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INTRODUCTION

Brucella spp. are highly adapted intracellular pathogens of mammals that cause chronic
infections while surving and replicating in host monocytes and macrophages. Although
monocytes are normally susceptible to infection, pretreatment with pro-inflammatory
cytokine interferon-y (IFN-y) activates cellular defense mechanisms that increase
intracellular killing of Brucella and prevents bacterial replication. We examined the
contribution of the IFN-y inducible GTPase, LRG-47 to B. abortus 2308 infection in
in vitro and in vivo murine models. Infecting non-activated macrophages from LRG-47~/~
mice revealed that loss of this host protein negatively effected the intracellular survival
and replication of IgG opsonized B. abortus. In contrast, survival and replication of
non-opsonized B. abortus was the same in both C57/B6 and LRG-47~/~ peritoneal
macrophages. Following IFN-y activation of LRG-47~/~ monocytes, IgG opsonized
B. abortus survived better than non-opsonized bacteria. The differential fate of opsonized
and non-opsonized B. abortus was only observed in macrophages collected from
LRG-47—/~ mice. Given the specific nature of the relationship between this host protein
and the mechanism of Brucella internalization, LRG-47=/~ mice were infected with
B. abortus to assess whether the loss of the Irg4d7 protein would affect the ability of
the bacteria to colonize or persist within the host. B. abortus were able to establish
and maintain similar numbers of bacteria in both C57/B6 mice and LRG-47~/~ through
3 weeks post intraperitoneal infection. By 9 weeks p.i. fewer B. abortus were recovered
from LRG-47~/~ mice than controls, suggesting that the host protein has a positive role
in maintaining long term persistence of the bacteria within the host. These observations
demonstrating a positive role for a host IFN-y induced protein defense protein has yet to be
reported. These results provide interesting insight into the complex interaction between
Brucella and their host.

Keywords: Brucella pathogenesis, intracellular survival, LRG-47, interferon gamma, chronic infection, opsonin,
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the Brucella spp. rather than simply increasing killing (Jiang and

Brucella spp. are highly infectious intracellular pathogens
that establish chronic infections by surviving and replicating
within host monocytes and macrophages. Production of pro-
inflammatory cytokines by the host stimulates phagocytosis and
killing of pathogenic microbes. In vivo and in vitro experiments
demonstrate that the most potent inducer of anti-Brucella activ-
ity in monocytes and macrophages is type II interferon (IFN-y)
(Jiang and Baldwin, 1993a). IFN-y stimulation of monocytes
and macrophages increases production of reactive oxygen and
nitrogen species. In the case of Brucella abortus, reactive oxygen
intermediate (ROI) production was found to play a larger role
in intracellular resistance to the bacteria than nitric oxide (NO)
(Jiang et al., 1993), while Brucella suis infected monocytes reduced
bacterial load primarily through inducible nitric oxide synthase
(iNOS) activity (Gross et al., 1998). Interestingly, pretreatment
of monocytes with the cytokine IFN-y yielded the strongest
anti-Brucella activity. This activity was characterized as a bac-
teriostatic mechanism that prevented intracellular replication of

Baldwin, 1993b).

Human T-cells respond to Brucella spp. by stimulating inter-
leukin (IL)-2 production, whereby increasing IFN-y release (Blay
et al., 1992). It was shown by Stevens et al. that intraperitoneal
injection of recombinant murine IFN-y into mice significantly
lowered the number of B. abortus isolated from the spleen at day 7
(IFN-y was delivered 1 day prior and 2 and 4 days post infection).
This increase in resistance to B.abortus was amplified by co-
administration with the cyclooxygenase inhibitor, indomethacin,
which blocks prostaglandin E2 (PGE2), whereby increasing IL-12
and IFN-y production (Stevens et al., 1992). Murine macrophages
infected with B. abortus secrete IFN-y, and inactive forms of
IL-12, while B. abortus lipopolysccharide (LPS) treated mono-
cytes produce IFN-y and active IL-12 (Fernandez-Lago et al,
1999). Hoover et al. demonstrated that IFN-y treatment did
not stimulate Brucella killing, although intracellular replication
of opsonized and non-opsonized B. abortus was significantly
reduced in cultures treated with the cytokine (Eze et al., 2000).
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As confirmed by the literature, the restriction in intracellular
replication of Brucella involves more than the NO and ROI
generating mechanisms of the host cell.

Recently, a family of Immunity-Related p47 GTPases (IRG) has
been identified whose activities are strongly induced from unde-
tectably low resting levels (Martens et al., 2004), by the cytokine
IFN-y (Henry et al., 2009). This 47-48 kDa family of proteins,
which was first identified in the mouse, is divided into two groups
based on sequence homology of their G1 motif (Martens et al.,
2004; Chen and He, 2009). Group I p47s (GMS) consists of inter-
feron gamma-induced GTPase (IGTP) (Irgm3), GTPI (Irgm?2)
and LRG-47 (Irgm1). Group II (GKS) includes IRG-47 (Irgd),
TGTP/Mg21 (Irgb6) and IIGP (Irga6) (Chen et al., 2010). These
two groups of proteins do not act independently, but interdepen-
dently to control intracellular and extracellular pathogen invasion
(Chen and He, 2009). The GMS proteins function as regulators of
the GKS proteins’ GTPase cycle acting as attenuators by prevent-
ing premature activation of the GKS proteins (Hunn et al., 2008;
Hunn and Howard, 2010).

These IRG proteins have pathogen specific behavior; each
protein is involved in controlling specific pathogens (Martens
et al., 2004; Butcher et al., 2005; Chen and He, 2009). The
recent discovery and characterization of these IFN-y inducible
proteins reveals that the intracellular environment within mono-
cytes is substantially altered in response to IFN-y to defend
against intracellular pathogens. Recent data indicated that, specif-
ically, LRG-47 is essential in macrophage resistance to a variety
of intracellular pathogens such as Toxoplasma cruzi (Santiago
et al., 2005), Toxoplasma gondii (Collazo et al., 2001; Butcher
et al., 2005), Listeria monocytogenes (Collazo et al., 2001),
Mpycobacterium avium (Taylor et al., 2004), Mycobacterium tuber-
culosis (MacMicking et al., 2003) and Chlamydia trachomatis
(Coers et al., 2008). LRG-47 is normally associated with the
cis- and medial-golgi network inside a macrophage (Martens
et al., 2004; Butcher et al., 2005; Zhao et al., 2010a). Following
phagocytosis of a particle, LRG-47 is recruited to the maturing
phagosome, where it will stay for the full life cycle of the phago-
somal compartment (Martens et al., 2004). Since this IRG protein
remains associated with the phagosomal membrane upon asso-
ciation with a lysosome, LRG-47 is found to colocalize with the
lysosome-associated membrane protein LAMP1 (Martens et al.,
2004; Zhao et al., 2010b), and the acidic vesicle stain LysoTracker®
inside macrophages (Zhao et al., 2010b). Zhao et al. speculates
that the Golgi-localized LRG-47 is the GDP-bound form (inac-
tive protein), whereas, the lysosome-associated LRG-47 is the
GTP bound form (active protein). It is noted by Hunn et al.
and MacMicking et al. that LRG-47 binds Mycobacterium con-
taining vacuoles where it accelerates fusion with the lysosome,
whereby controlling pathogen replication and survival. Pathogen
load in the host cell can also be controlled by enhancement of
the formation of autophagosomes (Gutierrez et al., 2004; Hunn
and Howard, 2010), and by promotion of phagosome acidifica-
tion by LRG-47. LRG-47 deficient mice infected with M. tuber-
culosis have an increased bacterial burden and tissue damage
within their lung tissue as compared to wild-type mice. The
susceptibility was traced to a deficiency in phagosome matura-
tion; stimulated macrophages from LRG-47 knockout mice failed

to acidify Mycobacterium containing phagosomes (MacMicking
et al., 2003). It has been hypothesized that LRG-47 regulates an
alternative pathway for delivery of proteins from the trans-Golgi
network (TGN) This pathway may aid the host cell in overcom-
ing attempts by pathogens to inhibit phagosome-lysosome fusion
(Martens et al., 2004). To our knowledge, there have been no stud-
ies relating the changes in Brucella trafficking to the decrease in
intracellular viability induced by IFN-y stimulation.

Prior work in our laboratory has revealed that the type of
intracellular replicative niche that Brucella occupies depends on
how the bacteria were internalized. In the absence of opsonin,
Brucella are internalized into vesicles through a process that is
dependent on lipid raft aggregation at the plasma membrane
prior to uptake. In contrast, opsonization of Brucella with spe-
cific immunonoglobulin directs internalization through an Fc
receptor-dependent process. Opsonized bacteria were found to
replicate within modified endosomes that were non-acidic, and
indicated a lack of fusion with a lysosome. Since the activity
of individual IFN-y induced proteins is associated with their
intracellular localization within the cell, both opsonized and non-
opsonized bacteria were examined in the following experiments
to determine whether different intracellular niches were uniquely
sensitive to specific IFN-y induced anti-Brucella activities.

MATERIALS AND METHODS

BACTERIAL CULTURE

All chemicals were obtained from Sigma-Aldrich unless other-
wise stated. All research with live B. abortus were conducted in
University, state and Federally approved BSL3 facilities at either
Louisiana State University Health Sciences Center-Shreveport or
Towa State University College of Veterinary Medicine. Virulent
B. abortuslaboratory strain 2308 cultures were grown on Trypticase
Soy agar (Difco) supplemented with 5% bovine blood (BA)
(Gemini Bioproducts) under 5% CO; at 37°C. A GFP-expressing
derivative of B. abortus 2308 was constructed by introducing the
plasmid pBBRIMCS6-Y encoding GFP expression downstream
of the constitutively active promoter for aph3A-derived from
pBlueKS+Kan (Stratagene) (Murphy et al., 2002). GFP positive
Brucella were maintained in culture using a concentration of
6 g/ml chloramphenicol. Heat killed B. abortus cells were pre-
pared by incubating cell suspensions at 70°C for 30 min. Loss
of viability was confirmed by plating portions of the heated cell
suspension on BA and subsequent incubation at 37°C for 4 days.

CULTURE OF MURINE PERITONEAL, BONE MARROW DERIVED
MONOCYTES AND RAW264.7 MONOCYTIC CELLS

Mice were euthanized by halothane overdose prior to removal of
the long bones of the legs. Marrow was flushed out using a pre-
filled 5 cc syringe with 5 ml DMEM and a 26-G needle. Cells were
pelleted from marrow wash solution by centrifugation and resus-
pended in DMEM + 10% FBS supplemented with 1000 units/ml
M-CSF and incubated for 24 h at 37°C with 5% CO,. At which
time, nonadherent cells were transferred to a 75 cm? tissue cul-
ture flask with 10 ml DMEM and 1000 units/ml M-CSE. After
7 days of culture cells were plated for experimental use. Isolation
of non-elicited peritoneal macrophages were harvested by first
introducing 5ml of replete growth media into the peritoneal
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cavity of euthanized mice as previously described (Robertson and
Roop, 1999). Low passage RAW 264.7 (ATCC #TIB-71) were rou-
tinely cultured in RPMI 1640 medium with 2mM glutamine
supplemented with 1.5 g/ml sodium bicarbonate (Mediatech) and
10% fetal bovine serum (Gemini Bioproducts). Cells were seeded
into both 24 and 96 well plates at a density of 1 x 10° cells/ml,
24 h prior to infection. Cell culture viability was monitored in sus-
pension by hemocytometer-trypan blue dye exclusion. Transient
transfection of RAW264.7 cells employed the Nucleofector device
using the manufacturers recommended protocols and solution
reagents (Amaxa-Lonza Biologics).

ASSESSING INTRACELLULAR SURVIVAL AND REPLICATION OF

B. abortus

Bacterial suspensions were generated by scraping 48 h cultures of
the B. abortus strains grown on BA into screw cap microfuge tubes
containing PBS. Pellets of bacteria were resuspended by vigor-
ous vortexing and numbers of bacteria present in the suspensions
were determined by ODgpp measurements. Bacterial suspensions
were diluted to desired concentrations in complete RPMI 1640
medium and split into two aliquots where one received nonag-
glutinating concentrations of 1/2500-1/5000 of anti-Brucella 1gG
antibody (Difco) to opsonize bacteria (opsonized), and the other
received the same volume of PBS to serve as a mock control
(non-opsonized). Bacterial cell suspensions and antisera were
incubated at room temperature for 30 min followed by brief
vortexing. Bacteria were added to monocytes monolayers gen-
erally at a multiplicity of infection (bacteria to monocyte ratio)
of 20:1 for opsonized and 100:1 for non-opsonized Brucella.
Due to anticipated differences for internalization kinetics of
opsonized and non-opsonized bacteria, synchronized internaliza-
tion was achieved by cooling infected cultures to 4°C followed by
10 min centrifugation at 270 x g. Monolayers were washed gen-
tly with cold PBS to remove non-adherent bacteria. Phagocytosis
of adherent bacteria was initiated by the addition of fresh pre-
warmed media after which, cells were incubated for 20 min at
37°C/5% CO,. After incubation, cultures were washed 3 times
with cold PBS and fresh media containing 100 pg/ml gentamicin
was added to cells for 1h to kill adherent but not internal-
ized bacteria. After 1h antibiotic treatment, media was removed
and replaced with fresh media containing 10 jLg/ml gentamicin.
Cells remained in this medium for the duration of the experi-
ment. Viability of intracellular Brucella was determined by lysing
monocytes with 0.1% deoxycholate, diluting suspensions in PBS,
and plating aliquots in triplicate on BA medium (Robertson and
Roop, 1999). Percent survival of bacteria at 24 and 48 h were cal-
culated based on the number of internalized bacteria detected at
1 h post infection which represents 100% of internalized bacteria.
Statistical comparisons were made using Student’s ¢-test.

FLUORESCENCE MICROSCOPY

Infected monolayers were prepared for immunofluorescence
microscopy at indicated times post infection using methods
described previously (Bellaire et al., 2005). Goat anti-LRG-47
primary antibody (clone P-20) was purchased from SantaCruz
Biotechnology (Santa Cruz, CA). Coverslips were washed three
times with cold BSP and affixed to glass slide with Pro-long

with DAPI mounting solution (Molecular Probes/Invitrogen).
Secondary antibodies conjugated with fluorochromes indi-
cated in text were purchased from Jackson Immunoresearch
(WestGrove, PA). Immunofluorescence microscopy was per-
formed using an Olympus IX-71 epifuorescence microscope with
appropriate DAPI/GFP/TRITC filter sets and image processing
was performed with Image] v1.33g (http://rsb.info.nih.gov/ij/
index.html).

ANIMAL EXPERIMENTS

Animal facilities and protocols were ALAAC approved and all
B. abortus experiments were performed using appropriate ABSL3
protocols and procedures. Five- to seven-week-old female BALB/c
mice were infected with 1 x 10° B. abortus 2308 through the
intraperitoneal route using previously reported protocols. At the
indicated times post infection, mice were humanely euthanized to
harvest spleens and livers. Organs were homogenized in PBS and
tissue lysates were serially diluted and then plated onto TSA blood
agar to enumerate bacteria (Bellaire et al., 1999). A mouse colony
was established and maintained in AALAC accredited facilities
for LRG-47~/~ mice using breeding pairs generously gifted from
Gregory Taylor (Collazo et al., 2001). Averages and standard devi-
ations were calculated from CFU data collected from a minimum
of 5 mice for each group at each time point. Statistical significance
was determined using a Student’s two-way ¢-test.

RESULTS

EXPRESSION AND LOCALIZATION OF LRG-47 TO

Brucella-CONTAINING VESICLES

To determine if LRG-47 can be found on Brucella-containing
phagosomes in IFN-y activated monocytes, RAW264.7 cells were
pre-treated with IFN-v, infected with opsonized GFP-expressing-
B. abortus, and fixed at 18 h post infection. Immunostaining for
LRG-47 revealed that some but not all Brucella colocalized with
LRG-47 (Figure 1). Similar results were also obtained with IFN-y
activated peritoneal macrophages (data not shown).

CONSTITUTIVE EXPRESSION OF LRG-47 DOES NOT ALTER THE

COURSE OF in vitro Brucella INFECTION

Since LRG-47 is induced by IFN-y and can be localized to
Brucella-containing phagosomes in these cells, we postulated that

B. abortus (GFP)

LRG-47 (red)

Overlay

FIGURE 1 | B. abortus containing phagosomes adjacent to membranes
containing the IFN-y inducible protein LRG-47. Monolayers of RAW264.7
cells were stimulated with IFN-y, infected with opsonized-B. abortus 2308
fixed 18 h p.i. and stained to visualize the spatial relationship of the LRG-47
with the host cell (red). Brucella were observed in phagosomes adjacent to
membranes positive for LRG-47 (arrow heads). Panel of images shown are
representative of results from three separate experiments (bar = 5um).

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

April 2012 | Volume 2 | Article 55 | 3


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Ritchie et al.

Macrophage p47 GTPase supports Brucella survival

LRG-47 had a role in limiting the intracellular growth of the bac-
teria. This notion was examined by generating stable RAW264.7
cells that constitutively overexpressed a FLAG-tagged LRG-47
fusion protein. Constitutive overexpression was monitored by
immunofluorescence microscopy using antibodies directed either
toward LRG-47 or the FLAG tag (DNS). The distribution pat-
tern of the LRG-47-Flag protein in non-IFN-y activated cells
was indistinguishable from that of endogenous LRG-47 in non-
transformed IFN-y treated RAW264.7 cells. Overexpressing cells
were infected with opsonized Brucella in the absence of exogenous
IFN-y treatment and the intracellular viability of the bacteria
was followed over 48h post infection. CFU’s recovered at 0.5,
1, and 24 post infection were equivalent among infected cells
either pretreated with IFN-y or constitutively expressing LRG-47.
While the IFN-y treated monocytes further reduced the num-
ber of viable Brucella at 48 h, bacterial replication occurred in
the RAW264.7 LRG-47 expressers that was equivalent to the
non-IEN-vy treated cultures (Figure2). The results show that
overexpressing of LRG-47 alone does not evoke IFN-y induced
anti-Brucella activity. Although long term intracellular survival
was not reduced by LRG-47 overexpression, the level of Brucella in
these cells were more similar to IFN-y treated cells than non-IFN-
y treated controls up to 24 h post infection. These observations
suggest a possible role for LRG-47 in opsonized Brucella inter-
nalization and early survival; however, LRG-47 by itself does not
limit bacterial replication.

LRG-47 HAS A POSITIVE ROLE IN Brucella’s RESIDENCE IN

MURINE MONOCYTES

Since the overexpression of LRG-47 alone did not affect the
viability of Brucella within monocytes, we wanted to exam-
ine if the loss of this host protein would upset the ability of
IFN-y to induce an anti-Brucella activity by monocytes. It was
anticipated that macrophages from LRG-47~/~ mice would be

1.0E+07

1.0E+06 -

1.0E+05 -
mRaw264.7

1.0E+04 -
ORaw264.7 IFNy

CFU / ml

1.0E+03 - SRaw264.7 LRG
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1.0E+00

Hours p.i.

FIGURE 2 | Constitutive expression of LRG-47 aids in bacteria
replication and survival. RAW264.7 murine macrophages stabley
transfected with Flag-tagged LRG-47 (Raw264.7 LRG) were infected with
virulent Brucella abortus. Colony forming units/ml were enumerated at 0.5,
1, 24, and 48 h post infection and compared with the CFU/ml values for
non-activated RAW264.7 cells (Raw264.7) and IFN-y activated RAW264.7
cells (Raw264.7 IFN) both of which are not overexpressing the LRG-47
protein. (Student's Ttest p values *<0.05; **<0.01).

defective to some degree in their IFN-y induced anti-Brucella
activity while non-stimulated macrophages would behave simi-
larly to non-activated cells from normal mice. Intracellular via-
bility of Ig-opsonized Brucella in peritoneal macrophages isolated
from C57/B6 and LRG47~/~ were compared in the presence
or absence of IFN-y stimulation (Figure3). Interestingly, sig-
nificantly fewer viable Brucella were recovered from LRG47~/~
cells compared to similarly treated C57/B6 cultures, including
non-IFN-y treated cultures. At 48h, the number of bacteria
recovered from IEN-y treated LRG47~/~ cultures increased from
24 h values, suggesting that some degree of intracellular bacterial
replication does occur. By contrast, both Brucella survival (CFU
at 24 h) and replication (CFU at 48 h) were significantly reduced
in non-stimulated LRG-477/~ cells, suggesting that the IFN-y
inducible protein contributed to intracellular bacterial survival.
Repeat experiments with non-stimulated peritoneal macrophages
showed similar reductions in replication of opsonized Brucella
within monocytes from LRG-47"/~ mice (Figure A3).

SURVIVAL AND REPLICATION OF Brucella WITHIN RAW264.7

CELLS AND IFNy ACTIVATED CELLS

Bacteria opsonized by serum components are internalized faster
with greater efficiency then non-opsonized bacteria. Cell sur-
face receptors that mediate internalization of opsonized particles
influence the intracellular trafficking of the new phagosomes
through their cytoplasmic domains (Gyles, 2010). Previous stud-
ies determined that immunoglobulin opsonized B. abortus local-
ized to a replicative compartment that lacked ER components

Log 1CFU/ ml
H
o

30 4
: = B6 Ops
= === B6 Ops +IFN
ey | RG47 Ops
= =)= = | RG47 Ops +IFN
20 T T .
0 20 40 60

Hours p.i.

FIGURE 3 | Intracellular viability of Brucella in peritoneal macrophages
harvested from C57/B6 and LRG47 knockout mice. IFN-y was added
24h prior to infection with immunoglobulin opsonized B. abortus 2308.
Values and standard deviations were calculated from triplicate samples
(**p < 0.01 Student’s t-Test compared to C57/B6 Ops). Results shown are
representative of three independent experiments demonstrating similar
significant differences.
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(Bellaire et al., 2005). In contrast, non-opsonized B. abortus did
localize to an ER positive compartment as others have reported
(Pizarro-Cerda et al., 1998). Thus, intracellular fate of Brucella
depends on the context by which the bacteria are presented to
monocytes. To determine if the mode of Brucella uptake altered
the subsequent fate of these bacteria, we performed an intra-
cellular viability experiment with RAW264.7 cells infected with
either IgG opsonized or non-opsonized virulent B. abortus 2308
employing increasing MOIs. Numbers of intracellular Brucella
recovered at 24 and 48 h were largely in proportion to the num-
ber of bacteria internalized at the beginning of the experiment
(Figure A1). Comparing the groups receiving opsonized bacteria,
an identical number of internalized bacteria were seen with MOI’s
of 20:1 for opsonized and 100:1 for non-opsonized. Interestingly,
by calculating the survival of Brucella at 48h as a percentage
of the number of bacteria initially internalized revealed that
the replication of 20:1 opsonized (1236.4% =+ 15.6%) was dou-
ble that of 100:1 non-opsonized (600.0% =+ 1.3%). Considering
these results, future experiments maintained MOUT’s of 20:1 for
opsonized and 100:1 for non-opsonized to maintain consistency
in the number of internalized bacteria.

To determine if IFN-y treatment was equally effective for
opsonized and non-opsonized bacteria, intracellular viability
experiments were performed with RAW264.7 cells stimulated 24 h
prior to infection with 50 U/ml of recombinant IFN-y (rIFN-y).
Similar degrees of IFN-y anti-Brucella activity were observed at
24 h and 48 h post infection and did not differ among opsonized
or non-opsonized bacteria (Figure A2). Treatment of mono-
cytes with IFN-y resulted in, roughly, a 2 log reduction in both
opsonized and non-opsonized bacteria by 24 h, and reduced the
number of Brucella recovered at 48 h down to the limit of detec-
tion. Calculating percent survival did not uncover any additional
significant findings. It is of note that pretreatment of monocytes
with IFN-y did increase the number of non-opsonized bacteria
internalized 2.5-fold over any other group examined, including
the 20:1 opsonized bacteria in IFN-vy treated cells.

EFFECT OF OPSONIZATION ON Brucella SURVIVAL

An earlier report by our laboratory showed that intracellular
localization of Brucella depended on how the bacteria were ini-
tially internalized by the host cell. Those results revealed that
non-opsonized bacteria replicated in human cells in an intracellu-
lar compartment resembling the endoplasmic reticulum. Others
have demonstrated Brucella trafficking through autophagosomes
before reaching their replicative compartment (Starr et al., 2008).
By contrast, Ig opsonized bacteria replicated in modified late-
endosomes and do not traffic through an autophagosomal com-
partment. Since opsonized and non-opsonized bacteria differ in
their interactions with autophagosomes, we wanted to explore
whether the survival of Brucella varied in LRG-47"/ cells in
response to varying the method of bacterial internalization.
Comparisons between non-stimulated (resting) and IFN-y stim-
ulated (activated) cells isolated from either C57/B6 or LRG-47/~
mice were carried out using optimal MOTs of 20:1 for Ig-
opsonized and 100:1 non-opsonized (yielding equivalent num-
bers of internalized bacteria within RAW264.7 cells). Infected
peritoneal macrophages from wild-type C57/B6 mice treated

with IFN-y exhibited significant and equal anti-Brucella activity
against both opsonized and non-opsonized Brucella. In con-
trast, Brucella viability in LRG-47~/~ cells was dependent on the
whether the bacteria were opsonized, and on the presence of IFN-
y activation (Table 1). Resting LRG-47 deficient macrophages
harbored significantly more non-opsonized Brucella at 48h
(137.2% =+ 12.1%) than Ig-opsonized (79.4% =+ 15%). In addi-
tion, Ig-opsonized Brucella survival in LRG-47 KO was sig-
nificantly lower than was seen in resting C57/B6 isolated
macrophages (114% =+ 2.7%). An inverse relationship was seen
between Brucella survival and the affects of opsonization in IFN-y
stimulated-LRG-47 KO macrophages (Figure A3). Percent sur-
vival of non-opsonized Brucella dropped dramatically in IFN-y
activated LRG47~/~ cells, to 32.6%, while Ig-opsonized Brucella
survived as well as, or better than, the opsonized bacteria in
the resting LRG-47 KO or C57/B6 macrophages. Post hoc anal-
ysis revealed that averaging the opsonized and non-opsonized
LRG-47 KO results together based on IFN-y activated and
non-activated status yielded values similar to those recorded
from the corresponding IFN-y treated C57/B6 macrophage
cultures.

Brucella SURVIVAL IN LRG-47-/— UNAFFECTED BY

AUTOPHAGY INHIBITOR

Reduced survival of M. tuberculosis in IFN-y activated
macrophages has been attributed to the ability of LRG-47
to redirect resident intracellular bacteria toward lysosomes
by repackaging intracellular pathogens within autophago-
somes (Gutierrez et al., 2004; Hunn and Howard, 2010).

Table 1| Variable effect of opsonization on survival of Brucella in
LRG-47 macrophages.

Mouse line Opsonin IFN-y 48 hours % survival
B6 lgG — 1M14.4% £ 2.7%

B6 None 123.9% + 6.9%

B6 lgG + 83.8% £ 13.0%

B6 None + 76.8% £+ 15.1%
LRG47 lgG 79.4% =+ 15.0%** ]##
LRG47 None — 1372% £ 12.1%
LRG47 lgG + 95.7% £+ 13.2%
LRG47 None + 32.6% + 0.00%***}

Summary of B. abortus percent intracellular viability results within primary non-
elicited peritoneal macrophages from C57/B6 and LRG-47-/= KO mice. Results
shown are the culmination of three replicates calculated from log;g CFU/ml val-
ues recovered from peritoneal macrophages treated as indicated with cytokine,
and infected with either IgG opsonized or non-opsonized bacteria. For C57/B6
macrophages, replication of Brucella in non-IFN-y treated and anti-Brucella activ-
ity induced by IFN-y were equivalent among the different opsonin groups.
Parallel experiments with LRG47 macrophages, however, showed a striking
difference between the different opsonin groups. In the absence of LRG-47
replication of IgG opsonized bacteria was significantly reduced compared to non-
opsonized B. abortus in quiescent cells.

*p < 0.01 (C57/B6 vs. LRG47 of same condition).

¥ p < 0.001 (C57/B6 vs. LRG47 of same condition).

##p < 0.01 IgG opsonized vs. non-opsonized.
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m1hr 0O48hr

Viable Intracellular Brucella(Log,,)

FIGURE 4 | Brucella survival in LRG47~/~ macrophages is unaffected
by the autophagy inhibitor 3-methyladenine (3-MA). Peritoneal
macrophages were collected from C57/B6 and LRG-47~/~ mice and
infected with Ig-opsonized virulent B. abortus. Cells were stimulated with
IFN-y and treated with 50 uM 3-MA. Colony forming units were
enumerated at 1 h and 48 h post infection. Loss of LRG-47 in non-activated
cells had a similar effect as treatment with 3-MA or IFN-y in C57/B6 cells on
Brucella survival after 48 h. The inhibition of autophagy plus IFN-y activation
greatly decreased the number of viable Brucella after 48 h in LRG-47—/—
cells. Statistical significance of Student's T-test comparing C57/B6
non-stimulated 48 h controls CFUs to indicated groups; p values *< 0.05;
*< 0.01, comparison to C57/B6 IFN-y only p+< 0.01. Statistical
comparison to non-stimulated LRG-47~/~ control p value #< 0.001.

The autophagosomal pathway could provide a safehaven for the
intracellular bacteria enabling them to survive and replicate while
evading the host immune response, which seems counterintuitive
for the host. It is plausible that IFN-y induction of autophago-
some biogenesis could either drive the elimination of Brucella, or
accelerate its survival and intracellular replication. To determine
which of these mechanisms has the dominant role in Brucella’s
intracellular viability, we treated infected peritoneal C57/B6
and LRG47~/~ macrophages with a 50 LM of 3-methyladenine
(3-MA), an inhibitor of autophagosome formation. Treatment of
C57/B6 cells with the inhibitor reduced Brucella CFUs (4.6 + 0.09
logp) compared to non-treated cultures (5.8 &= 0.16 log;o). CFUs
from 3-MA treated cultures were equivalent to the number
of bacteria recovered from C57/B6 IFN-y activated cultures
(4.3 £ 0.56 log)p) (Figure4). Addition of 3-MA acted syner-
gistically with IFN-y stimulation to further decrease bacterial
viability in C57/B6 macrophage cultures (3.2 % 0.06 log;o). For
LRG-47 KO macrophages, 3-MA treatment alone did not alter
intracellular bacterial viability in non-IFN-y stimulated cells. In
contrast, stimualtion of these monocytes with IFN-y a dramatic
decrease in the ability of intracellular B. abortus to survive within
these cells (0.6 & 0.8 logjp). The relative health of infected
macrophages was monitored for gross morphological changes by
phase microscopy, and enzymatically by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium  bromide (MTT) reduction
assays. Incubating cells with 3-MA and IEN-y at the levels
tested was found to have no detrimental effect on macrophage
health.

—e— BIk6

={=+LRG-47 KO

CFU Brucella(Log,)/ Spleen

Weeks P.1.

FIGURE 5 | Murine model of chronic brucellosis. Transgenic LRG-47~/~
mice and C57/B6 mice were infected intraperitoneally with 1 x 10° CFU of
B. abortus 2308. Values represent the average and standard deviation of
CFU’s enumerated from a minimum of 5 mice per group (**p < 0.01
Student's t-Test). Separate experiments that included 129/B6 F2 mice
yielded similar results of no defect spleen colonization before 4 weeks post
infection for any group tested, including LRG-47 KO mice.

LRG-47 CONTRIBUTES TO STABILITY OF CHRONIC BRUCELLOSIS

IN MICE

To determine the overall contribution of LRG-47 to host resis-
tance during chronic brucellosis, the number of B. abortus resid-
ing within the spleens of experimentally infected C57/B6 and
LRG-47~/~ mice were followed for 9 weeks post infection (Silva
et al., 2011). The LRG-47 mutation was introduced into the L129
background (Santiago et al., 2005). Both C57/B6 and L129 F-2
hybrids were used as controls for Brucella infection. Time points
at 2 and 6 weeks post infection showed no significant differ-
ence between any of the mouse lines, including the controls (data
not shown). We determined the chronic brucellosis models in
C57/B6 and L129 mice were equivalent and subsequent mouse
experiments were performed in C57/B6 mice. The splenic colo-
nization study was repeated with C57/B6 and LRG-47 KO mice
and no differences in colonization of B. abortus were seen between
the two models by 6 weeks post infection. Continuing this sec-
ond study out to 9 weeks post infection revealed a significant
decrease in the amount of bacteria recovered from the spleens of
LRG-47"/~ mice (Figure 5). A semi-quantitative assessment for
the presence of anti-Brucella antibodies revealed that sera from
LRG-47~/~ mice was less able to agglutinate heat killed bacteria,
suggesting a possible deficiency in the production of anti-Brucella
antibodies.

DISCUSSION

Pro-inflammatory cytokines elicit antimicrobial responses in
monocytes and macrophages that serve as a critical defense
against intracellular pathogens. Recently, attention has been
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focused on the ability of IFN-y to stimulate monocytes to alter
normal intracellular vesicle and organelle trafficking to regain
control over intracellular pathogens. Many p47 GTPases induced
by IFN-vy localize to specific intracellular compartments or struc-
tures, and most have been shown to play a role in limiting
intracellular parasitism by bacterial or protozoan pathogens.
Discovery of the different defense systems of individual intra-
cellular niches led to the idea that each of these proteins may
patrol a different intracellular region within the cell thus provid-
ing defense against a variety of intracellular pathogens (Collazo
et al., 2001). For Brucella, production of ROI and NO was
found to play a relatively minor role in the potent antimicro-
bial response induced by IFN-y stimulation in macrophages. The
most significant effect of IFN-y activation is the dramatic inhi-
bition of Brucella replication that is found to occur between 24
and 48 h in non-activated monocytes. Given that IFN-y produc-
tion by the host is critically important to restriction of Brucella
replication in the host, we examined the ability of one of the
IFN-y inducible proteins, LRG-47, to inhibit Brucella’s ability to
replicate intracellularly.

Peritoneal macrophages collected from LRG-47~/~ mice were
infected with opsonized Brucella with and without IFN-y stim-
ulation. We observed a significant reduction in the number of
bacteria present at 24 and 48 h post infection in the LRG-47~/~
cells without stimulation. This suggests a requirement for LRG-
47 for Brucella survival in the early stages after entry into the
host cell. Within RAW264.7 cells expressing the Flag-tagged LRG-
47 protein, the overexpressed LRG-47 colocalized with Brucella
phagosomes in an identical pattern to native LRG-47 using IFN-
y activated primary and RAW264.7 macrophages. Intracellular
replication of bacteria in these cells was only inhibited when
monocytes were stimulated with IFN-y. Overexpression experi-
ments demonstrate that LRG-47 alone is not sufficient to fully
support intracellular replication of these bacteria. It is likely that
additional cellular factors stimulated by IFN-y inhibit Brucella
replication; however, these data show that LRG-47 is, in fact,
required by Brucella for replication and/or survival inside a host
macrophage.

Intracellular viability of Brucella requires the biogenesis of
autophagosomes for replication and/or survival (Starr et al,
2008). A plausible explanation is that Brucella must orchestrate
autophagosome biogenesis to maintain an intracellular niche.
Recently, Starr et al. described that the activity of autophagy-
initiation proteins (ULKI, Beclin 1, ATG14L and PI3-kinase),
but not autophagy-elongating proteins (ATG5, ATG4B, ATG16L1
and LC3B) are required for the autophagic B. abortus-containing
vacuole (aBCV) formation in non-stimulated monocytes (Starr
et al., 2012). Treating infected cells with the PI3-kinase inhibitor
3-MA, these authors observed a decrease in aBCV formation.
Changes in aBCV formation reported by these authors coin-
cide with the dramatic decrease in intracellular viability that we
observed when treating either WT or LRG-47 KO IFN-vy activated
monocytes with 3-MA (Figure 4). Given the importance of aBCV
formation on the intracellular pathogenesis of Brucella, bacte-
rial control over autophagosome formation becomes even more
critical when antimicrobial activity in macrophages is increased
by IFN-y activation (Starr et al., 2012). Loss of LRG-47 was

similar in effectiveness to 3-MA in inhibiting Brucella replica-
tion in non-stimulated macrophages, it is likely that process of
LRG-47 and 3-MA interference in Brucella pathogenesis involve
similar disruptions in critical autophagy dependent mechanisms.
Moreover, blocking autophagosome formation in LRG-477/~
cells revealed that this host protein likely supports Brucella
viability when host cells are activated with IFN-y. This sup-
port of bacterial replication is likely in the form of stimulating
autophagosome formation (Starr et al., 2012). It should be noted
that Brucella did not survive as well in LRG-47 KO cells grown
under non-stimulating conditions suggesting that Brucella possi-
bly requires not only LRG-47, but also a low amount of IEN-y
present in the host cell to effectively replicate and survive.

Brucella are trafficked into different replicative compartments
based on whether they were internalized by opsonized or non-
opsonized means. Opsonized Brucella replicate in a modified late
endosome, whereas, non-opsonized bacteria replicate in a vesi-
cle sharing markers with the endoplasmic reticulum (Bellaire
et al., 2005). This difference in bacteria trafficking of opsonized
vs. non-opsonized Brucella translates to a difference in a LRG-
47 requirement for survival and replication in stimulated and
unstimulated RAW264.7 macrophages. We observed a signifi-
cant decrease in the percent survival of opsonized Brucella in
non-stimulated LRG-47 KO cells after 48 h of infection, suggest-
ing a requirement for LRG-47 in the survival and replication
of opsonized Brucella in unstimulated macrophages. LRG-47
would be required to provide Brucella with access to a replicative
late endosome-like vesicle. A low percentage of non-opsonized
Brucella was found to survive after 48 h of infection in a stim-
ulated LRG47 KO cell. These data suggest that LRG-47 plays a
protective role for non-opsonized Brucella in an IFN-y stimulated
cell. LRG-47 may “rescue” the non-opsonized Brucella and pro-
vide it with a niche protecting it from anti-bacterial actions of the
host cell that occur during IFN activation.

It is clear by in vitro experiments that LRG-47 supports repli-
cation of Ig-opsonized Brucella in non-activated cells and the
survival of non-opsonized Brucella in IFN-y activated cells.
Given that ample anti-Brucella antibody is maintained through-
out infection, we would anticipate any change in Brucella tissue
survival to appear at times post infection when IFN-y levels
decrease at 4-6 weeks (Baldwin and Goenka, 2006). For our in
vivo experiments using LRG-47/~ mice, changes in the ability
of the bacteria to persist were not seen until week 9 post infection
when IFN-y levels would be predicted to decrease. This remains
speculative as we did not attempt to measure IFN-y levels within
the tissues of these mice during infection.

Survival of Brucella within monocytes is the single most
important aspect of pathogenesis contributing to persistence of
the bacteria in host tissues. The previous in vitro data suggests
that the role LRG-47 plays during Brucella infection is condi-
tional based on IFN-y stimulation and the opsonization status of
the bacteria prior to internalization. High IFN-vy levels during the
chronic phase are attributed to limiting the numbers of Brucella
within the spleens of infected mice. Anti-Brucella immunoglob-
ulin undergoes rapid class switching to high affinity IgG2a in an
IFN-y dependent manner, coincidently, aiding in the establish-
ment of the chronic plateau phase of Brucella occurring at 2 weeks
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post infection. Internalization would likely transition from mostly
non-opsonized within the first few days toward immunoglobulin-
opsonization that would last throughout the chronic phase. It is
difficult to predict which set of conditions would predominate
within the host at any particular time during infection. Infection
of LRG-47 KO mice with B. abortus did not differ in the magni-
tude or timing of splenic colonization compared to C57/B6 mice.
Considering that IFN-y levels and antibody production increase
over this time span, the stable number of Brucella detected in vivo
during the chronic phase is likely the product of mixed popu-
lations of variably opsonized bacteria together with fluctuating
IFN-vy activation of host monocytes. In fact, recalculating percent
survival of Brucella in LRG-47 cells (Table 1) by averaging the
opsonized and non-opsonized values together for IFN-y treated
and non-treated equal the percent survival of Brucella recovered
from similarly treated C57/B6 macrophages.

Past research regarding LRG-47’s effect on pathogenic infec-
tion has determined a requirement for LRG-47 to reduce the
replicative capacity of infectious agents such as Toxoplasma gondii,
Mycobacterium tuberculosis (MacMicking et al., 2003) and Listeria
monocytogenes (Collazo et al., 2001). Brucella abortus is unique
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FIGURE A1 | Internalization and intracellular viability of IgG opsonized
and non-opsonized B. abortus. Monolayers of Raw264.7 cells were
infected with increasing concentrations of IgG-opsonized or non-opsonized
B. abortus. The average CFU per time point illustrates the correlation
between the amount of Brucella internalized following infection, and the
rate of Brucella replication and survival. To compare results from opsonized
and non-opsonized Brucella, remaining experiments were normalized to
numbers of Brucella taken up by cells using MOl's of 20:1 for ops and 100:1
for non-ops. Results presented were calculated from samples performed in
triplicate and confirmed by separate independent experiments.

each condition and time point. Statistical analysis was performed using
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FIGURE A2 | Effect of IFN-y treatment on Brucella infected Raw264.7
cells. Pretreatment of Raw264.7 cells with 50 ug/ul of IFN-y 24 h prior to
infection with B. abortus induces an anti-bacterial response that increases
Brucella killing at 24 h p.i. (T = 1), continuing through 48h p.i. (T = 2).
Magnitude of anti-Brucella effect was equal among opsonized and
non-opsonized Brucella. Similarly, bacterial survival at 24 h p.i., and
replication detected at 48 h were the same between opsonized and
non-opsonized bacteria infected at normalized MOl's (Figure 1). Results
represent the averages and standard deviation from six replicate wells for

non-paired Student's t-test.
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FIGURE A3 | Effects of opsonization on Brucella survival in LRG-47
knockout peritoneal macrophages. Peritoneal macrophages were
collected from LRG-47-/~ mice and infected with Ig-opsonized or
non-opsonized virulent Brucella abortus. Colony forming units (CFU) were
enumerate at 30 min, 2h, 24 h, and 48 h post infection and percent survival
was calculated compared to CFU/ml 30 min post infection. Ig-opsonized
Brucella have a lower percent survival in the non-activated cells than they
do in the activated cells suggesting a requirement for LRG-47 in opsonized
Brucella survival in non-activated macrophages. In IFN-y stimulated cells
the percent survival of the Brucella steadily decreases over the duration of
48 h whereas in the non-activated cells there is a sharp increase in percent

opsonized for each stimulation group).

survival between 24 and 48 h post infection. (**p < 0.01 Student'’s t-Test vs.
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