytokine
production by murine dendritic cells. Clin Exp Immunol 147: 540-546.
doi:10.1111/j.1365-2249.2007.03299.x. PubMed: 17302905.

29. Ianaro A, Ialenti A, Maffia P, Sautebin L, Rombolà L et al. (2000) Anti-
inflammatory activity of macrolide antibiotics. J Pharmacol Exp Ther
292: 156-163. PubMed: 10604943.

30. Sadrai Z, Hajrasouliha AR, Chauhan S, Saban DR, Dastjerdi MH et al.
(2011) Effect of Topical Azithromycin on Corneal Innate Immune
Responses. Invest Ophthalmol Vis Sci 52: 2525-2531. doi:10.1167/
iovs.10-5658. PubMed: 21296809.

31. Medina CA, Rowe AM, Hongmin Y, Knickelbein JE, Lathrop KL et al.
(2013) Azithromycin Treatment Increases Survival of High-Risk Corneal
Allotransplants. Cornea 35: 658-666. PubMed: 23407315.

32. Yamada J, Kurimoto I, Streilein JW (1999) Role of CD4+ T cells in
immunobiology of orthotopic corneal transplants in mice. Invest
Ophthalmol Vis Sci 40: 2614-2621. PubMed: 10509657.

33. Hamrah P, Dana MR (2007) Corneal antigen-presenting cells. Chem
Immunol Allergy 92: 58-70. PubMed: 17264483.

34. He YG, Ross J, Niederkorn JY (1991) Promotion of murine orthotopic
corneal allograft survival by systemic administration of anti-CD4
monoclonal antibody. Invest Ophthalmol Vis Sci 32: 2723-2728.
PubMed: 1680112.

35. Blavin J, Sauer A, Saleh M, Gaucher D, Speeg-Schatz C et al. (2012) A
comparison of azithromycin and tobramycin eye drops on epithelial
wound healing and tolerance after penetrating keratoplasty. J Ocul
Pharmacol Ther 28: 428-432. doi:10.1089/jop.2011.0171. PubMed:
22420841.

Azithromycin Promotes Allograft Survival

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e82687

http://dx.doi.org/10.2741/1249
http://www.ncbi.nlm.nih.gov/pubmed/14766378
http://dx.doi.org/10.1111/j.1755-3768.2009.01596.x
http://www.ncbi.nlm.nih.gov/pubmed/19664109
http://dx.doi.org/10.1111/j.1432-2277.2005.00126.x
http://www.ncbi.nlm.nih.gov/pubmed/15910297
http://dx.doi.org/10.1007/s00417-006-0410-7
http://www.ncbi.nlm.nih.gov/pubmed/17024439
http://dx.doi.org/10.1136/bjo.2008.154435
http://www.ncbi.nlm.nih.gov/pubmed/19726423
http://dx.doi.org/10.1097/00055735-200108000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11507338
http://dx.doi.org/10.1097/00003226-199911000-00003
http://www.ncbi.nlm.nih.gov/pubmed/10571292
http://dx.doi.org/10.1097/ACI.0b013e32833dfa11
http://www.ncbi.nlm.nih.gov/pubmed/20689406
http://dx.doi.org/10.1159/000080937
http://www.ncbi.nlm.nih.gov/pubmed/15564752
http://dx.doi.org/10.1007/s004170100285
http://www.ncbi.nlm.nih.gov/pubmed/11482341
http://dx.doi.org/10.1016/j.exer.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22360995
http://dx.doi.org/10.1016/0002-9343(91)90396-F
http://www.ncbi.nlm.nih.gov/pubmed/1858825
http://www.ncbi.nlm.nih.gov/pubmed/15590715
http://www.ncbi.nlm.nih.gov/pubmed/21412875
http://www.ncbi.nlm.nih.gov/pubmed/21897139
http://dx.doi.org/10.1097/ICO.0b013e31818c901f
http://www.ncbi.nlm.nih.gov/pubmed/19411964
http://dx.doi.org/10.1016/j.ajo.2004.04.071
http://dx.doi.org/10.1016/j.ajo.2004.04.071
http://www.ncbi.nlm.nih.gov/pubmed/15488779
http://dx.doi.org/10.1080/02713680500306223
http://www.ncbi.nlm.nih.gov/pubmed/16251129
http://dx.doi.org/10.1016/j.ajo.2010.05.039
http://dx.doi.org/10.1016/j.ajo.2010.05.039
http://www.ncbi.nlm.nih.gov/pubmed/20813346
http://dx.doi.org/10.1080/02713680701860499
http://www.ncbi.nlm.nih.gov/pubmed/18293185
http://dx.doi.org/10.1111/j.1365-2249.2007.03299.x
http://www.ncbi.nlm.nih.gov/pubmed/17302905
http://www.ncbi.nlm.nih.gov/pubmed/10604943
http://dx.doi.org/10.1167/iovs.10-5658
http://dx.doi.org/10.1167/iovs.10-5658
http://www.ncbi.nlm.nih.gov/pubmed/21296809
http://www.ncbi.nlm.nih.gov/pubmed/23407315
http://www.ncbi.nlm.nih.gov/pubmed/10509657
http://www.ncbi.nlm.nih.gov/pubmed/17264483
http://www.ncbi.nlm.nih.gov/pubmed/1680112
http://dx.doi.org/10.1089/jop.2011.0171
http://www.ncbi.nlm.nih.gov/pubmed/22420841

	Short-Term Azithromycin Treatment Promotes Cornea Allograft Survival in the Rat
	Introduction
	Materials and Methods
	1: Animals and groups
	2: Corneal transplantation and anesthesia
	3: Clinical graft assessment
	4: Histological analyses of the corneal infiltrate
	5: Statistics

	Results
	1: Topical AZM improves corneal graft survival
	2: Comparison of topical AZM and topical corticosteroid treatment
	3: Topical AZM treatment reduces clinical signs of inflammation after keratoplasty
	4: Influence of topical AZM on leukocytic infiltration following corneal transplantation
	5: Short-term topical AZM is sufficient to promote corneal graft survival

	Discussion
	Acknowledgements
	Author Contributions
	References


