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Anaplasma phagocytophilum, the causative agent of tick-borne human granulocytic anaplasmosis (HGA), is
an intracellular bacterium which survives and multiplies inside polymorphonuclear neutrophil granulocytes
(PMN). Increased bacterial burden in gamma interferon (IFN-�)-deficient mice suggested a major role of
IFN-� in the control of A. phagocytophilum. Here we investigated whether infection of human PMN with A.
phagocytophilum impairs IFN-� signaling thus facilitating intracellular survival of the bacterium. The secretion
of the IFN-�-inducible chemokines IP-10/CXCL10 and MIG/CXCL9 was markedly inhibited in infected
neutrophils. Molecular analyses revealed that, compared to uninfected PMN, A. phagocytophilum decreased
the expression of the IFN-� receptor �-chain CD119, diminished the IFN-�-induced phosphorylation of
STAT1, and enhanced the expression of SOCS1 and SOCS3 in PMN. Since IFN-� activates various antibac-
terial effector mechanisms of PMN, the impaired IFN-� signaling in infected cells likely contributes to the
survival of A. phagocytophilum inside PMN and to HGA disease development.

Anaplasma phagocytophilum, the causative agent of the tick-
borne human granulocytic anaplasmosis (HGA), is an obligate
intracellular gram-negative bacterium that infects polymor-
phonuclear neutrophil granulocytes (PMN) (17). Inside neu-
trophils the bacteria replicate within an endosomal vacuole
where they form a microcolony termed morula. In order to
evade elimination by neutrophils, the bacteria inhibit phago-
some-lysosome fusion and the production of reactive oxygen
species (6, 28), delay PMN apoptosis (21), and modulate the
neutrophil chemokine response (11, 17).

Anaplasma infection in immunocompetent mice is usually
mild and self-limiting. However, an increased bacterial burden
was observed during the early course of infection in gamma
interferon (IFN-�)-deficient mice (2, 9) or IFN-� receptor-
deficient mice (2). Similarly, mice lacking the apoptotic speck-
like protein with a caspase-activating recruiting domain (ASC)
or caspase-1, both of which were critical for the production of
interleukin-18 (IL-18) and IFN-� in response to A. phagocyto-
philum, showed a strongly increased bacterial load in the blood
during the first week of infection (29). In addition, deficiency
of interleukin-12/23p40 or depletion of natural killer (NK)
cells were associated with reduced IFN-� production and in-
creased bacterial burden during early infection (2, 9, 30). To-
gether, these in vivo data suggest a protective role of IFN-�
during the innate phase of A. phagocytophilum infection.

IFN-� is an important mediator for the activation of anti-

microbial effector mechanisms in macrophages infected with
intracellular pathogens such as Mycobacterium, Toxoplasma,
and Leishmania spp. (15, 31, 34). To partially evade host de-
fense these pathogens have evolved mechanisms to interfere
with various steps of the IFN-� signaling cascade (33). Mac-
rophages infected with Mycobacterium avium, Leishmania
major, or L. mexicana show a reduced expression of the IFN-�
receptor and impaired phosphorylation of Janus kinase 1
(JAK1), JAK2, and signal transducer and activator of tran-
scription 1 (STAT1) (8, 22). M. bovis BCG and L. donovani
were reported to induce suppressor of cytokine signaling 1
(SOCS1) and SOCS3 in macrophages (7, 23). All of these
findings suggest that IFN-� signaling is a vulnerable point in
host macrophages that is targeted by intracellular pathogens.

IFN-� is also a potent modulator of neutrophil functions.
Recent studies have demonstrated that treatment of PMN with
IFN-� elicits a variety of responses, including differential gene
expression, increased production of reactive oxygen species,
and enhanced expression of surface markers (19). IFN-� has
also been demonstrated to augment the antimicrobial activity
of PMN toward several bacterial species (19). Upon exposure
to IFN-�, neutrophils produce a variety of IFN-�-inducible
chemokines, including IFN-�-inducible 10-kDa protein (IP-10/
CXCL10), monokine induced by IFN-� (MIG/CXCL9), and
IFN-inducible T-cell �-chemoattractant (I-TAC/CXCL11)
(32). These inflammatory chemokines greatly influence leuko-
cyte trafficking and activation and are important mediators of
protective immune mechanisms against intracellular pathogens
(25).

Similar to what has been observed in mice (2, 29), the cyto-
kine response in human A. phagocytophilum infection is char-
acterized by a high serum level of IFN-� (18). However, in
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spite of the strong IFN-� response, A. phagocytophilum sur-
vives in neutrophils. Therefore, we hypothesized that A. phago-
cytophilum is able to compromise IFN-�-mediated activation
of neutrophils and thereby prolongs at least transiently its
survival within PMN. To this end, we investigated the effect of
A. phagocytophilum infection on IFN-� signaling in vitro in
human neutrophils. Our results show for the first time that an
intracellular pathogen partially blocks the IFN-� response in
primary human PMN.

MATERIALS AND METHODS

Bacterial strain. The A. phagocytophilum Webster strain (4) was cultured in
HL60 cells grown in RPMI 1640 medium (Sigma, Deisenhofen, Germany) con-
taining 2 mM L-glutamine (Biochrom, Berlin, Germany) and 1% fetal calf serum
(Sigma).

Isolation of neutrophil granulocytes. Granulocytes were isolated from hepa-
rinized blood collected from healthy adult volunteers as described previously (1).
Blood was layered on a two-layer density gradient consisting of lymphocyte
separation medium 1077 (upper layer; PAA, Pasching, Austria) and Histopaque
1119 (bottom layer; Sigma) and centrifuged for 20 min at 800 � g. The granu-
locyte-rich layer of Histopaque 1119 was collected and further fractionated on a
discontinuous Percoll (Amersham Biosciences, Uppsala, Sweden) gradient con-
sisting of layers with densities of 1.105 g/ml (85%), 1.100 g/ml (80%), 1.093 g/ml
(75%), 1.087 g/ml (70%), and 1.081 g/ml (65%). After centrifugation for 25 min
at 800 � g, the interface between the 65 and 70% Percoll layers was collected and
washed twice in RPMI 1640 medium. The purity of granulocytes was �99.9%
(27). The viability of cells was �99% as assessed by trypan blue dye exclusion.
The studies with human neutrophils have been reviewed and approved by the
ethical review committee of the Medical Faculty, University of Luebeck.

Infection of neutrophils with A. phagocytophilum. Cell-free A. phagocytophilum
was obtained from 2 � 107 infected HL-60 cells (infection rate � 70%). Cell-free
A. phagocytophilum were resuspended in 1 ml of complete medium and added to
5 � 106 PMN, followed by an incubation for 5 h at 37°C. Subsequently, PMN
were washed three times with medium, at 256 � g for 10 min each in order to
remove noningested bacteria. Immunohistochemical staining with an A. phago-
cytophilum polyclonal rabbit antibody confirmed the infection in at least 90% of
the neutrophils (data not shown).

Washed infected PMN were cultured at 37°C at a concentration of 5 � 106

cells/ml in complete medium. For all procedures described above, culture me-
dium without antibiotics was used. To obtain supernatants of infected PMN,
neutrophils were infected with cell-free A. phagocytophilum as described above
and cultured for 6 h at 37°C. Supernatants were obtained after spinning the
cultures at 14,000 � g for 10 min at 4°C twice.

Flow cytometry analysis. The cell surface expression of CD119 was assessed by
staining PMN with anti-CD119-phycoerythrin (PE) monoclonal antibody (MAb;
BD Biosciences, San Diego, CA) for 20 min on ice and analyzed with a FACS-
Calibur flow cytometer using CellQuest software (BD Biosciences). PE-conju-
gated mouse immunoglobulin G2b (IgG2b) isotype control antibody was pur-
chased from BD Biosciences.

Cytokine assays. Uninfected and A. phagocytophilum-infected PMN (5 �
106/ml) were cultured for 18 h in medium alone or in the presence of 200 ng of
lipopolysaccharide (LPS)/ml and 200 U of IFN-�/ml. CXCL10/IP-10 and
CXCL9/MIG were measured in the supernatants by using enzyme-linked immu-
nosorbent assay (ELISA; R&D Systems, Wiesbaden, Germany).

Real-time reverse transcription-PCR (RT-PCR). To isolate total cellular
RNA, 107 PMN were lysed in 1 ml of RNApure (Peqlab, Erlangen, Germany).
Further isolation procedure was carried out as recommended by the manufac-
turer. DNA was removed by using a DNA-Free kit (Ambion, Huntingdon,
United Kingdom). Total RNA (500 ng) was reverse transcribed by using a
Transcriptor first-strand cDNA synthesis kit (Roche Applied Science, Mann-
heim, Germany). Real-time PCR was carried out by using a LightCycler Fast-
Start DNA Master SYBR green I kit (Roche Diagnostics, Mannheim, Germany)
and a LightCycler detection system (Roche Diagnostics). The high-pressure
liquid chromatography-grade primers for beta actin (NCBI accession no.
NM_001101; forward, CCT GGC ACC CAG CAC AAT; reverse, GGG CCG
GAC TCG TCA TAC), for SOCS1 (NCBI accession no. NM_003745; forward,
5�-TTT TTC GCC CTT AGC GTG AA; reverse, 5�-GCC ATC CAG GTG AAA
GCG), for SOCS2 (NCBI accession no. NM_003877; forward, 5�-CAGGGAA
TGGCAGAGACACT; reverse, 5�-TGGCAGAGAGAGAAGGGATG) (24),
and for SOCS3 (NCBI accession no. NM_003955; forward, GAA GAT CCC

CCT GGT GTT GA; reverse, TTC CGA CAG AGA TGC TGA AGA) were
purchased from TIB Molbiol, Berlin, Germany. The PCR mixture had a final
volume of 20 �l in each capillary tube and contained 2 �l of DNA Master Mix,
12.6 �l of sterile water, 2.4 �l of MgCl2 (final concentration, 4 mM), 0.5 �l of
each primer (final concentration, 0.5 �M), and 2 �l of cDNA. An initial dena-
turation step at 95°C for 10 min was followed by 45 cycles of denaturation at 95°C
for 10 s, annealing at 60°C for 5 s, and extension at 72°C for 10 s.

The mRNA expression of SOCS proteins and beta actin was analyzed by
relative quantification. Using the 2���CT method, the data are presented as
relative expression of the mRNA expression normalized to the reference gene
beta actin and relative to uninfected control.

Western blot analysis. Infected and noninfected PMN were incubated for 15
min (for STAT1) or 6 h (for SOCS3) at 37°C in the absence or presence of 200
U of IFN-�/ml. For the Western blot analysis of SOCS3 the cells were incubated
in the presence of a 10 �M concentration of the proteasome inhibitor MG132
(Sigma). Neutrophils (3 � 106) were resuspended in ice-cold phosphate-buffered
saline (PBS) containing 25 mM NaF and 0.5 mM Na3VO4. Cells were centri-
fuged twice at 500 � g for 5 min at 4°C. Cells were resuspended in lysis buffer (20
mM HEPES [pH 7.9], 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% [vol/vol]
Nonidet P-40, 20% [vol/vol] glycerol, 1 mM dithiothreitol) containing inhibitors
of proteases (5 �g of leupeptin/ml, 5 �g of pepstatin A/ml, 1 mM phenylmeth-
ylsulfonyl fluoride, 5 mg of �1-antitrypsin [Sigma]/ml), and phosphatases (1 mM
Na3VO4, 50 mM NaF, 10 �M phenylarsine oxide). After a 15-min incubation on
ice, cell debris was spun down at 12,000 � g for 20 min at 4°C. Supernatants were
then boiled with 4� sample buffer for 10 min at 95°C.

Lysates from 106 PMN were electrophoresed on 7.5% (for STAT1) or 10%
(for SOCS3) sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membrane. After blocking, the membranes were
incubated overnight at 4°C in the presence of the Tyr701-phospho-specific anti-
STAT1 rabbit polyclonal antibody (New England Biolabs, Beverly, MA) or with
anti-SOCS3 rabbit polyclonal antibody (ImmunoBiological Laboratories, Tokyo,
Japan) and probed with horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG antibody (Santa Cruz, Heidelberg, Germany). The signal was detected
by using the chemiluminescence system (Immobilon Western Chemilumines-
cence HRP Substrate; Millipore, Billerica, MA). To assure equal sample loading,
membranes were reprobed with rabbit polyclonal anti-beta actin antibody (New
England Biolabs) and HRP-conjugated goat anti-rabbit IgG antibody.

Statistical analysis. Data from at least three independent experiments are
presented as means 	 the standard errors of the mean (SEM). Statistical dif-
ferences were determined with the Student t test. The results were considered
statistically significant where P 
 0.05.

RESULTS

A. phagocytophilum infection results in decreased secretion
of IFN-�-inducible chemokines IP-10 and MIG. The IFN-�-
inducible chemokines CXCL10/IP-10 and CXCL9/MIG favor
the recruitment of NK cells and Th1 cells to the site of infec-
tion, thus promoting the defense against intracellular patho-
gens (25). As a read-out for intact IFN-�-signaling, we mea-
sured the release of CXCL10/IP-10 and CXCL9/MIG by
uninfected PMN versus PMN infected with A. phagocytophi-
lum. Since LPS potentiates the IFN-�-induced release of
CXCL10/IP-10 by PMN (37), neutrophils were treated with
IFN-� and LPS to obtain optimal IFN-�-induced chemokine
levels. Although uninfected PMN released high levels of
CXCL10/IP-10 and CXCL9/MIG in response to IFN-� plus
LPS, the secretion of both chemokines was markedly dimin-
ished after infection with A. phagocytophilum (Fig. 1). The
observed decrease in chemokine release was not due to an
enhanced rate of cell death in the infected cultures. The
viability of the cells was 82.0% 	 7.5% in the noninfected
IFN-�/LPS-treated cultures and 86.0% 	 5.6% of the cells in
the Anaplasma-infected and IFN-�/LPS-treated cultures after
18 h of incubation. These findings suggest that A. phagocyto-
philum interferes with the IFN-� response of primary human
neutrophils.
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A. phagocytophilum infection impairs IFN-�-signaling in
neutrophils. Having observed a decreased production of the
IFN-�-inducible chemokines CXCL10/IP-10 and CXCL9/
MIG, we investigated the underlying mechanism. Since IFN-
�-induced effects in neutrophils are mediated through the
JAK-STAT1 signaling pathway, Western blot analysis was car-
ried out to assess IFN-�-induced STAT1 phosphorylation in A.
phagocytophilum-infected neutrophils. Compared to unin-
fected PMN, a marked decrease in STAT1 phosphorylation in
infected neutrophils after exposure to IFN-� was observed
(Fig. 2A).

Next, we addressed the question whether this decline in
STAT1 phosphorylation resulted from an altered signaling
event upstream of STAT1. Based on the previous findings that
infection with Mycobacterium or Leishmania spp. can reduce
the expression of the IFN-� receptor on macrophages (8, 22),
the cell surface expression of the IFN-� receptor alpha chain
(CD119) was assessed on A. phagocytophilum-infected versus
uninfected neutrophils. As shown in Fig. 2B, A. phagocytophi-
lum infection resulted in a markedly decreased cell surface
expression of CD119. Thus, A. phagocytophilum hampers the
expression of the IFN-� receptor in neutrophils.

Infection with A. phagocytophilum induces mRNA and pro-
tein expression of SOCS molecules in neutrophil granulocytes.
SOCS proteins are induced by IFN-� as part of a negative-
feedback mechanism to limit IFN-�-mediated inflammatory
responses. Pathogens are known to take advantage of this
inhibitory mechanism. Accordingly, induction of SOCS1 and
SOCS3 has been described for several microorganisms that
reside inside macrophages (7, 36, 40). Using quantitative RT-
PCR, we assessed the gene expression of SOCS1, SOCS2, and
SOCS3 in A. phagocytophilum-infected PMN to investigate
whether the upregulation of SOCS proteins is involved in the
impairment of IFN-� signaling by A. phagocytophilum. As ex-
pected, exposure of PMN to IFN-� alone enhanced the mRNA
expression of SOCS1 and SOCS3 (Fig. 3A). An upregulation
of SOCS1 and SOCS3 mRNA expression was also seen after
infection of PMN with A. phagocytophilum, which was most

prominent in the presence of IFN-� (Fig. 3A). Consistent
with its minor role in IFN-� signaling, SOCS2 gene expres-
sion was only weakly induced (Fig. 3A).

Western blot analysis was carried out to assess whether A.
phagocytophilum induces the expression of SOCS proteins.
Infection with A. phagocytophilum resulted in a strong up-
regulation of SOCS3 protein in PMN (Fig. 3B).

Since SOCS proteins are induced by several cytokines
other than IFN-�, we investigated whether the observed
upregulation of SOCS3 protein is a direct effect of A. phago-
cytophilum or whether it is mediated by soluble factors se-
creted by infected cells. Therefore, freshly isolated PMN
were exposed to bacterium-free supernatants derived from
A. phagocytophilum-infected PMN cultures. Cultures of
PMN with such supernatants did not enhance SOCS3 pro-
tein expression (Fig. 3B). This finding argues for a direct
pathogen-induced upregulation of SOCS proteins in A.
phagocytophilum-infected PMN.

DISCUSSION

A. phagocytophilum displays a unique tropism for PMN. We
previously demonstrated that the susceptibility of mice to A.

FIG. 1. Infection with A. phagocytophilum results in reduced secretion
of CXCL10/IP-10 and CXCL9/MIG by neutrophil granulocytes. Unin-
fected and A. phagocytophilum-infected neutrophil granulocytes (5 � 106/
ml) were cultured for 18 h in medium alone or in the presence of 200 ng
of LPS/ml and 200 U of IFN-�/ml. The CXCL9/MIG and CXCL10/IP-10
content in the supernatants was measured by ELISA. The results are the
means 	 the SEM of three independent experiments. *, Significant (P 

0.05) difference between infected and uninfected PMN.

FIG. 2. Infection with A. phagocytophilum leads to decreased
STAT1 phosphorylation and CD119 expression in neutrophil granu-
locytes. PMN were infected with A. phagocytophilum as described in
Materials and Methods. (A) Western blot analysis of phosphorylated
STAT1. A. phagocytophilum-infected and noninfected PMN were in-
cubated for 15 min at 37°C in the absence or presence of 200 U of
IFN-�/ml. pSTAT1 was detected using an antibody specific for
pSTAT1. To assure equal sample loading, membranes were stripped
and reprobed with anti-�-actin MAb. The results shown are from one
of three experiments that yielded similar results. (B) Flow cytometry
analysis of cell surface expression of CD119. Infected and noninfected
PMN were cultured for 5 h and stained with PE-conjugated anti-
CD119 MAb. Filled histograms indicate the population stained with
isotype control antibody for infected (dark gray) and uninfected (light
gray) PMN. The fluorescence intensity of the cells was analyzed by flow
cytometry. The histograms are from one representative experiment. In
brackets, mean fluorescence intensities 	 the SEM of three experi-
ments are given. *, Significant (P 
 0.05) difference between CD119
expression of infected and uninfected PMN.
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phagocytophilum is dependent on the presence of PMN (9). At
the same time, PMN are thought to function as antibacterial
effector cells, suggesting that A. phagocytophilum has devel-
oped mechanisms to facilitate its survival within PMN. In the
present study we investigated whether A. phagocytophilum is
able to counteract the response of PMN to IFN-�, one of the
key cytokines for the induction of both oxidative and nonoxi-
dative antimicrobial effector mechanisms in mouse and human
phagocytes. We showed that infection of human PMN with A.
phagocytophilum caused a decrease in the cell surface expres-
sion of the IFN-� receptor �-chain (CD119), a diminished
STAT1 phosphorylation, an enhanced mRNA expression of
SOCS1 and SOCS3, and increased protein levels of SOCS3. As
a downstream consequence of the impaired IFN-� signaling
cascade, the IFN-�-inducible chemokines IP-10/CXCL10 and
MIG/CXCL9 were secreted at a markedly reduced level.

The cytokine response in human A. phagocytophilum infec-
tion is characterized by a high serum level of IFN-� (18). In
spite of this strong IFN-� response, A. phagocytophilum sur-
vives inside neutrophils. Compromised IFN-� signaling is likely
to favor survival of A. phagocytophilum in neutrophils, which in
turn contributes to HGE disease development. Thus far, such
an evasion strategy has been described only in the context of
macrophage infection with intracellular pathogens (8, 22). Our
results clearly extend these findings to primary neutrophils
infected with an intracellular pathogen. Moreover, our results
are the first to demonstrate that a bacterium belonging to the
order of Rickettsiales can induce SOCS proteins.

The mechanism for how A. phagocytophilum downregulates
IFN-� signaling is not yet clear. However, our results indicate
that the observed effect is not mediated by soluble mediators.
Previous studies indicated that downregulation of IFN-�-in-
duced macrophage response by mycobacteria was mediated by
the mycobacterial 19-kDa lipoprotein involving host cell TLR2
and MyD88 (20). M. avium was demonstrated to decrease
expression of the IFN-� receptor in RAW264.7 macrophages
also in a TLR2-dependent manner (14). In this latter study, in
addition to M. avium, downregulation of IFN-� receptor ex-

pression could be achieved by exposure of RAW264.7 cells to
the TLR2 agonist Pam3CSK4 (14). Furthermore, the en-
hanced protein levels of the dominant-negative STAT1� in M.
avium-infected murine macrophages were shown to be TLR2
dependent (3). TLR2 was reported to be involved in the en-
hanced SOCS1 and SOCS3 expression in murine macrophages
exposed to M. avium or to mycobacterial lipoarabinomannan
(39). All of these observations suggest that impairment of
macrophage IFN-� signaling in response to mycobacterial in-
fection is mediated by TLR2. Recent data show that A. phago-
cytophilum can also affect host cell functions in a TLR2-depen-
dent manner. Activation of NF-�B in primary murine
macrophages by A. phagocytophilum was shown to be mediated
by TLR2 but not by TLR4 (12). This finding suggests a possible
role of TLR2 in the A. phagocytophilum-mediated impairment
of IFN-� signaling.

In macrophages, infection with a number of intracellular
pathogens was reported to induce SOCS1 and/or SOCS3 gene
expression (7, 36, 40). Since SOCS proteins were shown to
partially reduce STAT1 phosphorylation and to interfere with
IFN-� signaling (35), these studies suggested a role for SOCS
proteins in pathogen-mediated interference with IFN-� signal-
ing in macrophages. We demonstrate here enhanced expres-
sion of SOCS proteins and reduced IFN-� signaling in A.
phagocytophilum-infected human PMN. The induction of
SOCS proteins, therefore, appears to be a potent inhibitory
mechanism by which intracellular microorganisms suppress
cellular activation in PMN. Since the exposure of neutrophils
to bacterium-free supernatants of infected PMN did not lead
to enhanced SOCS expression, the upregulation of SOCS ap-
pears to be a direct effect of bacteria and not mediated by
soluble factors. In previous studies with macrophages, trans-
well experiments demonstrated that TLR ligands directly in-
duce SOCS proteins (5). Furthermore, SOCS1 and SOCS3
could be induced in DC from IFNAR�/� mice by TLR stimuli,
indicating that SOCS expression does not require type I IFN.
Moreover, the expression of SOCS1 and SOCS3 in response to
Borrelia burgdorferi did not require de novo synthesis of soluble

FIG. 3. Infection with A. phagocytophilum leads to the upregulation of SOCS1, SOCS2, and SOCS3 gene expression and to the enhanced
expression of SOCS3 protein in neutrophil granulocytes. (A) Real-time RT-PCR analysis of SOCS1, SOCS2, and SOCS3 gene expression. Freshly
isolated human PMN were either left untreated (med) or infected with cell-free A. phagocytophilum (A.p.) at 37°C for 5 h. Subsequently, infected
and noninfected PMN were incubated for 18 h in the presence or absence of 200 U of IFN-�/ml. Total RNA was isolated, and the gene expression
of SOCS1, SOCS2, and SOCS3 was assessed by real-time RT-PCR as described in Materials and Methods. (B) Western blot analysis of SOCS3
in neutrophil granulocytes. Noninfected (med) or infected (A.p.) PMN were incubated in the absence or presence of 200 U of IFN-�/ml and
noninfected PMN in the presence of supernatants of A. phagocytophilum-infected neutrophils (SN) for 6 h at 37°C. To assure equal sample loading,
membranes were stripped and reprobed with anti-�-actin MAb. The results shown are from one of three experiments that all yielded similar results.
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mediators (16). Taken together, the upregulation of SOCS
proteins is presumably mediated by direct contact with patho-
gens both in neutrophils and in macrophages.

In contrast to the strong upregulation of SOCS1 and SOCS3
gene expression, only a marginal upregulation of SOCS2 was
observed in A. phagocytophilum-infected neutrophils. This is in
line with the earlier finding that TLR ligands induce SOCS1
and SOCS3 but not SOCS2 in macrophages (5). Moreover, the
progression of Leishmania infection in SOCS2�/� mice did not
differ from that in resistant wild-type C57BL/6 mice, suggesting
that SOCS2 is not a major target for evasion mechanisms of
intracellular pathogens (10).

A previous study showed that the expression of gp91 phox in
response to IFN-� is inhibited in A. phagocytophilum-infected
HL-60 cells (38). However, the impaired gp91 phox gene ex-
pression was not associated with reduced levels of phosphory-
lated STAT1 but was rather attributed to an impairment of
signaling events downstream of STAT1 (38). In the present
study we clearly show diminished STAT1 phosphorylation and
demonstrate that at least two steps upstream of STAT1 phos-
phorylation, i.e., the expression of CD119 and SOCS proteins,
are modulated by A. phagocytophilum. Although HL-60 cells
are often used as a surrogate model for primary human PMN,
the apparently conflicting results regarding STAT1 phosphor-
ylation illustrate the importance of using primary cells in stud-
ies on host cell-pathogen interactions.

Since NK cell-derived IFN-� is crucial for the control of
intracellular pathogens such as Leishmania and Toxoplasma
within the first days of infection (26), NK cells are a likely a
source of IFN-� that controls early A. phagocytophilum in-
fection. Two independent studies recently demonstrated
that NK1.1
 cells are involved in the early IFN-�-mediated
control of A. phagocytophilum infection in a murine model
(9, 13). Since CXCL10/IP-10 and CXCL9/MIG target
among other cells of the cellular immune response also NK
cells, decreased release of CXCL10/IP-10 and CXCL9/MIG
by infected PMN can disturb the reciprocal interaction be-
tween IFN-�-secreting cells and neutrophils releasing
CXCL10/IP-10 and CXCL9/MIG. Decreased release of
these chemokines by infected PMN may result in a reduced
recruitment of NK cells and Th1 cells leading in turn to
diminished antibacterial response.

In summary, our data demonstrate that A. phagocytophi-
lum impairs IFN-� signaling in neutrophils, a mechanism
that has, thus far, neither been shown for neutrophils nor in
the context of an infection with members of the order of
Rickettsiales.
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