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Abstract

Systemic lupus erythematosus (SLE) is a potentially fatal autoimmune disease. Current treatment 

strategies rely heavily on corticosteroids, which are in turn responsible for a significant burden of 

morbidity, and immunosuppressives which are limited by suboptimal efficacy, increased infections 

and malignancies. There are significant deficiencies in our immunosuppressive armamentarium, 

making immunomodulatory therapies crucial, offering the opportunity to prevent disease flare and 

the subsequent accrual of damage. Currently available immunomodulators include prasterone 

(synthetic dehydroeipandrosterone), vitamin D, hydroxychloroquine and belimumab. These 

therapies, acting via numerous cellular and cytokine pathways, have been shown to modify the 

aberrant immune responses associated with SLE without overt immunosuppression.

Vitamin D is important in SLE and supplementation appears to have a positive impact on disease 

activity particularly proteinuria. Belimumab has specific immunomodulatory properties and is an 

effective therapy in those with specific serological and clinical characteristics predictive of 

response. Hydroxychloroquine is a crucial background medication in SLE with actions in many 

molecular pathways. It has disease specific effects in reducing flare, treating cutaneous disease and 

inflammatory arthralgias in addition to other effects such as reduced thrombosis, increased 

longevity, improved lipids, better glycemic control and blood pressure. Dehydroeipandrosterone is 

also an immunomodulator in SLE which can have positive effects on disease activity and has bone 

protective properties.

This review outlines the immunologic actions of these drugs and the clinical evidence supporting 

their use.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic, multisystem, autoimmune condition 

characterized by the presence of autoantibodies to nuclear material and immune complex 
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deposition in involved tissues. Whilst numerous advances have been made in unraveling the 

pathogenesis of this complex disease, it remains incompletely understood. A multitude of 

cell types and molecules, participating in many cellular mechanisms have been implicated in 

SLE. Abberancies in apoptotic pathways and in innate and adaptive immune mechanisms are 

found in patients with SLE, with genetic, epigenetic, environmental and hormonal factors 

known to contribute to the disease. There are a number of central events in the development 

of SLE, these include increased production of autoantibodies during apoptosis, decreased 

clearance of cellular debris with dysregulated handling and presentation. Subsequent disease 

activity and tissue damage is mediated by autoantibodies, immune complexes and 

complement activation with numerous cytokine and interferon pathways implicated. The 

complexity of these disease mechanisms have meant that there are a multitude of possible 

targets for immunomodulation in SLE. However, at present, there are few tools in our 

therapeutic armamentarium which can be considered immunomodulatory. For the most part, 

we rely on immunosuppressives, in particular for organ specific disease.

Improvements have been made in pharmacotherapy over the past 50 years which have 

positively impacted upon the prognosis of SLE although, disappointingly, poor renal 

outcomes [1,2], cardiovascular disease and the accumulation of organ damage often incited 

by high dose prednisone remain major challenges. Therapeutic advances include anti-

malarials, corticosteroids, immunosuppressives, ace inhibitors, antibiotics, B-cell therapies, 

vitamin D supplementation and dehydroeipandrosterone (DHEA). Despite these therapies 

SLE continues to associate with premature mortality and morbidity. Current strategies rely 

heavily on the immunosuppressive properties of corticosteroids to control inflammation. 

Chronic and high dose corticosteroids associate with significant morbidity and are 

responsible for much of the long-term damage accrual in SLE. Other immunosuppressives, 

such as mycophenolate mofetil, methotrexate and azathioprine, are essential in the 

management of organ specific disease, however they are limited by efficacy, in particular in 

renal disease.

Immunomodulating therapies that are not immunosuppressive, are a more attractive 

therapeutic option, offering the opportunity to modify the aberrant immune responses in 

SLE and thus prevent inflammation and subsequent damage without the risks of infection 

and malignancy. Current strategies, considered to have immunomodulating properties, 

include hydroxychloroquine (and other antimalarials), vitamin D, dehydroeipandrosterone 

and certain B cell therapies. Stem cell transplantation is as of yet un-proven in randomized 

controlled studies for SLE but offers a fascinating perspective on immunomodulation and 

may, in the future, be a therapeutic option for those with severe, life threatening disease. 

Here we review current immunomodulating strategies in SLE, their clinical efficacy and 

examine their mechanisms of action.

2. Dehydroeipandrosterone

Dehydroeipandrosterone is a weak androgenic steroid and with its metabolite, 

dehydroepiandrosterone sulphate (DHEAS), is the most abundant adrenal steroid hormone. 

Dehydroeipandrosterone is a precursor of both androgens and estrogens and is synthesized 

primarily by the adrenal cortex (zona reticularis) from 17 α-hydroxypregnenolone. It can 
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then be sulphated, at the 3β’-hydroxyl group, into dehydroepiandrosterone sulphate in the 

adrenals and in peripheral tissues, dehydroeipandrosterone is also metabolized further into 

more active steroids including androstenedione, testosterone and estrogen [3]. In its drug 

form it is called prasterone.

Normal serum levels of dehydroeipandrosterone range from 1 to 50 nM. During fetal 

development, plasma dehydroepiandrosterone sulphate levels are 100– 200 µg/dL (3–7 µM), 

falling rapidly after birth and remaining low until adrenarche. Levels then increase rapidly, 

followed by an age related decline [4]. This decline is possibly mediated by decrease in 

17,20-lyase activity [5]. The rate of decline of blood levels is in the region of 2% per year, 

by the 8th-9th decade residual levels are 10–20% of their peak [6]. There are gender 

differences to consider with higher levels in males [7]. In addition to these considerations 

there are genetic variations. Genome-wide association studies (GWAS) indicate that serum 

levels of dehydroepiandrosterone sulphate are regulated at approximately 60% by genotypes 

near these genes: BCL2L11, ZKSCAN5, ARPC1A, TRIM4, HHEX, CYP2C9, BMF, and 

SULT2A1[8].

Dehydroeipandrosterone does not have a specific receptor. It can bind to steroid hormone 

receptors (reviewed by Triash et al. [9], and by Webb et al. [5]) pregnane X receptor/steroid 

and xenobiotic receptor (PXR/SXR, NR1I2) [5]; estrogen receptors α and β, androgen 

receptors [10]; peroxisome proliferator activated receptors [5]; and pregnane X receptor 

[11]. At most of these sites, dehydroeipandrosterone acts as a partial agonist with weak 

affinity due to competition for binding. Taking into account the fact that 

dehydroeipandrosterone is itself a precursor for many of the higher affinity molecules, it is 

difficult to estimate the degree to which dehydroeipandrosterone itself is effective.

The principal regulator of dehydroeipandrosterone production, is adrenocorticotropic 

hormone. This in turn depends on corticotropin releasing hormone of hypothalamic origin 

for regulation [3]. In adults, dehydroeipandrosterone levels peak in the morning, following 

the circadian pattern of ACTH secretion [12]. The biological effects of 

dehydroeipandrosterone can be considered both androgenic and estrogenic since it is a 

precursor of both. Labrie et al. suggest that more than 30% of total androgen in men and 

over 90% of estrogen in postmenopausal women are derived from peripheral conversion of 

dehydroeipandrosterone [13]. Elevated dehydroeipandrosterone contributes to disorders 

associated with hyperandrogenic states such as in polycystic ovarian disease and non-

classical 21-hydroxylase deficient congenital adrenal hyper-plasia [14]. Low levels have 

been associated with many age related disorders and with multiple autoimmune conditions, 

including SLE.

Women with SLE have been shown in numerous studies, reviewed by McMurray et al., to 

have significantly depressed concentrations of androgens and elevated levels of estradiol 

compared with both males with SLE and healthy controls [15]. In female patients with SLE, 

levels of both dehydroeipandrosterone and dehydroepiandrosterone sulphate are low [15–

17]. Lahita et al. demonstrated low levels of all androgens in females with SLE with the 

lowest amount of both metabolites in those with active disease [16]. The fact that SLE is 

commonly treated with corticosteroids has been considered to be a confounding factor due 
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to inhibitory feedback mechanisms. However, steroid naïve SLE patients have also been 

shown to have low levels of dehydroeipandrosterone [16].

Dehydroeipandrosterone exerts anti-proliferative and anti-inflammatory effects, and 

modulates immune function. Prasterone (synthetic dehydroeipandrosterone) therapy has 

been shown in small studies to be beneficial in depression [18] with promise in the 

management of the negative symptoms of schizophrenia [19,20]. There is little evidence to 

lend support to the theory that it may have anti-aging effects. As it is known to have some 

androgenic properties, supplementation has been associated with mild virilization, acne, 

voice changes and terminal hair growth.

There is evidence that dehydroeipandrosterone has activity on multiple cytokine and 

immunologic pathways. Numerous studies have reported improvements in immune function 

with dehydroeipandrosterone supplementation including regulation of the production of pro-

inflammatory cytokines such as IL-2, IL-1, IL-6 and TNFα [4,21,22]. There is also some 

evidence that dehydroeipandrosterone can modulate the proinflammatory cytokine profile 

associated with SLE, in particular IL-10 levels have been shown to decrease with 

supplementation [22].

In a murine SLE model (NZBA ~ NZW), decreased severity of lupus-like disease was 

demonstrated with the administration of dehydroeipandrosterone with data pointing toward 

decreased antibody production [23]. However, the improved survival in SLE mouse models 

was demonstrated only in those who were supplemented at 2 months and not in those who 

received synthetic dehydroeipandrosterone at 6 months [24], leading investigators to 

question whether there is a crucial point in SLE pathogenesis at which hormonal imbalances 

trigger a loss of self-tolerance. It is yet to be established in humans whether 

dehydroeipandrosterone levels are reduced before clinical disease onset.

Dehydroeipandrosterone levels have been found to correlate negatively with IL-6 [25] which 

is known to play an important role in immune regulation and inflammation in both healthy 

individuals and in SLE, amongst other autoimmune diseases. IL-6 is a pleiotropic cytokine 

strongly implicated in particular in lupus nephritis [26,27] and arthritis [28]. It shares several 

activities with IL-1 and tumor necrosis factor alpha, which have also been implicated in 

SLE, in the induction of pyrexia and the production of acute phase proteins. Whether IL-6 

changes with supplementary DHEA in SLE has not been evaluated.

IL-10 is also implicated in the pathogenesis of SLE and serum from patients with SLE has 

been shown to stimulate IL-10 production from peripheral blood mononuclear cells [29]. 

Chang et al. evaluated changes in cytokine profiles in females with active SLE participating 

in a randomized controlled trial of 200 mg prasterone compared with placebo [22]. The 

levels of cytokines including interleukin IL-1, IL-2, IL-4, and Il-10 were determined. A 

significant reduction in IL-10 was demonstrated in those taking dehydroeipandrosterone 

supplementation. The other cytokines were either undetectable, or in the case of IL-1, there 

was no difference demonstrated.
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These observations led a number of investigators to evaluate the therapeutic utility of 

supplemental dehydroeipandrosterone in women with SLE. The details of these clinical 

trials are outlined in Table 1.

Prasterone therapy was first formally evaluated and reported upon in SLE by van 

Vollenhoven [30] in an uncontrolled, open-label, single center study involving 10 patients in 

reciept of 200 mg per day. No significant difference in SLE disease activity index (SLEDAI) 

was demonstrated. However, there was a significant improvement in the physician global 

assessment of disease activity (PGA). This study was followed by a double-blind placebo 

controlled study involving 21 patients with ‘severe’ disease [31]. The primary end-point was 

clinical response, which was defined prospectively. Patients were considered to be 

responders if they demonstrated stabilization of their major clinical manifestation at six 

months (as defined in the protocol).

In a subsequent multi-center, double blind randomized placebocontrolled trial, 191 patients 

were randomized to receive praster-one, either 100 mg, 200 mg or placebo [32]. This trial 

was undertaken to evaluate the possibility that dehydroeipandrosterone supplementation 

could have steroid-sparing properties. The primary end point was reduction in prednisone (or 

corticosteroid equivalent) dose. There was no difference demonstrated between the three 

groups. However, differences were demonstrated when patients with quiescent disease were 

excluded. In the group with disease activity (defined as SLEDAI score >2), comprised of 

137 subjects; 45 in the placebo group, 47 in the 100 mg group, and 45 in the 200 mg group, 

29%, 38%, and 51%, respectively, were responders (P = 0.031 for 200 mg versus placebo).

Two studies by Chang et al. evaluated dehydroeipandrosterone supplementation, firstly 

reporting on a multicenter international study evaluating 120 participants with mild to 

moderate SLE [22,33]. This work demonstrated no significant reduction in disease activity 

measured by SLE activity measure (SLAM), but improvements were seen in flare, with a 

16% reduction, and in the patient global score, which decreased significantly (in keeping 

with an improved self-reported assessment of disease activity). This was followed by the 

analysis of cytokines in a subgroup from a single center of Chinese patients. They observed 

no change in IL-1 and reduced IL-10 with many cytokines proving to be undetectable in this 

work.

A subsequent large, multicenter, randomized, double-blind, placebo-controlled trial 

evaluating prasterone supplementation demonstrated no difference in SLEDAI or SLAM in 

an intention to treat analysis, but when those with disease activity, defined as SLAM >7, 

SLEDAI >2, were considered there were more responders in those who received 

dehydroeipandrosterone supplementation compared with placebo (58.5% versus 44.5% (P = 

0.017)). There was less flare in the dehydroeipandrosterone group (with SLEDAI >2) and 

less worsening of patient global (10.9% versus 22.6%, P = 0.007).

Consideration has also been given to whether dehydroeipandrosterone supplementation 

could influence bone metabolism. Hartkamp and colleagues addressed this question and 

found no change in overall bone mineral density in women, both pre and post menopausal, 

with quiescent disease taking less than 10 mg prednisone per day [34]. However, in those 
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who were postmenopausal there was a mean increase in bone density of 1.80% with 

prasterone therapy compared with a decrease of 2.32% in the placebo group. This suggested 

a protective effect on bone mineral density in postmenopausal women with SLE. Mease et 

al. also evaluated the effect of prasterone on bone mineral density [35]. Significant 

differences between treatment groups (200 mg prasterone and placebo) for percentage 

change in bone mineral density for both the lumbar spine and total hip were present. At the 

lumbar spine, there was a mean gain in bone mineral density of 1.7% in the prasterone group 

compared to a mean loss of 1.1% in the placebo group (p = 0.003 between groups). At the 

hip, the mean gain was 2.0% with prasterone compared to a mean loss of 0.3% in the 

placebo group (p = 0.013). Among those who were postmenopausal, the mean bone density 

of the lumbar spine increased by 3.1% in the prasterone group compared to a decrease of 

1.7% in the placebo group (p = 0.012 between groups). Sánchez-Guerrero et al. [36] also 

evalauted the effect of supplementary dehydroepiandrosterone on bone mineral density. This 

was a randomized controlled trial which had three arms; 200 mg prasterone, 100 mg and 

placebo. There was dose-dependent increase in bone mineral density at the lumbar spine (at 

18 months) in patients who received 200 versus 100 mg prasterone (p = 0.021). For patients 

who received 200 mg, the gain at the lumbar spine was 1.083± 0.512% (p = 0.042). There 

was no change in bone mineral density at the hip over 18 months with prasterone treatment.

Dehydroeipandrosterone has been shown to improve fatigue in other chronic diseases. 

Nordmark et al. evaluated the effect of supplementary dehydroeipandrosterone on fatigue 

and depression in SLE. There was no difference demonstrated between the 

dehydroeipandrosterone group and placebo, although interestingly, when those who believed 

they were taking prasterone were considered there was a significant difference compared to 

those who thought they were in the placebo arm [37].

There are conclusive data that low blood levels of dehydroeipandrosterone associate with 

disease activity in SLE in numerous populations and various age groups. Clinical trials have, 

for the most part, demonstrated improvements in disease activity in those with disease 

activity, although these studies are difficult to pool due to differences in dosing regimens and 

time-frames. Safety data from these studies were reassuring. Supplementation has not been 

evaluated in male patients, in whom deficiency is uncommon relative to females with SLE. 

There is no evidence to suggest that males would benefit from prasterone therapy. Further, in 

post menopausal women there is concern that the administration of an exogenous source of 

estrogen could increase the risk of hormone sensitive malignancies such as uterine and 

breast cancer.

Evidence in human SLE for the immunomodulating properties of dehydroepiandrosterone 

are at present limited to improvements in some cytokine profiles. It is however likely based 

on animal data that there are other mechanisms impacted upon by prasterone therapy. There 

is promising data that disease activity is improved by supplementing 

dehydroepiandrosterone, this effect is demonstrated in particular in patient reported 

measures, which are crucially important in this chronic disease. Evidence also exists that 

dehydroeipandrosterone can protect against bone loss. As fragility fractures are the most 

commonly reported item on the American College of Rheumatology/Systemic Lupus 

International Collaborating Clinics damage index [38], bone health is of crucial importance 
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in this population. The time frame for the bone density studies is relatively short. It is likely 

that longer durations of therapy and follow-up are necessary to determine if these changes 

are meaningful and to establish whether they translate into a reduction in fractures. At 

present, there are insufficient data to determine whether dehydroeipandrosterone has any 

influence on fatigue in SLE.

3. Vitamin D

Vitamin D, 1,25-dihydroxyvitamin D, is a steroid hormone, principally known for its roles in 

bone health and calcium homeostasis, now also recognized for its immunomodulatory 

properties. The chemical structure of vitamin D and its role in the metabolic bone disease, 

rickets, were first described in the 1930’s [39]. Rickets, in children, and its adult equivalent, 

osteomalacia, are caused by very low levels of vitamin D. This is, for the most part, due to 

inadequate UV exposure. Malabsorption syndromes, renal failure and poor intake can also 

play a role. As vitamin D is a fatsoluble vitamin there is evidence that certain GI surgeries, 

including gastric bypass, decrease absorption [40].

In humans, vitamin D is mainly synthesized in the skin following ultraviolet B (UVB) 

exposure (wavelength, 290–315 nm) with a minority coming from dietary sources (<10%) 

[41]. It has two major forms, firstly ergocalciferol (commonly known as vitamin D2), 

acquired from ultraviolet (UV) irradiation and secondly, cholecalciferol (known as vitamin 

D3), which is made in the skin and acquired in food sources [41]. Both D2 and D3 forms 

can be used for food fortification and supplementation. Vitamin D is biologically inert and 

requires hydroxylation, by D-25- hydroxylase (25-OHase) to 25-hydroxyvitamin D 

(25(OH)D). This represents the major circulating vitamin D metabolite and is the most 

reliable parameter in establishing levels [42]. 25(OH)D then requires a further hydroxylation 

step, by 25(OH)D-1-OHase, to form its biologically active form which is 1,25-

dihydroxyvitamin D (1,25(OH) 2D). This process is controlled by parathyroid hormone and 

the phosphaturic hormone fibroblast growth factor [43].

The highest concentration of 25(OH)D, in humans, is in plasma (usually measured in 

serum), but the largest pool of 25(OH)D is in adipose tissue and muscle. In the general 

population, for skeletal health, vitamin D deficiency has been defined by the Institute of 

Medicine as <20 ng/mL and insufficiency as 21–29 ng/mL [44]. Although there is no 

consensus in SLE specifically on the optimum vitamin D level, for adult patients at risk of 

fractures, falls, autoimmune disease or cardiovascular disease, a 25(OH)D level of at least 

30–40 ng/ml has been recommended [45]. Given the risks of skin cancer associated with UV 

exposure, (and in SLE, the risk of disease flare) supplementation is via the oral route. Serum 

levels higher than 150 ng/mL have been associated with vitamin D intoxication 

characterized by hypercalcemia, hypercalciuria, and calcifications [45].

Vitamin D insufficiency and deficiency have been implicated in certain malignancies, 

cardiovascular disease and many autoimmune conditions, including SLE, rheumatoid 

arthritis and multiple sclerosis [41,46–49]. In general populations, vitamin D insufficiency is 

common and increases in prevalence with distance from the equator, although cultural 

practices in which clothing completely shields the skin makes deficiency commonplace, 

Durcan and Petri Page 7

J Autoimmun. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regardless of latitude [41]. The prevalence of low levels of vitamin D in SLE has been 

reported, in both adults and children in multiple ethnic populations at different times of the 

year, at between 36.8% and 75% [49–55]. The reasons for these low levels have not been 

fully elucidated. Decreased UV exposure in those with SLE compared with controls and the 

influence of medications, prednisone and antimalarials, have been implicated without 

conclusion. The presence of photosensitivity, which may imply enhanced sun avoidance 

behaviors, has been found to associate with critically low levels [52]. Renal disease is also a 

significant contributing factor. The presence of renal disease was found, by Kamen et al. to 

be the strongest predictor of deficiency with an odds ratio of 13.3 [52]. There are also 

general differences in metabolism in individuals with darker skin due to decreased cutaneous 

conversion of vitamin D to its more active form following UVB exposure [56]. As SLE is 

more common and more severe in non-caucasians this has also been thought to influence 

levels. It does not appear that dietary intake is different in SLE compared to control 

populations [57].

In its active form, vitamin D has numerous immunologic functions mediated through 

binding to specific nuclear vitamin D receptors. These are present in most cells of the innate 

and adaptive immune system. Vitamin D receptors are expressed in monocytes, activated 

macrophages, dendritic cells, natural killer cells, T and B cells. Activation of these receptors 

has potent anti-proliferative, pro-differentiative, and immunomodulatory functions which 

can both suppress and enhance the immune response.

In vitro, vitamin D blocks B cell proliferation and differentiation, and suppresses 

immunoglobulin production [58,59]. It can attenuate the expression of pro inflammatory 

cytokines, induced by stimulation of toll-like receptor 3,4, 7 and 8 [60].

It can decrease T cell proliferation and shift maturing T cells away from Th1 toward Th2 

and regulatory T cell phenotypes. Vitamin D has been shown to suppress dendritic cell 

differentiation. This is of particular importance in autoimmune conditions, including SLE 

due to the central role played by dendritic cells in the maintenance of self-tolerance [61]. 

Aberrant interferon production is also implicated in SLE disease activity and pathogenesis. 

Low levels of vitamin D have been associated with an increased interferon gene signature in 

patients with SLE (via the inhibition of dendritic cell maturation) [62]. Contrarily, vitamin D 

supplementation did not diminish the interferon signature in a placebocontrolled study [63]. 

In further support of vitamin D as an immunoregulator are the findings that vitamin D 

supplementation associates with down regulation of the Th1 immune response and the 

proliferation of activated B cells with up regulation of regulatory T cells.

A suggestion for the immunomodulatory effects of vitamin D in human SLE arises from a 

large body of data demonstrating an inverse relationship between serum levels and disease 

activity. Observational studies have, in the majority of cases, demonstrated an inverse 

relationship between serum vitamin D levels and SLE disease activity, as measured by 

SLEDAI [64–69], SLAM[70] and British Isles Lupus Assessment Group (BILAG) [71] (in 

diverse populations at varying latitudes). The interventional studies, which have evaluated 

the effect of supplementation, are outlined in Table 2.
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Most data indicate a modest beneficial effect on disease activity with vitamin D 

supplementation (see Table 3). This effect is difficult to quantify as studies in SLE utilize 

many different supplementation protocols, over various time frames. Supplementation 

regimens varied from 600 iu to 7500 iu daily (50,000 iu weekly in addition to daily 400 iu). 

Ruiz- Irastorza et al. found that 600–800 iu over 24 months had no effect on disease activity 

measured by SLEDAI [72]. Higher doses were utilized in a subsequent study by Terrier and 

colleagues [73]. The SLEDAI decreased (2.9 ± 2.5 to 2.6 ± 2.5) which was not statistically 

significant. In the Hopkins Lupus Cohort, there was 0.2 improvement in SLEDAI per each 

20 ng/ml increase in vitamin D [74]. The dose of vitamin D was 50,000 iu per week with 

400 iu per day. Although statistically significant, the change in disease activity is small and 

of unclear clinical relevance. The physician global assessment of disease activity also 

improved with a modest improvement (4%) in proteinuria as measured by the urine protein 

to creatinine ratio. In an Egyptian population receiving 2000 iu daily, serum levels correlated 

with disease activity [75] and in juvenile SLE, 50,000 iu per week associated with a 

decrease in disease activity [76]. As there were no serious adverse events reported in these 

studies and the safety of vitamin D has been widely reported upon, we consider vitamin D 

an essential, safe therapy which has, at least, a modest beneficial effect on disease activity.

The mechanisms whereby vitamin D exerts these effects are incompletely understood. An 

increase in regulatory T cells with supplementation was found by Andreoli et al. [77] and by 

Terrier et al. [73]. There was no change in interferon signature demonstrated with 

supplemental vitamin D [63]. It was theorized vitamin D would impact upon was fatigue. 

Fatigue, measured by visual analogue scale was found to improve with vitamin D 

supplementation at 400–600 iu daily, but in adolescents, fatigue did not improve with 

therapy (measured by the kids fatigue severity scale).

Vitamin D deficiency has been associated with increased cardiovascular disease in the 

general population [78–80]. Patients with SLE are also known to have enhanced 

cardiovascular risk, which contributes to mortality. The relationship, in SLE, between 

vitamin D and cardiovascular risk factors has been evaluated, including in a large 

international inception cohort [69]. It was found that those with replete vitamin D levels 

were less likely to have hypertension and dyslipidemia. Adverse lipid profiles have also been 

demonstrated with low vitamin D levels [68]. Both Wu et al. (2009) and Reynolds et al. 

(2012) have also demonstrated a significant association with insulin resistance and low 

vitamin D. It is unclear whether there is data to link low vitamin D levels and the 

development of carotid plaque as the results of Reynolds et al. [67] and Ravenell et al. [81] 

conflict. It has also been recently reported that vitamin D supplementation improves 

endothelial repair mechanisms, dysregulation of which may contribute to the enhanced 

cardiovascular risk associated with SLE [82].

Vitamin D has long been known for its importance in bone health. There is now also ample 

evidence that vitamin D is important in SLE. The data indicate a modest effect on disease 

activity with perhaps a greater impact on renal parameters. This is of particular importance 

as poor renal outcomes are a major challenge with current immunosuppressive therapies. 

The mechanism whereby vitamin D exerts this effect is incompletely understood, but it may 

be the result of an increase in T regulatory cells. Vitamin D is a safe therapy in SLE and 
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therapy should be considered essential in those with deficiency and insufficiency. Whether 

vitamin D supplementation can impact upon cardiovascular outcomes will require further 

study.

4. Hydroxychloroquine

Hydroxychloroquine is an essential tool in the medical management of SLE with numerous 

disease-specific and longitudinal benefits [83–89]. It appears to work through numerous 

mechanisms in SLE, mediating subtle immunomodulation without causing 

immunosuppression. Hydroxychloroquine has been shown in multiple, diverse, SLE 

populations to associate with improved survival [84,90,91] and specifically has been shown 

to be effective in the treatment of cutaneous disease [92], arthritis [87], with an augmenting 

effect on the efficacy of mycophenolate mofetil in the management of nephritis [89]. 

Further, hydroxychloroquine has been shown to decrease thrombosis in those with positive 

anti phospholipid antibodies [93–95] and to improve pregnancy outcomes for women with 

SLE, with and without antiphospholipid antibodies [86,96,97]. In addition to disease specific 

benefits in SLE, hydroxychloroquine has been shown to have lipid lowering properties 

[98,99], anti-thrombotic effects [100] and hypoglycemic actions [101]. It can decrease 

progression to SLE in undifferentiated connective tissue disease [102] and in women with 

the Ro (SSa) antibody it decreases the risk of congenital heart block [103,104]. 

Hydroxychloroquine is an antimalarial medication. This class includes chloroquine and 

quinacrine, which can also be used in the treatment of SLE. As hydroxychloroquine is the 

cornerstone of the medical management of SLE with a multitude of known benefits, we will 

focus on this drug.

The mechanism of action of antimalarial drugs in SLE includes many molecular pathways 

[105–109]. Hydroxychloroquine is a weak base is thought to work, in part by increasing 

lysosomal pH in antigen presenting cells. This interferes with phagocytosis and causes 

disruption in the presentation of self-antigens [110,111]. T cell responses have been shown 

to be altered by these medications and numerous cytokines are inhibited (IL-1, Il-2, Il-6, 

IL-17, IL-22, interferon alpha and tumor necrosis factor alpha) [105–109]. The beneficial 

effects of hydroxychloroquine, in particular, may be via the inhibition of toll-like receptor 

activation. The endosomal acidification resulting from hydroxychloroquine therapy results in 

decreased signaling of toll-like receptors 3,7,8 and 9 [112]. In turn the reduced toll-like 

receptor signaling results in decreased activation of dendritic cell and the reduction of 

interferon production [113], amongst other mechanisms [100].

Hydroxychloroquine is effective in the treatment of SLE. Much of the data associating 

hydroxychloroquine with improved outcomes arises from observational studies. The clinical 

trials of hydroxychloroquine in SLE are outlined in Table 2. In a randomized, double blind 

drug withdrawal study, patients were either continued on therapy or switched to a placebo. 

The risk of flare in those switched to placebo increased by 2.5 with withdrawal of 

hydroxychloroquine [114]. However, contrarily, it did not reduce flares in a large trial 

evaluating belimumab [115] and data are conflicting regarding the attainment of therapeutic 

hydroxychloroquine blood levels and disease control. Costedoat-Chalumeau et al. found 

lower hydroxychloroquine level in those with active disease and that lower baseline levels 
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were predictive of flare [116]. In those with cutaneous lupus, hydroxychloroquine levels 

were significantly higher in patients with complete remission [117]. However, no 

relationship between blood levels and SLE flare was found in a subsequent clinical trial 

[118]. In the Hopkins Lupus Cohort, there was a statistically significant trend towards higher 

disease activity in those who had low hydroxychloroquine blood levels. However, within 

individual analysis over time did not demonstrate an improvement in disease activity once 

therapeutic levels were attained [119].

In terms of organ specific effects, increased rates of renal remission have been demonstrated 

in patients treated with hydroxychloroquine (in addition to immunosuppressives). In fact, 

nephritis patients treated with hydroxychloroquine with mycophenolate mofetil, had a 

remission rate which was 5 times higher than those who were treated with mycophenolate 

alone [89]. Hydroxychloroquine is considered central to the management of cutaneous 

disease [92] and it is also helpful for inflammatory arthralgias [120]. Numerous other 

benefits include decreased thrombosis [93], increased survival [84], improved lipid profiles 

[85,98,99] and lower blood glucose [101].

Pregnancy outcomes are improved in those with SLE taking hydroxychloroquine [86,96] 

and in particular support of its effect as an immunomodulator, there is some data that it 

decreases the risk of congenital heart block in children of Ro positive mothers [103,104]. 

Autoantibody-associated congenital heart block is a serious condition which arises from 

passively acquired antibodies that target the fetal cardiac conduction system. With a Ro 

antibody, the risk of having a pregnancy complicated by congenital heart block is in the 

region of 1–2% and the risk of recurrence in a subsequent pregnancy increases to around 

18% [121]. Izmirly et al. demonstrated less congenital heart block in babies exposed to 

hydroxychloroquine compared with controls [103]. In those with a previous history of 

having a child with cardiac neonatal lupus, the risk of recurrence has also been shown to be 

decreased with hydroxychloroquine therapy [104]. The recurrence rate in fetuses exposed to 

HCQ was 7.5% versus 21.2% in the unexposed group. This effect is thought to be mediated 

via toll like receptors [122].

In further support of the role of hydroxychloroquine as an immunomodulator, there is 

evidence that therapy associates with delayed onset of SLE (in patients who have less than 4 

American College of Rheumatology classification criteria). Those treated with 

hydroxychloroquine had a longer time between the first clinical symptom and the diagnosis 

of SLE and less autoantibodies [102].

Hydroxychloroquine is a well-tolerated medication and side effects are few. However, there 

are increasing concerns regarding hydroxychloroquine related retinopathy, in particular in 

light of new screening methods, which are thought to have increased sensitivity [123]. 

Current American Academy of Ophthalmology guidelines advise monitoring, beyond the 

dilated retinal examination and automated visual field testing, in an attempt to identify 

toxicity early [124]. The sensitivity and specificity of these tests are not yet known for 

hydroxychloroquine related retinal toxicity. Thus the true prevalence of retinal deposition 

may differ from what was previously reported. Other toxicities, cardiac and neuromyoapthic 

are rare. These are reviewed in detail by Costedoat-Chalumeau et al. [111].
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Hydroxychloroquine is a crucial immunomodulatory medicine in SLE with innumerous 

disease specific and longitudinal benefits. Clinical data point toward a reduction in flare with 

therapy, amongst other effects, but at present the mechanism for many of the long-term 

benefits are incompletely understood. For the prevention of SLE, it is the only medication 

with any known effect. In women with Ro antibodies, it is the only known strategy to help 

prevent congenital heart block.

5. B cell therapies

B cells play an important pathologic role in SLE. Abnormal B cell proliferation, maturation, 

prolonged life-span of auto reactive clones, and autoantibody production are known to be 

present in SLE, and to associate with immune dysregulation and breakdown of self-tolerance 

[125]. B cells are involved in several specific pro-inflammatory mechanisms in SLE, 

including T cell antigen presentation, cytokine release and autoantibody formation. Self-

antigens are presented on the cell surface to auto-reactive T cells, triggering B cells into 

autoantibody production and propagating their function as antigen presenting cells. These 

cells then release proinflammatory cytokines which are implicated in SLE including 

interferon α, IL-6 and IL-10, B-cell activating factor (BAFF), TNF α and a proliferation 

inducing ligand (APRIL) [125]. These pathways contribute to clinical manifestations by 

inciting inflammation, causing tissue damage and immune complex deposition. As a result 

of these abnormalities, B cell therapies have always been considered attractive 

immunosuppressive and immunomodulatory regimens. Although these agents do suppress 

immune function, they also can have a long lasting effect on B cell populations and disease 

mechanisms. Belimumab in particular, has only mildly immunosuppressive properties and 

functions for the most part as an immunomodulatory agent.

B-cell strategies which have been considered in SLE target CD-20 (ocrelizumab [126], 

rituximab [127]), CD-22 (epratuzumab [128]), BAFF (belimumab [129], blisibimod [130], 

tabalumab [131], briobacept, atacicept [132]) and a proliferation-inducing ligand (APRIL) 

(atacicept [132]). Despite robust preclinical and mechanistic data, these agents have been 

disappointing in clinical trials and have not, with the exception of belimumab, been 

approved for SLE. Some, such as rituximab, are considered immunosuppressive, as they lead 

to B-cell depletion.

Belimumab is unique in showing clinical efficacy in large randomized controlled studies and 

in its subsequent FDA approval [129,133]. It is a fully humanized monoclonal antibody that 

specifically binds to soluble BAFF, preventing its interaction with receptors, resulting in a 

reduction in the numbers of peripheral naive, transitional and activated B cells. Unlike 

rituximab, it does not deplete B-cell populations. Two large, phase III, multi-center, 

prospective, randomized, controlled trials have compared belimumab with placebo in SLE 

[129,133]. Navarra et al. evaluated 867 patients in Latin America, Asia-Pacific and Eastern 

Europe. All had active disease with a SLEDAI of greater than 6. They were randomized to 

receive belimumab 1 mg/kg, 10 mg/kg, or placebo. The outcome measure was the Systemic 

lupus erythematosus responder index (SRI), a composite measure designed to evaluate 

overall and organ specific disease activity. It is composed of the SLEDAI, BILAG and PGA. 

Significantly higher rates of response were noted with belimumab 1 mg/kg and 10 mg/kg 

Durcan and Petri Page 12

J Autoimmun. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than with placebo 125 at week 52. More patients had their SLEDAI score reduced by at least 

4 points during 52 weeks with belimumab at both doses than with placebo. Better outcomes 

were also observed for PGA and BILAG with belimumab treatment. Furie et al. [129] 

demonstrated similar results and accordingly, belimumab received FDA approval.

Pooled data from these studies indicate that belimumab promotes normalization of 

serological abnormalities, with reversal of hypocomplementemia and decreased 

autoantibodies (anti double stranded DNA, anti Sm, anticardiolipin and anti ribosomal P). 

Both dosing regimens associated with significant reductions in the numbers of CD20 B cells 

and in multiple B cell and plasma cell subsets, including naive and activated B cells, as well 

as in CD20 +CD138 + plasmablasts whilst preserving the memory B cell subset and T cell 

populations, supporting its status as a specific immunomodulatory therapy [134]. Post-hoc 

analyses demonstrated that this medication is of most utility in those with high disease 

activity despite standard therapy, low complement levels, antibodies to double stranded 

DNA and corticosteroid use [135]. It may also be of use in renal disease [136] although 

specific clinical trials are yet to be reported.

6. Stem cell transplantation

Autologous and allogeneic stem cell transplantation have been reported as having 

therapeutic benefit in SLE. In severe SLE, refractory to conventional therapy, stem cell 

transplantation can associate with sustained clinical remission, with rates ranging from 50 to 

70%, associated with normalization of many immunologic changes [137,138]. This is a 

strategy that offers treatment-free remission. However, it has not been evaluated in any 

randomized controlled studies and associates with considerable short-term morbidity and in 

some cases mortality [137,139,140]. Transplant mortality has ranged from none to as high as 

25% [137]. As such, in the absence of a controlled study, these therapies are unlikely to 

become available outside of the research setting.

Stem cell transplantation, both autologous and allogeneic, offers a fascinating and instructive 

insight into SLE disease mechanisms and can be considered the ultimate immunomodulating 

therapy. Following transplantation, autoantibodies consistently decreases or disappear with 

normalization of T cell responses [141] with the disappearance of plasmablasts and return of 

healthy levels of regulatory T cells [142]. There is a CD4+FoxP3+ regulatory T cell in 

transplanted patients that seems to inhibit abnormal T cell responses [143]. There is 

evidence that allogeneic mesenchymal stem cell transplant can reverse changes in the T cell-

interferon axis which has also been though to contribute to SLE pathogenesis [144].

7. Conclusion

SLE is a potentially fatal autoimmune disease characterized by autoantibodies and immune 

dysregulation resulting in multiorgan injury. Current treatment strategies for the most part 

are immunosuppressive and are limited by efficacy and side effects, such as increased 

infections and long term toxicities. Immunomodulatory therapies offer the opportunity to 

prevent disease activity and decrease the accrual of damage.
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Hydroxychloroquine is a crucial background medication in SLE and has actions on 

numerous cell types in many molecular pathways. It has disease specific effects in reducing 

flare, treating cutaneous disease and inflammatory arthralgias in addition to innumerous 

other effects such as reduced thrombosis, increased longevity, improved lipids, better 

glycemic control and blood pressure. Dehydroeipandrosterone is also an immunomodulator 

in SLE which can have positive effects on disease activity and has bone protective 

properties. Vitamin D is now known to be important in SLE and supplementation appears to 

have a positive impact on disease activity including proteinuria. Belimumab has specific 

immunomodulatory properties and is an effective therapy in those with the serological and 

clinical characteristics predictive of response. Stem cell transplantation is a fascinating 

therapy in SLE, but is not yet proven in controlled studies and associates with significant 

morbidity and in some cases, mortality.
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