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Abstract

Cardiovascular disease is the major cause of mortality among patients with the

autoimmune disorder systemic lupus erythematosus (SLE). Our laboratory pre-

viously reported that immunosuppression with mycophenolate mofetil, a com-

mon therapy in patients with SLE, attenuates the development of hypertension

in an experimental model of SLE. Cyclophosphamide (CYC) is another common

therapy for patients with SLE that has contributed to improved disease manage-

ment; however, its impact on the development of hypertension associated with

SLE is not clear. We tested whether treatment with CYC (25 mg/kg, once/week,

IP injection) for 4 weeks would attenuate hypertension in an established female

mouse model of SLE with hypertension (30-week-old NZBWF1 females).

Plasma anti-dsDNA IgG levels, pathogenic for the disease, were lower in CYC-

treated SLE mice compared to vehicle-treated SLE mice, suggesting efficacy of

the therapy to suppress aberrant immune system function. Mean arterial pres-

sure (MAP) was assessed by carotid artery catheters in conscious mice. Treat-

ment did not attenuate the development of hypertension when compared to

vehicle-treated SLE mice; however, urinary albumin excretion was lower in

CYC-treated animals. Corresponding with the reduction in autoantibodies, data

suggest that CYC treatment lowered circulating CD45R+ B cells. Paradoxically,

circulating CD11b+Ly6G+ neutrophils were increased in CYC-treated SLE mice

compared to vehicle treated. Estrus cycling data also suggest that CYC treatment

had an impact on ovarian function that may be consistent with reduced circulat-

ing estrogen levels. Taken together, these data suggest that CYC treatment atten-

uates autoantibody production and renal disease during SLE, but that the

potential to affect MAP may be blunted by the increase in circulating neu-

trophils and CYC’s impact on ovarian function.

Introduction

Systemic lupus erythematosus (SLE) is a prototypic sys-

temic autoimmune disease with a wide range of clinical

manifestations, including a high prevalence of renal

involvement and hypertension (Budman and Steinberg

1976; Mandell 1987; Selzer et al. 2001; Al-Herz et al. 2003;

Sabio et al. 2011; Shaharir et al. 2015). Cyclophosphamide

(CYC) and mycophenolate mofetil (MMF) are the two

drugs commonly used as induction therapy for patients

diagnosed with diffuse or moderate to severe focal

proliferative lupus nephritis (LN) (Chan 2005). MMF has

been shown to reduce blood pressure in both humans and

in experimental models of hypertension (Rodriguez-Iturbe

et al. 2002; Herrera et al. 2006; De Miguel et al. 2010; Ferro

et al. 2011; Taylor and Ryan 2017a). Our laboratory

recently reported that MMF treatment attenuates the devel-

opment of hypertension in an established, clinically rele-

vant, experimental model of SLE (female NZBWF1 mice)

(Taylor and Ryan 2017a). However, the effect of CYC on

cardiovascular disease risk factors, such as hypertension, in

patients with SLE is not clear.
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CYC is a chemotherapeutic agent that inhibits DNA

synthesis via the alkylation of nucleic acids, resulting in

the miscoding of DNA with subsequent cell destruction

(Akawatcharangura et al. 2016). It suppresses both pri-

mary cellular and humoral immune responses, but it can

also affect any rapidly dividing cells, including gonadal,

hematopoietic, and epithelial cells (Akawatcharangura

et al. 2016). Therefore, patients taking CYC may experi-

ence side effects including hemorrhagic cystitis, bladder

cancer, bone marrow suppression, alopecia, and gonadal

failure (Akawatcharangura et al. 2016). CYC is typically

administered as an induction therapy with either a high-

dose regimen according to NIH protocol or a lower-dose

regimen according to Euro-lupus protocol (Imran et al.

2016). The high-dose CYC treatment regimen is 0.5–1 g/

m2 given intravenously once per month for 6–7 months,

and then quarterly following NIH protocol until mainte-

nance therapy is established (Imran et al. 2016). With the

low-dose, Euro-lupus protocol, CYC treatment regimen is

0.5 g/m2 given in six-biweekly pulses for 10 weeks follow-

ing by azathioprine treatment (Imran et al. 2016). The

Euro-Lupus trial showed similar 10-year outcomes in

Caucasian patients with mild to moderate LN with the

lower-dose regimen compared to the high-dose regimen

(Houssiau et al. 2002).

Because autoimmunity is associated with prevalent

hypertension, and cardiovascular disease is the leading

cause of mortality in patients with SLE, it is important

to understand the impact of common immunosuppres-

sive therapies on blood pressure (Mody et al. 1994; Abu-

Shakra et al. 1995; Manzi et al. 1997; Bernatsky et al.

2006). In addition, it is now widely established that the

immune system plays a central role in the pathogenesis

of experimental and human hypertension (Rodriguez-

Iturbe et al. 2017). Therefore, we hypothesized that

immunosuppression with CYC would blunt the develop-

ment of hypertension in an experimental model of SLE.

In order to test this hypothesis, we utilized an estab-

lished experimental mouse model (female NZBWF1

mice) that closely mimics human SLE, including preva-

lent hypertension. NZBWF1 mice spontaneously develop

anti-double stranded DNA (anti-dsDNA) autoantibodies,

immune complex-mediated glomerulonephritis, and have

contributed significantly to the understanding of human

SLE.

Materials and Methods

Animals

Female NZW/Lac J (control) and NZBWF1 mice (SLE)

(Jackson Laboratories, Bar Harbor, ME) were used in this

study. Mice were studied at 30 weeks of age because this

typically precedes signs of obvious renal disease (i.e.,

albuminuria) (Venegas-Pont et al. 2009). Mice were

housed following a 12-h light/dark cycle in temperature-

controlled rooms and allowed access to chow and water

ad libitum. The University of Mississippi Medical Center

(UMMC) institutional animal care and use committee

approved all experiments that were performed in accor-

dance with the National Institutes of Health Guide for

the Care and Use of Laboratory Animals.

CYC administration

Cyclophosphamide was dissolved in sterile 0.9% saline,

and mice were administered 25 mg/kg in 0.1 mL of saline

per week by IP injection. Mice not receiving CYC

received 0.1 mL 0.9% saline (vehicle). CYC or vehicle was

administered once per week for 4 weeks in order to

approximate the low-dose regimen used clinically.

Blood pressure measurements

Mean arterial pressure (MAP) was measured via catheters

implanted in the right carotid artery in conscious, freely

moving mice as previously described (Mathis et al. 2011,

2012, 2013, 2014; Venegas-Pont et al. 2011).

Renal injury

Urinary albumin was used as a marker of renal injury

and was measured weekly by dipstick assay (Albustix; Sie-

mens). At the conclusion of the study, overnight urine

samples were used to measured urinary albumin excretion

rate (mg/day) by ELISA (Alpha Diagnostic International,

San Antonio, TX) as previously described (Mathis et al.

2011, 2012, 2013, 2014). Additional markers of renal

injury, kidney injury molecule-1 (KIM-1) and neutrophil

gelatinase-associated lipocalin (NGAL), were measured by

ELISA (R&D Systems, Minneapolis, MN) as per the man-

ufacturer’s instructions. Kidney sections were prepared

for glomerulosclerosis scoring with hemotoxylin and eosin

staining by Histology Core laboratory services for the

Department of Physiology and Biophysics at UMMC, and

investigators blinded to the samples scored the sections as

previously described by our laboratory (Venegas-Pont

et al. 2009).

Cell preparation

Whole blood was collected via the retro-orbital plexus

from all animals at the termination of the study. EDTA

(20 lL/0.5 mL of blood) was used to prevent coagulation.

Plasma was isolated following a centrifugation step

(350 9 g for 5 min) and stored at �80°C for later use.
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Erythrocyte lysis was performed using 109 volume of 19

lysing buffer (Pharm LyseTM, BD Biosciences, San Jose,

CA). Samples were vortexed and incubated away from

light for 5 min at room temperature before being cen-

trifuged at 200 9 g for 5 min. To obtain purified periph-

eral blood leukocytes, the remaining cell pellets were

washed with 19 PBS containing 2% FCS and centrifuged

at 350 9 g for 5 min. Cells were suspended in freezing

media (90% FCS, 10% dimethyl sulfoxide) and stored at

�80°C for later use. Renal immune cells were prepared

for flow cytometry as published previously by our labora-

tory (Taylor and Ryan 2017a; Taylor et al. 2018). Briefly,

5 mL of Roswell Park Memorial Institute (RPIM) con-

taining 200 U/mL DNase and 10 mg/mL collagenase IV

was used to homogenize a single kidney from each mouse

with the GentleMACS Octo Dissociator (Miltenyi Biotec)

with a user-defined protocol. The homogenate was fil-

tered with a 70-lm cell strainer and then washed with 19

PBS containing 2% FCS and 2 mM EDTA. The single-cell

suspension was centrifuged (300 9 g for 10 min) to

acquire a cell pellet, which was then suspended in freezing

media and stored at �80°C for later use.

Flow cytometry

Cryopreserved cells were thawed in a 37°C water bath

and washed in 19 PBS containing 2% FCS and 0.9%

sodium azide (wash buffer). Cells were resuspended fol-

lowing a centrifugation step (350 9 g for 5 min), ali-

quoted into flow cytometry tubes, and placed on ice.

Anti-mouse CD32/CD16 (0.5 lg/sample FcR block; BD

Biosciences) was added to cells, and samples were incu-

bated on ice for 5 min. The following antibodies were

diluted with wash buffer (50 lL/sample; 1:100 dilution),

and placed in a single tube-containing sample to measure

the relative percentages of circulating lymphocyte popula-

tions: CD3e-PE-Cy7 (clone 145-2C11), CD4-FITC (clone

GK1.5), CD8-PerCP-Cy (clone 53-6.7), and CD45R-Alexa

Fluor (clone RA3-6B2) (BD Biosciences). The following

antibodies were diluted as stated previously and added to

a second single tube-containing sample to measure the

relative percentages of circulating myeloid cell popula-

tions: CD11b-PE-Cy7 (clone M1/70), Ly6C-FITC (clone

AL-21), and Ly6G-PE (clone 1A8) (BD Biosciences). Flow

cytometry tubes containing sample and antibodies were

shaken/tapped gently to mix and incubated for 30 min in

the dark. Cells were washed twice with 2 mL of wash buf-

fer, and the supernatant was decanted after each centrifu-

gation step (350 9 g for 5 min). Finally, cells were

resuspended in 300 lL of wash buffer. Kidney cells were

stained with viability stain (ZombieGreen, Biolegend, San

Diego, CA) in addition to CD3e-PE-Cy7 (clone 145-

2C11), CD4-FITC (clone GK1.5), CD8-PerCP-Cy (clone

53-6.7), and CD45R-Alexa Fluor (clone RA3-6B2) (BD

Biosciences). Samples were analyzed on a Gallios (Beck-

man Coulter) flow cytometer in the UMMC flow cytome-

try core facility with a total of 100,000 events acquired

per sample. Subsequent data were analyzed with Kaluza

software (Beckman Coulter).

Autoantibodies

Anti-double stranded DNA (anti-dsDNA) was detected in

plasma at the conclusion of the study from 34 weeks of

age (SLE mice) or 35 (control mice) using the anti-

dsDNA IgG ELISA (Alpha Diagnostic International) as

per the manufacturer’s instructions as previously

described by our laboratory (Venegas-Pont et al. 2011;

Mathis et al. 2012, 2013, 2014).

Estrus cycle

The estrus cycle was monitored at 33 weeks of age (SLE

mice) and 34 weeks of age (control mice) by vaginal

cytology. Smears were allowed to air-dry after sample col-

lection, stored, and stained with methylene blue (1%

aqueous solution) at a later date. Samples were collected

over four consecutive days to obtain one complete estrus

cycle that could be identified by the presence of phase-

specific nucleated epithelial cells, cornified epithelial cells,

or leukocytes. Uterine weight was also measured as a

crude marker of estrogen status.

Statistical analysis

All data are presented as a mean � SEM based on statis-

tical analyses that were performed using GraphPad Prism

7 (GraphPad Software). Two-way analysis of variance

(ANOVA) was used to determine the effect of treatment

(CYC vs. vehicle) or group (SLE vs. control) interactions.

One-way ANOVA was used to determine the significance

of individual differences between groups with a Tukey

post-hoc test for multiple comparisons. An unpaired t test

was used to analyze flow cytometry data to determine the

difference between treatments. A D’Agostino and Pearson

omnibus test was used to test for normality, and two data

sets (Fig. 2B and C) were found to be not normally dis-

tributed. Therefore, instead of a one-way ANOVA to

determine the significance of individual differences

between groups, a Kruskal–Wallis test was used with

Dunn’s multiple comparisons test on these two data sets.

Results

Treatment with CYC significantly reduced spleen weight

compared to vehicle (0.09 � 0.01 [n = 15] vs.
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0.14 � 0.01 [n = 16], P < 0.05) in SLE mice suggesting

that it effectively suppressed immune system function,

while there was no significant difference between CYC-

and vehicle-treated (0.12 � 0.01 [n = 17] vs. 0.12 � 0.01

[n = 19], P = 0.99) control mice. CYC treatment did not

significantly affect body weight with a decrease of

5.7 � 1.1% (n = 15) compared to a decrease of

4.9 � 1.1% (n = 17) in vehicle-treated SLE mice

(P = 0.90), suggesting that the health status of the animal

was unaffected by the treatment.

Impact of CYC on MAP

To determine the impact of CYC on hypertension in SLE,

MAP was measured by indwelling carotid artery catheter

in conscious, freely moving mice at the termination of

the study in vehicle- and CYC-treated control and SLE

mice. As published previously by our laboratory, vehicle-

treated SLE mice had increased MAP compared to vehi-

cle-treated control mice (128 � 6 vs. 113 � 3 mmHg,

P < 0.05). The results (Fig. 1) show that blood pressure

was not altered by CYC treatment in SLE mice compared

to vehicle-treated SLE mice (128 � 6 vs. 136 � 4 mmHg,

P = 0.6). CYC treatment also did not affect blood pres-

sure in control mice (115 � 3 vs. 113 � 3 mmHg,

P = 0.99]. In preliminary studies, long-term treatment

with CYC (8 weeks) did not significantly alter the blood

pressure (data not shown).

Impact of CYC on markers of renal injury

CYC is commonly prescribed as induction therapy for

patients with LN and has previously been shown to

effectively prevent the progression of renal disease in

experimental models of SLE (Russell et al. 1966; Casey

1968; Russell and Hicks 1968; Gelfand and Steinberg

1972; Hurd 1977; Austin et al. 1986). Urine samples

were collected throughout the study, and markers of

renal injury, including urinary albumin, KIM-1, and

NGAL excretion rates, were measured at the termina-

tion of the study to determine if CYC treatment was

renal protective with or without the attenuation of

hypertension in an experimental model of autoimmu-

nity. Although CYC treatment does not lower blood

pressure, data suggest that mice treated with SLE may

be protected against developing albuminuria (urinary

albumin excretion 94.68 � 90.07 vs. 0.07 � 0.02 mg/

day, P = 0.45) (Fig. 2A). Therefore, blood pressure

changes and albuminuria occur independently of each

other in this model. Additional markers of renal injury,

urinary NGAL (Fig. 2B) and KIM-1 (Fig. 2C) were

measured to determine if CYC treatment had any other

renal protective effects. NGAL excretion (pg/day) was

not significantly different among vehicle- and CYC-trea-

ted control (3614 � 798.89 vs. 4672 � 775.00) and SLE

mice (3279 � 463.10 vs. 2669 � 201.80). However,

KIM-1 excretion (pg/day) was significantly lower in

CYC-treated SLE mice compared to vehicle-treated con-

trol mice (265.9 � 30.67 vs. 790.3 � 139.00, P < 0.05).

Histological analysis of glomerulosclerosis was per-

formed (Fig. 2D), and SLE vehicle mice had increased

glomerulosclerosis; however, CYC-treated SLE mice

trended toward a decrease in glomerulosclerosis com-

pared to vehicle-treated SLE mice (0.57 � 0.15 vs.

1.03 � 0.20; P = 0.16). Figure 2E shows representative

glomeruli from vehicle- and CYC-treated control and

SLE mice.

Impact of CYC on immune cells and
autoantibodies

Flow cytometry was used to determine the impact of

CYC on lymphoid and myeloid cell populations in the

peripheral blood. CYC treatment reduced circulating B

cells (15.87 � 8.49% vs. 26.96 � 4.72%, P = 0.06)

(Fig. 3B) but increased the percentage of circulating neu-

trophils in SLE mice (39.26 � 4.92% vs. 20.58 � 6.01%)

(Fig. 3E). Consistent with fewer circulating B cells, SLE

mice treated with CYC had reduced circulating anti-

dsDNA autoantibodies compared to vehicle-treated SLE

mice (180.50 � 64.68 vs. 581.60 � 148.3 units/mL,
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Figure 1. Impact of cyclophosphamide (CYC) on mean arterial

pressure (MAP). MAP was measured by indwelling, carotid artery

catheter. Vehicle-treated systemic lupus erythematosus (SLE) mice

had increased MAP compared to vehicle-treated control mice

(128 � 6 vs. 113 � 3 mmHg, *P < 0.02). Results suggest that

blood pressure was not altered by CYC treatment in SLE mice

compared to vehicle-treated SLE mice (128 � 6 vs.

136 � 4 mmHg, P = 0.6). h Control Vehicle (n = 13), & Control

CYC (n = 11), s SLE Vehicle (n = 7), and ● SLE CYC (n = 10).
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P < 0.05) (Fig. 4). Analyses of renal immune cells

revealed that vehicle-treated SLE mice had a significantly

higher percentage of CD45R+ B cells (Fig. 5A) compared

to control mice, and CYC treatment SLE mice had signifi-

cant fewer CD45R+ B cells in the kidney compared to

SLE vehicle mice (14.94 � 1.77 vs. 35.48 � 5.77%,

P < 0.05). In addition, vehicle-treated SLE mice had a

significantly higher percentage of CD3+CD4+ T cells com-

pared to all other treatment groups with CYC-treated SLE

mice showing a significant decrease in CD3+CD4+ T cell

(Fig. 5B) infiltration in the kidney compared to vehicle-

treated SLE mice (6.16 � 1.27 vs. 15.36 � 3.39%,

P < 0.05). CYC treatment, however, did not significantly

affect CD3+CD8+ T cell (Fig. 5C) infiltration in control

or SLE mice.

Impact of CYC on estrus cycling

Because CYC has known ovarian cytotoxicity (Akawatcha-

rangura et al. 2016), and loss of estrogen has been shown

to exacerbate hypertension in this model (Gilbert et al.

2014), the impact of CYC on estrus cycling was exam-

ined. Data (Fig. 6) suggest that the CYC-treated mice

(n = 15) spent a greater amount of time in the estrus

phase of the ovarian cycle, a finding consistent

with impaired ovarian function and altered estrogen sta-

tus. In addition, uterine weight, which was measured as

a crude marker of estrogen status, was not significantly

different among vehicle and CYC-treated SLE

(0.08 � 0.01 vs. 0.07 � 0.01 g) and control (0.09 � 0.01

vs. 0.10 � 0.01 g) mice.
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Figure 2. (A) Data suggest that urinary albumin excretion (94.68 � 90.07 vs. 0.07 � 0.02 mg/day, P = 0.45) is reduced in cyclophosphamide

(CYC)-treated systemic lupus erythematosus (SLE) mice compared to vehicle-treated SLE mice. No statistical differences were found. h Control

Vehicle (n = 21), & Control CYC (n = 18), s SLE Vehicle (n = 16), and ● SLE CYC (n = 14). (B). Neutrophil gelatinase-associated lipocalin

(NGAL) excretion (pg/day) was not significantly different among vehicle- and CYC-treated control and SLE mice. No statistical differences were

found. h Control Vehicle (n = 19), & Control CYC (n = 17), s SLE Vehicle (n = 13), and ● SLE CYC (n = 14). (C) kidney injury molecule-1

(KIM-1) excretion was significantly lower in CYC-treated SLE mice compared to vehicle-treated control mice (265.90 � 30.67 vs.

790.30 � 139.00, *P < 0.02). h Control Vehicle (n = 21), & Control CYC (n = 19), s SLE Vehicle (n = 16), and ● SLE CYC (n = 14). (D)

Glomerular scoring index was not significantly altered by CYC treatment in control or SLE mice. h Control Vehicle (n = 8), & Control CYC

(n = 8), s SLE Vehicle (n = 8), and ● SLE CYC (n = 8). (E) Renal histological sections were stained with H&E. Representative glomeruli (940)

are from vehicle- and CYC-treated Control and SLE mice.
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Discussion

Patients with autoimmune diseases like rheumatoid

arthritis or SLE have a significantly increased risk of

developing hypertension. We previously demonstrated a

direct causal link between autoimmunity and the patho-

genesis of hypertension (Mathis et al. 2014; Taylor et al.

2018), thus adding to the overall understanding of the

role immune system has in hypertensive disorders (Rodri-

guez-Iturbe 2016; Taylor and Ryan 2017b). The purpose

of the present study was to test whether CYC, another

commonly prescribed chemotherapy for induction ther-

apy in LN, attenuates hypertension during SLE. The

major new findings of this study are: (1) different from

MMF, CYC does not attenuate the development of hyper-

tension during SLE; (2) CYC treatment reduces markers

of renal injury independently of changes in blood pres-

sure; (3) immunosuppression with CYC resulted in an

increased relative number of circulating neutrophils; (4)

Renal B and T cell infiltration is lower in CYC-treated

SLE mice; (5) chronic treatment with CYC alters estrus

cycling in female mice with SLE.

The prevalence of hypertension is increased in patients

with SLE typically ranging between 40% and 74%

depending on the cohort, compared to only 8–10% in

healthy age-matched women (Budman and Steinberg

1976; Al-Herz et al. 2003). Using female NZBWF1 mice,

an established clinically relevant model of SLE, we previ-

ously demonstrated an important role for impaired renal

hemodynamic function (Venegas-Pont et al. 2011),

inflammatory cytokines (Venegas-Pont et al. 2010), reac-

tive oxygen species (ROS) (Mathis et al. 2012), T cells

(Mathis et al. 2017), plasma cells, and the associated

immunoglobulins (Taylor et al. 2018) in the development

of hypertension during SLE. This body of work points to

autoimmunity as a driving mechanism for the develop-

ment of hypertension, a concept that is further supported

by clinical studies showing that patients with primary

hypertension have increased circulating autoantibodies

(Ebringer and Doyle 1970; Suryaprabha et al. 1984; Hilme

et al. 1989).

Small clinical studies show that MMF can effectively

lower blood pressure in patients with rheumatoid arthritis

or psoriasis (Herrera et al. 2006), and we recently showed
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Figure 3. Impact of cyclophosphamide (CYC) on circulating immune cells. Flow cytometry was performed on cryopreserved peripheral

blood leukocytes to determine the impact of CYC treatment on lymphoid and myeloid cell populations. (A) Representative scatter plot of

peripheral blood leukocytes. (B) Data suggest that CYC treatment reduced CD45R+ B cells compared to vehicle treatment in systemic

lupus erythematosus (SLE) mice (15.87 � 8.49% vs. 26.96 � 4.72%, P = 0.06). (C) There was no significant difference in the percentage

of circulating CD3+CD4+T cells between groups or (D) the percentage of CD3+CD8+T cells.(E) The percentage of circulating neutrophils

was significantly increased in CYC-treated SLE mice compared to vehicle-treated mice (39.26 � 4.92 vs. 20.58 � 6.01, *P < 0.05). (F)

There was no significant different in the percentage of circulating monocytes between groups. s SLE Vehicle (n = 8), and ● SLE CYC

(n = 10).
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that MMF attenuates hypertension in female NZBWF1

mice (Taylor and Ryan 2017a). However, the impact of

CYC on blood pressure control in patients with SLE is

not clear. Understanding the impact of CYC on blood

pressure in humans is further complicated by the fact that

CYC is often administered concurrently with corticos-

teroids, which have known blood volume/pressure alter-

ing effects (Treadwell et al. 1964). The present study

directly assessed whether immunosuppression with CYC

lowers blood pressure during SLE. Contrary to the

hypothesis, CYC treatment did not attenuate the develop-

ment of hypertension in mice with SLE. This differs from

other studies using CYC in experimental models of hyper-

tension. As an example, CYC reduced blood pressure in

Okamoto spontaneously hypertensive rats (SHRs), as

measured by tail-plethysmography (Khraibi et al. 1984).

The disparate effects of CYC between these studies may

be attributable to key differences in the study design,

including both species (mouse vs. rat) and sex (female

mice in the present study, male SHR rats). In addition,

immunosuppression with CYC in male genetically hyper-

tensive rats of the Lyon strain delayed the onset and

attenuated the full development of hypertension while it

had no effect on systolic blood pressure in male nor-

motensive control rats (Bataillard et al. 1989). Neverthe-

less, different from other immunosuppressive therapies,

CYC treatment in female mice with SLE does not impact

the development of hypertension by as yet to be deter-

mined mechanisms.

Because CYC is a commonly used induction therapy

for patients with LN, and female SLE mice develop

immune complex-mediated glomerulonephritis, we exam-

ined the impact of CYC on markers of renal injury. Previ-

ous studies showed that when administered to NZBWF1

mice at the onset of renal disease, CYC treatment attenu-

ates the progression of uremia and proteinuria and pro-

longs survival (Russell et al. 1966). In this case, however,

the incidence of uremia and proteinuria, as well as the

degree of kidney damage observed, remained unchanged

from baseline measurements, suggesting that CYC did not

reverse existing renal disease (Russell et al. 1966; Russell

and Hicks 1968). Consistent with these findings, CYC

treatment in the present study appeared to protect mice

with SLE from developing albuminuria.

KIM-1 and NGAL were two other urinary markers of

renal injury that were assessed at the conclusion of the

study. Basal expression of KIM-1 is typically low in the

normal kidney; however, it can be upregulated after ische-

mia-reperfusion injury (Ichimura et al. 1998; Alge and

Arthur 2015). KIM-1 protein has been localized to prolif-

erating dedifferentiated epithelial cells of the proximal

tubule within 48 h after injury (Ichimura et al. 1998). An

increase in urinary KIM-1 can be observed after renal

ischemic or toxic injury (Han et al. 2002; Ichimura et al.

2004). Although KIM-1 was not increased in mice with

SLE in the present study, its excretion was significantly

lower in CYC-treated SLE mice compared to vehicle-trea-

ted control mice. These data suggest that CYC treatment

may have preserved proximal tubular structure in SLE

mice. The finding that KIM-1 excretion was significantly

higher in vehicle-treated control mice compared to CYC-

treated SLE mice was surprising. However, one study

examined inter-strain differences in KIM-1 expression in

mouse kidneys suggesting that KIM-1-positive proximal

tubules are generally increased in the NZW strain com-

pared to other strains (Yoo et al. 2015). Intrarenal NGAL

is typically upregulated in response to ischemic or

nephrotoxic kidney injury (Mishra et al. 2003, 2004;

Supavekin et al. 2003). Urinary NGAL can be detected as

early as 3 h postinjury, and data suggest that the thick

ascending limb and the collecting duct are the primary

sites of intrarenal NGAL production (Mishra et al. 2003;

Mori et al. 2005). Human studies suggest that urinary

NGAL peaks approximately 6 h after injury, suggesting it

is an early marker of renal injury (Mishra et al. 2005;

Parikh et al. 2011a,b). This could explain why NGAL

excretion was not significantly affected by CYC treatment

in the present study. Glomerulosclerosis scoring was con-

sistent with the other markers of renal injury that were

measured, suggesting that SLE–CYC mice were protected
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Figure 4. Impact of cyclophosphamide (CYC) on circulating

autoantibodies. Systemic lupus erythematosus (SLE) mice treated

with CYC had reduced circulating anti-dsDNA autoantibodies

compared to vehicle-treated SLE mice (180.50 � 64.68 vs.

581.60 � 148.3 units/mL, *P < 0.05). Vehicle-treated SLE mice also

had significantly increased plasma anti-dsDNA IgG (*P < 0.05)

compared to vehicle- (138.70 � 60.37 units/mL) and CYC-treated

(149.60 � 63.86 units/mL) control mice. h Control Vehicle

(n = 18), & Control CYC (n = 17), s SLE Vehicle (n = 15), and ●
SLE CYC (n = 12).
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from exacerbation of glomerular injury compared to SLE

vehicle mice. SLE vehicle-treated mice had an increased

glomerular scoring index compared to other treatment

groups that is consistent with the well-documented reno-

protective action of CYC treatment in SLE (Hurd and Ziff

1977).

Reduced markers of renal injury without changes in

blood pressure are consistent with our previous work and

clinical literature. Immune complex glomerulonephritis is

estimated to affect approximately 50% of patients with

SLE (Guo et al. 2010), but hypertension in SLE has been

shown to occur independently of nephritis in some cases

(Shaharir et al. 2015). There is also a disconnect in some

mouse models of SLE because MRL/lpr and NZBWF1

mice both develop immune complex glomerulonephritis,

but only the female NZBWF1 mouse model develops

hypertension (Rudofsky et al. 1984). Although glomerular

injury may contribute to hypertension, these findings sug-

gest that there are other disease-related factors at play.

Understanding the underlying factors that promote renal

hemodynamic changes during SLE could help explain

why albuminuria was impacted independently of hyper-

tension in this study.

Because CYC is a nonspecific immunosuppressive ther-

apy, we examined the impact on several markers of

immune system function. Our data showing that SLE

mice treated with CYC have reduced numbers of circulat-

ing B cells are consistent with our data showing that

autoantibody production is attenuated after CYC treat-

ment. Recently published data from our laboratory sug-

gest a mechanistic role for autoantibodies in autoimmune

disease-associated hypertension (Mathis et al. 2014; Tay-

lor et al. 2018). For example, B cell depletion with a

mouse anti-CD20 antibody (equivalent of Rituximab) in

female NZBWF1 mice significantly reduced CD45R+ B

cells and dsDNA autoantibodies, and protected against

the development of hypertension and renal injury in SLE

(Mathis et al. 2014). Moreover, depletion of the plasma

cells that produce the majority of serum immunoglobu-

lins, resulted in a significant decrease in total plasma IgG
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Figure 5. Impact of cyclophosphamide (CYC) on renal lymphocyte infiltration. (A) Renal CD45R+ B cells were significantly increased in systemic

lupus erythematosus (SLE) vehicle-treated mice compared to all other treatment groups (*P < 0.05) (B) Renal CD3+CD4+ T cells were

significantly increased in SLE vehicle-treated mice compared to all other treatment groups (*P < 0.05). (C) Renal CD3+CD8+ T cells were not

significantly different in response to CYC treatment in control or SLE mice. h Control Vehicle (n = 5) & Control CYC (n = 5), s SLE Vehicle

(n = 5), and ● SLE CYC (n = 5).
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and anti-dsDNA IgG levels in SLE mice and caused a sig-

nificant lowering of blood pressure (Taylor et al. 2018).

These data suggest that autoantibodies play an important

mechanistic role in the prevalent hypertension associated

with autoimmune disease. That CYC did not attenuate

the hypertension during SLE even with a reduction in B

cells and circulating anti-dsDNA IgG, suggests the possi-

bility that other changes may have occurred during the

treatment to offset the potential beneficial immunosup-

pressive actions of CYC. One notable change that

occurred in response to CYC treatment was the relative

increase in circulating neutrophils observed in the CYC-

treated animals. Neutrophils have been linked to both

autoimmunity and hypertension because of the key role

they play in the production of ROS during the inflamma-

tory process (Glennon-Alty et al. 2018). The impact of

ROS on renal function and the development of hyperten-

sion has been extensively reviewed elsewhere (Solak et al.

2016), and our laboratory previously published a study

testing the impact of combined antioxidant therapy on

hypertension in a mouse model of SLE (Mathis et al.

2012). Others have observed that CYC in the absence of

steroid treatment is associated with severe lymphopenia

and only mild neutropenia and monocytopenia (Dale

et al. 1973). Therefore, the general depletion of immune

cells, leaving a relatively higher percentage of neutrophils

may be mechanistically important to offset the reduction

in B cells and autoantibodies. To date, very little is under-

stood about the contributions of neutrophils to autoim-

mune-associated hypertension.

Kidney cell flow cytometry data suggest that among the

leukocyte cell population in the kidney, SLE–CYC mice

had a significantly lower percentage of B cells and T cells

in the kidney compared to SLE vehicle mice. The decrease

in CD45R+ B cells and CD3+CD4+ T cells in response to

CYC treatment in the kidney is consistent with the mech-

anism of action that was proposed with MMF treatment

as previously published by our laboratory (Taylor and

Ryan 2017a). Much like MMF, CYC treatment caused a

decrease in autoantibodies that could lead to decreased

renal immune complex deposition in SLE mice that could

be responsible for a reduction in the number of lympho-

cytes in the kidneys. The decrease in renal B and T lym-

phocyte infiltration most likely drives a decrease in local

inflammation that explains the positive impact of CYC

treatment on renal injury (Katsiari et al. 2010; Bethu-

naickan et al. 2011).

A second factor that could offset the beneficial effects

of CYC-induced B cell and autoantibody depletion is

related to known cytotoxic effects of CYC. Specifically,

CYC is directly linked with ovarian toxicity. This is

potentially relevant for blood pressure control because

ovarian toxicity can change the estrogen status of patients

with SLE, and we previously showed a protective role for

estrogen in SLE-associated hypertension (Gilbert et al.

2014). Menstrual abnormalities occur in 53–63% of

patients with SLE and this correlates with disease activity

(Akawatcharangura et al. 2016). In addition, the preva-

lence of premature ovarian failure (POF), the termination

of menstruation due to loss of ovarian follicular hormone

production prior to 40 years of age, is higher in patients

with SLE compared to the general population (Mayorga

et al. 2016). The prevalence ranges from 12–43% in

women with SLE compared to only 1% in the general

population (Akawatcharangura et al. 2016). Importantly,

CYC treatment is thought to be the primary cause of

POF in SLE, with 11–54% of reported SLE patients trea-

ted with CYC developing POF (Mayorga et al. 2016). The

data from the present study suggest that a 4-week treat-

ment with CYC in female mice with SLE is sufficient to

alter the estrus cycle leading to a greater amount of time

spent is the phases of the cycle associated with lower

levels of estrogen. Therefore, changing estrus cycle

function caused by CYC treatment may also contribute to

the inefficacy of CYC to attenuate the development of

hypertension.

Conclusions and Perspectives

Over the past 30 years, there has been a marked increase

in the survival rates for patients with SLE. However, in

that same time, cardiovascular risk is unchanged and

remains the greatest cause of mortality for patients with
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Figure 6. Impact of cyclophosphamide (CYC) on estrus cycling.

Data suggest that CYC-treated systemic lupus erythematosus (SLE)

mice (n = 15) spent a greater amount of time in the estrus phase

of the ovarian cycle compared to vehicle-treated SLE mice (n = 17).
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SLE (Kim et al. 2017). The remaining cardiovascular risk

in this patient population provides strong rationale for

continued investigation into the therapeutic impact of

drugs like CYC that is commonly used in patients with

SLE, and provides an opportunity to improve interven-

tional strategies for these patients. The data from the pre-

sent study are important because they demonstrate that

therapies commonly used in patients with SLE may have

similar immunological effects (i.e., depletion of immune

cells, autoantibodies), but can have very different effects

on cardiovascular risk factors like hypertension which are

the major determinants of mortality in this patient

population.
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