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SUMMARY

Legionella pneumophila has co-evolved with
amoebae, their natural hosts. Upon transmission to
humans, the bacteria proliferate within alveolar mac-
rophages causing pneumonia. Here, we show
L. pneumophila injects the effector LamA, an
amylase, into the cytosol of human macrophage
(hMDMs) and amoebae to rapidly degrade glycogen
to generate cytosolic hyper-glucose. In response,
hMDMs shift their metabolism to aerobic glycolysis,
which directly triggers an M1-like pro-inflammatory
differentiation and nutritional innate immunity
through enhanced tryptophan degradation. This
leads to amodest restriction of bacterial proliferation
in hMDMs. In contrast, LamA-mediated glycogenol-
ysis in amoebae deprives the natural host from the
main building blocks for synthesis of the cellulose-
rich cyst wall, leading to subversion of amoeba
encystation. This is non-permissive for bacterial pro-
liferation. Therefore, LamA of L. pneumophila is an
amoebae host-adapted effector that subverts encys-
tation of the amoebae natural host, and the paradox-
ical hMDMs’ pro-inflammatory response is likely an
evolutionary accident.

INTRODUCTION

The hallmarks of cells of the monocyte-macrophage lineage are

their functional diversity and plasticity (Sica and Mantovani,

2012; Wynn et al., 2013). Depending on the signals in vitro, mac-

rophages can undergo transient and reversible differentiation

into two main subsets: ‘‘M1’’ pro-inflammatory/classically acti-

vated and ‘‘M2’’ anti-inflammatory/alternatively activated

phenotype (Sica and Mantovani, 2012; Wang et al., 2014a;

Wynn et al., 2013). M1 polarized mouse and human macro-

phages exhibit strong microbiocidal activity and produce pro-in-

flammatory cytokines such as TNF-a and interleukin (IL)-1b,

IL-12, IL6, and IFN-g, whereas M2 polarized macrophages are

involved in parasite containment and tissue repair and produce
Cell H
anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 (Price

and Vance, 2014). Glucose is the primary source of energy in M1

polarized macrophages that reprogram their metabolism from

oxidative phosphorylation into aerobic glycolysis (Warburg ef-

fect) with an increased production of lactate (Chang et al.,

2013; Freemerman et al., 2014; Jha et al., 2015; Mills et al.,

2016; Suzuki et al., 2016; Tannahill et al., 2013; Zhu et al., 2015).

A growing body of data in vitro, in animal models, and in dia-

betic patients show that excessive amounts of glucose triggers

upregulation of aerobic glycolysis, which directly polarizes

monocytes-macrophages toward a M1 pro-inflammatory

phenotype (Bradshaw et al., 2009; Bustos and Sobrino, 1992;

Haidet et al., 2012; Pan et al., 2012; Reinhold et al., 1996;

Torres-Castro et al., 2016). Importantly, upon exposure of hu-

man monocytes/macrophages to high levels of glucose

in vitro, they undergo M1 polarization along with an increased

import of glucose, and monocytes/macrophages from patients

with Type 1 diabetes exhibit a M1 pro-inflammatory profile (Erbel

et al., 2016; Haidet et al., 2012; Kraakman et al., 2014; Pan et al.,

2012; Reinhold et al., 1996; Torres-Castro et al., 2016).

In response to bacterial infections, macrophages undergo M1

pro-inflammatory polarization (Benoit et al., 2008; Hielpos et al.,

2018; Mori et al., 2018; Yuan et al., 2019), which is an important

arm of the innate host defense to restrict invading pathogens

(Labonte et al., 2014; Benoit et al., 2008; Faris et al., 2019; Guo

et al., 2019; Price and Vance, 2014; Sica and Mantovani, 2012;

Yang et al., 2018). However, several facultative and obligate

intracellular bacterial pathogens such as Mycobacterium, Sal-

monella, Chlamydia, Coxiella, Brucella, Listeria, and Francisella

(Guo et al., 2019; Refai et al., 2018; Yuan et al., 2019) have

evolved with mechanisms to interfere with M1 polarization of

macrophages (Labonte et al., 2014; Benoit et al., 2008; Eisele

et al., 2013; Muraille et al., 2014; Pathak et al., 2007; Price and

Vance, 2014), but themechanisms are not known. Paradoxically,

macrophages respond to Legionella pneumophila by an inflam-

masome-independent rapid release of pro-inflammatory cyto-

kines (Asrat et al., 2015; Asrat et al., 2014; Copenhaver et al.,

2015; Fontana et al., 2011; Fontana et al., 2012; Ivanov and

Roy, 2013; Price and Abu Kwaik, 2014; Rolando et al., 2013).

However, the specific pathogenic signals of L. pneumophila or

other intracellular pathogens that are sensed by macrophages

tomodulate M1/M2 differentiation are not known, and themech-

anisms are not well understood.
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L. pneumophila is an aquatic organism that has evolved to

proliferate within amoebae as its primary natural host (Fields,

1996; Harb et al., 2000; Molmeret et al., 2005). The bacterium

proliferates within the metabolically active trophozoite form of

the amoeba (Bouyer et al., 2007; Kilvington and Price, 1990).

Upon exposure to stress stimuli, such as nutrient depletion,

metabolically active Acanthamoeba trophozoite differentiates

into a double-walled cellulose-rich cyst (Byers et al., 1991;

Lorenzo-Morales et al., 2008), which is a spore-like dormant

form that completely restricts intracellular growth of

L. pneumophila (Bouyer et al., 2007; Kilvington and Price,

1990). Although amoeba and other protists are considered

the natural host for L. pneumophila, humans are considered

to be an accidental host (Best and Abu Kwaik, 2018; Mori

et al., 2018; Shuman et al., 1998; Swart et al., 2018). Upon

inhalation of L. pneumophila-contaminated environmental

aerosols by humans, the organism proliferates within alveolar

macrophages causing pneumonia designated as Legion-

naires’ disease (Horwitz, 1983a, b; Horwitz and Silverstein,

1980). The intracellular lifestyle of L. pneumophila within

amoebae and macrophages is very similar in that the organ-

ism is internalized into a phagosome that evades the endoso-

mal-lysosomal pathway and intercepts early secretory

vesicles to become an ER-derived vacuole, designated as

the Legionella-containing vacuole (LCV) (B€arlocher et al.,

2017; Haenssler et al., 2015; Isberg et al., 2009; Kagan and

Roy, 2002; Kotewicz et al., 2017; Luo, 2011; Oliva et al.,

2018; Richards et al., 2013).

The unique biogenesis of the LCV and modulation of plethora

of cellular processes upon infection of amoebae and human

macrophages is mediated by the Dot/Icm type IV secretion sys-

tem that injects a cargo of >320 protein effectors into the host

cells (Burstein et al., 2016; Schroeder, 2018; Zhu et al., 2011).

L. pneumophila also utilizes a type II secretion system (T2SS)

to secrete an array of 50 degradative and hydrolytic enzymes

required for intracellular growth within amoeba, macrophages,

and in vivo (Abu Khweek and Amer, 2018; Cianciotto and White,

2017; DebRoy et al., 2006; Rossier et al., 2004).

Most translocated effectors of L. pneumophila are not

required for proliferation in human macrophages, and

L. pneumophila have evolved to survive within their amoebae

natural hosts, suggesting the effector repertoire is likely a

toolbox to interact with various amoebal species (Best and

Abu Kwaik, 2018; Park et al., 2020). Therefore, it is likely that

the many amoebae-adapted effectors may cause accidental

responses in human cells. Here, we show that the Dot/Icm in-

jection machinery of intra-vacuolar L. pneumophila injects into

the macrophage cytosol a Legionella amylase (Lam), LamA,

that rapidly degrades cytosolic glycogen leading to a M1-like

pro-inflammatory response, which partially restricts pathogen

proliferation ex vivo and in vivo. In contrast to the paradoxical

response of macrophages, LamA-mediated rapid glycogenol-

ysis in the amoebae natural host subverts amoebae encysta-

tion. Therefore, LamA of L. pneumophila has evolved to be

injected into the amoeba host to catalyze host glycogenolysis

in order to subvert encystation of the amoebae natural host.

However, the macrophage pro-inflammatory response is likely

an evolutionary accident but with no major impact on disease

manifestation.
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RESULTS

Dot/Icm Injection of a Legionella Amylase into the
Macrophage Cytosol
Based on a potential putative translocation signal generated

by a machine learning algorithm, many potential L. pneumo-

phila candidates’ effectors have been identified (Lifshitz

et al., 2013). Two putative amylases (Lpg1671 and Lpg2528)

were identified, but discounted, because there is no prece-

dence for such an enzyme to be translocated into the host

cell through type III–IX translocation systems of bacterial

pathogens (Lifshitz et al., 2013). We have designated

Lpg1671 and Lpg2528 as LamA and B (LamA and LamB),

respectively. Because L. pneumophila does not synthesize

glycogen or starch, we determined whether these amylases

are injected into the host cell cytosol, using adenylate cyclase

reporter fusions. We have previously shown that LamB is not

translocated into the macrophage (Best et al., 2018). In

contrast, we now show that LamA is translocated into the

macrophage cytosol by wild-type bacteria but not by the

type IV translocation-defective (DT4SS) mutant, similar to

the RalF effector control (Figure 1A).

To confirm the enzymatic function of LamA, the native protein

and three mutants with substitutions in the catalytic pocket

(D199A, E233A, and D313A) were expressed in E. coli and the

amylase activity was determined in total cell lysates. The data

showed that LamA exhibited strong amylase activity, which

was abolished by substitution of any of three residues in the cat-

alytic pocket (Figures 1B and S1A). Taken together, the data

show that LamA is a Dot/Icm-injected amylase, which is a unique

example for such a hydrolytic enzyme of storage polymeric mac-

romolecules to be injected into the host cell by type III–IX trans-

location machineries of bacterial pathogens.

Generation of Cytosolic Hyper-Glucose in hMDMs by
LamA-Mediated Glycogenolysis
Glycogen is the sole glucose storage molecule in mammalian

cells and is found in dense granules throughout the cytoplasm.

We determined whether the pathogen-translocated LamA

effector hydrolyzes macrophage glycogen. Human monocyte-

derived macrophages (hMDMs) were infected with

L. pneumophila and the quantity of glycogen was measured at

1 and 6 h post-infection. As expected, in hMDMs that were

starved of glucose, glycogen was rapidly depleted within 1 h

and was further reduced at 6 h following removal of glucose

from the culturemedia, which is indicative of glycogenolysis (Fig-

ure 1C). Strikingly, in hMDMs infected with the wild-type strain of

L. pneumophila for 1 h, glycogen was significantly depleted

compared to uninfected cells (Student’s t test, p = 0.0132) and

was further reduced at 6 h post-infection (Student’s t test, p =

0.0057) (Figure 1C). In contrast, glycogen levels in hMDMs in-

fected with the translocation deficient DT4SS mutant or the

DlamA mutant were unaffected and similar to uninfected cells

at both 1 and 6 h post-infection (Figure 1C). Infection of hMDMs

with the complemented DlamAmutant, lamA/C, resulted in rapid

glycogen degradation, similar to that observed in cells infected

with the wild-type strain (Figure 1C). However, infection of

hMDMs with the DlamA mutant complemented with the catalyt-

ically dead variants of LamA did not result in glycogen



Figure 1. Generation of Cytosolic Hyper-

Glucose in hMDMs by LamA-Mediated

Glycogenolysis

(A) Adenylate cyclase (Cya) reporter fusion trans-

location assays of LamA expressed by wild-type

L. pneumophila and the translocation-deficient

DT4SS mutant. The Cya-RalF effector fusion was

used as a positive control. hMDMs were in tripli-

cate for 1 h, and cAMP production was assessed

by ELISA. Data are shown as mean cAMP

concentration ± SD, n = 3. ** Student’s t test of

wild-type RalF versus wild-type Cya, p < 0.0015; **

Student’s t test of WT LamA versus WT Cya, p <

0.0024.

(B) Amylase activity was measured in lysates of

E. coli expressing native or catalytic active site

mutants GST-LamA fusions, with and without

isopropyl b- d-1-thiogalactopyranoside (IPTG) in-

duction, because expression was controlled by an

IPTG-inducible promoter. Representative data of

three independent experiments are shown as

mean amylase activity ± SD, n = 3 independent

cultures. ** Student’s t test of IPTG-induced LamA

versus un-induced LamA, p < 0.0021.

(C) Quantification of cytosolic glycogen concen-

trations in hMDMs starved of glucose or infected

wild type, DT4SS, DlamA, or lamA/C and its

catalytically inactive mutants at 1 and 6 h post-

infection.

(D) Representative Z stack confocal microscopy

images of hMDMs infected with various

L. pneumophila strains (green) and glycogen

granules were labeled by antibody (red). Scale bar

represents 5 mm.

(E) Quantification of glycogen granules per in-

fected cell at 30 and 60 min post-infection.

Glycogen granules were counted in Z stack

confocal images and data points show mean

granules/infected cell ± SD, n = 100 infected cells,

and are representative of three independent ex-

periments. *** Student’s t test of glycogen gran-

ules in either DT4SS- or DlamA-infected cells

versus wild-type-infected cells, p < 0.0001.

(F) Quantification of cytosolic glucose-6-phos-

phate (G6P) levels in uninfected (U/I) and hMDMs

infected with L. pneumophila strains. The data are

representative of three independent experiments.

*** Student’s t test of G6P levels in either wild-

type- or lamA/C-infected cells versus U/I infected

cells, p < 0.0001.

(G) Determination of glucose uptake by hMDMs

infected with the wild-type, DT4SS, DlamA, or

lamA/C strains, or pretreated with LPS/IFN-g at 1

and 6 h post-infection. BAY876 was used to block

glucose transport *** Student’s t test of glucose

uptake levels in either wild-type- or lamA/C-in-

fected cells versus mock, p < 0.0001.
degradation (Figure 1C). LamA-dependent glycogenolysis was

further assessed by confocal microscopy. Following 30 min

infection, uninfected hMDMs or hMDMs infected with wild-type

strain, DT4SS, DlamA, or lamA/C mutants harbored between

10–15 dense glycogen granules (Figures 1D and 1E). Remark-

ably, at 1 and 2 h post-infection, hMDMs infected with the wild

type or lamA/C harbored less than 5 glycogen granules, whereas

the DT4SS- and DlamA-mutant-infected cells still harbored over
10 granules, similar to uninfected cells (Student’s t test, p <

0.0001) (Figures 1D, 1E and S1B). A mutant defective in the

T2SS (lspG) that is unable to secrete the glucoamylase, GamA

(Herrmann et al., 2011; Rossier and Cianciotto, 2001), or defec-

tive for an alternate amylase, DlamB (Best et al., 2018), hydro-

lyzed host glycogen similar to the wild-type strain (Figures 1D,

1E, and S1B). Our data are clear that the Dot/Icm-translocated

LamA catalyzes rapid glycogenolysis in macrophages.
Cell Host & Microbe 27, 571–584, April 8, 2020 573



To determine if the rapid LamA-mediated glycogenolysis re-

sults in elevation in cytosolic glucose, the level of glucose-6-

phosphate (G6P) in infected hMDMs was determined. Following

1 h infection of hMDMs, the quantity of G6P in cells infected with

wild-type bacteria increased by 5-fold compared to uninfected

cells (Student’s t test, p < 0.0001), whereas those infected with

the DT4SS or DlamAmutant were similar to uninfected cells (Fig-

ure 1F). Importantly, infection of hMDMs with the complemented

lamA/C strain resulted in high cytosolic G6P levels, similar to

infection by thewild type (Student’s t test, p < 0.0001) (Figure 1F).

Taken together, LamA-mediated rapid glycogenolysis in macro-

phages results in cytosolic hyper-glucose.

Next, we determined if the rapid rise in cytosolic hyper-

glucose within 1 h of infection is due to LamA-mediated glyco-

genolysis or if increased extracellular glucose uptake by hMDMs

contributed to the cytosolic hyper-glucose. We measured

glucose uptake by hMDMs infected with the wild-type, DT4SS,

DlamA, or lamA/C strains at 1 h or 6 h post-infection or pre-stim-

ulated with lipopolysaccharide (LPS)/IFN-g for 24 h prior to the

assay. We found at 1 h post-infection, glucose uptake by

hMDMs infected with any of the L. pneumophila strains were

similar to mock-infected cells (Figure 1G). However, at 6 h

post-infection, hMDMs infected with the wild type or the lamA/

C-complemented mutant strain exhibited a marked increase in

glucose uptake compared to mock-infected cells (Student’s t

test, p = 0.0009, 0.0003 respectively). Importantly, elevated

glucose uptake in wild-type-infected hMDMs was reversed

when the cells were treated with a glucose transport inhibitor

BAY876 (Figure 1G). In contrast, glucose uptake by hMDMs in-

fected with the DT4SS or DlamA mutants for 6 h did not show

increased glucose uptake (Figure 1G). As expected, hMDMs

stimulated with LPS/IFN-g showed elevated glucose uptake

compared to mock-treated cells (Figure 1G). This shows that

the initial rise in cytosolic hyper-glucose within 1 h of infection

is due to LamA-mediated glycogenolysis and not uptake of

extracellular glucose by hMDMs.

Partial Restriction of Pathogen Proliferation in
Response to LamA-Dependent Cytosolic Hyper-Glucose
We determined the effect of LamA-mediated glycogenolysis on

pathogen proliferation in hMDMs. By 24 h post-infection, the

DlamA mutant exhibited 8-fold more intracellular bacteria than

the wild-type strain, and this increased to over 12-fold at 48 h

post-infection (Student’s t test, p < 0.0001) (Figure 2A). Comple-

mentation of the DlamAmutant with the wild-type lamA gene but

not the catalytically dead variants reversed the increased growth

of the DlamA mutant, similar to that of the wild-type strain (Fig-

ure 2A). L. pneumophila expressed LamA and its catalytically

dead variants equally (Figure S1C). Interestingly, the doubling

time of the DlamA mutant (70 min) in hMDMs was significantly

shorter than the wild-type strain (108 min) (Student’s t test, p <

0.001), whereas growth of the DlamAmutant in rich bacteriolog-

ical growth media was identical to the wild-type strain (Fig-

ure S1D). To confirm the intracellular replication phenotype of

the DlamA mutant at the single-cell level, we assessed bacterial

burden within LCVs at 6–8 h post-infection. At 6 h post-infection

of hMDMs, LCVs harboring the wild-type strain had �2 bacteria

per LCV (Figures 2B and 2C). We observed a slight increase in

bacterial number for LCVs harboring the DlamA mutant at 6 h
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(�3 bacteria per LCV) but this was not significantly different

from the wild-type strain (Student’s t test, p > 0.12) (Figures 2B

and 2C). However, at 8 h post-infection, LCVs harboring the

DlamA mutant contained �9 bacteria whereas those harboring

the wild-type or the complemented lamA/C strain contained 4

bacteria (Student’s t test, p < 0.0001) (Figures 2B and 2C). In

contrast to what was observed in hMDMs, the DlamA mutant

grew similarly to the wild-type strain in the natural host of

L. pneumophila, Acanthamoeba polyphaga (Figure S2).

We determined the effect of LamA on intra-pulmonary growth

of L. pneumophila in the A/J mouse model of disease after intra-

tracheal inoculation of 10 animals per strain for each time point

examined (Price and Abu Kwaik, 2010; Price et al., 2009). The

data showed that the bacterial burden in the lungs and dissem-

ination to the liver and spleen was significantly higher for the

DlamA mutant compared to the wild-type and lamA/C strains

(Figure 2D; Figures S3A and S3B). Surprisingly, there was no

detectable effect on lethality, because 60% of mice infected by

either the wild-type strain or the DlamA mutant succumbed to

infection by 72 h (Figure S3C). Histopathology on pulmonary

biopsies at 12 and 24 h post infection showed that the lungs of

mice infected by the wild-type strain exhibited more severe in-

flammatory infiltrates within alveolar, bronchial, and peribron-

chial spaces with the infiltration of mononuclear cells (Figures

2E and 2F) than mice infected with the DlamAmutant strain (Stu-

dent’s t test, p < 0.05) (Figures 2E and 2F).

Glucose did not affect growth of L. pneumophila in bacterio-

logical growth media (Figure S3D). To determine whether the

cytosolic hyper-glucose microenvironment was responsible for

partial restriction of intracellular growth of the wild-type strain,

we attempted transfection with LamA, but its ectopic expression

was toxic. Therefore, we performed co-infections of hMDMs

with the wild-type bacteria and the DlamA mutant. When both

strains co-inhabited the same cell, either within communal

LCVs or within distinct LCVs, replication of the DlamA mutant

was partially restricted, similar to the wild-type strain (Student’s

t test, p < 0.0001) (Figures 2G and 2H). Thus, the cytosolic hyper-

glucose environment of macrophages partially restricts prolifer-

ation of L. pneumophila.

The hMDMs M1-like Pro-inflammatory Response to
Cytosolic Hyper-Glucose
We tested the hypothesis that in response to the cytosolic hyper-

glucose, hMDMs mount a pro-inflammatory response (Erbel

et al., 2016; Haidet et al., 2012; Kraakman et al., 2014; Pan

et al., 2012; Reinhold et al., 1996; Torres-Castro et al., 2016).

At 6 h post-infection of hMDMs, the levels of pro- and anti-in-

flammatory cytokines released into the culture supernatant

were measured. In response to infection with L. pneumophila,

hMDMs released elevated levels of the pro-inflammatory cyto-

kines IL-1a, IL-1b, IFN-g, TNF-a, IL-12p40, and IL-12p70

compared to mock-infected cells (Figures 3A–3D and S4A).

Importantly, in response to infection with the DlamA mutant,

hMDMs released reduced levels of these six pro-inflammatory

cytokines compared to those infected with the wild-type strain

(Figures 3A–3D and S4A). Complementation of the DlamA

mutant with the wild-type lamA gene but not the catalytically

inactive mutant restored elevated release of cytokines by

hMDMs (Figures 3A–3D and S4A). No differences were observed



Figure 2. LamA-Mediated Cytosolic Hyper-

Glucose Restricts Pathogen Proliferation

in hMDMs and In Vivo

Intra-vacuolar replication of wild type, DT4SS,

DlamA, and lamA/C and the catalytically inactive

mutants were assessed in hMDMs.

(A) To determine intra-vacuolar replication of

L. pneumophila, infected hMDMmonolayers were

lysed at 2, 24, and 48 h post-infection and serial

dilutions plated on agar plates to determine col-

ony-forming unit (CFUs). Data shown are mean

CFUs ± SD, n = 3, and are representative of three

independent experiments. *** Student’s t test of

the number of lamA mutant bacteria versus wild

type at 10 h, p < 0.0001.

(B and C) To further assess early time points for

intra-vacuolar replication at the single-cell level,

infected monolayers were fixed and immuno-

stained for L. pneumophila (green), and bacterial

numbers in replicative vacuoles were enumerated

by confocal microscopy at 6 and 8 h post-infec-

tion. Representative confocal images are shown in

(B), whereas quantification is shown in (C). Scale

bar represents 5 mm. Data points show mean

number of bacteria per LCV ± SD, n = 100 LCVs

and are representative of three independent ex-

periments. *** Student’s t test of the number of

lamA mutant bacteria per LCV at 8 h versus wild

type, p < 0.0001.

(D) To assess intra-pulmonary proliferation of the

lamA mutant, A/J mice were infected with 13 106

bacteria and the CFU burden in the lungs was

assessed at various time points indicated. Data

shown are mean CFUs ± SD per lung of three in-

fectedmice. Student’s t test of the number of lamA

mutant bacteria versus wild type at 48 h, *p <

0.0138 and at 72 h, **p < 0.0041.

(E) Representative images of pulmonary sections

stained with hematoxylin and eosin. Scale bar

represents 50 mm.

(F) Histopathology score of lamA infected lungs

versus wild-type infected lungs 12 and 24 h post-

infection; ** Student’s t test, p < 0.0056 and at 24

h, ***p < 0.0001.

(G and H) Analysis of replicative LCVs within

hMDMs co-infected with wild-type and lamA

mutant bacteria using MOI 1:1 for the two strains

and analyzed at 8 h post-infection using micro-

scopic single-cell analyses. Representative

confocal images of hMDMs infected with wild type

or lamA, or co-infected with both strains. Infected

monolayers were fixed and immunostained for

L. pneumophila (green) and wild-type bacteria

expressing m-Cherry (red). Scale bar represents

5 mm.Data points showmean number of bacteria per LCV ± SD, n = 100 LCVs, and are representative of three independent experiments. *** Student’s t test of the

number of lamAmutant/LCV versus wild-type bacteria at 8 h during individual infection with each strain compared to the number of lamAmutant bacteria in co-

inhabited cells during co-infection, p < 0.0001.
for IL-6 secretion by hMDMs infected with any of the strains used

(Figure S4A). In response to infection with L. pneumophila,

hMDMs also released the M2 anti-inflammatory cytokines IL-4

and IL-10, but LamA did not play a role in the release of IL-4

and IL-10 (Figure S4B). Importantly, the bronchoalveolar lavage

of mice infected with the wild-type strain contained elevated

levels of TNF-a, IL-1a, IFN-g and IL-6 compared to the lamA

mutant infection (Student’s t test, p < 0.0001) (Figures 3E and
S4C). However, production of IL-4 was increased in mice in-

fected with the lamA mutant at 24 h post-infection compared

to that observed for the wild-type strain (Student’s t test, p <

0.0001), which suggested amore complex cytokine profile in vivo

(Figure 3E) and may be due to differences between human and

mouse macrophages.

We determined the potential of a paracrine effect of the

secreted pro-inflammatory cytokines on bystander hMDMs to
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Figure 3. M1-like Pro-inflammatory Differ-

entiation in Response to the Cytosolic Hy-

per-Glucose Generated by LamA-Mediated

Glycogenolysis in hMDMs and In Vivo

(A–D) Selected panels of inflammatory cytokines

(A) IL-1a, (B) IFN-g, (C) TNF-a, and (D) IL12-p40,

secreted by hMDMS infected for 6 h with wild

type, lamA, lamA/C, or a catalytically inactive

mutant were measured using a Milliplex assay.

The rest of the cytokine panels are shown in Fig-

ure S4A. *** Student’s t test of cytokine level in

lamA-mutant-infected hMDMS compared to wild-

type-infected cells, p < 0.0001.

(E) Cytokines levels in the bronchoalveolar lavage

(BAL) at 24 h post-infection ofmice. Data show pg/

mL of cytokine present in BAL fluid. *** Student’s t

test of cytokine level in lamA-mutant-infected

hMDMS compared to wild-type-infectedmice, p <

0.0001.

(F) To determine a paracrine effect during infection

of hMDMs, culture supernatants frommock-, wild-

type–, or lamA-infected cells at 6 h were trans-

ferred to newly lamA-infected hMDMs for 8 h, and

replicative vacuoles were assessed by confocal

microscopy. For wild-type–infected supernatants,

cytokines were neutralized by specific antibodies

1 h prior to infection. Data show mean number of

bacteria per LCV ± SD, n = 100 LCVs, and are

representative of three independent experiments.

*** Student’s t test of the number of lamA mutant

bacteria per LCV with wild-type supernatant or

TNFa/IL4-neutralized supernatants versus mock

supernatant, or the number of wild-type bacteria

per LCV with IFN-g/IL12-neutralized wild-type

supernatant versus wild-type supernatant,

p < 0.0001.
restrict pathogen proliferation. Transfer of culture supernatants

of 6 h infection by the wild-type strain to freshly infected hMDMs

resulted in partial restriction of intracellular replication of the

DlamA mutant, which was similar to the wild-type strain with

only �5 bacteria per LCV at 8 h post-infection (Student’s t test,

p < 0.0001) (Figure 3F). In contrast, transfer of culture superna-

tants of hMDMs infected with the DlamA mutant for 6 h did not

restrict intracellular replication of the DlamA mutant (Figure 3F).

Neutralization of IFN-g or IL-12 but not TNF-a or IL-4 in the trans-

ferred supernatant fromwild-type strain infection reduced partial

growth suppression of both the wild type and DlamA mutant

strain in hMDMs with �8–10 bacteria per LCV (Student’s t test,

p < 0.0001) (Figure 3F).

Reprogramming hMDM Metabolism into Aerobic
Glycolysis in Response to L. pneumophila

Pro-inflammatory M1macrophages reprogram their metabolism

into aerobic glycolysis, which leads to elevated secretion of

lactate into the extracellular environment. The hMDMs infected

with either the wild-type or lamA/C bacteria resulted in copious

secretion of lactate into the culture supernatant by 6 h (157–

175 nM) (Figure 4A), compared to infection by the DlamA or

DT4SSmutants (23 nM) (Student’s t test, p < 0.0001) (Figure 4A).
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Because metabolic reprogramming into aerobic glycolysis is

the driver for M1 pro-inflammatory polarization of macrophages,

we determined the effect of inhibition of glycolysis on the LamA-

dependent M1-like pro-inflammatory cytokine response and the

partial restriction of pathogen proliferation. The data showed that

prior inhibition of the glycolytic enzyme, enolase, by NaF abol-

ished the LamA-dependent M1-like pro-inflammatory cytokine

response of hMDMs (Student’s t test, p < 0.0001) (Figures 4B

and S5). Importantly, inhibition of hMDMs glycolysis by NaF or

koningic acid, which inhibits enolase and glyceraldehyde 3-

phosphate dehydrogenase respectively, enhanced replication

of the wild-type strain, which phenocopied the DlamA mutant

in mock-treated cells (Student’s t test, p < 0.0001) (Figures 4C

and 4D). The glycolysis inhibitors had no detectable effect on

growth of L. pneumophila in broth culture in vitro (Figure S4D).

Our data also showed that the wild-type strain triggered

increased IFN-g transcription compared to the DlamA mutant

(21-fold versus 5-fold) relative to mock-infected cells (Figure 4E).

Blocking glycolysis by NaF or koningic acid caused reduced

IFN-g transcription (�3.8-fold and �4.4-fold respectively)

compared to mock-treated cells (Figure 4E). As expected,

hMDMs pretreated with LPS/IFN-g for 24 h prior to the assay ex-

hibited increased IFN-g transcription relative to mock-treated



Figure 4. Upregulation of Aerobic Glycol-

ysis in Response to the Cytosolic Hyper-

Glucose Generated by LamA-Mediated

Glycogenolysis Is Essential for M1-like Po-

larization of hMDMs

(A) Lactate levels in cell culture supernatants of

hMDMS infected for 6 h with wild-type, DT4SS,

DlamA, or lamA/C strains were assessed by

ELISA. Data represent the mean lactate

concentration ± SD, n = 3, and is representative of

three independent experiments. *** Student’s t

test of lactate level in lamA-mutant-infected

hMDMS compared to wild-type-infected cells, p <

0.0001.

(B) Selected panels of pro-inflammatory cytokines

secreted by hMDMS in which glycolysis was in-

hibited by 1 mM NaF and infected for 6 h with wild

type or DlamA were measured using a Multi-Ana-

lyte ELISArray kit and is representative of three

independent experiments. The rest of the cytokine

panels are shown in Figure S5. *** Student’s t test

of cytokine level in wild-type- or DlamA-mutant-

infected hMDMS treated with NaF compared to

untreated but infected cells, p < 0.0001.

(C and D) To assess the impact of hMDMs

glycolysis on intra-vacuolar replication at the sin-

gle-cell level, hMDMs were treated with NaF (C) or

koningic acid (D) 1 h prior to and during infection.

Replicative vacuoles were enumerated by

confocal microsopy at 8 h post-infection. Data

points show mean number of bacteria per LCV ±

SD, n = 100 LCVs, and are representative of three

independent experiments. *** Student’s t test of

the number of wild-type bacteria per LCV in

treated cells versus untreated cells, p < 0.0001.

(E) Quantification of IFN-gmRNA levels in hMDMs

pre-treated with LPS/IFN-g, infected with either

the wild-type or DlamA mutant, or treated with

glycolysis inhibitors NaF and koningic acid.
cells (Figure 4E). Our data indicate that in response to the cyto-

solic hyper-glucose generated by LamA-mediated glycogenol-

ysis, hMDMs undergo M1-like pro-inflammatory polarization

and partial restriction of pathogen proliferation.

Mechanism of LamA-Dependent Partial Suppression of
L. pneumophila Replication
Pro-inflammatory macrophages restrict intracellular pathogens

through multiple mechanisms including production of reactive

oxygen species (ROS), increased lysosomal fusion, and restric-

tion of nutrients such as tryptophan via increased indoleamine

2,3-dioxygenase 1 (IDO1) activity. The production of ROS by

hMDMs infected with either wild-type or the DlamAmutant bac-

teria were similar to uninfected hMDMs (Figure S6A). Addition-

ally, trafficking of both the wild-type and DlamA mutant bacteria

in hMDMs showed that both equally evaded fusion to the lyso-

somes (Figure S6B). Next, we assessed expression of IDO1 in

hMDMs infected with wild-type or DT4SS or DlamAmutant bac-

teria, or stimulated with LPS and IFN-g at 2 and 4 h post-infec-

tion/treatment. At 4 h post-infection, there was a dramatic in-

crease in IDO1 expression in hMDMs infected with wild-type

bacteria, compared to the DlamA mutant or the translocation-

deficient DT4SS mutant (Figure 5A). As expected, IDO1 expres-

sion was induced by LPS/IFN-g stimulation control (Figure 5A).
Next, we measured the cytosolic concentration of tryptophan.

Following 4 h of infection by the wild-type or lamA/C strain, the

cytosolic concentration of tryptophan was reduced by 11-fold

compared to hMDMs infected with DT4SS, DlamA or DlamA/

C199D�A, or mock-infected cells (Student’s t test, p < 0.0001)

(Figure 5B). Importantly, blocking IDO1 activity using 1-methyl-

D-tryptophan (1-MDT) reversed depletion of tryptophan in

hMDMs infected with the wild-type strain (Figure 5B).

We determined whether tryptophan supplementation would

overcome the partial growth restriction of wild-type bacteria.

Our data showed that at 8 h post-infection with wild-type bacte-

ria in media with the standard concentration of tryptophan

(90 mM) in RPMI 1640 cell culture media, each LCV harbored

�4 bacteria (Figure 5C). However, supplementation of the cul-

ture media to a 180 or 360 mM tryptophan final concentration

dramatically increased the number of wild-type bacteria

per LCV (�10 bacteria per LCV) (Student’s t test, p < 0.0001),

similar to LCVs harboring the DlamA mutant in regular media

(Figure 5C). To confirm the role of IDO1-mediated nutritional re-

striction of L. pneumophila growth, hMDMs were treated with an

IDO1 inhibitor prior to infection and intracellular replication

was assessed at the single-cell level by confocal microscopy.

At 6 h post-infection, LCVs harboring wild-type bacteria con-

tained �2 bacteria. However, inhibition of IDO1 resulted in a
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Figure 5. Induction of Innate Nutritional Im-

munity via Tryptophan Degradation in

Response to the Cytosolic Hyper-Glucose

Generated by LamA-Mediated Glycogenol-

ysis

(A) Western blot of IDO1 expression in hMDMs

infected with either wild type or DT4SS or DlamA

mutants, or stimulated with LPS/IFNg. b-actin

served as a loading control. Numbers below

loading control represent densitometry ratios of

IDO1/actin. ** and *** Student’s t test of the density

ratio of LPS/IFN-g and wild type at 4 h versus

Mock at 4 h, p = 0.007, p < 0.0001 respectively,

from three independent experiments.

(B) Quantification of cytosolic tryptophan con-

centrations in hMDMs infected with wild type,

formalin-killed wild type, DT4SS, DlamA, lamA/C,

and the catalytically inactive mutant 4 h post-

infection. The IDO1 inhibitor 1-methy-D-trypto-

phan (1 mM) was added to wild-type-infected

cells. Data points show mean tryptophan levels ±

SD, n = 3, and are representative of three inde-

pendent experiments. *** Student’s t test of tryp-

tophan concentration in wild-type- or lamA/C-in-

fected cells versus mock, p < 0.0001.

(C) To determine if tryptophan supplementation

enhanced intracellular replication of wild-type

bacteria in hMDMs, cells were incubated with

additional tryptophan supplement prior to infection and replicative LCVs were analyzed at 8 h post-infection by confocal microscopy at the single-cell level. Data

points showmean number of bacteria per LCV ± SD, n = 100 LCVs, and are representative of three independent experiments. *** Student’s t test of the number of

wild-type bacteria per LCV at 180 or 360 mM tryptophan 8 h versus 90 mM tryptophan, p < 0.0001.

(D) To assess if IDO1 inhibition restored replication of wild-type bacteria, hMDMs were pretreated with increasing concentration of the inhibitor and infected with

either the wild-type or DlamA mutant bacteria for 6 h. Data points show mean number of bacteria per LCV ± SD, n = 100 LCVs, and are representative of three

independent experiments. * Student’s t test of the number of wild-type bacteria per LCV at 0.5 or 1 mM inhibitor versus no inhibitor, p < 0.0001.
dose-dependent increase in wild bacteria replication (Student’s

t test, p < 0.0001), phenocopying the replication of the

lamA mutant in untreated cells (Figure 5D). Thus, the modest

LamA-dependent restriction in proliferation of wild-type

L. pneumophilawithin theM1-like hMDMs ismainly due to innate

nutritional immunity of IDO1-dependent tryptophan degradation

and deprivation.

Subversion of Amoebae Host Encystation by Rapid
LamA-Mediated Glycogenolysis
The LamA-dependentM1-like pro-inflammatory polarization and

partial pathogen restriction seem to be counter-evolutionary for

the adaptation of an intracellular pathogen to macrophages.

These paradoxical findings lend credence to the hypothesis

that it is more likely that LamA has evolved during co-evolution

and adaptation of L. pneumophila with the amoebae natural

host (Best and Abu Kwaik, 2018). Not surprisingly, phylogenetic

analysis revealed that LamA, which is found in all sequenced

L. pneumophila strains, is more closely related to amylases in

Acanthamoebae than human amylases (Figure S7A), suggesting

inter-kingdom horizontal gene transfer of lamA from an amoebae

host into L. pneumophila (de Felipe et al., 2005; Franco

et al., 2009).

We utilized Acanthamoebae, because they are the most wide-

spread protist in nature and an established model host (Swart

et al., 2018). Upon exposure to stress stimuli, vegetative meta-

bolically active Acanthamoeba trophozoites progressively differ-

entiate into an immature cyst with a minimal immature cellulose
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wall then to mature cysts characterized by their mature cellu-

lose-rich double wall, which completely restrict intracellular

growth of L. pneumophila. Synthesis of cellulose is essential

for encystation and is accomplished by autophagy-mediated

rapid glycogenolysis, which releases a high level of glucose to

synthesize the cellulose-rich endocyst wall (Byers et al., 1991;

Faber et al., 2017; Lorenzo-Morales et al., 2008; Moon et al.,

2014; Schaap and Schilde, 2018). Because interference with

glycogenolysis or cellulose biosynthesis block amoebae encys-

tation (Byers et al., 1991; Collins et al., 1984; Faber et al., 2017;

Lorenzo-Morales et al., 2008; Moon et al., 2014; Schaap and

Schilde, 2018), we tested the hypothesis that LamA-mediated

rapid glycogenolysis in the amoebae host interferes with encys-

tation of amoebae, and this pathogenic property has evolved to

maintain amoebae in the permissive trophozoite form. To deter-

mine if LamA triggered glycogenolysis in amoebae, G6P levels

were measured. The data showed that at 1 h post-infection,

there was little difference in G6P levels in infected amoebae

compared to uninfected amoebae (Figure 6A). However, at

2 and 4 h post-infection, amoebae infected with the wild-type

or the lamA/C strain exhibited significantly higher levels of G6P

compared to those infected with the DlamA or DT4SS mutants

(Student’s t test, p < 0.0001), which were similar to uninfected

amoebae (Figure 6A). As an indicator for elevated glycolysis,

we determined lactate secretion by A. polyphaga infected

with the wild type, the DlamA or DT4SS mutants, and the

complemented lamA/C strain 4 h post-infection. The data

show that A. polyphaga-infected with the wild type or lamA/C



Figure 6. Interference with Encystation of A. polyphaga by LamA-Mediated Glycogenolysis

(A) Quantification of cytosolic G6P levels in A. polyphaga infected with L. pneumophila. The data are representative of three independent experiments.

*** Student’s t test of G6P levels in either wild-type- or lamA/C-infected cells versus U/I infected cells, p < 0.0001.

(B) Lactate levels in A. polyphaga culture supernatants infected for 4 h with wild-type, DT4SS, DlamA, or lamA/C strains were assessed by ELISA. Data represent

the mean lactate concentration ± SD, n = 3, and is representative of three independent experiments. Student’s t test of lactate level in wild-type- or lamA/C-

infected A. polyphaga compared to mock-infected cells **p = 0.0012, ***p < 0.0001.

(C) Quantification of cytosolic G6P levels inA. polyphaga infectedwith L. pneumophila during encystation. Infected amoebaewere infected for 4 h, andG6P levels

were measured. Amoebae were then transferred to glucose-free encystation buffer, and G6P was measured 6 and 12 h post-encystation. *** Student’s t test of

G6P levels in either wild-type- or lamA/C-infected cells versus mock-infected cells, p < 0.0001.

(D and E) To assess development of amoebae cysts following infection by L. pneumophila, A. polyphaga were labeled with Calcofluor White, which intensely

stains the dense cellulose wall of endocysts, and subjected to flow cytometry. Flow cytometry histograms of U/I A. polyphaga or infected with wild-type bacteria

or the DT4SS and DlamA mutants 2 days post-incubation in encystation media are shown (D), and quantification is shown in (E). The data are representative of

three independent experiments. *** Student’s t test of immature or mature cysts in wild-type-infected cells versus mock, p < 0.0001.

(F) Representative confocal images of A. polyphaga cysts following infection with the wild type or the DT4SS and DlamA mutants three days post-incubation in

encystation media. Mature cysts (arrows) are characterized by intense endocyst wall staining (blue), whereas immature precysts (arrowheads) or non-encysted

amoebae stain weakly or do not stain. Scale bar represents 5 mm.
secrete significantly more lactate than those infected with the

DlamA or DT4SS mutants or mock-infected cells (Student’s t

test, p = 0.0012, p < 0.0001) (Figure 6B). This indicates that

similar to hMDMs, increased glycolysis in A. polyphaga is trig-

gered by LamA-catalyzed rapid glycogenolysis.
Next, we determined if depletion of glycogen in trophozoites in-

fectedwith thewild-type strain prior to encystation stimuli impacts

availability of glucose needed for the biosynthesis of the cellulose

rich endocyst wall. To achieve this, A. polyphaga trophozoites

were infected with the wild-type, DT4SS, DlamA, and lamA/C
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strains for 4 h in culture media containing glucose. At 1 h post-

infection, G6P levels in all conditions were similar, but at 4 h,

G6P levels inwild-type and lamA/C-infectedA. polyphaga tropho-

zoites were significantly elevated (Student’s t test, p < 0.0001)

compared tomock-infectedcells (Figure6C). At 4 hpost-infection,

the infected trophozoites were transferred to glucose-free encys-

tation buffer, and G6P levels were measured at 6 h, 12 h,

and 24 h post-encystation. At 6 h post-glucose deprivation, G6P

levels in mock-infected or DT4SS- or DlamA-mutant-infected

A. polyphaga were elevated compared to pre-encystation levels.

In contrast, G6P levels in A. polyphaga infected with the wild-

type or lamA/C strains were significantly reduced (Student’s t

test, p < 0.0001) (Figure 6C). At 12 h post-glucose deprivation,

the G6P levels in mock-infected or DT4SS- or DlamA-mutant-in-

fected A. polyphaga had reduced to a similar level seen for

wild-type or lamA/C-infected A. polyphaga (Figure 6C). These

data indicate that LamA-dependent depletion of glycogen in

wild-typeL.pneumophila-infectedA.polyphaga reduces theavail-

ability of glucose required for encystation of amoebae.

The impact of rapid LamA-mediated depletion of glycogen

prior to amoebae encystation was determined by flow cytometry

analysis and by confocal microscopy.A. polyphagawere labeled

with Calcofluor White, which intensely stains the dense cellulose

wall of mature endocysts. Following 2 h infection of A. polyphaga

by L. pneumophila and 2 days incubation in glucose-free encys-

tation buffer, >80%ofA. polyphaga infectedwith eitherDlamA or

DT4SSmutant formed mature cysts characterized by dense cel-

lulose endocyst walls, similar to uninfected amoebae (Figures

6D–6F). In contrast, only �20% of A. polyphaga infected with

wild-type L. pneumophila formed mature cysts (Figures 6D–6F)

(Student’s t test, p < 0.0001) with most amoebae in a cellu-

lose-depleted immature precyst form, indicating interference

with amoebal encystation as a result of rapid LamA-mediated

glycogenolysis. Similar results were observed 3 days post-en-

cystation (Figure S7B). It was observed that trypan blue dye

exclusion and counting show no reduction in amoebal viability

and no increase in L. pneumophila populations (data not shown).

Taken together, the data indicate that LamA has evolved to

modulate an amoeba-specific process that is absent in the

more evolved accidental human host, and LamA has likely

played a key role in co-evolution and adaptation of

L. pneumophila with the amoebae natural hosts. However, the

paradoxical macrophage response to the cytosolic hyper-

glucose generated by LamA-mediated glycogenolysis is likely

an unintended evolutionary accident with no major outcome on

disease manifestation. It is not known whether the cytosolic hy-

per-glucose in the amoebae host has effects on amoebae

cellular processes beyond subverting encystation.

DISCUSSION

L. pneumophila reside in a wide range of amoebae species in the

environment and has acquired a large repertoire of effector pro-

teins that it utilizes to survive and proliferate within these host cells

(Best and Abu Kwaik, 2018). It may not be surprising that most

effector mutants of L. pneumophila are not defective in macro-

phages, given that most effectors have likely evolved to adapt

to various protist hosts in the environment (Best and Abu Kwaik,

2018; Park et al., 2020). Many effectors modulate conserved pro-
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cesses in both macrophages and amoebae, but no effector has

been shown to modulate cellular processes specific to amoebae

that are absent in the more evolved human host. Amoebae

respond to nutrient deprivation by formation of dormant metabol-

ically inactive cysts (Schaap and Schilde, 2018), which are non-

permissive for L. pneumophila (Bouyer et al., 2007; Kilvington

and Price, 1990). We show here that the injected LamA catalyzes

rapid glycogenolysis in amoebae and glycogen depletion blocks

the ability of amoebae to form mature cysts, suggesting evolu-

tionary selection pressure of LamA to maintain amoebae hosts

in the permissive trophozoite form. However, the environmental

selection for an injected amylase that targets host glycogen has

led to an unintended and paradoxical consequence when

L. pneumophila encounters human macrophages.

When L. pneumophila invades human macrophages, it trans-

locates LamA causing glycogenolysis with abnormal rise in

cytosolic glucose. However, unlike amoebae, the response to

cytosolic hyper-glucose in infected macrophages triggers aero-

bic glycolysis, which triggers a rapid M1-like pro-inflammatory

differentiation. This may mimic the M1 pro-inflammatory polari-

zation of macrophages upon exposure to high levels of glucose

(Erbel et al., 2016; Haidet et al., 2012; Kraakman et al., 2014; Pan

et al., 2012; Reinhold et al., 1996; Torres-Castro et al., 2016).

Although import of extracellular glucose represents a bottleneck,

LamA-mediated hyper-glucose bypasses the glucose import

bottleneck. In addition to the critical role of LamA,

L. pneumophila targets mitochondrial dynamics to promote a

Warburg-like phenotype in macrophages (Escoll et al., 2017;

Price et al., 2018). Interestingly, macrophages infected with

L. pneumophila produce a number of cytokines even though

this bacteria injects several effectors that block host protein syn-

thesis (Asrat et al., 2014; De Leon et al., 2017; Shen et al., 2009).

To overcome this blockade, macrophages infected with wild-

type L. pneumophila produce IL-1a, which signals uninfected

bystander cells to produce pro-inflammatory cytokines such as

IL-6, TNF-a, and IL12, which are made poorly by the infected

cells (Copenhaver et al., 2015). Our data show that several

pro-inflammatory cytokines are made by hMDMs in response

to infection by the wild-type strain, and this is dependent on

the catalytic activity of LamA. It is important to note that our

infectionmodel routinely results in at least 95%of the hMDMs in-

fected with L. pneumophila, but we cannot exclude the possibil-

ity that the 1%–5% of uninfected bystander cells may contribute

to the production of pro-inflammatory cytokines.

To restrict replication of invading bacterial pathogens, pro-in-

flammatory macrophages employ a variety of mechanisms

including increased efficacy of lysosomal degradation,

increased ROS killing ability, and elevated IDO1 activity. Despite

a robust pro-inflammatory macrophage response, wild-type

L. pneumophila utilizes a powerful lysosomal bypass pathway

to avoid degradation within lysosomes of M1-like pro-inflamma-

tory macrophages (Ensminger, 2016). Despite reliance of

L. pneumophila on host amino acids (Price et al., 2011),

L. pneumophila is auxotrophic for many amino acids, high-

lighting the necessity of this pathogen to acquire amino acids

from its host (Fonseca and Swanson, 2014; Price et al., 2011).

Although L. pneumophila is not auxotrophic for tryptophan,

acquisition of tryptophan from the host, in addition to de novo

synthesis by the bacteria, is required for optimal intracellular



growth (Jones et al., 2015). The LamA-mediated pro-inflamma-

tory response of infected hMDMs (IFN-g in particular) triggers

IFN-g-mediated IDO1 expression leading to depletion of host

tryptophan (Wang et al., 2014b), which is responsible for the par-

tial growth restriction through nutritional innate immunity.

Because >95% of the macrophages are infected with

L. pneumophila, it is likely that translation of IDO1 in infected

cells overcomes the protein synthesis block, similar to that

observed for pro-inflammatory cytokines (Asrat et al., 2014).

IDO1-mediated tryptophan depletion also limits Toxoplasma,

Chlamydia, and Leishmania replication (Dai et al., 1994; Murray

et al., 1989; Thomas et al., 1993). Therefore, the IFN-g-mediated

elevated IDO1 expression and tryptophan depletion are the

mechanisms of nutritional innate immunity that partially restrict

robust intracellular replication of L. pneumophila.

Besides LamA, L. pneumophila harbors twoother characterized

amylases. The glucoamylase, GamA, is secreted by the type II

secretion system but does not impact intracellular growth (Herr-

mannetal., 2011).WeshowthatGamA isnot involved inglycogen-

olysis. Additionally, L. pneumophila expresses LamB, which is not

injected into thehostcytosolbut is required forbacterial replication

in amoebae, human macrophages, and the murine model of dis-

ease via an unknown mechanism (Best et al., 2018). Therefore,

LamA is the major factor of L. pneumophila responsible for glyco-

genolysis during infection of host cells. However, it is possible that

otherL. pneumophilaeffectors and/or host cell signaling pathways

may contribute to L. pneumophila-induced glycogenolysis.

Amylase and glycosidase activity has also been shown to

contribute to the pathogenesis of other bacterial pathogens, but

they act on complex extracellular glycans (Arabyan et al., 2016;

Marion et al., 2009; Robb et al., 2017). In contrast to LamA-medi-

ated glycogenolysis, the obligate intracellular pathogen, Chla-

mydia trachomatis, shifts host glycogen stores to its replicative

vacuole through bulk uptake and de novo synthesis from host-

derived UDP-glucose (Gehre et al., 2016). C. trachomatis translo-

cates bacterial glycogen biosynthesis enzymes into the lumen of

its replicative vacuole via its type III secretion system, generating

an energy store, which is derived from the host, for the metabolic

benefit of the bacterial pathogen (Gehre et al., 2016).

Our data provide strong evidence for manipulation of

amoebae-specific cellular processes and intimate co-evolution

of L. pneumophila with its amoebae natural hosts. Because the

dormant cyst form of amoebae is non-permissive for prolifera-

tion of L. pneumophila, the pathogen has evolved to inject

LamA into the amoebae host, triggering rapid glycogenolysis

to subvert host encystation and promote pathogen proliferation

within the permissive trophozoite form. ThemacrophageM1-like

pro-inflammatory differentiation and nutritional innate immunity

in response to Legionella-mediated glycogenolysis is paradoxi-

cal and counter evolutionary, but not detrimental, and is likely

an evolutionarily unintended or accidental event.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-legionella antiserum This study N/A

Mouse anti-glycogen ESG1A9mAB (Nakamura-Tsuruta et al., 2012) Gift

Alexa Fluor 488 anti-rabbit IgG Invitrogen Cat # A-21206 RRID: AB_141708

Alexa Fluor 555 anti-mouse IgG Invitrogen Cat # A-31570

RRID: AB_2536180

Alexa Fluor 594 anti-mouse IgM Invitrogen Cat # A-21044

RRID: AB_141424

Alexa Fluor 647 anti-goat IgG Invitrogen Cat # A-21447

RRID: AB_141844

Anti-human TNF-a clone MAb1 Biolegend Cat # 502803

RRID: AB_315251

Anti-human IL-12/23 p40 clone C8.6 Biolegend Cat # 508803

RRID: AB_315530

Anti-human IFN-g clone B27 Biolegend Cat # 506512

RRID: AB_315445

Anti-human IL-4 clone 11B11 Biolegend Cat # 504121

RRID: AB_11149679

Anti-mouse IDO clone 10.1 Millipore Cat # 05-840

RRID: AB_310044

Anti-mouse IgG HRP Thermo Scientific Cat # 31430

RRID: AB_228307

Anti-rabbit IgG HRP Thermo Scientific Cat # 31460

RRID: AB_228341

Anti-b-actin Proteintech Cat # 20536-1-AP

RRID: AB_10700003

Anti-LAMP2 Novus Cat # NBP2-22217

RRID: AB_2722697

Anti-KDEL Abcam Cat # ab12223

RRID: AB_298945

Bacterial and Virus Strains

Legionella pneumophila AA100/130b (ATCC BAA-74) ATCC Cat # ATCC BAA-74

Escherichia coli BL21 Invitrogen Cat# C600003

Chemicals, Peptides, and Recombinant Proteins

EDTA-free protease inhibitors Pierce Cat # A32965

LPS Sigma L4130

Human IFN-g Biolegend Cat # 570202

Human IL-4 Biolegend Cat # 574002

Human TNF-a Biolegend Cat # 570102

Human IL-12p70 Biolegend Cat # 573002

M-Per Mammalian Protein Extraction Reagent Thermo Scientific Cat # 78505

Koningic acid Cayman Chemical Cat # 14079

BAY876 Sigma Cat # SML1774

1-methyl-D-tryptophan Cayman Chemical Cat # 16456

CM-H2DCFDA Invitrogen Cat # C6827

Calcofluor white Sigma Cat # 18909

Fluorescent Brightener 28 Sigma Cat # F3543

Phorbol 12-myristate 13-acetate Sigma Cat # P1585

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

Direct cAMP ELISA kit Enzo Cat # ADI-900-066

Amylase Activity Assay Kit Sigma Cat # MAK-009-1KT

EnzyChrom Glycogen assay kit Bioassay Systems Cat # E2GN-100

Deproteinizing Sample Preparation Kit Biovision Cat # K808-200

High Sensitivity Glucose-6-Phosphate Assay Kit Sigma Cat # MAK021-1KT

Glucose Uptake-Glo Assay Promega Cat # J1341

Lactate Assay Kit Sigma Cat # MAK064-1KT

Tryptophan Assay Kit Sigma Cat # MAK254-1KT

Milliplex Assay (Custom setup) Millipore Custom order

Mouse Inflammation (8-plex) Panel Antigenix MMX270

Human Inflammatory Cytokines Multi-Analyte ELISArray QIAGEN Cat # MEH-004A

SuperSignal West Femto Maximum Sensitivity Substrate Thermo Scientific Cat # 34095

Experimental Models: Cell Lines

Human monocyte-derived macrophages from healthy donors This study

Acanthamoeba polyphaga ATCC Cat # 30461

Experimental Models: Organisms/Strains

Mouse: A/J Jackson Laboratories

Oligonucleotides

lamA flanking DNA F ggatccATAAGCATAAATTTGTTTG This study N/A

lamA flanking DNA R cggccgTTGAGTAAATCAGAGAA This study N/A

lamA 50 inverse ctcagttttgtagtgtaataattttttatg This study N/A

lamA 30 inverse agacctttcgatgcaatcaggttaattgcagct This study N/A

Kan F /5Phos/CTGTCTCTTATACACATCTCAA This study N/A

lamA screening F cagttttgtagtgtaataattttttatgg This study N/A

lamA screening R caattaacctgattgcatcgaaa This study N/A

lamA screening R caattaacctgattgcatcgaaa This study N/A

lamA F, ctcgagtttgtctttttaacgatataataac This study N/A

lamA R, ggatccCTAATGCGAGATTGTATTTC This study N/A

pGEX lamA F

GGATCCATGACAGATTCTATGGGA

This study N/A

pGEX lamA R GTCGACCTAATGCGAGATTGTATTTC This study N/A

lamA D1 F /5Phos/AGCGACTCGAACACCATC This study N/A

lamA D1 R /5Phos/GCTGTAGGTTATGTACATC This study N/A

lamA E1 F /5Phos/TGCATCAAGGATAACCGG This study N/A

lamA E1 R /5Phos/GCTTTATTTAGTAAACGA This study N/A

lamA D2 F /5Phos/GGCATGATTCCCACAAAA This study N/A

lamA D2 R, /5Phos/TATCGTTCATTGGCGATG This study N/A

Recombinant DNA

pBCSK+lamAKO1 This study N/A

pBCSK+lamAKO2 This study N/A

pBCSK+lamAKO3 This study N/A

pBCSK+lamA/C This study N/A

pBCSK+lamA/CD199A This study N/A

pBCSK+lamA/CE233A This study N/A

pBCSK+lamA/CD313A This study N/A

pGEX-6p-1-lamAD199A This study N/A

pGEX-6p-1-lamAE233A This study N/A

pGEX-6p-1-lamAD313A This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCYA-lamA This study N/A

pON.mCherry (Gebhardt et al., 2017) Gift

Software and Algorithms

Bio-plex Manager 6.0 Bio-rad Cat # 171STND01

GraphPad Prism 5.01 GraphPad N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact, Yousef Abu Kwaik

(abukwaik@louisville.edu). All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolation of Human Monocyte-Derived Macrophages
Humanmonocyte-derived macrophages (hMDMs) were isolated from immunocompetent male and female healthy donors who were

not involved in previous procedures and test naive. hMDMswere cultured in RPMI 1640 (Corning Cellgro) as described previously (Al-

Khodor et al., 2008; Price et al., 2009). To generate hMDMs, total white blood cells were isolated fromwhole blood taken from healthy

donors using a Ficoll-Hypaque gradient. The collected white blood cells were re-suspended in RPMI containing 20% FBS and incu-

bated in 6-well low adherence plates for three days. Adherent cells were then collected and plated into appropriate wells for the

experiment in RPMI containing 10% FBS for 2 days. The media was then changed to RPMI containing 5% FBS for one day, and

then RPMI containing 1% FBS for one more day, after which hMDMs were ready for experiments. HEK293T cells were cultured

in DMEM (GIBCO) supplemented with 10% fetal bovine serum as previously described (Al-Khodor et al., 2008; Price et al., 2009).

All methods were carried out and approved in accordance to the University of Louisville Institutional Review Board guidelines and

blood donors gave informed consent as required by the University of Louisville Institutional Review Board (IRB # 04.0358).

A/J Mouse Model
For testing the virulence of the DlamA mutant, specific pathogen free, 6-8 weeks old female A/J mice were used as described pre-

viously (Price and Abu Kwaik, 2010; Price et al., 2009). All mice were maintained as breeding colonies under specific pathogen-free

conditions at the Animal Facility, Faculty of Medicine, University of Rijeka . Experiments were approved by the Ethical Committee of

the School of Medicine and conducted in accordance with the international guidelines for animal care and experimental use. Groups

of 3 A/J mice were infected intratracheally with 13 106 CFUs. At 2, 12, 24, 48 and 72 h after infection mice were humanely sacrificed

and lungs, liver and spleen were harvested and homogenized in 5 mL of sterile saline followed by cell lysis in distilled water.

Microbial Strains
L. pneumophila strain AA100/130b (ATCC BAA-74), the T2SS-deficient mutant (DlspG), DankB and DdotA T4SS-deficient mutant

(DT4SS) were grown on BCYE agar or BYE broth media at 37�C with antibiotic selection as appropriate. E. coli BL21 was grown

on LB agar or broth at 37�C with antibiotic selection as appropriate.

METHOD DETAILS

Generation of a lamA Knockout Mutant
To generate an isogenic DlamA deletion mutant, 2 kb of DNA flanking either side of the lamA gene was amplified using PCR using

primers listed in the Key Resources Table and cloned into the shuttle vector, pBCSK+, resulting in pBCSK+lamAKO1. To delete

the entire lamA gene within pBCSK-lamAKO1, inverse PCR was employed using primers listed in the Key Resources Table resulting

in a pBCSK+lamAKO2. The kanamycin resistance cassette from the Ez-Tn5 transposon was amplified using primers listed in the Key

Resources Table and the resulting PCR product was subcloned into pBCSK+lamAKO2 in between the lamA flanking DNA regions

using standard molecular biology procedures, resulting in pBCSK+lamAKO3. This plasmid was introduced into L. pneumophila

AA100 via natural transformation, as described previously (Stone and Abu Kwaik, 1999). Following 3 days, natural transformants

were recovered by plating on BCYE agar supplemented with 50 mg/mL kanamycin. To confirm deletion of the lamA gene in the trans-

formants, PCR was used using the primers listed in the Key Resources Table. To complement the lamA mutant, PCR was used to

amplify the lamA gene and its upstream promoter region using primers listed in the Key Resources Table, and subcloned into

pBCSK+, generating pBCSK+lamA/C. This plasmid was introduced into the lamAmutant via electroporation as described previously

(Chen et al., 2006). Complemented lamA mutants were selected on BCYE plates supplemented with 5 mg/mL chloramphenicol, re-

sulting in the complemented strain, lamA/C. For infections of cell monolayers, L. pneumophila was grown in BYE broth media with

appropriate antibiotic selection at 37�C with shaking to post-exponential phase (OD550nm 2.1-2.2).
Cell Host & Microbe 27, 571–584.e1–e7, April 8, 2020 e3
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Translocation Assay
To assess translocation of LamA by L. pneumophila during infection of host cells, an adenylate cyclase fusion to the N terminus of

LamA (Sory and Cornelis, 1994) was generated using standard molecular biology techniques. A total of 1 X 106 hMDMs were in-

fected with wild type or DT4SS mutant L. pneumophila harboring plasmids expressing various adenylate cyclase fusions at an MOI

of 20 for 1 h as described previously (Price et al., 2009; Sory and Cornelis, 1994). Following infection, the cell monolayers were

lysed and processed to assess cAMP concentration by ELISA using the Direct cAMP ELISA kit (Enzo) according to the manufac-

turer’s instructions.

Amylase Activity Assay
To determine if LamA exhibits amylase activity, the lamA gene was cloned into the IPTG-inducible GST-fusion expression vector

pGEX-6p-1 (Amersham) and expressed in E. coli BL21 using primers listed in the Key Resources Table. Additionally, residues consti-

tuting the predicted catalytic pocket were substituted to alanine’s using inverse PCR using primers listed in the Key Resources Table.

E. coli cultures (5 ml) harboring either the empty vector or lamA and the various catalytic inactive mutants were grown in LB media at

37�C with shaking until the OD600 reached 0.7. The cultures were split and one half was induced with 0.1 mM IPTG for 2.5 h at room

temperature. One ml of each culture was pelleted by centrifugation and the cells were lysed in 0.5 mL lysis buffer (0.1% v/v Triton X-

100, 10 mM Tris pH7.5, 150 mMNaCl), containing protease inhibitors (Pierce EDTA-Free Protease Inhibitors). Insoluble material was

pelleted by centrifugation (16000 x g, 10 min, 4�C) and the resulting supernatant was retained. Expression of fusion proteins was

similar in all cultures (Figure S1B). To measure amylase activity, 25 ml of supernatant was analyzed using an Amylase Assay Kit

(Sigma), following the manufacturer’s instructions.

Analysis of Intracellular Glycogen
Glycogen levels in hMDMs during infection by L. pneumophila were determined using the EnzyChrom Glycogen assay kit (Bioassay

Systems). Briefly, a total of 3 X 106 hMDMswere seeded into 6well plates and infectedwith the wild type,DT4SS,DlamA, lamA/C and

the catalytically inactive mutants at an MOI of 10 for 1 h and 6 h. As a control for glycogenolysis, hMDMs were starved of glucose 1 h

prior to the commencement of the experiment. Cells were harvested and lysed in 25 mM sodium citrate containing 60 mM NaF.

Following centrifugation at 13000 X g for 5 min to pellet cellular debris, the supernatants were then analyzed following the manufac-

turers’ instructions. Degradation of intracellular glycogen was also determined using confocal microscopy. To achieve this, hMDMs

were plated into 24-well plates containing glass coverslips (2 3 105 cells per well) and infected with either post-exponential phase

wild type, DT4SS, DlamA and lamA/C, and a type II secretion defective mutant (DlspG) bacteria at anMOI of 1. At various time points,

the monolayers were fixed and permeabilized using methanol at �20�C for 5 min. The monolayers were labeled with rabbit anti-Le-

gionella antiserum (1/1000 dilution), mouse anti-glycogen antibody (ESG1A9mAB, 1/50 dilution) (Nakamura-Tsuruta et al., 2012), a

kind gift from Dr Ashida (Kobe University) and counter-labeled with Alexa Fluor 488 anti-rabbit IgG antibody and Alexa Fluor 594 anti-

mouse IgM (1/4000 dilution, Invitrogen) and DAPI to stain nuclei. The cells were examined by confocal microscopy using an Olympus

FV1000 laser scanning confocal microscope (Olympus). Quantification of glycogen granules was performed manually by counting Z

stack images (8 mMdepthwith 0.2 mMslices) of infected cells. Over 100 infected cells were counted for each condition and performed

in triplicate.

Determination of Cytosolic Glucose-6-phosphate
To determine G6P levels in either infected hMDMs or A. polyphaga a total of 33 106 cells were infected with either wild type, DT4SS,

DlamA or lamA/C bacteria at an MOI of 20 for the time indicated in each experiment. Following infection, the infected cells were

collected in ice-cold PBS and rapidly homogenized on ice. Samples were centrifuged (16000 x g for 20 min at 4�C), and the resulting

supernatants were subjected to deproteinization using a Deproteinizing Sample Preparation Kit (Biovision) following the manufac-

turer’s instructions. For measuring G6P in amoebae undergoing encystation, amoebae were infected as described above. At 1 h

and 4 h post-infection, aliquots of the infected amoebae were lysed and treated as above. The remaining amoebae were washed

in Pages saline and the transferred to encystation buffer. At 6 and 12 h post-encystation, amoebae and cysts were collected by

centrifugation and lysed by sonication. The samples were analyzed for G6P using a High Sensitivity Glucose-6-Phosphate Assay

Kit (Sigma) according to the manufacturer’s instructions with a Synergy H1 microplate reader (Biotek).

Glucose Uptake Assay
To measure uptake of glucose by L. pneumophila infected hMDMs, the Glucose Uptake-Glo Assay (Promega) was used. Briefly, a

total of 1 X 105 hMDMswere seeded into black 96well plates and infectedwithwild type,DT4SS,DlamA or lamA/C bacteria at anMOI

of 10 for 1 h or 6 h in triplicate. As a control, hMDMswere pre-stimulated with LPS/IFN-g for 24 h prior to the assay. At 1 h or 6 h post-

infection, the culture media was removed and PBS containing 1mM 2-deoxyglucose was added for 10 min. Glucose uptake was

blocked by adding 0.2 mM BAY876 (Sigma) prior to the assay. Glucose uptake was then directly measured according to the manu-

facturer’s instructions with a Synergy H1 microplate reader (Biotek).

In Vitro Broth Culture Growth Curves
To determine growth of theDlamAmutant during in vitro broth culture relative to thewild type strain, cultures of both thewild type and

DlamAmutant were grown in BYEmedium at 37�C to an OD550 of�1. The cultures were diluted to an OD550 of 0.05 in triplicate with
e4 Cell Host & Microbe 27, 571–584.e1–e7, April 8, 2020



fresh BYE media and incubated at 37�C with shaking at 200 rpm for a further 24 h, during which the optical density was measured

periodically. Additionally, to determine if glucose impacts growth of the wild type strain, growth curves were performed as described

above with BYE supplemented with increasing concentrations of glucose, up to 44 mM.

Intracellular Replication
The wild type strain and the isogenic mutants, DT4SS and DlamA, and lamA/C and catalytically inactive mutants were grown to post-

exponential phase in BYE broth at 37�C prior to infection and used to infect hMDMs, or A. polyphaga as described previously (Al-

Khodor et al., 2008; Price et al., 2009). A total of 1 X 105 host cells per well were plated in 96 well plates and infected with

L. pneumophila at an MOI of 10 for 1 h and then treated for 1 h with gentamicin to kill remaining extracellular bacteria as previously

described (Al-Khodor et al., 2008; Price et al., 2009). Over a 24-48 h time course, the host cells were lysed with sterile water (hMDMs),

or 0.02% v/v Triton X-100 (A. polyphaga) and L. pneumophila CFUs were determined by plating serial dilutions onto BCYE agar.

To analyze replicative vacuoles, 2 X 105 hMDMs were seeded onto glass coverslips in 24-well plates. The cell monolayers were

infected with wild type, DT4SS, DlamA, or lamA/C at an MOI of 10 for 1 h and then the monolayers were treated with gentamicin

for 1 h to kill remaining extracellular bacteria as previously described (Al-Khodor et al., 2008; Price et al., 2009). Following extensive

washing to remove gentamicin, the infection proceeded for 6 and 8 h. At 6 and 8 h the monolayers were permeabilized and fixed at

�20�C in 100%methanol for 5 min, and then labeled with rabbit anti-Legionella antiserum (1/1000 dilution) and counter-labeled with

Alexa Fluor 488 anti-rabbit antibody (1/4000 dilution, Invitrogen) and DAPI to stain the nuclei. Monolayers were examined by confocal

microscopy. A total of 100 replicative vacuoles from 100 individual cells were analyzed for each experimental condition and per-

formed in triplicate.

For culture supernatant transfer experiments, hMDMswere infected as above for analysis of replicative vacuoles or stimulatedwith

100ng LPS and 10U IFNg for 8 h. Culture supernatants were collected and filter-sterilized through 0.22mM syringe filters and used as

culture media for infection of fresh hMDMs with the DlamA mutant as described above. Cytokines were neutralized for 1 h prior to

infection using anti-IFNg, anti-IL12, anti-TNFa or anti-IL4 (1/100 dilution) (Biolegend). Analysis of replicative vacuoles was performed

as described above. To determine the impact of glycolysis on L. pneumophila replication, hMDMs were pretreated with 1 mMNaF or

koningic acid for 1 h prior to infection with the wild type or DlamAmutant strain as described above for 8 h. The inhibitors were main-

tained throughout the experiment and analysis of replicative vacuoles was performed as described above. For tryptophan supple-

mentation experiments, the RPMI media was supplemented with an additional 90 or 180 mM tryptophan prior to infection of hMDMs

with the wild type or DlamA mutant strain as described above for 8 h. The additional tryptophan was maintained throughout the

experiment and analysis of replicative vacuoles was performed as described above.

Co-infection of hMDMs with Wild Type and lamA Bacteria
To determine the impact of co-infection on intracellular replication of wild type and DlamA mutant bacteria, the wild type strain was

transformed with pON.mCherry (Gebhardt et al., 2017), resulting in constitutive expression of mCherry fluorescent protein. hMDMs

were infectedwith thewild type pON.mCherry andDlamAmutant bacteria alone or in combination (MOI 5) as described for replicative

vacuole analysis. At 8 h post-infection, hMDM monolayers were fixed using 3.7% v/v formaldehyde for 15 min and then permeabi-

lizedwith 0.1% v/v Triton X-100 for 15min. Themonolayers were labeledwith anti-Legionella antiserum as described above. Analysis

of replicative vacuoles was performed as described above.

Determination of Secreted Lactate by Infected hMDMs
To determine lactate secretion by infected hMDMs into the culture medium, a total of 13 106 hMDMs in triplicate were infected with

either wild type, DT4SS, DlamA or lamA/C bacteria at an MOI of 10 for 6 h. Following infection, the culture media was retained and

cooled on ice and subjected to deproteinization using a Deproteinizing Sample Preparation Kit (Biovision) following the manufac-

turer’s instructions. The samples were analyzed for lactate using a Lactate Assay Kit (Sigma) according to themanufacturer’s instruc-

tions with a Synergy H1 microplate reader (Biotek).

Analysis of Indoleamine 2,3-dioxygenase
To determine if indoleamine 2,3-dioxygenase 1 (IDO1) expression by hMDMs was altered by infection by L. pneumophila, a total of

33 106 hMDMswere infected with the wild type, DT4SS, DlamA or lamA/C bacteria at anMOI of 10 for 2 and 4 h. Following infection,

the monolayers were lysed using M-PER reagent (Thermo) containing protease inhibitors (Pierce). Samples were elecrophoresed by

SDS-PAGE and transferred to PVDFmembranes for western blotting using standard techniques. To detect IDO,mouse anti-IDO anti-

body clone 10.1 (Millipore) was used at 1/100 dilution and detected with an anti-mouse HRP conjugate (Pierce). For chemilumines-

cence, SuperSignal West Femto (Thermo) was used according to the manufacturer’s instructions, and imaged using a C300 imager

(Azure Biosystems). Membranes were stripped using standard techniques are re-probed using a rabbit anti-b-actin antibody to serve

as a loading control.

To determine the cytosolic concentration of tryptophan in hMDMs infected with L. pneumophila the Tryptophan Assay Kit (Bio-

vision) was used. Briefly, a total of 3 X 106 hMDMs were infected with wild type, DT4SS, DlamA, lamA/C, the catalytically inactive

mutant or formalin killed wild type bacteria at an MOI of 20, for 4 h in triplicate. As a control, 1mM 1-methyl-D-tryptophan was added

to wild type infected wells 1 h prior to commencement of the experiment to block IDO1 activity. Cells were harvested and analyzed

according to the manufacturers’ instructions.
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To determine the impact of IDO1 on L. pneumophila replication, hMDMswere treated with 0.5, 1 or 2mM1-methyl-D-tryptophan 1 h

prior to infection. Following this treatment, hMDMswere infected with the wild type or DlamAmutant bacteria for 6 h and the inhibitor

was maintained throughout the experiment. Following infection, analysis of replicative vacuoles was performed as described above.

Analysis of Reactive Oxygen Species Production and Intracellular Trafficking of L. pneumophila

Production of reactive oxygen species by infected hMDMswas performed using the indicator dye, CM-H2DCFDA (Invitrogen). A total

of 1 X 105 hMDMswere seeded into 96-well plates and infected with the wild type,DT4SS,DlamA or formalin-killed wild type bacteria

at anMOI of 20. As a positive control, hMDMswere stimulatedwith phorbol 12-myristate 13-acetate (100 ng/mL). CM-H2DCFDAwas

added to the wells at a final concentration of 2mM and the cells were placed into a Synergy H1microplate reader (Biotek) set at 37�C.
Fluorescence detection was performed using Ex492nm and Em518nm every 2 min for a total of 50 min.

To determine if the DlamA mutant exhibits similar intracellular trafficking and LCV development as the wild type strain, hMDMs

were infected at MOI of 10 for 2 h. The hMDMs were fixed and permeabilized with �20�Cmethanol for 5 min and labeled with rabbit

anti-L. pneumophila antiserum (1/1000 dilution) and mouse anti-LAMP2 (lysosome marker) or KDEL (endoplasmic reticulum marker)

(1/2000 and 1/200 dilutions respectively, Transduction Labs, Stressgen). Anti-mouse IgG Alexa Fluor 555 and anti-rabbit IgG Alexa

Fluor 488 secondary antibodies (1/4000 dilution, Invitrogen) were used to visualize vacuolar markers and L. pneumophila respec-

tively. A total of 100 LCVs from 100 individual cells were analyzed by confocal microscopy for each experimental condition and per-

formed in triplicate.

Cytokine Analysis
To determine cytokine production by hMDMs, a total of 3 X 106 cells per well were plated in 6 well plates and infected with

L. pneumophila at an MOI of 20 for 1 h and then treated for 1 h with gentamicin to kill remaining extracellular bacteria. Culture su-

pernatants were collected 6 h post-infection and then analyzed using the Milliplex (Millipore) assay. Assays were performed accord-

ing to the manufacturer’s instruction. Standards or culture supernatant samples were mixed with antibody-bound magnetic beads,

and incubated overnight at 4 �C. Beads were washed and then incubated with the biotinylated detection antibody for one h at room

temperature. The beads were incubated with phycoerythrin-labeled streptavidin for thirty minutes at room temperature and the me-

dian fluorescent intensities were quantified with a Bio-plex 200 analyzer and analyzed with Bio-plex Manager 6.0 software. All sam-

ples were measured in duplicate. In some experiments 1mMNaF was added to block glycolysis 1 h prior to infection and maintained

throughout the experiment. Following, 6 h infection, culture supernatants were retained and immediately analyzed for cytokines using

Human Inflammatory Cytokines Multi-Analyte ELISArray (QIAGEN), following the manufacturer’s instructions. Infections were per-

formed in triplicate.

Mouse Model of Infection
For testing the virulence of the DlamA mutant, specific pathogen free, 6-8 weeks old A/J mice were used as described previously

(Price and Abu Kwaik, 2010; Price et al., 2009). Groups of 3 A/J mice were infected intratracheally with 1 3 106 CFUs. At 2, 12,

24, 48 and 72 h after infection mice were humanely sacrificed and lungs, liver and spleen were harvested and homogenized in

5 mL of sterile saline followed by cell lysis in distilled water. To determine CFUs, serial 10-fold dilutions were plated on BCYE

agar and incubated at 37�C. For histopathology, lungs of infected mice were fixed in 10% neutral formalin and embedded in paraffin.

Serial 5 mm sections were cut, stained with hematoxylin and eosin (H&E), and analyzed by light microscopy. Twenty random high-

powered fields (HPFs) were assessed to grade inflammation severity including alveolar and bronchial damage as well as percentage

of parenchyma involved. The histology assessment included the number of the mononuclear cells and percent of parenchyma

involved by using modification of double-blind scoring method at a magnification of 40x, as described previously (De Simone

et al., 2014). The inflammation process was graded normal (score of 0) when there were 0-19 monocular cells infiltrates per HPF

with no alveolar and bronchial involvement, mild (score of 1) for 20 to 49 cells per HPF includingmild damage of alveolar and bronchial

regions, moderate (score of 2) for 50 to 99 cells per HPF with moderate alveolar and bronchial inflammation, or severe (score of 3) for

100 to 200 mononuclear cells per HPF with severe effacement of alveolar and bronchial regions. The murine lung section was exam-

ined in sagittal direction and percent of parenchyma involved was scored as 0 when no area was compromised. The involvement of

the parenchyma was scored as 1 when up to 25% of the total area was occupied by inflammatory exudate; was scored as 2 when 26

to 50% of parenchyma area was occupied with inflammatory cells, 3 if comprised more than 51%. The total histology score was

calculated as an average of individual criteria scores. The uninfected tissue was used as a baseline score.

To determine cytokine production, the broncho-alveolar lavage (BAL) of infectedmice was performed at 2, 12, 24, 48 and 72 h after

infection. BALwas collected using a 1mL syringewith 0.5 ml of fresh saline via the trachea. After three lavages, approximately 350 mL

of BAL was recovered and stored at�25�C for determination of cytokine levels. The levels of cytokines KC, MCP-1, TNFa, IL6, IL1a,

IL4, IL10, IFN-g and IL12p70 were determined using Antigenix Mouse Inflammation Kit on a BD FACSAria flow cytometer (Lenartic

et al., 2017).

Encystation of Acanthamoeba polyphaga Infected with L. pneumophila

Amoebas were grown to 50%–80% confluence in tissue culture flasks in PYG at 25�C. Prior to infection, the medium was replaced

with PY, and adherent amoebas were scraped and harvested, adjusted to 2 3 106 per ml. Six well plates were seeded with 1 mL

amoebas, and incubated at 35�C for 30-60 min. Post-exponential L. pneumophila cultures were diluted to 1 3 108 per ml in PY,
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and 1mL was added to each well, for a MOI of 50. Plates were centrifuged for 5 min at 200 x g, then incubated at 35�C for 4 h. Mono-

layers were washed 1 x with 2 mL of Page’s saline (PS), then 3 mL of encystation buffer (0.1M KCl, 0.02M 2-amino-2-methy-1,3-pro-

panediol, 0.008MMgSO4, 0.001 NaHCO3, 0.0004MCaCl2, pH 9) was added to eachwell. Plates were incubated at 35�C for 24, 48, or

72 h. Amoebas were harvested by scraping, centrifuged 5min at 500 x g, washed 1 x with PS, centrifuged again, and resuspended in

1 mL 5% formaldehyde in PS. Tubes were rotated at room temperature for 1 h, washed 1 x with PS, centrifuged again, and resus-

pended in 1 mL blocking buffer, 3% BSA in PBS, and stored at 4�C. After blocking, amoebas were centrifuged, and resuspended in

1 mL blocking buffer containing goat anti-Legionella antiserum. Tubes were rotated 1 h at room temp, centrifuged, and pellets were

washed 1 x with PBS, and centrifuged again. Pellets were resuspended in blocking buffer containing Alexa Fluor 647 donkey anti-

goat (Invitrogen) and 0.01% calcofluor white, Fluorescent Brightener 28 (Sigma). Tubes were rotated for 1 h at room temp, centri-

fuged, and pellets were washed 1 x with PBS, and centrifuged again. Pellets were resuspended in 800 ml PBS and stored at 4�C.
Flow cytometry was done on a 4 laser, 18 parameter BD LSRFortessa, using the Pacific Blue parameter for detection of calcofluor

white. Analyses were done with BD FACSDiva software and Flowing Software 2.5. Samples were also used for confocal microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n, (mean ± SD) and statistical significance are reported in the Figures and Fig-

ure Legends. Statistical analysis was performed in GraphPad PRISM 5.

DATA AND CODE AVAILABILITY

This study did not generate/analyze datasets or code.
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