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Introduction

Summary

Kidney disease is one of the leading causes of death in patients with lupus
and other autoimmune diseases affecting the kidney, and is associated with
deposition of antibodies as well as infiltration of T lymphocytes and
macrophages, which are responsible for initiation and/or exacerbation of
inflammation and tissue injury. Current treatment options have relatively
limited efficacy; therefore, novel targets need to be explored. The
co-inhibitory molecule, B7x, a new member of the B7 family expressed pre-
dominantly by non-lymphoid tissues, has been shown to inhibit the prolif-
eration, activation and functional responses of CD4 and CD8 T cells. In this
study, we found that B7x was expressed by intrinsic renal cells, and was
up-regulated upon stimulation with inflammatory triggers. After passive
administration of antibodies against glomerular antigens, B7x"~ mice devel-
oped severe renal injury accompanied by a robust adaptive immune response
and kidney up-regulation of inflammatory mediators, as well as local infil-
tration of T cells and macrophages. Furthermore, macrophages in the spleen
of B7x™~ mice were polarized to an inflammatory phenotype. Finally, treat-
ment with B7x-immunoglobulin (Ig) in this nephritis model decreased
kidney damage and reduced local inflammation. We propose that B7x can
modulate kidney damage in autoimmune diseases including lupus nephritis
and anti-glomerular basement membrane disease. Thus, B7x mimetics may
be a novel therapeutic option for treatment of immune-mediated kidney
disease.
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Activated T cells, in concert with dendritic cells (DC),
macrophages and B cells, play a significant role in systemic
autoimmunity and in disease pathology [1-4]. For example,
kidney involvement in systemic lupus erythmatosus (SLE)
(lupus nephritis, LN) is associated with significant infiltra-
tion of immune cells and increased levels of inflammatory
mediators in the kidneys, which can lead ultimately to
severe tissue injury and damage [1-4].

The B7 family of co-stimulatory and co-inhibitory mol-
ecules plays an important role in T cell activation or inhibi-
tion. Predominant expression of B7 family members is
observed in antigen-presenting cells (APC) and in lym-
phoid tissues. B7-1 (CD80), B7-2 (CD86) and inducible T
cell co-stimulator ligand (ICOSL) (B7-h) are co-stimulators
of T cell responses, whereas programmed death ligand 1
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associating protein 2 (HHLA2) [5] inhibit T cell prolifera-
tion and activation as well as cytokine release [6,7]. T cells
express CD28, cytotoxic T lymphocyte antigen-4 (CTLA-4),
PD-1 and ICOS which bind to B7 members present on
APC, leading to activating or inhibitory signals [6-8].

In order to keep the number of T cells in check and
further limit their activation, proliferation, expansion and
functional responses, several therapeutic approaches target-
ing T cell-mediated pathways have been considered for the
treatment of diseases involving overactive T cell responses.
CTLA-4-immunoglobulin (Ig) is one such approach which
is used for patients with LN as well as in rheumatoid arthri-
tis and multiple sclerosis [9-12]. CTLA-4-Ig targets and
inhibits the interaction of B7-1 and B7-2 with CD28 on
activated T cells. Nevertheless, available treatment options
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for blocking co-stimulatory pathways are not effective in
many patients; hence, new treatment options need to be
explored and evaluated.

B7 family members are expressed by both haematopoietic
and non-haematopoietic tissues as well as tumour cells. One
new member of the B7 family is B7x (also known as B7-H4,
B7S1), which is a negative regulator of T cell proliferation,
activation and release of interleukin (IL)-2 and interferon
(IFN)-y [13]. B7x binds to an unknown receptor on T cells
which is distinct from CD28, CTLA4, ICOS and PD-1:[6]
B7x is expressed predominantly by non-lymphoid (lung,
liver, pancreas, testes, ovary, placenta, small intestine, skel-
etal muscle), rather than lymphoid tissues (spleen and
thymus) [7]. B7x is also detectable on activated T cells, B
cells, DC, monocytes and macrophages [7]. B7x is the only
glycosyl phosphatidylinositol-linked cell membrane protein
in the B7 family, and there is 87% amino acid identity
between human and mouse B7x [7].

To characterize the role of B7x in immunological disor-
ders, several animal models have been used. B7x was found
to restrict immune responses in murine models of autoim-
mune diabetes, experimental autoimmune encephalitis
(EAE) and rheumatoid arthritis [13-20]. However, a possi-
ble role in kidney diseases has not been explored previously.

Nephrotoxic serum nephritis is a model of acute kidney
injury which is widely used to evaluate mechanisms of
kidney injury mediated by pathogenic antibodies, including
LN and anti-glomerular basement membrane disease [21—
23]. In this model, passively transferred nephrotoxic anti-
bodies deposit in kidneys, activating complement and other
inflammatory cascades, which leads to recruitment of
immune cells into the kidneys, which further aggravates
renal injury [21,22,24-26].

In this study, we found that B7x was expressed by kidney
resident cells, and could be induced further with inflamma-
tory stimuli. We further found that B7x”~ mice developed
heightened adaptive immune responses and were more sus-
ceptible to antibody-mediated nephritis, and exhibited a sig-
nificant increase in T cell, macrophage and neutrophil
infiltration in kidneys compared to the wild-type mice. B7x™
mice also exhibited polarization of splenic macrophages into
an inflammatory M1 phenotype. Therapeutic administration
of B7x-Ig in this model attenuated kidney injury and reduced
the expression of inflammatory mediators in kidneys, and
decreased splenic CD4 and CD8 T cells and inflammatory
macrophages. These findings suggest that B7x-Ig or similar
mimetics of B7x have potential as a novel treatment option
for immune mediated nephritis.

Materials and methods

Mice

Nine to ten 10-week-old C57BL/6 (B6) female mice were
purchased from Jackson Laboratories (Bar Harbor, ME,

USA). Mice were housed four to five per cage in the animal
facility of the Albert Einstein College of Medicine (Bronx,
NY, USA) and acclimatized in the facility for 1-2 weeks
prior to experiments. B7x”~ mice were bred at the Einstein
Institute for Animal Studies. Generation of B7x™" mice on
the B6 background has been described previously [15]. All
animal study protocols were approved by the Institutional
Animal Care and Use Committee of the Albert Einstein
College of Medicine.

Induction of nephrotoxic serum nephritis

Nephrotoxic serum nephritis was induced as described pre-
viously [21,22]. Briefly, mouse glomeruli were isolated from
female BALB/c mice and sonicated, and this antigenic
preparation was used for immunization of rabbits [27].
Rabbit serum collected after sufficient antibody titres were
achieved was used as nephrotoxic serum (NTS). Wild-type
B6 and B7x"~ mice were primed intraperitoneally (i.p.) with
250 pg of rabbit IgG (Southern Biotech, Birmingham, AL,
USA) emulsified with complete Freund’s adjuvant (CFA)
(Sigma-Aldrich, St Louis, MO, USA) on day 0. On day 5,
mice received an intravenous injection of either nephro-
toxic serum or phosphate-buffered saline (PBS). Blood and
urine were collected at baseline (day 0) and at day 12. Mice
were killed on day 12, and kidney tissues were harvested for
analysis by histopathology, immunohistochemistry, immu-
nofluorescence and mRNA expression levels. The spleens
were obtained for analysis of macrophages, T cells and B
cells by flow cytometry.

In-vivo treatment with B7x-Ig

In independent experiments, B6 mice were challenged with
NTS as above and treated with B7x-Ig or control Ig (human
IgG; BioXcell, West Lebanon, NH, USA) at a dose of 200 ug
in 200 pl PBS i.p. per injection on days 6, 9 and 12. An addi-
tional control group received the same volume of PBS i.p.
following the schedule above. Serum and urine were col-
lected and analysed as above, and the mice were killed at
day 12. Kidney tissues were harvested for analysis by histo-
pathology, immunofluorescence and mRNA expression
levels, and the spleens were collected for analysis of
macrophages, T cells and B cells by flow cytometry.

Enzyme-linked immunosorbent assay (ELISA) for
serum IgG

Serum total and class-specific IgG antibodies were meas-
ured at day 12. In brief, 96-well microplates were coated
with goat anti-mouse IgG, 1gG1, IgG2b or IgG3 (Southern
Biotech) at 1 pg/ml overnight at 4°C. The plates were
washed and blocked with blocking buffer [2% bovine
serum albumin (BSA) in PBS], followed by washing and
incubation with serum samples or standards for 2h at
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37°C. Alkaline—phosphatase-conjugated anti-mouse I1gG or
class-specific antibodies (Southern Biotech) were used for
the detection of bound antibodies, followed by the addition
of phosphatase substrate (Sigma-Aldrich) for colour devel-
opment, which was read at 405 nm.

Histological analysis

The histology of kidneys from PBS- and NTS-challenged B6
and B7x”" mice was evaluated by an experienced renal
pathologist who was blinded to the mouse strains and treat-
ment groups. Kidney sections were stained with
haematoxylin and eosin (H&E) and periodic acid Schiff
(PAS), and evaluated for mesangial proliferation,
endocapillary  proliferation, ~ PAS*  deposits  and
tubulointerstitial lesions, as described previously [21,28].
Between 50 and 100 randomly chosen glomeruli were scored
for each mouse. A score from 0 to 4 was given for each
parameter above, based on the percentage of glomeruli dis-
playing a particular lesion (0=mnot observed, 1=1-25%,
2=26-50%, 3=51-75%, 4>75%). Tubulointerstitial
lesions, including interstitial inflammation, tubulointerstitial
fibrosis, and acute tubular injury were also scored based on
the percentage of cortical tissue displaying the pathological
lesion, using the 0—4 scale detailed above. Images were cap-
tured using light microscopy (Olympus BX41) at x600
magnification.

Immunohistochemical staining

IgG deposition in kidneys was analysed by immunofluores-
cence. Kidney sections were deparaffinized by a series of
incubations in xylene and decreasing ethanol concentra-
tions (100, 90, 80 and 70%), followed by extensive rinsing
with water and PBS. The sections were then blocked sepa-
rately with biotin and streptavidin blocking reagents
(Vector Laboratories, Burlingame, CA, USA) for 15 min
each, and washed between each blocking step with Tris-
buffered saline containing 0-05% Tween-20 (TBST). Slides
were then blocked with PBS containing 2% BSA and 5%
normal horse serum (Vector Laboratories) for 30 min, and
washed three times. The sections were incubated with
biotinylated anti-mouse IgG (Vector Laboratories) for 1 h
at room temperature (RT). Sections were washed as above
and then incubated with streptavidin-Alexa488 (Jackson
ImmunoResearch, West Grove, PA, USA) for 20 min in the
dark, and washed again. Slides were covered with mounting
medium, and the images captured using fluorescence
microscopy (Zeiss Axiscope) at X400 magnification.

For analysis of neutrophils, T cells and macrophages, the
sections were deparaffinized as described above and antigen
retrieval was performed using citrate buffer (pH 6) at 95°C
for 20 min and washed with distilled water and PBS. The
sections were incubated with peroxide block (Dako,
Carpinteria, CA, USA), washed three times in TBST and
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blocked as above. Separate staining with primary antibod-
ies, including rat anti-mouse Ly6G antibody (AbD Serotec,
Raleigh, NC, USA), goat anti-human CD3 antibody
(eBioscience, San Diego, CA, USA) and rat anti-mouse
CD68 antibody (eBioscience), was performed for 2 h at RT.
The sections were washed as above and incubated with
biotin-conjugated goat anti-rat IgG or goat anti-human IgG
for 1h at RT, followed by streptavidin—horseradish
peroxidase (HRP) (Thermo Scientific, Waltham, MA, USA)
for 20 min. The 3’,3’-diaminobenzidine (DAB) substrate
(Dako) was used for colour development for 1-2 min.
Slides were rinsed with water for 5 min, followed by
counterstaining with Mayer’s haematoxylin (Sigma-
Aldrich) for another 2 min. Slides were rinsed in water, air-
dried and mounted with Permount (Fisher, Pittsburgh, PA,
USA). Images were captured using light microscopy (Zeiss
Axiscope) at x40 magnification.

Real-time polymerase chain reaction (PCR)

RNA was extracted from kidney tissue using the RNeasy
minikit (Qiagen, Valencia, CA, USA). For cDNA synthesis,
reverse transcription was performed using the SuperScript
II system (Invitrogen, San Diego, CA, USA). Real-time PCR
was performed in duplicate or triplicate using the SYBR
green PCR mastermix (Power SyBr; Applied Biosystems,
Warrington, UK) and the ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems), and analysed using
the 2AACt method as described previously [22].
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a housekeeping gene.

In-vitro stimulation of podocytes, endothelial cells and
tubular cells

Podocytes [29], glomerular endothelial cells [30] and
tubular cells [31] from established cell lines were used for
the stimulation experiments. In brief, cells in Dulbecco’s
modified Eagle’s medium (DMEM) or RPMI-1640 medium
(Thermo Scientific) containing 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin (PS) were plated
at a density of 10°/per well in six-well plates. Upon reaching
70% confluence, cells were switched to serum-free media
and stimulated with either lipopolysaccharide (LPS)
(Invivogen, San Diego, CA, USA) at 5 lig/ml or a combina-
tion of tumour necrosis factor (TNF)-o. and IFN-y at
5 ng/ml each (eBioscience) for 6, 12 and 24 h. RNA was iso-
lated using the RNeasy minikit (Qiagen), and real-time PCR
for B7x was performed as above. Fold changes in mRNA
levels were expressed as a ratio to basal mRNA levels (just
prior to stimulation).

For analysis of B7x expression on tubular cells and
podocytes by flow cytometry, cells were stimulated for 24 h,
harvested and incubated for 10 min in Fc block (anti-
mouse CD16/32). Phycoerythrin (PE)-conjugated anti-

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 179: 329-343 331



R. D. Pawar et al.

mouse B7x antibody (eBioscience) diluted 1:100 in 2% FBS/
PBS was added for 30 min, followed by two washes with
FBS/PBS. The cells were then analysed by flow cytometry.

Western blot

Podocytes were stimulated for 3, 6 and 12 h, as described
above, and the «cells harvested using lysis buffer
[radioimmunoprecipitation assay (RIPA); Cell Signaling,
Danvers, MA, USA] containing a protease inhibitor cocktail
(Thermo Scientific). The lysate was centrifuged, and the
supernatant was collected and loaded onto a 4-15% TGX
gel (Bio-Rad, Hercules, CA, USA) in Tris—glycine—sodium
dodecyl sulphate (SDS) buffer for electrophoresis. The
transfer was performed using Tris—glycine buffer containing
methanol at 4°C for 2h on a polyvinylidene difluoride
(PVDF) membrane (Immobilon, Millipore, Billerica, MA,
USA). The membrane was blocked with 5% non-fat dry
milk in Tris-buffered saline containing 0-05% Tween-20
(TBST) for 1h, followed by five washes with TBST. The
membrane was incubated overnight with biotin-conjugated
goat anti-mouse B7x (R&D Systems, Minneapolis, MN,
USA) diluted in blocking buffer at 4°C. The membrane was
then washed five times with TBST, incubated with
streptavidin—HRP diluted in blocking buffer for 20 min and
incubated with enhanced chemiluminescent (ECL) sub-
strate (Pierce, Rockford, IL, USA) for 2-5 min. The density
of the bands was calculated using Image]J software (National
Institutes of Health, Bethesda, MD, USA). Relative density
was calculated as a ratio to the density of the respective
band for B-actin. HRP-conjugated rabbit anti-mouse
[-actin antibody (Cell Signaling) was used for detection of
B-actin.

Flow cytometry

Splenocytes were prepared from B6 and B7x”~ mice post-

challenge, as described previously [32]. In brief, spleens
were chopped into fine pieces in ice-cold RPMI-1640
(Invitrogen) medium containing 2% heat-inactivated FBS
(Invitrogen) and 1% penicillin—streptomycin (PS), and then
passed through 70-um filters by gentle mincing. The cell
suspension was then washed twice with buffer [PBS con-
taining BSA (0-5%) and ethylenediamine tetraacetic acid
(EDTA) (0-5 mM)], and treated with a red blood cell (RBC)
lysis solution containing 0-14 M NH,CL, KHCO; and
EDTA, pH7 for 5-10 min at RT. The cells were washed three
times with buffer, and incubated with Fc block (anti-mouse
CD16/32) for 10 min.

Three staining panels were chosen for separate staining of
B cells, T cells and macrophages: (a) CD3, CD4, CD8 and
CD25 for T cells; (¢) CD19 and MHCII for B cells; and (c)
CD11c, CD11b, F480 and Ly6C for macrophages. Antibod-
ies against surface markers were incubated with the cells for
30 min followed by two washes with buffer. The cells were

resuspended in buffer, and analysed by flow cytometry
using LSRII (BD Biosciences, San Jose, CA, USA) and
FlowJo software (Tree Star, Inc., Ashland, OR, USA). A total
of 50 000 events were recorded per sample. The antibodies
used were PE-CD19, fluorescein isothiocyanate (FITC)-
major histocompatibility complex (MHCII), PE-CD3,
PE-cyanin  (Cy)7-CD4, APC-Cy7-CD8, FITC-CD25,
PE-Cy7-CD11c (BD Biosciences), APC-CD11b (Biolegend,
San Diego, CA) and peridinin chlorophyll (PerCP-F480)
and PE-Ly6C (eBioscience).

Generation of B7x-Ig

A fusion protein of murine B7x and the Fc part of human
IgG was constructed as described previously [5,33], fol-
lowed by expression of the fused protein in Drosophila cells.
Cells were grown in Schneider’s Drosophila medium
(Invitrogen) containing 10% FBS (ultra-low IgG), 1% PS
and hygromycin for 7 days, washed with PBS and switched
to serum-free media (Express Five; Invitrogen) with 1% PS,
hygromycin and 0-05 mM copper sulphate for 7 days for
expression of B7x-Ig. The secreted protein was purified
from the supernatant using Protein G Hi-trap columns (GE
Healthcare, Pittsburgh, PA, USA), dialyzed extensively and
sterile-filtered.

Statistical analysis

Differences between groups were compared by a two-
tailed unpaired f-test unless otherwise indicated. Non-
parametric data were analysed using Mann—-Whitney’s
U-test. Graphing and statistical analyses were performed
using GraphPad Prism (version 4), with P-values < 0-05
considered significant.

Results

B7x is up-regulated in renal cells and kidney tissue
following inflammatory stimuli

B7x has been reported to be expressed by non-lymphoid
organs; therefore, we analysed its expression in several cell
types present in kidney, including tubular cells, podocytes
and glomerular endothelial cells. We found that all these cell
types expressed low levels of B7x mRNA under basal condi-
tions; however, B7x was significantly induced after stimula-
tion in a time-dependent manner (Fig. 1a). In tubular cells,
B7x mRNA induction was significant at 6, 12 and 24 h post-
stimulation with LPS, whereas with TNF-a + IFN-y stimu-
lation the increase was significant only at 24h. In
podocytes, the induction of B7x was significant at 6 h post-
stimulation with LPS and TNF-o + IFN-y. In glomerular
endothelial cells, significant increases were observed at 6, 12
and 24h with LPS stimulation, whereas with TNEF-
o+ IFN-y stimulation the only significant increase was
observed at 6 h.
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Fig. 1. B7x is up-regulated by inflammatory stimuli. (a) Tubular cells, podocytes and glomerular endothelial cells were stimulated with media alone,
lipopolysaccharide (LPS) or tumour necrosis factor (TNF)-o + interferon (IFN)-vy (in triplicate) for 6, 12 and 24 h, and analysed for B7x mRNA
levels by real-time polymerase chain reaction (PCR). Fold change in B7x mRNA with each treatment was compared with media alone at each
time-point. Data are representative of two independent experiments, and is expressed as mean * standard error of the mean (s.e.m.). *P < 0-05, by
unpaired #-test. (b) Tubular cells were stimulated with media alone, LPS or TNF-o + IEN-y for 24 h, and B7x expression analysed by flow cytometry.
A total of 10 000 events were recorded per sample. Data in the left panel display the mean + s.e.m. of three independent experiments. *P < 0-05, by
unpaired t-test. A representative histogram is shown in the right panel.

To evaluate the protein expression of B7x on resident isoforms, 100 kDa and 75 kDa, as described previously in
kidney cells, we performed additional analyses which sup- tumours [34], and is up-regulated after stimulation with
ported the above findings. Using Western blot, we found LPS or TNF-o.+IFN-y (data not shown). Furthermore,
that B7x expression in podocytes exists in two different using flow cytometry, we found that B7x was induced in
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tubular cells post-stimulation with LPS or TNF-o. + IFN-y,
confirming the presence of surface B7x on these cells
(Fig. 1b). A similar, but much attenuated B7x induction was
observed on podocytes but not glomerular endothelial cells
following stimulation (data not shown). Endotoxin concen-
trations in the media were undetectable or negligible
(<0-01 EU/ml), and addition of polymyxin B did not alter
B7x expression. Furthermore, the effect of LPS on B7x
expression was decreased significantly with polymyxin B
preincubation, confirming that this effect was specific (data
not shown).

B7x deficiency leads to an enhanced humoral
immune response

To evaluate the immune response following the NTS chal-
lenge, we analysed the levels of total IgG and IgG subclasses
in the serum of B6 and B7x”~ mice. Seven days after the
serum transfer, B7x”~ mice displayed elevated levels of total
IgG (P=002), IgG2b (P=0-05) and IgGl (P=0-06)
(Fig. 2a—c) compared to B6 mice. Additionally, levels of
anti-rabbit IgG were also found to be significantly higher in
B7x”~ mice compared to B6 mice (P =0-04) post-NTS chal-
lenge (Fig. 2d). Interestingly, basal levels of serum IgG in
B7x”~ mice were also higher than the B6 mice (P=0-01)
(Fig. 2a).

B7x-deficient mice are more susceptible to renal
damage and inflammatory cell infiltration

Histological analysis of kidneys revealed that both B6 and
B7x”~ mice displayed marked renal damage following
passive antibody transfer, with endocapillary hyper-
cellularity, mesangial proliferation, PAS" deposits and
tubular lesions (Fig. 2e). However, the most severe indicator
of glomerular damage, crescent formation, was more pro-
nounced in B7x”~ mice compared to B6 mice (Fig. 2e).
Moreover, the number of infiltrating neutrophils was higher
in kidneys of B7x”~ mice compared to B6 mice (Fig. 2f).
Kidneys of B6 and B7x”~ mice at baseline (naive) or control
challenged with PBS did not show any significant pathology
(data not shown).

In nephrotoxic serum nephritis, recruitment and infiltra-
tion of immune cells into the kidneys occurs due to the
inflammatory cascades initiated after the deposition of anti-
bodies directed against glomerular antigens, followed by

up-regulation of inflammatory mediators at the site of
injury and complement activation [21,22]. Using immuno-
histochemical analysis, we found that CD3" T cells and
CD68* macrophages were increased significantly in the glo-
meruli and interstitium of B7x”~ mice compared to B6 mice
(Fig. 3a,b). Furthermore, glomerular IgG deposition was
more pronounced in B7x”~ mice (Fig. 3¢). Finally, B7x was
significantly up-regulated in the kidneys of NTS-challenged
B6 mice (Fig.3d). Consistent with the relative over-
expression patterns of B7x induced in vitro by inflamma-
tory stimuli in resident kidney cells (Fig. 1), in-vivo B7x
expression was observed primarily in the tubules in this
model (Fig. 3d).

Up-regulated levels of inflammatory mediators are
found in B7x-deficient kidneys following NTS challenge

Inflammatory cytokines and chemokines as well as other
renal injury markers are induced in the kidney post-NTS
challenge [21,22]. Therefore, we analysed the levels of
inflammatory mediators in the kidney relevant to this
model, pre- and post-NTS challenge. When normalized
separately to the baseline levels in each strain, we found that
levels of CXCL13 (P < 0-05), IL-23 (P < 0-0001), IFN regula-
tory factor 5 (IRF5) (P <0:01) and ICOSL (P < 0-01) were
up-regulated markedly in B7x™~ mice compared to B6 mice
following induction of nephritis (Fig. 3e). CCL2, CXCL2,
CCR5 and TGF-B (Fig. 3e), as well as ICAM-1, regulated
upon activation normal T cell expressed and secreted
(RANTES) and the pro-apoptotic genes BCL-like protein 4
(BAX) and apoptotic protease activating factor 1 (APAF-1)
were at similar levels in both strains post-challenge (data
not shown).

Inflammatory macrophages are increased in B7x™'~ mice

Splenic macrophages which express CD11b and CD11c can
be separated into two subsets (CD11b*CDllcy or
CD11b+CD11g,y), which can be subdivided further based on
the levels of F480 (F480; or F480,,) and Ly6C (Ly6cy or
Ly6ci.) expression. At baseline, there were no differences in
any macrophage subset between B6 and B7x”~ mice (data not
shown). Analysis of macrophages subpopulations post-NTS
challenge revealed that the B7x”~ mice displayed higher rela-
tive (%; Fig. 4a) and absolute (9517 £ 616 versus 7148 £ 706,
P <0-05) levels of macrophages which express low levels of

»
»

Fig. 2. B7x”~ mice develop a robust humoral immune response, pronounced renal pathology and neutrophil infiltration post-nephrotoxic serum

(NTS) challenge. (a—d) Immunoglobulin (Ig)G, IgG2b, IgG1 and anti-rabbit IgG levels in serum of B6 and B7x”~ mice pre- (day 0) and
post-challenge (day 12) with NTS. Data are representative of two independent experiments, and are expressed as mean = standard error of the mean

(s.e.m.), n=9-10 per group. *P < 0-05, by unpaired ¢-test. (e) Kidney histopathology was analysed by periodic acid Schiff (PAS) and haematoxylin

and eosin (H&E) staining, and images captured at X600 magnification. A representative image from each strain is shown. Data are expressed as

mean + s.e.m., n = 9-10 per group. *P < 0-05, by Mann—Whitney U-test. (f) Immunohistochemical analysis of infiltration of Ly6G" neutrophils. Data

are expressed as mean + s.e.m., n = 67 randomly selected mice per group. *P < 0-05, by Mann—-Whitney U-test.
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Fig. 3. Exacerbated infiltration of immune cells, immunoglobulin (Ig)G deposition and inflammatory mediator expression in kidneys of B7x

B7x in antibody mediated nephritis

~~ mice

post-nephrotoxic serum (NTS). (a,b) Immunohistochemical analysis of infiltrating CD3" T cells and CD68* macrophages in kidneys of B6 and
B7x " mice. Data are expressed as mean * standard error of the mean (s.e.m.), n = 9-10 per group. *P < 0-05, by Mann-Whitney U-test. Arrows

point to positively stained cells in each panel. (c¢) IgG deposition analysed by immunofluorescence in kidneys of B6 and B7x

~~ mice, with images

captured at X400 magnification. Data are expressed as mean * s.e.m., n = 6-7 randomly selected mice per group. *P < 0-05, by Mann—Whitney
U-test. (d) Immunohistochemical analysis of B7x expression in kidneys of phosphate-buffered saline (PBS) and NTS-challenged B6 mice, with
images captured at X200 magnification. Data are expressed as mean + s.e.m., # = 8 in the PBS and n =11 in the NTS group. *P < 0-05, by

Mann-Whitney U-test. (e) mRNA expression levels of inflammatory mediators in kidneys of B6 and B7x

/-

mice post-NTS challenge, as analysed by

real-time polymerase chain reaction (PCR). The relative expression of each mRNA versus glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was

calculated and normalized with regard to the baseline level of expression in each strain, with the y-axis scale x 107 Data are representative of two
independent experiments, and are expressed as mean * s.e.m., = 9-10 per group. *P < 0-05, ** < 0-01 and *** < 0-001 by unpaired #-test.

<

F480 (CD11b*CD11¢F480i,,) compared to B6 mice.
Similarly, there was both a relative (Fig.4b) and absolute
(8989 £ 618 versus 6697 = 706, P=0-05) increase in inflam-
matory type M1 macrophages expressing high levels of Ly6C
(CD11b*CD11¢), F480i0,Ly6cy) in  B7x7  mice. Other
macrophage subpopulations (CD11b"CD11¢,iF480;0,Ly6ciow,
CD11b*CD11¢,;F4804Ly6ciow, CD11b*CD11¢,;F480y;, CD11b*
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Fig. 4. B7x deficiency modulates macrophage populations in the spleen
post-nephrotoxic serum (NTS) challenge. Macrophages were stained as
described in the Materials and methods, and a total of 50 000 events
were recorded per sample. Data are representative of two independent
experiments, and are expressed as mean + standard error of the mean
(s.e.m.), n =4 per group. *P < 0-05, by unpaired r-test.

CD11¢,F480,,, and CD11b*CD11cy,F480i,.,Ly6cn) were at
similar levels in both strains challenged with NTS (Fig. 4b
and data not shown).

Prechallenge with nephrotoxic sera, there were no signifi-
cant differences in B or T cell numbers in the spleen
between B6 and B7x”~ mice (data not shown). After the
exposure, B7x’~ mice displayed a trend towards higher
levels of splenic CD4" and CD8" T cells as well as activated
B cells (CD19"MHCII*) compared to B6 mice (data not
shown). Splenic regulatory (CD4*CD25%) T cells were at
similar levels in both strains (data not shown).

B7x-Ig attenuates renal damage in NTS-challenged
B6 mice

To evaluate the potential of modulation of the B7x pathway
as a therapeutic option to restrict immune-mediated damage,
we treated NTS-challenged B6 mice with either B7x-Ig or
control Ig on days 6, 9 and 12. In contrast to the comparison
between the NTS-challenged B7x”~ and B6 mice, the levels of
total and class-specific IgG in serum did not show significant
differences between the B7x-Ig- and control Ig-treated
groups (Fig. 5a—d). However, Ig levels were elevated in both
B7x-Ig- and control Ig-treated groups.

NTS challenge induced significant histopathological
injury in kidneys of B7x-Ig- and control-treated mice; nev-
ertheless, pathological features in B7x-Ig-treated mice were
notably attenuated, especially in terms of endocapillary
hypercellularity (Fig. 5e). Furthermore, there was a trend
towards fewer PAS* deposits (P = 0-08) in B7x-Ig- compared
to control Ig-treated mice (Fig. 5e). B7x-Ig-treated mice had
significantly decreased kidney T cells in both glomerular
(P=0-01) and interstitial (P=0-04) locations (Fig. 5f).
Immunohistochemical analysis of kidney macrophages,
infiltrating neutrophils and glomerular IgG deposition
showed no significant differences between the groups (data
not shown).

B7x-Ig restricts the levels of inflammatory mediators
in kidneys

Analysis of inflammatory mediators in kidneys post-NTS
challenge revealed that the levels of CXCL2, CXCL13,
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CCR5, IRF5, ICOSL and TGF-B were significantly down-
regulated in B7x-Ig-treated mice compared to the control-
Ig- and PBS-treated mice (Fig. 6a). The levels of CCL2,
IP-10, IL-6, IL-23 and TNF did not show any significant dif-
ferences between the groups (Fig. 6a and data not shown).

B7x-Ig attenuates the expansion of inflammatory
macrophages and T cells

Analysis of macrophage subpopulations in the spleen
showed that B7x-Ig limited the relative (Fig. 6b,c) and abso-
lute expansion of the CD11b*CD11cy; macrophage subset
(B7x-Ig 1232+ 168 wversus control-treated 1680+ 107,
P=0-07), and in particular those expressing low levels of
F480 (CD11b*CD11c,F480y,) (864 £ 114) compared to
control Ig (1251188, P=0-04)- and PBS (1315%90,
P=0-02)-treated mice. Further analysis of the
CD11b*CD11¢,F480i, subset expressing high levels of
Ly6C showed that B7x-Ig treatment reduced the relative
(Fig. 6d) and absolute number of these inflammatory
macrophages (314+73) compared to the control Ig
(498 £24, P=0-05)- and PBS (536 + 44, P=0-04)-treated
groups (Fig. 6d). No differences were observed between
control Ig- and PBS-treated mice post-NTS challenge
(Fig. 6b—d). In addition, CD11b*CD11c,, macrophages and
their subsets were found at similar levels in all three treat-
ment groups (data not shown).

Analysis of splenic T cells revealed that CD4" and CD8"
cells were decreased significantly in the B7x-Ig-treated
group compared to control Ig-treated mice (Fig. 6e).
Absolute decreases in the number of CD4" (B7x-Ig:
3916 £ 107, control Ig: 4690 £ 285, P=0-04) and CD8" T
cells (B7x-Ig: 3498 £ 83, control Ig: 4189 + 188, P=0-02)
were also seen (data not shown). Similarly, activated B cells
(CD19*MHCII") were reduced in the B7x-Ig treated group,
although this did not reach statistical significance (data not
shown). Regulatory T cells (CD4'CD25") were similar in
both groups of mice (Fig. 6e). Control Ig- and PBS-treated
mice displayed similar levels of CD4, CD8, regulatory T
cells and activated B cells post-NTS challenge (Fig. 6e and
data not shown).

Discussion

B7x is a co-inhibitory molecule belonging to the B7 family
and expressed by peripheral tissues, which inhibits the pro-
liferation and activation of CD4 and CD8 T cells. In this
study we evaluated the role of B7x in nephrotoxic serum
nephritis and found that B7x-deficient mice developed a
robust humoral response consistent with a role of B7x in
regulating adaptive responses, and were more susceptible to
renal damage. Specifically, B7x”~ mice displayed enhanced
infiltration of T cells and macrophages and more pro-
nounced up-regulation of inflammatory mediators in
kidneys, as well as skewing of splenic macrophages towards

B7x in antibody mediated nephritis

a M1 inflammatory phenotype. Furthermore, treatment
with B7x-Ig attenuated renal injury. In vitro, B7x is
up-regulated particularly in tubular cells under inflamma-
tory conditions, expanding our understanding of the
mechanisms by which resident kidney cells are involved in
the pathogenesis of renal inflammatory injury. The robust
immune response in B7x"" mice, together with the func-
tional role of B7x in intrinsic renal cells, probably contrib-
uted to the increased expression of inflammatory
mediators, cellular infiltration and glomerular IgG deposi-
tion following the nephrotoxic insult.

Tissue infiltration by T cells, macrophages and
neutrophils and their contribution to inflammation and
damage have been well established in several models of
kidney disease, and in particular LN. Analysis of renal biop-
sies from patients with membranous nephropathy, IgA
nephropathy, LN and acute allograft rejection revealed that
B7x is expressed by tubular epithelium and was induced in
patients with severe tubular lesions [35]. Further studies
using co-cultures of tubular cells expressing B7x showed
that it inhibits cytokine production (IL-2 and IFN-y) and
proliferation of T cells [32].

Our findings are in agreement with a recent report,
wherein macrophages expressing high levels of B7x are able
to induce regulatory T cells in lymph nodes and restrict
injury in experimental adriamycin-induced nephrosis [36].
In autoimmune diabetes B7x~ mice developed more severe
disease, while B7x over-expression in pancreatic islets abro-
gated disease induction and inhibited CD4" T cell-mediated
effects. Similarly, in EAE, B7x”~ mice developed worse
disease and robust T helper type 1 (Thl) and Thl17
responses. Interestingly, in contrast to the salutatory effects
of B7x in the autoimmune/inflammatory disease models
described above, B7x can have a deleterious effect in
response to infection and cancer. B7x-deficient mice were
more resistant to infection with Listeria monocytogenes [37].
Similarly, B7x deficiency provided resistance against Strep-
tococcus pneumoniae pulmonary infection, and was associ-
ated with a decreased bacterial burden, lower levels of
inflammatory cytokines in the lungs and an increase in acti-
vated CD4 and CD8 T cells [16]. Finally, patients with renal
cell carcinomas expressing B7x are at higher risk of death
[38], with higher levels of serum B7x correlating with
advanced tumour stage [39]. Altogether, the evidence sug-
gests that B7x is required for restricting the damage in auto-
immune diseases; however, it is not essential and can
actually be detrimental in infection and cancer, where T
cell-mediated clearance of infection and cancer cells is
required for optimal protection. Therefore, levels of B7x
may need to be controlled carefully while using any future
treatment strategies targeting this novel pathway.

We propose that the B7x pathway is a novel therapeutic
target in the treatment of renal injury mediated by
autoantibodies. We found that B7x-Ig attenuated renal
disease following a nephrotoxic insult, inhibited the expan-
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B7x in antibody mediated nephritis

Fig. 6. B7x-immunoglobulin (Ig) treatment attenuates kidney expression of inflammatory mediators and immune cellular infiltrates. (a) mRNA

levels of inflammatory mediators in kidneys of B7x-Ig-, control Ig- and phosphate-buffered saline (PBS)-treated mice post-nephrotoxic serum

(NTS) challenge. The relative expression of each mRNA versus glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is plotted, with the y-axis scale

%107, Data are expressed as mean * standard error of the mean (s.e.m.), n=9-10 per group. * P < 0-05, by unpaired t-test. (b-d) Macrophages were
stained and gated as detailed in the Materials and methods. CD11b*CD11cy;, CD11b*CD11¢4;F480,, and CD11b*CD11c¢;,;F480i0,Ly6cn macrophage
subpopulations are shown in the figure. A total of 50 000 events were recorded per sample. Data are expressed as mean * s.e.m., n = 4 per group.

*P < 0-:05, by unpaired t-test. (e) CD4" and CD8" T cell populations were stained as detailed in the Materials and methods. CD4" T cells were

analysed further for CD25 positivity.

sion of splenic CD4* and CD8" T cells and restricted
macrophage polarization to an M1 phenotype. M1-type
macrophages are believed to be responsible for the aggrava-
tion of disease in experimental models of diabetes, renal
ischaemia—reperfusion injury and LN [40—44]. B7x-Ig treat-
ment also decreased CXCL13 and IRF5 levels. CXCL13 is
associated with the renal damage in human and murine LN
[45-48]; IRF5 is a key regulator of the IFN pathway and a
genetic risk factor in human SLE [49,50], and plays a
prominent role in disease progression in murine lupus
[51,52]. In addition, levels of ICOSL, which are associated
with the progression of LN [53,54], as well as TGF-f3, which
is responsible for tubular injury and inflammation [55,56],
were decreased by B7x-Ig treatment. Our results are in
agreement with other recent studies demonstrating a sig-
nificant therapeutic benefit of B7x-Ig in autoimmune
disease models. B7x-Ig ameliorated progression of EAE and
decreased the numbers of activated CD4 T cells in brain
and spleen [14], reduced the incidence of autoimmune dia-
betes in non-obese diabetic (NOD) mice and suppressed
islet infiltration by immune cells [17], and modulated CD4
T cell function in inflammatory arthritis, diabetes and
allogeneic islet cell transplantation [17-20]. Our findings,
together with published studies, indicate collectively that
B7x targeted therapies may be a novel strategy for treatment
of immune-mediated renal disease, including LN and anti-
glomerular basement membrane disease. Nevertheless, the
possibility that long-term B7x treatment may increase sus-
ceptibility to infectious complications or promote the
development of neoplastic disease will certainly need to be
investigated carefully.

In summary, we have demonstrated that B7x is expressed
in resident kidney cells, and is induced in vitro following
exposure to inflammatory stimuli and in vivo in the context
of renal inflammation. Following challenge with nephro-
toxic antibodies, B7x-deficient mice develop severe nephri-
tis associated with pronounced kidney T «cell and
macrophage infiltration. Importantly, therapeutic adminis-
tration of B7x-Ig restricted histopathological damage,
kidney cytokine expression and expansion of splenic M1
macrophages. This study points to a previously
unrecognized role of B7x and its receptor in the pathogen-
esis of renal disease, and suggests that B7x mimetics may
have a role as a novel therapeutic option in immune-
mediated nephritis.
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