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Abstract

The mechanistic target of rapamycin (mTOR) is a central regulator in cell growth, activation,
proliferation, and survival. Activation of the mTOR pathway underlies the pathogenesis of
systemic lupus erythematosus (SLE). While mTOR activation and its therapeutic reversal were
originally discovered in T cells, recent investigations have also uncovered roles in other cell
subsets including B cells, macrophages, and “non-immune” organs such as the liver and the
kidney. Activation of mMTOR complex 1 (nTORCZ) precedes the onset of SLE and associated co-
morbidities, such as anti-phospholipid syndrome (APS), and may act as an early marker of disease
pathogenesis. Six case reports have now been published that document the development of SLE in
patients with genetic activation of mMTORCL. Targeting mTORCL1 over-activation with A-
acetylcysteine, rapamycin, and rapalogs provides an opportunity to supplant current therapies with
severe side effect profiles such as prednisone or cyclophosphamide. In the present review, we will
discuss the recent explosion of findings in support for a central role for mTOR activation in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a multi-system disease with underlying immune cell
dysfunction and end organ damage. Recent studies have found activation of the mechanistic
target of rapamycin (mTOR) both in the immune system [1, 2] and non-traditional
parenchymal organs, such as the liver, which precedes the onset of disease and represents
early manifestations of pathogenesis [3]. mTOR activation is a result of long-documented
metabolic stress in SLE [4-7]. There is some debate on which cell type better defines SLE
pathogenesis, but a common finding in T cells, B cells, macrophages, hepatocytes, and reno-
vascular cells is mTOR activation [8]. Activation of the mTOR pathway is clearly not
limited to SLE, but it also occurs in other autoimmune and rheumatic diseases [9]. Because
of its broad role in cell dysfunction in SLE, there is increasingly strong justification for
pharmacological inhibition of mTOR with rapamycin as a disease-modifying therapy (Table
1). In the present review, we will provide an update on the role of mTOR in the development
of SLE and new studies that show mTOR as a viable target for effective treatment and
prevention of disease flares.

Immune System

CD4 T Cells

mTOR is a sensor of the cellular energy status and can thus modify cellular activity based on
available metabolites [10]. Enhanced translocation of mTOR to the outer mitochondrial
membrane underlies CD4+ T cell hyperactivity in SLE [2]. In B6.5/e1.5/e2.5/e3 mice, there
is increased mTOR complex 1 (MTORC1) activity, glycolysis, and mitochondrial electron
transport chain (ETC.) activity [11]. In C57BI/6 mice, inhibition of mMTORC1 with
rapamycin resulted in reduced glycolysis and mitochondrial ETC. activity [11]. Yin et al.
normalized the metabolic phenotype of CD4+ T cells from B6.S/e1. S/e2. Sle3 by inhibiting
glycolysis and the ETC. with 2-deoxyglucose (2-DG) and metformin, respectively [11]. 2-
DG and metformin also resulted in reduced mTORC1 activity [11]. The suppression of
mMTORC1 activity was attributed to the normalization of the metabolic phenotype, but an
alternative explanation may have been mTORCL inhibition by metformin. Metformin has
been shown to indirectly inhibit mTOR signaling [12]. Thus, the in vivo effect of metformin
as a modifier of SLE in B6.5/e1.S/e2.5/e3, NZB/W, and chronic graft versus host disease
(cGVHD) model of SLE may be due to mTOR inhibition and metabolic modulation [11].

In CD4+ T cells, the active hypomethylation of genes in the mTOR pathway by ten-eleven
translocation methylcytosine dioxygenase (TET) enzymes may underlie increased
expression and activation of proinflammatory cytokines such as interferon gamma (IFNvy)
and interleukin 17 (IL-17). Hypomethylation of DNA in CD4+ T cells and the subsequent
increased transcription are thought to be involved with SLE pathogenesis and disease
activity [13, 14]. Recently, it was shown that the action of the TET enzymes in
demethylation of cytosine from 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC) in
CD4+ cells results in enhanced IFNy and IL-17 expression [15]. Another study found that
5-hmC was enriched in genes of the mTOR pathway of CD4+ T cells from SLE patients
[16]. These data indicate that the upregulation of mTOR activity may be at both the gene and
protein levels in SLE CD4+ T cells.
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In SLE PMBC:s, it was shown that there is depletion of E3-ubiquitin ligases casitas B-
lineage lymphoma b (Cbl-B) and gene related to anergy in lymphocytes (GRAIL), especially
in those with active SLE [17]. Further, messenger ribonucleic acid (MRNA) analysis of SLE
T cells relative to healthy controls found reduced levels of transcription factors early growth
response protein 2 (Egr2) and Egr3, both negative regulators of T cell activation that are
upstream of Cbl-B [17, 18]. Banica et al. showed that SLE CD4+ T cells that were driven to
expand inducible Tregs (iTregs) with rapamycin caused increased proliferation of Tregs with
increased suppressive activity, especially after 21 days of iTreg expansion [17]. mTOR
appears to be important in the downregulation of T cell anergy E3 ubiquitin ligases and
concomitant suppression of Tregs. Rapamycin is clearly important for the normalization of T
effector function and the expansion of Tregs and represents an intervention in T cell biology
that can have positive therapeutic outcomes.

Th17 T Cells

There is mounting evidence that IL-17 expressing CD4+ T cells (T helper 17 cell, Th17) are
responsible for depletion of Tregs and production of proinflammatory cytokines in SLE [19,
20]. The serine/threonine kinase calcium/calmodulin-dependent protein kinase 1V (CaMK4)
has been shown to be essential in the development of Th17 cells in SLE, but previously the
mechanism of this process was unknown [21]. Recent work has found a role for CaMK4
signaling in mTOR activation in SLE. Under Th17-polarizing conditions, but not Th1 nor
Th2, there is increased expression of CaMK4 [21]. In CaMK4 knockout mice, there was
significantly reduced Th17 expansion under Th17-polarizing conditions and knockdown of
CaMK4 produced similar results in wild-type mice [21]. In MRL/lpr mice, inhibition of
CaMK4 with KN-93 resulted in the depletion of Th17 and DN T cells [21]. Administration
of KN-93, and thus CaMK4 blockade, also reduced double-stranded DNA (dsDNA)
antibodies, proteinuria, and mortality at 20 weeks of age [21]. Mechanistic investigation of
CaMK4 in MRL/Ipr mice found that it promotes cAMP-responsive element modulator alpha
(CREM-a) recruitment to the IL-17 promoter in CD4+ T cells [21]. Furthermore, CaMK4
enhances AKT and mTORCL1 signaling. Increased CaMK4 caused upregulation of S6K
phosphorylation, and inhibition of mTOR with rapamycin blocked the development of Th17
cells [21]. Thus, CaMK4 may lie upstream of mTOR and CREM-a. and independently
promote Th17 expansion through either pathway.

A study of 17 children with lupus nephritis (LN) found that Stat3 activation in effector T
cells correlated directly with the number of IL-17-producing cells [22]. In vitro, it was found
that rapamycin blocked Stat3 activation and greatly reduced the number of IL-17 effector
cells [22]. In adult SLE patients, mTOR activation promoted the expansion of IL-4-
producing CD3+CD4-CD8- double negative (DN) T cells and CD4+ Th17 cells [19]. The
same study found that mTOR caused the contraction of CD4+CD25+FoxP3+ Tregs [19].
Because IL-17 is likely downstream of mTOR signaling, neutralization of IL-17 in vitro
promoted the expansion of Tregs independent of mMTOR activity [19].

DN T Cells

N-acetylcysteine (NAC) was recently demonstrated as a potent mTOR inhibitor in SLE
patients [23]. Specifically, NAC caused the depletion of phospho-S6RPhi DN T cells and
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expansion of CD4+CD25+FoxP3+ Tregs in SLE patients. Metabolic analysis of SLE
patients found that kynurenine, a metabolite of tryptophan, stimulated mTOR activity in
control PBL and SLE DN T cells [24]. In vivo, kynurenine accumulation was blocked in
patients receiving NAC, a potent anti-oxidant and glutathione precursor [24].

In healthy controls, DN T cells had elevated mTOR activity, as measured by phospho-S6RP
levels, relative to CD4 and CD8 T cells [25]. SLE patients had an even greater number of
DN T cells with mTOR activation [25]. The mTOR activity in DN T cells indirectly
correlated with fewer FoxP3+ cells in the CD3+/CD4+/CD25+ T cell population [25].
Further evaluation of these populations found that the depletion of Tregs, mTOR activation
in DN T cells, and enhanced necrosis in CD3+ T cells could identify patients in active SLE
flare [25]. mTOR activation in DN T cells, in combination with expansion of CD4+CD25-
T cells expressing FoxP3, could predict an upcoming flare in SLE patients [25]. SLE DN T
cells also produced more IL-4 than healthy controls which correlated to the production of
anti-dsDNA [19, 25]. Treatment of SLE patients with rapamycin significantly rescued
mTOR over-activation and reduced the number of necrotic CD4+ and DN T cells [25].
Furthermore, IL-4 production by DN T cells was significantly reduced by rapamycin
treatment in SLE patients [25]. Additionally, CD4+/CD25+/FoxP3+ Tregs were expanded
by rapamycin and in SLE patients [25, 26]. These data show that DN T cells and Tregs are
inversely related to each other and the over-activation of the mTOR pathway underlies this
imbalance in these cell subsets.

Follicular Helper T Cells

B Cells

Follicular helper T (Tfh) cells are critical for germinal center (GC) formation and B cell
activation. Surprisingly, mTORC1 signaling was implicated in shifting T cell differentiation
away from Tfh cells, instead promoting that of Th1l cells [27]. Other studies suggest that
both mMTORC1 and mTORC?2 are essential for Tfh cell differentiation and GC reaction under
steady state and after antigen immunization and viral infection [28]. In support of Tth
development, dual activation of mMTORC1 and mTORC?2 drives glycolysis and lipogenesis
and glucose transporter 1-mediated glucose metabolism. Such metabolic requirement
matches well with accumulation of glycolytic metabolites in SLE patients’ lymphocytes
[24]. Apparently, Tth cells are far from homogenous, as they can produce not only IL-21 but
also IL-17 [29¢] and IL-4 [30+]. Since Tth cells are expanded in patients with severe SLE
[31], the role of mMTOR pathway activation would be important to precisely define in this
proinflammatory T cell subset.

B cells have been targeted in SLE to block the production of auto-antibodies, most recently
with belimumab, an inhibitor of B cell-activating factor (BAFF) [32]. BAFF has been
identified as a promoter of mTOR activation [33]. In B cells, rapamycin was able to block
BAFF-stimulated mTOR activation, inhibit proliferation, and induce apoptosis [33, 34].

B cell development is promoted by early B cell factor 1 (EBF1). EBF1 is targeted by
microRNA (miRNA)-1246, which provides a safety switch to prevent over-activation and
proliferation of B cells. In SLE patients, it was discovered that SLE B cells contain
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significantly reduced miRNA, thus promoting B cell stimulation [35]. Furthermore, it was
found that inhibition of AKT with MK-2206 promoted the expression of miRNA-1246 [35].
Thus, mTOR activation, via AKT, promotes B cell proliferation through inhibition of
miRNA-1246 with subsequent EBF1 over-expression that results in an activated B cell
phenotype.

The lysosomal histidine transporter SLC15A4 was shown to be essential for the production
of anti-nuclear antibodies (ANA) and type | interferon through toll-like receptor 7 (TLR7)
signaling in lupus B cells in an mTOR-dependent manner [36]. In Slc15a4 knockout mice,
there is reduced 1gG2c in the serum [36]. In the pristine model of SLE, Slc15a4 deficiency
prevented the development of anti-small nuclear ribonucleoproteins (SnRNP) and anti-
dsDNA antibodies after 20 weeks relative to wild-type mice [36]. When Slc15a4 knockout
mice were crossed to C57BL/6!P7P" Jupus-prone mice, there was impaired ANA production
and reduced splenomegaly [36]. Stimulation of TLR7 in Slc15a4 knockout mice did not
activate Irf7 transcription, which is essential for the production of type I interferon [36].
Kobayashi et al. showed that it is the histidine transport function of Slc15a4 that is essential
for the immune response following TLR7 stimulation [36]. Loss of the transporter results in
histidine accumulation in the lysosome.

MTOR acts as a sensor to lysosomal amino acids and is activated when translocated to the
lysosome [37]. In Slc15a4-deficient B cells, there is a loss of MTOR activation as measured
by phosphorylation of its downstream targets 4E-BP1 and S6K [36]. Additionally, mTOR
recruitment to lysosomes was significantly reduced in Slc15a4 knockout B cells [36]. In
wild-type B cells treated with rapamycin, there was a significant reduction in Irf7 protein
expression [36]. Torin, a specific mTOR inhibitor, also blocked type-1 IFN production, but
not TNF-a [36]. Thus, mTOR is sensitive to histidine accumulation in lysosomes and is
essential in the development of TLR7-driven production of ANA.

Macrophages

While mTORC1 promotes proinflammatory T cell development [38], it may reduce
inflammation by shifting macrophage polarization from proinflammatory M1 to anti-
inflammatory M2 phenotype [39, 40]. However, IL-4-dependent M2 polarization is also
mTORC1-dependent [41]. Interestingly, M2 macrophages can also contribute to
inflammation by serving as host for cytomegalovirus (CMV), which might explain the
potent anti-CMV effects of mMTOR inhibitors after organ transplantation [42]. Although the
role of macrophage polarization in lupus nephritis has shown differences in animal models
[43, 44], M2 types appear to dominate renal biopsies from patients with lupus nephritis [45].
Although further studies are clearly warranted to define the role of macrophage polarization
in lupus nephritis, blockade of M1-M2 differentiation may also contribute to clinical efficacy
of rapamycin in SLE.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are involved in the regulation of the immune response of B
and T cells. SLE patient MSCs go through premature senescence in an mTOR-dependent
manner [46]. In the presence of rapamycin, MSCs co-cultured with CD4+ T cells resulted in

Curr Rheumatol Rep. Author manuscript; available in PMC 2017 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oaks et al.

Liver

Page 6

increased Tregs and depletion of Th17 cells in vitro [46]. Furthermore, rapamycin promoted
the secretion of anti-inflammatory cytokines in these co-cultures and blocked their senescent
phenotype [46]. In SLE patients, rapamycin and siRNA knockdown of mTOR resulted in the
rescue of SLE patient MSCs [46]. Interestingly, SLE patient MSCs pre-treated with
rapamycin and then transplanted via tail-vein injection into MRL/Ipr mice resulted in some
protection from lupus nephritis [46].

Liver disease, defined as a >2-fold elevation of AST or ALT, was present in 20.7 % of SLE
patients independent of hepatotoxic medications [47]. Both NAC and rapamycin, but not
azathioprine, cyclosporine, or cyclophosphamide, were successful in preventing liver disease
[47]. Furthermore, liver disease correlated to higher SLE disease activity index (SLEDAI)
scores in patients and thus is an important organ system to monitor [47].

We recently found mitochondrial dysfunction, anti-phospholipid (aPL) antibody production,
and mTOR activation precedes the onset of SLE, i.e., ANA production and nephritis, in
lupus-prone mice [3]. We compared oxygen consumption rates in B cells, T cells, and
hepatocytes and found a 25-fold increase in oxygen consumption in hepatocytes, supporting
the concept that the liver is a major source of oxidative stress which underlies SLE
development [3]. In 4-week-old lupus-prone MRL/Ipr mice, we identified increased oxygen
consumption through complex Il of the ETC., diminished state 3/state 4 ratio, and increased
A'¥Ym relative to mitochondrial mass indicating dysfunction prior to SLE onset [3].

The late endosomal protein Rab4A has a positive feedback loop with mTOR and promotes
the depletion of the mitochondrial fission protein Drpl and accumulation of defective
mitochondria in T cells [1]. In 4-week-old MRL and MRL/Ipr lupus-prone mice, we
identified significant over-expression of Rab4 in the liver [3]. In MRL/Ipr livers prior to SLE
onset, we found 2.5-fold elevation of phospho-S6K, indicating increased mTORCL1 activity.
Conversely, we found reduced phospho-AKT levels in the pre-SLE livers indicating that
mMTORC?2 is inhibited in the liver in early SLE [3]. These findings were specific to the liver,
as mTOR activity was not elevated in the kidneys, thymus, or spleens of 4-week-old
MRL/Ipr mice.

We previously found that MRL/Ipr mice responded to rapamycin which significantly
reduced S6K phosphorylation in the immune system and liver [1, 3]. aPL antibodies were
significantly elevated in MRL/Ipr, MRL, and Ipr mice at 4 weeks of age which progressed
further over 10 weeks [3]. A 10-week rapamycin treatment regimen in MRL/Ipr mice
resulted in blockade of aPL antibody progression. We demonstrated a similar effect in
NZB/W (F1) lupus mice treated with rapamycin between ages of 4 and 30 weeks [3].
Rapamycin did not rescue Rab4 over-expression in MRL/Ipr livers, but did rescue Drpl
under-expression which may promote the preservation of healthy mitochondria.
Additionally, rapamycin reduced the expression of NDUFS3, which acts as a promoter of
oxidative stress [3, 48]. In transaldolase (TAL)-deficient mice, a model of oxidative stress in
the liver, there was also increased NADH dehydrogenase iron-sulfur protein 3 (NDUFS3)
expression and subsequent mTOR activation as measured by phospho-4EBP1 levels [3].
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TAL knockout mice also produced elevated levels of antiphospholipid antibodies. Thus,
mTOR activation and oxidative stress in the liver underlies the production of APLA and
precedes the onset of SLE.

The BWF1 mouse, which produces anti-dsDNA, has glomerular inflammation, and
proteinuria had increased mTOR protein levels [49]. Conversely, BWF1 mice did not have
elevated levels of S6K protein [49]. mTOR activity was not measured in this study, so it
cannot be determined if mTOR activity is also increased prior to the onset of SLE. Further
evaluation of this model would provide more evidence for liver dysfunction as a
precipitating event in SLE development.

Rapamycin blocks the progression of lupus nephritis in MRL/Ipr mice [1, 46]. Ten weeks of
rapamycin treatment blocked the development of both sclerotic and crescentic glomeruli,
though this is likely due to infiltration by CD4, CD8 [50], and DN T cells [51] and
macrophages [43-45] not the kidney specifically [1]. As stated above, mTOR activation was
not detected in the kidneys of predisease MRL/Ipr mice and thus the renal epithelium is not
a likely source of mTOR activation in SLE [3].

Reported Cases

Some recently reported cases give further credence to the role of mMTOR in the pathogenesis
of SLE. There have been two reported cases of concomitant tuberous sclerosis complex
(TSC) and SLE [52, 53]. TSC1 and TSC2 negatively regulate mTORC1, and a loss of
function of either results in mTOR activation which was demonstrated in the first described
case of TSC/SLE [52]. mTOR activation in this patient also resulted in diminished FoxP3
levels, implicating reduced Treg activity in the development of her SLE [52].

There is a strong association between mutations of TSC, activation of the mTOR pathway,
and the development of lymphangioleiomyomatosis (LAM) [54, 55]. It is then probable that
activation of the mTOR pathway in SLE patients may also make them susceptible to LAM.
There have been two recent case reports of LAM in SLE: on one case, an SLE patient
presented with abnormal uterine bleeding [56]. Imaging studies and microscopic analysis of
biopsied lymph nodes resulted in diagnoses of LAM and endometrial cancer [56]. In a
second case, an SLE patient presented with thrombocytopenia and hemolytic anemia [57].
Initially, it was assumed that her symptoms were secondary to SLE, but bone marrow biopsy
identified natural Killer cell leukemia [57]. Imaging studies showed pulmonary LAM,
angiomyolipomas in the liver, and spleen, as well as renal cysts, which qualified the patient
for a diagnosis of TSC [57]. In both of these cases, a diagnosis of SLE preceded the onset of
LAM by greater than a decade, thus patients with long-standing SLE should be monitored
for the development of other conditions with mTOR activation. It is important to note that
the activation of mMTOR may be responsible for SLE/LAM overlap, but long-term
immunosuppression may underlie the development of cancer in these patients due to reduced
immune surveillance.
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A small retrospective study of six lupus nephritis patients on rapamycin and one patient on
everolimus combined with prednisone showed responsiveness with reduced proteinuria and
serum creatinine [58]. One patient had to stop rapamycin due to aphthous ulcers, but in
general, it appeared to be safe in this limited study.

Anti-phospholipid antibodies are a diagnostic criterion of SLE and underlie the development
of the prothrombotic anti-phospholipid syndrome (APS). In a study of 72 SLE patients,
which included 12 patients that also had APS, there was no significant association of mMTOR
activity and APS status [59]. Despite no difference in mTOR activity in T cell subsets,
patients with SLE/APS had increased oxidative stress in all lymphocyte subsets and
contraction of CD4+CD25+FoxP3+ Tregs relative to patients without APS [59].

Conclusion

These recent discoveries about the role of mTOR show that it is activated in diverse cell
populations and tissues which reflect the wide array of clinical manifestations of SLE (Fig.
1). The generalized activation of mTOR makes it a suitable target for therapeutic
intervention, specifically with rapamycin, everolimus, or NAC. Recent studies in SLE have
shown rapamycin and NAC to be effective in reducing disease activity with limited adverse
effects. Systemic administration of rapamycin ensures inhibition of T cell, B cell, and
hepatocytes that are over-activated in SLE. Rapamycin may also prevent renal failure and
other prothrombotic co-morbidities in patients with APS. At present, the liver is the only
organ that may be a harbinger of SLE onset via mitochondrial dysfunction, APLA
production, and mTOR activation. Further studies in predisease SLE-susceptible mice may
unveil other early changes in the immune system with respect to mTOR.
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Fig. 1.

Schematic diagram of mTORC1 activation in the pathogenesis and biomarker-driven

treatment of SLE. Additional details of biochemical checkpoints in mTOR pathway

activation have been recently reviewed [9, 63]
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Table 1

mTOR inhibition improves clinical features of SLE/APS

Therapy Improved SLE Features Reference
Rapamycin Hypocomplementemia, anti-dsDNA, arthritis, fatigue  [60]
Rapamycin IL-4-producing DN T cells, T cell necrosis, Tregs [25]
Rapamycin APS [3, 8]
Rapamycin Lupus nephritis [1, 46, 61, 62]
Rapamycin/everolimus  Proteinuria, serum creatinine [58]
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