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Systemic lupus erythematosus (SLE) is a complex, heterogeneous autoimmune disease.
A common manifestation, lupus nephritis, arises from immune complex deposition in the
kidney microvasculature promoting leukocyte activation and infiltration, which triggers
glomerular damage and renal dysfunction. CD11b is a leukocyte integrin mainly expressed
on myeloid cells, and aside from its well-ascribed roles in leukocyte trafficking and
phagocytosis, it can also suppress cytokine production and autoreactivity. Genome-
wide association studies have identified loss-of-function polymorphisms in the CD11b-
encoding gene ITGAM that are strongly associated with SLE and lupus nephritis;
however, it is not known whether these polymorphisms act alone to induce disease or
in concert with other risk alleles. Herein we show using Itgam-/- mice that loss of CD11b
led to mild inflammatory traits, which were insufficient to trigger autoimmunity or
glomerulonephritis. However, deficiency of CD11b in autoimmune-prone Lyn-deficient
mice (Lyn-/-Itgam-/-) accelerated lupus-like disease, driving early-onset immune cell
dysregulation, autoantibody production and glomerulonephritis, impacting survival.
Migration of leukocytes to the kidney in Lyn-/- mice was unhindered by lack of CD11b.
Indeed, kidney inflammatory macrophages were further enriched, neutrophil retention in
glomerular capillaries was increased and kidney inflammatory cytokine responses were
enhanced in Lyn-/-Itgam-/- mice. These findings indicate that ITGAM is a non-monogenic
autoimmune susceptibility gene, with loss of functional CD11b exacerbating disease
without impeding glomerular leukocyte trafficking when in conjunction with other pre-
disposing genetic mutations. This highlights a primarily protective role for CD11b in
restraining inflammation and autoimmune disease and provides a potential therapeutic
avenue for lupus treatment.
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INTRODUCTION

Systemic lupus erythematosus (SLE, lupus) is a multi-organ,
heterogeneous autoimmune disease mediated by autoreactive B
cells that generate autoantibodies to nuclear components (anti-
nuclear antibodies, ANA). These autoantibodies form immune
complexes that deposit within the microvasculature of various
tissues, eliciting an inflammatory response (1). The immune
response is typified by broad systemic activation and
dysregulation of the innate, adaptive and humoral systems,
with inflammatory cytokines and chemokines driving localized
responses, which invoke the recruitment and activation of
pathogenic cells that damage the tissue (2). The kidney is a
common target of aberrant inflammation in SLE patients, and
the progression of the resultant nephritic injury to end-stage
organ failure adds significantly to SLE-associated morbidity and
mortality (3). As SLE is diverse both clinically (pathogenesis and
presentation) and genetically (susceptibility risk loci), diagnosis
and treatment can be challenging; therefore, further
understanding of the complex pathogenic processes and
genetic risk associations will aid advancements in patient care.

Genome-wide association studies have identified single
nucleotide polymorphisms (SNPs) in the ITGAM locus, which
encodes the protein CD11b, that are strongly associated with SLE
(4–6). CD11b (aM) is a leukocyte integrin that heterodimerizes
with the common b2 integrin subunit (CD18) to form the
adhesion molecule, Mac-1 (aMb2), which is expressed mainly
on leukocytes of the myeloid lineage (7). As an adhesion
molecule, CD11b plays a key role in immune cell trafficking
during inflammation, mediating leukocyte attachment to the
vascular endothelium via interactions with numerous ligands,
including ICAM-1 and VCAM-1 (8). In this capacity, CD11b
shares a degree of functional redundancy with other members of
the b2-pairing integrin family: CD11a (aLb2, LFA-1), CD11c
(aXb2, p150/95) and CD11d (aDb2) (9–11). However, CD11b
has various specialized non-trafficking functions that promote
inflammatory responses, prominently through facilitating iC3b
complement-mediated phagocytosis, supporting FcgR-mediated
processes including immune complex-mediated phagocytosis,
antibody-dependent cellular cytotoxicity and NETosis, and
activating neutrophil cytotoxic processes (10, 12, 13).
Conversely, CD11b is also immunoregulatory, and can
suppress autoreactivity through phagocytosis of cellular debris
and immune complexes and suppression of autoimmune B cells
(14) and myeloid inflammatory cytokine responses (15–17). As
CD11b has several dichotomous functions, it has the potential to
act in various capacities to both regulate and propagate
immunopathology in lupus. Assessment of the common lupus-
susceptibility variants in CD11b show diminished phagocytic
capacity (18, 19), suggesting loss of function is associated with
disease. However, the impact of CD11b-deficiency on lupus
nephritis has not been extensively explored in spontaneous,
chronic in vivo models, and it is unclear whether loss-of-
function CD11b mutations are a monogenic risk for lupus.

Mice lacking the immunoregulatory Src family tyrosine
kinase, Lyn (Lyn-/-), spontaneously develop immune cell
defects, antinuclear antibodies, systemic inflammation, and
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immune-complex mediated glomerulonephritis, making it a
robust pre-clinical model of lupus (20, 21). Lyn-/- mice also
show dysregulation of CD11b, suggesting that this may
contribute to disease (22). Therefore, to examine the influence
of CD11b on lupus pathology, we generated Lyn-/- mice lacking
CD11b (Lyn-/-Itgam-/-). We show that loss of CD11b alone is
insufficient to drive autoimmune pathology, but on a Lyn-null
genetic background, CD11b-deficiency accelerates systemic
inflammation and local inflammatory responses in the kidney,
exacerbating autoimmune kidney pathology without interfering
with glomerular leukocyte trafficking. This study shows that
CD11b-deficiency is associated with lupus in a non-
monogenetic manner and CD11b can be dispensable for
leukocyte trafficking in chronic renal disease.
MATERIALS AND METHODS

Animals
C57BL/6 background Lyn-/- mice (L-/-) (20) and Itgamtm1Myd

mice (Itgam-/-, M-/-) (23) were crossed to generate Lyn-/-Itgam-/-

double deficient mice (LM-/-) and confirmed by genotyping.
Mice were bred under specific pathogen-free conditions at the
Monash University Animal Research Platform (Clayton,
Australia) and housed at the Monash University Intensive Care
Unit (Melbourne, Australia) for long-term studies. C57BL/6
control mice were obtained from Monash Animal Services
(Clayton, Australia). Research was performed in accordance
with the Australian Code for the Care and Use of Animals for
Scientific Purposes and in agreement with NHMRC animal
welfare guidelines. Approval for animal experimentation was
obtained from the Alfred Research Alliance (E/1377/2013/M, E/
1688/2016/M) and Monash Medical Centre B (2018/19) animal
ethics committees.
Flow Cytometry
Single cell suspensions of spleen were prepared by extrusion.
Saline-perfused kidneys were digested in RPMI + 0.1 mg/ml
Liberase TL (Roche, 5401020001) + 0.1 mg/ml DNAse I at 37°C
then mechanically dissociated to form a single cell suspension.
Cells were treated with ACK red blood cell lysis buffer, filtered,
counted and Fc receptors were blocked with anti-FcgRII/III F
(ab’)2 (2.4G2, in-house). Cells were then stained with
fluorophore-conjugated mAbs and acquired on an LSRFortessa
(BD Biosciences) with FACSDiva™ software (BD Biosciences)
and analyzed using FlowJo Software (BD Bioscience). Dead cells
were excluded based on uptake of propidium iodide or
FluoroGold. Splenic cell populations were defined as:
erythroblasts: Ter119+CD71±; monocytes CD115+Ly6G-;
neutrophils: Ly6G+CD115-; CD4+ T cells: CD4+CD8a-; CD8+

T cells: CD8a+CD4-. B cells: B220+CD138low; plasma cells:
B220low-midCD138high. Monocytes were further classified as
conventional/inflammatory: Ly6C+CD62L+; non-conventional/
patrolling: Ly6C-CD62L-. CD4+ and CD8+ T cells were further
classified as effector cells: CD44+CD62L-. B cells were further
May 2022 | Volume 13 | Article 875359
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subdivided as follicular: CD23+CD21low; marginal zone: CD23-

CD21+; or transitional: CD23-CD21-. Kidney lymphocytes were
pre-gated CD45+CD11b-CD11c- and defined as: gd T cells:
CD3ϵ+gdTCR+; CD4+ T cells: gdTCR-CD3ϵ+CD4+; CD8+ T
cells: gdTCR-CD4-CD3ϵ+CD8a+; B cells: gdTCR-CD4-CD8a-

CD19+. Kidney granulocytes were pre-gated CD45+F4/80-

CX3CR1- and defined as: eosinophils: SiglecF+Ly6G-;
neutrophils: Ly6G+SiglecF-. Kidney mononuclear phagocytes
were pre-gated CD45+F4/80+CX3CR1+ and defined as: resident
macrophage-like phagocytes: CD11c+Ly6C-; inflammatory
macrophages: CD11c+Ly6C+. Kidney endothelium was defined
as CD45-CD326-CD31+. Absolute cell numbers from spleen were
determined from total cell counts and cell proportions identified
by flow cytometry; cell numbers from kidney were determined by
flow cytometry gated event count outputs and proportion of
whole tissue acquired. Expression of activation and phenotypic
markers (CD11b, CD62L, FcgRII/III, IgM) were determined by
normalizing the geometric mean fluorescence intensity (gMFI)
by dividing the value of each sample by the mean value of the
C57BL/6 group within each experiment, allowing pooling of data
from multiple experiments. Negative expression controls for
activation markers were derived from gating on the population
of C57BL/6 splenocytes that do not express the marker.
Kidney Histopathology
Kidney histopathology was conducted as previously described
(22). Briefly, formalin-fixed, paraffin-embedded sections of 3 µm
thickness were stained with hematoxylin and eosin or Periodic
Acid-Schiff (PAS) for histopathological analysis. PAS-stained
slides were imaged by Aperio Scanscope AT Turbo (Leica
Biosystems). Mean glomerular cross-sectional area was
quantified by polygon tracing using ImageJ software (NIH,
1.52d). Mean disease score criteria were assessed blinded as
follows; 0 – Normal glomerular cellularity and morphology; 1 –
Mild cellular expansion and/or early-stage disrupted glomerular
morphology which includes lobularity and/or Bowman’s space
enlargement; 2 – Advanced cellular expansion with distinct
disruption to glomerular morphology, pyknosis and/or
karyorrhexis; 3 – Severe cellular expansion/consolidation with
advanced lobularity or fragmentation and/or enlargement of the
Bowman’s space with cellular infiltration (with or without
crescent formation) and/or peri-glomerular cellular expansion
and/or evidence of segmental necrosis; 4 – End-stage glomerular
destruction, progressive or complete loss of cellularity and/or
distinct glomerular morphology. At least 30 glomeruli were
assessed for each kidney.
Survival Study
Ageing cohorts of sex-matched Lyn-/- (n=18) and Lyn-/-Itgam-/-

(n=19) mice received daily condition checks and were
euthanized when their condition had deteriorated to
predefined ethical checkpoints set by researchers in
consultation with veterinary staff. Lifespan in days were
recorded at these time-points and graphed as a Kaplan-Meier
survival curve.
Frontiers in Immunology | www.frontiersin.org 3
Autoantibody Quantification by ELISA
Detection of autoantibodies was conducted as previously
described (22). Briefly, 96-well plates (Maxisorp, Nunc) were
coated with calf thymus DNA (Sigma-Aldrich). After
incubation of serum samples and reference serum, goat anti-
mouse IgG(H+L)-HRP (Southern Biotech) detection antibody
followed by TMB chromogenic substrates A and B (BD
Biosciences) elicited a colorimetric change which was recorded
by a MultiSkan GO microplate spectrophotometer (Thermo
Fisher Scientific). Relative titers were determined by plotting
sample optical density against the reference serum-derived
standard curve.

Quantitative Real-Time PCR
RNA was extracted from frozen kidney tissue by trizol and
chloroform separation with genomic DNA removal by DNA-
free DNA removal kit (Thermo Fisher). cDNA was generated by
FireScript RT kit (Solis Biodyne) as per manufacturer’s
instructions. RT-PCR was performed with validated primers
for Gapdh (housekeeping control) (24), Il1b (25), Tnfa
(Fwd 5’ CCCTCACACTCAGATCATCTTCT 3’, Rev 5’ GCT
ACGACGTGGGCTACAG 3’), Ccl2 (26), Cxcl1 (27) and
PowerUp SYBR Green Master Mix (Applied Biosystems) for
40 cycles under single-plex conditions (QuantStudio 6, Life
Technologies). cDNA-specific amplification was ensured by
inclusion of reverse transcriptase-negative and template-
negative controls. Samples were run in triplicate and cycle
threshold values were determined by automatic threshold
analysis (QuantStudio Software), with the 2-DDCt method used
to calculated relative gene expression from the average threshold
of each sample, relative to the average of the C57BL/6 group.

Assessment of Kidney Leukocyte
Infiltration by Immunohistochemistry
Formalin-fixed paraffin-embedded kidney sections (3 µm)
underwent antigen-retrieval in DAKO antigen-retrieval buffer
(Agilent). Sections were blocked with PBS/1% BSA, followed by
incubation with rat anti-mouse CD45-biotin, then anti-rat-HRP
secondary antibody (both in PBS/0.2% BSA). Chromogenic
substrate (DAKO diaminobenzidine chromogen solution;
Agilent) was added to sections followed by counter-staining
with hematoxylin and coverslip mounting with DPX (Sigma-
Aldrich). Sections were imaged using an Olympus BX-51 light
microscope at 20x objective magnification (Olympus Australia),
capturing at least six images of each kidney cortex. Images were
analyzed using ImageJ software by isolating the red channel and
setting the color threshold to 120 to visualize punctate staining.
CD45+ staining was quantified using the polygon tool to trace
each glomerulus and measuring the area fraction. A minimum of
30 glomeruli were analyzed per kidney, with the mean taken to
represent each sample.

Assessment of Glomerular IgG Deposition
by Immunofluorescence
Saline-perfused kidneys were fixed in PLP fixative (PBS + 1.37%
w/v L-lysine + 2%w/v paraformaldehyde + 0.22%w/v sodium
May 2022 | Volume 13 | Article 875359
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periodate), infused with 30%w/v sucrose solution then embedded
and snap frozen in OCT. 7 mm kidney sections were cut and
mounted on SuperFrost Plus slides, rehydrated in PBS, blocked
(4% BSA + 0.05% sodium azide in PBS) then stained with 20 mg/
mL goat anti-mouse IgG-AF488 (In vivogen, A11029). Stained
sections were mounted with antifade (4%w/v n-propyl gallate in
90% glycerol + 10% PBS), cover-slipped and imaged using the
Nikon Eclipse TE2000-U Inverted Fluorescence Microscope with
DS-Ri2 camera and 470/40 filter. IgG deposition was quantified
in a blinded fashion with ImageJ FIJI, using the polygon tool to
trace the glomerular tissue and measuring the mean gray value. A
minimum of 30 glomeruli were analyzed per kidney, with the
mean taken to represent each sample.

Kidney Intravital Multiphoton Microscopy
Glomerular trafficking of neutrophils and Ly6C+ monocytes was
assessed by intravital multiphoton microscopy using a
modification of a previously published technique (28–30). In
brief, mice were anesthetized with ketamine hydrochloride (150
mg kg-1)/xylazine hydrochloride (10 mg kg-1), a catheter was
inserted into the jugular vein, and the left kidney exteriorized via
a dorsal incision. The intact kidney was immobilized in a heated
well incorporated in a custom-built stage, bathed in normal
saline and cover-slipped. The renal microvasculature was
visualised using an FVMPE-RS multiphoton microscope
(Olympus Australia, Notting Hill, Vic.), equipped with a 25X
1.05 NA water-immersion objective and an InSight X3 laser
(Spectra-Physics, Milpitas, CA) tuned to 800 nm. Two
recordings of superficial glomeruli were made for 30 min in
each mouse, recording images every 30 s, collecting z-stack
images of ~100 µm depth at a step-size of 3 mm. Emitted
fluorescence was collected in non-descanned detectors with
410-455 nm, 495-540 nm and 575-645 nm emission filters.
The glomerular microvasculature was labelled with AlexaFluor
(AF) 594-anti-CD31 (clone MEC 13.3, BioLegend, San Diego,
CA; 2 mg), adherent neutrophils with AF488-anti-Ly6G (1A8,
eBioscience, Scoresby, Vic.; 2 mg) and Ly6C+ monocytes with
AF405-anti-Ly6C (HK1.4, Novus; 3 mg), all administered i.v.
immediately prior to imaging. Glomeruli were located on the
basis of anti-CD31 staining, and the adhesion (cells/glomerulus/
30 min) and duration of intraglomerular retention (dwell; min)
determined for neutrophils and Ly6C+ monocytes using Imaris
(Bitplane, Zurich).

Statistical Analyses
Statistical significance was determined using Mann-Whitney
non-parametric U test (for two groups) or Kruskal-Wallis H
test followed by Dunn’s multiple comparisons test (for three
groups). The Itgam-/- group, acting as a reference control, was
excluded from multiple comparison tests. To confirm an
intermediate phenotype, specific comparisons between the
Lyn-/- and C57BL/6 or Lyn-/-Itgam-/- groups were also
conducted using Mann-Whitney non-parametric U test.
Horizontal bars represent median ± IQR where the data are
displayed on a linear scale, or geometric mean ± geometric SD
where logarithmic data are displayed. Significance by Mann-
Whitney test (represented by #) and Dunn’s multiple
Frontiers in Immunology | www.frontiersin.org 4
comparisons test (represented by *) is denoted by p > 0.05
(not significant) ns or not stated, p < 0.05 # or *, p < 0.01 ## or **,
p < 0.001 ### or ***, p < 0.0001 #### or ****. Significance of the
survival study was determined by log-rank (Mantel-Cox) and
Gehan-Breslow-Wilcoxon tests where p < 0.05 is significant.
Statistical analysis was conducted by GraphPad Prism software
(version 9.0.1).
RESULTS

CD11b-Deficiency Alone Is Insufficient to
Drive Autoimmune Disease
Given the observations of increased susceptibility to SLE in
individuals bearing ITGAM SNPs, we first determined whether
deficiency of CD11b in mice was sufficient to drive changes in the
immune system consistent with development of autoimmunity.
Itgam-/-mice were assessed at 36 weeks of age, a time point where
autoimmune disease development is severe in lupus-prone Lyn-/-

mice (22, 31). Aged Itgam-/- mice exhibited splenomegaly
(Figure 1A), due to expansion of splenic erythroblasts,
monocytes, and neutrophils (Figures 1B–D). While CD4+ T
cells, CD8+ T cells and B cells were unchanged (Figures 1E–G),
plasma cells were significantly expanded in Itgam-/- mice
(Figure 1H), although this correlated with only slight increases
in autoantibody titers (Figure 1I). Histopathological assessment
of kidneys revealed healthy glomeruli with no indication of
cellular or morphological changes or enlargement of glomeruli
in 36-wk old Itgam-/- mice (Figure 1J). These findings indicate
that while some key effector immune cell populations are
expanded in 36-week-old I tgam - / - mice , no overt
autoimmunity or immunopathology is evident at this time.

Loss of CD11b Accelerates Autoimmune
Disease and Inflammatory Traits in
Lyn-/- Mice
Lupus-prone Lyn-/- mice exhibit intrinsic CD11b dysregulation,
with neutrophils showing upregulated CD11b from a pre-disease
age (12 weeks) and throughout early- (24 weeks) and late-stage
(36 weeks) disease (Supplementary Figure 1A) (22), suggesting
that CD11b may contribute to early and ongoing disease
processes. Therefore, to establish whether CD11b influences
the development of inflammation and autoimmune disease on
an autoimmune-susceptible genetic background, Lyn-/-Itgam-/-

mice (LM-/-) were generated and assessed. Initial survival studies
revealed that Lyn-/-Itgam-/-mice had significantly poorer survival
(median 332 days) compared to Lyn-/- mice (median 414.5 days)
(Figure 2A). Histopathological analysis of kidneys at 36 weeks of
age, where disease is typically maximal in Lyn-/- mice (22),
showed similarly severe glomerular damage in both Lyn-/- and
Lyn-/-Itgam-/- mice (Supplementary Figure 1B). However,
assessment of renal pathology at 24 weeks of age, which
captures early and progressing disease stages, showed that
Lyn-/-Itgam-/- mice already exhibited significantly advanced
glomerular enlargement (median area 4885 µm, IQR 4198-
5849), lobularity and cellular expansion and periglomerular
May 2022 | Volume 13 | Article 875359
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dysplasia (median disease score 2.029, IQR 1.676-2.612) well
beyond the mild disease seen in Lyn-/- mice (median glomerular
area 3590 µm, IQR 3235-4208; median disease score 0.894, IQR
0.600-1.611) (Figures 2B–D). Systemic indices of autoimmunity
and inflammation were also assessed, and at 24 weeks of age,
autoantibody titers were significantly elevated in Lyn-/-Itgam-/-

mice compared to Lyn-/- mice (Figure 2E), and both
splenomegaly (Figure 2F) and lymphadenopathy (Figure 2G)
were pronounced in Lyn-/-Itgam-/- mice only. Collectively, these
findings indicate that CD11b-deficiency accelerates systemic
autoimmunity and renal disease progression in Lyn-/- mice.

CD11b-Deficiency Further Enhances
Peripheral Immune Cell Defects in
Lyn-/- Mice
To assess the cellular impacts of CD11b-deficiency, flow
cytometry was performed on splenocytes. Lyn-/- mice with
late-stage disease typically present with expanded splenic
myeloid cell populations (22, 32), however at 24 weeks,
neutrophils (Ly6G+CD115-) were only expanded in Lyn-/-

Itgam-/- but not Lyn-/- mice (Figures 3A, B), with both groups
exhibiting downregulation of CD62L (Figure 3C). CD11b-
Frontiers in Immunology | www.frontiersin.org 5
deficiency further exacerbated expansion of splenic monocytes
(CD115+Ly6G-) in Lyn-/- mice (Figures 3A, D), with both Lyn-/-

and Lyn-/-Itgam-/- mice exhibiting a similar skewing toward
CD62L-negative patrol l ing monocytes (Figure 3E) .
Interestingly, expression of FcgRII/III on these patrolling
monocytes, which has implications for clearance of
immunogenic cellular-debris and immune complexes, was
progressively downregulated in Lyn-/- mice, yet more markedly
lost on Lyn-/-Itgam-/- cells (Figure 3F). Together, this shows that
CD11b-deficiency in Lyn-/- mice further promotes myeloid
cell dysregulation.

Assessment of the T cell compartment revealed that Lyn-/-

mice displayed a typical age-associated T cell deficit, however, in
24-week-old Lyn-/-Itgam-/- mice, this was observed only in the
CD8+ compartment and not the CD4+ compartment
(Figures 3G-I). Skewing of the CD4+ T cell population
towards effector cells (CD44hiCD62L-), which is typical in
Lyn-/- mice with disease progression (22), was further
enhanced in Lyn-/-Itgam-/- mice (Figures 3J, K), with a similar
trend for CD8+ effector T cells (Figure 3L), indicating that
CD11b-deficiency can further promote T cell activation
phenotypes in Lyn-/- mice.
A B D

E F G

I

H

J

C

FIGURE 1 | CD11b-deficiency elicits immune compartment changes but not autoimmune pathology. 36-week-old C57BL/6 and Itgam-/- mice were assessed for:
(A) spleen weights; flow cytometric quantitation of splenic populations of (B) erythroblasts, (C) monocytes, (D) neutrophils, (E) CD4+ and (F) CD8+ T cells, (G) B
cells and (H) plasma cells; (I) quantitation of systemic titers of anti-dsDNA IgG autoantibodies (with age-matched Lyn-/- (n = 6) positive controls); and (J) glomerular
histopathology. For (A–I), n = 8-11 mice per group, pooled from four experiments. The images in (J) are representative of n = 8-11 mice per group. Not significant
denoted as ns, #p < 0.05, ##p < 0.01, ####p < 0.0001 by Mann-Whitney U test.
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Assessment of the B cell compartment revealed that Lyn-/-Itgam-/-

mice exhibited splenic B lymphopenia (Supplementary
Figures 2A, B) and maturational defects (Supplementary
Figure 2C) typical of Lyn-/- mice. Similarly, plasmacytosis was
pronounced in Lyn-/ -Itgam-/- mice (Supplementary
Figures 2A, D), with a typical Lyn-/- phenotype; hyper-IgM and
augmented FcgRII expression (Supplementary Figures 2E, F).
Together, these data indicate that loss of CD11b has no overt
influence on the intrinsic B cell and plasma cell defects in Lyn-/-mice.

Inflammatory Responses in the Kidney Are
Further Enhanced by CD11b-Deficiency in
Lyn-/- Mice
Given that CD11b-deficiency accelerates autoimmunity and
lupus nephritis in Lyn-/- mice (Figure 2), we next examined the
inflammatory responses in the kidney of 24-week-old mice. Flow
cytometry was used to identify and quantify kidney immune cell
populations (Supplementary Figure 3A). Total CD45+ leukocyte
numbers in Lyn-/- kidneys were elevated above those in healthy
C57BL/6 mice with a trend towards further expansion in Lyn-/-

Itgam-/- mice (Supplementary Figure 3A). In comparison to
healthy controls, Lyn-/- mice exhibited an expansion of gd, CD4+
and CD8+ T cell subsets (Figures 4A–C), with almost no
detection of intrarenal B cells (Figure 4D). A similar expansion
in kidney lymphocytes was observed in Lyn-/-Itgam-/- mice, with
the notable further enrichment of gd T cells, and marked B cell
infiltration (Figures 4A–D). Eosinophils were barely detected in
kidneys across all groups (Figure 4E) while neutrophils were
equally expanded in both Lyn-/- and Lyn-/-Itgam-/- kidneys
(Figure 4F). Numbers of kidney-resident macrophage-like
phagocytes (gated as CD45+F4/80+CX3CR1+CD11c+Ly6C-)
were similar across all groups (Figures 4G, H), while
Frontiers in Immunology | www.frontiersin.org 6
infiltrating inflammatory macrophages (gated as CD45+F4/80
+CX3CR1+CD11c+Ly6C+), were enriched in Lyn-/- kidneys but
significantly further expanded in Lyn-/-Itgam-/- kidneys
(Figures 4G, I). Together, these data indicate that the absence
of CD11b enhances immune cell infiltration in Lyn-/- kidneys.

To examine this further, local inflammatory cytokine
production in the kidney was measured by qRT-PCR. The
inflammatory profile of the kidney in Lyn-/- mice was typified
by increases in the proinflammatory cytokines Il1 and Tnfa and
the monocyte-recruiting Ccl2, and neutrophil-recruiting Cxcl1
chemokines (Figure 4J). This was also observed in Lyn-/-Itgam-/-

kidneys, yet with further significant increases in the expression of
Tnfa and Ccl2 above Lyn-/- mice (Figure 4J). These observations
provide evidence that loss of CD11b leads to enhanced
inflammatory responses in the kidneys of Lyn-/- mice.

Leukocyte Trafficking to the Kidney Is not
Perturbed by CD11b-Deficiency in
Lyn-/- Mice
Given that Lyn-/-Itgam-/- mice exhibited increased immune cells
in the kidney which counters our previous observations that
CD11b is required for the recruitment of cells to the kidney in
acute inflammatory settings (28), we investigated renal leukocyte
trafficking in Lyn-/-Itgam-/- kidneys at 24 weeks of age.
Immunohistochemistry staining of CD45+ leukocytes revealed
that infiltration in the kidney was largely focused to the
glomeruli, or peri-glomerular areas with notable tissue
dysplasia, which was most frequently observed in Lyn-/-Itgam-/-

mice (Figure 5A). When quantified, Lyn-/-mice exhibited a small
increase in glomerular leukocyte infiltration at this time-point,
however this was elevated significantly further in Lyn-/-Itgam-/-

mice (Figure 5B). Glomerular immune-complex deposition
A B

D E F GC

FIGURE 2 | Lyn-/-Itgam-/- mice exhibit enhanced systemic autoimmune disease. (A) Survival of Lyn-/- and Lyn-/-Itgam-/- mice by Kaplan-Meier survival analyses. The
indicated 24-week-old mice were evaluated for: (B) glomerular histopathology by PAS staining with quantitation of (C) glomerular cross-sectional area and (D) mean
disease score; (E) anti-dsDNA IgG autoantibodies; (F) spleen weight and (G) axillary lymph node weight and size. For (A), n = 18-19 per group, significance
determined by log-rank and Wilcoxon tests. Data in (C, D, F ,G) are of n = 7-12 per group pooled from three experiments and data in (E) are of n = 10-21 per
group. Images in (B, G) are representative of three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Dunn’s multiple comparisons test and
#p < 0.05, ##p < 0.01 by Mann-Whitney U test.
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assessment showed similar elevation in both Lyn-/- and Lyn-/-

Itgam-/- kidneys (Supplementary Figure 4), indicating that this
is not driving the increased kidney leukocyte infiltration
observed in Lyn-/-Itgam-/- mice.

Intravital multiphoton microscopy was employed to visualize
leukocyte recruitment and interaction with the vasculature in the
glomeruli of 24-week-old mice. The number of adherent Ly6G+
neutrophils in glomerular capillaries did not significantly differ
across all groups (Figures 5C, D, Supplementary Video 1).
Neutrophil retention (dwell time), which serves as a sensitive
readout of the degree of glomerular inflammation (28–30), was
mildly elevated in Lyn-/- kidneys compared to C57BL/6 kidneys,
yet significantly further increased in Lyn-/-Itgam-/- mice
(Figure 5E, Supplementary Video 1). Intraglomerular
adhesion and retention of Ly6C+ inflammatory monocytes,
which are less inclined to patrol the vasculature but can give
rise to inflammatory kidney macrophages (33), was rare in
C57BL/6 and Itgam-/- mice, yet was similarly enhanced in both
Lyn-/- and Lyn-/-Itgam-/- kidneys (Figures 5F–H, Supplementary
Frontiers in Immunology | www.frontiersin.org 7
Video 2). Together these findings demonstrate that in Lyn-
deficient mice, CD11b is not required for intraglomerular
adhesion of neutrophils and monocytes, and that the combined
absence of Lyn and CD11b leads to increased neutrophil
retention in glomeruli.

To further explore the mechanisms of inflammatory
leukocyte trafficking, the induction of adhesion and trafficking
molecules in the kidney was assessed by flow cytometry. On
CD31+ renal microvascular endothelial cells, expression of
VCAM-1 was ubiquitous in all groups, however ICAM-1 was
significantly upregulated in Lyn-/- and Lyn-/-Itgam-/- kidneys,
albeit similarly in both groups (Supplementary Figure 3B),
indicating comparable activation of the renal endothelium in
Lyn-/- and Lyn-/-Itgam-/- mice. Assessment of the b2-pairing
integrin family on renal immune cells revealed high surface
expression of CD11a and an absence of CD11c on kidney
neutrophils, regardless of CD11b expression (Supplementary
Figure 3C). Ly6C+ inflammatory kidney macrophages (which
are gated CD11c+), exhibited a marked upregulation of CD11a,
A B D
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C

FIGURE 3 | CD11b-deficiency augments splenic immune cell defects in Lyn-/- mice. Spleens from the indicated groups of 24-week-old mice were assessed by flow
cytometry for: (A) proportions of neutrophils (Ly6G+CD115-) and monocytes (CD115+Ly6G-); (B) numbers of neutrophils with (C) relative expression of CD62L on
neutrophils; (D) numbers of monocytes with (E) proportions of CD62L- non-conventional/patrolling monocytes and (F) relative expression of Fcg receptors II and III on
patrolling monocytes; (G) proportions of CD8+ (CD8a+CD4-) and CD4+ (CD4+CD8a-) cells with numbers of (H) CD8+ T cells and (I) CD4+ T cells; (J) proportions of
effector (CD44+CD62L-) CD4+ T cells with numbers of (K) CD4+ effector T cells and (L) CD8+ effector T cells. For data in (B–F, H, I, K, L), n = 7-12 per group, pooled
from three experiments. Flow plots and histograms in (A, C, E–G, J) are representative of three experiments. The negative expression control histograms (CD62L-ve in
C, FcgRII/III-ve in F) were derived by gating on C57BL/6 splenocytes that do not express the respective markers. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by
Dunn’s multiple comparisons test and p value stated if approaching significance (p < 0.1), #p < 0.05, ##p < 0.01 by Mann-Whitney U test.
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dependent on loss of Lyn but not Itgam (i.e., on Lyn-/- and Lyn-/-

Itgam-/- cells) (Figures 5I, J), and this phenotype was also
observed in the peripheral precursor Ly6C+ monocytes
(Figure 5K). Altogether, these findings demonstrate that
during chronic inflammation, CD11b is dispensable for
leukocyte recruitment to the diseased kidney and suggest that
CD11a is the dominant trafficking integrin in Lyn-/- mice.
DISCUSSION

In this study, we examined the contribution of the leukocyte
integrin CD11b in lupus-like autoimmune disease in mice, both
as a stand-alone genetic deficiency, and in combination with
Lyn-deficiency, a well-described lupus-susceptible model. In
humans, two common SLE-associated CD11b variants from
non-synonymous SNPs in the ITGAM locus have been
described: R77H (rs1143679) confers an arginine to histidine
substitution in the ligand-binding extracellular b propeller
region, and P1146S (rs1143683) substitutes proline for serine
in the cytoplasmic tail (18). Functional assessment of these
variants showed impaired phagocytosis in neutrophils and
monocytes without influencing the surface expression or
activation of CD11b (18, 19), indicating loss-of-function,
Frontiers in Immunology | www.frontiersin.org 8
suggesting that CD11b function is largely protective against
development of autoimmune pathology. As typically observed
in spontaneous autoimmune-prone models, we demonstrate that
deficiency of CD11b alone progressively drives some traits
indicative of modest immune dysregulation and inflammation
with age, yet Itgam-/- mice exhibit only very mild autoreactivity,
which was insufficient to manifest typical autoimmune
pathology. While this suggests that Itgam-deficiency is not a
dominant monogenetic risk for lupus nephritis, it remains
possible that Itgam-/- mice may progressively develop
glomerulonephritis much later in life or with additional
inflammatory triggers. Nonetheless, when coupled with Lyn-
deficiency, CD11b-deficiency accelerated inflammation and
autoimmune pathology, indicating that loss of functional
CD11b is deleterious in inflammatory autoimmune disease
settings. SLE is a notoriously heterogeneous disease, which
requires a combination of multiple genetic defects together
with environmental influences for disease to develop (34). To
this effect and supported by our analysis of CD11b-deficient
mice, loss-of-function SNPs in the ITGAM locus, while
conferring elevated susceptibility to development of
autoimmune disease, likely work in synergy with other
predisposing mutations to drive disease.

Lyn is a major regulator of B cell responses (35), with B cells
central to the development of inflammation and autoimmune
A B D E F
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J

C

FIGURE 4 | Kidney inflammatory responses are enhanced by CD11b-deficiency in Lyn-/- mice. Perfused and digested kidneys of 24-week-old mice were assessed
by flow cytometry for numbers of: (A) gd T cells, (B) CD4+ and (C) CD8+ T cells, (D) B cells, (E) eosinophils and (F) neutrophils; (G) populations of phagocytes
gating on CD45+F4/80+CXCR3+ cells to delineate numbers of (H) resident macrophage-like phagocytes (CD11c+Ly6C-, R) and (I) inflammatory macrophages
(CD11c+Ly6C+, M); (J) qRT-PCR gene expression of 24-week-old kidneys for Il1b, Tnfa, Ccl2 and Cxcl1. For data in (A–F, H, I), n = 5-9 per group, pooled from
two experiments. Flow plots in (G) are representative of two experiments. Data in (J) are of n = 5-8 per group. *p < 0.05, **p < 0.01, ***p < 0.001 by Dunn’s multiple
comparisons test and #p < 0.05, ##p < 0.01, ###p < 0.001 by Mann-Whitney U test.
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pathology in clinical and experimental lupus (2, 36, 37). A key
hallmark of immune dysregulation in Lyn-/- mice is severe B
lymphopenia, a trait that is intrinsically linked to Lyn-deficiency,
accompanied by expansion of plasma cells (20, 22, 32). These
defects persist in Lyn-/-Itgam-/- mice, yet autoantibody titers were
augmented, hinting that CD11b-deficiency may further promote
autoimmunity. Interestingly, a mechanism by which CD11b can
intrinsically restrain autoreactivity in B cells involves the Lyn-
CD22-SHP-1 regulatory axis (14); therefore it is unsurprising
that loss of two regulatory mediators in this model, Lyn and
CD11b, exacerbated autoantibody responses. This also coincided
with further enhanced skewing to effector CD4+ T cells, which
are required for autoantibody production and disease
manifestation in Lyn-/- mice (31, 38). While loss of CD11b
may intrinsically promote T cell activation (39), it is likely the
enhanced hyper-maturation observed in Lyn-/-Itgam-/- T cells is
Frontiers in Immunology | www.frontiersin.org 9
driven by further dysregulation of inflammatory signaling due to
loss of CD11b-mediated regulation of the myeloid compartment
(15–17, 31). Engagement of CD11b can induce inhibitory
signaling pathways to suppress myeloid cell activation, and
importantly these regulatory pathways are facilitated by Src
family kinases, namely Lyn (15–17). We observed that the
combined loss of Lyn and CD11b accelerated myeloid
dysregulation systemically, and in the diseased kidney,
manifesting as increased expansion of inflammatory
macrophages and enhanced local inflammatory cytokine
responses. This suggests that loss of CD11b reduces the
threshold for activating inflammatory signals and reinforces an
immunoregulatory role for CD11b in the myeloid compartment
in lupus-like disease. In line with this, monocytes harboring the
R77H loss-of-function CD11b variant also lost the ability to
regulate cytokine production via iC3b engagement (19), further
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FIGURE 5 | Leukocyte trafficking to the kidney is not perturbed by deficiency of CD11b in Lyn-/- mice. (A) Kidneys from 24-week-old mice were assessed by
immunohistochemistry for the presence of CD45+ cells with (B) quantitation of CD45+ staining within the glomeruli. Two-photon live fluorescence imaging of the
glomerular vasculature of 24-week-old mice depicting (C) Ly6G+ labelled neutrophils with quantification of (D) neutrophil adhesion (number of cells adhering to the
vascular endothelium within a 30-minute window per glomerulus) and (E) Ly6G+ neutrophil dwell time (average length of time each detected cell remains adhered to
the vascular endothelium). Two-photon live fluorescence imaging of the glomerular vasculature depicting (F) Ly6C+ labelled migratory monocytes with quantification
of (G) migratory monocyte adhesion and (H) monocyte dwell time. (I) Flow cytometric assessment of the expression of integrin CD11a (LFA-1) on kidney Ly6C+
inflammatory macrophages with (J) quantification and (K) quantification of CD11a expression on splenic Ly6C+ migratory monocytes. Images in (A, C, F) are
representative of 3-5 experiments, white arrowheads indicate intravascular Ly6G+ or Ly6C+ cells. Data in (B) represent n = 7-12 per group and data in (D, E, G, H)
are of n = 5-9 per group. Flow plots in (I) are representative of two experiments, data in (J) are of n = 5-9 per group and data in (K) are of n = 4-5 per group, both
pooled from two experiments. *p < 0.05, **p < 0.01, ****p < 0.0001 by Dunn’s multiple comparisons test and p value stated if approaching significance (p < 0.1),
#p < 0.05, by Mann-Whitney U test.
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supporting a propensity for aberrant inflammatory signaling in
the absence of functional CD11b.

Strikingly, in conjunction with increased populations of
effector immune cells in the chronically inflamed kidney, we
observed unperturbed leukocyte recruitment and interestingly,
greater glomerular neutrophil adhesion in Lyn-/-Itgam-/- mice.
This is notable as we and others have previously established that
CD11b is important for effective recruitment of neutrophils and
the induction of their responses in acute glomerular inflammation
(28, 40). In this context, CD11a is potentially underpinning
inflammatory leukocyte trafficking, as we see that it is highly
expressed on neutrophils and markedly upregulated on both
peripheral monocytes and local kidney macrophages, driven by
loss of Lyn and independent of CD11b expression. This notion is
supported by previous work in a passive lupus serum transfer
nephritis model, which is FcgR-dependent and immune complex-
mediated , showing that loss of CD11b fac i l i ta tes
glomerulonephritis via enhanced neutrophil vascular rolling
and adhesion (41), indicating that CD11b may in fact regulate
leukocyte trafficking under these conditions. Furthermore, these
trafficking processes were completely lost with CD18-deficiency,
attributed to the lack of functional LFA-1 (CD11a/CD18) (41),
suggesting that LFA-1 may be sufficient to mediate trafficking
during inflammation. The Mac-1 complex has been described to
directly interact with the low-affinity, activating FcgRIIa (FcgRIII
in mice), inhibiting their binding with immune complex, limiting
glomerular neutrophil influx in an autoantibody induced
nephritis model (42). Of note, the lupus-associated R77H
ITGAM variant lacks this capacity to inhibit FcgR (42),
suggesting regulation of immune complex-mediated leukocyte
trafficking could be impaired in individuals with these mutations.
Interestingly, in in vitro experimental systems, SLE-associated
CD11b variants impaired non-immunoglobulin ligand-induced
monocyte static adherence and neutrophil adherence under flow
(18, 19). This highlights the contextual importance of the in vivo
inflammatory environment in supporting leukocyte recruitment
processes. Cell surface expression of CD11a was not reported with
these variants, so it is unclear whether the upregulation we
observed in our model is similarly observed on human
monocytes with disease, or potentially, whether the in vitro
processing and assessment of cells influenced their integrin
expression or function. Furthermore, the interaction between
loss-of-function CD11b variants and vascular adhesion
molecules may block functional LFA-1 from binding, thus
inhibiting leukocyte-endothelial attachment, which would not
occur in a system such as ours, where CD11b is absent.
Nonetheless, the fact that CD11b was dispensable for leukocyte
recruitment to the kidney in our in vivo model reinforces the
capacity for redundancy amongst integrins, but also that
concomitant mutations and the disease-specific inflammatory
environment may influence the ability of leukocyte trafficking
molecules to drive tissue migration.

A previous study examined the role of leukocyte integrins on
pathology and survival in the naturally occurring lupus-prone
mouse model, MRL/MpJ-Faslpr, which harbors a loss-of-function
Frontiers in Immunology | www.frontiersin.org 10
mutation in the cell-death receptor Fas. Contrary to the
exacerbation of kidney pathology and impaired survival we
observed in Lyn-/-Itgam-/- mice, deficiency of CD11b in MRL/
MpJ-Faslpr mice conferred no pathological or clinical differences
(43). This could be due to more rapid development of disease and
rate of mortality of MRL/MpJ-Faslpr mice and the primary focus
of the study on end-stage disease, rather than the progressive
stages of developing disease we assessed in this study.
Alternatively, the specific combination of deleting Itgam
concurrently with Lyn, which as discussed prior, are both key
regulators of B cell autoreactivity and myeloid cell activation,
may have a greater influence on disease than concurrent
lymphoproliferative Fas mutations. This highlights the
importance of interactions between specific disease
susceptibility genes as being more influential to disease than
the mere accumulation of genetic mutations in lupus.

Interestingly, a recent study has shown that mice expressing
constitutively active CD11b exhibited reduced myeloid cell
recruitment during peritonitis and were protected against
atherosclerosis by limiting macrophage infiltration in lesions
(44), suggesting agonism of CD11b may restrict leukocyte
trafficking to sites of inflammation and protect from
immunopathology. This has been recapitulated therapeutically
in pre-clinical studies with the CD11b agonist leukadherin-1,
which prevented kidney allograft rejection due to impaired
leukocy te infi l t r a t ion (45) and protec ted aga ins t
glomerulonephritis in an induced injury model (46).
Leukadherin-1 has also been shown to restrict the activation of
the NF-kB and proinflammatory cytokine synthesis pathways,
rescuing the MRL/MpJ-Faslpr lupus model from skin and renal
pathology (47), supporting further exploration of CD11b agonism
as a therapeutic approach for lupus and other nephritic diseases.

In summary, we have determined that CD11b-deficiency acts
pathogenically in lupus to promote inflammatory responses and
autoimmune disease on a susceptible genetic background,
accelerating immune cell defects and autoimmune kidney
pathology, and we have shown that leukocyte trafficking to the
chronically inflamed glomerulus can occur in a CD11b-
independent manner . This h ighl ights a pr imar i ly
immunoregulatory role for CD11b in lupus and supports
further assessment of the CD11b pathway as a potential
therapeutic avenue for lupus nephritis.
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Supplementary Figure 1 | CD11b expression is dysregulated in Lyn-/- mice and
autoimmune pathology manifests in Lyn-/-Itgam-/- mice. (A) Flow cytometry
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assessment of CD11b expression on splenic neutrophils (CD11b+Ly6G+) of the
indicated mice at 12-, 24- and 36-weeks of age; (B) Representative histopathology
depicting glomeruli of the indicated 36-week-old mice with quantitation of
glomerular cross-sectional area. For (A), histograms are representative, and data
are derived from n = 7-12 per group, pooled from 3-4 experiments per time-point.
The CD11b-ve histogram was derived by gating on the population of C57BL/6 cells
that do not express CD11b. For (B), images are representative of four experiments
and data are of n = 8-11 per group. **p < 0.01, ***p < 0.001 by Dunn’s multiple
comparisons test and ####p < 0.0001 by Mann-Whitney U test.

Supplementary Figure 2 | The B cell compartment in Lyn-/-Itgam-/- mice is
unchanged from that in Lyn-/-mice. Spleens from 24-week-old mice of the indicated
genotypes were assessed by flow cytometry for: (A) populations of B cells
(B220+CD138-) and plasma cells (CD138+B220-) cells; (B) numbers of B cells with
(C) proportions of follicular (Fol.; CD23+CD21low), marginal zone (MZ; CD21+CD23-)
and transitional stage 1-3 (T1-3; CD23-CD21-) subsets; (D) numbers of plasma
cells, and relative surface expression of (E) IgM and (F) FcgRII on plasma cells. Flow
plots in (A) are representative of three experiments. For data in (B-F), n = 7-12 per
group, pooled from three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 by Dunn’s multiple comparisons test and # p < 0.05, ## p < 0.01 by Mann-
Whitney U test.

Supplementary Figure 3 | Kidney flow cytometry gating strategy. Perfused and
digested kidneys from 24-week-old mice of the indicated genotypes were assessed
by flow cytometry for: (A) endothelial cells (CD45-CD31+EpCAM-); leukocytes
(CD45+); lymphocyte populations (CD45+CD11b-CD11c-) including: gd T cells
(CD3ϵ+gdTCR+), CD4+ T cells (gdTCR-CD3ϵ+CD4+), CD8+ T cells (gdTCR-CD4-

CD3ϵ+CD8a+) and B cells (gdTCR-CD3ϵ-CD4-CD8a-CD19+); granulocyte
populations (CD45+CX3CR1-F4/80-) including: neutrophils (Ly6G+SiglecF+) and
eosinophils (SiglecF+Ly6G-); and phagocyte populations (CD45+CX3CR1+F4/80+),
further subdivided in . Flow cytometric assessment of the expression of (B)
adhesion molecules VCAM-1 and ICAM-1 on kidney endothelium and (C) integrins
CD11a (LFA-1) and CD11c on kidney neutrophils. Flow plots in (A) are illustrative of
gating strategy only, flow plots in (B, C) are representative of two experiments. Data
in (A) are n = 5-9 per group and data in (B) are n = 6-9 per group, both pooled from
two experiments. *p < 0.05, **p < 0.01 by Dunn’s multiple comparisons test and p
value stated if approaching significance (p < 0.1), ##p < 0.01, by Mann-Whitney U
test

Supplementary Figure 4 | Immune complex deposition is not further enhanced
by CD11b-deficiency in Lyn-/- mice. Immunofluorescence analysis and
quantification of frozen kidney sections stained for glomerular IgG deposition.
Images are representative and data is of n = 6-9 per group, scored blinded. **p <
0.01 by Dunn’s multiple comparisons test.
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