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Abstract

We demonstrated recently that Francisella tularensis pro-
foundly impairs human neutrophil apoptosis, but how this is
achieved is largely unknown. Herein we used human oligo-
nucleotide microarrays to test the hypothesis that changes
in neutrophil gene expression contribute to this phenotype,
and now demonstrate that F. tularensis live vaccine strain
(LVS) caused significant changes in neutrophil gene expres-
sion over a 24-hour time period relative to the uninfected
controls. Of approximately 47,000 genes analyzed, 3,435
were significantly up- or downregulated by LVS, including
365 unique genes associated with apoptosis and cell surviv-
al. Specific targets in this category included genes asso-
ciated with the intrinsic and extrinsic apoptotic pathways
(CFLAR, TNFAIP3, TNFRSF10D, SOD2, BCL2A1, BIRC4, PIM2,
TNFSF10, TNFRSF10C, CASP2 and CASP8) and genes that act
via the NFkB pathway and other mechanisms to prolong cell
viability (NFKB1, NFKB2 and RELA, IL1B, CAST, CDK2, GADD45B,
BCL3,BIRC3,CDK2,IL1A, PBEF1,IL6, CXCL1, CCL4 and VEGF). The
microarray data were confirmed by qPCR and pathway anal-

ysis. Moreover, we demonstrate that the X-linked inhibitor of
apoptosis protein remained abundant in polymorphonucle-
ar leukocytes over 48 h of LVS infection, whereas BAX mRNA
and protein were progressively downregulated. These data
strongly suggest that antiapoptotic and prosurvival mecha-
nisms collaborate to sustain the viability of F. tularensis-
infected neutrophils. Copyright © 2012 S. Karger AG, Basel

Introduction

Polymorphonuclear leukocytes (PMNs) are short-
lived cells that are critical for innate host defense and uti-
lize a combination of NADPH oxidase-derived reactive
oxygen species (ROS), antimicrobial peptides and degra-
dative enzymes to kill engulfed microorganisms [1].
Moreover, timely apoptosis and clearance of effete neu-
trophils are also essential for resolution of the inflamma-
tory response [2-5]. As components of the PMN Kkilling
arsenal are synthesized during cell development and
packaged into cytoplasmic granules that cannot be re-
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plenished, it was previously believed that mature neutro-
phils were nearly transcriptionally inert and synthesized
few proteins [5, 6]. However, with the advent of systems
biology approaches it became apparent that neutrophil
lifespan is in part regulated at the transcriptional level,
and that constitutive turnover of these cells requires spe-
cific changes in gene expression that comprise an ‘apop-
tosis differentiation program’ [2, 3, 5, 7, 8]. Since the sem-
inal studies of Watson [9] it has been apparent that phago-
cytosis of most bacteria and other particles dramatically
accelerates neutrophil apoptosis relative to unstimulated
controls, and recent studies indicate that additional oxi-
dant-dependent changes in gene expression are required
for this ‘phagocytosis-induced cell death’ (PICD) re-
sponse [5, 7, 8, 10-12].

Francisella tularensis is a facultative intracellular bac-
terium that infects many cell types including neutrophils.
As virulent F. tularensis strains require biosafety level 3
containment, an attenuated live vaccine strain (LVS) is
often utilized as a model organism for tularemia research.
LVS does not cause disease in humans, but maintains vir-
ulence in mice and demonstrates similar phenotypes to
virulent F. tularensis strains during in vitro infection of
human phagocytes [13-15]. F. tularensis is not killed by
human or rhesus monkey PMNs [13-16], and we have
shown that this is due to inhibition of the respiratory
burst followed by phagosome escape and bacterial repli-
cation in the cytosol [13-15]. In addition, we recently
demonstrated using biochemical approaches that neither
LVS nor the virulent F. tularensis strain Schu S4 triggers
PICD [15]. Instead, these organisms significantly inhibit
constitutive as well as FAS-triggered PMN apoptosis and
profoundly prolong cell lifespan [15]. We hypothesized
that this phenotype may be manifest at the level of gene
expression, and demonstrate here that F. tularensis LVS
induced a transcriptional response in human PMNs that
is characterized by downregulation of proapoptotic fac-
tors and induction of antiapoptosis and prosurvival
genes.

Materials and Methods

Materials

Cysteine heart agar was obtained from BD Diagnostics
(Sparks, Md., USA). Defibrinated sheep blood was from Remel
(Lenexa, Kans., USA). Endotoxin-free Dulbecco’s PBS, Hanks’
buffered saline solution (HBSS), and HEPES buffer were from
Mediatech Incorporated (Herndon, Va., USA). Clinical grade
dextran (m.w. 500,000 Da) was purchased from Pharmacosmos
A/S (Holbaek, Denmark). Ficoll-Paque Plus was obtained from
GE Healthcare Bio-sciences (Uppsala, Sweden). Endotoxin-free
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HEPES-buffered RPMI-1640 medium was from Lonza (Walkers-
ville, Md., USA). Protocol HEMA-3 staining kit was purchased
from Fisher Scientific (Kalamazoo, Mich., USA). Annexin V-
FITC conjugate was obtained from Invitrogen (Camarillo, Calif.,
USA). Rabbit anti-F. tularensis antiserum and anti-X-linked in-
hibitor of apoptosis (XIAP) monoclonal antibodies were from BD
Diagnostics. Anti-BAX mAb clone 6A7 was from Sigma-Aldrich
(St. Louis, Mo., USA). Mouse anti-actin mAb (clone JLA20) was
from Calbiochem (Darmstadt, Germany). DyLight™ 549-conju-
gated donkey-anti-rabbit F(ab’), secondary Ab was from Jackson
ImmunoResearch Laboratories (West Grove, Pa., USA). Horse-
radish peroxidase-conjugated antibodies were from Bio-Rad Lab-
oratories (Hercules, Calif., USA). DAPI and Pierce BCA protein
assay kits and SuperSignal West Pico Enhanced Chemilumines-
cence substrate regents were from Thermo Scientific (Rockford,
I, USA). RLT buffer was from Qiagen (Valencia, Calif., USA).
Human HU133 Plus 2.0 oligonucleotide microarrays were from
Affymetrix (Santa Clara, Calif., USA).

Cultivation of Bacteria and Opsonization

F. tularensis subspecies holarctica LVS(ATCC 29684) was in-
oculated onto cysteine heart agar supplemented with 9% defibri-
nated sheep blood and grown for 48 h at 37°C in 5% CO,. Bacteria
were harvested from the plates, washed twice with HBSS (con-
taining Ca®* and Mg?"), and quantified by measurement of absor-
bance at 600 nm. Serum opsonization was performed by incubat-
ing F. tularensis LVS (1 X 10'°/ml) or yeast zymosan particles in
50% pooled human serum for 30 min at 37°C, followed by two
washes with HBSS prior to infection of PMNs.

Neutrophil Isolation

Heparinized venous blood was obtained from healthy adult vol-
unteers in accordance with a protocol approved by the Institution-
al Review Board for Human Subjects at the University of Iowa.
PMNs were isolated using dextran sedimentation followed by den-
sity gradient separation as previously described [17]. PMNs were
suspended in HBSS without divalent cations, counted and diluted
to 2 X 107/ml. Purity of the PMN preparations was assessed by
HEMA-3 staining followed by microscopic analysis, and the sus-
pensions were routinely 95-98% neutrophils and 2-5% eosinophils.

Infection of Human Neutrophils with F. tularensis LVS or

Opsonized Zymosan

Infections of human neutrophils with LVS were performed as
previously described [15]. Briefly, PMNs (5 X 10%/ml) were di-
luted in HEPES-buffered RPMI-1640 medium (without serum)
and mixed with F. tularensis LVS at multiplicity of infection
(MOI) 200:1. One-milliliter aliquots of each suspension were
transferred into 5-ml polypropylene tubes and subsequently in-
cubated at 37°C with 5% CO, for 0-48 h. Notably, the samples
used for microarray analysis were simultaneously processed for
microscopy, Annexin V staining and RNA preparation (see be-
low). Where noted, PMNs were stimulated in a similar manner
with opsonized zymosan (OpZ) at MOI 5:1.

Immunofluorescence Microscopy

At the indicated time points, an aliquot of PMNs was washed
twice with cold PBS and cytocentrifuged onto acid-washed cov-
erslips. Cells were fixed with 10% formalin, permeabilized in cold
(1:1) methanol-acetone and blocked in PBS supplemented 0.5
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mg/ml NaN; and 5 mg/ml BSA using our established methods
[15]. LVS was detected using anti-F. tularensis antiserum and
DyLight™ 549-conjugated donkey-anti-rabbit F(ab’), secondary
antibodies, and DAPI was used to stain PMN nuclei. The infec-
tion efficiency (percentage of PMN with =1 bacterium) and as-
sociation index (mean number of bacteria per cell) were deter-
mined by counting 300 PMNs per coverslip using epifluorescence
microscopy. Confocal images were obtained using a Zeiss LSM
710 confocal microscope and Zen imaging software (Carl Zeiss
Inc., Thornwood, N.Y., USA).

Detection of Neutrophil Apoptosis Using Annexin V

Neutrophil apoptosis was assessed by measuring phosphati-
dylserine externalization on the PMN surface using Annexin V
as we described [15], with propidium iodide staining included to
distinguish early apoptotic cells from late apoptotic/necrotic
PMNs. In brief, PMNs (5 X 10%/ml) were left untreated or infect-
ed with LVS in suspension as described above. An aliquot of
PMNs was removed at the indicated time points and subsequent-
ly costained with Annexin V-FITC and propidium iodide in An-
nexin V binding buffer (10 mmM HEPES/NaOH, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,) prior to analysis using an FACSCalibur flow
cytometer (Becton Dickson, Franklin Lakes, N.J., USA). Twenty
thousand events were collected for each sample and the data were
analyzed using CellQuest (Becton Dickson) and Flow]Jo software
(Tree Star Inc., Ashland, Oreg., USA).

RNA Preparation and Analysis of Human Neutrophil Gene

Expression Using Microarrays

PMNs (1 X 107) were left untreated or infected with LVS in
suspension as described above. Experiments were performed us-
ing cells from four independent donors on different days. At the
designated time points, neutrophils were pelleted and then lysed
directly using RLT buffer. Time zero samples were processed im-
mediately after addition of LVS or an equivalent volume of me-
dium to the cells without further incubation at 37°C. Purification
of neutrophil RNA and subsequent preparation of labeled cRNA
was performed as previously described [8, 18]. Labeling of sam-
ples, hybridization of cRNA to Affymetrix HU133 Plus 2.0 oli-
gonucleotide arrays and scanning were performed according to
Affymetrix protocols as described (http://www.affymetrix.com/
pdf/expression_manual.pdf). A separate oligonucleotide array
was utilized for each donor at each time point.

The microarray data were analyzed using a standard method
that has been published many times [18]. In brief, a preliminary
analysis of the raw microarray data was performed using Affy-
metrix GeneChip Operating Software (v1.4) to generate scaled
data in numerical format. These data were imported into Partek
Genomics Suite software (Partek Inc., St. Louis, Mo., USA) and a
principal components analysis (PCA) was performed to visualize
variance in the data. Microarray data from unstimulated and
stimulated PMNs were normalized in Partek and analyzed using
ANOVA and false discovery rate controls to correct for multiple
comparisons. Genes from PMNs stimulated with F. tularensis
LVS were initially defined as differentially expressed compared to
unstimulated PMNs if they were statistically significant by ANO-
VA and false discovery rate at the level of p < 0.05, and were in-
creased or decreased at least 2-fold. In addition, transcripts had to
have a scaled expression value of at least 500 in one of the two
groups (unstimulated or stimulated). For downregulated genes,
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transcripts must have been called present or marginal in 3 of 4
unstimulated PMN RNA samples; for upregulated genes, tran-
scripts must have been called present or marginal in 3 of 4 F. tu-
larensis-stimulated PMN RNA samples. Genes that met the crite-
ria for significant differential expression are provided in online
supplementary table 1 (for all online suppl. material, see www.
karger.com/doi/10.1159/000342430), and a complete set of micro-
array data are posted on the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/, accession No.: GSE37416).

Differentially expressed genes were further analyzed to iden-
tify the associated pathways using Database for Annotation, Vi-
sualization and Integrated Discovery (DAVID; v6.7) bioinformat-
ics software [19, 20] and MetaCore analysis software (GeneGo
Inc., Minneapolis, Minn., USA). The differentially expressed
genes were classified in gene ontology (GO) categories using DA-
VID based on their potential biological roles. The GO classifica-
tion was based on the GO-BP-FAT format.

Real-Time PCR Confirmation of Microarray Data

Total RNA was isolated using TRIzol (Invitrogen Life Tech-
nologies, Grand Island, N.Y., USA) according to the manufactur-
er’s instructions and RNA concentrations were measured by
Nanodrop ND-1000 spectrophotometry. All experiments for re-
al-time PCR analysis were performed using conditions identical
to those used for the microarray experiments (described above).
RNAs were analyzed using an ABI 7000 thermocycler (Applied
Biosystems, Life Technologies, Carlsbad, Calif.,, USA). Primers
were designed using the Primer Express program (Applied Bio-
systems) and obtained from Integrated DNA technologies
(Coralville, Iowa, USA). To analyze gene expression, 240 ng of to-
tal RNA was reverse transcribed using multiscribe reverse tran-
scriptase and then amplified with gene-specific primers using
SYBR Green PCR master mix (Applied Biosystems). Melting
curve analysis was used to check product specificity. The relative
expression level of each transcript was normalized to glyceralde-
hyde 3-phosphate dehydrogenase.

Immunoblotting

At the desired time points PMNs were pelleted, resuspended in
ice-cold protease and phosphatase inhibitor cocktail [Tris-buff-
ered saline containing aprotinin, leupeptin, phenylmethylsulfonyl
fluoride, sodium orthovanadate, 4-(2-aminoethyl) benzenesulfo-
nyl fluoride hydrochloride, levamisole, bestatin, E-64 and pep-
statin A], and incubated on ice for 10 min. PMNs were lysed by
addition of NP-40 to 1% final concentration and lysates were clar-
ified by centrifugation. Protein concentrations of the clarified ly-
sates were determined using the Pierce BCA Protein Assay. Ten to
20 g of each clarified lysate were separated using NuPAGE 4-12%
Bis-Tris gradient gels and then transferred to polyvinylidene fluo-
ride membranes. Blocked membranes were probed to detect XIAP,
BAX or actin. Bands were detected using horseradish peroxidase-
conjugated secondary antibodies and Pierce Supersignal West
Pico Enhanced Chemiluminescence reagents.

Statistical Analysis

As noted above, microarray data were analyzed using three-
way ANOVA [8, 18]. Spearman correlation analysis was used to
compare the microarray and qPCR results, and both the correla-
tion coefficient (r) and p value are reported. For other experi-
ments, multiple sample groups were compared using two-way
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Fig. 1. F. tularensis LVS infects human neutrophils and impairs
their spontaneous apoptosis. Neutrophils from four independent
donors were infected on different days with LVS for 3-48 h at
37°C in serum-free media. a Representative confocal images of
infected PMNs at 24 h. Bacteria are shown in red and PMNs were
detected using differential interference contrast optics and DAPI-
staining of nuclear DNA (blue). b Quantitation of infection effi-
ciency. Graphs show the percentage of infected PMNs and bacte-
rial load per infected cell. Pooled data are the mean = SEM (n =
4). ¢ Apoptosis was assessed at the indicated time points using
Annexin V-FITC staining and flow cytometry. Pooled data are
the mean = SEM (n = 4). *** p < 0.001 for control versus LVS-
infected PMNs.

ANOVA with Tukey’s post hoc test, and studies with one control
and one treatment group were evaluated using an unpaired two-
sided Student t test. Unless otherwise indicated, analyses were
performed using GraphPad Prism v4.0 software. p < 0.05 was
considered statistically significant.

F. tularensis Affects Neutrophil Gene
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Results

E. tularensis LVS Delays Spontaneous Apoptosis of

Human Neutrophils

We previously demonstrated that both LVS and the vir-
ulent F. tularensis strain Schu S4 inhibit constitutive neu-
trophil apoptosis and thereby prolong neutrophil lifespan
[15]. As both neutrophil apoptosis and proinflammatory
capacity are regulated in part at the transcriptional level
[3, 5, 7, 8, 10], we evaluated global gene expression in hu-
man PMNs during infection with F. tularensis LVS. To this
end, neutrophils from four different donors were infected
with LVS in suspension in serum-free RPMI-1640 medi-
um, an established approach for studies of neutrophil
apoptosis that avoids confounding effects of growth fac-
tors and other serum components on cell viability [21, 22].
At each time point, samples were processed to quantify
infection efficiency and the extent of apoptosis in the same
samples that were used for RNA extraction and microar-
ray analysis. As we reported previously [15], uptake of F.
tularensis is inefficient under these conditions and an
MOI of 200:1 was used to ensure that most PMNs were
infected (fig. 1a, b). By 6 h, approximately 65% of neutro-
phils contained 1-2 bacteria each, and over the time course
examined both the percentage of infected PMNs and the
bacterial load per cell increased progressively. Thus, by
24 h the majority of neutrophils exhibited high bacterial
burdens (fig. 1a, b). In addition, we confirmed the ability
of LVS to prolong PMN viability over 48 h postinfection
using Annexin V-FITC staining and flow cytometry anal-
ysis to detect phosphatidylserine exposed on the surface of
apoptotic cells. Relative to untreated controls, LVS pro-
foundly diminished PMN apoptosis at 12, 24 and 48 h
(fig. 1c), confirming published data [15]. These results set
the stage for our microarray studies, and in this regard it
is noteworthy that under these conditions both extracel-
lular and intracellular LVS contribute to the ability of this
bacterium to extend PMN lifespan [15].

E. tularensis LVS Induces Global Changes in PMN

Gene Expression

To gain insight into the molecular mechanisms that
account for the ability of F. tularensis to modulate PMN
function, we performed microarray studies to screen ap-
proximately 47,000 human genes for changes in expres-
sionat0, 3,6, 12,24 and 48 h, and in each case the control
and LVS-treated PMN were directly compared. As noted
above, RNA samples were prepared on different days us-
ing neutrophils from four individual healthy donors and
each sample was analyzed on a separate gene chip.
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Fig. 2. Neutrophil gene expression is altered during F. tularensis
infection. PMNs were left untreated or infected with LVS for 0-
48 h and neutrophil gene expression was analyzed using Affyme-
trix human oligonucleotide microarrays. a PCA depicts variation
and clusters within the data set in three dimensions. The x-axis
(PC 1) indicates the largest amount of variation (28.1%), the y-
axis (PC 2) the second largest amount of variation (9.9%) and the
z-axis (PC 3) shows all of the remaining variation (7.3%), for
45.3% variation in total. b Differentially expressed genes were cat-
egorized as up- or downregulated and enumerated at the indi-
cated time points. ¢ Confirmation of the microarray data. Differ-
ential expression of the indicated genes was quantified using real-
time Q-PCR. Data shown are the mean * SD from experiments
performed using cells from three different donors. Inset Graph
shows the strong correlation (Spearman correlation coefficient
r =0.9136 and p = 0.0046) between the Q-PCR and microarray
data.
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We used PCA mapping (fig. 2a) first to reduce math-
ematically the dimensionality of the spectrum of gene ex-
pression values and obtain information regarding the to-
tal amount of variation within the dataset [23, 24]. Our
data show that the control and LVS-stimulated PMNs
clustered together at 0 h, which suggests similarity be-
tween the initial data sets and demonstrates that initial
mixing of LVS and PMNs did not in and of itself alter the
PMN transcriptome. In marked contrast, the transcrip-
tional profiles of the LVS-treated cells clearly segregated
from the uninfected control PMNs as infection pro-
gressed, with distinctions between these groups apparent
by 3 h, and more profound differences detected at 6, 12,
24 and 48 h. As many of the control PMNs had progressed
to late apoptosis/secondary necrosis by 48 h, this limited
the utility of this data set, and we included only the 0-
24 h data in our subsequent analyses.

Next, we used criteria described in detail in Materials
and Methods to analyze the microarray data and identi-
tied 3,435 genes (1,149 induced and 2,286 repressed) that
were significantly (p < 0.05) differentially regulated dur-
ing LVS infection over 3-24 h (online suppl. table 1 con-
tains all of the significantly differentially expressed genes
identified in these experiments). Consistent with the
PCA, we observed that the number of genes differential-
ly expressed during infection increased over time, with
only 125 genes induced or repressed at 3 h, and 2,916
genes differentially regulated at 24 h (fig. 2b).

To validate the microarray data, we selected eight dif-
ferentially expressed genes for confirmation by quantita-
tive real-time RT-PCR. We included four significantly
upregulated genes and four significantly downregulated
genes that were representative of the range of responses
obtained on the microarrays, and also known to be as-
sociated with modulation of apoptosis (MIF, CDKNIA,
SOD2, TNFSF10, MCL1), cell survival (DDIT4) or the in-
flammatory response (F2RLI1, FGL2; fig. 2c). Statistical
analysis revealed a strong positive correlation (Spearman
correlation coefficient r = 0.90, p = 0.0046) between the
oligonucleotide microarray and the qPCR results (fig. 2c,
inset).

Apoptosis Pathways Are Significantly Modulated

during LVS Infection

To identify pathways relevant to F. tularensis infection,
we utilized DAVID [19, 20] and Metacore GeneGo soft-
ware to map our list of differentially expressed genes at 3,
6, 12 and 24 h to predefined pathways in two separate
pathway databases: Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG; Kanehisa Laboratories, Kyoto University,

Schwartz/Bandyopadhyay/Kobayashi/
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Kyoto, Japan) and Metacore GeneGo. KEGG is a database
of approximately 250 canonical signaling, metabolic and
disease pathways, whereas the MetaCore software utilizes
a proprietary, manually curated database of approximate-
ly 450 pathways involved in protein-protein, protein-DNA
and protein-compound interactions as well as metabolic
and signaling pathways. Twenty-seven different KEGG
pathways were identified by DAVID to be significantly en-
riched in differentially expressed genes between 3 and
24 h (table 1), and 11 unique pathways were involved in
apoptosis or cellular survival (table 1, asterisks). Of note,
the apoptosis pathway was identified as significantly en-
riched at all time points, and was highly significant at 6
and 12 h (p = 0.002 and 0.00038, respectively). Consistent
with the DAVID pathway analysis, 5 of the top 10 most
significant GenGo pathways were involved in apoptosis
and cell survival (fig. 3, asterisks). Of these 5 pathways, 2
were specifically involved in apoptosis (fig. 3, green shad-
ing). Collectively, these data strongly suggest that neutro-
phil survival during F. tularensis infection is modulated,
at least in part, by changes in neutrophil gene expression.

Genes Involved in Apoptosis and Cell Survival

Are Differentially Regulated in PMNs during LVS

Infection

To facilitate subsequent analysis of the dataset, the dif-
ferentially expressed genes identified between 3 and 24 h
were divided into functional categories using gene ontol-
ogy classification by DAVID (GO-BP-FAT format). As in
other studies [10, 25], we further classified the functional
categories into five groups associated with various bio-
logical functions: (1) apoptosis and cell survival; (2) tran-
scription, translation and DNA binding; (3) metabolism;
(4) host defense and signal transduction, and (5) vesicle
transport and protein localization (fig. 4). Although the
main objective of this study is to gain insight into the mo-
lecular mechanisms of prolonged neutrophil survival
during LVS infection, many genes in other categories also
exhibited significant differential expression. Of particu-
lar interest are several Rab family GTPases that regulate
membrane trafficking (RABIA, RAB5C, RAB7A, RABSB,
RABY9A, RAB20, RAB2I and RAB33A) and peroxisome
biogenesis factors (PEX1, PEX12, PEX13, PEX19 and
PEX26), as well as enzymes involved in signaling and host
defense including certain protein kinase C (PRKCB) and
phosphatidylinositol 3-kinase (PI3KCB) isoforms, cyclic
AMP-dependent protein kinase, MAP kinases, phos-
phatases and components of the ubiquitin conjugation
machinery (UBE2VIP, TMEMI189-UB, TMEM189 and
Ube2vI; online suppl. table 1).

F. tularensis Affects Neutrophil Gene
Expression

Table 1. KEGG pathways significantly enriched for differentially
expressed genes during F. tularensis infection

Time Pathway Hits p value

point

3h  Glycolysis/Gluconeogenesis 6 1.92E-04
MAPK signaling pathway* 9 0.0027
Prion diseases 4 0.0040
Graft-versus-host disease 4 0.0044
Hematopoietic cell lineage 5 0.0074
Cytokine-cytokine receptor interaction 8 0.0085
NOD-like receptor signaling pathway* 4 0.0195
Apoptosis* 4 0.0465

6h  Glycolysis/Gluconeogenesis 14 2.23E-06
Fructose and mannose metabolism 9 1.14E-04
NOD-like receptor signaling pathway* 11 4.57E-04
Pentose phosphate pathway 7  7.54E-04
Neurotrophin signaling pathway* 15 0.0015
Apoptosis* 12 0.0020
MAPK signaling pathway* 24 0.0025
T cell receptor signaling pathway 13 0.0037
Chronic myeloid leukemia* 10 0.0070
Pancreatic cancer* 9 0.0168
Toll-like receptor signaling pathway* 11 0.0171
Mismatch repair 5 0.0194

12h  Pentose phosphate pathway 12 1.09E-06
Glycolysis/Gluconeogenesis 16  4.53E-05
Apoptosis* 18 3.80E-04
Fructose and mannose metabolism 10 9.89E-04
NOD-like receptor signaling pathway* 13 0.0029
Neurotrophin signaling pathway* 20 0.0037
Pancreatic cancer* 14 0.0038
Chronic myeloid leukemia* 14 0.0054
Galactose metabolism 7 0.0140
Adipocytokine signaling pathway 12 0.0152
Starch and sucrose metabolism 9 0.0156
Chondroitin sulfate biosynthesis 6 0.0260
Insulin signaling pathway* 18 0.0368
Prostate cancer® 13 0.0468

24h  Lysosome 36 8.35E-05
Pentose phosphate pathway 13 1.64E-04
B cell receptor signaling pathway 25  3.58E-04
Acute myeloid leukemia* 20 0.0010
Glycolysis/Gluconeogenesis 20 0.0017
Neurotrophin signaling pathway* 33 0.0027
NOD-like receptor signaling pathway* 19 0.0061
Pancreatic cancer* 21 0.0069
Apoptosis* 23 0.0150
Amino sugar and nucleotide sugar metabolism 14  0.0160
T cell receptor signaling pathway 27 0.0165
p53 signaling pathway* 19 0.0167
Chronic myeloid leukemia* 20 0.0224
Ubiquitin mediated proteolysis 32 0.0224

Genes that were significantly differentially expressed in control
and LVS-infected neutrophils were used for pathway analysis. The
KEGG pathways identified by DAVID to be significantly modulated by
LVS are listed. Hits indicate the number of genes in our data set identi-
fied in each particular KEGG pathway. Asterisks indicate pathways
linked to apoptosis or cell survival.
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Fig. 3. GeneGo pathway maps in order of
significance during F. tularensis infec-
tion. Differentially expressed genes were
analyzed by GeneGo software to identify
pathways significantly altered during LVS
infection of PMNs. The ten most highly
significant GeneGo pathways identified
are shown. Asterisks indicate pathways
linked to apoptosis and cell survival.
Green shading indicates pathways specifi-

1. Development: PEDF signaling*

2. Development: NOTCH1-mediated pathway
for NFkB activity modulation

3. Immune response: MIF-mediated
glucocorticoid regulation

4. Development: TGF-B receptor signaling*

5. Apoptosis and survival: Endoplasmic
reticulum stress response pathway*

6. Apoptosis and survival: APRIL and
BAFF signaling*

7. Signal transduction: AKT signaling*

8. Immune response: MIF in innate immunity
response

9. Immune response: histamine H1 receptor
signaling in immune response

10. Immune response: IL-1 signaling pathway

cally associated with apoptosis.

Fig. 4. Global alterations in neutrophil
gene expression occur following infection
with F. tularensis LVS. Genes that exhib-
ited significant differential regulation
were categorized by function using DA-
VID and enumerated. The numbers of up-
and downregulated neutrophil genes in
each category are indicated and are based
on results from all four donors.
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In total, 365 unique genes implicated in apoptosis or
cellular survival were significantly differentially regulat-
ed between 3 and 24 h postinfection. Depicted in figure 5
are genes in this category that have been shown to be
modulated in other studies of neutrophil apoptosis in-
duction or inhibition, genes recently linked to apoptosis
or cell survival (such as CAST), and a few genes that
may be selectively affected by LVS (such as AIM?2). Of
note, several antiapoptosis genes, including TNFAIP3,

130 J Innate Immun 2013;5:124-136

TNFAIP8, TNFRSFI0D, CFLAR, BCL2A1, PIM2 and
BIRC4, were significantly upregulated in PMNs between
6 and 24 h after infection with LVS. Proteins encoded by
these genes inhibit apoptosis signaling at multiple steps
in both the extrinsic (CFLAR, TNFAIP3, TNFRSFIOD,
SOD2) and intrinsic (BCL2A1, BIRC4, PIM2, BIRC3)
pathways. Conversely, several genes involved in inducing
apoptosis were repressed during infection, including
TNFSF10, TNFRSFI0C, CASP2 and CASPS.
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Fig. 5. PMN genes involved in apoptosis and cell survival are al-
tered during infection with F. tularensis LVS. Differentially ex-
pressed genes (all p < 0.05) linked to apoptosis or cell survival in
previous studies are shown along with the mean fold change in
expression at each time point as indicated by the color-coded scale

In addition to genes specifically linked to apoptosis, a
number of genes involved in prosurvival responses were
also identified. Genes encoding cytokines (ILI1B, ILIA,
PBEF1, IL6), chemokines (CXCL1, CCL4) and growth fac-
tors (VEGF) were among the genes upregulated by LVS,
and the encoded proteins have been shown to suppress
neutrophil apoptosis in vitro [26-28]. The NF«kB pathway
controls expression of several prosurvival proteins in
neutrophils and as such is an important regulator of cell
lifespan [2]. Both genes involved in NFkB signaling
(NFKBI, NFKB2 and RELA) and known NFkB-regulated
target genes (IL1B, TRAFI, SOD2, GADD45B, CFLAR,

F. tularensis Affects Neutrophil Gene
Expression

bar. In some cases, gene names are followed by the common name
for the encoded protein as a reference. Upregulated transcripts
linked to antiapoptosis or cell survival are marked with an aster-
isk. Downregulated transcripts associated with proapoptotic or
prodeath functions are marked with a black X.

TNFAIP3, BCL2A1, BCL3, BIRC3 and BIRC4) linked to
cell survival were significantly upregulated by LVS. These
data suggest that LVS may promote neutrophil survival
in part by stimulating the NFkB pathway. Furthermore,
it has been recently suggested that the cyclin-dependent
kinases (CDKs) play a critical and previously unappreci-
ated role in the regulation of neutrophil apoptosis [2, 29].
CDK2 was among the first set of genes induced by LVS
(2.4-fold at 3 h, 4.2-fold at 12 h and 5.2-fold at 24 h), and
CDK7was also upregulated. Whether these or other CDK
isoforms affect PMN lifespan during F. tularensis infec-
tion is as yet unknown.
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Calpains are cytosolic cysteine proteases that partici-
pate in initiation of spontaneous and FAS-mediated neu-
trophil apoptosis [30]. In healthy cells calpain activity
is inhibited by its association with calpastatin. During
apoptosis, calpastatin is degraded, which frees calpain to
activate BAX and to degrade the potent caspase inhibitor
XIAP [2, 29, 30]. CAST, which encodes calpastatin, was
upregulated 4-fold at 12 h and 9-fold at 24 h by LVS.
Therefore, stabilization or upregulation of calpastatin
levels in neutrophils during LVS infection may enhance
PMN survival by inhibiting the proapoptotic function of
the calpain proteases.

BAX Expression Is Diminished in LVS-Infected PMNG,

and Proinflammatory Capacity Is Sustained

BAX is a proapoptotic member of the BCL-2 family
that controls release of cytochrome ¢ from mitochondria.
BAX is induced in PMNs by phagocytosis of bacteria or
other particles in an ROS-dependent manner [7, 8, 10],
and is considered a hallmark of the PICD pathway. Con-
sistent with this, BAX mRNA (fig. 6a) and protein (fig. 6b)
were transiently elevated in OpZ-stimulated PMNs. In
stark contrast, BAX mRNA declined progressively 3—
24 h after infection with LVS (fig. 6a), and BAX protein
in neutrophil lysates appeared diminished at 12 and 24 h
as compared with the actin loading control (fig. 6b).
Downregulation of BAX may synergize with diminished
ROS production to prevent PICD, and likely contributes
to the ability of F. tularensis to prolong PMN lifespan.

During apoptosis PMN proinflammatory capacity is
strongly downregulated [1, 3]. Thus, when apoptosis is
impaired, neutrophils exhibit a sustained proinflamma-
tory phenotype. Consistent with this, expression of sev-
eral proinflammatory genes was enhanced by LVS in-
cluding VEGF, ILIB, IL6 and CXCLI (fig. 5) as well as
OSM and ILIRN (online suppl. table 1). In contrast, IL8
was unaffected (data not shown), results which are con-
sistent with the fact that CXCLS is not secreted by PMNs
infected with live F. tularensis [15].

LVS-Infected Neutrophils Contain Large Amounts of

the Antiapoptotic Protein XIAP

Our published data indicate that both proenzyme pro-
cessing and the activity of mature caspases-9 and 3 are
profoundly diminished and delayed by F. tularensis [15],
but what accounts for this is unclear. XIAP is a member
of the inhibitor of apoptosis protein family that directly
inhibits the activity of caspase-9 and 3, and also inhibits
processing of the respective procaspases to their mature
forms [2, 31]. As the genes that encode calpastatin (CAST)

132 J Innate Immun 2013;5:124-136

Fold change BAX mRNA
relative to uninfected PMN

T OPmN
257 mus T
-40 - O OpZ
*#
0 3 6 9 24
a Time (h)
PMN +LVS +0pZ
0 361224 0 3 61224 3 612 24 h
PO ED D S e e e - == BAY

b..-u- 0 B et et e o T\ (i)

Fig. 6. BAX mRNA and protein are downregulated during LVS
infection. Control, LVS-infected and OpZ-stimulated PMNs were
analyzed at the indicated time points for BAX mRNA and protein.
a Changes in BAX mRNA were quantified by qPCR. Data shown
are the mean * SD from two independent experiments. * p <0.05
versus PMN control, and * p <0.001 versus OpZ by ANOVA with
Tukey’s post hoc test. b BAX protein was detected in cell lysates
by immunoblotting. Actin was used as a loading control. Data
shown are representative of three independent experiments.

and to a lesser extent XIAP (BIRC4) were upregulated by
LVS (fig. 5), we hypothesized that XIAP protein may be
elevated or sustained in infected PMNs. To test this,
immunoblots prepared using control and LVS-infected
PMN lysates were probed with XIAP-specific antibodies.
By this assay, XIAP (57 kDa) declined precipitously in the
uninfected control PMN at time points >12 h after isola-
tion, with concomitant accumulation of an approximate
30-kDa calpain cleavage fragment (fig. 7), confirming
published data [32]. In stark contrast, XIAP remained
abundant in LVS-infected PMNs, and only very small
amounts of the p30 XIAP fragment were detected over
the time course examined (fig. 7). These data strongly
suggest that maintenance of XIAP at high levels is one
mechanism used by F. tularensis to diminish caspase ac-
tivity and impair PMN apoptosis.
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Fig. 7. XIAP accumulates in LVS-infected PMNs. PMNs were left
untreated or infected with LVS for the indicated amount of time,
and immunoblots of cell lysates were probed to detect XIAP. Full-
length XIAP disappears in parallel with accumulation of a p30
XIAP fragment in PMNs undergoing constitutive apoptosis. By
contrast, XIAP is maintained at high levels in LVS-infected PMNs
over 48 h, and only minimal amounts of the p30 fragment were
detected. The data shown are representative of three independent
experiments.

Discussion

We recently demonstrated that F. tularensis impairs
spontaneous neutrophil turnover as well as apoptosis
triggered by FAS crosslinking [15], buthow thisisachieved
is largely unknown. Upon discovery of the apoptosis dif-
ferentiation program, it became apparent that neutrophil
turnover is regulated at the transcriptional level, and that
apoptosis is a final, regulated stage of the neutrophil life-
cycle that is subject to manipulation by bacterial patho-
gens [5, 7, 11, 12]. In keeping with this, the results of this
study demonstrate that F. tularensis LVS alters the human
neutrophil transcriptome, including expression of genes
associated with apoptosis and cell fate. Collectively, our
data suggest that changes in expression of key pathway
components and regulatory factors, as well as prosurviv-
al signaling intermediates and cytokines, may act in con-
cert to profoundly prolong PMN lifespan during F. tula-
rensis infection.

Neutrophil apoptosis can be initiated by the extrinsic
(death receptor) or intrinsic (mitochondrial) pathways
(fig. 8). The extrinsic pathway is triggered by ligation
of surface death receptors [FAS, tumor necrosis factor
receptor-1 (TNFR1), and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)] [2, 29], which leads
to formation of a death-inducing signaling complex at the
membrane that is required for activation of procaspase-8.
On the other hand, the intrinsic pathway is triggered by
disruption of the outer mitochondrial membrane, which
leads to activation of procaspase-9, and is the dominant
pathway involved in constitutive neutrophil turnover [5].

F. tularensis Affects Neutrophil Gene
Expression

The results of this study indicate that multiple genes
known to regulate apoptosis signaling via these pathways
were differentially expressed in response to LVS (fig. 5,
8). In particular, several extrinsic pathway antagonists
and inhibitors were significantly upregulated including
CFLAR, TNFAIP3, SOD2 and TNFRSFI0D, whereas
proapoptotic factors in this pathway, including TRAIL
(TNFSFI10) and caspase-8 (CASP8), were downregulated.
LVS also induced expression of several antiapoptotic
genes in the intrinsic pathway, including BCL2A 1, BIRC4,
BIRC3 and PIM2. XIAP and cIAP (encoded by BIRC4 and
BIRC3, respectively) act directly on caspases to diminish
cell death [2, 29, 31]. PIM2 is a serine/threonine kinase
that inhibits apoptosis by phosphorylating BAD [33]. In
addition, BCL2A1 encodes BFL-1, an antiapoptotic BCL-
2 family protein that inhibits crosstalk between the ex-
trinsic and intrinsic pathways by interacting with and se-
questering tBID [34] (fig. 8).

Regulation of mitochondrial integrity is a central con-
trol point in apoptosis that is governed by the balance of
pro- and antiapoptotic BCL-2 family members [2, 29]. In
healthy PMNs antiapoptotic BCL-2 proteins (MCL-1, Al
and BCL-XL) are present in excess relative to BAX and
BAK, and sequester these proapoptotic proteins in the
cytosol to preserve mitochondrial integrity. During con-
stitutive apoptosis, expression of antiapoptotic BCL-2
proteins declines selectively. This allows BAX/BAK oligo-
mers to form pores in the outer mitochondrial membrane
that in turn permit translocation of cytochrome ¢ from
the intermembrane space to the cytosol for initiation of
apoptosome formation and caspase-9 activation (fig. 8).
Rapid ROS-dependent induction of BAX markedly accel-
erates neutrophil apoptosis, and this is a hallmark of the
PICD pathway [10]. VDAC is a voltage-dependent anion
channel in the outer mitochondrial membrane that also
contributes to organelle integrity. We demonstrated pre-
viously that F. tularensis uncouples phagocytosis from
NADPH oxidase activation [13, 14], and show here that
expression of BAX mRNA and protein were significantly
diminished (fig. 6), whereas expression of VDAC was en-
hanced (fig. 5). These data account for the fact that F. tu-
larensis does not trigger PICD, and also suggest that dif-
ferential effects of this organism on BAX and VDAC may
sustain mitochondrial integrity during infection. Addi-
tional studies of mitochondrial structure and BAX local-
ization during F. tularensis infection are therefore war-
ranted.

Calpains and the proteasome are essential for consti-
tutive PMN apoptosis [34], and calpain inhibitors prevent
proteasome-mediated degradation of XIAP and MCL-1
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can downregulate the extrinsic (death
receptor) and intrinsic (mitochondrial)
apoptotic pathways, and upregulate ex-
pression of NFkB-dependent cell survival
genes. At the same time, blockade of
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sis phagosome and downregulation of
BAX prevent induction of the ROS-depen-
dent PICD pathway. Where protein and
gene names differ, gene names are shown
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in a protein kinase A-dependent manner [35]. We show
here that genes encoding several proteasome subunits
(PSMA2, PSMA3, PSMB2, PSME3, PSMB6, PSMB4,
PSMB7, PSMDI and PSMD6) were downregulated by
LVS, whereas expression of the calpain inhibitor cal-
pastatin (CAST) was enhanced (fig. 5). In keeping with
this, full-length XIAP protein was maintained at high
levels in LVS-infected PMNs, and appearance of a p30
calpain cleavage fragment was substantially diminished
relative to controls (fig. 7). As XIAP directly inhibits pro-
cessing and activation of procaspases-9 and 3 [2, 31], and
both these events are significantly inhibited in F. tularen-
sis-infected PMNs [15], our results are consistent with a
model in which upregulation of calpastatin and down-
regulation of the proteasome act in concert to prevent
degradation of XIAP, which in turn inhibits caspases-9
and 3, as one mechanism to impair PMN apoptosis

(fig. 8).
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Neutrophil turnover is also regulated by prosurvival
signaling, and NFkB plays a central role in promoting
PMN survival [2, 36]. Thus, it is noteworthy that both
NFkB transcription factors [NFKBI (pl05), NFKB2
(p100), and RELA] and antiapoptotic target genes (IL1B,
TRAFI,SOD2, GADD45B, CFLAR, TNFAIP3, BIRC4 and
BIRC3) were rapidly induced by LVS. GADD458 is of in-
terest as it connects MAP kinase and NFkB signaling
pathways and can counteract FAS-stimulated cell death
[37]. In addition to its effects on NFkB, LVS also en-
hanced expression of neutrophil-specific survival factors
such as CDK2 and CDKY [2, 29], and cytokines and che-
mokine genes that promote inflammation as well as PMN
survival (ILIB, ILIRN, IL6, OSM, PBEF1, CXCLI, CCL4,
CXCR4) [26-28]. These results suggest that the LVS-in-
duced transcriptome may act at several levels to extend
cell lifespan.
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Finally, we report that F. tularensis also significantly
affected expression of genes associated with cytosolic
pattern recognition systems and inflammasome activa-
tion, with early induction of NLRP3 and NOD?2 followed
by downregulation of AIM2, NAIP, PYCARD and NLRPI
(tig. 5). Recent studies indicate that the NLRP3/ASC/cas-
pase-1 inflammasome is functional in human neutro-
phils and is required for IL-1{ secretion [38]. Addition-
ally, PYCARD and its product ASC are strongly induced
during constitutive and FAS-triggered neutrophil turn-
over [39], whereas polymorphisms in NLRP3 are associ-
ated with delayed constitutive and microbe-stimulated
neutrophil death [40]. Dynamic regulation of neutrophil
inflammasome components by F. tularensis merits fur-
ther study, particularly since the AIM2 and NLRP3 in-
flammasomes are modulated by this organism in macro-
phages [41, 42].

In summary, the results of this study demonstrate that
F. tularensis LVS substantially alters the human neutro-
phil transcriptome, including expression of genes associ-
ated with apoptosis and cell fate. Our data indicate that
F. tularensis does not stimulate the PICD pathway, and
strongly suggest that opposing effects of this organism on
BAX and XIAP contribute to apoptosis inhibition. How-
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