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Key messages

What is already known about this subject?
►► Mammalian/mechanistic target of rapamycin 
(mTOR) dysregulation plays a key role in lymphocyte 
function and immunopathology.

What does this study add?
►► This is the first study demonstrating increased 
mTOR activity in T and B lymphocytes in salivary 
glands of patients with Sjögren’s syndrome, which 
is associated with B cell hyperactivity.

How might this impact on clinical practice?
►► mTOR targeting prevents activation of T and B cells 
of patients with Sjögren’s and thus may be pursued 
as a clinical target.

Introduction
Primary Sjögren’s syndrome (pSS) is a 
systemic autoimmune disorder characterised 
by lymphocytic infiltration and dysfunction 
of exocrine glands. The lymphocytic infil-
trates in exocrine glands mainly consist of Th 
cells and B cells. A hallmark feature of pSS 
is B cell hyperactivity, including formation 
of autoantibodies, elevated serum IgG levels, 
increased numbers of B cells and IgG+/IgM+ 
plasma cells in salivary glands, and formation 
of germinal centre-like structures in the sali-
vary glands associated with an increased risk 
of lymphoma development.1 2 Th cells and in 
particular T follicular helper (Tfh) cells play 
an important role in activation of B cells and 
formation of germinal centre-like structures.1

The mammalian/mechanistic target of 
rapamycin (mTOR) pathway is essential 
for growth, survival and proliferation of T 
and B cells and integrates multiple signals 
from the immune microenvironment, 
including growth factors, nutrients,and T 
cell receptor (TCR)/B cell receptor (BCR) 
engagement.3 4 The serine/threonine kinase 
mTOR is the catalytic subunit of two distinct 
complexes: mTOR complex 1 (mTORC1) 
and mTOR complex 2 (mTORC2), charac-
terised by the incorporation of the proteins 
Raptor and Rictor, respectively. mTORC1 is 
generally described to play a role in protein 
translation, cell growth, proliferation and 
metabolism, whereas mTORC2 regulates 
metabolism, cell survival, rearrangement of 
the cytoskeleton and cell cycle progression 
(figure 1A).4

Inhibition of mTORC1 by rapamycin 
(sirolimus) and its analogues effectively 

suppresses T and B cells in kidney transplant 
patients and multiple trials show promising 
results in treatment of lymphoid malignan-
cies.5 6 Immunosuppression by mTOR inhibi-
tion also has been shown in animal models 
of rheumatic diseases and patients with rheu-
matoid arthritis and systemic lupus erythema-
tosus (SLE).4 7 8 However, mTOR activity in T 
and B cells has not been studied in patients 
with pSS . In this study, we assessed whether 
the mTOR pathway plays a role in the activa-
tion of B cells and T cells of patients with pSS 
and whether mTOR targeting has potential in 
pSS treatment.

Patients and methods
Patients and controls
Patients with pSS (n=13 B cells, n=12 labial 
salivary gland (LSG) tissues), patients with 
non-Sjögren’s sicca (nSS, n=17 B cells, n=6 
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LSG tissues) and healthy subjects (n=9 B cells) were 
included. All patients with pSS were diagnosed by a 
rheumatologist and fulfilled the American-European 
Consensus Group (AECG) criteria (2002).9 When 
applied in retrospect, all patients with pSS fulfilled the 
2016 European League Against Rheumatism/American 
College of Rheumatology criteria.10 The patients with 
nSS presented with dryness complaints without a known 
cause, were not clinically considered to have any general-
ised autoimmune disease including pSS and did not fulfil 
the AECG classification criteria. Patient characteristics 
are shown in online supplementary table 1. At the time 
the biopsies of the immunofluorescence cohort were 
taken, EULAR Sjögren's Syndrome Disease Activity Index 
and EULAR Sjögren's Syndrome Patient Reported Index 
scores were not available.

Gene expression of isolated B cells
CD19+ B cells were isolated from fresh peripheral blood 
mononuclear cells (PBMC) using magnetic-activated cell 
sorting. The expression of the following mTOR path-
way-related genes was assessed using a custom qPCR-
based array: MTOR, RPTOR, RICTOR, DEPTOR, AKT1, 
IGF1R, IGF1 and PTEN.

Flow cytometry
Antibodies against CD45, CD19, CD20, CD27, CD38, 
IgG, CD3, CD4, CD14 and CCR9 were used for ex vivo 
staining and PBMC culture experiments. Activation of the 
mTORC1 pathway was assessed by intracellular detection 
of phosphorylated S6 (pS6) ribosomal protein expres-
sion, indicating kinase (S6K) activity downstream of 
mTORC1. Viability and cell proliferation were assessed.

Immunofluorescence
To study local mTOR activation in salivary glands, immu-
nofluorescence staining was performed on frozen tissue 
sections from patients with pSS and nSS using anti-CD20, 
anti-CD138, anti-CD3 or anti-CCR9 in combination with 
anti-pS6 antibodies.

Cell culture
PBMCs (0.5×106) were cultured in the presence or 
absence of 1–100 nM rapamycin to study the effect of 
mTOR inhibition on T and B cell proliferation (6 days) 
and production of interferon gamma (IFN-γ) (measured 
by Luminex) and IgG (measured by ELISA) (9 days). T 
and B cell activation was induced with a combination of 
0.1 ng/mL superantigen Staphylococcal enterotoxin B 
(SEB) and 3.3 µg/mL of TLR9 agonist CpG-C.

Statistical analysis
Statistical analyses were performed in Prism V.6 and SPSS 
V.21 software. Student’s t-test, paired sample t-test, Mann-
Whitney U test and Wilcoxon signed-rank test were used 
where appropriate. For correlations with disease param-
eters, Pearson’s and Spearman’s correlation were used 
where appropriate. Differences and correlations were 
considered statistically significant at p<0.05.

More detailed information on methods is described in 
online supplementary file 1.

Results
Decreased expression of mTOR pathway-related genes and 
mTOR activity in circulating B cells from patients with pSS 
correlates with B cell hyperactivity
Contemplating the prominent B cell hyperactivity in pSS 
we investigated mTOR-associated genes in circulating B 
cells. Unexpectedly, RPTOR, an important component 
of the mTORC1, and IGF1R, cellular survival receptor 
activating the mTOR pathway, expression were signif-
icantly decreased in B cells from patients with pSS as 
compared with healthy controls (HC) (figure 1B). In the 
B cells from patients with nSS, RPTOR expression was 
significantly decreased. These results were technically 
validated by RT-qPCR (online supplementary figure 1). 
Decreased expression of RPTOR and IGF1R in all patients 
with sicca significantly correlated with increased serum 
IgG (figure 1C). Correlations of the separate groups were 
as follows: pSS: RPTOR r=−0.44, p=0.15, IGF1R r=−0.55, 
p=0.08; nSS: RPTOR r=−0.49, p=0.03, IGF1R r=−0.43, 
p=0.08. No significant correlations with other clinical 
parameters were found. The remaining mTOR-re-
lated genes measured were not differentially expressed 
between the groups. Since RPTOR but not RICTOR was 
decreased, we further investigated the mTORC1 pathway. 
Downregulation of mTORC1 activation in circulating B 
cells from patients with pSS was confirmed by decreased 
pS6 protein expression (figure 1D,E), which was found 
in both naïve (CD27−) and memory (CD27+) B cells 
(online supplementary figure 2). A similar trend was 
seen in T cells (figure  1D,E). Gating strategy is shown 
in online supplementary figure 3. We hypothesised that 
reduced mTOR activity in circulating B cells may reflect 
migration of activated B cells to the salivary glands and 
next studied LSG mTOR activity.

Increased numbers of B cells and T cells with mTORC1 
activation in the salivary gland of patients with pSS correlate 
with B cell hyperactivity
Immunofluorescent colocalisation showed presence 
of increased numbers of B cells and plasma cells with 
mTORC1 activation (pS6 expression) in the LSG from 
patients with pSS (figure  2A,B, nSS shown in online 
supplementary figure 4). Observing that numerous 
non-B cells expressed pS6, we next identified CD3+ T 
cells as another major cell type expressing mTORC1 
activity (figure 2C, nSS shown in online supplementary 
figure 4). In light of our recent identification of the 
CCL25/CCR9-axis as a potential driver of B cell activity,11 
we also assessed mTORC1 activity in CCR9+ cells (this 
includes T cells and other non-T cells that can express 
CCR9 including B cells and plasma cells) and observed an 
increase in patients with pSS (mean±SD 13.7±24.5 cells/
mm2 in pSS vs 1.1±0.2 cells/mm2 in nSS). Numbers of T 
cells and plasma cells, but not B cells or CCR9+ cells with 
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Figure 1  Decreased mammalian/mechanistic target of rapamycin (mTOR) pathway-related gene and protein expression in 
circulating B cells from patients with pSS . (A) The mTOR pathway is activated by growth factor and B cell receptor signalling 
and consists of two complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 activation leads to 
phosphorylation of S6 ribosomal protein. (B) Decreased expression of IGF1R and RPTOR in circulating B cells from patients 
with pSS (C) correlates with serum IgG levels. (D) Representative histograms. (E) Phosphorylation of S6 ribosomal protein 
(indicating mTOR activity) is decreased in circulating B cells from patients with pSS as compared with healthy controls. A 
similar trend is seen in circulating T cells. Medians are shown. HC, healthy controls; IGF, insulin-like growth factor; nSS, non-
Sjögren’s sicca; pSS, primary Sjögren’s syndrome; pS6, phosphorylated S6.
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Figure 2  Elevated numbers of B cells, plasma cells and T cells with activated mTOR complex 1 (mTORC1) in salivary glands 
of patients with pSS correlate with B cell hyperactivity. In the salivary glands of patients with pSS, increased numbers of B cells 
(A), plasma cells (B) and T cells (C) with activated mTORC1 were observed as compared with patients with nSS. (D) Numbers 
of T cells and plasma cells with activated mTORC1 (pS6+) as assessed by immunofluorescence correlate with IgG+ and IgM+ 
plasma cells. Medians are shown. Magnification: 400×. nSS, non-Sjögren’s sicca; pSS, primary Sjögren’s syndrome; pS6, 
phosphorylated S6.

mTORC1 activity, correlated with increased percentages 
of IgM and IgG-expressing plasma cells (figure 2D). In 
addition, percentages of T cells, B cells and plasma cells 
expressing pS6 were calculated. The percentage of pS6+ 
T cells, but not B cells nor plasma cells, was elevated in 
patients with pSS (online supplementary figure 5). The 
percentages did not correlate with clinical parameters 
including lymphocytic focus score (not shown).

mTOR inhibition robustly decreases B cell and T cell 
activation
Activation of PBMCs with a combination of TCR cross-
linking superantigen SEB and TLR9 ligand resulted in 
increased phosphorylation of S6 in CD4+ T helper (Th) 
cells and B cells (figure 3A), associated with Th cell and 
B cell proliferation (figure 3B) and production of IFN-γ 
and IgG (figure 3C,D) in both HC and pSS. BCR cross-
linking by anti-IgM was used as a control condition and 
induced mTORC1 activation in B cells but not in Th 
cells (figure 3A).12 Rapamycin most optimally inhibited 
T and B cell proliferation at 100 nM (online supple-
mentary figure 6). At this concentration, rapamycin 
inhibited mTOR activity and reduced Th cell and B cell 

proliferation (figure  3B) and production of IFN-γ and 
IgG (figure 3C,D) of both HC and patients with pSS. All 
inhibitions by rapamycin were significant in both HC 
and pSS (p<0.05), for Th cells and CCR9+ Th cells in pSS 
(both p=0.08) and IFN-γ in HC (p=0.09), similar trends 
were found.

Interleukin-4 production was low and unaffected by 
rapamycin (figure 3D). This corroborates the large body 
of literature in which inhibition of T and B cell activity 
by rapamycin is shown.5 6 13 14 Proliferation of CCR9-ex-
pressing Th cells and CD3+ CD4− (CD8/γδT/NKT) 
cells was inhibited similarly to total Th cells (figure 3B 
and online supplementary figure 7). Rapamycin did 
not significantly affect viability of lymphocytes (online 
supplementary figure 6).

Discussion
We here for the first time studied mTOR activity in 
circulating and salivary gland lymphocytes from patients 
with pSS and found increased mTORC1 activity in sali-
vary gland B cells and T cells, which was associated with 
local and systemic B cell hyperactivity. Proliferation of B 
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Figure 3  B cell and T cell proliferation and production of IgG and IFN-γ are inhibited by mammalian/mechanistic target of 
rapamycin (mTOR) targeting in vitro. (A) B cell receptor cross-linking results in increased mTOR complex 1 (mTORC1) activation 
(phosphorylation of S6) in B cells. Activation of T cells, including CCR9+ Th cells and B cells by a combination of superantigen 
SEB and TLR9-ligand CpG-C induces mTORC1 activation and is associated with proliferation of these cells (B) and IgG (C) 
and IFN-γ production (D), which is inhibited by rapamycin (100 nM). For all graphs: healthy controls (HC, circles), patients with 
primary Sjögren’s syndrome (pSS, triangles). Medians are shown. IFN-γ, interferon gamma; IL, interleukin; SEB, Staphylococcal 
enterotoxin B; Th, T helper.

cells, Th cells, Tc cells and CCR9+ Th cells and produc-
tion of IgG and IFN-γ could be effectively halted in vitro 
with mTOR inhibition using rapamycin, affecting prolif-
eration and IgG production more strongly than IFN-γ 
production

The downregulation of mTOR pathway-related genes 
in circulating B cells of patients with pSS inversely 
correlated with increased serum IgG levels. As elevated 
numbers of B cells with activated mTORC1 pathway 
were found in salivary glands of patients with pSS, this 
could indicate that activated B cells with higher mTOR 
activity have migrated to involved organs. Supporting 
this hypothesis, decreased numbers of memory B cells 
have been found in the peripheral blood of patients 
with pSS.15 In our small cohort we did not observe signif-
icant reduction of frequencies of memory B cells (not 
shown), but we did observe reduced pS6 expression in 
both naïve and memory B cells in patients with pSS as 
compared with HC. Reduced expression of mTOR-re-
lated genes in all circulating B cells might additionally 
be caused by systemic mediators causing active downreg-
ulation. The factors inducing such downregulation have 
not been identified, but may include Galectin-9 (Gal9). 

Recently, in addition to patients with SLE,16 we have 
documented strongly increased systemic levels of Gal9 
in patients with pSS as compared with HC. Gal9 levels 
correlate with IFN-induced gene and protein expression 
as well as disease activity in patients with pSS (van Roon 
et al, manuscript in preparation). Gal9 provides negative 
feedback and inhibits phenotypic maturation of plasma-
cytoid dendritic cells (pDCs) and B cells and abrogates 
their ability to mount cytokine responses to TLR7/TLR9 
ligands. Importantly, immune complex-mediated and 
neutrophil extracellular trap-mediated pDC activation is 
inhibited by Gal9. Additionally, the mTOR/pS6 pathway 
which is recruited by both pDCs and B cells for TLR-me-
diated IFN secretion and autoantibody generation is 
attenuated by Gal9.17

Also in patients with nSS, downregulation of RPTOR in 
circulating B cells was found, possibly since some of these 
patients show signs of immune activation. In this respect, 
we observed local B cell hyperactivity in some patients with 
nSS, like patients with pSS. In addition, although patients 
with pSS show increased absolute pS6-expressing T and 
B cells our data demonstrate that patients with nSS show 
substantial proportions of pS6-expressing T and B cells. 
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Whether this represents enhanced activation in patients 
with nSS or naturally occurring immunity at this barrier 
site remains to be studied. However, recently we demon-
strated that in serum and circulating antigen-presenting 
cells like classical/conventional dendritic cells and pDCs 
molecular aberrances were significantly overlapping with 
patients with pSS (Hillen et al, manuscript in prepara-
tion). Alternatively, B cells (and T cells) with reduced pS6 
expression in patients with nSS may also be caused by 
increased migration of B and T cells to the salivary gland. 
Recently, using a novel method to count cells in salivary 
gland tissue (epigenetic cell counting) we demonstrated 
that patients with nSS have equal numbers of B and T 
cells in their salivary glands as a large proportion (~50%) 
of patients with pSS (in both groups ~20% of all cells).18 
In this respect, patients with nSS may represent a group 
with signs of inflammation, but lacking lymphoid organi-
sation (1 focus/4 mm2) that is associated with significant 
less mTOR activation in the glands. Future studies on the 
molecular and cellular characteristics of patients with 
nSS may add to characterisation of this poorly defined 
group both in the clinics and in research.

Insulin-like growth factor (IGF)-1 receptor triggering 
previously has been demonstrated as one of the upstream 
activators of mTOR.19–22 Furthermore, IGF-1 has shown to 
play role in B cell activation and function.23 Interestingly, 
we found IGFR1 to be expressed in B cells from patients 
with pSS at lower levels than in B cells from HC. This was 
in line with decreased activation of the mTOR pathway. 
Downregulation of IGF1R may be one of the mechanisms 
by which decreased mTOR activation is found in periph-
eral blood B cells of patients with pSS . Other receptors 
upstream of mTOR potentially involved in downregula-
tion in pSS still remain to be studied.

To indicate mTOR pathway activation, we measured 
the phosphorylation of ribosomal protein S6 by flow 
cytometry in circulating lymphocytes and immunofluo-
rescence microscopy in salivary gland tissues. Antibodies 
against two different positions of S6 phosphorylation for 
the two techniques were measured for technical reasons. 
Although both indicators of mTOR activity, phosphoryla-
tion of S6 at serine 240/244 (fluorescence activated cell 
sorting) is considered to be more specific mTOR acti-
vation marker than at serine 235/236 (immunofluores-
cence) as also kinases RSK1 and RSK2 downstream of the 
extracellular-signal-regulated kinase pathway can in some 
conditions phosphorylate the latter position.24 Nonethe-
less, the phosphorylation status of both positions of S6 
strongly correlates. Furthermore, B cells from mice defi-
cient for Rptor, an essential component of mTORC1,25 26 
have distinguished loss of S6 phosphorylation at serine 
235/236. Furthermore, phosphorylation of S6 at serine 
235/236 is sensitive to rapamycin in B cell activating 
factor belonging to the TNF family (BAFF)-stimulated 
primary B cells13 indicating that S6 phosphorylation at 
serine 235/236 largely reflects mTOR pathway activation 
in B cells.

The mTOR pathway plays an important role in the devel-
opment and function of B cells, including in germinal 
centres.3 In addition, mTOR is critical for differentiation 
of Tfh cells, which are essential for germinal centre reac-
tions.3 Development of germinal centre-like structures 
in the exocrine glands is associated with an increased 
risk of developing B cell lymphoma.2 Although we did 
not investigate the association of mTOR and germinal 
centres we did find a clear correlation of CD3 T cells 
and B cell hyperactivity in the salivary glands. This clear 
correlation was not observed for CD20 B cells and B cell 
hyperactivity, which supports the fact that T cell-driven B 
cell activation and mTOR activation play a crucial role in 
pSS immunopathology.

We recently described increased CCR9-expressing Th 
cells and their ligand CCL25 in pSS salivary glands.11 
CCR9+ Th cells are potent drivers of B cell hyperactivity 
and in mice were shown to induce salivary gland inflam-
mation and CD8+ T cell-dependent immunopathology.27 
Hence, CCR9+ Th cells that have Tfh-like characteristics 
and possibly play a role in germinal centre formation 
may play a significant role in pSS pathogenesis.11 27 In 
this study, we found increased CCR9+ cells with activated 
mTORC1 pathway in the LSG of patients with pSS and 
demonstrated inhibition of proliferation of blood CCR9+ 
Th cells by rapamycin. This, next to inhibition of mTOR 
activity of B cells and Tc cells, indicates that mTOR inhi-
bition may limit immunopathology induced by both 
Tfh and CCR9+ Tfh-like cells. CCR9-expressing cells, 
other than Th cells, that migrate to the salivary glands 
in response to increased CCL25 may include B cells, 
plasma cells, CD8 T cells and pDCs. Corroborating this 
we demonstrated considerable proportions of pS6-ex-
pressing cells to coexpress CCR9 (~22%).

Corroborating the potential of mTOR targeting for 
pSS, Shah et al reported that local administration of 
rapamycin inhibits infiltration of lymphocytes in the 
exocrine glands in the non-obese diabetic mouse model 
and restores tear production.28 29 This was associated with 
suppression of many inflammatory mediators, including 
CXCL13, CCL19 and CCL20, chemokines associated with 
formation of ectopic lymphoid structures. Treatment 
with rapamycin has been shown to be safe and effective in 
a phase II trial with patients with SLE, decreasing disease 
activity without withdrawals due to adverse effects.8 
However, adverse effects due to rapamycin treatment, 
including leucopenia and infections, are known. Interest-
ingly, the antidiabetic drug metformin, which has a more 
favourable safety profile, inhibits mTOR and reduced 
B cell differentiation into autoreactive plasma cells and 
formation of germinal centres in a murine SLE model.30

Thus, our data indicate a role for mTOR activity in B 
cell hyperactivity in pSS and identify mTOR inhibition 
as a novel potential therapeutic strategy for this disease. 
As such, studying the efficacy of (combination) therapy 
using mTOR inhibitors with favourable toxicity profiles 
in patients with pSS should be pursued.
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