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1 | INTRODUCTION

Abstract

Hypercholesterolemia exacerbates autoimmune response and accelerates the pro-
gression of several autoimmune disorders, but the mechanistic basis is not well un-
derstood. We recently demonstrated that hypercholesterolemia is associated with
increased serum extracellular DNA levels secondary to a defect in DNase-mediated
clearance of DNA. In this study, we tested whether the impaired DNase response
plays a causal role in enhancing anti-nuclear antibody levels and renal immune com-
plex deposition in an Apoe™” mouse model of hypercholesterolemia. We demonstrate
that hypercholesterolemic mice have enhanced anti-ds-DNA and anti-nucleosome
antibody levels which is associated with increased immune complex deposition in the
renal glomerulus. Importantly, treatment with DNasel led to a decrease in both the
autoantibody levels as well as renal pathology. Additionally, we show that humans
with hypercholesterolemia have decreased systemic DNase activity and increased
anti-nuclear antibodies. In this context, our data suggest that recombinant DNasel
may be an attractive therapeutic strategy to lower autoimmune response and dis-
ease progression in patients with autoimmune disorders associated with concomitant

hypercholesterolemia.
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triggers the activation and production of antinuclear antibodies

Extracellular DNA released from dying cells is a potent damage-
associated molecular pattern that can stimulate immune cells and
exacerbate inflammation.® Consequently, the persistence of high
levels of extracellular DNA is positively correlated with disease se-
verity and poor recovery in several autoimmune and inflammatory

diseases.?”> Additionally, the persistence of extracellular DNA likely

including anti-ds-DNA and anti-nucleosome antibodies which are
pathogenic in several autoimmune disorders.® In this context, extra-
cellular DNA is both a trigger and a potential biomarker for autoim-
mune rheumatic diseases.”

The levels of extracellular DNA in circulation are tightly regu-
lated and maintained at a low level by two endonucleases, DNasel

and DNasell3, which are present in serum and other biological
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fluids.®? The basal levels of DNases are sufficient to maintain ex-
tracellular DNA levels under homeostatic conditions. However,
acute elevation of extracellular DNA, such as that happens during
an acute inflammatory response, requires rapid systemic elevation
of DNase activity to restore homeostasis and prevent the onset
of an inflammatory response.’® Interestingly, several autoimmune
diseases are associated with decreased systemic DNase activity,
increased extracellular DNA levels, and increased anti-ds-DNA
autoantibodies.’®"** For example, the decreased DNase activity
in systemic lupus erythematosus (SLE) is associated with either
single nucleotide polymorphisms (SNPs) or mutations in DNasel/
DNase1lL3'720 or the presence of neutralizing antibodies which
block the activity of DNase1/DNase1L3.2122 Similarly, the loss
of DNasel or DNasell3 in mice is associated with a lupus-like
pathology.zg’25

Lupus and other autoimmune diseases are associated with hy-
percholesterolemia and hypertriglyceridemia which affects about
36%-60% of patients.?® Dyslipidaemia in lupus patients is presum-
ably triggered by autoantibodies against lipoprotein lipase?” and by
high levels of inflammatory cytokines such as TNF-«?® MCP-1 and
IL-6.2 In turn, dyslipidaemia accelerates the progression of athero-
sclerotic cardiovascular disease which accounts for significant mor-
bidity and mortality in patients with several autoimmune disorders
including SLE and RA.30-33

Interestingly, dyslipidaemia also accelerates autoimmune re-
sponses as demonstrated by the elevated systemic inflamma-
tion and increased titres of autoantibodies against ds-DNA and
nucleosome and a robust autoimmune lupus-like phenotype in
hypercholesterolemic Apoe™™ and Ldlr”™ mice.**3*3¢ Similarly,
hypercholesterolemic individuals have increased levels of au-
toantibodies against ds-DNA.}* Mechanistically, dyslipidaemia
is known to enhance B-cell mediated auto-antibody production
and promote follicular helper T cell (TFH) expansion in an IL-27-
dependent manner.'* Additionally, hyperlipidaemia is known to
enhance immune complex-mediated complement activation and
the development of nephritis in a model of Slel6-congenic mice
on a Ldlr”~ background.®” Recently, we demonstrated that humans
with hypercholesterolemia as well as hypercholesterolemic mice
have increased circulating ds-DNA levels consequent to a defect in
release of DNase resulting in heightened inflammation and accel-
erated atherosclerosis.'® However, whether the defective release
of DNase and the consequent persistence of ds-DNA triggers anti-
ds-DNA antibody production during hypercholesterolemia is not
known.

In this study, we show that hypercholesterolemic humans and
mice have increased levels of anti-ds-DNA and anti-nucleosome
autoantibodies. Additionally, hypercholesterolemic mice show in-
creased immune complex deposition in the renal glomeruli sug-
gesting that these autoantibodies promote the development of
immune-mediated pathological consequences. Most importantly,
we demonstrate that the increased levels of autoantibodies and

the immune complex deposition in the kidney can be ameliorated

by exogenous supplementation of DNasel in hypercholesterolemic
mice. These data highlight that reversal of the defective DNase re-
sponse during hypercholesterolemia may be a novel therapeutic
strategy to decrease autoantibody production and slow the progres-
sion of autoimmune pathology.

2 | MATERIALS AND METHODS

2.1 | Animal model and maintenance

Apoe™” mice on a C57BL/6J genetic background were maintained
at the animal facility of CSIR-Institute of Genomics and Integrative
Biology, India. The mice were exposed to a 12h light-dark cycle and
were housed in a temperature- and humidity-controlled room in in-
dividually ventilated cages. To induce moderate and severe hyper-
cholesterolemia, 8-10-week-old female Apoe ™ mice were fed either
chow diet or western-type diet (D12079B, Research Diets, 40% Kcal
from fat, 0.2% cholesterol), respectively, for 16 weeks. Appropriate
groups of mice received DNasel injections (400U/mice intraperi-
toneal) three times a week for 4weeks. All animal experiments
were conducted with the approval of the Institutional Animal Ethics
Committee of CSIR-Institute of Genomics and Integrative Biology,
New Delhi, India.

2.2 | Isolation of plasma and serum

Blood from mice was collected from either the lateral tail vein
or by cardiac puncture in mice undergoing terminal proce-
dures. Blood was collected into either ETDA-coated microtubes
(Sarstedt Catalogue number: 41.1395.005) for plasma and non-
heparinized microtube for isolation of serum. The samples were
centrifuged for 10 min at 450 g and the serum and plasma were
collected from the supernatant. Human blood was collected after
obtaining informed consent from apparently healthy adult vol-
unteers with no history of metabolic, endocrine, or autoimmune
disorders. The blood was transferred into an EDTA-coated tube.
The isolated plasma and serum were transferred to a fresh tube
and stored at -80°C until use. Human studies were conducted
with the approval of the Institutional Human Ethics Committee of
CSIR-Institute of Genomics and Integrative Biology, New Delhi,
India.

2.3 | Measurement of extracellular ds-DNA

Extracellular ds-DNA concentration in mouse serum and human
plasma was measured using Pico green assay kit (Catalogue num-
ber: P7589) as per manufacturers' protocol. Briefly, DNA stand-
ards were prepared using calf thymus DNA. Serum samples at

1:50 ratio with standards were loaded in 96-well plates in 100 ul
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volume. An equal volume of Quant-iT™ PicoGreen® reagent was
added and incubated at room temperature for 5 min before meas-
uring fluorescence at 480/520 nm in NOVOstar fluorimeter (BMG
LABTECH).

2.4 | Quantification of total DNase activity by
single radial enzyme diffusion (SRED) assay

SRED assay was conducted for measuring total DNase activity in
mouse serum as described previously.!® Briefly, 55 pg/ml of salmon
testes DNA (Cat # D1626, Sigma) was resuspended in a buffer con-
taining Mn?%+ (20mM Tris-HCI pH 7.8, 10mM MnCI2, 2mM CaCl,,
and 2 pl SYBR safe). DNA-containing solution was heated at 50°C
for 10 min and mixed with an equal volume of 2% agarose (Sigma-
Aldrich). The mixture was poured onto a plastic casting tray and
left at room temperature till it solidified. Wells of ~0.1 mm diam-
eter were created using a 20 pl tip. 2 pl of murine serum or DNasel
Standard (AMPD1-1KT, Sigma-Aldrich) were loaded into wells and
gels were incubated for 6 h at 37°C in a humidified chamber fol-
lowed by image acquisition using UV excitation in a Gel Doc sys-
tem (FluorChem E system). The area of DNA clearance appears as
a dark band which is analysed using ImageJ. The DNase activity in
the sample was calculated by interpolation of data obtained from
DNase1l standards of known unit activity. 1 unit (U) of DNasel com-

pletely digests 1 pg of DNA to oligonucleotides in 10 min at 37°C.

2.5 | Total cholesterol measurement

Mice were fasted for 12h prior to collection of 20l blood from the
lateral tail vein in a tube containing 2 pl of 0.5mM EDTA. Plasma
total cholesterol levels were measured using Total Cholesterol kit

(CH200, Randox) as per manufacturer's instruction.

2.6 | ELISA for anti-ds-DNA and anti-
nucleosome antibodies

High-binding ELISA plates were coated with poly-L-lysine
(0.05mg/ml) for 2 h. The plates were coated with 0.1 mg/ml
calf thymus DNA or 1 pg/ml of purified Hela polynucleosomes
(Epicypher) overnight for the detection of anti-ds-DNA antibod-
ies and anti-nucleosome antibodies, respectively. After block-
ing with 3% BSA for 1 h at room temperature, appropriate wells
were incubated for 16 h with either human plasma/mouse serum
diluted at 1:100 concentration. For calculation of arbitrary units
of anti-dsDNA and anti-nucleosome antibodies, appropriate wells
were incubated with either WHO reference standard for human
anti-dsDNA antibody (15/174, NIBSC, dynamic range of 0-40 U/
ml) or pooled sera from lupus-prone female B6.MRL-Fas”"/) mice
containing anti-nuclear antibodies (dynamic range of 0-25 ar-
bitrary units/mL) in separate ELISA plates and the values were
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interpolated for measurement of anti-nuclear antibody levels in
test samples. After 3 washes with PBS (phosphate-buffered sa-
line) containing 0.1% tween-20, the wells were incubated with
1:1000 dilution of a HRP conjugated anti-mouse IgG antibody (for
mouse samples, Cat# 52-6520, Invitrogen) or a HRP conjugated
anti-human IgG antibody (for human samples, Cat# A8792, Sigma)
for 60min. After washes, the wells were incubated with TMB
(3,3",5,5"-Tetramethylbenzidine) substrate for 20min followed
by addition of 2 N H,SO, as stop solution. The absorbance was
measured at 450 nm. Similarly, anti-dsDNA IgM and anti-dsDNA
IgG subclasses were measured by ELISA using HRP conjugated
antibodies specific to IgM or IgG subclasses (IgM, Cat# 62-6820,
Invitrogen; IgG1 Cat# 1071-05; IgG2a Cat# 1081-05; IgG2b Cat#
1091-05, Southern Biotech).

2.7 | Immunofluorescence and histopathology

After euthanasia, mice were perfused with PBS via intracardiac
puncture and organs were collected in 10% neutral buffered for-
malin. The tissues were further processed and embedded in paraf-
fin. H&E staining was conducted as described previously.38 ForIgG
deposition in the glomerulus, sections were deparaffinized with
histoclear and hydrated using a series of graded ethanol and finally
transferred to 1X TBS (Tris-buffered saline). Antigen retrieval was
performed using a heated sodium citrate buffer (10mM sodium
citrate, pH 6.0). For detecting I1gG immune complex in kidney, the
sections were blocked in 3% FBS in PBS followed by incubation
with anti-mouse IgG conjugated to Alexa flour 647 (Cat# A21236,
Invitrogen) for 1 h. After three washes with TBS containing 0.5%
tween 20, images were acquired on a fluorescence microscope
followed by data analysis in Imagel. Kidney injury scoring was
conducted in H&E and PAS-stained sections as described previ-
ously.3*° Briefly, the analysis included examination of the per-
centage of tissue demonstrating infiltrating leukocytes, tubular
dilatation, cast formation, and loss of tubular brush border with an
arbitrary scoring system as follows: 0 = none; 1 = <10%; 2 = 11%-
25%; 3 = 26%-45%; 4: 46%-75%; 5 = >75%.

2.8 | Pico green dye-based DNase activity assay

For the purpose of high-throughput and sensitive measurement of
DNase activity in human plasma, we optimized a fluorimetry-based
protocol which quantifies the amount of DNA degraded by the enzy-
matic activity of DNase and converts it into absolute units of DNase
activity based on standards of known concentration. Briefly, 1 pg
of input DNA was mixed with 1 pl of human plasma or a DNasel
standard of known concentration in a 20l reaction buffer contain-
ing 20mM Tris-HCI pH 7.8, 10mM MnCl,, 2mM CaCl,. The assay
was conducted for 1 h at 37°C. At the end of reaction, the amount
of remaining DNA was quantified using Pico green kit in a NOVOstar
fluorimeter (BMG LABTECH) based on manufacturer's protocol.
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3 | RESULTS

3.1 | Hypercholesterolemia increased the
generation of anti-ds-DNA and anti-nucleosome
antibodies

Hypercholesterolemia is associated with increased levels of anti-ds-
DNA and anti-nucleosomal autoantibodies in animal models and hu-
mans.}*%> We recently demonstrated that hypercholesterolemia in
mice is associated with decreased DNase activity and increased sys-
temic ds-DNA levels.!® However, whether the decreased DNase activ-
ity and the consequent elevation in systemic ds-DNA levels is causally
linked with enhanced autoantibody responses during hypercholes-
terolemia is currently unknown. To address this key question, Apoe™”
mice were fed either a chow diet or western type diet for 16 weeks to
induce hypercholesterolemia. Similar to our observation in short-term
hypercholesterolemic mice,'® Apoe™™ mice with chronic sustained
hypercholesterolemia demonstrated decreased serum DNase activ-
ity and increased ds-DNA levels (Figure 1A,B). Additionally, consist-
ent with previous reports,* we observed a significant increase in the
levels of anti-nucleosome and anti-ds-DNA antibody levels in the se-
verely hypercholesterolemic mice (Figure 1C,D). Since the elevation
of certain sub-class of anti-dsDNA IgG is associated with exacerbated

lupus pathology,**#?

we next examined the IgG sub-class distribution
of the anti-ds-DNA reactive antibodies. Interestingly, the elevation in
anti-DNA antibody level was mediated by an increase in IgM and all
1gG subclasses examined including IgG1, 1gG2a, and IgG2b (Figure 1E-
H). Most importantly, the elevation of autoantibody response in the
severely hypercholesterolemic mice was associated with IgG immune
complex deposition in the renal glomerulus (Figure 11) and the as-
sociated renal damage manifested as an increase in glomerular size
(Figure 1J,K) and an increase in the composite kidney injury score
(Figure 1L). These data taken together support the hypothesis that de-
creased DNase activity enhances autoantibody response and the de-
velopment of lupus-like pathology in the hypercholesterolemic mice in
part via elevation of antigenic (ds-DNA) load.

3.2 | Hypercholesterolemia is associated with
increased levels of anti-ds-DNA and anti-nucleosome
antibodies in humans

Next, we addressed whether hypercholesterolemia is associated
with increased titres of anti-ds-DNA and anti-nucleosome au-
toantibodies in humans. Towards this end, healthy adults were re-
cruited and their plasma cholesterol, ds-DNA, DNase activity, and
autoantibody levels were quantified. Hypercholesterolemic indi-
viduals (plasma total cholesterol >200mg/dl) demonstrated higher
levels of anti-nucleosome and anti-ds DNA antibody titres in plasma
(Figure 2A,B). As reported previously,’® plasma cholesterol level
was negatively correlated with DNase activity and positively cor-
related with plasma extracellular ds-DNA content in this cohort
(Figure 2C,D). Most importantly, DNase activity showed a significant

negative correlation with anti-ds-DNA/anti-nucleosome antibody ti-
tres (Figure 2E,F) while plasma extracellular ds-DNA concentration
showed a positive correlation with anti-ds-DNA/anti-nucleosome
antibody titres (Figure 2G,H). It is important to note that there was
no significant difference in the distribution of sex or age between the
normocholesterolemic and hypercholesterolemic individuals (50%
vs. 45.5% females; 33 +7.3years vs. 34.6+6.8years, respectively).
Since body weight and height were not recorded in the volunteers,
alterations in body mass index (BMI) could represent a potential con-
founding factor. Nevertheless, these data overall raise the possibility
that hypercholesterolemia-induced reduction in systemic DNase ac-
tivity leads to sustained elevation of extracellular ds-DNA levels and
may be linked to generation of autoantibodies reactive to ds-DNA

and nucleosomes.

3.3 | Exogenous supplementation of DNasel
lowers autoantibody levels and attenuates lupus-
like pathology

Next, to directly test the hypothesis that the reduction in DNase
activity during hypercholesterolemia is causally linked with in-
creased levels of autoantibodies reactive to DNA and nucleosomes,
the systemic levels of DNase in hypercholesterolemic mice was ex-
perimentally increased by exogenous supplementation of DNasel.
Accordingly, Apoe™ mice were fed western diet for 16 weeks fol-
lowed by randomization into two groups wherein one group of mice
was administered DNasel (400U/mouse intraperitoneally three
times a week) while the other group received vehicle (PBS) injec-
tions for 4weeks. As predicted, the administration of DNasel led
to a significant decrease in the concentration of plasma extracel-
lular ds-DNA (Figure 3A). Next, we measured the anti-ds-DNA and
anti-nucleosome antibody titres in these two groups of mice prior
to and after injection of vehicle or DNasel. The vehicle treated
hypercholesterolemic mice showed a significant increase in the
levels of anti-ds-DNA antibody over the 4-week period suggesting
ongoing immune activation and persistent autoantibody genera-
tion (Figure 3B). In contrast and consistent with our hypothesis, the
DNasel treated hypercholesterolemic mice showed a significant re-
duction in the levels of anti-ds-DNA and anti-nucleosome antibodies
(Figure 3B,C). Again, this decrease in autoreactivity was mediated
by reduction in the levels of IgM and IgG1, 1gG2a, and 1gG2b sub-
class of anti-ds-DNA antibodies (Figure 3D-G). Finally, the lower-
ing of systemic autoantibody levels in the DNasel treated mice was
associated with a decrease in IgG immune complex deposition in
the renal glomeruli (Figure 3H), improved glomerular morphology
(Figure 31,J), and a decrease in kidney injury score (Figure 3K).

4 | DISCUSSION

A decrease in DNase activity is strongly correlated with extra-
cellular DNA levels and the progression of several autoimmune



DHAWAN ET AL.

(A) (B) (9] (D)
— 25+ k% ~
P R Sa- 6
S 3 . E il 2 .
3 5 20- LA E :
2‘4_ °, = < a ] 2 [
= .te - ] 53 - < 4 L]
Apoe” chow Apoe” WD B3| < 15+ : < un 2 .
3 e 3 £ 2- <
(2] []
T 2 L] S 109 ag e - @ ] g .
2 "5 . N e s
€ 1 g 54 ° S19 o m s
2 ] n Z e = .o
$ ‘E oo <
o771 0 | | <o * T 0 ; ;
$ )
& é‘léo \'6\0$ (\&0 5 é@o \’é@@ o
é d é &L é o é o
QO ) Q
W W y&’o W w v y.Qo W
U]
(E) 1gG1 ) ©) 19G2b H) IgM % R
_ _ 2 2
57 elekk 257 20 ook -5 AHokokok 5 5
3 5 £ 3 £E
§ 4- . :\E, 2.0 2 15- " 2 4+ e 2 8 g
< < B’ .'. \.5 -——y Q c G
2 3- S 2154 2 . 2 31 " = 33
< 1.0 < o
< . % =z °® zZ ., 5 <
g 2 . & 1.0 9 v 9279 % a E
8| e 8 T 05- e, S
= 1 = 0.5 = 2 3
< < < < y
0 . T 0.0 . ; 0.0 T T 0 r ; %
SN & ® S ® &
\,(§\ % \,6(\ )% VO é VO é
3 o & & ¢ W SN IgG immune complex
S W W W 9 P
PAS (K) wL
T A @ Fokok _
e S 5000 3
f) & 2 » ,70 — : g - 1
$ s £ 4000+ . 32
o 7 J ] . . >2 2 [
S B § N 30004 e " 22
£ — - L
< : 3 3 2000 _:_ %.‘5 LN ]
2 2000+ % 5
256 g I~ ~ .
o fa) & 1000 cee =
g L]
\:g ' R — o
@ o N N N 9
Q Q
& g o g0 o g
¢ &* &
% YQ ?Q e

FIGURE 1 Chronic hypercholesterolemia is associated with increased anti-nuclear autoantibodies and renal immune complex deposition
in Apoe™” mice. Apoe™” mice were fed either a chow diet or a western-type diet (42% kCal from fat, 0.2% cholesterol) for 16 weeks and

the following parameters were analysed. (A) Basal DNase activity in serum was measured using SRED assay. (B) Serum extracellular ds-
DNA level was measured using a Pico green kit. (C and D) ELISA-based measurement of anti-ds-DNA and anti-nucleosome IgG antibody
levels in serum. (E-H) IgM and IgG subclass of anti-ds-DNA antibody was measured using ELISA. (I) Sections of kidney were subjected to
immunofluorescence analysis for the presence of IgG immune complexes. (J) Kidney sections were stained with H&E (left panel) or PAS
(right panel). The size of glomerulus (K) and kidney injury score (L) were analysed. n = 8 mice per group. Shapiro-Wilk test was conducted to
test for normality of data. Unpaired Student's t-test was conducted to analyse statistical significance between the groups

disorders including systemic lupus erythematosus and in par-
ticular lupus nephritis.7’“’22'43 Mechanistically, the decrease in
serum DNase activity in patients with lupus and other disorders
has been attributed to the presence of DNase activity inhibitors
including (a) mutations or SNPs in DNase1/DNase1L3,1>:17:1%20 ()
anti-ds-DNA/anti-nucleosome antibodies which mask the extra-
cellular DNA and prevent DNase from accessing them,*>?2 and (c)
neutralizing autoantibodies against DNasel and DNasel1lL3 which
inhibits their enzymatic a\ctivity.m*22 Given that about 36%-60%
of lupus patients develop significant hypercholesterolemia,? our

findings suggest a possible fourth mechanism for the decreased
serum DNase activity in a subset of these patients, namely, a
hypercholesterolemia-induced absolute decrease in the systemic
levels of DNasel and DNase1lL3.

Hypercholesterolemia is known to accelerate the progression
of autoimmune pathology in lupus and rheumatoid arthritis.**-4¢
Mechanistically, hypercholesterolemia and the consequent lipid
accumulation in immune cells leads to a pro-inflammatory state
which is associated with enhanced T-cell receptor signalling®’ pre-
sumably mediated via abnormal localization of lipid raft-associated
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FIGURE 2 Hypercholesterolemia is associated with decreased DNase activity and increased autoantibody levels in humans. Plasma was
collected from healthy adult volunteers and total cholesterol, DNase activity, extracellular ds-DNA levels, and titres of anti-ds-DNA and
anti-nucleosome antibody were quantified. The levels of anti-nucleosome IgG antibody (A) or anti-ds-DNA antibody (B) were compared
between individuals with normal cholesterol levels (<200 mg/dl) and those with hypercholesterolemia (>200mg/dl). (C) Correlation between
DNase activity and total plasma cholesterol. (D) Correlation between plasma ds-DNA and total plasma cholesterol. (E) Correlation between
total DNase activity and anti-ds-DNA IgG antibody levels was analysed. (F) Data demonstrates correlation between plasma DNase activity
and anti-nucleosome IgG antibody levels. (G) Correlation analysis between plasma extracellular ds-DNA and anti-ds-DNA 1gG antibody
levels. (H) Correlation analysis between plasma extracellular ds-DNA and anti-nucleosome IgG antibody levels. n = 38. Linear regression was

conducted to analyse statistical significance
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FIGURE 3 DNasel treatment attenuates autoantibody levels and renal immune complex deposition in hypercholesterolemic Apoe™”
mice. 16-week WD-fed Apoe™™ mice were administered DNase1 (400U intraperitoneal, thrice a week) for 4weeks prior to euthanasia.

(A) Extracellular ds-DNA levels were quantified in the serum of vehicle or DNase1 treated mice. (B) Anti-ds-DNA IgG antibody titre or (C)
anti-nucleosome IgG antibody titre was measured in the sera prior to and after injection of vehicle or DNase for 4 weeks. (D-G) Analysis of
indicated anti-ds-DNA antibody subclasses in the sera of vehicle or DNasel treated hypercholesterolemic mice. (H) Immunofluorescence
analysis of IgG immune complex deposition in kidney sections from vehicle or DNasel-injected mice. (I) Representative image of kidney
sections from vehicle or DNasel-injected mice stained with H&E (left panel) or PAS (right panel). Glomerular size (J) and kidney injury score
(K) were analysed. n = 8 mice per group. Statistical significance was calculated by conducting one-way anova with multiple comparisons test
(A-C) or unpaired Student's t-test (D-H, J, K). p<0.05 was considered significant

Lck.*® Additionally, hypercholesterolemia promotes germinal cen-
tre formation and the generation of autoantibodies against ds-
DNA and nucleosome in a TLR4/ IL27-dependent mechanism.*’
The findings from our study demonstrate that the exacerbated
autoimmune response associated with hypercholesterolemia is
mediated in part via an impairment in systemic DNase activity.

This decrease in systemic levels of DNasel/DNasell3 and the

consequent perturbation of DNA clearance results in persistent
elevation of extracellular DNA in hypercholesterolemic mice and
humans.

DNA

inﬂammatory.50 They engage several pattern recognition receptors

Extracellular and nucleosomes are highly pro-

including TLR7 and TLRY and the intracellular nucleotide-sensing
systems such as the cGAS-STING pathway leading to activation of
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NF-kB-mediated pro-inflammatory signalling.! Consequently, rapid
clearance of extracellular DNA via DNase-mediated enzymatic
degradation is a key event to temper pro-inflammatory responses.
Indeed, in a recent study, we demonstrated that there are mecha-
nisms to sense the increase in the level of extracellular DNA which
results in rapid release of DNasel and DNasellL3 from the liver and
intestine, respectively, which results in prompt clearance of extracel-
lular DNA and suppression of inflammation.° Since hypercholester-
olemia impairs the DNase release response and leads to persistent
elevation of extracellular DNA, we speculated that the elevation in
antigen load (extracellular DNA) combined with the pro-immune and
pro-inflammatory environment induced by hypercholesterolemia
may account for exacerbated autoimmune responses. Consistent
with this hypothesis, our data demonstrated that exogenous sup-
plementation of DNasel in hypercholesterolemic mice corrected
the sub-optimal DNase release response leading to a decrease in the
levels of extracellular DNA and most importantly decreased anti-
ds-DNA and anti-nucleosome autoantibody levels. Interestingly,
DNasel treatment in hypercholesterolemic mice also decreased
immune complex deposition in the renal glomeruli demonstrating
that such a treatment strategy might be beneficial in reversing some
of the pathological changes associated with autoimmune nephritis.
Whether a similar decrease in autoantibody levels will be observed
in normocholesterolemic mice treated with DNasel remains to be
tested. Of note, our previous study®® highlighted that normocho-
lesterolemic mice and humans have intact DNA-induced DNase re-
sponse. In this context, DNasel administration in individuals with
normal cholesterol levels will represent a pharmacological approach
to enhance the clearance of physiological levels of extracellular DNA
and the consequences of such an approach are currently unknown.

The occurrence of SLE shows sexual dimorphism with a 9:1 ratio
for females vs. males.’>®? In this context, our study was conducted
exclusively on female mice. However, as shown in our data from hu-
mans, both males and females demonstrate an inverse correlation
between plasma cholesterol levels and DNase activity suggesting
that the phenomenon we report is likely to be applicable to both
sexes.

Given the critical role of DNases in several autoimmune disor-
ders,53 there is interest around development of DNase-based ther-
apeutic strategies for alleviation of autoimmune pathology. Indeed,
short-term treatment with recombinant human DNasel was found
to be safe and well tolerated in a clinical trial involving patients
with lupus.>* No clinical benefit in terms of decrease in autoanti-
body levels or immune complex deposition was noted during the
course of treatment although it is important to note that this study
was not sufficiently powered to test treatment efficacy. Since anti-
DNase antibodies are present in a substantial proportion of lupus
patients,?! recombinant DNase-based therapies should be adopted
in a selectively targeted approach to avoid loss of enzyme efficiency.
In this context, our study highlights that hypercholesterolemic indi-
viduals without the concomitant presence of anti-DNase antibody
may be good candidates for testing DNase-based therapies for the
alleviation of lupus progression.

In summary, our study demonstrates that decreased DNase ac-
tivity during hypercholesterolemia and the consequent persistence
of extracellular DNA promotes the generation of autoantibodies
against ds-DNA and nucleosomes and the development of a lupus-
like pathology. These data suggest that DNase-based therapies may
be of clinical benefit to select patients who display autoimmune pa-

thology with concomitant hypercholesterolemia.
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