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Introduction

Summary

The ability of T cells to activate antimicrobial pathways in infected macro-
phages is essential to host defence against many intracellular pathogens.
Here, we compared the ability of two T-cell-mediated mechanisms to trig-
ger antimicrobial responses against Mycobacterium tuberculosis in
humans, CD40 activation and the release of interferon-y (IFN-y). Given
that IFN-y activates a vitamin D-dependent antimicrobial response, we
focused on induction of the key components of this pathway. We show
that activation of human monocytes via CD40 ligand (CD40L) and IFN-y,
alone, and in combination, induces the CYP27b1-hydroxylase, responsible
for the conversion of 25-hydroxyvitamin D (25D) to the bioactive 1,25-
dihydroxyvitamin D (1,25D), and the vitamin D receptor (VDR). The
activation of the vitamin D pathway by CD40L and IFN-y results in
up-regulated expression of the antimicrobial peptides, cathelicidin and
DEFB4, as well as induction of autophagy. Finally, activation of mono-
cytes via CD40L and IFN-y results in an antimicrobial activity against
intracellular M. tuberculosis. Our data suggest that at least two parallel
T-cell-mediated mechanisms, CD40L and IFN-y, activate the vitamin
D-dependent antimicrobial pathway and trigger antimicrobial activity
against intracellular M. tuberculosis, thereby contributing to human host
defence against intracellular infection.

Keywords: antimicrobial peptides; autophagy; Mycobacterium tuberculosis;
T cells; vitamin D.

M. tuberculosis infection.”> However, M. tuberculosis can
also inhibit IFN-y activation pathways in human mono-

Mycobacterium tuberculosis, the causative agent of tuber-
culosis, infects approximately 8-8 million people and
causes 1-4 million deaths worldwide per year." The dis-
covery that T cells via the secretion of interferon-y (IFN-
y) induce an antimicrobial pathway in human mono-
cytes/macrophages that is dependent on the availability of
serum 25-hydroxyvitamin D (25D)” identified one mech-
anism of human host defence against tuberculosis. Inter-
feron-y induced the CYP27b1-hydroxlase, resulting in the
increased conversion of 25D to 1,25-dihydroxyvitamin D
(1,25D), which triggered activation of the vitamin D
receptor (VDR).> Activation of the VDR subsequently
induced cathelicidin and DEFB4 antimicrobial peptides,
autophagy and phagosome maturation, resulting in

effective antimicrobial activity against intracellular
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cytes/macrophages.” In addition to the ability of T cells
to release IFN-7y, the induction of CD40 ligand (CD40L)
and its subsequent interaction with CD40 on monocytes/
macrophages provides a parallel mechanism by which T
cells directly activate infected monocytes.*” In this regard
CD40L, which is mainly expressed on, but can also be
secreted by activated T cells,*® is a potent inducer of the
T helper type 1 promoting cytokine interleukin-12
(IL-12) in CD40 expressing monocytes.”® The clinical
importance of the CD40-dependent activation of human
monocytes/macrophages is underscored by the fact that
patients with genetic deficiencies affecting the CD40-
dependent IL-12 induction by T cells and patients with
complete defects in CD40 or CD40L show increased
susceptibility to mycobacterial infections, including
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tuberculosis.” "> However, in a previous report, activation
of human monocytes infected with M. tuberculosis via
CD40 did not result in an antimicrobial response."* In
this study, we investigated whether activation of CD40 on
infected monocytes via CD40L contributes to the host
response against intracellular M. tuberculosis infection.

Material and methods

Reagents

Recombinant human soluble CD40L (sCD40L) was pur-
chased from Peprotech (Rocky Hill, NJ) and recombinant
IFN-y (rIFN-y) was purchased from BD Biosciences (San
Jose CA). Soluble CD40L was used at a concentration of
5 ug/ml and rIFN-y was used at a concentration of
10 ng/ml. Endotoxin levels of CD40L and IFN-y were
below 0-1 ng/ug as certified by the manufacturer and
below the detection limit as confirmed by us using the
Limulus amoebocyte lysate assay (Lonza, Basel, Switzer-
land). The M. tuberculosis H37Rv Whole Cell Lysate
(M. tuberculosis sonicate) was from BEI Resources
(Manassas, VA). Tuberculin purified protein derivative
(PPD) was from Statens Serum Institute (Copenhagen,
Denmark). Monoclonal antibody against CD40L (clone
24-31) and the matched IgGl isotype control were pur-
chased from BioLegend (San Diego, CA) and used for the
blocking experiments at a concentration of 10 pg/ml. For
FACS analyses the following monoclonal antibodies were
used: peridinin chlorophyll protein-conjugated CD14
(clone TUK4, Miltenyi Biotec, Bergisch Gladbach, Ger-
many), allophycocyanin-conjugated CD3 (clone BW264/
56, Miltenyi Biotec), allophycocyanin-conjugated CD40
(clone 5C3, BD Biosciences), FITC-conjugated CD40L
(clone TRAP1, BD Biosciences), LC3 (clone 4E12, MBL
Int., Woburn, MA) followed by an FITC-conjugated anti-
mouse (clone A85-1, BD Biosciences) as well as the
appropriate isotype controls.

Ethics statement

This study was conducted according to the principles
expressed in the Declaration of Helsinki. The study was
approved by the Institutional Review Boards of the Uni-
versity of California at Los Angeles, CA, USA and the
local Ethic Committee (Ethikkommission) of the Univer-
sity of Cologne, Germany. All donors provided written
informed consent for the collection of peripheral blood
and subsequent analysis.

Serum collection and 25D quantification

Serum was collected and circulating concentrations of
25D were determined by radioimmunoassay as previously
described."?
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Monocyte culture

Whole blood from healthy donors was obtained with
informed consent. Peripheral blood mononuclear cell
(PBMCs) were isolated by Ficoll-Paque (GE Healthcare,
Little Chalfont, UK). Monocytes were isolated by adher-
ence to plastic for 2 hr as described elsewhere® or via
MACS® cell separation (Miltenyi Biotec) according to the
manufacturer’s instructions. Monocytes were cultured in
10% human serum (25D level > 98 nm). We observed
differences in the kinetics of CD40L and IFN-y-mediated
gene expression of cathelicidin and DEFB4 in several
donors. Therefore gene expression was analysed in mono-
cytes incubated for 18 and/or 22 hr on 24-well plates.

PCR

Messenger RNA was isolated from the cells using an
RNeasy mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s recommended protocol and cDNA
was prepared and mRNA levels were assessed and calcu-
lated with quantitative PCR as previously described.'
Primer sequences for human cathelicidin, DEFB4,
CYP27B1, VDR and h36B4 were previously reported.”'

Infection of monocytes, treatment with CD40L and
IFN-y and quantification of mycobacterial growth

Infection and treatment of human monocytes and quantifi-
cation of intracellular mycobacterial growth was performed
as previously described.'*’ In brief, monocytes, found to
be > 80-90% CD14", were infected for 4 hr or overnight
with single cell suspensions of M. tuberculosis at a multi-
plicity of infection (MOI) of five in a six-well plate. Extra-
cellular bacteria were removed by vigorous washing.
Adherent cells were detached by treatment with EDTA and
plated at a concentration of 5 x 10° cells/ml in a 24-well
plate. The efficiency of infection, as quantified by auramine
rhodamine stain, was in a range of 20-35%. Infected cells
were treated with IFN-y and/or CD40L, which were present
throughout the 6-day culture period in 10% vitamin
D-sufficient human serum. To determine the number of
viable intracellular bacilli, infected cells were lysed with
0-3% saponin. Lysates of infected cells were re-suspended
vigorously, transferred into screw-capped vials and soni-
cated in a pre-heated (37°) water bath sonicator for
10 min. Aliquots of the lysates were diluted 10-fold in
7H9-medium. Four dilutions of each sample were plated in
duplicates on 7H11 agar plates and incubated at 37° for
21 days. At all time-points an aliquot of unlysed, infected
cells was harvested and counted. This allowed an exact
quantification of cells as well as the determination of cellu-
lar viability by trypan blue exclusion. Recovery of cells was
> 70% in all experiments, with cell viability regularly
exceeding 90% of total cells.
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Flow cytometry and saponin-resistant LC3-1I staining

Staining for surface molecules CD3, CD40L (on T cells),
CDI14 and CD40 (on monocytes) was performed with
monoclonal antibodies. Saponin-resistant intracellular
LC3-1I staining was performed as described previously.'®
Briefly, cells were permeabilized by washing with 0-05%
saponin in PBS. Intracellular staining with anti-LC3
monoclonal antibody followed by the FITC-conjugated
secondary antibody was performed in the same buffer.
Flow cytometry was conducted on a FACSCalibur (BD
Biosciences) and data were analysed using FrowJo soft-
ware (Tree Star, Ashland, OR).

PBMC assays

Whole blood from bacillus Calmette-Guérin-vaccinated
donors was obtained with informed consent. The PBMCs
were isolated by Ficoll-Paque and were stimulated with
10 pg/ml M. tuberculosis sonicate in the absence or pres-
ence of CD40L blocking antibody or the corresponding
IgGl1 isotype, and cultured in 10% human serum (25D
level > 98 nm) for 24 hr.

T-cell clone assays

Two T-cell clones (RDJ and CB) were generated using
PPD and M. tuberculosis sonicate, respectively, by limiting
dilution as described previously.” Before use in monocyte
stimulation experiments the clones were activated via
plate-bound anti-CD3 (clone OKT3, Miltenyi) for 6 hr,
then fixed for 15 min with 1% paraformaldehyde in PBS
at 4°, washed twice, incubated overnight in PBS at 4° and
washed again with PBS before use. Activated, fixed T cells
were added for stimulation to monocytes in a ratio of
1:2 and co-cultured in 10% human serum (25D level
> 98 nMm) for 19 hr in the absence or presence of the
CD40L blocking antibody or of the corresponding 1gGl
isotype.

Statistics

P-values were calculated using two-tailed Student’s ¢-tests.

Results

CD40L is mainly expressed by activated T cells and is
biologically active as a membrane-bound form as well as
a secreted trimer.*® We investigated the ability of CD40L
trimer to induce the vitamin D-dependent antimicrobial
pathway®'? in primary human monocytes, which express
CDA40, the receptor for CD40L (ref. 5 and Supplementary
material, Fig. S1). Monocytes were activated with recom-
binant sCD40L and rIFN-y alone or in combination. The
induction of the 1-o-hydroxylase CYP27bl, responsible

© 2013 Blackwell Publishing Ltd, Immunology, 139, 121-128

for conversion of 25D to the bioactive 1,25D, and the
VDR gene expression were measured at 18 and 22 hr.
The sCD40L and rIFN-y increased CYP27B1 gene expres-
sion by 5-7-fold and 4-1-fold, as well as VDR gene expres-
sion by 3-6-fold and 4-3-fold in human monocytes,
respectively (Fig. la,b, P < 0-05). The combined treat-
ment of sCD40L and rIFN-y resulted in a 27-fold induc-
tion of CYP27B1 and a 7-8-fold induction of VDR gene
expression (Fig. la,b, both P < 0-05). Based on these
findings we next investigated the expression of the down-
stream effector molecules cathelicidin and DEFB4. The
sCD40L stimulation of monocytes cultured in 10% 25D-
sufficient human serum resulted in the up-regulation of
cathelicidin gene expression by 1-8-fold and of DEFB4
gene expression by 2-4-fold (Fig. lc,d, both P < 0-05).
Consistent with our previous findings,” rI[FN-y by itself
induced cathelicidin gene expression to increase by 3-7-
fold and DEFB4 by 4-7-fold (Fig. lc,d, both P < 0.-05).
Furthermore, simultaneous treatment with sCD40L and
rIFN-y induced the up-regulation of cathelicidin gene
expression by 4-8-fold and DEFB4 by 7-6-fold (Fig. 1c,d,
both P < 0-05).

A second key event in the vitamin D antimicrobial
pathway is the induction of autophagy, which is required
to overcome the phagosome maturation block in
M. tuberculosis-infected ~monocytes/macrophages.” We
tested whether sCD40L alone or in combination with
IFN-y induces autophagy in monocytes by measuring
intracellular saponin-resistant LC3-II by FACS.'® Increase
in LC3-1I is associated with the induction of autophagy.
Consistent with previous findings we found that
sCD40L'” and IFN-y* alone increased the percentage of
LC3-II" monocytes compared with media control (32%
and 41%, respectively, versus 19%, Fig. 2, P < 0-05). The
combination of sCD40L and IFN-y resulted in 33% LC3-
II" cells (Fig. 2, P < 0-05). Together, these findings show
that at least two T-cell signals can activate key
components of the vitamin D antimicrobial pathway, the
induction of antimicrobial peptides and autophagy.

Given that CD40L not only functions as a secreted
trimer, but also in its membrane-bound form on acti-
vated T cells, we next investigated if T cells through sur-
face expression of CD40L activate autophagy in human
monocytes by two different approaches. First, we stimu-
lated PBMC cultures from bacillus Calmette-Guérin-vac-
cinated individuals with M. tuberculosis sonicate for
24 hr and measured saponin-resistant LC3-II in mono-
cytes. Monocytes in these cultures were identified by
CD14 co-staining. Monocyte LC3-II was significantly
enhanced in M. tuberculosis-stimulated cultures com-
pared with untreated cultures (24% versus 3%, Fig. 3a,
P < 0-05). Given that multiple factors in this system can
increase autophagy in the monocytes, e.g. direct activa-
tion of Toll-like receptor 2/1 (TLR2/1) on monocytes by
lipoproteins or T-cell secretion of IFN-y, we added
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monoclonal blocking antibody against CD40L to these
cultures to investigate if CD40/CD40L interaction con-
tributes to the induction of autophagy. Addition of anti-
CD40L blocking antibody, but not the IgGl isotype,
inhibited autophagy induction by approximately 60%
(Fig. 3a, P < 0-05). Second, we generated two T-cell
clones (RDJ and CB) using tuberculin PPD and
M. tuberculosis sonicate, respectively, by limiting dilu-
tion. Both T-cell clones expressed CD40L when activated
for 6 hr by plate-bound anti-CD3 (data not shown).
Paraformaldehyde-fixed, CD3-activated T cells were used
to activate human monocytes. The T-cell clones
enhanced autophagy in monocytes as measured by an
increase of saponin-resistant LC3-II compared with
media control (33% versus 23%, Fig. 3b, P < 0-05). In
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Figure 1. CD40 ligand (CD40L) induces key
genes of the vitamin D antimicrobial pathway.
Primary human monocytes were stimulated
with soluble CD40L (sCD40L) and/or recombi-
nant interferon-y (rIFN-y) for 18 and/or 22 hr
in 10% vitamin D-sufficient human serum.
(a) CYP27B1, (b) vitamin D receptor (VDR),
(c) cathelicidin, and (d) DEFB4 gene expres-
Qe«\x sion was assessed by quantitative PCR (mean
fold change + SEM, n = 4). *P < 0-05.

these experiments, addition of anti-CD40L blocking anti-
body, but not the IgGl isotype, inhibited autophagy
induction by almost 100% (Fig. 3b, P < 0-05).

Because CD40L and IFN-y up-regulated the antimicro-
bial peptides cathelicidin and DEFB4, as well as auto-
phagy, we hypothesized that both CD40L and IFN-y
activate an antimicrobial activity against M. tuberculosis.
Hence, primary human monocytes were infected with the
virulent M. tuberculosis strain H37Rv and the infected
cells were activated with sCD40L and/or rIFN-y. Treat-
ment with sCD40L, rIFN-7, as well as the combination of
sCD40L and rIFN-y, resulted in a comparable growth
restriction of intracellular M. tuberculosis as determined
in colony-forming unit assays, showing an antimicrobial
activity in the range of 60-70% (Fig. 4, P < 0-05).

© 2013 Blackwell Publishing Ltd, Immunology, 139, 121-128



CD40L and IFN-y induce an antimicrobial response against M. tuberculosis

100 I Media | 100 D40l €07
80 1 80
60 60 I » 50 - *
40 40 1 | 8
1 | ha
2(; 2((; ;| ‘ % 40 . .
10° 10" 102 10% 10% 10° 10" 102 10° 10% g
£ 30 -
Figure 2. ~CD4O ligand (CD40L) induces e?uto— 100 | N 100 N §
phagy. Primary human monocytes were stimu- 80 | 80 £ 20
lated with soluble CD40L (sCD40L) and/or 60 | 60 ﬂ CD40L S
1 @
recombinant interferon-y (rIFN-y) for 19 hr in || @
. . . 401 | 40 ® 10 A
10% vitamin D-sufficient human serum. Auto- 20! | 20
phagy was measured by saponin-resistant LC3- 9
L - 060 10" 102 10° 10 %00 10 102 10° 1ot 0 A
Il staining. Histogram plots from one repre- 10° 10" 10° 10° 10 10° 107 10% 10° 10

. N4 Qv A v
sentative donor and the summary of four % saponin-resistant LC3-I1* cells - @Qp Oob‘ \‘<$ OQD‘Q
donors are shown (% LC3-II" cells +SEM). é,"\x
*P < 0-05. N
(a) - - (b) - z
35 404 |
30 1
%} 2
3 & 30 -
+ 254 L
I o
s S 20 -
X7} 8
@ 15 A g
= <
£ £
o 10 4 o
g g 10
® 5 32
0 + 04
- - o-CD40L  1gG1 - - a-CD40L  I1gG1
- M. tb. sonicate - T cell clone

Figure 3. CD40 ligand (CD40L) expressed on T cells promotes autophagy. (a) Peripheral blood mononuclear cells (PBMCs) from bacillus Cal-
mette-Guérin-vaccinated individuals were incubated with Mycobacterium tuberculosis sonicate in 10% vitamin D-sufficient human serum for
24 hr and analysed for saponin-resistant LC3-II by FACS. CD14-positive monocytes were identified by CD14 co-staining (% LC3-II" monocytes +
SEM, n = 3). (b) T-cell clones (RDJ and CB) were activated for 6 hr via plate-bound anti-CD3, fixed with paraformaldehyde and co-incubated for 19 hr
with primary human monocytes in 10% vitamin D-sufficient human serum. Monocyte saponin-resistant LC3-II was measured by FACS. T cells and
monocytes were distinguished by CD3 co-staining (% LC3-1I" monocytes £SEM, n = 5; data are summarized from five different monocytes donors, of
which one donor was stimulated with T-cell clone RDJ only, two were stimulated with T-cell clone CB only, and two were stimulated with both T-cell
clones. In the last of these treatments, the data from both T-cell clone stimulations were averaged before inclusion in the figure) *P < 0-05.

strated according to the induction of CYP27B1, VDR,

Discussion and the downstream effector molecules cathelicidin and
In this study we show that two T-cell-derived stimuli, DEFB4, as well as autophagy, all of which are required
IFN-y and CDA40L, activate antimicrobial activity in for effective antimicrobial activity against M. tuberculosis.
human monocytes resulting in growth inhibition of intra- We have previously shown that the TLR2/1L and/or IFN-
cellular M. tuberculosis. In addition, both IFN-y and y-mediated up-regulation of CYP27b1 results in enhanced
CDA40L acted in parallel to induce key components of the intracellular conversion of 25D to 1,25D.>'* Subse-
vitamin D-dependent antimicrobial pathway, suggesting a quently, 1,25D triggered the VDR, resulting in the induc-
common mechanism of antimicrobial response. The abil- tion of genes encoding for cathelicidin and DEFB4
ity of CD40L and IFN-y to trigger key components of the antimicrobial peptides, which both contain vitamin D
vitamin D-dependent antimicrobial pathway was demon- response elements in their promoters.”'>'® In addition,

© 2013 Blackwell Publishing Ltd, /mmunology, 139, 121-128 125
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Figure 4. CD40 ligand (CD40L) induced antimicrobial activity
against Mycobacterium tuberculosis. Primary human monocytes were
infected with M. tuberculosis H37Rv and cultured with medium, sol-
uble CD40 L (sCD40L) and/or recombinant IFN-y (rIFN-y) in 10%
vitamin D-sufficient human serum. Viable bacteria were quantified
by colony-forming unit assay on day 6 (mean 4+ SEM, n =5).
*p < 0.05.

induction of cathelicidin and DEFB4 was dependent on
CYP27b1 and VDR function. Activation of monocytes/
macrophages also induced 25D-dependent autophagy,
important to overcome the ability of M. tuberculosis to
block phagolysosomal maturation®® and facilitate the
delivery of the antimicrobial peptides to the intracellular
compartments containing the pa‘[hogen.z’zo’21 Moreover,
antimicrobial activity of macrophages was dependent
on serum concentration of 25D.” Finally, specific
gene knockdown of cathelicidin and DEFB4 abolished
vitamin D-dependent antimicrobial activity against
M. tuberculosis.">*

In the context of infection, T-cell secretion of IFN-y has
the advantage of locally activating a larger number of
monocytes/macrophages in a contact-independent fashion.
In contrast, T-cell expression of CD40L provides a contact-
dependent mechanism to activate an antimicrobial
response in monocytes. The CD40L-CD40 triggered anti-
microbial pathway thereby allows the acquired immune
system to specifically target infected cells during antigen-
specific interactions between T cells and antigen-presenting
cells. In addition, CD40 activation provides a mechanism
by which M. tuberculosis-specific T cells not secreting IFN-
7, e.g. T helper type 17 and type 22 cells,”® but expressing
CDA40L can trigger an antimicrobial response.

Of relevance, CD40L and IFN-y induced antimicrobial
activity against M. tuberculosis in experiments, in which
sera containing adequate levels of vitamin D were
employed. To our knowledge, our study, in which we
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used serum containing sufficient levels of vitamin D, is
the first report demonstrating that the CD40L-CD40
interaction induces a direct antimicrobial activity against
virulent M. tuberculosis in human monocytes/macrophag-
es. Previously, Larkin ef al, using serum with an
unknown level of vitamin D, found that CD40L did not
inhibit virulent M. tuberculosis in human monocytes."*
The fact that the vitamin D antimicrobial pathway was
triggered by CD40 activation may suggest that this path-
way is linked to the antimicrobial response, as has been
shown in detail in the case of TLR2/1L and IFN-y activa-
tion,»!>!1®192124 The induction of cathelicidin and
DEFB4 has also been demonstrated to be necessary and
sufficient for the induction of antimicrobial activity
against M. tuberculosis by our laboratory and at least
three other groups.>'®'®!%21222326 1t remains to be
determined whether vitamin D levels are critical for the
observed CD40L-induced antimicrobial activity. More-
over, the vitamin D pathway is only one antimicrobial
pathway and it is likely that other antimicrobial pathways
are involved in antimicrobial mechanisms against
M. tuberculosis in human monocytes and macrophages.

Although there was variation in the magnitude by
which CD40L, IFN-y and CD40L plus IFN-y induced
vitamin D antimicrobial pathway genes, the level of
mycobacterial growth inhibition was in the range of
60-70% in all cases. Similarly, IFN-y, TLR2/1 or 1,25D-
mediated growth inhibition of M. tuberculosis in human
monocytes did not exceed 60%.>'>*” These observations
might reflect that there is a quantitative limit on the
number of organisms that can be killed by an individual
monocyte, as has been shown in other in vitro systems.*®
In fact, CD40L and IFN-y, even though synergizing in the
induction of the antimicrobial peptides cathelicidin and
DEFB4, did not synergize in the induction of autophagy.
It is possible that the regulation of additional genes may
be critical for antimycobacterial host defence pathways or
that M. tuberculosis infection of monocytes partially
inhibits CD40 activation pathways, as has been demon-
strated for IFN-y activation.>*’

Although both TLR2/1 ligand and IEN-y induction of
the vitamin D antimicrobial pathway involve different
receptors, activation converges on the induction of IL-15,
triggering a key step in the activation of the vitamin D
antimicrobial pathway.>*’ Interleukin-15 is also induced
by CD40L on the surface of dendritic cells’ with the
IL-15/IL15Ro chain complex able to activate IL-15Rpf/
IL-15Ry chain expressing target cells in trans.> The
CD40L induced pro-inflammatory cytokine response is
inhibited by 1,25D, so that the generation of 1,25D at the
site of infection might provide a negative feedback mech-
anism that prevents excessive inflammation.*® This may
be supported by the ability of CD40L-expressing T cells
to promote CYP27bl expression and function in den-
dritic cells resulting in the conversion of 25D to 1,25D,

© 2013 Blackwell Publishing Ltd, /Immunology, 139, 121-128
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and the subsequent regulation of the balance between reg-
ulatory and inflammatory T-cell responses.’* In addition
to its direct effect on activating the vitamin D-dependent
antimicrobial pathway, CD40 activation can contribute
indirectly to the host response through induction of the
IL-12 and consequently the Thl cytokine IFN-7.>*°

The key role for CD40 activation in host defence against
M. tuberculosis is reflected by the increased susceptibility
of individuals with genetic mutations in the CD40L-CD40
axis to mycobacterial infections.’*® Although the role of
CD40L in mouse models of tuberculosis is less clear,’”*
the antimicrobial pathways that kill M. tuberculosis
in mouse versus human macrophages are different.*’
CD40L might also contribute to disease pathology in
human mycobacterial infection, given its ability to provide
T-cell help for CD40-expressing B cells, resulting in B-cell
proliferation and isotype class switching.*

In summary, the present data provide insight into how
CD40 activation contributes to host defence against
tuberculosis in humans, demonstrating that CD40 triggers
an antimicrobial activity against the pathogen in infected
cells. In addition, the demonstration that two parallel
T-cell-mediated pathways, i.e. IFN-y and CD40L, con-
verge on a common vitamin D-dependent antimicrobial
mechanism, further suggests the relevance of this pathway
for host defence. The existence of the parallel IFN-y and
CD40L mechanisms by which T cells trigger antimicrobial
responses supports a pivotal role for the acquired
immune system in activating monocytes and macrophages
in the host defence against tuberculosis in humans.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Monocytes express CD40. (A) Freshly iso-
lated primary human monocytes were stained for CD40
surface expression and analysed by FACS (grey shaded
area: CD40 antibody, black line: isotype control). (B) Pri-
mary human monocytes were stimulated with soluble
CD40 ligand and interleukin-1f secretion into cell culture
supernatants was measured by Cytokine Bead Array
(CBA) after 20 hr (n = 5).
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