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ABSTRACT Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) infects up 
to a quarter of the world’s population. Although immune responses can control Mtb 
infection, 5%–10% of infected individuals can progress to active TB disease (progressors). 
A myriad of host factors regulate disease progression in TB and a better understand
ing of immune correlates of protection and disease is pivotal for the development of 
new therapeutics. Comparison of human whole blood transcriptomic metadata with 
that of macaque TB progressors and Mtb-infected diversity outbred mice (DO) led to 
the identification of differentially regulated gene (DEG) signatures, associated with TB 
progression or control. The current study assessed the function of Phospholipase C 
epsilon (PLCƐ1), the top downregulated gene across species in TB progressors, using 
a gene-specific knockout mouse model of Mtb infection and in vitro Mtb-infected 
bone marrow-derived macrophages. PLCƐ1 gene expression was downregulated in TB 
progressors across species. PLCε1 deficiency in the mouse model resulted in increased 
susceptibility to Mtb infection, coincident accumulation of lung myeloid cells, and 
reduced ability to mount antibacterial responses. However, PLCε1 was not required for 
the activation and accumulation of T cells in mice. Our results suggest an important early 
role for PLCƐ1 in shaping innate immune response to TB and may represent a putative 
target for host-directed therapy.

KEYWORDS 1-phosphatidylinositol-4, 5-bisphosphate phosphodiesterase epsilon-1 
(PLCƐ1), tuberculosis

T uberculosis causes around 1.4 million deaths annually and is a leading cause of 
death due to an infectious disease. According to the 2021 World Health Organization 

Report, deaths due to TB increased by 0.4 million due to reduced access to TB diagnosis 
and treatment during the COVID-19 pandemic (1). Thus, there is an urgent need to 
identify immune pathways that enable early Mtb control and can serve as putative 
therapeutic targets. There are 13 mammalian PLC isozymes and they are classified into 
six groups: PLC-β, -γ, -δ,-ε, -ζ, and -η based on their amino acid sequences (2). These 
isozymes, together with their second messenger 1,4,5-trisphosphate (IP3) and diacylgly
cerol (DAG), orchestrate a variety of cellular functions, primarily via protein kinase-medi
ated phosphorylation and elevation in intracellular Ca2+ levels (3–5). Although all the 
isoforms share a common core region, their additional binding domains determine their 
partners and mode of cellular activation (6, 7). PLC epsilon (PLCε) has two splice variants 
PLCε1 and PLCε2 and is responsible for catalyzing the hydrolysis of phosphatidylinosi
tol-4,5-bisphosphate (cell membrane phospholipid) to generate IP3 and DAG which are 
involved in mechanisms such as cell growth, differentiation, and gene expression (8–11). 
However, among the PLC isoforms, PLCɛ has a unique role in the signaling pathways that 
involve small GTPases (6). Its CDC25 domain can act as a guanine nucleotide exchange 
factor (GEF) for some Ras, GTPase family members (8). Although there is currently a lack 
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of knowledge on the role of PLCɛ1 in infectious diseases, the role of PLCɛ in cancer and 
cardiac diseases is well established (5, 12). For example, polymorphisms in the PLCɛ 
gene enhance the risk of acquiring esophageal squamous cell carcinoma and gastric 
cancer (13, 14). Similar to host-derived PLCɛ, a bacterial version of PLC from Mtb was 
shown to facilitate the release of DAG from host cell membranes via the activation of 
PKC, MEK/ERK, and NF-κB pathways, resulting in enhanced oxidative stress and eventual 
cell necrosis (15). Thus, PLC enzymes in general, and PLCɛ, in particular, might have a 
role in the host immune responses against Mtb infection. Whether host PLCε is expressed 
in macrophages (16) and contributes to macrophage-mediated inflammatory responses 
during Mtb-infection is unknown.

Differentially expressed genes have been identified in human TB progressors within 
the well-characterized longitudinal adolescent cohort study (ACS) of South African (SA) 
patients (17, 18). We identified PLCƐ1 as a downregulated gene in human and animal 
TB progressors (18, 19). To address the functional relevance of PLCɛ1 during TB, we 
infected PLCɛ1-deficient mice with Mtb and found that deficient mice were suscepti
ble to TB. The increased susceptibility was associated with enhanced accumulation 
of macrophage populations and increased lung proinflammatory cytokine secretion. 
Macrophages facilitate the primary containment of Mtb via their antimicrobial effector 
functions, including induction of reactive oxygen and nitrogen species. Accordingly, 
our results show increased Mtb burden within PLCɛ1-/- macrophages coincided with 
significantly reduced nitric oxide production. Together, these results suggest that PLCɛ1 
expression in macrophages is required for mycobactericidal functions and early control 
of Mtb growth.

MATERIALS AND METHODS

Animals

B6 and DO mice were procured from Jackson Laboratory (Bar Harbor, ME) and bred 
at Washington University in St. Louis. PLCɛ1 knockout mouse breeder pair was kindly 
provided by Prof. Alan Smrcka (University of Michigan) and was bred at Washington 
University in St. Louis. Mice of both sexes between the ages of 6–8 weeks were used. All 
mice were maintained and used in accordance with the approved Institutional Animal 
Care and Use Committee (IACUC) guidelines at Washington University in St. Louis.

Macaque procedures were approved by the Institutional Animal Care and Use 
Committee of Tulane National Primate Research Center and were performed in 
accordance with National Institutes of Health (NIH) guidelines. Indian rhesus macaques 
of both sexes verified to be free of Mtb infection by tuberculin skin test were obtained 
from the Tulane National Primate Research Center. The animals were housed in an ABSL3 
facility.

Aerosol infection

Mtb strain HN878 was cultured in Proskauer Beck medium containing 0.05% Tween 80 
until reaching the mid-log phase and frozen in 1 mL aliquots at −80 C until used. Mice 
were aerosol infected with ~100 colony forming units (CFU) and euthanized at decided 
time points, as described previously (20).

Macaques were exposed to high (~100 CFU) or low (~10 CFU) dose of Mtb CDC1551 
via the aerosol route. The animals were periodically monitored for their physiological 
parameters and disease symptoms. Macaque progressors were euthanized 5–8 weeks 
post-challenge and controllers were euthanized 22–24 weeks post-Mtb challenge.

Bacterial burden and cytokine analysis

Bacterial burden was assessed using serial 10-fold dilutions of lung or spleen homoge
nates and plated on 7H11 agar solid medium supplemented with OADC (oleic acid, 
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bovine albumin, dextrose, and catalase). Colonies were counted after 2–3 weeks of 
incubation.

Cytokine/chemokine expression was analyzed in lung homogenates from infected 
mice via Luminex (Millipore-Sigma) or ELISA (R&D) as per the manufacturer’s protocol.

Generation of single-cell suspensions from tissues and flow cytometry 
staining

Lung single-cell suspensions from Mtb-infected mice were prepared as previously 
described (21). Briefly, mice were euthanized with CO2, the right lower lobe was isolated 
and perfused with heparin in saline. Lungs were minced and incubated with collage
nase/DNAse for 30 min at 37°C. Lung tissue was pushed through a 70-µm nylon screen to 
obtain a single-cell suspension. Following the lysis of erythrocytes, the cells were washed 
and resuspended in cDMEM (DMEM high glucose + 10% fetal bovine serum + 1% 
Penicillin/Streptomycin) for flow cytometry staining. For flow cytometric analysis, cells 
were either stained immediately or stimulated with phorbol myristate acetate (PMA-50 
ng/mL) and ionomycin (750 ng/mL; Sigma Aldrich) in the presence of Golgistop (BD 
Pharmingen).

The following fluorochrome-conjugated antibodies were used for myeloid cell 
surface staining CD11b APC (clone M1/70), CD11c PeCy7 (Clone HL3, BD Biosciences), 
GR-1 PerCP-Cy5.5 (Clone RB6-8C5, BD Pharmingen), and MHC class II FITC (Clone 
M5/114.15.2, Tonbo Biosciences). For myeloid cells, alveolar macrophages were gated 
as CD11c+CD11b-, neutrophils were defined as CD11b+CD11c-Gr-1hi cells, monocytes 
were defined as CD11b+CD11c-Gr-1med cells and recruited macrophages were defined 
as CD11b+CD11c-Gr-1low cells. T cells were identified based on the gating strategy 
shown in supplementary data (Fig. S2A). CD3 AF700 (Clone 500A2, BD Biosciences), CD4 
Pacific blue (Clone RM4.5, BD Biosciences), CD44 PeCy7 (Clone 1M7, Tonbo Bioscien
ces), and CD8 APC Cy7 (Clone 53–6.7, BD Biosciences) were used for T-cell surface 
staining. Fixation/permeabilization buffer (Cat# 554714, BD Bioscience) was used for the 
intracellular stain to fix and permeabilize lung cells using the manufacturer’s protocol. 
Intracellular staining with IFNγ APC (clone XMG1.2, Tonbo Biosciences) and TNF-α-FITC 
(Clone MP6-XT22, BD Pharmingen) or the respective isotype control antibodies (APC 
rat IgG1κ and FITC rat IgG1α isotype, BD Pharmingen) was performed for 30 min. 
Samples were acquired on a four laser BD Fortessa Flow Cytometer and the analysis 
was performed using FlowJo (Treestar). The total numbers of cells within each gate were 
back calculated based on cell counts/individual lung samples.

Histological analysis

The left upper lung lobe was collected for histomorphometric analysis. The lobes were 
infused with 10% neutral buffered formalin and embedded in paraffin. 5 µm thick lung 
sections were cut using a microtome, stained with hematoxylin and eosin (H&E), and 
processed for light microscopy. Formalin-fixed paraffin-embedded (FFPE) lung sections 
were stained for iNOS (Rabbit anti-mouse/human, Novus Biologicals, Cat#NB300-605SS), 
CD206 (Goat anti-mouse, R&D systems, Cat# AF2535, RRID:AB_2063012), and F4/80 
(Rat anti-mouse, BioRad, Clone Cl:A3-1, Cat#MCA497R, RRID:AB_323279). Images were 
captured using the automated Nanozoomer digital whole-slide imaging system 
(Hamamatsu Photonics). Regions of inflammatory cell infiltration were delineated 
utilizing the NDP view2 software (Hamamatsu Photonics), and the percentage of 
inflammation was calculated by dividing the inflammatory area by the total area of 
individual lung lobes. All scoring was conducted in a blinded manner.

Mouse BMDM culture

Bone marrow-derived macrophages (BMDMs) were generated from B6 or PLCε1-/- mice. 
Cells were isolated from the femur and tibia and cultured at 1 × 106 cells/mL in 10 mL 
complete DMEM (cDMEM) supplemented with 20  ng/mL of recombinant mouse GM-CSF 
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(Peprotech, Rocky Hill, NJ, USA) for 3 days at 37°C in 7.5% CO2, at which point, 10 mL 
cDMEM supplemented with 20 ng/mL of recombinant mouse GM-CSF was added. 
Adherent cells (BMDMs) were collected on the seventh day of culture, counted, and 
plated at 1 × 106 cells/mL in cDMEM.

In vitro infection

BMDMs were infected with Mtb HN878 at a multiplicity of infection (MOI) of 1 
in a antibiotic-free culture medium. Supernatants from stimulated in vitro cultures 
were collected 6 days post-infection and frozen at −80°C for analysis by enzyme-
linked immunosorbent assay and multiplex assay. Infected macrophages were washed 
rigorously with sterile PBS to remove non-phagocytosed Mtb, lysed with 0.05% sterile 
sodium dodecyl sulfate for 5 min, and then plated in serial dilutions on 7H11 agar plates 
to estimate intracellular CFU.

Bacterial uptake

In vitro BMDM cultures were infected with HN878-mCherry at an MOI of 1 for 24 hours 
and 6 days to assess mycobacterial uptake of the reporter Mtb HN878. After the removal 
of the supernatants by centrifugation, infected cells were dislodged from the plate using 
trypsin and were labeled with fluorochrome-labeled antibodies specific for CD11b (clone 
M1/70, Tonbo Biosciences). Samples were analyzed for detecting mCherry-positive cells 
against uninfected controls using the BD FACS Jazz cell sorter and post-run analysis using 
FlowJo (Tree Star Inc, CA). Data are reported as percentage mCherry-Mtb uptake.

RNA sequencing and processing

Human blood RNA-seq data from 46 TB progressors and 107 controls (non-progressors), 
who participated in the South African ACS, as reported in a previous study (19), were 
retrieved from the NCBI database. As described by Ahmed et al. (19), mouse or macaque 
lung tissues were homogenized and snap-frozen in RLT buffer, and DNAse-treated total 
RNA was extracted using the Qiagen RNeasy Mini kit (Qiagen). RNA sequencing libraries 
were generated using Clontech SMART-Seq v4 Ultra Low Input RNA Kit for sequenc
ing and Illumina Nextera XT DNA Library preparation kit following the manufacturer’s 
protocol. The cDNA libraries were validated using the KAPA Biosystems primer premix 
kit with Illumina-compatible DNA primers and quality was examined using Agilent 
Tapestation 2200. The cDNA libraries were pooled at a final concentration of 1.8 pM. 
Cluster generation and 75 bp paired-read dual-indexed sequencing were performed 
on Illumina Next Seq 500. After adapter trimming, RNA-seq reads were aligned to 
their respective genome assemblies (22) using HISAT2 v2.1.0 (23). FPKM (fragments per 
kilobase of gene length per million reads mapped) normalization was performed.

Nitric oxide assay

Lung homogenates and BMDM culture supernatants were assessed for levels of nitrite, 
a stable breakdown product of nitric oxide using the Griess reagent system (Promega) 
according to the manufacturer’s protocol.

Data analysis and statistics

All data were analyzed using the indicated methodology in each figure legend. At 
least two independent experiments were performed to assure reproducibility. A two 
sided-unpaired t-test (two groups) was performed using GraphPad Prism 5 (La Jolla, CA). 
Significance is annotated in the figure.

RESULTS

mRNA is downregulated during TB progression across species

We first sought to understand the temporal regulation of PLCƐ1 gene expression in TB 
progressors in humans and across animal models of Mtb infection. Previously published 
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transcriptomic data from Mtb-infected human as well as animal models led to the 
identification of PLCƐ1 as the top DEG downregulated during TB disease progression 
(18, 19). For further validation, in whole blood transcriptomic data of progressors and 
controls from the ACS, we found that PLCƐ1 mRNA expression was downregulated in 
individuals approximately 6 months prior to active TB disease diagnosis (Fig. 1A). Indeed, 
PLCƐ1 expression in lungs of macaque TB progressors and Mtb-infected DO mice was 
measured, similar results were observed (Fig. 1B and C). We further analyzed the timing 
of induction of PLCε1 protein in the lungs of Mtb-infected B6 mice at early and late 
time points post-challenge. We observed that at early time points [14 days post-infection 
(dpi)], lungs did not express high levels of PLCɛ1 or accumulate F4/80+ macrophages. 
However, by 30 dpi, we observed an increased accumulation of PLCɛ1+ F4/80+ mac
rophages which also expressed iNOS. Indeed, accumulation of PLCɛ1+ macrophages 
increased at 50 dpi and was stably maintained until 75 dpi (Fig. 1D). Thus, our results 
show that PLCƐ1 expression is induced upon exposure to Mtb infection in mice and is 
downregulated with progression toward TB disease.

Mice deficient in signaling are susceptible to early Mtb infection

To delineate the functional role of PLCε1 in Mtb infection, we performed in vivo studies 
in the PLCε1-/- mouse model of Mtb infection. PLCε1-/- and B6 mice were infected with 
Mtb HN878 via aerosol route and histopathological and microbiological parameters were 
studied (Fig. 2A). Mice deficient in the PLCε1 gene showed enhanced susceptibility and 
significantly higher lung bacterial burden at 50 and 100 dpi. Mycobacterial dissemination 
to the spleen was significantly enhanced at 100 dpi in PLCε1 -/- mice (Fig. 2B). The 
increased Mtb burden in the lung was transient as this increase was not maintained 
during the later time points assessed (Fig. 2A and B). The increased lung Mtb CFU 
coincided with a significant increase in inflammatory areas in the lungs of PLCε1-/- mice 
as compared to the B6 control (Fig. 2C and D). These results suggest that early PLCε1 
expression is required for effective Mtb control.

Macrophage accumulation is increased in the lungs of deficient Mtb-infected 
mice

To understand the influence of innate immune cell infiltration, we analyzed the 
accumulation of myeloid cells in the lungs of B6 and PLCε1-/-Mtb-infected mice. Myeloid 
populations were identified based on their surface markers. We found a significant 
increase in the accumulation of MHCIIhi alveolar macrophages (AMs) at 50 and 100 dpi 
in lungs of PLCε1 -/- Mtb-infected mice when compared to B6 Mtb-infected mice (Fig. 
3A). There were no significant differences in MHCII expression on alveolar macrophages 
(AMs) based on the similar mean fluorescence intensity (MFI) in the PLCε1-/- and B6 mice 
at all the time points (Fig. 3B). The increased AM numbers remained high until later 
time points (150 dpi) in the lungs of PLCε1-/- mice when compared to B6 Mtb-infected 
lungs. Further analysis of other myeloid cells revealed a significant increase in monocytic 
infiltration, at both 50 and 100 dpi in the lungs of PLCε1-/- post-Mtb infection (Fig. 3C). 
We also observed significant differences in recruited macrophages (RMs) at 100 and 150 
dpi (Fig. 3D). In the context of Mtb infection and despite the absence of the number of 
MHCIIhi monocytic dendritic cells (mDCs) and neutrophil populations were comparable 
in the lungs of the PLCε1-/- mice and B6 until 100 dpi (Fig. 3E, F, and G) but increased 
significantly at 150 dpi. The deficiency in PLCε1 therefore contributed to increased 
accumulation of alveolar macrophages and monocytic cells in the lungs following Mtb 
infection.

We further analyzed the accumulation of T cells in the lungs of PLCε1-/-Mtb-infected 
mice (gating strategy; Fig. 4A). There was no difference in the number of activated CD4+ 

CD44hi T cells, in PLCε1-/- mice, compared to B6 mice, at all the time points post-Mtb 
challenge (Fig. 4B). TNF-producing CD4+ T cells were significantly decreased only at 
100 dpi. However, the numbers were similar at later time points (Fig. 4C). There were 
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no differences in the accumulation of lung IFNγ-producing CD4+ T cells between the 
Mtb-infected B6 and PLCε1-/- mice at any of the time points (Fig. 4D–G). The results 

FIG 1 mRNA is downregulated during TB progression across species. mRNA levels of PLCƐ1 were determined via bulk RNA-seq analysis in (A) the Adolescent 

Cohort Study human blood transcriptomic profile from TB progressors (n = 46) and controllers (n = 107); (B) in the lungs of NHP naïve vs Mtb-infected controllers 

vs progressor macaques (n = 4, 4, and 8, respectively) and (C) in naive (n = 10) and Mtb challenged (n = 29) genetically diverse outbred (DO) mice lungs. The 

expression swarm plots represent false discovery rate-corrected significance values for differential expression calculated by DESeq2. Data represent mean ± SD, 

with a two-tailed unpaired t-test used to compare between groups. (D) B6 mice lungs were collected at 14, 30, 50, and 75 dpi and stained for PLCε1 (green), iNOS 

(red), and F4/80 (white). Data represent mean ± SD, one-way ANOVA with Tukey’s post-test analysis used to compare between groups.
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suggest a functional role for signaling in modulating innate but not adaptive immune 
responses during TB infection.

Macrophage recruiting chemokines are increased in PLCε1-/- Mtb-infected 
lungs

To understand the basis of enhanced myeloid cell accumulation at the site of infec
tion, we measured lung chemokines and cytokines in Mtb-infected mice. Pulmonary 
concentrations of monocyte/macrophage recruiting chemokines, monocyte chemoat
tractant Protein-1 (MCP-1 or CCL2) (24) and macrophage inflammatory protein-1α 
(MIP-1α or CCL3) (25, 26), were significantly higher in the Mtb-infected PLCε1-/- mice 
compared with B6 mice (Fig. 5A). Cytokines that are responsible for differentiation and 
polarization of monocytes/macrophages such as G-CSF and IL-6 (27) were also increased 
in the lungs of Mtb-infected PLCε1-/- mice compared with levels in C57Bl/6 mice at 50 
dpi (Fig. 5B). We also found significantly increased levels of KC, a major neutrophil 

FIG 2 Mice deficient in signaling are more susceptible to Mtb. (A) B6 and PLCε1-/- mice were infected with Mtb HN878, and the lungs were collected and 

processed at the indicated time points. (B) Lung and spleen Mtb burden was enumerated by plating the homogenates on 7H11 agar plates. (C-D) Lung 

inflammation was analyzed by H&E staining of formalin-fixed paraffin-embedded lung sections; images were taken at 20× magnification and 5 µm scale bar. Data 

are mean ± SD, with a two-tailed unpaired t-test used to compare between groups (n = 4 to 7).
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FIG 3 Increased accumulation of lung macrophages in deficient Mtb-infected mice. B6 and PLCε1-/- (n = 4–8) mice were aerosol infected with ~100 CFU of 

Mtb, at 50 dpi and 100 dpi lungs were analyzed by FACS to determine number of (A) MHCIIhi CD11c+ alveolar macrophages (AMs), (B) CD11b+Gr1int monocytes, 

(C) CD11b+Gr1lo recruited macrophages, (D) CD11b+ Gr1hi neutrophils, and (E) CD11b+ CD11c+ monocytic DCs (mDCs). Data represent mean ± SD, with a 

two-tailed unpaired t-test used to compare between groups.
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FIG 4 T cells in lungs of deficient mice post-Mtb challenge. B6 and PLCε1-/- (n = 4–8) mice were aerosol infected with ~100 CFU of Mtb, at 50 dpi and 100 

dpi lungs were analyzed by FACS to determine number of (A) Gating strategy, number of (B) CD44hiCD4+, (C) activated CD4+TNFα+, (D) activated CD4+IFNγ+, 

(E) CD44hiCD8+, (F) activated CD8+TNFα+, and (G) CD8+IFNγ+. Data represent mean ± SD, with a two-tailed unpaired t-test used to compare groups.
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chemoattractant (28) in the lungs of PLCε1-/- mice compared with B6 mice only at 50 dpi, 
while there was no difference in macrophage inflammatory protein (MIP-2) levels (Fig. 
5C). By contrast, at 100 dpi the chemokines MCP-1 and MIP-1α were significantly reduced 
in the lungs of Mtb-infected PLCε1-/- mice compared to B6 mice, whereas factors such as 
G-CSF, KC, MIP-2, and IL-6 remained unaffected (Fig. S2 A through C). Incidentally, IL-1α 
and β were found to be similar in the lungs of Mtb-infected PLCε1-/- mice compared to B6 
(Fig. 5D; Fig. S2D). The anti-inflammatory cytokine IL-10, which is produced by both 
macrophages and activated T cells was similar but at low levels at 50 dpi (Fig. 5D), but 
was significantly downregulated at 100 dpi (Fig. S2D) in lungs of PLCε1-/- mice, compared 
to B6 mice. Thus, the increased production of chemokine and cytokine profile coincides 
with increased accumulation of macrophage and monocytes in the lungs of PLCε1-/- mice 
following Mtb infection.

PLCε1-/- macrophages display reduced anti-mycobacterial activity

We next hypothesized that the PLCε1 gene influences the microbicidal activity of 
macrophages. Thus, we infected wild-type and PLCε1-/- bone marrow-derived macro
phages with Mtb in vitro (Fig. 6A) and enumerated intracellular Mtb. BMDMs from 
PLCε1-/- mice displayed increased uptake of Mtb with higher Mtb CFU/mL at 6 dpi (Fig. 
6B). Indeed, upon infection with a reporter (mCherry) strain of Mtb HN878 (Fig. 6A), a 
higher percentage of PLCε1-/- macrophages were infected with mCherry-Mtb at 24 hours 
post-infection (Fig. 6C), suggesting increased bacterial uptake. At 24 hours, the higher 
mean fluorescent intensity (MFI) of mCherry in the infected PLCε1-/- macrophages is 
suggestive of either increased uptake/replication or also Mtb persistence (Fig. 6D).

Nitric oxide (NO) is an effector molecule that macrophages utilize for Mtb control. 
We measured nitrite, as a surrogate of nitric oxide synthase activity, and found it was 
significantly reduced in PLCε1-/- Mtb-infected macrophages when compared with B6 

FIG 5 Macrophage recruiting lung chemokines are increased in deficient Mtb-infected mice. B6 and PLCε1-/- (n = 4–8) mice were aerosol infected with ~100 

CFU of Mtb, lung lysates were prepared at 50 dpi and analyzed for cytokines specific to (A) monocyte/macrophage recruitment- MCP-1, MIP-1α; (B) macrophage 

development and activation- G-CSF and IL-6; (C) neutrophil chemoattractant- KC and MIP-2 and (D) pro-inflammatory cytokine IL-α and IL-1β and anti-inflamma-

tory cytokine IL-10. Data represent mean ± SD, with a two-tailed unpaired t-test used to compare groups.
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Mtb-infected macrophages (Fig. 6E). These results were consistent with significantly 
reduced iNOS+ cells as well as an increased CD206+ M2 macrophages in lungs of 
Mtb-infected PLCε1-/- mice lungs at 50 dpi when they show increased bacterial bur
den (Fig. 6F). Together, these results suggest that signaling plays a role in mediating 
mycobactericidal effector functions and Mtb control via iNOS induction.

FIG 6 PLCε1-/- macrophages display reduced anti-mycobacterial activity. (A) BMDMs prepared from B6 and PLCε1-/- mice were either infected with Mtb (for 6 days) 

or with Mtb mCherry (for 24 hours) at an MOI of 1; (B) bacterial burden was determined by plating cell lysate on 7H11 agar plates; (C and D) FACS analysis was 

performed to determine mCherry signal per cell; and (E) nitrate formation was estimated from the supernatant collected 24 hours post-Mtb mCherry infection 

in vitro; (n = 4–5). (F–H) Formalin-fixed paraffin-embedded lung sections from Mtb-infected mice were obtained at 50 dpi and subjected to IF for iNOS (green), 

CD206 (red), and F4/80 (white). Data represent mean ± SD, with a two-tailed unpaired t-test used to compare groups.
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DISCUSSION

Macrophages are key players in the innate immune response against Mtb infection, 
where they sense the pathogen, followed by pathogen uptake and activation of 
downstream signaling pathways within the host cell. PLCƐ1 is an enzyme involved in 
the generation of secondary messenger IP3 and DAG within all cell types, but its role in 
macrophage activation during Mtb infection is not known. In this study, we investigated 
the role of PLCƐ1 during Mtb infection. The gene was identified as a possible correlate 
of risk in TB disease progression in humans (18, 19). Our results confirm that gene 
expression is downregulated in humans and macaques that progress toward active TB 
disease when compared to those that control infection. PLCε1-/- mouse infected with 
Mtb showed an early defect in Mtb control and this coincided with increased lung 
inflammation. Furthermore, our result highlights the importance of PLCε1 in regulating 
macrophage response to Mtb; PLCε1 in mouse macrophages is required for activation of 
anti-mycobactericidal activity via reactive nitrogen species. Our results using the PLCε1-/- 

mouse model suggest an innate role of in Mtb control, through induction of optimal 
macrophage activation.

PLCε1 is a positive regulator of inflammation in non-immune cells through the 
induction of cytokines (29) and chemokines via activation of the NF-κB pathway (30–34). 
Here, we report a protective role of PLCε1 in macrophages. Previous studies underline the 
integral role of and its second messengers in phagocytosis within leukocytes (35) and 
the generation of toxic molecules like NO for pathogen clearance (36, 37). Our results 
showing enhanced bacterial load in PLCε1-/- Mtb-infected lung and BMDMs suggest a role 
for PLCε1 in the clearance of intracellular Mtb. It could be speculated that the increased 
Mtb burden in PLCε1-/- mice in both in vivo and in BMDMs is due to the disruption of 
dependent Mtb killing within the host via phagosome maturation and subsequent NO 
production. It is also known that the suppression of phagosome maturation caused 
by Mtb lipids such as trehalose dimycolate (TDM) is overcome by induction of NO in 
mice (38). Besides the antimicrobial role of NO as part of innate immunity, it can also 
collaborate with IFNγ to suppress inflammosome-mediated lung tissue damage during 
the Mtb infection (39). While the mechanistic role of NO and iNOS in human macrophage 
upon TLR activation is non-conclusive (40); there is convincing evidence suggesting 
upregulation of iNOS expression and increased NO production by peripheral blood 
monocytes (41), peritoneal (42), and alveolar macrophages (43) upon exposure to Mtb, 
which also correlates with the intracellular bacterial control. Indeed, Mtb-infected PLCε1-/- 

lung macrophages had significantly decreased iNOS expression, which was paralleled by 
significantly decreased NO production by Mtb-infected PLCε1-/- BMDMs in vitro. Thus, 
together our results highlight a specific role for signaling in optimal macrophage 
activation during Mtb infection; however, the direct involvement of NO remains to be 
confirmed. Furthermore, it remains to be investigated whether this activation in humans 
driven by PLCε1 is NO dependent or through a different pathway.

PLCε1 also regulates small GTPase Ras-proximate-1 (Rap1) via  stromal cell-derived 
factor 1 alpha (SDF-1α); this signaling is crucial for T-cell adhesion and migration but 
not cytokine production in delayed-type hypersensitivity (44). Using PLCε1-deficient 
mice, we did not observe any substantial,  sustained differences  in T-cell numbers 
or activation; except transient reduction in CD4+TNFα+  population in PLCε1-/-  mice 
at 100 dpi. It is possible that the presence of Mtb  causes T-cell infiltration  via  a 
PLCε1-independent mechanism and the increased production of TNF might be an 
effect  of increased Mtb  load, rather than a direct cause of enhanced susceptibility in 
our mouse model.

In conclusion, we show a novel role of in host during Mtb infection that impacts 
optimal activation and antimicrobial function of macrophages.
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