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In Vivo IL-10 Production Reactivates Chronic Pulmonary
Tuberculosis in C57BL/6 Mice'

Joanne Turner,® Mercedes Gonzalez-Juarrero,* Debi L. Ellis,* Randy J. Basaraba,*
Andre Kipnis,* lan M. Orme,* and Andrea M. Cooper "

The production of immunosuppressive cytokines, such as IL-10 and TGIB, has been documented in individuals diagnosed with
active tuberculosis. In addition, IL-10 production is increased within the lungs of mice that have chronic mycobacterial infection.
Therefore, we hypothesized that the down-regulatory properties of IL-10 might contribute to the reactivation of chronicMyco-
bacterium tuberculosisinfection in mice. To determine the influence of IL-10 on the course of infection, transgenic mice producing
increased amounts of IL-10 under the control of the IL-2 promotor were infected withM. tuberculosis via the respiratory route.
Mice that overexpressed IL-10 showed no increase in susceptibility during the early stages of infection, but during the chronic
phase of the infection showed evidence of reactivation tuberculosis with a highly significant increase in bacterial numbers within
the lungs. Reactivation was associated with the formation of macrophage-dominated lesions, decreased mRNA production for TNF
and IL-12p40, and a decrease in Ag-specific IFN¢ secretion. These data support the hypothesis that IL-10 plays a pivotal role
during the chronic/latent stage of pulmonary tuberculosis, with increased production playing a potentially central role in pro-
moting reactivation tuberculosis. The Journal of Immunology, 2002, 169: 6343—6351.
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an infection withMycobacterium tuberculosis, of which ~3 the absence of lymphocyte foci within the lung granulomas. We

million individuals go on to develop active disease each yearypothesized that this absence of lymphocytes contributed to the =
(1). The factors that contribute to an individual's susceptibility to eventual breakdown of the lesion and reactivation of tuberculosis,
reactivate an apparently lateNt. tuberculosis infection are cur-  and that the measurement of CD11a and CD54 expression on Cir-
rently unknown, although malnutrition and immunosupression areulating lymphocytes might be a useful correlate of protection. It
among some of the suggested reasons (2, 3). A current area @flikely that the failure to up-regulate the expression of these mol-
active research is that of determining genetic linkage for suscepecules is the consequence of an upstream event, although th
tibility to develop reactivation tuberculosis. In man, several genesmechanisms contributing to this event in the reactivation suscep-
such asNrampl (4, 5), 159, andXq (6) have been linked to tu-  tiple mouse strains are currently unknown.
berculosis suggesting that susceptibility cannot be conferred by a | this regard, IL-10 is a cytokine that has been shown to have
single gene alone but is in fact multifactoral in nature. This theoryimmunosuppressive activity that may contribute to mycobacterial
is supported by studies in the mouse model that have identifiedjsease. In the presence of IL-10, it has been shown that both T cell g
associations with loci on chromosomes 3 and 9 (7), the H-2 locuggliferation and IFNy production is inhibited (11-14) and the
(8), and more recently thest1 gene (9), suggesting that suscepti- »tion of 1L-10 has been linked to its down-regulation of macro-
bility is very unlikely to be mapped to a single gene. Therefore, they 46 activation. IL-10 can inhibit TNF and NO secretion (15, 16),
|denF|f|cat|on of immune c_orrelat_es OT protection may be a moredown-regulate the expression of costimulatory molecules (11), and S
feasible approach with which to identify the very large number OfMHC class Il (16, 17); therefore, it compromises both macrophage :
latently infected individuals who are at risk of developing reacti- microbicidal me(’:han,isms and’Ag presentation. The ability of

vat|op disease. L . IL-10 to down-regulate immune responses and the fact that IL-10

Using mouse models of reactivation tuberculosis, we have pre- ] . .

. . cdan be detected in tuberculosis patients (18, 19) have led research-
viously demonstrated that mouse strains such as the CBA/J ar]ers to investigate whether IL-10 plays a role in susceptibility to

DBA/2 fail to up-regulate the cell surface adhesion molecules 9 play P Y

CD11a and CD54 on their circulating lymphocytes during an in_tubercuI05|s. More specifically, it has been suggested that the re-

fection withM. tuberculosis (10). The failure of circulating T cells moval Pf IL-10 wil enhgnce protgctlve |mmuq|ty. Dpspﬂe the
known immunosuppressive properties of IL-10, infection of IL-10

gene-disrupted mice witklycobacterium bovis bacillus Calmette-
*Mycobacteria Research Laboratories, Department of Microbiology, Immunology GUErin resulted in only a small and transient increase in resistance
and Pathology, Colorado State University, Fort Collins, CO 80523; "dinddeau to infection, and the outcome of chronic disease was unaltered (20
Institute, Saranac Lake, NY 12983 o . . . . '
i o o 21). More significantly, infection of IL-10 gene-disrupted mice
Received for publication March 26, 2002. Accepted for publication October 2, 2002'With M. tuberculosis resulted in either a minor increase in resis-
The costs of publication of this article were defrayed in part by the payment of pag ; : : .
charges. This article must therefore be hereby magddsertisement in accordance ‘ance (22) or no Increase at all (23). The studies descrlbed_ used
with 18 U.S.C. Section 1734 solely to indicate this fact. gene-disrupted mice that were bred onto a naturally resistant
1 This work was supported by National Institutes of Health Grants AG-06946, Al- MouUse strain, capable of generating a vigorous immune response
44072, and Al-41922. A K. is sponsored by Conselho Nacional de Pesquisas—BraziHuring M. tuberculosis infection and Showing no Signs of reacti-
2 Address correspondence and reprint requests to Dr. Joanne Turner, MycobactenNgtion disease until well into old age (24, 25). In this regard, we
Research Laboratories, Department of Microbiology Immunology and Patho'ogéwypothesized that if C57BL/6 IL-10 gene-disrupted mice were

Colorado State University, Fort Collins, CO 80523. E-mail address: joanne.turner@ '~ ) ) ]
colostate.edu slightly more resistant to tuberculosis, the overexpression of IL-10

I tis estimated that one-third of the world’s population harborsto increase their expression of adhesion molecules correlated with 3
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may result in an increased susceptibility of this mouse strain to
infection perhaps more akin to the susceptible mouse strains that
we have previously characterized.

To determine whether increased IL-10 production can influence
the outcome of disease, we chose to study M. tuberculosis infec-
tion in transgenic C57BL/6 mice that express IL-10 under the con-
trol of the IL-2 promoter (IL-10 transgenic mice) (26). These mice
thus generate excess |L-10 when the IL-2 gene is induced, such as
occurs during the vigorous response seen in M. tuberculosis-in-
fected C57BL/6 mice. Our data demonstrate that the increased
production of 1L-10 during an infection with M. tuberculosis con-
ferred a reactivation susceptible phenotype on the naturally resis-
tant C57BL/6 mouse strain. Lesions within the lungs of IL-10
transgenic mice were dominated by macrophages, mRNA for TNF
and IL-12p40 was reduced in the lung, and the capacity of lung
cells to secrete Ag-specific IFN-+y was compromised. This pheno-
type closely resembles that seen in the reactivation susceptible
mouse strains. The demonstration that lesions within the lungs of
CBA/J mice infected with M. tuberculosis contain substantial lev-
els of I1L-10 supports the hypothesis that this cytokine plays a
major role in the development of reactivation tuberculosis in man.

Materials and M ethods
Mice

These studies were performed using specific pathogen-free C57BL/6 and
CBA/J mice (The Jackson Laboratory, Bar Harbor, ME) at 6—8 wk of age.
The IL-10 transgenic mice were akind gift from Drs. H. Cheroute and M.
Kronenberg (La Jolla Institute for Allergy and Infectious Disease, La Jolla,
CA) (26). Mice were kept in ABL-3 biohazard conditions throughout the
study and maintained on sterile chow and water ad libitum. The specific
pathogen-free nature of the mouse colonies was demonstrated by testing
sentinel animals. These were shown to be negative for 12 known mouse
pathogens. All experimental protocols were approved by the Colorado
State University Animal Care and Users Committee.

Bacterial infections

M. tuberculosis strain Erdman was grown from low passage seed lots in
Proskauer-Beck liquid media containing 0.02% Tween 80 to mid-log
phase, then aliquoted and frozen at —70°C until use. Mice were infected
via the aerosol route with a low dose (10°) of bacteria. Briefly, the nebu-
lizer compartment of aMiddlebrook airborne infection apparatus (Glas-col,
Terre Haute, IN) was filled with 5 ml of distilled water containing a sus-
pension of bacteria known to deliver ~100 bacteria/lung. The numbers of
viable bacteria in the lungs were followed against time by plating serial
dilutions of individual partial organ homogenates onto nutrient Middle-
brook 7H11 agar and counting bacteria colony formation after 21 days
incubation at 37°C. The data were expressed as the |og, 4 value of the mean
number of bacteria recovered from four individual animals.

Histology

The right caudal lung lobe from each mouse (n = 4/group) was infused
with 10% neutral-buffered formalin. Tissues were sectioned for light mi-
croscopy with lobe orientation designed to allow for the maximum surface
area of each lobe to be seen. Sections were stained with H&E. Sections
were examined by a veterinary pathologist without prior knowledge of the
experimental groups, and evaluated at least twice to verify the reproduc-
ibility of the observations.

Immunohistochemistry

Formalin-fixed lung tissue was embedded in paraffin, and serial sections of
tissue were cut 7-um thick. Paraffin was removed using EZ-DeWax solu-
tion (BioGenex Laboratories, San Ramon, CA), and the Ag retrieval pro-
cedure was performed using the Ag Retrieval Citra solution according to
the manufacturer’s protocol (BioGenex Laboratories). Tissue endogenous
peroxidase was inactivated using peroxidase block reagent (Innogenex, San
Ramon, CA) and nonspecific binding blocked by incubating the sections
for 30 min with 5% mouse serum (Sigma-Aldrich, St. Louis, MO). The
sections were incubated overnight at 4°C with goat polyclonal Ab specific
for murine IL-10, or an irrelevant 1gG goat Ab (Santa Cruz Biotechnology,
Santa Cruz, CA). The sections were washed with PBS containing 0.5%
Tween 20 followed by incubation with the secondary polyclonal donkey

anti-goat Ab conjugated to HRP (Serotec, Raleigh, NC) for 40 min at room
temperature. Samples were developed using AEC substrate (BioGenex
Laboratories). Sections were counterstained using hematoxylin (BioGenex
Laboratories) and mounted using crystal mount.

Isolation of cells from infected lungs and spleen

Mice were euthanized and the pulmonary cavity opened. The lung was
cleared of blood by perfusing through the pulmonary artery with 10 ml of
saline containing 50 U/ml of heparin (Sigma-Aldrich). Lungs were re-
moved from the pulmonary cavity and placed in cold DMEM (Life Tech-
nologies, Grand Island, NY). After removal of the connective tissue and
trachea, the lungs were disrupted using sterile razor blades and incubated
for 30 min at 37°C in afinal volume of 2 ml DMEM containing collagenase
X1 (0.7 mg/ml; Sigma-Aldrich) and type IV bovine pancreatic DNase (30
wg/ml; Sigma-Aldrich). Ten milliliters of DMEM containing supplements
(10% heat-inactivated FCS; Life Technologies), 1% 1 M HEPES buffer (1
M; Sigma-Aldrich), 1% L-glutamine (200 nM; Sigma-Aldrich), and 2%
MEM-nonessential amino acids (100X ; Sigma-Aldrich) was added to stop
the action of the enzyme. Digested lungs were then gently dispersed
through anylon screen, and centrifuged at 300 X g. Remaining RBCswere
lysed using ACK lysisbuffer (0.15M NH,CI, 1.0 mM KHCO,). Cellswere
resuspended in DMEM plus supplements. Spleens were harvested from
individual mice and the cells dispersed through a nylon screen. RBCs were
lysed using ACK lysis buffer (0.15 M NH,CI, 1.0 mM KHCO;) and spleen
cells were resuspended in DMEM plus supplements.

Flow cytometry

Cells from the lung or spleen were obtained from each individual mouse
and incubated with specific Ab (25 pg/ml) for 30 min at 4°C and in the
dark followed by two washes in D-RPMI lacking biotin and phenol red
(Irvine Scientific, Santa Ana, CA). Cells were analyzed using a BD Bio-
sciences FACSCalibur and data analyzed using CellQuest (BD Bio-
sciences, San Diego, CA). Lymphocytes were gated by forward and side
scatter, and CD4" and CD8™ T cells identified by the presence of specific
fluorescent-labeled Ab. Cell surface markers were analyzed using FITC-
labeled anti-CD11a (clone 2D7) and PE anti-CD54 (clone 3E2), PerCP-
labeled anti-CD4 (clone RM4-5), and alophycocyanin-labeled anti-CD8
(clone 53-6.7). Appropriate isotype control Abs were included in each
analysis. All Abs were purchased from BD PharMingen (San Diego, CA).
Measurement of intracellular IFN-y was conducted by preincubating lung
cellswith 0.1 pg/ml anti-CD3e (clone 145-2C11) and 1 pwg/ml anti-CD28
(clone 37.51) in the presence of 3 M monensin for 4 h at 37°C, 5% CO,.
Cells were stained with Abs for cell surface molecules as described above
before a permeabilization step conducted according to the manufacturer’s
instructions (Fix/Perm kit; BD PharMingen). FITC anti-IFN-y (clone
XMGL.2) or IgG1 isotype control Ab was incubated with the cells for a
further 30 min, washed twice, and resuspended in D-RPM| before analysis.

Lung cell culture

Lung cells were resuspended at 5 X 10° cellsml in DMEM plus supple-
ments. Cells were cultured with OVA (10 pg/ml; Sigma-Aldrich), or cul-
ture filtrate proteins (CFPs)® from M. tuberculosis (10 ug/ml; received
from National Institutes of Health contract Al-75320). After 5 days of
culture at 37°C and 5% CO,, the plates were frozen at —70°C until further
analysis.

Cytokine ELISA

Supernatants were harvested from lung cell cultures and assayed for the
presence of IFN-y and IL-10 by ELISA. Briefly, the primary Ab (IFN-+y
clone R4-6A2, IL-10 clone JES5.2A5; BD PharMingen) was incubated
overnight in 96-well round bottom Immulon 2 plates in carbonated coating
buffer. Excess Ab was washed away using PBS-Tween 20. The wells were
blocked with 3% BSA in PBS-Tween 20. The samples were dispensed in
duplicate into the wells. A standard curve was prepared using IFN-y (Gen-
zyme, Cambridge, MA) or IL-10 (BD PharMingen) for each individua plate.
Cytokine production was detected by the addition of a secondary biotinylated
Ab (IFN-y clone XMG1.2, IL-10 clone SXC-1; BD PharMingen) and fol-
lowed by avidin-peroxidase (Zymed Laboratories, San Francisco, CA) and
3,3’ ,5,5'-tetramethylbenzidine substrate (DAKO, Carpinteria, CA).

PCR analysis of mMRNA

A portion of lung tissue was suspended in Ultraspec (Cinna/Biotecx,
Friendswood, TX), homogenized, and frozen rapidly for storage at —70°C.

3 Abbreviations used in this paper: CFP, culture filtrate protein.
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Total cellular RNA was extracted and reverse transcribed using murine
Moloney leukemia virus reverse transcriptase (Life Technologies). PCR
was performed with specific primers for IL-2 or IL-10. The PCR product
was Southern blotted and probed with specific labeled oligonucleotides,
and the blots were developed using the ECL kit (Amersham, Arlington
Heights, IL). The hypoxanthine phosphoribosyltransferase housekeeping
gene was aso amplified for each sample and used to confirm that equiv-
alent amounts of readable RNA were present in all the samples. Alterna-
tively, the detection of 1L-10, TNF, or IL-12p40 mRNA was conducted
using a TagMan 7700 real-time PCR machine (Applied Biosystems, Foster
City, CA). For quantification purposes, Ribosoma DNA for each sample
was also assayed as an endogenous normalizer. Quantification of message
was conducted using the Delta Delta Ct method.

Satistical analysis

Statistical significance was determined with the Student’s t test and was
found to be significant when p < 0.05, or highly significant when p <
0.005.

5 - S .

FIGURE 1. CBA/J mice infected with M. tuberculosis produce abun-
dant IL-10 within the macrophage-dominated lesions of the lung. Lung
tissue sections from CBA/J and C57BL/6 mice were collected 50 and 150
days postinfection with M. tuberculosis. Tissue was sectioned and labeled
with anti-1L-10. 1L-10 was found within the foamy macrophages at the
center of the granuloma of CBA/J mice after 50 (A and B), and 150 (E and
F) days infection. Very little 1L-10 was detected within the lungs of
C57BL/6 mice after 50 (C and D) and 150 (G and H) days infection.
Figures are representative of three independent experiments. Magnification
x40 (A, C, E, G) and X400 (B, D, F, H).
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Results
CBA/J mice produce more IL-10 within the lesions of the lung
during infection with M. tuberculosis

To determine whether the production of 1L-10 could contribute to
the susceptibility of CBA/J mice to reactivate M. tuberculosis in-
fection, we stained sections of lung tissue from CBA/J and
C57BL/6 mice for the expression of IL-10. As early as 50 days
postinfection with M. tuberculosis, high levels of IL-10 could be
detected within the lesions of CBA/J mice (Fig. 1, A and B). IL-10
was predominantly found within the macrophage populations at
the center of the lesions, and could also be detected within bron-
choepithelial cells lining the airways. After 150 days of infection
with M. tuberculosis, abundant IL-10 could be detected in macro-
phages within the lung lesions from CBA/J mice (Fig. 1, E and F).
In contrast, the lung lesions of C57BL/6 mice contained only oc-
casional macrophages and endothelial cells that stained weakly
positive for 1L-10 after 50 (Fig. 1, C and D) or 150 days (Fig. 1,
G and H) postinfection.

IL-10 transgenic mice are susceptible to reactivation
tuberculosis

To determine whether naturally reactivation-resistant C57BL/6
could reactivate M. tuberculosis infection if they produced in-
creased IL-10, we infected mice that were capable of overexpress-
ing IL-10 (IL-10 transgenic mice) and monitored the bacterial
growth over time. Whereas C57BL/6 mice were able to contain the
bacterial load within the lungs for the duration of the experiment,
the lung bacterial burden of IL-10 transgenic mice increased sig-
nificantly during the latter part of the study to ~2 log more than
the controls (Fig. 2). The increase in bacterial numbers within the
lungs of IL-10 transgenic mice occurred at a similar rate to that
seen in the reactivation-susceptible CBA/J mouse strain.

IL-10 transgenic mice produce more IL-10

To determine whether 1L-10 was being produced in response to
mycobacterial Ag, lung cells were harvested from individual mice

Log10 cfu/lung

0 50 100 150 200 250

Time post infection {(days)

FIGURE 2. |L-10 transgenic mice are susceptible to reactivation tuber-
culosis. C57BL/6 (@) CBA/J (M) and IL-10 transgenic mice (A) were
infected with ~10 viable M. tuberculosis Erdman via the respiratory route
and the CFU within the lung calculated at specific time points postinfec-
tion. Data represent the mean = SEM from four mice at each individua time
point and are representative of three independent experiments. Statistical sig-
nificance was calculated and found to be highly significant (+*, p < 0.005)
between C57BL/6 mice and both CBA/J and IL-10 trangenic mice.
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and incubated with CFPs from M. tuberculosis. Lung cells from
IL-10 transgenic mice produced significantly more IL-10 than
wild-type C57BL/6 mice both 21 and 50 days postinfection when
cultured with CFP (Fig. 3). Ag-specific IL-10 production could not
be detected in lung cell cultures from CBA/J mice. Comparable
levels of IL-2 mRNA could be detected within the lungs of
C57BL/6 and IL-10 transgenic mice during the infection, and
IL-10 transgenic mice produced up to 4-fold more IL-10 mMRNA
within the lungs compared with wild-type mice, as determined by
RT-PCR (data not shown).

CD11a and CD54 expression on CD4 T cells from the spleen
and lung

We have previously demonstrated that circulating lymphocytes
isolated from reactivation-prone mice failed to express the adhe-
sion molecules CD11a and CD54 as brightly on their surface as
similar cells from C57BL/6 mice (10). Indeed, IL-10 exposure has
also been shown to decrease the expression of CD11a on the cell
surface of lymphocytes (27). CD4 T cells isolated from the spleen
of CBA/J mice expressed less CD11a on their surface (Fig. 4), as
we have previously demonstrated (10). The failure to increase
CD11aexpression was evident up to 120 days postinfection, dem-
onstrating that this was not a transient event in the CBA/J mouse
strain. CD4 T cells from the spleens of IL-10 transgenic mice
expressed a moderate expression of CD11aon their surface, equiv-
alent to CD4 T cells from the spleens of C57BL/6 mice (Fig. 4).

Analysis of the local influence of I1L-10 production on the ex-
pression of CD11awithin the lungs demonstrated that CD4 T cells
from both CBA/J and IL-10 transgenic mice expressed less CD11a
on their surface than CD4 T cells isolated from the lungs of
C57BL/6 mice (Fig. 5, A and B). In addition, lung digests reveaed
that CBA/J and IL-10 transgenic mice had fewer CD4 T cells within
the lungs in comparison to the C57BL/6 mouse strain (Fig. 5C).

1200

1000 1 * *

800

600

pg/ml IL-10

400 1

200 1

L

0 21 50

Time post infection (days)

FIGURE 3. IL-10 transgenic mice produce more IL-10 in response to
infection with M. tuberculosis. Lung cells from individual C57BL/6 ((J),
CBA/J (Z), or IL-10 transgenic mice (M) were cultured with CFP from M.
tuberculosis for 5 days at 37°C, 5% CO,. IL-10 secretion in the culture
supernatants was measured by ELISA and expressed as the mean = SEM
for four individual mice at each time point. Results are representative of
three independent experiments. Statistical significance was determined be-
tween C57BL/6 mice and CBA/J or IL-10 transgenic mice and found to be
significant (*, p < 0.05) or highly significant (+*, p < 0.005) where
indicated.
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FIGURE 4. Expression of CD11a”"9" on CD4 T cells isolated from the
spleen. Spleen cells were isolated from M. tuberculosis infected C57BL/6
(), CBA/J (@), or IL-10 transgenic (M) mice throughout the course of the
study and labeled with fluorescent Ab specific for CD4 and CD11a. Data
are expressed as the percentage of CD4 positive cells that expressed high
levels of CD11a on their surface (A) and represents the mean = SEM from
four mice at each individua time point. Results are representative of two
independent experiments. Statistical significance was calculated and found
to be highly significant (x*, p < 0.005) between C57BL/6 mice and CBA/J
mice where indicated. Representative histograms depicting expression of
CD11a on CD4 T cells after 120 days infection with M. tuberculosis.
C57BL/6 (shaded histogram), CBA/J and IL-10 transgenic (open histo-
gram) are shown (B). TG, transgenic.

I1L-12p40 and TNF mRNA is reduced in the lungs of IL-10
transgenic and CBA/J mice

IL-10 production can down-regul ate macrophage responses, which
subsequently influence the capacity of the host to generate a T
cell-mediated response. To determine whether 1L-10 overproduc-
tion could influence the immune response within the lungs of
IL-10 transgenic or CBA/J mice, we quantified the amount of TNF
and IL-12p40 mRNA during the course of infection. The overex-
pression of IL-10 in the IL-10 transgenic mice correlated with
delayed expression of TNF mRNA in the lungs of these mice when
compared with the expression in C57BL/6 mice (Fig. 6A). The
expression of TNF mRNA was more substantially delayed in
CBA/J mice, and this also correlated with the high levels of IL-10
seen in the lung lesions of these mice (see Fig. 1). The pattern of
IL-12p40 expression in both the IL-10 transgenic and CBA/J mice
was markedly different from that seen for the C57BL/6 micein that
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FIGURE 5. Expression of CD11a”9" on CD4 T cells isolated from
the lung. Lung cells were isolated from M. tuberculosis-infected
C57BL/6 ([J), CBA/J (&), or IL-10 transgenic (M) mice throughout
the course of the study and labeled with fluorescent Ab specific for CD4
and CD1la Data are expressed as the percentage of CD4 positive
cells that expressed high levels of CD11a on their surface (A) and
represents the mean = SEM from four mice at each individual time
point. Results are representative of three independent experiments.
Statistical significance was calculated and found to be significant
(¥, p < 0.05), or highly significant (*+*, p < 0.005), between C57BL/6
mice and CBA/J mice, or C57BL/6 mice and IL-10 transgenic mice,
where indicated. Representative histograms depicting expression of
CD11a on CD4 T cells after 21 days infection with M. tuberculosis
are shown. C57BL/6 (shaded histogram), CBA/J or IL-10 trans-
genic (open histogram) (B). Absolute number of CD4 T cells within the
lungs of C57BL/6 ([J), CBA/J (&), or IL-10 trangenic (M) mice are
shown (C).
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FIGURE 6. TNF and IL-12p40 mRNA production within the lung dur-
ing infection. Lung tissue was obtained from C57BL/6 (@), IL-10 trans-
genic (A), or CBA/J (M) mice throughout the course of infection. RNA was
extracted and analyzed using primers and probes specific for TNF (A) or
IL-12p40 (B). Data were normalized for the amount of RNA added to the
reaction using 18S as a control.

both mice expressed low levels of 1L-12p40 mRNA in the lungs
throughout infection (Fig. 6B).

The capacity to produce IFN-vy is reduced in IL-10
transgenic mice

By itsimmunoregulatory action on the macrophage, I1L-10 can also
influence Ag-specific IFN-y production (11, 12); therefore, we de-
termined whether mycobacterial-specific IFN-y production was
also reduced in the lungs of IL-10 transgenic mice. Lung cellswere
isolated from mice that had been infected with M. tuberculosis and
cultured with CFP Ags from M. tuberculosis. Ag-specific IFN-vy
production was reduced in the lung cell cultures of CBA/J and
IL-10 transgenic mice when compared with similar cultures from
C57BL/6 mice (Fig. 7).

IL-10 transgenic mice generate macrophage-dominated lung
lesions during chronic M. tuberculosis infection

A magjor characteristic of M. tuberculosis infection in the reacti-
vation prone mouse strains is the predominance of macrophage
type lesions within the lung. To determine whether the increased
expression of 1L-10 and associated decreased expression of CD11a
on lymphocytes was associated with the formation of macrophage-
dominated lung lesions, lung tissue was collected, sectioned, and
stained with H& E. C57BL/6 mice developed characteristic lesions
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FIGURE 7. IL-10 transgenic mice produce less IFN-y in response to

infection. Lung cells from individual C57BL/6 ((J), CBA/J (&) or IL-10
transgenic mice (M) were cultured with CFP from M. tuberculosis for 5
days at 37°C, 5% CO,. IFN-vy secretion in the culture supernatants was
measured by ELISA and expressed as the mean = SEM for four individual
mice at each time point. Results are representative of three independent
experiments. Statistical significance was calculated and found to be sig-
nificant (*, p < 0.05), or highly significant (+*, p < 0.005), between
C57BL/6 mice and CBA/J mice, or C57BL/6 mice and IL-10 transgenic
mice, where indicated.

(25) consisting of epithelioid macrophages associated with prom-
inent intralesional scattered or aggregated areas of lymphocytes
that persisted until at least 200 days (Table | and Fig. 8, A and B).
Initialy, the lesions within the lungs of IL-10 transgenic mice
resembled those seen in the C57BL/6 strain with prominent lym-
phocytic perivascul ar/peribronchiolar accumulations and abundant
macrophage clusters (Fig. 8C, day 50). However, of particular in-
terest was the observation that after 200 days of infection with M.
tuberculosis, only a few loose lymphocyte aggregates were ob-
served. The lesions had progressed to consist predominantly of
foamy macrophages (Fig. 8D, day 200) with cellular necrosis, and

IL-10 PRODUCTION AND REACTIVATION OF TUBERCULOSIS IN MICE

cholesterol deposition similar to that observed in the lungs of re-
activation-prone mouse strains.

Discussion

In these studies, we demonstrate that I1L-10 could be detected
within the lesions of CBA/J mice as early as 50 days postinfection
with M. tuberculosis, suggesting that 1L-10 may influence the en-
suing immune response and subsequent susceptibility to reactiva-
tion disease in thismouse strain. To fully determine whether I1L-10
had any influence on the course of chronic tuberculosis, we in-
fected C57BL/6 transgenic mice that express IL-10 under control
of the IL-2 promoter (26) with M. tuberculosis. Infection resulted
in the increased production of IL-10 within the lungs of IL-10
transgenic mice. The most significant finding was that although
IL-10 transgenic mice could initially control an infection with M.
tuberculosis, as the period of infection progressed into the chronic/
latent phase they began to show signs of reactivation disease.
Therefore, these findings demonstrate that the addition of a single
cytokine, IL-10, resulted in a reactivation-susceptible phenotypein
a naturaly reactivation-resistant C57BL/6 mouse strain. Our re-
sults aso confirm findings by Murray et al. (28) in which the
overexpression of IL-10 led to increased growth of M. bovis ba-
cillus Calmette-Guérin within the spleen and liver of mice. These
data support the hypothesis that the increased production of IL-10
is a potential immune correlate of susceptibility to reactivation
tuberculosis, and may be the underlying trigger for this event.

In a mouse model of progressive primary tuberculosis, IL-10
was not detected until at least 6 mo (180 days) following an
infection with M. tuberculosis (29), and we demonstrate in this
study that the C57BL/6 mouse strain produced very little 1L-10
during chronic M. tuberculosisinfection. These results suggest that
the production of IL-10 is not associated with the initial control of
infection, but that this cytokine may be more important during the
chronic or latent phase of tuberculosis in this model. Therefore,
this may explain why only amoderate and transient enhanced early
resistance can be found when C57BL/6 1L-10 gene-disrupted mice
are infected with mycobacteria (20, 21, 23, 30). This increased
resistance to infection in the absence of IL-10 is documented to be
associated with an increased expression of inflammatory mediators
such as TNF (21), inducible NO synthase (21), and IL-12 (23).

Table|. Analysis of microscopic lung lesions from M. tuberculosis-infected mice

Time Mouse Strain
Postinfection
(days) C57BL/6 IL-10 Transgenic
25 Mild Mild
Perivascular/brochiolar lymphocytes. Individual foci Lymphocytic lesions with fewer epithelioid
of epithelioid macrophages. macrophages. Increased number of neutrophils.
50 Moderate Moderate
Prominent intralesion scattered or aggregates of Perivascular/bronchiolar lymphocytes associated with
lymphocytes associated with epithelioid abundant macrophages. Moderate macrophage
macrophages. vacuolation.
150 Moderate Marked

Markedly vacuolated epithelioid macrophages.

Occasiona giant cells. More prominent necrosis

and dight increase in neutrophils. Early
extracellular cholesterol cleft formation.
200 Moderate
Lymphocytes dominate and are either loosely
organized within the lesions, or in dense
aggregates. Vacuolated macrophages.

Extensive coalescing lesions consisting of markedly
vacuolated macrophages. Lymphocytes associated
with small foci of necrosis. No significant cholesterol
formation.

Marked

>80% lung involvement. Loosely dispersed
lymphocytes with degenerating macrophages.
Prominent cholesterol clefts. Mixed inflammatory
cells in the airways.

@ Lung tissue was harvested from M. tuberculosis-infected mice at the designated time points. Tissue was sectioned, stained with H&E, and interpreted by a veterinary
pathologist without prior knowledge of the groups. Tissue sections were graded according to gross evaluation of lesion size, number, and distribution. Data are representative

of two independent experiments.
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FIGURE 8. IL-10 transgenic mice generate macro-
phage-dominated lesions during chronic M. tuberculo-
sis infection. Formalin-fixed tissue was prepared and
sectioned for light microscopy. The tissue was stained
with H& E. C57BL/6 mice developed characteristic le-
sions consisting of epithelioid macrophages associated
with prominent intralesional scattered lymphocytes (A;
day 50), that persisted throughout the infection (C; day
200). The lungs of IL-10 transgenic mice showed
perivascular/peribronchiolar lymphocytes associated
with abundant macrophage clusters (B; day 50) which
developed into lesions consisting predominantly of
foamy macrophages, with cholesterol deposition and
necrosis (D; day 200). Magnification X200, bar = 100
um. Figures are representative of two independent
experiments.

Although IL-10 appears to reduce the production of these and
other inflammatory molecules (16, 31), the transient and minimal
reduction in bacterial numbers early in the course of infection of
IL-10-deficient mice suggests that this molecules does not act to
limit early protective responses in vivo.

Although early protective mechanisms appear unaffected by IL-
10, we clearly show in this study that the expression of IL-10
during chronic infection is detrimenta to both the protective an-
tibacterial response and to the development of stable mononuclear
granulomas. The overexpression of IL-10 in the IL-10 transgenic
mice clearly correlates with the reduced expression of the cyto-
kines TNF and IL-12p40, which are not only antibacterial, but also
important in the generation of stable granulomas (32—34). That this
reduced cytokine expression is also seen in the CBA/J mice, which
also expressed high levels of 1L-10 in the lung (albeit from mac-
rophages rather than T cells), suggests that IL-10 is an active
down-regulator of protective responses in the chronically infected
murine lung. Why the early protective response is unaffected by
IL-10 expression when the response within the chronicaly in-
fected lung is altered poses an interesting question for further
study. It is likely that the potent TH1-inducing nature of M. tu-
berculosis (33, 35) overrides any early inhibitory IL-10 effects, but
that as disease develops, the levels of IL-10 increase (artificialy in
the IL-10 transgenic and naturally in the CBA/J mice) and the
cytokine is able to limit the expression of protection.

Enhanced resistance to infection with other pathogens has aso
been demonstrated in I1L-10 gene-disrupted mice (36, 37). How-
ever, it isalso apparent that despite reducing bacterial numbers, the
failure to down-regulate an acute immune response can aso be
fatal to the host due to the generation of an overwhelming inflam-
matory response (38—40). That I1L-10 does not appear to be es-
sential for the control of an infection with M. tuberculosis, or that
its absence does not result in progressive inflammatory responses
within the lung suggests that the down-regulation of the immune
response to M. tuberculosis could be mediated by an independent
mechanism. Alternatively, we demonstrate in this study that the
overexpression of IL-10 results in the exacerbation of disease;
therefore, it seems possible that a continued immune response dur-
ing chronic M. tuberculosis infection may in fact be critical for the
containment of a long-term infection. Studies that have sought to
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determine the immune parameters that are required for the main-
tenance of a chronic infection with M. tuberculosis have identified
numerous molecules that include T cell subsets (41, 42), TNF (43,
44), and NO (45). It is also of interest to note that these same
molecules are required for theinitial control of infection (46—48),
adding further support to the hypothesis that a continued immune
response is necessary to prevent the reactivation of infection in the
mouse model.

As we have demonstrated, the overexpression of IL-10 in our
model was associated with a reduced capacity of lung cells to
produce IFN-+ in vitro in response to CFP Ags from M. tubercu-
losis, thus demonstrating that the Ag-specific response could be
compromised. The presence of IL-10 within the lungs of infected
mice also inhibited the further recruitment of lymphocytesinto this
organ, demonstrated by the finding that in comparison to wild-type
mice, overexpression of 1L-10 resulted in fewer CD4 T cellswithin
the lungs during the infection. The production of IFN-vy per cell
was not dramatically altered (C57BL/6 1.4 X 103, CBA/J 1.6 X
1073, IL-10 trangenic 0.98 X 102 pg/ml); however, the signifi-
cantly reduced number of T cells within the lungs of IL-10 trans-
genic and CBA/J mice would also result in a net reduction of
IFN-vy within the lungs.

Perhaps of more importance was the finding that those CD4 T
cells present within the lungs of 1L-10 transgenic mice also failed
to up-regulate the expression of CD11a on their surface. IL-10 has
been shown to influence the expression of CD11a on the surface of
T cells (27), and may have a loca influence on lymphocytes as
they enter the lungs, down-regulating the expression of CD11aand
influencing the capacity of lymphocytes to migrate within the le-
sions. This failure to up-regulate the adhesion molecule CD11a
resembl es the phenotype of two mouse strains, CBA/J and DBA/2,
that we have previously described as reactivation-susceptible (10).
The reduced expression of CD11aon T cells from CBA/J mice is
a systemic effect as shown in this study and previously (10). That
the IL-10 trangenic mice did not exhibit reduced CD11a expres-
sion in the spleen (where the level of IL-2 induction, and thus
IL-10, is reduced due to low levels of infection and thus, immune
stimulation) supports the hypothesis that it is IL-10 expressed at
the site of infection that islimiting the expression of CD11aon the
T cells within the lungs of the IL-10 transgenic mice. Therefore,

1202 ‘T Arenige4 uo 1sonb Aq /610" jounwiw i [:mmm//:dny wody papeo jumoq


http://www.jimmunol.org/

6350

these studies identify the overproduction of I1L-10 as a potentia
correlate of reactivation tuberculosis in the mouse model that
results in the characteristic phenotype within the lungs that is seen
in the naturally reactivation-susceptible mouse strains.

Theloss of lymphocyte foci within the lungs of 1L-10 transgenic
mice appears to have a significant impact on the integrity of the
lung lesions as the course of infection ensued. The absence of
localized T cells and the loss of Ag-specific IFN-+y production
appeared to be directly associated with the gradual increase in
bacterial load within the lungs. Asthis occurred, lung lesionsin the
IL-10 transgenic mice were dominated by macrophages and with
progressive degeneration, characterized by necrosis and neutrophil
influx. As such, these lesions closely resembled the macrophage-
dominated lesions that we have previously described in two reac-
tivation-prone mouse strains (10). The overexpression of IL-10
within lesions of the lung, whether via transgene expression or as
aresult of IL-10-producing macrophages within the lesions, thus
clearly predisposes these mice to enter a stage of reactivation
disease.

The identification of immune correlates of protection/suscepti-
bility to tuberculosis in the mouse model takes on particular im-
portance if these findings can be extrapolated to man. The identi-
fication of individuals that have the potential to reactivate a latent
M. tuberculosis infection, perhaps by a significant increase in their
capacity to produce IL-10, may help identify individuals who will
go on to develop reactivation disease later in life and hence be a
source of infection. Therapeutic treatment of these individualswith
drugs or perhaps with anti-IL-10R Ab (49) could potentially pre-
vent reactivation tuberculosis and thereby reduce the index cases
for infectious tubercul osis within the community. In support of this
concept, elevated levels of serum IL-10 have been reported in in-
dividuals with active tuberculosis (19) and in the pleura fluid of
tuberculosis pleurisy patients (18). In addition, elevated IL-10 lev-
els appear to be greater in individuals that are coinfected with M.
tuberculosisand HIV (50-52), which reflects the ability of both M.
tuberculosis and HIV to stimulate IL-10 production during infec-
tion (53). Therefore, observations that the production of IL-10 is
associated with the development of active (or reactivation) disease
in man are in keeping with the findings of the present study, which
demonstrate that increased susceptibility to reactivation tubercu-
losis in the mouse model is strongly influenced by the expression
of IL-10 during the chronic or latent phase of the infection.
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