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Brucella spp. establish an intracellular replicative niche in

macrophages, while macrophages attempt to eliminate the

bacteria by innate defense mechanisms. Brucella spp. possess

similar genomes yet exhibit different macrophage infections.

Few B. melitensis and B. neotomae enter macrophages with

intracellular adaptation occurring over 4–8 hr. Conversely, B.

ovis are readily ingested by macrophages and exhibit a

persistent plateau of infection. Evaluating early macrophage

interaction with Brucella spp. allows discovery of host entry and

intracellular translocation mechanisms. Microarray analysis of

macrophage transcriptional response following a 4 hr infection

by different Brucella spp. revealed common macrophage genes

altered in expression compared to uninfected macrophages.

Macrophage infection with three different Brucella spp. pro-

vokes a common innate immune theme with increased tran-

script levels of chemokines and defense response genes and

decreased transcript levels of GTPase signaling and cytoskele-

tal function that may affect trafficking of Brucella containing

vesicles. For example, transcript levels of genes associated with

chemotaxis (IL-1b, MIP-1a), cytokine regulation (Socs3) and

defense (Fas, Tnf) were increased, while transcript levels of

genes associated with vesicular trafficking (Rab3d) and lysoso-

mal associated enzymes (prosaposin) were decreased. Genes

with altered macrophage transcript levels among Brucella spp.

infections may correlate with species specific host defenses

and intracellular survival strategies. Depending on the infecting

Brucella species, gene ontology categorization identified genes

differentially involved in cell growth and maintenance, endo-

peptidase inhibitor activity and G-protein mediated signaling.

Examples of decreased gene expression in B. melitensis

infection but not other Brucella spp. were growth arrest

(Gas2), immunoglobulin receptor (FccrI) and chemokine recep-

tor (Cxcr4) genes, suggesting opposing effects on intracellular

functions. Exp Biol Med 234:1450–1467, 2009
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Introduction

Brucella species (spp.) are zoonotic pathogens able to

infect humans and cause abortion in domestic animals.

Human infection generally requires contact with a limited

number of organisms (infectious dose estimated as less than

100 organisms) (1), progresses with inconsistent and

persistent flu-like symptoms from 2–6 weeks post-inocu-

lation and, if left untreated, develops into chronic

brucellosis. Macrophages phagocytose Brucella spp. and

initiate an innate immune response, while Brucella subvert

the host antimicrobial defense mechanisms to establish an

intracellular replicative niche (2). Once resident within the

macrophage, Brucella avoid exposure and killing by the

humoral immune response.

Host preference and virulence among species are

unaccounted when comparing the few differences between

genomic sequences of B. melitensis, B. abortus and B. suis
(3). When comparing six historically identified Brucella
spp., only 217 open reading frames present in B. melitensis
were absent in the other species (4). Ultimately, Brucella
research has revealed a limited number of factors that

significantly alter host specificity by Brucella spp. Human

infections with B. melitensis are severe in pathogenesis and
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are widely reported; conversely, neither B. ovis nor B.
neotomae have been reported to cause human infection, and

pathogenesis is at most limited. Investigating the murine

macrophage response to highly similar Brucella spp. may

provide additional understanding regarding the ability of

Brucella spp. to establish and maintain infections.

Although transcriptional profiles of murine macro-

phages infected with B. abortus have been studied (7), no

studies have compared host response among infections of

differing Brucella spp. Altered host transcriptional response

among Brucella spp. infections may identify not only

common responses to infection, but also distinguish genes

and pathways specific to each Brucella spp. infection.

Identifying alterations in the macrophage transcriptome may

provide greater understanding of host mechanisms involved

in pathogen killing and bacterial regulation that limit

damage to host cells during infection.

Murine macrophages are frequently used to investigate

Brucella infection. The transcription profile after 4 hr of

infection would evaluate general as well as specific response

to different but genetically similar Brucella spp. Bacteria

enter host cells and translocate to an endoplasmic reticulum

containing a replicative niche within a few hours post

infection; concurrently, a portion of the bacteria die by

phagosome-lysosome fusion (8). The majority of host

transcriptional response occurs during this early time (9).

Examining an early time, such as 4 hr post infection, permits

discovery of potential mechanisms of entry and intracellular

translocation that take place before bacterial replication

becomes evident after 8 hr (2, 10–12). The present

microarray analyses evaluate macrophage response to

Brucella spp. infection by testing 6 hypotheses and focusing

on analogous and distinct transcriptional responses elicited

by B. melitensis, B. neotomae and B. ovis.

Materials and Methods

Bacteria and Cell Lines. B. melitensis, B. neotomae
and B. ovis were grown in 12- by 75-mm tubes on a shaker

platform in BBL Brucella broth (BD Biosciences, Franklin

Lakes, NJ) or on Brucella broth plates containing 1.5% agar.

B. melitensis, B. neotomae and B. ovis were transformed

with pBBR1MCS/GFPuv containing green fluorescent

protein (gfpuv) under a constitutive Tac promoter and with

chloramphenicol resistance (13). Brucella spp. for infections

were grown in broth with or without chloramphenicol at

378C for 1–2 days and colony forming units (CFUs)

determined by plating on agar and incubating 3 days at 378C

with 5% CO2.

RAW 264.7 (TIB-71, ATCC) and J774A.1 (TIB-67,

ATCC) mouse macrophage cell lines were maintained at

378C with 5% CO2 in RPMI 1640 (Invitrogen, Carlsbad,

CA) supplemented with 10% fetal bovine serum (FBS), 0.2

mM L-glutamine, antibiotic-antimycotic (100 U/mL pen-

icillin G, 100 lg/mL streptomycin, 0.25 lg/mL amphoter-

icin B, Gibco), 1 mM sodium pyruvate (SAFC Biosciences,

St. Louis, MO) and MEM amino acids (Hyclone, Logan,

UT).

Intracellular Survival of Brucella spp. in Macro-
phages. Macrophages (0.5–1 3 106/well) were plated in

6-well plates 2–12 hr prior to infection in medium without

antibiotics. Brucella spp. were grown to stationary phase in

Brucella broth and then serially diluted and plated on

Brucella agar to estimate CFU/mL. Macrophages were

infected at a multiplicity of infection (MOI, bacteria to

macrophage) of 1000:1 for 90 min at 378C with 5% CO2.

Extracellular bacteria were removed using three PBS

washes followed by 30 lg/mL gentamicin (MP Biomed-

icals, Inc., Irvine, CA) in RPMI. After 30 min, macrophages

were washed three times with PBS. RPMI supplemented

with 2 lg/mL gentamicin was added to cultures after 2 hr.

At 4 hr, cultures were washed, lysed with 0.1% Triton X-

100, serially diluted and plated twice on Brucella agar to

determine bacterial CFUs. Experiments were repeated

independently a minimum of three times.

Flow Cytometry of Brucella-GFPuv Infected
Macrophages. Macrophages (5 3 107/T25 flask) were

plated 2–12 hr prior to infection in medium without

antibiotics. Brucella spp. were grown to stationary phase,

and macrophages were infected at a multiplicity of infection

(MOI, bacteria to macrophage) of 1000:1 for 90 min at 378C

with 5% CO2 followed by gentamicin treatment to remove

extracellular bacteria as described above. After 4 hr of

incubation, cells were washed three times with PBS, fixed in

4% paraformaldehyde (Electron Microscopy Sciences, Hat-

field, PA) for 30 min and observed by fluorescence

microscopy (Carl Zeiss, Thornwood, NY). Using a

FACScan (Becton Dickinson, Palo Alto, CA), ten thousand

events were collected. Debris and dead cells were

eliminated from the analysis on the basis of side scatter

and forward scatter. Cells infected with B. melitensis, B.
neotomae and B. ovis strains containing pBBR1MCS/

GFPuv, were analyzed by flow cytometry to determine

percentage of RAW 264.7 or J774A.1 cells infected at 4 hr.

Macrophage Infection for RNA Isolation. RAW

264.7 cells for microarray and RAW 264.7 and J774A.1

cells for RT-PCR were plated at 5 3 106 cells/T75 flask 12–

24 hr prior to infection, in supplemented RPMI 1640

without antibiotics. Macrophages were infected with 1 mL

of a stationary phase Brucella spp. culture (MOI 1000:1).

Infected macrophages were incubated for 4 hr at 378C with

5% CO2, washed once with PBS and then lysed for RNA

collection (RNeasy, Qiagen, Germantown, MD).

Target Preparation for Microarray Hybridiza-
tion. Total RNA was isolated from macrophage cultures

(RNeasy, Qiagen) with lysate centrifugation to remove

intact bacterial cells. DNase treated RNA from two

independent infections was pooled for each target prepara-

tion. Target RNA was prepared according to the manufac-

turer’s protocols (Affymetrix, Santa Clara, CA). Briefly,

RNA was converted to double stranded cDNA (Invitrogen)

except that T-7-(dT)24 oligomer (Genset Corp., San Diego,
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CA) was used. Double stranded cDNA was isolated using

GeneChipt Sample cleanup and in vitro synthesis of biotin-

labeled cRNA was completed with Enzo BioArray High-

Yield RNA Transcript Labeling (Affymetrix). Labeled

cRNA mixed with fragmentation buffer was incubated at

948C for 35 min and was confirmed by agarose gel

electrophoresis. Final RNA concentration ranged from

0.5–1.1 lg/lL.

Microarray Hybridization and Analysis. Labeled

cRNA was hybridized to GeneChipt Test3 arrays and

Murine Genome U74Av2 microarrays (Affymetrix). Eleven

MG_U74Av2 GeneChipt microarrays were independently

hybridized with cRNA from uninfected macrophage

samples (2 independent samples) and each of three Brucella
spp. infected macrophage samples (3 independent samples

for each Brucella species infection). GeneChipt washing,

hybridization and scanning was performed by the University

of WI Biotechnology Center, Gene Expression Center

(University of WI-Madison) utilizing Affymetrix protocols

and procedures. Affymetrix *.CHP, *.CEL and spreadsheets

of signal output are available through NCBI Gene

Expression Omnibus database at the time of publication,

Series accession number GSE8385.

mRNA from uninfected RAW 246.7 macrophages was

compared to macrophages infected for 4 hr with B.
melitensis, B. ovis or B. neotomae. All genes were subjected

to analysis by EBarrays (14, 15), a statistical analysis

package in the comprehensive R archive network (http://

cran.r-project.org/). Data conformity to the statistical

assumptions was checked (coefficient of variation and log-

normal normal model) and best fit models were used. Six

biologically relevant hypotheses of altered transcript levels

were tested (M/ designates RAW 264.7 macrophages):

H0:M/ ¼ M/þ B:melitensis ¼ M/þ B: neotomae

¼ M/þ B: ovis

Infected and uninfected macrophages have similar tran-

scription.

H1:M/ 6¼ M/þ B:melitensis ¼ M/þ B: neotomae

¼ M/þ B: ovis

Brucella spp. infected macrophages express mRNA differ-

ent from uninfected macrophages.

H2:M/ 6¼ M/þ B:melitensis 6¼ M/þ B: neotomae

¼ M/þ B: ovis

B. ovis and B. neotomae infected macrophages express

mRNA different from B. melitensis or uninfected macro-

phages.

H3:M/ 6¼ M/þ B:melitensis ¼ M/þ B: neotomae

6¼ M/þ B: ovis

B. melitensis and B. neotomae infected macrophages

express mRNA different from B. ovis or uninfected

macrophages.

H4:M/ 6¼ M/þ B:melitensis ¼ M/þ B: ovis

6¼ M/þ B: neotomae

B. melitensis and B. ovis infected macrophages express

mRNA different from B. neotomae or uninfected macro-

phages.

H5:M/ 6¼ M/þ B:melitensis 6¼ M/þ B: neotomae

6¼ M/þ B: ovis

Each macrophage culture expresses distinct mRNA.

Empirical Bayesian statistics designated a posterior

probability (EBarrays Probability) specific to each gene,

evidence that a given gene follows the transcription pattern

designated by each of the hypotheses. The probability of

random gene assignment to any hypothesis was 0.167, while

posterior probabilities � 0.2 were considered significant.

Genes were sorted within each experimental hypothesis, and

each gene was allocated only to the hypothesis with the

largest posterior probability. The signal logarithm ratio

(SLR) was calculated as the logarithm, base 2, of the ratio

between infected (experimental) signal and uninfected

(control) signal. Thus, the experimental:control ratio was

transformed to zero for no change between conditions and

the equivalent of a two-fold increase or decrease becomes 1

or�1 SLR, respectively.

Additional data analysis was conducted utilizing TM4

microarray analysis tools ANOVA (16) and SAM (17, 18)

contained within TIGR MultiExperiment Viewer (MeV)

(http://www.tm4.org/) (19, 20). Genes were annotated

utilizing Affymetrix’s NetAffx Analysis Center (http://

www.affymetrix.com/analysis/index.affx) and DAVID Bio-

informatics Resources (http://david.abcc.ncifcrf.gov/). Gene

ontology (GO) categorization of genes identified with

altered transcription between uninfected and Brucella spp.

infected macrophages were completed with EASE (http://

david.abcc.ncifcrf.gov/). Genes were iteratively subjected to

GO biological processes categorization and, while genes

may be categorized in several of the GO categories, each

gene was listed once.

Real Time RT-PCR (RT-PCR). Total RNA was

isolated from macrophage cultures (RNeasy, Qiagen)

according to manufacturer’s protocol with DNase treat-

ment. Macrophage RNA (2–4 lg) was primed with

oligo(dT)20, reverse transcribed with SuperScriptTM II or

III (Invitrogen), and resultant cDNA diluted 1:5. Primers

(listed in Text S1) and double-dye oligonucleotide probes

for PCR were developed to amplify mRNA fragments 80–

130 basepairs in length using Primer3 (21). RT-PCR was

performed on cDNA samples utilizing qPCR Mastermix

(Eurogentec, San Diego, CA) or iQ supermix (Bio-Rad,

Hercules, CA) with dual labeled probes and iQ SYBRt

green Supermix (Bio-Rad), respectively, to quantify
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relative transcript levels. The PCR was optimized on the

iCycler (Bio-Rad) with primer concentrations ranging from

300–500 nM and probe concentrations at 125 nM.

Amplification cycles were 958C for 15 sec followed by

60 sec at 608C with fluorescence detected during the

extension phase. Relative gene mRNA quantities were

quantified by the standard curve method using a house-

keeping gene as a reference gene. SLR was calculated with

these normalized transcription values.

ELISA Measurement of TNF Activity. BMDM

cells were flushed from the femurs and tibiae of 10–12

week-old wild-type C57BL/6 mice. Cells were grown for 5–

8 days in RPMI 1640 (Gibco, Grand Island, NY), 10% FBS

(Equitech-Bio Inc., Kerrville, TX), 25 lg/mL gentamicin

(MP Biomedicals, Inc., Solon, OH) and 20–30 ng/mL M-

CSF (R&D Systems, Minneapolis, MN). BMDM cells

plated at 1 3 106 cells/well in 6-well plates were infected

with B. melitensis at an MOI 100 and incubated at 378C.

Supernatants were collected at 12 hr from cells infected with

B. melitensis or medium. Supernatants were filtered through

a 0.22 micron PES Millipore filter (Millipore, Billerica,

MA) and assayed for TNFa using a Ready-Set-Go ELISA

kit (eBioscience, San Diego, CA).

Additional Calculations and Statistics. Error

bars throughout indicate the standard error of the mean

(SEM). A Student’s t test determined if there was significant

difference between two independent samples using a pooled

estimate of variation.

Figure 1. Intracellular survival of Brucella spp. in RAW 264.7 and J774A.1 macrophages. Panel A. Intracellular Brucella spp. were isolated from
RAW 264.7 or J774A.1 macrophages and enumerated at 4 hr. Macrophages were infected with 1000:1 MOI of each Brucella spp. and allowed
to infect for 90 min followed by gentamicin treatment for 30 min. At 4 hr, macrophages were washed then lysed with 0.1% Triton X-100.
Intracellular Brucella were enumerated by plating serial dilutions on agar. Four independent experiments were conducted, and the number of
Brucella spp. isolated per well was averaged with error bars representing the SEM. Comparing B. melitensis or B. neotomae to B. ovis infection
is significantly different with P � 0.005. Panel B. Flow cytometry analysis of Brucella-GFPuv infection in RAW 264.7 and J774A.1 macrophages
at 4 hr. RAW 264.7 or J774A.1 macrophages were infected for 90 min with Brucella spp. containing GFPuv followed by gentamicin treatment to
remove extracellular bacteria. After 4 hr, RAW 264.7 or J774A.1 cells were fixed in 4% paraformaldehyde, and the percent of infected cells
determined by flow cytometry analysis. Comparing B. melitensis or B. neotomae to B. ovis infection is significantly different with P � 0.005.
Panel C. RAW 264.7 macrophages were infected continuously for 4 hr with Brucella spp. containing GFPuv. Cells were washed to remove
extracellular Brucella and fixed in 4% paraformaldehyde. Matched bright field and fluorescence images were digitally captured at 363 oil
immersion magnification. Bar equals 20 lm. A color version of this figure is available in the online journal.
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Results

Brucella spp. Infection of RAW 264.7 and
J774A.1 Macrophages Assessed by Colony Form-
ing Units (CFUs) and Flow Cytometry Analysis of
Brucella-GFPuv. RAW 264.7 macrophage infections with

B. melitensis and B. neotomae were similar, with low

numbers of these bacteria phagocytosed compared to the

number of bacteria introduced (Fig. 1, panel A). Macro-

phage uptake of B. ovis, at 4 hr in both RAW 264.7 and

J774A.1 cells was nearly two logarithmic units higher than

B. melitensis or B. neotomae, paralleling previous observa-

tions (6, 22).

Similar to CFU results, flow cytometry analysis of

RAW 264.7 macrophages infected for 4 hr with Brucella
spp. expressing GFPuv had low levels of B. melitensis and B.
neotomae, compared to B. ovis (Fig. 1, panel B). This

observation was further supported by fluorescent micro-

scopy (Fig. 1, panel C). At this early time, 20–30 percent of

macrophages were infected with B. melitensis or B.
neotomae, while greater than 95 percent of macrophages

were infected with B. ovis (Fig. 1, panel B) consistent with

uptake for smooth and rough Brucella (22). Interestingly,

the numbers of Brucella phagocytosed at these levels did

not correlate in a linear or proportional manner to levels of

transcriptional response, as changes in macrophage mRNA

amounts following B. ovis infection were often similar to B.
melitensis and B. neotomae infections.

Because of the difference in macrophage infection by

B. melitensis and B. neotomae compared to B. ovis,

macrophage viability was examined to determine if

infection levels would influence macrophage survival.

RAW 264.7 and J774A.1 macrophages were continuously

infected with Brucella spp. for 4 hr without antibiotics and

viability determined. No significant macrophage death was

observed (data not shown). Therefore, host transcription

with Brucella spp. infection at 4 hr was not biased toward

cell death pathways.

Microarray Analysis of RAW 264.7 Macro-
phages Infected with Each of Three Brucella
spp. Genes Identified for Housekeeping Controls with No
Transcriptome Change Across Three Brucella spp. Infection
Conditions. A series of commonly used housekeeping genes

were evaluated for potential as control genes in downstream

analysis, and changes in transcript levels between Brucella
spp. infected and uninfected macrophages were compared

(Table 1). Genes with high posterior probabilities and low

signal log ratio (SLR) with small variability appeared as the

best control genes for Brucella spp. infections. Hypoxan-
thine guanine phosphoribosyl transferase 1 (Hprt1) and the

TATA box binding protein (Tbp), which function in

glycolysis and transcription, respectively (23), were tran-

scribed at a moderate level (signal strength on microarray

between 1 3 104 and 1 3 102) and had SLR near zero with

small variability. Hprt1 and Tbp were unaltered by Brucella
spp. infections and were therefore utilized as control

housekeeping genes in downstream analysis of the tran-

scriptome. The transcript levels of b-actin, b-glucuronidase,

transferrin receptor and glyceraldehyde-3-phosphate dehy-
drogenase were minimally altered (�0.6 to 0.1 SLR) by

infection, but each had a pronounced standard error and

were considered not optimal for use as control genes.

Genes Identified With Increased Transcription Follow-
ing Brucella spp. Infections. Seventy-two genes were

identified under H1 (transcription from macrophages

infected by three Brucella spp. differs from uninfected

macrophages) with SLR increases between 2.0 and 6.8

following infection with any Brucella spp. (Table 2).

Defense and chemotactic response, both related to a

common inflammatory response, encompass the largest

groups of genes with increased transcript levels during

infection. Interleukin-1b, tumor necrosis factor, macro-

phage inflammatory protein genes (MIP-1a, MIP-1b, MIP-
2a), colony stimulating factor genes (Csf2 and Csf3) and

Fas had increased transcription similar to reports with a

Table 1. RAW 264.7 Macrophage Transcription of Common Housekeeping Genes Following Brucella spp.
Infection

H0: M/ ¼ M/ þ B. melitensis ¼ M/ þ B. neotomae ¼ M/ þ B. ovis

Probe set
Entrez
gene

Average
signal SLRa

EBarrays
probability

Gene
symbol Gene product

101213_at 11837 5.7 3 104 �0.2 6 0.06 1.000 Arbp Acidic ribosomal phosphoprotein PO
101578_f_at 11461 2.2 3 104 �0.6 6 0.6 0.870 Actb b-actin
101214_f_at 162210_r_at

97751_f_at
14433 2.5 3 104 0.1 6 0.2 0.894 Gapdh Glyceraldehyde-3-phosphate

dehydrogenase
93346_at 18655 2.0 3 104 0.2 6 0.1 1.000 Pgk1 Phosphoglyerate kinase 1
93088_at 12010 1.6 3 104 0.2 6 0.2 1.000 b2m b 2 microglobulin
97538_at 110006 6.8 3 103 �0.6 6 0.2 0.999 b-gus b glucuronidase
160107_at 15452 6.5 3 103 0.07 6 0.1 0.999 Hprt1 Hypoxanthine guanine phosphoribosyl

transferase 1
103957_at 103958_g_at 22042 3.4 3 103 �0.5 6 1.2 0.991 Tfrc Transferrin receptor
99950_at 21374 6.7 3 102 �0.09 6 0.2 0.996 Tbp TATA box binding protein

a Signal log ratio¼ LOG2 (experimental Brucella spp. infected signal/control uninfected signal) 6 SE.
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variety of infectious agents (7, 24). Also, increased

transcription was observed for cytokine regulation, anti-

inflammatory and/or anti-apoptotic response genes (Socs3,

Slfn2, IL-1rn, Gadd45b and Tnfaip3). These genes may

prevent commitment to an inflammatory response pathway

camouflaging immune recognition and providing a safe

environment for bacterial survival. Although macrophages

were infected with a greater number of B. ovis compared to

B. melitensis and B. neotomae, Figure 1, no statistical

difference was observed in the SLR between the 72

macrophage genes of Table 2 when infected with B. ovis
compared to B. melitensis or B. neotomae.

Genes Identified with Decreased Transcription Fol-
lowing Brucella spp. Infections. Fifty-eight genes were

identified with SLR decreases between �2.0 and �3.4

following infection with any Brucella spp. (Table 3). GO

categories for genes with repressed transcript levels

represented several biological functions, ranging from small

GTPase mediated signal transduction and carboxylic acid

metabolism to cell proliferation and lysosomal proteins.

Small GTPase mediated signaling may be altered in

response to the engulfment and association of Brucella
spp. with the membrane of macrophages; included among

this group are Rab3d, Gna12, Cfl2 and Iqgap1. Small

GTPases are key regulators associated with trafficking of

Brucella containing vesicles to the endoplasmic reticulum

(25), a crucial step in the establishment of a replication

niche. In contrast to the inflammatory response genes

commonly increased following infection, there were also

genes categorized as response to external stimulus with

decreased transcription. Mr1, Abhd8 and IL17a may provide

insight into mechanisms that the macrophage does not use in

the response against this intracellular bacterium. Also, a

decrease in prosaposin transcript levels was observed, a

lysosomal enzyme that catabolizes glycosphingolipids that

may enhance intracellular survival of Brucella spp.

Genes Identified with Altered Transcription Among
Brucella spp. Infections. Thirty-three genes (Table 4) were

identified under hypotheses that transcription among

Brucella spp. infections was different from each other and

uninfected macrophages (H2–4). Of the 33 genes with

altered expression among Brucella spp. infections, 21 genes

had decreased transcript levels, 10 genes had increased

transcript levels and, for two genes, the direction of change

in expression was dependent on the species used for

infection. Generally, the direction of change in transcription

was uniform across the species tested. Twelve genes were

altered based on the virulence descriptions of Brucella spp.

(Table 4, part A), as B. melitensis was compared to B.
neotomae and B. ovis infections (H2). GO biological and

molecular function categorization unveiled genes altered

according to H2 are involved in cell growth and main-

tenance, endopeptidase inhibitor activity, response to

external stimuli and G-protein mediated signaling. When

the infections were grouped according to LPS phenotype of

the Brucella, i.e., smooth B. melitensis and B. neotomae

versus rough B. ovis, eleven genes were identified with

altered transcription (H3) (Table 4, part B). Although

smooth Brucella enter macrophages via lipid rafts (26),

the mechanism of B. ovis entry is unknown. If different

entry mechanisms occur for B. ovis, a distinct group of host

genes may be altered compared to smooth Brucella spp.

However, few macrophage genes were altered between

rough and smooth Brucella spp. infections, and there was

little GO commonality. Ten genes had altered transcript

levels when infection with B. melitensis and B. ovis were

considered similar and distinct from B. neotomae infection

(H4) (Table 4, part C). All three Brucella spp. infections

increased interleukin 1 alpha gene expression, but levels

were higher in B. melitensis and B. ovis infections. Genes

identified according to this pattern (H4) were categorized in

GO biological functions of cell growth and maintenance and

signal transduction. Lastly, no genes were identified with

each of the four conditions, uninfected and three Brucella
spp. infections, having distinct transcription (H5).

Confirmation of Microarray Data by Quantita-
tive Real Time-PCR (qRT-PCR). To verify the micro-

array changes in transcript levels, eight genes were analyzed

by qRT-PCR using the infection conditions as for micro-

array analysis. Housekeeping genes, Hprt and Tbp,

identified via this microarray analysis and previously tested

(23, 27, 28) were used to normalize cDNA levels and

resulted in similar patterns and levels of gene transcription

(data not shown). qRT-PCR confirmed that the eight genes

tested (Socs3, Tnf, IL-1a, IL-1b, FccRI, Mef2c, Cxcr4 and

Abcd2) had altered expression in RAW 264.7 macrophages

following Brucella spp. infection in the same direction

(increased or decreased) indicated by microarray analysis

(Fig. 2, panels A and B). Further, J774A.1 and RAW 264.7

macrophage cell lines were used in parallel to verify that

qRT-PCR results found in RAW 264.7 were applicable to

J774A.1 cells. RAW 264.7 gene transcription altered among

Brucella spp. infections was similarly changed (increased or

decreased) during J774A.1 infection (Fig. 2, panels C and

D) with the direction of altered transcription paralleling

microarray results.

TNFa Production by Macrophages. To confirm

the microarray change in TNFa transcription, bone marrow

derived macrophages were infected with B. melitensis and

supernatant analyzed by ELISA. Figure 3 illustrates that

infected macrophages produced greater than 15-fold more

TNFa than non-infected macrophages. These results

together with the microarray findings suggest that B.
melitensis activates TNFa production by macrophages.

Discussion

Murine macrophages infected with Brucella strains

were profiled by microarray analysis. Interestingly, B.
melitensis causes severe human infection, but neither B.
ovis nor B. neotomae cause human pathogenesis. However,

in vitro growth of B. melitensis and B. neotomae is similar in
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murine macrophages in contrast to in vivo human infection

where B. neotomae is unable to initiate or maintain

infection (29, 30). The IRF-1�/- mouse model can

distinguish degrees of Brucella virulence (5), where B.
melitensis and B. neotomae induce death by 9–12 days (6),

while B. ovis does not (E. Petersen, Personal Communica-

tion). The differing responses between rough (B. ovis) and

smooth (B. melitensis and B. neotomae) Brucella in mice

led us to explore transcription profiles of murine macro-

phages following infection by these three Brucella strains.

A comparison of host response among infections by

differing Brucella spp. may identify common responses to

infection, as well as distinguish genes and pathways

specific to each Brucella spp. infection. Identifying

alterations in the macrophage transcriptome may provide

greater understanding of host mechanisms involved in

pathogen killing and bacterial regulation.

Common Macrophage Transcriptional Re-
sponse by B. melitensis, B. neotomae and B. ovis
Infections. At 4 hr, low numbers of intracellular smooth

B. melitensis and B. neotomae were observed, as reported

by others, prior to Brucella reaching its replicative niche

(22, 31, 32). However, RAW 264.7 macrophage uptake of

rough B. ovis after 4 hr of infection was almost two

logarithmic units higher than smooth B. melitensis or B.
neotomae, perhaps from non-lipid raft mediated phagocy-

tosis, although this is untested for rough B. ovis (22, 31,

32). Yet, microarray analysis of rough B. ovis-infected

macrophages was qualitatively similar to those from

smooth B. melitensis and B. neotomae infections. This

similarity suggests that macrophages sense and respond to

different Brucella species by a common profile of tran-

scriptional changes.

The majority of these common response genes were

inflammatory related suggesting similar activating and/or

regulating effects of Brucella on the macrophage regardless

of the Brucella species. Host response to Brucella spp.

encompassed pro-inflammation independent of infection

differences between rough and smooth Brucella spp. In

comparing the common macrophage transcription profile to

differing Brucella spp., we hypothesized that a large

number of host genes with overlapping gene ontology

function would be identified similar to that observed in

wild-type and mutant Salmonella (33). Others have

reported that LPS and CpG DNA can activate TLR

signaling activating NFjB and AP-1 pathways inducing

innate immune mechanisms (34). Adaptive immune

mechanisms may be activated by Schlafen 2 (Slfn2)

expression that regulates T cell activity as well as innate

immunity (34). Pro-inflammatory gene expression may

reflect a host protective response as many genes were

chemotaxis related, potentially recruiting additional macro-

phages and immune cells to the site of Brucella spp.

infected macrophages.

Genes that could serve to subdue or counteract

inflammatory response genes, however, were also observed

T
a

b
le

4
C

.

C
.

B
.

m
e

lit
e

n
s
is

a
n

d
B

.
o

v
is

In
fe

c
te

d
M

a
c
ro

p
h

a
g

e
s

E
x
p

re
s
s

T
ra

n
s
c
ri
p

ts
D

iff
e

re
n

t
fr

o
m

B
.

n
e

o
to

m
a

e
o

r
U

n
in

fe
c
te

d
M

a
c
ro

p
h

a
g

e
s

H
4
:

M
/
6¼

M
/
þ

B
.

m
e

lit
e

n
s
is
¼

M
/
þ

B
.

o
v
is
6¼

M
/
þ

B
.

n
e

o
to

m
a

e

P
ro

b
e

s
e

t
E

n
tr

e
z

g
e

n
e

S
L

R
a

E
B

a
rr

a
y
s

p
ro

b
a

b
ili

ty
G

e
n

e
s
y
m

b
o

l
G

e
n

e
p

ro
d

u
c
t

A
d

d
iti

o
n

a
l

s
ta

tis
tic

s
b

B
.

m
e

lit
e

n
s
is

B
.

n
e

o
to

m
a

e
B

.
o

v
is

9
4

0
5

1
_

a
t

1
3

6
1

2
3

.0
6

0
.4

0
.5

6
0

.4
3

.2
6

0
.3

0
.9

9
8

E
d

il3
E

G
F

-l
ik

e
re

p
e

a
ts

a
n

d
d

is
c
o

rd
in

I-
lik

e
d

o
m

a
in

s
3

a
,

b
9

6
7

8
5

_
a

t
8

0
8

8
0

�
3

.2
6

0
.6

�
0

.5
6

1
.1

�
2

.7
6

0
.7

0
.9

9
4

A
n

k
rd

4
7

A
n

k
y
ri
n

re
p

e
a

t
d

o
m

a
in

4
7

9
2

9
1

3
_

a
t

2
6

8
7

4
�

4
.1

6
0

.3
�

2
.0

6
0

.4
�

3
.9

6
0

.3
0

.9
2

0
A

b
c
d

2
A

T
P

-b
in

d
in

g
c
a

s
s
e

tt
e

,
s
u

b
-f

a
m

ily
D

(A
L

D
),

m
e

m
b

e
r

2
a

,
b

1
0

3
4

6
7

_
g

_
a

t
5

4
1

5
1

�
2

.3
6

0
.3

�
0

.6
6

0
.3

�
2

.9
6

0
.3

0
.8

9
7

C
y
h

r1
C

y
s
te

in
e

a
n

d
h

is
tid

in
e

ri
c
h

1
9

4
7

5
5

_
a

t
1

6
1

7
5

3
.9

6
0

.4
1

.7
6

0
.7

3
.1

6
0

.4
0

.6
9

3
Il1

a
In

te
rl
e

u
k
in

1
a

lp
h

a
b

,
c

9
3

5
6

8
_

i_
a

t
1

.4
6

0
.0

�
1

.1
6

0
.7

1
.2

6
0

.5
0

.5
5

6
L

O
C

5
4

4
9

8
8

S
im

ila
r

to
S

p
e

te
x
-2

F
p

ro
te

in
9

2
5

0
4

_
a

t
1

5
5

7
4

2
.1

6
0

.6
�

0
.1

6
0

.4
1

.8
6

0
.7

0
.5

0
1

H
u

s
1

H
u

s
1

h
o

m
o

lo
g

(S
.

p
o

m
b

e
)

1
0

4
5

9
2

_
i_

a
t

1
7

2
6

0
�

3
.7

6
0

.2
�

1
.9

6
0

.3
�

3
.3

6
0

.2
0

.4
7

3
M

e
f2

c
M

y
o

c
y
te

e
n

h
a

n
c
e

r
fa

c
to

r
2

C
a

,
b

1
0

2
7

9
8

_
a

t
1

1
5

3
5

0
.9

6
0

.6
2

.4
6

0
.6

�
0

.3
6

0
.7

0
.4

4
4

A
d

m
A

d
re

n
o

m
e

d
u

lli
n

1
0

2
3

7
4

_
a

t
5

3
9

0
2

�
2

.9
6

0
.3

�
1

.0
6

0
.4

�
2

.2
6

0
.5

0
.4

2
5

D
s
c
r1

l2
D

o
w

n
s
y
n

d
ro

m
e

c
ri
tic

a
l

re
g

io
n

g
e

n
e

1
-l
ik

e
2

a
,

b

a
S

ig
n

a
l

lo
g

ra
tio
¼

L
O

G
2

(e
x
p

e
ri
m

e
n

ta
l

B
ru

c
e

lla
s
p

p
.

in
fe

c
te

d
s
ig

n
a

l/c
o

n
tr

o
l

u
n

in
fe

c
te

d
s
ig

n
a

l)
6

S
E

M
.

b
Id

e
n

tif
ie

d
b

y
a

d
d

iti
o

n
a

l
s
ta

tis
tic

a
l

a
n

a
ly

se
s
:

a
,

A
N

O
V

A
P
�

0
.0

1
;

b
,
¼

S
A

M
d

e
lta
¼

0
.0

5
;

c
,

B
.

a
b

o
rt

u
s

m
ic

ro
a

rr
a

y
s

(1
4

).

1462 COVERT ET AL

 at SAGE Publications on November 3, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


as upregulated in macrophages. For example, increased

expression of Socs3 was observed. Socs3 participates in a

negative feedback loop of cytokine signaling limiting the

extent of cytokine in innate and adaptive immune responses

(35). Also, IL-13R and Gadd45b were increased in

transcription suggesting regulation of activated macro-

phages. Transcription of Bcl2, Bat4 and Phlda1 that

participate in blocking apoptotic mechanisms was upregu-

lated. In agreement with this finding, smooth Brucella spp.

can protect against apoptosis (36), while engineered rough

Brucella spp. can induce apoptosis (37). Consequently, the

upregulation of genes that block apoptotic mechanisms may

oppose upregulated inflammatory genes to camouflage

immune recognition and produce a protective environment

for Brucella replication. Also, decreased transcript levels of

Psap (lysosomal catabolic enzyme), Sgip3 (clathrin medi-

ated endocytosis) and Mpeg1 (a perforin like protein) would

suggest that Brucella induces evasion strategies to protect its

intracellular niche. Others have suggested evasion strategies

such as Brucella altering host cell responses by shielding

PAMPs from Toll-like receptors (38) and LPS masking of

MHC molecules (39).

Of the macrophage genes commonly upregulated by all

Brucella species tested, first, eicosanoids are important in

mammalian repair (40). In macrophages infected with

Brucella we observed induction of eiconosoid Ptgs2, also

termed Cox2, encoding the cyclooxygenase 2 enzyme.

Eicosanoids are considered important in antigen presenta-

tion and in macrophage effector functions, and play an

important role in contributing to inflammation (40).

A second common inflammatory signal elicited by

Brucella infection of macrophages is Gadd45. Gadd45A is

an 18 kDa acidic nuclear protein involved in maintenance of

genomic stability, DNA repair, cell cycle checkpoints and

suppression of cell growth. Gadd45 is also a known stress

response gene with the ability to regulate MAP-kinase

signaling (41). Regulation of MAP-kinase signaling by

Gadd45 can affect response to extracellular stimuli and

regulate gene expression, mitosis, differentiation and cell

survival/apoptosis. GADD45A may therefore be expressed

as a stress response protein to inhibit macrophage growth

during Brucella infection.

A third common inflammatory signal elicited by

Brucella infection is an odorant binding protein. Odorant

binding proteins (OBPs) belong to the lipocalin family of

proteins involved in extracellular transport of hydrophobic

ligands. OBPs were originally identified in nasal mucus and

mucosa of insects and were proposed as molecular shuttles

between the air mucus interface and the olfactory receptor

binding sites. Their function in mammals is unknown, but

OBPs can bind odorants of diverse chemical structures with

a higher affinity for aldehydes and large fatty acids (42). In

Figure 2. Transcript level changes in select gens following Brucella spp. infection of RAW 264.7 (Panel A) or J774A.1 (Panel B) macrophages.
RT-PCR results confirm genes with increased A or C or decreased B or D transcript levels following infection of RAW 264.7 or J774A.1 cells,
respectively. Each RNA sample was normalized using Hprt transcript levels. Signal log ratios (SLR), a comparison of each infected sample to
uninfected control RAW 264.7 samples, were averaged from four independent RNA isolations and error bars represent the SEM.
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macrophages, OBPs may serve as chaperones for signaling

molecules.

Macrophage Transcriptome Response to B.
melitensis Differ from B. neotomae and B. ovis.
Macrophages infected with B. melitensis elicited a specific

response with altered transcription in twelve genes com-

pared to B. neotomae and B. ovis (H2) (Table 4, part A).

These genes provide insight into macrophage mechanisms

used by the various Brucella species to establish a

replicative niche. For example, two genes with established

function during inflammation, FccRI (43) and Cxcr4 (44),

have decreased expression in B. melitensis infected macro-

phages compared to B. neotomae and B. ovis infections.

FccRI (CD64) may be involved in regulating antigen

presentation by limiting additional phagocytosis and

committing the cell to present antigens of engulfed

pathogens (45). Decreased levels of FccRI may be

advantageous for bacteria by reducing downstream signal-

ing initiation, including antibody dependent cell mediated

cytotoxicity (ADCC) (46), production of reactive oxygen

and nitrogen species (47, 48), and increased phagocytosis

and cytokine secretion (49). Downregulation of Cxcr4
transcription in combination with Socs3 upregulation may

reduce macrophage chemotaxis, adhesion and other inflam-

matory responses (50, 51). Suppressing several immune

pathways initiated at the cell membrane, virulent Brucella
may secure an intracellular replicative niche.

Three other genes with decreased expression in

macrophages infected with B. melitensis compared to B.
neotomae and B. ovis (H2 hypothesis) are endopeptidase

inhibitors, cystatin C and serpina3c and the actin associated

protein encoded by Gas2. These natural peptidase inhibitors

may influence cell migration, chemotaxis, proliferation,

phagocytosis and respiratory burst (52–55). Interestingly,

the treatment of mice harboring Leishmania with cystatin

and a sub-optimal dose of IFN-c led to parasite clearance

and shifted the non-productive Th2 (type 2, humoral)

response towards a Th1 response (56). Nitric oxide (NO)

production (57) and phagosomal processing (55) are

mechanisms where these endopeptidase inhibitors act and

modulate intracellular infection. These same mechanisms

are vital to progression of Brucella spp. infection (58–60)

and exogenous modulation may provide the immunologic

boost necessary for pathogen clearance. Brucella spp. may

specifically alter the protease-inhibitor balance by bacterial

production of extracellular proteases and cleavage of host

endopeptidase inhibitors, similar to how Staphylococcus
aureus functions in accessing nutrients and facilitating

dissemination (61). Lastly, Gas2 was specifically down-

regulated in B. melitensis. GAS2-like protein 1 is an actin-

associated protein expressed at high levels in growth-

arrested macrophages (62). Inhibition of Gas2 transcription

may increase macrophage survival and growth, an advant-

age for Brucella spp. survival within an intracellular niche.

Eleven genes were altered in expression (Table 4, part

B) by B. melitensis and B. neotomae but not by B. ovis (H3).

These genes could not be grouped according to function, but

did categorize the Brucella spp. according to LPS type,

rough or smooth. While Brucella spp. uptake based on

smooth or rough phenotype did not affect transcript levels of

many inflammatory-related genes in our study (H1), LPS

may subtly affect transcription when comparing B. meli-
tensis and B. neotomae to B. ovis. Microarray analyses of

macrophages responding to various bacteria indicate that an

early response to infection parallels the response to LPS

alone and is conserved across bacterial genera (63–65). For

example, macrophage response to Salmonella versus

purified Salmonella LPS is similar (64). However, Brucella
LPS induces a 100-fold less stimulation of macrophages

than enterobacterial LPS (2, 66), and may have less effect

on macrophage transcription.

Cytochrome P450 4a10 (Cyp4a10) and protein kinase
C-a (Prkca) may provide insight into intracellular pathways

that differ between Brucella species (H3) (Table 4, part B).

A wide variety of bacterial and parasitic infections depress

expression of cytochrome P450 (67), a gene important in

detoxification (68). Cyp4a10 can enhance oxidative stress,

through production of reactive oxygen species and reactive

nitrogen species (69); therefore, decreased transcription

induced by bacteria with smooth LPS could protect

intracellular Brucella from innate killing mechanisms.

Another gene with oxidative related functions, Prkca, has

decreased transcript levels in the infected macrophage.

Prkca is important in regulating phagosome-lysosome

fusion (70), intracellular vesicle regulation (71) and

generation of reactive oxygen species (72), events that

may be regulated differently by diverse Brucella spp.

Constitutive knock down of Pkrca during intracellular

infection with Legionella, Leishmania and Salmonella (48,

73) leads to increased pathogen survival, likely through

suppression of host respiratory burst. Downregulation of

Cyp4a10 and Prkca pathways may prevent additional

oxidative stress in the macrophage during smooth Brucella

Figure 3. Induction of TNFa by the B. melitensis in BMDMs from
C57BL/6 mice. Cytokine levels were assayed from supernatants of B.
melitensis 16M infected or medium alone bone-marrow derived
macrophages (BMDMs). BMDMs were cultured 5–7 days pre-
infection. Cytokines were measured in pg/mL by ELISA at 12 hr
post-infection. Data are from 7 mice/experiment.
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spp. infection, while Brucella spp. production of Cu, Zn

superoxide dismutase (SodC) protects Brucella from

oxidative damage (74). These results suggest that down-

regulation of Cyp4a10 and Pkrca may shift the macrophage

toward a less hostile intracellular environment for Brucella.

Finally altered transcription was identified when B.
melitensis and B. ovis were considered dissimilar from B.
neotomae (H4). Nine of ten genes had decreased transcript

levels in B. neotomae infection compared to the other

Brucella spp., the most important examples being IL-1a,

Abcd2 and mef2c. B. neotomae may moderate the IL-1a
transcription earlier or through alternative stimulation.

Abcd2 knock down has been correlated with oxidative

stress or tissue damage (75) and abnormalities in mitochon-

dria, Golgi and endoplasmic reticulum of host cells (76).

The importance of Abcd transporters is reinforced by

decreased transcript levels of other Abcd family members

during Brucella infection (9, 77). Lastly, the alteration of

mef2c expression suggests that B. neotomae infection may

render RAW 264.7 macrophages more susceptible to

activation-induced cell death (78) than B. melitensis or B.
ovis infections. When compared to B. melitensis and B. ovis,

B. neotomae infected macrophages appeared to have

decreased immuno-stimulatory capability resulting in re-

duced oxidative stress and increased susceptibility to cell

death.

Brucella infection of RAW 264.7 and J774A.1 macro-

phage cell lines resulted in similar results. While RAW

264.7 and J774A.1 cells are macrophage-like in lysozyme

secretion (79), phagocytosis of particles, response to LPS

stimulus (80) and activation state (81), differences do exist

in the abilities of these cells to mediate cytolytic activity

(81), synthesize nitrite and nitrate (80), and potentially other

macrophage trafficking and defense mechanisms. Our

microarray results were supported by similar transcription

profiles between these Brucella infected macrophage cell

lines. However, internalization of smooth Brucella by

phagocytic macrophages occurs faster than by nonphago-

cytic cells such as trophoblasts (82) and may contribute to

differences in microarray results between phagocytic and

nonphagocytic cells. Ultimately, individual genes of interest

must be further investigated for influence on Brucella spp.

infections. In conclusion, the present study evaluated the

macrophage transcriptome altered during B. melitensis, B.
neotomae and B. ovis infections. Common changes in gene

expression were observed among Brucella spp. infected

macrophages suggesting similar innate immune mechanisms

by macrophages when responding to different Brucella
species. These changes were related to increased chemo-

kine, alteration in cytokine signals and defense responses.

Also, these three Brucella spp. induced decreased tran-

scription of select genes, suggesting that repressed tran-

scription may result from pathogen-specific manipulations.

Further, a subset of macrophage genes was differentially

altered based on a particular Brucella species that may

reflect the differing intracellular survival abilities of each

Brucella species. Microarray analysis of host transcription

provides a foundation to understand variations in Brucella
spp. infection of mice. Future studies will reveal variations

in the intracellular survival strategies used by different

Brucella spp. by evaluating the contribution of individual

host genes during infection.
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