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Abstract

Legionella pneumophila (Lp) is a flagellated, intracellular bacterium that can cause Legionnaires’
disease (LD). Lp activates multiple innate immune receptors, and TOLLIP dampens MyD88-
dependent signaling and may influence susceptibility to LD. We evaluated the effect of TOLLIP
on innate immunity, pneumonia severity, and LD susceptibility in mouse lungs and human
populations. To accomplish this, we evaluated the effect of TOLLIP on lung-specific Lp control
and immune response and associated a common functional TOLLIP variant with Lp-induced
innate immune responses and LD susceptibility in humans. After aerosol Lp infection, 7o//ip™'~
mice demonstrated significantly fewer bacterial CFU and increased cytokine responses from BAL
fluid. 7o/lip™'~ macrophages also suppressed intracellular Lp replication in a flagellin-independent
manner. The presence of a previously characterized, functionally active SNP associated with
decreased TOLLIP mRNA transcript in monocytes was associated with increased TNF and I1L-6
secretion after Lp stimulation of PBMC ex vivo. This genotype was separately associated with
decreased LD susceptibility (309 controls, 88 cases, p = 0.008, OR 0.36, 95% CI 0.16 — 0.76) in a
candidate gene association study. These results suggest that TOLLIP decreases lung-specific TLR
responses to increase LD susceptibility in human populations. Better understanding of TOLLIP
may lead to novel immunomodulatory therapies.

Introduction

An outbreak of severe pneumonia at a Philadelphia American Legion convention in 1976 led
to identification of Legionella spp. as a cause of pneumonia.l Legionella pneumonia ranges
from a mild illness to a severe multifocal pneumonia termed Legionnaires’ disease (LD)
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with significant mortality.2 In mammals, Lp infects alveolar macrophages after inhalation
into the deep airways.3 Lp is unique from other pulmonary pathogens; it contains flagellin,
displays LPS that avoids detection by TLR4, and secretes multiple immunoregulatory
proteins into the cytosol of infected macrophages to impair host immune responses.*=6 To
survive intracellularly, Lp alters the phagolysosome within the macrophage, creating the
Legionella-containing vacuole (LCV).8 Lp recruits proteins to the LCV that inhibit
macrophage proinflammatory responses and permit its intracellular survival.” IL-1@ and
TNF produced by infected and bystander macrophages induce antibacterial defense by
activating and recruiting macrophages to the infected site % 10 Macrophages recognize Lp
via multiple pathogen recognition receptors, including TLR2, TLR5, NLRC4, and NAIP5 in
mice.11-15 Understanding the factors that influence signaling activity of these pathways may
provide insight into unique mechanisms of host resistance and susceptibility to infection.

Toll-Interacting Protein (TOLLIP) regulates many innate immune processes that influence
Lp immunity, including TLR2 and IL-1R, autophagy, and endosomal transport.16-19 In
humans, common genetic variation in the TOLLIP gene is associated with susceptibility to
multiple intracellular infections.20-22 How TOLLIP influences infectious disease host
defense within the lung is not well understood. We hypothesized that TOLLIP, acting as a
ubiquitin-binding autophagy receptor, negatively regulates the innate immune response after
Lp infection, which results in increased susceptibility to LD.

Host genetic variation influences innate immune responses and susceptibility to many
infections.23 Functional polymorphisms in TLR5 and STING are associated with altered
cytokine responses and susceptibility to LD, but assessing genetic associations are
challenging given the episodic nature of pneumonia outbreaks.?4 2 In prior studies, we
identified a functionally active SNP at rs5743854 that is associated with decreased TOLLIP
mRNA expression in monocytes and increased TNF after TLR2 stimulation.2%: 26 |n this
paper, we characterize effect of this variant on Lp-specific macrophage immune responses in
a cohort of healthy volunteers and evaluate the genetic association of this variant on LD
susceptibility in a second well-characterized cohort from the Netherlands. Overall, using a
mouse model, cellular studies, human cellular immunology, and a case-control population
study of highly exposed individuals, we herein evaluate the role of TOLLIP on Lp
pathogenesis and critical host immune mechanisms of control.

Human Subjects

Approval for human study protocols was obtained from the human subjects’ review boards
at the University of Amsterdam Medical Center and the University of Washington Medical
Center. All participants gave written informed consent. Genomic DNA was purified form
peripheral blood leukocytes from 10ml of blood. Enrollment of the cases and controls from a
Legionnaires’ disease (LD) outbreak at a flower show in the Netherlands was described
previously.2> 27 Of the 188 cases identified in the original investigation of the flower show
outbreak, 141 consented for the study. 18 individuals died and no DNA was available for
genotyping. 88 cases were available with both DNA and epidemiologic data for TOLLIP
genotyping. Control subjects (N=309) were drawn from the exhibitioners who worked at the
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same flower show and were at high risk for exposure to Legionella pneumophila. Studies in
Seattle included 62 healthy volunteers who donated peripheral blood for immunogenetic
analysis. The ethnic composition of these subjects was 73% Caucasian (45/62) and 27%
East Asian (17/62).

Genomic DNA was isolated from whole blood and genotyping of selected SNPs was
performed using a Fluidigm Biomark 96 x 96 chip (Fluidigm, Inc.). Cluster plots were
visually inspected to ensure accurate genotyping calls. SNPs were manually assessed for
data quality and only high-quality calls were accepted. 88 cases and 309 controls had high-
quality genotyping data available for analysis. Genotypes were assessed for HWE with a
Chi-square test comparing observed and expected frequencies in the control population. No
SNPs violated HWE (P<0.001).

Genetic Analysis

Reagents

We assessed the genetic association between the TOLLIP rs5743854 G/G genotype and
Legionnaires’ disease with a recessive genetic model using Stata 13 (Stata Corp, College
Station, TX) and the user-written package “genass.”28

RPMI Medium 1640 and DMEM was purchased from Invitrogen (Carlsbad, CA.). Ultrapure
LPS was purified from Salmonella minnesota R595 (List Biological Laboratories). Flagellin
C (FIiC) was purified from Salmonella typhimurium strain TH4A778, which is fljjB/fliC+. 2°
Flagellin A (FlaA) was purified from L. pneumophila Corby strain by the same method with
bacteria grown as described below on buffered charcoal yeast extract (BCYE) agar plates.
Bone marrow was harvested from mice and grown in DMEM supplemented with 10% heat
inactivated FCS (Atlas Bio, Fort Collins, CO) and 20% LCL-conditioned medium. Bone
marrow-derived macrophages (BMDM) were used after 4-10 days of culture.
Bronchoalveolar fluid was obtained by intratracheal lavage with cold PBS (10ml). Cells
were then plated in RPMI 1640 supplemented with 10% heat-inactivated FCS. After a 4hr
adherence step, the cells were washed six times with PBS before stimulation immediately or
the next day.

Microbiology

Legionella pneumophila (Lp) was cultured in buffered charcoal yeast extract (BCYE)
medium was prepared with a-ketoglutarate.39 Bacteria were inoculated from a frozen stock
onto BCYE agar for four days at 35 C. Bacterial cultures used for cellular stimulation or
replication assays were placed in RPMI culture medium supplemented with 10% FCS and
thymidine. Aerosol infection experiments with WT Lp used Legionella pneumophila
Philadelphia-01 strain (ATCC 33152). Macrophage experiments with mutant Lp used the
Legionella pneumophila serogroup 1 JR32-derived (rpsLK88R and hsdR) strain lacking
either flaA (AflaA Lp) or dot/icm locus (AdotA Lp).31: 32
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Knockout Mouse Generation and Screening

Embryos from B6.Cg-Tollip™Kbns/Cnrm ( 70//j/~) mice were obtained from the European
Mutant Mouse Archive (www.infrafrontier.eu), which were generated by Didierlaurent et al.
33 Mice were backcrossed 8 times on C57BL/6J background and were confirmed to be
>95% C57BL/6J genetically by screening 150 SNP ancestry informative markers (Jax
Genome Scanning Services, 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). TOLLIP protein expression was confirmed
in both knockout and control mice by Western blot (Supplemental Figure 1). TOLLIP
antibodies for Western blotting were polyclonal (#4748, Cell Signaling). All wild type
control mice were age-matched littermates of 7o//jg™~ mice to ensure a common genetic
background.

Model of pneumonic legionellosis

Histology

The University of Washington Institutional Animal Care and Use Committee approved all
animal protocols. Buffered charcoal yeast extract (BCYE) medium was prepared with alpha-
ketoglutarate as described elsewhere.2® Bacteria were inoculated from a frozen stock onto
BCYE agar for four days at 35C, harvested by rinsing plates with PBS, pelleted by
centrifugation, and resuspended in PBS to a concentration of 1010 cfu/ml (estimated by
optical density at 540nm and confirmed by quantitative culture).2> The mice were exposed
to aerosolized bacteria in a whole animal exposure chamber (Biaera Technologies,
Hagerstown, MD) with aerosols generated by a mini-Heart Hi-Flo jet nebulizers (Westmed,
Tucson, AZ). 34 Bacterial deposition in the lungs was determined from quantitative culture
of homogenized lung tissue harvested from mice euthanized with pentobarbital and
exsanguinated immediately after aerosol exposure. At subsequent time points, mice were
euthanized and exsanguinated for tissue harvests. The trachea was cannulated and the right
lung was lavaged with 0.85% saline/0.6mml/L EDTA to determine cell counts and
differentials. The left lung was homogenized in PBS and serially diluted in Mueller-Hinton
broth for quantitative culture on BCYE agar. The remaining lung homogenate was mixed 1:1
with lysis buffer containing 2x protease inhibitor mixture, incubated for 30min on ice,
clarified by centrifugation at 2500rpm, and then the supernatant was saved at —80C.

To prepare organs for histology, the lung was inflated to 15cm pressure with 4%
paraformaldehyde, fixed in the same solution, embedded in paraffin, and then 4um sections
were generated. Sections stained with hematoxylin and eosin were examined by a
pathologist blinded to mouse genotype.

Cytokine analysis

Multiplex cytokine analysis was performed as follows: samples of WT and 7o//jp™'~ mouse
bronchoalveolar lavage fluid were thawed on ice and centrifuged at 10,0009 for 5-10
minutes to remove particulates. 50uL of each sample was added in triplicate to a 96-well
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plate. Samples were then added to 50uL of magnetic Simplex beads and incubated with
shaking for 1hr at room temperature. Beads were washed 3X and stained with detection
antibody cocktail (IFNy; IL-12p70; IL-13; IL-1B; IL-2; IL-4; IL-5; IL-6; TNF; GM-CSF;
IL-18; IL-10; IL-17A; IL-22; IL-23; IL-27; IL-9; GROa; IP-10; MCP-1; MCP-3; MIP-1a;
MIP-1B8; MIP-2; RANTES; Eotaxin; ThermoFisher Scientific) and incubated with shaking
for 30min at room temperature. Beads were washed 3X and incubated with streptavidin-
HRP with shaking for 30min at RT. Beads with sample cytokines and detection antibody
were resuspended in 120uL of Reading Buffer and cytokine data was acquired immediately
on Luminex™ 100/200. Analytes were captured by Ab-coated, fluorochrome-embedded
microspheres and detected by biotin-streptavidin-PE using reagents purchased from R&D or
Luminex. For single cytokine analysis, concentrations were determined with ELISA (R&D
Systems) according to the manufacturer’s instructions.

Western blotting

Statistics

Results

Cell extracts were prepared from BMDM by lysis with 100ul Cell Extraction Buffer (Life
Technologies) along with protease inhibitors (Thermo Scientific). Lysates were stored at
—-20° C. Western blotting of lysates was performed on 4-15% polyacrylamide gels and
transferred onto PVDF membrane. Antibodies included anti-TOLLIP antibody (Pierce PA5-
30747) at 1:1000 dilution, anti-GAPDH (Sigma, catalog A2066) at 1:2000 dilution, and anti-
rabbit IgG-HRP secondary antibody (Sigma, catalog A0545) at 1:2000 dilution.

For in vivo CFU count analysis, comparisons between groups were made by the Mann-
Whitney test without presupposition of normality of the data. For mouse experiments,
groups of 5 mice were compared with one another unless otherwise indicated. Cytokine
measurements and cell counts were compared using a two-sided Students’ t-test. A value of
p < 0.05 was considered a statistically significant result. Statistics were calculated using
Prism version 7.1 (GraphPad, Inc.).

Aerosolized lung infection of mice with Lp

To understand the role of TOLLIP in Lp pathogenesis, we re-derived C57BI/6 mice lacking
the 7ollip gene from embryos and confirmed lack of TOLLIP expression by Western blot
(Supplemental Figure 1). We infected groups of 5 WT and 5 7o//jo™~ mice with Lp
Philadelphia-1 strain and measured lung CFU at 0, 24, 72, and 144 hours after infection.
7ollip™'~ mice demonstrated significantly fewer CFU in the lung compared with WT
littermates at 72 and 144hr after infection (Figure 1A, mean WT 4.3x10° CFU, mean To/lip
-/~ 8.5x10% CFU at 72hr, p = 0.014). We also examined the recruitment of neutrophils and
mononuclear cells to the lungs after infection in these mice. We collected bronchoalveolar
lavage (BAL) fluid and measured cell counts at 24, 72, and 144 hours after infection. We did
not detect significant differences in cell counts in 7o//jg™'~ mice at 24 hours after infection,
but by 72h after infection significantly fewer PMN were present in BAL samples harvested
from 7o/lig™'~ lungs. (Figure 1B, WT mean 2.2x108 cells/ml, mean 7o//ip™'~ 1.3x108
cells/ml, p = 0.046). Similarly, monocyte counts were increased in WT mice compared with
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Tolljg™'~ mice after 72hr of infection (Figure 1C, mean WT 9.4x10° cells/ml, mean 7o/ljp
=1~ 6.4x10° cells/ml, p = 0.018). After 72h, 7o//ip™'~ mice demonstrated reduced airspace
filling and leukocyte infiltration (Figure 1D) compared with controls (Figure 1E) by
histopathology observations. In summary, 7o//jp~/~ mice demonstrated accelerated bacterial
clearance and decreased pulmonary inflammation after inhalation of Lp compared to WT
controls.

In Vivo Cytokine Responses After Lp Infection

Given TOLLIP’s known role regulating innate immune responses, we next evaluated
whether TOLLIP influenced lung cytokine concentrations after Lp infection. Twenty-four
hours after aerosol infection with 108 CFU Lp, we euthanized mice (n = 5 per group) and
measured cytokine responses from BAL fluid and serum. 7o//ig™~ mice demonstrated
significantly increased levels of multiple cytokines critical for Lp control in BAL fluid,
including IL-1p (Figure 2A; p = 0.001), TNF (p = 0.025), IL-12p40 (p = 0.001), and 1L-18
(p = 0.04) by ELISA. We also evaluated a panel of 26 cytokines from BAL fluid in WT and
Tollip™'~ mice after Lp infection by multiplex array. We found that 7o//jp™'~ mice produce
significantly more IFN+y, IL-12p70, IL-18, IL-6, TNF, IL-22, IL-17A, Eotaxin, IL-27, and
IP-10 (p<0.05 with false discovery rate < 1%, Figure 2B). We detected significantly
decreased MIP-2 in 7o//ig™~ mice, but no differences in GM-CSF, IL-23, IL-9, aKC,
MCP-1, MCP-3, MIP-1a, and MIP-1p. IL-13, IL-2, IL-4, IL-5, and IL-10 cytokine
concentrations were below the limit of detection (data not shown). We did not detect
statistically significant differences between WT and 7o//jg™'~ cytokine concentrations in
serum (Figure 2C). In summary, 7o//ip™'~ mice demonstrated broadly increased cytokine
responses from BAL fluid but not in serum after Lp infection.

Pattern-recognition Receptor (PRR) Responses and TOLLIP

Macrophages are essential reservoirs for Lp /7 vivos® TOLLIP downregulates PRR signaling
in macrophages, however, and which specific PRR signaling complexes explain the
improved control of Lp infection is not known. We hypothesized that multiple PRRs that are
necessary for Lp control, including TLR2, TLR4, NLRC4, and NLRP3, are influenced by
TOLLIP in macrophages. To evaluate the role of TOLLIP on TLR signaling, we stimulated
WT and 7o/l/jo”'~ peritoneal macrophages (PEM) with PAM3 (TLR2/1 agonist) or LPS
(TLR4 agonist) for 24 hours, then measured TNF and IL-10 cytokine concentrations from
cell culture supernatants by ELISA. 7o//jo™"~ macrophages secreted increased
concentrations of TNF after PAM3 (Figure 3A, p = 0.002) or LPS stimulation (Figure 3A, p
=0.01) when compared with WT macrophages. Conversely, 7o//jp™'~ PEM secreted
significantly less IL-10 than WT PEM after 24 hours’ stimulation with either PAM3 (p =
0.019) or LPS (p = 0.012, Figure 3B).

We also evaluated the effect of TOLLIP deficiency on NLRP3- and NLRC4-induced
cytokine responses. We stimulated WT and 7o//ig~~ BMDM with 100pg/ml LPS, followed
2 hours later by nigericin (NLRP3 ligand; 10ug/mL). We found that BMDM isolated from
Tolljg™'~ mice demonstrated significantly increased IL-1p release when compared to
BMDM from WT mice (Figure 3C, p = 0.026). Next, we compared IL-1f secretion from
BMDM transfected with flagellin (NLRC4 ligand) via coincubation with cationic lipids as
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compared to bovine serum albumin-transfected BMDM controls. As with nigericin, we
found that 7o//ip”~ BMDM secreted significantly more IL-1p after overnight incubation
(Figure 3D, p = 0.005). No BMDM, from either WT or 7o//ip™'~ mice, produced detectable
TNF or IL-6 after flagellin stimulation without transfection (50 ng/ml, data not shown),
which is consistent with prior data demonstrating that murine BMDM do not express the
flagellin receptor TLR5 on the cell surface.36 These data demonstrate that TOLLIP-deficient
macrophages induce increased TNF and IL-1p after TLR and NLR stimulation, responses
that may contribute to the /n vivo phenotype observed in Figure 1.

Cytokine Responses to Live Lp Macrophage Infection

Intracellular

Lp influences immune activation in macrophages, so we tested the hypothesis that cytokine
responses in TOLLIP-deficient macrophages were increased after live Lp infection /n vitro.
We plated 105 BMDM from WT and 7o//ip~'~ mice and infected them at MOI 10 with wild-
type Lp, AflaA Lp, or AdotA Lp that lacks the Type 1V secretion system, making them
incapable of intracellular replication, and collected supernatants after 24 hours’ infection. As
compared to WT BMDM controls, BMDM lacking TOLLIP secreted significantly more
TNF after infection with WT (Figure 4A, p = 0.025), AflaA Lp (Figure 4A, p = 0.004), and
AdotA Lp (Figure 4A, p = 0.018). Further, IL-1p was increased in 7olljp™"- BMDM after
WT Lp (Figure 4B, p = 0.047) and AflaA Lp (Figure 4B, p = 0.002) infection, but no IL-1p
was detected after ADotA Lp incubation. IL-6 secretion was not significantly different
between WT and Tollip™~ BMDM after infection with any of the Lp straines tested (Figure
4C). These data show that TOLLIP deletion induces more TNF and IL-1p after infection
with WT or AflaA Lp, suggesting that flagellin is not necessary for altered Lp cytokine
responses by TOLLIP.

Replication in Murine Macrophages

Although TOLLIP influences the innate immune response to Lp, many of these responses
may be induced by bystander macrophages. Further, Lp induces an immune signature by
inhibiting host protein translation.3” We assessed overall control of Lp within macrophages
by measuring Lp intracellular replication in macrophages. We infected WT and 7o//jp™'~
BMDM with AffaA Lp (MOI 0.02), which is replication-competent in macrophages.38 7o//jp
=/~ macrophages markedly suppressed replication Af/aA Lp in comparison with WT BMDM
(Figure 5A, p < 0.001). These data demonstrate that Lp replication is suppressed within
Tolljg™"~ macrophages.

Nonselective Autophagy in Macrophages

The mechanism by which TOLLIP influences Lp-specific cytokine responses and controls
intracellular replication is not clear. TOLLIP is an autophagy receptor and influences
clearance of lipids from atherosclerotic plaques and insoluble protein aggregates in brain
tissue.18: 3% Macrophages use autophagy for direct antimicrobial killing, but also to dampen
immune responses.4? However, the role of TOLLIP on nonspecific autophagy in
macrophages has not been established. We cultured THP-1 cells with TOLLIP deleted
(TOLLIP-KO, Supplemental Figure 2) using CRISPR-Cas9 gene editing, along with empty
vector control (EV) cells, for four hours in a nutrient rich (RPMI supplemented with 10%
FCS) or starvation (EBSS) medium. Under typical conditions, starvation inhibits mTOR, a
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constitutive inhibitor of autophagic flux, leading to transient induction and organization of
LC3-11, which forms the structural backbone of the autophagosome and attracts autophagy
receptors to coordinate fusion with the lysosome.#! Starvation of EV cells for four hours
induced increased numbers of LC3* autophagosomes (Figure 5B and 5C, p < 0.001)
compared to starvation of TOLLIP-KO cells. There were no significant differences in the
number of autophagosomes present in EV and TOLLIP-KO cells in nutrient-rich conditions.
Furthermore, EV cells, but not TOLLIP-KO cells incubated in starvation medium (EBSS)
for four hours demonstrated significantly more LC3-11 protein expression than EV cells
incubated with nutrient-rich media (RPMI; Figure 5D and 5E, p < 0.05). Addition of
chloroquine, a known inhibitor of lysosomal fusion and LC3 degradation, led to increased
LC3-11 levels in both EV and TOLLIP-KO cells (Figure 5D and 5E). We did not detect
differences in ubiquitin staining between EV and TOLLIP-KO cells (Supplemental Figure
3). This data suggests that TOLLIP deficiency leads to reduced autophagic flux in
monocytes and offers insight into the potential role of TOLLIP on specific autophagy
functions.

TOLLIP SNP rs5743854 is Associated with Increased Cytokine Responses to Live Lp

In prior studies, we characterized a functionally active promoter-region SNP in the TOLLIP
gene region, rs5743854, that is associated with decreased TOLLIP expression in monocytes.
42 \We hypothesized that macrophages from individuals with this SNP would be associated
with increased TNF responses after WT Lp and Af/aA Lp infection. We isolated peripheral
blood mononuclear cells from 62 healthy volunteers in the Seattle area and stimulated them
with live WT and AffaA Lp (MOI 1) overnight, then measured IL-6 and TNF concentrations
in cellular supernatants. Individuals with rs5743854 G/G genotype demonstrated increased
TNF responses to WT Lp (Figure 6A p =0.013; C/C = 34, G/C = 24, G/G = 4) but not AflaA
Lp (Figure 6B, p = 0.82) when compared to those with either C/C or G/C genotype.
Similarly, the same individuals demonstrated increased IL-6 responses to WT Lp (Figure
6C, p = 0.0007) and Af/aA Lp (Figure 6D, p = 0.037). Thus, the presence of a functionally
active common genetic variant that is associated with decreased TOLLIP mRNA expression
in monocytes is also associated with increased TNF secretion after Lp infection.

TOLLIP SNP rs5743854 is Associated with Decreased Risk for LD

We further hypothesized that TOLLIP-deficiency (genotype G/G) is associated with
susceptibility to LD in humans.16: 18 We performed a candidate gene case-control study on a
cohort of individuals (N=88 LD cases and 309 controls) were exposed to Lp during a flower
show.*3 The TOLLIP SNP rs5743854 G/G genotype was associated with decreased LD
susceptibility in a recessive model (p = 0.032; OR 0.44, 95% confidence interval (ClI) 0.22 —
0.96). After adjustment for smoking, age, gender, and comorbidities as covariates, the
significance of this association increased (Table 1, p = 0.008, OR 0.36, 95% CI 0.16 — 0.76).
We evaluated the this association in relation to other LD susceptibility SNPs in TLR52° and
in STING.24 We conducted a logistic regression evaluating the association between
rs5743854 G/G genotype and LD with presence of the TLR5 stop codon allele or the HAQ
allele of STING as covariates. In the presence of inactivated TLR5, the association of
rs5743854 G/G genotype remains robust (p = 0.009, 95% CI 0.16 — 0.77, but the presence of
STING deficiency abolishes the association (p = 0.273, 95% CI 0.17 — 1.65). Overall, these
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data demonstrate that the presence of the TOLLIP deficiency SNP is associated with
increased cytokine responses after Lp infection and decreased risk for LD after exposure in a
well-characterized case-control study.

Discussion

Deletion of the TOLLIP gene in mice leads to faster clearance of Lp after aerosol infection
and increased proinflammatory cytokine responses within the lungs of Lp-infected mice.
Importantly, TOLLIP-deficient macrophages are resistant to Lp intracellular replication
independently of flagellin, suggesting that TOLLIP acts independently of TLR5 and NLRC4
to influence immune responses. We link this finding to human immune responses and
susceptibility to LD by demonstrating that a common, functionally active variant associated
with TOLLIP deficiency (rs5743854 G/G genotype) is associated with increased cytokine
responses to Lp and decreased risk for developing LD in a genetic case-control cohort from
the Netherlands. Thus, we found that TOLLIP acts broadly to diminish innate immune
responses and influence Lp pathogenesis.

We hypothesize that TOLLIP influences TLR2 signaling primarily to influence Lp disease.
Lp is recognized by TLR2 (via Lp peptidoglycan-associated lipoprotein), TLR5, NLRP3,
NLRC4, and AIM2. TNF is increased and IL-10 is decreased in TOLLIP-deficient
macrophages after TLR2 stimulation, which both suppress intracellular Lp replication.
Infection of 7o//jg™~ macrophages with AffaA Lp induces increased TNF and IL-1p and
diminished intracellular replication, further supporting the critical effects of TOLLIP on
TLR2 activity as sufficient for TOLLIP’s effect on Lp pathogenesis. Several questions
remain, however. We demonstrate that TOLLIP acts upon TLR signaling and also influences
IL-1B induction, even after infection with Af/aA Lp. IL-1p is induced by the inflammasome,
and inflammasome activation requires two signals: a priming signal, often MyD88-
dependent, that upregulates expression of inflammasome components and pro-1L-1p,
followed by an activation signal induced by ATP or nigericin for NLRP3, or cytosolic
flagellin for NLRC4.4* TOLLIP-deficient macrophages demonstrate hyperactive induction
of the first signal. TOLLIP may diminish the second signal of inflammasome activation as
well. TOLLIP contains the CUE ubiquitin-binding domain, which has multiple binding
partners and may thus influence signaling across multiple innate immune pathways. Other
autophagy proteins, such as Atg16L, diminish inflammasome activation.#® Further, linear
ubiquitin binding accessory protein SHARPIN suppresses both TLR and inflammasome
activation directly.*® Detailed study of TOLLIP’s activity after intracellular infection may
provide insight into how ubiquitin signaling may influence innate immunity.

Lp avoids antimicrobial killing via multiple mechanisms, including by impairing autophagy.
47 However, we found that TOLLIP deficient macrophages demonstrated impaired
starvation-induced autophagic flux, while simultaneously inhibiting Lp replication. To
reconcile these seemingly contradictory data, we hypothesize that TOLLIP deficiency
impairs the capacity for autophagy-induced immune inhibition. Depletion of critical
autophagy proteins LC3 or Beclin leads to increased IL-1p production via two mechanisms:
1) decreased degradation of pro-IL-1p and 2) impaired degradation of inflammasome
components. 48 If TOLLIP similarly influences immune responses, then different autophagy
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receptors may impact specific functions. One of the challenges to using small molecule
autophagy inhibitors /in vivo are side effects from off target functions. Therefore, this insight
may identify novel drug targets that influence autophagy innate immune responses with
minimal non-immune activity.

Intriguingly, we identified that TLR2 signaling in the absence of TOLLIP induces increased
TNF and pro-inflammatory cytokines but diminished anti-inflammatory IL-10. The
mechanism of this discrepancy is unclear. First, TOLLIP may selectively suppresses
proinflammatory cytokine production in the TLR signaling cascade via novel, non-IRAK
binding partners. Selective TRIF signaling, which occurs via nonclassical TLR4 activation
induces Type | interferon activation followed by IL-10 induction.*® Alternately, induction of
ER stress from infection in the setting TOLLIP deficiency may alter the cytokine balance in
macrophages. ER stress occurs during the unfolded protein response (UPR), and a
characteristic of ER stress is the selective induction of proinflammatory cytokines and
inflammation.>% TOLLIP is a critical receptor for recycling insoluble protein aggregates,
suggesting its importance in the UPR.18 Further understanding of how TOLLIP selectively
influences proinflammatory cytokine induction will provide novel insights into immune
regulation.

TOLLIP SNP rs5743854 was associated with increased cytokine responses to Lp and
decreased susceptibility to LD. This finding is consistent with prior observations that the
TOLLIP rs5743854 G allele was functionally active, associated with decreased TOLLIP
mMRNA expression in monocytes, and altered the innate and adaptive immune responses to
mycobacteria. 26 Currently, genetic variation in TOLLIP is also associated with
susceptibility to tuberculosis, leprosy, leishmaniasis, and malaria. However, presence of the
G/G allele is associated with increased risk for tuberculosis but decreased risk for LD and
increased proinflammatory cytokine responses after infection with both pathogens. Given
this well-characterized phenotype, we believe that the differences in susceptibility
demonstrate the differential survival strategies of these two pathogens. Lp induces decreased
inflammation to survive but M. tuberculosis requires inflammation in later stages of disease.
Further comparative studies across diseases will improve our understanding of the role of
inflammation in multiple infections.

Limitations of our study included the possible confounding of the genetic findings by
heterogeneity of the population substructure.®! We performed logistic regression by self-
identified ethnicity and comorbidity and report these results in this paper. Another possible
limitation could be misclassification of cases and controls. However, study participants were
followed for a year to determine case status. rs5743854 G/G genotype is a functionally
active SNP associated with TOLLIP deficiency in monocytes26 and is associated with
increased Lp-specific PBMC cytokine responses, suggesting that this data represents effects
of TOLLIP deficiency. We used different Lp strains for /n vivo infection experiments and
macrophage assays — Philadelphia-1 and JR32 for AflaA and AdotA. These strains
demonstrate some differences in the host response, apart from the presence of flagellin,
including the presence of the /v/locus.52-54 We confirmed TOLLIP’s effect using specific
ligands and live bacteria, and we controlled each infection with a comparison with WT
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littermates. Despite this, TOLLIP diminished TLR2-dependent activity and impaired the
immune response to Lp /7 vivoand in human populations.

In this paper, we demonstrate that TOLLIP deficiency increases Lp clearance in
macrophages and /7 vivo by influencing TLR2 activity. We also found that presence of a
known TOLLIP deficiency genotype is associated with decreased susceptibility to LD.
Further studies targeting TOLLIP as a target for therapeutics may lead to novel treatments
for intracellular infections and inflammatory disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TOLLIP-deficient mice demonstrate enhanced clearance of L. pneumophila (Lp) after

aerosol infection.

Mice were infected with approximately 108 CFU WT Lp Philadelphia-1 strain and at 24, 72,
and 144 hours post infection, lungs were harvested. A) Bacterial counts were measured by
CFU on BCYE agar plates. B) Total polymorphonuclear cell counts from bronchoalveolar
fluid. C) Total mononuclear cells from bronchoalveolar fluid samples. D) Hematoxylin and
eosin staining of representative sections of D) WT and E) 7o//ip™'~ mouse lung 72hr after Lp
aerosol infection. * p< 0.05, Student’s t-test, two sided. Error bars represent +/- SEM. N =5
mice in each group at each time point. Data are representative of three independent

experiments.
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Figure 2. Cytokine Responses from WT and ToIIip_/_ mice after L. pneumophila (Lp) aerosol

infection.

Mice were infected with 108 CFU WT Lp Philadelphia-1 strain and after 24 hours, cytokine
concentrations were measured from bronchoalveolar (BAL) fluid and serum. A) BAL
cytokine concentrations measured by ELISA from WT and 7o//ijp™/~ mice. * p < 0.05,
Student’s two-sided t-test. B) BAL cytokines, measured by Luminex cytokine assay 24
hours after Lp aerosol infection. * p < 0.05, ** p < 0.01, *** p < 0.001, at 1% false
discovery rate. Error bars represent +/- SEM. C) Serum cytokine concentrations measured
by ELISA. * p < 0.05, Student’s two-sided t-test. Error bars represent +/— SEM. Data are
representative of three independent experiments with N =5 in each group.
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Figure 3. WT and ToIIip'/‘ Macrophage Cytokine Responses after TLR and NLR Stimulation.
Bone marrow-derived macrophages (BMDM) were isolated from WT and 7o//ip™'~ mice

and stimulated with media, PAM3 (250ng/ml), a TLR 2/1 agonist, or LPS (10ng/ml), TLR4
agonist, for 24hr, and concentrations of A) TNF and B) IL-10 were measured from cellular
supernatants. C) We stimulated mouse BMDM with LPS 100pg/ml for 2 hours, then
stimulated overnight with C) media control or the NLRP3 ligand nigericin (100ug/ml) and
D) NLRC4 ligand Sa/monella flagellin (FIiC, 100ng/ml) or bovine serum albumin (100ng/
ml), coincubated with Lipofectamine 2000 to permit cytosolic translocation of each protein.
IL-1pB concentrations from cellular supernatants were measured by ELISA. Error bars are
means + SEM; statistical analyses were performed by paired t-tests using Prism 7.0e. * p <

0.05, Student’s two-sided t-test. The experiment shown is representative of three

independent experiments, each conducted in triplicate.
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Figure 4. WT and ToIIip'/‘ Macrophage Cytokine Responses after L. pneumophila (Lp) Infection

in vitro.

Bone marrow-derived macrophages were isolated and infected with either negative control
(mock), WT L. pneumophila (\WT Lp), flagellin-deficient L. pneumophila (AflaA Lp), or
dot-icnrlocus-deficient L. pneumophila (AdotA Lp) on the JR32 background at MOI 10
overnight and A) TNF, B) IL-1B, and C) IL-6 concentrations were measured from cellular
supernatants. * p < 0.05, Student’s two-sided t-test. Experiment shown is representative of
three independent experiments, each performed in triplicate. Error bars represent +/— SEM

of mean.
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Flgure 5. Intracellular L. pneumophila (Lp) Replication and Nonspecific Autophagy in WT and
Tolllp Macrophages.

A) Bone marrow-derived macrophages (BMDM) from WT and 7o//ijp/~ mice were infected
with flagellin-deficient L. pneumophila (JR32 strain) expressing the luminescent /ux gene.
Relative luminescence was measured over time. B) Representative images depicting LC3+
organelles (green) and DAPI-stained nuclei (b/ug) from control (EV) or THP-1 cells with
TOLLIP deleted via CRISPR-Cas9 gene editing (TOLLIP-KO) in RPMI supplemented with
10% FCS (ctrl) or EBSS (starve) for 4 hours. C) Tukey plot of the number of
autophagosomes counted from 100 cells in EV and TOLLIP-KO cells in nutrient-enriched or
starvation medium after 4 hours. Box demonstrates median and interquartile range of values.
* p < 0.05, Mann-Whitney U-test, data is representative of three independent experiments.
D) Western blot of THP-1 cells comparing LC3-11 expression with p-actin as a control in
TOLLIP-KO and control cell lines under nutrient-rich and starvation conditions, with or
without chloroquine. E) Quantitative analysis of LC3-11 expression, normalized to B-actin, in
TOLLIP-deficient cells in control and TOLLIP-KO cells. Data are expressed as mean +/-
SD of three separate experiments grouped together. * p < 0.05 by Student’s t test.
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Figure 6. rs5743854 G/G allele is associated with increased proinflammatory cytokine secretion
after L. pneumophila (Lp) infection.

Peripheral blood mononuclear cells were isolated from 62 healthy volunteers in Seattle and
stimulated with media, WT Lp (MOI 1) or AflaA Lp (MOI 1) for 24 hours. Secreted TNF
and IL-6 levels were measured in supernatants via ELISA. TNF responses after A) WT Lp
or B) AflaA Lp infection, stratified by rs5743854 genotype. Number of individuals tested
per genotype -- C/C = 34, G/C = 24, G/G = 4. IL-6 responses after C) WT Lp or D) AflaA
Lp infection, stratified by rs5743854 genotype. Dots represent cytokine values for individual
volunteers. Median value represented by red lines. * p < 0.05 by Mann-Whitney U-test in a
recessive genetic model (GG vs (CC + CG)).
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Table 1.

Distribution of TOLLIP rs5743854 G allele in Netherlands cohort.

Control Cases P value | Odds Ratio (95% CI)
N 309 88
Male, f*(n) 0.51 (159) 0.52 (44) 0.128
Age (median, IQR) 49.6 (35.2-56.1) | 64.7 (54.2-71.5) | <0.001
Smoker, f(n) 031 0.49 0.022
COPD, f (n) 0.10 (24) 0.07 (6)
Diabetes Mellitus, f (n) | 0.04 (3) 0.09 (8)
Cancer, f(n) 0.02 (2) 0.04 (4)
Hx. Transplant, f(n) 0.02 (2) 0 (0)
Autoimmune Dz, f(n) 0(0) 0.02 (2)
Alcohol Use, f(n) 0.73 (61) 0.35(32)
Rs5743854 genotype 0.008 0.35 (0.16 — 0.76) 7
C/C f(n) 0.32 (99) 0.33 (29)
GIC 0.41 (127) 0.52 (46)
GIG 0.27 (83) 0.14 (12)

*
f=frequency

frecessive genetic model adjusted for gender, age, and comorbidities.

Mucosal Immunol. Author manuscript; available in PMC 2020 February 28.

Page 21



	Abstract
	Introduction
	Methods
	Human Subjects
	Genotyping
	Genetic Analysis
	Reagents
	Microbiology
	Knockout Mouse Generation and Screening
	Model of pneumonic legionellosis
	Histology
	Cytokine analysis
	Western blotting
	Statistics

	Results
	Aerosolized lung infection of mice with Lp
	In Vivo Cytokine Responses After Lp Infection
	Pattern-recognition Receptor (PRR) Responses and TOLLIP
	Cytokine Responses to Live Lp Macrophage Infection
	Intracellular Replication in Murine Macrophages
	Nonselective Autophagy in Macrophages
	TOLLIP SNP rs5743854 is Associated with Increased Cytokine Responses to Live Lp
	TOLLIP SNP rs5743854 is Associated with Decreased Risk for LD

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

