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Coxiella burnetii, the etiological agent of Q fever, is a small, Gram-negative, obligate intracellular bacterium.
Replication of C. burnetii during infection has been shown to be increased by decreasing oxidative stress using
p47°"°* =/~ and iNOS ™/~ mice in vivo and by pharmacologic inhibitors in vitro. Building upon this model, we
investigated the role polymorphonuclear leukocytes (PMN) play in the control of infection, since NADPH
oxidase-mediated release of reactive oxygen intermediates (ROI) is a primary bactericidal mechanism for these
cells that is critical for early innate clearance. Earlier studies suggested that C. burnetii actively inhibited
release of ROI from PMN through expression of an unidentified acid phosphatase (ACP). Recent genomic
annotations identified one open reading frame (CBU0335) which may encode a Sec- and type II-dependent
secreted ACP. To test this model, viable C. burnetii propagated in tissue culture host cells or axenic media, C.
burnetii extracts, or purified recombinant ACP (rACP) was combined with human PMN induced with 4-phorbol
12-myristate 13-acetate (PMA). The release of ROI was inhibited when PMN were challenged with viable C.
burnetii, C. burnetii extracts, or rACP but not when PMN were challenged with electron beam-inactivated C.
burnetii. C. burnetii extracts and rACP were also able to inhibit PMA-induced formation of NADPH oxidase
complex on PMN membranes, suggesting a molecular mechanism responsible for this inhibition. These data
support a model in which C. burnetii eludes the primary ROI killing mechanism of activated PMN by secreting

at least one acid phosphatase.

Coxiella burnetii, the etiological agent of Q fever, is a small,
Gram-negative, obligate intracellular bacterium. Human Q fe-
ver is most commonly acquired through aerosol inhalation of
soil contaminated with livestock birth products (43). There are
two distinct disease progressions associated with Q fever: acute
and chronic infection. The acute infection presents as a flu-like
illness often including severe periorbital headache, and clinical
presentations have included the neurological, gastrointestinal,
endocrine, and renal systems (34, 35). Chronic Q fever has
been characterized by the development of endocarditis, with
less common manifestations of hepatitis and osteoarticular or
vascular infections (3). C. burnetii resides within specialized
phagolysosomes (27) of host cells during infection, including
macrophages (22, 26) and potentially polymorphonuclear leu-
kocytes (PMN). The ability of C. burnetii to survive and repli-
cate within the phagolysosome requires it to either inhibit or
withstand degradative enzymes and an oxidative burst from
PMNs that generate reactive oxygen intermediates (ROI),
such as superoxide anions. Earlier studies suggested that PMN
challenged with C. burnetii Nine Mile phase I (NMI) did not
stimulate an oxidative burst (1). Additionally, C. burnetii ex-
tracts have acid phosphatase activity that can serve as an in-
hibitor of an oxidative burst in N-formyl-Met-Leu-Phe
(fMLP)-stimulated human PMN (4) by disrupting tyrosine
phosphorylation/dephosphorylation (25).

C. burnetii isolates used in this study were C. burnetii Nine
Mile RSA493 (NMI) and C. burnetii Nine Mile RSA439
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(NMII). These two isolates are considered phase variants, with
NMI being a virulent isolate and NMII being relatively aviru-
lent. The phase differences are caused, in part, by a large
deletion in the NMII genome (6, 17). This deletion is approx-
imately 23,000 bp and includes genes encoding lipopolysaccha-
ride (LPS), causing NMII to have a deep rough LPS as op-
posed to the smooth LPS of NMI. The phase variation
phenomenon is similar to the smooth-to-rough-LPS transition
of Gram-negative enteric bacteria (17, 18, 20, 21).

Zamboni and Rabinovitch (46) reported that peritoneal
mouse macrophages (PMM) or bone marrow-derived macro-
phages (BMDM) treated with the nitric oxide (NO) donor
sodium nitroprusside and challenged with NMII had lower
bacterial loads over time than untreated macrophages. PMM
treated with the NO synthase suppressors aminoguanidine and
N-methyl-L-arginine had an increased bacterial load over time
compared to the control. Brennan et al. (7) demonstrated that
p47P"* =/~ and iNOS /" mice infected with NMI were signif-
icantly reduced in the ability to control infection compared to
wild-type mice. IFN-y-treated primary macrophages and the
J774.A16 cell line, which exhibits an increased NADPH ex-
pression, inhibited C. burnetii replication due, in part, to in-
creased hydrogen peroxide (H,O,). These studies show that C.
burnetii is sensitive to both ROI and reactive nitrogen inter-
mediates (RNI) and that both ROI and RNI are required to
reduce C. burnetii growth.

PMN are one of the first in a cascade of cell types that migrate
to a wound or site of infection (9). The initial role of PMN in an
infection is one of search and destroy. To accomplish this task,
PMN have an arsenal of enzymes at their disposal in the form of
granules, both azurophilic (primary) and specific (secondary),
metalloproteases, and NADPH oxidase (13, 30).



VoL. 79, 2011

NADPH oxidase is a multicomponent enzyme that is assem-
bled on a cellular or vacuolar membrane. The assembly of
NADPH oxidase on the membrane initiates the conversion of
O, to ROIs, including singlet oxygen (*O,) and superoxide
anion (O, ) (37). ROIs can additionally participate in a variety
of reactions (i.e., with halide-containing molecules) to produce
other highly toxic compounds (23). The release of ROI ini-
tiates a charge buildup across the vacuole membrane, which is
compensated when ions (such as K* and CI™) move across the
vacuole membrane, providing an environment conducive to
degranulation and enzymatic digestion (39). For the assembly
of the NADPH complex to proceed, the cytoplasmic portions
(i.e., p47P"°x, p60P"°*, and p40P"*™) are phosphorylated (12,
38). These phosphorylation events produce conformational
changes and subsequent binding to the membrane-associated
components (.., gp91P2* and p22P™°*) (10, 38).

Previous studies suggested that C. burnetii infection (both
phase I and phase II) of PMN did not stimulate production of
ROI (1). This lack of response was thought to be caused, in
part, by acid phosphatase activity that was detected in C. bur-
netii extracts (4, 25). Recently, Siemsen et al. reported that
PMN challenged with opsonized NMII did not activate the
translocation of p47P"** or p60P"** to the membrane (42). This
suggested that C. burnetii actively inhibited the phosphoryla-
tion of p47P"°* and p60P"°*, although it was not determined if
C. burnetii components acted directly or indirectly upon
p47P°* and p60P"* phosphorylation. We report that C. bur-
netii encodes an acid phosphatase (ACP) that can be secreted.
This ACP was found to be inhibited by acid phosphatase in-
hibitors, including sodium tartrate. The ROI response in PMN
was inhibited by native and recombinant ACP and, when ex-
ogenously added to PMN, prevented the translocation of
p47P°* to the membrane.

MATERIALS AND METHODS

Isolation of human PMN. Human PMN were harvested from healthy volun-
teers under a currently approved Institutional Review Board protocol for human
subjects in research. Peripheral blood was obtained by venipuncture and com-
bined with a 6% dextran solution at a 10:1 ratio. The erythrocytes were allowed
to sediment (30 to 40 min), leaving leukocyte-rich plasma (LRP). LRP was
layered on top of Nycoprep 1.077 (Axis-Shield, Oslo, Norway) at a ratio of 2:1.
This gradient was centrifuged for 25 min at 600 X g. The PMN-enriched pellet
was resuspended in ice-cold distilled water for 30 s to lyse contaminating eryth-
rocytes, after which an equal volume of 1.7% NaCl was added to restore isotonic
conditions. The mixture was then centrifuged for 10 min at 250 X g. The resulting
PMN were resuspended in Hanks balanced salt solution (HBSS) (without Mg?*
or Ca?") and enumerated using a hemocytometer. Purified PMN were Wright
stained and evaluated for morphology and purity. They were also stained with
fluorescein isothiocyanate (FITC)-conjugated CD16b antibody (Ab Direct/Sero-
tec, Raleigh, NC), a specific marker for PMN, and analyzed by flow cytometer to
evaluate purity. Preparations with greater than 95% purity were used in this
study.

Oxidative burst in PMN challenged with C. burnetii. In a 96-well plate, 10°
PMN were combined at a multiplicity of infection (MOI) of 10 bacteria to 1
PMN with virulent NMI or avirulent NMII. Challenged PMN were exog-
enously activated with 50 ng/ml 4-phorbol 12-myristate 13-acetate (PMA) 30
min postchallenge. The plate was maintained at 37°C and 5% CO,. Super-
oxide anion production by PMN was monitored on a spectrophotometer
(Spectromax M2; Molecular Dynamics, Sunnyvale, CA) by an increase in
fluorescence (excitation, 488 nm; emission, 530 nm) after the addition of 10
pg/ml OxyBurst H,HFF green bovine serum albumin (BSA) (Invitrogen,
Carlsbad, CA).

Acid phosphatase purification from C. burnetii. Purification was done as de-
scribed before by Li et al. (25). Briefly, previously purified (from tissue culture or
acidified citrate cysteine medium [ACCM] propagation) and frozen NMII, ap-
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proximately 1 mg, was centrifuged at 20,000 X g for 30 min, and freezing media
were discarded. The pellet was resuspended in 2 ml of 10 mM HEPES (pH 7.4),
0.8% NaCl, 0.2% Triton X-100 with complete protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and gently shaken at 4°C for 80 min. This was
followed by centrifugation at 100,000 X g for 30 min. The supernatant had a
specific activity of 0.094 wM/min/mg and was stored at —20°C until use.
(Throughout this paper, 1 U is equal to 1 mM/min/mg.)

Production of recombinant C. burnetii ACP. The open reading frame (ORF)
CBUO0335 (NCBI, GenelD: 1208217) was PCR amplified and cloned into the
pFLAG-MAC vector (Sigma-Aldrich, St. Louis, MO) by the In-fusion system
(Clonetech, Mountain View, CA) using the following primers: forward primer,
5'-ATA TAA GCT TAT GAT TCT TAG CTT CAC ACC GAT G-3'; reverse
primer, 5'-CAT GAG ATC TTT AAT ACA TAA AAT TAG GTA ATT TAT
AAC TGT GTT CG-3'. The plasmid, designated pJH101, was sequenced to
confirm the predicted sequence. Recombinant ACP (rACP) was produced and
purified as follows. A 5-ml overnight culture was grown, added to 100 ml of LB
broth with 50 wg/ml carbenicillin, and grown at 37°C to an optical density at 600
nm (ODgq) of approximately 0.5. At this growth stage, 2 WM IPTG was added
and incubation was continued at 37°C for 2 h. The culture was centrifuged at
15,000 X g for 20 min, and the supernatant was removed. The pellet was
resuspended in 5 ml lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, pH 7.4) and sonicated (model S-3000; Misonix Inc., Farming-
dale, NY) three times, 30 s each, at power setting 8. The sonicated solution was
centrifuged for 1 h at 25,000 X g at 4°C. The supernatant was combined with
FLAG-conjugated agarose beads (Sigma-Aldrich) and gently shaken for 4 h at
4°C. The FLAG beads were loaded onto a column and washed three times with
10 ml Tris-buffered saline (TBS), pH 7.2. Elution was done with 0.1 M glycine,
pH 3.5, three times, 1 ml each. The eluate had a specific activity of 0.024
wM/min/mg, and the eluates were stored at —20°C until use.

Acid phosphatase activity assay. Acid phosphatase activity was determined
using the Acid Phosphatase Enzcheck system (Invitrogen) according to the
manufacturer’s specification. Briefly, a 50-pl reaction buffer containing 10 pM
DiFMUP (6,8-difluoro-4-methyumbelliferyl phosphate) and 50 pl of sample was
added to a 96-well plate. The plate was kept in the dark at room temperature for
the duration of the experiment. The acid phosphatase activity was monitored
with a spectrophotometer by an increase in fluorescence (excitation, 360 nm;
emission, 460 nm).

PMN membrane isolation. Human PMN were treated with either Esche-
richia coli, live NMII, C. burnetii extract, or rACP for 30 min or PMA (50
ng/ml) for 10 min. After treatment, the reaction was stopped by the addition
of 1 ml ice-cold Tris-sucrose buffer (TSB) (100 mM Tris, 340 mM sucrose, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1X complete pro-
tease inhibitor cocktail [Roche], and 0.1X HALT protease cocktail [Pierce,
Thermo Fisher Scientific, Rockford, IL]). PMN were collected by centrifu-
gation at 1,000 X g for 1 min. PMN were resuspended in 200 wl TSB and
sonicated on power setting 0.5 for 35 s. The remaining intact PMN were
removed by centrifugation at 1,000 X g for 1 min. The supernatant was then
centrifuged for 30 min at 100,000 X g. The resulting pellet (membrane
fraction) was resuspended in 200 wl TSB. Sample buffer was then added, and
all samples were boiled for 10 min. Samples were separated by SDS-PAGE
and Western blotted onto nitrocellulose membranes. The membranes were
then probed with anti-p47P"°* (Santa Cruz Biotechnology, Santa Cruz, CA)
or anti-actin (Cell Signaling Technology, Danvers, MA).

Electron beam inactivation of C. burnetii. Tissue culture-propagated NMI or
NMII was suspended in 0.25 M sucrose phosphate (137 mM NaCl, 2.7 mM KCI,
10 mM Na,HPO,, 1.76 mM KH,PO,, 250 mM sucrose) in a 50-ml polypropylene
conical tube. This was then exposed to a minimum of 10,000 grays (10 kGy) of
ionizing radiation at the National Center for Electron Beam Research (Texas
A&M University, College Station, TX) (31, 32). The resultant material was
deemed inactivated by infecting severe combined immunodeficiency (SCID)
mice intraperitoneally with 10° genome equivalents with no observable sickness
or splenomegaly 14 days postinfection (2).

ACCM propagation of C. burnetii. C. burnetii was grown as described by
Anders et al. (33). Briefly, NMII was seeded in ACCM at 10° genome equiva-
lents/ml. The cultures were gently shaken for 7 days at 37°C and 5% CO, and
2.5% O,. C. burnetii was harvested by centrifugation at 20,000 X g for 30 min and
frozen at —80°C until used.

Statistical analyses. Results were expressed as the means * the standard
deviation (SD) and were compared using a Student’s ¢ test. Differences were
considered significant at P values of <0.05.
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FIG. 1. Coxiella burnetii does not stimulate ROI release from human PMN. (A) Human PMN (10°) were challenged with live or killed NMI
or NMII or live E. coli at an MOI of 10 bacteria to 1 PMN. (B) At 30 min postchallenge, 50 ng/ml PMA was added. Cells were incubated at 37°C
and 5% CO, for the duration of the experiment. Data represent mean = SD of triplicate values from one experiment representative of a total of

three. *, P < 0.05; *%, P < 0.005.

RESULTS

PMNs challenged with viable C. burnetii were inhibited in
the ability to express ROI after exogenous stimulation. PMN
are normally stimulated to release ROI when encountering
bacteria. We wanted to investigate if PMN were stimulated to
release ROI when encountering C. burnetii. Human PMN were
challenged with viable or electron beam-inactivated C. burnetii
(Fig. 1A). There was no significant ROI response, compared to
results with the control, when PMN were challenged with ei-
ther viable or electron beam-inactivated C. burnetii. This was in
contrast to the result with PMN that were challenged with
viable E. coli, which induced a robust ROI response. The lack
of ROI response to C. burnetii by PMN has been reported
previously (1, 14, 15, 42), as well as results for several other
organisms (5, 8, 29, 44). Since there was no significant differ-
ence of ROI release upon C. burnetii challenge compared to
that with the control, we wanted to know if C. burnetii were
actively inhibiting PMN ROI release or just being undetected
by the PMN. We used PMA, a potent PMN stimulator (11, 41),
measured its effect, and chose 50 ng/ml as the dose that initi-
ated a robust ROI release. Higher doses did not produce an
appreciably larger ROI release (data not shown). An alternate
PMA stimulator of ROI release is fMLP. We did not choose
this because in our hands, it did not consistently produce a
robust ROI release. PMN were challenged with viable or elec-
tron beam-inactivated C. burnetii and incubated at 37°C for 30
min. They were treated with 50 ng/ml PMA, and incubation was
continued at 37°C for the duration of the experiment (Fig. 1B).
PMA-stimulated PMN challenged with electron beam-inacti-
vated C. burnetii had an ROI response similar to that of the
control (nonchallenged) PMN, while PMN that were challenged
with viable C. burnetii inhibited the ROI response (Fig. 1B).

Identification and testing of a C. burnetii acid phosphatase.
Acid phosphatase enzymes have been identified in other intra-
cellular organisms that inhibit PMN ROI release (36) or re-
duce organism viability in the presence of PMN when deleted
(28). Analysis of the C. burnetii genome identified 29 anno-
tated phosphatase enzymes, yet, of these, only 2 were anno-
tated as acid phosphatase enzymes, CBU0335 (ACP) and
CBU1671 (survival protein E [surE]) (40). We speculated that

secretion was essential for an enzyme to subvert the host ROI
response by either acting directly on or interfering in the as-
sembly of the NADPH oxidase complex. The only ORF that
had a predicted signal sequence was CBU0335, which is 666 bp
in length and encodes a predicted 25.43-kDa protein with the
predicted signal sequence and 22.71 kDa without the predicted
signal sequence (Fig. 2A). The predicted signal sequence is a
20-amino-acid residue that is positive by SignalP 3.0 (http:
/www.cbs.dtu.dk/services/SignalP/) and SIG-Pred: Signal Pep-
tide Prediction algorithms (http://bmbpcu36.leeds.ac.uk/prot
_analysis/Signal.html). CBUO0335 also has a high degree of
similarity to acid phosphatase enzymes from other known in-
tracellular bacteria. Francisella tularensis encodes three distinct
acid phosphatase enzymes, of which CBU0335 has a high level
of homology with one member (F. tularensis subsp. novicida
U112, FTN1526 [identity, 31%; similarity, 54%], and F. tula-
rensis subsp. tularensis SCHU S4, FTT0156 [identity, 31%;
similarity, 54%]). Legionella pneumophilia encodes two distinct
acid phosphatase enzymes, of which CBU(0335 shares high
homology with one member (L. pneumophila strain Lens,
1pl2544 [identity, 45%; similarity, 66%], and L. pneumophila
strain Paris, Ipp2674 [identity, 45%; similarity, 65%]) (Fig. 2B).
Interestingly, among the other genes that have similarity with
CBUO0335, only the L. pneumophilia ORFs encode a predicted
secretion signal by SignalP 3.0.

Expression of ACP by C. burnetii. C. burnetii must survive in
the extreme conditions present in a PMN and phagolysosome
and would express genes and produce proteins to help combat
those environmental stresses. Microarray data showed that
transcripts for CBU0335 were present and at similar levels
under oxidative stress conditions in experiments comparing C.
burnetii-infected J774.A16 cells and J774.D9 cells (K. Mertens,
unpublished data). To evaluate the expression of ACP protein,
an rACP containing an N-terminal FLAG epitope but with no
predicted signal sequence (predicted size, 24.18 kDa) was pu-
rified under partial denaturing conditions and used to immu-
nize mice and rabbits for antibody production. This antibody
recognized only the rACP and not the native protein (data not
shown). An alternative antibody was identified that was gen-
erated against a GST-fusion-derived rACP (a kind gift from
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FIG. 2. Amino acid alignment of CBU0335 with ClustalW and predicted cleavage site. (A) The cleavage site was determined for ORF
CBUO0335 using the Gram-negative secretion prediction group from SignalP. n-region, h-region, and c-region, N terminus, middle, and C terminus,
respectively, of the predicted signal sequence. (B) Sequences of L. pneumophilia strain Paris ORF lpp2674 (Lp_Paris), C. burnetii RSA493 ORF
CBUO0335 (Cb_RSA493), and F. tularensis subsp. Schu S4 ORF FTT0156 (Ft_SCHU_S4). Asterisks indicate identical amino acids; colons indicate

conserved substitutions; periods indicate semiconserved substitutions.

Robert Heinzen, Rocky Mountain Laboratory). This antibody
recognized the FLAG-Acp fusion protein and a band of equal
mass in the C. burnetii extract, suggesting that rACP was iden-
tical to C. burnetii ACP (Fig. 3).
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FIG. 3. Detection of ACP. (A) Western blot using anti-rACP primary
antibody of rACP (lane 1) and C. burnetii extract (lane 2). (B) Silver stain
of SDS-PAGE marker (lane 1), rACP (lane 2), and C. burnetii extract
(lane 3).

pH-dependent acid phosphatase activity. Purified rACP and
C. burnetii extracts were assayed for acid phosphatase and
pH-dependent activities. rACP and C. burnetii extract were
incubated in sodium acetate buffers at different pH values (pH
3 to 6) or Tris-buffered saline (pH 7 and 8). Both the purified
rACP and C. burnetii extracts had a pH-dependent acid phos-
phatase activity (Fig. 4A and B). The optimum pH of activity
for these preparations differed slightly, with the peak of rACP
activity at pH 7 but extending through pH 3, while the C.
burnetii extract had an optimum activity at pH 6. Since known
inhibitors of acid phosphatase (4) have been used in previous
studies characterizing C. burnetii ACP activity, we compared
several inhibitors to test the sensitivity of rACP and C. burnetii
extract. The rACP or C. burnetii extract was added to reaction
buffer along with 10 pM sodium molybdate (Sigma-Aldrich),
10 wM sodium orthovanadate (Sigma-Aldrich), or 10 mM so-
dium tartrate (Sigma-Aldrich). There was a marked inhibition
of acid phosphatase activity with all three antagonists (Fig. 5).
It was also noted that both the rACP and C. burnetii extract
were sensitive to sodium tartrate.

C. burnetii extracts from axenically propagated NMII and
rACP inhibit the ROI response of exogenously stimulated PMN.
As reported by Li et al., acid phosphatase activity unique to C.
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FIG. 4. Acid phosphatase activity of C. burnetii extract and rACP. C. burnetii extract (A) and rACP (B) (0.01 U and 0.00001 U, respectively)
were added to 100 pl of either 1 M sodium acetate buffer (pH 3 to 6) or TBS (pH 7 to 8). DiIFMUP (100 wM) was added, and the increase in
fluorescence was monitored. Data represent mean = SD of triplicate values from one experiment representative of a total of three. *, P < 0.05;

=%, P < 0.005.

burnetii may be one mechanism by which the ROI response is
inhibited. Initial C. burnetii extracts in our study were made
according to the method outlined by Li et al. (25) using tissue
culture-propagated NMIL. Li et al. reported that by employing
a subset of heteromolybdate compounds, bacterial acid phos-
phatase activity was inhibited and able to be discriminated
from host (mammalian) acid phosphatase activity. We were
unable to obtain these compounds for our experiments; how-
ever, C. burnetii was grown outside a host cell in an artificial
medium (ACCM) (33), and when this culture method was
used, our ACCM-propagated C. burnetii extracts (ACE) did
not contain mammalian protein contamination. As an addi-
tional control, ACCM was shown to be devoid of ACP activity
(data not shown). When human PMN were treated with ACE
or rACP for 10 min (Fig. 6) and subsequently exogenously
stimulated by the addition of 50 ng/ml PMA, the ROI response
was significantly reduced compared to that of the control. This
complete lack of detectable reactive oxygen could be due ei-
ther to an active inhibition of NADPH oxidase complex func-
tion or to scavenging by enzymes such as superoxide dismutase
(SOD) (19) and secreted Cu/Zn SOD (R. Brennan, unpub-
lished data). The ACE was tested for SOD activity and was
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FIG. 5. Inhibition of acid phosphatase activity. 0.0001 U rACP or
0.08 U C. burnetii extract were combined with 10 M sodium molyb-
date, 10 M sodium orthovanadate, or 10 mM sodium tartrate in 100
wl reaction buffer. Acid phosphatase activity was detected by an in-
crease in fluorescence as described in Materials and Methods. Percent
inhibition is relative to that of the untreated control. Data represent
the mean of triplicate values from one experiment representative of a
total of three.

found to have none detectable (data not shown). SOD activity
was detected using the Sigma-Aldrich SOD determination kit
based on the color change of a water-soluble formozan dye.
This strongly suggests that the ROI inhibition was not due to
SOD activity in ACE.

ACE and rACP inhibit the assembly of the NADPH oxidase
complex. The cytosolic components of the NADPH oxidase
complex need to move to the membrane to initiate ROI re-
lease. To investigate how NMII may influence the NADPH
assembly, E. coli, NMII, ACE, or rACP was added to PMN
that were then stimulated, or not, with 50 ng/ml PMA. The
PMN were harvested and lysed. Membranes were separated
from cytosolic components, and the location of p47P"* was
examined by Western blotting (Fig. 7). PMN treated with
NMII and untreated PMN had comparable amounts of p47°P"°
mobilized to the membrane, consistent with an inability to
activate PMN. The results of NMII treatment followed by
PMA stimulation were not significantly different from those of
PMA treatment alone (3- to 5-fold induction). In contrast, the
exogenous addition of ACE or rACP was able to completely
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FIG. 6. Inhibition of ROI release by rACP and ACE. Human PMN
(10°) were incubated with 0.0001 U rACP or 0.08 U ACE for 10 min.
Cells were then treated with 50 ng/ml PMA or not treated and were
incubated for 30 min at 37°C. Data represent mean = SD of triplicate
values from one experiment representative of a total of three. *, P =
0.005; **, P = 0.001.
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FIG. 7. ACE and rACP inhibit the movement of p47°"** to the
membrane. E. coli (30 min), NMII (30 min), ACE (10 min), or rACP
(10 min) was incubated with PMN and stimulated or not stimulated
with 50 ng/ml PMA (10 min). Membranes were run on SDS-poly-
acrylamide gels, blotted to polyvinylidene difluoride (PVDF), and
probed with anti-p47P"°* or anti-actin. Fold induction = (average pixel
density of a-p47P"°*/average pixel density of a-actin)/(average pixel
density of a-p47P1°* control/average pixel density of a-actin control).
Data represent means * SD of values from three experiments.

inhibit the movement of p47P"** to the membrane even after
PMA stimulation.

DISCUSSION

The inability of C. burnetii to be propagated outside host
cells has limited the approaches available to discover and char-
acterize virulence factors. The inclusion of host proteins in C.
burnetii preparations has been problematic when describing
interactions between C. burnetii and host cells. Recently, meth-
ods for C. burnetii propagation in vitro in an acidified citrate
medium were published (33). This has allowed the analysis of
pure C. burnetii cultures devoid of the contamination of host
proteins.

C. burnetii, like other intracellular organisms, likely manip-
ulates the host in a variety of ways to establish a replication
niche. This likely requires the secretion of proteins that inter-
act with the host. F. tularensis secretes an acid phosphatase that
can inhibit the ROI response in PMN and allow for survival in
a macrophage (2, 27, 31). We have shown that C. burnetii
rACP, C. burnetii extract (devoid of host contamination), and
viable C. burnetii inhibit the ROI response in PMA-activated
PMN. This supports a role for Acp in C. burnetii intracellular
survival. As noted in Results and Materials and Methods, the
rACP is a fusion protein with an N-terminal FLAG epitope.
This is one of three different strategies employed by our lab to
clone and express an active ACP. We used a variety of dena-
turing conditions to purify ACP but found no detectable ACP
activity. Employing renaturation steps after purification res-
cued some ACP activity. Finally, with the most recent FLAG
epitope construct, a partially denaturing protein purification
protocol was developed. With this protocol, recombinant pro-
tein with significant ACP activity was obtained. This leads us to
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speculate that the ACP protein is sensitive to conformational
change from its native state. As described in previous studies,
some phosphatase proteins will unfold and demonstrate irre-
versible loss of activity due to thermal or chemical stress (45,
47). This may explain the differences seen between the C.
burnetii extract and rACP activity. One would expect a much
higher specific activity from purified protein than from a lysate.
However, if a conformational change occurs, we speculate that
activity could be diminished. Ongoing work on improving na-
tive protein purification could result in further increases in
enzymatic activity.

The ability of C. burnetii to inhibit NADPH complex forma-
tion has recently been demonstrated by Siemsen et al. (42).
They used opsonized C. burnetii to show that with F_R-medi-
ated phagocytosis, there was no increase in p47°P"°* or p67Phox
translocation to the membrane. Unexpectedly, we showed that
while C. burnetii alone did not stimulate NADPH complex
formation, C. burnetii infection did not inhibit its formation in
the presence of PMA stimulation. This may indicate that in-
fection-mediated suppression of PMA-stimulated ROI release
is downstream of NADPH oxidase complex formation at the
membrane. Alternatively, infection-mediated suppression may
only partially inhibit NADPH oxidase complex formation, as
suggested by the partial inhibition of ROI release (Fig. 1).
Hence, ROI release may be a more sensitive monitor of ACP-
mediated activity by C. burnetii infection than membrane lo-
calization analysis. When PMN were preincubated with either
C. burnetii extracts or rACP and then PMA stimulated,
NAPDH oxidase formation was inhibited. One would expect
that rACP or the C. burnetii extracts were taken up, by either
pinocytosis or receptor-mediated endocytosis, but as described
by another group (36), acid phosphatases may be agonists to
extracellular signals, thereby manipulating the PMN from the
outside.

We speculate that C. burnetii, due to its slow replication rate,
probably does not undergo significant replication inside PMN
but rather uses PMN as a trafficking mechanism to be delivered
to the preferred host cell, a macrophage, as is the case for
Leishmania donovani (16, 24). C. burnetii may survive in the
PMN awaiting the programmed apoptosis that PMN are des-
tined to undergo. Once the PMN undergoes apoptosis, C.
burnetii may be included in an apoptotic bleb waiting for a
macrophage to phagocytose the apoptotic body. The expres-
sion of ACP may be an alternate strategy, should C. burnetii be
phagocytosed by a primed or activated PMN, thus allowing C.
burnetii to dampen the ROI response and allow for survival.

In this paper, we show that C. burnetii encodes an ACP that
can inhibit the ROI response of PMN. This ACP was molyb-
date and tartrate sensitive and had pH-dependent activity.
Also, engagement of C. burnetii by PMN did not lead to ROI
induction or NADPH oxidase assembly. Future experiments
will include examination of the mechanism behind this inhibi-
tion, which could include proteins such as protein kinase C,
Akt, and Erk1/2. This would be a valuable step not only toward
understanding the role of the PMN in C. burnetii infection but
also in forming a more complete picture of the process by
which PMN undergo ROI generation and NADPH oxidase
assembly.
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