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Wepreviously showed that anti-inflammatoryMph (Mph2) can both in vitro and in vivo induce regulatory T cells
(Tregs) in a reactive oxygen species (ROS)-dependent fashion. As influx of Mph is an important characteristic of
chronic inflammatory responses, we investigated the impact of NOX2-mediated ROS production by recipient
cells in an experimental model of chronic allograft inflammation. We used a kidney transplantation (Tx)
model with Lewis (Lew) rats as donor and congenic DA.Ncf1DA/DA (low ROS) and DA.Ncf1E3/E3 (normal ROS)
rats as recipients. At day 7 the contralateral kidney was removed, and the animals were sacrificed four weeks
after Tx. Renal function and injury were monitored in serum and urine and the composition of the infiltrate
was analyzed by immunohistochemistry. Fourweeks after Tx, large leukocyte clusters were observed in the allo-
graft, in which signs of ROS production could be demonstrated. These clusters showed no difference regarding
composition of myeloid cells or the number of FoxP3 positive cells. However, T cell infiltrate was significantly
reduced in the DA.Ncf1E3/E3 recipients having normal ROS production. Therefore, this study suggests a regulatory
effect of ROS on T cell infiltration, but no effect on other inflammatory cells in the allograft.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Loss of renal function will ultimately result in the need for a renal
transplantation. Despite significant improvement, especially in the
early post-transplantation period, the occurrence of allograft rejection
remains a problem, which negatively affects the function and survival
of transplanted organs. Allograft rejection is characterized by the influx
of recipient immune and inflammatory cells in the transplanted organ
[1,2]. Although initial attention focused on T cell infiltrates, it has be-
come clear that also other cells, includingB cells,macrophages, and den-
dritic cells are part of this infiltrate. However, not all infiltrating cells
actively contribute to the rejection process, and there is accumulating
evidence that some of these cells have regulatory functions [3]. Macro-
phages appear in different subsets like the pro-inflammatory Mph
(Mph1) which maintain inflammation, and the anti-inflammatory

Mph (Mph2) that will clear up cell debris and repair the tissue [4].
Regulatory T cells (Tregs) can also be part of the infiltrate, and have
been considered a protective biomarker of graft outcome [5–7]. There-
fore, it is of great importance to characterize cellular infiltrates and the
local inflammatory conditions, since thesewill contribute to the compo-
sition of the infiltrate within the graft.

The inflammatory response at time of rejection is characterized by
the presence of reactive oxygen species (ROS), which are generated
amongst others by the Mph [8,9]. Next to oxidative stress, also a role
for reactive oxygen species (ROS) in immune regulation has been ob-
served [10,11]. Recently we showed that ROS produced by type 2 Mph
contribute to the generation of Tregs [12]. Mph from chronic granulo-
matous disease (CGD) patients, who have a deficient ROS production
due to mutations in the phagocytic NADPH oxidase (NOX2) complex,
were shown to be less efficient in the induction of Tregs. Considering
that CGD patients are characterized by chronic inflammation, these
findings point towards a role for ROS in dampening inflammation. In
line with this, rats and mice with a decreased ROS production have
increased T cell activation and more severe arthritis, which, in the
mouse, was shown to be dependent on the ROS producing capacity of
Mph [13,14].

Here we studied the impact of NOX2-mediated ROS production by
recipient cells on the inflammatory response in the transplanted kidney.
For this we used the model of Lewis-to-DA kidney transplantation,
resulting in a model of chronic inflammation. As recipients we used
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the congenic rat strains DA.Ncf1DA/DA and DA.Ncf1E3/E3genotype, which
only differ in their phagocytic NOX2-derived ROS-producing capacity.
In this way, we were able to investigate the role of ROS produced by
infiltrating inflammatory cells, in chronically inflamed kidneys. When
sacrificed at 4 weeks, we observed a decreased T cell infiltration
in grafts derived from recipients with a normal ROS production
(DA.Ncf1E3/E3), compared with the congenic DA.Ncf1DA/DA recipients.

2. Objective

To study the impact of NOX2-mediated ROS production by infiltrat-
ing cells on the inflammatory response in the transplanted kidney.

3. Materials and methods

3.1. Animals

Littermates (DA.Ncf1DA/DA and DA.Ncf1E3/E3) were obtained by inter-
crossing F1 animals from a DA (Harlan, Horst, The Netherlands) ×
DA.Ncf1E3/E3 cross (DA.Ncf1E3/E3 founders originating from Medical
Inflammation Research, Karolinska Institute, Stockholm, Sweden) [15].
Lewis rats were purchased fromHarlan (Horst, The Netherlands). The an-
imalswere housed in IVC cages andhad free access towater and standard
rat chow. Animal care and experimentation were performed in accor-
dancewith theDutch law and the local committee of animal experiments
of the Leiden University Medical Center.

3.2. Kidney transplantation model

Lewis rats were used as donors and DA.Ncf1E3/E3 (N = 5) and
DA.Ncf1DA/DA (N = 5) rats (190–350 g) were used as recipients. Kidney
transplantations were performed under isoflurane anesthesia and
0.02 mg/kg buprenorphine (Temgesic®, Schering-Plough). The left kid-
ney from the donor was perfused using cold ringer (Fresenius Kabi)
with 400 U/ml Heparin (LEO, Pharma BV) and kept on ice. The left
kidney from the recipient was removed and the donor kidney was
transplanted in the abdominal cavity from the recipient. The donor
renal artery and vein were anastomosed end-to-site to respectively
the recipient aorta and vena cava using running sutures. The donor
urether was anastomosed end-to-end to the urether of the recipient
using lose stitches. Postoperatively, 10 mg/kg of cyclosporine
(Sandimmune®, Novartis) was given daily s.c. and provided up till day
7. Seven days after Tx the contralateral kidneywas removed. Blood sam-
ples were collected at several time points after Tx by tail vein puncture.
The rats were twice a week placed in metabolic cages to collect urine
samples. The animals were sacrificed four weeks after Tx. Creatinine
and urea in serum samplesweremeasured using standard autoanalyzer
methods by our hospital diagnostic services. In addition, rocket
immuno-electrophoresis (protocol modified from [16]) was used to
quantify albumin levels in urine.

3.3. Immunohistochemistry

Snap frozen rat kidney sections (4 μm) were air dried and acetone
fixed. Sections were stained for OX-42 (anti-CD11b/c, kindly provided
by Dr. P. Kuppen, LUMC, Leiden), ED-1 (anti-CD68; kindly provided by
Dr. C.D. Dijkstra, VU, Amsterdam), ED-2 (anti-CD163), R73 (anti-TCR;
both kindly provided by Dr. E. de Heer, LUMC, Leiden), and CD45 (BD
Biosciences), followed by horseradish peroxidase (HRP)-conjugated
goat anti-mouse (Jackson). Goat anti-rat KIM-1 (TIM-1; R&D) staining
was assessed by HRP-conjugated rabbit anti-goat (DAKO) as secondary
antibody. In addition, the sections were incubated with Tyramide-
fluorescein isothiocyanate (FITC). FoxP3 (eBioscience) staining was
followed by secondary rabbit anti-fluorescein HRP antibody (Abcam).
All stainings were visualized by 3,3′-diaminobenzidine tetrahydrochlo-
ride hydrate (DAB, Sigma), followed by nuclear counterstaining with

Mayer's hematoxylin (Merck).Quantification of immunohistochemistry
was performed by assessing 10 consecutive fields on each section. Using
image J software, the positive area in each image (expressed in area
fraction) was quantified, except for the FoxP3 staining where analysis
was performed by counting the number of positive cells.

3.4. Immunofluorescence

Snap frozen rat kidney sections (10 μm) were air dried. Sections
were stained with 10 μM dihydroethidium (DHE; Invitrogen) for
30 min at 37 °C in the dark. After washing the sections were incubated
with 1.6 μM Hoechst (Invitrogen) for 1 min. Quantification was per-
formedby assessing 15 consecutive fields on each section. The positivity
of the staining was semi-quantified by assigning 1 (weak), 2 (positive),
or 3 (strong) to each field. The average of all fields was taken as mea-
surement of positivity per section.

3.5. Statistical analysis

All data were presented as mean ± standard error of the mean
(SEM) and subjected to statistical analysis with one- or two-way
ANOVA and the Mann–Whitney U-test using GraphPad Prism software.
A value of p b 0.05 was considered statistically significant.

4. Results

4.1. Dysfunctional and damaged kidney four weeks after Tx

In an experimental rat model we transplanted Lewis kidneys into either a DA.Ncf1DA/DA

(low ROS) or DA.Ncf1E3/E3 (normal ROS) recipient (Fig. 1A). To assess renal function, we
measured serum creatinine and urea levels and observed that both slightly increased at
day 6/7 after Tx, but showed a steep increase following removal of the remainingnativekid-
ney (Fig. 1 B, C). Until sacrifice at week 4, a descending trendwas observedwith creatinine,
but urea levels remained significantly elevated compared with the pretransplant situation.
For both parameters, there was no difference between DA.Ncf1DA/DA and DA.Ncf1E3/E3

recipients.
Albumin levels in urine were measured as a sign of injury and were significantly in-

creased four weeks after Tx, but no difference was observed between DA.Ncf1DA/DA and
DA.Ncf1E3/E3 recipients (Fig. 1D). It should be noted that the albuminuria in this model is
low compared to other strain combinations, where 8–10 mg/24 h have been measured
[17,18]. In addition, damage to the kidney four weeks after Tx was confirmed by strong
expression of the tubular the injury marker KIM-1, but again no difference was observed
between DA.Ncf1DA/DA and DA.Ncf1E3/E3 recipients (Fig. 1E, F).

4.2. Leukocyte clusters and ROS present in infiltrate

We next investigated the number of infiltrating cells by staining with the leukocyte
marker CD45. In the cortex of control kidneys, small numbers of CD45 positive cells
were observed located in the peritubular space, most likely representing residentmyeloid
cells. In contrast, four weeks after Tx the cortex was characterized by a strong increase of
CD45 positive cells, observed in large leukocyte clusters (Fig. 2A). Both in distribution and
quantity, no difference was observed between DA.Ncf1DA/DA and DA.Ncf1E3/E3 recipients.

To monitor the contribution of ROS in the graft inflammation, we stained the tissue
with the ROS marker dihydroethidium (DHE). DHE staining was observed, and most
prominently in the leukocyte clusters as indicated by the high cell density observed
with Hoechst staining, although there was no difference between the rats (Fig. 2B).

4.3. Similar composition of myeloid cell populations

AsMph have an important role in graft rejection [4] and are amajor cell type express-
ing NOX2, we investigated the presence ofmyeloid cells in the kidney tissue. A high num-
ber of OX42 (CD11b/c) positive cells were seen distributed throughout the entire cortex
(Fig. 3A). ED-1 (CD68) positive Mph were observed both in leukocyte clusters and the
peritubular area, whereas ED-2 (CD163) positive Mph, most likely representing Mph2,
were mostly located in the leukocyte clusters (Fig. 3B, C). However, the quantity of ED1
and ED2 positive cells was lower compared with the OX42 staining.

We also observed OX42 and ED1 positive cells in the glomeruli (indicated by arrows),
whichhas been shown before [19]. No difference inDA.Ncf1E3/E3 andDA.Ncf1DA/DA ratswas
shown regarding the number of myeloid cells, although a trend towards higher numbers
of ED2 positive Mph was observed in recipients with normal ROS-producing cells.

4.4. Decreased T cell infiltrate with ROS-producing cells

T cells are an essential cell involved in graft rejection [2]. Thereforewe stained the kid-
ney with R73, a pan T cell marker specifically detecting the TCR. T cells were mostly
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