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CD40 is required for the optimal induction of protective immunity to
Mpycobacterium avium
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SUMMARY

C57Bl/6 mice and mice deficient in the CD40 molecule were infected with three strains of
Mpycobacterium avium. Two of the M. avium strains proliferated more extensively in CD40-
deficient (CD40 /") mice than in control mice. The increased susceptibility to infection of
CD40~'~ mice was associated with the generation of poorer interleukin-12 (IL-12) p40 and
interferon-y (IFN-vy) responses as compared to the controls, suggesting a role for CD40 in the
development of protective immunity. In contrast, direct triggering of CD40 on infected
macrophages failed to induce any anti-mycobacterial activity in infected macrophages.

INTRODUCTION

The induction of T-cell responses requires the engagement of
costimulatory molecules on antigen-presenting cells (APC) in
addition to the specific recognition of the peptide-major his-
tocompatibility complex (MHC) by the T-cell receptor. Among
the costimulatory molecules, some belong to the tumour necro-
sis factor (TNF) and TNF-receptor (TNF-R) superfamilies.
CD40, classified as member 5 of the TNF-R superfamily
(TNF-RSF5), is expressed on APC and has been shown to be
required for the induction of immune responses to infectious
agents such as Leishmania,"™ Toxoplasma gondii,’ Candida
albicans® and Schistosoma mansoni.” Human patients with
mutations in the gene coding for CD40 ligand exhibit the
hyper-immunoglobulin M (IgM) syndrome and are prone to
infections with opportunistic agents such as T. gondii, Pneu-
mocystis carinii and Cryptosparidil,tm.8’9

The role of CD40 during infection with mycobacteria is less
clear. CD40-deficient mice have been shown to be as capable as
wild-type mice in controlling Mycobacterium tuberculosis
infection,'® although CD154-deficient mice are more suscep-
tible to M. bovis bacille Calmette—Guérin (BCG).'! The clinical
evidence of an effect on susceptibility to infection with myco-
bacteria in CD40-ligand mutations is scarce and anecdotal.
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Levy et al® studied 56 patients with X-linked hyper-IgM
syndrome and reported three cases of mycobacterial pneumonia
(caused by M. bovis, M. bovis BCG, or atypical mycobacteria),
one central nervous system infection caused by M. bovis, and
one case of disseminated M. tuberculosis infection leading to
the death of the patient. In addition, Ito ef al.'* reported the case
of a patient with hyper-IgM syndrome who developed a severe
tuberculosis infection.

Hayashi et al. have reported that agonists of the CD40
molecule are able to induce anti-M. avium activity in human
monocyte-derived macrophages.'® These authors also showed
that the administration of an anti-CD40 ligand monoclonal
antibody (mAb) to mice reduced their ability to control infec-
tion with the same strain of M. avium. These data were,
however, limited to one strain of M. avium and no detailed
kinetic study of the infection was performed nor was the
immune response analysed. In contrast, Larkin et al. failed to
observe the induction of anti-M. tuberculosis activity in human
monocytes triggered by soluble CD40 ligand.'* Thus, we sought
to further dissect the role of CD40/CD154 interactions during
M. avium infection using CD40™"~ mice and a wider panel of
mycobacterial isolates. We present evidence that CD40/CD154
interactions are required for the optimal induction of immune
responses to some isolates and in their effective control.

MATERIALS AND METHODS

Animals and infection

Control C57Bl/6 mice (Harlan Iberica, Barcelona, Spain) and
C57Bl/6Ncr-TNFRSF5 ~/~ (CD407/ ~) mice (bred in our animal
facility from breeding pairs obtained from The Jackson Labora-
tory, Bar Harbor, ME) were intravenously infected with 10°
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colony-forming units (CFU) of one of three M. avium strains
differing in virulence.'® Strains 2447 and 1983, with a smooth
transparent (SmT) morphotype, were provided by Dr F. Portaels
(Institute of Tropical Medicine, Antwerp, Belgium); strain
25291 (SmT morphotype) was obtained from the American
Type Culture Collection (ATCC; Manassas, VA). All bacteria
were cultured in Middlebrook 7H9 broth (Difco, Sparks, MO),
collected during the exponential growth phase, resuspended in
saline containing 0-05% Tween 80, and stored at —80° until
used. The infection was followed-up for up to 4 months by
performing viable counts on tissue homogenates of groups of
five mice. Serial dilutions of these homogenates were plated
onto Middlebrook 7H10 agar medium (Difco). Data shown
represent the means of the log;y CFU and their standard
deviations.

Analysis of the immune response

Spleen cell suspensions were prepared from aseptically col-
lected organs at different time-points of infection, as well as
from non-infected control animals. Cells were stimulated in
vitro with M. avium envelope proteins (4 pg/ml),'® and inter-
feron-y (IFN-v) secretion was evaluated at 72 hr of stimulation
by performing an enzyme-linked immunosorbent assay
(ELISA) on the supernatants, as described previously.'®!” In
vivo TNF secretion was induced by the intraperitoneal injection
of 50 pg of lipopolysaccharide (LPS), and the concentration of
TNF in the sera was evaluated 2 hr postinduction, as described
previously.]8 In vivo production of interleukin-12 p40 (IL-
12p40) was studied by reverse transcription—polymerase chain
reaction (RT-PCR) analysis. Total RNA was extracted from a
small portion of liver tissue of individual mice, after lysis in
guanidinium isothiocyanate buffer. Reverse transcription was
performed using a kit supplied by Invitrogen (Carlsbad, CA).
The message for hypoxanthine phosphorybosyltransferase
(HPRT) was amplified using specific primers. All samples were
standardized for approximately the same HPRT expression
level, and this level was verified to be below saturation point,
by comparison with a curve generated by serial dilutions of one
of the cDNAs. The same amounts of cDNA were then used to
PCR amplify the IL-12p40 message, using primers with the
following sequences: sense: CGTGCTCATGGCTGGTG-
CAAA; antisense: CTTCATCTGCAAGTTCTTGGG. The
PCR products of both messages were run in an agarose gel
containing ethidium bromide. The gel was photographed and
the image analysed to evaluate band intensity, using IMAGE-
QUANT software. The histological appearance of granulomas
was studied in haematoxylin & eosin-stained paraffin sections
of formalin-fixed samples.

Macrophage cultures

Bone marrow-derived macrophages were prepared from C57Bl/
6 and CD40~'~ mice, as described previously.'® Briefly, the
marrows from the femurs of the mice were flushed with Hanks’
balanced salt solution (HBSS; Life Technologies, Paisley, UK),
washed and seeded into the wells of 24-well tissue-culture
plates. Cells were cultured in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM; Life Technologies) for
10 days in the presence of 10% L-cell-conditioned medium,
as a source of growth factors. Mature macrophages were then

used to assess their response to anti-CD40 agonistic antibodies.
Thus, macrophages (3-4 x 10° cells per well) were incubated
for 72 hr in the presence of 100 U/ml of recombinant IFN-vy
(Life Technologies) and/or 1-20 pg/ml of purified CD40 mAb
(from hybridoma 1C10). Supernatants were analysed for the
concentration of nitrite, as described previously.'® The expres-
sion of CD40 in bone marrow-derived macrophages was studied
by specifically staining cells with fluorescein-labeled mAb to
CD40 (BD-Pharmingen, San Diego, CA) and performing flow
cytometry on stained and unstained (control) cells. Macro-
phages were infected with M. avium 1983 at an infection ratio
of 10 : 1 (mycobacteria : macrophages) for 4 hr followed by
thorough washing with warmed HBSS to remove extracellular
mycobacteria. IFN-y (100 U/ml) + TNF-a (100 U/ml) and/or
anti-CD40 1C10 mAb (10 pg/ml) were then added and the
proliferation of mycobacteria was studied by performing viable
counts at different time-points of infection. Cytokines were
added, daily for the first 4 days, at the indicated doses.

RESULTS

As shown in Fig. 1, strain ATCC 25291 proliferated extensively
in the organs of infected mice, with no evidence of any control
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Figure 1. Course of infection of Mycobacterim avium strains 25291
(top panels), 2447 (middle panels), and 1983 (bottom panels) in the
organs of C57B1/6 mice (open symbols) and C57Bl/6Ncr-TNFRSF5 ™/~
(CD40~"") mice (closed symbols). Statistically significant differences
between the two strains of mice were determined using the Student’s
t-test and are indicated as *(P < 0-05) or **(P < 0-01).
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of the infection. No significant differences were found between
wild-type and CD40~'~ mice in terms of bacterial loads. In
contrast, the growth of strains 2447 and 1983 was arrested
following an initial period of uncontrolled proliferation and was
followed, in the liver and spleen, by bacteriostasis or bacterial
killing, respectively, in strains 2447 and 1983. Such control of
infection was significantly delayed in the CD40™~ mice as
compared to the controls. Likewise, proliferation of the myco-
bacterial strains in the lungs was enhanced in the CD40-
deficient animals as compared to C57Bl/6 mice. Histological
analysis of haematoxylin & eosin-stained sections of infected
tissues did not reveal any differences in the development of
granulomas in wild-type or CD40™'~ mice (data not shown).
To understand the basis of the increased susceptibility of
CDA40-deficient animals to infection with the M. avium
strains 2447 and 1983, we first analysed the immune response
to infection. Spleen cells from mice infected with strains
2447 and 1983 were collected and cultured in the presence
of homologous antigen prepared from the envelope proteins
of these strains, and the secretion of IFN-y was analysed
in the cultures. As shown in Fig. 2(a), a significant decrease
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Figure 2. (a) Secretion of interferon-y (IFN-y) by cultures of spleen
cells from mice infected with Mycobacterium avium strain 2447 or
strain 1983 upon stimulation with homologous M. avium envelope
proteins (4 pg/ml). Levels of IFN-y in non-stimulated cultures, or in
stimulated cultures of spleen cells from non-infected animals, were
~500 pg/ml. (b) Measurement, by semiquantitative reverse transcription—
polymerase chain reaction (RT-PCR), of interleukin-12 p40 (IL-12p40)
expression in liver samples of mice infected for 15 or 30 days with M.
avium 2447. Each band represents the digital image of the amplification
product for the material obtained for one mouse and for either IL-12p40
or hypoxanthine phosphorybosyltransferase (HPRT).

© 2004 Blackwell Publishing Ltd, Immunology, 111, 323-327

in the antigen-specific production of IFN-y was observed at the
peak of the response in CD40~'~ mice, as compared to the
controls, during infection with either of the two M. avium
strains. Additionally, when we studied the in vivo priming of
macrophages for TNF secretion by inducing TNF secretion in
infected mice following a 2-hr challenge with LPS, no sig-
nificant differences in the amount of TNF in the sera were found
between C57B1/6 and CD40 '~ mice (143 % 48 U/ml in the
former versus 104 + 68 U/ml in the latter). As IFN-vy produc-
tion is, to a great extent, dependent on the action of IL-12, and
because IL-12 production is triggered by CD40/CD154 inter-
actions,zo'23 we analysed, by RT-PCR, the expression of the
p40 chain of this cytokine in infected livers. On day 15 of
infection with strain 2447, no message was detected in samples
from two CD40™~ mice and the other two animals had very
little PCR product detectable (Fig. 2b). In contrast, the message
was already abundant in C57B1/6 mice. By day 30 of infection
these differences were no longer evident, with similar, high
levels of expression, in both mouse strains (Fig. 2b).

To investigate whether the engagement of CD40 at the
surface of infected macrophages led to the induction of anti-
mycobacterial activity, we stimulated cultured macrophages
with agonistic CD40 mAbs in the presence or absence of
activating cytokines. Initially, we assessed the activity of the
antibody by studying its ability to trigger nitric oxide in
activated macrophages. The antibody was shown to be an
effective agonist in vitro by specifically stimulating reactive
nitrogen species in IFN-v-activated macrophages (Fig. 3a).
No nitrite was detected in the absence of IFN-y stimulation
(data not shown). Similar data were obtained with resident
peritoneal macrophages and, additionally, no response was
seen when peritoneal macrophages from CD40 ™'~ mice were
used instead of those from C57B1/6 animals (data not shown).
As shown in Fig. 3(b), CD40 was present in resting macro-
phages and its expression was increased by activation with
IFN-vy. Having shown that CD40 was both expressed in
macrophages and that the 1C10 mAb was an effective agonist,
we assessed whether triggering of CD40 led to the induction
of mycobacterial growth inhibition. Bone marrow-derived
macrophages were infected with strain 1983 and the growth
of mycobacteria was studied in untreated macrophages or in
macrophages treated with IFN-y and/or anti-CD40 (Fig. 3c).
Stimulation of macrophages, infected with strain 1983, with
the antibody at concentrations tenfold higher than those which
acted as agonists of nitric oxide synthesis (10 pg/ml), failed to
reduce the mycobacterial proliferation. Increasing the con-
centration of the antibody a further fourfold still had no effect
on mycobacteriostasis (data not shown). In parallel cultures, a
combination of recombinant IFN-y (100 U/ml) and recombi-
nant TNF (100 U/ml), administered daily to the cultures
during the first 4 days of infection, caused a marked restric-
tion in the growth of M. avium 1983 inside macrophages. The
effect of the cytokines was not affected by the addition of
anti-CD40. Similar, negative results were obtained when
anti-CD40 were used on macrophages infected with strain
2447 (data not shown). The proliferation of M. avium was
slightly reduced in resting macrophages from CD40 "~ mice
as compared to those from C57B1/6 animals. This was found
in three independent experiments.
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Figure 3. (a) Secretion of nitrite by C57B1/6 bone marrow-derived
macrophages (BMMd) activated with 100 U/ml of interferon-y (IFN-
v), in the presence of increasing concentrations of agonist CD40
monoclonal antibodies (mAbs). (b) Expression of CD40 by non-acti-
vated (thick line) or IFN-y-activated (broken line) BMMd from C57Bl/
6 mice, and unstained cells (thin line), as evaluated by fluorescence-
activated cell sorter (FACS) analysis. (c) Effect of anti-CD40 treatment
on M. avium proliferation: growth of M. avium strain 1983 was studied
in BMMd from C57Bl/6 or CD40~'~ mice treated with IFN-vy plus
tumour necrosis factor-a (TNF-a) (100 U/ml added daily for the first
4 days, circles) or not added (squares), in the presence (closed symbols)
or absence (open symbols) of CD40 mAb (10 pg/ml).

DISCUSSION

The present data show that CD40-CD154 interactions are
necessary for the optimal induction of protective immunity to
M. avium, involving the development of IFN-y-secreting T
cells. These data are consistent with previous observations on
the contribution of CD154 to IFN-vy responses in human tuber-
culosis®**® and, in general, with the role of CD40-CD154
interactions in the up-regulation of the T helper 1 (Thl)-
promoting functions of APC.?® One possible explanation for
the reduced priming of Thl responses in CD40-deficient ani-
mals is a delayed production of IL-12p40. However, the defi-
ciency in the IL-12 response was only transient and recovered
later during infection, suggesting that other triggers for the
production of this cytokine exist. These data are similar to those
obtained in other models of infection where the CD40-deficient
hosts showed reduced production of IL-12, impacting on the
final IFN-y responses.” The importance of the interaction
between CD40 and CD154 for the generation of IL-12, and
the subsequent emergence of a protective immune response, has
also been highlighted in human leprosy lesions.>’ In contrast to
the work of Hayashi e al.,'® we failed to observe a direct anti-
mycobacterial triggering effect on macrophages, as previously
documented for human monocytes. This may be a result of
species differences, of differences in the mycobacterial strains
used, or of the use of macrophages differentiated under different
conditions. On the other hand, CD40 triggering was able to
promote nitric oxide production and, in leishmania infections,
such increased nitric oxide secretion has been shown to induce
leishmanicidal activity.® However, L. major is susceptible to
nitric oxide-mediated killing by macrophages, whereas M.
avium is not susceptible to the amounts of nitric oxide produced
by activated macrophages.?® This suggests that protective T
cells do not activate M. avium-infected macrophages to restrict
mycobacterial proliferation through the use of CD154, as shown
in other models.>® The mycobacterial growth appeared to be
somewhat reduced in the mutant macrophages as compared to
control cells, in the absence of any immunological activation.
The reason of this is currently unknown, but could be related to
the co-segregation of genes influencing macrophage activity
present in the parent 129 strain from which the embryonic stem
cells used to contruct the mutant mice are derived. Also unclear
is the in vivo significance of this in vitro phenomenon. As
macrophages are not expected to express the ligand for CD40,
homotypic interactions triggering this molecule are unlikely to
explain the data obtained.

We failed to identify any differences in the development of
granulomas, in contrast to the results reported for a BCG
infection model in CD154-deficient mice.'" It is probable that
the levels of IFN-v, still produced in the deficient animals, were
sufficient for the organization of the granulomas, although
insufficient for the early induction of mycobacteriostasis or
killing. Additionally, the levels of TNF, also involved in gran-
uloma organization, appeared not to be affected.

In summary, CD40 and CD154 should be considered acces-
sory molecules in the induction of protective immunity to M.
avium infections. Thus, our data strengthen the view that
engagement of CD40 on APCs by CD154 present on the surface
of T cells leads to the initiation of the immune response,

© 2004 Blackwell Publishing Ltd, Immunology, 111, 323-327
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resulting in the priming of protective IFN-y-producing T cells.?
These initial steps probably involve the induction of the secre-
tion of cytokines, such as IL-12, but could also include the
participation of other costimulatory molecules that would
become up-regulated on the APCs, such as members of the
B7 family.?® In our system, however, redundant mechanisms
surely exist which ensure that, even in the absence of CD40/
CD154 signalling, the protective immune response still devel-
ops, albeit with a delayed kinetics. The nature of these addi-
tional systems is yet unclear but may include the activity of
innate receptors such as the Toll-like receptors that may sense
the pathogen and trigger the costimulatory pathways required
for the generation of protective responses.
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