Increased neutrophil influx but no impairment of protective
immunity to tuberculosis in mice lacking
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Abstract: Up-regulation of expression of the cell-
surface marker CD44 is a major characteristic of T
lymphocytes responding in the lungs of mice in-
fected with Mycobacterium tuberculosis. These
lymphocytes express an activated/memory pheno-
type as seen by their high expression of the CD44
molecule and low expression of CD62L and
CD45RB cell-surface molecules. Based on increas-
ing evidence that the CD44 molecule participates
in several aspects of the inflammatory response, we
evaluated its role in the response to infection with
M. tuberculosis using gene-disrupted mice. In this
report, we show that CD44 expression is not nec-
essary for the proper trafficking of protective cells
to the lungs of mice infected with M. tuberculosis or
the direct expression of protective immunity lead-
ing to control and containment of the bacterial
load in this organ. However, although there were
no differences in the bacterial load or migration of
activated T lymphocytes to the inflamed lung, the
absence of the CD44 molecule resulted in a sub-
stantially increased accumulation of neutrophils in
the lung. These data indicate that loss of CD44
expression does not alter expression of T helper
cell type 1 immunity to tuberculosis in the lungs
but has major effects on the overall cellular com-
position of the immunopathological response. J.

Leukoc. Biol. 74: 992-997; 2003.
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INTRODUCTION

Mice infected by aerosol exposure to Mycobacterium tubercu-
losis gradually develop severe granulomatous inflammation in
the lungs. The granuloma formation is dependent on the se-
cretion of cytokines such as tumor necrosis factor a (TNF-o)
[1] and CC chemokine ligand 2 [2, 3], as well as the expression
of appropriate adhesion molecules by endothelial cells and
circulating leukocytes. The role of granuloma formation en-
compasses innate and acquired immunity, the latter involving
the specific influx of protective T cells and macrophages to
prevent or limit dissemination of the infection from the lungs
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[4, 5]. Successful containment of the infection requires the influx
of T cells and mononuclear phagocytes from the blood [6], leading
to activation of the latter by interferon-y (IFN-y) [7, 8].

Migration of T cells into sites of inflammation where immu-
nity must be expressed is an integral and crucial component of
cell-mediated immunity. CD44 is an adhesion receptor in-
volved in multiple functions including tissue remodeling and T
cell extravasation [9]. More recently, evidence has emerged
showing an important role for CD44 in resolving inflammation
in the lungs and thus preventing lung-tissue damage. If CD44
is absent as a result of targeted gene disruption [CD44-knock-
out (KO) mice], then injection of an inflammatory material into
the lungs causes massive inflammation, which can be fatal [10].
It would be anticipated, therefore, that pulmonary infection of
CD44-KO mice with M. tuberculosis would cause uncontrolled
inflammation as well as a reduction in the number of T cells
capable of entering the lungs.

To address this, wild-type and CD44-KO mice were exposed
to a low-dose aerosol infection with virulent M. tuberculosis. As
the infection progressed, the alveolar spaces and lung tissues
showed abnormally high numbers of neutrophils entering these
areas, but despite this, no differences were seen in the bacte-
rial load or in the T cell influx over this period of time. These
data indicate that although the loss of CD44 on leukocytes
results in a severe pyogenic form of granulomatous inflamma-
tion in the lungs during tuberculosis infection, its absence did
not affect the generation, arrival, or expression of protective
immunity. These data thus confirm the important role of CD44
in controlling and limiting lung inflammation, at least in the
context of granulocyte influx, but show that CD44 is not an
essential molecule needed for T cell entry into the lungs.

MATERIALS AND METHODS

Mice

C57BL/6 wild-type and CD44 gene-disrupted mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). All mice were maintained in specific
pathogen-free conditions and were used between 8 and 10 weeks of age.
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Bacterial strains

M. tuberculosis strain Erdman, originally obtained from Trudeau Institute
(Saranac Lake, NY), was grown in Proskauer-Beck liquid medium containing
0.05% Tween 80 to mid-log phase and then was frozen in aliquots at —70°C
until needed.

Bacterial infections

Mice were infected using a Glas-Col aerosol generator (Glas-Col, Terre Haute,
IN), such that ~100 bacteria were deposited in the lungs of each animal. The
number of viable bacteria in target organs was determined at specific time
points by plating serial dilutions of partial organ homogenates on nutrient
Middlebrook 7H11 agar and counting colonies after 21 days of incubation at
37°C.

Bronchoalveolar lavages (BAL)

The thoracic cavity was opened, the trachea was exposed and cannulated, and
the lungs were washed with 1 ml ice-cold phosphate-buffered saline (PBS) by
gentle instillation. Cells were washed, resuspended in Dulbecco’s minimal
essential medium (DMEM; Cellgro, Herndon, VA) containing 10 mM HEPES
(Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine (Sigma-Aldrich), and 1%
MEM nonessential amino acids (100X; Sigma-Aldrich), supplemented with
10% heat-inactivated endotoxin low fetal calf serum (Atlas Biologicals, Fort
Collins, CO), cytospun onto glass slides, and stained with hematoxylin and
eosin.

Single-cell suspension preparation

Lungs from infected and age-matched control animals were perfused through
the heart with cold PBS containing 30 U/mL heparin (Sigma-Aldrich). After
removal, the lungs were sectioned in ice-cold media using sterile razor blades.
Dissected lung tissue was then incubated in DMEM containing collagenase 1X
(0.7 mg/ml; Sigma-Aldrich) and DNase (30 pg/ml; Sigma-Aldrich) at 37°C for
30 min. A single-cell suspension from digested lung tissue was obtained by
passing the organs gently through a 70-pm nylon cell strainer. Red blood cells
were lysed using Gey’s solution (0.15 M NH,CI, 10 mM KHCOs). Cells were
resuspended in DMEM with supplements, counted, stained with fluorescent
antibodies, and analyzed by flow cytometry.

Flow cytometry

A single-cell suspension was prepared as described above and resuspended in
deficient RPMI (dRPMI) containing 0.1% azide. Cells were incubated for at
least 1 h with dRPMI containing azide and stained with specific antibody for
30 min at 4°C in the dark. Cells were stained with antibodies (25 pg/ml)
recognizing CD4 (peridinin chlorophyll protein-labeled clone GK1.5), CD8
(allophycocyanin-labeled clone 53-6.7), and CD69 [fluorescein isothiocyanate
(FITC)-labeled clone H1.2F3]. Control cells labeled with isotype antibodies
were also prepared.

For intracellular IFN-y staining, cells were stimulated with 0.1 pg/ml
anti-CD3 (clone 145-2C11) and 1 pg/ml anti-CD28 (clone 37.51) in the
presence of monensin for 4 h at 37°C, 5% CO,. Cells were stained with
antibodies for cell-surface molecules, as described above, before permeabili-
zation with BD Cytofix/Cytoperm (BD PharMingen, San Diego, CA), according
to the manufacturer’s instructions. FITC anti-IFN-y (clone XMG1.2) or Ig G1
isotype-control antibody was incubated with the cells for a further 30 min,
washed twice, and resuspended in dRPMI with azide before analysis. All
antibodies were purchased from BD PharMingen. Cells were analyzed on a
FACSCalibur (Becton Dickinson, San Diego, CA) dual laser flow cytometer
with excitation at 488 nm and 633 nm, and data were analyzed using CellQuest
software (Becton Dickinson). Lymphocytes were gated based on their forward-
and side-scatter (FSC and SSC, respectively) characteristics. Ten thousand
CD4- or CD8-positive lymphocytes were then analyzed.

Histology

At specific time points postinfection, the right caudal lung lobe was perfused
with 10% formaldehyde-buffered saline. Tissues were sectioned and stained
with hematoxylin and eosin. A veterinary pathologist analyzed sections without
prior knowledge of the sample identification.
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Statistical analysis

Student’s i-test was used for comparisons of means, and values of P < 0.05
were considered statistically significant.

RESULTS

Mice lacking CD44 are equally resistant to
pulmonary tuberculosis

To determine if mice lacking the CD44 molecule were more
susceptible to M. tuberculosis, control, and CD44-KO, mice
were exposed to ~100 bacteria by aerosol (Fig. 1). The
bacterial load in the lung and spleen was monitored for over 65
days, and it was found that mice lacking the CD44 molecule were
able to control the bacterial growth in the lung (Fig. 1a) and spleen
(Fig. 1b) equally well as compared with wild-type mice.

Cellular recruitment of activated CD69" T cells
to the lung of infected mice was not impaired in
CD44-deficient mice

Activated T cells entering the lung were identified by their
expression of the C-type lectin CD69 [11]. As shown in Figure
2. CD69", CD4™, and CD8™ T cells accumulated in the lungs
of CD44-KO mice in equal amounts to those observed in the
wild-type mice, indicating that lack of the CD44 receptor did
not influence the expression of CD69.

To determine if effector T cells, which express high levels of
CD44 [12, 13], were altered in the CD44-KO mice, isolated
lung cells were triggered ex vivo with anti-CD3 and anti-CD28
antibodies together with an inhibitor of the Golgi apparatus. As
shown in Figure 3, the number of T cells that stained positive
for IFN-y peaked at 25 days postinfection in conjunction with
the initial control of the bacterial load (Fig. 1a). Following this,
the number of IFN-y™ T cells in the lungs decreased through
day 65. These data show that the absence of the CD44 receptor
did not alter the ability of IFN-y-positive lymphocytes to
accumulate in the lung during infection.

Substantially increased neutrophil influx into the
alveolar spaces and lung tissues of infected,
CD44-deficient mice

Representative sections of lung from wild-type and CD44-KO
mice were evaluated histologically for lesion burden and distri-
bution of inflammatory cell infiltrates. At 10 days postinfection,
there were no visible lesions in wild-type or CD44-KO mice. At
day 20 postinfection, the lesion burden was similar between the
two groups; however, the distribution of inflammatory cells dif-
fered. In the CD44-KO mice, the lesions consisted of equal
proportions of epithelioid macrophages and lymphocytes; how-
ever, neutrophils were prominent within alveoli and small con-
ducting airways compared with the wild-type controls (Fig. 4).
This cellular distribution was seen cytologically as well, as neu-
trophils in BAL fluid from CD44-KO mice were the predominant
cell type compared with wild-type mice (Fig. 5 and Table 1).
Lesions in the CD44-KO mice were more loosely organized than
those from the wild-type group, which had discrete accumulations
of perivascular and peribronchiolar aggregates of lymphocytes,
some of which involved bronchiolar lumina (Fig. 4). Individual
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Fig. 1. Mice lacking the gene for CD44 have similar M. tuberculosis bacterial
loads in the lung and spleen compared with C57BL/6 mice. Wild-type (®) and
CD44 gene-disrupted (O) mice were infected by the aerogenic route, and lungs
(a) or spleen (b) were evaluated for bacterial growth over a period of time. Data
points represent the mean (£SEM) of values from four mice and are represen-

tative of two independent experiments. CFU, Colony-forming units.

necrotic cells were scattered throughout the lesions in equal
proportions between the two groups. At day 30 postinfection, the
lesions were similar in size and cellular make-up; however, focal
lesions in the CD44-KO mice began to coalesce. At day 65
postinfection, significant histological differences were seen be-
tween the two groups. Lesions within the CD44-KO mice were
more severe and were predominately composed of epithelioid
macrophages with lymphoid aggregates and significant numbers of
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neutrophils as seen at day 20 (Table 1 and data not shown).
Despite the significant lesion burden, necrosis was not a signifi-
cant feature but was greater than the wild-type group. Addition-
ally, inflammatory cell infiltrates extended into the small conduct-
ing airway lumina similar to that seen in the lungs at 20 days

postinfection.
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Fig. 2. Wild-type (solid bars) and CD44-KO (open bars) mice are equally
able to recruit activated T cells to the lung following aerosol infection.
Following infection, lung cells were stained for their expression of the early
activation marker CD69, and their relative numbers were determined by gating
lymphocytes according to their size (FSC) and granularity (SSC) and for staining
with anti-CD4 (a) or anti-CD8 (b) fluorescent antibodies. Day O represents data
from noninfected mice of matched age. Data represent the mean of five mice * SEM

and are representative of two independent experiments.
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Fig. 3. The number of CD4 (a) and CD8 (b) T lymphocytes that produced
IFN-y in the lungs was determined. Infected and noninfected mice were
analyzed during the course of infection for the ability of their cells in the lung
to produce IFN-y. Lung-cell preparations from wild-type (solid bars) and
CD44-KO (open bars) mice were stimulated with anti-CD3 and anti-CD28, and
the number of CD4 and CD8 T lymphocytes was determined. Day O represents
data from noninfected mice of matched age. Data represent the mean of five
mice * SEM and are representative of two independent experiments.

DISCUSSION

The results of this study show that following an aerosol infec-
tion of mice with M. tuberculosis, the inflammatory response in
the lung consisting of the accumulation of macrophages and
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Fig. 4. Light photomicrograph of a lung from CD44-KO (A) and wild-type (B)
mice after aerosol infection with M. tuberculosis. In the CD44-KO mice, neutro-
phils are the predominant, inflammatory cell type in bronchiole (inset) and alveolar
lumina (black arrows), with fewer loosely organized peribronchiolar and perivas-
cular lymphocytes 20 days postinfection. In wild-type mice, lymphocytes are in
dense peribronchiolar and perivascular aggregates and occasionally within bron-
chiolar lumina (inset) 20 days postinfection (white arrows). Size bars are 100 pm.

lymphocytes proceeded normally despite the absence of ex-
pression of the CD44 molecule, a major adhesion C-lectin
molecule. In such mice, lymphocytes were able to migrate to
the sites of inflamed tissue, resulting in control and contain-
ment of bacterial growth in the gene-disrupted mice at the
same levels as the wild-type animals. In contrast to the mono-
nuclear cell response, the absence of expression of CD44
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Fig. 5. BAL were performed following aerosol infection. A representative
slide is shown from wild-type (a) and CD44-deficient (b) mice 20 days
postinfection.
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TABLE 1. Cellular Composition of the BAL Fluid from Wild-
Type and CD44-KO Mice Following Infection with M. tuberculosis

Wild-type mice CD44-KO mice

Days postinfection” 0 20 65 0 20 65

Cell types”

Macrophages 98.2 744 78 93.5 627 4.7
Lymphocytes 1 18.3  19.5 4.8 12,5 9
Neutrophils 0.8 73 25 1.7 24.8% 16.3%

“ Day 0 represents uninfected mice. * Two hundred cells were counted from
each mouse BAL, and cell types are expressed as percentages. Data represent
mean percentages of four mice for each time point and are representative of two
independent experiments. *P < 0.05 compared with control.

resulted in a dramatically increased accumulation of neutro-
phils into the lungs and alveolar spaces, an event that did not
however appear to interfere with the ability of the CD44-
deficient mice to control the infection.

These observations are consistent with those of others that
CD44 is needed to control inflammation in the lungs, at least in
the context of granulocyte influx. It has been shown that during
an inflammatory response, CD44-KO mice accumulate active
forms of hyaluronan, the ligand for CD44, which is induced by
the inflammatory cytokines TNF-« and interleukin-13 [14, 15],
but removal of this ligand can be impaired in the absence of
CD44 [10]. Additionally, the removal of apoptotic cells from
the inflammatory site, a protective mechanism to avoid cell
lysis and subsequent release of immunogenic and/or toxic
contents, seems to be defective in the absence of CD44. Other
factors that may account for the increased inflammatory re-
sponse in the CD44-KO mice are prolonged inflammatory gene
expression as well as reduced levels of active transforming
growth factor-f3 [10].

During a low-dose aerosol infection with M. tuberculosis, a
mononuclear cell inflammatory response slowly takes place
with several stages of pathology observed [16]. However, the
major difference seen between the wild-type and CD44-KO
mice in the current study was not within the above cells but
consisted instead of a substantially increased neutrophil influx
in the lung parenchyma and alveolar spaces. This excessive
number of neutrophils could be explained by an increased
influx and/or by a decreased clearance rate. Recent studies
have in fact shown that the expression of CD44 on the surface
of neutrophils acts as a negative regulator for their migration
across endothelial barriers [17], and in the absence of CD44,
neutrophils can migrate faster than those in wild-type mice
[18], resulting in their accumulation in the inflamed tissues.
Such an observation would certainly explain our results here.

In this regard, we have shown a pyogenic response in the
lungs of mice lacking yd T cells, and we have previously
speculated that these cells may play a role in controlling and
reducing the influx of neutrophils [19]. It is reasonable to
speculate therefore that CD44-KO mice are deficient in pro-
moting the adequate attraction of ¥8 T cells to the lungs, which
in turn, contributes to the increase in neutrophilic influx. In
fact, our data may support this idea, as we have observed a
higher percentage of yd T cells in wild-type mice than in
CD44-KO mice (data not shown).
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In contrast to our findings, Leemans et al. [20] have recently
reported that CD44-deficient mice are more susceptible to
infection with M. tuberculosis, with higher bacterial loads in the
lung and liver, and with a concomitant defect of the CD44-KO
mice in terms of attracting macrophages and IFN-y-producing
T cells. The difference in our study seems to reside in the
bacterial dose of infection, in that we used a low dose of ~100
bacteria deposited into the lungs, whereas Leemans et al. [20]
used a dose 1000X higher than ours delivered intranasally.
That report did not identify the actual, initial bacterial load
obtained by that procedure, but it could be the case that it was
higher than ours. It has been proposed elsewhere [21] that in a
low-dose infection with M. tuberculosis, a minimal immune
response is generated that is sufficient to control the infection,
and if the bacterial load is much higher, deficiencies not
otherwise interfering with this response now become important.
Despite this, however, both studies observed the florid neutro-
phil influx, and this pyogenic granulomatous response was
almost certainly responsible for the eventual mortality ob-
served in the studies by Leemans et al. [20].

In summary, our observations show that following a low-dose
aerosol infection with M. tuberculosis, a protective immune
response proceeds normally in the absence of CD44 expres-
sion, and trafficking of T cells to the lungs is necessary for such
protection appearing unaltered. However, the absence of CD44
expression resulted in significantly increased neutrophil accu-
mulation in the lungs without compromising the control of
bacterial growth.
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