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Cell migration and phagocytosis are both important for controlling Mycobacterium tuberculosis infection
and are critically dependent on the reorganization of the cytoskeleton. Since CD44 is an adhesion mol-
ecule involved in inflammatory responses and is connected to the actin cytoskeleton, we investigated
the role of CD44 in both these processes. Macrophage (M) recruitment into M. tuberculosis-infected
lungs and delayed-type hypersensitivity sites was impaired in CD44-deficient (CD447/-) mice. In addi-
tion, the number of T lymphocytes and the concentration of the protective key cytokine IFN-y were
reduced in the lungs of infected CD44~/- mice. The production of IFN-y by splenocytes of CD44-/~ mice
was profoundly increased upon antigen-specific stimulation. Flow cytometry analysis revealed that sol-
uble CD44 can directly bind to virulent M. tuberculosis. Mycobacteria also interacted with M@-associat-
ed CD44, as reflected by reduced binding and internalization of bacilli by CD44-/- M@s. This suggests
that CD44 is a receptor on M(s for binding of M. tuberculosis. CD44-/- mice displayed a decreased sur-
vival and an enhanced mycobacterial outgrowth in lungs and liver during pulmonary tuberculosis. In
summary, we have identified CD44 as a new M@binding site for M. tuberculosis that mediates mycobac-
terial phagocytosis, M@ recruitment, and protective immunity against pulmonary tuberculosis.

J. Clin. Invest. 111:681-689 (2003). doi:10.1172/JCI200316936.

Introduction

Mycobacterium tuberculosis is one of the most threaten-
ing microorganisms, causing more deaths annually
than any other single human pathogen (1). Each year,
over 8 million new cases of tuberculosis and 2 million
deaths from this disease occur worldwide (2, 3). The
increasing incidence of tuberculosis over the last
decade has increased the need to define host factors
that control resistance to tuberculosis.

Effective host defense against M. tuberculosis is prima-
rily dependent on the interplay between macrophages
(M), T cells, and dendritic cells (4, 5). This interaction
requires the migration and activation of leukocytes,
which is dependent on the ability of cells to adhere to

Received for publication September 17, 2002, and accepted in revised
form January 14, 2003.

Address correspondence to: Jaklien C. Leemans, Laboratory of
Experimental Internal Medicine, Academic Medical Center,
University of Amsterdam, Meibergdreef 9, Room G2-105,

1105 AZ Amsterdam, The Netherlands. Phone: 31-20-5665910;
Fax: 31-20-6977192; E-mail: j.cleemans@amc.uva.nl.

Conflict of interest: The authors have declared that no conflict of
interest exists.

Nonstandard abbreviations used: macrophage (M@);
polymorphonuclear cell (PMN); postinfection (p.i.); PPD,
purified protein derivative; staphylococcal enterotoxin A (SEA);
staphylococcal enterotoxin B (SEB); macrophage inflammatory
protein-1a (MIP-1a); CD44 standard (CD44std); delayed-type
hypersensitivity (DTH).

each other or to the ECM via adhesion molecules. CD44
is a member of the hyaluronate receptor family of cell
adhesion molecules, which has been shown to play a
selective role in controlling lymphocyte migration (6, 7).
CD44 is expressed on hematopoietic cells and is linked
to cytoskeletal elements like hyaluronic acid, collagen,
fibronectin, and osteopontin (8). It is necessary for
extravasation of activated T cells into inflammatory
sites (6), but it is not required for normal leukocyte cir-
culation (7). In vitro experiments suggest that CD44 is
also involved in cytoskeleton-dependent phagocytosis
of heat-killed Staphylococcus aureus by polymorphonu-
clear cells (PMNs) (9) and in phagocytosis of apoptotic
PMNs by human monocyte-derived Ms (10).

Among mammals, CD44 is a highly conserved recep-
tor (11), which suggests that CD44 is under strong evo-
lutionary pressure and therefore must be an important
molecule. Data on the in vivo role of CD44 during
inflammatory responses are, however, limited. As indi-
cated by studies on arthritis (12-15), contact hypersen-
sitivity (7), and autoimmune encephalomyelitis (16),
CD44 may play a role in the pathogenesis of inflamma-
tory disorders, presumably by contributing to the
migration of activated leukocytes to sites of inflamma-
tion. Although these studies reveal a role for CD44 dur-
ing inflammatory responses, little is known about its in
vivo role during infections with pathogenic microor-
ganisms. A single study, using an inactivating Ab
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directed against CD44, suggested that this adhesion
molecule is not needed for resistance against infection
with Toxoplasma gondii (17). A potential role for CD44 in
the immune response to M. tuberculosis is suggested by
the observation that CD44high-expressing T cells (mem-
ory T cells) accumulate in the lungs of mice during
infection with this pathogen (18-20).

In the present study we determined the role of CD44
in M. tuberculosis leukocyte migration and phagocytosis
and investigated the significance of our findings in
resistance against pulmonary tuberculosis. To do this,
we infected CD44-/- or CD44*/* mice intranasally with a
virulent strain of M. tuberculosis. Our results show that
CD44 is important for the recruitment of M@s, the
binding and uptake of M. tuberculosis by M@s, and the
protective immunity against lung tuberculosis in vivo.
As studies in mice without functional 04 or 0437 inte-
grin, P-selectin, ICAM-1, or complement receptor 3 (19,
21-23) have shown that these adhesion molecules are
not involved in clearance of mycobacteria, the present
study identifies a unique function for CD44 in resist-
ance against mycobacterial infection.

Methods

Mice. Specific pathogen-free 8- to 10-week-old male
and female CD44-deficient (CD447/-) mice on a
C57BL/6 background (24) were a kind gift of A. Berns
(Netherlands Cancer Institute, Amsterdam, The
Netherlands). Examination of lymphocyte subsets in
spleen and lymph nodes of CD44/- mice demonstrated
normal distribution and numbers of CD4* and CD8* T
cells (24). Wild-type (CD44*/*) C57BL/6 mice were pur-
chased from Iffa Credo (L’Arbresle, France). Animals
were maintained in biosafety level 3 facilities. In all
experiments, sex- and age-matched controls were used.
The Animal Care and Use Committee of the University
of Amsterdam approved all experiments.

Experimental infection. A virulent laboratory strain of
M. tuberculosis H37Rv (American Type Culture Collec-
tion, Rockville, Maryland, USA) was grown for 4 days
in liquid Dubos medium (Difco Laboratories, Detroit,
Michigan, USA) supplemented with 0.5% BSA (Sigma-
Aldrich, St. Louis, Missouri, USA) and 0.01% Tween-80.
Areplicate culture was incubated at 37°C, harvested at
mid-log phase, and stored in aliquots at -70°C. For
each experiment, a vial was thawed and washed twice
with sterile 0.9% NaCl. Tuberculosis was induced as
described previously (25, 26). Briefly, mice were anes-
thetized by inhalation with isoflurane (Abbott Labora-
tories Ltd., Kent, United Kingdom) and infected
intranasally with 1 X 105 live M. tuberculosis H37Rv bacil-
li in 50 pl saline, as determined by viable counts on
Middlebrook 7H11 (Difco, Detroit, Michigan, USA)
agar plates. Bacterial counts recovered from lungs 1 day
postinfection (p.i.) were shown previously to be similar
to the number of bacteria in the inoculum (26).

Lung cell differentiation. Pulmonary-cell suspension was
obtained using an automated disaggregation device
(Medimachine System; DAKO A/S, Glostrup, Denmark)

and resuspended in medium. Erythrocytes were lysed
with ice-cold isotonic NH4Cl solution, and the remain-
ing cells were washed twice with RPMI. Total leukocytes
in pulmonary-cell suspensions were counted using a
hemacytometer and Turk’s solution (Merck KGaA,
Darmstadt, Germany). The percentages of M@, PMNss,
and lymphocytes were determined using cytospin prepa-
rations stained with modified Giemsa stain (Diff-Quik;
Baxter Healthcare Corp., McGraw Perk, Illinois, USA).
FACS analysis. Pulmonary-cell suspensions obtained
from infected mice were analyzed by FACS (Becton Dick-
inson and Co., Franklin Lakes, New Jersey, USA) as
described previously (26). Cells were brought to a con-
centration of 4 X 10° cells/ml FACS buffer (PBS supple-
mented with 0.5% BSA, 0.01% NaNj; and 100 mM EDTA).
Immunostaining for cell surface molecules was per-
formed for 30 minutes at 4°C using directly labeled Ab’s
against CD3 (CD3-phycoerythrin), CD4 (CD4-
CyChrome), and CD8 (CD8-FITC and CD8-peridinin
chlorophyl protein). All Ab’s were used in concentrations
recommended by the manufacturer (Pharmingen, San
Diego, California, USA). To correct for nonspecific stain-
ing, an appropriate control Ab (rat IgG2; Pharmingen)
was used. Cells were fixed with 2% paraformaldehyde, and
surface molecules were analyzed by gating of the CD3*
population. The number of positive cells was obtained by
setting a quadrant marker for nonspecific staining.
Histology and immunobistochemistry. Lungs were
removed 2 or 5 weeks after inoculation with M. tubercu-
losis, fixed for 24 hours in 4% paraformaldehyde in PBS
for 24 hours, and embedded in paraffin. For the
delayed-type hypersensitivity (DTH) response experi-
ment, footpads were removed from antigen-challenged
mice following immunization with heat-killed M. tuber-
culosis. After formalin fixation, specimens were decalci-
fied in formic acid and embedded in paraffin. H&E-
stained slides were coded and semiquantitatively scored
for inflammatory infiltrates and lung granuloma for-
mation by a pathologist. The presence of CD44" cells,
granulocytes, and M@ was demonstrated by immuno-
histochemistry. Slides were deparaffinized, and endoge-
nous peroxidase activity was quenched by a solution of
methanol with 0.03% H,0O,. For CD44 staining, slides
were then treated with 10 mM sodium citrate solution
(pH 6.0) for 10 minutes at 98°C in a microwave oven,
incubated with rat anti-mouse CD44 IgG1 (KM114;
Pharmingen), and then further incubated with rabbit
anti-rat-biotin (DAKO A/S) and streptavidin-ABC solu-
tion (DAKO A/S). For color development, 1% H,O, and
3,3'-di-aminobenzidine tetrachloride (DAB; Sigma-
Aldrich) in Tris-HCl was used. The sections were
mounted in glycerin gelatin without counterstaining
and analyzed. For granulocyte staining, slides were
digested with a solution of 0.25% pepsine (Sigma-
Aldrich) in 0.01 M HCI; for M@ staining, slides were
digested with 0.1% trypsin (Sigma-Aldrich). Granulo-
cyte and M@sections were then incubated in 10% nor-
mal goat serum (DAKO A/S) and exposed, respectively,
to FITC-labeled anti-mouse Ly-6G mAb (Pharmingen)
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or rat anti-mouse F4/80 IgG2b mAb (Serotec Ltd.,
Oxford, United Kingdom). For staining of granulocytes,
slides were incubated with rabbit anti-FITC Ab (DAKO
A/S) followed by a further incubation with a biotinylat-
ed swine anti-rabbit Ab (DAKO A/S). For M@staining,
slides were incubated with goat anti-rat-HRP (Southern
Biotechnology Associates, Birmingham, Alabama,
USA). Slides were finally incubated in a streptavidin-
ABC solution (DAKO A/S) and developed using 1%
H,0; and DAB (Sigma-Aldrich) in Tris-HCI. The slides
were counterstained with hematoxylin and evaluated by
a pathologist blinded to the genotype of the animals.

Splenocyte stimulation. We obtained single-cell suspen-
sions by crushing spleens through a 40-Um cell strainer
(Becton Dickinson and Co.). Erythrocytes were lysed
with ice-cold isotonic NH4Cl solution (155 mM NH,CI,
10 mM KHCOs, 100 mM EDTA [pH 7.4]), and the
remaining cells were washed twice with RPMI 1640
(BioWhittaker Europe, Verviers, Belgium). To assess anti-
gen-specific immune responses, cells were suspended in
medium (RPMI 1640, 10% FCS, 1% antibiotic-antimy-
cotic [GIBCO BRL; Life Technologies Inc., Rockville,
Maryland, USA]), seeded in 96-well round-bottomed cul-
ture plates at a cell density of 1 x 10° cells per well in trip-
licate, and stimulated with 20 pig/ml tuberculin purified
protein derivative (PPD; Statens Seruminstitut, Copen-
hagen, Denmark). For stimulation of splenocytes of
uninfected CD44*/* and CD44/- mice, cells were stimu-
lated with 10 pg/ml staphylococcal enterotoxin B (SEB;
Sigma-Aldrich), 7 pg/ml staphylococcal enterotoxin A
(SEA; Sigma-Aldrich), or coated anti-CD3 (clone 145-
2C11; homemade) and 1 pg/ml anti-CD28 (clone 37.51;
Pharmingen) Ab’s. Supernatants were harvested after a
48-hour incubation at 37°C in 5% CO,, and cytokine lev-
els were analyzed by ELISA.

CD44** and CD447/~ M @stimulation. We isolated M@s
from CD44*/* and CD447/- mice by washing the peri-
toneal cavity with RPMI 1640 supplemented with 10%
FCS. Collected cells were allowed to adhere to 96-well tis-
sue-culture plates (10° cells per well) for 1 hour at 37°C,
after which nonadherent cells were removed by rinsing
of the cell monolayer with medium. More than 95% of
the cells were M(s, as identified by cytospin preparations
stained with modified Giemsa stain. M@ monolayers
were infected with M. tuberculosis in RPMI 1640 and 10%
FCS at a bacteria/M@ratio (MOI) of 10, and then incu-
bated for 24 hours at 37°C; then supernatants were aspi-
rated and cytokine levels were analyzed by ELISA.

Cytokine measurements. IFN-y, IL-2, IL-4,IL-10, TNF-Q,
and M@inflammatory protein-1a (MIP-10) were meas-
ured in lung homogenates, spleen cell supernatants,
and M@supernatants by specific ELISAs using matched
Ab pairs according to the manufacturer’s instructions
(R&D Systems Inc., Minneapolis, Minnesota, USA).

Binding and phagocytosis of M. tuberculosis by CD44"/* and
CD447/~ M@. M(@s were isolated from CD44*/* and
CD447/- mice as described above. Binding and phagocy-
tosis of M. tuberculosis were determined as described pre-
viously (23, 27). Briefly, M@ monolayers (10° cells per

well) were infected with M. tuberculosis in RPMI 1640 and
10% FCS at an MOI of 10, and then incubated for 2
hours at 37°C, after which supernatants were aspirated.
Each well was washed three times with RPMI 1640 and
10% FCS to remove the remaining nonadherent
mycobacteria. For assessment of mycobacterial load,
cells remaining attached to the tissue culture wells were
incubated with sterile distilled H,O with 0.1% dodecyl
sulfate sodium salt (Merck KGaA) for 10 minutes at
25°C. After a serial tenfold dilution of the cell lysate, the
number of mycobacteria that were associated with the
Ms was determined by plating on Middlebrook 7H11,
and CFUs were enumerated after 21 days. To assess
whether bacilli were phagocytosed, we infected M@s
for 2 and 17 hours at an MOI of 2, after which cells
were washed three times with PBS, fixed with 2%
paraformaldehyde, and removed from the plate.
Cytospins were made, stained with Ziehl-Neelsen stain
for acid-fast bacilli, and counterstained with 0.1% meth-
ylene blue stain. At least 100-200 cells were counted on
each cytospin. The number of intracellular bacilli in
each M@was counted. Cell viability of M@ cultures was
assessed from duplicate wells by trypan blue exclusion
and appeared similar (>95%) in both groups.

Binding of CD44 to M. tuberculosis. M. tuberculosis H37Rv
bacteria (2 x 10°) were incubated for 30 minutes at
37°C with 1 ng human soluble CD44 standard
(CD44std) protein (Bender MedSystems, Vienna, Aus-
tria) or with diluent in octuplicate. Subsequently,
mycobacteria were centrifuged for 15 minutes at 2,000 g
and incubated with a FITC-labeled mouse anti-human
CD44std Ab (IgG1, clone SFF304; Bender MedSystems)
for 30 minutes on ice. After incubation, mycobacteria
were centrifuged, washed with FACS buffer, and fixed
with 2% paraformaldehyde. CD44 binding was analyzed
on a FACScan (Becton Dickinson and Co.).

b

Figure 1

Expression of CD44 in lung tissue of CD44*/* mice after intranasal
infection with 1 X 105 M. tuberculosis. Representative view of the lung
of an uninfected mouse stained for CD44, showing only a few CD44*
passenger leukocytes (a), compared with the lung of a mouse 5 weeks
after M. tuberculosis infection, showing a prominent influx of CD44*

leukocytes (b). x50.
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Table 1
Effect of CD44 deficiency on cellular composition of total lung cells
during tuberculosis

Cells x104/ml % M@s % PMNs % Lymphocytes
2 weeks p.i.
CD44+/* 870+383 27.0+3.1 47913 251+3.0
CD44-/- 877 £273 12.5+2.1A 66.1+0.7% 21.4+24
5 weeks p.i.
CD44+/* 2,754+£655 303+25 320z%25 37.8+2.7
CD44/- 3,710+ 415~ 29.5+21 459+29°A 245+21A

Leukocytes in lungs of CD44*/* and CD447/- mice infected for 2 and 5 weeks
with M. tuberculosis. Cells from eight mice per group were counted and dif-
ferentiated on cytospin preparations stained with modified Giemsa stain.
AP < 0.05, CD447/- mice vs. CD44*/* mice.

Enumeration of bacteria. Groups of eight mice per time
point were sacrificed 2 or 5 weeks p.i., and lungs, liver,
and spleen were removed aseptically. Organs were
homogenized with a tissue homogenizer (BioSpec Prod-
ucts Inc., Bartlesville, Oklahoma, USA) in 5 volumes of
sterile 0.9% NaCl, and tenfold serial dilutions were plat-
ed on Middlebrook 7H11 agar plates to determine bac-
terial loads. Colonies were counted after a 21-day incu-
bation period at 37°C. For cytokine measurements,
lung homogenates were diluted 1:1 in lysis buffer (150
mM NaCl, 15 mM Tris, 1 mM MgCl, [pH 7.4], 1 mM
CaCly, 1% Triton, 20 ng/ml pepstatin A, 20 ng/ml leu-
peptin, and 20 ng/ml aprotinin) and incubated on ice
for 30 minutes. Supernatants were sterilized using a
0.22-pm filter (Corning Inc., Corning, New York, USA)
and frozen at -20°C until assays were performed.

Delayed-type hypersensitivity response to PPD. To measure
DTH responses, we examined the swelling responses of
footpads in mice. Briefly, CD44*/* and CD44-/- mice (n=>5)
were immunized intradermally at the base of the tail
with 0.1 mg of heat-killed M. tuberculosis H37Ra (Difco
Laboratories) in 0.1 ml of mineral oil (Sigma-Aldrich).
Twelve days after immunization, mice were challenged
with 40 pg PPD in saline into one hind footpad and with
saline alone in the other. Measurements of footpad
thickness were performed with a Mitutoyo model 7326
engineer’s micrometer (Mitutoyo MTI Corp., Aurora,
Illinois, USA) before and 24 hours after the PPD chal-
lenge. The increase in footpad thickness was calculated
as the difference in swelling between the 0- and 24-hour
measurements. Specific DTH reactivity was calculated as
the difference between the swelling of the PPD-injected
footpads and the swelling of the saline-injected footpads.

Statistical analysis. All values are expressed as mean + SEM.
Comparisons were done with Mann-Whitney U tests. For
comparison of survival curves, Kaplan-Meier analysis
with alog rank test was used. Values of P < 0.05 were con-
sidered statistically significant.

Results

Accumulation of CD44* cells in the pulmonary compartment
during M. tuberculosis infection. Previous studies have
documented that CD44high cells accumulate in mouse

lungs during M. tuberculosis infection (18-20). To verify
this observation in our model, we studied the expres-
sion of CD44 in lung tissue of wild-type mice infected
intranasally with M. tuberculosis. Immunohistochemical
staining of CD44 revealed a strong increase in the num-
ber of CD44" cells in lung tissue of mice with M. tuber-
culosis (Figure 1, a vs. b).

CDA44 promotes the recruitment of M and lymphocytes to
infected lungs. To investigate whether CD44 is involved
in leukocyte recruitment, we assessed the numbers
and phenotypes of pulmonary leukocytes from
CD44%/* and CD447/- mice during tuberculosis (Table
1). For this, we intranasally infected eight mice per
group with 1 x 105 CFU M. tuberculosis and sacrificed
them after 2 or S weeks. While the absolute number of
leukocytes in lungs of CD44*/* and CD44-/- mice was
similar 2 weeks p.i., CD44-/- mice had almost 50% less
Ms in their pulmonary compartment than CD44*/*
mice (P < 0.05). At 5 weeks p.i., lungs of CD44-/- mice
contained more leukocytes than lungs of CD44%/*
mice (P < 0.05). At this time point the percentage of
M@s was similar in both mouse strains. The percent-
age of pulmonary lymphocytes of CD447/- mice was,
however, significantly reduced compared with that of
CD44*/* mice 5 weeks p.i. (P < 0.05). Subtyping of lym-
phocytes at 2 weeks showed that the percentages of
CD4* and CD8* T cells were similar in both groups
(data not shown). Five weeks p.i., CD447/- mice dis-
played a lower percentage of CD3/CD4* cells (59 + 2
vs. 64 + 0.4), whereas the percentage of CD3/CD8* T
cells was similar in both strains (data not shown).
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Figure 2

Representative histopathological sections of lungs of CD44*/* (a and
c) and CD447/~ (b and d) mice after inoculation with M. tuberculosis.
(a) Characteristic small granuloma in the lung of a CD44*/* mouse 2
weeks after M. tuberculosis infection (magnification, x50; H&E stain-
ing). (b) In contrast, CD447/- mice were unable to form well-shaped
granulomas, and lungs displayed a diffuse inflammatory infiltrate
largely composed of PMNs (magnification, x50; H&E staining). (c)
At 5 weeks after infection, a diffuse, almost confluent inflammation
was observed in the lungs of CD44*/* mice. Lymphocytes and M@s
represented the majority of leukocytes (magnification, X100; H&E
staining). (d) At the same time point, lungs of CD447~ mice showed
a diffuse granulocytic inflammatory infiltrate (original magnification,
x100; H&E staining).

684 The Journal of Clinical Investigation |

March 2003

| Volume 111 | NumberS5



2507 splenocytes . 16007 |EN-y -
__ 200
E % B 1200 %
S 150- £
X 2 800+
< 100
3
504 400
0- 0-
2 wk 5 wk 2 wk 5 wk
Figure 3

Effect of CD44 deficiency on cellularity and IFN-y response of spleno-
cytes of CD44*/* mice (white bars) and CD44~- mice (black bars) 2 and
5 weeks p.i. Splenocytes were dissociated into single-cell suspension,
counted, and stimulated (1 % 106 cells per well) for 48 hours with PPD.
(a) CD447/- mice have increased cellularity of spleens compared with
CD44*/* mice. (b) Stimulated splenocytes from infected CD447/~ mice
release more IFN-y in response to PPD than splenocytes from infected
CD44*/* mice. Data are mean + SEM of eight mice per group. *P < 0.05.

The percentage of PMNs in the lungs of CD447/~ mice
was increased compared with that of CD44*/* mice at
both time points (P < 0.03).

Reduced granuloma formation in CD44~~ mice. We next
investigated the contribution of CD44 to the
histopathology of lungs from M. tuberculosis-infected
mice. At 2 weeks after infection, lungs of CD44"/* mice
displayed sharply demarcated granulomas, generally
located around small bronchi and vessels. These gran-
ulomas were composed of lymphocytes and Ms (Fig-
ure 2a). On the contrary, CD44/- mice were unable to
form well-shaped granulomas in reaction to M. tuber-
culosis but displayed enlarged and disorganized lesions
that contained predominantly PMNs (Figure 2b). At 5
weeks after infection, the inflammation became more
diffuse in CD44*/* and CD447/- mice. Whereas the infil-
trate in lungs from CD44*/* mice was still predomi-
nantly composed of lymphocytes and M@s (Figure 2c),
PMN’s were more dominant in lungs of CD44~/- mice
(Figure 2d). Moreover, edema and pleuritis were more
pronounced in CD44-/~ than in CD44"/* mice.

Accumulation of type 1 cells in spleens of CD447~ mice.
Because CD44 has been implicated in migration of leuko-
cytes to sites of inflammation, we determined the num-
ber of cells in the spleen during tuberculosis in

enhanced IFN-y production of CD447/- splenocytes was
constitutively present, we stimulated splenocytes from
five uninfected CD447/- and CD44*/* mice with four dif-
ferent stimulators (ACD3/28, SEB, SEA, and PPD). We
found that CD44 deficiency per se did not influence
IFN-y release by naive splenocytes (data not shown).

Reduced cytokine concentrations in the absence of CD44. To
obtain insight into the influence of CD44 on local type 1
and type 2 cytokine concentrations during tuberculosis,
we measured IFN-yand IL-2 (type 1), and IL-4 and IL-10
(type 2), in lung homogenates at 2 and 5 weeks p.i. At
both time points, the pulmonary levels of these cytokines
were lower in CD447/~ than in CD44"/* mice (Table 2).
To assess the impact of CD44 deficiency on cytokine
and chemokine expression by M(s, we infected isolated
CD44*/* and CD447/- M@s with live M. tuberculosis for
24 hours. We found that the concentrations of TNF-Q,
MIP-1a, and IFN-yin supernatants of CD44-/- M(s were
lower than in supernatants of CD44*/* M(s (Table 3).

M@associated CD44 mediates binding and phagocytosis of
M. tuberculosis. Adhesion molecules can play a role in the
pathogenesis of microbial infection by mediating
phagocytosis of pathogens (28). To determine whether
CD44 expressed on M@s mediates binding of the tuber-
cle bacillus, we infected isolated CD44*/* and CD44-/-
Ms with live M. tuberculosis for 2 hours and determined
the number of CFUs by plating M@lysates. As shown in
Figure 4a, CD44"/* M@s contained a large mycobacteri-
al load. Interestingly, eightfold less M. tuberculosis was
associated with CD44/- Ms than with CD44*/* Ms
(P < 0.05). Additionally, we identified acid-fast bacilli
internalized by M(s with Ziehl-Neelsen stain to investi-
gate whether phagocytosis of M. tuberculosis by CD44-/-
M@s was impaired (Figure 4b). The average number of
engulfed bacilli per M@ was significantly lower in
CD44-- M@s (0.18 per M@) than in CD44*/* Mgs (0.31
per M@, P < 0.05) after 2 hours. After 17 hours, almost
three times fewer bacilli were phagocytosed by CD44-/-
M@s (0.23 per M@) than by CD44*/* M@s (0.63 per M,
P <0.05). Together, these results indicate that in this in
vitro model, M@-associated CD44 contributes to the
binding and subsequent uptake of M. tuberculosis.

CD44 binds to M. tuberculosis. The role of CD44 in medi-
ating mycobacterial association was further investigat-
ed by incubation of human recombinant CD44std with

CD447/- and CD44"/* mice. At 2 and S weeks p.i., Table 2

35% and 54% more cells, respectively, were recov-  Effect of CD44 deficiency on M. tuberculosis-mediated induction of type 1
ered from spleens of CD447/- mice than from cytokines (IFN-yand IL-2) and type 2 cytokines (IL-4 and IL-10) in lungs

spleens of CD44*/* mice (P < 0.05) (Figure 3a). To

obtain insight into the functional properties of P&/ ml IFN-y IL-2 IL-4 IL-10
splenocytes, we assessed their capacity to produce 2 weeks p.i.

type 1 (IFN-V) and type 2 <IL-4) cytokines upon CD44+/+ 165.0+10.0 488.9+37 3,699 £100 359.4+33.2
antigen-specific stimulation with PPD. Intriguing- D447 110.0+ 6.8 329.7+28.8~ 2,859+216* 302.3+19.8
ly, splenocytes of CD447/~ mice secreted 12 times 5 weeks pi.

(P <0.05) and 7.5 times (P < 0.05) more of the pro-  CD44"" 212.5+16.4 681.0+46.7 2,115+145 211.0+23.6
tective IFN-yat, respec[ively) 2 and 5 weeks Pl than CD44-/- 168.6+17.7 541.0+23.5% 1,418+ 165 159.8+19.9

did splenocytes of CD44*/* mice (Figure 3b). IL-4

was undetectable in all samples‘ To exclude thatthe  weeks p.i. Data represent the mean + SEM of eight mice. AP < 0.05.

The Journal of Clinical Investigation | March2003 | Volume11l | Number$

Cytokines were measured in lung homogenates of CD44*/* and CD44/- mice 2 and 5

685



Table 3

Effect of CD44 deficiency on M. tuberculosis-mediated induction of
cytokines (TNF-a and IFN-y) and chemokines (MIP-10) in super-
natants of stimulated M@s

pg/ml TNF-a IFN-y MIP-1a
CD44+1+ 432.1+79.4 42+5.1 1,823.7 £217
CD44- 375.8+99.5 14+ 5.94 1,158.5 + 148.5A

Cytokines were measured in supernatants of CD44*/* and CD447/- M@s 24
hours after infection with live M. tuberculosis. Data represent the mean + SEM
of four mice. AP < 0.05.

live M. tuberculosis. Flow cytometry analysis of surface
binding of tubercle bacilli to CD44 demonstrated a
clear shift of fluorescence intensity (Figure 5). An
almost three times higher fluorescence intensity was
observed in M. tuberculosis incubated with CD44std and
subsequently stained with anti-CD44-FITC (mean
channel fluorescence 94 + 8) than in mycobacteria treat-
ed with only anti-CD44-FITC (mean channel fluores-
cence 34 + 14) (Figure 5, P < 0.05). In addition, the
majority of mycobacteria stained negative when incu-
bated with anti-CD44std-FITC (mean 15.4% + 4.8%),
while 50.6% + 1.9% of M. tuberculosis incubated with
recombinant CD44std became FITC-positive, indicat-
ing direct binding of CD44 to mycobacteria (P < 0.05).

Increased bacterial load in lungs and liver of CD44~/~ mice.
We next investigated the impact of CD44 deficiency on
the control of mycobacterial growth. As shown in Fig-
ure 6, from 2 weeks to 5 weeks, M. tuberculosis grew more
slowly in CD44*/* mice than in CD44/- mice. As a con-
sequence, CD447/~ mice had 2.6-fold and sevenfold
more mycobacteria in lungs than did CD44*/* mice at 2
weeks p.i. (P < 0.05) and 5 weeks p.i. (P < 0.05), respec-
tively. In addition, livers of CD447/- mice contained
more mycobacteria than livers of CD44"/* mice (P < 0.05
at 5 weeks). In contrast, the numbers of M. tuberculosis
CFUs recovered from spleens were similar in both
mouse strains at each time point.

Reduced survival in M. tuberculosis—infected CD44~/~ mice.
To study whether CD44 deficiency also influenced sur-
vival, CD44-/- and CD44"/* mice (n = 10 per group) were
intranasally infected with M. tuberculosis, and survival
was monitored for 7 months. Compared with CD44*/*
mice, CD447/- mice showed a significant reduction in
survival (Figure 7). At 210 days p.i., survival of CD44/~
mice was 60%, whereas all CD44*/* mice remained alive
during this observation period (P < 0.05). Thus, differ-
ences in bacterial loads in lungs and liver were paralleled
by differences in survival, supporting a protective role
for CD44 in the immune response to M. tuberculosis.

CD44 is important for mononuclear cell recruitment to DTH
sites. The recruitment of leukocytes into inflamed areas
is critical for the development of DTH responses. To
study the role of CD44 in leukocyte migration more
extensively, we determined DTH responses in CD44/~
and CD44*/* mice. Mice were immunized and subse-
quently challenged in one footpad with PPD, after which
the swelling of footpads was measured. Both CD44"/*

and CD447/- mice showed significant footpad thickening
after the challenge. Surprisingly, swelling responses in
CD447/- mice were twice as high as in CD44*/* mice (Fig-
ure 8a). Histological analysis revealed a pronounced
edema in the footpads of CD44/- mice accompanied by
a dense and diffuse inflammatory infiltrate (Figure 8c)
predominantly composed of PMNs (Figure 8e). The
footpads of CD44*/* mice, however, showed the classical
histological picture of a DTH reaction with a quite well-
defined inflammatory infiltrate limited to the subcutis,
with slight edema (Figure 8b) that was primarily com-
posed of mononuclear cells (Figure 8f).

Discussion
Cell migration and phagocytosis are both critically
dependent on cytoskeletal rearrangements and are
important for resistance against tuberculosis. Since
CD44 is an adhesion molecule involved in inflamma-
tory processes and is linked to the actin cytoskeleton,
we investigated the role of CD44 in both these process-
es during pulmonary tuberculosis. The deficiency of
CD44 led to a profound defect in the early recruitment
of M@s, and to a more modest reduction in the influx
of lymphocytes to the pulmonary compartment. In
addition, CD44 was identified as a site on M@s that is
important for binding and subsequent uptake of M.
tuberculosis. We further demonstrated that CD44 plays
arole in the protective immune response to pulmonary
tuberculosis in vivo, as indicated by a reduced survival
and an enhanced mycobacterial outgrowth in lungs
and livers of CD44/- mice.

The present study demonstrates a strong reduction of
M@numbers in lungs of CD44/- mice eatly in the infec-
tion, indicating that CD44 promotes M@ recruitment
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Figure 4

CD44 is involved in binding and phagocytosis of M. tuberculosis by
M@s. Phagocytosis of M@s isolated from CD44*/* mice (white bars)
and CD447/~ mice (black bars) examined by counting CFUs (MOI of
10, a) or intracellular acid-fast bacilli (MOl of 2, b). Data are shown
as mean * SEM of five mice per group. *P < 0.05 vs. control.
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Figure 5

Binding of CD44 to M. tuberculosis bacilli. Mycobacteria were incu-
bated with (thin line) or without (thick line) recombinant human
CD44std for 30 minutes at 37°C, after which binding of CD44 was
detected with FITC-labeled anti-human CD44std Ab and quantitat-
ed by flow cytometry. Fluorescence intensity shift was seen for the
binding of human CD44std to M. tuberculosis (about three times
higher than the control).

to the site of mycobacterial infection. In accordance
with this finding, an eatlier study showed that shedding
of CD44 by Ab treatment led to a reduction of mononu-
clear cell influx into the CNS during experimental aller-
gic encephalomyelitis (16). In keeping with this migra-
tion of CD44/- M@s into atherosclerotic lesions was
reduced (29). In contrast, inhibition of binding of CD44
to its main ligand, hyaluronate, did not influence influx
of monocytes and M@s 16 hours after intraperitoneal
administration of SEB (6). This suggests that migration
of M@s is mediated by CD44 but can be independent of
hyaluronate. Presumably, other CD44 ligands, like
fibronectin (30), osteopontin (31), or collagen types I
and IV (30, 32), are more important for M@ migration
via CD44. The observation that M@numbers were sim-
ilar in CD44-/- mice compared with CD44*/* mice later
in the infection may reflect a relative deficiency in M@
influx, since the bacterial load was higher in CD44/-
mice 5 weeks p.i. CD44 might also be important only in
the early phase of migration and/or be compensated for
by other adhesion receptors. Apparently, this early phase
is important for the outcome of the disease.

CD447/- M@s not only demonstrated a reduced
migration to the site of infection but also were found
to be less capable of binding and phagocytosing M.
tuberculosis. Indeed, we provide, for the first time to
our knowledge evidence that CD44 is a receptor on
Ms for binding of M. tuberculosis. We demonstrated
that soluble CD44 directly binds to M. tuberculosis and
that CD44 expressed on M@s supports binding and
subsequent phagocytosis of mycobacteria. CD44 has
already been shown to be involved in phagocytosis of
heat-killed Staphylococcus aureus by human PMNs (9),
and of apoptotic PMNs by human monocyte-derived
M@s (10). Furthermore, group A Streptococcus has
been demonstrated to bind keratinocyte CD44 to
induce cytoskeleton changes that promote tissue

invasion of these bacteria (33). Our finding that
CD44 mediates M@binding of M. tuberculosis defines
anovel and immunologically important function for
CD44. Additional studies of the function of CD44
may be needed to determine how binding by CD44
modulates M@bactericidal functions.

The impaired mycobacterial clearance in CD44/- mice
was also associated with a reduced lymphocyte percent-
age in lungs late in the infection. The importance of
CD44 on lymphocytes during mycobacterial infections
is suggested by observations of increased numbers of
pulmonary CD44* T lymphocytes during lung tuber-
culosis (18-20, 34) that adoptively transferred protec-
tion against M. tuberculosis when obtained from mice
vaccinated with mycobacterial heat-shock protein-65
(35-37). In line with the present findings, CD44 was
also involved in the extravasation of activated antigen-
specific T cells to the SEB-inflamed peritoneal cavity (6).
A possible explanation for the fact that CD447/- mice
displayed only modestly reduced lymphocyte numbers
may be found in the higher mycobacterial load in the
CD447/- animals than in CD44*/* mice. Furthermore,
adoptive transfer experiments of Silva and Lowrie sug-
gest that protection against M. tuberculosis is IFN-y-
dependent (37). Consistently, we found lower IFN-y lev-
els in lungs of infected CD44-/~ animals.

Granulomas are well-organized structures composed
of aggregated M@s, lymphocytes, and epithelioid cells;
they are known to wall off the infectious site and to pre-
vent further spreading (38). We found that mice defi-
cient in CD44 form less well-shaped granulomas than
do CD44*/* mice. Accordingly, CD44-/- mice had more
mycobacteria disseminated to their livers than CD44*/*
mice. CD44 has already been shown to mediate cell
aggregation via inter-CD44 binding or multivalent
hyaluronan binding by CD44 on neighboring cells (39).
Additionally, hyaluronan-dependent binding has been
demonstrated to cause aggregation of M@s and lym-
phocytes (40, 41). Differentiated M@-epithelioid cells in
granulomas even produce ECM proteins like osteopon-
tin and fibronectin (42), which are natural ligands for
CD44. Apparently, cell aggregation in the development
of granulomas is partly regulated by CD44.
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Figure 6

Effect of CD44 deficiency on the mycobacterial outgrowth in lungs,
liver, and spleen of mice infected with M. tuberculosis. Mice were
intranasally administered with 1 X 105 M. tuberculosis H37Rv. Data

are shown as mean + SEM of eight mice. *P < 0.05 vs. control.
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Figure 7

Effect of CD44 deficiency on survival. CD44*/* and CD44-/~ mice
(n=10 per group) were intranasally infected with 1 X 105 M. tubercu-
losis H37Rv and followed for 7 months.

The inability of CD44-/- mononuclear cells to effi-
ciently migrate to inflammatory sites was more exten-
sively studied in footpad DTH responses to PPD. This
demonstrated that infiltration of mononuclear cells at
the site of antigen challenge was reduced in immu-
nized CD447/- mice compared with CD44"/* mice,
whereas the influx of PMNs and swelling were
increased. This further supports the concept that
CD44 participates in the recruitment of mononuclear
cells to sites of inflammation. Strikingly, in both the
M. tuberculosis infection experiment and the DTH
experiment, the number of PMNs in CD44-/- mice was
greatly enhanced compared with that in CD44"/* mice,
suggesting that the lack of M@and lymphocyte influx
at the site of inflammation in CD44~/- mice may lead
to enhanced PMN migration in a CD44-independent
compensatory response. Other possible explanations
for the PMN influx may be enhanced survival of these
cells as a consequence of diminished CD44-mediated
apoptosis of neutrophils (43), impaired ability of
CD44-deficient M@s to ingest apoptotic PMNs (44),
and reduced CD44-mediated removal of pulmonary
hyaluronan fragments (44) which have proinflamma-
tory functions (45). Further experimental work is nec-
essary to distinguish between these possibilities.

Figure 8

(a) DTH response in footpads of mice. CD44*/* (white bar) and
CD44/- (black bar) mice were immunized with heat-killed M. tubercu-
losis and challenged in one hind footpad with PPD and in the other
with saline. Footpad swelling was measured 0 and 24 hours after the
antigen challenge and calculated as described in Methods. Data are
shown as mean + SEM of five mice. ¥*P <0.05 vs. control. (b) Repre-
sentative view of the footpad of a CD44*/* mouse 48 hours after a
DTH reaction, showing a classical picture of a DTH reaction: a demar-
cated inflammatory infiltrate with slight edema (original magnifica-
tion, X50; H&E staining). (c) Histological analysis of the footpad of a
CD447- mouse demonstrated a dense and diffuse inflammatory infil-
trate together with a pronounced edema. (d-g) Immunohistochemi-
cal detection of PMNs (d and e) and mononuclear cells (fand g) in
DTH footpads showed that the inflammatory infiltrate of CD447/~
mice was mostly composed of PMNs (e; original magnification,
x100), whereas mononuclear cells were the predominant cell type
found in CD44*/* mice (f; original magnification, X100).

We found enhanced IFN-y release by PPD-stimulated
splenocytes from infected CD447/~ mice. Generally, a type
1 cytokine response predominates early in the infection
in spleens of mice infected with M. tuberculosis. Later dur-
ing infection, this type 1 response declines, and by the
time a latent infection is established, a type 2 response
prevails (46), giving rise to speculation that protective
type 1 cells migrate from the spleen to the infected lungs
(47). We found an increase in type 1 splenocytes of
CD447/- mice both early and late in the infection. This
suggests that migration and/or adhesion of splenocytes
to the lungs of CD44/- mice is impaired, which is in line
with the lower number of lung lymphocytes and the
reduced IFN-ylevels in the lungs of these animals. The
similar mycobacterial loads in the spleens of CD44/- and
CD44*/* mice (the anticipated higher mycobacterial num-
bers were not found) may reflect a protective function of
IFN-y-producing splenocytes against M. tuberculosis.

The present report provides strong evidence that
CD44 exerts protective effects against M. tuberculosis.
Interestingly, in other studies, blocking of adhesion
molecules other than CD44 did not influence the clear-
ance of mycobacteria. When ICAM-1/- mice and mice
treated with mAD to 04 or 0437 integrin were infected
aerogenically with M. tuberculosis, they displayed
mycobacterial growth in lungs that was similar to
the growth in their respective control mice (19, 21).
P-selectin-/- and/or ICAM-1-/- mice systemically infected
with M. bovis also showed an unaltered clearance of
mycobacteria (22), and mice deficient in complement
receptor 3, a [3, integrin, did not differ from wild-type
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mice with respect to survival and bacterial burden dur-
ing M. tuberculosis infection (23). Thus the present study
identifies a unique function for CD44 as an adhesion
molecule in mediating resistance against mycobacteri-
al infection, presumably by promoting binding and
phagocytosis of M. tuberculosis by Mps and migration of
Mgs to the site of infection.
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