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Serum isolevuglandin IgG
antibody concentrations are
increased in patients with
systemic lupus erythematosus
and associated with lower
24-hour blood pressure
Anastasiia Phothisane1, Annette M. Oeser1, Shahensha Shaik1,
Qiong Wu1, Olivia Posey1, Sean S. Davies2, Jaya Krishnan1,
David M. Patrick1,3, C. Michael Stein1 and Michelle J. Ormseth1,3*
1Department of Medicine, Vanderbilt University Medical Center, Nashville, TN, United States,
2Department of Pharmacology, Vanderbilt University, Nashville, TN, United States, 3U.S. Department of
Veterans Affairs, Tennessee Valley Healthcare System, Nashville, TN, United States
Objective: Hypertension is frequent in patients with systemic lupus
erythematosus (SLE) and is a major contributor to increased cardiovascular
risk. Isolevuglandins (IsoLGs) are downstream products of oxidative stress that
drive hypertension and SLE disease activity in animal models. Antibodies to
IsoLGs (anti-IsoLGs) are present in human SLE and associated with disease
activity, but it is not known if concentrations are higher compared to control
subjects or if they are associated with blood pressure (BP).
Methods: We measured serum anti-IsoLG IgG antibody concentrations by
sandwich ELISA in 23 patients with SLE and 30 controls who had participated in
a cross-sectional 24-hour ambulatory BP study. We examined the association
between anti-IsoLG IgG antibodies and BP measurements in patients with SLE
and controls by Spearman Rho (rs) and linear regression analysis.
Results: Serum anti-IsoLG IgG antibody concentrations were higher in patients
with SLE than controls (P= 0.007) and inversely associated with BP in SLE but
not controls. In patients with SLE antibody concentrations were inversely
associated with office (rs =−0.418) and diurnal systolic BP (rs =−0.421); the
relationship was stronger among patients not taking anti-hypertensives (office:
rs =−0.740, diurnal systolic BP: rs=−0.802) and every 20% increase in
antibody concentration was associated with 10 mmHg decrease in 24-hour
systolic BP (P= 0.004).
Conclusion: Serum anti-IsoLG IgG antibody concentrations are higher in
patients with SLE than controls and are inversely associated with 24-hour BP
measurements. Since IsoLGs promote hypertension, it is possible that in SLE,
IsoLG antibodies could help clear these hypertension-inducing antigens.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic, systemic,

autoimmune disease associated with a 2–3-fold increased risk of

cardiovascular events (1). Hypertension is a major risk factor for

cardiovascular disease in SLE, and hypertension and resistant

hypertension are increased 2-fold in SLE (2, 3). Furthermore,

SLE-related resistant hypertension is associated with an almost

3-fold increased mortality (3). One mechanism contributing to

hypertension in SLE could involve isolevuglandins (IsoLGs).

IsoLGs are highly-reactive gamma-ketoaldehydes formed as the

result of lipid peroxidation of arachidonic acid in the setting of

oxidative stress (when reactive oxygen species are produced in

excess of antioxidants); they bind to proteins rapidly causing

misfolding, crosslinking and damage (4).

IsoLG-modified proteins are immunogenic and proinflammatory

(5–7) and promote both SLE and hypertension in animal models (7,

8). Because IsoLGs bind proteins so rapidly, it is not possible to

measure free IsoLGs (4). Thus, IsoLGs can be measured on the

proteins they bind to by mass spectrometry and by flow cytometry.

When measured by flow cytometry they are measured as the

percentage of cells with IsoLG-adducted proteins and are termed

“cellular IsoLGs” (4, 7–9). Cellular IsoLGs are increased in

patients with SLE and patients with hypertension (7, 8); in a murine

model of SLE, scavenging IsoLGs before they induced protein

modifications decreased measures of disease activity such as

nephritis and also lowered blood pressure (7). IsoLGs can drive

immune-mediated hypertension through activation of the innate

and adaptive immune systems; for example, the accumulation of

cellular IsoLGs in dendritic cells leads to increased cytokine

expression and T-cell proliferation and activation (8). The activated

T-cells increase expression of interferon-γ (IFN-γ), interleukin-17A

(IL-17A) and tumor necrosis factor-α (TNF-α), which increases

blood pressure due to enhanced salt and water reabsorption and

vasoconstriction (8, 10, 11).

We previously found that in patients with SLE, even though

office blood pressure (BP) and renal function were relatively

normal, 24-hour BP measurements were considerably higher

compared to control subjects (12). We also found that anti-

IsoLG IgG antibodies were increased in B6.Sle123 and NZBWF1

murine models of lupus compared to wild type mice and were

present and associated with disease activity in humans with SLE

(7). However, it is not known if concentrations of anti-IsoLG

IgG antibodies are higher in patients with SLE than in control

subjects or if they are associated with BP. Thus, the purpose of

this study was to determine if anti-IsoLG IgG antibodies are

increased and associated with 24-hour BP in patients with SLE.
Methods

Study population

We performed this study using stored serum samples and BP

readings from a previous cross-sectional study of ambulatory

24-hour blood pressure in patients with SLE and control subjects, as
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previously published (12). To enter the study, patients with SLE

needed to meet the American College of Rheumatology revised SLE

classification criteria (13) and be 18 years of age or older. Control

subjects could not have SLE or any other autoimmune disease;

however, control subjects could have other medical problems. All

subjects needed to be able to provide informed consent, operate the

24-hour blood pressure device and could not have atrial fibrillation,

lymphedema, current use of anticoagulants, or conditions that could

be worsened by frequent inflation of a cuff for blood pressure

measurement. Additionally, for the present study, subjects had to

have a sufficient volume of serum available for serum IsoLG IgG

antibody measurement. Subjects were recruited from the Vanderbilt

outpatient rheumatology clinic, patient referral, and through

advertisement. All subjects provided written informed consent. The

study was approved by the Vanderbilt University Medical Center

Institutional Review Board (IRB# 110365).
Clinical measures

Information on demographics and medical history were

collected by interview and review of medical records and recorded

in a standardized manner. SLE disease activity was assessed by SLE

disease activity index 2,000 (SLEDAI) (14), and disease damage

was assessed by the Systemic Lupus International Collaborating

Clinics (SLICC) score (15). Patients were deemed as having

hypertension if they carried the clinical diagnosis or if they had a

blood pressure >140/90 mmHg at their study visit (16). Patient

reported function was assessed by the modified health assessment

questionnaire (17). Patient reported pain, fatigue and global health

scores were collected by 1–100 mm visual analogue scale.

Erythrocyte sedimentation rate, creatinine and estimated

glomerular filtration rate were obtained from the medical record

from measurements obtained for routine clinical care. High-

sensitivity C-reactive protein (hs-CRP) and complement C3 and

C4 were measured separately by the hospital clinical laboratory

from serum collected at the time of the study visit.
24-hour BP measurement

Twenty four-hour blood pressure was measured using the Card

(x)plore blood pressure monitor (Meditech, Budapest, Hungary), as

previously described (12). Blood pressure was measured at 15–30-

minute intervals during the day (6 a.m.–10 p.m.) and 30-minute

intervals at night (10 p.m.–6 a.m.). This study included subjects

with 50% or more of expected blood pressure measurements for

both day (i.e., ≥32 readings) and night (i.e., ≥8 readings).

Diurnal and nocturnal blood pressure was defined by the

patient’s reported sleep schedule.
Serum-IsoLG IgGantibodydetectionbyELISA

Anti-IsoLG IgG antibodies were measured by ELISA using

methods based on a prior study (7). Protein from isolated
frontiersin.org
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human peripheral blood mononuclear cells (PBMCs) and

neutrophils was extracted using non-denaturating lysis buffer

(20 mM Tris pH 8.0, 137 mM NaCl, 1.0% NP-20, 2 mM EDTA).

IsoLG-protein adduction was performed by incubating 100 μg of

protein with 100 μM IsoLG [prepared as previously described

(18)] overnight at 4°C. Immunolon 2HB plates were coated with

D11, a single chain fragment variable (scfv) recombinant custom

antibody specific for IsoLGs (7, 19–21), at concentration

50 μg/mL in coating buffer (1.5 g Na2CO3, 2.93 g NAHCO3 to 1l

dH2O, pH 9.6) overnight at 4°C. Plates were then washed 3

times with wash buffer (PBS, 0.05% Tween-20) and blocked with

blocking buffer (PBS, 3% BSA, 3 mM EDTA) for 1 h at 37°C.

IsoLG-adducted protein at concentration 50 μg/mL in binding

buffer (PBS, 2% BSA, 3 mM EDTA, 0.05% Tween-20) was added

to the wells and incubated for 1 h at 37°C. Plates were then

washed 4 times. Subject serum (1:1,000 dilution in binding

buffer) was added to wells and incubated for 1 h at 37°C.

Binding buffer with no serum added was used as a negative

control. Plates were then washed 4 times. Protein-G-HRP

conjugate (1:1,000 dilution in secondary antibody diluent: PBS,

1% BSA, 0.05% Tween-20) was added to wells and incubated for

1 h at 37°C. Plates were washed 3 times, and TMB substrate

solution (ThermoFisher) was then added to wells with further

incubation in the dark for 30 min at room temperature. After the

reaction was stopped using stop solution (ThermoFisher),

absorbance was read at 450 nm on the GloMax® Discover
TABLE 1 Subject demographics and 24-hour blood pressuremeasurements.

SLE
(n = 23)

Control
(n = 30)

P

Age, years 35 [31, 52] 37 [29, 56] 0.56

Race 0.76

White, 13 (57) 24 (80) 0.17

Black or African American, 9 (39) 5 (17)

Asian, 1 (4) 1 (3)

Ethnicity, non-Hispanic or Latino/a 20 (87) 28 (93) 0.64

Sex, female 19 (83) 25 (83) 0.99

SLEDAI, units 4 [2, 8] – –

SLICC, units 1 [0, 1] – –

Serum creatinine, mg/dl 0.81 [0.67, 0.93] 0.76 [0.69, 0.89] 0.75

eGFR, mEq/l 96 [81, 109] 91 [85, 101] 0.60

Renal involvement (ever), 8 (36) – –

Renal involvement (active), 4 (17) – –

Hypertension, 10 (43) 3 (10) 0.009

Anti-hypertensive use, 10 (43) 2 (7) 0.002

Office SBP, mmHg 126 [114, 149] 121 [116, 127] 0.32

Office DBP, mmHg 84 [68, 90] 80 [72, 85] 0.60

24-hr SBP, average mmHg 129 [112, 147] 116 [110, 120] 0.03

24-hr DBP, average mmHg 78 [69, 86] 71 [64, 75] 0.01

Diurnal SBP, average mmHg 130 [115, 145] 119 [115, 125] 0.06

Diurnal DBP, average mmHg 82 [71, 90] 75 [69, 79] 0.04

Nocturnal SBP, average mmHg 114 [100, 141] 104 [97, 110] 0.01

Nocturnal DBP, average mmHg 68 [58, 83] 58 [52, 64] 0.003

Median [interquartile range] and number (percent) are presented. Data analyzed by

chi square (categorical) or Mann-Whitney U (continuous) tests. Creatinine and

eGFR available in 22 SLE and 20 control subjects. SLEDAI, SLE disease activity

index; SLICC, Systemic Lupus International Collaborating Clinics disease damage;

eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP,

diastolic blood pressure.

Frontiers in Lupus 03
microplate reader (Promega, United States). Subject serum

samples and no-serum controls were run in 4 technical

replicates. The same SLE serum sample was used on all plates to

normalize for plate-to-plate variability. The intraassay coefficient

of variation (CV) was 9.1% and interassay CV was 22% prior to

normalization for plate-to-plate variability.
Statistics

In preliminary studies the mean ± standard deviation anti-

IsoLG antibody concentration was 0.893 ± 0.122 absorbance units

in patients with SLE (7). Thus, a sample size of at least 22

patients and 22 controls would be needed to demonstrate a

1-standard deviation difference in anti-IsoLG antibodies between

SLE and control subjects with 90% power. A secondary outcome

was to determine the relationship between anti-IsoLG antibody

concentration and 24-hour systolic BP. A sample size of 13

patients would provide 80% power to detect a correlation ≥0.7 or

≤−0.7. Data were compared by chi square (categorical)

or Mann-Whitney U (continuous) tests. Correlation was

conducted by Spearman Rho (rs) and linear regression analysis

with anti-IsoLG IgG antibody concentrations were log-

transformed to normalize residuals. Power was calculated using

the PS Power and Sample Size program v3.1.6 (22). Data were

analyzed and figures were created using IBM SPSS Statistics v27.
Results

Subject demographics

The SLE (n = 23) and control (n = 30) groups were similar in

race, age (median age of 35 years and 37 years, respectively) and

sex (83% female for SLE and control subjects) (Table 1).

Disease activity in SLE patients was low to moderate (median

SLEDAI = 4). A total of 8 (36%) of SLE patients had a history of

renal involvement, however, serum creatinine and estimated GFR

were similar in SLE and control groups (Table 1). Ten (43%)

SLE and 3 (10%) control subjects had hypertension and

10 (43%) SLE patients and 2 (7%) control subjects were

taking anti-hypertensive drugs. None of the SLE or control

subjects had resistant hypertension, meaning uncontrolled

office blood pressure on three or more anti-hypertensive agents

including a diuretic. Most 24-hour BP measurements were

significantly elevated in SLE vs. control subjects (Table 1), as

previously published (12).
Anti-IsoLG antibodies in SLE vs. control
subjects

Serum anti-IsoLG IgG antibody concentrations were higher in

patients with SLE (median [interquartile range]: 1.30 units [0.93,

1.70 units]) than in control subjects (0.91 units [0.73, 1.28 units],

P = 0.007; Figure 1).
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FIGURE 1

Serum anti-isoLG IgG antibodies are increased in patients with SLE
compared to control subjects (P= 0.007). Box plot demonstrates
median and interquartile range. Whiskers represent range
excluding outliers >1.5× above or below the interquartile range.
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Anti-IsoLG antibodies and relationship to
blood pressure in SLE and controls

There was no consistent directionality of association or

significant relationship between anti-IsoLG IgG antibodies and

any BP measurement among control subjects (Supplementary

Table 1). In contrast, among patients with SLE, the directionality

of association was consistently inverse across all BP

measurements (Table 2). The associations were significant for
TABLE 2 Relationship between anti-isoLG IgG concentrations and blood
pressure measurements in patients with SLE.

SLE, all
(N = 23)

SLE, no anti-
hypertensive

(N = 13)

SLE, anti-
hypertensive

(N = 10)
Office SBP, mmHg −0.418* −0.740** −0.030
Office DBP, mmHg −0.320 −0.523 0.326

24-hour SBP, average
mmHg

−0.406 −0.802** 0.219

24-hour DBP, average
mmHg

−0.307 −0.610* 0.248

Diurnal SBP, average
mmHg

−0.421* −0.802** 0.164

Diurnal DBP, average
mmHg

−0.279 −0.544 0.261

Nocturnal SBP,
average mmHg

−0.360 −0.731** 0.248

Nocturnal DBP,
average mmHg

−0.272 −0.456 0.261

Data analyzed by Spearman correlation. SBP, systolic blood pressure; DBP, diastolic

blood pressure.

*P value <0.05.

**P value <0.01.
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anti-IsoLG IgG antibody concentrations having an inverse

association with office (rs =−0.418) and diurnal systolic BP (rs =

−0.421) (Table 2) in patients with SLE. Anti-IsoLG IgG antibody

concentrations tended to be higher in SLE patients who did not

have hypertension (1.31 units [0.96 m 1.82 units]) vs. those who

had hypertension (1.13 units [0.80, 1.56 units]), but this was not

statistically significant (P = 0.42).

The relationship between anti-IsoLG IgG antibodies and BP

was examined separately in those patients with SLE who were

not taking anti-hypertensive drugs due to the effect of these

drugs on BP. The demographic characteristics of this patient

subset were similar to those of the entire group (Supplementary

Table 2). Among SLE patients not taking anti-hypertensive

drugs, anti-IsoLG IgG antibody concentrations were strongly and

significantly inversely associated with office and 24-hour BP

measurements including office systolic BP (SBP) (rs =−0.740),
24-hour SBP (rs =−0.802), 24-hour diastolic BP (DBP)

(rs =−0.610), diurnal SBP (rs =−0.802), and nocturnal SBP

(rs =−0.456) (Table 2). For example, every 20% increase in anti-

IsoLG IgG concentration was associated with a 10 mmHg

decrease in 24-hour systolic BP, P = 0.004 (Figure 2).

This remained significant after adjustment for age (P adj = 0.03).

In patients with SLE receiving antihypertensive drugs the

association between ant-IsoLG antibodies and BP was not

significant (Table 2).
Anti-IsoLG IgG antibodies and relationship
to SLE disease activity and features

The relationship between serum anti-IsoLG IgG antibody

concentrations and clinical disease features was also assessed.

Age was inversely associated with anti-IsoLG IgG (rs =−0.463,
Supplementary Table 3) in SLE but not in control participants

(rs =−0.012).
We previously found that anti-IsoLG IgG antibody

concentrations were associated with disease activity assessed by

SLEDAI in patients with SLE (7), however, in the current study

this correlation was not significant (rs = 0.156). Antibody levels

were associated with higher disease damage based on the SLICC

score (rs = 0.338), and lower complement C3 (rs =−0.203) and

C4 (rs =−0.320) concentrations but these were not statistically

significant (Supplementary Table 3). Patients with active arthritis

had significantly lower anti-IsoLG IgG antibody concentrations

(median [IQR]: 0.93 units [0.81, 1.33]) vs. those without active

arthritis ([1.44 units [1.07, 1.95]), but there was no significant

difference based on whether the patient ever had arthritis or

based on other clinical manifestations (Supplementary Table 4).
Discussion

The major findings of this study were that serum anti-IsoLG

IgG antibody concentrations are higher in patients with SLE than

in control subjects and that higher anti-IsoLG IgG antibody

concentrations were associated with lower blood pressure in
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FIGURE 2

24-hour systolic blood pressure and anti-isoLG IgG antibodies (log-transformed) are significantly inversely associated among SLE patients not taking
an anti-hypertensive agent (P= 0.004). Linear regression with 95% confidence intervals.
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patients with SLE. This relationship was demonstrated most clearly

among patients with SLE without the confounding effects of anti-

hypertensive medications.

IsoLGs are the result of excess oxidative stress which occurs

when reactive oxygen species are generated in excess of

antioxidants; this causes lipid peroxidation of polyunsaturated

fatty acids, yielding highly reactive dicarbonyls such as IsoLGs.

IsoLGs bind covalently to lysine residues on proteins nearly

instantaneously causing conformation changes and protein

crosslinking (4). Because IsoLG adduction of proteins changes

their conformation, it can result in antibody formation.

Additionally, the IsoLG-adducted proteins increase endoplasmic

reticulum stress, activate the receptor for advanced glycation end

products, increase proinflammatory cytokine expression, and are

antigens presented on MHC to activate T cells (5, 6, 23, 24).

Murine studies also demonstrate that IsoLGs drive immune-

mediated hypertension. Dendritic cells present IsoLGs-adducted

cellular proteins to T cells leading to cellular proliferation and

activation to produce IFN-γ, IL-17A and TNF-α, which increase

blood pressure due to effects salt and water reabsorption and

vasoconstriction (8, 10, 11, 25–32). However, dendritic cell

presentation of proteins with other oxidative stress modifications

(e.g., malondialdehyde-adducted proteins) did not cause the

T cell activation and proliferation (8). The adoptive transfer of

dendritic cells treated with tert-butyl hydroperoxide to induce

IsoLGs, significantly increased blood pressure in mice treated

with low dose angiotensin II (8). Moreover, scavenging IsoLGs in

two murine models of hypertension (angiotensin II-induced

hypertension and deoxycorticosterone acetate plus NaCl models),

and two murine models of SLE (B6.Sle123 and NZBWF1 models)

significantly decreased blood pressure, renal injury (7, 8).
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In addition to the impact on hypertension in murine lupus, we

previously found that IsoLGs play a major role in lupus in

mechanistic murine studies. In the B6.Sle123 and NZBWF1

models of murine lupus we found elevated cellular IsoLGs in

splenic monocytes and dendritic cells compared to wildtype mice

(7). We found that scavenging IsoLGs significantly decreased

anti-double stranded DNA titers, splenic cellular expansion,

nephritis, and blood pressure (7). There are several mechanisms

that may explain why scavenging IsoLGs reduced murine lupus

disease activity: (1) a reduction in proinflammatory cytokines (6),

(2) a reduction in NETosis (9), (3) reduced T cell activation due to

reduced dendritic cell presentation of IsoLG-adducted proteins

to T cells, and (4) enhanced binding of transcription factor PU.1 to

DNA leading to increased complement component C1q (7).

Similar to the murine models, there are consistent alterations in

cellular IsoLGs in the peripheral blood of patients with

hypertension and with lupus compared those without. For

example, twelve patients with hypertension had about a 3-fold

increase in peripheral blood monocyte cellular IsoLGs measured

by flow cytometry compared to 8 normotensive subjects and

these were modestly associated with systolic blood pressure (8).

Moreover, peripheral blood monocytes from 11 patients with

SLE had significantly higher cellular IsoLGs compared to 10

control subjects (7).

Based on studies suggesting that IsoLGs are increased in and

mechanistically crucial for the development of hypertension and

SLE, we postulated that anti-IsoLG antibodies might provide

insights regarding the pathogenesis of hypertension in patients

with SLE. Our finding that higher anti-IsoLG IgG antibody

concentrations were associated with lower blood pressure

measurements was unexpected given the mechanistic association
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between IsoLGs and blood pressure. However, although IsoLGs can

drive hypertension through immunologic responses, antibodies to

them could have a protective effect for blood pressure in SLE

patients. Mechanistically, these antibodies may clear the IsoLG-

adducted proteins or otherwise prevent their presentation to

T cells, which is an underlying mechanism of immune-mediated

hypertension (8). If this is the case, such an antibody would have

therapeutic potential and this idea will be examined in future

studies. Before such future studies, the results of this study

should be interpreted with caution since we demonstrated

correlation rather than causation. Additionally, we observed a

more striking relationship between the anti-IsoLG antibodies and

systolic blood pressures; it is likely because diastolic blood

pressure is lower, and correlations may be more difficult to observe.

At this time, it is not known what IsoLG-adducted proteins the

anti-IsoLG IgG antibodies recognize. Just as there are a variety of

antinuclear antibodies, the anti-IsoLG IgG antibodies measured

in SLE patients may have different specificities compared to

control subjects or other disease states. This may contribute to

differences in the relationship between the anti-IsoLG IgG

antibody concentrations and blood pressure among patients with

SLE and control subjects.

In our prior study we found that serum anti-IsoLG IgG

antibody concentrations were correlated with SLEDAI in 29

patients with SLE (7). In the current study, while anti-IsoLG IgG

were positively associated with SLEDAI, the findings were

modest and not statistically significant, likely because the current

study was smaller (n = 23) and had a narrower range of disease

activity (SLEDAI range 0–12 vs. 2–18) and heterogeneity of disease.

This study has strengths and limitations. The sample size was

relatively small; however, 24-hour BP was carefully measured in

the patients which permitted these detailed BP analyses. SLE

disease activity was relatively mild as discussed above. Also, we

did not have archived cells to measure cellular IsoLGs in the

same patients contributing to the anti-IsoLG antibody data. Such

studies will be done in the future to determine the relationship

between the cellular IsoLGs and anti-IsoLG antibodies,

particularly in the context of SLE-associated hypertension.
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