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Activation of macrophages and subsequent “’killing” effector func-
tions against infectious pathogens are essential for the establishment
of protective immunity. NF-IL6 is a transcription factor downstream of
IFN-y and TNF in the macrophage activation pathway required for
bacterial killing. Comparison of microarray expression profiles of
Listeria monocytogenes (LM)-infected macrophages from WT and
NF-IL6-deficient mice enabled us to identify candidate genes down-
stream of NF-IL6 involved in the unknown pathways of LM killing
independent of reactive oxygen intermediates and reactive nitrogen
intermediates. One differentially expressed gene, PKC5, had higher
mRNA levels in the LM-infected NF-IL6-deficient macrophages as
compared with WT. To define the role of PKC8 during listeriosis, we
infected PKCé-deficient mice with LM. PKC&-deficient mice were
highly susceptible to LM infection with increased bacterial burden
and enhanced histopathology despite enhanced NF-IL6 mRNA expres-
sion. Subsequent studies in PKCs-deficient macrophages demon-
strated that, despite elevated levels of proinflammatory cytokines
and NO production, increased escape of LM from the phagosome into
the cytoplasm and uncontrolled bacterial growth occurred. Taken
together these data identified PKC8 as a critical factor for confine-
ment of LM within macrophage phagosomes.

microarray | phagosomal escape | bacterial killing

Listeria monocytogenes (LM) is a Gram-positive, facultative in-
tracellular bacterium responsible for disseminated infections in
immunocompromised individuals that can result in septicemia and
meningitis (1). Effective control of listeriosis requires both innate
and adaptive immune responses with the principal mediators of
bacterial killing being neutrophils and macrophages (2). Key cyto-
kines driving the innate immune response are IFN-vy (3) and TNF
(4), which promote macrophage activation and drive the production
of antimicrobial mediators such as reactive oxygen intermediates
(ROIs) and reactive nitrogen intermediates (RNIs). Several studies
using gene-deficient mice demonstrated that ROI and RNI are
required for optimal pathogen killing (5-8) but that macrophages
also utilize an alternative, unknown mechanism besides ROI and
RNI to efficiently control bacterial infection.

Mice deficient for the transcription factor NF-IL6 are highly
susceptible to a number of intracellular bacterial and fungal infec-
tions, including LM (9-12). NF-IL6-deficient mice infected with
LM were unable to prevent bacterial dissemination despite pro-
duction of NO, IFN-vy, and TNF being equivalent to WT controls
(12). From these results, we hypothesized that NF-IL6 acts down-
stream from IFN-y and TNF during the activation of macrophage
effector functions against LM (2). To facilitate the identification of
putative effector genes in this unknown pathway, we compared
gene expression profiles of WT and NF-IL6-deficient LM-infected
macrophages by differential microarray. One differentially ex-
pressed (DE) gene, PKC8, had higher mRNA levels in the LM-
infected NF-IL6 /'~ macrophages as compared with WT controls.
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PKC$ belongs to the PKC family of diacylglycerol-activated
serine threonine kinases (13) and is widely expressed in many cell
types, including macrophages (14). PKC3 exerts its influence on a
broad range of cellular responses such as cell growth, differentia-
tion, apoptosis, and phagocytosis (15). In addition, PKC8 has been
shown to regulate NF-IL6 activity through direct phosphorylation
(16, 17, 29). However, the role of PKCS in infectious diseases has
not previously been investigated in vivo. Here we demonstrate a
critical role for PKCé in controlling LM infection. We report that,
in the absence of PKC8, mice were highly susceptible to LM and
died before the onset of a protective adaptive immune response.
This heightened susceptibility was driven by increased phagosomal
escape of LM in PKC8~/~ macrophages, resulting in uncontrolled
listerial growth despite increased proinflammatory cytokine and
NO response. Furthermore, levels of NF-IL6 were markedly en-
hanced in PKC8~/~ mice after infection. Taken together the results
clearly demonstrate that PKC3 is a critical factor for confinement
of LM within macrophage phagosomes.

Results

Identification of PKC& by Differential Microarray. A differential
microarray strategy combined with functional clustering was used
to identify and select genes involved in listerial killing independent
of RNI and ROI (Fig. 14). Here, bone marrow-derived macro-
phages (BMDMs) from WT and NF-IL6/~ mice were simulta-
neously activated with IFN-y and infected with LM (LM plus
IFN-v) or were left untreated. Total RNA isolated from untreated
and infected samples 4 h postinfection (p.i.) was used to generate
cDNA probes that were hybridized to microarrays. As expected
from the literature (12) and predicted from our hypothesis, we
found proinflammatory cytokines to be similarly induced in both
LM-infected WT and NF-IL6~/~ macrophages (Fig. 1B) (P > 0.05).
Indeed, equivalent levels of secretion of these proteins from LM-
infected WT and NF-IL6~/~ macrophage cultures was confirmed
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Fig. 1. Identification of PKCS by microarray. (A) Differential microarray and
functional clustering to identify candidate genes. BMDMs from WT and
NF-IL6~/~ mice were untreated or were simultaneously activated with IFN-y
and infected with LM (LM + IFN-y). RNA was isolated from untreated and
infected samples at 4 h p.i. and used to generate labeled cDNA probes, which
were hybridized to the microarray. DE genes were identified by comparing the
logy-transformed ratio (LM + IFN-y vs. untreated) for each gene between all
four WT and NF-IL6~/~ microarrays. DE genes were functionally clustered, and
genes belonging to multiple functional categories were selected for further
study. (B) Heat map showing up-regulation of proinflammatory mediators in
both WT and NF-IL6 /~-infected BMDMs. Rows represent individual genes,
and columns show the log; transformed gene expression ratio. Up- or down-
regulated genesin the LM plus IFN-ysample, as compared with the untreated,
are shaded red or green, respectively. (C) Scatter plot of the DE genes. Plotted
on the x and y axes are the gene expression ratios for WT and NF-1L6~/~ mice.
The red dotted line represents non-DE ratios. (D) Quantitative RT-PCR con-
firming higher PKC8 mRNA levels in infected NF-IL6~/~ BMDMs as compared
with WT. Data shown are means = SEM (*, P < 0.05).

by ELISA (data not shown). The impaired induction of granulocyte
colony-stimulating factor (12), Clecsf9 (18), IL-12p35 (10), and
ISGE3-y (19) mRNAs, which are induced by NF-IL6, were not
detectable by microarray. However, impaired transcription in LM-
infected NF-IL6™/~ macrophages was confirmed by quantitative
RT-PCR (data not shown). Together, these data demonstrated the
biological relevance of the microarray data. In an exploratory
statistical approach, the top 10% of genes with the best evidence of
differential expression between WT and NF-IL6~/-infected vs.
untreated gene expression ratios were selected. Of the whole mouse
genome comprising ~25,000 genes, 1,088 DE genes were selected.
The fold induction or repression of DE genes in the infected vs. the
untreated samples ranged from —1.5 to 1.5 on a log;, scale (Fig. 1C).
These relatively small, yet significant, changes are a result of the two
mandatory sequential normalization procedures that enable com-
parison of data between multiple microarrays. Moreover, because
the macrophages were simultaneously infected and stimulated with
IFN-vy, fewer genes may have been fully induced after 4 h of
infection. Functional clustering of the DE genes revealed that 11%
were involved in regulation of transcription. Using a set of predicted
cis-regulatory modules (CRMs) that contain several phylogeneti-
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cally conserved binding sites for different transcription factors (20),
we found upstream and downstream promoter regions of the DE
genes enriched for CRMs containing putative binding sites for
NF-IL6 as compared with the CRMs for the remaining mouse
genes (15% vs. 12%; P < 0.05). Among the DE genes, 3% were
involved in host immunity and defense, 6% in the production of
ROI, 18% in phagosome maturation and phagolysosome fusion,
and 19% in signaling. Thirty-two percent of the candidate genes did
not have any functional annotation and were classified as “un-
known.” DE genes that belonged to all or several of the functional
groups were selected for ongoing studies. One of these genes,
PKCS3, had significantly higher mRNA levels in the infected NF-
IL6~/~ macrophages, and quantitative RT-PCR confirmed the
PKCé mRNA to be 1.77 times higher in the infected NF-IL6
macrophages as compared with the WT controls (Fig. 1D) (P <
0.05). PKCS was selected for further analysis based on this differ-
ential expression and functional clustering. Furthermore, PKC8
regulatory roles in cellular responses relevant to the control of
bacilli within the macrophage, including production of superoxide
(21, 22) and proinflammatory signaling pathways mediated by
NF-kB (23), TNF (24, 25), IL-6 (26), 15-lipoxygenase (27), and
IFN-vy (28), are established. Additionally, PKC8 has been shown to
regulate the transcriptional activity of NF-IL6 (16, 17, 29). This
body of work is suggestive of a role for PKC$ in regulating host
responses to infectious diseases. Surprisingly, such a role of PKC8
in infectious immunity has not been investigated to date; as such, we
decided to examine its role in innate immunity using a PKC$
gene-deficient mouse model.

Increased Mortality in LM-Infected PKC6—/~ Mice Despite Enhanced
Levels of NF-IL6 and IL-6. To address the possible role of PKC$ in
host-protective responses in vivo, PKC8~/~ mice and their control
littermates were infected i.p. with titrated doses of LM and mor-
tality was measured (Fig. 2 A-C). WT mice were resistant to LM
infection with an LDsy of 2 X 10° cfu (data not shown). No
difference between PKCS&'/~ heterozygous littermates and WT
mice in controlling the infection was seen (data not shown). In
contrast, PKC8~/~ mice were highly susceptible to LM infection
with a LDsp of 2 X 10 cfu (Fig. 2B). IFN-yR ™/~ mice are highly
susceptible to LM infection (30) and were included to assess the
relative degree of susceptibility of PKC§~/~ mice to LM infection.
As expected, all IFN-yR~/~ mice died within 7 days of infection
with 2 X 107 cfu (Fig. 24). These results clearly demonstrated that
PKC&/~ mice had defective innate immune responses rendering
them highly susceptible to LM infection. To explore a possible
relationship between this PKC8-dependent susceptibility and NF-
IL6, mRNA levels of NF-IL6 were examined in the liver and spleen
from WT and PKC8~/~ mice at 2 days p.i. (Fig. 2D). Levels of
NF-IL6 (P < 0.0001) and IL-6 (P < 0.05) were found to be
significantly higher in PKC8~/~ mice when compared with WT
mice.

Enhanced Bacterial Burden and Increased Histopathology in LM-
Infected PKC5~/~ Mice. PKC5~/~, WT, and PKC§™/~ heterozygous
littermate mice were infected with 2 X 10* cfu of LM, and bacterial
burdens in liver and spleen were measured at 2 days p.i. (Fig. 34).
Spleen and liver cfu from PKC8™~ mice were significantly in-
creased when compared with WT and PKC§*/~ mice (P < 0.01).
Protective immune responses against LM involve the formation of
small microabscesses consisting of infiltrating immune cells that
confine and control bacterial growth. At 2 days p.i. liver microab-
scesses from WT mice were small (Fig. 3B) and well defined (Fig.
3C). In contrast, PKCS~/~ microabscesses (Fig. 3D) were larger
(P < 0.0001) and more abundant and contained many polymor-
phonuclear cells and zones of hepatocellular necrosis. This elevated
histopathology was accompanied by higher bacilli counts in
PKC5~/~ microabscesses (Fig. 3E) than WT microabscesses (Fig.
3F). This failure to control bacterial growth resulted in necrotic
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Fig. 2. Enhanced mortality in PKC§~/~ mice after LM infection despite

increased levels of NF-IL6 and IL-6. Mice were infected with 2 X 102 cfu (A), 2 X
103 cfu (B), or 2 X 10 cfu (C) of LM, and mortality was measured for n = 7-10
mice per group (A), n = 11-12 mice per group (B), and n = 5 mice per group
(0). (D) Quantitative RT-PCR of NF-IL6 and IL-6 in liver and spleens of WT and
PKC5~/~ mice at 2 days after LM infection with 2 X 104 cfu (n = 5 per group).
Data shown are means + SEM (¥, P < 0.05; ***, P < 0.0001). All results are
representative of two independent experiments.

lesions and liver destruction in the PKCS8~/~ mice. Taken together,
histopathology from LM-infected PKC8~/~ mice showed signifi-
cantly more and larger microabscesses in PKCS~/~ mice than were
seen in WT mice, which would drive the increased mortality we
described.

Efficient Activation of PKC5~/~— Macrophages During LM Infection. To
determine whether increased susceptibility of the PKC8~/~ mice to
LM is due to impaired macrophage activation, we measured
bacterial growth along with NO, proinflammatory cytokines, and a
chemokine in supernatants from LM-infected macrophages. Bac-
terial growth of live virulent LM was significantly increased in
PKCS6~/~ compared with WT macrophages at 12 h p.i. (Fig. 44).
Nitrite production, representative of the bactericidal mediator NO,
was significantly enhanced in LM-infected PKC§~/~ macrophages
(Fig. 4B). Cytokine levels of IL-6, IL-12p40, TNF, and monocyte
chemoattractant protein 1 (MCP-1) were also increased in LM-
infected PKC8~/~ macrophages (Fig. 4 C—F). These results dem-
onstrated that, during LM infection, macrophage activation in the
absence of PKC8 was not abrogated. To determine whether in-
creased proinflammatory responses in PKCS8~/~ macrophages were
a consequence of a higher bacterial burden, macrophages were
infected with heat-killed LM (HKLM) or listeriolysin O (LLO)-
deficient LM mutant strain (ALLO), which are unable to escape
from the phagosome. Levels of nitrite, TNF, and MCP-1 were
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Fig. 3. Increased bacterial burden and enhanced histopathology in PKC§~/~
mice. WT, PKC8*/~ heterozygous littermates, and PKC5~/~ mice were infected
i.p. with 2 X 104 cfu of LM (n = 4-5 per group). (A) Bacterial load in spleen and
liver was determined at 2 days p.i. (**, P < 0.01; ***, P < 0.001). (B) Size
quantification of liver microabscesses in WT and PKC5~/~ mice. Data corre-
spond to the mean of 80 microabscesses measured in three mice per group
(***,P<0.0001). Liver sections were stained with hematoxylin/eosin (Cand D)
and Gram-positive stain (E and F), which colors LM in blue (arrow). [Magnifi-
cations: X400 (C and D) and X 1,000 (£ and F).] All data are representative of
two independent experiments.

similar between WT and PKC8~/~ macrophages infected with
ALLO mutant LM, suggesting that the increased levels of these
cytokines in LM-infected PKCS~/~ macrophages was due to a
higher bacterial load.

Small, yet significantly increased, levels of IL-6 were seen in
ALLO mutant-infected PKC§™/~ macrophages when compared
with WT controls. Such an increase occurred despite both strains
having equivalent bacterial burdens, suggesting that this increased
level of IL-6 in LM-infected PKC8~/~ macrophages was due to
higher bacterial loads combined with alleviation of residual PKC8-
dependent transcriptional repression (29). In contrast, HKLM
activation in PKC8™/~ macrophages induced increased levels of
IL-6 but reduced levels of TNF and MCP-1, suggesting that
different signaling pathways are induced during infection with
ALLO mutant and HKLM in the absence of PKC8.

LM-Infected PKC6—/~ Macrophages Have Enhanced Bacterial Growth
and Increased Bacterial Escape from Phagosomes. To address effector
functions of PKC$, we infected PKC8~/~ BMDMs with LM and
measured bacilli growth at 2, 4, 8, and 12 h p.i. (Fig. 54). Macro-
phages from WT mice were able to restrict initial bacterial growth
and reached a steady-state plateau at 8§ and 12 h p.i. In contrast,
PKC8~/~ macrophages were unable to control bacterial growth and
had dramatically increased bacterial counts at all time points (P <
0.0001). To determine whether this increased bacterial growth was
due to enhanced bacterial escape from phagosomes, BMDMs were
infected with LM and bacterial escape was measured by fluorescent
microscopy (Fig. 5 B and C). WT and PKCS~/~ macrophages
contained equal numbers of bacteria per cell at 90 min p.i. (data not
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Fig. 4. Efficient activation of PKC8~/~ macrophages. Bacterial growth (A) and secretion of nitrite (B), cytokines (C-E), and chemokine (F) into the culture

supernatant by WT and PKC§~/~ BMDMs 12 h p.i. with live LM, LLO-deficient LM mutant strain (ALLO), or heat-killed LM (HKLM). Macrophages were either
activated overnight with IFN-y or not stimulated. Data shown are means = SEM of triplicate samples. LM results are representative of three independent
experiments, and ALLO and HKLM results are from one experiment (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

shown), indicating that bacterial phagocytosis was similar in all
groups. The percentage of bacteria in the cytoplasm associated with
actin and the number of bacteria trapped in phagosomes were
scored, and the percentage bacterial escape in PKC8~/~ macro-
phages was significantly higher (P < 0.05) than in WT controls at
90, 180, and 270 min p.i. (Fig. 5B). These results clearly show that
impaired listericidal activity in PKC8~/~ macrophages was due to a
striking inability in phagosomal confinement of LM, resulting in
enhanced listerial escape and subsequent uncontrolled bacterial
growth.

Discussion

Early control of listeriosis requires an efficient innate immune
response dominated by neutrophils and macrophages, the major
effector cells responsible for bacilli killing (2). Full macrophage
activation to LM requires IFN-y and TNF driving the relevant
production of cytokines, chemokines, and bactericidal mediators
such as ROI and RNI (3, 4). Several in vivo infection studies using
inducible NO synthase-deficient (7), gp47phox-deficient (6), and
gp91phox/inducible NO synthase-deficient (8) mice have shown
their bactericidal activity to be impaired. However, these macro-
phages could still kill a proportion of bacilli. Mice deficient in genes
such as IFN-yR (30), TNFRpS55 (6), ICSBP (31), IRF2 (31), RelB
(32), LRG-47 (33), and NF-IL6 (12) were susceptible to LM
infection despite full macrophage activation and production of ROI
and RNI, suggesting that additional effector mechanisms besides
ROI and RNI are used in macrophage-mediated bacterial killing.
We hypothesize that this or these unknown pathway(s) are most
likely mediated by IFN-y- and TNF-induced responses, with the
ultimate downstream effector molecule being NF-IL6 (2).

16254 | www.pnas.org/cgi/doi/10.1073/pnas.0703496104

To identify genes involved in these unknown killing pathway(s),
we compared transcriptional responses of LM-infected WT and
NF-IL6~/~ macrophages by microarray. As expected, up-regulation
of proinflammatory cytokines and killing effector genes was com-
parable between LM-infected WT and NF-IL6™/~ macrophages,
confirming the biological relevance of the microarray data. Our
strategy combining differential microarray efficiently reduced the
number of possible candidate genes by 23-fold from ~25,000 mouse
genes to 1,088 genes. Functional clustering further reduced the
candidates down to 86. Of these candidates, PKCéd was selected for
further study because functional clustering suggested that it may act
as a detrimental factor by repressing NF-IL6 activity (29) and IL-12
production (34) and promoting escape of LM from the phagosome
(14). In contrast, we found PKCé-deficient mice to be highly
susceptible to LM infection with enhanced bacterial burden being
apparent in the early stage of infection. This phenotype suggested
a defect in innate bactericidal macrophage response in the absence
of PKCS. Indeed LM-infected PKC8~/~ macrophages were unable
to contain the bacilli within the phagosome, resulting in uncon-
trolled bacterial growth, dissemination, and heightened mortality in
PKC&/~ mice. In line with the hypothesized unknown killing
pathway(s), this increased lethality was independent of macrophage
activation because PKC8/~ macrophages secreted significantly
higher levels of IL-6, IL-12p40, TNF, MCP-1, and NO in response
to the higher bacterial burden. Moreover, the higher levels of IL-6
in LLO-infected PKC§~/~ macrophages, despite having an equal
bacterial burden, may be attributed to alleviated PKCé-dependent
transcriptional repression (29). These data clearly demonstrate a
novel protective role for PKC§ during innate immune response
against LM.

Schwegmann et al.
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Fig. 5. Enhanced bacterial growth and increased bacterial escape from
PKC&~/~ phagosomes. WT and PKC5~/~ BMDM s were activated overnight with
IFN-y and infected with LM. (A) Bacterial load was determined 2, 4, 8, and 12 h
p.i. (x**, P<0.0001). (B) Quantification of LM escape from phagosomes at 90,
180, and 270 min p.i. The number of bacteria in the cytoplasm associated with
actin (red) and trapped in the phagosome (green) was scored. Data shown are
averages = SEM of the means for three independent experiments (*, P < 0.05).
(C) Deconvoluting fluorescent microscopy of BMDM s infected at 90 min with
LM. Escaped bacteria (orange/yellow) are indicated by arrows. (Magnification:
% 1,000.) All results are representative of three independent experiments.

The key question arising from our data was how PKCS8 confines
LM to the phagosome. Studies using rottlerin, a putative PKC6-
specific inhibitor, have reported that PKC8 induces extracellular
calcium influxes through its activation of calcium channels, resulting
in PKCRII translocation to early endosomes and leading to listerial
phagosomal escape (14, 35). However, we found that extracellular
calcium influxes mediated by L-type channels occurred indepen-
dent of PKC9, resulting in reduced listerial growth in both WT and
PKC56~/~ macrophages (data not shown). PKCS$ therefore does not
appear to induce calcium influxes during LM infection as previously
reported (14). This discrepancy may be due to the approach to block
PKC$ by rottlerin, which is now accepted as a nonspecific inhibitor
of a number of kinases and other enzymes in addition to PKC8 (37).
Impaired ROI production may explain the heightened susceptibility
of PKC8~/~ mice to LM because PKCS is essential for stimulating
localized release of superoxide into the phagosome (21, 22).
However, because PKC8~/~ mice had increased susceptibility to
LM compared with mice deficient for p47phox (6) and gp91phox
(5) and doubly deficient for inducible NO synthase and gp91phox
(8), we suggest that PKCS3 has a further protective role in infection
other than stimulating superoxide production. Moreover, the strik-
ing up-regulation of NF-IL6 in LM-infected PKC8~/~ macrophages
did not affect the heightened susceptibility, suggesting that PKC8
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plays a protective role in mediating NF-IL6-dependent macrophage
control of LM.

Inhibition of all PKC isoforms with GF109203 further enhanced
the listerial proliferation in PKC8~/~ macrophages (data not
shown), suggesting that additional PKC isoforms are involved in
controlling listerial proliferation in macrophages. Indeed, PKCe,
which localizes to perforated LM-containing phagosomes and
induces RNI production near the phagosome (38), has been shown
to be important for macrophage activation and clearance of bac-
terial infections (39). Moreover, LM has been shown to exploit host
PKCpBI and PKCBII activity during infection by activating the
recruitment of PKCBI and PKCBII to early endosomes. Inhibition
of these PKC isoforms resulted in increased phagocytosis and
decreased escape of LM from macrophage phagosome (14).

To summarize, we used a differential microarray approach to
facilitate the identification of genes involved in macrophage effec-
tor functions that are independent of RNO and RNI. We identified
PKCS3 as a critical factor for confinement and killing of LM within
macrophage phagosomes. The mechanism whereby NF-IL6, PKC5,
and PKCe mediate the confinement and killing of LM within
macrophage phagosomes requires further investigation.

Materials and Methods

Bacteria and Mice. Live and heat-killed LM (EGD strain) and
attenuated LM ALLO stocks were prepared as described (30). LM
ALLO mutant strain was a gift from T. Chakraborty (Institute of
Medical Microbiology, University of Giessen, Giessen, Germany).
NF-IL6~/~ (C57BL/6 X 129/SV) mice were a gift from V. Poli (40)
(Department of Genetics, Biology, and Biochemistry, University of
Turin, Turin, Italy). PKCS~~ mice were on a 129/SV genetic
background (41). Mice were bred in specific pathogen-free condi-
tions and were matched for age (6-10 weeks) and sex in all
experiments.

Genotyping. NF-IL6~/~ mice were genotyped by PCR using primer
5'-TGGACAAGCTGAGCGAC-3" and primers specific for WT
(5'-GGG CTG CTIT GA ACA-3') or targeted NF-IL6 locus
(5’-GCC GAT TGT CTG TTG TGC CC-3') and the following
PCR program: 94°C for 3 min; 94°C for 30 sec, 59°C for 30 sec, 72°C
for 30 sec for 45 cycles; 72°C for 3 min. PKC8~/~ mice were
genotyped by using primer 5'-AAC AGC TGT GAT GGG ATC
GAA-3" and primers specific for WT (5’-ACC CTT CCT GCG
CAT CTC CT-3") or targeted PKC$ locus (5'-GAG GAT CTC
GTC GTG ACC CA- 3') and the following PCR program: 94°C for
3 min; 94°C for 30 sec, 55°C for 30 sec, 72°C for 45 sec for 40 cycles;
72°C for 5 min.

Infection of BMDMs with LM. BMDMs were generated as described
(42), washed three times in DMEM containing 10% FCS without
antibiotics, activated overnight with 100 units/ml IFN-y (BD
Pharmingen, San Jose, CA), and infected with LM [multiplicity of
infection (MOI) 10:1], ALLO mutant (MOI 50:1), or HKLM (MOI
200:1)]. Gentamycin was added at 50 ug/ml at 1 h p.i. to kill all
extracellular bacilli.

Bacterial Load in BMDMs and Organs. BMDMs or organs were
lysed/homogenized in 0.05% Triton X-100, and 10-fold serial
dilutions were plated on tryptose—soy agar plates. The plates were
incubated at 37°C for 24 h, and the cfu per organ were enumerated.

Histology. Liver and spleen sections were stained with hematoxylin
and eosin, and the number and size of 80 liver microabscesses per
mouse per group were measured as described (43).

RNA Isolation. Total RNA was isolated from organs or BMDMs

by using TriReagent (Molecular Research Center, Cincinnati,
OH), DNasel-treated, and “cleaned up” by using the RNeasy

PNAS | October9,2007 | vol. 104 | no.41 | 16255

IMMUNOLOGY



Lo L

1\

RNA Extraction Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions.

Quantitative RT-PCR. Quantitative RT-PCR was performed as
described (43) by using primers for PKC8 (forward, 5'-CGG
GCT ACG TTT TAT GC-3'; reverse, 5'-TCC AAC GGG GAT
AG TG-3"), IL-6 (forward, 5'-GTT CTC TGG GAA ATC GTG
GA-3'; reverse, 5'-TGT ACT CCA GGT AGC TAT GG-3'),
NF-IL6 (forward, 5'-CCC ATG GAA GTG GCC AAC T-3’;
reverse, 5'-GCG AAG AGG TCG GAG AGG AA-3'), and
B2-microglobulin (forward, 5'-TGA CCG GCT TGT ATG CTA
TC-3'; reverse, 5'-CAG TGT GAG CCA GGA TAT AG-3').
Relative mRNA expression values were calculated by dividing
the calculated value for the gene of interest by the B2-
microglobulin value.

ELISA. Cytokines and chemokine in culture supernatants and sera
were measured by sandwich ELISA as described (44).

NO Assay. Production of nitrite in cell culture supernatants was
measured by using the Griess reaction assay as described (45).

Fluorescent Microscopy. Measurement of escape from the primary
vacuole was performed as described (36) except that BMDMs were
preactivated with 100 units/ml IFN-y for 16 h before infection with
LM (MOI 30:1), and LM were labeled with rabbit anti-LM serovar
1/2a (Capricorn Products, Portland, ME) and revealed with
goat anti-rabbit IgG-FITC antibody (Sigma—-Aldrich, Munich,
Germany).

Microarray Experiment. BMDM:s from WT or NF-IL6 ~/~ mice were
untreated or simultaneously activated with 100 units/ml IFN-y and
infected with LM (MOI 10:1). Total RNA was extracted at 4 h p.i.
from four repeat infection experiments, linearly amplified, labeled,
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and hybridized to Mouse Exonic Evidence-Based Oligonucleotide
oligo arrays (Illumina, San Diego, CA). For each infection exper-
iment, samples from untreated and infected macrophages for the
same mouse group were hybridized to the same microarray. Image
and data analysis was done by using Limma (46) and TIGR MeV
(47). Data were normalized by using print-tip loess and quantile
normalization. DE genes were identified by using a paired ¢ test with
unequal variance, pairing the relative gene expression ratio of
infected vs. untreated macrophages from WT and NF-IL6~/~ mice
from the same experiment. The top 10% of genes with the smallest
P values were selected for further analysis and were functionally
clustered. Genes belonging to all or several functional groups and
for which a gene-deficient mouse model was available were selected
for further analyses. A one-tailed Fisher’s exact test was used to test
for enrichment of CRMs containing NF-IL6 close to the candidate
genes compared with CRMs close to other genes on the array
(20, 48).

Statistical Analysis. RT-PCR data were analyzed by using a paired
Student ¢ test. All other data, except from microarrays, were
analyzed by using a Student ¢ test (two-tailed with unequal vari-
ance), and P < 0.05 was considered significant. Survival data were
analyzed by Kaplan—-Meier using the log-rank test. Each experiment
was repeated at least once to ensure reproducibility.
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