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Abstract

Tuberculosis (TB) caused by infection with Mycobacterium tuberculosis (Mth) is characterized
by inflammatory pathology and poorly understood mechanisms of innate immunity. Pattern
recognition receptors (PRR), expressed on the surface of macrophages, determine the balance of
inflammatory and antimicrobial functions that influence disease outcome. Carbohydrate moieties
displayed by mycobacteria can serve as PRR ligands for some members of the C-type lectin
receptor (CLR) family; interactions that mediate a variety of incompletely understood immune
outcomes. This work identifies a novel role for the CLR Macrophage Galactose-type Lectin-1
(MGL-1) in a mouse model (C57BL/6 and MGL-17") of experimental TB. Murine macrophages
upregulated MGL-1 following /n vitro exposure to Mtb, while MGL™ cells accumulated at sites
of mycobacteria-driven inflammation in the lung. Pulmonary macrophages from MGL-1-deficient
mice displayed increased production of pro-inflammatory cytokines (IL-1f, IL-6 and IFN-vy)

that was associated with greater lipid accumulation, following Mtb infection. Surprisingly for a
CLR, we also observed MGL-1-dependent anti-mycobacterial activity as evidenced by greater
Mitb proliferation in BMDM, and the lung, of MGL-1 deficient mice. Differential transcriptome
analysis further revealed that loss of MGL-1 perturbs activation of various genes involved in the
regulation of inflammation and lipid metabolism in the setting of Mt6 infection. These results
identify MGL-1 signaling as an important mechanism that regulates innate immunity against Mtb
and indicate potential for the MGL pathway as a novel therapeutic target for anti-TB immunity.

Keywords

Tuberculosis; C type lectin receptor; Macrophage Galactose-type Lectin (MGL); inflammation;
innate immunity

Corresponding author: jjendsle@utmb.edu (JJE).

RNASeq Database Submission: The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus
(Edgar et al., 2002) and are accessible through GEO Series accession number GSE168486 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE168486).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168486
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168486

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagqvi et al. Page 2

Introduction

Mycobacterium tuberculosis (Mth), the etiologic agent of pulmonary TB, is the leading
cause of death by a single infectious agent. In 2019 alone, there were 1.3 million deaths
due to TB and 10 million new reported cases worldwide (1). Disruptions to healthcare and
economies in the wake of the unfolding Covid-19 pandemic are further predicted to set TB
progress back at least 5 to 8 years (2). Efforts to more fully characterize the complex nature
of TB immunity and disease progression are essential to guide development of preventative
and therapeutic interventions.

Innate immune responses, especially by macrophages and dendritic cells, play an important
role in directing pathogen-specific immunity and determining disease outcomes. Upon initial
inhalation of M6 into the alveolar space, local macrophages recognize and internalize

the bacilli, triggering an early innate immune response that serves to either control or
harbor infection (3-5). Macrophages display a great deal of heterogeneity during the course
of disease that can produce both pro-inflammatory and anti-inflammatory environmental
milieu to promote pathogen clearance or permissiveness, respectively (6, 7). The activation
and reprogramming of macrophages by Mtb occurs in part through initial interaction of
mycobacterial components with pattern recognition receptors (PRR) which can internalize
or bind Mtb (8). PRR signaling through toll-like receptors (TLR), NOD-like receptors
(NLR), and CLRs have all been associated with Mib infection and are capable of co-
signaling to dictate overall immune outcomes and intracellular fate of the bacteria (9).

CLRs comprise an important family of carbohydrate recognizing PRRs, which have been
shown to bind, internalize, and control Mtbwithin macrophages (8). The surface of
Mtbincludes a diverse repertoire of carbohydrate residues and glycolipids which can

be recognized and bound in a calcium dependent manner by CLRs (10). The host PRR
receptors and the respective interactions with these molecular patterns of Mib that determine
immune outcomes are incompletely characterized. To date, roles for CLRs during Mtb
infection has been shown to include entry into macrophages, as demonstrated for the
Mannose Receptor (MMR) and DC-SIGN (11, 12), immune activation as shown for
Dectin 1 and Dectin 2 (13, 14), and granuloma formation as shown for Macrophage-
inducible C-type lectin (Mincle) (15). CLRs expressed on alveolar macrophages (MMR
and DC-SIGN) recognize mannose containing mycobacterial membrane molecules
including arabinomannan, lipomannan, and Man-Lam, leading to internalization and an
anti-inflammatory immune response through increased IL-10 secretion (16, 17). Many
CLRs recognize redundant carbohydrate motifs and are capable of crosstalk with other
PRRs, resulting in compensatory signaling during receptor impairment (18-20). Therefore,
understanding the broad spectrum of macrophage CLR functions can lead to improved
insight into antimycobacterial innate immunity and TB immunopathogenesis.

Macrophage Galactose-type lectin (MGL,CD301,CLEC10A) is a galactose binding CLR
expressed on alternatively activated macrophages and DCs (21). Unlike other CLRs, MGL
appears to have a non-redundant specificity for N-acetylgalactosamine residues (22). While
human cells express a single transmembrane receptor, mice express two homologous
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receptors, MGL-1 and MGL-2 (23). The immune role for MGL, to date, has been

mostly characterized by anti-tumor immunity in which MGL can recognize Tn-MUC-1, an
aberrantly glycosylated host protein associated with many carcinomas (24, 25). The result of
this interaction is immune dampening by increased IL-10 and IL-4 production. In one report,
MGL signaling was effectively exploited as an anti-tumor therapy using glycan mimetics
against ovarian cancer (26). MGL has also been shown to bind bacterial pathogens including
Kilebsiella pneumonia, Neisseria gonorrhea, and Bordetella pertussis (27-29). In a murine
model of Klebsiella pneumonia, deficiency of MGL-1 resulted in neutrophilic pneumonia
and hyperinflammatory lung pathology (27). These studies indicate the potential for

MGL pathways in innate immunity of diverse infectious and non-communicable diseases,
however, a role in immune recognition of mycobacteria has not been described.

The results of the current investigations identify a new immune role for MGL in the
protective innate immune response to Mtb infection. Our findings show that MGL-1 is
activated by exposure to Mitband is abundantly expressed at sites of pulmonary TB.
Deficiency of MGL-1 leads to exacerbated inflammation that is independent of bacterial
proliferation, accumulation of lipids in pulmonary macrophages, and increases in lung
mycobacterial burden. Together these findings suggest that MGL-1 is an important PRR
system in the host response to Mtband may be a target for host directed approaches to
reduce damaging inflammation and bacterial proliferation.

Materials and Methods

Mice and cell lines

Experiments were performed using C57BL/6 and Clec0a deficient (MGL-17/") or WT
littermates obtained or generated from breeder pairs from The Jackson Laboratory.
Cryopreserved B6.129- Clec10a"™1Hed|) embryos (MGL-1*/") were recovered from The
Jackson Laboratory and breeding colonies were maintained by the transgenic mouse core
(University of Texas Medical Branch) for all /n vivoand in vitro assays. All experimental
protocols involving use of mice were approved by the University of Texas Medical Branch
Institutional Animal Care and Use Committee protocol #1501001A. The RAW 264.7
murine macrophage cell line was obtained from the American Type Culture Collection
and cultivated using DMEM media supplemented with 10% FBS, 1% Pen Strep, 1%
L-glutamine, and 1% non-essential amino acids.

Animal infections

MitbH37Rv (ATCC 27294) was propagated from a growth stock in Middlebrook 7H9 media
and used to deliver 102 CFU of Mib for pulmonary infections. The required inoculum
volume of bacterial suspension was diluted in PBS and delivered by intranasal route in

50uL (25uL/ nare). Following 2, 4, 6 or 8 weeks p.i. the right lung (superior, inferior, and
post-caval lung lobes) was collected in 1 ml PBS and disrupted using a tissue homogenizer
pestle (Corning). CFU enumeration of disrupted lung was performed with limiting dilution
and growth on 7H11 agar plates as described (30). Remaining lung supernatant was
centrifuged at 3,000 rpm for 10 minutes to clarify and preserved at —80°C for downstream
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analysis. The left lung lobe was fixed in 10% buffered formalin for subsequent histology and
immunohistochemistry (IHC) analysis.

In vitro macrophage assays

The RAW 264.7 murine macrophage cell line was cultivated and plated in tissue

cultured treated 24-well plates at 1x10° cells per well. Cells were then stimulated with
dexamethasone (1uM) as a positive control to activate MGL, or infected with 10 MOI Mtb
H37Rv for 24, 48, or 72 hours. Flow cytometric analysis was used to determine MGL-1,
MGL-2, and MMR surface expression of RAW cells. Cells were harvested and washed
with PBS followed by staining with the Near Infrared (NIR) viability marker (Thermo
Fisher). Non-specific interactions were reduced by a 5 minute incubation with Fc Block
(BD Biosciences). Samples were incubated with surface markers specific to MGL-1 (PE,
Biolegend), MGL-2 (APC, Biolegend), and MMR (BV650, Biolegend) for 1 hour, washed
twice with FACS buffer (PBS supplemented with 1% HI FBS and 0.05% sodium azide), and
fixed for 48 hours in 4% ultrapure formaldehyde (Polysciences) to inactivate Mtb.

Compensation values were determined using the UltraComp compensation bead control
(Thermo Fisher) and applied during acquisition and analysis. A minimum of 100,000
events in the live leukocyte gate were acquired on the BD LSR 11 Fortessa using FACS
Diva software. Data analysis was performed using FCS express 6 software. Selection gates
were set based on forward and side scatter characteristics and viability, and expression of
designated CLRs. The percent expression of selected markers was compared across time
points of infection. Additionally, whole cell lysates from RAW cells were collected using
1x RIPA buffer (Cell Signaling) supplemented with a protease inhibitor cocktail (Sigma)
and used to perform western blot analysis. Protein concentrations were determined by BCA
assay (Thermo Scientific) and 70pg of protein was loaded onto 4-20% SDS-PAGE for
electrophoresis followed by transfer to nitrocellulose membranes. Membranes were exposed
to primary anti-mouse MGL antibody (Abcam, 1:900) and anti-p-tubulin (Abcam, 1:2000)
overnight in 5% milk powder + 1% BSA in TBS blocking buffer. After washing, the
membranes were incubated with anti-rabbit or mouse HRP-conjugated antibody (Southern
Biotechnology). Protein bands were visualized by SuperSignal West Femto maximum
sensitivity substrate (Thermo scientific) and imaged on the chemiluminescent Image Quant
(GE).

Bone marrow derived macrophages (BMDM) were generated by harvest of bone marrow
from isolated femurs of MGL-17~ mice or WT littermates by flushing with RPMI
supplemented with 10% FBS, 1% Pen Strep, 1% L-glutamine, 1% HEPES and 1% Non-
essential amino acids (c-RPMI). Recovered bone marrow cells were seeded at 1x10° per
well in 24-well plates and macrophages were derived using 50 ng/mL of M-CSF (Stemcell)
for five days at 37°C. Following derivation, cells were exposed to 10 MOI of Mtb H37Rv for
1, 4,12, 24, or 72 hours.

Quantitative real-time PCR

Whole cellular RNA was extracted from BMDMs in accordance with the manufacturer’s
protocol (BioRad Aurum kit) and quantified by nanodrop (Biotek). RNA was reverse
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transcribed and used for quantitative real time PCR analysis using an iTaq Universal SYBR
green one-step kit (BioRad). Thermal cycling conditions were 50°C for 10 minutes; 95°C
for 1 minute; 38 cycles of 95°C for 10 seconds; 60°C for 20 seconds on the Bio-rad
CFX96 Real-time PCR system. The primers complementary to mmg/1, mmgl2, map3ke,
crebb, tIrl3, chd9, mmp9, cxcr2, and actin sequences were synthesized by IDT. PRIMER
sequences as described by (31).

mmgl1 (sense) 5’-AACCTCCAGAACTCAAGGATCG- 3’ and (antisense) 5’-
AGCTTTACCAGGCTCTTGGGT- 3.

mmgl2 (sense) 5° CAGAACTTGGAGCGGGAAGAG 3’ and (antisense) 5’-
TTCTTGTCACCATTTCTCATCTCCT - 3'.

map3k6 (sense) 5’-CGTCGCAAAGGGTAGGCTG-3’ and (antisense) 5°-
GCCTCTCAGTGTGGTCTACG-3’

creb5 (sense) 5’-GCGCAGCCTTCAGTCTCAT-3’ and (antisense) 5’-
AGGATCTTCTGCCGTCTTGAT-3’

tIr13 (sense) 5’-GCACCTTCGTCGATCTTCCAA-3’ and (antisense) 5’-
CCAACTTGACAGAGGCCATTAG-3’

chd9 (sense) 5’-CGTTCCTCTGTGATTGGTTGAAT-3’ and (antisense) 5°-
GAGGGCAGTTTGATTGGACAA-3’

mmp9 (sense) 5’-CTCGCGGCAAGTCTTCAGAG-3’ and (antisense) 5’-
CTGGACAGCCAGACACTAAAG-3’

cxcrZ (sense) 5°-GTGCTCCGGTTGTATAAGATGAC-3’ and (antisense) 5°-
ATGCCCTCTATTCTGCCAGAT-3’

Histopathology and immunohistochemistry

Paraffin-embedded lung sections were serially sectioned (5um) and stained with
hematoxylin and eosin (H&E) by the UTMB surgical pathology core facility. Stained
sections were analyzed by light microscopy and scored for specific pathological criteria

in a blinded analysis. Additional sections were used to perform IHC staining to detect

MGL. A primary rabbit antibody specific for mouse MGL (Abcam) followed by a secondary
anti-rabbit 1IgG AP (Vector) kit was used for the staining protocol. The antibody to murine
MGL binds both MGL-1 and MGL-2 and, to date, an antibody that distinguishes between
isoforms is not commercially available for IHC. Positive markings were visualized with fast
red chromogen (Vector Laboratories) and analyzed by light microscopy.

Macrophage polarization assessment

To determine Jn vitro macrophage polarization bias (M1 vs M2), WT (MGL-1*/*) and
MGL-1~ BMDM were infected with 10 MOI Mth H37Rv or mock infection (BSA).
Following 24 hours of infection, cells were incubated with surface markers F4/80
(BV510, Biolegend), CD11b (evolve 605, eBioscience), CD80 (BV 711, BD), MMR (BV
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650, Biolegend). Following surface staining, cells were permeabilized using a fixation/
permeabilization kit (BD cytofix/cytoperm) for intracellular staining of IL-10 (APC,
Biolegend), inos (FITC, Miltenyi Biotec), and arginase (eflour 450, Thermo Fisher).

Nitric oxide assay

WT (MGL-1*/*) and MGL-1~/~ BMDM were infected with 10 MOI Mib H37Rv for 12
and 24 hours. Following infection, supernatants were collected and stored at —80°C until
use for subsequent assays. Supernatants were inactivated by y-irradiation as described (30)
and nitrite concentrations were quantified using the Measure-iT High-sensitivity Nitrite
Assay Kit (Invitrogen) as an estimate of nitric oxide (NO). The kit was used following
manufacturer instructions and fluorescent intensity was measured using the Synergy H1
(Biotek) plate reader. Nitrite concentrations were extrapolated using a linear regression of
standards.

Phagocytosis assay

A 1 mL aliquot of Mtb culture (OD 0.5) was stained with 15uM of CFSE for 45 minutes

at 37°C with periodic agitation. Cells were washed with PBS to remove residual stain and
isolated BMDMs were infected at 20 MOI for 2 hours. Macrophages were washed with PBS
to remove extracellular bacteria and dissociated from the culture plate. Cells were fixed with
4% ultra-pure formaldehyde for 48 hours and acquired on a BD Fortessa cytometer. Cells
were selected based on forward and side scatter characteristics and the MFI of FITC positive
cells was determined using FCS Express 6 flow cytometry software analysis (DeNovo
Software).

Cytokine and chemokine quantification

Homogenized lung supernatants were inactivated by exposure to 5 MRAD v-irradiation

on dry ice, as described (32). Pathogen inactivation was confirmed by lack of detectable
mycobacterial growth following a 3 week culture on 7H11 agar plates. Immune analytes,
including cytokines and chemokines, were measured using multiplex magnetic bead ELISA
(Bio-rad Bio-plex Pro mouse cytokine 23-plex) and analyzed as described (33).

Flow cytometric assessment of lung macrophage phenotype and leukocyte influx

Total mouse lungs were enzymatically digested with DNase | (Sigma) and collagenase IV
(Worthington Biochemical) and homogenized through a 70um mesh filter. Digested lungs
were subjected to three rounds of low speed (60xg for 1 min) centrifugation to remove
fibroblasts and debris during isolation of lung leukocytes. Isolated leukocytes were treated
with RBC lysis buffer (BD FACS lyse) for 5 minutes. Following wash with PBS, cells were
stained with fixable live/dead stain near IR (Invitrogen) for 2 minutes and incubated with Fc
block for 5 minutes to reduce non-specific staining. Samples were incubated with surface
antibodies suspended in brilliant violet staining buffer (BD) and incubated for 30 minutes
at 4°C. Samples were fixed in 4% ultra-pure formaldehyde solution to inactivate Mtband
acquired on a BD LSR |l Fortessa cytometer. Antibodies included CD301a (PE, Biolegend),
CD301b (APC, Biolegend), F4/80 (BV-510, Biolegend), CD11c (PE/dazzle 594, Biolegend),
Ly-6G (Pacific Blue, Biolegend), CD3 (FITC, Biolegend), (eVolve 605, eBioscience), CD4
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(BUV 496, BD) and CD8 (PE-alexa 647, BioRad). In additional experiments, the expression
of MGL-1 by lung compartment macrophage populations was assessed. Disrupted lung
tissue was analyzed with multiparameter flow cytometry by using antibodies to surface
markers that permit determination of alveolar and interstitial phenotypes. Antibodies used
included CD11b (evolve605, Thermo Fisher), CD11c (PE-dazzle 594, Biolegend), CD64
(FITC, Biolegend), Siglec-F (Alexa Fluor 647, BD Biosciences), Mannose Receptor (BV
650, Biolegend), CD301a (PE, Biolegend) and a fixable viability marker (live/dead- near IR,
Thermo Fisher).

Lipid body staining

In separate samples, leukocytes from disrupted lung tissue were assessed for intracellular
lipid accumulation. Isolated lung cells were stained with fixable live/dead Near IR
(Invitrogen) for 2 minutes at RT and washed with PBS. Cells were then re-suspended in
Nile red staining solution (Abcam) and incubated for 20 minutes at 37 °C with periodic
agitation. Once stained, cells were washed with sterile PBS and fixed with 4% ultra-pure
formaldehyde to inactivate Mtb prior to flow cytometric analysis.

RNA sequencing

Lung tissue from WT or MGL-17~ mice was collected following 8 weeks of Mtb infection,
preserved in RNA-later, and stored at —80°C prior to RNA isolation. Tissue sections

were homogenized and RNA extracted using the RNEASY kit (Qiagen) as instructed

by the manufacturer. Five samples per group (WT and MGL-17") were submitted to

the UTMB Next Generation Sequencing Core Facility. RNA quality was assessed by
Aligent Bioanalysis. Following library construction, samples were sequenced on an Illumina
NextSeq 550 sequencing system (lllumina). Following mapping to mus musculus reference
genome, genes were sorted based on adjusted p-value and log2fold change. Statistically
significant (adj p-value <0.05) upregulated or downregulated genes were selected for
reactome pathway analysis using String database (ELIXIR).

Data availability

RNA Sequencing results are accessible through GEO Series accession number GSE168486
(https://iwww.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168486).

Statistical analysis

Results

Data was analyzed and graphed using GraphPad Prism 8 software and shown as the
mean + SEM. One-way ANOVA followed by a Tukey’s test was used for multiple group
comparisons. Comparisons between two groups were assessed with a 2-tailed Student’s
t-test. For all analyses, differences were considered significant at p<0.05.

Mtb exposure activates macrophage MGL

To determine if Mtb infection activates MGL as part of the host innate response, murine
macrophages (RAW 264.7) were infected with Mtb H37Rv and expression of MGL-1 and
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MGL-2 was assessed by flow cytometry and gPCR. The macrophage mannose receptor
(MMR, or CD206) was also measured as a control CLR previously demonstrated to be
responsive to Mtb infection.

As shown in Fig. 1A, in vitro exposure of murine macrophages to Mtb led to a marked
increase in the surface expression of MGL-1 and a moderate increase in MGL-2. The
summarized data in Fig. 1B demonstrates that MGL-1 and 2 were significantly increased
beginning at 24 hours post Mtb exposure and remained elevated through at least 72 hours.
The activation kinetics of MGL-1 in response to Mtb exposure were similar to treatment
with dexamethasone (1 uM), which has been previously established as a positive control
stimuli for human MGL (34). The response kinetics of MGL-1 and MGL-2 were similar
following Mtb exposure, with a notable difference in the number of macrophages expressing
MGL-1 (~10%) compared to MGL-2 (~2%). In contrast to MGL-1, MMR expression was
greatest 24 hours post-exposure to Mtb and declined at 48 and 72 hours. MGL-2 was
poorly responsive to dexamethasone, similar to MMR. To determine if MGL-1 is restricted
to the cell surface, or is also present intracellularly, flow cytometry was performed on
permeabilized or non-permeablized Mtb infected RAW macrophages. As shown in Fig. 1C,
Mitb exposure led to increased surface expression of MGL. In contrast, there was a limited
and non-significant increase in the expression of MGL when cells were stained for both
surface and intracellular expression following 24 hours of Mtb infection. To assess the
presence of total MGL protein, cell lysates were used for western blot analysis (Fig. 1D).
Following 24 hours of infection with Mtb, MGL protein production by RAW macrophages
was found to increase similar to positive control.

To validate the findings of murine cell lines in primary cells, BMDM from C57BL/6 mice
were used to detect mmg/1 and mmgl2 gene expression following stimulation with Mib.
As shown in Fig. 1E, following 24 hours of exposure to Mtb, mmg/I gene expression was
elevated compared to mock. Further assessment of activation kinetics shows that mmg/1
transcription was detected by 4 hours post Mtb and remained elevated until 72 hours
(Supplemental Fig. 1A). The homologous gene, mmg/Z2, was increased following 1 hour

of Mtb infection and was moderately, though non-significantly, elevated from 12—72 hours
(Fig. 1E, Supplemental Fig. 1B). These results demonstrated that while RAW macrophages
express abundant MGL, primary macrophages appear to regulate the expression of mmg/
RNA, as well as the turnover of surface expressed MGL translation, more tightly.

Phenotype and localization of MGL™* cells in Mtb-infected lung

To determine if pulmonary cells express MGL in response to Mtb infection, a C57BL/6
model of experimental TB was used. Flow cytometric and IHC analysis was performed

on lung tissue collected 8 weeks post Mrb infection. Analysis of lung tissue by IHC post
Mitb infection shows localization of MGL expressing cells to sites of inflammation. At
varying levels of density in different lesions, MGL™ cell infiltrate was detected adjacent

to inflammatory TB lesions (Fig. 2D—F) in C57BL/6 mouse lungs. Interestingly, MGL
staining was primarily observed at lesions and less frequently observed in non-inflamed lung
parenchyma or interstitium (Fig. 2A, B), similar to the lung of non-infected animals (Fig.
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2C). Cells weakly positive for MGL were observed in the lung of non-infected animals (Fig.
2C), suggesting MGL-1" cells may redistribute to sites of Mtb-driven inflammation.

Flow cytometric analysis of disrupted lung (Fig. 2G) demonstrates that MGL-1, and not
MGL-2, is the predominant receptor expressed in lung of mice infected with Mzb. In

this flow cytometric analysis, MGL-1expression was primarily observed on cells of the
macrophage (F4/807CD11b*) lineage (Fig. 2G), consistent with previous reports (23, 31). In
contrast, MGL-2+ cells were infrequent and similarly observed among F4/80+ and F4/80-
populations (Fig. 2G). These data indicate that MGL-1 is likely to be the predominate
receptor expressed in the Mtb infected lung macrophages and alveolar subpopulations. As

a result of these /n vitroand in vivo studies, our subsequent investigations focused on
determining the role of macrophage MGL-1 in protective immunity to Mib.

The phenotype of pulmonary macrophages expressing MGL-1 was additionally assessed
following 24 hours of Mtb exposure in C57BL/6 mice (Fig. 2 H, ). MGL-1 expression was
assessed on alveolar macrophages (AMs) (F4/80+CD11c+CD64+Siglec-F+) and interstitial
macrophages (IM) (F4/80+CD11c-CD64+Siglec-F-). Assessment of MMR (CD206) was
included as a control CLR known to be expressed by AMs and associated with regulatory
macrophage function. Following Mib exposure, MGL-1 expression was observed to be
restricted to the AM, as compared to the IM, compartment of the lung. Interestingly, AM
that express either MGL-1 or MMR, but not both, were observed following Mtb exposure

(Fig. 2 1).

Impaired anti-mycobacterial and pro-inflammatory activity by MGL-1-deficient
macrophages

BMDMs from WT (MGL-1*/*) and MGL-1 deficient (MGL-17") mice were used to
determine whether loss of MGL-1 affects macrophage innate immune outcomes following
Mitb exposure. Deficiency in MGL-1 signaling was previously shown to promote pro-
inflammatory responses to the extracellular bacteria Klebsiella pneumonia (27). Due to
the known role of MGL to regulate inflammation, cytokine and chemokine pathways

were assessed in supernatants of infected macrophages at 4, 12, 24, and 72 hours post

Mitb infection. Compared to WT, MGL-17~ macrophages exhibited increased production
of proinflammatory cytokines such as IL-1p, IL-6 and TNF-a and chemokines such as
RANTES, MIP1p, and MCP-1(Fig. 3A) beginning 12 hours through 72 hours post- Mib.
Other anti-inflammatory and T-cell cytokines, such as IL-4, IL-10, IL-13, IFN-y and IL-2,
were either present in low concentrations and/or were not differentially regulated (Fig.
3A). These differential cytokine patterns were independent of effects of MGL-1 deficiency
on polarization to M1 or M2 phenotypes in response to Mtb infection. As shown in
Supplemental Fig. 1C, exposure of BMDMs to Mtb promoted an expected increase in M1
(F4/80+CD11b+inos+CD80+) compared to M2 (F4/80+CD11b+arginase+CD206+IL-10+)
bias among cells in both WT and MGL-17/~ groups.

A significant increase in mycobacterial growth was also observed in MGL-17~
macrophages, compared to WT, following 24 hours of infection (Fig. 3B). This was a
surprising result in that an antibacterial role for a single CLR pathway is limited in the
setting of Mitbimmunity, and MGL has previously not been associated with regulation of
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antimicrobial activity. Further, the inflammatory responses were observed to be elevated
12 hours post-Mtb, prior to observed differences in mycobacterial growth (Fig. 3B).
Other CLRs mediate phagocytosis of mycobacteria by macrophages, and MGL has been
shown to function as an endocytic receptor for other pathogens (e.g. Ebola virus) (35). To
determine if the increased bacterial load was influenced by MGL-1-dependent differences
in phagocytic uptake, BMDMs were infected with CFSE-labeled Mib followed by flow
cytometric assessment. MGL-1-deficient cells were able to internalize Mtb similar to WT
(Fig. 3C), suggesting the effects on antimicrobial activity are independent from an entry
receptor role.

An essential mechanism of host defense against M6 is the production of NO that inhibits
mycobacterial growth through nitrositive stress and immune regulation (36, 37). Assessment
of nitrite (oxidized form of NO) in cell culture supernatants from 12— 24 hours post-Mtb
infection demonstrated non-significant changes in NO (Fig. 3D) due to loss of MGL-1
signaling. These results suggest that MGL-1 does not directly regulate mechanisms of
bacterial uptake or NO production in the setting of Mtb as a mechanism of antimicrobial
activity. Additionally, these results indicate that inflammatory dysfunction associated with
loss of MGL-1 precedes the defect in antimycobacterial activity.

Pulmonary Mtb proliferation in MGL-1-deficient mice

WT (MGL-1**) and MGL-17/" littermates were infected with Mtb to determine the /n vivo
role of MGL-1 during pulmonary tuberculosis. Assessment of lung tissue revealed that loss
of MGL-1 signaling did not impact pulmonary Mtb growth during the early stages of disease
(2—4 weeks). However, MGL-1 deficient mice displayed significantly increased pulmonary
bacterial burden at 6 and 8 weeks post Mtb infection, compared to WT (Fig. 4 A-B).

Lung sections from infected mice were analyzed for histopathological organization of TB
lesions in an MGL-1-deficient environment. Representative H&E images from WT and
MGL-1~ mice (Fig. 4C) demonstrate no significant alterations in lung lesion formation,
with all groups exhibiting granulomatous inflammation and progressive loss of airspace
beginning 4 weeks post infection (Supplemental Fig. 4A, C). MGL+ cells were detectable
by IHC staining within inflammatory TB lesions in lung sections from MGL-1~/~ mice
(Supplemental Fig. 1D), although numbers of positive markings were markedly diminished
compared to lung of WT counterparts. These results are consistent with flow cytometric
results (Fig. 2G) and represent the presence of small numbers of MGL-2+ cells that

are detected with the cross-reactive antibody. Organized lesions were characterized by a
majority histiocytic composition in both WT and MGL-17/~ groups at 4, 6, and 8 weeks
(Supplemental Fig. 4B). The localization of infiltrating lymphocytes indicated no significant
difference in coalescence or organization to bronchial structures (Supplemental Fig. 4E, F).
However, there was an increase in lymphocytes associated with lung vessels in the MGL-1-
deficient lung following 8 weeks of Mitb infection (Supplemental Fig. 4D). Taken together,
these results suggest that the increased bacterial burden seen during MGL deficiency is not
likely due to significant alterations in development or maintenance of inflammatory lesions
harboring the bacilli.
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MGL-1 deficiency and exacerbated pulmonary inflammation

Lung homogenate from WT and MGL-1~/~ mice was analyzed for differential regulation
of cytokine and chemokine secretion. An independent group of MGL-1~/~ mice used for
this analysis had similar weight gain (Fig. 5A) but also displayed increased lung bacterial
burden (Fig. 5B), compared to WT mice. Similar to /n vitro results observed with BMDMs,
multiplex cytokine analysis of lung supernatants revealed a significant pro-inflammatory
cytokine signature in the absence of MGL-1. Lung cytokine levels of IL-1p, IL-6, TNF-a,
IFN-v, and 1L-12 p40 were significantly increased in MGL-1/~ compared to WT mice
(Fig. 5C). A concurrent, significant, increase in IL-10 was also seen in MGL-17~ lungs,
consistent with immune system efforts to dampen excessive inflammatory cytokines. Other
cytokines with roles in lymphocyte homeostasis, effector function, and differentiation such
as IL-9, IL-2 and IL-17 were not altered due to MGL-1 deficiency. Chemokine levels were
also differentially regulated, including significant increases in MCP-1 (Fig. 5), MIP-1-a.,
and KC (Supplemental Fig. 31) while levels of other chemokines (e.g. MIP-1p, Eotaxin or
RANTES) were similar to WT. These findings expand upon and corroborate the /in vitro
results, suggesting that MGL-1 may regulate the cytokine and chemokine production by
pulmonary macrophages following Mtb infection

To determine if MGL-1 impairment alters lung-infiltrating populations during TB, total

lung leukocytes were isolated from non-infected, and infected, WT or MGL-1"/~ mice.
Leukocytes were further analyzed based on myeloid and lymphocyte markers (Supplemental
Fig. 3A). In both WT and MGL-17/ infected groups, CD3*, CD4*, and CD8* T cells

were significantly increased due to 8 weeks M6 infection (Supplemental Fig. 3F-H).
However, myeloid subset populations displayed no significant difference between WT and
MGL-17/~ infected groups (Supplemental Fig 3B—E). These results are consistent with
histopathological observations and suggest that deficiency of MGL-1 does not significantly
alter cellular influx in murine pulmonary TB.

Accumulation of lipid rich cells in vivo as a result of MGL deficiency

An interesting observation made during histopathological assessment of lung tissue was
that of an increased lipid accumulation at sites of Mtb-driven inflammation due to MGL
deficiency. In lungs harvested at eight weeks post Mtb infection, an increased accumulation
of foamy macrophage-like cells was observed in TB lesions of MGL-17/~ (Fig. 6B),
compared to WT (Fig. 6A), mice. The generation of foamy macrophages is an important
feature of TB pathology, serving as a reservoir for latent Mtb (38). CLRs have been shown
to regulate lipid generation of macrophages through nuclear receptor signaling (39). To
further assess the role of MGL-1 in foamy macrophage generation and lipid accumulation,
lung leukocytes isolated from infected mice were stained with Nile red and fluorescence was
measured by flow cytometry. In the setting of MGL-1 deficiency, the lungs of Mtb-infected
mice displayed a significant accumulation of nonpolar lipid-rich cells compared to WT
counterparts at 8 weeks p.i. (Fig. 6D). At earlier time points, 2 weeks p.i., there was

no significant difference in accumulation of Nile red positive cells (Fig. 6C). The results
suggest that MGL-1 may contribute to lipid metabolism outcomes of macrophages in the
setting of Mitb infection.
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Differential gene expression due to MGL-1 deficiency

Lung tissue RNA from WT and MGL-17/~ mice infected with Mtb for 8 weeks was used to
assess differential gene expression by high throughput RNA sequencing. Genome mapping
identified 684 significantly (adj p-value <0.05) up-regulated genes and 302 significantly
down-regulated genes in the MGL-1"/~ compared to WT (Fig. 7A) groups. Included

among the up-regulated genes associated with MGL-17/~ (Fig. 7B, C) were genes with
described roles in: regulation of cytokine signaling, TLR recognition and signaling cascades,
regulation of lipid metabolism, and neutrophil degranulation. Selected genes from the

top 12 reactome pathways were validated using qPCR analysis. These genes including,
map3ke6, crebb, tlr15, chd9, mmp9, and cxcr2were also determined to be up-regulated
based on g-PCR validation in the MGL-17/~ infected group compared to WT (Fig. 7D).
Down-regulated genes associated with MGL-17/~ are involved in cellular response to stress,
signaling by WNT, and metabolism of amino acids (Supplemental Fig. 2A, B). Individual
genes identified among the most downregulated included fos, krt17, asgrl, and HSP70
family members Aspala and hspalb. These results are consistent with changes in lipid
accumulation and inflammatory cytokines in the MGL-17/~ lung following Mib infection.
The findings further identify candidate molecular pathways whereby MGL-1 may regulate
pattern recognition or lipid metabolism responses to Mtb and other pathogens that promote
pro-inflammatory outcomes and perturb anti-microbial macrophage function.

Discussion

The innate immune response to Mtb infection is an important determinant of TB disease
progression and outcome. Recognition of mycobacterial antigens by PRRs displayed on

the surface of macrophages, a primary host cell for Mtb, is especially important for
immune activation and clearance of infection (3). Signaling through macrophage PRRs,
including TLRs, NLRs, and CLRs, leads to cytokine activation, anti-microbial activity, and
differentiation of lymphocyte subsets (8, 19). Identifying and characterizing the diverse
PRRs involved in regulating anti- Mtb immunity, therefore, is important for efforts to combat
TB. Our work makes an important contribution to the understanding of innate immunity

to Mtbby identifying a new PRR pathway that regulates the host macrophage response

to infection. These results are the first demonstration, to our knowledge, that the MGL
pathway plays an important immune regulatory and antibacterial role in the innate response
of macrophages to mycobacteria.

CLRs are especially abundant on innate myeloid leukocytes and bind carbohydrate motifs of
bacterial, viral, and fungal pathogens (40). Similar to other CLRs, we observed that MGL

is predominantly expressed by myeloid cells, including post Mtb infection. In the lung,
alveolar macrophages were observed as the primary population expressing MGL following
infection with Mtb. Mice express two homologues, MGL-1 and 2, while humans express

a single MGL receptor (31). Both MGL-1 and 2 are expressed by murine APCs, however,
MGL-1 has been shown to contribute to infectious and inflammatory disease outcomes (27,
41, 42). Consistent with these findings, we observed an upregulation of MGL-1, but not
MGL-2, on murine macrophages in response to Mib. In line with other reports, MGL-1 was
observed to be expressed predominantly on the cell surface as compared to the intracellular
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compartment (43). The MGL* cells associated with areas of TB inflammation in lung

tissue of infected mice were also presumably MGL-1* given the significant reduction of
positive MGL markings visualized with IHC and a cross reactive antibody in lung of
MGL-1-deficient mice. These data indicate that MGL-1 likely plays a more important role in
Mtb immunity than its homologue MGL-2. Expanded investigations in MGL-2-deficient and
MGL-1/2 double knockout mice will be required to demonstrate a definitive role for MGL-2
in antimycobacterial immunity.

The pathogen-specific moieties of Mtb that bind MGL remain to be identified. Specific
ligands which are recognized by murine MGL-1 have not been described for any pathogen,
to our knowledge. A human chimeric MGL construct was previously shown to bind E. coli
LPS, and C. jejunilipopolysaccharides and glycoproteins (44, 45). Binding of human MGL
to cellular surface receptors (MET, PTK7, SORL1, PTPRF) and integrins (ITGB1, ITGA3)
on colorectal cancer cell lines is also described (46). MGL could potentially be activated
through recognition of cellular ligands upregulated by Mtb infection, an outcome that would
be consistent with a defined role for MGL in clearance of apoptotic cells (47). As seen

with other CLRs such as Mincle and MMR, mycobacterial cell wall components including
lipoarabinomannan and mannosylated proteins may bind MGL and activate macrophage
function (10, 11, 15). MGL may also directly bind Mtb through galactose or other residues
on the mycobacterial membrane that do not bind other CLRs. Identifying the Mtb and other
pathogen motifs that bind and activate MGL-1 are important to understanding how the CLR
repertoire recognizes and integrates diverse danger signals following infections.

Regardless of the mechanism(s) whereby MGL recognizes Mtb, our results clearly
demonstrate a role for MGL-1 to modulate the pro-inflammatory response. Results from
our /in vitroand ex vivo experiments further suggest that these MGL-1-dependent effects on
the innate response are mediated primarily by macrophages, although dendritic cells may
also contribute. The markedly increased inflammatory response in the lung of mice infected
with Mtbis also consistent with outcomes observed following Klebsiella pneumonia and

7. cruziinfection (27, 41). Localization of MGL" cells to sites of Mtb proliferation in the
lung further indicate an immune regulatory role. These findings identify MGL-1 among the
repertoire of Mtb-responsive CLRs that are increasingly understood to be innate immune
determinants of cytokine and chemokine outcomes. Among these, pro-inflammatory roles
for Mincle, MMR, and the mannose binding CLR DC-SIGN, are well described (15-17,
48). DCIR, Dectin 1, and Dectin 2 also promote pro-inflammatory outcomes to Mtb as well,
including production of cytokines that regulate Th17 differentiation such as I1L-17, IL-6,
and TNF-a (14, 49). Our observation that MGL-1 and MMR were expressed by different
AM populations may provide an important clue regarding how these various CLRs integrate
diverse danger signals and “fine tune” the resulting immune response.

The molecular mechanisms that determine innate immune functions downstream of MGL
signaling are poorly described. Ligation of human MGL with glycan agonists activates 1L-10
through an NFxB-dependent mechanism that involves ERK and CREB phosphorylation
events (50). Interestingly, TNF-a activation downstream of MGL ligation in that system
appeared to be NFxB- independent (50). Recently, murine MGL-1-dependent inflammation
due to 7. cruziinfection was associated with differential signaling through ERK1,2 and NF-
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kB (41). These are also important transcription factors for several inflammatory outcomes
in the context of Mib (51) that are driven by multiple PRR systems. To begin to understand
MGL-1 dependent activation by Mtb, we conducted a differential transcriptome analysis

of lung RNA from infected WT and MGL-1""~ mice. The differential analysis supports

and expands our observations that MGL-1 regulates pro-inflammatory responses. In the
absence of MGL-1, Mtbinfection of the lung led to significantly increased activation of
multiple immune recognition and immune response networks, including TLR pathways
(TLR7, 8, and 13). Recognition of Mtbby TLRs plays an important role in regulation of
downstream immune responses and activation of pro-inflammatory cytokines (9). Significant
up-regulation of TLR8, for example, is seen in TB patients during the acute phase of disease
and has been linked to TB susceptibility in men (52).

Included among several differentially activated genes that were upregulated due to MGL-1
loss were nfxb, map3k6, and creb5, which have roles in activation of broad inflammation
networks, and precision inflammation outcomes, respectively. We additionally observed
increased stat3in the MGL-1~/~ group, which has been shown to regulate several cytokine
pathways, including IL-10, and diminish T cell mediated control of Mib infection and
growth (53). MGL-1 deficiency was also associated with decreased expression of several
other genes. Among the top 12 downregulated genes were the Hsp70 family members
hspalaand hspalb. These proteins serve as molecular chaperones to maintain protein
quality control and reduce inflammation by regulating protein folding and degradation
pathways (54, 55). Another gene that is downregulated in the absence of MGL-1 is

fos. The FOS family members form heterodimers with JUN family members as part of

the AP-1 transcription factor complex and are implicated in cellular differentiation and
apoptosis as well as phospholipid synthesis (56). An unexpected downregulation due to
MGL-1 deficiency was krt17, which encodes Keratin 17 (K17). In skin keratinocytes, K17
was shown to interact with the TNFR-1 associated death domain protein (TRADD), and
K17-deficient mice displayed increased NF-xB activation (57). Further exploration of these
candidate mechanisms is needed to determine MGL-1-dependent roles in regulation of
inflammatory or other immune outcomes following Mib infection.

It is also possible that MGL-1 signaling enhances or modifies activation through other PRR
(58). Co-signaling of MGL with TLR2, in preference to other TLRs, was previously shown
as a mechanism of molecular synergy that alters post-activation cytokine outcomes (50).
TLR2 is also important for innate immune activation of macrophages by Mtb and has been
shown to bind several mycobacterial lipoproteins and lipoglycans (59). We also observed
that MGL-1 deficiency leads to downregulation of the related gene asgrZ, which encodes
the Asialoglycoprotein Receptor 1 (ASGR1, CLEC4H1). Like MGL-1, ASGR1 binds to
serum proteins with exposed galactose or N-acetyl-galactosamine residues and targets them
to the lysosome for degradation (60). Further investigation is needed to determine whether
ASGRL or other pattern recognition systems are differentially regulated by MGL-1 and

the potential impact on immune outcomes. These individual, complementary, or convergent
signaling mechanisms may be important mechanisms whereby MGL-1 and other CLRs
generate specificity in effector function or limit excessive inflammation following infections.
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Importantly, our work also identifies an MGL-1-dependent role in the antimycobacterial
function of macrophages. Both BMDM s and lungs of MGL-17~ mice supported greater
mycobacterial burden. These results contrast those of a previous report in a murine model
of bacterial pneumonia. In that model, MGL-1-deficient mice infected with K/ebsiella
pneumonia displayed inflammatory pathology in the absence of changes in bacterial burden
(27). The results are exciting, as evidence for /n vivo antimycobacterial roles for CLRs is
limited. The Clecsf8 molecule expressed by neutrophils and monocytes has been shown to
modulate the pulmonary burden of Mtb-infected mice (61). Additionally, impairment of DC-
SIGN is associated with reduced mycobacterial growth within macrophages /n vitro (16).
However, only mice deficient in SIGNR3, a homologue of DC-SIGN, displayed increased
mycobacterial growth in their lungs compared to WT (62).

The innate immune basis for MGL-1 antimycobacterial macrophage activity remains to

be identified. Regulation of phagocytic activity and NO in innate responses to Mtb have
been described for MMR and Mincle, respectively (15, 17), however, these responses

were not sufficient to impact mycobacterial burden /7 vivo. In contrast to these outcomes
previously described for Mincle and MMR, loss of MGL-1 in our studies did not affect

the production of NO nor phagocytic uptake by murine macrophages following Mtb
infection. This outcome also differs from recent observations of 7. cruz/infection, where
MGL-1 deficiency promoted significant increases in NO production by macrophages (41).
Potentially, inflammatory outcomes could indirectly contribute to bacterial proliferation as
described (63-65) and previously suggested as a basis for the /n vitro effects of DC-SIGN
impairment (16). Following K/ebsiella pneumonia infection, a marked influx of neutrophils
and activation of neutrophil mediators (MMP9 and MPO) was described in MGL-17/~ mice
compared to WT (27). We did not observe significant changes in neutrophil influx due

to MGL-1 deficiency in mice with pulmonary TB. However, our differential transcriptome
analysis revealed significant increases in genes that regulate neutrophil activation including
mmp9, as well as s100a9 and cxcr2. These findings support further investigations to
determine if loss of MGL signaling could contribute to defects in neutrophil function that
are important for immunity to Mitb. These effects would likely be indirect since MGL
expression is primarily restricted to macrophages and DCs.

The MGL-1-dependent effects on macrophage lipid metabolism that we observed
following Mtbh infection also has important implications. Sequestration of host lipids
serves as an important pathogenesis mechanism used by Mtb and provides for a
primary nutrient resource for growth and persistence in macrophages (66). Our results
demonstrate a significant accumulation of host lipids in pulmonary macrophages of
MGL-1-deficient mice infected with Mib, suggesting that MGL-1 may regulate lipid
metabolism processes activated by infection. Other CLRs, such as MMR and Dectin 1,
have been shown to regulate inflammatory lipids (67). Recognition of Mtb by MMR
induces peroxisome proliferator-activated receptor (PPAR)-vy, a nuclear receptor which
regulates lipid metabolism and inflammatory cytokine responses (67). Differentiation and
anti-inflammatory function of alternatively activated macrophages is also regulated by
PPAR-v (68). Both MGL and MMR are markers of alternative macrophage activation,
however, we observed a mutually exclusive pattern of expression by AM following
pulmonary Mtb infection. Differential transcriptome analysis in our study revealed an
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upregulation of ppar-a and several genes in a lipid metabolism pathway regulated by
PPAR-a such as the transcriptional co-activator and epigenetic modifier c2d9. This is an
interesting observation since PPAR-a is a member of the PPAR superfamily along with
PPAR-v (69) and is a major regulator of lipid metabolism as well as inflammation (70).
These results provide important direction for the mechanisms whereby MGL-1 signaling
may regulate lipid metabolism, potentially including inflammatory lipids that have been
associated with TB pathogenesis (71). Long term, analysis of the differential profile of lipids
in lungs of MGL-1 deficient mice may offer clues that help identify the regulatory networks
for MGL-1 signaling and further suggest mechanisms for the increased inflammation and
bacterial growth.

In conclusion, we have demonstrated an immunomodulatory and anti-bacterial role for the
murine MGL-1 receptor during Mtb infection /n vitro and in vivo. These results suggest
that MGL-1 has a unique function compared to many CLR pathways which promote pro-
inflammatory processes associated with TB pathogenesis. Further studies are needed to
define how MGL-1 is regulated in the context of Mtb infection and identify the mechanistic
role in lipid accumulation. Nonetheless, these results identify MGL-1 as an important

host receptor in immunity to Mtb with potential for exploitation in host directed therapies
intended to reduce inflammatory pathology or limit bacterial proliferation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

Macrophage Galactose-type Lectin-1 (MGL-1, or CLEC10A) is activated by
Mtb

MGL-1 plays important role in controlling mycobacterial proliferation in lung

Loss of MGL-1 promotes pro-inflammatory cytokines and lipid accumulation
inTB
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MtbH37Ryv for 24, 48, and 72 hours. Changes in surface expression of MGL1, MGL2,
and mannose receptor (MMR) were assessed by flow cytometry. (A) Gating strategy for
flow cytometric analysis, and (B) summarized flow cytometric data of marker expression
by macrophages. (C) Surface and intracellular MGL-1 expression was assessed by flow
cytometry analysis of Raw macrophages infected with Mt6 for 24 hours. (D) Analysis
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dexamethasone, or Mtb. (E) Expression of mmgl1 and mmgl/2by BMDM following
treatment with Mtb for 24 hours, as measured by gPCR. Data shown are representative of at
least two independent experiments of n=3 per experiment. Statistical analysis was performed
by using one-way ANOVA followed by tukey’s test for multiple comparisons. Significant
differences compared to mock treatment are indicated with ****p<0.0001, ***p<0.001,
**p<0.01, and *p<0.05.
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FIGURE 2. MGL-1+ macrophages localize to sites of Mtb-driven inflammation in the lung.

WT C57BL/6 mice (n=5) were infected with Mib for 8 weeks or non-infected. Lung
sections were used to assess pulmonary histopathology using H&E, and cellular expression
of MGL was determined using IHC as visualized with fast red substrate. (A) Non-inflamed
lung parenchyma of Mtb infected mouse at 8 week p.i. visualized with H&E, and (B)
characterized by infrequent MGL+ cells. (C) Normal lung of non-infected mouse visualized
with IHC that demonstrates infrequent although detectable MGL+ cells. (D) Organized area
of inflammation due to Mitb infection at 8 weeks p.i. (E,F) IHC demonstrates MGL+ cells
adjacent to lymphocyte aggregates of diffusely organized inflammatory foci. (G) MGL-1
and 2 expression on lung macrophages from disrupted lung tissue 8 weeks post- Mtb as
assessed by flow cytometry (n=3). (H) MGL-1 expression on interstitial and (I) alveolar
macrophages was assessed following 24 hours /in vivo Mtb infection (n=3). The CLR MMR
(CD206) was included due to its high expression on alveolar macrophages. Scale bars: 100
pum or 50 um.
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FIGURE 3. Impaired anti-mycobacterial and inflammatory signaling of MGL-1 deficient
macrophages.

BMDM s from WT and MGL-17~ mice were infected with 10 MOI Mtb H37Rv

to determine differences in innate immune response and antimicrobial activity. (A)
Inflammatory cytokine signatures of supernatants (n=3) measured with multiplex ELISA
displayed as a relative change heatmap. (B) Intracellular mycobacterial burden 12 and 24
hours p.i. as determined by CFU enumeration (n=3). (C) Cellular uptake of CFSE labeled
Mitb as determined by using flow cytometry at 2 hours p.i. (D) Production of NO as
estimated with measurement of nitrite, 12 and 24 hours p.i (n=3). Statistical analysis was
performed by Student’s t-test. Differences compared to mock treatment are indicated with
**p<0.01.
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(A) WT (MGL-1*"*) and MGL-17/~ mice were infected with 102 CFU of Mtb H37Rv

for 2, 4, 6, and 8 weeks. (B) Lung mycobacterial burden, and (C) representative lung
histopathology of WT and MGL-1~/~ mice (scale bar: 1000 um). Groups of 7-9 animals
in the WT and MGL-17/~ groups were used for analysis at each time point post-infection.
Statistical analysis was performed using a Student’s t-test. Significant differences between
groups are indicated with *p<0.05.
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FIGURE 5. Inflammatory dysfunction due to in vivo loss of MGL-1.
Lung tissue from WT and MGL-1"/~ mice (n=5) was harvested at 8 weeks p.i. with 102

Mtb H37Rv. (A) Percent weight change. (B) Homogenized lung tissue was assessed for
bacterial load determined by CFU. (C) Multi-plex ELISA was used to determine cytokine
and chemokine levels in supernatants of homogenized lung. Significant differences between
groups are indicated with **p<0.01 and *p<0.05. Additional cytokine and chemokine results
from the 23-plex analysis are shown in Supplemental Fig. 3.
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FIGURE 6. Accumulation of lipid rich cells in lungs of MGL-1-deficient mice.
Total lung leukocytes were isolated from lungs following 2 weeks (n=4-5) and 8 weeks

(n=5) Mitbinfection. (A, B) H&E sections of WT and MGL-17/~ lung tissue 8 weeks
p.i. was analyzed by light microscopy for lipid rich cells. (C, D) Lipid rich cells were
additionally stained with Nile red and quantified by flow cytometry analysis. Significant
differences between groups are indicated with *p<0.05. Scale bars: 100 pm or 20 pm
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FIGURE 7. Differential gene expression due to MGL-1 deficiency.
WT and MGL-17/~ mice were infected with Mtb H37Rv for 8 weeks. Next generation

RNA sequencing was performed on isolated lung tissue RNA (n=5). (A) Volcano plot

of statistically significant (adj p-value < 0.05) MGL-17/~ vs WT up-regulated and down-
regulated genes. (B) Reactome pathway analysis of significant up-regulated genes. The

top 12 pathways were selected based on false discovery rate. (C) Selected up-regulated
genes representative of cytokine signaling, TLR cascade, regulation of lipid metabolism,
and neutrophil degranulation pathways. (D) Up-regulated genes of interest were validated
using g-PCR (n=5) in WT and MGL-1""" lung tissue RNA. Differences compared to WT are

indicated with **p<0.01, and *p<0.05.
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