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Dendritic cells from X-linked hyper-lgM patients present
impaired responses to Candida albicans and

Paracoccidioides brasiliensis
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Background: Patients with X-linked hyper-IgM syndrome
(X-HIGM) due to CD40 ligand (CD40L) mutations are
susceptible to fungal pathogens; however, the underlying
susceptibility mechanisms remain poorly understood.
Objective: To determine whether monocyte-derived dendritic
cells (DCs) from patients with X-HIGM exhibit normal
responses to fungal pathogens.

Methods: DCs from patients and controls were evaluated for the
expression of costimulatory (CD80 and CD86) and MHC class I1
molecules and for their ability to produce IL-12 and IL-10 in
response to Candida albicans and Paracoccidioides brasiliensis.
We also evaluated the ability of C albicans— and P brasiliensis—
pulsed mature DCs to induce autologous T-cell proliferation,
generation of T helper (Tg) 17 cells, and production of IFN-vy,
TGF-B, IL-4, IL-5, and IL-17.

Results: Immature DCs from patients with X-HIGM showed
reduced expression of CD80, CD86, and HLA-DR, which could
be reversed by exogenous trimeric soluble CD40L. Most
important, mature DCs from patients with X-HIGM
differentiated by coculturing DCs with fungi secreted minimal
amounts of IL-12 but substantial amounts of IL-10 compared
with mature DCs from normal individuals. Coculture of mature
DCs from X-HIGM patients with autologous T cells led to low
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IFN-y production, whereas IL-4 and IL-5 production was
increased. T-cell proliferation and IL-17 secretion were normal.
Finally, in vitro incubation with soluble CD40L reversed the
decreased IL-12 production and the skewed Ty2 pattern
response.

Conclusion: Absence of CD40L during monocyte/DC
differentiation leads to functional DC abnormalities, which may
contribute to the susceptibility to fungal infections in patients
with X-HIGM. (J Allergy Clin Immunol 2011 ;mms;mus-uuN,)

Key words: CD40 ligand deficiency, fungal infections, dendritic
cells, X-linked hyper-IgM syndrome, primary immunodeficiency

Most primary immunodeficiency disorders are characterized
by an unusual susceptibility to particular infectious pathogens.
In general, the class of pathogen points toward the type of
immunological defect that is present; for example, extracellular
bacterial pathogens are typically associated with a humoral
immune deficiency, whereas the occurrence of opportunistic
infections raises the suspicion of a cellular immune deficiency.
Fungal infections are found predominantly in patients with
innate, combined, or more complex immune disorders such as
chronic granulomatous disease, myeloperoxidase deficiency,
congenital neutropenias, defects in the IFN-y/IL-12 axis,
hyper-IgE syndromes, severe combined immunodeficiency, or
Wiskott-Aldrich syndrome.’

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs) that initiate and modulate the immune response.2
They are present in most tissues and recognize different
pathogen-associated molecular patterns.3 After DCs recognize,
capture, and process antigens, they mature and display large
numbers of HLA-DR-peptide complexes on their cell surface,
thereby instructing antigen-specific T cells to trigger immune re-
sponses. This phenomenon is also observed during fungal
infections.*

X-linked hyper-IgM syndrome (X-HIGM), caused by muta-
tions in the CD40 ligand (CD40L) gene, is unique in that it pri-
marily affects the development of normal humoral immunity
but also predisposes affected patients to fungal infections with-
out a well-defined cellular immune defect.>® CD40L (CD154)
is inducible and expressed on the surface of activated CD4"
T cells or released in a soluble form.'®!" It has pleiotropic
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Abbreviations used
APCs: Antigen-presenting cells
CD40L: CD40 ligand
DCs: Dendritic cells
iDCs: Immature DCs
mDCs: Mature DCs
PTX3: Pentraxin 3
sCD40L: Soluble CD40 ligand
X-HIGM: X-linked hyper-IgM syndrome

functions in the immune response, activating both B cells and
APCs. Invivo and in vitro murine studies demonstrate that CD40L
is involved in IL-12 production by APCs, which express CD40
constitutively, and enhances the expression of MHC class I and
class II molecules and costimulatory molecules CD80 and
CD86, which cooperate for T-cell-mediated immunity coordi-
nated by IFN-vy.'*!3

Previous work has demonstrated defective postthymic T-cell
maturation and effector function in human CD40L deﬁciency,14
but the mechanistic basis of these defects remains to be clarified.
Because DCs play a critical role in the development of T-cell-me-
diated immune responses, and defective T-cell function contrib-
utes to susceptibility to opportunistic infections such as fungal
infections, we hypothesized that DC function could be impaired
in patients with X-HIGM and affect T-cell responses. The aim
of this work was, therefore, to investigate DC function in patients
with CD40L deficiency.

METHODS
Subjects

We studied 5 Brazilian patients (age range: 4-18 years) from 5 unrelated
families with a clinical and genetic diagnosis of X-HIGM according to the
criteria of the International Union of Immunological Societies Expert
Committee on Primary Immunodeficiencies.' In addition to recurrent bacte-
rial infections, all the patients presented with fungal infections (Preumocystis
Jiroveci pneumonia, candidiasis, or paracoccidioidomycosis) that were either
uncommon or particularly severe. The patients were never neutropenic, nei-
ther immediately before nor during the fungal infections. Informed consent
was obtained from all patients or from their parents, and blood was collected
under institutional guidelines. The study was approved by the Ethics Commit-
tee of the Institute of Biomedical Sciences, University of Sao Paulo. All data
obtained from the patients were compared with data obtained from young
adult healthy male controls ranging in age from 22 to 29 years.

DC generation

Immature DCs (iDCs) were obtained as described by Barbuto et a
Briefly, PBMCs were isolated from heparinized blood after Ficoll-Hypaque
sedimentation and adherent monocytes were cultured for 5 days in the pres-
ence of GM-CSF and IL-4. The nonadherent cells, mainly lymphocytes,
were stored at —80°C to be used in the lymphocyte stimulation assays. Mature
DCs (mDCs) were obtained by activating the adherent iDCs with Paracocci-
dioides brasiliensis (cultivated as previously described),'” Candida albicans
(a clinical isolate from Sanset Medical Laboratory, Mogi das Cruzes, Sao
Paulo, Brazil), or soluble CD40L (sCD40L) (1 pwg/mL) (Invitrogen, Carlsbad,
Calif) for 48 hours. P brasilliensis and C albicans were heat killed at 60°C for
60 minutes, counted, and adjusted to a DC/fungus ratio of 1:10. After 2 days of
incubation, cell viability was determined by Trypan blue exclusion and mDCs
were harvested and phenotyped. Based on the expression pattern of HLA-DR,
CD14, CDl1c, CD40, CD80, CD86, and CD83, this approach was successful
in generating homogeneous populations of iDCs and mDCs.

1.16
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Phenotyping of DCs

iDCs or mDCs were removed from the 6-well cell culture plates and
washed with PBS-containing 0.5% BSA. The expression of Toll-like receptor
2 (TLR2), TLR4, CD14, CD40, CD86, CD80, CD83, and MHC class I and 1I
molecules was assessed with cell surface staining by using specific,
fluorophore-conjugated monoclonal antibodies (Becton Dickinson, Mountain
View, Calif) and analyzed as previously described.'®

Lymphocyte stimulation assay

To measure the ability of mDCs to activate autologous T lymphocytes, the
adherent iDCs and C albicans—or P brasiliensis—pulsed mDCs were harvested
by using cold medium and counted; their viability was determined by Trypan
blue exclusion as previously described.'* iDCs or mDCs were cocultured with
autologous T cells at a ratio of 1:10 (DCs/lymphocytes) for 5 days and T-cell
proliferation and cytokine production (IFN-vy, IL-4, IL-5, IL-17, and TGF-8)
were determined. Prior to coculture, lymphocytes were stained with 5 mM 5,6-
carboxyfluorescein diacetate succinimidyl ester (Molecular Probes, Eugene,
Ore) following the manufacturer’s instructions. After labeling, lymphocytes
were cocultured either with iDCs or with P brasiliensis— or C albicans—pulsed
mDCs at a ratio of 1:10 (DCs/lymphocytes), for 5 days at 37°C in 5% CO,, in
96-well round-bottom plates (Greiner Bio-One, Frickenhausen, Germany) in a
final volume of 300 wL of RPMI 1640, supplemented with 10% FCS. Imme-
diately before flow cytometry, cells were stained with anti-CD4 and anti-CD8
(Becton Dickinson).

Evaluation of Ty17 function

Ty17 cells were analyzed as previously described."” Briefly, PBMCs and
nonadherent cells containing mainly lymphocytes from patients and healthy
controls were stimulated overnight with 10 ng/mL of phorbol 12-myristate
13-acetate plus 1 pg/mL of ionomycin (Sigma-Aldrich, St Louis, Mo) and
C albicans—pulsed DCs at a ratio of 1:10 (DCs/lymphocytes), respectively.
For both situations, the cells were cultivated in the presence of GolgiPlug
(BD Biosciences, San Jose, Calif). After cell-surface staining with
phycoerythrin-conjugated anti-CD4 (eBioscience, San Diego, Calif), cells
were fixed, permeabilized (Cytofix/Cytoperm, BD Biosciences), and stained
with Alexa Fluor 647—conjugated anti—IL-17-A (eBioscience). Flow cytomet-
ric studies were performed on a BD FACSCanto II Cytometer and analyzed by
using FlowJo software (Treestar, Inc, Ashland, Ore). The IL-17 release is de-
scribed below.

Analysis of cytokine and pentraxin 3 release

DC culture supernatants were evaluated for the presence of pentraxin 3
(PTX3), IL-12p70, and IL-10 after 48-hour activation by C albicans or P bra-
silliensis. T cell/DC culture supernatants were evaluated for the presence of
IL-17, TGF-B, IFN-v, IL-4, and IL-5 after 5 days of coculture. PTX3 and cy-
tokine levels were measured by using ELISA, according to the manufacturer’s
instructions (Becton Dickinson).

Statistical analysis

Statistical significance was assessed by using the nonparametric Mann-
Whitney test. Data were expressed as median and 25th and 75th percentiles.
The statistical analyses were performed by using the GraphPad PRISM 4.03
software (GraphPad Software, San Diego, Calif), and differences with a P
value of less than .05 were considered significant.

RESULTS

Because of the essential role that DCs play as professional
APCs in triggering cell-mediated immune responses that are
essential for controlling fungal infections, we generated mono-
cyte-derived DCs from patients with X-HIGM and studied their
differentiation and function.
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FIG 1. Normal expression and secretion of pattern recognition receptors by iDCs from patients with
X-HIGM. Flow cytometric analysis of iDCs derived from peripheral blood monocytes (PBMs) in the presence
of GM-CSF and IL-4 showed the expected CD14 downregulation (A). X-HIGM iDCs demonstrate normal
expression of TLR2 and TLR4 (B) and secrete normal amounts of PTX3 compared with normal controls
(C) (P<.05; n = 5, Mann-Whitney test). MFI, Mean fluorescence intensity.

iDCs from CD40L-deficient patients express normal
TLR2, TLR4, and CD14 but reduced CD80, CD86, and
HLA-DR that can be reversed by treating iDCs with
sCD40L

Because of previous reports suggesting an important role for
CD14 and TLRs 2 and 4 in the immune response against
fungi,zo'22 we evaluated their expression on peripheral blood
monocytes and iDCs by flow cytometry using specific anti-
bodies. iDCs from CD40L-deficient patients showed the ex-
pected downregulation of CD14 as in healthy controls (Fig 1,
A). Expression of TLR2 and TLR4 was also similar among pa-
tients and controls (Fig 1, B). PTX3, the unique humoral pat-
tern—recognition receptor that plays a nonredundant function
in innate resistance to fungal infections, is predominantly pro-
duced by DCs and is regulated in part by CD40L-CD40 signal-
ing.23’24 We therefore investigated the production of PTX3 by
iDCs from patients with X-HIGM, which was similar to that
in normal controls (Fig 1, C).

Because CD40L has been reported to modulate the expression
of CD80, CD86, and HLA-DR,'® we analyzed the expression of
these molecules. iDCs from patients with X-HIGM showed

reduced levels of HLA-DR, CD80, and CD86 expression com-
pared with normal controls (Fig 2, A and B). The importance of
CD40L-CD40 interaction for the phenotype of DCs was con-
firmed by the fact that the addition of sCD40L to the culture up-
regulated costimulatory (CD80/CD86) and HLA-DR molecules
on mDCs from patients with X-HIGM to normal levels (Fig 2,
A and B).

To determine whether maturation of iDCs increases the
expression of costimulatory and HLA-DR molecules, we stimu-
lated iDCs with heat-killed C albicans or P brasiliensis for 48
hours. The resulting mDCs from patients with X-HIGM showed
persistently decreased expression of HLA-DR and CD80 mole-
cules compared with normal controls (Fig 2, A and B), but the ex-
pression of CD86 although somewhat reduced was not
significantly affected (Fig 2, C). Notably, after stimulation with
P brasiliensis, CD86 expression was downregulated on mDCs
from patients with X-HIGM and from healthy controls, an obser-
vation that agrees with previous reports.>

In addition, normal expression of CD40, CD83, and HLA-ABC
molecules was found on the surface of mDCs from patients with
X-HIGM (data not shown).
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FIG 3. DCs from CD40L-deficient patients induced normal Ty17 cell generation. Patients with X-HIGM
showed a percentage of Ty17 cells similar to that in normal controls after stimulation of T cells with
iDCs, phorbol 12-myristate 13-acetate plus ionomycin, or C albicans-pulsed mDCs (A). The levels of IL-17
in cocultures of T cells with C albicans— or P brasiliensis-pulsed mDCs from patients with X-HIGM were
also similar to those of normal controls (B) (P> .05 in all situations; n = 5, Mann-Whitney test). PMA, Phorbol

12-myristate 13-acetate.

DCs from CD40L-deficient patients promote normal
generation of Ty17 cells

Recent studies demonstrated a crucial role for IL-17 in the
human immune response against C albicans,*® and experiments
in mice suggest that CD40L-CD40 interaction is involved in the
regulation of IL-17 production.””*® To address the possibility
that a defect in the generation of Ty17 cells underlies the suscep-
tibility of patients with X-HIGM to fungal pathogens, we quanti-
fied the percentage of Ty17 cells and the secretion of IL-17 in the
coculture of patient DCs with autologous T cells. We detected a
similar percentage of Tyl7 cells between patients with
X-HIGM and normal controls after activation of PBMCs with
phorbol 12-myristate 13-acetate and ionomycin (Fig 3, A). No dif-
ferences were observed in the percentage of Ty17 cells when T
cells were stimulated by mDCs pulsed with C albicans from
CD40L-deficient patients (Fig 3, A). In order to assess whether
DCs from patients with X-HIGM are able to induce the secretion
of IL-17 by Ty17 cells, we measured IL-17 levels in coculture su-
pernatants of C albicans— or P brasiliensis—pulsed mDCs with au-
tologous T cells (Fig 3, B). IL-17 levels were similar in coculture
supernatants from patients with X-HIGM and normal controls.
Addition of sCD40L did not increase IL-17 production (Fig 3, B).

mDCs from CD40L-deficient patients show
imbalanced production of IL-12/IL-10

We tested the ability of P brasiliensis— or C albicans—pulsed
mDCs from patients with X-HIGM to produce IL-12 and IL-10.

After 48 hours of culture, X-HIGM mDCs produced significantly
less IL-12 (Fig 4, A) and significantly more IL-10 compared with
the amounts produced by mDCs from normal control subjects
(Fig 4, B). sCD40L was however able to restore IL-12 production
by X-HIGM DCs to levels similar to those in normal controls
(Fig 4, A).

DCs from CD40L-deficient patients induce similar
levels of lymphocyte proliferation compared with
normal controls

We tested the ability of DCs from CD40L-deficient patients to
induce autologous T-cell proliferation. After 5 days of coculture,
cells were harvested and the proliferation of CD4" and CD8™"
T cells was evaluated by flow cytometry using a 5,6-
carboxyfluorescein diacetate succinimidyl ester dye-dilution
approach. Lymphocyte proliferation induced by autologous
X-HIGM and normal control iDCs was similar for CD4* and
CD8™ T cells (Fig 5, A and B). Similar results were obtained
when autologous T cells were cocultivated with P brasiliensis—
or C albicans—pulsed mDCs (Fig 5, A and B).

mDCs from CD40L-deficient patients induce a T2-
skewed T-cell response

CDA40L has been shown to be important for IL-12/IFN-y (Ty1)
production in response to different opportunistic pathogens.?
Notably, the protective immune response against fungi induced
by IL-12/IFN-y can be suppressed by IL-4, IL-5, and IL-10

&
<

FIG 2. DCs from CD40L-deficient patients express reduced CD80, CD86, and HLA-DR levels that can be
restored to normal levels by stimulation with sCD40L. Flow cytometric analysis of iDCs showing that cells
from patients with X-HIGM express reduced levels of HLA-DR, CD80, and CD86 (A and B). mDCs incubated
with sCD40L show expression of costimulatory and HLA-DR molecules at levels similar to those in normal
controls (Fig 2, A and B). mDCs incubated with C albicans and P brasiliensis exhibit reduced expression of
HLA-DR and CD80 but normal levels of CD86 (C) relative to normal controls. Significant differences are de-
noted by asterisk (P < .05; n = 5, Mann-Whitney test). MFI, Mean fluorescence intensity.
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FIG 4. IL-12 and IL-10 production by X-HIGM mDCs. mDCs from patients
with X-HIGM secrete decreased IL-12 but increased IL-10 in response to P
brasiliensis and C albicans. After sCD40L stimulation of X-HIGM mDCs,
IL-12 and IL-10 secretions were restored to a pattern similar to that ob-
served in healthy controls (A and B). Significant differences are denoted
by asterisk (P < .05; n = 5, Mann-Whitney test).

(Ty2 pattern).30 To determine whether the differences observed in
mDC cytokine production lead to altered APC function, we evalu-
ated T-cell cytokine production by using an autologous coculture
system. We observed that coculture of P brasiliensis— and C albi-
cans—pulsed mDCs from CD40L-deficient patients with the non-
adherent cell fraction containing mainly T cells led to lower
IFN-v production (Fig 6, A) and higher IL.-4 and IL-5 production
compared with normal controls (Fig 6, B and C). However,
although somewhat increased, the levels of IL-4 were not statisti-
cally affected when the T cells were cocultured with P brasilien-
sis—pulsed mDCs from CD40L-deficient patients (Fig 6, B).
Nevertheless, the cytokine patterns were similar in X-HIGM and
control cocultures when mDCs were stimulated with sCD40L,
strongly suggesting that the CD40L-CD40 interaction contributes
to the balance of Tyl and Ty2 cells (Fig 6). In contrast, we ob-
served no significant difference in TGF-f3 production in cocultures
of P brasiliensis— or C albicans—pulsed mDCs and autologous T
cells from patients with X-HIGM and controls (data not shown).

The skewed Ty2 pattern response of CD40L-
deficient patients can be reversed by exogenous
sCD40L

To further address the role of CD40L in balancing Ty 1/TH?2 re-
sponses, we determined whether sCD40L could reverse the
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impaired IFN-y production observed in response to C albicans
in patients with X-HIGM. As shown in Fig 7, stimulation of
X-HIGM T-cell/mDC cocultures with exogenous sCD40L and
C albicans caused normal production of IFN-y and IL-4.

DISCUSSION

To better understand whether impaired cross-talk between
APCs and T cells contributes to the observed T-cell dysfunction in
CDA40L deficiency, we investigated the differentiation and func-
tion of DCs from patients with X-HIGM. We found that iDCs
from these patients have normal expression of TLR2 and TLR4,
normal production of PTX3, and CD14 downregulation that was
similar to that observed in cells from normal controls. However,
iDCs from these patients had reduced cell-surface expression of
CD80, CD86, and HLA-DR. When DCs were activated with C
albicans or P brasiliensis, X-HIGM mDCs were found to have re-
duced CD80 and HLA-DR expression, and most important, ex-
hibited markedly reduced IL-12 production and increased IL-10
production when compared with normal controls. Coculture of
mDCs with autologous T cells resulted in significantly reduced
IFN-y production whereas IL-4 and IL-5 production was in-
creased. In contrast, the ability to induce CD4" and CD8 " T cells
to proliferate, and generate TGF-{ and IL-17, was comparable in
mDCs from patients with X-HIGM and normal controls. These
observations suggest that the maturation of DCs in patients with
X-HIGM is partially impaired and may directly contribute to their
susceptibility to fungal infections. The possibility that the differ-
ences we observed between patients with X-HIGM (age range:
4-18 years) and young adult controls are age related is unlikely
since no differences in the phenotype and function of DCs and
T-cell-mediated immunity were observed between children older
than age 3 years and adults.®!

HLA-DR and CD80/CD86 expressed on professional APCs
such as DCs bind to the T-cell receptor and to CD28 on T cells to
provide the costimulatory signals required to induce T-cell
activation.>? The reduced expression of HLA-DR and CD80/
CD86 by iDCs and mDCs derived from CD40L-deficient patients
suggests defective costimulatory signaling and as a result, inef-
fective T-cell activation. Our data suggest that exposure to
CD40L during the development of monocytes and DCs contrib-
utes to appropriate expression of molecules that are crucial for
T-cell-derived activation and costimulation.'® These findings
are also in accordance with those from Fontana et al'® who dem-
onstrated reduced expression of CD80/CD86 and HLA-DR on
iDCs from CD40-deficient patients.

Recent studies in humans revealed a crucial role for IL-17 in
the immune response to C albicans, a process that requires
APC-T-cell cross-talk.> Although no relationship between
CD40L-CD40 interaction and Ty17 polarization has been de-
scribed in humans, this issue has been addressed recently in
mice, with contradictory results. Katzman et al*® reported that
the absence of CD40L-CD40 interaction results in a markedly in-
creased percentage of IL-17—producing cells, whereas Iezz et al*’
observed reduced numbers of T17 cells. Interestingly, we found
a normal percentage of Tyl7 cells and IL-17 secretion in
X-HIGM, suggesting that in humans, CD40L-CD40 interaction
is either not involved in the generation of Ty17 cells or other
yet unknown mechanisms compensate for the absence of
CD40L-CD40 interaction. In addition, we found normal phospho-
rylation of STATS3, a transcription factor essential for Ty17 cell
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FIG 5. X-HIGM DCs induce normal CD4" and CD8™ T-cell proliferation in coculture. iDCs and P brasiliensis—
or Calbicans-pulsed mDCs from patients with X-HIGM (blue) showed a normal capacity to induce CD4" and
CD8™" T-cell proliferation compared with healthy control cells (red) (A and B) (P> .05 in all situations; n = 5,
Mann-Whitney test). CFSE, 5,6-Carboxyfluorescein diacetate succinimidyl ester.

differentiation,'® in CD4 " T cells in the cocultures of C albicans—
pulsed mDCs with T cells from patients with X-HIGM (data not
shown).

DCs are essential for the initiation of specific immune re-
sponses to fungal infections by producing IL-12 and inducing the
generation of IFN-vy, which is essential for cell-mediated immune
responses.4 Production of IL-12 by DCs can be initiated either by
a T-cell-dependent pathway primarily induced by CD40L-CD40
interaction or by a T-cell-independent pathway induced by direct
recognition of microbial products through pattern recognition re-
ceptors.*® Our findings that DCs from CD40L-deficient patients
produce markedly reduced amounts of IL-12p70 but higher con-
centrations of IL-10 in response to stimulation with C albicans
and P brasiliensis strongly suggest that CD40L has a nonredun-
dant role in inducing IL-12p70 production and downregulating
IL-10.

Previously, a Ty2 pattern of cytokine production (predomi-
nance of IL-4, IL-5, and IL-10 and decreased IL-12 and IFN-v)
has been associated with increased susceptibility to fungal infec-
tions in humans.*° Furthermore, antifungal immune responses co-
ordinated by IFN-y can be suppressed at both the inductive and
effector levels, particularly by Ty2 inhibitory cytokines (IL-10,
IL-4, IL-5).*° Our data strongly suggest an essential role for
CD40L-CD40 interaction in driving the protective cellular im-
mune response against fungal infections. As expected from the
decreased IL-12 and increased IL-10 production by mDCs, the
generation of IFN-y by X-HIGM T cells in coculture was

markedly reduced. In addition, IL-4 production in response to C
albicans and IL-5 production in response to C albicans and P bra-
siliensis were increased in cultures of patient cells. The restora-
tion of a normal pattern of cytokine production by sCD40L
stimulation of the X-HIGM DCs confirms the important role of
CD40L-CD40 interactions in these physiologic processes. Nota-
bly, sCD40L does not affect the proliferation of CD4* or CD8* T
cells, Ty17 generation, or TGF-3 production when T cells from
patients with X-HIGM were cocultured with autologous DCs.

Our data support and extend observations made by other
groups, who used different in vitro systems to address the involve-
ment of CD40L-CD40 in driving the T-cell-mediated immune re-
sponse. Jain et al'"* demonstrated reduced IL-12 production by
PBMCs from CDA40L-deficient patients when stimulated with
PHA, LPS, anti-CD3, or Staphylococcus aureus, Cowan’s strain
I. Similarly, Subauste et al®> demonstrated impaired IL-12 and
IFN-y production by Toxoplasma gondii—stimulated PBMCs
from 3 patients with X-HIGM, which could be reversed by
sCD40L. Furthermore, they demonstrated that neutralization of
IL-12 almost completely ablated the stimulatory effect of
CD40L on IFN-vy production. Similar data were obtained by Fon-
tana et al'® who evaluated DCs from 2 patients with CD40 defi-
ciency and found low levels of IL-12 but high levels of IL-10 in
the supernatants of DC cultures. In addition, LPS + IFN-
vy—activated mDCs from CD40-deficient patients induced im-
paired allogenic T-cell immune response, which was reversed
by blocking IL-10 with an anti—IL-10 neutralizing antibody.
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FIG 6. In cocultures, mDCs from CD40L-deficient patients skew T-cell re-
sponse to a Ty2 pattern. Lower levels of IFN-y and higher IL-4 and IL-5 pro-
duction (A-C) were detected in cells from patients with X-HIGM. This was
reversed to a pattern similar to that in normal controls when X-HIGM
mDCs were matured in the presence of sCD40L. Significant differences
are denoted by asterisk (P < .05; n = 5, Mann-Whitney test).

In conclusion, the functional impairment of DCs from patients
with X-HIGM shown here provides potential pathophysiologic
insights to explain the increased fungal susceptibility observed in
patients with defective CD40L-CDA40 signaling. Our data suggest
that the impaired interaction of DCs and T cells results in
ineffective T-cell-mediated immune responses without affecting
T-cell proliferation as demonstrated by coculture experiments of
autologous DCs and T cells. Finally, impaired CD40L-CD40
interaction during the development of monocytes and DCs affect
their differentiation and costimulatory receptor expression,
skewing the induced T-cell responses to a T2 pattern.
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FIG 7. The imbalanced production of IFN-y and IL-4 is reversed by exog-
enous sCD40L. Supernatants of T cells cocultured with C albicans-pulsed
mDCs from patients with X-HIGM showed reduced level of IFN-y, which
was upregulated by exogenous sCD40L (A), while increased level of IL-4
was downregulated (B). Significant differences are denoted by asterisk
(P < .05; n = 5, Mann-Whitney test).
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Clinical implications: This work suggests that the absence of
CD40L impairs DC differentiation and may contribute to the

increased susceptibility of patients with X-HIGM to life-
threatening fungal infections.
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