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Treatment with a CD40 Antagonist Antibody Reverses Severe
Proteinuria and Loss of Saliva Production and Restores
Glomerular Morphology in Murine Systemic Lupus
Erythematosus

Stuart J. Perper, Susan V. Westmoreland, Jozsef Karman, Rachel Twomey,

Jane Seagal, Rui Wang, Bradford L. McRae, and Stephen H. Clarke

CD40 is a costimulatory receptor on APCs that is critical for the induction and maintenance of humoral and cell-mediated im-

munity. Accordingly, CD40 and its ligand, CD40L, have long been considered targets for the treatment of autoimmune diseases.

We developed a rat/mouse chimeric anti-mouse CD40 antagonist mAb, 201A3, and evaluated its ability to alleviate murine lupus.

Treatment of NZB/W-F1 mice with 201A3 after the onset of severe proteinuria rapidly reversed established severe proteinuria and

nephritis and largely restored normal glomerular and tubular morphology. This coincided with a normalization of the expression

of genes associated with proteinuria and injury by kidney parenchymal cells. Anti-CD40 treatment also prevented and reversed

loss of saliva production and sialadenitis. These effects on kidney and salivary gland function were confirmed using mice of a

second strain, MRL/Mp-lpr/lpr, and extended to alleviating joint inflammation. Immunologically, anti-CD40 treatment disrupted

multiple processes that contribute to the pathogenesis of systemic lupus erythematosus (SLE), including autoreactive B cell

activation, T effector cell function in target tissues, and type I IFN production. This ability to disrupt disease-critical immuno-

logical mechanisms, to reverse glomerular and tubular injury at the cellular and gene expression levels, and to confer exceptional

therapeutic efficacy suggests that CD40 is a central disease pathway in murine SLE. Thus, a CD40 antagonist Ab could be an

effective therapeutic in the treatment of SLE. The Journal of Immunology, 2019, 203: 58–75.

S
ystemic lupus erythematosus (SLE) is an autoimmune
disease triggered by a loss of immunological tolerance, as
exemplified by the presence of autoantibodies to numerous

nuclear and cytoplasmic Ags (1, 2). Although this disease can
affect any organ, the clinical manifestations of the disease vary
considerably among patients. This is thought to arise from dif-
ferences between patients in the operant pathogenic mechanisms
(3). Although our understanding of these pathogenic mechanisms
in human SLE remains poor, several key processes are known.
They include the following: 1) autoreactive B cell activation to
generate immune complexes that can initiate inflammation
where they deposit, 2) autoreactive T effector cell function (e.g.,
TH1 and TH17) at sites of inflammation, and 3) plasmacytoid
dendritic cell (pDC) production of type I IFN (IFN-I) that can
directly cause tissue injury and can amplify autoreactive B and
T cell activation (4).

The CD40/CD40L pathway is fundamental to both humoral and
cell-mediated immunity (5), and targeting it could affect multiple
pathogenic processes in SLE. CD40 is constitutively expressed by
APCs (B cells, dendritic cells, and macrophages) and provides an
activating signal and can be induced on many nonhematopoietic
cells, including parenchymal cells of the kidney, skin, and salivary
gland. CD40L is expressed mainly by activated T cells and platelets
but is also shed by platelets and present in blood as a soluble protein
(soluble CD40L [sCD40L]) (6, 7). CD40 signaling on APCs con-
tributes to numerous cell functions, most notably germinal center
(GC) formation and persistence and effector T cell differentiation
and activation (5). Moreover, CD40 signaling may be required for
robust IFN-I production by pDCs (7). Thus, the involvement of the
CD40/CD40L pathway in multiple SLE pathogenic processes
suggests that targeting this pathway could be efficacious in SLE.
We have developed a rat/mouse chimeric anti-mouse CD40 an-

tagonist Ab that exhibits no agonist activity.We show, in this study, that
prophylactic administration of this Ab to mice of two SLE-prone
strains blocks the development of nephritis, arthritis, and sialadeni-
tis. Moreover, therapeutic anti-CD40 administration after the onset of
severe proteinuria reverses proteinuria and increases saliva production.
In addition to disrupting multiple immunological processes relevant to
SLE pathogenesis, anti-CD40 treatment normalizes parenchymal cell
gene expression and reverses glomerular damage. This compelling
therapeutic response in murine SLE suggests that CD40 antagonism
may be a promising therapeutic strategy for the treatment of SLE.

Materials and Methods
Mice

Female NZB/W-F1 mice (Jackson Labs Technologies) at 26 wk of age,
female MRL/Mp-lpr/lpr (MRL/lpr), and C57BL/6J mice (Jackson Labs
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Technologies) at 10 or 6–8 wk of age, respectively, were used. Mice were
housed in an American Association for the Accreditation of Laboratory
Animal Care–accredited specific pathogen-free facility under a 12/12 h
light/dark cycle with food and water provided ad libitum. All studies in-
volving animals were reviewed and approved by the AbbVie Institutional
Animal Care and Use Committee.

201A3, a mouse-specific antagonistic anti-CD40 mAb

201A3 is an anti-mouse CD40 rat/mouse chimera with rat variable domains
and mouse IgG2a/k C region domains, and it exhibits no ability to bind
human CD40. It was prepared internally and stored at 280˚C in the
AbbVie Biologics Pharmacy, Worcester, MA.

Sprague Dawley rats were immunized by hock immunizations using
recombinant murine (mu)CD40/human IgG1 fusion protein (R&D Sys-
tems). Serum titers were assessed by binding to muCD40-overexpressing
HEK 293 cells. Lymph node cells were isolated from immunized animals
and fused with myeloma NS0 cells by electrofusion. Primary hybridoma
hits were identified by ELISA based screening using recombinant
muCD40/human IgG1 (the immunogen), followed by flow cytometry assay
using muCD40-overexpressing HEK293 cells. To identify hybridomas
producing Abs with potential blocking activity, we developed an ELISA-
based blocking assay. The anti-mouse CD40 Ab clone 201A3 was iden-
tified, and the VH/VL cDNA of the hybridoma clone was amplified by
RACE PCR using Ig C region–specific primers. The variable domains were
converted and expressed as a rat/mouse chimera with rat Fv and mouse
IgG2a/k constant regions.

Functional characterization of 201A3 in vitro

Primary splenocytes were isolated from C57BL/6J mice by homogenizing
spleens between glass slides in Dulbecco PBS without CaCl or MgCl (Life
Technologies). RBCs were lysed using RBC Lysis Buffer (eBioscience).
Cells were washed and resuspended in RPMI 1640 containing 10% FBS
(HyClone), 2 mM GlutaMax, 100 mg/ml penicillin/streptomycin (Life
Technologies) and 55 mM 2-ME (Life Technologies). To assess agonist
activity, 200,000 cells were added per well in triplicate to a 96-well,
U-bottom tissue culture plate. Cells were incubated for 2 d with titrated
concentrations of mouse mIgG2a (AbbVie), 201A3, or anti-CD40 mAb
FGK45 (Bio X Cell). To assess antagonist activity, the same number of
cells were incubated for 2 d with 1 mg/ml sCD40L (Lonza Group) in the
presence of titrated levels of mIgG2a (AbbVie), 201A3, or anti-CD40
mAb MR1 (Bio X Cell). Cells from agonist and antagonist assays were
harvested, washed, and resuspended in Dulbecco phosphate-buffered
saline without CaCl or MgCl (Life Technologies) plus 2% BSA
(Sigma-Aldrich) and labeled with LIVE/DEAD Near-IR Dead Cell
Stain Kit (Invitrogen) for 5 min at room temperature. Rat anti-mouse
CD16/CD32 Fc block (BD Biosciences) was then added, and cells were
incubated for an additional 10 min. Cells were then further labeled with
APC-conjugated anti-mouse B220 (RA3-6B2; BioLegend) and PE/Cy7-
conjugated anti-mouse CD86 (GL1; BioLegend) and incubated for
30 min on ice. Cells were then washed two times and samples were
acquired.

Experimental design and treatment protocols

NZB/W-F1 prophylactic treatment. A cohort of female NZB/W-F1 mice at
25 wk of age was tested for urine protein levels. Urine was manually
expressed and individually tested for protein levels using Albustix Reagent
Strips for Urinalysis (Siemens). Urine protein levels were graded visually
based on comparison with color chart provided by the manufacturer: Trace
30, 100, 300, and 2000+ mg/dl. Mice exhibiting urine protein #100 mg/dl
were randomly assigned to treatment groups (n = 20/group) and ear tagged
for individual identification. 201A3 was administered at 15 mg/kg once or
twice a week i.p. or 1.5 mg/kg twice a week i.p. starting at 26 wk of age.
PBS (vehicle control) was administered twice a week i.p., and predniso-
lone (Sigma-Aldrich) at 10 mg/kg was administered by daily oral gavage
as a positive control. At least weekly thereafter, urine protein levels were
determined, and mice exhibiting urine protein $300 mg/dl for at least two
consecutive weeks were considered to be severely proteinuric. Moribund
animals were euthanized, tissues were collected, and the dates were
recorded. After 9 wk of treatment, representative animals were eutha-
nized and tissues were collected. Spleens, kidneys, and salivary glands
were processed for flow cytometry and/or histologic analysis. Blood was
collected by retro-orbital puncture under isoflurane anesthesia or by
cardiac puncture. Whole blood was processed for plasma (centrifuged at
15,000 3 g for 5 min), decanted, and stored frozen for use in an anti-
dsDNA Ab ELISA. Kidneys and salivary glands were collected as mice
became moribund throughout the study, and kidneys, salivary glands, and
blood were collected at the termination of the study on day 91. For blood

RNA, blood was collected by cardiac puncture using heparinized
syringes, and 0.5 ml was placed into RNAprotect Animal Blood Tubes
(Qiagen). Kidney medial cross-sections and a single salivary gland were
fixed in 10% neutral-buffered formalin, processed, and paraffin embed-
ded for histological evaluation. The remainder of each kidney and sali-
vary gland was placed into RNAlater (Thermo Fisher Scientific), held at
4˚C overnight, and stored frozen at 280˚C prior to further processing for
gene expression.

NZB/W-F1 therapeutic treatment. Three separate therapeutic efficacy ex-
periments were conducted, which were performed identically except for the
dosages used. The general experimental scheme for all was as follows.
Female NZB/W-F1 mice at 25 wk of age were tested weekly for urine
protein levels as previously described. Mice were enrolled systematically
across all treatment groups after exhibiting two consecutive urine protein
grades 24 h apart of $300 mg/dl. Mice were enrolled between the ages of
26 and 38 wk and averaged 32 wk of age. Treatments were initiated 24 h
after the second consecutive elevated urine protein determination. Urine
protein levels were monitored at least weekly in all treatment groups
thereafter. Recovery from severe proteinuria was defined as at least
three consecutive weeks of urine protein grade #100 mg/dl. Only the
animals that were treated for a minimum of 4 wk (unless becoming
moribund) were included in the efficacy analysis. In the first experi-
ment, 201A3 was administered at 15, 3, 0.6, and 0.12 mg/kg twice a
week i.p. (n = 14 or 15/group), and for the second and third experi-
ments, 201A3 was administered at 15 mg/kg. Unless noted otherwise,
the results shown are from first experiment. PBS (vehicle control) was
administered twice a week i.p., and prednisolone was administered as
previously indicated.

MRL/lpr mice at 10 wk of age were randomly assigned to treatment
groups (n = 18/group). 201A3 was administered at 15, 5, and 1.5 mg/kg
twice a week i.p. PBS (vehicle control) was administered twice a week
i.p., and prednisolone was administered as previously described. Mice
were treated for 9 wk and followed for proteinuria as described. At study
termination, kidney, salivary gland, and rear hock joints were collected for
histological analysis.

Flow cytometry analysis

Spleens were dissociated to single-cell suspensions using cMACS tubes,
autoMACSRinsing Solution, gentleMACSDissociator andMiltenyi Spleen
Dissociation Kit (Miltenyi Biotec). RBCs were removed from cell sus-
pensions using multispecies RBC lysis buffer (eBioscience). Cells were
centrifuged and resuspended in FACS buffer (PBS plus 1.5% heat inacti-
vated FBS; Invitrogen plus 0.02% sodium azide; Sigma-Aldrich) containing
1:200 of rat anti-mouse CD16/CD32 Fc block (BD Biosciences) and LIVE/
DEAD Fixable Blue or Near-IR Dead Cell Stain Kit (Invitrogen) and in-
cubated 30 min on ice. After centrifugation and washing in PBS, cells were
resuspended and further labeled with Ag specific Abs. The following mAbs
specific for murine Ags were purchased from BD Biosciences, BioLegend,
and eBioscience: allophycocyanin (APCy)-conjugated CD3 (145-2C11),
APCy-conjugated NKp46 (29A1.4), APCy-conjugated Gr-1 (RB6-8C5),
APCy-conjugated CD11b (M1/70), Alexa 488–conjugated Ly-77 (GL7),
PE-conjugated CXCR4 (L276F12), PE/Cy7-conjugated CD95 (Jo2),
Brilliant Violet (BV)421-conjugated CD86 (GL-1), BV6510-conjugated
IgD (11-26c.2a), Brilliant Ultra-Violet (BUV)395-conjugated IgD
(11-26c.2a), FITC-conjugated CD4 (RM4-5), PerCP/Cy5.5-conjugated
CD19 (6D5), PE-conjugated PD-1 (29F.1A12), PE/Cy7-conjugated
CD62L (MEL-14), Alexa 647–conjugated ICOS (C398.4A), biotin-
conjugated CXCR5 (L138D7), BV605-conjugated CD44 (IM7), BUV395-
conjugated CD3 (145-2C11), and BUV395-conjugated CD3 (145-2C11).
Brilliant stain buffer (BD Biosciences) was used where BV fluorochrome–
conjugated mAbs were used, and SAv-BV421 (BioLegend) was used in
conjunction with CXCR5/biotin. Samples were acquired on a FACSCali-
bur (BD Biosciences) flow cytometer and analyzed with FlowJo software
(version 8.5; Tree Star). Compensation controls were prepared using
OneComp beads (eBioscience). Total cell numbers were determined by
adding AccuCount beads (Spherotech).

Blood B220+ CD40 receptor occupancy assay. Heparinized whole blood
collected 72 h after the last dosage of PBS or 201A3 was added to FACS
buffer containing 1:200 rat anti-mouse B220 PE/Cy7 (BioLegend) and
20 mg/ml 201A3/APC, previously labeled using Lightning-Link APC
Conjugation Kit (Innova Biosciences). Lyse/Fix Buffer (BD Biosciences)
was added to each sample and washed prior to analysis using FACSCalibur
(BD Biosciences) flow cytometer. CD40 receptor occupancy (RO) was
calculated by determining the fractional geometric mean fluorescence in-
tensity of CD40 APC staining on B220-positive cells derived from 201A3-
treated animals versus that of the average derived from PBS vehicle
control–treated animals.
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Anti-dsDNA ELISA

Anti-dsDNA levels were determined using an ELISA. ELISA plates (Easy-
Wash Costar) were coated with 50 mg/ml poly-D-lysine (Sigma-Aldrich) in
carbonate/bicarbonate buffer (Sigma-Aldrich) overnight at 4˚C, washed,
and coated overnight at 4˚C with calf thymus DNA at 5 mg/ml (Sigma-
Aldrich) in carbonate/bicarbonate buffer (Sigma-Aldrich). Plates were
washed just prior to use. Standard reference plasma (pool of plasma from
8- to 10-mo-old NZBW-F1 proteinuric mice), and unknown plasma sam-
ples were serially diluted 1:5, starting at 1:50 in 3.0% BSA (Sigma-
Aldrich) plus 0.02% sodium azide (Sigma-Aldrich) in PBS and added to
DNA-coated plates to create six-point titration curves. Samples were in-
cubated for 1–2 h at room temperature and washed, and peroxidase-linked
goat anti-mouse IgG H chain– and L chain–specific Ab (Jackson
ImmunoResearch Laboratories) were added at a 1:2000 dilution in PBS
containing 3.0% BSA. Plates were incubated for 1–2 h at room tempera-
ture and then washed. Tetramethylbenzidine Substrate Solution (Invitrogen)
was added, and the reaction was allowed to develop at room temperature
until the top dilution (1:50) of the reference standard plasma for each
plate reached an OD of 2.7–3.0 when read on a Molecular Dynamics
SpectraMax 190 Plate Reader at 650 nm. The reaction was stopped with
the addition of 1N HCL, and the final absorbance read at 450 nm. A four-
parameter logistic model was used for curve fitting of each titration curve
using SoftMax Analysis Software v.6.0 and EC50 determinations were used
for each sample.

Pilocarpine induced saliva collection

At study day 69, all animals on study, plus a group of eight 17-wk-old NZB/
W-F1 mice, were anesthetized using isoflurane anesthesia, and 60 mg pi-
locarpine nitrate (Sigma-Aldrich) was administered i.p. Two minutes after
pilocarpine injection saliva was collected, for 8 min, while under continued
anesthesia, preweighed children’s safety swabs inserted into the mouth,
and difference in weight postcollection was calculated.

Histology analysis of kidney and salivary gland sections

Kidney and salivary gland samples were fixed in 10% neutral buffered
formalin and processed in paraffin and embedded in blocks. Blocks were
sectioned at 3 mm and mounted on glass slides prior to performing im-
munohistochemistry. Kidney samples were multiplexed using the Leica
Bond autostainer with IBA1 (Wako) and CD3 (Thermo Fisher Scientific)
with a methyl green counterstain (Poly Scientific). Vectra spectral imaging
system was used to collect at least 20 203-high-power images of CD3-
and IBA1-stained kidney sections. The 203-high-power, high-resolution
images were then subjected to image analysis algorithms in the inForm
software (PerkinElmer). Images were analyzed for IBA1 and CD3 area as a
measure of overall inflammation in the kidney. Images were collected
within the cortex region of the kidney while avoiding lymphoid aggregates.
The inForm algorithm set that was used has three algorithms: the first
thresholds the staining for IBA1 and CD3 in spectrally imaged files to
eliminate background/extraneous stain. The subsequent algorithms seg-
ment the tissue into tissues of interest and quantifies either CD3 or IBA1 in
the red–green–blue images produced from the first algorithm.

Salivary glands were stained with CD45 (BD Biosciences) and scanned
on a Panoramic digital slide scanner (PerkinElmer) at 203. Analysis of
whole-slide images of the salivary glands was performed using Visiopharm
software. The analysis involved a two-step process; in the first step, an
algorithm identified the whole tissue on the slide, and in the second step, a
different algorithm identified the immunolabeled positive pixels in the
segmented tissue. The data were processed as the number of positive pixels
of the immune cells divided by the total number of pixels associated with
the segmented tissue.

Kidneys, a single salivary gland, and both rear paws were collected and
fixed in 10% neutral-buffered formalin for a minimum of 24 h. Rear paws
were decalcified using Cal-Rite (Richard-Allan Scientific 5501). Kidneys,
salivary glands, and decalcified paws were then embedded in paraffin us-
ing an automated tissue processor. All samples were sectioned at 5 mm
and stained with H&E. Stained slides were evaluated and scored by a
veterinary pathologist. Kidneys were separately evaluated for glomerular
disease, tubular dilation, and perivascular infiltrates according to the fol-
lowing schemes. Glomerular disease was scaled by the following: 0, no
inflammation; 1, segmental thickening of the mesangium (not all glo-
meruli); 2, segmental to diffuse thickening of the mesangium (most glo-
meruli); 3, diffuse thickening of the mesangium (up to three times normal
thickness), hypercellular glomerulus, increased size of podocytes (cyto-
plasm and nucleus), and generally no adherences; and 4, diffuse thickening
of the mesangium with areas worse than others, may be coagulated pro-
teins or fibrous hypocellular glomerulus, increased size of podocytes

(cytoplasm and nucleus), and Bowman capsule epithelium, adherences,
and crescents. Tubular dilation was scaled by the following: 0, no in-
flammation; 1, minimal/mild dilation of a few tubules, either as a focus or
multifocally, generally limited to inner stripe of the outer medulla; 2,
minimal/mild dilation of up to 20% of the tubules, either as a focus or
multifocally, generally limited to the inner stripe of the outer medulla; 3,
mild/moderate dilation of up to 50% of the tubules, expands to some areas
of the cortex; and 4, mild/moderate dilation of .50% of the tubules, ex-
pands throughout the cortex. Perivascular infiltrates were scaled by the
following: 0, up to a few rare lymphocytes; 1, a few lymphocytes forming
loose aggregates; 2, lymphocytes forming discrete small aggregates; 3,
polarized aggregate of lymphocytes that bulge into the lumen of the ad-
jacent vein but fail to fully surround the arcuate artery; 4, lymphocyte
aggregate fully, surrounding the arcuate artery and not showing obvious
polarization; and 5, lymphocytic infiltrates extending from the adventitia
of the arcuate artery into the adjacent connective tissue.

Salivary gland was scaled by the following: 0, no inflammation; 1, rare
perivascular infiltrates; 2, one to two small aggregates of perivascular or
periductular inflammatory infiltrates; 3, multiple medium-sized aggregates
of periductular infiltrates that extend into acinar tissue; 4, multiple large to
coalescing periductular aggregates that extend into, compress, or replace
acinar tissue.

Paw joints was scaled by the following: 0, no inflammation; 1, rare
infiltrates within synovium; 2, frequent infiltrates within synovium and
adjacent joint tissue; 3, numerous infiltrates within synovium and adjacent
joint tissue; 4, marked infiltrates that expand and replace synovium and
adjacent joint tissue. Sum of both rear paw scores were averaged for each
group.

Blood, kidney, and salivary gland analysis for gene expression

Homogenization of kidney and salivary gland samples for gene expression.
Tissues were removed from RNAlater and placed in 2-ml Eppendorf Tubes
(Qiagen) containing one 5-mm diameter stainless steel bead (Qiagen) and
then 700 ml of Qiazol (Qiagen) was added to each sample. Samples were
placed in a 2 3 24 TissueLyser Adapter Set (Qiagen) of the TissueLyser II
(Qiagen). The TissueLyser II was operated for 2 min at 20 Hz, after which,
the samples were placed on ice for 1 min. The TissueLyser II was then
operated in 2-min increments until samples were fully homogenized.
Tubes were briefly centrifuged to bring all liquid to the bottom, and an
additional 700 ml of Qiazol was added. Homogenate was frozen at 280˚C
prior to further processing.

RNA extraction of kidney and salivary gland samples for gene expression.
The kidney homogenate was thawed and incubated at room temperature for
5 min and then briefly vortexed and centrifuged. One hundred and forty
microliters of chloroform (Sigma-Aldrich) was added to each sample and
mixed with vigorous shaking for 15 s. After 3 min of incubation at room
temperature, samples were centrifuged at 16,100 3 g for 15 min at 4˚C.
RNA was extracted from the clear upper phase with use of Qiagen QIA-
cube robot using a custom protocol that follows the miRNeasy Mini
Handbook (Qiagen) with the addition of an On-Column DNase Digestion
with the RNase-Free DNase Set (Qiagen). Samples were eluted in 50 ml
of RNase-free water.

RNA extraction of blood samples for gene expression. Samples were
thawed and incubated in RNAprotect Animal Blood Tubes overnight at
room temperature for complete lysis of the blood cells. Tubes were mixed
by inversion and then centrifuged at 5000 3 g for 3 min at room tem-
perature to pellet the sample, including nucleic acid and protein. Pellet was
washed and centrifuged twice with RNase-free water using clean Eppen-
dorf Tubes (Qiagen). Supernatant was removed, and RNA was extracted
using Qiagen QIAcube robot with a protocol that follows the RNeasy
Protect Animal Blood Handbook (Qiagen). Samples were eluted in 30 ml
of RNA elution buffer.

RNA quantification. Qiagen QIAxpert was used to quantify the extracted
RNAwith the A260 RNA analysis app. Water blank was used for the kidney
samples, and an Elution rehydration buffer blank was used for blood
samples.

For gene expression by microarray, biotinylated cDNA were prepared
according to the Affymetrix WT 2.0 PLUS Reagent Kit from 200 ng total
RNA. Following fragmentation and labeling, 3.5 mg of cDNA were hy-
bridized onto the Mouse Gene 2.0 Arrays and placed in GeneChip Hy-
bridization Oven 640 for 18 h at 45˚C. Microarrays were washed and
stained in the Affymetrix Fluidics Station 450. GeneChips were scanned
using the Affymetrix GeneChip Scanner 3000 7G. The data were analyzed
with the Affymetrix GeneChip Command Console. Microarray expression
data were processed using Command Console (Affymetrix) and the raw
(.CEL) files generated were analyzed using Expression Console Software
with Affymetrix default Robust Multichip Analysis Gene analysis settings
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(Affymetrix). Probe summarization Robust Multichip Analysis, quality
control analysis, and probe annotation were performed according to rec-
ommended guidelines (Expression Console Software; Affymetrix). The
final data analysis was performed using the web-based gene expression
data browser. The IFN signature score was calculated as the median ex-
pression level of four known IFN-I regulated genes (Ifi27, Ifi44, Ifi44l, and
Rsad2). The chemokine gene signature score was calculated the same way
using 31 genes found to be expressed in kidney or salivary gland
(Supplemental Table I). Median gene expression was analyzed using
one-way ANOVA and Tukey pairwise comparisons.

Results
Anti-CD40 Ab 201A3 has antagonist activity

The anti-mouse CD40 mAb 201A3 is a rat/mouse chimera with rat
Fv regions and mouse g2a and k constant regions and does not
cross-react with human CD40. The Fc region lacks FcgR and
complement binding abilities because of D265A and N297A
mutations (8–10). 201A3 has no agonist activity, as it is unable
to induce CD86 expression on mouse primary B cells (Fig. 1A),
but it exhibits potent antagonist activity, as it blocks CD40L-
mediated upregulation of CD86 on mouse B cells (Fig. 1B).
201A3 will be referred to hereafter as anti-CD40.

Prophylactic treatment with anti-CD40 prevented the
development of proteinuria and extended survival in female
NZB/W-F1 mice

To assess the effectiveness of CD40 pathway blockade at abro-
gating murine SLE, we first determined whether prophylactic
treatment would be effective in preventing development of pro-
teinuria and nephritis in NZB/W-F1 mice. We found that when
treatment was begun, before onset of proteinuria at 26 wk of age,
anti-CD40 at either 15 or 1.5 mg/kg i.p. twice per week or 15 mg/kg
i.p. once per week prevented the onset of proteinuria (Fig. 2A).
Consistent with this, anti-CD40–treated mice had significantly
fewer splenic GC B cells and T follicular helper (Tfh) cells as
determined by flow cytometry indicating that CD40 function (5)
was inhibited at the doses administered (Fig. 2B, 2C).

Therapeutic treatment of NZB/W-F1 mice reversed ongoing
proteinuria and nephritis

A more stringent and relevant test of efficacy is to treat thera-
peutically after the onset of severe proteinuria. Treatment of NZB/
W-F1 mice with PBS, anti-CD40, or prednisolone was begun after
the development of severe proteinuria, which we defined as two
consecutive, high urine protein measurements ($300 mg/dl urine
protein) 24 h apart, and the mice were monitored weekly for
changes in urine protein levels.
Anti-CD40–treated mice exhibited a dosage-dependent reduc-

tion in splenic GC B cells and Tfh cells in comparison with PBS
control mice (Fig. 3A), indicating effective blockade of CD40
function at only the two highest dosages. Whereas PBS-treated
mice remained proteinuric for the duration of the study and be-
came moribund, the average urine protein levels were significantly
reduced, and mean survival significantly extended in mice of the
15 and 3 mg/kg anti-CD40 dosage groups (Fig. 3B, 3C). Mice in
the 0.6 and 0.12 mg/kg anti-CD40 cohorts were not significantly
different from those of the PBS control cohort in average urine
protein levels and mean survival. Although daily prednisolone
treatment significantly reduced GC B and Tfh cell numbers, the
average urine protein level and mean survival were not signifi-
cantly different from PBS controls (Fig. 3A–C).
The percentage of mice that recovered following anti-CD40

treatment was also dosage dependent. Recovery from severe
proteinuria was defined as three or more consecutiveweeks of urine
protein # 100 mg/dl. Eighty-seven and fifty-three percent of mice

in the 15 and 3 mg/kg groups, respectively, recovered from severe
proteinuria (both significantly different from PBS control group),
whereas only 7% of mice recovered from severe proteinuria in the
0.6 mg/kg group, and none of the mice recovered in the 0.12 mg/kg
group (Table I). The average time to recovery was just 13 d for anti-
CD40–treated mice. Prednisolone treatment had a modest, but NS,
effect on recovery from severe proteinuria (21%). No mice in the
PBS control group recovered from severe proteinuria.
Previous studies have demonstrated that nearly full CD40 RO

with anti-CD40 is required to inhibit CD40L-mediated signaling
in vitro (data not shown). In this study, recovery from proteinuria
correlated with CD40 RO on peripheral blood B cells. At the two
efficacious doses, there was nearly complete RO, whereas at the two
low doses, RO was very low or undetectable (Supplemental Fig. 1).

Efficacy required continuous exposure to anti-CD40

To determine the durability of anti-CD40 treatment, dosing was
discontinued for a representative subset of mice from Fig. 2 that
had been prophylactically treated, and the mice followed for the
development of proteinuria. Mice from all groups developed
proteinuria, but the timing of its onset was dosage dependent.
Mice in the low-dosage cohort (1.5 mg/kg) were the first to re-
lapse, followed by the 15 mg/kg once per week cohort, and then
the 15 mg/kg twice per week cohort (Fig. 4A). Survival followed
the same pattern (Fig. 4B). This timing of onset corresponded to
loss of exposure (data not shown) and RO (Fig. 4C). Thus, we
conclude that efficacy with the Ab 201A3 requires continuous
inhibition of CD40 function and does not induce long-term pro-
tective mechanisms in these mice.

FIGURE 1. Mouse-specific anti-CD40 mAb 201A3 exhibited antagonist

activity, but not agonist activity. (A) 201A3 was unable to induce CD86

expression on mouse primary B cells after 2 d of culture, as measured by

flow cytometry, in contrast to a known agonist Ab, FGK45. (B) 201A3

blocked mouse B cell upregulation of CD86 in response to CD40L (1 mg/ml).

MR1, the control hamster anti-mouse CD40L Ab, blocked CD86 upregulation

but required .100 nM.
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FIGURE 2. Prophylactic treatment of NZB/W-F1 mice with anti-CD40 mAb 201A3 blocks proteinuria development while extending survival. Non-

proteinuric female NZB/W-F1 mice were enrolled in the study at 26 wk of age and treated as indicated for 9 wk. (A) Kaplan–Meier curves show the

percentage of NZB/W-F1 mice that remain nonproteinuric, defined as, 300 mg/dl, and survival of prophylactically treated mice over the 9 wk course of the

experiment (n = 20 per group). p , 0.05, Mantel–Cox survival analysis in comparison with PBS control mice. *, urine protein; ^, survival. (B) Repre-

sentative histograms are shown of the gating scheme for splenic GC B cells and Tfh cells from 35-wk-old female NZB/W-F1 mice that had been treated

prophylactically for 9 wk with PBS or 201A3. GC B cells were identified by negative selection of CD3+, NKp46+, Gr-1+, and CD11b+, followed by positive

gating for CD19+ and finally coexpression of CD95+ and GL-7+. Tfh cells were gated as CD4+, CD44high, CD62lowCXCR5+, and PD-1+. (C) Graphs show

the total number of GC B and Tfh cells per spleen (n = 7 or 8). *p , 0.05 one-way ANOVA from PBS control animals.
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FIGURE 3. Therapeutic treatment of female NZB/W-F1 mice with anti-CD40 mAb 201A3 reversed severe proteinuria and extends survival. Beginning at

26 wk of age, NZB/W-F1 mice were monitored for the development of proteinuria and enrolled into a therapeutic study when they reached $300 mg/dl of

urine protein. (A) The numbers of GC B cells and Tfh cells per spleen, determined as described in Fig. 2, are shown (n = 4–6). *p, 0.05, one-way ANOVA

compared with PBS control. (B) Shown are the average urine protein levels of treated mice and (C) Kaplan–Meier graph showing percent survival following

treatment with PBS, 201A3, or prednisolone (n = 14 or 15 per group). Note that because this study required a rolling enrollment the x-axis is days of dosing

rather than age. Treatment duration was from 4 to 12 wk. The dotted line at 300 mg/dl is the threshold of proteinuria that triggered the initiation of

treatment. p , 0.05 using repeated measures ANOVA and log-rank Mantel–Cox survival test, respectively. *, urine protein; ^, survival.
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Anti-CD40 treatment reduced kidney inflammation

At the terminus of the therapeutic study, kidneys were evaluated
histologically to determine the effect of anti-CD40 treatment on
inflammation. We used immunohistochemistry analysis to identify
myeloid cells (IBA1+) and T cells (CD3+). Anti-CD40 dosage
dependently reduced the number of myeloid cells and T cells in
the kidney. This is seen in representative images of the glomeruli
(Fig. 5A) and by image analysis quantifying the amount of IBA1
and CD3 staining in whole-kidney sections (Fig. 5B, 5C). IBA1
and CD3 staining in the kidney in mice treated with high-dosage
anti-CD40 and prednisolone were not statistically different from
young prediseased mice (Fig. 5B, 5C). We performed an
analysis at the time treatment was initiated (referred to as
baseline) and found that IBA1+ myeloid cells and CD3+ T cells
had already infiltrated the kidney, albeit to a lesser extent than at
the terminus (Fig. 5B, 5C). Prednisolone treatment eliminated
CD3+ and IBA1+ cells from the kidney comparable to high-
dosage anti-CD40. B cells are also eliminated based on B220
staining in anti-CD40 (15 mg/kg cohort) treatment and pred-
nisolone treatment (data not shown). Thus, high-dosage anti-
CD40 markedly reduced the numbers inflammatory cells of
multiple hematopoietic lineages in the kidney to levels like
those of young prediseased mice.
Therapeutic treatment with anti-CD40 also reversed the mor-

phological changes that occur over the course of the disease. We
separately scored glomerular disease, tubular dilation, and peri-
vascular infiltration. We observed a dosage-dependent decrease in
all three of these scores with anti-CD40 treatment, and in each case,
the score for mice treated with anti-CD40 at 15 mg/kg was sig-
nificantly lower than that for the vehicle-treated mice (Fig. 6A–C).
Representative images are shown in Fig. 6D. Glomerular damage
is shown with periodic acid–Schiff (PAS; an indicator of ex-
tracellular matrix deposition by mesangial cells) and podoplanin
staining (Fig. 6D, rows 1 and 2), which, together, showed
mesangial thickening, matrix deposition, increased glomerular
size, crescent formation, and altered podoplanin expression in
vehicle-treated kidneys. Podoplanin staining of kidneys from
PBS-treated animals and, to a lesser extent, from baseline ani-
mals was more intense and occurred mostly around the perimeter
of the glomeruli, in contrast to diffuse and less intense staining in
young predisease mice. This suggests that the podoplanin pro-
duction had decreased in the visceral podocytes with disease but
had increased in the parietal layer of podocytes. Following high-
dosage anti-CD40 treatment, podoplanin staining returned to the
more diffuse and less intense staining pattern seen in kidneys of
young predisease controls. Tubular dilation and perivascular
infiltration were indistinguishable from young predisease mice
(Fig. 6B, 6C, respectively). Images of tubules and perivascular
infiltration are shown in Fig. 6D, rows 3 and 4, respectively.
Analysis of baseline samples indicated that both glomerular

disease and perivascular infiltrate scores were elevated at the
time of treatment initiation and, therefore, that high-dosage anti-
CD40 induced a decrease. Interestingly, prednisolone, although
highly effective at reducing tubular dilation and perivascular
infiltration, was not very effective at restoration of glomerular
morphology. Prednisolone treatment had no effect on glomerular
size, mesangial thickening, or proliferation, and it did not restore
normal podoplanin production and distribution within the glo-
merulus (Fig. 6D, rows 1 and 2). These differences between anti-
CD40 and prednisolone may explain why only the former
reversed proteinuria.
Normal tubular epithelial cells and glomerular cells are reported

to be CD40+ and to increase CD40 expression as disease prog-
resses (11–13). Consistent with this, we observed little CD40
staining on tubular and glomerular cells of young prediseased
mice (data not shown) and observed that the staining intensity on
tubular and glomerular cells was higher in severely proteinuric
kidneys of mice at baseline and after PBS treatment. Prednisolone
had little effect on CD40 levels on these cells, indicating that
CD40 production was relatively unaffected by steroid treatment.
We were unable to detect CD40 expression in kidneys from anti-
CD40–treated mice because of competition between the thera-
peutic and staining Abs.

Anti-CD40 reduced IgG anti-dsDNA levels

Autoantibodies to nuclear Ags are a hallmark of SLE, and NZB/
W-F1 mice exhibit elevated levels coincident with disease
development (14, 15). Mice treated therapeutically with anti-
CD40 at 15 and 3 mg/kg had significantly lower levels of
circulating IgG anti-dsDNA autoantibodies in comparison
with those of PBS-treated mice (Supplemental Fig. 2). There
was a trend toward decreased IgM anti-dsDNA, IgG anti-RNP
Abs, and total IgG and IgM levels, but none were significantly
different from PBS control mice (data not shown). These results
are consistent with the critical role of CD40 in T-dependent Ab
responses.

Therapeutic anti-CD40 treatment restored saliva production
and reduced salivary gland inflammation

In parallel to the development of nephritis and proteinuria, NZB/
W-F1 mice develop salivary gland inflammation and salivary gland
hypofunction, similar to some SLE patients (16). To determine the
effect of anti-CD40 treatment on the salivary gland, we measured
saliva production and performed histological analysis of salivary
glands. Saliva production was measured in mice after treat-
ment with pilocarpine, a muscarinic receptor agonist that is used
clinically for the treatment of xerostomia and experimentally
in rodents for the evaluation of saliva output (17, 18). PBS-treated
mice produced significantly less saliva than young prediseased
mice (Fig. 7A). However, we observed a dosage-dependent

Table I. Recovery from severe proteinuria and reduction of morbidity by therapeutic treatment with anti-CD40

Group Total n Recovered n Recovery (%)
Days to Recovery
(Mean 6 SE) Morbidity (%)

Vehicle (PBS) 15 0 0 —{ 73
Prednisolone 14 3 21 25 6 10 50

Anti-CD40
15 mg/kg 15 13 87*† 13 6 2 7‡x

3 mg/kg 15 8 53*† 13 6 3 33
0.6 mg/kg 15 1 7 5 6 0 80
0.12 mg/kg 14 0 0 —{ 64

*p , 0.05 using Fisher exact test compared with vehicle group, †p , 0.05 using Fisher exact test compared with prednisolone group, ‡p , 0.05 using Mantel–Cox
survival analysis compared with vehicle group, xp , 0.05 using Mantel–Cox survival analysis compared with prednisolone group, {no recovery occurred.
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improvement over PBS-treated mice in saliva output with anti-
CD40 treatment; mice treated at 15 and 3 mg/kg anti-CD40
exhibited saliva production levels like those of prediseased con-
trol mice. Prednisolone had no effect on saliva production. In a
separate experiment, we demonstrated that mice treated at 15 mg/kg

anti-CD40 had improved saliva production over baseline (Fig. 7B),
indicating that anti-CD40 treatment can reverse the loss of saliva
production in this model.
Anti-CD40 therapeutic treatment also affected inflammation of

the salivary gland. The percentage of B220+ B cells in the salivary

FIGURE 4. Disease relapse occurred in a dosage-dependent fashion following cessation of treatment. NZB/W-F1 mice used in the prophylactic study

shown in Fig. 2 were used to determine whether disease relapse would occur following treatment cessation. (A and B) Kaplan–Meier graphs showing

proteinuria onset (defined as.300 mg/dl of urine protein) and survival are presented. Dotted vertical lines indicate the point (35 wk of age) when treatment

was terminated. Number of mice per group: n = 20 per group,35 wk of age, n = 11–12 per group.35 wk. of age. p, 0.05 Mantel–Cox survival analysis.

*, proteinuria; ^, survival. (C) Calculated blood CD40 RO on B220+ B cells at two time points posttreatment (122 and 150 d). Number of animals per group:

15 mg/kg twice per week (n = 7 at 122 d, n = 7 at 150 d) 1.5 mg/kg twice per week (n = 9 on day 122, n = 7 on day 150), 15 mg/kg once per week (n = 12 on

day 122, n = 11 on day 150).
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gland were determined by image analysis for comparisons across
groups. Anti-CD40 treatment had a dosage-dependent effect on

the number of B cells in the salivary gland (Fig. 7C), with the

mice treated at the high dosage being indistinguishable from

young prediseased mice. Like the kidney, prednisolone was as

effective as high-dosage anti-CD40. Representative salivary gland

immunohistochemistry images are shown in Fig. 7D. These data

also indicate that B cell infiltration had reached its peak at base-

line, and thus, the decrease after treatment was due to a loss of

B cells from the salivary gland.

Anti-CD40 treatment normalized the inflammatory pathways
upregulated in diseased kidney and salivary glands

We used transcriptome-wide profiling to evaluate changes in gene
expression in kidney and salivary gland that were associated with
disease and with therapeutic anti-CD40 treatment. Differentially
expressed genes between vehicle and young prediseased mice were
evaluated for alterations in their activated pathways using Ingenuity
Pathway Analysis software. Pathways were considered signifi-
cantly upregulated or downregulated if they had a p value of#0.05
and an absolute z score of $2. We used p value and z score

FIGURE 5. Therapeutic treatment with anti-CD40 mAb 201A3 dosage dependently reduced kidney inflammation. (A) Representative immunohisto-

chemistry images (original magnification320) of kidney sections stained for IBA1 (red) and CD3 (black) are shown. As a measure of overall inflammation,

high-power images (original magnification 320) of CD3 and IBA1 staining of whole-kidney sections were subject to image analysis algorithms in the

inForm software (PerkinElmer) to determine the percentage of kidney that stained for IBA1 (B) and CD3 (C). Numbers of mice per group: young (n = 5),

baseline (n = 11); vehicle/PBS n = 16; prednisolone n = 3; and anti-CD40 at 15, 3, 0.6, and 0.12 mg/kg (n = 7, 10, 5, and 5, respectively). For (B) and (C),

the 15 mg/kg anti-CD40 and prednisolone groups are not different statistically from the young prediseased group. *p , 0.05, one-way ANOVA compared

with PBS vehicle control mean values 6 SD.
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metrics to assess changes in the activity of Ingenuity-defined ca-
nonical pathways. The p value is derived from a hypergeometric
test to assess the overlap between genes with altered expression
and a given canonical pathway. The z score is a measure of the
concordance between the expected change in gene expression
(based on Ingenuity’s curated database) when a given pathway is
activated or inhibited and the actual measured change. By these
criteria, 47 pathways in the kidney and 38 pathways in the salivary
gland showed strong evidence for activation in a comparison be-
tween young prediseased and vehicle-treated diseased mice. All
but one pathway were associated with inflammation (Supplemental
Fig. 3A, 3B). In addition, five pathways were downregulated in the

kidney, all of which were metabolic pathways. No downregulated
pathways in the salivary gland met the selection criteria. These
findings in the kidney are like those reported previously (19). We
detected a large overlap in the inflammatory pathways upregulated
in kidney and salivary gland (Supplemental Fig. 3C); three-quarters
of the pathways upregulated in the salivary gland were also up-
regulated in the kidney. These included the most significantly up-
regulated pathways in both tissues and include pathways associated
with adaptive and innate immune responses.
Anti-CD40 treatment strongly inhibited the inflammatory

pathways that had been upregulated in disease in both kidney and
salivary gland (Supplemental Fig. 3A, 3B). In the kidney, the

FIGURE 6. Therapeutic treatment with anti-CD40 mAb 201A3 reduced kidney glomerular disease, tubular dilation, and perivascular disease. (A–C)

Kidney histological analysis of glomerular disease, tubular dilation, and perivascular infiltrates for animals treated for a minimum of 4 wk. Scoring system

is described for each in the Materials and Methods. *p , 0.05 Kruskal–Wallis test versus PBS controls. For (C), the 15 mg/kg anti-CD40 and prednisolone

groups are not different statistically from the young prediseased group. Numbers of mice per group: young (n = 5); baseline (n = 6); PBS (n = 6);

prednisolone (n = 5); and anti-CD40 at 15, 3, 0.6, and 0.12 mg/kg (n = 6, 9, 8, and 5, respectively) mean values 6 SD. (D) Representative images of the

kidney of mice from the indicated cohorts. All images are at original magnification 340. Row 1, PAS staining to assess extracellular matrix deposition in

and around the glomeruli; row 2, Podoplanin staining to reveal the glomeruli; row 3, PAS stain to reveal the tubules (indicated by arrowheads). Many

tubules are open space and appear white, whereas others are filled with protein and stain pink; row 4, PAS staining of sections for IBA1 (red) and CD3

(black) showing inflammation around arcuate arteries (identified by arrowheads).
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downregulation of the metabolic pathways was also reversed.
Thus, anti-CD40 treatment had far-reaching effects on the path-
ways altered in disease in both kidney and salivary gland, and,
together, with the histologic analysis, indicate that high-dosage
anti-CD40 treatment markedly reduced inflammation in the

kidney and salivary gland to levels comparable to young pre-
diseased mice.
In addition to examining the overall changes in gene expression in

response to anti-CD40 treatment, we evaluated several immune-related
gene signatures relevant to SLE. The first is the IFN-I signature. IFN-I

FIGURE 7. Therapeutic anti-CD40 treatment restored saliva production and reduced salivary gland inflammation. (A) Saliva production was measured

after pilocarpine challenge. Young (n = 8); vehicle/PBS (n = 8); prednisolone (n = 10); and anti-CD40 at 15, 3, 0.6, and 0.12 mg/kg (n = 13, 12, 6, and 7,

respectively). (B) In a separate experiment, saliva production by anti-CD40–treated mice (15 mg/kg) (n = 7) was compared with untreated mice (n = 6) at

baseline. (C) Image analysis was used to determine the percentage of salivary glands that stained for B220 at study termination (minimum 4-wk anti-CD40

therapeutic treatment). Numbers of mice per group: young (n = 5); baseline (n = 11); vehicle (n = 16); prednisolone (n = 9); and anti-CD40 at 15, 3, 0.6, and

0.12 mg/kg (n = 7, 10, 15, and 6, respectively). *p , 0.05 one-way ANOVA. (D) Representative salivary gland images (original magnification, 340) are

presented showing B220+ staining for the different treatment groups.
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is produced at high levels in a subset of SLE patients and is an im-
portant driver of disease (20). Elevated production of IFN-I in SLE is
detectable by the increased expression of IFN-I–regulated genes in
peripheral blood cells (21–24). A set of four genes (Ifi27, Ifi44, Ifi44l,
and Rsad2) was used to derive an IFN signature score, calculated as
the median expression level. These genes were used to distinguish
IFNlow and IFNhigh SLE patients in SLE phase IIb clinical trials with
anifrolumab and sifalimumab (25, 26). The IFN gene signature scores
in blood, kidney, and salivary gland of PBS-treated control mice were
significantly elevated relative to young mice (Fig. 8A). In addition,
the IFN signature score was significantly elevated at baseline in the
salivary gland. The IFN signature score in anti-CD40 (15 mg/kg)–
treated mice in the blood and kidney were like those in young mice,
indicating that anti-CD40 treatment can prevent the development of
an IFN signature, and it reversed the IFN signature from baseline in
the salivary gland (Fig. 8A). Thus, anti-CD40 treatment appears to
block and decrease the production of IFN-I in these mice.
The second immune-related signature we evaluated is a chemokine

gene expression signature. As orchestrators of inflammation,
chemokines can be produced by infiltrating inflammatory cells
as well as parenchymal cells of the kidney and salivary gland
(11–13, 27). We found that 31 chemokine genes are expressed in
either the kidney or salivary gland or both (Supplemental Table I).
Using these 31 genes to compute a gene signature score for each
mouse (median expression level of the 31 genes), we found that the
chemokine gene signature was increased relative to young controls
in vehicle-treated mice in the kidney and salivary glands and was
increased at baseline in these tissues (Fig. 8B). There was no sig-
nificant change in the blood. However, this score was decreased by
anti-CD40 therapy in both the kidneys and salivary glands to levels
like young prediseased mice, suggesting that anti-CD40 treatment
reduced the production of chemokines in both tissues.

Anti-CD40, but not prednisolone, normalizes gene expression
of kidney parenchymal cells that are associated with injury
and proteinuria

To assess parenchymal cell gene expression, we examined three
sets of genes associated with injury and proteinuria. The genes of

the first set are associated with monogenic inheritance of pro-

teinuria, or nephrotic syndrome, in humans (28). Of 29 genes

linked to nephrotic syndrome, 19 were altered (13 upregulated and

6 downregulated) in kidneys of PBS-treated mice. Most of these

genes have been shown, by single-cell RNA sequencing, to be

expressed by only podocytes, reflecting the importance of podo-

cytes to the glomerular filtration barrier (28) (Supplemental

Table I). Anti-CD40 treatment restored the normal expression

level of these nephrotic genes (Fig. 9A, 9B). The altered expres-

sion of these genes in diseased mice was unlikely to be due to

infiltrating inflammatory cells because, with the exception of only

Cfh, they were not expressed by B cells, T cells, macrophages, NK

cells, fibroblasts, or neutrophils of normal kidneys (28) and, col-

lectively, they were expressed at much lower levels in whole blood

and salivary gland compared with the kidney from diseased mice

(data not shown). The second gene set analyzed consisted of

13 genes that encoded proteins associated with epithelial or en-

dothelial cell injury and tubulointerstitial fibrosis (Supplemental

Table I). All are known to be expressed by glomerular or tubular

cells, although two (Havcr1 and Cst3) are also expressed by he-

matopoietic cells. As with the nephrotic gene set, they were

expressed weakly in whole blood and salivary glands compared

with kidneys of diseased mice (data not shown), arguing that

the altered expression in kidneys was unlikely to be due to infil-

trating inflammatory cells. In comparison with young prediseased

mice, these genes were significantly altered (10 upregulated and

FIGURE 8. IFN and chemokine gene signatures in kidney and salivary gland increased in disease, but are reversed by treatment with anti-CD40. (A) The

IFN signature score, defined as the median expression level of the 4 IFN responsive genes (Ifi27, Ifi44, Ifi44l, and Rsad2), are graphed for young prediseased

mice, PBS-treated mice, untreated baseline mice, and anti-CD40–treated mice (15 mg/kg) (n = 4–6). Blood, kidney, and salivary gland were analyzed and

scored separately. (B) The chemokine signature score, defined as the median expression level of the 31 chemokine genes that were altered in the kidney or

salivary gland in diseased mice listed in Supplemental Table I, are graphed for the same animals shown in (A). *p , 0.05 one-way ANOVA verses vehicle

PBS, +p , 0.05 one-way ANOVA verses anti-CD40.
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FIGURE 9. Kidney parenchymal cell expression of genes linked to nephrotic syndrome and injury associated genes are altered during disease and

normalized by anti-CD40 treatment. The median expression levels of nephrotic syndrome linked genes (A and B), injury associated genes (C and D) and

collagen genes (E) are shown to compare young prediseased mice with the different treatment groups. The genes for each group are listed in Supplemental

Table I. Injury associated genes and nephrotic linked genes are divided into two groups: those that are increased during disease and those that are decreased

with disease. Young (n = 5), vehicle (n = 4), and anti-CD40 (n = 12) and prednisolone (n = 9). *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001 by

one-way ANOVA.
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3 downregulated) in kidneys from PBS-treated mice (Fig. 9C, 9D),
but anti-CD40 treatment normalized the expression levels of both
the upregulated and downregulated gene groups. The third set of
genes were collagen genes integral to fibrosis (29) (Supplemental
Table I). Of the 46 known collagen genes, 18 were upregulated in
kidneys of PBS-treated mice, and as with the genes of the previous
two sets, anti-CD40 treatment restored their average expression
level to be comparable to young prediseased kidneys (Fig. 9E).
They, too, were expressed weakly in whole blood and salivary
glands compared with kidneys of diseased mice (data not shown).
Interestingly, despite the ability of prednisolone to effectively
reverse and block inflammation in the kidney, prednisolone only
partially restored the expression of the genes of these three groups
(Fig. 9A–E). This parallels the inability of prednisolone to restore
normal glomerular morphology (Fig. 6) and to reverse proteinuria
(Fig. 3, Table I). Altogether, these data suggest that expression of
genes associated with proteinuria, injury, and fibrosis in the kidney
are upregulated during disease and normalized by high-dosage anti-
CD40 treatment.

Anti-CD40 treatment was efficacious in MRL/lpr mice

To confirm the efficacy of anti-CD40 treatment on kidney and
salivary gland function and inflammation in a second mouse strain,
we evaluated the effect of anti-CD40 on disease in MRL/lpr mice.
Disease in MRL/lpr mice develops at 10 to 12 wk of age and
involves multiple tissues and organs, including the kidney, joints,
skin, and salivary gland. They also develop lymphadenopathy
because of a mutation (lpr) in the Fas gene that results in rapid
morbidity and this precluded the use of a therapeutic dosing
strategy and the use of morbidity as an end point. Early morbidity
also precluded analysis of skin manifestations, and thus, this
analysis focused on kidney, salivary gland, and joints.
PBS, anti-CD40, and prednisolone treatment were initiated at

10 wk of age and continued for 63 d. As shown in Fig. 10A, nearly
half of the PBS-treated mice developed severe proteinuria,
whereas only 2 of 54 mice treated with anti-CD40 at either 15 or
5 mg/kg developed severe proteinuria. Mice treated with 1.5 mg/kg
developed proteinuria comparable to PBS control mice. Predniso-
lone treated mice were also protected.
Kidney inflammation was assessed at study termination by

scoring for glomerular disease and perivascular infiltrates. We
observed a dosage-dependent decrease in glomerular disease and
perivascular infiltrate scores, with only the 15 mg/kg cohort being
statistically significant (Fig. 10B). Although the scores for mice of
the 5 mg/kg cohort were quite like those for the 15 mg/kg cohort,
they were NS, most likely because of the small number of sur-
viving PBS control animals.
Salivary gland and joint inflammation were also affected by anti-

CD40 treatment and showed a dosage-dependent decrease in in-
flammation scores. At study end, salivary gland inflammation was
lower in the 15 mg/kg cohort, although not significantly different
from the PBS control cohort, likely because of low numbers of
surviving animals (Fig. 10C). Joint inflammation was evaluated for
each rear paw, with the score for each mouse computed as the sum
of their two rear paws. At study end, inflammation was unde-
tectable in the joints of mice of the 15 mg/kg cohort, although not
significantly different from PBS controls (Fig. 10D). Altogether,
the histological analysis of tissues from MRL/lpr mice indicates
that prophylactic anti-CD40 treatment blocks inflammation in the
kidney, salivary gland, and joints.

Discussion
The CD40/CD40L pathway is a central activation pathway for
dendritic cells andmacrophages and is required for T-dependent Ab

responses (5). However, the role of CD40 in the maintenance and
progression of tissue-specific and systemic inflammation has been
more difficult to establish because of the lack of appropriate
CD40-specific tools. We have generated a novel anti-mouse CD40
antagonist that fully blocks signaling induced by CD40L. We
report in this study that, when given therapeutically after the onset
of severe proteinuria, anti-CD40 treatment induces recovery from
proteinuria in NZB/W-F1 mice and extends their survival. Re-
covery is rapid with the decrease in urine protein from $300
to #100 mg/dl occurring in an average of just 2 wk. Therapeutic
anti-CD40 treatment also restores saliva production in the same
mice. Accompanying these changes in function was a reduction in
inflammation of the kidney and salivary gland, which is seen at the
histologic and gene expression levels. These effects were verified
in mice of an independently derived strain, MRL/lpr, and extended
to the prevention of joint inflammation. Thus, CD40 antagonism
resolves inflammation and restores function to tissues targeted
in SLE.
Relapse occurred shortly after the loss of CD40 RO. Thus, the

reversal of proteinuria appears to require continuous blockade of
CD40 binding to CD40L and likely does not involve the induction
of a tolerance mechanism that can maintain remission long after the
antagonist Ab has been cleared. In apparent contrast, anti-CD40L
treatment may induce long-term tolerance. When given with CTLA-
4Ig, it induces both regulatory T cell–dependent and –independent
mechanisms that can block graft-versus-host disease (30, 31). In the
context of SLE, Mohan et al. (32) showed a delay of ∼2 mo in the
onset of disease upon prophylactic dosing with an anti-CD40L that
was well beyond the time required for its clearance. In addition, a
study of Sjogren syndrome in NOD mice showed a long-term delay
in disease following anti-CD40L treatment (33). Thus, there may be
a difference in the ability to induce long-term tolerance between
anti-CD40 antagonist and anti-CD40L treatments that warrants
further investigation.
Targeting the CD40/CD40L pathway in mice has previously

yielded mixed efficacy results. Prophylactic administration of an
anti-CD40L Ab, MR1, to NZB/W-F1 mice had a partial effect on
proteinuria and survival (34), whereas therapeutic administration
after the onset of severe proteinuria ($300 mg/dl) of the same Ab
to (SWR X NZB) F1 mice had little effect (35). In contrast, a
PEGylated F(ab9)2 anti-mouse CD40L Ab given as a single dose
yielded results more in line with the efficacy results reported in
this study, although comparison with this work is limited by the
administration of only a single treatment (36). The difference from
the results reported in this study may be due to the relative abil-
ities of anti-CD40 and anti-CD40L to fully neutralize their targets.
Neutralization of CD40L may be the more challenging because of
the greater abundance of CD40L, as it is present in circulation as a
soluble protein and is expressed by platelets (5, 37, 38), and their
levels are elevated in mouse and human SLE (7).
The efficacy seen in this study with an anti-CD40 antagonist

appears to be better than most therapeutics tested in mice. The
topoisomerase inhibitor irinotecan, a chemotherapeutic clinically
used for colorectal cancer, has been shown to decrease proteinuria
as effectively as that shown in this study with anti-CD40 treatment,
although it was less effective on survival (39). In addition, C re-
active protein (CRP) has been shown to be effective when dosed
after the onset of severe proteinuria inducing histological changes
in the glomeruli like those presented in this study (40). Interest-
ingly, CRP appears to convey a long-term effect. Neither thera-
peutic strategy appears to be in clinical trials. In contrast to these
examples, anti-CD20 and BR3-Fc, individually or in combination,
were unable to reverse proteinuria using a design like that used
in this study (41). Lowering the proteinuria threshold did not
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improve efficacy (42). We verified in a side-by-side comparison
with anti-CD40 treatment that neither therapy alone was able
to induce recovery from severe proteinuria (data not shown).
CTLA4Ig, a therapeutic that blocks CD28, was also unable to
reverse severe proteinuria following therapeutic dosing, except
when combined with a second therapeutic, either cyclophospha-
mide or TACI-Ig (43, 44). Similarly, an anti-IFNAR Ab provided
marginal efficacy in two animal models when given therapeuti-
cally (45). Thus, anti-CD40 treatment is exceptional in its ability
to reverse proteinuria in mice when compared with therapeutics
that have been tested in clinical trials, including a surrogate for the
Food and Drug Administration–approved therapeutic, belimumab.
Anti-CD40 treatment is highly effective at eliminating inflam-

matory cells from the kidney and salivary gland. This is evident
from the reduction of CD3+ and IBA1+ cells from the kidney after
high-dosage anti-CD40 treatment to levels that are not statistically
different from those in young prediseased mice and the normali-
zation of inflammatory pathways revealed by gene expression

analysis. The mechanism behind the loss of inflammatory cells is
unknown, but because this anti-CD40 lacks the ability to bind
FcgR and complement, we exclude the involvement of Ab-
dependent cellular cytotoxicity and complement depletion. Al-
ternatively, CD40 signaling blockade may affect survival of
multiple cell types, as CD40 signaling mediates survival in APCs,
which, in turn, could affect T cell survival (46, 47). A nonmutually
exclusive and likely possibility is that CD40 blockade causes a
loss of inflammatory cells in the kidney and salivary gland by
downregulating chemokine production. Chemokines are produced
by myeloid cells, and under inflammatory conditions, they can be
produced by nonhematopoietic cells, including tubular epithelial
cells and mesangial cells of the kidney and epithelial cells of the
salivary gland (11–13, 27). CD40 expression is induced on these
cells by proinflammatory cytokines (e.g., IFN-g, IL-1b, and TNF-a),
and subsequent engagement by CD40L induces chemokine pro-
duction. Thus, CD40 antagonism may prevent chemokine pro-
duction by both myeloid cells and tissue parenchymal cells. In

FIGURE 10. Prophylactic treatment of

10-wk-old MRL/lpr mice with anti-CD40

Ab inhibits development of proteinuria,

salivary gland inflammation, and joint

inflammation. MRL/lpr mice were treated

beginning at 10 wk of age with twice-

weekly doses of PBS or anti-CD40 at

15 or 1.5 mg/kg, once weekly at 15 mg/kg,

or daily with prednisolone. (A) A Kaplan–

Meier graph of the percentage of mice that

are not proteinuric, defined as urine protein

#300 mg/dl (n = 18 mice per group).

*p , 0.05 Mantel–Cox survival analysis.

Pathological features were determined

and scored as described in Materials and

Methods at study terminus (day 63). (B)

Glomerular disease and perivascular in-

filtration scores are graphed. Numbers of

mice per group are: PBS (n = 11), pred-

nisolone (n = 12), and anti-CD40 at 15, 5,

and 1.5 mg/kg (n = 5, 4, and 11, respec-

tively). (C) Salivary gland inflammation

scores are graphed. Numbers for mice per

group are the same as above. (D) Joint

inflammation is graphed. Numbers of

mice per group are PBS (n = 4), pred-

nisolone (n = 12), and anti-CD40 at 15, 5,

and 1.5 mg/kg (n = 8, 11, and 5, respec-

tively). *p , 0.05 Kruskal–Wallis test.
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support, the expression of many chemokine genes in kidney and
salivary gland increases substantially with disease, and anti-CD40
reduces their expression to predisease levels. Whether the ex-
pression we detect is derived from parenchymal cells, infiltrating
inflammatory cells, or both and how much of a role parenchymal
cells play in recruiting inflammatory cells to these tissues remains
to be determined.
Gene expression by parenchymal cells of the kidney is also

altered in disease, as seen by changes in the expression of sets of
genes associated with nephrotic syndrome (proteinuria), kidney
injury, and fibrosis. Anti-CD40 treatment normalizes the expres-
sion of genes from all three of these sets. CD40 is expressed by
mesangial cells, podocytes, and tubular epithelial cells under in-
flammatory conditions, and protein levels on kidney parenchymal
cells increases with the development of lupus nephritis (11–13,
27), which we verified in NZB/W-F1 mice (data not shown).
Thus, the ability of anti-CD40 to normalize the expression of
these genes raises the possibility that CD40 signaling on pa-
renchymal cells may be responsible for their dysregulation
during disease progression. Glomeruli are likely to be contin-
ually exposed to CD40L in SLE from circulating sCD40L- and
CD40L-expressing platelets (6, 7, 37, 38), even in the absence
of local inflammation.
The altered gene expression by parenchymal cells is likely

upstream of the abnormal glomerular morphology observed in
PBS-treated mice and protein leakage across the glomerular fil-
tration barrier. This barrier is dependent on podocyte function and
the integrity of the glomerular basement membrane (48, 49). Many
of the genes associated with nephrotic syndrome that we observed
to be altered are expressed by podocytes of the glomerulus. Thus,
we suggest that blockade of CD40 signaling on glomerular cells to
normalize gene expression is critical for reversal of proteinuria.
Several lines of evidence support the involvement of CD40 in
proteinuria. 1) Platelets can activate mesangial cells by a CD40L-
dependent mechanism and can induce podocytes to upregulate
matrix metalloproteinase production with potentially deleterious
consequences to the glomerular basement membrane, including
podocyte attachment (13, 50). 2) In vitro stimulation of human
podocytes with an agonist anti-CD40 induces podocyte depolar-
ization and a reduction in size (51), and an anti-CD40 agonist Ab
is sufficient to induce mild proteinuria in normal mice and can
augment the proteinuria induced by other means (52). 3) CD40
expression by kidney parenchymal cells is required for proteinuria
and nephritis in NZB/W-F1 mice; mice that were engineered to
lack CD40 expression by nonhematopoietic cells, but retain ex-
pression by hematopoietic cells, fail to develop proteinuria and
nephritis (52). Thus, the remarkable ability of anti-CD40 to re-
verse severe proteinuria may lie in its ability to disrupt CD40
signaling by parenchymal cells of the kidney and suggests that an
effective therapy in SLE needs to counter the contributions of
parenchymal cells to disease.
This proposed role for CD40 on parenchymal cells provides a

possible explanation for why prednisolone is unable to reverse
proteinuria. Prednisolone is as effective as high-dosage anti-CD40
at reducing IBA1+ and CD3+ inflammatory cells from the kidney
and at normalizing the inflammatory pathways upregulated in the
kidney in disease (data not shown). This suggests that, whereas the
reduction of inflammatory cells from the kidney may be necessary,
it is not sufficient to reverse proteinuria. Significant differences
between anti-CD40 and prednisolone treatment include that
prednisolone only partially normalizes expression of parenchymal
cell genes, including those associated with nephrotic syndrome,
and does not restore normal glomerular morphology. Thus, pred-
nisolone may not disrupt critical signaling in kidney parenchymal

cells (possibly through CD40) that are needed to reverse glo-
merular damage and proteinuria. Although prednisolone would
diminish glomerular exposure to CD40L on T cells through its
ability to markedly reduce inflammatory cells from the kidney, it
may not affect exposure of the glomerular cells to circulating
cytokines or sCD40L and CD40L on platelets. Thus, the ability to
normalize kidney parenchymal gene expression may be an es-
sential attribute for an efficacious therapeutic in lupus nephritis.
In addition to the effect on kidney parenchymal cells, anti-CD40

blockade affects three key immunological processes: B cell acti-
vation, T effector cell function, and IFN-I production. The effect on
B cells is evident from the loss of GC B cells and Tfh cells induced
by anti-CD40, consistent with the requirement for CD40 in GC
formation and persistence (53–55) and a decrease in anti-dsDNA
levels. The loss of T cells from the kidney and salivary gland,
which would include both Th1 and Th17 cells (56–59), suggests
that the T cell–mediated pathogenic mechanisms in the kidney and
salivary gland are mitigated. Finally, the reduction in the IFN
signature in blood, kidney, and salivary glands suggests that IFN
production systemically and locally is diminished, consistent with
a requirement for CD40 signaling for efficient IFN-I production
by pDCs (7).
Long-term CD40 blockade could increase the risk for serious

infection. Hyper-IgM patients that lack CD40 or CD40L experi-
ence bacterial, viral, and fungal opportunistic infections within the
first year after birth and receive gamma globulin infusions and
prophylactic antibiotics to compensate for the inability to make IgG
and IgA (60). However, unlike hyper-IgM patients, at the time
anti-CD40 treatment would be expected to begin, SLE patients
will have already developed a long-lived plasma cell population
producing Abs of all isotypes, which reflect their antigenic history.
Because these cells would not be expected to be adversely affected
directly by anti-CD40 treatment, the levels of circulating IgG and
IgA should remain high and continue to provide protection from
opportunistic infections. This is supported by the observation that,
after 11 y of rituximab treatment, IgG, IgM, and IgA levels remain
in the normal range for most RA patients (61). Moreover, de-
creasing Ig levels in these patients is not associated with risk of
infection. Susceptibility to viral and fungal infections may be
high, because cellular immunity will be affected by CD40
blockade. However, whether the risk is greater than that caused
by long-term cyclophosphamide or steroid treatment (62) re-
mains to be determined. Although limited to a short-term treat-
ment of just 10 wk, there were no serious or opportunistic
infections in SLE patients with the anti-CD40L therapy dapirolizumab
pegol (63).
In summary, we have shown that therapeutic treatment of mice

with an antagonist anti-CD40 Ab rapidly reverses ongoing severe
proteinuria, reverses loss of saliva production, and reduces in-
flammation in the kidney, salivary gland, and joints. Mechanisti-
cally, anti-CD40 antagonism prevents and disrupts GCs, eliminates
T effector cells from the kidney and salivary gland, and reverses the
IFN signature in tissues and blood. In addition, our findings im-
plicate CD40 signaling by kidney parenchymal cells in the de-
velopment of proteinuria because of the ability of anti-CD40 to
alter their gene expression, including the expression of genes linked
to proteinuria. The ability of anti-CD40 treatment to normalize
expression of these genes may be central to its remarkable efficacy,
and therefore, we suggest that the ability to normalize organ-
specific pathways may be an important criterion in the selection
of therapeutics in SLE, in addition to an ability to disrupt disease-
critical immune pathways. Altogether, the data presented in this
study provide a compelling argument for clinical testing of an anti-
CD40 antagonist in SLE.
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