
  1Tilman G, et al. Lupus Science & Medicine 2023;10:e001010. doi:10.1136/lupus-2023-001010

p16Ink4a, a marker of cellular senescence, 
is associated with renal disease in the 
B6.NZMSle1/Sle2/Sle3 mouse model 
of lupus

Gaëlle Tilman,1,2 Emilie Dupré,1 Laura Watteyne,1 Charlotte Anne Baert,1 
Delphine Nolf,1 Fatima Benhaddi,1 Fanny Lambert,1 Aurélie Daumerie,3 
Caroline Bouzin,3 Sophie Lucas,1 Nisha Limaye    1

To cite: Tilman G, Dupré E, 
Watteyne L, et al. p16Ink4a, a 
marker of cellular senescence, 
is associated with renal disease 
in the B6.NZMSle1/Sle2/
Sle3 mouse model of lupus. 
Lupus Science & Medicine 
2023;10:e001010. doi:10.1136/
lupus-2023-001010

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ lupus- 2023- 001010).

GT and ED contributed equally.

Received 1 August 2023
Accepted 9 October 2023

1de Duve Institute, Université 
catholique de Louvain, Brussels, 
Belgium
2Department of Rheumatology, 
Cliniques universitaires Saint- 
Luc, Brussels, Belgium
3IREC Imaging Platform 
(2IP), Institut de Recherche 
Expérimentale et Clinique, 
Université catholique de 
Louvain, Brussels, Belgium

Correspondence to
Dr Nisha Limaye;  nisha. limaye@ 
uclouvain. be

Lupus nephritis

© Author(s) (or their 
employer(s)) 2023. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Objectives Despite treatment, one- third of patients with 
lupus nephritis (LN) show a decline in renal function. 
Prognostic markers of poor outcome as well as novel 
therapeutic targets are therefore highly sought. We 
showed that p16INK4a, a marker of cellular senescence, is 
observed in baseline kidney biopsies from patients with 
LN, and is associated with renal disease. Here, we set out 
to assess for whether these findings are recapitulated in 
the B6.NZMSle1/Sle2/Sle3 (B6.Sle1.2.3) mouse model of 
spontaneous lupus.
Methods We evaluated the occurrence and time of onset 
of p16Ink4a staining by immunohistochemistry on kidney 
sections, and tested for its association with multiple renal 
and systemic disease parameters, fibrosis and CD8+ T cell 
infiltration, in two cohorts of B6.Sle1.2.3 mice.
Results The presence of p16Ink4a- positive cells in kidney 
was significantly associated with increased urine albumin/
creatinine ratio, histopathological scores, CD8+ T cell 
infiltration and fibrosis, in both B6.Sle1.2.3 cohorts. 
In contrast, p16Ink4a staining was not associated with 
systemic disease parameters. A time course showed that 
systemic disease parameters as well as glomerular IgG 
deposits appeared in B6.Sle1.2.3 mice by 4 months of 
age; the appearance of p16Ink4a- positive cells occurred 
later, by 8 months of age, overlapping with renal disease.
Conclusion We report, for the first time, the presence of 
p16Ink4a- positive cells, a marker of cellular senescence, 
in the B6.Sle1.2.3 kidney, and their association with 
renal disease severity. This provides a preclinical model 
in which to test for the role of cellular senescence in the 
pathogenesis of LN, as a potential kidney- intrinsic disease 
mechanism.

INTRODUCTION
Lupus nephritis (LN) is a frequent, serious 
complication of SLE. It is considered an 
immune complex- mediated disease, initiated 
by anti- double- stranded DNA (anti- dsDNA) 
antibody deposition in glomerular basement 
membranes, causing complement activation 
and immune cell recruitment, ultimately 

leading to renal injury and loss of kidney func-
tion.1 2 Although initial triggering events are 
well characterised, intrarenal mechanisms of 
progression remain poorly understood, and 
may reveal novel biomarkers and therapeutic 
targets. A significant fraction of patients fails 
to respond adequately to standard therapies 
of high- dose corticosteroids and other immu-
nosuppressive agents; 5–10% develop end- 
stage renal disease within 10 years of disease 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ p16INK4a staining (a classic marker of cellular senes-
cence) in baseline kidney biopsies from patients with 
lupus nephritis (LN) is associated with higher histo-
pathological scores, as well as impairment of kid-
ney function at baseline and 5 years post- treatment 
initiation. Senescence- associated β-galactosidase 
staining (another classic marker) in kidneys is asso-
ciated with proteinuria in MRL/lpr mice that develop 
a strong autoimmune phenotype due to a Fas gene 
mutation.

WHAT THIS STUDY ADDS

 ⇒ We show that p16Ink4a staining is observed in kid-
neys of B6.NZMSle1/Sle2/Sle3 lupus- prone mice; as 
in patients, it is associated with multiple renal (but 
not systemic) disease parameters. A time course ex-
periment showed that p16Ink4a staining is observed 
by 8 months of age, overlapping with renal disease 
onset and well after systemic disease onset (by 2–4 
months of age) in this model.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The detection and targeting of senescent renal cells 
may be useful in LN management. This study pro-
vides a preclinical model for the testing of senolytic 
drugs (that target senescent cells), and an alterna-
tive source (besides kidney biopsies from patients 
with LN) of cells for in vitro mechanistic studies of 
the interactions between senescent renal cells and 
immune cells.
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onset.3 Neither histopathological (International Society 
of Nephrology and Renal Pathology Society) classifica-
tion of baseline kidney biopsy (the gold standard for diag-
nosis and therapeutic decision- making), nor persistent 
proteinuria (the current gold- standard marker of disease 
activity) predicts poor outcome sufficiently well.4–6 The 
identification of markers for patients at high risk of poor 
outcome, who might benefit from appropriately tailored 
therapy, is therefore an urgent unmet need in the field.

We previously showed that the presence of p16INK4a- 
positive cells (a marker of cellular senescence) in base-
line kidney biopsies of patients with LN was significantly 
associated with renal disease, both at baseline and 5 
years post- treatment initiation.7 Intriguingly, glomerular 
p16INK4a- positive renal cells displayed significant spatial 
co- distribution with infiltrating periglomerular CD8+ 
T cells and fibrosis.7 Cellular senescence, triggered by 
stressors such as telomere erosion, genotoxic and oxidative 
stress, oncogene activation and inflammatory cytokines, 
leads to irreversible cell cycle arrest through the accumu-
lation of cyclin- dependent kinase (CDK) inhibitors such 
as p16INK4a (CDKN2A).8–10 Senescent cells nevertheless 
remain metabolically active and undergo morphological 
and physiological changes including the upregulation 
of β-galactosidase activity and the acquisition of a proin-
flammatory, profibrotic senescence- associated secretory 
phenotype (SASP).11–13 The SASP is adept at engaging the 
immune system, with macrophages, natural killer, CD4+ T 
helper, as well as, more recently, CD8+ T cells described to 
mediate clearance of senescent cells.14–19

The accumulation of senescence markers has been 
reported in renal ageing and disease, and is associated 
with histological and clinical signs of renal impair-
ment.20–25 The presence of β-galactosidase- positive cells 
in kidneys was observed to correlate with α-SMA expres-
sion and proteinuria in MRL/lpr mice.26 These mice 
develop lupus- like autoimmunity due to a Fas gene muta-
tion; in humans, FAS mutations cause a distinct disorder: 
autosomal dominant autoimmune lymphoproliferative 
syndrome (type IA; MIM# 601859).27–29 Here, we assess 
for the presence and time of onset of renal cell senes-
cence in the B6.NZMSle1/Sle2/Sle3 (B6.Sle1.2.3) congenic 
mouse strain. This inbred strain contains three suscepti-
bility loci for SLE from the NZM2410 lupus- prone strain, 
on the C57BL/6 (B6) genetic background: Sle1 (located 
on chromosome 1) is responsible for a break in tolerance 
to nuclear antigens,30 Sle2 (on chromosome 4) leads to B 
cell hyperactivity,31 and Sle3 (on chromosome 7) induces 
hyperstimulation of antigen presenting cells and a dysreg-
ulation of CD4+ T cells.32 Together, they cause a highly 
penetrant and severe lupus phenotype that greatly resem-
bles that in humans, by 12 months of age.33

METHODS
Mice
B6 and B6.Sle1.2.3 mice were bred and maintained in 
the SPF animal facility of the university. Plasma (from 

retro- orbital blood), urine and kidneys (cut in half longi-
tudinally, for formalin- fixed paraffin- embedded (FFPE) 
and optimal cutting temperature (OCT)- embedded 
blocks) were collected from two cohorts of mice. The first 
consisted of 17 female B6.Sle1.2.3: 4 mice of 3 months of 
age and 13 mice of 9–11 months of age. The aged mice 
were selected based on proteinuria test strips (Combur 
Test E, Roche): 6 mice with no or low proteinuria (<2) 
and 7 mice with high proteinuria (≥2). The second (time 
course) cohort consisted of 59 mice: 2 B6 mice (1 male 
and 1 female) and 8 B6.Sle1.2.3 mice (4 male and 4 
female, except at 10 months: 4 male and 3 female) each, 
sacrificed every 2 months from 2 to 12 months of age.

ELISA and colorimetric assays
Measurements of total IgG (Invitrogen, 88- 50400) and 
anti- dsDNA IgG (Shibayagi, ARKDD- 061) were performed 
according to manufacturers’ protocols, on plasma diluted 
to fit onto standard curves. Results are expressed in μg/
mL and U/mL, respectively. Albumin concentration in 
urine was measured using the Mouse Albumin Matched 
Antibody Pair kit (Abcam ab210890). Briefly, 96- well 
high- binding plates were coated overnight at 4°C with 
2 μg/mL capture antibodies in a 35 mM NaHCO3, 15 mM 
Na2CO3, pH 9.6 solution and blocked (1% BSA, 0.05% 
Tween 20 in PBS) for 2 hours at room temperature. Next, 
mouse albumin standards (from 12.5 ng/mL to 0.195 ng/
mL) and urine samples (diluted in blocking buffer) were 
incubated on a shaker at 400 rpm for 2 hours at room 
temperature. Detection antibodies (0.5 μg/mL) were 
then added for 1 hour with shaking at room temperature, 
followed by 0.05 μg/mL Streptavidin-HRP. Finally, TMB 
solution was added and the reaction stopped with H2SO4 
1N. Plates were washed three times with PBS- 0.05% Tween 
20 between each step. Optical density was measured at 
490 nm with subtraction of background at 560 nm. Results 
are expressed in mg/dL. A mouse creatinine ELISA kit 
(Abcam, ab65340) was used on urine diluted to fit on the 
standard curve, following the manufacturer’s protocol. 
Results are expressed in g/dL. Proteinuria was calculated 
as the urine albumin/creatinine ratio, expressed in mg of 
albumin per g of creatinine.

Immunofluorescence
IgG deposition was detected on 5 μm OCT serial kidney 
sections, with 1 μg/mL anti- mouse IgG antibody coupled 
to AlexaFluor 488 (ThermoFisher, A- 11001). Counter-
staining was performed using 1 μg/mL Hoechst 33342. 
Slides were digitalised on a Pannoramic Confocal scanner 
(3DHistech) at ×20 magnification. Glomeruli were scored 
from 0 (no IgG deposit) to 3 (severe IgG deposit). Values 
shown are the mean scores for 30 glomeruli from each 
kidney section, from three blinded scorers.

Senescence-associated β-galactosidase assay
Senescence- associated β-galactosidase (SA β-gal) assay was 
performed on 15 μm OCT serial kidney sections. Briefly, 
slides were fixed in 0.2% formaldehyde for 10 min. After 
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washing with PBS, slides were incubated with the staining 
solution (40 mM citric acid/Na phosphate pH 5.7, 5 mM 
K4[Fe(CN)6].3H2O, 5 mM K3[Fe(CN)6], 150 mM NaCl, 2 
mM MgCl2, 1 mg/mL X- gal (Sigma- Aldrich, B4252)) over-
night at 37°C in an incubator without CO2. Slides were 
then washed and counterstained 30 s with haematoxylin. 
Slides were digitalised on a Pannoramic Scan II scanner 
(3DHistech) at ×20 magnification. A semi- quantitative 
score was given for 10–20 glomeruli per kidney section, 
with each glomerulus classified as moderate (1), interme-
diate (2) or high (3).

Histology and immunohistochemistry
Immunostaining with 1 μg/mL anti- CD8 (Cell signalling, 
98941S) and anti- p16Ink4a (Abcam, ab211542), Picrosirius 
red (PSR) and H&E staining were performed on 5 μm 
FFPE serial kidney sections. PSR staining was performed 
as previously described.34 Slides were digitalised on a 
Pannoramic Scan II scanner (3DHistech) at ×20 magni-
fication. Computer- assisted quantification of p16Ink4a- 
positive and CD8- positive cells over entire sections was 
performed using Author V.2017.2 (Visiopharm). Results 
shown are the number of p16Ink4a- positive or CD8- positive 
cells per mm2 of tissue. Semi- quantitative PSR staining 
scores (scale: 0–6) were obtained by adding the median 
glomerular fibrosis score and the median interstitial 
fibrosis score (absent: 0, low: 1, intermediate: 2, high: 3), 
from three blinded scorers. Activity and chronicity scores 
are median scores from three blinded scorers, based on 
H&E- stained kidney sections. Activity scores evaluate 
endocapillary proliferation, extracapillary proliferation, 
periglomerular and interstitial immune cell infiltration 
(each parameter scored between 0 and 3, total scale: 
0–12). Chronicity scores evaluate glomerulosclerosis, 
thickness of fibrous tissue lining Bowman’s capsules, 
tubular atrophy and interstitial fibrosis (each parameter 
scored between 0 and 3, total scale: 0–12).

Statistical analyses
Statistical analyses were performed on GraphPad Prism 
V.9.1.0: Mann- Whitney rank test for two- group compar-
isons, Kruskal- Wallis with Dunn’s post- hoc tests for 
multiple- group comparisons, nested t- test for compar-
isons of subgroups within two groups and Spearman’s 
rank- order correlation coefficient. Penetrance of disease 
parameters was calculated as: the percentage of mice 
displaying values above the mean plus 2 SD of values from 
all 12 (2–12 month old) B6 mice.

RESULTS
Cells positive for p16Ink4a, a classic marker of cellular 
senescence, are observed in kidneys of aged B6.Sle1.2.3 
lupus-prone mice
We conducted an exploratory study on a cohort of (n=17) 
female B6.Sle1.2.3 mice, to assess for the presence of 

p16Ink4a- positive cells in the kidney in this lupus- prone 
strain. Four mice of 3 months of age were included as 
pre- symptomatic controls; 13 mice of 9–11 months of 
age were selected based on urine protein estimated 
by dipstick, to capture kidney disease heterogeneity: 6 
mice with low proteinuria (values: 0–1) and 7 with high 
proteinuria (values: ≥2). Quantitative measurement of 
proteinuria confirmed dipstick- based selection of the 
cohort: urine albumin/creatinine ratio was low in young 
mice (14.8–26.7 mg/g) and highly variable among aged 
mice (31.4–42 702.1 mg/g) (online supplemental figure 
1A), with a significant difference between the low (0–1) 
and high (2–3) dipstick groups (online supplemental 
figure 1B). Histopathological (activity and chronicity) 
scores also differed significantly between the low and 
high dipstick groups (online supplemental figure 1C,D), 
as did glomerular IgG deposition (online supplemental 
figure 1E). In contrast to kidney disease, systemic disease 
parameters (total IgG and anti- dsDNA antibody levels in 
plasma) were similar between the groups (online supple-
mental figure 1F,G), suggesting greater homogeneity of 
systemic autoimmunity.

As observed in samples from patient with LN,7 p16Ink4a 
protein expression was highly variable among older mice: 
few p16Ink4a- positive cells were detected in kidney sections 
of certain mice (illustrated in figure 1A, top left), compa-
rable with kidneys from young mice (data not shown); 
others showed strong p16Ink4a staining (illustrated in 
figure 1A, top right). Quantification of p16Ink4a staining 
(p16Ink4a- positive cells/mm2) confirmed this hetero-
geneity (range: 5.9–186.2, median: 42.2) (figure 1B). 
p16Ink4a- positive cells were mainly observed in glomeruli, 
with staining of the glomerular tuft (containing endo-
thelial cells, podocytes and mesangial cells) and strong 
positivity in Bowman’s capsules (parietal epithelial cells) 
(figure 1C). Tubular cells and scattered cells in the tubu-
lointerstitial compartment were also positively stained 
(figure 1C): a pattern similar to that observed in kidney 
biopsies from patients with LN.7 We performed an SA 
β-gal assay (a second widely used marker of cellular senes-
cence) on frozen sections from low and high p16Ink4a- 
positive kidneys (≤50th vs >50th percentile, n=3 each). 
Semi- quantitative evaluation of glomerular β-gal staining 
showed that kidneys characterised by high p16Ink4a 
displayed significantly higher glomerular β-gal scores 
than low p16Ink4a kidneys (figure 1D,E). This suggests that 
cellular senescence is indeed detected in a proportion of 
aged B6.Sle1.2.3 mouse kidneys.

The presence of p16Ink4a-positive cells is associated with renal 
disease severity in B6.Sle1.2.3 mice
We next asked whether p16Ink4a is associated with kidney 
disease, assessed by several parameters: urine albumin/
creatinine ratio, histopathology (activity, chronicity) 
scores and glomerular IgG deposits in kidney sections. 
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Mice with p16Ink4a- high kidneys (upper 50th percentile: 
>Q2) displayed significantly higher urine albumin/
creatinine ratios (figure 2A), as well as higher activity 
and chronicity scores (figure 2B,C). Accordingly, a signif-
icant positive correlation was observed between p16Ink4a 
staining and urine albumin/creatinine ratios and 
activity and chronicity scores (figure 3A–C). Conversely, 
significantly lower glomerular IgG deposit scores were 
observed in p16Ink4a- high kidneys (figure 2D); accord-
ingly, a significant negative correlation was observed 

between these values (figure 3D). This may reflect 
greater activation of renal cells, immune cell recruit-
ment and (complement and Fc receptor- mediated) 
immune complex clearance leading, in fine, to greater 
tissue damage in mice with advanced kidney disease 
as compared with mice with mild kidney disease. In 
contrast to its correlation with kidney disease severity, 
p16Ink4a was not associated with parameters of systemic 
disease such as total IgG and anti- dsDNA antibody levels 
in plasma (figure 2E,F).

Figure 1 Markers of cellular senescence in kidneys from selected B6.Sle1.2.3 lupus- prone mice. (A) Anti- p16Ink4a (top row), 
anti- CD8 (middle row) and Picrosirius red (PSR, bottom row) staining of FFPE kidney serial sections, from 2 mice of 10- 11 
months of age. Overview (scale: 200 µm) and close- up (scale: 100 µm) of a p16Ink4a- low (≤50th percentile, left column) and 
a p16Ink4a- high (>50th percentile, right column) example. (B) Quantification of p16Ink4a (positive cells/mm2) in kidneys of 3 
month- old mice (young; n=4) and 9–11 month- old mice (old; n=13). (C) Representative image from a kidney showing p16Ink4a- 
positive cells on Bowman’s capsules (arrow), within glomeruli (arrowhead) and cells from tubulointerstitium (filled star). (D) 
Representative images and (E) semiquantitative scores of glomerular SA β-gal staining of frozen OCT sections from low (≤50th 
percentile, n=3) versus high (>50th percentile, n=3) p16Ink4a- stained kidneys (10–20 glomeruli/mouse). Horizontal bars: medians. 
p values: Mann- Whitney test (p16Ink4a), nested t- test (β-gal assay). B6.Sle1.2.3, B6.NZMSle1/Sle2/Sle3; FFPE, formalin- fixed 
paraffin- embedded; OCT, optimal cutting temperature; SA β-gal, senescence- associated β-galactosidase.
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It has been shown that CD8+ T lymphocytes are the 
predominant immune cell type infiltrating the LN kidney 
and that their presence is associated with renal disease 
severity.35 36 We previously showed a significant asso-
ciation between CD8+ T cell infiltration, fibrosis and 

p16INK4a- positive cells in kidney biopsies of patients with 
LN.7 Sections (in series with those stained for p16Ink4a) of 
mouse kidney were therefore stained for CD8+ cells and 
with PSR for collagen fibres (figure 1A). Quantification 
showed that p16Ink4a- high biopsies displayed significantly 

Figure 2 Association between p16Ink4a and renal disease in selected aged B6.Sle1.2.3 mice: 4 mice of 3 months of age 
(young), and 13 mice of 9–11 months of age with p16Ink4a- low (≤50th percentile, ≤Q2) versus p16Ink4a- high (>50th percentile, >Q2) 
kidneys. (A–C) Renal disease parameters: urine albumin/creatinine ratio (mg/g), and histopathological activity and chronicity 
scores on H&E- stained FFPE kidney sections (scale: 0–12). (D) Semi- quantitative evaluation of glomerular IgG deposits in 
frozen OCT kidney sections. (E,F) Systemic disease parameters: total IgG (μg/mL) and anti- dsDNA antibody (U/mL) in plasma. 
(G,H) Quantification of anti- CD8 staining (positive cells/mm2) and semi- quantitative PSR staining scores (scale: 0–6) on serial 
FFPE kidney sections (with p16Ink4a). Horizontal bars: medians. p values: Mann- Whitney test. anti- dsDNA, anti- double- stranded 
DNA; B6.Sle1.2.3, B6.NZMSle1/Sle2/Sle3; FFPE, formalin- fixed paraffin- embedded; ND, not determined; OCT, optimal cutting 
temperature; PSR, Picrosirius red.

Figure 3 Correlation between kidney p16Ink4a staining, renal disease parameters and kidney CD8+ T cell infiltration and fibrosis 
in aged B6.Sle1.2.3 mice. Correlation between p16Ink4a staining (positive cells/mm2) on FFPE kidney sections of 13 B6.Sle1.2.3 
mice of 9–11 months of age, and (A) urine albumin/creatinine ratio (mg/g), (B,C) activity and chronicity scores (median from three 
blinded scorers, total scale: 0–12), (D) glomerular IgG deposit score (mean scores from three blinded scorers, 30 glomeruli/
mouse), (E) CD8+ T cell kidney infiltration (positive cells/mm2) and (F) renal fibrosis (semi- quantitative PSR staining scores, scale 
from 0 to 6). r and p values: Spearman’s rank- order correlation coefficient. B6.Sle1.2.3, B6.NZMSle1/Sle2/Sle3; FFPE, formalin- 
fixed paraffin- embedded; PSR, Picrosirius red.
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higher CD8+ T cell infiltration (figure 2G); they also 
showed significantly higher collagen deposition (with 
glomerulosclerosis, thickening of Bowman’s capsules 
and interstitial fibrosis) as reflected by semi- quantitative 
scores of PSR staining (figure 2H). Accordingly, p16Ink4a 
staining correlated positively with CD8+ T cell infiltration 
and with fibrosis (figure 3E,F).

Accumulation of p16Ink4a-positive cells in B6.Sle1.2.3 kidneys 
occurs at 8 months of age, later than systemic disease and 
overlapping with renal disease
In order to study the temporal relationship between the 
appearance of p16Ink4a, and systemic and renal disease 
parameters, we performed a time course in ageing mice. 
Two B6 controls and 8 B6.Sle1.2.3 lupus- prone mice were 
sacrificed at 2- month intervals, from 2 to 12 months of 
age. Penetrance of disease parameters (the percentage 
of B6.Sle1.2.3 mice displaying values above the mean 
plus 2 SD of all 12 B6 mice) at the different time points 
is displayed in online supplemental figure 2. Systemic 
disease indices as well as glomerular IgG deposits appeared 

in B6.Sle1.2.3 mice at 2–4 months of age (figure 4A–C 
and online supplemental figure 2A,B). Kidney disease 
became apparent later, with proteinuria (urine albumin/
creatinine ratio) and histopathological scores rising from 
6 months of age (figure 4D–F and online supplemental 
figure 2B). The appearance of p16Ink4a- positive cells, CD8+ 
T cell infiltration and collagen deposition seemed to 
occur concurrently, at 8 months of age (figure 4G–I and 
online supplemental figure 2C). High penetrance (>50%) 
of glomerular IgG deposits and systemic disease parame-
ters was observed at 4 and 6 months of age, respectively. 
In contrast, high penetrance of renal disease parameters 
(activity and chronicity scores, urine albumin/creatinine 
ratio) and p16Ink4a occurred later, at 8 months of age. 
Finally, fibrosis (PSR staining) affected 50% of B6.Sle1.2.3 
mice only by 12 months of age, while the peak penetrance 
of CD8+ T cell infiltration (at 8 months of age) was only 
25% in B6.Sle1.2.3 mice (online supplemental figure 2C).

In order to assess for whether p16Ink4a, once it appeared 
at 8 months of age, was indeed associated with kidney 

Figure 4 Disease parameters, kidney p16Ink4a, CD8+ T cell infiltration and fibrosis over time. Two B6, 7 to 8 B6.Sle1.2.3 
mice per time point. (A,B) Total IgG (μg/mL) and anti- dsDNA antibody (U/mL) in plasma. (C) Semi- quantitative evaluation of 
glomerular IgG deposits in frozen OCT kidney sections. (D) Urine albumin/creatinine ratio (mg/g). (E,F) Histopathological activity 
and chronicity scores on H&E- stained FFPE kidney sections (scale: 0–12). (G–I) Quantification of p16Ink4a (positive cells/mm2), 
quantification of anti- CD8 staining (positive cells/mm2), semi- quantitative PSR staining scores (scale: 0–6) on serial FFPE kidney 
sections. Bars: mean±SD. Green: B6; maroon: B6.Sle1.2.3. Circles: female; squares: male. Horizontal dotted lines: mean plus 
2 SD of all 12 (2–12 month old) B6 mice. anti- dsDNA, anti- double- stranded DNA; B6.Sle1.2.3, B6.NZMSle1/Sle2/Sle3; FFPE, 
formalin- fixed paraffin- embedded; OCT, optimal cutting temperature; PSR, Picrosirius red.
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disease in this second cohort, we pooled data from the 
mice 8–12 months old. Aged B6.Sle1.2.3 mice in the 
upper 50th percentile (>Q2) for p16Ink4a staining showed 
significantly higher renal disease scores, CD8+ T cells and 
PSR scores, than those in the lower 50th percentile (≤Q2; 
figure 5A–E). Indeed, the ≤Q2 p16Ink4a B6.Sle1.2.3 group 
did not differ significantly from B6 on renal disease 
parameters and fibrosis, whereas the >Q2 p16Ink4a group 
did (figure 5A–E). Glomerular IgG deposits did not differ 
significantly between groups (figure 5F). Finally, systemic 
disease scores (total IgG and dsDNA antibody levels in 
plasma) did not differ between the ≤Q2 and >Q2 p16Ink4a 
B6.Sle1.2.3 groups, and were higher in both as compared 
with B6 (figure 5G,H). Together, this suggests that in the 
context of (relatively consistent) systemic autoimmune 
insult to the kidney, the cellular senescence marker 
p16Ink4a may be useful in flagging (highly heterogeneous) 
renal disease in B6.Sle1.2.3 mice.

DISCUSSION
We demonstrate for the first time, in two separate cohorts 
of B6.1.2.3 mice, that high kidney p16Ink4a staining, a 
major hallmark of cellular senescence, is significantly 
associated with increased proteinuria, histopatholog-
ical scores, CD8+ T cell infiltration and renal fibrosis. In 
contrast, p16Ink4a positivity is not associated with systemic 

disease parameters (nor with age and sex; data not 
shown). This recapitulates observations made in patients 
with LN.7 Immunohistochemistry for the detection of 
p16Ink4a protein, a CDK inhibitor (CDKN2A) responsible 
for cell cycle arrest during cellular senescence, is widely 
used to assess cellular senescence ex vivo. The upregu-
lation of β-galactosidase activity, another hallmark of 
cellular senescence, was confirmed in a small subset of 
mice by a colorimetric enzymatic test (SA β-galactosidase 
assay), used to detect cellular senescence in fresh/frozen 
material ex vivo and in vitro.11

Whether cellular senescence participates in kidney 
disease progression, or is simply a consequence (and 
potentially useful marker), remains to be determined. 
A detrimental effect of senescent cells may be exerted 
through the profibrotic, proinflammatory secretome 
(SASP) typical of senescent cells.12 13 While the SASP 
is particularly suited to engaging the immune system 
(including CD8+ T lymphocytes)14–19 for the clearance 
of senescent cells, the latter can upend the process by 
inhibiting cytolytic cells.18 19 It has been suggested that 
persistence of senescent cells (due to the overwhelming 
or inhibition of the immune response) tips the balance 
from a positive to a negative impact. Senescence may also 
contribute to disease by rendering renal cells function-
ally incompetent. Renal progenitor cells (RPCs), a subset 

Figure 5 Association of p16Ink4a staining with renal disease in a second (ageing) cohort: 8–12 month- old mice (6 B6, 23 
B6.Sle1.2.3 mice). (A–C) Renal disease parameters: urine albumin/creatinine ratio (mg/g), histopathological activity and 
chronicity scores on H&E- stained FFPE kidney sections (scale: 0–12). (D,E) Quantification of anti- CD8 staining (positive cells/
mm2) and semi- quantitative PSR staining scores (scale: 0–6) on serial FFPE kidney sections (with p16Ink4a). (F) Semiquantitative 
evaluation of glomerular IgG deposits in frozen OCT kidney sections. (G,H) Systemic disease parameters: total IgG (μg/mL) and 
anti- dsDNA antibody (U/mL) in plasma. Horizontal bars: medians. p values: Kruskal- Wallis and Dunn’s post- hoc tests. ≤Q2: 
p16Ink4a- low (≤50th percentile), >Q2: p16Ink4a- high (>50th percentile) B6.Sle1.2.3 kidneys. anti- dsDNA, anti- double- stranded 
DNA; B6.Sle1.2.3, B6.NZMSle1/Sle2/Sle3; FFPE, formalin- fixed paraffin- embedded; OCT, optimal cutting temperature; PSR, 
Picrosirius red.
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of parietal epithelial cells on the Bowman’s capsule, are 
strongly p16Ink4a stained in B6.Sle1.2.3 mice: a pattern also 
observed in human samples.7 Where healthy RPCs would 
be able to regenerate glomerular and tubular structures 
thanks to their capacity to proliferate and differentiate 
into renal cell subsets,37–39 their senescence may hamper 
tissue repair.40 41

Interestingly, the selective elimination of senescent cells 
(in Ink4a−/− mice or the Ink4a- ATTAC model) was shown 
to relieve fibrotic lesions and improve renal function in 
ageing and allograft survival.42 43 The study of cellular 
senescence may thus provide a therapeutic opportu-
nity in LN, complementary to current, largely immune- 
directed tools. In this context, the first open- label pilot 
studies using the senolytic drugs dasatinib plus quercetin 
have shown promising results in patients with idiopathic 
pulmonary fibrosis and diabetic kidney disease.44 45 We 
performed a time course, designed to guide future studies 
testing senolytic therapies in the B6.Sle1.2.3 lupus model. 
We found that while systemic disease parameters appear 
at 4 months and show consistently high penetrance 
over time, kidney disease becomes overt later (from 6 
to 8 months of age based on this small ageing cohort) 
and is more variable. In keeping with incomplete renal 
disease penetrance, mortality in our colony was also lower 
than originally reported (100% by 12 months of age33): 
30–40% at 10 months, 50% by 12 months and >80% at 18 
months of age (values based on our entire colony; data 
not shown).

Because p16Ink4a is not detected prior to other signs of 
kidney disease, it is as yet unclear whether cellular senes-
cence actually contributes to tissue injury in this model; 
it may well be a consequence of pathogenic processes 
such as activation of complement, activation of renal cells 
and recruitment of pro- inflammatory cells.2 Multiple 
pro- inflammatory factors including interferon-β have 
indeed been implicated in cellular senescence induc-
tion.46 47 Further experiments will be therefore required 
in order to demonstrate a role of cellular senescence in 
pathogenesis.

The B6.Sle1.2.3 triple congenic strain spontaneously 
develops autoimmunity akin to human SLE,33 48 making 
it an attractive choice in which to model disease. The 
ability of senolytic therapy to delay renal disease onset or 
ameliorate its severity in the context of systemic autoim-
munity in this model would provide strong support for a 
pathogenic role of cellular senescence in LN.
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