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Brucella spp. are intracellular bacteria that cause an infectious disease called brucellosis in humans and
many domestic and wildlife animals. B. suis primarily infects pigs and is pathogenic to humans. The mac-
rophage-Brucella interaction is critical for the establishment of a chronic Brucella infection. Our studies showed
that smooth virulent B. suis strain 1330 (S1330) prevented programmed cell death of infected macrophages and
rough attenuated B. suis strain VI'RS1 (a vaccine candidate) induced strong macrophage cell death. To further
investigate the mechanism of VIRS1-induced macrophage cell death, microarrays were used to analyze
temporal transcriptional responses of murine macrophage-like J774.A1 cells infected with S1330 or VTRS1. In
total 17,685 probe sets were significantly regulated based on the effects of strain, time and their interactions.
A miniTUBA dynamic Bayesian network analysis predicted that VTRS1-induced macrophage cell death was
mediated by a proinflammatory gene (the tumor necrosis factor alpha [TNF-«] gene), an NF-kB pathway gene
(the IxB-« gene), the caspase-2 gene, and several other genes. VI'RS1 induced significantly higher levels of
transcription of 40 proinflammatory genes than S1330. A Mann-Whitney U test confirmed the proinflammatory
response in VIRS1-infected macrophages. Increased production of TNF-a and interleukin 13 (IL-1f3) were
also detected in the supernatants in VI'RS1-infected macrophage cell culture. Hyperphosphorylation of IxB-a
was observed in macrophages infected with VIRS1 but not S1330. The important roles of TNF-a and IkB-a
in VITRS1-induced macrophage cell death were further confirmed by individual inhibition studies. VTRS1-
induced macrophage cell death was significantly inhibited by a caspase-2 inhibitor but not a caspase-1
inhibitor. The role of caspase-2 in regulating the programmed cell death of VTRS1-infected macrophages was
confirmed in another study using caspase-2-knockout mice. In summary, VI'RS1 induces a proinflammatory,
caspase-2- and NF-kB-mediated macrophage cell death. This unique cell death differs from apoptosis, which

is not proinflammatory. It is also different from classical pyroptosis, which is caspase-1 mediated.

Brucella spp. are facultative, intracellular, Gram-negative
bacteria that cause a zoonotic disease called brucellosis in
swine, cattle, other animals, and humans. Human brucellosis
remains the most common zoonotic discase worldwide, with
more than 500,000 new cases reported annually (28). B. suis is
the main causative agent of brucellosis in swine and humans
(28). Brucella enters and replicates efficiently in a variety of
cells, including macrophages, epithelial cells, dendritic cells,
and trophoblasts (34). Interaction between Brucella and mac-
rophages is critical for the establishment of a chronic infection.
The virulence of Brucella relies on its ability to survive and
replicate in the vacuolar compartments of macrophages (18).
In contrast, many rough derivatives of B. suis, B. abortus, and
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B. melitensis, which are deficient in the O antigen (or O side
chain) associated with lipopolysaccharide (LPS), cannot sur-
vive inside macrophages and hence are attenuated (11, 33).

While smooth virulent Brucella strains inhibit programmed
macrophage cell death (17, 18), many rough Brucella strains
are cytotoxic to macrophages and induce macrophage cell
death (7, 11, 14, 30, 32). Freeman et al. first reported that
rough Brucella induced cytopathic cell death (14). Different
types of cell death induced by rough Brucella were also de-
scribed in the past decade. Fernandez-Prada et al. demon-
strated that a mutant rough B. melitensis strain, WRRS51, in-
duced apoptosis in human monocytes (11). Pei et al. reported
that rough B. abortus mutants induced necrosis (30) and on-
cosis (32) of infected macrophages. We recently showed that
rough B. abortus strains RA1 and RB51 induced caspase-2-
mediated, caspase-1-independent apoptosis and necrosis of
macrophages (7).

A proinflammatory response occurs frequently in patho-
gen-induced programmed cell death. Pyroptosis is a
caspase-1-mediated proinflammatory cell death. Pyroptosis
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can be induced by several bacterial pathogens, including
Salmonella typhimurium, Shigella flexneri, and Legionella
pneumophila (5). Necrosis is also often inflammatory and
considered a common end of many types of cell death (e.g.,
oncosis) (13). Proinflammatory responses in Brucella-in-
fected host cells were also studied (2, 6, 9, 18, 27). For
example, microarray studies revealed that the transcrip-
tional levels of many proinflammatory genes were upregu-
lated in murine macrophages infected with smooth B. abor-
tus strain 2308 (9) or smooth B. melitensis strain 16M at 4 h
postinfection (18). However, in these cases, many other
proinflammatory genes were also downregulated. In B. abor-
tus strain 2308-infected trophoblastic cells (6), proinflammatory
responses were also suppressed at the early stage of infection and
followed by a delayed and mild expression of proinflammatory
chemokines (6). In general, smooth virulent Brucella behaves as a
furtive pathogen that circumvents killing via a dramatically sub-
dued proinflammatory response (2).

A Bayesian network (BN) is a probabilistic graphical model
that represents a set of random variables and their conditional
independences via a directed acyclic graph. BN analysis is a
powerful approach for identifying causal or apparently causal
patterns in gene expression data (15). A Bayesian network can
model linear, nonlinear, combinatorial, stochastic, and other
types of relationships among variables across multiple levels of
biological organizations (40). Capturing such relationships by
using standard bioinformatics tools (e.g., clustering) is difficult.
BN algorithms are also capable of handling noisy data found in
biological experiments and easily incorporating prior knowl-
edge during modeling to enhance the predictive power of the
model. These properties make it possible to infer causal effects
that would otherwise be undetectable if only microarray data
or other small sets of experimental data are available. Re-
cently, this laboratory has developed miniTUBA (39), a pro-
gram that provides a generic Web-version tool to allow clinical
and biomedical researchers to perform dynamic Bayesian net-
work (DBN) analysis using temporal data sets.

We hypothesized that the mechanism of rough Brucella-
induced macrophage cell death would be more specifically
identified by systemic microarray analysis and experimental
verification. In this report, we applied Affymetrix microarrays
and miniTUBA DBN analysis to investigate molecular factors
that regulate programmed macrophage cell death induced by
rough attenuated B. suis strain VIRSI but not by smooth
virulent B. suis strain 1330 (S1330) (38). Our initial DBN
microarray data modeling suggests that proinflammatory tu-
mor necrosis factor alpha (TNF-a), caspase-2, and NF-«B
genes among many other genes play critical roles in VITRS1-
induced macrophage cell death. A further analysis indicated
that proinflammatory genes were dramatically upregulated
during infection with the VTRS1 vaccine candidate strain. A
Mann-Whitney U test was used to support the concept that
proinflammatory genes are regulated in the microarray signif-
icantly more frequently than by chance. The predicted roles of
TNF-a, caspase-2, and NF-kB in regulating the cell death were
further verified experimentally. The unique caspase-2-medi-
ated proinflammatory cell death induced by VTRSI differs
from classical apoptosis and pyroptosis.
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MATERIALS AND METHODS

Brucella strains and macrophages. B. suis strains S1330 and VTRS1 were from
Gerhardt Schurig’s laboratory at the Virginia Polytechnic Institute and State
University (Virginia Tech). VTRSI is a mutant of B. Suis 2579 with wboA
interrupted by a Tn5 kanamycin resistance gene. VIRSI is a B. suis vaccine
candidate that induces protection against a smooth virulent Brucella challenge in
mice (38). Both strains were grown either in tryptic soy broth (TSB) or on tryptic
soy agar (TSA) plates. The J774.A1 macrophage cell line (ATCC, Manassas,
VA) was cultured at 37°C with 5% CO, in complete tissue culture medium
(c-DMEM) consisting of Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum (Invitrogen). Bone
marrow-derived macrophages (BMDM) were collected from C57 mice and
caspase-2-deficient C57 mice (a gift from Junying Yuan at Harvard University
[4]) and kept in RPMI 1640 medium (Invitrogen) with 10% heat-inactivated fetal
bovine serum and 15% L cell medium.

Macrophage infection and survival assays. J774.A1 macrophages or BMDM
were seeded in 24-well plates at a concentration of 2.5 X 10° per well and
incubated overnight. The macrophages were infected with S1330 or VTRSI1 in
triplicate at a multiplicity of infection (MOI) of 20, 200, or 2,000. The plates were
centrifuged for 5 min at 300 X g and then incubated at 37°C for 1 h. For caspase
inhibition studies, a caspase inhibitor sample pack (R&D Systems Inc., Minne-
apolis, MN) was used. The kit contains a pancaspase inhibitor (Z-VAD-FMK)
and nine specific caspase inhibitors for inhibition of caspase-1 (Z-WEHD-FMK),
caspase-2 (Z-VDVAD-FMK), caspase-3 (Z-DEVD-FMK), caspase-4 (Z-
YVAD-FMK), caspase-6 (Z-VEID-FMK), caspase-8 (Z-IETD-FMK), caspase-9
(Z-LEHD-FMK), caspase-10 (Z-AEVD-FMK), and caspase-13 (Z-LEED-
FMK). Each caspase inhibitor (20 pM) was used to pretreat J774.A1 macro-
phages or BMDM at 1 h prior to Brucella infection and was maintained through
the entire experiment. For the NF-kB study, a specific IkB-a phosphorylation
inhibitor (Bay 11-8071; 8 uM) (Sigma) was added to the J774.A1 macrophage
culture medium 30 min prior to infection and was maintained during the infec-
tion (1 h). For the TNF-a pathway study, macrophages were incubated with
monoclonal anti-TNF-a antibody (Biovision) at 20 wg/ml for 30 min prior to
infection and through the entire experiment. The cells were then washed three
times with Dulbecco’s phosphate-buffered saline and treated with 50 pg/ml
gentamicin to kill extracellular Brucella. Infected macrophages were then lysed
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) at 1, 2, 4, 8, 24, and
48 h postinfection. The viable CFU were determined using a standard protocol
after plating a series of 1:10 dilutions of the lysed cells on TSA plates.

Determination of Brucella-induced cytopathic cell death. Macrophages cul-
tured in 24-well plates were infected with S1330 or VTRSI in triplicate wells as
described above. The culture supernatants were collected at 0, 1, 2, 4, 8, 24, and
48 h, respectively, and were stored at —20°C. The lactate dehydrogenase (LDH)
released to the culture medium was determined using a CytoTox 96 nonradio-
active cytotoxicity assay kit (Promega, Madison, WI). Brucella-induced macro-
phage cell death was further analyzed by using an annexin V-FLUOS staining kit
(Roche Diagnostics Corporation, Indianapolis, IN). The images were docu-
mented with an RT Slide Spot digital camera and analyzed with Qcapture Pro
software (QImaging, Canada). Annexin V- and/or propidium iodide (PI)-positive
cells were counted in representative fields containing at least 200 live or dead
cells. Gliotoxin (Sigma-Aldrich Chemical, St. Louis, MO)-treated (0.1 nM) cells
were employed as a positive control for apoptotic cell death, and #-butyl-hy-
droperoxide (TBH) (Sigma-Aldrich Chemical, St. Louis, MO)-treated (100 nM)
cells were used as a positive control for necrotic cell death.

Total RNA isolation. J774.A1 macrophages were plated in T75 cell culture
flasks at 8 X 10° cells per flask 1 day prior to infection and then infected with B.
suis $1330 or VTRS1 at an MOI of 200. Total RNAs were isolated by TRIzol and
further purified by using the RNeasy minikit (Qiagen, Valencia, CA) at 0, 1, 2,
4, 8, 24, and 48 h postinfection. The RNA samples were stored at —80°C until an
Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA) was used to
assess the concentrations and quality of RNA samples.

Microarray experiment and data analysis. Total RNA (20 pg) per sample was
used for hybridization with the Affymetrix mouse GeneChip 430 2.0 array at the
Core Laboratory Facility at the Virginia Bioinformatics Institute (VBI). Prepa-
ration of cDNA, hybridization, quality controls, and scanning of the GeneChip
430 2.0 arrays were performed according to the manufacturer’s protocol (Af-
fymetrix, Santa Clara, CA) (18). For the probe sets that passed the present/
absent filtering criterion, robust multiarray (RMA) normalization was performed
(21). LIMMA (linear models for microarray data) was used to analyze up- or
downregulated genes (37).

After fitting the LIMMA models, we applied an empirical Bayes smoothing
method (R function eBayes) on the estimated parameters and their standard
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errors to get the moderated F statistics. Then, the moderated F statistics were
used to determine any effects of strain, time, or possible interaction between
strain and time. Time was handled as a categorical variable with seven levels (0,
1,2,4,8,24, and 48 h). We tested the overall strain effect for all seven time points
simultaneously instead of testing strain effect conditional on individual time
points. The difference between the inflammatory and noninflammatory genes as
manifested through their overall effect was analyzed by a Mann-Whitney U test
(i.e., Wilcoxon rank sum test) (36). The robust Mann-Whitney U test is a
nonparametric test method without any distribution-related assumptions. The
null hypothesis of this test was that there is no difference between the distribu-
tions of P values (from each effect) of inflammatory genes and noninflammatory
genes. The input values for the Mann-Whitney U test are the P values associated
with the moderated F statistics (estimated from the LIMMA models with em-
pirical Bayes smoothing). For this test, the groups of inflammatory and nonin-
flammatory genes were chosen based on a priori knowledge from the Gene
Ontology (GO) annotation (1). To further demonstrate that the behavior of the
inflammatory genes as a group was different from the remaining genes, a per-
mutation method was implemented. Specifically, the same number of genes
(equal to the number of inflammatory genes) was randomly selected from the
whole gene pool without replacement and treated as inflammatory genes, with
the rest to be treated as noninflammatory genes, and the Mann-Whitney U test
was then recalculated. This procedure was repeated 10,000 times. A P value was
obtained by calculating the proportion of shuffled test statistics that are greater
than the observed one.

Cell death-associated genes were determined by using the GO annotation (1).
Those genes that are related to cell death and significantly regulated were used
for Bayesian network analysis with an internally developed software program,
miniTUBA (39). In total, 83 genes were included in the DBN analysis. With two
additional variables based on prior knowledge, 85 variables were used for the
miniTUBA DBN analysis modeling.

For the miniTUBA analysis, the transcriptional data at the time points O h, 1 h,
2 h, 4 h, and 8 h postinfection were used for the simulation. The triplicates were
included as replicates in the analysis. The Markov lag was set as 1 h. The spline
fitting was used to fill in the missing data at the time points 3h, 5h, 6 h,and 7 h
(39). The data at 24 h and 48 h were not used, since their use would require filling
in too many missing time points and make the DBN analysis unreliable. The
DBN analysis design was considered optimal after different trials and expert
examination of predicted results. Data were discretized into three bins based on
the quartiles for analysis using DBN. Specifically, the gene expression values of
each gene across all included microarray chips were separated into three bins
(low, medium, and high), each bin containing one-third of the values. The two
manually generated variables were “Brucella_Rough” (i.e., rough or smooth
Brucella strain) and “Macrophage_Death” (i.e., live or dead macrophages), rep-
resenting the bacterium strains and the cell death phenotypes. The variable
“Brucella_Rough” had three values (0 for no Brucella control, 1 for smooth
Brucella strain 1330, and 2 for rough Brucella strain VTRS1). The variable
“Macrophage_Death” also had three values: 0 for no observed cell death and 1
and 2 for two different levels of macrophages cell death. Based on our experi-
mental data, level 1 of “Macrophage_Death” means a low level of cell death that
occurred at 3, 4, and 5 h postinfection with VIRSI, and level 2 represents a
higher level of cell death at 6, 7, and 8 h postinfection. Smooth strain 1330 does
not induce any cell death within these time points. The variable “Brucella-
_Rough” was set to have no parent, since no other variable can be pointed to this
variable. The variable “Macrophage_Death” was set to have no child, indicating
that this variable cannot point to any other variable. In total, 16 DBN runs were
performed using 16 computer nodes, and each run took 1 h. After the miniTUBA
DBN simulations, the top network was selected for analysis. File S1 in the
supplemental material contains the raw data for the miniTUBA DBN analysis.

Detection of cytokines in infected macrophages. The levels of TNF-a and
interleukin 13 (IL-1B) contained in collected culture supernatants were deter-
mined by using a sandwich enzyme-linked immunosorbent assay (ELISA) (Bio-
Legend, CA) according to the manufacturer’s instructions.

Determination of IkB-a phosphorylation. J774.A1 macrophages were cul-
tured in six-well plates at 1 X 10° per well and infected with B. suis S1330 or
VTRS1 at an MOI of 200 as described above. The macrophages were lysed with
Celytic M cell lysis reagent (Sigma) with 1% protease inhibitor cocktail (Sigma)
and 1% Halt phosphatase inhibitor (Thermo Scientific). Cell lysis (30 pg per
sample) was subjected to PAGE on 10% Tris-HCI precast gels (Bio-Rad) and
transferred onto Immobilon-P membranes (Millipore). The membranes were
probed overnight at 4°C with mouse anti-IkB-a, mouse anti-phospho-IkB-a
(Ser32/36) (Cell Signaling, CA), or rabbit anti-B-actin (Biovision, CA) antibod-
ies. The membranes were then incubated with either goat anti-rabbit IgG or goat
anti-mouse IgG conjugated with horseradish peroxidase (HRP) (Biovision, CA)
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at room temperature for 1 h and visualized by using an ECL Western blotting
substrate (Pierce). The bands were quantified by densitometry and normalized to
the B-actin expression.

To further test the role of NF-kB in VTRS1-induced macrophage cell death,
the macrophages were pretreated with Bay 11-7082 at 8 uM for 1 h before
VTRSI infection, and the level of macrophage cell death was further analyzed as
described above.

Statistical analysis of nonmicroarray experimental data. Student’s ¢ test in
Microsoft Excel was used for basic statistical analysis of experimental results that
were not derived from the microarray study.

Microarray data accession number. Microarray data were deposited in the
GEO database under accession number GSE21117.

RESULTS

Survival patterns of B. suis S1330 and VIRS1 in J774.A1
macrophages. Our studies demonstrated that S1330 and
VTRSI1 exhibited different kinetic patterns of survival inside
J774.A macrophages (Fig. 1). The majority (approximately
90%) of phagocytosed S1330 brucellae were killed at 24 h
postinfection, and this was followed by a rapid replication of
surviving bacteria. This kinetic growth is consistent with the
two-phase survival pattern of smooth virulent Brucella shown
in earlier reports (18). In contrast, rough VTRS1 did not rep-
licate after a slight increase in the count of live bacteria at 8 h
postinfection. At 72 h postinfection, only 1% of the initial
phagocytosed VTRSI1 brucellae were recoverable (Fig. 1A).

VTRS1 but not S1330 cells induced macrophage cell death.
The death of Brucella-infected J774.A1 macrophages was an-
alyzed by annexin V (green) and propidium iodide (PI; red)
staining. Annexin V detects translocation of phosphatidylser-
ine from the inner cell membrane to the outer cell membrane
of cells typically at the early stage of apoptosis. PI stains the
DNA of necrotic cells and/or cells at the late stage of apopto-
sis. VTRS1 induced cell death with positive annexin V and/or
PI staining in over 70% macrophages 24 h postinfection, while
S1330 did not (Fig. 1B).

The LDH release assay was also used to determine the
general cytotoxicity in macrophages infected with different
Brucella strains (Fig. 1C). The LDH released from VTRSI1-
infected macrophages increased to 71.9% = 1.3% over the
uninfected macrophages at 24 h postinfection. No significant
LDH release was detected from uninfected and S1330-infected
macrophages (Fig. 1C). These results further confirmed that
rough VTRSI induces macrophage cell death, while smooth
S1330 does not.

Virulent Brucella strains use a stealthy strategy to avoid
activation of the innate immune system during the onset of
infection (2). Virulent S1330 induced minimal cell death in
infected bone marrow-derived macrophages at 24 h postinfec-
tion with an MOI of 200 or 2,000 (Table 1). No cell death was
observed with a lower MOI or less time. In contrast, rough
attenuated VTRSI induced strong macrophage cell death that
was time and dose dependent (Table 1). At 4 h postinfection,
18% = 2.0% of infected macrophages underwent either apop-
totic or necrotic cell death at an MOI of 20. The level of cell
death significantly increased with increased MOIs and times of
infection. For example, at 24 h postinfection with VTRS1 at an
MOI of 200, 79.7% = 3.4% of infected macrophages demon-
strated programmed cell death (Table 1). Similar to many
previous reports (7, 30), our experiments typically used the
MOI of 200 for Brucella infections. When the MOI increased
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FIG. 1. Brucella growth inside macrophages and macrophage cell
death. (A) Growth kinetics of B. suis S1330 and VTRSI inside mac-
rophages. (B) Annexin V and PI staining of normal, S1330-infected, or
VTRS1-infected J774.A1 macrophages. VTRSI induced obvious mac-
rophage cell death at an MOI of 200 at 24 h postinfection. (C) LDH
release from S1330- or VTRSI1-infected macrophages. The data are
represented as the means * standard deviations from three indepen-
dent experiments.

to a saturated level of 2,000, VTRSI induced high level of cell
death even at 4 h postinfection. This kinetic cell death pattern
is consistent with the cell death induced by rough attenuated
and smooth virulent B. abortus strains (7).

An Affymetrix microarray was further conducted to study
transcriptional gene responses in macrophages infected with
VTRSI1 and S1330. To compare the responses of macrophages
infected with wild-type smooth Brucella or rough mutants, the
most widely used method is to use the same MOIs (23, 33, 42).
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For example, Jimenez de Bagues et al. compared the TNF-«a
and nitric oxide productions in J774.A1 murine macrophages
infected with smoother or rough B. suis or B. melitensis strains
with the same MOI of 40 (23). Rittig et al. studied intracellular
trafficking and cytokine/chemokine release in human mono-
cytes infected with smooth or rough Brucella strains with an
MOI of 500 (33). Since macrophages phagocytose more rough
brucellae than smooth brucellae (Fig. 1) (7), another way to
compare macrophage responses to rough and smooth brucel-
lae is to use differential MOIs (roughly 10-fold difference) for
the initial infection to achieve the same Brucella cells taken up
by macrophages. However, this method ignores the potential
influence of extracellular brucellae on the macrophage re-
sponses (e.g., Toll-like receptor 4 [TLR4] activation) (31).
Those brucellae outside macrophages may interact with the
macrophage cell surface proteins or other factors and trigger
active macrophage responses. Therefore, in our microarray
experiment, we chose to infect J774.A1 macrophages with
VTRSI1 and S1330 at the same MOI of 200.

Differential gene profiles in macrophages infected with
smooth and rough B. suis. Our microarray data are available
from the GEO database (http:/www.ncbi.nlm.nih.gov/geo/)
(see above). Of a total of 45,101 probe sets, 19,028 probe sets
lacked gene expression on all chips and therefore were filtered
out. The remaining 26,073 probe sets were normalized using
RMA and analyzed using LIMMA as described in Materials
and Methods. A total of 17,685 probe sets were significantly
regulated (P value < 0.05). Among these, 10,556 sets were
significantly regulated with strain, time, and interaction effects
(see Fig. S1 in the supplemental material). The other 7,129
probe sets were significantly regulated with one or two of the
strain, time, and interaction effects. The results indicate that
the majority of the genes were significantly regulated by all
three effects. The cell death-related genes from these 17,685
probe sets were obtained from the Gene Ontology (GO) an-
notation (1) and used for further analysis based on a dynamic
Bayesian network (BN) method.

Dynamic Bayesian network analysis predicts critical genes
associated with VIRS1-induced macrophage cell death. De-
lineating the interactions between S1330 or VITRSI and genes
in the complex programmed cell death pathways is critical to
the understanding of Brucella pathogenesis. The potential in-
teractions were analyzed by the miniTUBA BN analysis. In our
analysis, we generated two new parameters. The variable “Bru-

TABLE 1. Kinetic analysis of B. suis-induced
macrophage cell death

Staining result”

MOI hpi®
VTRS1 S1330
2,000 4 ++++ -
24 +4+++ +
200 4 +++ -
24 ++++ +
20 4 + -
24 +++ -

“ hpi, hours postinfection.

b Results of annexin V and/or PI staining of macrophages infected with indi-
cated bacteria. ++++, 75 to 100% positive; +++, 50 to 75% positive; ++, 25
to 50% positive; +, 5 to 20% positive; =, <5% positive; —, no positive staining.
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Brucella_Rough

Macrophage_Death

FIG. 2. A portion of the miniTUBA-predicted top Bayesian net-
work. The names include genes and two manually generated variables.
Each arrow represents a predicted direct influence from one variable
to another variable. The whole network is shown in Fig. S2 in the
supplemental material.

cella_Rough” has three values, reflecting the infections with
two Brucella strains (S1330 and VTRS1) and no infection (con-
trol). The variable “Macrophage_Death” also has three values,
indicating different levels of live or dead macrophages infected
by these two Brucella strains as described in Materials and
Methods. The three-value discretization for this new variable is
based on our prior experimental observation that 10 to 20% of
VTRS1-infected macrophages underwent cell death at 3to 5 h
postinfection, and an increased number, 20 to 40% of macro-
phages, underwent cell death at 6 to 8 h postinfection. The
prior experimental observation came from our independent
experimental studies using the standard PI/annexin V staining
method and LDH release assay. This prior knowledge added
into the modeling allowed us to focus on a DBN to specifically
address which genes regulate the macrophage cell death and
how they interact in the regulatory pathway. Brucella infection
serves as the entry point for the network analysis, and macro-
phage cell death serves as the terminus point.

Figure 2 shows a portion of the predicted top network from
our miniTUBA DBN modeling. The whole network is shown
in Fig. S2 in the supplemental material. Most of the 10
genes shown in Fig. 2 are directly associated with Macro-
phage Death. Casp2 (caspase-2) and its parent node, Nfkb2,
are included to demonstrate that Casp2 is not directly associ-
ated with the cell death. All the interactions shown in Fig. 2 are
conserved in the top 8 networks. These 10 genes could be
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divided into four different groups: (i) genes related to proin-
flammatory response, including the TNF-o, IL-1B, and Irak2
genes, (ii) genes in the NF-kB pathway, containing Nkkb2 and
Nfkbia (NF-«B inhibitor alpha, also known as IkB-a) genes,
(iii) caspase genes, including those for caspase-1, -2, and -7,
and (iv) two other genes, encoding BirC4 (baculoviral IAP
repeat-containing 4) and Atm (ataxia telangiectasia mutated).
BirC4 is an inhibitor of apoptosis and also called XIAP (X-
linked inhibitor of apoptosis). Atm belongs to the phosphati-
dylinositol 3/4-kinase family and is activated by DNA damage.
These potential interactions prompted the further studies on
the roles of TNF-a, IkB-a, and caspase-2 in VTRS1-induced
macrophage cell death.

It is noted that we did not preselect inflammatory genes in
our DBN analysis. Many inflammatory genes (e.g., the TNF-a
gene) were identified by our DBN analysis (Fig. 2) because
these cell death-related genes are also inflammatory genes.

VTRS1-induced macrophage cell death was proinflamma-
tory. A set of 134 probes (92 genes) in the Affymetrix array is
related to the inflammatory response. Among this set, 40 genes
yielded significantly different expression profiles with strain,
time, or interaction effects after Bonferroni’s adjustment for
the multiplicity testing (Fig. 3). The averaged expression pro-
files of the 40 inflammatory genes for each strain across time
(Fig. 3A) indicated that VTRS1 induced a strong proinflam-
matory response that peaked at 8 h postinfection and remained
high within the following 2 days. For example, the transcrip-
tional level of TNF increased 40-fold in rough VTRS1-infected
macrophages, compared to a 7-fold increase in smooth S1330-
infected macrophages (Fig. 3B), at 4 h postinfection. However,
S1330 induced only a slightly increased proinflammatory re-
sponse within the first few hours and returned to approxi-
mately normal at 48 h postinfection.

The comparisons of the empirical distributions of the P
values between the inflammatory and noninflammatory probe
sets for all three effects (strain, time, and their interaction)
were further evaluated by the Mann-Whitney U test (Fig. 4).
These gene lists were defined by the GO annotation and are
independent from the microarray data (35). We tested the null
hypothesis that the distribution functions of gene expression
measurements between these two groups were the same by
using the Mann-Whitney U test. We chose the Mann-Whitney
U test because of its nonparametric nature. The P value was
based on the null distribution. A permutation test was further
conducted to confirm the conclusion (10). Out of 10,000 per-
mutations, the P values were all zero for three effects (which
means P values of <0.0001). It is clearly seen from the figure
that for each effect, inflammatory probe sets have significantly
smaller P values than the noninflammatory probe sets, indicat-
ing that the inflammatory genes are more differentiable than
noninflammatory genes in terms of all three effects (strain,
time, and their interaction). These results are consistent with
the inflammatory gene expression profiling shown in Fig. 3.
Therefore, Brucella-induced macrophage cell death is a proin-
flammatory response that is dependent on strain and time.

The proinflammatory responses were further confirmed at
the protein level. VTRS1-infected macrophages secreted more
TNF-a (an approximately 100-fold increase at 4 h postinfec-
tion) and IL-1B (an approximately 3-fold increase at 24 h
postinfection) than uninfected cells (Fig. 5A and B). S1330-
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FIG. 3. Significantly increased proinflammatory gene responses in-
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nificantly regulated inflammatory genes across different time points for
two Brucella strains. (B) Heat map of these 40 significantly regulated
inflammatory genes for two Brucella strains.

infected macrophages produced less-increased TNF-a (an ap-
proximately 30-fold increase at 4 h postinfection) and IL-1B
(an approximately 1.1-fold increase at 24 h postinfection).

To determine the role of proinflammatory cytokine TNF-a
in VTRS1-induced macrophage cell death, an antibody specific
to TNF-a was used to block its function in macrophages prior
to Brucella infection. At 24 h postinfection, a 26% decrease in
VTRS1-induced cell death was observed due to this antibody
treatment (Fig. 5C).

VTRS1-induced macrophage cell death was partially medi-
ated by the NF-kB pathway. The activation of the NF-xB
pathway was determined by the hyperphosphorylation of
IkB-a (24). Elevated levels of the phosphorylated IkB-a were
found in VTRSI1-infected J774.A1 macrophages at different
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time points (30 min to 4 h postinfection) (Fig. 6A). S1330
infection induced much weaker IkB-a phosphorylation than
VTRSI infection.

To further test if NF-kB activation regulates VITRSI1-in-
duced macrophage cell death, Bay 11-7082 (12), a specific
IkB-a phosphorylation inhibitor, was used to inhibit the acti-
vation of NF-kB pathway in Brucella-infected macrophages.
Pretreatment with Bay 11-7082 at 8 pM reduced VTRSI1-
induced macrophage cell death by 54% at 24 h postinfection (P
value < 0.001) (Fig. 6B). These results indicate that the NF-xB
pathway activation is critical in the induction of VTRSI1-in-
duced macrophage cell death.

VTRS1-induced macrophage cell death was mediated by
caspase-2. Out of all caspases, the transcriptional levels of
caspase-1, -2, -3, -4, -7, and -8 were differentially regulated in
macrophages infected with S1330 or VITRS1 based on our
microarray study (Fig. 7). VTRS1 induced much higher levels
of caspase-1, -4, and -8 at 2 h or 4 h postinfection. The tran-
scription of caspase-3 was significantly decreased at 8 h postin-
fection and increased afterwards in both VITRSI1- and S1330-
infected macrophages. Caspase-7 was not dramatically
differentially regulated in Brucella-infected macrophages ex-
cept that its transcription was mildly downregulated at 8 h and
48 h postinfection in VTRS1-infected macrophages. The tran-
scription of caspase-2 changed only slightly in S1330-infected
macrophages at any of the seven time points postinfection. In
VRSl1-infected macrophages, the caspase-2 transcription
showed a dramatic decrease by 4 h postinfection followed by
stable low expression at later time points.

To systematically study how different caspases regulated
Brucella-induced macrophage cell death, a panel of caspase
inhibitors were used to treat macrophages prior to Brucella
infections (Fig. 8). An inhibitor of pancaspase, caspase-3/7,
caspase-4, or caspase-8 stimulated minor inhibition of VTRS1-
induced macrophage cell death. In contrast, the rough Brucel-
la-induced macrophage cell death was dramatically inhibited
by a caspase-2 inhibitor. In contrast to the high cell death rate
(779% = 5.7%) in VTRSIl-infected macrophages with any
inhibitor treatment, only 14% = 2.5% macrophages died in
caspase-2 inhibitor-treated macrophages. It is interesting that a
caspase-1 inhibitor did not affect VTRS1-infected macrophage
cell death, though the transcription of caspase-1 in VITRSI1-
infected macrophages was significantly upregulated at 8 h
postinfection (Fig. 7).

To further confirm the regulatory role of caspase-2 in
VTRS1-induced macrophage cell death, BMDM isolated from
a caspase-2-deficient mouse were infected with either VIRS1
or S1330. Over 60% of VITRS1-infected BMDM from a wild-
type mouse died at 24 h postinfection, while BMDM from a
caspase-2-deficient mouse showed only minimal cell death
(Fig. 9). Taken together, these results strongly suggest that
caspase-2 plays a vital role in rough B. suis strain VTRSI1-
induced murine macrophage cell death.

DISCUSSION

Our study demonstrates for the first time that rough atten-
uated B. suis VTRS1, but not smooth virulent B. suis strain
S1330, induces caspase-2-mediated, proinflammatory cell
death in infected macrophages. This cell death is activated by
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the NF-kB pathway. The caspase-2-mediated, caspase-1-inde-
pendent macrophage cell death is different from caspase-1-
mediated pyroptosis. Apoptosis is a programmed process that,
with or without caspase involvement, results in noninflamma-
tory cell death that features shrinkage of the cell and its nu-
cleus (5). Since a strong proinflammatory response occurs dur-
ing the VTRS1-induced cell death, this rough Brucella-induced
macrophage cell death is also not a typical apoptosis. To our
knowledge, this unique caspase-2-dependent proinflammatory
cell death demonstrated in our study has not been reported
before.

The proinflammatory response during the VTRS1-induced
macrophage cell death was demonstrated by the large number
of upregulated proinflammatory factors, such as TNF-a and
IL-1B (Fig. 2 and 3). The proinflammatory pattern was further
confirmed by the inhibitory effect of anti-TNF-a antibody on
the eventual macrophage cell death (Fig. 3C). Our conclusion
was also indirectly supported by the observation that live rough
B. suis and B. melitensis induced significantly higher production
of proinflammatory cytokines (e.g., TNF-qa, IL-1, and IL-6) in
infected human monocytes than live smooth Brucella strains
(33). Exogenous LPS isolated from rough or smooth Brucella
strains had similar effects on the induction of proinflammatory
cytokines in infected human monocytes (33). This result is
consistent with previous reports that smooth Brucella O anti-
gen (32) or heat-killed rough Brucella (7) is unable to induce
macrophage cell death.

Caspase-2 is one of the most conserved caspases across
many species. However, its function in cell death signaling is
still an enigma. Caspase-2 has some unique features not shared
by other caspases, including its nuclear localization (29) and
the properties that make it both an initiator and an effector
caspase in apoptosis (25). Caspase-2-deficient mice develop
normally and have a mild phenotype, suggesting that this
caspase function is redundant for cellular homeostasis during
development and in the adult organism. However, caspase-2 is
associated with cell death in response to different signaling

pathways, such as reactive oxygen species (ROS) and endo-
plasmic reticulum stress (26). Our results provide another per-
spective of the role of caspase-2, including the possibility that
rough Brucella induces cell death via a newly identified path-
way.

How can this caspase-2-mediated proinflammatory response
be defined? The term “pyroptosis” was originally defined as
proinflammatory programmed cell death (5, 8). In the term,
the Greek roots “pyro” and “ptosis” represent fire (or fever)
and falling, respectively. Therefore, it might be possible to
classify the caspase-2-mediated proinflammatory cell death as
a “caspase-2-mediated pyroptosis.” In this case, pyroptosis
could be divided into two groups, one mediated by caspase-1
and the other by caspase-2. While this caspase-2-mediated
pyroptosis is first found here in rough Brucella-infected mac-
rophages, this type of cell death may also exist in many other
systems. Caspase-2-mediated cell death exists in host cells in-
fected with other pathogens, such as Salmonella (22) and Ep-
stein-Barr virus (41), and also cancer (26). Some of the
caspase-2-mediated cell death may also be proinflammatory,
which deserves further analyses.

Many questions regarding the caspase-2-mediated proin-
flammatory cell death or pyroptosis still remain. It was shown
that caspase-1-mediated pyroptosis is not accompanied by the
loss of mitochondrial membrane integrity and release of cyto-
chrome ¢ (5). However, our previous study indicated that the
caspase-2-mediated cell death induced by rough Brucella
strains was associated with decreased mitochondrial mem-
brane potential (MMP) and subsequent cytochrome c release
(7). One noteworthy observation is on the possible interaction
between caspase-1 and caspase-2. It was reported that the
activation of caspase-1 during Salmonella-induced macrophage
cell death partially relies on caspase-2 (22). Besides the pro-
inflammatory response, are there any differences between
caspase-2-mediated pyroptosis and apoptosis? The caspase-2-
mediated pyroptosis appears to preserve some features similar
to those of apoptosis (7). It remains to be determined whether
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caspase-2-mediated pyroptosis and apoptosis coexist. Macro-
phage cell death induced by rough Brucella has been described
as apoptosis, oncosis, or a mixture of apoptosis and necrosis (7,
11, 14). It is unknown whether caspase-2 functions in all these
different types of cell death. The mechanism of caspase-2-
mediated proinflammatory cell death induced by rough Bru-
cella deserves further investigation.

The interaction between NF-«kB and cell death is intriguing.
The majority of evidence, especially that generated by the
analysis of knockout mice, provides strong support to the an-
tiapoptotic function of NF-kB (24). Many bacteria, for exam-
ple, Yersinia spp. and Salmonella, induce macrophage cell
death by inhibiting NF-kB activation. However, sporadic re-
ports indicated that NF-kB may contribute to the induction of
proapoptotic molecules (24). Pei et al. reported activation of
NF-«B that was induced by rough B. abortus but not by smooth
B. abortus (31). Our results with smooth and rough B. suis
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(B) VTRS1-induced macrophage cell death significantly decreased (P
value < 0.01) with the NF-xB pathway inhibitor Bay 11-7082. The
results are representative of three independent experiments.

strains are consistent with this report. By selective inhibition of
the NF-kB activation, we further demonstrated that the acti-
vation of NF-kB has a partial causative effect on the induction
of VTRS1-induced macrophage cell death. While NF-kB po-
tentiates caspase-1 activation, Bay 11-7085 (an inhibitor of
NF-«B activation) did not prevent caspase-1-dependent lysis of
anthrax lethal toxin-treated cells (12). To our knowledge, our
study provides the first direct evidence that an inhibition of the
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FIG. 7. Gene expression profile for significantly regulated caspases.
The broken and intact lines represent expression levels of different
caspases in J774.A1 macrophages infected with VTRS1 and S1330,
respectively. BS, smooth B. suis strain S1330; RS, rough B. suis strain
VTRSI.
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NF-kB activation prevents pathogen-induced host cell death.
The effect of the NF-kB activation is probably due to its reg-
ulatory role in the proinflammatory responses. However, more
studies are required to further understand the mechanism of
how NF-«kB promotes Brucella-induced cell death.

The biological relevance of this caspase-2-dependent proin-
flammatory cell death is worth further investigation. Many
other intracellular pathogens, such as Salmonella (22) and vi-
ruses (e.g., Epstein-Barr virus [41]), also induced host cell
death that is mediated by caspase-2. It will be interesting to
determine whether a proinflammatory response accompanies
caspase-2-mediated cell death and, if so, how this proinflam-
matory caspase-2-mediated cell death plays a role in pathogen-
esis and host immunity. Caspase-2 is one of the most evolu-
tionarily conserved caspases, and it may have multiple roles in
the DNA damage response, cell cycle regulation, and tumor
suppression (26). Our finding of a proinflammatory response
associated with casepase-2 provides a new perspective on anal-
ysis of the other scenarios. In terms of Brucella, this unique cell
death appears to be a host defense mechanism against Brucella
pathogenesis, since smooth virulent Brucella does not induce

C57 BMDM

Light AnnexinV-PI

FIG. 9. Inhibition of cell death of VTRS1-infected bone marrow-
derived macrophages isolated from a caspase-2-knockout mouse.
Compared to the case for wild-type macrophages, no obvious cell
death was observed in VTRSI-infected macrophages from the
caspase-2-knockout mice at 24 h postinfection.

cell death, whereas the rough, attenuated strain does. The
inhibition of macrophage cell death allows the surviving bru-
cellae to avoid the more hostile extracellular environment (34).
The Brucella O antigen is a critical virulence factor in Brucella
pathogenesis. Macrophage cell death induced by rough Bru-
cella is most likely due to the pleiotropic effect of removing the
majority of the O side chain that results in the structural
change of the Brucella cell envelope (16). The Brucella O side
chain probably acts as a negative modulator of nonspecific
adherence, which allows receptors such as TLR to function
(16). Meanwhile, recent findings also suggest that programmed
cell death of macrophages infected with many pathogens (e.g.,
Mycobacterium tuberculosis, Salmonella, or influenza virus)
plays a critical role in the initiation of antigen presentation and
induction of protective immunity (3). Further study on the
unique caspase-2-dependent proinflammatory cell death in-
duced by a rough Brucella vaccine and vaccine candidates will
provide a better understanding of protective Brucella immunity
and promote rational vaccine development against infections
with virulent Brucella.

Our research also demonstrated that the miniTUBA Bayes-
ian network analysis provides a powerful method for analysis
of microarray gene expression data and predicting gene inter-
action networks. While miniTUBA has been tested using clin-
ical mouse data, our study is the first to demonstrate it can be
used in predicting gene network interactions based on microar-
ray data. Our miniTUBA program predicted that the groups
related to the proinflammatory response, the NF-kB pathway,
and caspases are three groups important for the induction of
programmed cell death of VTRSI-infected macrophages.
These miniTUBA-predicted results were verified by experi-
mental studies. This approach is generic and can be used in
analysis of other host pathogen interactions.

New features are being considered for addition into the
miniTUBA DBN analysis. Our current miniTUBA analysis
considered only those genes known to be associated with cell
death. However, some genes with unknown cell death involve-
ment may also participate in the VIRS1-induced macrophage
cell death pathway. We have recently developed a BN+1 ex-
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pansion method that can identify novel pathway elements by
using static BN (19, 20). The BN+1 method has been verified
using synthetic data analysis (19) and Escherichia coli real
microarray data analysis (20). Such a method may possibly be
applied in dynamical BN analysis and is currently under inves-
tigation.
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