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Abstract

Activation of costimulatory receptor 4-1BB enhances T helper 1 (Th1) and CD8 T cell responses 

in protective immunity, and prevents or attenuates several autoimmune diseases by increasing Treg 

numbers and suppressing Th17 or Th2 effector response. We undertook this study to elucidate the 

impact of enforced 4-1BB activation on the development of SS-like sialadenitis in non-obese 

diabetic (NOD) model of this disease. An anti-4-1BB agnostic antibody was intraperitoneally 

injected to female NOD mice aged 7 weeks, prior to the disease onset that occurs around 10-11 

weeks of age, 3 times weekly for 2 weeks, and the mice were analyzed for SS pathologies at age 

11 weeks. The salivary flow rate was markedly higher in the anti-4-1BB-treated NOD mice 

compared to the IgG-treated controls. Anti-4-1BB treatment significantly reduced the leukocyte 

infiltration of the submandibular glands (SMGs) and the levels of serum antinuclear antibodies. 

Flow cytometric analysis showed that the percentages of CD4 T cells, Th17 cells and 

plasmacytoid dendritic cells among SMG leukocytes were markedly reduced by anti-4-1BB 

treatment, in conjunction with a reduction in SMG IL-23p19 mRNA levels and serum IL-17 

concentrations. Although the proportion of Tregs and IL-10 mRNA levels in SMGs were not 

altered by 4-1BB activation, IL-10 mRNA levels in submandibular lymph nodes and serum IL-10 

concentrations were both markedly increased. While anti-4-1BB treatment did not affect the 

amount of Th1 cells and IFNγ mRNA, it increased these measurables in submandibular lymph 

nodes. Hence, agonistic activation of 4-1BB impedes the development of SS-like sialadenitis and 

hyposalivation.
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1. Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease that affects an estimated 4 million 

Americans (1). SS is characterized by leukocyte infiltration of salivary and lacrimal glands 

and autoantibody production, which lead to destruction and dysfunction of these exocrine 

glands and xerostomia (dry mouth) and keratoconjunctivitis (dry eyes) as key clinical 

manifestations. SS also frequently affects various other organs, causing sytemic problems 

including fibromyogia, fatigue, neuro-cognitive impairment and B cell lymphoma (1–3). 

Aberrant and coordinated activation of innate immune cells and autoreactive effector T cells 

and B cells drives the development, onset and progression of SS-like exocrinopathy (4, 5) (3, 

6, 7) (8, 9). Cytokines IFNγ, TNFα, IL-4 and IL-17, derived from T helper (Th) 1, Th2 and 

Th17 effector cells, and autoantibodies produced by B cells, all play indispensable roles in 

SS pathogenesis (6, 7, 10–18) (8, 9, 19). Hence, strategies that can attenuate the activity and 

effect of the pathogenic innate and adaptive immune cells, including the endogenous 

immune regulators, have the potential to combat this autoimmune disorder.

4–1BB, also termed CD137, is a cell surface receptor that belongs to the TNF receptor 

superfamily and the T cell costimulatory family (20–23). 4–1BB-mediated signaling in CD4 

T cells attenuates effector Th1 and Th17 response while enhancing the expansion and 

function of Tregs (20, 21, 24). Indeed, enforced activation of 4–1BB signaling with an 

agonistic antibody ameliorates EAE and T1D in experimental models (22, 23). Moreover, 4–

1BB signaling has well-documented promoting-effect on CD8 T cell-mediated long-term 

protective immunity, hence bearing the potential to attenuate pathogenic Th response and 

autoimmune disease while preserving protective CD8 T cell function (25–27). In addition to 

its role in the modulation of T cell activity, 4–1BB is also expressed by and modulates/

stimulates the function of various innate immune cells, including monocytes/macrophages, 

NK cells, follicular dendritic cells, other myeloid cells, and non-immune tissue cells such as 

osteoclasts and endothelial cells (25, 26, 28). In SS, 4–1BB deficiency exacerbates 

dacryoadenitis in a mouse model (29), suggesting that 4–1BB-mediated signals may have a 

similar immune-regulatory and disease-inhibiting function in SS-like sialadenitis. We hence 

undertook the current study to determine if enhancing 4–1BB activation with an agonistic 

antibody can prevent or impede the development of SS-like sialadenitis and hyposalivation 

in the NOD model of this disease.

2. Materials and Methods

2.1 Mice

Female non-obese diabetic (NOD) mice were purchased from the Jackson Laboratory and 

were housed in the specific pathogen-free animal facility at the Forsyth Institution. All the 

experimental protocols and procedures were approved by the Institutional Animal Care and 

Use Committee of the Forsyth Institute and implemented in compliance with the National 

Institutes of Health guidelines for the care and use of laboratory animals.
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2.2 Antibodies

Purified monoclonal rat-anti-mouse 4–1BB (TKS-1) and its isotype control rat-IgG2a (2A3) 

used for injection were obtained from BioXCell. For flow cytometry, fluorescence 

conjugated antibodies specific for CD45, CD4, CD8, CD19, Foxp3, IFN-γ, IL-17, B220, 

CD11c, CD11b, Siglec-H, BST2 and CD16/32 antibodies were purchased from BioLegend.

2.3 In vivo administration of anti-4–1BB antibody

7 week-old female NOD mice received intraperitoneal (i.p.) administration of 200 μg anti-

mouse 4–1BB antibody or control rat IgG2a 3 times weekly for two weeks. All the analyses 

were performed 2 weeks after the last injection.

2.4 Histological analysis

SMG tissues were fixed in 4% paraformaldehyde, embedded in paraffin and sectioned to 5 

μm thickness. Routine histology was carried out on 3 non-consecutive SMG sections for 

each mouse with hematoxylin and eosin (H&E) to determine the degree of inflammation. 

The highest focus number as well as the average focus number of the 3 sections were used 

for further calculation and statistical analysis.

2.5 Flow cytometry

Single cells from SMGs or salivary gland-draining lymph nodes (SGLNs) were freshly 

isolated and incubated with anti-CD16/32 antibody to prevent unspecific binding. The cells 

were then stained with a combination of fluorescence-conjugated antibodies against surface 

immune cell markers at 4°C for 30 min. Where indicated, cells were further fixed and 

permeabilized and subjected to intracellular or nuclear staining for cytokines and Foxp3. 

These stained cells were analyzed on a FACS Arial II flow cytometer (BD) and the data are 

processed using the FlowJo V10 software.

2.6 Detection of serum antinuclear antibodies (ANA)

Sera collected from the mice were diluted 1:40 and subjected to ANA measurements using 

HEp-2 human epithelial cell substrate slides (INOVA Diagnostics), according to the 

manufacturer’s instructions. After staining, the samples were examined and imaged under an 

inverted wide-field fluorescence microscope (Zeiss) at 400× magnification. The images were 

further processed with the Zeiss software (ZEN blue edition), and the fluorescence intensity 

of the staining was quantified with the ImageJ 1.50i software.

2.7 Measurement of stimulated salivary flow rate

Female NOD mice received i.p.-administration of 100 μl PBS-based secretagogue solution 

containing pilocarpine (1 mg/ml) and isoproterenol (2 mg/ml). One min after the injection, 

saliva was collected continuously for 5 min and the volume of the saliva from each mouse 

was measured and normalized to the body weight.

2.8 Real-time PCR

Total RNA was purified using RNeasy Micro kit (Qiagen) and reverse transcribed into 

cDNA with MLV reverse transcriptase (Promega). SYBR Green-based real-time PCR 
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amplification (Qiagen) was conducted for 40 cycles with annealing and extension 

temperature at 60°C on a LightCycler 480 Real-Time PCR System (Roche). Primer 

sequences are available upon request. The gene expression level was normalized to β-actin.

2.9 Multiplex assay of serum cytokine concentrations

Serum levels of cytokines including IFN-γ, IL-4, IL-17, IL-10, and TNF-α were determined 

using a magnetic bead-based multiplex assay kit (LXSAMSM-06, R&D Systems) following 

the manufacturer’s instructions. Data were collected on a Bio-Plex®200 (Luminex) and 

further analyzed using Bio-Plex Manager software v6.0.

2.10 Statistical analysis

Statistical significance was determined by two-tailed Student’s t-test (for normally 

distributed data sets, as determined using the SPSS software) or Mann-Whitney U test (for 

data that were not normally distributed). P values smaller than 0.05 were considered as 

statistically significant.

3. Results:

Administration of an agonistic anti-4–1BB antibody impeded the development of SS-like 
sialadenitis and hyposalivation in female NOD mice

We have previously shown that female NOD mice have the initial onset of SS-like clinical 

disease around 10 weeks of age (30, 31). To determine the effect of 4–1BB activation on the 

development of SS, we i.p.-administered an agonistic anti-4–1BB antibody (200 μg) to the 

NOD mice aged 7 weeks, prior to the clinical disease onset, 3 times weekly for two weeks. 

Mice were then analyzed for characteristic SS pathologies at age 11 weeks. Activation of 4–

1BB markedly improved the salivary flow rate (Fig. 1A), and reduced salivary gland 

inflammation as determined by H&E staining of the submandibular gland (SMG) sections 

(Fig. 1B). The numbers of leukocyte foci in SMG sections, both the average number and the 

highest number of the three non-consecutive sections from each SMG sample, were reduced 

significantly by anti-4–1BB treatment (Fig. 1B, middle and right panels). The levels of 

serum antinuclear antibody (ANA) were also substantially reduced by anti-4–1BB treatment 

(Fig. 1C).

Activation of 4–1BB reduced the proportion of CD4 T cells and Th17 cells in the SMGs

Flow cytometric analysis of the SMG cells showed that the percentage of CD4 T cells 

among leukocytes (defined as CD45+ cells) was markedly reduced, whereas those of CD8 T 

cells and B cells were not altered by anti-4–1BB treatment (Fig. 2A). The proportion of 

Th17 cells among leukocytes (defined based on the forward scatter-side scatter profile) and 

that among total SMG cells were both strikingly decreased in anti-4–1BB-treated mice (Fig. 

2B, left panels). Similarly, the percentages of total IL-17-producing cells (all cells that were 

IL-17+, including Th17 cells and all other IL-17-producing populations/subsets) among 

leukocytes and those among total SMG cells were also lowered by anti-4–1BB treatment 

(Fig. 2B, left panels). In exploring the potential mechanisms underlying the Th17 reduction 

in SMGs, we found that the expression levels of IL-23p19, a subunit of Th17-promoting 

cytokine IL-23, in the SMGs was substantially reduced in anti-4–1BB-treated group (Fig. 
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2B, right panels). Expression of CCL20, a major chemoattractant of Th17 cells, was not 

affected by anti-4–1BB treatment (Fig. 2B, right panels). In comparison, the proportion of 

Th1 cells, total IFNγ -producing cells (all cells that were IFNγ+, including Th1, IFNγ+ 

CD8 T/Tc1 cells, and all other IFNγ-producing populations/subsets) and Foxp3+CD4 T 

cells (Tregs) among leukocytes (defined based on the forward scatter-side scatter profile) did 

not show a statistically significant change in the anti-4–1BB-treated group (Fig. 2C, left 

panels). In accordance, mRNA levels of Th1 cytokines IFNγ, TNFα and the immune-

regulatory cytokine IL-10 were not affected in a statistically significant degree by anti-4–

1BB as determined by real-time qPCR analysis (Fig. 2C, right panels). In addition, the 

expression of Th2 cytokine IL-4 was not altered (data not shown).

Activation of 4–1BB enhanced IFNγ production and did not affect IL-17 production in SMG-
draining lymph nodes and blood

We next assessed the change in cytokine levels in the blood by multiplex assay, which 

showed that IL-17 concentration in sera was substantially reduced by anti-4–1BB, 

mimicking the decrease in the SMG tissues (Fig. 3A). Serum IL-4 concentration was not 

affected by anti-4–1BB treatment (Fig. 3A), paralleling the unaltered IL-4 expression in 

SMGs. Interestingly, although IL-10 and TNFα mRNA amounts in SMG tissues were not 

altered, the serum concentration of both cytokines was significantly elevated by anti-4–1BB 

treatment (Fig. 3A). Accordingly, IL-10 mRNA amounts in SMG-draining lymph nodes 

(SGLNs) was also markedly increased by anti-4–1BB treatment, although the proportion of 

Tregs was not changed as determined by flow cytometric analysis (Fig. 3B). The serum 

IFNγ concentration was below detection level (Fig. 3A), but flow cytometric analysis of 

SGLNs showed that the proportions of Th1, Tc1 and total IFNγ-producing cells were 

increased by anti-4–1BB treatment (Fig. 3C, left panels), accompanied by an increase in 

IFNγ and T-bet mRNA levels based on real-time qPCR analysis (Fig. 3C, right panels). 

These results are consistent with the reported Th1/Tc1-enhancing effect of 4–1BB signaling 

in various immunological settings. Hence, systemic administration of the agonistic anti-4–

1BB attenuated local and systemic IL-17 responses and enhanced systemic IL-10 

production, both of which may contribute to 4–1BB-mediated suppression of SS-like 

disease.

Activation of 4–1BB decreased the proportion of plasmacytoid DCs (pDCs) in SMGs

Flow cytometric analysis of the SMG cells showed that the percentage of pDCs (defined as 

CD11b−CD11cmidB220+ Siglec-H+BST2+) among leukocytes and that among total SMG 

cells were both significantly reduced by anti-4–1BB treatment (Fig. 4A). In comparison, the 

percentage of conventional DCs (cDCs, defined as CD45+CD11b+CD11c+B220−) among 

leukocytes was not significantly altered by anti-4–1BB treatment, but that among total SMG 

cells was decreased as a result of a reduction in total leukocytes in the SMGs (Fig. 4A). 

Consistent with a decrease in pDCs in the SMG tissues, the mRNA levels of IFNα and IFNβ 
were both markedly reduced (Fig. 4C). Similar to its effect on lymphocytes, anti-4–1BB 

treatment differentially affected DCs in salivary glands versus SGLNs as it did not decrease 

the proportion of pDCs and cDCs in the SGLNs (Fig. 4B). To explore if such differential 

impact can be explained by impaired recruitment of pDCs and cDCs to the SMGs, we 

examined the expression levels of two major chemoattractants of pDCs, CCL2 and CCL20, 
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and found that they were not altered by anti-4–1BB treatment (Fig. 4C and 2B). Hence, 

anti-4–1BB treatment reduced the amount of pDCs and type 1 IFNs in the SMGs without 

affecting those in the SGLNs.

4. Discussion

The key finding of this study is that agonistic antibody-mediated 4–1BB activation impedes 

the development and onset of SS-like sialadenitis and hyposalivation, with the effect 

associated with a reduction in Th17 cells and other IL-17-producting cells and a decrease in 

pDCs specifically in salivary gland tissues.

Our findings that activation of 4–1BB reduced Th17 response in salivary gland tissues in SS 

disease setting is consistent to what was reported in the EAE model (23). Since the decrease 

in Th17 and other IL-17-producing cells in SMGs are not accompanied by a reduction of 

these cells in the SGLNs, we examined the level of Th17-chemoattractant CCL20 in the 

SMGs and found that it was not reduced by anti-4–1BB treatment. The result suggests that 

the decrease in Th17 cells in SMGs is not a consequence of a defective CCL20-mediated 

recruitment of these cells. Instead, we found that the amount of IL-23p19 transcripts in 

SMGs was significantly decreased, which likely contributes to the local reduction of Th17 

and other IL-17-producing cells by impairing the differentiation/stabilization of these cells. 

The inhibitory effect of 4–1BB activation on IL-23 production has not been previously 

reported, and the cellular producers of IL-23 responding to anti-4–1BB treatment remain to 

be identified, with dendritic cells, macrophages as well as salivary gland epithelial cells 

being possible candidates.

The autoimmune disease-alleviating function of anti-4–1BB treatment demonstrated for type 

1 diabetes and EAE is associated with increased Treg cell numbers. In NOD mice, we did 

not detect a significant alteration of the number of Foxp3+ Tregs in either SMGs or SGLNs 

upon anti-4–1BB treatment, nor the level of immune-regulatory cytokine IL-10 in the 

SMGs. However, the IL-10 mRNA levels in SGLNs and the IL-10 concentration in sera 

were both upregulated by anti-4–1BB treatment, suggesting that 4–1BB activation could use 

IL-10 induction as a mechanism to limit effector T cell response. The cellular producers of 

IL-10 in response to anti-4–1BB stimulation require further characterization. Apart from 

Tregs, multiple immune cell populations/subsets, including Th1 and Tc1 cells, can also 

produce IL-10 under various immunological conditions. We showed that upon anti-4–1BB 

treatment, the amount of Th1 and Tc1 cells was increased in SGLNs but not in SMGs, which 

paralleled the pattern of change in IL-10 levels. Hence, the elevated IL-10 and TNFα levels 

in SGLNs and sera induced by anti-4–1BB may largely result from the increase in Th1 and 

Tc1 cells. In addition, it is also possible that although anti-4–1BB treatment did not affect 

the number of Tregs, it enhanced the IL-10-producing ability of Tregs in SGLNs and blood. 

Future studies will test these hypotheses, defining the specific cellular producers of IL-10 

and TNFα upon anti-4–1BB treatment and also comprehensively examining the impact of 

anti-4–1BB stimulation on Treg immune-suppressive activity, including the production of 

IL-10, IL-35 and TGFβ.
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A key novel finding in this study is the inhibitory effect of anti-4–1BB treatment on the 

number of pDCs and the level of type 1 IFNs, likely a consequence of pDC reduction, in the 

target salivary gland tissues in the SS disease setting. In addition to its role in the modulation 

of T cell activity, 4–1BB is also expressed by and modulates/stimulates the function of 

various innate immune cells, myeloid cells and non-immune tissue cells (25, 26, 28). This 

study is the first that identifies an impact of 4–1BB activation on pDCs, which has not been 

reported in any other autoimmune diseases or immunological conditions. We found that the 

effect of anti-4–1BB treatment specifically reduces the number of pDCs in the target salivary 

glands but not the salivary gland-draining lymph nodes. In comparison, anti-4–1BB 

treatment affects cDCs to a much lower degree in salivary glands. Our finding is further 

supported by a substantial reduction in type 1 IFNs, for which pDCs are the main producers. 

Since type 1 IFNs have been shown to be critical for the development and pathogenesis of 

SS (32, 33), the inhibitory effect of anti-4–1BB treatment on pDCs and type 1 IFNs in the 

salivary gland tissues could critically contribute to its SS-restraining effect. Examination of 

two critical pDC-chemoattractants, CCL2 and CCL20, showed that their expression in 

salivary glands is not altered upon anti-4–1BB treatment. The key mechanisms by which 

systemic 4–1BB triggering decreases pDC amount in the salivary gland tissues without 

affecting that in SGLNs awaits further elucidation.

In accordance with the reported Th1-and Tc1-promoting effect of 4–1BB activation (25, 26), 

our study showed that the proportions of Th1 and Tc1 cells in the SGLNs are both increased 

by anti-4–1BB treatment, while those in the SMG tissues were not significantly altered. This 

discrepant outcome could be attributed to a failure of Th1 and Tc1 cells to migrate from 

SGLNs to the SMGs tissues, or inefficient local activation/expansion of these effector cells 

in the SMGs. Regardless, the ability of 4–1BB-triggering to attenuate Th17 response in 

SMGs and to enhance Th1/Tc1 responses in lymphoid tissues but not in SMGs likely 

underpins its effect to attenuate SS pathologies while preserving/boosting protective 

immunity against tumor and viral infections. Such unique feature also makes 4–1BB an 

attractive therapeutic candidate for combatting SS and other autoimmune diseases.
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Highlights

• Anti-4–1BB treatment significantly reduced the leukocyte infiltration of the 

submandibular glands and the levels of serum antinuclear antibodies in NOD 

mice

• Anti-4–1BB treatment reduced the percentages of CD4 T cells, Th17 cells 

and plasmacytoid dendritic cells and the amount of IL-23 transcripts in 

submandibular glands

• Anti-4–1BB treatment significantly upregulated IL-10 mRNA levels in 

submandibular lymph nodes and IL-10 concentrations in the blood

• Anti-4–1BB treatment did not alter the amount of Th1 cells and IFNγ mRNA 

in submandibular glands, but increased these measurables in submandibular 

lymph nodes
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Figure 1. Administration of an agonistic anti-4–1BB antibody impeded the development of SS-
like sialadenitis and hyposalivation in female NOD mice.
Anti-4–1BB antibody or isotype IgG was i.p.-administered to 7-week-old female NOD mice 

3 times weekly for 2 weeks, and the mice were analyzed for SS pathologies two weeks after 

the last injection. (A) Stimulated salivary flow rate normalized to body weight. (B) Left 

panels, images of H&E staining of SMG sections (200X magnification); right panels, 

statistical analysis of the highest focus number and the average focus number of the 3 non-

consecutive SMG sections from each mouse in the control and anti-4–1BB-treated groups. 

(C) Serum ANA assay. Left panels, images of the immunofluorescence staining of ANA 

(200X magnification). Right panels, fluorescence intensity of ANA staining. Data are 

representative or the average of 8 mice per group. Error bars represent the SEM.* p<0.05
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Figure 2. Activation of 4–1BB reduced the proportion of CD4 T cells and Th17 cells in the 
SMGs.
Anti-4–1BB antibody or IgG was i.p.-administered to 7-week-old female NOD mice 3 times 

weekly for 2 weeks, and the mice were analyzed 2 weeks after the last injection. (A) Dot 

plots, flow cytometry profile of lymphocyte populations; bar graphs, average percentage of 

lymphocyte populations in SMG leukocytes. (B) Left 4 panels, average percentage of Th17 

and IL-17+ cells; right panels, relative gene expression of IL-23p19 and CCL20 levels in the 

SMG tissues, normalized to β-actin. (C) Left 3 panels, average percentage of Th1 cells, total 

IFNγ+ cells (including Th1, IFNγ + CD8 T/Tc1 cells, and all other IFNγ+ populations/

subsets) and Tregs (Foxp3+CD4 T cells) among leukocytes; right panels, relative gene 

expression of IFNγ, TNFα and IL-10 levels in the SMGs, normalized to β-actin. Data are 

representative or the average of analyses of 8 mice per group. * p<0.05; **p<0.01.
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Figure 3. Activation of 4–1BB enhanced IFNγ production without affecting IL-17 production in 
SMG-draining lymph nodes and blood.
Anti-4–1BB antibody or IgG was i.p.-administered to 7-week-old female NOD mice 3 times 

weekly for 2 weeks. All the analyses were performed 2 weeks after the last injection. (A) 

Multiplex analysis of serum cytokine concentrations. (B) Left panel, average percentage of 

Tregs (Foxp3+CD4 T cells) in SGLNs as determined by flow cytometry; right panel, relative 

gene expression of IL-10 in SGLNs, normalized to β-actin. (C) Left 3 panels, average 

percentage of Th1, IFNγ+ and Tc1 cells in SGLNs; right panels, relative gene expression of 

IFNγ and T-bet in the SGLNs, normalized to β-actin. Data are the average of analyses of 8 

mice per group. * p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Activation of 4–1BB decreased the proportion of pDCs in SMGs.
Anti-4–1BB antibody or IgG was i.p.-administered to 7-week-old female NOD mice 3 times 

weekly for 2 weeks, and mice were analyzed 2 weeks after the last injection. (A) Flow 

cytometry of pDC and cDC populations in SMGs. (B) Flow cytometry of pDC and cDC 

populations in SGLNs. (C) Real-time qPCR analysis of relative expression of IFNα, IFNβ 
and CCL2 genes in the SMGs, normalized to β-actin. Data are the average of analyses of 8 

mice per group. * p<0.05; **p<0.01
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