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Abstract : Anaplasma phagocytophilum major surface protein-2 (Msp2 or p44) is the immunodominant outer membrane
protein of the bacterium. Recently, we disclosed that Msp2 was an 4. phagocytophilum adhesin for binding to host
neutrophils and HL-60 cells, probably mediated by attachment to platelet selectin glycoprotein ligand-1 (PSGL-1). In
this study, we further elucidated that Msp2 bound to PSGL-1/FucT I'V-transfected BJAB but not nontransfected BJAB
cells. Binding of recombinant Msp2 or cell free bacteria to the surface of PSGL-1/FucT TV-transfected BIAB cells
was significantly higher than to nontransfected BJAB cells (p<0.01 and p<0.01). Also, Msp2 monoclonal antibody
and soluble recombinant Msp2 as antagonist led to concentration-dependent reductions in 4. phagocytophilum adhesin
(p<0.05 and p<0.01) to transfected BJAB cells. Thus, we conclude that Msp2 of 4. phagocytophilum acts as an adhesin
by which the bacterium binds to PSGL-1 on host neutrophils and myeloid cells.
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Introduction

Anaplasma (Ehrlichia) phagocytophilum is a tick-borne
obligate intracellular bacterium that causes granulocytic ehr-
lichiosis in humans (HGE), horses, dogs, ruminants, and other
animals (3,5,11,14,17). The bacterium infects, resides, and
propagates within vacuoles of myeloid cells, chiefly blood
neutrophils in mammalian hosts (3,5,6,18). It was previously
reported that 4. phagocytophilum binding to neutrophils was
blocked by some monoclonal antibodies that recognized sCD15
(sialylated Lewis X), a frequent modification on the surfaces
of leukocytes (9). Subsequent studies indicated that 4. phago-
cytophilum could bind to neutrophils via a surface exposed
glycoprotein, platelet selectin glycoprotein ligand-1 (PSGL-1
or CD162), which had been specifically modified by the
action of a~(1,3) fucosyltransferase (FucT IV) (7).

Major surface protein-2 (Msp2) is the quantitatively and
immunologically dominant protein on the surface of A. phago-
cytophilum (1,2,4,8,13,19,20). We recently proposed that Msp2
was at least one component of an A. phagocytophilum adhesin
that mediated binding to host myeloid cell surfaces, presumably
by binding directly to PSGL-1 (submitted for publication). In
this study, we suggest that 4. phagocytophilum Msp2 binds
directly to PSGL-1 by the assay of PSGL-1/FucT IV-trans-
fected BJAB cells.
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Materials and Methods

BJAB and PSGL-1/FucT IV-transfected BJAB cells

BJAB and PSGL-1/FucT [V-transfected BJAB cells were
kindly provided by Dr. Snapp, Northwestern University Med-
ical School. BJAB and transfected cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
and 2 mM L-glutamine at 37°C in 5% CO, (15).

Monoclonal antibodies

The monoclonal antibody 20B4 (IgG2axk) used in this study
reacts with Msp2 of at least 7 different laboratory strains of
A. phagocytophilum collected from California, Minnesota, Wis-
consin, and New York (1). Isotype-matched control 1gG2ak
monoclonal antibody purified from mouse ascites was used
as control (Sigma Chemical Co., St. Louis, MO, USA). KPL-1
(IgGlax) monoclonal antibody that reacts with an extracellular
domain of PSGL-1 (CD162) was purchased commercially
(BD Pharmingen, San Diego, CA, USA).

Western blot analysis of PSGL-1

To confirm that the transfected BJAB cells express PSGL-
1, transfected and nontransfected cells were harvested and
washed with PBS, then lysed with the M-PER Kit (Pierce,
Rockford, IL, USA). Cell lysates were separated on an 8%
SDS-PAGE gel under reducing conditions, and the separated
proteins were transferred to a nitrocellulose membrane by
standard methods. Western blot analysis was performed using
anti-PSGL-1 monoclonal antibody KPL-1 (IgGlak). Bound
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PSGL-1 antibodies were detected using alkaline phosphatase-
conjugated goat anti-mouse 1gG secondary antibody (Bio-Rad
Laboratories, Hercules, CA, USA). The blots were developed
by BCIP/NBT (Bio-Rad) in alkaline phosphate buffer.

Cell free A. phagocytophilum

A. phagocytophilum Webster strain was propagated in HL-
60 cell line in RPMI 1640 medium supplemented with 1%
fetal bovine serum and 2 mM L-glutamine (1,10). Cell free A.
phagocytophilum was prepared from heavily infected HL-60
cells that were disrupted by 3 to 5 passages through a 26-gauge
syringe needle. Cellular debris was removed by centrifugation
at 750 X g for 10 min, and cell free bacteria were harvested
from the supernatant by centrifugation (2,500 < g for 10 min).
The cell free bacteria were labeled with the lipophilic fluores-
cent compound, PKH-67 (Sigma Chemical Co., St. Louis MO,
USA), and checked using the fluorescence microscopy.

Recombinant Msp2

A recombinant Msp2 was expressed using pCAL-n-EK vec-
tor system and tested by protein immunoblotting with Msp2
monoclonal antibody 20B4 and polyclonal rabbit anti-A.
phagocytophilum. After induction for 4 h with 1 mM IPTG
to induce expression of recombinant Msp2 as a fusion with
calmodulin-binding protein, the transformed E. coli was har-
vested, lysed by sonication or with the B-PER Kit (Pierce,
Rockford, IL, USA), and purified on calmodulin affinity
resin columns (Stratagene, Lalolla, CA, USA). The purified
recombinant protein retained reactivity with both Msp2
monoclonal antibody 20B4 and rabbit polyclonal anti-A.
phagocytophilum in protein immunoblots.

Binding assay of rMsp2 and cell free 4. phagocytophilum

To determine whether Msp2 binds to PSGL-1 in PSGL-1/
FucT IV-transfected BJAB cells, cell-free A. phagocytophilum
or rMsp2 was incubated with 2 <10 cells for 1 h at 37°C in
5% CO,. The cells were then harvested by centrifugation and
washed two times with RPMI 1640 tissue culture medium to
remove unbound bacteria. The cells were then cytocentri-
fuged onto glass slides and fixed in cold acetone. Binding of
bacteria or recombinant Msp2 to BJAB and PSGL-1/FucT
I'V-transfected cells was assessed by staining with Msp2
monoclonal antibody 20B4 and fluorescein-labeled anti-mouse
Ig (Kierkegaard and Perry Laboratories, Gaithersburg, MD,
USA) for 1 h at room temperature, followed by counterstain-
ing with Evans blue; slides were mounted with PBS:glycerol
solution under glass cover-slips. Fluorescence was initially
evaluated by microscopy and quantitated using a Vistra Sys-
tems Fluorimager IS (Sunnyvale, CA, USA) and analyzed
using Molecular Dynamics Image QuaNT software (version
4.2a). Relative fluorescence intensity was compared among
groups and replicates to determine differences in binding.

Inhibition assay of A. phagocytophilum binding to PSGL-1
To determine whether the binding of 4. phagocytophilum

to PSGL-1 in PSGL-1/FucT IV-transfected BJAB cells is
inhibited by anti-Msp2 monoclonal antibody, cell-free bacte-
ria labeled with PKH-67 (Sigma Chemical Co., St. Louis MO,
USA) were first reacted with varying concentrations of Msp2
monoclonal antibody or isotype-matched monoclonal antibody
for 1 h at 37°C in 5% CO,. Cells were then incubated with 2
= 10° BJAB and PSGL-1/FucT IV-transfected BIAB cells.
The cells were washed two times, resuspended in 100 pl of
tissue culture medium, and cytocentrifuged onto glass slides.
Slides were examined microscopically and fluorescence was
measured as above.

Alternately, BJAB and PSGL-1/FucT IV-transfected BJAB
cells were mixed with 5 or 1 pg/ml of recombinant Msp2,
bovine serum albumin (BSA) as control protein, or medium
only for 1 h at 37°C in 5% CO,, and then washed as above
prior to treatment with fluorescence-labeled cell-free 4. phago-
cytophilum for 1 h. The cells were washed again, prepared on
slides, and analyzed as above.

Results

Detection of PSGL-1 in PSGL-1/FucT IV-transfected
BJAB cells

PSGL-1 was confirmed to be expressed by PSGL-1/FucT
[V-transfected BJAB cells by immunoblot under reducing
conditions. Reaction of transfected cells with KPL-1 mono-
clonal antibody showed a 220 kDa band that corresponded to
the extracellular domain of PSGL-1 in PSGL-1/FucT IV-
transfected BJAB cells. PSGL-1 was not detected in non-
transfected BJAB cells. Moreover, transfected but not non-
transfected cells could be infected with cell free A.
Pphagocytophila in culture (data not shown).

Cell free A. phagocytophilum and rMsp2 binding to
PSGL-1/FucT IV-transfected BJAB cells

To confirm whether A. phagocytophilum binds to host cells
via PSGL-1 and specifically by Msp2, binding of cell free 4.
phagocytophilum to nontransfected BJAB and PSGL-1/FucT
[V-transfected BJAB cells were initially compared. After only
one hour of in vitro incubation, cell free bacteria bound to the
surfaces of PSGL-1/FucT IV-transfected BJAB cells signifi-
cantly more (p<0.01) than to nontransfected BJAB cells
(Fig. 1). To determine whether Msp2 could mediate PSGL-1
binding directly, recombinant Msp2 was incubated with BIAB
and PSGL-1/FucT IV-transfected BJAB cells. Similar to the
results with cell free bacteria, binding of recombinant Msp2
to the surfaces of PSGL-1/FucT [V-transfected BJAB cells
was dose dependent and significantly greater than binding to
nontransfected BJAB cells incubated with control protein
(p<0.01) (Fig. 2).

Inhibition of A. phagocytophilum binding by Msp2
monoclonal antibodies :

An antibody concentration-dependent reduction in A. pha-
gocytophilum binding was observed in replicated experiments
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Fig. 1. Binding of cell free 4. phagocytophilum to PSGL-1/
FucT TV-transfected and nontransfected BJAB cells. Fluores-
cence of cells without 4. phagocytophilum is defined as a unit.
Cell free bacterial binding is measured and expressed relative to
the fluorescence measured on cells in the absence of any bacteria.
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Fig. 2. Binding of recombinant Msp2 to PSGL-1/FucT I'V-trans-
fected and nontransfected BJAB cells. Fluorescence of cells
without Msp?2 is defined as a unit. Recombinant Msp2 binding
is measured and expressed relative to the fluorescence measured
on cells in the absence of any Msp2. (*p<0.01). Results of 2
separate experiments are shown (1st and 2nd).

using PSGL-1/FucT IV-transfected BJAB cells. Cell fiee
bacteria supplemented with 10 ug/ml of monoclonal antibody
20B4 show a significant reduction of binding to PSGL-1/FucT
[V-transfected BJAB cells as compared to cells supplemented
with isotype-matched control monoclonal antibody (p<0.05)
(Fig. 3). In cultures supplemented with 1 pg/ml of monoclonal
antibody 20B4, a slight reduction of A. phagocytophilum
binding was also noted.

Inhibition of A. phagocytophilum binding by recombinant
Msp2

An rMsp2 dose-dependent antagonism of 4. phagocytophi-
lum binding to PSGL-1/FucT [V-transfected BJAB cells was
observed, similar to the results of experiments conducted with
blocking monoclonal antibody. BSA was used as a nonspecific
protein control. Overall, significant reductions in A. phagocy-
tophilum binding to PSGL-1/FucT IV-transfected BJAB cells
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control 10 4g/mf
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control 1 yg/mé
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anti-Msp2 1 gt [ p=.061
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Fig. 3. Msp2 monoclonal antibody pre-incubation with fluores-
cence-labeled A. phagocytophilum blocks adhesion to PSGL-1/
FucT IV-transfected BJAB cells in a dose dependent manner.
Results are derived from 2 separate experiments and are shown
as the mean percentage of fluorescence in Msp2-monoclonal
antibody- or isotype-matched control treated A. phagocytophilum
cultures vs. cultures with no added antibody (defined as 100%
adhesion).
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Fig. 4. Pre-incubation of PSGL-1/FucT IV-transfected BJAB
cells for 1 h with recombinant Msp2 blocks adhesion of fluo-
rescently labeled A. phagocytophilum. Results are fluorescence
intensity as a percentage of cultures not incubated with recom-
binant Msp2 shown and are the means of 2 separate experiments.

were noted in the cultures pre-incubated with 5 pg/ml of
rMsp2 (p<0.05) and 1 pg/ml of rMsp2 (p<0.05) when com-
pared to the same concentrations of control protein (Fig. 4).

Discussion

Recently, it was demonstrated that PSGL-1 exposed on HL-
60 cells, and presumably on neutrophil surfaces, act as host
myeloid cell ligands for binding of 4. phagocytophilum (7,9).
Our recent investigations showed that antibody to Msp2 or
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antagonistic blocking of Msp2 binding to PSGL-1 expressed
on host myeloid cells inhibited adhesion and propagation of
A. phagocytophilum. However, Goodman et al (7) noted that
a specific derivative of HL-60 cells that is deficient in FucT-
VII could also become infected, albeit at a significantly
reduced rate. Thus, despite the data that strongly suggests a
role for Msp2 as adhesin for A. phagocytophilum, the interac-
tion between the specific adhesin and the proposed PSGL-1
ligand still needs more study. Here, we demonstrate that
PSGL-1 as modified by FucT IV, binds directly to Msp2 and
is the major ligand that mediates binding of intact 4. phago-
cytophilum to neutrophils prior to endosomal entry. The data
to support this role includes direct binding of cell free 4.
Pphagocytophilum to transfected but not nontransfected BIAB
cells, the direct binding of recombinant Msp2 to transfected
but not nontransfected BJAB cells, and the dose-dependent
inhibition or antagonism of cell free 4. phagocytophilum
binding when assayed in the presence of Msp2 monoclonal
antibodies or recombinant Msp2, respectively.

A. phagocytophilum Msp2, like that of the closely related
bovine erythrocyte pathogen A. marginale, is involved in
adhesion of the bacterium to the surface of its host cell. Like
A. phagocytophilum, A. marginale also binds to a surface gly-
cosylated protein, but the identity of erythrocytes has not yet
determined (1,2). A number of unanswered questions still exist,
including the presence and identity of other potential mem-
brane components that could be part of an adhesin complex
(1,6), whether the natural diversity of Msp2 that is presumed
to be related to antigenic variation can contribute to continued
host cell binding even with an aggressive anti-Msp2 immune
response, and whether any of this information may help to
design appropriate strategies to improve control of HGE.

Acknowledgments

This paper was supported in part by research funds of
Chonbuk National University in 2005.

References

1. Asanovich KM, Bakken JS, Madigan JE, Aguero-Rosenfeld
M, Wormser GP, Dumler JS. Antigenic diversity of granu-
locytic Ehrlichia isolates from humans in Wisconsin and New
York and a horse in California. J Infect Dis 1997; 176:
1029-1034.

2. Caspersen K, Park JH, Patil S, Dumler JS. Genetic variability
and stability of Anaplasma phagocytophila msp2 (p44). Infect
Immun 2002; 70: 1230-1234.

3. Chen SM, Dumler JS, Bakken JS, Walker DH. Identification
of a granulocytotropic Ehrlichia species as the etiologic
agent of human disease. J Clin Microbiol 1994; 32: 589-595.

4. Dumler JS, Asanovich KM, Bakken JS, Richter P, Kimsey
R, Madigan JE. Serologic cross-reactions among FEhrlichia
equi, Ehrlichia phagocytophila, and human granulocytic
Ehrlichia. J Clin Microbiol 1995; 33: 1098-1103.

5. Dumler JS, Bakken JS. Ehrlichial diseases of humans:
emerging tick-borne infections. Clin Infect Dis 1995; 20:

11.

16.

17.

20.

1102-1110.

. Heimer R, VanAndel A, Wormser GP, Wilson ML. Propa-

gation of granulocytic Ehrlichia spp. from human and equine
sources in HL-60 cells induced to differentiate into functional
granulocytes. J Clin Microbiol 1997; 35: 923-927.

. Herron MJ, Nelson CM, Larson J, Snapp KR, Kansas GS,

Goodman JL. Intracellular parasitism by the human granu-
locytic ehrlichiosis bacterium through the P-selectin ligand,
PSGL-1. Science 2000; 288: 1653-1656.

. IJdo JW, Sun W, Zhang Y, Magnarelli LA, Fikrig E.

Cloning of the gene encoding the 44-kilodalton antigen of
the agent of human granulocytic ehrlichiosis and characteri-
zation of the humoral response. Infect Immun 1998; 66:
3264-3269.

. Goodman JL, Nelson CM, Klein MB, Hayes SF, Weston

BW. Leukocyte infection by the granutocytic ehrlichiosis
agent is linked to expression of a selectin ligand. J Clin
Invest 1999; 103: 407-412.

. Goodman JL, Nelson C, Vitale B, Madigan JE, Dumler JS,

Kurtti TJ, Munderloh UG. Direct cultivation of the causative
agent of human granulocytic ehrlichiosis. N Engl J Med
1996; 334: 209-215.

Madigan JE, Richter PJ, Kimsey RB, Barlough JE, Bakken
JS, Dumler JS. Transmission and passage in horses of the
agent of human granulocytic ehrlichiosis. J Infect Dis 1995;
172: 1141-1144,

. McGarey DIJ, Allred DR. Characterization of hemagglutinating

components on the Anaplasma marginale initial body surface
and identification of possible adhesins. infect Immun 1994;
62: 4587-4593.

. Murphy CI, Storey JR, Recchia J, Doros-Richert LA, Gingrich-

Baker C, Munroe K, Bakken JS, Coughlin RT, Beltz GA.
Major antigenic proteins of the agent of human granulocytic
ehrlichiosis are encoded by members of a multigene family.

Infect Immun 1998; 66: 3711-3718.

. Ogden NH, Woldehiwet Z, Hart CA. Granulocytic ehrli-

chiosis: an emerging or rediscovered tick-borne disease? J
Med Microbiol 1998; 47: 475-482.

. Snapp KR, Wagers AJ, Craig R, Stoolman LM, Kansas GS.

P-selectin glycoprotein ligand-1 is essential for adhesion to
P-selectin but not E-selectin in stably transfected hematopoietic
cell lines. Blood 1997; 89: 896-901.

Vidotto MC, McGuire TC, McElwain TF, Palmer GH,
Knowles DP Jr. Intermolecular relationships of major surface
proteins of Anaplasma marginale. Infect Immun 1994; 62:
2940-2946.

Walker DH, Dumler JS. Emergence of the ehrlichioses as
human health problems. Emerg Infect Dis 1996; 2: 18-29,

. Woldehiwet Z. The effects of tick-borne fever on some

functions of polymorphonuclear cells of sheep. ] Comp Pathol
1987; 97: 481-485.

. Zhi N, Ohashi N, Rikihisa Y. Multiple p44 genes encoding

major outer membrane proteins are expressed in the human
granulocytic ehrlichiosis agent. J Biol Chem 1999; 274: 17828-
17836.

Zhi N, Rikihisa Y, Kim HY, Wormser GP, Horowitz HW.
Comparison of major antigenic proteins of six strains of the
human granulocytic ehrlichiosis agent by Western immunoblot
analysis. J Clin Microbiol 1997; 35: 2606-2611.



Anaplasma Phagocytophilum Major Surface Protein (Msp)-2 Directly Binds to ...

SFEMNEZ EYUS I8t Anaplasma phagocytophilum 2|
FQ EUHCHHE (Msp)-22t PSGL-1 (CD162) 22| B3
% 7 3!

AR sk ST s

aplasma phagocytophilum®] F8& FTHEWZQ Msp2 (p4d)e Alde] Edel s 5158_5_ 3 o
WZo 1:]-. 2 AgoMe 4 phagocytophzlumO] F9 FAE] TF 7Y HL-60 AE AYsl= d Ao, Az
o] Fo W Gzl Msp2 8t £FA X T 2¥EE PSGL-1#2) 8 oJRE O}E‘}M. a édr, ANz
WAl Msp2ut &84 Bel® 4. phagocytophilum®] PSGL-1/FucT IV §827F BAAE o] PSGL-19]
15 5= BIAB xﬂisﬁ»— AZsA T, =73 BIAB AEXos AF ks e AL 33 £ A THp<0.01
& p<0.01). &3, &5 B9 4 phagocymphzluer zﬂx‘%jﬁ&%l_(PSGL 1/FucT IV) BIAB A|3Egle] ZAgo)
Msp2¢] ©-FE2YA Msp2 AZY diZe) o mat oAES 2 & AAHp<0.05 & p<0 01). whhA]
A. phagocytophilqu] Msp27} &M 281 i%:%sﬂ EWe] ¥¥=le PSGL- 1J+ 2z o2 Afsle RAEEYS
g F AU

F20{ : 4. phagocytophilum, T8 FTHNA $ZF PSGL-1, F3&=32

Z FO
2
D;
3

13



