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Abstract

TOLLIP is a central regulator of multiple innate immune signaling pathways, including TLR2, 

TLR4, IL-1R, and STING. Human TOLLIP deficiency, regulated by SNP rs5743854, is associated 

with increased tuberculosis (TB) risk and diminished frequency of BCG vaccine-specific CD4+ T 

cells in infants. How TOLLIP influences adaptive immune responses remains poorly understood. 

To understand the mechanistic relationship between TOLLIP and adaptive immune responses, we 

used human genetic and murine models to evaluate the role of TOLLIP in dendritic cell (DC) 

function. In healthy volunteers, TOLLIP SNP rs5743854 G allele was associated with decreased 

TOLLIP mRNA and protein expression in DCs, along with LPS-induced IL-12 secretion in 

peripheral blood DC. As in human cells, LPS-stimulated, Tollip−/− bone marrow-derived murine 

DCs secreted less IL-12 and expressed less CD40. Tollip was required in lung and lymph node-

resident DCs for optimal induction of MHC Class II and CD40 expression during the first 28 

days of Mtb infection in mixed bone marrow chimeric mice. Tollip−/− mice developed fewer Mtb-

specific CD4+ T cells 28 days after infection, nor after BCG vaccination. Furthermore, Tollip−/− 

DC were unable to optimally induce T cell proliferation. Together, these data support a model 

where TOLLIP-deficient DCs undergo suboptimal maturation after Mtb infection, impairing T cell 

activation, and contributing to TB susceptibility.

Introduction

TOLLIP is a master regulator of innate immune function. In genetic studies, decreased 

TOLLIP expression is associated with increased tuberculosis (TB) risk(1, 2). A functional 

promoter-region single-nucleotide polymorphism (SNP), rs5743854 G allele, contributes to 

decreased TOLLIP expression in monocytes (3, 4). TOLLIP deficiency is associated with 

decreased BCG-specific IL-2+CD4+ T-cell frequency in South African infants(1). Bacille 

Calmette-Guerin (BCG) is the only currently approved vaccine for TB provided to millions 
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of infants annually, but its effectiveness is partial and variable(5). Therefore, understanding 

factors that determine vaccine-induced immune factors may provide insight into improved 

vaccine design. How TOLLIP influences the induction of T cell memory responses is poorly 

understood.

One critical component for inducing T cell responses after BCG vaccination are dendritic 

cells (DC), which are professional antigen presenting cells essential for host immunity to 

Mycobacterium tuberculosis. In mice, DC depletion during Mtb infection leads to impaired 

CD4+ T cell responses and worsened disease (6). Individuals with MonoMAC syndrome, 

a rare genetic disorder, exhibit few DC overall and develop disseminated mycobacterial 

diseases early in life (7). Mtb restricts DC function in the lung by delaying antigen uptake 

and migration (8), and techniques to stimulate DC function during Mtb infection can reduce 

Mtb severity (9). Therefore, optimizing DC and T cell interactions during Mtb infection may 

be an effective prevention or therapeutic strategy.

Although the function of TOLLIP in DCs is unknown, TOLLIP influences the activity 

of multiple functionally distinct immune cell subsets. In macrophages, TOLLIP dampens 

NF-κB signaling, while in fibroblasts it stabilizes STING due to its role in endosomal 

trafficking (10–13). TOLLIP contributes to eosinophil recruitment to the lung in asthma and 

impaired immune responses during rhinovirus infection (14, 15), is required for effective 

neutrophil infiltration of solid tumors (16), and is associated with worsened disease from 

the intracellular pathogens Legionella pneumophila and Leishmania major (17, 18). During 

prolonged Mtb infection, mice lacking Tollip develop worsened TB disease accompanied by 

impaired alveolar macrophage function(1). Taken with its known effects on T cell memory 

responses after BCG vaccination, the lack of understanding of its impact on DC function 

represents a fundamental gap in knowledge.

Common genetic variation influences the cellular innate immune response to Mtb. 

Genetic variation impacts innate immune cellular distribution and inflammatory ligand-

induced cytokine responses in peripheral blood (19–22). These effects are often immune-

cell specific, so evaluating critical immune cells of interest specifically is critical for 

understanding genetic regulation of immune-mediated diseases (23). Therefore, we used 

a validated whole-blood innate immune assay to assess the influence of SNP rs5743854 on 

TOLLIP mRNA expression and TLR-induced cytokine responses in DCs. We followed these 

studies with evaluation of DC function in knockout mouse models to understand the impact 

on TB disease and BCG-induced T cell responses (24, 25).

Materials and Methods

Study Participants and Ethics Statement

Approval for all human study protocols was obtained from the institutional review boards at 

the University of Washington. Written informed consent was obtained from all participants 

before inclusion in the study. All participants were healthy adults >18 years of age, not 

taking any immunomodulatory medications, and without any medical history of cancer, 

kidney disease, liver disease, or recurrent or serious infections. Study participants were 

local volunteers self-described as healthy without history of recurrent or serious infections. 
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We collected peripheral whole blood from two cohorts of study volunteers to perform 

our genetic analysis -- one set stimulated for 6 hours and second for 24 hours. Baseline 

demographic characteristics of these cohorts are described in Table 1. Genotypes were 

determined with a Taqman genotyping assay and a Fluidigm Biomark HD 96.96 array 

platform or a single assay format with RTPCR and intermittently validated by sequencing of 

the TOLLIP promoter region.

Reagents

RPMI Medium 1640 and DMEM were purchased from Invitrogen (Carlsbad, CA.). Fetal 

bovine serum was purchased from Atlas Biologicals (Fort Collins, CO). Ultrapure LPS 

was purified from Salmonella minnesota R595 (List Biological Laboratories). Recombinant 

human and mouse cytokines (IL-4, GM-CSF) were purchased from Peprotech. Tetramers 

were obtained from the NIH Tetramer Core Facility

Human Peripheral Blood Assays and Flow Cytometry

For human studies, whole blood from healthy volunteers was collected in heparinized tubes 

and stimulated with media or LPS (10ng/ml) immediately after collection. Brefeldin A 

and monensin were added 4 hours prior to the end of the assay. Samples were placed in 

40% RPMI media, 40% DMSO, and 10%FCS, then slowly frozen in isopropanol container 

followed by transfer to liquid nitrogen. These samples were thawed in batches at the time 

of data analysis. Flow cytometry was performed at the University of Washington Center for 

Emerging and Reemerging Infectious Diseases Clinical Research Facility on a BD Fortessa 

5-laser flow cytometer or on BD Symphony flow cytometer. The following antibodies were 

used in these experiments: anti-CD3 PE-Texas Red (clone UCHT1; Beckman Coulter), 

anti-CD11c APC (clone 5-HCL-3; BD), anti-CD14 V500 (clone M5E2; BD), anti-CD16 

(clone 3G8; Biolegend), anti-CD66 -biotin (clone ASL-32; Biolegend), anti-CD123 PE-

Cy7 (clone 6H6; Biolegend), anti-HLA-DR (clone LN3; eBioscience), anti-IL-6 (clone 

MQ213A5; eBioscience), anti-IL12 eFluor450 (clone C8.6; eBioscience), Streptavidin V786 

(BD), anti-TNF AlexaFluor-700 (clone Mab11, BD). Gating was performed manually, and 

cytokine responses were defined using preselected positive and negative control samples, 

then generalized across the entire population. Genomic DNA was obtained from PBMC 

using peripheral blood DNA collection kits (Qiagen, Inc). Human peripheral blood DC 

were prepared by isolating PBMC from peripheral blood via Ficoll gradient separation. 

Monocytes were then isolated via CD14+ selection using Miltenyi CD14-Human Microbead 

Kits. Bone marrow and resuspended in RPMI media supplemented with 10% FCS, and cells 

were differentiated in the presence of recombinant human GM-CSF (300 IU/ml) and IL-4 

(200 IU/ml; Peprotech, Inc.) for five days. Cells in suspension were confirmed to be DC 

by CD14 and CD11c cell surface marker staining (>90% purity). RNA was extracted from 

monocyte-derived DC in cell culture using RNeasy kits (Qiagen, Inc).

Western blots

DC extracts were prepared in RIPA buffer and equal amounts of total protein (5 or 

20μg), as quantified by Pierec® BCA assay (Thermo Scientific) were separated by SDS-

PAGE, transferred onto nitrocellulose membranes and exposed overnight with primary 

antibodies to TOLLIP (Abcam, Inc) or b-actin (Cell Signaling Technologies) in TBS-T 
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buffer supplemented with 5% BSA. HRP-conjugated anti-rabbit IgG and SignalFire or 

SignalFire Elite ECL reagents (Cell Signaling Technologies) were sequentially added to 

membranes and densitometry was performed using a C-DiGit scanner with Image Studio 4.0 

software (LiCOR).

Mice

All mice were housed and maintained in specific pathogen-free conditions at the University 

of Washington and Seattle Children’s Research Institute, and all experiments were 

performed in compliance with US DHHS guidance for the care and use of laboratory 

animals, under the supervision of the Institutional Animal Care and Use Committee 

from the University of Washington and Seattle Children’s Research Institute. B6.Cg-

Tolliptm1Kbns/Cnrm (Tollip−/−) mice were obtained from the European Mutant Mouse 

Archive (www.infrafrontier.eu) (10). Mice were backcrossed 11 times on C57BL/6J 

background and were confirmed to be >99% C57BL/6J genetically by screening 150 SNP 

ancestry informative markers (Jax, Inc). Genotyping was performed using DNA primers 

for neomycin (Forward sequence: AGG ATC TCC TGT CAT CTC ACC TTG CTC CTG; 

Reverse sequence AAG AAC TCG TCA AGA AGG CGA TAG AAG GCG) and the 

first exon of TOLLIP (Forward sequence: AGC TAC TGG GAG GCC ATA CA; Reverse 

sequence: CGT GTA CGG GAG ACC CAT TT). Protein expression was confirmed in both 

knockout and backcrossed alleles by Western blot selectively. All wild type control mice 

were age- and sex-matched littermates to ensure a common genetic background. Mice used 

in the experiments were 6–12 weeks of age. ABSL3 experiments were performed at the 

Seattle Children’s Global Infectious Disease Research Institute.

Mtb infection

Aerosol infections were performed with Mtb H37Rv strain with an mCherry reporter 

plasmid. Mice were enclosed in a Glas-Col aerosol infection chamber and ~50–100 CFU 

were deposited into mouse lungs. Doses were confirmed using control mice by plating lung 

homogenates on 7H10 agar immediately after aerosol infection.

Tissue Preparation and Evaluation

Mice were euthanized and lungs were gently homogenized in HEPES buffer containing 

Liberase Blendzyme 3 (70 μg/ml; Roche) and DNaseI (30 μg/ml; Sigma-Aldrich) using 

a gentleMacs dissociator (Miltenyi Biotec). The lungs were then incubated for 30 min at 

37°C and then further homogenized a second time with the gentleMacs. The homogenates 

were filtered through a 70 μm cell strainer, pelleted for RBC lysis with RBC lysing buffer 

(Thermo), and resuspended in FACS buffer (PBS containing 2.5% FBS and 0.1% NaN3).

Chimera Generation

WT:Tollip−/− mixed bone marrow chimeras were generated in the following manner: WT 

B6.SJL-Ptprca Pepcb/BoyJ (CD45.1+; Jax, Inc.) F1 mice were lethally irradiated (1000 

cGy). A 1:1 mixture of CD3-depleted (Miltenyi Biotec) Tollip−/− (CD45.2+) and F1 

generation of C57BL/6J (CD45.1+45.2+) bone marrow was provided intravenously. Mice 

were allowed to recover for at least ten weeks before experiments were performed.
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Cellular Assays

Bone marrow was harvested from mice and grown in RPMI supplemented with 10% 

heat inactivated FCS (Atlas Bio, Fort Collins, CO). Bone marrow-derived dendritic cells 

(BMDC) were differentiated in the presence of IL-4 and GM-CSF (Peprotech, Inc.) for 

7 days (26). For T cell coculture experiments, naïve CD4 T cells were isolated using 

magnetic bead-conjugated antibodies (EasySep™ Murine CD4+ T Cell Isolation Kit) from 

homogenized splenocytes, stained with CFSE at 37° C for 15 minutes, and washed three 

times with PBS. T cells were added to BMDC-containing wells at a density of 200,000 

cells/well and media was supplemented with 10ng/mL IL-2 at day 2 and 3. Following 

differentiation, BMDCs were plated with OVA323–330 peptide (10μg/ml) for 2 hours, 

then OVA-specific CD4+ T cells were added at 1:10 BMDC:T cell ratio. Cells were 

harvested after 7 days and analyzed via flow cytometry. Cytokine concentrations from 

cellular supernatants were performed by ELISA (R&D Biosystems, ELISA Duosets).

Mouse Flow Cytometry

Lung single cell suspensions were washed and stained for viability with Zombie Aqua 

viability dye (BioLegend) for 10 min at room temperature in the dark. After incubation, 

100μl of a surface antibody cocktail diluted in 50% FACS buffer/50% 24G2 Fc blocking 

buffer was added, and surface staining was performed for 30 min at 4°C. Cells were 

washed once with FACS buffer and fixed with 2% paraformaldehyde for 1 h prior 

to analyzing on an LSRII flow cytometer (BD Biosciences). In some experiments, 

intracellular staining was performed after surface staining. Permeabilization was performed 

with Fix-Perm buffer (eBiosciences) for minimum of 60 min before the addition of 

intracellular antibodies. The following antibodies were used for these experiments: anti-

CD80 (Invitrogen, cat: 11-0801-85), anti-CD40 (Biolegend cat: 124624), anti-CD11b (BD 

cat: 562681and Biolegend cat: 101243), Zombie Aqua viability (Biolegend, cat: 423102), 

anti-Ly6G (Biolegend cat: 127614 and BD cat: 561105), MHC Class II (I-A/I-E; Biolegend 

cat: 107622 and Biolegend cat: 107620), anti-CD11c (Biolegend cat: 117339), anti-CD103 

(BD cat: 564322), anti-CD45.2 (Biolegend cat: 109828 and Biolegend cat: 109814), anti-

CD45.1 (Invitrogen cat: A14733). Some mouse flow experiments were performed on a 

BD Symphony A3 flow cytometer at the University of Washington Flow Cytometry Core 

Facility and others were performed on a BD FacsLSR II at Seattle Children’s’ Research 

Institute.

Statistical methods

Statistical association between SNP rs5743854 and cytokine-induced phenotypes were 

determined using a simple generalized linear model comparing genotypes (AA vs Aa 

vs aa). Because SNP rs5743854 has been validated as functionally active, we used a 

p-value threshold of < 0.05 to determine statistical significance, without correction for 

multiple comparisons. For mouse studies, comparisons were made with two-sided t tests 

unless otherwise described. A p-value threshold of <0.05 was used to determine statistical 

significance. Statistical analysis and visualizations of data were performed with Prism 

version 8.0 (GraphPad, Inc.).
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Results

SNP rs5743854 is associated with decreased mRNA expression in DCs

In prior studies, the G allele of rs5743854 was associated with decreased frequency of 

BCG-specific IL-2+CD4+ T cells (2). This variant was associated with TOLLIP expression 

in monocytes, so we first evaluated DCs, as a related cell type with a primary role in 

inducing and maintaining T cell responses (27, 28). We used a genetic approach to evaluate 

the impact of TOLLIP on human DC function. We differentiated DC from peripheral 

blood monocytes then extracted RNA and measured TOLLIP mRNA expression (29). SNP 

rs5743854 G allele was associated with diminished TOLLIP mRNA expression (Figure 

1A; p = 0.03, generalized linear model). Further, rs5743854 G allele was associated with 

TOLLIP protein expression in BMDC by Western blot (Figure 1B–C; p < 0.04, two-sided 

t-test). Therefore, SNP rs5743854 is broadly associated with diminished mRNA expression 

and protein expression in BMDC, making it a useful tool to study the effects of TOLLIP in 

DC in human populations.

SNP rs5743854 is associated with diminished LPS-induced IL-12 in peripheral blood DC

Based on these results, we measured the association between rs5743854 and the proportion 

of peripheral blood HLA-DR+CD11c+ DC, CD123+ plasmacytoid DC (pDC), or CD14+ 

monocytes producing IL-12, TNF, or IL-6, after six hours of media or LPS stimulation 

(Figure 2A) by intracellular cytokine staining (gating in Figure S1)(30, 31). In CD11c+ DC, 

the G allele of SNP rs5743854 was associated with decreased IL-12 (Figure 2B; p = 0.003, 

generalized linear model) and TNF (Figure 2C; p = 0.02), but not IL-6 (Figure 2D). In pDC, 

overall cytokine responses were low, and rs5743854 was not associated with IL-12, IL-6, or 

TNF expression (data not shown). In prior studies using cultured monocytes, rs5743854 G 

allele was associated with increased IL-6 and TNF by ELISA (2). We compared our findings 

in DC with CD14+ monocytes to provide direct comparisons across cell types. We did not 

find significant association between rs5743854 and IL-12 in CD14+ monocytes, (Figure 2E) 

but rs5743854 was associated with increased TNF in monocytes (Figure 2F, p = 0.001) and 

a trend toward increased IL-6, although this did not achieve statistical significance (Figure 

2G).

As part of an evaluation of LPS-induced cytokine responses in the whole blood of healthy 

volunteers, samples were stimulated for both 6hr and 24hr to better define maximal ranges 

of different cytokines with different response kinetics. Although the timing of the responses 

was different, we used this study to validate findings made in the initial cohort, an important 

component for reproducibility in genetic studies (Figure 2H). Again, the G allele of SNP 

rs5743854 was associated with diminished IL-12 (Figure 2I; p = 0.03). We did not detect 

significant association between rs5743854 and TNF or IL-6 (Figure 2J–K). In CD14+ 

monocytes, SNP rs5743854 G allele was not associated with IL-12 (Figure 2L), but was 

associated with increased TNF (Figure 2M, p = 0.049), but not IL-6 (Figure 2N). Overall, 

we found a strong association between rs5743854 G allele and diminished IL-12 in CD11c+ 

DC, but increased TNF from LPS-stimulated monocytes. These data suggest that TOLLIP 

has divergent effects on DCs and monocytes after LPS stimulation (3).
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Tollip−/− DC develop diminished maturation in vitro

We next evaluated DC function in Tollip−/− mice to validate our genetic observations in 

an alternate model of TOLLIP deficiency and to understand the impact of TOLLIP on 

lung and lymph node-resident DC maturation during live Mtb infection. We incubated IL-4/

GM-CSF-differentiated bone marrow-derived DC (BMDC) with LPS (10ng/ml) overnight 

and measured IL-12p70, TNF, and IL-10 concentrations from the cellular supernatants. 

Tollip−/− BMDC secreted significantly less IL-12 (Figure 3A; p=0.04) and TNF (Figure 3B; 

p=0.0001), but more IL-10 (Figure 3C; p = 0.01). We also differentiated bone marrow in 

Flt3L for seven days to induce an alternate DC phenotype and measured IL-12p70, TNF, 

and IL-10 after LPS stimulation (32). Although these cells did not produce IL-12, we found 

diminished TNF (Figure 3D, p=0.0001), and increased IL-10 (Figure 3E, p = 0.03) in 

Tollip−/− mice. Because these responses may be distinct to DC, we also measured cytokine 

responses in bone marrow-derived macrophages (BMDM), isolated from WT and Tollip−/− 

mice, after LPS stimulation. IL-12p70 secretion was unaffected by TOLLIP (Figure 3D), but 

TNF was increased in Tollip−/− BMDM (Figure 3E, p = 0.0002), and IL-10 was diminished 

(Figure 3F, p = 0.001). After observing that TOLLIP potentiated IL-12p70 production in 

DCs, we tested the role of TOLLIP on MHC Class II and CD40 cell surface expression. 

Tollip−/− BMDC only partially increased CD40 expression in response to LPS maturation 

(Figure 3G–H, p=0.03), but MHC Class II expression was normal in Tollip−/− BMDC 

(Figure 3I). Therefore, TOLLIP significantly contributes to DC maturation.

Tollip−/− DC demonstrate impaired maturation in Mtb-infected lungs and lymph nodes

Because DCs are essential for Mtb control in both mice and human populations, we 

examined the role of TOLLIP on DC function during pulmonary Mtb infection. We infected 

B6 and Tollip−/− mice with 50 CFU of Mtb-H37Rv expressing a fluorescent mCherry 

reporter (Mtb-mCherry). After 28 days, we isolated lung tissue and generated single cell 

suspensions to identify and characterize lung-resident DC populations by flow cytometry. 

The proportion of overall CD11c+ DC was similar between WT and Tollip−/− mice after 

28 days of infection, suggesting no alteration in DC development in mice lacking Tollip 
(Figure 4A). Within the DC compartment, we identified two DC populations in the lungs 

of Mtb infected mice: (MHCII+CD11c+SiglecF-Ly6G-CD11b+CD103- (CD11b+ DC) and 

MHCII+CD11c+SiglecF-Ly6G-CD11b-CD103+ DC (CD103+ DC; representative gating, 

Figure S2A). Basal numbers and expression of MHC-II, CD40, and CD80 were similar 

in splenic CD11c+ DC from healthy eight week old B6 and Tollip−/− mice (Figure S2B). 

We measured costimulatory marker expression in these cells as a proxy for overall DC 

maturation. We measured CD80 expression, a canonical cell surface expression marker 

which is induced during DC maturation(33). CD80 expression on Tollip−/− CD11b+ DC was 

significantly diminished (Figure 4B; p = 0.048). Similarly, CD80 expression on CD103+ 

DCs was also decreased but did not achieve statistical significance (Figure 4C; p = 0.056). 

MHC Class II expression was significantly decreased in Tollip−/− CD11b+ DC (Figure 4D; p 

= 0.002) and CD103+ DC (Figure 4E; p = 0.02). These data suggest that defects in Tollip−/− 

DC maturation were similar in both CD11b+ DC and CD103+ DC, and they are present 

within Mtb-infected lung tissue.
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Tollip intrinsically impairs lung-resident DC function in Mtb-infected mice

Based on our observations that DC from Tollip−/− mice are abnormal during Mtb 

infection, we evaluated the intrinsic effects of TOLLIP on DC using mixed bone marrow 

chimeric mice, a model that permits evaluation of the DC-intrinsic function of TOLLIP, 

independently from the effects of cell-cell interactions, environmental effects, or bacterial 

burden. We lethally irradiated B6.SJL-Ptprca Pepcb/BoyJ mice (CD45.1+), which express 

the differential CD45.1 pan-leukocyte marker, then administered 5×106 bone marrow cells, 

composed of a 1:1 mix of CD45.1+ Tollip+/+ and CD45.2+ Tollip−/− cells. After waiting 10 

weeks for immune reconstitution, we infected chimeras with 50 CFU of Mtb-mCherry and 

measured DC phenotypes 14, 16, 19, 21, and 28 days after infection. Our primary goal was 

to characterize the intrinsic role of TOLLIP on cell surface markers of DC maturation MHC-

II and CD40 longitudinally during the early stages of Mtb infection (Figure 5A; gating 

strategy, Figure S3A). As in whole-body knockout mice, basal expression of MHC-II, CD40, 

and CD80 were no different between B6 and Tollip−/− lineages in mixed bone marrow 

chimeric mice at baseline (Figure S3B). Mixed bone marrow mice had similar proportions of 

CD45.1/2+ (WT) and CD45.2+ (Tollip−/−) cells (Figure 5B). In the lungs, Tollip−/− CD11b+ 

DC demonstrated diminished CD40 expression at every time point measured (Figure 5C). 

By contrast, MHC-II expression was diminished in Tollip−/− CD11b+ DC 14 days after 

infection, but then progressively normalized (Figure 5D). These data suggest that TOLLIP 

contributes significantly to CD40 upregulation in vivo, but that defects in MHC Class II 

expression are temporary during prolonged Mtb infection.

During Mtb infection, the bulk of T cell priming occurs in the draining mediastinal lymph 

nodes (MLN)(34, 35). Therefore, we measured the cell surface expression of MHC Class II 

and CD40 from DC mixed bone marrow chimeric mice in MLN tissue. 19 and 21, but not 

28 days after infection, Tollip−/− DC had diminished CD40 cell surface expression (Figure 

5E). MHC-II expression was diminished 21 days post infection, but not at other time points 

(Figure 5F). Therefore, costimulatory marker expression in Tollip−/− DC was impaired in 

lung, and to a lesser extent MLN, during Mtb infection, while TOLLIP delayed MHC-II 

upregulation. Tollip−/− DC located in tissue compartments critical for T cell activation 

during Mtb infection demonstrate impaired maturation after Mtb infection.

Tollip−/− mice develop diminished T cell responses after Mtb infection and BCG 
vaccination

We measured the frequency of Mtb-specific T cells in Tollip−/− mice (36) with MHC-II 

tetramers recognizing the immunodominant ESAT-6 epitope (37–40) 28 days after aerosol 

Mtb infection (50 CFU) (gating strategy; Figure S4B) in the lungs and mediastinal lymph 

nodes (MLN). Day 28–34 after Mtb infection generally represents the peak of the CD4+ 

T cell response in B6 mice (40). We observed fewer ESAT-6-specific CD4+ T cells in the 

lungs of Tollip−/− mice (Figure 6A, representative image, Figure 6B)(41). These data suggest 

that TOLLIP is required for maximal antigen-specific CD4+ T cell responses during Mtb 

infection.

Although Mtb-specific T cell responses were diminished, these may be due to altered Mtb 

burden at the time point selected. To address this issue and extend our observations in 
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an alternate mycobacteria, we evaluated TOLLIP’s effect on BCG vaccine-specific T cell 

responses. Understanding the role of TOLLIP on BCG, the vaccine provided to infants for 

over 100 years, may provide insight into potential roles for TOLLIP on vaccine induced 

immunity and protection as well as Mtb pathogenesis (42). We vaccinated B6 and Tollip−/− 

mice with 106 CFU BCG (Russia strain, gift of David Sherman) via the intravenous method 

(IV BCG), a strategy which strongly induces antigen-specific T cell responses and controls 

Mtb infection in non-human primates (43). Eight weeks after vaccination, we measured 

systemic BCG-specific CD4+ and CD8+ T cell responses in the spleen by restimulation 

with overlapping pooled peptides of mycobacterial Antigen 85A and 85B (Ag85A/B) for six 

hours (gating in Figure S4B), followed by measuring the frequency of BCG-specific IL-2, 

TNF, and IFNγ in CD4+ cells by intracellular cytokine staining. BCG bacterial CFU were 

similar in the spleens of B6 and Tollip−/− mice four weeks after vaccination (Figure S4C). 

IV BCG in B6 mice induced strong increases in the proportion of CD4+ T cells producing 

IL-2 (Figure 7A; p < 0.0001), TNF (Figure 7B; p = 0.02), and IFNγ (Figure 7C; p < 

0.0001), but few cytokine-producing CD4+ cells from BCG-vaccinated, Tollip−/− mice were 

detectable. Therefore, TOLLIP assists in priming and maintaining CD4+ T cell memory to 

Mtb infection and BCG vaccination.

TOLLIP is critical role for BCG-induced T cell responses, but T cell priming is influenced 

by several factors, including antigenic burden and T cell factors (44, 45). To further evaluate 

the role of TOLLIP on its importance for DCs function on T cell priming, we used a 

coculture model to determine the capacity of Tollip−/− DCs to activate T cell proliferation. 

We cultured CFSE-labeled CD4+ T cells isolated from B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-

II) mice, whose transgenic CD4+ T cells primarily recognize the chicken ovalbumin 323–

339 peptide (OVA), with WT and Tollip−/− BMDC, pulsed with OVA or BSA as a control, 

and measured cellular division after seven days. Tollip−/− BMDC, compared to WT BMDC, 

did not promote T cell proliferation optimally (Figure 7D–E). Therefore, Tollip−/− DC 

demonstrate diminished functional capacity to stimulate T cell responses and demonstrate a 

significant role for TOLLIP in DC priming of T cells.

Discussion

Our data suggests that TOLLIP plays a critical role in maintaining DC function in peripheral 

blood, lymph node, and lung, in both mice and humans, and this contributes to the effective 

development of vaccine-induced CD4+ T cell responses.

TOLLIP deficiency was associated with divergent phenotypes between DC and monocytes. 

Tollip−/− macrophages produced increased TNF, but decreased IL-10 in response to LPS, 

but LPS-stimulated, Tollip−/− DC produced less IL-12 and TNF, and increased IL-10. To 

our knowledge, few other genes are responsible for divergent phenotypes between different 

cells of the same myeloid lineage after inflammatory activation. However, proteins in 

the autophagy pathway, which includes TOLLIP, influence macrophage and DC function 

differentially, TOLLIP is an autophagy adaptor protein acting downstream from master 

autophagy switches mTOR and Beclin-1 (46). Based on this similar potential pathway of 

action, its effects should mimic those of beclin-1 on innate immune responses. Decreased 

beclin-1 expression is associated with decreased frequency of antigen-specific IFN-γ+ 
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CD4+T cells and impaired DC function during respiratory syncytial virus infection, 

which suggests diminished IL-12 secretion in these DC (47). By contrast, beclin-1 

haploinsufficiency in macrophages leads to increased TNF and IL-6 secretion after TLR4 

activation and worsens inflammation in experimental colitis (48). These data mirror 

the responses we detected in our TOLLIP-deficiency models and suggest that TOLLIP 

contributes similarly to regulation of innate immunity. The fact that TOLLIP is responsible 

for some or all of beclin-1’s effects on innate immune responses make it an attractive 

target for therapeutic modulation, as it may induce strong immune changes with fewer 

adverse off-target effects that limit the therapeutic potential of other autophagy modulators 

(49). Understanding how TOLLIP influences host immune responses may lead to better 

therapeutics to shape the immune response.

TOLLIP has divergent roles across multiple immune cell types. In this study, we found that 

TOLLIP influences DC immune function. In other studies, we found that TOLLIP maintains 

cellular homeostasis in macrophages by controlling lipid accumulation via the EIF2-induced 

cellular stress response, in addition to influencing macrophage immune responses (36). 

These studies suggest that TOLLIP’s cellular functions are context-dependent. TOLLIP 

transports diverse cargo, including lipids, protein aggregates, mitochondria, immune 

receptors STING and IL-1R, and others(10, 13, 50, 51). Under different environmental 

conditions, its lipid and protein scavenging function competes with immune receptors for 

TOLLIP binding, thus altering its apparent function. TOLLIP stabilizes the immune receptor 

STING, but protein degradation within the endoplasmic reticulum directly competes with 

this effect(13). Therefore, specific cellular conditions, including the variety of immune 

receptors and signaling kinases, the amount of lipid and protein requiring degradation, 

and cellular environment influence TOLLIP’s cargo and alter cellular function distinctly 

across multiple immune cell types. Understanding the intracellular factors that contribute 

to TOLLIP’s function in distinct cell types may elucidate how environmental factors may 

influence immune function.

How TOLLIP influences antigen presentation is not well understood. Both MHC Class I and 

MHC Class II are assembled and transported to the cell surface in the endoplasmic reticulum 

(ER) (52). In macrophages, TOLLIP diminishes cell surface expression of TLR2, TLR4, 

and IL-1R via endosomal transport from the cell surface to lysosomes (10, 53, 54). TOLLIP 

clears misfolded proteins and lipids from the ER and contributes to maintaining effective ER 

activity (1, 13). TOLLIP binds to MARCH1, a ubiquitin ligase that modifies MHC Class 

II and supports its expression on the cell surface (55). These data suggest that TOLLIP 

contributes to the assembly and delivery of critical antigen presentation products, as well as 

transport of cell surface markers from the ER to the cell surface. Understanding the complex 

interplay between cell surface cargo and endosomal transport protein may provide insight 

into immune regulation.

CD40 expression in Tollip−/− DC from mixed chimeric mice was diminished for at least 

28 days, but CD40 and MHC-II expression normalized in the MLN between 21 and 

28 days after infection. These data suggest that lung-resident DC maturation are more 

dependent on Tollip than MLN-resident DC after Mtb infection. Immune responses at the 

site of granulomas are quite different from systemic responses (56, 57). A major difference 
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between lungs and LN during Mtb infection is that the granuloma is created in the setting of 

significant compromise to the environmental conditions within the lung. Mtb-infected lungs 

display low oxygen tension and amino acide availability with high lipid concentrations. 

These conditions are suboptimal for immune activation and function (58, 59). By contrast, 

the environment within MLN are generally optimized, both in structure and nutrient content, 

to facilitate immune crosstalk (60). In global transcriptional analysis of human granulomas, 

TOLLIP mRNA was increased within TB granulomas, but not in peripheral blood (1, 

61). In Mtb-infected alveolar macrophages, Tollip deletion induces the integrated stress 

response, which coordinates cellular adaptation to variable environmental conditions (1). 

These changes, which include alterations in cell division, energetics, and survival, may 

impair DC maturation and optimal antigen presentation (62, 63). Understanding the specific 

mechanisms by which TOLLIP influences DC responses within the lung may lead to novel 

strategies to improve Mtb control within granulomas.

We recognize limitations in our study. The genetic association we identified may be due 

to effects beyond TOLLIP due to linkage disequilibrium with nearby genes. However, 

rs5743854 is functional in the promoter region and we validated that this SNP was 

associated with diminished TOLLIP mRNA expression in DC as well as monocytes (2). We 

were unable to directly measure TOLLIP expression in peripheral blood DC. However, we 

found differences in TOLLIP mRNA and protein expression in monocyte-derived dendritic 

cells. We combined these observations with differences in cytokine responses in peripheral 

blood DC, and lung-resident function in Tollip−/− DC was altered as well, providing 

orthogonal support for our observations that TOLLIP variation influences DC activity. In our 

mouse studies, T cell priming during Mtb infection involves DC migration. DC are infected 

by Mtb in the lung, then undergo transport to MLN. However, much of the priming in this 

tissue space is accomplished by resident DCs and other myeloid cells in the LN (8, 64). 

TOLLIP is important for DC function in both tissue compartments, but we did not evaluate 

the effect of TOLLIP on DC migration itself. CD40 expression and ligation are associated 

with DC migration, so we presume that Tollip−/− DC will have impaired migration as well 

(65). Although we did not note significant overall differences in MHC-II expression in 

Tollip−/− DC in the LN in our mixed bone marrow chimeric mice, we found a diminished 

proportion of MHC-II-high DC, which may be a marker for migratory DC and suggest 

a role for TOLLIP in DC migration during Mtb infection. BCG-specific T cell responses 

in our B6 mouse model were somewhat diminished compared to expected results, based 

on the published literature. Although much of this result can be explained by nonspecific 

activation in control mice, our laboratory-grown BCG may be somewhat less immunogenic 

than commercial strains. Non-tuberculous mycobacteria from water may influence the basal 

responses to BCG (66). Despite this relative decrease, we found that T cell responses to 

both Mtb and BCG were diminished, demonstrating a robust influence of TOLLIP on T cell 

responses to mycobacteria. Future studies will directly address this issue and its significance 

on Mtb outcomes.

TOLLIP was required for the formation of memory T cell responses. Although we focused 

on the role of TOLLIP in DC in this study, TOLLIP may act directly upon T cells. 

TAX1BP1, an autophagy receptor with similar protein domains as TOLLIP, influences T cell 

activation by recruiting amino acids to support cell cycle activation (67). Rapamycin induces 
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autophagy, which dramatically changes the capacity for T cells to respond to pathogens 

(68). However, TOLLIP has a significant effect directly on DC priming of T cell antigens 

in vitro, suggesting an important independent contribution of DC on T cell priming. Future 

studies will evaluate the impact of TOLLIP on T cell activation, longevity, and death, to 

fully evaluate the impact of TOLLIP on the host immune response during Mtb infection. 

Understanding the factors that contribute to T cell migration and activation within the 

Mtb-infected lung are critical for vaccine development.

In conclusion, TOLLIP is essential for DC maturation and function, including 

proinflammatory cytokine production, surface molecule expression, and antigen 

presentation. Individuals with decreased TOLLIP expression have diminished DC function 

and BCG-specific T cell responses, which may substantially contribute to increased risk for 

TB. Identifying mechanisms to selectively increase TOLLIP activity and function in DC 

may lead to important improvements in TB vaccine design and immune drug development.
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Key Points

• A functionally active SNP in the TOLLIP promoter is associated with 

decreased IL-12.

• TOLLIP participates in DC maturation during M. tuberculosis infection.
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Figure 1. SNP rs5743854 is associated with diminished TOLLIP expression in monocyte-derived 
DC.
A) TOLLIP mRNA expression, normalized to GAPDH, was measured from RNA extracted 

from monocyte-derived DC isolated from healthy volunteers and stratified by rs5743854. N 

= 34 C/C genotype, 8 G/C genotype, and 3 G/G genotype. Data are presented as scatterplots 

with bars indicating median values. Each dot represents mRNA expression from a single 

study participant. * p < 0.05, generalized linear model.

B-C) TOLLIP protein expression, normalized to β-actin, was measured in bone marrow-

derived DC isolated from two individuals with C/C and G/G genotypes, respectively. B) 

Western blot images and C) semiquantitative measurement of normalized protein expression. 

Bars represent mean values. * p < 0.05, standard two-sided t-test. Each experiment was 

performed at least twice; all data are shown.

Venkatasubramanian et al. Page 18

J Immunol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. TOLLIP SNP rs5743854 allele G is associated with decreased LPS-induced cytokine 
responses in peripheral blood DC.
A) Proportion of peripheral blood DC (MHC-II+CD14-CD16-CD11c+) producing cytokines 

of interest from healthy volunteers (N=35), after media or LPS stimulation. Whole blood 

was drawn from healthy donors and immediately stimulated with LPS (10 ng/ml) for 6 hours 

in the presence of BFA and monensin.

B-D) Proportion of CD11c+ DC producing C) IL-12, D) TNF, or E) IL-6, stratified by SNP 

rs5743854.

E-G) Proportion of CD14+ monocytes producing F) IL-12, G) TNF, or H) IL-6, stratified by 

SNP rs5743854. N = 18 C/C genotype, 13 G/C genotype, and 4 G/G genotype.

H) Proportion of peripheral blood DC (n = 48) producing IL-12, TNF, or IL-6 after media or 

LPS (10ng/ml) stimulation in a second cohort for 24 hours.

I-K) Proportion of peripheral blood DC producing C) IL-12, D) TNF, or E) IL-6, stratified 

by SNP rs5743854.
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L-N) Proportion of peripheral blood monocytes producing F) IL-12, G) TNF, and H) IL-6, 

stratified by SNP rs5743854. N = 29 C/C genotype, 16 G/C genotype, and 3 G/G genotype. 

Data are presented as scatterplots with bars indicating median value. We assessed statistical 

significance in each graph using a simple generalized linear model, encompassing all data 

in each subfigure. Graphs lacking bars had a p-value >0.05 using this statistical test. Each 

dot represents an overall measurement of the proportion of cytokine-producing cells from a 

single individual. *p < 0.05, **p < 0.01. Each experiment was performed at least twice; all 

data are shown.

Venkatasubramanian et al. Page 20

J Immunol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. LPS-stimulated Tollip−/− DCs mature improperly.
A-C) Bone marrow-derived DC (BMDC), differentiated with IL-4 and GM-CSF treatment 

for five days, from B6 (black bars) and Tollip−/− (gray bars) mice were treated for 24 hours 

with media or LPS (10ng/ml). Cellular supernatants were collected and A) IL-12p70, B) 

TNF, and C) IL-10 concentrations were measured by ELISA.

D-E) BMDC, differentiated with Flt3L treatment for 7 days, from B6 (black bars) and 

Tollip−/− (gray bars) mice were treated for 24 hours with media or LPS (10ng/ml). Cellular 

supernatants were collected and D) TNF, and E) IL-10 concentrations were measured by 

ELISA.

D-F) Bone marrow-derived macrophages (BMDM) from WT and Tollip−/− mice were 

treated for 24 hours with medial or LPS (10ng/ml). Cellular supernatants were collected 

and D) IL-12p70, E) TNF and F) IL-10 concentrations were measured by ELISA.
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G-H) Cell surface CD40 expression was measured by flow cytometry from WT and 

Tollip−/− BMDC. G) Histograms of CD40 expression after media or LPS stimulation and H) 

median fluorescence intensity (MFI) for CD40.

I) H-2b (MHC-II) MFI after media or LPS stimulation.

*p < 0.05, **p < 0.01, ***p < 0.001, unpaired t-test. Dots represent individual values from 

a single experimental replicate. Error bars represent SEM. Data are representative of at least 

two independent experiments. All data are shown.
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Figure 4. DCs from Tollip−/− mice demonstrate diminished CD80 expression during Mtb 
infection.
WT and Tollip−/− mice were infected with Mtb H37Rv strain via the aerosol method (50 

CFU). Single cell homogenates of lung tissue were obtained 28 days after infection and DC 

populations were characterized. WT DC (black circles) were compared to Tollip−/− (clear 
circles) DC. Bars represent mean values.

A) Frequency of overall DC (MHCII+Ly6G-SiglecF-CD11c+) among total lung cell 

populations (live singlets) 28 days after Mtb infection.

B-C) Median fluorescence intensity (MFI) of CD80 on B) 

CD11b+ DC (MHCII+Ly6GSiglecF-CD11c+CD11b+) and C) CD103+ DC 

(CD103+CD11c+MHCII+CD11b-Ly6G-SiglecF-).

D-E) MHC Class II (H-2b) MFI on D) CD11b+ (MHCII+Ly6GSiglecF-CD11c+CD11b+) 

and E) CD103+ DC (CD103+CD11c+MHCII+CD11b-Ly6G-SiglecF-) by genotype. *p < 

0.05, **p < 0.01, ***p < 0.001, unpaired t-test. Bars represent mean values. Dots represent 

individual values from a single experimental replicate. Data are representative of at least two 

independent experiments. All data are shown.
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Figure 5. TOLLIP contributes to DC maturation during Mtb infection.
WT:Tollip−/− mixed bone marrow chimeric mice were infected with H37Rv Mtb expressing 

mCherry (50 CFU) via aerosol and DC were assessed 19, 21, and 28 days after infection in 

lungs and draining LN. Black circles are WT DC, and clear circles are Tollip−/− DC.

A) Experimental strategy and timeline.

B) Frequency of CD45.1 and CD45.2 expression from the whole blood of mixed bone 

marrow chimeric mice.

C) CD40 median fluorescence intensity (MFI) in MHCII+CD11c+SiglecF-Ly6G-CD11b+ 

(CD11b+) lung DCs from mixed bone marrow chimeric mice by genotype.

D) MFI of MHCII (H-2b) expression in CD11b+ lung DCs from mixed bone marrow 

chimeric mice.

E) MFI of CD40 expression in CD11b+ MLN DCs from mixed bone marrow chimeric mice.
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F) MFI of MHCII (H-2b) expression in CD11b+ MLN DCs from mixed bone marrow 

chimeric mice.

*p<0.05, ** p<0.01, *** p < 0.001; **** p < 0.0001. paired two-sided t-test, n = 3–5 mice/

group. Experiments were performed at least four times. Dots represent pooled data from 

each lineage, connected by a line with data from the other lineage from the same mouse. All 

data are shown.
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Figure 6. Tollip−/− mice develop fewer Mtb-specific CD4+ T cells after infection.
Mice were infected with Mtb via the aerosol route (50 CFU) and 28 days after infection, 

lungs were homogenized and the frequency of ESAT-6+ cells was measured via tetramer 

staining.

A-B) Frequency of ESAT-6+CD44+CD4+ T cells (A) in the lungs and (B) a representative 

image of tetramer staining by flow cytometry. Each experiment was performed at least 

twice; all data are shown.
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Figure 7. TOLLIP is required for development of BCG-specific CD4+ T cell responses after 
intravenous BCG vaccination.
WT and Tollip−/− mice were vaccinated with 106 CFU of BCG Russia strain via the 

intravenous route. Two months after vaccination, splenocytes were harvested and CD4+ T 

cell responses were assessed by restimulating splenocytes with overlapping pooled peptides 

of Ag85A and Ag85B. WT samples are shown with black circles and Tollip−/− samples are 

shown with clear circles.

A-C) Frequency of A) IL-2+, B) TNF+, and C) IFNγ+ CD4+ T cells after Ag85A and 

Ag85B peptide restimulation. Samples are corrected for background staining (cytokine+ T 

cell frequency from Ag85A/B group – cytokine+ T cells from control). N = 8. Experiments 

were performed at least twice; all data are shown. Statistical significance was determined by 

two-sided t-test comparing PBS vaccination with BCG vaccination state in each genotype. 

Bars indicate mean values.

D-E) Representative histograms (D) of CFSE expression and division index (E; the average 

number of cell divisions) by OVA-specific CD4+ T cells seven days after coincubation with 

BMDC and OVA323–339 peptide or BSA control. *p < 0.05, **p < 0.01, ***p < 0.001, 

unpaired t-test. Error bars represent SEM. Data are representative of at least two independent 

experiments. All data are shown.
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Table 1.

Clinical Characteristics

Cohort Cohort 1 Cohort 2

Female, N (%) 17 (50) 22 (47)

Ethnicity/Race, N (%)

 White 20 (59) 33 (70)

 Asian 7 (21) 9 (19)

 Black/African American 1 (3) 1 (2)

 Multiple 2 (6) 1 (2)

 Unknown or did not disclose 2 (6) 3 (6)

 Latinx 1 (3) 0 (0)

Age at Blood Collection, Median+/− IQR* 38 (25 – 55) 37 (27 – 49)

*
IQR – intraquartile range
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