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Aberrant activation of the B-cell compartment and hypergammaglobulinemia were among the first recog-
nized characteristics of HIV-1-infected patients in the early 1980s. It has been demonstrated previously that
HIV-1 particles acquire the costimulatory molecule CD40L when budding from activated CD4™ T cells. In this
paper, we confirmed first that CD40L-bearing virions are detected in the plasma from untreated HIV-1-
infected individuals. To define the biological functions of virus-associated CD40L and fully characterize its
influence on the activation state of B cells, we conducted a large-scale gene expression analysis using microar-
ray technology on B cells isolated from human tonsillar tissue. Comparative analyses of gene expression
profiles revealed that CD40L-bearing virions induce a highly similar response to the one observed in samples
treated with a CD40 agonist, indicating that virions bearing CD40L can efficiently activate B cells. Among
modulated genes, many cytokines/chemokines (CCL17, CCL22), surface molecules (CD23, CD80, ICAM-1),
members of the TNF superfamily (FAS, A20, TNIP1, CD40, lymphotoxin alpha, lymphotoxin beta), transcrip-
tion factors and associated proteins (NFKB1, NFKBIA, NFKBIE), second messengers involved in CD40
signaling (TRAF1, TRAF3, MAP2K1, phosphatidylinositol 3-kinase), and the activation-induced cytidine
deaminase (AID) were identified. Moreover, we show that soluble factors induced upon the exposure of B cells
to CD40L-bearing virions can exert chemoattractant properties toward CD4™ T cells. We thus propose that a
positive feedback loop involving CD40L-bearing HIV-1 particles issued from CD4™ T cells productively
infected with HIV-1 play a role in the virus-induced dysfunction of humoral immunity by chronically activating

B cells through sustained CD40 signaling.

Human immunodeficiency virus type 1 (HIV-1) is the causal
agent of AIDS, which is characterized by a slow but relentless
deterioration of the immune system. The virus-mediated
detrimental effects on the various cell populations that partic-
ipate in the normal immune response are numerous, resulting
in a generalized deficiency in the ability to respond to immu-
nological threats adequately. One of the major hallmarks of
HIV-1 infection is a progressive loss of CD4" T cells, a pri-
mary target of the virus. Interestingly, B-lymphocyte functions
also are severely disrupted in the context of a natural infection,
even though there is little evidence that this cell subset is
productively infected by HIV-1 in vivo. For example, original
reports often describe the elevated production of type G im-
munoglobulins (IgG) (referred to as hypergammaglobuline-
mia), increased B-cell turnover, polyclonal B-cell activation,
and differentiation coupled with poor responses against novel
and common recall antigens in samples from HIV-1-infected
patients (19, 25, 30, 31, 40-42, 49). These effects are correlated
with elevated viral loads and usually disappear over time in pa-
tients treated with highly active antiretroviral therapy (12, 19, 46).

* Corresponding author. Mailing address: Centre de Recherche en
Infectiologie, RC709, Centre Hospitalier Universitaire de Québec-
CHUL, 2705 Boul. Laurier, Québec, Canada G1V 4G2. Phone: (418)
656-4141, ext. 48274. Fax: (418) 654-2715. E-mail: michel.j.tremblay
@crchul.ulaval.ca.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

i+ These authors contributed equally to this work.

¥ Published ahead of print on 22 December 2010.

2189

However, the exact mechanisms responsible for B-cell abnormal-
ities still are ill defined but might have a multifactorial origin
(reviewed in reference 39).

B-cell activation is a tightly regulated process that necessi-
tates multiple spatially and temporally regulated signal trans-
duction events. One of the most important secondary signals
following the binding of the B-cell receptor to a cognate anti-
gen is the interaction between CD40 on the surface of a B cell
and CD40L (CD154) expressed by an activated T cell (4, 7, 24,
54). This event culminates in the formation of a germinal
center, B-cell proliferation, plasma cell differentiation, and the
induction of somatic hypermutation (SHM) and class switch
recombination (CSR) processes to generate highly specific
IgG, IgA, or IgE antibodies, which depends on the activation-
induced cytidine deaminase (AID) (26).

It has been established previously that host-derived CD40L
can be inserted at the surface of HIV-1 particles produced by
peripheral blood and tissue CD4™" T cells in vitro (34). Impor-
tantly, the attachment of CD40L-bearing virions onto primary
human B cells is sufficient to induce potent cellular activation,
which demonstrates the functionality of such host-derived mol-
ecules (33). The capacity of CD40L to interact with its natural
cognate ligand CD40 on the surface of B cells was confirmed
by showing that CD40L-bearing viruses induce homotypic cell
aggregation, the nuclear translocation of NF-«kB, and IgG se-
cretion (33). We report herein that CD40L incorporation is a
physiological phenomenon, since this cell surface molecule is
detected when using an in vivo source of virus (i.e., plasma
virus from patients). We demonstrate also that virus-associated
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host CD40L is capable of inducing signal transduction events
in human primary tissue B cells through CD40. Data from
DNA microarray experiments revealed that the transcriptomic
profile of B cells exposed to CD40L-bearing virions resembles
the one seen with a CD40 agonist. Therefore, it can be pro-
posed that the insertion of host-derived CD40L into the HIV-1
envelope is responsible for some of the multiple functional
alterations detected in the B-cell compartment of HIV-1-in-
fected individuals.

(This study was performed by M.I. in partial fulfillment of a
Ph.D. degree in the Microbiology-Immunology Program, Fac-
ulty of Medicine, Laval University.)

MATERIALS AND METHODS

Ethics statement. Samples from tonsillar tissues were obtained from patients
in accordance with the guidelines of the Bioethics Committee from the Centre
Hospitalier de I'Université Laval. All parents signed an ethics board-approved
informed consent form.

Isolation and purification of tonsillar B and CD4™ T cells. Tonsillar tissues
were obtained from 2- to 4-year-old patients undergoing routine tonsillectomy at
the Centre Hospitalier de I'Université Laval (Québec, Canada). Briefly, tonsillar
tissue was chopped into small pieces and minced. The resulting cell suspension
was washed in culture medium containing Fungizone (250 ng/ml), filtered
through a 30-pm nylon mesh cell strainer (Miltenyi Biotec Inc., Auburn, CA),
and separated using a StemSep human B-cell enrichment kit (StemCell Tech-
nologies, Vancouver, Canada). Isolated B cells (CD19") were maintained at a
density of 10 X 10° cells/ml in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS), penicillin (100 U/ml), streptomycin (100 wg/ml), Fungizone (250
ng/ml), recombinant human interleukin-4 (IL-4) (400 U/ml), and IL-10 (50
ng/ml) (both from R&D Systems Inc., Minneapolis, MN). It should be noted that
the isolated B cells were rested for 48 h before the start of the experiment.
Therefore, the vast majority of germinal center B cells and plasma cells are likely
to die in the tonsillar sample, leaving primarily memory and naive B cells for our
studies. Primary human tonsillar CD4™ T cells were purified using a StemSep
human CD4* T cell enrichment kit according to the manufacturer’s instructions
(StemCell Technologies) and maintained in complete culture medium (i.e.,
RPMI-1640 supplemented with 10% FBS and 1% penicillin-streptomycin) at a
density of 2 X 10° cells/ml. Experiments were performed with cell preparations
that were highly enriched in the studied cell subpopulations (e.g., B-cell purity,
>95% CD19"; CD4" T-cell purity, >98% CD3*/CD4").

Flow cytometry. Before antibody staining, tonsillar B cells were treated with
10% pooled human sera for 30 min on ice and washed with cold phosphate-
buffered saline (PBS) to block nonspecific binding sites and Fc receptors. Cells
then were pelleted and resuspended at a density of 10 X 10° cells per 100 ul of
cold sterile endotoxin-free PBS (pH 7.4) containing a saturating amount of either
PE-coupled mouse anti-human CD19, fluorescein isothiocyanate (FITC)-cou-
pled mouse anti-human CD54 (ICAM-1), FITC-coupled mouse anti-human
CD80, or an appropriate isotype-matched control antibody (i.e., PE- or FITC-
coupled IgG1) (all from BD Biosciences, Mississauga, Canada) for 20 min on ice.
The purity of isolated B and CD4™" T cells was assessed using antibodies directed
against CD19 for B lymphocytes or CD3 and CD4 for CD4™" T cells, followed by
appropriate secondary antibodies. Cells were washed three times in cold sterile
endotoxin-free PBS, fixed in 2% paraformaldehyde for 30 min at 4°C, and
analyzed on a cytofluorimeter (EPICS XL; Beckman Coulter, Miami, FL).

Detection of CD40L in circulating virions from patient plasma. Plasma virus
from three distinct HIV-1-infected individuals (untreated/viremic) (kindly pro-
vided by R.-P. Sékaly, Université¢ de Montréal, Montréal, Canada) was isolated
using the WMACS Streptavidin MicroBeads test by following the manufacturer’s
instructions (Miltenyi Biotec, Auburn, CA), with minor modifications. In brief,
prior to virus capture, the samples were centrifuged at 13,000 X g for 1 min to
remove particulate matter. Processed plasma (200 wl) first was incubated for 30
min at room temperature with one of the following biotinylated antibodies (1
pg): CD19 (clone HIB19 from eBioscience, San Diego, CA) (negative control),
HLA-DR (clone 2.06 from the American Type Culture Collection, Manassas,
VA) (positive control), or CD40L (clone hCD40L-M91 from BD Biosciences,
Mississauga, Canada). Thereafter, magnetic beads were added and the antibody-
bound virus was captured by magnetic separation. Viral RNA then was purified
with the MagMAX-96 viral RNA isolation kit (Applied Biosystems/Ambion,
Austin, TX) with slight modifications. Briefly, virus lysis was performed directly
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on the columns with a total of 180 pl of lysis buffer (50 pl with an incubation at
room temperature for 5 min, followed by an additional 130 wl). An additional 50
wl of endotoxin-free 1X PBS was added to the lysis buffer, and viral RNA was
eluted in 25 pl of elution buffer. Purified viral RNA was quantified with the
TaqMan RNA-to-CT 1-step kit (Applied Biosystems Inc., Foster City, CA). The
samples were amplified in triplicate using primers LTR S4 and LTR As3 and
probes LTRP1 and LTRP2 as described previously (16). The HIV-1 RNA used
for the standard curve was obtained from the NIH AIDS Research and Refer-
ence Reagent Program (Germantown, MD) (i.e., HIV-1 VQA RNA quantifica-
tion standard) and purified with the MagMax-96 viral RNA isolation kit as
described above for the plasma samples. Thermal cycling was performed in a
Rotor-Gene RG-3000 (Corbett Research, Sydney, Australia).

Preparation of virus stocks and appropriate controls. pNL4-3 is a full-length
infectious molecular clone of HIV-1 (X4 tropic) (1) that was obtained through
the NIH AIDS Research and Reference Reagent Program. Progeny viruses
were produced by the calcium phosphate transfection of 293T cells as previ-
ously described (5). Briefly, 293T cells were cotransfected with pNL4-3 and
pcDNA3.1-CD40L, a plasmid coding for the complete human CD40L mole-
cule (23) (a kind gift from R. S. Kornbluth, UCSD, CA), to generate CD40L-
bearing virions (virus preparation called NL4-3/CD40L). Viruses lacking
host-derived CD40L were obtained by transfecting 293T cells with pNL4-3
only (virus preparation called NL4-3). It should be noted that parental 293T
cells do not constitutively express CD40L. Controls consisted of 293T cells
transfected with pCDNA3.1 (called mock) or pcDNA3.1-CD40L (called
mock/CD40L). The latter control was used to eliminate the possible contri-
bution of exosomes and/or microvesicles loaded with CD40L. Supernatants
from such transfected 293T cells were filtered through a 0.22-wm cellulose
acetate filter (Millipore Corporation, Billerica, MA), ultracentrifuged to
eliminate nonviral vesicular bodies, and resuspended in endotoxin-free PBS
(Invitrogen, Mississauga, Canada). An enzyme-linked immunosorbent assay
(ELISA) developed in our laboratory was used to estimate the amount of p24
in each viral preparation (5). For all virus stocks, the absence or presence of
host-derived CD40L was confirmed by performing our virus capture assay
using an initial virus input of 2 ng of p24, as we described previously (34).

Microarray experiments. Purified tonsillar B cells were incubated for 8 and
24 h at 37°C with either NL4-3, NL4-3/CD40L, or an anti-human CD40 (clone
G28.5 from the American Type Culture Collection, Manassas, VA). A virus
input of 10 ng of p24 per 1 X 10° target cells was used in all studies. Samples from
two different healthy donors were used. Cell pellets were frozen at —80°C until
the isolation of total mRNA was performed using the RNeasy Mini kit according
to the manufacturer’s protocol (Qiagen Inc., Mississauga, Canada). All samples
were processed at the same time and using the same kit. Gene expression profiles
were analyzed using commercial oligonucleotide microarrays (HG Focus Gene-
Chips; Affymetrix, Santa Clara, CA), which contain probe sets representing more
than 8,500 transcripts. A total of 12 microarrays were used. Affymetrix standard
protocols were followed throughout these experiments. Data were globally nor-
malized, and “present” calls were determined using MAS 5.0. Results were
analyzed using GeneSpring 6.0. Signal intensity was normalized for each mi-
croarray, and genes with a signal below 100 were ignored. In addition, genes
having a present call in all samples or genes going from an absent call to a present
call following treatment were included in the analysis. Fold changes of twice the
control and higher were considered significant. Gene ontology (GO) and path-
way overrepresentation analysis were performed with DAVID (http://david.abcc
.nciferf.gov/).

qRT-PCR analysis. The expression level of transcripts was determined using a
Rotor-Gene RG-3000 (Corbett Research, Sydney, Australia). Total RNA was
isolated using the Qiagen RNA extraction kit and then digested with DNase to
remove any contaminating genomic DNA. RNA was reverse transcribed using
avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI). We
then quantified transcripts by quantitative reverse transcription-PCR (qRT-
PCR) using HotStart Tag DNA polymerase (Promega) and Sybr green detection
(Applied Biosystems). Normalization on 18S mRNA levels was performed to
obtain final expression values. A standard curve was drawn for each gene of
interest by serial dilutions of a pool of RNA. The sequences of primers that were
used in this study are shown in Table 1.

Western blots. Total cell extracts were heated at 100°C for 7 min in 1X sample
buffer made of 62 mM Tris-HCI (pH 6.8), 2% SDS, 5% B-mercaptoethanol, 9%
glycerol, 0.002% bromophenol blue, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). The samples then were separated on a 7.5 to 20% gradient sodium
dodecyl sulfate-polyacrylamide gel and transferred to Immobilon polyvinylidene
difluoride membranes (Millipore, Bedford, MA). Immunoblotting was per-
formed using antibodies specific for TRAF1 (clone H3; Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA), A20 (clone 59A426; Abcam, Cambridge, MA), or
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TABLE 1. List of primer sequences used to confirm microarray data by qRT-PCR

Gene name Forward primer Reverse primer
TRAF-1 5-CTCCCCAGCCTTCTACACTG-3 5-GATCACGATGAAGAGCGACA-3
ICAM-1 5-CAAGGCCTCAGTCAGTGTGA-3 5-CCTCTGGCTTCGTCAGAATC-3
LTB 5-AGGAGCCACTTCTCTGGTGA-3 S-TTCTGAAACCCCAGTCCTTG-3
LTA 5-AACCTGCTGCTCACCTCATT-3 5-TGCTCAAGGAGAAACCATCC-3
A20 5-GCTGGCAACTGGAGTCTCTC-3 5-CATGGGTGTGTCTGTGGAG-3
AID 5-CGTAGTGAAGAGGCGTGACA-3 5-ATGTAGCGGAGGAAGAGCAA-3
CCL22 5-GCCGTGATTACGTCCGTTAC-3 5-CGGCACAGATCTCCTTATCC-3

B-actin (clone I-19; Santa Cruz Biotechnology Inc.). Membranes were labeled
with horseradish peroxidase-conjugated secondary anti-mouse or anti-goat anti-
bodies (Jackson ImmunoResearch, Mississauga, Canada) at a respective final
dilution of 1:10,000 and 1:20,000. Signals were revealed using the ECL Western
blotting detection reagent (GE Healthcare, Piscataway, NJ).

CCL22 quantification. Tonsillar B cells (5 X 10° cells/ml) were incubated for
24 h at 37°C with either NL4-3, NL4-3/CD40L, or anti-CD40 (clone G28.5 at a
final concentration of 2 pg/ml) (positive control). Additional controls consisted
of B cells exposed to similar volumes as the tested virus stocks of cell-free
supernatants from 293T cells transfected with pCDNA3.1 or pCDNA3.1-CD40L.
Thereafter, cell-free supernatants were collected and treated with 0.5% Triton
X-100 before being subjected to a Milliplex CCL22 detection kit (Millipore).
Finally, levels of the CCL22 chemokine were estimated with a Luminex 100
instrument according to the manufacturer’s instructions (Luminex Corporation,
Austin, TX).

Chemotaxis assay. Tonsillar B cells (CD19%) (5 X 10° cells/ml) were incu-
bated for 16 h at 37°C with either NL4-3, NL4-3/CD40L, anti-CD40 (clone G28.5
at a final concentration of 2 pg/ml; used as a positive control), or similar volumes
as the tested virus stocks of cell-free supernatants from 293T cells transfected
with pCDNA3.1 or pCDNA3.1-CD40L. Purified CD4" T cells originating from
the same tonsillar tissue were kept in a separate cell culture flask at a density of
2 X 10° cells/ml in complete culture medium. Prior to the chemotaxis assay,
CD4™" T cells were stained with the fluorogenic dye calcein-AM (5 pM; Molec-
ular Probes, Eugene, OR). Cell migration was measured in Transwell systems
with polycarbonate membranes of 3 uM pore size (Corning Life Sciences, Low-
ell, MA). In brief, stained CD4* T cells (2 X 10%/300 1) were deposited onto the
upper migration chamber. The lower migration chamber contained 400 pl of
culture medium or cell-free supernatants from purified tonsillar B cells subjected
to the above-mentioned treatments. After 150 min of migration at 37°C, the
content of the lower chamber was harvested by repeated washings with PBS
supplemented with 2% FBS, and labeled cells were lysed with 0.5% Triton X-100
at room temperature for 30 min. Finally, cell migration was estimated by mea-
suring fluorescence with a fluorescence microplate reader (Perkin Elmer Victor
1420) at 485-nm excitation and 535-nm emission wavelengths. Results were
normalized against total migrating cells (2 X 10° stained cells/400 pl medium)
and subtracted from background signal.

Statistical analysis. Statistical analysis was performed using GraphPad Prism
software version 5. One-way analysis of variance (ANOVA) with correction for
multiple testing (Bonferroni or Dunnett’s) was performed, and a threshold of
P < 0.05 was considered statistically significant.

RESULTS

CD40L is acquired by HIV-1 in vive. It has been shown
previously that host-derived CD40L molecules can be acquired
in vitro by HIV-1 replicating in mitogen-activated peripheral
blood mononuclear cells and human tonsil histocultures (34).
In an attempt to determine whether the CD40L incorporation
process also can occur under physiological conditions, we as-
sessed the presence of host-derived CD40L in viruses directly
from patient plasma. Clinical plasma samples from three dif-
ferent treatment-naive viremic individuals infected with HIV-1
first were subjected to a virus capture assay relying on the use
of streptavidin-coated magnetic beads coupled with biotin-la-
beled antibodies specific for human CD19, HLA-DR, or
CDA40L. In this series of investigations, the HLA-DR determi-

nant was used as a positive control because this cell surface
constituent is efficiently inserted within emerging virions, while
CD19 was used as a negative control, since it is a marker
specific for B cells, which are known to be refractory to pro-
ductive HIV-1 infection. The total amount of captured virus
was monitored using a previously described qRT-PCR specific
for HIV-1 (16). Data shown in Fig. 1 indicate that host-derived
CD40L is found at the surface of virions circulating in patient
plasma. Indeed, the level of captured virus with magnetic
beads coated with anti-CD40L is an order of magnitude above
the basal noise level (i.e., anti-CD19). Moreover, the efficiency
of viral capture with anti-HLA-DR is about 10-fold more im-
portant than that with anti-CD40L, which was expected be-
cause HLA-DR has been characterized as one of the most
abundant host molecules acquired by HIV-1 (9, 27, 34). Taken
together, these results validate studies aimed at assessing the
possible involvement of virus-associated CD40L in B-cell ab-
normalities that afflict HIV-1-infected persons.
Transcriptome analysis reveals that CD40L-bearing virions
efficiently activate B cells. We next investigated the possible
function and consequences of virus-anchored CD40L on nor-
mal B lymphocyte biology. To do so, we performed a large-
scale gene expression analysis through the use of human ge-
nome focus arrays from Affymetrix. We used B cells purified
from human tonsils, because this anatomical organ constitutes
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FIG. 1. CD40L is acquired by HIV-1 in vivo. Plasma samples from
three distinct treatment-naive viremic HIV-1-infected persons were
subjected to an immunomagnetic precipitation assay using antibodies
specific for CD19 (negative control), HLA-DR (positive control), or
CDA40L. The quantification of captured virions was achieved using a
qRT-PCR test. Results are expressed as the mean number of RNA
copies = standard deviations on a logarithmic scale. The asterisks
denote a P value lower than 0.05 relative to the negative control as
determined by a two-tailed paired ¢ test analysis.
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a rich source of B cells exhibiting a wide variety of phenotypes
and activation states. Experiments were conducted with iso-
genic viral particles either lacking (NL4-3) or bearing host-
derived CD40L (NL4-3/CD40L). The former virus preparation
was used as a control based on previous work indicating that
such virus stocks could not induce significant phenotypic
changes in B cells (33). An agonistic antibody directed against
human CD40 (clone G28.5) was used as a positive control (13,
28, 29). Data displayed in Fig. 2 demonstrate that the exposure
of tonsillar B cells to either CD40L-bearing virions or the
anti-CD40 antibody induced dramatic changes in gene expres-
sion profiles compared to those of viruses lacking host-derived
CD40L. The CD40L-mediated induction in host cell gene ex-
pression peaked early, as we found 559 genes modulated more
than 2-fold at the 8-h time point compared to 128 genes at 24 h
(see supplemental data). Moreover, both CD40L-bearing vi-
ruses and the anti-CD40 antibody altered the expression of a
comparable array of cellular genes, as illustrated by the hier-
archical clustering of the genes modulated at 8 and 24 h (Fig.
2A and B, respectively). Gene expression analysis was achieved
using a clustering approach instead of a Venn diagram com-
parison, as it appears that CD40L-bearing virions and anti-
CD40 induce a roughly similar host cell gene expression
pattern, although the modulation induced by the agonistic
antibody is slightly stronger overall. This could simply reflect a
difference in the kinetics of induction between these experi-
mental sets. As most changes are near the 2-fold threshold, the
Venn diagram approach did not adequately represent the high
level of similarity between the two datasets (data not shown).
For this reason, the list of genes modulated by either CD40L-
bearing viruses or anti-CD40 compared to those of the control
is provided in the same table (see Tables S1 and S2, 8 and 24 h
time points, respectively, in the supplemental material).

We next used the DAVID (Database for Annotation,
Visualization, and Integrated Discovery) clustering engine
to obtain an overview of the intracellular metabolic path-
ways affected by either virus bearing host-derived CD40L or
anti-CD40. This tool identifies, from a list of genes, enriched
biological themes through the clustering of multiple fea-
tures, such as gene ontology (GO) categories, pathways,
protein domains, and known protein interactions, among
many others (14). The highest scoring categories for our
data are associated with biological processes and molecular
functions involved in B-cell activation. These categories in-
clude the proteasome, glycolysis, oxidative phosphorylation,
mRNA splicing, cytoskeleton-related proteins, tRNA syn-
thetases, and lymphocyte activation. A hierarchical cluster-
ing view of the genes contained in these specific categories
confirms that the gene expression profile induced by
CD40L-bearing HIV-1 particles is analogous to the tran-
scriptional program triggered by the anti-CD40 antibody
(Fig. 2C).

CD40L-bearing virions induce modulation of genes involved
in CD40-related early signal transduction events. One of the
best-described biochemical events following signaling through
CD40 remains NF-«kB induction (2, 8). The activation of this
transcription factor is regulated at the posttranslational level
by phosphorylation, polyubiquitinylation, and the subsequent
proteasome-dependent degradation of a natural inhibitor,
mainly IkBa. Following the degradation of its inhibitor, the
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NF-«kB complex can translocate to the nucleus, bind specific
DNA sequences, drive the assembly of RNA polymerase II-
dependent transcription machinery, and further promote RNA
polymerase II processivity. It already has been established that
CD40L-bearing viruses can induce NF-«kB activation and nu-
clear translocation (33). While microarray studies may not
directly monitor events occurring at the protein level, such as
phosphorylation and ubiquitinylation, they can provide indi-
rect insight into these processes, as numerous signaling path-
ways feature feedback loops that require the transcriptional
regulation of some of their components. Indeed, microarray
data indicate that many key components of the CD40/NF-«B
signaling pathway are modulated following the engagement of
cell surface CD40 by either CD40L-bearing viruses or anti-
CD40. Among the regulated genes, we found NF-kB1, IkBa,
IkBe, A20 (also called TNFAIP3), TNIP1, and cIAP2 to be
upregulated. The expression of CD40 mRNA itself, as well as
that of the regulatory signal adapter TRAF1 and kinases such
as MAP2K1 and phosphatidylinositol 3-kinase (PI3K), also
were found to be augmented. Confirmatory qRT-PCR and
Western blot analyses demonstrate that TRAF1 and A20 are
increased at both mRNA and protein levels (Fig. 3A and B,
respectively). We selected these two genes because they both
are implicated in negative retroaction feedback loops following
CD40 binding.

CDA40L-bearing virions upregulate expression of surface ac-
tivation markers on B cells. Proper signaling through CD40 is
a prerequisite for B-cell activation and differentiation, two
interlinked events characterized by phenotypic changes and
the increased expression of numerous cell surface receptors
and adhesion molecules. Our microarray data reveal that ex-
posure to virus carrying host-derived CD40L or the agonistic
antibody induces higher levels of genes coding for membrane
proteins that are ontologically related to B-cell activation.
Among these, we note the alpha chain of the IL-13 receptor
(IL13RA), the low-affinity receptor for the Fc portion of IgE
(CD23), the adhesion molecule ICAM-1 (CD54), the costimu-
latory molecule CD80, and the death receptor FAS. ICAM-1
and CD80 were selected as interesting candidates for the con-
firmation of microarray findings at the protein level, since
simple flow cytometry analysis could yield fast and highly rel-
evant information on the B-cell activation status. Results de-
picted in Fig. 4 corroborate at the protein level that ICAM-1
and CD80 both are enhanced upon the attachment of CD40L-
bearing virions onto tonsillar B cells.

CD40L-bearing viruses modulate critical components of B-
cell maturation and activation. Lymphotoxin alpha (LTA),
also known as tumor necrosis factor beta (TNF-B), is a crucial
mediator of germinal center and lymphoid tissue organization
that is regulated largely through CD40-CD40L signaling (10,
15, 35, 36, 50, 51). Interestingly, elevated levels of this proin-
flammatory cytokine have been correlated with progression to
AIDS (37, 38, 43, 55), and the treatment of peripheral blood
mononuclear cells with LTA has been shown to stimulate
HIV-1 replication (56). LTA can be secreted or can form
heterotrimers with the membrane-bound lymphotoxin beta
(LTB) (15). Interestingly, microarray data suggest that both
LTA and LTB transcripts were strongly enhanced following
the exposure of tonsillar B cells to CD40L-bearing HIV-1
particles. This significant virus-mediated augmentation of LTA
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FIG. 2. B cells exposed to CD40L-bearing virions and anti-CD40 display comparable gene expression profiles. Tonsillar B cells from two donors

were exposed for 8 or 24 h at 37°C to NL4-3, NL4-3/CD40L, or anti-CD40, and the total mRNA was extracted. The oligonucleotide array analysis
was performed using the Affymetrix oligonucleotide microarray HG Focus GeneChips, and results were analyzed with GeneSpring. The figure
shows the hierarchical clustering of genes modulated by either NL4-3/CD40L or anti-CD40 compared to that for NL4-3. (A) The 559 genes
modulated at the 8-h time point and (B) the 128 genes modulated after 24 h; both time points are represented for both lists of genes for a better
visualization of gene expression patterns. Upregulated genes are shown in red, while downregulated genes are depicted in blue; the most intense
color on each side corresponds to a 5-fold change. (C) The hierarchical clustering of selected gene ontology categories or cellular pathways
identified as having overrepresented number of genes according to DAVID. The same color scheme described above applies, as well as the nature
of the sample (from left to right: NL4-3 at 8 h, NL4-3/CD40L at 8 h, anti-CD40 at 8 h, NL4-3 at 24 h, NL4-3/CD40L at 24 h, and anti-CD40 at
24 h).
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FIG. 3. CD40L-bearing virions drive the expression of signal trans-
duction regulators TRAF1 and A20. Tonsillar B cells were exposed for
8 or 24 h at 37°C to supernatants from 293T cells transfected with an
empty control vector (mock), supernatants from 293T cells transfected
with a vector coding for CD40L (mock/CD40L), NL4-3, NL4-3/
CDA40L, or anti-CD40. mRNA and protein levels of TRAF1 (A) and
A20 (B) were assessed by qRT-PCR and Western blot assays, respec-
tively. Results for mRNA amounts are expressed as fold changes above
the mock control and are normalized on 18S expression. B-Actin was
used as a loading control in the protein assay. The data shown are the
means * standard deviations for triplicate samples and are represen-
tative of two separate experiments performed with different donors.
Asterisks denote statistically significant data (ANOVA test, Bonfer-
ronni-corrected P values; *, P < 0.05; #*, P < (.01).

and LTB mRNAs was confirmed by qRT-PCR (Fig. 5A and B,
respectively).

The differentiation of resting B cells into plasma cells
involves the induction of SHM of the variable region of
immunoglobulins to generate highly specific antibodies and
the activation of DNA rearrangement processes to allow
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immunoglobulin CSR (3, 21, 57). Those processes both de-
pend on a cytidine deaminase that is induced following
B-cell activation, known as AID (17, 26). Microarray data
show that the transcription of AID is significantly upregu-
lated at 8 and 24 h, going from an absent (could not be
detected) to a present status call in samples treated with
either CD40L-bearing virions or anti-CD40. These results
were confirmed again by qRT-PCR (Fig. 5C) but could not
be verified at the protein level, as commercially available
antibodies were not sensitive enough to detect the protein in
our samples by Western blotting (data not shown). Interest-
ingly, the expression of other genes involved in somatic
recombination, such as XRCCS5 and p53, also were signifi-
cantly increased.

CDA40L-bearing viruses induce secretion of soluble factors
involved in the recruitment of activated CD4™ T cells. Among
the genes that were found to be regulated by CD40 signaling in
tonsillar B cells, transcripts for CCL17 and CCL22, two ligands
of CCR4 found in the same genomic locus, were greatly up-
regulated as early as 8 h postexposure to CD40L-bearing viri-
ons or anti-CD40. CCR4 is a chemokine receptor expressed on
various memory CD4" T-cell subtypes, and both CCL17 and
CCL22 have been shown to be potent chemoattractants for
CCR4-expressing memory CD4* T cells. The upregulation of
CCL22 was confirmed at the mRNA level by qRT-PCR (Fig.
6A) and at the protein level using the Luminex XMAP tech-
nology (Fig. 6B).

Considering that CD40L is acquired by HIV-1 emerging
from activated CD4™" T cells and that CD40-activated B cells
secrete chemoattractant factors, we assessed whether the levels
of secreted chemokines, which are produced upon the binding
of CD40L-bearing viruses onto B cells, were sufficient to at-
tract CD4™ T cells. Cell migration experiments thus were per-
formed by using a permeable cell support system separating B
cells and CD4™" T cells isolated from the same tonsillar tissue.
As depicted in Fig. 6C, soluble factors produced by B cells
exposed to CD40L-bearing virions or anti-CD40 are able to
induce a significant migration of autologous CD4" T cells
compared to that of controls. Although such cell migration is
not necessarily mediated exclusively by CCL17 and/or CCL22,
it is a clear demonstration that a simple physical contact be-
tween B cells and viral entities bearing host-derived CD40L is
sufficient per se to attract activated CD4* T cells that ulti-
mately can serve as cellular targets for HIV-1.

DISCUSSION

In this work, we provide evidence that HIV-1 can incorpo-
rate CD40L under in vivo situations and that the molecule is
functionally capable of transducing signal through its cognate
receptor CD40 on tonsillar B cells, inducing transcriptomic
changes consistent with activated and differentiated pheno-
types. We first assessed the physical presence of CD40L on
virus isolated from plasma of HIV-1-infected patients by an
immunomagnetic capture step followed by a sensitive qRT-
PCR technique. We report here the presence of host-derived
CD40L on plasma virus derived from three different patients.
The fact that we were able to detect CD40L-bearing viruses
from plasma samples, even at relatively moderate levels, indi-
cates that this cell surface constituent can be incorporated
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FIG. 4. CD40L-bearing viruses promote the surface expression of ICAM-1 and CD80. Purified B cells from tonsils were exposed for 24 h at
37°C to the same agents as those described in the legend to Fig. 3. Thereafter, expression levels of ICAM-1 (CD54) and CD80 were assayed by
flow cytometry. The percentage of positive cells is depicted in each flow cytometry histogram. The results shown are representative of two different

donors.
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FIG. 5. CD40L-bearing virions promote mRNA expression of LTA,
LTB, and AID. mRNA expression levels of LTA (A), LTB (B), and AID
(C) were assessed by qRT-PCR in tonsillar B cells that were exposed for
8 or 24 h to the agents described in the legend of Fig. 3. Results are
expressed as fold changes above the mock control and are normalized to
18S expression. The data shown are the means * standard deviations for
triplicate samples and are representative of two separate experiments
performed with different donors. Asterisks denote statistically significant
data (ANOVA test, Bonferroni-corrected P values; *, P < 0.05; **, P <
0.01).

under natural conditions, which provide physiological signifi-
cance to our observations. Circulating blood is known to har-
bor a low percentage of activated CD4™ T cells positive for
CD40L, and higher levels of CD40L-expressing CD4" T cells
are present in lymphoid organs where antigenic presentation is
taking place. Unfortunately, we were unable to obtain tonsillar
tissues from HIV-1-infected patients to test if CD40L-bearing
virions were found in greater amounts in this compartment,
which is rich in activated CD4" T cells. The fact that CD40L
is an inducible molecule that is expressed very transiently only
on T cells might help to explain why it is incorporated at lower
levels than HLA-DR, which is constitutively expressed at rel-
atively high levels on all natural cellular reservoirs of HIV-1
(i.e., CD4™" T cells, macrophages, and dendritic cells). It should
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FIG. 6. Exposure of tonsillar B cells to CD40L-bearing virions re-
sults in the production of the chemokine CCL22 and chemotaxis of
CD4" T cells. (A) Expression levels of CCL22 mRNA in B cells
exposed to the listed agents for 8 or 24 h was measured by qRT-PCR.
Results are expressed as fold changes above the mock control and are
normalized to 18S expression. The data shown are the means * stan-
dard deviations for triplicate samples and are representative of two
separate experiments performed with different donors. Asterisks de-
note statistically significant data (ANOVA test, Bonferroni-corrected
P values; *, P < 0.05; *%, P < 0.01). (B) CCL22 protein levels pro-
duced by B cells exposed to the listed agents for 24 h at 37°C were
estimated using a commercial multiplex assay. Experiments were per-
formed using three different donors. Asterisks denote statistically sig-
nificant data (ANOVA test, Bonferroni-corrected P values; *, P <
0.05; #*, P < 0.01). (C) Chemotactic activity for autologous tonsillar
CD4" T cells of soluble factors released by B cells following a 16-h
exposure to the listed agents has been monitored as described in
Materials and Methods. These experiments have been performed with
three independent biological replicates. The percentages of migration
were determined from the original cell input and represent 2, 1, 2, 16,
and 7% for mock, mock/CD40L, NL4-3, NL4-3/CD40L, and anti-
CDA40, respectively. The asterisks represent a P value lower than 0.05
obtained by a Dunnett’s multiple-comparison test repeated-measure
ANOVA relative to the mock control.
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be noted that a recent work by Epeldegui and colleagues re-
ported the physical presence of host CD40L on the surface of
virions circulating in the plasma from two out of three HIV-
1-infected persons (18). Therefore, our observations validate
this report and render experiments aimed at monitoring the
biological activity of virus-associated CD40L highly important.

The dysregulation of the B-cell compartment has been rec-
ognized early on as a characteristic of HIV-1 infection and has
been shown to be multifactorial, as some aberrant features can
be correlated to higher viral loads, while others are maintained
even under efficient antiretroviral therapy. Some of these
unique clinical features include high serum levels of IgG and
autoantibodies and an abnormal expression of B-cell markers
associated with their activation, proliferation, and/or terminal
differentiation (39). It is apparent that a complex process is in
play, as many factors have been shown to possibly be involved
in B-cell abnormalities, among which are the viral proteins
gp120 (22) and Nef (11, 52), cytokines such as TNF-a (48),
IFN-«a (6, 32), IL-6 (58), IL-10 (44), and IL-7 (20, 45), and also
ferritin (52). We now demonstrate that interactions between
CDA40L-bearing HIV-1 particles and B lymphocytes also result
in the establishment of a hyperactivity state.

We have previously published that exposure of primary hu-
man B cells to CD40L-bearing HIV-1 can induce homotypic
aggregation, the nuclear translocation of NF-«kB, and the se-
cretion of IL-6 and IgG (33). The detection of CD40L associ-
ated with HIV-1 directly from patient plasma prompted us to
evaluate more precisely and extensively the level of B-cell
activation induced by CD40L-bearing HIV-1 to determine
whether such viruses could account, at least in part, for the
various B-cell dysfunctions and hypergammaglobulinemia seen
in infected patients. For this purpose, we devised a gene ex-
pression study involving purified tonsillar B cells that were
exposed to isogenic HIV-1 particles either devoid or carrying
host-derived CD40L. Virions were produced upon the tran-
sient transfection of 293T cells with the infectious molecular
clone NL4-3 along with either a vector coding for human
CDA40L or an empty control vector. It is possible that the use of
this transfection-and-expression system yields virus particles
bearing amounts of host-derived CD40L higher than the levels
found in virions circulating in patient plasma. However, the use
of such an artificial system was necessary, as transcriptome
analysis using microarrays requires a high degree of cellular
and stimulus homogeneity to yield significant data (53). Al-
though it is quite likely that circulating HIV-1 particles carry
smaller amounts of incorporated CD40L molecules in the con-
text of a natural infection, it also is true that the B-cell com-
partment will be exposed to CD40L-bearing viruses in a
chronic manner during extended periods of time. Moreover,
virions produced in anatomic sites containing a superior per-
centage of activated CD4™ T cells (e.g., secondary lymphoid
organs) might incorporate larger amounts of CD40L. Interest-
ingly, comparative analyses revealed that the levels of virus-
associated CD40L in virions produced by peripheral blood
mononuclear cells (PBMCs) and human lymphoid tissue cul-
ture ex vivo (i.e., tonsillar tissue) were only slightly lower than
those from virions produced in transiently transfected 293T
cells (34). It should be noted that PBMCs and tonsillar tissue
were acutely infected with two different clinical isolates of
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HIV-1 (i.e., 92HT599/X4-tropic and 92US657/R5-tropic) to
more closely parallel in vivo conditions.

We found a high degree of similarity between the transcrip-
tome of B cells exposed to NL4-3/CD40L and anti-CD40,
illustrating that both agents induced comparable CD40-medi-
ated signal transduction pathways. The virus-mediated signal
was sufficient to induce the transcription of a significant num-
ber of genes related to all aspects of B-cell activation and
differentiation. Among these, we identified genes related to
cell size and metabolism, immune functions, mRNA splicing
and processing, protein production and degradation, as well as
SHM and CSR. From crucial regulators of CD40/NF-«B signal
transduction and apoptosis, such as TRAF1 and A20, to ad-
hesion molecules (ICAM-1), costimulation molecules (CD80),
and cytokines (LTA and LTB) associated with B-cell immune
functions, to negative-feedback-loop transcripts (IkBa) and
essential components involved in antibody gene recombination
and hypermutation (AID), the resulting portrait is unequivo-
cally akin to an activated, proliferating, and/or differentiating
B-cell phenotype. The present findings extend beyond the
study made by Epeldegui and coworkers who have assessed the
capacity of CD40L-bearing HIV-1 particles to induce the ac-
tivation of a single gene in B cells, namely, AID (18).

The increased surface expression of [ICAM-1 is probably the
main cause of the homotypic aggregation of B cells following
incubation with CD40L-bearing virions or anti-CD40 stimula-
tion (33). Enhanced ICAM-1 expression also could lead to
much stronger B-lymphocyte-T-lymphocyte interactions, which
could help antigen presentation but also could explain why
CD40-stimulated B cells are better at transferring HIV-1 to
activated CD4™" T cells (33).

Secondary lymphoid tissues are specialized organs in which
activated T cells can interact with B cells and follicular den-
dritic cells and lead to the formation of germinal centers, the
generation of highly specific antibodies, and their eventual
recombination to produce other immunoglobulin forms. CD40
signaling not only is primordial for the response to thymus-
dependent antigens by B cells but also is required for the
generation of IgG and is a major regulator of long-lived anti-
body-mediated acquired immunity (reviewed in references 8,
24, 47, and 54). Thus, the expression of CD40L on the surface
of activated T cells normally is tightly regulated at the tran-
scriptional level and through rapid endocytosis following bind-
ing to its receptor (54). The eventual acquisition of host-de-
rived CD40L by HIV-1 releases this crucial mediator of B-cell
activation from the numerous cellular homeostatic controls
regulating its spatial and temporal expression. Cell-free HIV-1
particles bearing CD40L can travel to other anatomic sites,
where they possibly can disturb the normal B-cell activation
process. Since CD40L expression cannot be regulated by en-
docytosis on the surface of the virus, CD40 stimulation could
occur on repeated occasions, therefore amplifying B-cell dif-
ferentiation signals and leading to chronic and generalized
B-cell dysfunctions.

Taking results and conclusions from the current work to-
gether with those of previous studies, it can be proposed that
CDA40L is acquired by HIV-1 either replicating in vitro in pri-
mary human mononuclear cells and tonsil histocultures or in
vivo in its natural cellular reservoirs. Our data further suggest
that the engagement of cell surface CD40 by virus-associated
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FIG. 7. Hypothetical model illustrating the possible implication of CD40L-bearing virions in B-lymphocyte phenotypic and functional alter-
ations in HIV-1 disease. (1) Early after primary infection, HIV-1 concentrates in secondary lymphoid organs, where a high frequency of activated
CD4™" T cells are located; (2) production of progeny viruses bearing host-derived CD40L on their surface from newly infected CD4* T cells, (3)
binding of CD40L-bearing virions to B lymphocytes residing within this microenvironment leads to polyclonal B-cell activation, proliferation, and
terminal differentiation; (4) as a by-product of B-cell activation, class switch recombination and somatic hypermutation of IgG is induced, leading
to the aberrant secretion of IgG and thus hypergammaglobulinemia; (5) CD40-stimulated B cells secrete soluble factors, among which are CCL17
and CCL22; (6) CD4" T cells are recruited to the secondary lymphoid organs; (7) attracted CD4™ T cells are exposed to both cell-free and B
cell-associated viruses in a context of high levels of proinflammatory cytokines and costimulatory factors expressed by CD40-stimulated B cells; (8)
activated CD4™" T cells transiently express cell surface CD40L, which then can be acquired by de novo-produced virions, fuelling the feedback loop.

CDA40L can induce the polyclonal activation of tonsillar B cells,
leading to cell growth and proliferation, activation, and termi-
nal differentiation, resulting in class switch and IgG produc-
tion, the expression of proinflammatory factors, and the secre-
tion of memory CD4™" T-cell chemoattractants such as CCL17
and CCL22. Furthermore, CD40-stimulated B cells can trans-
fer HIV-1 to activated CD4™" T cells in a more efficient manner
than quiescent B lymphocytes (33). Based on these observa-
tions, we hypothesize that a positive feedback loop could be
initiated whereby the attachment of CD40L-bearing HIV-1
onto B cells leads to polyclonal cell activation through CD40-
mediated signal transduction (Fig. 7). Thereafter, CD40-stim-
ulated B cells would secrete CCL17 and CCL22, attracting
memory CD4™" T cells to the anatomic sites, where they would
be exposed to both cell-free and B-cell-associated HIV-1 in a
context of high levels of proinflammatory cytokines and co-
stimulatory factors expressed by CD40-stimulated B cells. In

such a specific environment, CD4" T cells would be activated
and thus become highly sensitive to productive HIV-1 infec-
tion, leading to the de novo synthesis of CD40L-bearing
virions. As a by-product of polyclonal B-cell activation, prolif-
eration, and terminal differentiation, the class switch recombi-
nation and somatic hypermutation of IgG would be induced,
leading to the aberrant secretion of IgG and thus hypergam-
maglobulinemia.

In conclusion, this report corroborates that HIV-1 does in-
corporate CD40L under in vivo conditions and demonstrates
for the first time that the ligation of virion-associated host
CDA40L with cell surface CDA40 is sufficient to efficiently acti-
vate B cells in a polyclonal fashion. Moreover, we demonstrate
that this event can lead to the chemoattraction of CD4" T
cells, which could result in the efficient transfer/propagation of
HIV-1 and enhanced production of CD40L-bearing HIV-1.
We postulate that this phenomenon could contribute to some
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extent to the numerous B-cell dysfunctions associated with
HIV-1 infection.
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