
Interleukin-10 production by lung macrophages in CBA xid mutant
mice infected with Mycobacterium tuberculosis

Introduction

It is well established that mice need to mount a T helper

type 1 (Th1) response, mediated by the cytokines inter-

leukin-12 (IL-12), IL-23, and interferon-c (IFN-c), to

successfully express host resistance to infection with

Mycobacterium tuberculosis.1–5 In contrast, a Th2 response

is not protective, although it remains unclear to what

extent it might interfere with the overall course of the

disease. Most evidence in the mouse model favours a lack

of involvement in the expression of initial protective

immunity,6,7 whereas much later during the disease pro-

cess lung macrophages accumulate large amounts of IL-10

in mouse strains prone to reactivation disease.8

This includes mice on the CBA background of inbred

strains. In this mouse, a well characterized mutation des-

ignated xid in the cytoplasmic signalling enzyme Bruton’s

protein kinase is the mouse counterpart to the human

immunodeficiency X-linked agammaglobulinemia.9,10

Although immunological deficiencies in this mouse

mutant are primarily at the B-cell level, their lack of B-1

cells precludes the ability of the animal to make IL-10

through this cellular source. It is thought to date that this

inability to make this immunosuppressive cytokine is the

basis of the increased resistance of the animal to certain

intracellular parasitic infections, including leishmaniasis11

mediated by an enhanced Th1 response in the xid mouse.

We show here however, that these observations do not

extend to infection with M. tuberculosis. While the xid

mice made a strong Th1 response in terms of cytokines

and nitric oxide production, they were in fact much more

susceptible over the initial stage of a pulmonary infection

delivered by aerosol, although this was quickly compensa-

ted for by a strong pulmonary CD4 T-cell influx. Interest-

ingly, differences in overall lung macrophage morphology

could be seen in the xid mice, including the presence of

increased amounts of IL-10. These data indicate that xid

mice can still produce considerable amounts of IL-10,

and this ability is retained throughout the disease process.

Materials and methods

Animals

Specific pathogen-free female, 6–8-week-old, CBA/J and

CBA/CaHN/Btk-xid/J mice were purchased from Jackson
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Summary

Mice on the CBA inbred strain background expressing the well charac-

terized mutation designated xid in the cytoplasmic signalling enzyme

Bruton’s protein kinase have been previously noted to illustrate shifts in

T helper type 1 (Th1)/Th2 immunity which is underlined by an apparent

failure to produce the regulatory cytokine interleukin-10. In the current

study we examined if this extended to infection with Mycobacterium

tuberculosis, which also depends on Th1 immunity. Contrary to expecta-

tions, xid mice showed evidence of a transient early susceptibility to pul-

monary infection, changes in macrophage morphology, and decreased

activation of lung natural killer cells, while showing evidence of substan-

tial IL-10 production and accumulation in lung lesions macrophages, but

paradoxically this did not influence the course of the chronic disease.

In addition, macrophages from the lungs of xid mice also expressed high

levels of CD14. These observations suggest that the xid mutation in cellu-

lar signalling has much wider effects on the immune system than previ-

ously thought.
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Laboratories, Bar Harbor, ME. All mice were maintained

under barrier conditions with sterile mouse chow and

water ad libitum.

Aerosol infection with M. tuberculosis

Mycobacterium tuberculosis strain Erdman, originally

obtained from the Trudeau Institute (Saranac Lake, NY),

was grown in Proskauer-Beck liquid medium containing

0�05% Tween-80 to mid-log phase and then frozen in

aliquots at )70� until needed. Mice were infected by

procedures described previously.1 Briefly, bacterial stocks

were diluted in 5 ml of sterile distilled water to

2 · 106 colony-forming units/ml and placed in a nebulizer

attached to an airborne infection system (Glass-Col, Terre

Haute, IN). Mice were exposed to 40 min of aerosol

where approximately 100 bacteria were deposited in the

lungs of each animal. Bacterial load was determined by

plating whole organ homogenates onto nutrient 7H11

agar supplemented with OADC. Colonies were used after

21 days incubation at 37�.

Lung cell digestion

Mice were killed by CO2 asphyxiation, and the pulmonary

cavity was opened. The lung was cleared of blood by per-

fusion through the pulmonary artery with 10 ml of ice

cold phosphate-buffered slaine (PBS) containing 50 U/ml

of heparin (Sigma, St Louis, MO). Lungs were aseptically

removed, teased apart and treated with a solution of

deoxyribonuclease IV (DNAse) (Sigma Chemical, 30 lg/ml)

and collagenase XI (Sigma Chemical, 0�7 mg/ml) for

45 min at 37�. To obtain a single-cell suspension, the

organs were gently passed through cell strainers (Becton

Dickinson, Labware, Lincoln Park, NJ). The remaining

erythrocytes were lysed with Gey’s solution (0�15 m

NH4Cl, 10 mm KHCO3) and the cells were washed with

Dulbecco’s modified Eagle’s minimal essential medium.

Total cell numbers were determined by using a Neubauer

chamber.

Flow cytometric analysis of cell surface markers

Cells were labelled with the following specific antibodies;

fluorescein isothiocyanate (FITC) anti-CD44, anti-Ly-6C

(Gr-1) or anti-CD86, phycoerythrin (PE) anti-CD69,

anti-CD45RB, anti-CD122, anti-CD14 or anti-CD86;

peridinin chlorophyll protein (PercP) anti-CD4, anti-

CD8, anti-CD11b or anti-CD3, and allophycocyanin

(APC) anti-NK1.1, anti-CD11c or anti-CD62L. All anti-

bodies were purchased from BD Pharmingen and were

used at 0�2 lg/106 cells in PBS containing 10% mouse

serum and 0�1% sodium azide for 30 min at 4�. After

washing with PBS containing 0�1% sodium azide, the cells

were analysed on a Becton Dickinson FACScalibur and

data were analysed using cellquest software (Becton

Dickinson Immmunocytometry Systems, San Jose, CA).

Cells were gated on lymphocytes or macrophages based

on characteristic forward and side scatter profiles. Indi-

vidual cell populations were identified according to their

presence of specific fluorescent-labelled antibody. All the

analyses were performed with an acquisition of at least

100 000 events.

Intracellular cytokine staining

Measurement of intracellular IFN-c was conducted by

preincubating lung cells with monensin (3 lm), anti-CD3

and anti-CD28 (both at 0�2 lg/106 cells) for 4 h at 37�,
5% CO2. The cells were then stained with APC anti-

NK1.1, PerCP anti-CD4 and PE anti-CD8 for 30 min,

washed with PBS containing 0�1% sodium azide, fixed,

and permeabilized with Perm Fix/Perm Wash (BD

Pharmingen), and stained for intracellular FITC IFN-c or

FITC rat immunoglobulin G1 (IgG1) isotype control (BD

Pharmingen) for a further 30 min. The antibodies were

diluted in PBS containing 0�1% sodium azide and 10%

normal mouse serum (Serotec, Raleigh, NC). To measure

intracellular tumour necrosis factor-a (TNF-a) and IL-10,

lung cells were preincubated with lipopolysaccharide

(20 ng/ml) and monensin (3 lm) for 6 hr. After that the

cells were surface stained for CD11c (APC) and CD11b

(PerCP). Following the same protocol described above,

the cells were then stained for TNF-a (FITC) and IL-10

(PE).

Real-time polymerase chain reaction (PCR) analysis
of mRNA

The right apical lobe of the lung was suspended in Ultra-

spec (Cinna/Biotecx, Friendswood, TX), homogenized,

and frozen rapidly for storage at )70�. Total cellular RNA

was extracted and reverse-transcribed using murine Molo-

ney leukaemia virus reverse transcriptase (Life Technol-

ogies). PCR was performed with specific primers and

probes for IFN-c, IL-10, IL-12p40 or TNF-a. The detec-

tion of the cytokines’ mRNA was conducted using a Taq-

Man 7700 real-time PCR machine (Applied Biosystems,

Foster City, CA). For quantification purposes, ribosomal

DNA for each sample was also assayed as an endogenous

normalizer. Quantification of message was conducted

using the Delta Delta Ct method.

Immunohistochemistry

Formalin-fixed (10% formalin in PBS) lung tissue was

embedded in paraffin and 7-lm sections were cut. Paraf-

fin was removed using EZ-DeWax solution (BioGenex,

CA, HK584–5K) and an antigen retrieval procedure was

performed using the Antigen Retrieval Citra solution
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according to manufacturer protocol (BioGenex, San

Ramon, CA, HK086-5K). Tissue endogenous peroxidase

was inactivated using a peroxidase block reagent (Immuno-

genex, San Ramon, CA); after 5 min at room tempera-

ture the non-specific binding was blocked by incubating

the sections for 30 min with 5% mouse serum (Sigma).

Sections were incubated overnight at 4� with goat poly-

clonal antibody against murine IL-10 or goat IgG as con-

trol at 1 : 200 dilutions in PBS-bovine serum albumin

(BSA; 3%). (Santa Cruz Biotechnology, Santa Cruz, CA).

The sections were washed with PBS/0�5% Tween 20.

The secondary antibody, a polyclonal donkey anti-goat

conjugate with horseradish peroxidase (Serotec, at 1 : 200

PBS-BSA) was incubated for 40 min at room tempera-

ture. The sections were washed with PBS/0�5% Tween 20.

Specific binding of the antibodies was developed using a

substrate AEC (BioGenex, San Ramon, CA) which gives a

reddish colour. Sections were counterstained with haema-

toxylin (BioGenex, San Ramon, CA).

Statistics

Statistical significance was determined using the Student’s

t-test.

Results

CBA/J xid mice exhibit transient increased resistance
to aerosol infection

CBA/J and CBA/J xid mice were infected with M. tubercu-

losis and the course of the infection was followed against

time. It was observed (Fig. 1) that the initial infectious

load in the xid mice grew to over 100-fold higher in the

lungs by day 20 compared to the CBA/J control mice. By

day 40 however, the xid mice had compensated for this

and the bacterial numbers in the lungs were no different

to those in controls. As shown by the spleen data, the

rapid early increase of bacterial numbers in the lungs of

the xid mice was not associated with increased dissemin-

ation to the spleen.

Histological aspects

The gross appearance of the lungs of the two groups of

mice is shown in Fig. 2(a) and illustrates the increased

sizes and pleural aspects of the disease in the xid mice.

Other aspects of the histological analysis of these tissues

are also shown in this figure. One notable feature was the

appearance of macrophages accumulating in lung gra-

nulomas. In the CBA/J mice many of the macrophages

had a foamy or vacuolated appearance which is com-

monly seen in such lesions.12 In the xid mice however,

this morphological appearance was rare (Fig. 2b,c). In

these latter mice the lesions were further characterized by

large numbers of CD4 T cells, presumably as compensa-

tion for the initial higher bacterial load (Fig. 2d,e).

Cellular responses

Figure 3 summarizes the results of flow cytometric analy-

sis of cells entering the lungs in response to the aerosol

infection. Effector T cells were defined as expressing

CD62Llow CD44hi CD45RBmid based upon our previous

analyses.13 These data further confirmed our observation

of an increased CD4 T-cell influx into the lungs, with

more cells producing IFN-c early during the infection.

Also noticeable was a reproducible spike in the numbers

of natural killer (NK) cells entering the lungs, as well as

the further observation that these cells were poorly activa-

ted in terms of their CD69 expression.

Xid mice exhibit normal Th1 cytokine responses
in the infected lungs, but also a substantially raised
IL-10 response

As shown in Fig. 4 the IFN-c mRNA message in the lungs

during the course of the infection was raised as would

be expected, and there were similar increases in both

groups in terms of TNF and IL-12 message. What was

unexpected however, was the very high levels of IL-10

mRNA in the xid mice, in which production of this
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Figure 1. Course of Mycobacterium tuberculosis infection in control

(d) and CBA/J xid mice (s) following low-dose aerosol exposure.

Data are expressed as the mean log10 colony-forming units (CFU)

per lung or spleen from five mice per group (± SD).
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cytokine is supposedly diminished. To establish if message

was translating into protein, we stained macrophages in

granulomas for IL-10 protein and found (Fig. 5) that this

was indeed the case.

Macrophage responses

In both sets of mice, macrophages accumulated in the

lungs of infected animals, and this was accentuated in xid

mice at day 40 (P < 0�05). Despite the presence of the

very high IL-10 levels described above, macrophages from

both sets of mice secreted similar levels of nitric oxide

and TNF-a (Fig. 6). Both sets of mice expressed the

costimulatory molecules CD80 and CD86 to a similar

extent, but interestingly the expression of CD14 was con-

siderably increased (to 50% expression) in the xid mice.

Discussion

The role of the xid mutation in the immune response in

CBA mice to certain pathogens, particularly parasitic infec-

(a)

(b) (c)

CBA CBA xid

(d) (e)

Figure 2. (a) Gross appearance of the whole lungs of representatives

from the two groups 40 days after aerosol exposure illustrating the

extensive lesions in the CBA/J xid mice. (b,c) Photomicrographs

(magnification · 100) showing characteristic foamy macrophages in

infected CBA/J mice, but a lack of this cellular morphology in the

CBA/J xid mice. (d,e) Immunohistochemical staining of lung sec-

tions from CBA/J and CBA/J xid mice illustrating a substantial influx

of CD4 lymphocytes in the latter on day 40. Magnification · 40.
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(a) (b)

Figure 5. In situ immunohistochemical detection of IL-10 protein in lung lesions of CBA mice (a) and xid mice (b) showing the intense staining

in the latter 35 days after aerosol infection. Magnification · 100.
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tions, is still not completely clear. To date it has been

demonstrated14,15 that mice carrying this mutation are

more susceptible to filarial worm infections because their

immune response becomes skewed away from a necessary

Th2 response, and this may be related to a lack of IL-10

production, primarily from B-1 B cells.14 On the other

hand, in infections such as leishmaniasis in which the Th1

response is critical16–18 it has been demonstrated that lack

of IL-10 in xid mice allows for a substantially enhanced

Th1 response mediated by IFN-c and a better clearance of

the organism.11 The question we asked here therefore, given

the similar need for Th1 immunity in the host response to

M. tuberculosis, was whether xid mice would have increased

resistance to this infection that could be attributed to a

skewing of immunity to a stronger Th1 response.

As shown here, rather than a diminished response in

the xid mice, the IL-10 response to pulmonary infection

was considerably increased. This was associated with a

transient increase in early susceptibility to the infection,

but this was soon controlled by acquired immunity. The

influx of CD4 was increased in xid mice, but this was

more likely to be the result of a compensatory response

to the higher bacterial load present initially in the lungs

of these mice. It seems to be much less likely to be the

result of a lack of IL-10, because this was in fact

increased, as shown by its substantial detection in macro-

phages in lung lesions.

It seems apparent therefore from these results and

those of others that the relative importance of the xid

mutation on susceptibility or resistance probably differs

depending upon the nature of the infection and the com-

plexity of the host response to it. Infection caused by

M. tuberculosis is well known to be a potent inducer of

the IL-10 response and is often seen in patients with dis-

ease.19,20 In this regard, we have previously shown that

mice on the CBA/J background have difficulty in sustain-

ing the chronic disease state and undergo reactivation

after about 150 days.8 Foamy macrophages dominate the

lesions in the lungs at this time, and these contain high

levels of IL-10. Such macrophages in xid mice are known

to be more phagocytic21 and it has been suggested that

B-1 B cells are a key source of IL-10 dampening this

event.22,23 Although they do not contribute to protection,

B-cell influx into granulomas has been documented.24

Furthermore, T cells can be a source of IL-10, particularly

CD25-positive regulatory T cells, as recently demonstrated

in a leishmaniasis model.25

The fact that IL-10 was produced early but had no

apparent effect on Th1 immunity is consistent with stud-

ies implying that this cytokine is not important in this

process during its initial stages,6,7 in turn implying that

the effector cells involved either are not expressing IL-10

receptors, or do so but are refractory. Only when IL-10

appears to become stockpiled in large amounts within

macrophages in lesions in the chronically infected mouse

lung does this cytokine now play a key role in the disease

process by promoting lesion reactivation.8 In that study

macrophages became highly vacuolated (‘foamy’) through

chronic activation and so it was interesting to see that

this effect was absent in the xid mice early in the infec-

tion. A further disparity was seen in the NK cell response

in which cells arrived but failed to activate; it is not

known to date if the xid mutation affects signaling in

these cells but these data may imply this. These observa-

tions, coupled with the unexplained increase in CD14

expression, suggest that the xid mutation in cellular sig-

nalling has much wider effects on the immune system

than previously thought.
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