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Background: During acute rejection of organ or tissue allografts T cells and macrophages are dominant
infiltrating cells. CD4-positive T cells are important for the induction of allograft rejection and macrophages
are important effector cells mediating cytotoxicity via production of nitric oxide (NO) by the inducible NO-
synthase (iNOS). In the present study we analysed whether the destruction of primarily nonvascularised
parathyroid allografts is also mediated by iNOS-positive macrophages.
Methods: Hypocalcaemic Lewis rats received parathyroid isografts (from Lewis donors) and allografts (from
Wistar Furth donors), respectively, under the kidney capsule. Levels of serum calcium above 2mmol/L correlated
with normal parathyroid function and below 2 mmol/L with parathyroid rejection. Accelerated parathyroid
allograft rejection was induced by immunisation of Lewis recipients with the allogeneic peptide P1.
Results: Determination of serum calcium levels is a useful parameter to control parathyroid graft function, and
therefore to determine allograft rejection. Macrophages positive for both major histocompatibility complex
(MHC) class II molecules and costimulatory molecules accumulated in iso- and allografts, but iNOS-positive
macrophages were only detectable in allografts in the presence of activated CD4-positive T cells. These results
confirm a cooperation between activated T cells and intragraft macrophages to induce macrophage iNOS
expression. Recipients immunisedwith the allogeneic peptide P1demonstrated accelerated rejectionof allografts
(mean±SD: 9.2±0.9 days) in contrast to nonimmunised animals (mean±SD: 15.8±1.8 days). Allografts of P1-
immunised animalswere infiltrated faster byactivatedCD4-positve Tcells and, in addition, the infiltrates of iNOS-
positive macrophages were stronger than those in allografts of nonimmunised animals.
Conclusions: Intragraft iNOS-positivemacrophages seem to be able to produce cytotoxic NO involved in the killing
of allogeneic cells during the alloimmune response against primarily nonvascularised parathyroid organ grafts.
Infiltrates of iNOS-negative macrophages found in parathyroid isografts were caused by antigen-independent
inflammation triggered by surgically induced injury. The absence of activated T cells in isografts and their
presence in allografts underlines their importance in inducing macrophage iNOS expression.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Macrophages play a critical role as both regulator and effector cells in
infection, tumourgrowth, andwoundhealingdependenton theactivation

stimuli [1]. In the field of transplantation, macrophage accumulation has
long been recognised as a feature of allograft rejection [2–4].

Nitric oxide (NO) is a small molecule derived from the amino acid
L-arginine catalysed either by constitutively expressed NO-synthases
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(NOS) or by inducible NOS (iNOS or NOS2). The local NO concentra-
tion influences its effects: NO generated primarily by iNOS reached
toxic micromolar amounts, whereas NO produced by constitutively
expressed NOS (eNOS and nNOS) is within nanomolar range [5].
Large amounts of NO react with the highly reactive superoxide anion
(O2

- ) to form peroxynitrite (ONOO-), which is highly toxic compared
to NO and O2

- [6]. The expression of iNOS is transcriptionally
upregulated by bacterial lipopolysaccharide and proinflammatory
cytokines, such as interferons (IFN) and tumor necrosis factor (TNF),
and can generate high NO levels locally [7].

Hibbs et al. identified NO as an effector molecule of activated iNOS-
positivemacrophages [8] and elevated levels of NOwere observed during
the rejection of organ or tissue allografts [9–13]. In contrast, the inhibition
of NO production promotes graft acceptance [14,15]. The results of these
studies suggest that intragraft iNOS-positivemacrophages are responsible
for the production of NO. In the present studywe show that both isografts
and allografts were infiltrated by macrophages but only allograft-
infiltrating macrophages were iNOS-positive. In addition, we present
evidence that iNOS-positive intragraft macrophages are involved in the
destruction of primarily nonvascularised parathyroid allografts.

2. Methods

2.1. Animals and transplantation groups

Male animals of the inbred strainWistar Furth (WF;haplotype: RT1u)
weighing 250–300 g served as donors of parathyroid glands and male
animals of the inbred strain Lewis (LEW; haplotype: RT1l) as recipients
(Harlan Europe, The Netherlands). The study was reviewed and
approved by the Animal Care Committee of the local government in
accordance with the European and national guidelines for animal care
(German Law for the Protection of Animals). Two transplantation groups
were formed: isograft (LEW → LEW) and allograft (WF → LEW).

2.2. Isolation of parathyroid graft-infiltrating leukocytes

Four to six parathyroid allografts removed 7 days after transplanta-
tion from kidney capsule of transplanted LEW rats (see below) were
washed two times with phosphate buffered saline (PBS; Gibco,
Invitrogen), incubated with collagenase type IV (Sigma-Aldrich) for
30min at 37 °C and subsequently meshed through a 70 µm cell strainer
(Falcon, BDBiosciences Europe). The single-cell suspensionwaswashed
two times with PBS and subsequently centrifuged on slides for
immunohistochemistry.

2.3. Isolation and stimulation of peritoneal macrophages

Peritoneal macrophages were collected from the peritoneal cavity.
Euthanised LEW rats were injected intraperitoneally 10 mL ice-cold
PBS [16]. The abdomen was massaged before PBS was collected. One
millionmacrophages per well were seeded in a 24-well plate and after
2 h of macrophages adherence, nonadherent contaminating cells (red
blood cells, lymphocytes) were washed out. The macrophages were
stimulated with rat IFN-γ (1 µg/ mL; Miltenyi Biotech GmbH,
Germany) overnight, and subsequently lysed with Trizol (Invitrogen
Life Technologies GmbH, Germany) for RNA extraction.

2.4. Induction of alloreactive T cells

Somerecipients of theallograft group (WF→ LEW)were immunised
with the allogeneicpeptideP1 (P1+allograft) 7days before parathyroid
transplantation. Amixture of 12.5 µl peptide (1mg/mL) emulsifiedwith
equal volume of Titer Max® adjuvant (Enzo Life Sciences GmbH,
Germany) was injected subcutaneously into each hind footpad. The
synthetic allogeneic peptide P1 is a strong activator of alloreactive (anti-
Wistar-Furth) LEW T cells and P1-immunised LEW rats reject
accelerated WF cardiac allografts [17].

2.5. Parathyroidectomy and heterotopic parathyroid transplantation

The animals were anaesthetised with isofluran (induction, 3%;
maintenance, 1.5%) (Abbott GmbH, Germany). The parathyroid glands
located at the tip of the upper thyroid pole close to the upper thyroid
pole vessels (Fig. 1A) were removed from LEW rats as described
previously [18,19]. Parathyoidectomised LEW rats with stable hypo-
calcemia (below 1.9 mmol/L) for at least two weeks received 2

Fig.1. The heterotopic parathyroid transplantation. Shown is the position of parathyroid
glands in situ (A), their size (B), and the technique of heterotopic transplantation under
the kidney capsule. The parathyroid glands were sitedwith a small catheter. For this, the
left kidney was exposed by a lateral flank incision (C). Magnification in A and C, ×16.

Table 1
Primers and annealing conditions.

Primer Sequence
(5′ → 3′)

Size of PCR
product (bp)

Annealing
temperature (°C)

GAPDHa Forward GGT CGG TGT GAA CGG ATT TG 319 62
Reverse GTG AGC CCC AGC CTT CTC CAT

iNOSb Forward GAT CAA TAA CCT GAA GCC CG 578 60
Reverse GCC CTT TTT TGC TCC ATA AGG

CD40c Forward CGC TAT GGG GCT GCT TGT TGA
CAG

401 58

Reverse GAC GGTATC AGT GGT CTC AGT
GGC

CD80d Forward TGG TGA AAC ACC TGA CCA 517 50
Reverse GTT TCT CTG CTT GCC TCA

CD86d Forward TGG GAA ACA GAG CTC TCA 518 53
Reverse AGG TTG ATC GAC TCG TCA

PTHe Forward TAT GCG CTG GTG GAT GCG GA 539 52
Reverse AGG GAG GCGAGAGACATG GA

a Kruse JJ et al. Cytokine 1999, 11:179–185.
b Sterin-Borda L et al. Neuropharmacology 2003, 45:260–269.
c Matsui Y et al. J Mol Cell Cardiol 2002,34: 279–295.
d Giegerich R et al. Proc Int Conf Intell Syst Mol Biol 1996, 4:68–77.
e Tucci J et al. J Mol Endocrinol 1996, 17:149–157.
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