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Anaplasma phagocytophilum infection induces functional neutrophil changes. Using both Candida albicans
and fluorescent-aggregate phagocytosis assays, we examined whether neutrophil and dimethyl sulfoxide-
differentiated HL-60 cell infection impairs internalization. A. phagocytophilum infection significantly decreased
phagocytosis compared to that of controls (P < 0.05). This further impairment of neutrophil function may
promote opportunistic infections and exacerbate disease.

Anaplasma phagocytophilum causes tick-borne fever (TBF)
in sheep, cattle, and goats (21); disease in canids (15); and hu-
man granulocytic anaplasmosis (2). Human infection is char-
acterized by fever, headache, myalgias, thrombocytopenia, and
leukopenia (2). Severe complications include opportunistic in-
fections in humans and animals alike (2, 5, 13, 19, 21, 24). This
obligate intracellular bacterium is unique because it is adapted
to survive the harsh environment within neutrophils by seizing
control of host cell function and regulation critical for antimi-
crobial activity (3, 7, 9, 22, 25). A. phagocytophilum-infected
cells are also altered in other phenotypic features, such as
expression of chemokines that promote recruitment of neutro-
phils—potential new infection hosts that may increase the pro-
portion of impaired neutrophils (1, 16, 23).

In addition to having these defects, in vivo and ex vivo
neutrophils of A. phagocytophilum-infected sheep with TBF
demonstrate a reduced phagocytic capacity (4, 26, 27), a situ-
ation that may further alter neutrophil function, and predis-
pose the sheep to opportunistic infections and dysregulation of
inflammation (17). However, infection-induced phagocytosis
defects are not universally observed ex vivo (20). Thus, the
purpose of the present study was to determine, under carefully
controlled in vitro conditions, whether A. phagocytophilum-
infected neutrophils have a diminished phagocytic capacity.

(This work was presented in part at the 15th Meeting of
the American Society for Rickettsiology, Captiva Island, Fla.,
April 2000.)

A. phagocytophilum was propagated in the HL-60 cell line
(14) in RPMI 1640 medium with 2 mM L-glutamine and 1 to
5% fetal bovine serum (FBS) at 37°C in 5% CO2. HL-60 cell
concentrations were maintained between 5.0 � 105 and 1 �
106 cells/ml. For some experiments, HL-60 cells were differ-

entiated with 1.25% dimethyl sulfoxide (DMSO) for 3 to 5 days
as described previously (9). Such a protocol is established to
enhance neutrophil differentiation (8–10). Heavily infected
HL-60 cells (�90% infected) were used as a source of cell-free
A. phagocytophilum for neutrophil infections.

Neutrophils were obtained from EDTA-anticoagulated pe-
ripheral blood of healthy donors under a protocol approved
by the Johns Hopkins Medicine Institutional Review Board.
Neutrophils were isolated by Ficoll-Hypaque density gradient
centrifugation from dextran-sedimented blood. The residual
neutrophils were obtained after hypotonic-erythrocyte lysis, as
described previously (9), resulting in �95% purity by morphol-
ogy and �90% viability by trypan blue exclusion. Neutrophils
were infected as per the method of Choi et al. (9) with the
following modifications. A quantity of A. phagocytophilum-in-
fected HL-60 cells (106 to 107 cells) equal to that of the neu-
trophils to be infected was centrifuged at 450 � g for 10 min,
the supernatant was removed, and the cell pellet was sus-
pended in 2 ml of medium and sonicated just until complete
HL-60 cell lysis was achieved. Thereafter, this sonicate and the
free bacteria in the supernatant were pooled, centrifuged at
15,000 � g, resuspended in 2 ml of medium, and centrifuged
again at 200 � g for 5 min to pellet cellular debris and nuclei.
The A. phagocytophilum-enriched supernatant was used to in-
fect neutrophils for 18 h at 37°C in 5% CO2. Since neutrophil
morulae were small after only 18 h, Romanowsky staining
(Hema-3; Fisher, Middletown, Va.) and immunofluorescence
with an A. phagocytophilum polyclonal antibody were used to
confirm infection in at least 90% of the neutrophils.

Candida albicans (ATCC 90026) was grown overnight in
Luria-Bertani medium with shaking and aeration at 25 to 37°C.
Yeast cells were counted and washed in phosphate-buffered
saline (PBS) before 5 � 105 cells were incubated with 106

infected or uninfected neutrophils, undifferentiated HL-60
cells, or differentiated HL-60 cells in RPMI 1640 medium for
30 min to 1 h. Thereafter, the cells were washed three times in
PBS to remove uningested yeast cells, and the final cell sus-
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pensions were used to prepare slides for microscopic exami-
nation. Slides were stained with Hema-3, and the proportions
of at least 140 neutrophils containing ingested yeast cells, as
well as the numbers of ingested yeast cells per neutrophil, were
counted. This experiment was repeated at least two times.

After one wash in sterile 0.1 M PBS, 106 infected and unin-
fected neutrophils were mixed with PKH2-PCL fluorescent
aggregates (4 � 10�6 M; Sigma Chemical Co., St. Louis, Mo.)
at room temperature for 5 min. Thereafter, 1 ml of sterile FBS
was added for 1 min to compete against excess fluorescent-
aggregate binding to cell surfaces, and cells were washed three
times in medium with 5% FBS. To control for endogenous
fluorescence and nonspecific cell surface binding of fluorescent
aggregates, phagocytosis was inhibited in some neutrophils by
10-min fixation in 4% paraformaldehyde prior to the phago-
cytic assay. Samples were analyzed by flow cytometry gating on
viable cells based on forward- and side-scatter characteristics.
The fluorescent threshold was set to exclude �97% of endog-
enous fluorescence in unstained uninfected and infected neu-
trophils. Fluorescence that corresponded to surface-adherent
aggregates in neutrophils whose ability to phagocytose was
inhibited was subtracted from the final histograms to yield the
plots that most accurately reflected phagocytosed fluorescent
aggregates alone.

When incubated with C. albicans targets, heavily and slightly
infected undifferentiated HL-60 cells ingested a low propor-
tion of yeast cells (11.5%), similar to the proportion ingested
by uninfected controls (10.5%; P � 0.23). As shown in Fig. 1,
with differentiation in DMSO, fewer infected HL-60 cells in-
gested targets than did uninfected cells (2 to 12% versus 21 to
31%; P � 0.05) in two replicated experiments. Significantly
fewer A. phagocytophilum-infected neutrophils than uninfected
cells ingested C. albicans targets (24% versus 47%; P � 0.003),

and fewer infected and phagocytic neutrophils than uninfected
neutrophils ingested yeast cells (2.0 � 1.0 [mean � standard
deviation] versus 3.4 � 2.5 yeast cells/neutrophil; P � 0.001).
For confirmation, infected and uninfected neutrophils were

FIG. 1. Phagocytosis of C. albicans is impaired in A. phagocytophilum-infected neutrophils and DMSO-differentiated HL-60 cells compared
with that of uninfected control cells. The graph on the left represents the means of results of at least two replicated experiments; the images on
the right illustrate typical patterns observed with Hema-3 staining (arrows show A. phagocytophilum morulae that are typically small after 18 h of
incubation in neutrophils).

FIG. 2. Flow cytometric analysis of uninfected and A. phagocyto-
philum-infected neutrophils after phagocytosis of PKH2-PCL fluores-
cent aggregates. As phagocytic activity increases, so does the fluores-
cence intensity of phagocytic cells; defective phagocytosis is indicated
by reduced fluorescence intensity compared with that of uninfected
control neutrophils. Note two populations among the uninfected cells,
one of which demonstrated increased fluorescence corresponding to
actively phagocytic cells. A. phagocytophilum-infected neutrophils had
a significantly lower fluorescence mean value and distribution (P �
0.005). The histogram shown is representative of the results of three
repeated experiments.
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assayed for phagocytosis by a flow cytometric method that
examined at least 5,000 cells per condition. As shown in Fig. 2,
after adjustment for endogenous and surface-bound fluores-
cence, the flow cytometric method confirmed that infected
neutrophils ingested significantly fewer fluorescent aggregates
than did uninfected cells (P � 0.005) in three replicated ex-
periments.

A. phagocytophilum propagates in neutrophils, altering cell
functions by (i) reducing endothelial cell adhesion, transmigra-
tion, and respiratory burst; (ii) increasing degranulation and
chemokine synthesis; and (iii) delaying apoptosis (3, 6, 8–10,
16, 22, 28). Overall, these neutrophil changes may enhance
bacterial survival by prolonging the circulation of infected neu-
trophils prior to tick bites and may contribute to host disease
by promoting inflammation and dysregulating microbicidal ac-
tivity.

Such abnormalities may be directly related to disease in
humans and animals by compromising neutrophil responses to
commensal or opportunistic infectious agents. For example,
TBF in sheep is associated with bacterial, fungal, and viral
infections, particularly disseminated staphylococcal infections
(13). Similarly, A. phagocytophilum-infected humans usually
have self-limited infections but can occasionally develop severe
opportunistic infections by pathogens typically controlled by
neutrophils (2, 19, 24). Previous ex vivo investigations of neu-
trophils from infected sheep show defective phagocytosis and
microbicidal activity (20, 26, 27). However, the proportion of
infected cells in vivo is highly variable and usually low, and
such situations are poorly amenable to experimental manipu-
lations. Thus, in vitro cultivation of A. phagocytophilum in both
human differentiated promyelocytic HL-60 cells and neutro-
phils allows assessment of neutrophil function, including
phagocytosis, in a more carefully controlled environment.

These studies confirm previous investigations using ex vivo
neutrophils from infected animals (4, 27). Moreover, the re-
sults extend to include an assessment of defects in phagocytosis
after A. phagocytophilum infection of differentiated HL-60 cells
and primary human neutrophils. The mechanism for phagocy-
tosis inhibition is not known; however, with infection, Carlyon
et al. (6) showed diminished RAC2 expression, an important
component of some phagocytic signal transduction pathways
(18). Given the broad effects of A. phagocytophilum on neu-
trophil function, other signaling pathways will also require
investigation to understand this defect.

The potential advantages of neutrophil phagocytosis inhibi-
tion for the bacterium may relate to “infection exclusion” as
noted for the related organism Anaplasma marginale, which
lives in bovine erythrocytes (11, 12). The putative advantage is
to permit the survival of one strain of A. marginale against
competing strains. Whether any clear advantage for infection
exclusion with A. phagocytophilum exists in natural-reservoir
hosts remains to be determined. However, Pitzer et al. recently
showed that simultaneous infection of laboratory mice by the
Webster (Wisconsin) and NY10 (New York) strains results in
Webster strain dominance after several weeks in vivo, suggest-
ing a role in small-mammal reservoirs (V. Pitzer, L. Kostelnik,
M. Levin, and R. Massung, Abstr. 104th Gen. Meet. Am. Soc.
Microbiol., abstr. D-188, 2004). The specific mechanisms re-
sponsible for these observations are not known but may in-

clude the inhibition of phagocytosis, as observed here, by the
Webster strain of A. phagocytophilum.

What is beneficial to A. phagocytophilum may be detrimental
to infected hosts, especially those that develop significant clin-
ical disease, such as humans. For example, inhibition of respi-
ratory burst and assembly of phagocyte oxidase impairs the
killing of ingested microorganisms (7), while protracted de-
granulation may promote inflammation and associated tissue
injury (10), even in the absence of substantial numbers of
A. phagocytophilum organisms. Consistent with the observa-
tions of infected animals and, rarely, of humans, a defect in
phagocytosis would be expected to further modify the host’s
ability to contain infections.
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