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Infection of neutrophil precursors with Anaplasma phagocytophilum, the causative agent of human granulo-
cytic ehrlichiosis, results in downregulation of the gp91phox gene, a key component of NADPH oxidase. We now
show that repression of gp91phox gene transcription is associated with reduced expression of interferon
regulatory factor 1 (IRF-1) and PU.1 in nuclear extracts of A. phagocytophilum-infected cells. Loss of PU.1 and
IRF-1 correlated with increased binding of the repressor, CCAAT displacement protein (CDP), to the promoter
of the gp91phox gene. Reduced protein expression of IRF-1 was observed with or without gamma interferon
(IFN-�) stimulation, and the defect in IFN-� signaling was associated with diminished binding of phosphor-
ylated Stat1 to the Stat1 binding element of the IRF-1 promoter. The diminished levels of activator proteins
and enhanced binding of CDP account for the transcriptional inhibition of the gp91phox gene during A.
phagocytophilum infection, providing evidence of the first molecular mechanism that a pathogen uses to alter
the regulation of genes that contribute to an effective respiratory burst.

The agent of human granulocytic ehrlichiosis, recently
renamed Anaplasma phagocytophilum (3), is a vector-borne
pathogen that is primarily transmitted by Ixodes scapularis ticks
(45). A. phagocytophilum is an obligate intracellular bacterium
with a tropism for neutrophils and has developed multiple
strategies to survive within polymorphonuclear leukocytes.
A. phagocytophilum infects both neutrophils and neutrophil
precursors, and HL-60 cells have been used as an in vitro
model to study this pathogen (4, 28, 29) One report suggested
that neutrophils infected with A. phagocytophilum have delayed
apoptosis (54) that may facilitate bacterial propagation in this
short-lived cell. Other studies state that A. phagocytophilum
infection may actually enhance apoptosis (12, 20). A. phagocy-
tophilum-containing vacuoles also fail to mature into phagoly-
sosomes (53), a mechanism that may protect the bacteria from
harmful lytic enzymes. Finally, infection with A. phagocytophi-
lum inhibits expression of the gp91phox gene, one of the key
components of the respiratory burst (4, 43).

The respiratory burst is catalyzed by the enzyme NADPH
oxidase and consists of membrane-associated components
p22phox, gp91phox and Rap1A and several cytoplasmic compo-
nents, including p40phox, p47phox, p67phox, and Rac2 (2, 19, 23).
Dysfunction in the respiratory burst is associated with a defi-
ciency of gp91phox, p22phox, p47phox, or p67phox (9, 41). A re-
duction in gp91phox gene levels following infection with A.
phagocytophilum may also lead to a deficiency in the respira-
tory burst. Modulation of rac2 expression (5) may provide
another strategy to alter superoxide production. One study
suggested that the level of p22phox protein was also influenced

by A. phagocytophilum infection (44). Alterations in p22phox

gene expression have not been noted.
The gp91phox gene is a tightly regulated gene whose expres-

sion occurs through the competition of activator proteins with
the repressor CCAAT displacement protein (CDP) (34, 38,
48). The minimal gp91phox gene promoter required for mono-
cyte/macrophage expression has been localized to a region 450
bp from the start of transcription (47). The binding sites for
several activator proteins, including interferon regulatory fac-
tor 1 (IRF-1) and IRF-2 (15, 39), interferon consensus se-
quence binding protein (ICSBP) (15), the Ets family members
Elf-1 and PU.1, CREB binding protein (CBP) (16, 52),
CCAAT binding protein (CP1), and the binding increases dur-
ing differentiation (BID)/YY1 factor (22) have all been local-
ized to this region. Transcriptional activation of the gp91phox

gene requires the formation of a complex between PU.1,
IRF-1, ICSBP, and CBP (16). PU.1 binds to the gp91phox gene
promoter in the absence of the other factors, followed by the
recruitment of either ICSBP or IRF-1, resulting in the hema-
topoiesis-associated factor 1 (HAF1) complex (16). Complex
formation between PU.1/Elf-1, IRF-1, and ICSBP further re-
cruits CBP to the promoter, resulting in HAF1a (16).

These activators are not unique to the promoter of the
gp91phox gene but are also shared by the p67phox and p47phox

gene promoters (24). Lack of any of these proteins could
adversely affect the transcription of all three genes. However,
this is not always the case. For example, neutrophils from
PU.1-deficient mice fail to produce gp91phox but are still able
to express p47phox and p67phox (33), demonstrating the critical
requirement of this activator protein for transcription of the
gp91phox gene. Posttranslational modification of these proteins
is also essential for DNA interaction (35, 46). Recently, Kautz
and colleagues demonstrated that increased phosphatase ac-
tivity can inhibit the interaction of ICSBP, IRF-1, and CBP
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with the gp91phox gene promoter and hence adversely affect
transcription (24).

gp91phox is unique among the oxidase genes in that a specific
repressor, CCAAT displacement protein (CDP), is involved in
the regulation of its expression (34, 38). Several studies have
identified six CDP binding sites within the 450-bp promoter
region of the gp91phox gene (6). A site for another repressor,
HoxA10, was also identified in the promoter region of the
gp91phox and p67phox genes (14). Binding sites for specific
AT-rich binding protein 1 (SATB1) have also been identified
within the promoter of the gp91phox gene (18). Since the
gp91phox gene is a major NADPH oxidase component whose
transcription is adversely affected by A. phagocytophilum, we
believe that this pathogen may alter the balance of proteins
that may be essential for gp91phox gene transcription. To un-
derstand how A. phagocytophilum may be distinctly affecting
the regulation of this gene, we investigated the gene expression
and DNA interaction of several factors known to participate in
regulation of the gp91phox gene.

MATERIALS AND METHODS

Cell line. The promyelocytic cell line HL-60 was obtained from the American
Type Culture Collection. Uninfected and A. phagocytophilum-infected cells were
maintained as described (4).

RNA preparation and PCR. mRNA was prepared from A. phagocytophilum-
infected and uninfected HL-60 cells with an RNA isolation kit (Stratagene, La
Jolla, Calif.) and analyzed by PCR. cDNA was prepared with the reverse tran-
scription-PCR kit (Stratagene) according to the manufacturer’s recommenda-
tions. The gp91phox gene was detected as described (4). Primers specific to the
hge-44 gene, 395–419 (5�-TCAAGACCAAGGGGTATTAGAGATAG-3�) and
920-898 (5�-GCCATCATGGAATTTCTTCGGG-3�) were based on the se-
quence of hge-44, a member of an A. phagocytophilum gene family that encodes
immunodominant antigens (21, 55). A 584-bp fragment from the IRF-1 gene
(GenBank accession number 002198) was amplified with primers IRF1a (5�-
CAGCTCAGCTGTGCGAGTGTA-3�) and IRF-1b (5�-GTGAAGACACGCT
GTAGACTCAGC-3�). A 494-bp fragment of PU.1 (GenBank accession number
006167) was amplified with primers PU.1f (5�-AGACTTCGCCGAGAACAAC
TTCA-3�) and PU.1r (5�-CTTCTGGTAGGTCATCTTCTTGCG-3�). �-Actin
primers (5�-AGCGGGAAATCGTGCGTG-3�) and (5�-CAGGGTACATGGT
GGTGCC-3�) were prepared and used in PCR amplification. �-Actin primers
were used in a control PCR amplification to normalize the samples for equal
cDNA concentrations.

Western blot. Nuclear extracts were prepared from uninfected and 95% A.
phagocytophilum-infected cells by the method of Dignam et al. (11) in the pres-
ence of protease inhibitor cocktail (Roche Cooperation, Indianapolis, Ind.) and
1 mM each of the phosphatase inhibitors NaF and Na3VO4. From 5 to 10 �g of
the nuclear extracts were run on a sodium dodecyl sulfate-10% polyacrylamide
gel. Following transfer to nitrocellulose, the membrane was blocked with 5%
bovine serum albumin in 0.1% Tween-20-containing Tris-buffered saline (T-
TBS) for 2 h. The membranes were probed with antibodies to IRF-2, ICSBP,
PU.1, Elf-1, IRF-1, and CDP (Santa Cruz Biotechnologies, Santa Cruz, Calif.)
for 1 h, followed by a 15-min wash and two 5-min washes. The blots were probed
with a 1:2,000 dilution of a secondary goat antibody conjugated to horseradish
peroxidase for 1 h. Following washing, the blots were developed with ECL
substrate and exposed to X-ray film.

DNA pulldown assay. The DNA pulldown assay was performed according to
the protocol of Ting et al. (50). Briefly, 200 �g of nuclear extracts was cleared
with 10 �l of streptavidin-agarose beads, followed by overnight incubation with
100 ng of an annealed biotinylated HAF site containing the �72 to �43 (5�-
AGGGCTGCTGTTTTCATTTCCTCATTGGAA-3�) fragment of the gp91phox

gene promoter at 4°C. Fresh streptavidin beads were added for an additional
hour and then collected and washed. Bound proteins were eluted by boiling in
Laemmli buffer, followed by loading onto a sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis gel. Western blots for precipitated proteins were per-
formed.

EMSA. The gel shift assay was performed with the Lightshift chemilumines-
cent electrophoretic mobility shift assay (EMSA) kit (Pierce, Rockford, Ill.).
Complementary biotinylated oligonucleotides consisting of the gp91phox gene

HAF site fragment, �32 to �69 (5�-CTGCTGTTTTCATTTCCTCATTGGAA
GAAGAAGCATAG-3�) and the CDP binding sites, CDP� (5�-GCTTTTCAG
TTGACCAATATTAGCCAATTTC-3�), CDP� (5�-TTTGTAGTTGTTGAGG
TTTAAAGATTTAAGTTTGTTATGGATGCAA-3�), CDP� (5�-TTTAATGT
GTTTTACCCAGCACGAAGTCATGTCTAGTTGAGTGGCTTAAA-3�),
CDP� (5�-AGAAATTGGTTTCATTTTCCACTATGTTTAATTGTGACTGG
ATCATTATA-3�), and CDPε (5�-TGATAAAAGAAAAGGAAACCGATTGC
CCCAGGGCTGCTGTTTCATTTC-3�) as described by Catt et al. (6), Stat1
binding element from the IRF-1 promoter (SBE-IRF-1) (5�-GATCGATTTCC
CCGAAATGA-3�) as described by Coccia et al. (48), were annealed and then
loaded onto a 2% agarose gel. The DNA was extracted with the QIAquick gel
extraction kit (Qiagen). The isolated fragment was added to a 20-�l reaction mix
consisting of 5 �g of nuclear extract, DNA binding buffer, glycerol, MgCl2,
NP-40, and poly(dI � dC) in concentrations based on manufacturer’s recommen-
dations. The reaction was incubated for 20 min at room temperature, followed by
loading onto a 5% native polyacrylamide gel. The gel was run with 0.5% Tris-
Borate-EDTA (TBE) and processed according to the manufacturer’s recommen-
dations.

For antibody blocking, 5 to 10 �g of anti-PU.1 (T-21) (Santa Cruz Biotech.)
was either incubated with the extract DNA/complex or incubated with extracts
for 1 h on ice followed by addition of the labeled double-stranded oligonucleo-
tide for an additional 15 min. Competition with unlabeled double-stranded CDP
oligonucleotide (5�-ACCCAATGATTATTAGCCAATTTCTGA-3�) mutant
(	) CDP oligonucleotide (5�-ACCCAATGGCCGTTAGCCAATTTCTGA-3�),
ets (5�-GGGCTGCTTGAGGAAGTATAAGAAT-3�), IRF-1 (5�-GGAAGCGA
AAATGAAATTGACT-3�) (Santa Cruz Biotech.), a high-affinity binding site
from the promoter of neural cell adhesion molecule (NCAM) (5�-CTTTGAAA
ATCGAACCGAATCTAAAAT-3�) (26, 51), was performed as stated above
with the use of excess unlabeled fragments instead of antibodies.

Stable transfection of the gp91phox gene reporter construct. The bp �209 to
�12 promoter fragment of the gp91phox gene was amplified with gp91D (5�-
GTGACTGGATCATTATAGACC-3�) and gp91B (5�-CATGGTGGCAGAGG
TTGAATGT-3�). The isolated fragment was cloned into the pBlue-TOPO re-
porter plasmid containing the promoterless lacZ gene (Invitrogen, Carlsbad,
Calif.). HL-60 cells were transfected with the DMRIE-C reagent (Gibco-BRL,
Gaithersburg, Md.) based on the manufacturer’s recommendations. Stable trans-
fectants were obtained following two rounds of selection and maintained in 1.5
mg of G418 per ml. Resistant cells were infected with A. phagocytophilum for 48
to 96 h, and �-galactosidase activity was determined with the �-galactosidase
reporter assay kit (Roche Cooperation, Indianapolis, Ind.). As a control for
�-galactosidase activity, transfection was also performed with the pSV-�gal (Pro-
mega, Madison, Wis.) containing the lacZ gene under the control of the simian
virus 40 early promoter and enhancer.

Chromatin immunoprecipitation. The chromatin immunoprecipitation was
performed by the method of Li et al. (32) with some modifications; 107 HL-60
cells or A. phagocytophilum-infected HL-60 cells stimulated with either 100 U of
human IFN-� (BD Bioscience, San Jose, Calif.) per ml or 10 nM phorbol
12-myristate 13-acetate (PMA) (Sigma, St. Louis, Mo.) were collected in 10 ml
of medium and placed in 100-mm tissue culture plates. The cells were fixed with
a final concentration of 2% formaldehyde for 30 min at 37°C. The cells were
collected and washed several times in cold 1x phosphate-buffered saline, fol-
lowed by sonication in chromatin immunoprecipitation buffer (10 mM Tris-HCl,
140 mM NaCl, 5% glycerol, 0.1% deoxycholate, 0.1% sodium dodecyl sulfate,
1% Triton X-100) supplemented with protease inhibitors.

Following centrifugation, the supernatant was collected and stored until im-
munoprecipitation. The protein concentration was determined with the Bio-Rad
protein assay reagent. Equal protein concentrations of the supernatants were
incubated overnight with an antibody to CDP (Santa Cruz Biotech.). The anti-
body/protein-DNA complexes were incubated with protein A/G agarose beads
for an additional 1 h, followed by centrifugation and collection of the bound
protein-DNA complexes. The beads were washed several times with chromatin
immunoprecipitation buffer followed by incubation with elution buffer (0.1 M
NaHCO3 and 1% sodium dodecyl sulfate) and heated for 4 h at 65°C. Superna-
tants were then collected and subjected to DNA purification with the Qiagen
PCR purification kit. The DNA was eluted in 30 to 50 �l and used in PCR
amplification with primer gp91B, �7 to �15 (5�-CATGGTGGCAGAGGTTG
AATGT-3�) and gp91D, �209 to �189 (5�-GTGACTGGATCATTATAGACC-
3�) specific to the gp91phox gene promoter.

RESULTS

Infection with A. phagocytophilum alters gp91phox gene pro-
moter activity. Infection of HL-60 cells with A. phagocytophi-
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lum results in reduced transcription and expression of the
gp91phox gene (4). The expression of the other major subunits
of NADPH oxidase, p47phox, p67phox, and p22phox, remains
unaffected (4), suggesting that A. phagocytophilum infection
specifically influences transcription of the gp91phox gene. The
�450 to �12 region of the gp91phox gene promoter has been
shown to be sufficient for induction of the gp91phox gene in
monocytes (47). The interacting proteins have been character-
ized, and several of their binding sites are contained within the
proximal 100 bp of the promoter (15). We therefore investi-
gated the effect of A. phagocytophilum infection on the proxi-
mal gp91phox gene promoter region.

HL-60 cells expressing a promoter fusion consisting of a
225-bp gp91phox gene-proximal promoter fused to the promot-
erless lacZ gene (Fig. 1A) were infected with A. phagocytophi-
lum, and cell extracts were analyzed for �-galactosidase activ-
ity. The results show that A. phagocytophilum infection had
little effect on the �-galactosidase activity of the control pSV-
�-gal vector while significantly (P 
 0.01) reducing the pro-
moter activity of the gp91phox gene-proximal promoter by 50%
compared to the activity in uninfected HL-60 cells (Fig. 1B).
This finding led us to investigate the effects of A. phagocyto-
philum infection on the proteins that interact with the proximal
promoter of the gp91phox gene.

Infection with A. phagocytophilum alters the binding of pro-
teins to the promoter of the gp91phox gene. Since the proteins
that interact with the gp91phox gene promoter have, for the
most part, been identified, we assessed the effect of A. phago-
cytophilum infection on the interaction of these molecules. We
focused on a fragment of the proximal promoter called the
hematopoiesis-associated factor 1 (HAF1) (16, 17) site, which
contains binding sites for IRF-1, PU.1, Elf-1, ICSBP, and CBP
(15, 16, 52). Using nuclear extracts from uninfected and A.
phagocytophilum-infected cells, we observed differential bind-
ing of proteins to the gp91phox gene promoter HAF1 site (Fig.

2A). We observed several complexes similar to what Kautz and
colleagues described (24). The profile of the band shifts result-
ing from A. phagocytophilum-infected extracts was similar to
that observed with extracts from uninfected HL-60 cells, but
the intensity of complex II differed between the extracts (Fig.
2A). A. phagocytophilum-infected and uninfected HL-60 cells
had similar intensities at complex I, while complex II was
reduced in the infected extracts (Fig. 2A, lanes 2 and 3). In-
cubation of extracts with an antibody to PU.1 resulted in dis-
ruption of both complexes (Fig. 2A, lane 6), suggesting that
PU.1 is a component of both complexes. In addition, two new
complexes were observed upon treatment with this antibody.
The slower-migrating complex may contain CP1, while the
faster-migrating complex consists of monomeric PU.1, as pre-
viously described (15). Treatment of extracts with excess unla-
beled IRF-1 or ets oligonucleotide (Fig. 2B, lanes 4 and 3,
respectively) resulted in loss of both complexes. This result is
consistent with the participation of IRF-1 and PU.1 in the
formation of complexes I and II.

Gamma interferon (IFN-�) can stimulate cell differentiation
and generation of the respiratory burst from phagocytes (13,
27) and can specifically regulate the expression of the gp91phox

gene by increasing the rate of transcription (8). Banerjee
showed that treatment of A. phagocytophilum-infected cells
with IFN-� was able to partially restore gp91phox gene expres-
sion (4). As expected, A. phagocytophilum-infected cells stim-
ulated with IFN-� have reduced complex II compared with
uninfected cells that were stimulated with IFN-� (Fig. 2A,
lanes 4 and 5). IFN-� stimulation did not alter the band inten-
sity of complex I (HAF1a) and complex II (HAF1) when un-
infected unstimulated cells were compared to uninfected cells
(Fig. 2A, lanes 2 and 4). This result is consistent with the
results of Eklund et al., who demonstrated that despite the
apparent effect of IFN-� on transcription of the gp91phox gene,
any effect on protein binding could not be detected in EMSA

FIG. 1. A. phagocytophilum infection alters the activity of the the gp91phox promoter. A) Schematic diagram of the proximal promoter fragment
from the gp91phox gene promoter fused to the promoterless lacZ gene. The CDP repressor (�, �, �, �, ε, and �) and activator (BID/YY1, IRF-1,
CP1, CBP, Elf, PU.1, and ICSBP) protein binding regions are depicted. B) Promoter activity was measured by �-galactosidase activity in the
presence and absence of A. phagocytophilum. �-Galactosidase activity is presented as a percentage of the activity in uninfected cells. As a control,
the �-galactosidase activity of the control plasmid pSV-�gal was determined in the presence and absence of infection. The asterisk denotes
statistical significance (P 
 0.01) of triplicate readings as determined by Student’s t test.
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(15). Altered formation of complex II during infection suggests
an adverse effect on the proteins that participate in the forma-
tion of this complex.

A. phagocytophilum alters the protein concentration of IRF-1
and PU.1. We next examined the effect of A. phagocytophilum
infection on the levels of activator and repressor proteins that
interact with the gp91phox gene promoter. In order for the
gp91phox gene to be expressed, the repressor-promoter inter-
action must be inhibited by activator proteins (38, 48). Western
blotting demonstrated that ICSBP, Elf-1, and IRF-2 levels
were not adversely affected by A. phagocytophilum infection
(Fig. 3A). Compared to nuclear extracts from uninfected cells,
A. phagocytophilum-infected HL-60 cells did not show eleva-
tion of the repressor CDP (Fig. 3A). Among the activators,
IRF-1 and PU.1 protein levels were reduced and scarcely de-
tectable in nuclear extracts from A. phagocytophilum-infected
HL-60 cells (Fig. 3A). A decrease in the IRF-1 level during
infection with A. phagocytophilum is consistent with altered
binding to the IRF-1 consensus binding site (Fig. 3B). How-
ever, altered binding to the consensus ets oligonucleotide dur-
ing infection is not apparent (Fig. 3C). This result implies that
despite the reduction in PU.1 protein levels, there is a sufficient
amount of protein to bind the promoter. These data are con-
sistent with the resistance of complex I to alteration by A.
phagocytophilum infection.

The reduction in IRF-1 protein level is more apparent in the
nuclear fraction than the cytoplasmic fraction (Fig. 4A). Cyto-

plasmic extracts from uninfected and infected cells contained
similar levels of IRF-1 (compare lanes 1 and 3 of Fig. 4A),
while the nuclear fraction of the infected cells had lower con-
centrations of IRF-1 (compare lanes 5 and 7 of Fig. 4A).
Stimulation with IFN-�, which can upregulate expression of
IRF-1 (42), resulted in elevated levels of IRF-1 in both unin-
fected and A. phagocytophilum-infected cell extracts (Fig. 4,
compare lanes 5 and 6 and lanes 7 and 8). A. phagocytophilum
infection demonstrated an ability to inhibit IRF-1 expression
even in the presence of IFN-� stimulation (Fig. 4A, lanes 6 and
8).

We then assessed the effect of A. phagocytophilum infection
on the transcription of IRF-1. RNA from A. phagocytophilum-
infected cells demonstrated reduced expression of IRF-1 (Fig.
4B). Similar to the protein level, stimulation with IFN-� up-
regulated expression of IRF-1 in both uninfected and infected
cells, but expression levels in the infected samples were still
reduced. The transcriptional inhibition observed with IRF-1
correlated with transcriptional inhibition of the gp91phox gene
(Fig. 4B).

We also investigated the effect of infection on the expression
of PU.1. Similar to IRF-1, the protein concentration of PU.1
was decreased in nuclear extracts from A. phagocytophilum-
infected cells (Fig. 4C, compare lanes 5 and 6 and lanes 7 and
8). This effect was evident whether or not the cells had been
stimulated with IFN-�. The cytoplasmic extracts from both the
infected and uninfected cells contained comparable levels of

FIG. 2. A) A. phagocytophilum infection alters protein binding to the gp91phox gene HAF site. Nuclear extracts from uninfected and A. phago-
cytophilum-infected HL-60 cells were incubated with the HAF site fragment (bp �32 to �69) from the gp91phox gene promoter. Lane 1 contains
no extract, lanes 2, 4, and 6 contain extracts from uninfected HL-60 cells, lanes 3 and 5 contain extracts from A. phagocytophilum-infected cells.
Lanes 4 and 5 contain extracts stimulated with IFN-� for 48 h. In lane 6, extracts were incubated with an antibody to PU.1 for 1 h following addition
of the labeled fragment. Asterisks denote complexes resulting from PU.1 treatment. B) Extracts from uninfected HL-60 cells (lanes 2, 3, and 4)
were incubated with the HAF site fragment. Excess unlabeled oligonucleotide containing either the IRF-1 (lane 3) or ets (lane 4) binding site was
incubated with the extracts for 1 h prior to addition of the labeled HAF site oligonucleotide.
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PU.1 (Fig. 4C, compare lanes 1 and 2 and lanes 3 and 4),
demonstrating that the effect was specific for the nuclear frac-
tion. PU.1 message was not altered by infection.

A. phagocytophilum infection does not alter Stat1 phosphor-
ylation. Previous work by Lee and colleagues showed that
Ehrlichia chaffeensis, which infects macrophages, inhibits Jak/
Stat activation (31). IFN-� stimulation utilizes the Jak/Stat1

signaling pathway and therefore may be defective in A. phago-
cytophilum-infected cells. We investigated the effect of infec-
tion on Stat1 phosphorylation as a possible mechanism for
reduced expression of IRF-1 and the gp91phox gene. Analysis
of Stat1 phosphorylation revealed that infection with A. phago-
cytophilum did not inhibit IFN-�-induced phosphorylation of
Stat1 (Fig. 5A). The cytoplasmic and nuclear extracts appear to

FIG. 3. A. phagocytophilum infection reduces the protein levels of IRF-1 and PU.1. A) Western blot of nuclear extracts from A. phagocyto-
philum-infected and uninfected HL-60 cells probed with antibodies to IRF-2, ICSBP, Elf-1, IRF-1, PU.1, CDP, and actin. B) A. phagocytophilum
infection alters binding to the IRF-1 binding site. Extracts from uninfected (lanes 2, 4, and 6) and A. phagocytophilum-infected (lanes 3 and 5)
HL-60 cells were incubated with a labeled IRF-1 oligonucleotide. The extracts in lanes 4 and 5 were obtained from cells stimulated with IFN-�
for 48 h. Excess unlabeled oligonucleotide was added to the extracts in lane 6. C) A. phagocytophilum infection does not alter binding to the ets
binding site. Extracts from uninfected (lanes 2, 4, and 6) and A. phagocytophilum-infected (lanes 3 and 5) HL-60 cells were incubated with the ets
binding site oligonucleotide. The extracts in lanes 4 and 5 were obtained from cells stimulated with IFN-� for 48 h. Excess unlabeled oligonu-
cleotide was added to lane 6.
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have similar levels of phosphorylated Stat1 in the presence and
absence of A. phagocytophilum infection (Fig. 5A). Therefore,
we conclude that the IFN-�-induced signaling cascade leading
to Stat1 phosphorylation was not adversely affected by A. pha-
gocytophilum infection.

A. phagocytophilum infection alters the binding of phosphor-
ylated Stat1 to the Stat1 binding element of IRF-1. We ana-
lyzed the effect of A. phagocytophilum infection on the inter-
action of phosphorylated Stat1 with the promoter of IRF-1.
Following IFN-� stimulation, phosphorylated Stat1 forms a
homodimer and interacts with the IFN-�-activated site ele-
ment (10). Recently, Stat1 and IRF-1 were demonstrated to
cooperate in the IFN-�-activated transcription of the gp91phox

gene (30). Since phosphorylation of Stat1 was not affected by
infection and phosphorylated Stat1 is important in the regula-
tion of IRF-1 and the gp91phox gene (30), infection could affect
phosphorylated Stat1 at the level of binding, resulting in the
defect observed with expression of both genes. Following
IFN-� stimulation, phosphorylated Stat1 homodimers can in-
teract with the Stat1 binding element in the IRF-1 promoter,
resulting in elevated expression (50).

Using the extracts from A. phagocytophilum-infected and

uninfected cells stimulated with IFN-� for various times, we
observed differential binding to the Stat1-binding element of
IRF-1 (Fig. 5B). From the earliest to the latest time point
observed, A. phagocytophilum infection inhibited binding of
phosphorylated Stat1 to the Stat1-binding element of IRF-1
(Fig. 5B). The nuclear extracts are the same as those shown in
Fig. 5A, which clearly shows similar levels of phosphorylated
Stat1 in the extracts. This result indicates that even in the
presence of IFN-� stimulation and phosphorylation of Stat1,
binding to the Stat1-binding element of IRF-1 is severely af-
fected by A. phagocytophilum infection.

A. phagocytophilum infection reduces transcription complex
formation at the promoter of the gp91phox gene. We also in-
vestigated the effect of infection on the formation of the HAF
complex. PU.1 is thought to bind to the proximal promoter and
recruit other activators to the region (16). Reduced levels of
PU.1 and IRF-1 suggest that activator complex formation may
be modulated during A. phagocytophilum infection. Immuno-
precipitation with a DNA pulldown assay showed that binding
of PU.1 to the HAF site fragment was reduced following
exposure to A. phagocytophilum (Fig. 6A), consistent with the
reduced levels of PU.1 detected in the nuclear extract by West-

FIG. 4. Inhibition of IRF-1 and PU.1 by A. phagocytophilum. (A) Western blot of cytoplasmic (lanes 1 through 4) and nuclear (lanes 5 through
8) extracts from IFN-�-stimulated (lanes 2, 4, 6, and 8) and unstimulated (1, 3, 5, and 7) A. phagocytophilum-infected (lanes 3, 4, 7, and 8) and
uninfected (lanes 1, 2, 5, and 6) HL-60 cells probed with an antibody to IRF-1. (B) Reverse transcription-PCR of mRNA from uninfected and A.
phagocytophilum-infected HL-60 cells to assess expression of the IRF-1 and gp91phox genes. PCR for hge-44 was performed to verify infection with
A. phagocytophilum. �-Actin PCR was also performed as a control to verify that similar concentrations of mRNA were used. NS, nonspecific
antibody staining. (C) Western blot of cytoplasmic (lanes 1 through 4) and nuclear (lanes 5 through 8) extracts from IFN-�-stimulated (lanes 3,
4, 7, and 8) and unstimulated (lanes 1, 2, 5, and 6) A. phagocytophilum-infected (2, 4, 6, and 8) and uninfected (lanes 1, 3, 5, and 7) HL-60 cells
probed with antibodies to PU.1. NS, nonspecific antibody staining.
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ern blot. In contrast, similar levels of Elf-1 were detected by
immunoblot in nuclear extracts from both uninfected and in-
fected cells, but the level of Elf-1 bound to the HAF site was
reduced (Fig. 6A). This suggests that Elf-1 does not interact
efficiently with the gp91phox gene promoter HAF site during
A. phagocytophilum infection. This hypothesis is supported by
the chromatin immunoprecipitation assay. The Elf-1 antibody
immunoprecipitated less gp91phox gene promoter fragment
containing the HAF site from lysates of A. phagocytophilum-
infected cells than from uninfected cells (Fig. 6B).

Enhanced interaction of CCAAT displacement protein (CDP)
during A. phagocytophilum infection. We next analyzed the
binding of the CDP repressor to the promoter of the gp91phox

gene. Lower levels of PU.1 and IRF-1 along with reduced
formation of complex II imply that there may be reduced
competition of CDP for the promoter of the gp91phox gene,
resulting in elevated CDP binding. To investigate this hypoth-
esis, we examined the interaction of CDP with the gp91phox

gene promoter in the presence of A. phagocytophilum infection
(Fig. 7). We observed a slower-migrating complex which was
not as apparent in the extracts from the uninfected cells. This
slow-migrating band was reduced with the unlabeled NCAM

oligonucleotide containing a high-affinity CDP binding site (51)
(Fig. 7A, lane 4) as well as an oligonucleotide containing a
consensus CDP binding site but not a mutated form of this site
(Fig. 7B, lanes 2 and 3). In the presence of the CDP oligonu-
cleotide, complexes I and II were more apparent, suggesting
elevated binding of activators to the HAF site when CDP is
inhibited by a specific oligonucleotide. Treatment of infected
extracts with an antibody to CDP prevented the formation of
the slower-migrating complex, further implicating the presence
of CDP in this complex.

Since the HAF binding site oligonucleotide does not contain
an intact CDP� binding site, we also assessed binding to the
other CDP binding sites within the proximal the gp91phox gene
promoter. Enhanced binding of CDP could be detected at
several of the CDP binding sites depicted in Fig. 7C. The CDP
�, �, �, �, and ε sites all showed elevated binding of CDP in the
presence of A. phagocytophilum infection (Fig. 7C). This result
implies that during infection, elevated binding of CDP can
occur and may be the result of inefficient activator complex
formation necessary for competition of the repressor. An en-
hancement in CDP binding was also observed with the chro-
matin immunoprecipitation assay (Fig. 7D and E). In the pres-
ence of IFN-�, less CDP-bound promoter was detected in the
uninfected HL-60 cells (Fig. 7D, compare lanes 1 and 2),
consistent with the upregulation of gp91phox gene expression
by this cytokine. However, in the presence of A. phagocytophi-

FIG. 5. A. phagocytophilum infection does not alter phosphoryla-
tion of Stat1 but reduces Stat1 binding to the Stat1-binding element of
IRF-1. A) Cytoplasmic and nuclear extracts from uninfected and A.
phagocytophilum-infected cells stimulated with 500 U of IFN-� per ml
for 0.5, 1, 2, or 4 h were probed with an antibody to phosphorylated
Stat1 (pStat1). B) Nuclear extracts from uninfected and A. phagocyto-
philum-infected, unstimulated and IFN-�-stimulated cells were ana-
lyzed by EMSA. Lane 1 has no protein. Lanes 2, 4, 6, 8, and 10 contain
extracts from HL-60 cells. Lanes 3, 5, 7, 9, and 11 contain extracts from
A. phagocytophilum-infected cells.

FIG. 6. Inefficient binding of Elf-1 occurs in the presence of A.
phagocytophilum infection. A) DNA pulldown assay. Nuclear extracts
from infected and uninfected cells were reacted with a biotinylated
fragment containing the HAF site, followed by analysis of bound pro-
teins by Western blot (WB). Nuclear extracts were run as a control for
the level of total protein in the extracts. The blot was probed with an
antibody to either PU.1 or Elf-1. B) Chromatin immunoprecipitation
assay. DNA-protein complexes from uninfected and A. phagocytophi-
lum-infected cells were immunoprecipitated (IP) with an antibody to
either PU.1 or Elf-1. The bound DNA was amplified with primers
specific to the gp91phox gene promoter. �-Actin was also assessed as a
measure of nonspecific binding DNA.
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FIG. 7. A. phagocytophilum enhances the interaction of CDP with the gp91phox gene promoter. A) Extracts from uninfected and A. phagocy-
tophilum-infected cells were incubated with a HAF site fragment of the gp91phox gene promoter. The gel was run for a longer period in order to
visualize a slow-migrating CDP-containing complex. Lanes: 1, no extract; 2, lysate from uninfected HL-60 cells; 3 and 4, lysates from A.
phagocytophilum-infected HL-60 cells. Unlabeled NCAM oligonucleotide was added to lane 4. B) Extracts from A. phagocytophilum-infected cells
were incubated with either excess cold CDP binding site oligonucleotide (lane 2), a mutated CDP binding site oligonucleotide (lane 3), or an
antibody to CDP (lane 4). The CDP complex is denoted along with complexes upregulated by treatment with competitors (asterisks). C) EMSA
was performed with nuclear extracts from A. phagocytophilum-infected and uninfected HL-60 cells reacted with labeled complementary oligonu-
cleotides containing five CDP binding sites within the gp91phox gene promoter. D) The chromatin immunoprecipitation assay was performed with
uninfected (lanes 1 and 3) and A. phagocytophilum-infected (lanes 2 and 4) HL-60 cells unstimulated (lanes 1 and 3) or stimulated (lanes 2 and
4) with IFN-�. The bar graph represents the relative CDP-bound gp91phox gene promoter compared to the levels in the input sample. E) The
chromatin immunoprecipitation assay was performed with uninfected (lanes 1 and 3) and A. phagocytophilum-infected (lanes 2 and 4) HL-60 cells
untreated (lanes 1 and 2) or treated (lanes 3 and 4) with PMA. The bar graph represents the relative CDP-bound gp91phox gene promoter
compared to the levels in the input sample.
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lum infection, the binding of CDP was maintained in the pres-
ence of IFN-� stimulation (Fig. 7D, compare lanes 3 and 4).

Differentiation of HL-60 cells with PMA is known to reduce
the binding ability of CDP (40). To further confirm the effect
of A. phagocytophilum on the interaction of CDP with the
promoter of the gp91phox gene, uninfected and A. phagocyto-
philum-infected cells were treated with PMA for 48 h. We
observed that PMA could reduce the interaction of CDP with
the promoter of the gp91phox gene (Fig. 7E, compare lanes 1
and 3). However, in the presence of A. phagocytophilum, a
reduction in CDP interaction is not detected (Fig. 7E, compare
lanes 2 and 4). Taken together, these data suggest that during
A. phagocytophilum infection, binding of the repressor CDP is
maintained, resulting in repression of the gp91phox gene.

DISCUSSION

A. phagocytophilum infection results in repression of the
gp91phox gene. In this report we demonstrated that the inhib-
itory effect of A. phagocytophilum was on the promoter of the
gp91phox gene and showed a correlation between altered ex-
pression of the gp91phox gene and reduced levels of PU.1 and
IRF-1 proteins in nuclear extracts of A. phagocytophilum-in-
fected cells. Concomitant with decreased protein levels of
IRF-1 and PU.1 was elevated binding of CCAAT displacement
protein to the gp91phox gene promoter, suggesting a role for
both the activator proteins and the repressor in A. phagocyto-
philum-mediated repression of the gp91phox gene.

Studies show that regulation of the gp91phox gene is a result
of competition between the repressor and activator proteins
(38). During differentiation, activator proteins may be ex-
pressed or modified, which can lead to DNA interaction and
expression of the gp91phox gene (48). For IFN-�-dependent
expression of the gp91phox gene, PU.1 is thought to be the first
to bind to the promoter, followed by recruitment of IRF-1 or
ICSBP. CBP is then recruited to the ICSBP–PU.1–IRF-1 com-
plex (16). Increased transcription of the gp91phox gene during
differentiation is accompanied by reduced binding of the CDP
repressor. In gp91phox gene-nonexpressing cells, elevated bind-
ing of the repressor is detected (48).

IRF-1 and PU.1 are essential for expression of the gp91phox

gene (15, 49). Lack of either of these molecules eliminates
expression of the gp91phox gene (1, 15). Eklund and colleagues
described the formation of several complexes resulting from
interaction of U937 cell extracts with the gp91phox gene pro-
moter (16). Our EMSA results indicate a similar pattern of
shifts with extracts from HL-60 cells, but the intensities of the
complexes varied between nuclear extracts from uninfected
and A. phagocytophilum-infected cells. Extracts from A. phago-
cytophilum-infected cells resulted in less complex II (HAF1),
suggesting deficient complex formation between either PU.1
and IRF-1 or PU.1 and ICSBP. ICSBP levels were not affected
by infection, pointing to a defect in either PU.1 or IRF-1.
Levels of both of these proteins are reduced during infection,
suggesting that lower levels of PU.1 and IRF-1 in the infected
cells may account for the reduced complex formation. More-
over, IFN-� was unable to influence the formation of either
complex I or II. Despite an effect on the formation of complex
II, the formation of complex I was not adversely affected by
infection, even though both complexes contain PU.1 and

IRF-1. Treatment with excess unlabeled ets and IRF-1 oligo-
nucleotides showed that PU.1 and IRF-1 participated in the
formation of both complexes I and II. Complex II was more
sensitive to treatment with the IRF-1 oligonucleotide, suggest-
ing that complex I may contain other proteins, such as ICSBP
and CBP, that are not adversely affected by infection, possibly
accounting for these differences.

PU.1 and IRF-1 are not unique to the regulation of the
gp91phox gene. Both of these molecules participate in the reg-
ulation of the p47phox and p67phox genes (16, 33). Expression of
these molecules was not affected by infection (4). This is not
surprising because PU.1-deficient mice can produce p47phox

and p67phox but not gp91phox, indicating a more critical role for
PU.1 in regulation of the gp91phox gene (1). In the case of
p67phox, complex formation between IRF-1, ICSBP, PU.1, and
CBP is critical for expression (16). The formation of the HAF1
complex (II) is also required for expression of the gp91phox

gene (16).
DNA pulldown assays revealed that A. phagocytophilum in-

fection could alter the interaction of Elf-1 with the promoter of
the gp91phox gene. Therefore, lack of complex formation dur-
ing A. phagocytophilum infection should affect not only
gp91phox but p67phox as well. Our previous data (4) suggest that
this is not the case, implying that despite the decrease in PU.1
and IRF-1, there is a sufficient concentration of these proteins
for expression of p67phox and p47phox but not gp91phox. There-
fore, the unique effect of A. phagocytophilum may reside with
the repressor protein, which binds to the promoter of the
gp91phox gene and not the promoter of the genes for other
oxidase components.

The effect of A. phagocytophilum was not eliminated by stim-
ulation with IFN-�. Western blotting and RT-PCR showed
altered expression of IRF-1 in the presence of A. phagocyto-
philum infection. IRF-1 was affected even in the presence of
IFN-� stimulation, which is known to induce the expression of
both the IRF-1 and gp91phox genes. We observed that stimu-
lation with IFN-�, while able to increase the expression of
IRF-1, was unable to restore the expression of IRF-1 to the
level observed in uninfected cells, suggesting that IFN-� sig-
naling leading to enhanced expression of IRF-1 was being
affected by A. phagocytophilum infection. We observed that
IFN-� signaling was intact up to the point of Stat1 phosphor-
ylation but that binding of phosphorylated Stat1 was impaired
during infection. This reduced binding may account for de-
creased expression of IRF-1 mRNA and hence indirectly affect
the downstream expression of the gp91phox gene. Based on the
data of Kumatori et al. (30), lack of phosphorylated Stat1
binding to the gp91phox promoter during A. phagocytophilum
infection could directly affect the IFN-�-induced expression of
the gp91phox gene. This could be the result of binding of an
inhibitor, such as protein inhibitor of activated Stats 1 (36),
which can alter the binding of phosphorylated Stat1 to the
promoter of IRF-1 (7, 25).

In conjunction with reduced PU.1 and IRF-1, we observed
elevated binding of CDP. During A. phagocytophilum infection,
the concentration of CDP was not elevated. However, in-
creased binding to several CDP binding sites was detected.
This suggests increased binding of the repressor to the pro-
moter of the gp91phox gene during A. phagocytophilum infec-
tion. Chromatin immunoprecipitation demonstrated that with
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either IFN-� stimulation or differentiation with PMA, binding
of CDP was reduced by approximately 40 and 50%, respec-
tively, in the uninfected cells compared with the A. phagocyto-
philum-infected cells. This finding suggests that CDP may not
face competition for the promoter during infection with A.
phagocytophilum. Since CDP actively represses the gp91phox

gene promoter, lack of competition by activator proteins may
contribute to the enhanced binding, resulting in the gene re-
pression observed with A. phagocytophilum infection.

A second homeoprotein, SATB1, was shown to interact with
the promoter of the gp91phox gene (18). Expression of SATB1
is downregulated during differentiation, which correlates with
elevated expression of gp91phox. The binding activity of CDP is
downregulated during differentiation, while the protein levels
are not altered. Therefore, the regulation of CDP differs from
the regulation of SATB1. Modulation of SATB1 binding could
account of inhibition of the the gp91phox as well as the inhibi-
tion of the promoter fusion presented in Fig. 1. Our results
support a role for CDP in the A. phagocytophilum-mediated
repression of gp91phox. EMSA and chromatin immunoprecipi-
tation assays show elevated binding of CDP to the promoter of
gp91phox. SATB1 interacts with the CDP� site within the prox-
imal 450 bp of the gp91phox gene promoter. Elevated binding
of CDP is observed with all the CDP sites within the 450-bp
proximal promoter, including the CDP�. SATB1 and CDP can
interact with each other at their DNA binding domains, result-
ing in the inability of either protein to efficiently bind DNA
(37). Persistent binding of CDP to the promoter of the
gp91phox gene during infection supports a role of CDP in
infection-induced repression.

In conclusion, A. phagocytophilum infection of neutrophils
and neutrophil precursors results in decreased expression of
the gp91phox gene (4). A similar finding was reported for rac2,
another protein important to the respiratory burst (5). Using
the HL-60 promyelocyte cell line, we now show a mechanism
of A. phagocytophilum-mediated inhibition of the gp91phox

gene. Based on the findings of our present study, we hypoth-
esize that in the presence of A. phagocytophilum infection,
nuclear protein levels of PU.1 and IRF-1 are severely reduced,
resulting in less competition with the repressor CDP for bind-
ing to the gp91phox gene promoter. In addition, we show that A.
phagocytophilum may influence IFN-�-stimulated IRF-1 ex-
pression by altering the binding of phosphorylated Stat1 to the
Stat1-binding element of IRF-1. Enhanced repression leads to
a diminished level of gp91phox gene transcription, which may
lead to a deficiency in NADPH oxidase activity. These studies
are the first to demonstrate the ability of a pathogen to ma-
nipulate the promoter activity of the gp91phox gene, thereby
potentially influencing the respiratory burst to facilitate micro-
bial survival.
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