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Summary

Background—Patients with systemic lupus erythematosus have T-cell dysfunction that has been 

attributed to the activation of the mammalian target of rapamycin (mTOR). Rapamycin inhibits 

antigen-induced T-cell proliferation and has been developed as a medication under the generic 

designation of sirolimus. We assessed safety, tolerance, and efficacy of sirolimus in a prospective, 

biomarker-driven, open-label clinical trial.

Methods—We did a single-arm, open-label, phase 1/2 trial of sirolimus in patients with active 

systemic lupus erythematosus disease unresponsive to, or intolerant of, conventional medications 

at the State University of New York Upstate Medical University (Syracuse, NY, USA). Eligible 

participants (aged ≥18 years) had active systemic lupus erythematosus fulfilling four or more of 11 

diagnostic criteria defined by the American College of Rheumatology. We excluded patients with 

allergy or intolerance to sirolimus, patients with life-threatening manifestations of systemic lupus 

erythematosus, proteinuria, a urine protein to creatinine ratio higher than 0·5, anaemia, leucopenia, 

or thrombocytopenia. Patients received oral sirolimus at a starting dose of 2 mg per day, with dose 

adjusted according to tolerance and to maintain a therapeutic range of 6–15 ng/mL. Patients were 

treated with sirolimus for 12 months. Safety outcomes included tolerance as assessed by the 

occurrence of common side-effects. The primary efficacy endpoint was decrease in disease 
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activity, assessed using the British Isles Lupus Assessment Group (BILAG) index and the 

Systemic Lupus Erythematosus Disease Activity Index (SLEDAI). Blood samples of 56 matched 

healthy individuals were obtained as controls for immunobiological outcomes monitored at each 

visit. The primary efficacy endpoint was assessed in all patients who completed 12 months of 

treatment, and all patients who received at least one dose of treatment were included in the safety 

analyses. This trial is registered with ClinicalTrials.gov, number NCT00779194.

Findings—Between March 9, 2009, and Dec 8, 2014, 43 patients were enrolled, three of whom 

did not meet eligibility criteria. 11 of the 40 eligible patients discontinued study treatment because 

of intolerance (n=2) or non-compliance (n=9). SLEDAI and BILAG disease activity scores were 

reduced during 12 months of treatment in 16 (55%) of 29 patients who completed treatment. Mean 

SLEDAI score decreased from 10·2 (SD 5·6) at enrolment to 4·8 (4·5) after 12 months of treatment 

(p<0·001) and the mean total BILAG index score decreased from 28·4 (12·4) at enrolment to 17·4 

(10·7) after 12 months of treatment (p<0·001). The mean daily dose of prednisone required to 

control disease activity decreased from 23·7 mg (SD 9·6) to 7·2 mg (2·3; p<0·001) after 12 months 

of treatment. Sirolimus expanded CD4+CD25+FoxP3+ regulatory T cells and CD8+ memory T-cell 

populations and inhibited interleukin-4 and interleukin-17 production by CD4+ and CD4−CD8− 

double-negative T cells after 12 months. CD8+ memory T cells were selectively expanded in SRI-

responders. Patient liver function and lymphocyte counts were unchanged. Although HDL-

cholesterol (Z=−2·50, p=0·012), neutrophil counts (Z=−1·92, p=0·054), and haemoglobin (Z=

−2·83, p=0·005) were moderately reduced during treatment, all changes occurred within a range 

that was considered safe. Platelet counts were slightly elevated during treatment (Z=2·06, 

p=0·0400).

Interpretation—These data show that a progressive improvement in disease activity is associated 

with correction of pro-inflammatory T-cell lineage specification in patients with active systemic 

lupus erythematosus during 12 months of sirolimus treatment. Follow-up placebo-controlled 

clinical trials in diverse patient populations are warranted to further define the role of mTOR 

blockade in treatment of systemic lupus erythematosus.

Introduction

Systemic lupus erythematosus is a chronic inflammatory disease that primarily affects 

women of child-bearing age, with debilitating and potentially life-threatening consequences.
1 The disease represents an unmet medical need because the drugs that are available are only 

partly effective and have considerable side-effects.2 Consequently, 10% of patients with 

systemic lupus erythematosus die within 5 years of diagnosis.3 Although the cause of 

systemic lupus erythematosus is incompletely understood, it is thought to involve cellular 

dysfunction of the immune system and the production of autoantibodies.1 Activation of the 

mechanistic target of rapamycin (mTOR) has emerged as a key driver of abnormal lineage 

specification within the immune system,4 which has been attributed to metabolic stress in 

people with systemic lupus erythematosus.5–8 Although mTOR activation9 and its 

therapeutic reversal were originally identified in the T cells of patients with systemic lupus 

erythematosus,10 studies have also reported mTOR activation in parenchymal organs such as 

the liver in mice11 and the kidneys in patients with antiphospholipid syndrome.12
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mTOR is a serine-threonine kinase that takes its name after rapamycin, an antifungal 

antibiotic produced by Streptomyces hygroscopicus, a soil bacterium from Easter Island, 

known by its inhabitants as Rapa Nui.13 Rapamycin effectively inhibits antigen-induced T-

cell proliferation,14 and has been developed as a medication to prevent organ transplant 

rejection under the generic designation of sirolimus.15 Sirolimus forms a high-affinity 

complex with its cellular receptor, FKBP12, a 12 kD protein that is overexpressed in lupus T 

cells.9 This complex of sirolimus and FKBP12 blocks mTOR activation.16 In vivo, sirolimus 

completely abrogated autoimmunity in lupus-prone mice,17,18 and blocked disease activity 

in a retrospective study of patients with systemic lupus erythematosus.10 We initiated this 

prospective study to assess tolerance, safety, and the metabolic, immunological, and 

therapeutic effect of sirolimus in patients with severe systemic lupus erythematosus who are 

intolerant of, or do not respond to, other conventional medications.

Methods

Study design and participants

We did a prospective, single-arm, open-label, phase 1/2 trial at the Division of 

Rheumatology, State University of New York Upstate Medical University (Syracuse, NY, 

USA) with approval from the institutional review board and the US Food and Drug 

Administration (IND 101566). The study protocol is available online.

We assessed the safety and efficacy of sirolimus for patients with active systemic lupus 

erythematosus. We also obtained blood from a healthy control group matched with patients 

for age, sex, and ethnicity, and freshly isolated cells from healthy control participants were 

used in parallel as controls for immunological studies (appendix pp 3–9).

We enrolled patients aged 18 years or older with systemic lupus erythematosus that fulfilled 

four or more of 11 diagnostic criteria defined by the American College of Rheumatology.
19,20 We anticipated that most patients enrolled in the study would have active disease 

(Systemic Lupus Erythematosus Disease Activity Index [SLEDAI] score ≥4)21 and were 

receiving prednisone 10 mg or more per day, but these were not formal inclusion criteria. 

Patients with allergy or intolerance to sirolimus, and patients with life-threatening 

manifestations of systemic lupus erythematosus (eg, cerebritis substantiated by 

inflammatory MRI lesions, catastrophic antiphospholipid antibody syndrome, rapid 

progressive glomerulo-nephritis requiring intravenous cyclophosphamide, or a glomerular 

filtration rate of <40 mL/min) were excluded. Patients with proteinuria exceeding 500 mg/24 

h, a urine protein to creatinine ratio higher than 0·5, anaemia (haemoglobin <10 g/dL), 

leucopenia (white blood cell [WBC] count <3000 cells per μL), or thrombocytopenia 

(platelet count <100 000 cells per μL) were excluded. Patients with a WBC count of 3000–

3500 per μL, haemoglobin concentration of 10–12 g/dL, or platelet counts of 100 000–150 

000 per μL were monitored every week for 1 month. If WBC and platelet counts were 

sustained or improved, patients were followed up according to standard protocol. Patients 

with total cholesterol concentrations of more than 300 mg/dL or triglyceride concentrations 

of more than 400 mg/dL were also excluded. Patients who were pregnant were excluded and 

use of contraceptives was required in potentially fertile female patients. Patients who 

developed pneumonitis that was confirmed by high-resolution CT22 were excluded. Patients 
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with acute infection requiring antibiotics were not to be enrolled. Written informed consent 

was obtained from each patient and matched healthy control participant using forms 

approved by the institutional review board of the State University of New York Upstate 

Medical University.

Procedures

Patients had a complete physical examination before enrolment. Patients received oral 

sirolimus, at a starting dose of 2 mg daily, which was adjusted on the basis of tolerance and 

to maintain a therapeutic range of 6–15 ng/mL. Patients were treated with sirolimus for 12 

months. During the study, the prednisone dose was titrated to control disease activity and 

was monitored throughout the trial.

Patients taking hydroxychloroquine and existing immunosuppressive medications, such as 

mycophenolate mofetil, could continue treatment, but the dose was adjusted or discontinued 

during the trial. With the exception of sirolimus, no new immunosuppressive drugs were 

initiated during the trial.

Clinical and laboratory assessments were done on day 0 (before administration of the first 

sirolimus dose; visit 1), and 1 month (visit 2), 3 months (visit 3), 6 months (visit 4), 9 

months (visit 5), and 12 months after initiation of sirolimus treatment (visit 6). Sirolimus 

levels and complete blood counts were also measured on days 15 and 60. Patients had 

physical examinations of the cardiovascular, respiratory, gastrointestinal, musculoskeletal, 

and neurological systems, and the skin, head, neck, sinuses, and nasal and oral cavities at 

each visit. Routine blood tests were also done at each visit, which included complete blood 

counts, liver and kidney function tests, fasting lipid profile, urinalysis, and laboratory tests, 

such as anti-double-stranded DNA, C3, and C4. All immunobiological assessments are 

described in the appendix (pp 5,6). Treatment was discontinued in patients with decreased 

WBC or platelet counts at any weekly follow-up and in patients who developed infections 

and required intravenous antibiotics and had no clinical improvement within 5 days.

Common side-effects (eg, nausea, headache, mouth sores) reported in a previous trial23 were 

specifically assessed at each visit and reviewed by the data and safety monitoring board.

Outcomes

Safety outcomes included tolerance as assessed by the occurrence of common side-effects. 

The development of non-healing oral ulcers or new onset headache indicated intolerance to 

sirolimus. Hyperlipidaemia, thrombocytopenia, mucositis, oedema, and proteinuria, which 

have been observed in renal transplant patients,24 were also monitored as safety outcomes.

The primary efficacy endpoint was decrease in disease activity, defined as a decrease in 

SLEDAI and BILAG scores at each visit during treatment (months 1–12) compared with 

baseline.

Secondary endpoints were prednisone dose required to control disease activity, and changes 

in immunobiological biomarkers of clinical responsiveness compared against healthy 

controls. Since the initiation of our trial, a consensus has emerged that clinical efficacy 
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should be determined by comparing response rates between study groups after at least 1 year 

of intervention,25 which is advocated by the US Food and Drug Administration for phase 3 

trials seeking regulatory approval.26

Therefore, we determined the response to sirolimus treatment as defined by the Systemic 

Lupus Erythematosus Responder Index (SRI), for which we used a composite of the 

SLEDAI and BILAG scores. Physician Global Assessment (PGA) scores were not recorded 

because the original SLEDAI scoring system was used,21 and therefore PGA scores were not 

used in the calculation of the SRI in this study. A responder was defined as having at least a 

4 point decrease in the SLEDAI score from baseline and an absence of BILAG A or two 

BILAG B scores.27

We also looked at the individual components of the SLEDAI and BILAG scores, including 

the proportion of patients who had a disease flare (defined as a having either one BILAG A 

score or two BILAG B scores across all organ systems).

Statistical analysis

Power and sample size requirements were based on a type I error rate of 0·05, two-tailed t 
tests, and a minimum power level of 0·80, using SPSS statistical software (version 17.0). 

Effect size estimates were based on our preliminary data10 and the relevant literature28,29 

was used to compare mean SLEDAI and BILAG scores after a meaningful duration of 

intervention (ie, 12 months). The primary efficacy endpoint was assessed in all patients who 

completed 12 months of treatment, and all patients who received at least one dose of 

treatment were included in the safety analyses. Repeated measures mixed model logistic 

regression analysis, χ2 tests, and two-tailed paired t tests were used to assess the effects of 

sirolimus on clinical indices and biomarkers recorded at visits 2–6 compared with visit 1 and 

p<0·05 was considered to indicate a statistically significant difference. Patients and controls 

were compared using mixed-effects models and two-tailed unpaired t tests. Two-tailed χ2 

and Fisher’s exact tests were used to compare categorical parameters with GraphPad Prism 

software (version 5.0). To analyse the data obtained for all repeated measures from each 

patient, we used a mixed-effects model approach with study visit as a fixed effect and patient 

identification number as a random effect, using Stata software (version 15.0). This model 

uses all available datapoints and assumes that missing values are missing at random. For 

group comparisons, we included the main effect of the group and the group-by-visit 

interaction as fixed effects. The interaction tests whether the change across visits differs 

between groups. The group comparison models used matched pairs of patients; pairs were 

included as a random effect. We used a Gaussian model, with the exception of ordinal 

variables for which we used ordinal logistic regression. All dependent variables that were 

percentages were transformed into logits using the following equation: logit(x)=ln(x/(1–×)). 

When no Z value was reported, mixed-effects models could not converge to yield an analysis 

report. The Stata software package reports changes as Z values with two decimal places and 

p values up to three decimal places. p-values from Stata generated as p=0·000 were reported 

as p<0·001. Area under the receiver operating characteristic curve (AUC) logistic regression 

analysis was done with Metaboanalyst 3.0.30 Observations and complaints regarding drug 
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intolerance, adverse events, and serious adverse events were documented according to the 

data and safety monitoring plan.

This study is registered with ClinicalTrials.gov, number NCT00779194.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. ZL and AP had full access to all the data in the study 

and had final responsibility for the decision to submit for publication.

Results

Between March 9, 2009, and Dec 8, 2014, 43 patients and 56 matched healthy controls were 

enrolled. Three consented patients (patients 38, 41, and 42) did not meet eligibility criteria 

after screening. The mean age was 45·4 years (SD 14·3) in the patient group and 45·4 years 

(12·7) in the control group (appendix p 11). 38 patients were women, 35 of whom were 

white and three of whom were African American. Two patients were men, both of whom 

were white. Baseline clinical characteristics of all enrolled patients, including age, sex, 

ethnicity, SLEDAI score, BILAG index score, prednisone dose, and medication use are 

shown in the table. 51 controls were women, including 45 white individuals, five African-

American individuals, and one Hispanic individual. The five male controls were white.

29 patients completed 12 months of treatment. 11 (28%) of 40 eligible patients discontinued 

study treatment because of intolerance (n=2) or non-compliance (n=9). Of the nine patients 

excluded because of non-compliance, one patient moved away and eight patients did not 

comply with study protocol.

Sirolimus concentrations were targeted within the therapeutic range of 6–15 ng/mL in all 

patients. Mean concentrations increased from less than 2 ng/mL before treatment (visit 1) to 

7·7 ng/mL (3·7) at visit 6 (Z=4·70, p<0·001; paired t p=0·0037; figure 1A). Mean 

haemoglobin concentrations (Z=−2·83, p=0·005; figure 1B) were reduced following 2 

months of treatment with sirolimus; however, values remained within a range that was 

considered to be safe. Total WBC count (Z=−1·92, p=0·055; figure 1C), and neutrophil 

count (Z=−1·92, p=0·054; figure 1D) were reduced, but not significantly so. Although no 

significant difference in mean lymphocyte count was found between visit 1 and visit 6 

(Z=1·03, p=0·301; figure 1E), a moderate increase in mean platelet count was observed 

(Z=2·06, p=0·0400; figure 1F). Liver function, assessed by aspartate aminotransferase and 

alanine aminotransferase concentrations, was not affected (data not shown). Although 

components of fasting lipid panels were transiently altered at visits 2, 3, and 4 within the 

windows of tolerance, no statistically significant differences were observed at visits 5 and 6 

(appendix p 13). However, mixed model logistic regression analysis revealed a significant 

reduction in HDL (Z=−2·50, p=0·012) and a significant increase in the non-HDL lipoprotein 

fraction (Z=1·97, p=0·049) during treatment. No significant differences were identified in 

the concentrations of total cholesterol (Z=0·47, p=0·636), LDL (Z=1·67, p=0·096), VLDL 

(Z=0·85, p=0·396), or triglycerides (Z=0·72, p=0·471) compared with baseline. One patient 
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developed extensive oral ulcers after 12 weeks of treatment with sirolimus, which resolved 

after discontinuation of study treatment.

The mean SLEDAI score decreased from 10·2 (SD 5·6) at visit 1 to 4·8 (4·5) at visit 6 

(p<0·001; figure 2A). The total BILAG index score decreased from a mean of 28·4 (SD 

12·4) at visit 1 to 17·4 (10·7) at visit 6 (p<0·001; figure 2B). Using a mixed model logistic 

regression approach to analyse all repeated measures from each patient, mean SLEDAI (Z=

−6·06, p<0·001) and BILAG (Z=−4·76, p<0·001) scores were both significantly reduced 

during 12 months of treatment with sirolimus in 16 [55%] of 29 patients. When correcting 

for multiple comparisons, each component outcome had a p value of less than 0·025.

Mean daily prednisone dose required to control disease activity was reduced from 23·7 mg 

(SD 9·6) at visit 1 to 7·2 mg (2·3) at visit 6 (Z=−5·24, p<0·001, figure 2C).

Because our study had no placebo group, we compared the number of patients who met 

responder criteria according to the SRI at visit 6 with that at visit 2 using visit 1 as a 

reference. Four (17%) of 24 patients met criteria for the SRI at visit 2 compared with 19 

(66%) of 29 patients at visit 6 (p<0·001; figure 2D).

The proportion of patients who had a flare of active lupus was reduced significantly 

compared with visit 1 after 3 months of treatment (figure 3A). The proportion of patients 

who scored 3 points or more in the mucocutaneous (figure 3B) and musculoskeletal (figure 

3C) BILAG organ domains was significantly reduced during sirolimus treatment. Within 

these organ domain scores, the prevalence of maculopapular eruptions (mild), malar 

erythema, arthritis, and arthralgia were reduced (figure 3). The proportion of patients who 

scored 3 or more did not significantly reduce during treatment for any of the other BILAG 

organ domains (appendix p 14). Cardiovascular and pulmonary domain scores (figure 3D) 

did not significantly improve during treatment. Mean mucocutaneous (figure 3E), 

musculoskeletal (figure 3F), cardiopulmonary (figure 3G), and vasculitis (figure 3H) BILAG 

scores were reduced during 12 months of treatment. Regarding SLEDAI components, the 

prevalence of arthritis (figure 3I), new rash (figure 3J), pyuria (figure 3K), and 

hypocomplementaemia (figure 3L) were reduced during treatment with sirolimus. No 

significant reductions were reported for the other 20 individual components of the SLEDAI 

score.

At visit 1, six (15%) of 40 patients had anti-DNA antibodies compared with two (7%) of 29 

patients at visit 6; however, this difference was not statistically significant (p=0·4529).

We assessed the mean proportions of specific lymphocyte subsets associated with clinical 

improvement in disease activity during 12 months of treatment. At baseline, patients with 

systemic lupus erythematosus had a significantly higher mean proportion of CD8+CD45RA+ 

naive T cells and a lower proportion of CD8+CD45RO+ memory T cells than did matched 

healthy controls (figure 4; appendix p 15). These differences were found in freshly isolated 

and in-vitro stimulated T cells. The expansion of naive T-cell populations and depletion of 

CD8+ memory T cells were improved during sirolimus treatment (figure 4; appendix p 15). 

Expansion of CD8 memory T-cell populations was confined to the 11 patients with clinical 

improvement (SLEDAI score decreased by ≥4 points) at 12 months of treatment (appendix p 
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15). Although CD4 memory T-cell populations were not significantly depleted in patients 

with systemic lupus erythematosus, their CD4 memory T-cell counts were increased among 

patients who had a decrease of 4 points or more in SLEDAI scores (appendix p 15). 

Depletion of CD8+ memory T cells during sirolimus treatment mainly involved the CD62L− 

CD197− effector-memory T cells (figure 5A) and, to a lesser extent, CD62L+CD197+ 

central-memory compartments31 (figure 5B). Immunophenotyping effectively distinguished 

SRI responders from non-responders (figure 5C). Depletion of CD62L−CD197− effector-

memory CD8+ T cells emerged as the strongest predictor of therapeutic response to 

sirolimus with an AUC value of 0·967 (figure 5D).

A representative patient–control pair (appendix p 17) and cumulative analysis (appendix p 

18) showed that patients with systemic lupus erythematosus had FoxP3+ regulatory T-cell 

depletion that appeared to reverse during sirolimus treatment in vivo. CD4+FoxP3+ T 

regulatory cells were significantly expanded in patients with systemic lupus erythematosus 

at visit 6 compared with baseline (Z=4·09, p<0·001; appendix p 18).

Pro-inflammatory T-cell lineage specification was characterised by increased production of 

interleukin 4 and interleukin 17 by CD4 and CD3+CD4−CD8− double-negative T cells, 

which was reduced during 12 months of treatment with sirolimus (appendix p 19). 

Interleukin-17 production was also increased in CD8 lupus T cells, and reduced during 

sirolimus treatment (appendix p 19). Interferon-γ production increased during sirolimus 

treatment in CD4+ and double negative T cells (appendix p 19). Mean mitochondrial mass in 

double-negative T cells— an important source of oxidative stress in systemic lupus 

erythematosus32—was higher in patients with systemic lupus erythematosus than healthy 

controls at baseline, and seemed to reduce during sirolimus treatment (appendix p 20).

Antiphospholipid antibodies, such as anti-β2 glycoprotein I and anti-cardiolipin antibodies 

can cause considerable comorbidities (ie, antiphospholipid syndrome) in patients with and 

without systemic lupus erythematosus.33 IgM and IgA anti-β2 glycoprotein I and anti-

cardiolipin antibody production had reduced after 1 month of treatment, and this reduction 

was sustained at 12 months of treatment (appendix p 21). IgG anti-β2 glycoprotein I and 

anti-cardiolipin antibodies were not affected during sirolimus treatment (data not shown).

Discussion

This mechanistic trial provides preliminary evidence that sirolimus is safe, well tolerated, 

and clinically efficacious in patients with systemic lupus erythematosus when carefully 

monitored for reversible oral ulcers, headaches, and cytopenia. Disease activity, as assessed 

via the reversal of pro-inflammatory T-cell lineage specification, showed improvement at 

visit 6 (after 12 months of sirolimus treatment).

Among side-effects commonly reported in renal transplant recipients treated with sirolimus,
24 haemoglobin and neutrophil counts were reduced; however, values remained within the 

safe range. By contrast to patients who have transplants, platelet counts were moderately 

increased, which is attributed to thrombocytopenia being a manifestation of lupus disease 

activity. Transient hyperlipidaemia was observed in patients during the first 6 months of 
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treatment. Although hyperlipidaemia is a comorbidity of systemic lupus erythematosus,34 

and normalisation of this disorder at 12 months of treatment might represent an outcome of 

clinical efficacy, monitoring appears to be indicated within individual patients and in future 

clinical trials.

Importantly, disease activity was reduced during sirolimus treatment in patients who were 

intolerant of, or unresponsive to, other immunosuppressant medications. BILAG scores were 

improved after 1 month of treatment with sirolimus, and continued to improve during the 12 

month treatment period, supporting the clinical efficacy of sirolimus. SLEDAI scores 

decreased after 3 months of treatment and continued to decline during the 12 month 

treatment period. The SRI response rate after 12 months of treatment (66%) is similar to that 

for belimumab (58%),35 which is the only medication that has been approved for systemic 

lupus erythematosus by the US Food and Drug Administration since the 1960s. As of Sept 

12, 2017, 18 of 19 SRIresponsive patients remained on sirolimus treatment. The longest 

duration of treatment with sirolimus in our cohort is 15 years.

In this study, a marked expansion of CD8+CD45RA+ naive T cells and contraction of 

CD8+CD45RO+ memory T cells was found in patients with systemic lupus erythematosus at 

baseline compared with matched healthy controls. Depletion of CD8+ memory T cells, 

which primarily affects the effector-memory compartment, was corrected during treatment 

with sirolimus for 12 months. CD4 memory T-cell populations also expanded during 

sirolimus treatment, but only among SRI responders. Depletion of CD8 effector-memory T 

cells compromises T-cell responses to viruses that are considered triggers of disease flares in 

patients with systemic lupus erythematosus.36 Thus, expansion of CD8 effector-memory T 

cells by sirolimus might block virally induced disease activation37 via type I interferon 

production.38

At baseline, regulatory T-cell populations were depleted in patients with systemic lupus 

erythematosus compared with healthy controls, which was progressively reversed during 12 

months of sirolimus treatment. Pro-inflammatory T-cell lineage specification also involves 

expansion of interleukin-4-producing T-helper (Th)-2 cells and interleukin-17-producing 

Th17 cells and depletion of interferon-γ-producing Th1 cells, all of which were moderated 

during treatment with sirolimus for 12 months. Mitochondrial mass appeared to reduce in 

double-negative T cells during treatment with sirolimus, which drives oxidative stress and 

pro-inflammatory necrotic death in systemic lupus erythematosus. 39,40 Importantly, 

blockade of mitochondrial oxidative stress with acetylcysteine has also been shown to 

abrogate mTOR activation and had clinical efficacy in a double-blind placebo-controlled 

trial.41 These findings are consistent with a positive feedback loop between metabolic stress 

and mTOR activation in lupus T cells.4

IgM and IgA antiphospholipid antibody production was reduced after 1 month of sirolimus 

treatment, which was sustained for 12 months. In a retrospective study12 of antiphospholipid 

syndrome nephropathy, seven of ten patients treated with sirolimus had a functioning renal 

allograft 144 months after transplantation compared with only three of 27 patients not 

treated with sirolimus. Diagnosis of systemic lupus erythematosus, antiphospholipid 

syndrome, or antiphospholipid antibody production has not been reported in patients who 
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benefited from sirolimus.12 In addition to findings in lupus-prone mice,11 these results 

further substantiate the hypothesis that mTOR blockade might benefit patients with 

antiphospholipid syndrome who otherwise require life-long anticoagulation.33

Our study had several limitations, including the open-label design and that patients were 

only recruited at a single centre. We used modified SRI criteria,42 which included a decrease 

of 4 points or more in SLEDAI scores and absence of BILAG A or two BILAG B scores, but 

not Physicians Global Assessment scores. 35 of the 40 patients enrolled were white women, 

therefore the results might primarily represent clinical efficacy in this patient group. 

Moreover, most patients had active disease, were unresponsive or intolerant to conventional 

medications, and received high-dose steroid therapy. Thus, sirolimus might not be as 

beneficial in patients with milder disease.

The safety and therapeutic efficacy of sirolimus are attributed to the involvement of mTOR 

in lupus pathogenesis. mTOR is activated before disease onset in lupus-prone mice11 and 

before flares in patients with systemic lupus erythematosus.40 Moreover, genetic 

hyperactivity of mTOR has been associated with concurrent systemic lupus erythematosus.
43 In the present study, two patients discontinued treatment with sirolimus before 12 months 

because of intolerance. The overall safety and clinical efficacy of sirolimus in systemic lupus 

erythematosus, and its association with the therapeutic reversal of pro-inflammatory lineage 

specification (ie, depletion of T regulatory cells and CD8 effector-memory T cells and 

expansion of interleukin-4 and interleukin-17-producing CD3+CD4−CD8− doublenegative T 

cells), which are newly delineated through treatment of human beings in vivo, are strengths 

of the study. However, the open-label approach and having enrolled only three African-

American patients, who typically have more severe disease, are limitations of the study. 

Therefore, follow-up placebo-controlled clinical trials in more diverse patient populations 

are warranted to define the role of mTOR blockade in treatment of systemic lupus 

erythematosus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

An unmet need exists for treatment in systemic lupus erythematosus. Mammalian target 

of rapamycin (mTOR) activation has been identified as a driver of pro-inflammatory 

lineage skewing in the immune system. We searched PubMed for English language 

articles published between Jan 1, 2000, and Oct 13, 2017, using the search terms 

“sirolimus,” “rapamycin,” or “mTOR” and “lupus”. We found that research investigating 

the blockade of mTOR by sirolimus has been limited to a single retrospective study and 

two confirmatory case reports, which suggest that sirolimus has clinical efficacy in 

patients with systemic lupus erythematosus.

Added value of this study

This is the first prospective study of sirolimus in patients with systemic lupus 

erythematosus. This open-label study shows that treatment with sirolimus is safe, with 

rapid and lasting improvement of disease activity after 12 months of treatment resulting 

from the blockade of pro-inflammatory T-cell lineage specification in patients with active 

systemic lupus erythematosus. The depletion of CD8 effector-memory T cells predicts 

therapeutic response, and the progressive restoration of this cell population occurs with 

clinical improvement.

Implications of all the available evidence

The results of this study show that sirolimus is potentially a safe and efficacious 

treatment in patients with active systemic lupus erythematosus who are unresponsive to, 

or intolerant of, conventional medications. The results warrant double-blind placebo-

controlled follow-up studies with sirolimus alone or in combination with potentially 

synergistic interventions, such as acetylcysteine, in larger and more diverse patient 

populations.
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Figure 1. Safety outcomes
Mean sirolimus plasma concentration (A), mean haemoglobin concentration (B), mean total 

WBC count (C), and mean neutrophil (D), lymphocyte (E), and platelet counts (F) were 

measured before treatment (visit 1) and after initiation of treatment at 1 month (visit 2), 3 

months (visit 3), 6 months (visit 4), 9 months (visit 5), and 12 months (visit 6) in 40 patients 

with systemic lupus erythmatosus. Overall changes in safety endpoints during treatment 

were assessed by repeated measures analysis using a mixed-effects model logistic regression 

approach with exact p values indicated for each safety outcome. Changes in safety endpoints 

at each visit (visits 2–6) were assessed by two-tailed paired t tests relative to visit 1. Error 

bars show SD. WBC=white blood cell. *p<0·05. †p<0·01. ‡p<0·001.
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Figure 2. Clinical efficacy outcomes
Mean SLEDAI score (A), BILAG index score (B), and daily prednisone dose (C) at baseline 

(visit 1) and during treatment (visits 2–6). Overall changes in SLEDAI, BILAG, and 

prednisone dosage during sirolimus treatment were assessed by repeated measures analysis 

using a mixed model logistic regression approach with exact p values indicated for each 

outcome. Changes in SLEDAI, BILAG, and prednisone dosage at each visit (visits 2–6) 

were also assessed by two-tailed paired t test relative to visit 1. (D) The proportion of 

patients who met responder criteria according to the SRI at visits 3–6 were compared with 

that at visit 2 using visit 1 as a reference point. Overall distribution of responders and non-

responders for SRI at visits 2–6 were also assessed by two-tailed χ2 test. Error bars show 

SD. SLEDAI=Systemic Lupus Erythematosus Disease Activity Index. BILAG=British Isles 

Lupus Assessment Group. SRI=Systemic Lupus Erythematosus Responder Index. *p<0·01. 

†p<0·001. ‡p<0·05.
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Figure 3. BILAG-defined disease flares and selected BILAG organ domain scores and SLEDAI 
component scores
Proportion of patients with a flare of active lupus (a new BILAG A or two new BILAG B 

scores in at least one organ system; A) and a BILAG organ domain score of 3 or more for 

mucocutaneous disease (B), musculoskeletal disease (C) and cardiovascular and pulmonary 

disease (D). Mean BILAG organ domain scores for mucocutaneous disease (E), 

musculoskeletal disease (F), cardiovascular and pulmonary disease (G), and vasculitis (H). 

Mean SLEDAI score for arthritis (I), new rash (J), pyuria (K), and hypocomplementaemia 

(L). Scores were assessed relative to day of enrolment (before treatment, visit 1) and after 

treatment for 1 month (visit 2), 3 months (visit 3), 6 months (visit 4), 9 months (visit 5), and 

12 months (visit 6). Effects of sirolimus were assessed by two-tailed paired t tests relative to 

visit 1. Overall distribution of the proportion of patients with a BILAG-defined flare (A), 

proportion of patients with an organ domain score of 3 or more (B–D), and overall 

distribution of SLEDAI components (I–L) were also assessed by χ2 test. Mixed model 

logistic regression approach was used to analyse effect (Z-values) using repeated measures 

from each patient. Error bars show SD. BILAG=British Isles Lupus Assessment Group. 

SLEDAI=Systemic Lupus Erythematosus Disease Activity Index. *p<0·01. †p<0·05. 

‡p<0·001.
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Figure 4. Changes in naive CD8 T cell and memory CD8 T cells populations
Changes in expansion of naive CD8 T cells (A) and changes in memory CD8 T cells (B), as 

shown in fresh cells. Changes in the proportion of naive and memory CD8 T cells at each 

visit were assessed by two-tailed unpaired t tests relative to matched healthy controls at each 

timepoint and two-tailed paired t tests relative to visit 1. Error bars show SD. The number of 

patients (and healthy controls) contributing data differed at each visit. *p<0·01 relative to 

healthy matched control.

†p<0·05 relative to visit 1. ‡p<0·05 relative to healthy matched control. §p<0·001 relative to 

healthy matched control.
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Figure 5. Changes in CD8 EMT and CMT cells
Changes in CD8+ CD62L−CD197−EMT cells (A) and CD8+CD62L+CD197+ CMT cells (B) 

during sirolimus treatment, compared with healthy controls. Changes in CD8 EMT and 

CMT cells were assessed by two-tailed unpaired t test relative to matched healthy controls 

and by two-tailed paired t tests relative to visit 1 in each patient. Error bars show SD. (C) 

Orthogonal partial least squares discriminant analysis of 22 patients, for whom a complete 

dataset was available, shows discrimination of SRI responsive and SRI non-responsive 

patients by two components of immunobiological biomarkers, using complete biomarker 

datasets. (D) Discrimination of SRI responsive and SRI non-responsive patients on the basis 

of the AUC logistic regression approach. The left panel shows the AUC CI, true positive and 

false positive rates, and CI. The right panel shows the abundance of EMT cells in SRI 

responsive and SRI non-responsive patients. Black horizontal lines indicate mean values in 

each patient group. Vertical lines indicate range. The horizontal dotted line shows the 

optimum cutoff between responsive and non-responsive patients. EMT=effector memory T. 

CMT=central memory T. SRI=systemic lupus erythematosus responder index. AUC=area 

under the receiver operating characteristic curve. *p<0·05 relative to matched healthy 

controls. †p<0·05 relative to visit 1 in each patient.
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