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Staphylococcus aureus (SA) is an opportunistic pathogen that affects a variety of organ systems and is responsible for
many diseases worldwide. SA express an MHC class Il analog protein (Map), which may potentiate SA survival by

modulating host immunity. We tested this hypothesis in mice by generating Map-deficient SA (Map~SA) and comparing
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mice developed arthritis and osteomyelitis to a severity similar to Map*SA—infected controls, suggesting that T cells can
affect disease outcome following SA infection and Map may attenuate cellular immunity against SA. The capacity of Map
to alter T cell function was tested more specifically in vitro and in vivo using native and recombinant forms of Map. T cells
or mice treated with recombinant Map had reduced T cell proliferative responses and a significantly reduced delayed-type
hypersensitivity response to challenge antigen, respectively. These data suggest a role for Map as an immunomodulatory
protein that may play a role in persistent SA infections by affecting protective cellular immunity.
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Staphylococcus aureus (SA) is an opportunistic pathogen that affects a variety of organ systems and is
responsible for many diseases worldwide. SA express an MHC class II analog protein (Map), which
may potentiate SA survival by modulating host immunity. We tested this hypothesis in mice by gen-
erating Map-deficient SA (Map-SA) and comparing disease outcome to wild-type Map*SA-infected
mice. Map-SA-infected mice presented with significantly reduced levels of arthritis, osteomyelitis, and
abscess formation compared with control animals. Furthermore, Map-SA-infected nude mice devel-
oped arthritis and osteomyelitis to a severity similar to Map*SA-infected controls, suggesting that T
cells can affect disease outcome following SA infection and Map may attenuate cellular immunity
against SA. The capacity of Map to alter T cell function was tested more specifically in vitro and in vivo
using native and recombinant forms of Map. T cells or mice treated with recombinant Map had
reduced T cell proliferative responses and a significantly reduced delayed-type hypersensitivity
response to challenge antigen, respectively. These data suggest a role for Map as an immunomodula-
tory protein that may play a role in persistent SA infections by affecting protective cellular immunity.

J. Clin. Invest. 110:1461-1471 (2002). d0i:10.1172/JC1200216318.

Introduction

Staphylococcus aureus (SA) is an opportunistic pathogen
that colonizes the skin (primarily the anterior nasal
vestibule) of approximately 20% of the population with-
out causing clinical symptoms (1, 2). If, however, the skin
is damaged by trauma, inoculation by needles, or direct
implantation of medical devices, SA can gain entry into
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the host and colonize and infect a variety of tissues (3). SA
can cause lethal infections often associated with abscess
formation such as endocarditis and pneumonia. Due to
a developing resistance to multiple antibiotics, SA is rec-
ognized worldwide as a major health threat (2, 4-7).

Adherence of SA to host tissues is mediated by a family
of adhesins termed MSCRAMMs (microbial surface com-
ponents recognizing adhesive matrix molecules), and
expression of MSCRAMMs appears to be necessary for
colonization of different tissues (8). The SA Map (MHC
class I analog protein) protein, also referred to as EAP
and p70, is a secreted protein that can bind to a variety of
ECM components, including fibronectin, fibrinogen, vi-
tronectin, bone sialoprotein, and thrombospondin
(9-18). Map-deficient SA, however, is not impaired in its
adhesion to different ECM components, suggesting that
other adhesins can mediate SA adherence to the ECM
and that Map may serve functions other than that of an
adhesin (19, 20). Map contains six repeated domains of
110 amino acids; each containing a 30-amino acid sub-
domain with similarity to a sequence in the peptide-bind-
ing groove of the MHC class II § chain of various mam-
mals (21). This striking similarity between Map and
MHC II molecules suggested the possibility that Map
may posses the ability to affect T cell function.

Map has been demonstrated to induce immunoglob-
ulin synthesis and the proliferation of blood mononu-
clear cells in addition to shifting T cell responses in a
Th2 direction (12, 13, 20, 21). The effects of Map on T
cell responses may play a critical role in SA survival since
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the induction of Th1 (cellular immunity) responses dur-
ing the course of SA infections have been associated with
bacterial clearance in mice (22). The role of T cells in pro-
tection against SA infections in humans is less well-
defined. SA infections do not usually result in protective
immunity, and individuals can be subjected to persistent
and repeated staphylococcal infections (23-26). While
SA infections affecting the skin appear to be exacerbat-
ed by strong Th1-type response, it is clear that cellular
immunity is critical in orchestrating the clearance of sys-
temic SA infections and in preventing reinfection with
the same or similar pathogen(s) (27-31). The capacity of
Map to inhibit or shift the T cell response in a Th2 direc-
tion may serve as an additional mechanism facilitating
SA survival and persistence.

Recently, Map has been described as an anti-inflam-
matory agent with the capacity to interfere with the
innate host defense systems by preventing neutrophil
recruitment, primarily by interacting with ICAM-1 on
endothelial cells (20). In the studies reported here, we
demonstrate that Map can also interfere with acquired
immunity in a chronic murine SA-infection model (32).
We demonstrated that BALB/c mice infected with SA
genetically manipulated to be deficient in Map (Map-SA)
had significantly reduced levels of arthritis and abscess
formation (heart and kidneys) following reinfection with
wild-type SA (Map*SA) compared with mice infected and
reinfected with Map*SA or mice receiving a single inocu-
lum of Map*SA. Furthermore, when T cell-deficient
nude mice (n#/nu) were used in SA infection studies,
Map SA was only marginally less effective in causing
arthritis and osteomyelitis compared with Map*SA-
infected nude mice. Conversely, infections of the geno-
type control mice (n#/+) with Map'SA or Map-SA,
respectively, resulted in disease presentation similar to
that observed in SA-infected BALB/c mice. Since Thl
responses appear to be important in the control of SA
infections (22), we examined the ability of isolated native
or recombinant Map to modulate the Thl-mediated
delayed-type hypersensitivity (DTH) response in mice
and the effects of recombinant Map on the proliferation
ofaThl1 cell line in vitro. These data suggest that Map is
avirulence factor that may play a role in SA persistence
and survival by altering T cell function in vivo; however,
it is unclear if and how Map’s homology to MHC II
relates to its T cell inhibitory properties.

Methods

Mice. Specific pathogen-free (MTV-) BALB/c,
C3H/Hen, nu/nu (nude), and nu/+ mice were pur-
chased from Harlan Sprague Dawley (Indianapolis,
Indiana, USA). The animals were maintained in
facilities approved by the American Association
for Accreditation of Laboratory Animal Care in
accordance with current regulations and standards
of the United States Department of Agriculture,
Department of Health and Human Services, and
NIH. All animal procedures were approved by the In-
stitutional Animal Care and Use Committee. In the

experiments reported here we used female mice that
were 8-10 weeks old at the start of each experiment.

Construction of a SA strain Newman Map deletion mutant.
An allelic-replacement mutagenesis strategy was adopt-
ed to replace the native map locus with a gene that
encodes drug resistance in SA strain Newman. The map
gene and its up- and downstream flanking sequences
were cloned on two overlapping plasmids: pMap5 har-
boring 1.9 kb of the map gene and 3.3 kb of downstream
sequence and pMap6 harboring 1 kb of the map gene
and 1 kb of upstream sequence. These are pBluescript
SK(+) plasmids containing gene fragments from the
original lambda gt 11 library of SA strain FDA 574 (21).
The 3.3-kb downstream sequence of map was PCR
amplified using pMap$ as template and primers R1
(Ncol/Hincll), 5'-TGACCATGGCGTCGACATTTGTAGA-
GATGT-3' (2174-2202 bp) and F1 (T7 primer from
pBluescript), 5'-AATACGACTCACTATAGG-3'. The PCR
product was purified, digested with Kpnl/Ncol and the
1.7-kb digestion product was gel purified and ligated
into pMap6, which had been digested with Kpnl/Ncol to
remove the map sequence. The resulting plasmid pMap7
contained both flanking sequences and only S50
nucleotides of the map gene.

Plasmid pRN6680 was digested with Hincll/Smal and
the tmn-TcR marker was blunt-end ligated into HinclI-
digested pMap7 to generate plasmid pMap8 (33). To
construct a shuttle plasmid that would replicate in SA
but had a temperature sensitive origin of replication (ts
ori), plasmid pMap8 was ligated with the SA ts ori from
pE194. This ts ori is on a 3.7-kb PstI fragment that had
been cloned from pRN5101 into the Pst site in pBlue-
script. The PstI sites of this ts ori were filled in and ligat-
ed into the Smal site of pMap8. The resulting plasmid
was called pMap9. Plasmid pMap9 was introduced into
SA strain RN4220 by electroporation and then plated
on TSA containing 10 ug/ml tetracycline and incubat-
edat 30°C (34, 35). The temperature sensitivity of plas-
mid pMap9 in RN4220 was confirmed. The growth of
a culture at 40°C in the presence of 10 ug/ml of tetra-
cycline selected for plasmid pMap9 loss and isolation of
mutants where allelic-replacement had occurred. The
Dmap:tmn mutation was then transferred from SA
strain RIN4220 into SA strain Newman by phage 85
transduction (36). The correct chromosomal mutations
in both strains RN4220 and Newman were confirmed
by Southern hybridization analysis using gene probes
for both the map and tmn genes (data not shown). West-
ern immunoblotting of proteins released from the cell
surface of Newman wild-type and Newman Dmap:tmn
cells with 1 M LiCl also confirmed that the mutant
failed to express the Map protein (data not shown).

Expression and purification of recombinant proteins. A
recombinant version of Map designated Mapl9,
decorin-binding protein A (DbpA), Ace19 and Ace40,
were expressed using the pQE vector (QIAGEN Inc.,
Chatsworth, California, USA) in Escherichia coli
(JM101) (Stratagene, La Jolla, California, USA) harbor-
ing the corresponding plasmids (Table 1) (37-41). The
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Table 1
Recombinant proteins

Protein Relevant characteristics Reference

Map19 30 kDa; recombinant His tag protein contains the first and second MHC Il analog domains (12-13, 20-21)
from S. aureus strain FDA574, potential MSCRAMM, and anti-inflammatory agent

Ace40 40 kDA; recombinant His tag protein contains the minimal collagen-binding domain from E. faecalis, MSCRAMM (39-40)

Acel19 19 kDa; recombinant His tag protein (40), Truncated form of Ace40 with no collagen-binding activity, MSCRAMM

DbpA 20 kDa; recombinant His tag protein, Decorin-binding protein A from B. burdorferi, MSCRAMM (41)

resulting proteins contain an N-terminal His tag that
allowed for purification using metal ion-chelating
chromatography. Map19 contains residues 50-237
encompassing the first and second MHC II analog sub-
domains and is derived from strain FDA574 (21). The
amino acid sequence is 84% identical and 95% similar
to that of Newman Map in this region (21). E. coli were
grown at 37°C in Lennox broth (LB) containing the
appropriate antibiotics until they reached an Aggo 0of 0.6
(42). Isopropyl-p-p-thiogalactopyranoside (Life Tech-
nologies Inc., Gaithersburg, Maryland, USA) was added
to a final concentration of 0.2 mM, and the cells were
incubated at 37°C for an additional 4 hours. Cells from
a 1-1 culture were harvested by centrifugation, resus-
pended in 10 ml binding buffer (BB) (20 mM Tris HCI,
0.5 M NaCl, 15 mM imidazole, pH 8.0), and lysed in a
French pressure cell at 11,000 pounds/inch? (41). The
lysate was centrifuged at 40,000 g for 15 minutes and
the supernatant filtered through a 0.45-um filter. A
1-ml iminodiacetic acid Sepharose column (Sigma-
Aldrich, St. Louis, Missouri, USA) was charged with 75
mM NiCl,6H,0 and equilibrated with BB. The filtered
supernatant was applied to the column and washed
with 10 volumes of BB, then 10 volumes of BB con-
taining 60 mM imidazole. The bound proteins were
eluted with BB containing 200 mM imidazole, dialyzed
against PBS containing 10 mM EDTA, then dialyzed
against PBS (41). Protein concentrations were deter-
mined by the bicinchoninic acid protein assay (Pierce

previously (43, 44). Briefly, histopathological examina-
tion of hematoxylin- and eosin-stained formalin-fixed
hind tibiotarsal joints were scored according to the level
of cellular infiltrate (primarily neutrophils) as follows: 0,
no arthritis/osteomyelitis; 1, minimal or rare (<10% tis-
sue involvement); 2, mild (10-20%); 3, frequent (20-50%);
4, severe (>50%) (43, 44). All sections were examined with-
out knowledge of the infection status of the mouse.
Quantification of SA in tissues. Mice (four mice/group)
were infected with Map-SA or Map*SA as described
above. Mice were sacrificed at various time points
after infection (0.5, 1, 2, and 4 days), and their blood,
heart, kidneys, and tibiotarsal joints (devoid of skin)
were collected. Blood was collected aseptically into
sterile Vacutainer tubes containing sodium heparin
(Becton Dickinson and Co., Franklin Lakes, New Jer-
sey, USA) as described (43, 44). The heart and both
kidneys were collected aseptically and homogenized
under sterile conditions using a mortar and pestle.
Both hind tibiotarsal joints were homogenized using
a Brinkman PT 10/35 homogenizer under sterile con-
ditions. All homogenized tissues were serially dilut-
ed in sterile PBS and inoculated onto 5% sheep blood
agar plates to estimate the bacterial density for each
tissue. Plates were incubated at 37°C, and the num-
ber of colonies were counted 24-48 hours later. No

Chemical Co., Rockford, Illinois, USA), and proteins . T —o—Map~SA
were stored at -20°C until use. 2 S ¥ —e—Map*SA
Quantitation of SA and intravenous injections. Map*SA and % 04 i l
Map~SA (strain Newman) were grown overnight in LB 2 T
(Difco Laboratories, Detroit, Michigan, USA) media at 'i " A
37°C with shaking and were used in all infection experi- g T T
ments. Five hundred microliters of this culture was used 5 1
to inoculate 50 ml of fresh LB in a 250-ml Erlenmeyer § -2
flask. The new cultures were grown as above until the 2
optical density reached 0.5 at 600 nm using a 1-cm quartz
cuvette. Aliquots of each culture were quantified for -3 o T " 21 28
colony-forming units. The remainder of each culture was Days after infection
washed three times in sterile PBS. The cultures, based on
Figure 1

prior growth curve determinations, were diluted to
approximately 2 x 107 CFU/ml. Mice were injected intra-
venously with 107 SA in 0.5 ml PBS and monitored for
up to 8 weeks. At the conclusion of the experiment,
mice were sacrificed and the joints were examined histo-
logically for osteomyelitis and arthritis as described

Mean weight loss from Map=SA- and Map*SA-infected mice.

Mice

were intravenously infected with either 107 Map~SA or Map*SA.
Weights were taken before infection and every 7 days after infection
for 4 weeks. Data are expressed as the mean + SE of the mean of 26
and 24 mice/group for Map~SA- and Map*SA-infected mice, respec-

tively. *P < 0.05, Student ¢ test.
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bacterial colonies were detected in tissues harvested
and cultured from uninfected mice.

Extraction of Map from SA. Map*SA and Map-SA were
grown overnight as described above. Bacteria were pellet-
ed by centrifugation and resuspended in 1 M LiCl (one-
tenth of the original media volume). The suspension was
incubated at 42°C with shaking for 2 hours. The bacte-
ria were pelleted and the supernatant containing nonco-
valently attached surface proteins was removed and
quantified for protein by determining the Azso using 1 M
LiCl as a blank. Extracted proteins were diluted to 0.2
mg/ml in PBS and passed through a 0.22-um filter for
sterilization prior to intraperitoneal injection (45).

DTH assay. Mice were immunized with 20 ug of DbpA
in CFA (Sigma-Aldrich) (day 0) (44). Seven days after
immunization, mice were challenged in the hind foot-
pads with 2.5 ug DbpA (50 ul PBS) (44). At the time of
immunization, days 2, 4, and 6 after immunization,
mice were injected intraperitoneally with 100 ug of
native Map extracted from Map*SA, supernatant from
Map~SA, or with various concentrations (1-500 ug) of
the recombinant proteins Map19, Acel9, or Ace40 in
500 ul of PBS (38, 39, 41, 46-48). The footpads were
measured before challenge and 24 hours later, using a
spring-loaded micrometer (Mitutoyo, Tokyo, Japan).
Mice were anesthetized with Isoflurane during footpad
measurements (49).

Adoptive T cell transfer. BALB/c mice (five mice/group)
were immunized with DbpA and were treated with

Figure 3

Hematoxylin- and eosin-stained tissue sections from Map~SA- or
Map*SA-infected mice. (a) Severe osteomyelitis (BALB/c mouse
infected with Map*SA). (b) No arthritis or osteomyelitis (BALB/c
mouse infected with Map=SA). (c-d) Severe arthritis (nu/nu and nu/+
mice infected with either Map~SA or Map*SA, respectively). (e-f) Kid-
ney sections (BALB/c mice infected with Map=SA or Map*SA, respec-
tively) and (g-h) heart sections (BALB/c mice infected with Map=SA
or Map*SA, respectively).

Days after infection

recombinant Mapl9 or recombinant Ace40 as
described above. The day after the last Map19 or Ace40
treatment, mice were sacrificed, and the spleens from
each treatment group were enriched for T cells by pas-
sage over nylon wool columns as described previously
(50). Twenty-four hours after intraperitoneal injection
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Table 2
Histological examination of joints and abscess formation assessment in heart and kidneys harvested from Map-SA- and Map*SA-infected mice

Mean arthritis score

1.93 £0.388
0.93+0.28

Infecting strains
Map+A
Map*

Arthritis frequency(%)
13/14 (93%)<
8/16 (50%)

Mean osteomyelitis score

2.86 £ 0.40°
0.06 £ 0.06

Osteomyelitis frequency (%)
12/14 (86%)F
1/16 (6%)
Abscess formation (tissue examined)
Heart
8/14 (57%)"
0/16 (0%)

Infecting strains
Map*A
Map

Kidneys
21/28 (75%)"
1/32 (3%)

ABALB/c mice were infected intravenously with either 107 Map*SA or Map=SA strain Newman. Eight weeks later hind tibiotarsal joints were examined histo-
logically for arthritis and hearts and kidneys were examined grossly and histologically for abscess formation. 8P < 0.05 versus Map~- 8-week group; Student ¢
test. P < 0.05 versus Map~- 8-week group; Fisher’s exact test. °P < 0.0001 versus Map~/- 8-week group; Student t test. EP < 0.0001 versus Map~/- 8-week group;
Fisher’s exact test. FP < 0.0005 versus Map~- 8-week group; Fisher’s exact test.

of T cells (107 nylon wool-enriched T cells/mouse in
500 ul of complete T lymphocyte media [CTL]), mice
were challenged in the hind footpads with DbpA, and
the DTH response was assessed as described above.
CTL medium: RPMI-1640 containing 2 mM L-gluta-
mine, 100 U/ml penicillin, 100 ug/ml streptomycin, S0
ug/ml gentamicin, 0.2 mM nonessential amino acids,
11 ug/ml sodium pyruvate, 0.02 M N-2-hydrox-
yethylpiperaxine-N'-2ethanesulfonic acid, and 5 x 103
N 2-mercaptoethanol plus 10% heat-inactivated FBS.

In vitro proliferation of BAT2.2 T cells. The Borrelia
burgdorferi-specific mouse Thl cell line BAT2.2 was
stimulated with whole, inactive B. burgdorferi (iBb) and
syngeneic (C3H/Hen) antigen-presenting cells (APCs),
as described previously (43, 50). Briefly, 105 BAT2.2 T
cells were cultured in 96-well flat-bottom plates (Corn-
ing-Costar Corp., Cambridge, Massachusetts, USA)
along with 3 x 10° mitomycin-treated APCs in CTL
medium and Borrelia (2 ug) in the presence of various
proteins. Each treatment group was done in triplicate
in a final volume of 200 ul complete medium. Each pro-
tein (10, 50, and 100 pg) was added to each well, and the
T cells were allowed to proliferate for 24-48 hours at
37°C. Four hours before the end of the proliferation

period, 20 ul/well of 3-{4,5-Dimethylthizol-2-y}-
2,5diphenyl-tetraxolium bromide (MTT) (5 mg/ml;
Sigma-Aldrich) was added to each well. After 4 hours of
incubation at 37°C, 100 wl of solubilization buffer (0.04
N HCL in isopropanol) was added to each well and
absorbance measured at 590 nm. Data are expressed as
mean plus or minus SE of the mean of triplicate wells.

Assessment of Map-induced apoptosis of BAT2.2 cells. BAT2.2
T cells (10%/well; 5 U IL-2/ml) were incubated in the pres-
ence of Map19 or Acel9 in a final volume of 1.5 ml com-
plete media and examined for apoptosis using an Apop-
totic DNA Ladder Kit (Roche Molecular Biochemicals,
Indianapolis, Indiana, USA), according to the manufac-
turer’s instructions. Two hundred micrograms of each
protein was used and apoptosis measured after a 24-hour
incubation at 37°C. Extracted DNA was treated with 10
ug/ml RNase (DNase free) for 1 hour at room tempera-
ture before examination by agarose gel electrophoresis.

Flow cytometry. T cells isolated for adoptive transfer
experiments were nylon wool-enriched as described pre-
viously and examined by flow cytometric analysis to ver-
ify purity (50). Cells were washed in PBS containing 3%
FBS (FACS buffer) and stained with the following
mADb’s: FITC-conjugated anti-mouse CD8a (Ly2) and

Table 3
Histological examination of joints and abscess formation assessment in heart and kidneys harvested from Map-SA- and Map*SA-infected
mice reinfected with Map*SA

Infecting strains Mean arthritis score Arthritis frequency (%) Mean osteomyelitis score Osteomyelitis frequency (%)

Map~/Map*A8 0.84+0.18C 14/26 (54%)P 0.57 +0.23¢ 6/26F (23%)
Map*/Map*A8 1.65 +0.27 18/21 (86%) 1.95+0.37 14/21 (66%)
-/Map*A8 2.06 +0.26 28/32 (88%) 1.48 +0.31 14/32 (44%)

Abscess formation (tissue examined)

Heart
12/26 (46%)C
17/19 (89%)
29/31(94%)

Infecting strains
Map~/Map*AB
Map*/Map*48
_/Map+A,B

Kidneys
13/52 (25%)"
33/38 (86%)
48/62 (77%)

ABALB/c mice were infected intravenously with either 107 Map* or Map-SA strain Newman or left untreated. Four weeks after primary infection, mice from all
groups received 107 Map*SA intravenously. Four weeks later, the right hind-limb joint was harvested and examined histologically for arthritis and osteomyelitis.
In addition, hearts and kidneys were examined grossly and histologically for abscess formation. EThe data are pooled observations from three separate exper-
iments. <P < 0.005 versus Map*/Map* group; Students t test. °P < 0.0001 versus -/Map*; Fisher’s exact test. £P < 0.0001 versus Map*/Map* and -Map* groups;
Fisher’s exact test. FP < 0.005 versus Map*/Map* group; Fisher’s exact test. “P < 0.0001 versus —-/Map*; Fisher’s exact test versus -/Map*; Fisher’s exact test.
HP < 0.0001 versus Map*/Map* and -Map* groups; Fisher’s exact test.
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Table 4

Histological examination of joints harvested from Map-SA- or Map*SA-infected nude mice?

Infecting strains Mean arthritis score

nu/+/Map*SA 3.00+0.248 16/16 (100%)
nu/+/Map-SA 1.78+£0.21 21/23 (91%)
nu/nu/Map*SA 2.58+0.25 12/12 (100%)
nu/nu/Map-SA 2.50 £ 0.26¢ 21/24 (88%)

Arthritis frequency(%)

Mean osteomyelitis score Osteomyelitis frequency (%)

3.19 £ 0.36DF 14/16 (88%)
0.34+0.15 5/23 (22%)C
3.00+0.32 12/12 (100%)
1.58 + 0.20F 15/24 (63%)

AHsd nu/nu and nu/+ mice were infected intravenously with either 107 Map~SA or Map*SA strain Newman or left untreated. Four weeks after primary infection,
mice from all groups received 107 Map*SA intravenously. Four weeks later, the right hind-limb joint was harvested and examined histologically for arthritis and
osteomyelitis. The data are pooled observations from two separate experiments. BP < 0.005 versus nu/+/Map~SA; Student t test. “P < 0.05 versus nu/+ Map SA
group; Student ¢t test. °P < 0.0001 versus nu/+ Map-SA group; Student t test. EP < 0.007 versus nu/nu MapSA group; Student ¢ test. /P < 0.001 versus nu/+

Map~SA group; Student ¢ test. 5P < 0.05 versus all groups; Fisher’s exact test.

phycoerythrin-conjugated anti-mouse CD4 (L3T4)
(PharMingen, San Diego, California, USA). The cells
were incubated with the directly conjugated Ab’s for 1
hour at 4°C and then washed with cold FACS buffer
prior to FACS analysis. Annexin V-FITC (PharMingen)
and propidium iodide (PI) (Sigma-Aldrich) staining of
106 BAT2.2 cells (5 U IL-2/ml) was performed 24 hours
after incubation with either Map19 or DbpA (0.2 ug/ul)
or left untreated in CTL media (2 ml), according to man-
ufacturer’s instructions. Cells from all groups were
washed in cold FACS buffer and then analyzed on a
Coulter EpicProfile flow cytometer (Coulter Corp.,
Miami, Florida, USA).

Results

Experimental SA infection. Mice challenged with a sub-
lethal dose of virulent SA can develop severe arthritis
and osteomyelitis in addition to abscesses in the heart
and kidneys (32). To explore the role that Map might
play in the pathogenesis of SA infections, BALB/c mice
were infected with either 107 Map~SA or Map*SA strain
Newman. During the initial stages of the infection, the
groups of animals inoculated with the two strains were
similarly affected, as indicated by recorded weight loss-
es (Figure 1). The mean weight loss recorded for
Map-SA- and Map*SA-infected mice 7 days after infec-
tion was -2.27 + 0.52 and -2.58 + 0.32 g, respectively;
however, by day 21 after infection, the weight of
Map-SA-infected mice returned to postinfection levels
compared with Map*SA-infected mice, which were an
average of 1.41 + 0.37 g below preinfection weight read-
ings (Figure 1). Furthermore, bacterial densities between
infection groups were indistinguishable during the early
stages of infection (Figure 2), suggesting that there were
no differences in the capacity of Map-SA to colonize tis-
sues when compared with Map*SA colonization.

Eight weeks after infection, 12 of 14 (86%)
Map*SA-infected mice developed osteomyelitis, but only
1 of 16 (6%) Map~SA-infected mice was diagnosed with
a bone infection (Figure 3, a and b, and Table 2). Arthri-
tis frequency and severity were also significantly greater
in Map*SA-infected mice compared with Map SA-
infected counterparts (Table 2). Furthermore, 8 of 14
(57%) Map*SA-infected mice developed heart abscesses
and 21 of 28 (75%) kidneys examined were similarly

affected (Figure 3, fand h, and Table 2). Conversely, none
of the 16 Map-SA-infected mice developed heart
abscesses and only 1 of 32 (3%) kidneys presented with
an abscess (Figure 3, e and g, and Table 2). Taken togeth-
er, these results demonstrated that the Map~SA strain
was significantly less virulent in our animal model when
compared with the parental Map*SA strain, suggesting
that Map may be a virulence factor in chronic SA infec-
tions. Based on the sequence similarities with MHC class
II molecules, we speculated that Map might act as an
immunomodulator and that the observed differences
between the Map*SA and Map-SA strains were due to
suppressed host defenses in Map*SA-infected mice.
This hypothesis was tested in several experiments. First,
mice were infected with either 107 Map*SA, Map~SA, or
left untreated. Four weeks later, mice from all groups
were reinfected with 107 Map*SA organisms. After an
additional 4 weeks, mice from all groups were sacrificed
and examined as described above. The results from these
experiments suggested that mice initially infected with
Map~SA were partially protected against the subsequent
Map*SA challenge infection. These mice presented with
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Figure 4

Native Map-mediated inhibition of DTH. DbpA-immunized mice
were treated with native Map on the day of immunization (day 0)
and on days 2, 4, and 6 after immunization. On day 7, mice were
challenged with DbpA, and footpads were measured 0 and 24 hours
after challenge. Mice treated with supernatant from Map*SA had a
significantly reduced DTH response compared with immunized and
challenged mice (*P < 0.0001; Student t test). Data are expressed as
the mean * SE of five mice.
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Recombinant Map19-mediated inhibition of DTH. DbpA-immu-
nized mice were treated with recombinant Map19 on the day of
immunization (day 0) and on days 2, 4, and 6 after immunization.
On day 7, mice were challenged with DbpA and footpads were meas-
ured 0 and 24 hours after challenge. Mice treated with recombinant
Map19 had a significantly reduced DTH response compared with
immunized and challenged mice (*P < 0.0001; Student t test). Data
are expressed as the mean + SE of five mice.

significantly fewer heart (46%) and kidney (25%) abscess-
es following Map*SA challenge compared with more
than 75% abscess formation in hearts and kidneys from
Map*SA-infected and challenged mice or mice infected
with a single dose of Map*SA (i.e., -/Map+) (Table 3).
Arthritis and osteomyelitis incidence and severity were
also significantly reduced in Map-SA-infected mice chal-
lenged with Map*SA compared with control mice (Table
3). One possible explanation for these data is that
Map-SA-infected mice were capable of clearing the infec-
tion since their cellular responses were not impaired by
Map while concomitantly establishing a memory
response capable of clearing the second infection of
Map*SA. If Map functioned to impair T cell-mediated
immunity, then mice initially infected with Map*SA never
fully cleared the infection and were likely not to have been
able to develop a memory response capable of recogniz-
ing a second SA infection.

SA-infected nude mice. T cell-deficient nude (nu/nu)
and genotype control (n#/+) mice were used to further
assess the connection between SA virulence, Map, and
T cell immunity. If Map is an immunomodulator with
T cell inhibitory activities that facilitate SA survival
and persistence, then Map-SA-infected nu/nu mice
should present with similar disease as Map*SA-infect-
ed nu/+ mice. Map-SA-infected nu/nu mice had signif-
icantly higher arthritis and osteomyelitis scores com-
pared with nu/+Map-SA-infected mice. Furthermore,
the arthritis scores between nu/nu/Map-SA- and
nu/+/Map*SA-infected mice were similar (Figure 3, ¢
and d, and Table 4), even though nu/+/Map*SA-infect-
ed mice presented with significantly higher osteomye-
litis scores (Table 4). Abscess formation was observed
in all Map*SA-infected mice but not in mice infected
with Map=SA, regardless of genotype. These data

suggested that (a) the presence of Map on SA can
affect the severity of arthritis and osteomyelitis
through a T cell-mediated mechanism, and (b) Map
plays a role in abscess formation through a T cell-inde-
pendent mechanism(s).

Map-mediated inhibition of DTH. A direct in vivo assay for
cellular immunity was used to assess the ability of Map
to interfere with DTH. DTH responses are initiated and
mediated by Th1 CD4" T cells in response to recall anti-
gens, and these responses result in specific, measurable
inflammation at the site of challenge. Mice immunized
with a recombinant form of the B. burgdorferi
MSCRAMM, DbpA, emulsified in CFA developed a sig-
nificant DTH response to DbpA as measured by footpad
swelling 7 days after immunization (Figure 4 and 5) (41,
44). Mice treated with native Map (Map*SA super-
natant), however, on the day of immunization (day 0)
and days 2, 4, and 6 after immunization had a signifi-
cantly reduced DTH response to DbpA challenge com-
pared with untreated but immunized control mice and
to mice treated with supernatants from Map-SA (Figure
4). Similarly, mice treated with a recombinant form of
Map (Map19) had a significantly reduced DTH response
following DbpA challenge compared with untreated but
immunized controls or the recombinant control protein
Acel9-treated mice (Figure 5). Recombinant Map19
inhibited the DTH response in both BALB/c and
C3H/Hen mice following immunization and challenge,
demonstrating that Map has inhibitory affects not spe-
cific to particular mouse strains (Figure 5 and data not
shown, respectively). The effects of Map19 were largely
dose dependent with concentrations of 25 pug/mouse
exhibiting significant inhibitory effects (Figure 6).

Adoptively transferved T cells from Mapl9-treated mice.
Since adoptively transferred immune T cells confer
immunity in syngeneic recipient mice, a cell transfer
model was used to further dissect the cellular events
underlying Map-mediated inhibition of DTH. Mice

DbpA/500 ug Ace19
DbpA/500 ug Map19
DbpA/100 ug Map19

=
GEJ DbpA/50 ug Map19
‘g DbpA/25 ug Map19
F  DbpA/5 ug Map19
DbpA/1 ug Map19
DbpA

Challenge only -
0 10 20 30 40 50
Mean footpad swelling (0.01 mm)
Figure 6

Dose-dependent inhibition of DTH. DbpA-immunized mice were
treated with various doses of Map19 (1-500 ug) or Ace19 (500 ug),
as described previously. On day 7, mice were challenged with DbpA,
and the footpads measured 0 and 24 hours after challenge. Signifi-
cant values are indicated by an asterisk (P < 0.05; Student ¢ test).
Data are expressed as the mean + SE of five mice.
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Figure 7

DTH following adoptive T cell transfer. DbpA-immunized mice were
treated with either Map19 or Ace40, as described above. On day 7,
mice were sacrificed and spleens were harvested and enriched for T
cells by nylon wool purification. Cells (5 x 107) were injected
intraperitoneally into syngeneic recipients. Twenty-four hours later,
recipient mice were challenged with DbpA, and the DTH response
was assessed as described above. T cells from DbpA-immunized
Ace40-treated or T cells from DbpA-immunized (untreated) mice
elicited a significant DTH response compared with unimmunized but
challenged mice or to naive T cell-recipient mice (*P < 0.04; Student
t test). T cells from DbpA-immunized, Map19-treated mice did not
elicit a significant DTH response compared with positive control
treatment groups (**P < 0.001; Student ¢t test). Data are expressed
as the mean + SE of five mice.

immunized with DbpA were either left untreated or
injected intraperitoneally with either Map19 or the
recombinant control protein Ace40 on the day of immu-
nization (day 0) and on days 2, 4, and 6 after immuniza-
tion. On day 7, mice were sacrificed, and single cell sus-
pensions from whole spleens were prepared and
enriched for T cells by passage over nylon wool columns
(50). Adoptive transfer of nylon wool-purified T cells
from Map19-treated mice did not elicita DTH response
to DbpA in naive recipients compared with mice adop-
tively transferred with enriched T cells from Ace40-treat-
ed mice or untreated immune T cell control groups (Fig-
ure 7). Flow cytometric analysis of nylon wool-collected
cells revealed a profile that was 46.83% + 0.92% CD4",
31.63% + 0.96% CD8*, 1.2% + 0.26% CD4*CD8*, and
20.4% * 1.33% CD4 CD8". These data are expressed as
the mean percentage of positive cells plus or minus SE
for the three groups examined.

Inhibition of T cell proliferation and apoptosis assessment.
Recombinant Map19 and Ace19 were tested for their abil-
ity to inhibit the proliferation of the Borrelia-specific T
cell line BAT 2.2 (43, 50). T cell proliferation was meas-
ured 48 hours after plating in the presence of mitomycin
C-treated syngeneic APCs and iBb (50). Proliferation was
measured as a function of tetrazolium blue production
following a 4-hour incubation in the presence of MTT.
Map19-treated BAT 2.2 cells were inhibited significantly
from proliferating (Figure 8). Map19 did not inhibit
BAT2.2 proliferation if the APCs were preincubated in
the presence of either Map19 or Acel9 for 6 hours and

then washed prior to the addition of iBb and BAT2.2
cells, suggesting Map had its inhibitory effects on T cells
(data not shown). Furthermore, APCs preincubated with
Map19 and iBb for 6 hours induced BAT2.2 prolifera-
tion, suggesting that Map did not affect the ability of the
APCs to process antigen (data not shown).

Microscopic analysis of BAT2.2 cells cultured in the
presence of Map19 revealed significant morphological
changes (e.g., cell shrinkage) compared with untreated
cells or cells cultured in the presence of control proteins
(data not shown), suggesting that apoptosis or necrosis
but not anergy were likely induced by Map. FACS analy-
sis of BAT2.2 cells stained with annexin V-FITC and PI
revealed that 76% of BAT2.2 Map19-treated cells (Figure
9¢) were both annexin V-FITC/PI positive compared with
almost 11% double-positive cells for both untreated and
DbpA-treated cells (Figure 9, a and b, respectively). FACS
analysis at earlier time points did not reveal significant
differences between treatment groups (data not shown).
Since cells that have already undergone an apoptotic
death will eventually also stain positive for PL, it was not
possible to distinguish if Map-treated cells in this assay
were in a state of late apoptosis or necrosis (51). To dif-
ferentiate between these forms of cell death, DNA extract-
ed from BAT2.2 T cells incubated in the presence of
Map19 was examined for fragmentation by gel elec-
trophoresis (Figure 10). DNA extracted from Map19-
treated cells (lane 3) was fragmented comparable to the
apoptotic-positive control DNA (lane 5) but not DNA
extracted from untreated (lane 2) or Ace40-treated (lane
4) T cells (Figure 10), suggesting that Map can, at least in
vitro, prevent T cell function by induction of apoptosis.

Discussion

Mechanisms of immune escape are used by many infec-
tious agents affecting humans. The nature of these strate-
gies significantly vary and can be classified into various
categories: the generation of physical barriers (biofilm

100 ug Ace19

50 ug Acel19

25 ug Ace19

100 ug Map19

50 ug Map19

25 ug Map19
BAT2.2 + APC + Bb
BAT2.2 + APC

Treatment

025 05 075 1

Mean absorbance (590 nm)

Figure 8

Map-induced inhibition of T cell proliferation. BAT2.2 T cell prolif-
eration was measured after 48 hours in culture in the presence of
APCs, and antigen in the presence of Map 19 or Acel9 at various con-
centrations. *P < 0.0001 compared with all other treatment groups;
Student t test. Data are expressed as the mean absorbance + SE of
triplicate wells.
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The effect of Map19 on annexin V/PI staining.
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formation) that protect bacteria against immune attack
(52, 53); the secretion of immunoregulatory cytokine
analogs or the induction of host cytokines that potenti-
ate nonprotective immunity, resulting in pathogen sur-
vival (54-58); antigenic variation, which can prevent the
generation of a protective immune response (59-61);
antigenic mimicry, which can result in either immune
modulation (e.g., MHC I analogs) or sequestration of the
pathogen from the immune system (62, 63); toxin and
protease production, which can destroy different cell
types, including immune cells (2, 52); and finally, direct
modulation of host cell functions, which can result in the
induction or inhibition of apoptosis, respectively,
depending on the pathogen (64-69).

Reinfection of humans with SA is one of the hallmarks
of diseases caused by this pathogen, and a difficulty in
clearing these types of infections is not only a function of
disseminated disease but of SA immune escape mecha-
nisms (23-26). One possible reason for recurring infec-
tions is that leukocytes from patients with chronic or
recurrent SA infections have impaired chemotactic,
phagocytic, and bactericidal functions (25, 30, 31).
Whether these defects in lymphocyte function were a
result of the bacterial infection or a preexisting condition
in these individuals is not known (25, 30, 31). More
specifically, superantigens and protein A produced by SA
during an infection serve immune-evasion functions that
may potentiate ongoing and recurrent infections (2).

Here we describe a third SA MIM (microbial
immunomodulatory molecule) with potential T cell-
limiting properties. The first observation suggesting
Map acted in this capacity stemmed from double infec-
tion studies in which a primary infection with Map-SA
conferred significant protection against reinfection with
Map*SA. This contrasted significantly with the patholo-
gies observed in mice receiving primary and secondary
Map*SA infections. One explanation for these data is
that T cell-mediated responses in Map*SA-infected mice
were abrogated by the presence of Map. In contrast,
Map-SA-infected mice developed cell-mediated immu-
nity over the course of infection, resulting in bacterial
clearance and in a memory response capable of control-
ling a secondary Map*SA infection. That a primary
Map-SA infection conferred significant but incomplete
protection against Map*SA challenge suggested that the
balance or competition between an anamnestic response
and Map-mediated immunomodulation could be affect-
ed by the challenge dose. Although these data suggested

that Map acted as an immunoregulatory molecule, we
could not exclude the following two possibilities: first, if
Map is a critical adhesin required during the infection
process, its removal may have resulted in an attenuated
SA strain that served to “vaccinate” mice against the sec-
ond Map*SA infection. This is not a likely scenario since
Map-deficient SA still efficiently adhere to individual
ECM molecules (19, 20). Furthermore, the mean weight
loss between Map~-SA- and Map*SA-infected mice was
similar during the first weeks after infection, and the
bacterial densities in various tissues were indistinguish-
able between infection groups, suggesting that bacterial
adhesion, a critical early step during infection, was not
compromised in Map-SA. This weight-loss pattern is sig-
nificantly different from that recorded for mice infected
with SA deficient in the collagen-binding protein CNA
(CNA-SA). Weight loss differences in these animals, com-
pared with CNA*SA-infected controls diverged from the
start of the infection process (E.L. Brown et al., unpub-
lished observations). Second, a diminished disease state
following Map~SA infection may have been a result of
polar effects caused by map inactivation following trans-
formation resulting in the inactivation of other genes
required for SA survival or virulence. Although a map-
complemented Map-SA strain Newman is not yet avail-
able, the significant effects of both isolated native Map

Figure 10

Map-induced apoptosis of BAT2.2 T cells. BAT2.2 cells (2 x 10°) (5
U IL-2/ml) were incubated in media alone (lane 2) or in the presence
of either 100 ug Map19 (lane 3) or Ace40 (lane 4). DNA from U937
cells were used as a positive control (lane 5). Lane 1, 100-bp ladder.
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and of recombinant Mapl9 on cellular immunity
strongly suggested that the lack of virulence observed for
Map-SA was a function of the bacteria’s inability to
affect host immunity and not a result of the map inacti-
vation process. In addition, nu#/nu mice infected with
Map-SA presented with more severe arthritis compared
with nu/+ mice infected with Map-SA. Interestingly,
abscess formation was absent in nu/nu and nu/+
Map-SA-infected mice but not in Map*SA-infected mice
of either genotype. These data suggested a potential role
for T cells in controlling joint pathology but not in pro-
tection against abscess formation. These experiments
somewhat contradict findings in a rat model that sug-
gested that T cells are critical for abscess formation and
with recent work describing Map as an anti-inflamma-
tory agent in a mouse peritonitis model (20, 70). How-
ever, both of these studies examined acute SA infections
in contrast to the assessment of chronic disease
described here. Furthermore, the infection routes
(intraperitoneal) and the parameters used to assess dis-
ease were significantly different in both studies (20, 70).
These differences make it difficult to reconcile the anti-
inflammatory effects of Map described in a thioglycol-
late-induced peritonitis model with the abscesses and
severe joint disease caused by a chronic SA infection (20).

Additional evidence suggesting that Map affected T cell
function stemmed from experiments demonstrating that
Map inhibited DTH responses and induced T cell death
invitro most likely by apoptosis. The effects of Map on T
cell function appeared only to affect mature T cells stim-
ulated in the context of antigen and MHC II. It is inter-
esting to speculate that this effect of Map on T cells is a
function of the homology between Map and MHC class
II molecules since the proliferation of naive T cells fol-
lowing incubation with concanavalin A or by Ab cross-
linking of the T cell receptor was not inhibited by Map19
(McIntyre and Miyamoto, unpublished observations).
Interference of Map with the interactions between acti-
vated T cells and MHC class II-bearing APCs may explain
why Map only affected T cell proliferation in the context
of antigen and APCs. Furthermore, a human T cell line
cultured in the presence of plate-bound fibronectin and
aCD3 proliferated in the presence of Map19 (B.W. McIn-
tyre and YJ. Miyamoto, unpublished observations).
These data suggested that activated T cells, but not naive
T cells, were susceptible to inhibition of proliferation by
Map and that T cell lines induced to proliferate via “non-
classical” pathways bypassed Map-mediated mechanisms
that resulted in the loss of T cell function.

Sequence analysis of the SA genome revealed four
open-reading frames (ORFs) encoding Map-like pro-
teins in meticillin-resistant SA strain N315 (38). The
ORF designated SA1751 encodes a protein with a 69%
identity to Map from strain FDA574 (21, 38). The
SA1751 sequence is truncated by a stop codon immedi-
ately after an adenine-rich region, and expansion of this
region by one adenine would remove the stop codon;
the adjacent MHC II homologous region (SA1750)
would be encoded (38). This suggested that SA can

express longer or shorter forms of Map by modulating
the length of the alanine repeat region (38). The remain-
ing ORFs (SA2006 and SA0841) encode proteins with
34 and 44% identity, respectively, to the FDA574 Map
protein. The role of these Map homologues in SA infec-
tion is unknown at this time. Perhaps the potential to
encode a variety of MHC II-like proteins can serve to
potentiate survival of various SA strains in mammals of
varied genetic backgrounds. Extensive searches for Map
homologues using the available public databases
revealed no similar proteins in other bacteria.

SA uses various survival strategies that allow it to per-
sist in mammalian hosts. Furthermore, persistent and
recurrent SA infections point to mechanisms that
obstruct the development of protective immunity. One
of the functions of the Map protein suggested that it
may function to impede the development and mainte-
nance of memory responses. Apoptotic modulation by
MIMs is just one mechanism of immune evasion used
by human pathogens. Elucidation of the structure of
this class of molecules, their functions, and mecha-
nisms of action may be used to design strategies to pre-
vent or treat disease.
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