
Endogenous CD100 promotes glomerular injury and macrophage
recruitment in experimental crescentic glomerulonephritis

Introduction

Members of the semaphorin (Sema) family were origi-

nally identified as phylogenetically conserved proteins in

the central nervous system. However, accumulating evi-

dence indicates that several semaphorins, known as

‘immune semaphorins’, are important in immune

responses, both in the induction of T-cell and B-cell

responses and in the effector phase of tissue injury.1

There are eight classes of semaphorins involved in the

immune system and in other biological processes, includ-

ing axonal guidance, angiogenesis, cardiac development

and osteogenesis.2

CD100, also known as Sema4D, was the first semapho-

rin characterized in the immune system.3,4 Increasing

evidence demonstrates an important role of CD100 in

both humoral and cellular immunity.1,5,6 CD100 regulates

immune responses via interactions with CD72, the pre-

dominant receptor for CD100 in lymphoid tissues.

CD100 provides a positive costimulatory signal in an

unusual manner by switching off tonic negative signalling

by CD72, resulting in enhancement of B-cell and den-

dritic cell (DC) responses.1,7 T-cell-dependent B-cell

responses are decreased in CD100)/) mice, and T-cell

responses are also impaired. Splenic DCs isolated from

CD100)/) mice are unable to efficiently initiate T-cell

proliferation and cytokine production.8,9 Similar events

occur in both humans and mice.10 In addition to its pres-

ence as a membrane-bound protein, CD100 can also be

detected in a soluble form, which correlates with auto-
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Summary

CD100 participates in adaptive immune responses and is important in neu-

ral cell migration. To determine the role of endogenous CD100 in severe

glomerular inflammation, we induced experimental crescentic

glomerulonephritis by planting a foreign antigen in glomeruli of sensitized

normal and CD100-deficient (CD100)/)) mice. Fewer CD100)/) glomeruli

exhibited crescent formation or severe histological changes. Antigen-

specific immune responses were reduced in CD100)/) mice. There was less

interferon (IFN)-c and interleukin (IL)-4 production by splenocytes and

fewer activated T and B cells were present in lymph nodes of immunized

CD100)/) mice. Serum antigen-specific immunoglobulin (IgG) levels were

also decreased. Glomerular macrophage and CD4+ cell infiltration, and IgG

and C3 deposition were attenuated. Normal kidneys expressed mRNA for

CD100 and plexin-B1 (the tissue receptor of CD100). Direct immunofluo-

rescence showed that renal-CD100 protein was predominantly in tubules,

while plexin-B1 was present in both glomeruli and tubules. To determine

whether glomerular plexin-B1 mediates leucocyte recruitment via leucocyte

CD100, recruitment was studied after passive transfer of heterologous

antibody (attracting neutrophils) or isologous antibody (attracting macro-

phages). Glomerular macrophages were reduced in CD100)/) mice, but

neutrophil recruitment was equivalent, consistent with CD100 expression

on macrophages, but not neutrophils. CD100 promotes severe nephrito-

genic immune responses and leucocyte CD100–glomerular plexin-B1 inter-

actions enhance macrophage recruitment to glomeruli.

Keywords: antibodies; CD100; cytokines; glomerulonephritis; plexin-B1;

transgenic/knockout mice
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antibody levels in lupus-prone mice.11 Mice transgenic for

soluble CD100 have enhanced T- and B-cell responses.12

In non-lymphoid tissues, CD100 utilizes plexin-B1 as a

receptor,7,13 plexin-B1 being highly expressed by epithelial

cells in the kidney.13,14 While many studies examining

‘immune’ semaphorins have been focused on the adaptive

immune system, looking at interactions between CD100-

CD72, CD100–plexin-B1 interactions also influence cell

migration (reviewed in Reference 2).

Crescentic glomerulonephritis (GN) is the most severe

and rapidly progressive subset of GN. While CD100 has

been shown to have a pathogenic role in mild experimen-

tal GN induced by circulating immune complexes,9 the

role of CD100 in severe forms of immune renal injury,

such as crescentic GN, is not known. In the current study,

we have defined the involvement of endogenous CD100

in tissue-specific inflammatory responses in murine cresc-

entic GN, where renal injury is induced by a planted for-

eign antigen [known as ‘autologous phase anti-glomerular

basement membrane (GBM) glomerulonephritis’].

Materials and methods

Mice, immunization and induction of GN

BALB/c (CD100+/+) mice were obtained from Monash

University Centre Animal Services (Clayton, Victoria,

Australia). CD100)/) mice (BALB/c, backcrossed for more

than eight generations onto a BALB/c background),5,8

obtained from Osaka University (Osaka, Japan) were bred

and maintained at Monash Medical Centre (Clayton, Vic-

toria, Australia) in specific pathogen-free conditions.

Figure 1 illustrates the four experimental protocols used

in these series of studies. In the first, accelerated auto-

logous phase ‘anti-GBM’ GN was induced in 8- to

10-week-old male CD100+/+ (n = 9) and CD100)/) mice

(n = 12). Mice were immunized by subcutaneous injec-

tion of 500 lg of normal sheep globulin in complete Fre-

und’s adjuvant (Sigma, Castle Hill, New South Wales,

Australia). After 10 days, 6 mg/mouse of sheep anti-

mouse GBM globulin was intravenously injected. Immune

responses and renal injury were assessed after a further

10 days, the standard time-point in this model. Two fur-

ther groups of mice, CD100+/+ (n = 4) and CD100)/)

mice (n = 4), were immunized and challenged in a simi-

lar way, except that they were injected with 6 mg of nor-

mal sheep globulin intravenously. As normal sheep

globulin has no specificity for the kidney, these groups

served as negative controls for renal endpoints. In the sec-

ond experiment, further studies of immune responses

used mice immunized with 1 mg of sheep globulin in

complete Freund’s adjuvant in each flank subcutaneously

(day 0), boosted after 10 days with 500 lg of sheep glob-

ulin in Freund’s incomplete adjuvant (Sigma), and sera

and draining lymph nodes were collected on day 14

(n = 6 per group). The third and fourth series of experi-

ments used passive transfer of antibodies. In experiment

3, 14 mg of sheep anti-mouse GBM antibodies was

injected intravenously into CD100+/+ mice and CD100)/)

mice (n = 8 per group), neutrophil infiltration being

assessed after 2 hr (maximal infiltration). In the fourth

experiment, a passive accelerated model (previously pub-

lished in rats15) to attract macrophages by intravenous

injection of 18 mg of sheep anti-mouse anti-GBM anti-

bodies, then after 16 hr intravenous injection of 7 mg of

polyclonal mouse-anti-sheep IgG (prepared by protein G

purification of pooled sera from previous experiments in

mice with accelerated autologous phase GN), was used.

Glomerular macrophage accumulation was assessed after

a further 2 days (n = 7 per group). Studies were approved

by the Monash University (Monash Medical Centre)

Animal Ethics Committee.

Statistical analyses

Results are expressed as mean ± standard error of the

mean (SEM) and differences between groups were deter-

mined by unpaired t-test (Graph Pad Prism, San Diego,

CA). For urinary nitrite, where data could not be

assumed to be normally distributed, the Mann–Whitney

test for non-parametric data was used. A P-value of

< 0�05 was used for statistical significance.

Assessment of glomerular injury, leucocyte infiltration
and humoral mediators

Histological injury was assessed on periodic acid-Schiff’s

reagent (PAS)-stained, coded slides by determining cres-

cent formation (� 2 layers of cells in Bowman’s space;

� 50 glomeruli assessed) and the proportion of severely

abnormal glomeruli (in all glomeruli within the section),

Figure 1. Outline of the experimental design for the four series of

in vivo experiments performed. For full details, please see the

Materials and methods section. NSG, normal sheep globulin; FCA,

Freund’s complete adjuvant; FIA, Freund’s incomplete adjuvant.
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as previously described.16 Criteria for defining a severely

affected glomerulus were crescent formation, accumula-

tion of cells in Bowman’s space that did not satisfy the

criteria for crescent formation, > 50% of glomerular tuft

affected by necrosis or severe proliferative changes. The

deposition of PAS-positive material was scored 0 to 3+

based on the degree of deposition per glomerulus (1,

> 25%; 2, 25–50%; 3, > 50% of the glomerular tuft

involved). Mice were housed individually in cages for col-

lection of urine over the final 24 hr of experiments and

urinary protein excretion was determined using a modi-

fied Bradford assay. Macrophages, neutrophils and CD4+

cells in glomeruli were demonstrated by immunoperoxi-

dase staining [� 40 glomeruli per mouse, expressed as

cells per glomerular cross-section (c/gcs)] as described

previously,17 the primary antibodies being FA/11

(anti-CD68, macrophages), GK1�5 (CD4+ cells; ATCC,

Manassas, VA) and RB6-8C5 (Gr-1, neutrophils; Schering

Plough, Palo Alto, CA). Isotype control antibodies and

splenic sections served as negative and positive controls.

Immunofluorescence for glomerular deposition of mouse

immunoglobulin and C3 was evaluated by means of 0 to

3+ scale scoring based on intensity (� 20 glomeruli per

mouse, with a normal mouse as a baseline of ‘0’), using

fluorescein isothiocyanate (FITC)-sheep-anti-mouse

immunoglobulin (1 : 100; Silenus, Victoria, Australia) or

FITC-goat anti-mouse C3 (1 : 100; Cappel, Durham,

NC).18 Urinary nitrite [as a marker of nitric oxide (NO)]

concentrations were determined by Griess assay.19

Assessment of immune responses

Systemic antigen-specific antibody responses were assessed

by measuring levels of IgG, IgG1 and IgG2a by enzyme-

linked immunosorbent assay (ELISA) using serum

collected at the end of experiments,20 with horseradish

peroxidase (HRP)-conjugated sheep anti-mouse IgG

(1 : 2000; Amersham, Little Chalfont, UK), HRP-goat

anti-mouse IgG1 (1 : 4000; Southern Biotechnology Asso-

ciates, Birmingham, AL) and, for IgG2a, a biotinylated rat

anti-mouse IgG2a antibody (BD Pharmingen, San Diego,

CA), followed by streptavidin-HRP (Chemicon, Boronia,

Victoria, Australia). Antibody concentrations were

expressed in arbitrary units (AU) compared to a reference

pool of immunized mouse serum. For cytokine produc-

tion, single-cell suspensions from spleens and lymph nodes

(draining site of immunization) from mice with GN were

removed, erythrocytes were lysed and cells were incubated

at 4 · 106 cells/ml (splenocytes) or 2 · 106 cells/ml

(lymph node cells) in 10% fetal calf serum (FCS) RPMI

complete culture media (72 hr) stimulated with sterile

protein G-purified normal sheep IgG (10 lg/ml). IFN-c
and IL-4 in culture supernatant were measured by ELISA,

using rat anti-mouse IFN-c (R46A2; BD Pharmingen);

biotinylated rat anti-mouse IFN-c (XMG1�2; BD Pharmin-

gen); rat anti-mouse IL-4 (11B11; ATCC), biotinylated rat

anti-mouse IL-4 (BVD6; Schering Plough), rat anti-mouse

IL-17A (eBio17CK15A5; eBioscience, San Diego, CA) and

biotinylated rat anti-mouse IL-17A (eBio17B7; eBio-

science).

Immune cell CD100 expression and T- and B-cell
activation

To elicit cells by peritoneal lavage (neutrophils, 4 hr;

macrophages, 72 hr), mice were injected with 0�5 ml of

sterile 3�85% thioglycollate intraperitoneally. For periph-

eral blood, heparinized blood was diluted in media and

overlaid onto Ficoll-Paque (1�077 Ficoll-PaqueTM Plus;

Amersham Pharmacia, Uppsala, Sweden). Cells were

centrifuged and then peripheral mononuclear cells were

collected and washed, and 106 cells/sample were used for

fluorescence-activated cell sorting (FACS) analyses. Propi-

dium iodide (1 lg/ml; Calbiochem, La Jolla, CA) was

added to exclude dead cells. Single-cell suspensions were

prepared from draining lymph nodes. The following

monoclonal antibodies were used (BD Pharmingen unless

otherwise noted): R-phycoerythrin (PE)-rat anti-mouse

CD4 (GK1�5), FITC-rat anti-mouse CD45R/B220

(RA3-6B2), allophycocyanin (APC)-rat anti-mouse CD44

(IM7), FITC-rat anti-mouse CD25 (7D4), PE-hamster

anti-mouse CD69 (H1�2F3), PE-rat anti-mouse Gr-1

(RB6-8C5) and APC-rat-anti-mouse CD11b (M1/70). Rat

anti-mouse CD100 (BMA12)7 was labelled with Alexa

Fluor-488 (Molecular Probes, Eugene, OR). Three-colour

flow cytometry was performed on FACScan� (Dako

Cytomation, Fort Collins, CO).

Real-time polymerase chain reaction (PCR) and
intrarenal CD100 and plexin B1

For reverse transcription (RT)-PCR, total kidney RNA

was extracted and reverse transcribed to produce cDNA

as previously described. Gene-specific primers for mouse

CD100, plexin B1, tumour necrosis factor (TNF), IL-1b
and b-actin are listed in Table 1. Real-time PCR was per-

formed on a Rotor Gene RG-3000 (Corbett Research,

Mortlake, New South Wales, Australia) using Power

SYBR Green PCR master mix (Applied Biosystems, Foster

City, CA). Quantification of products was performed

using serial dilutions of an exogenous standard, and lev-

els were normalized to b-actin and expressed as a per-

centage. PCR products were confirmed by melt curve

analysis. For CD100 and plexin B1 immunofluorescent

staining, 6-lm frozen kidney sections from non-diseased

mice and mice with anti-GBM GN were fixed with ace-

tone and blocked with biotin blocking system (Dako),

followed by 10% normal rabbit serum or 10% normal

swine serum in 5% bovine serum albumin (BSA)–phos-

phate-buffered saline (PBS). Slides were incubated with
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10 lg/ml BMA-12 (rat anti-mouse CD100 mAb) or

20 lg/ml rabbit anti-mouse plexin B1 antibody (overnight

at 4�; H-300; Santa Cruz Biotechnology, Santa Cruz, CA).

Biotinylated rabbit anti-rat immunoglobulin (1 : 100;

Dako) and biotinylated swine anti-rabbit immunoglobulin

(1 : 100; Dako) were used as secondary antibodies, and

then FITC-conjugated streptavidin (1 : 100; Dako) was

applied. As negative controls, sections from CD100)/)

mice were used for CD100, and for plexin-B1, non-

immune rabbit IgG was used.

Results

Endogenous CD100 promotes injury in experimental
anti-GBM GN

Using an accelerated autologous phase ‘anti-GBM’ GN

model that plants a foreign antigen in glomeruli of sensi-

tized mice, the role of CD100 in the development of

severe immune glomerular injury was determined. These

experiments correspond to experiment 1 in Fig. 1. Ten

days after challenge with sheep anti-mouse GBM globulin,

CD100+/+ mice demonstrated significant glomerular

abnormalities including crescent formation, glomerular

tuft necrosis, significant crescent formation and protein-

uria (Fig. 2a,b). Control mice (CD100+/+ or CD100)/))

immunized with sheep globulin, then injected with nor-

mal (non-immune) sheep globulin intravenously, did not

develop significant abnormalities. In the absence of

endogenous CD100, fewer glomeruli were severely

affected by either crescent formation or other severe

histological changes (Fig. 2a,b). Proteinuria was not

significantly reduced in CD100)/) mice. Leucocyte accu-

mulation in glomeruli was examined (Fig. 3a). In the

absence of endogenous CD100, there were significantly

fewer macrophages and CD4+ in glomeruli [results

expressed as cells per glomerular cross-section (c/gcs)],

but no significant decrease in glomerular neutrophils.

Humoral mediators of injury, glomerular antibody

(Fig. 3b) and glomerular C3 deposition (Fig. 3c) were

decreased in the absence of CD100. Markers of cellular

activation and injury, intrarenal IL-1b mRNA, TNF

mRNA and urinary nitrite (a marker of NO; normal val-

ues in this assay 6 lmol/24 hr), were assessed (Fig. 4). In

the absence of CD100, intrarenal IL-1b mRNA expression

and urinary nitrite were reduced, but intrarenal TNF

mRNA expression was unchanged.

Both cellular and humoral systemic immune
responses in CD100)/) mice were suppressed

To determine the influence of CD100 in pathogenic

immune responses in this model, we examined T helper

(Th) cell cytokine production and serum antigen-specific

IgG responses in both CD100)/) and CD100+/+ recipients.

IFN-c (Th1) and IL-4 (Th2) levels in culture supernatant

from CD100)/) cells were reduced (Fig. 5a) compared with

CD100+/+ mice. There was a trend towards reduced IL-17A

levels (Th17; P = 0�078). Serum sheep globulin-specific

IgG, IgG1 and IgG2a were decreased in CD100)/) mice

(Fig. 5b). In experiment 2, additional assays were per-

formed in mice that had been immunized and boosted with

sheep globulin but that did not have GN. There were fewer

B220+ cells (predominantly B cells) in the draining lymph

nodes of CD100)/) mice and fewer B220+ cells expressing

CD69, an activation marker (Fig. 6a). CD4+ T-cell num-

bers were not affected, nor were numbers of CD4+ CD69+

cells (Fig. 6b). However, there were fewer CD4+ cells

expressing CD25, another activation marker, and a trend

towards fewer CD4+ CD44+ T cells in the absence of

CD100. These studies also showed similar reductions in

serum antigen-specific IgG, IgG1, IgG2a and antigen-

stimulated cytokine levels (Table 2), which confirmed

observations in CD100)/) mice with GN.

Intrarenal expression of CD100 and its receptor
plexin-B1

By immunofluorescent staining of mice in experiment 1,

intrarenal CD100 was demonstrated on tubular cells, but

not in glomeruli of normal mice without GN (Fig. 7a). In

GN, the predominantly tubular pattern of staining was

not altered, although in mice with GN, occasional

CD100-positive cells, probably infiltrating leucocytes, were

present in glomeruli of CD100+/+ mice (data not shown).

CD100 mRNA was present in kidneys of normal mice

and mice with GN, at similar levels [mice with GN:

0�041 ± 0�003 AU; normal mice without GN:

Table 1. Primers used for real-time reverse transcription–polymerase chain reaction (RT-PCR) analyses

Forward Reverse Product (bp)

CD100 ACCACCTGAACTTGACATCCTT ACCATGACTGATGTGTAGCTGTG 100

Plexin-B1 CTTCTCCTTGGGTCATGTGCAGTAC TCTTATAGTCCCTCAGGGCCTGCT 164

TNF GCCTCTTCTCATTCCTGCTT CACTTGGTGGTTTGCTACGA 203

IL-1b GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC 183

b-actin AGGCTGTGCTGTCCCTGTAT AAGGAAGGCTGGAAAAGAGC 388

IL-1b, interleukin-1b; TNF, tumour necrosis factor.
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0�037 ± 0�003 AU]. The distribution of plexin-B1 (the tis-

sue receptor for CD100) in the kidney is somewhat differ-

ent. Plexin-B1 was observed on both tubular cells and

glomerular cells (Fig. 7b). Enhanced expression of plexin-

B1 was observed in some, but not all glomeruli of mice

with GN (Fig. 7b). RT-PCR analysis did not demonstrate

significant differences in intrarenal plexin-B1 mRNA

expression between CD100+/+ mice without GN

(0�025 ± 0�003 AU) and CD100+/+ mice with GN

(0�033 ± 0�003 AU; P > 0�05). In mice with GN, plexin-

B1 expression was similar in the presence and absence of

CD100 (CD100)/) mice: 0�031 ± 0�004 AU).

Intraglomerular plexin-B1/leucocyte CD100
interactions promote glomerular macrophage
recruitment

As plexin-B1 is expressed in glomeruli, and as leucocytes

express CD100, it was hypothesized that interactions

between intraglomerular plexin-B1 and leucocyte CD100

would facilitate glomerular leucocyte recruitment (as

shown in Fig 3a). This hypothesis cannot be tested in a

model of active immunity, as CD100 deficiency results in

an impaired systemic immune response that would con-

found results. To avoid the influence of active immunity,

leucocyte recruitment was assessed in passive transfer sys-

tems, as outlined in Fig. 1, experiments 3 and 4. Neutro-

phils are recruited in heterologous phase anti-GBM GN

in naı̈ve mice, induced by injection of sheep anti-mouse

GBM antibodies (maximally at 2 hr). We have previously

shown that transfer of normal sheep globulin into mice

does not induce neutrophil recruitment.21 Two hours

after injection of sheep anti-mouse GBM antibodies

(experiment 3), there was no difference in neutrophil

accumulation in glomeruli in the presence or absence of

endogenous CD100 (Fig. 8a). The passive transfer of isol-

ogous mouse anti-sheep globulin antibodies (to naı̈ve

mice that have been injected with sheep anti-mouse GBM

globulin) results in the recruitment of macrophages to

glomeruli, a function of the different characteristics of

the Fc regions of heterologous and isologous antibodies.22

After passive transfer of mouse anti-sheep globulin anti-

Figure 3. Immune mediators in glomeruli of mice with glomerulo-

nephritis. (a) There were fewer macrophages and CD4+ cells in

glomeruli of CD100)/) mice and (b, c) reduced glomerular deposi-

tion of both (b) immunoglobulin G (IgG) and (c) C3 in CD100)/)

mice. CD100+/+ and CD100)/) mice immunized with and injected

with normal sheep globulin did not develop significant glomerular

leucocyte infiltrates (hatched bars). **P < 0�005; ***P < 0�0005,

unpaired t-test. c/gcs, cells per glomerular cross-section.

Figure 2. Attenuated glomerular injury in CD100)/) mice with glo-

merulonephritis (experiment 1). (a) Compared with CD100+/+ mice

with glomerulonephritis, CD100)/) mice exhibited lower levels of

crescent formation, a lower proportion of severely affected glomeruli

and less accumulation of periodic acid-Schiff’s reagent (PAS)-posi-

tive material. There was no significant reduction of proteinuria in

CD100)/) mice. CD100+/+ and CD100)/) mice immunized with and

injected with normal (non-immune) sheep globulin did not develop

histological abnormalities or proteinuria (hatched bars). (b) Repre-

sentative glomeruli from affected mice. Severe glomerular injury with

significant glomerular crescent formation was observed in CD100+/+

mice with glomerulonephritis and was less significant in the absence

of CD100. **P < 0�005; ***P < 0�001, unpaired t-test.
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bodies (experiment 4), macrophage accumulation in

glomeruli of CD100)/) mice was reduced (Fig. 8b). To

elucidate why macrophage, but not neutrophil recruit-

ment to glomeruli was impaired in CD100)/) mice,

CD100 expression was assessed on neutrophils and mono-

cytes/macrophages from both peripheral blood and peri-

toneal exudate (4 hr after thioglycollate for neutrophils;

72 hr for macrophages). Neutrophils do not express

CD100. However, blood monocytes and peritoneal

macrophages do express CD100 (Fig. 8c).

Discussion

This study investigated the role of CD100 in immune

responses leading to renal injury in foreign antigen-

Figure 4. Molecular mediators of injury in mice with glomerulone-

phritis. CD100-deficient mice had lower urinary nitrite excretion and

lower intrarenal interleukin (IL)-1b mRNA expression, but intrarenal

tumour necrosis factor (TNF) mRNA expression was unchanged.

The hatched bars represent values for CD100+/+ and CD100)/) mice

immunized with and injected with normal sheep globulin. *P < 0�05,

unpaired t-test for IL-1b and TNF; Mann–Whitney test for urinary

nitrite.

Figure 5. Reduced systemic antigen-stimulated cytokine production

and serum antigen-specific antibody production in CD100)/) mice.

(a) Both interferon (IFN)-c and interleukin (IL)-4 produced in the

culture supernatant of CD100)/) cells were decreased compared with

CD100+/+ mice. There was a trend towards reduced IL-17A levels

(P = 0�078). (b) Serum antigen-specific immunoglobulin G (IgG),

IgG1 and IgG2a levels in CD100-deficient mice were lower than

those in CD100-intact mice. *P = 0�03; **P < 0�005; ***P < 0�001,

unpaired t-test.

Figure 6. Cell numbers and cellular activation markers expressed on

draining lymph node cells in mice immunized with sheep globulin

(experiment 2). (a) Compared with CD100+/+ mice, CD100)/) mice

had fewer B220+ cells and B220+ CD69+ cells. (b) Although the

numbers of CD4+ and CD69+ CD4+ cells were similar in wild-type

and CD100)/) splenocytes, CD4+ CD25+ cells were reduced in

CD100)/) mice and a reduction in CD4+ CD44+ cells approached

statistical significance (P = 0�051). **P < 0�01; ***P < 0�0001,

unpaired t-test.

Table 2. Splenocyte-derived cytokines and serum immunoglobulin G

(IgG) production in sheep globulin-immunized mice

CD100+/+ mice CD100)/) mice

Splenocyte IFN-c (pg/ml) 42 ± 8 9 ± 31

Splenocyte IL-4 (pg/ml) 264 ± 29 17 ± 82

Serum IgG (units/ml) 1199 ± 65 139 ± 762

Serum IgG1 (units/ml) 1206 ± 134 126 ± 702

Serum IgG2a (units/ml) 2981 ± 692 174 ± 671

IFN-c, interferon-c; IL-4, interleukin-4.
1P < 0�005; 2P < 0�0001, unpaired t-test.
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induced severe GN (also known as ‘accelerated autologous

phase anti-GBM GN’). It tested the hypothesis that

CD100 would enhance nephritogenic immune responses

and severe crescentic renal disease. We found that, com-

pared with CD100-intact mice, CD100)/) mice developed

less severe GN, with diminished antigen-specific immune

responses and glomerular inflammatory responses. There

was no particular skewing of the nephritogenic immune

responses away from (or towards) a Th1, Th2 or Th17

phenotype. Splenocyte production of IFN-c and IL-4 was

significantly reduced, but IL-17A was only mildly

decreased in CD100)/) mice. When antigen-specific

antibody production was measured, titres of both the

Th1-associated IgG subclass IgG2a and the Th2-associated

subclass IgG1 were found to be reduced. Therefore, in

nephritogenic immune responses leading to severe

crescentic GN, CD100 acts as an immunostimulatory

molecule that does not selectively stimulate T helper cell

differentiation down one particular pathway.

While the current studies do not further dissect the

mechanism behind this immunostimulatory effect on T

helper cells, our previous studies have shown that CD100

acts as a costimulatory molecule to help activate DCs

which in turn stimulate T-cell proliferation and differenti-

ation.8,9 The reduction in antigen-specific antibody

responses is consistent both with effects on the T cells

and with a more direct costimulatory effect of T-cell

CD100 on B cells, as has been described.5 Overall, the

current findings are consistent with our studies in apo-

ferritin-induced circulating immune complex GN, where

CD100 deficiency attenuated T-cell activation and T-cell-

dependent antibody responses.9

Macrophage accumulation is a feature of aggressive

forms of human and experimental GN. Macrophages

themselves are key inflammatory effectors of injury in

these conditions.23–25 In autologous phase anti-GBM GN,

this recruitment can be mediated either by antibody-FcR

interactions15,22,26 or by effector helper T cells.27 In the

current studies, macrophages accumulated in glomeruli of

Figure 7. CD100 and plexin-B1 in kidneys. (a) Expression of CD100

was observed on tubular cells but rarely in glomeruli; (b) plexin-B1 was

expressed within the tubulointerstitium and the glomerulus with

increased expression in some but not all glomeruli. Magnification,

·400.

Figure 8. Passive antibody transfer studies. (a)

Experiment 3: neutrophil accumulation in

glomeruli was unaffected by CD100 deficiency

after passive transfer of heterologous sheep

anti-mouse glomerular basement membrane

(GBM) globulin. (b) Experiment 4: after pas-

sive transfer of autologous mouse anti-sheep

globulin antiserum, macrophages were

recruited to glomeruli, and macrophage accu-

mulation was reduced in the absence of

CD100. (c) CD100 was not expressed on neu-

trophils (Gr1hiM1/70+ cells), but CD100 was

expressed on macrophages (Gr1loM1/70+ cells)

elicited from peripheral blood or the perito-

neum. Grey shading represents CD100)/) cells

(negative controls), and black shading cells

from CD100+/+ mice. *P = 0�02, unpaired

t-test. c/gcs, cells per glomerular cross-section.
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CD100+/+ mice with GN. In the absence of CD100,

macrophage infiltration in glomeruli was decreased. There

are several potential mechanisms underpinning this

reduced infiltrate. Fewer CD4+ cells infiltrated CD100-

deficient glomeruli, and less IgG was deposited in glome-

ruli of CD100)/) mice. Both these factors are likely to

have contributed to the decreased glomerular macrophage

numbers observed in the absence of CD100.

The current studies also examined intrarenal expres-

sion of CD100 and plexin-B1 in normal mice and in

mice with GN. In normal kidneys, CD100 was present

mainly in tubular cells and not in glomeruli. In disease,

CD100 mRNA expression levels did not change. Plexin-

B1 was also found in the kidney, predominantly in

tubules but also in glomeruli of normal and diseased

mice. Given the potential for plexin-B1/leucocyte–CD100

interactions to influence cell migration and localization,2

as well as the presence of plexin-B1 in glomeruli, we

tested the hypothesis that the absence of CD100 on mac-

rophages contributed to the reduction in macrophages in

glomeruli of CD100)/) mice with GN. Neutrophils do

not express CD100, whereas macrophages and monocytes

are CD100 positive. To remove the effects of endogenous

CD100 on the induction of adaptive immune responses,

we used two different transfer models where antibody

was passively transferred into CD100-intact and CD100-

deficient hosts. In one experiment, sheep anti-mouse

GBM antibodies were transferred into mice. The pres-

ence of sheep globulin in glomeruli induces transient

neutrophil recruitment,21,28 which was not altered in the

absence of CD100 (neutrophils do not express CD100).

When mouse IgG directed against sheep globulin is

transferred after the injection of sheep anti-mouse GBM

antibodies, the autologous IgG Fc region recruits macro-

phages. In the absence of CD100, present on macro-

phages, macrophage recruitment was reduced. Therefore,

independent of its effects on the adaptive immune

response, CD100 plays a direct role in macrophage

recruitment to glomeruli.

It remains to be seen whether inhibition of CD100 is a

potential therapeutic strategy in immune renal disease,

especially as the role of CD100 on tubular epithelial cells

remains unclear. Recent evidence suggests that interactions

between CD100 and plexin-B1 may be important in

branching morphogenesis in the kidney29 as well as

tumour angiogenesis.30 Whether inhibition of CD100

might impair reparative processes in the tubulointerstitium

or the renal microvasculature following injury remains to

be determined. Measurements of soluble CD100 in sera of

lupus-prone mice correlate well with autoantibody titre,

raising the possibility that measuring soluble CD100 might

help in monitoring the activity of inflammatory diseases.11

In summary, the current studies demonstrate that (i)

endogenous CD100 promotes nephritogenic immune

responses leading to severe GN, (ii) CD100 does not

involve the selective enhancement of Th1, Th2 or Th17

subset differentiation, and (iii) in addition to enhancing

T- and B-cell responses to induce glomerular macrophage

recruitment, CD100 is involved in macrophage infiltration

to glomeruli. Leucocyte semaphorins have the potential to

be significant contributors to immune renal injury.
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