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Introduction: Macrophages are a well-recognized cells of the cellular infiltrate within allograft rejection, but their role
has not yet been fully addressed. This study was aimed to examine the effect of macrophage depletion on skin allograft
rejection.

Materials and Methods: Macrophages were depleted in recipient mice by injection of clodronate liposomes before and
after skin transplantation till the day of rejection. Skin allograft rejection in C57BL/6 and CD8 knockout (KO) mice
across full or class IT major histocompatibility complex (MHC) antigens or multiple minor mismatches was compared.
Results: In fully MHC-mismatched grafts, clodronate liposomes treatment prolonged BALB/c skin graft survival to
12.0+0.3 days in C57BL/6 mice (p=0.0351) and t014.0+0.3 days in CD8 KO mice (p=0.0007) versus untreated
control. In multiple minor mismatched BALB/B skin grafts, clodronate liposomes treatment prolonged graft survival to
13.2+0.4 days in C57BL/6 mice (p=0.0055) and to 14.4+0.4 days in CD8 KO mice (p=0.0042). However, clodronate
liposomes treatment did not improve class II mismatched bm12 skin grafts survival time either in C57BL/6 or CD8
KO mice Macrophages in rejecting grafts were markedly reduced in clodronate liposomes-treated mice in comparison
with control.

Conclusion: Clodronate liposomes prolonged skin allograft survival. Hence, macrophages may play an important but
not essential role in skin allograft rejection.
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Girig: Makrofajlar, allogreftlerin reddedilmesinde gérevi oldugu iyi bilinen ve greft etrafindaki infiltratta bulunan
hiicrelerdir, ancak, buradaki gérevleri tam olarak anlagilamamigtir. Bu calismadaki amag, cilt grefti reddinde,
makrofajlari yok etmenin roliinii aragtirmakeir.

Gereg ve Yontemler: Calismada, alici farelerde makrofajlari yok etmek icin cilt grefti reddedilinceye kadar cilt naklinden
dnce ve sonra klodronat lipozomlart verildi. Sadece sinif IT doku uyumluluk kompleksi (DUK) olmayan veya bir den
fazla minér uyumsuzlugu olan C57BL/6 ve CD8 geni iptal edilmis farelerde deri allograft rejeksiyonu kargilagtirildi.
Bulgular: Tam DUK uyumsuzlugu olan C57/BL6 farelerdeki greftlerde klodronat lipozomlar deri grefti yasam
stiresini 12.0+0.3 giine, (P=0.0351), CD8 IE farelerde ise 14+0.3 giine (p=0.0007) ¢ikard:. Birden fazla minér doku
uyumsuzlugu bulunan BALB/B farelerde ise klodronat lipozomlari C57/BL6 farelerinde deri grefti yasam siiresini
13.220.4 giine, (P=0.0055), CD8 IE farelerde ise 14.4+0.4 giine (p=0.0042) arurdi. Bununla birlikte, klodronat
lipozomlari, ne C57/BL6 ne de CD8 geni IE farelerde I1.Stnif DUK uyumsuzlugu olan bm12 deri greftlerinin yagam
siiresini degistirmedi. Lipozom verilmis farelere nakledilmis ve doku reddine ugramus greftlerde makrofajlarin belirgin
olarak azalmis oldugu saptandi.

Sonug: Klodronat lipozomlari, deri greftlerinin yasam siirelerini artirir. Béylece, makrofajlarin deri greftlerinin
reddinde nemli olan ancak vazgecilmez olmayan bir rolleri oldugunu belirtmek miimkiindiir.

Anabhtar Sézciikler: Cilt, allogreft reddi, makrofaj azaltma

Introduction

Acute allograft rejection is triggered by an immune response against the graft.!" The tissue
grafted and the degree of antigenic mismatch between the donor and the recipient are
important determinants of the speed with which allografts are rejected.”* Two major
immunological mechanisms contribute to allograft rejection: the early nonspecific innate

response and the late donor-specific adaptive response mediated by recipient T cells.™
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Donor or recipient antigen presenting cells (APCs), mainly
dendritic cells present the alloantigens to recipient T cells
and activate them.!" These activated T cells migrate into the
graft where they activate granulocytes and macrophages that
have infiltrated the graft caused by inflammatory stimuli.™

Although allograft rejection is T cell-dependent, other
immune cells play a part in the rejection process.” It
has been shown that the lack of CD4* T cells allowed
permanent survival of fully MHC-mismatched heart
grafts.”! Furthermore, adoptive transfer of CD4* T cells
from CD8 knockout (KO) mice confirmed that CD4*
T cells alone were sufficient to induce rejection of MHC
class I- or class II-disparate skin grafts”® or heart allograft.
®"Moreover, both cytolytic and noncytolytic CD4* T cells
were capable of promoting rapid acute cardiac allograft
rejection.”! On the contrary, the absence of B cell did
not prolong skin and heart allografts.®®' Taken together,
it likely that effective allograft rejection could occur in
the absence of T cell cytotoxicity pathways and B cells,
suggesting that other effector pathways, such as delayed-
type hypersensitivity (DTH) responses of macrophages,
may be critical for allograft rejection.

Macrophages are a well-recognized component of
the cellular infiltrate in acute allograft rejections.!'®™"
Macrophage influx into the graft site starts from the
second day of transplantation till the day of rejection.
1'% Histopathologic studies of skin allograft rejection
have shown infiltration of macrophages (55-65%),
granulocytes (20-25%), and lymphocytes (15-20%).
1'% Macrophages can participate in the process of graft
rejection in different ways.!"! Macrophages are capable of
recruitment of lymphocytes into the graft site through the
production of IL-1, TNF-a!"?, and CC chemokines'"?, or
activation of T cell by antigen presentation and production
of costimulatory molecules.! Macrophages can also
work as effector cells in DTH immune response through
the production of a variety of intracellular mediators
such as TNF-a., nitric oxide (NO) and reactive oxygen
intermediates that might contribute to macrophages-
mediated apoptosis''* and local inflammatory reaction."!

Various methods for suppression of macrophage function
have been used."® Compounds such asssilica, carrageenan,
dextran sulfate, and gadolinium chloride can block
phagocytosis, but they can activate macrophage directly
and induce production of pro-inflammatory cytokine
(TNF-o and IL-1) and/or NO.["8! Moreover, silica can
affect T cells and natural killer cells.['®! A selective method
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to eliminate macrophages using clodronate liposomes has
been described by van Rooijen and Sanders.""”! Liposomes
are artificially prepared spheres consisting of concentric
phospholipid bilayers separated by aqueous compartment.
They are formed spontaneously when phospholipid
(phosphatidylcholine) is dispersed in water.""”! Clodronate
liposomes have shown an inhibitory effect on TNF-a
and NO production by macrophages, therefore, the
application of liposomes as a phagocytosis blocking agent
offers the advantage of minimizing the side effects on
cytokine production and secretion.!®!

When macrophages ingest the liposomes by phagocytosis,
the phospholipid bilayers of the liposomes are disrupted
under influence of lysosomal phospholipases and the
intracellular released clodronate induces apoptosis.'® Free
clodronate is not a toxic drug in itself and has an extremely
short half-life but does not cross the cell membrane.['92%
Clodronate liposomes treatment had no observable effects
on neutrophils®®" or lymphocytes®? or dendritic cells.*
Since macrophages are present in nearly every organ
of the body and have important immunoregulatory
functions, their elimination may affect the process of
graft rejection.” Short-term depletion of macrophage
by clodronate liposomes has delayed cellular infiltration
and rejection of fetal pig pancreas xenograft in non-obese
diabetic mice (NOD).!?¥ In addition, CD4* T cell-
activated macrophages were capable of rejecting an islet
cell xenograft without further signals from CD4* T cells
in NOD- SCID (severe combined immunodeficiency)
mice, but macrophages sensitized to pig islet grafts were
not able to reject mouse islet allografts.?*! Furthermore,
subconjunctival administration of clodronate liposomes
after orthotopic corneal allotransplantation prevented
graft rejection beyond 100 days in rats.!®

In the present study, clodronate liposomes were used to
investigate the effect of in vivo macrophage depletion on
skin allograft rejection in wild-type C57BL/6 and CD8
KO mice across full or class II major histocompatibility
complex (MHC) antigens or multiple minor mismatches.

Materials and Methods

This work was conducted in the facilities of the School of

Cellular and Molecular Medicine, University of Bristol,
UK.
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Mice

BALB/c (H-2¢), C57BL/6 (H-2") and B6. C-H-2bm12
(H-2") mice were bred at the University of Bristol SPF
animal facility and BALB/B (H-2") mice were purchased
from Harlan (UK). CD8 KO mice of C57BL/6
background were obtained from Jackson Laboratories (Bar
Harbor, Maine, USA) and bred in the same facilicy. Male
animals of 6—10 weeks of age were used. All experimental
mice were housed in conventional conditions and fed
water and standard animal chow ad libicum. All animal
experiments complied with UK Home office regulations
and the principles of laboratory animal care were followed
throughout.

Liposome preparation and in vivo depletion of
macrophages

Clodronate liposomes and control liposomes
containing PBS only were purchased from the
clodronate liposomes Organization (Vrije Universiteit,
The Netherlands). Liposomes were prepared at a
concentration of 1 mg/ml. Macrophages were depleted
by intraperitoneal injection of clodronate liposomes
at a dose of 100 ulL/10 g body weight (BW), one and
three days before skin transplantation then 50 ulL/10 g
BW weekly till the day of rejection. Additional dose 50
uL/10 g BW was injected subcutaneously one day before
skin transplantation then weekly after transplantation to
deplete macrophages in draining lymph nodes. Control

(untreated) mice received PBS-liposomes

Skin grafts

C57BL/6 mice (n=36) and CD8 KO mice (n=35)
received skin grafts from BALB/c (major and minor
histocompatibility antigen (HA) disparity; full mismatch),
BALB/B (multiple minor HA disparity; minor mismatch)
or bm12 (single MHC class II disparity; single mismatch).
The skin was grafted onto the lateral thoracic wall
according to the technique of Billingham and Medawar?”!
and secured in place by paraffin gauze and plaster of Paris
cast. Casts were removed at day 7 and grafts scored daily.
The day of rejection was taken as the first day when >90%
necrosis was seen.

Immunohistochemistry (IHC)

The spleens and skin were collected, surrounded by
optimal cutting temperature (OCT) compound and
immediately frozen in liquid nitrogen and stored at -70°C.
Cryosections (5 um thickness) were cut at -20°C and fixed
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in dehydrated acetone for 10 minutes then washed in PBS
for 5 minutes. Subsequent incubations of the sections
were done with 5-minutes washing in PBS twice between
each step. All endogenous biotin, biotin receptors, and
avidin binding sites present in tissues were blocked with
DAKO biotin blocking systems (DAKO Cambridgeshire,
UK). Endogenous peroxidase enzyme activities were
blocked with 0.3% H,O, for 15 minutes and non-
specific antibody binding was blocked with 5% rabbit
serum (DAKO Cambridgeshire, UK) for 10 minuctes.
Macrophages stained with antibodies against F4/80
antigen (rat IgG2b; Serotec, Kidlington, UK). Biotinylated
rabbit anti-rat IgG antibody (Vector Laboratories, Inc.,
Burlingame, CA) was utilized as a secondary antibody. Rat
IgG2b (Serotec, Kidlington, UK) was used as a control
antibody. After the application of horseradish peroxidase
(HRP)-conjugated streptavidin (DAKO Cambridgeshire,
UK) for 30 minutes, peroxidase reaction was developed
by 3.3'diaminobenzidine (DAB) substrate chromogen
(DAKO Cambridgeshire, UK) for 10 minutes to form a
visible insoluble dark brown precipitate. The nuclei were
light counter-stained with hematoxylin and the slides were
mounted in glycerin gelatin. Semi-quantitative analysis of
F4/80 IHC stains was performed using Image] software
(National Institute of Health, USA).

Data analysis

Kaplan-Meier plots for graft survival were generated and
analyzed using GraphPad Prism 7 software (GraphPad
Software Inc, San Diego). Graft survival is given as
mean + SEM. The log-rank test was used to compare the
survival distributions between two groups and calculate
the p-value. Differences were considered to be statistically
significant at p<0.05.

Results

Specific macrophage depletion in clodronate liposomes
treated mice

F4/80* macrophages in the normal spleen were present
mainly in the red pulp (Figure 1b). One day after clodronate
liposomes treatment, F4/80* splenic macrophages were
markedly depleted (Figure 1c) and only very few were left 2
days after clodronate liposomes treatment (Figure 1d). By
day 7, F4/80* splenic macrophages were still considerably
depleted (Figure le), but marked recovery was observed
by day 10 (Figure 1f). The recovery of macrophages on
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Figure 1. a-g. F4/80 expressions in the spleen after treatment with
clodronate liposomes or PBS-liposomes (control). Isotype matched
control staining is shown in (a). Spleens were assessed in normal mice
before treatment (b), and at day 1 (c), day 2 (d), day 7 (e) and day 10 (f)
after clodronate liposomes treatment. Semi-quantitative analysis of
IHC was performed using imageJ software (g) (magnification x100).

days 1, 2, 7, and 10 after clodronate liposomes treatment
was semi-quantified in Figure 1g.

Macrophage infiltration in skin allografts

F4/80 expressions in minor mismatched skin grafts after
treatment with clodronate liposomes or PBS-liposomes
control were compared (Figure 2). Seven days after
transplantation, control mice showed marked infiltration
by macrophage which were distributed throughout the
dermis and epidermis (Figure 2a) whereas, in mice treated
with clodronate liposomes, macrophage infiltration was
markedly reduced and mainly seen in the dermis (Figure
2b). On day13 (rejection day), the skin grafts were heavily
infilerated by macrophages, which were distributed
throughout all skin layers and among necrotic tissue
(Figure 2c). However, in clodronate liposomes treated
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Figure 2. a-e. Comparison of F4/80 expressions in skin grafts after
treatment with clodronate liposomes or PBS-liposomes control.
BALB/B skin was grafted onto either clodronate liposomes treated- or
PBS-liposomes control C57BL/6 mice (multiple minor mismatched).
The skin grafts were assessed on day 7 (a, b) and on day 13 which
is the rejection day (c, d). In control mice, macrophages infiltration
was intense and distributed throughout the dermis and epidermis
whereas in clodronate liposome-treated mice the infiltration is
markedly reduced. Semi-quantitative analysis of IHC was performed
using imagelJ software (e) (magnification x200).

mice, macrophage infiltration was markedly reduced and
observed throughout the dermis and epidermis (Figure
2d). F4/80 expressions in skin grafts after treatment with
clodronate liposomes were semi-quantified compared
with control (Figure 2e).

Effect of macrophage depletion on the survival of fully
MHC-mismatched skin graft

The survival of fully MHC-mismatched skin allografts is
shown in Figure 3. C57BL/6 mice rejected the BALB/c
grafts after 10.8+0.3 days, but clodronate liposomes
treatment prolonged graft survival to 12+0.3 days
(p=0.0351). In CD8 KO mice, fully MHC-mismatched
skin allografts survived for 11.6+0.2; but, clodronate
liposomes treatment prolonged graft survival to 14+0.3
(p=0.0007).
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Figure 3. Effect of macrophage depletion on survival of fully MHC-
mismatched skin graft. BALB/c skin was grafted onto C57BL/6 and
CD8 KO mice which were treated with clodronate liposomes or PBS-
liposomes. Graft survival was monitored daily. The day of rejection
was taken as the first day when >90% necrosis was seen (MGS, mean
graft survival; SEM, standard error of mean; p=0.0351 compared with
PBS-liposomes-treated control C57BL/6 mice; p=0.007 compared
with PBS-liposomes-treated control CD8 KO mice).

Effect of macrophage depletion on the survival of
minor HA mismatched skin graft

The graft survival of minor mismatched skin grafts is
shown in Fig. 4. C57BL/6 mice rejected the BLAB/B grafts
after 11.2+0.3 days, but clodronate liposomes treatment
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Figure 4. Effect of macrophage depletion on survival of multiple
minor HA mismatched skin graft. BALB/B skin was grafted onto
C57BL/6 and CD8 KO mice which were treated with clodronate
liposomes or PBS-liposomes (control). Graft survival was monitored
daily. The day of rejection was taken as the first day when >90%
necrosis was seen (MGS, mean graft survival; SEM, standard error
of mean; p=0.0055 compared with PBS-liposomes-treated control
C57BL/6 mice; p=0.0042 compared with PBS-liposomes-treated
control CD8 KO mice).

Figure 5. Effect of macrophage depletion on survival of single MHC
class Il antigen mismatched skin graft. bm12 skin was grafted onto
C57BL/6 and CD8 KO mice which were treated with clodronate
liposomes or PBS-liposomes. Graft survival was monitored daily.
The day of rejection was taken as the first day when >90% necrosis
was seen. No significant difference between clodronate liposomes
treated mice and control was found (p>0.05) (MGS, mean graft
survival; SEM, standard error of mean; p=0.7641 compared with PBS-
liposomes-treated control C57BL/6 mice; p=0.1587 compared with
PBS-liposomes-treated control CD8 KO mice).

prolonged graft survival to 13.2+0.4 days (p=0.0055). In
CD8 KO mice, minor mismatched skin allografts survived
for 11.2+0.6 days; but, clodronate liposomes treatment
prolonged graft survival to14.4+0.4 days (p=0.0042).

Effect of macrophage depletion on the survival of single
MHC class II antigen mismatched bm12 skin graft

As can be seen in Fig. 5, clodronate liposomes treatment
did not improve class II mismatched (bml2 onto
C57BL/6) skin allografts survival time either in C57BL/6
mice (19.322.9 days) or in CD8 KO mice (20.9+3.2
days) compared with control (18.4+0.6 and 18.5+0.6 days
respectively).

Discussion

It is difficult to study the role of macrophages in the graft
rejection process iz vivo due to a lack of methods that
specifically deplete or inactivate them. However, a van
Rooijen developed a method for selective suppression of
macrophage function based on the liposomes mediated
intracellular delivery of dichloromethylene diphosphonate
(CI2MDP or clodronate).'?® It is believed that clodronate
liposomes injected intraperitoneally may affect higher
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numbers of macrophages than if administered by other
routes. Peritoneal macrophages are primarily affected by
intraperitoneal injection. However, lymph drains from
the peritoneal cavity that offers a large absorbing surface
from which the liposomes enter the circulation rapidly
through the lymph nodes in the abdominal cavity and, as

a consequence, liver and splenic macrophages will also be
affected.®

In this study, clodronate liposomes intraperitoneal
injection of C57BL/6 mice resulted in depletion of splenic
macrophages after 2 days with partial recovery after 7 days
and considerable recovery after 10 days. This is consistent
with previous studies in murine models.?*?*! To achieve
long-term macrophage depletion, clodronate liposomes
were injected every week till the day of rejection.

In the current experiments, clodronate liposomes were
injected intraperitoneally on day 0 and day 2, and skin
grafts were performed on day 3. By this time, clodronate
liposomes depleted tissue macrophages especially in the
peritoneum, spleen, and liver and thereby reduced the
total number and recruitment to the site of the graft. In the
present work, clodronate liposomes reduced macrophage
infiltration of skin grafts. However, during graft rejection,
macrophage infiltration increased concordant with
splenic macrophage recovery and it was observed in the
dermis and epidermis, but it was still markedly reduced
in comparison with the controls. These results may be
explained by the effect on the circulating monocytes as
the numbers of peripheral blood monocytes were sharply
decreased 2 days after clodronate treatment.?*3% In
addition, peripheral blood monocytes may be delivered to
the liver and spleen of clodronate liposomes treated mice
to compensate for the depleted macrophages. Another
possibility is that clodronate liposomes may enter the
graft site from the local damaged endothelium and locally

depleted macrophages after they have infiltrated.

Macrophages are present in all types of allografts and
their numbers increased steadily as rejection progress.®"
Macrophages are associated with the skin"® and heart!""
allograft rejection, but it is not known if this association
has a significant effect on the grafted tissue and the
mechanisms involved in graft rejection.

In the present study, the survival of MHC full and
minor mismatched skin grafts was improved in C57BL/6
and CD8 KO mice treated with clodronate liposomes
compared with control mice and correlated with reduced
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graft macrophage infiltration suggesting that macrophages
may play a role in skin allograft rejection. However,
macrophage depletion treatment prolonged graft survival
by only 2-3 days, suggesting that macrophages are not
major effector cells in skin allograft rejection.

During the course of graft rejection, the contribution of
macrophages early as a non-specific mechanism or late as
effector cells in DTH response is still unclear. Survival of
liver transplants was improved significantly by treatment
of donor rats with gadolinium chloride 24 hours before
storage in the liver to inactivate the Kupffer cells’®?, this
suggests the participation of macrophage early in the graft
rejection process. On the other hand, Yamamoto et al.l"”
claimed that the major effector cells mediating allografted
skin rejection are allograft-induced macrophages and
not T cells. Previous studies suggested that allospecific
DTH response alone is sufficient to mediate graft
rejection. CD4* T helper cell 1 (Thl) cells can recruit
and activate macrophages within the allograft, leading to
DTH alloreaction®® through the production of IFN-y.
B34 The depletion of macrophages results in a decrease in
expression of macrophage-derived cytokines, 1L-12, IL-1,
and TNF-o and a decrease in the Th1l immune response.
351 Therefore, the decrease in the Thl immune response
along with the downregulation of macrophage-derived
soluble mediators may play a role in the prolongation of
skin graft survival in clodronate liposomes treated mice.

In CD8 KO mice, cytotoxic T lymphocyte (CTL)
pathway promoting skin allograft rejection, could not be
excluded in the present study. A subset of CD4* T cells
has been reported to have a cytotoxic function.?® CD4*
CTL preferentially lyse their target via the interaction
between Fas and Fas ligand on the allogenic targets.?”!
In the skin, keratinocytes are known to express Fas in
the basal state and may become sensitive to Fas ligand-
mediated apoptosis induced by alloreactive CD4*
cytotoxic T cells.’®®!

It is important to stress that in bm12 to C57BL/6 strain
combination, MHC class II mismatch (3 amino acids
within the Ia MHC class II antigen) is recognized only
by CD4* T cells. Macrophage depletion did not improve
class IT mismatched skin allografts survival time either in
C57BL/6 or in CD8 KO mice and there was no significant
difference between graft survival time in wild-type and
CD8 KO mice. CD4* T cells may display direct cytotoxicity
toward cells expressing MHC class II alloantigens.®*
However, recent studies raise the possibility of the CD4-
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dependent pathway of skin allograft rejection is mediated
by IL-5-activated eosinophils.***"! Eosinophils can be
activated by Th2 cytokines (IL-4 and IL-5) and produce
several toxic molecules such as the neurotoxin, eosinophil
cationic protein, eosinophil peroxidase, and major basic
protein, that may damage the allograft.?!

This study has some limitations. Although clodronate
liposomes treatment markedly reduced macrophage
infiltrate in skin allograft, it did not deplete macrophage
completely. Hence it is difficult to assess the role of
macrophages in allograft rejection accurately. Even if
clodronate liposomes depleted macrophages completely,
the rate of repopulation must be considered.

In conclusion, clodronate liposomes markedly reduced
graft infilcration by macrophage and prolonged the
survival of skin allografts. These data demonstrated that
macrophages may play an important but not essential role
in skin allograft rejection.
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