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Immunoglobulin class switching from immunoglobulin M (IgM) to IgG and IgA is central to immunity against viruses and

requires the activation of B cells by T cells via CD154 (CD40 ligand) and cytokines. These molecules limit their signaling

activity in immune cells by turning on negative feedback proteins, including IjB and SOCS. We show here that negative

factor (Nef) protein, an immunosuppressive human immunodeficiency virus 1 protein expressed and released by infected cells,

penetrates B cells both in vivo and in vitro. Nef suppressed immunoglobulin class-switch DNA recombination by inducing IjBa
and SOCS proteins, which blocked CD154 and cytokine signaling via NF-jB and STAT transcription factors. Thus, human

immunodeficiency virus 1 may evade protective T cell–dependent IgG and IgA responses by ‘hijacking’ physiological feedback

inhibitors in B cells via Nef.

Human immunodeficiency virus type 1 (HIV-1) is the etiologic agent
of AIDS, a systemic disorder characterized by recurrent opportunistic
infections due to severe impairment of both cellular and humoral
immune responses1. Although T cell defects have a prominent func-
tion, B cell defects are also important and include nonspecific
hypergammaglobulinemia as well as impaired immunoglobulin G
(IgG) and IgA responses to pathogens and vaccines2. HIV-1 is thought
to attenuate antigen-specific antibody production by inducing pro-
gressive loss of CD4+ T cells.

CD4+ T cells activate B cells via CD154 (CD40 ligand) and
cytokines, including interleukin 4 (IL-4) and IL-10 (ref. 3). After
entering the germinal centers of secondary lymphoid organs, these
activated B cells undergo immunoglobulin heavy-chain class-switch
recombination (CSR) and somatic hypermutation4. Class switching
substitutes the heavy-chain constant region (CH) of IgM and IgD with
that of IgG, IgA or IgE, thereby endowing antibodies with new effector
functions that enhance the clearance of pathogens5. Somatic hyper-
mutation introduces point mutations in the variable genes encoding
the antigen-binding region of immunoglobulins, thereby providing
the structural correlate for selection by antigen of higher-affinity
mutants6. Ultimately, germinal center B cells differentiate into mem-
ory B cells and antibody-secreting plasma cells.

Unlike IgM, class-switched IgG and IgA can neutralize viruses both
systemically and at portal sites of entry, including the respiratory,
intestinal and genital mucosae3. Like other viruses, HIV-1 has devel-
oped many strategies to evade T cell–dependent switching to IgG and
IgA. In particular, HIV-1 promotes depletion of CD4+ T cells and

degeneration of follicular dendritic cells7, which are essential for
maintaining a normal germinal center architecture4. Although impor-
tant, these mechanisms are not sufficient to explain humoral defects
arising at an early stage of HIV-1 infection, nor can they account for
the intrinsically poor responsiveness of B cells to CD4+ T cell help2,8.

HIV-1-induced B cell defects are due at least in part to viral
factors, as antiretroviral therapy substantially improves T cell–
dependent antibody responses both in vivo and in vitro8,9. Given
its inability to infect B cells10, HIV-1 must alter their function in
an indirect way. Some viruses suppress the activation of B cells by
CD4+ T cells via soluble proteins. This strategy is exemplified by
measles virus, which inhibits CD40-dependent IgG and IgA pro-
duction by engaging inhibitory Fcg receptor IIB (FcgRIIB) on
bystander B cells via a nucleocapsid protein11. Like that protein, the
HIV-1 negative factor (Nef) protein has been linked to immuno-
suppression and can be released into the extracellular milieu by
infected cells12–14.

Nef is an early HIV-1 protein required for efficient in vivo viral
replication and pathogenicity15,16. The mechanisms whereby Nef
favors the development of AIDS remain elusive. By altering the
endocytotic machinery17, Nef downregulates expression of surface
major histocompatibility complex (MHC) class I, thereby protecting
infected cells from destruction by cytotoxic T lymphocytes18. In
addition, Nef downregulates CD4 (ref. 19), thereby preventing the
interaction of budding virions on infected cells with CD4. Further-
more, Nef manipulates signaling via multiple intracellular kinases,
thereby enabling infected dendritic cells and macrophages to attract
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and subsequently infect permissive CD4+ T cells20–22. Finally, Nef
protects infected cells from apoptosis23.

In addition to containing large amounts of Nef in the cytoplasm
and membrane, HIV-1-infected cells release Nef into the extracellular
environment12,13. In infected patients, the concentration of Nef in the
serum ranges from 1 to 10 ng/ml (ref. 13), and its concentration may
be even higher in the germinal center, where virion-trapping follicular
dendritic cells and virion-infected CD4+ T cells and macrophages are
densely packed7,24. These cells communicate with each other and with
B cells through immune synapses, which probably contain abundant
Nef. After entering neighboring uninfected immune cells25–30, includ-
ing B cells, Nef could perturb T cell–dependent signals required for
IgG and IgA CSR. In a similar way, B cells would capture transacti-
vator of transcription (Tat), an early HIV-1 protein that exits infected
cells and alters the functionality of bystander cells similar to Nef31,32.

Here we report that B cells accumulated Nef in vivo and internalized
Nef in vitro. Nef impaired T cell–dependent CSR and antibody
production by upregulating the expression of inhibitor of nuclear
factor-kB (IkB) and suppressor of cytokine signaling (SOCS). These
feedback inhibitors prevented CD154 and IL-4 from activating germ-
line downstream IgH constant-region gene segments via the transcrip-
tion factors NF-kB and STAT6, respectively. Thus, HIV-1 may evade
protective T cell–dependent antibody responses by ‘pirating’ physio-
logical negative feedback pathways in bystander B cells via Nef.

RESULTS

Nef accumulates in B cells in vivo

Lymphoid follicles are a chief site of HIV-1 infection and deposition7

and thus are hypothesized to contain abundant Nef. Follicles not
infected with HIV-1, from healthy donors, comprised a well defined
mantle zone filled with ‘preswitched’ IgD+ B cells as well as a germinal
center encompassing a regular meshwork of CD21+ follicular dendritic

cells (Fig. 1a,b). Uninfected follicles were
negative for Nef, the viral capsid protein
p24 and the viral matrix protein p17
(Fig. 1a,b and Supplementary Fig. 1 online).
HIV-1-infected follicles comprised a more
irregular mantle zone and germinal centers
with a rather disorganized follicular dendritic
cell meshwork (Fig. 1c). Consistent with

published data24, germinal centers and scattered interfollicular cells
of infected follicles were positive for Nef, p24 and p17 (Fig. 1c and
Supplementary Fig. 1 online). Nef localized together with CD21+

follicular dendritic cells and CD21– cells (Fig. 1d), including CD3+

T cells, CD11c+ dendritic cells and CD68+ macrophages (data not
shown). In CD21+ follicular dendritic cells, Nef had a punctuate
pattern on the membrane and a more diffuse pattern in the cytosol
(Fig. 1e). A variable proportion of IgD+ B cells at the edge of the
germinal center and in the interfollicular area contained Nef (Fig. 1f).
Although they contained Nef, IgD+ B cells were unlikely to be infected
by HIV-1, because they lacked p24 (Fig. 1g) and p17 (Supplementary
Fig. 1 online). Notably, some Nef-positive IgD+ B cells were proximal
to HIV-1-permissive macrophages containing Nef, p24 and p17,
suggesting that follicular B cells internalize Nef after interaction with
infected cells. Finally, IgD+ B cells accumulated Nef in the membrane,
the cytoplasm and, occasionally, the nucleus. Of note, Nef associated
with the membranes of IgD+ B cells was characterized by a punctuate
pattern (Fig. 1g and Supplementary Fig. 1 online). Thus, IgD+ B cells
are exposed to Nef-containing cells and can accumulate Nef in vivo.

Nef penetrates in B cells in vitro

B cells from HIV-1 patients are unlikely to accumulate Nef as a result
of endogenous synthesis, because they lack p24, p17 and, as shown
before10, viral RNA. One interpretation is that B cells internalize Nef
from an exogenous source. Consistent with that idea, Nef is released in
the extracellular environment by infected cells12 and can reach a
concentration of 1–10 ng/ml in the serum of infected patients13.
Given its ability to penetrate in myeloid cells25–30, we hypothesized
that Nef penetrates in B cells as well. We incubated purified IgD+ B
cells with a recombinant myristoylated Nef protein that resembled
native Nef. Like IgD+ B cells exposed to Nef in vivo, IgD+ B cells
exposed to Nef in vitro accumulated Nef in the cytosol (Fig. 2a). Nef
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Figure 1 B cells accumulate Nef in vivo.

(a–d) Immunofluorescence analysis of HIV-1–

(a,b) and HIV-1+ (c,d) lymphoid tissue stained for

IgD (green), Nef (red), p24 or CD21 (blue).

Original magnification, �5. (e) Nef in the

germinal center of an HIV-1+ follicle; arrowheads

indicate CD21+ follicular dendritic cells with a

granular Nef pattern in the membrane. Original
magnification, �20. (f) Nef in the follicular

mantle and interfollicular area of an HIV-1+

follicle; arrowheads indicate IgD+ B cells

containing

Nef. DAPI (4¢,6-diamidine-2¢-phenylindole

dihydrochloride; blue) stains nuclei. Original

magnification, �20. (g) Nef accumulation in IgD+

B cells from HIV-1+ follicles. Arrowheads indicate

Nef-containing IgD+ B cells that lack p24

(left, middle and right), interact with infected

macrophages (middle) and have a punctuate Nef

membrane pattern (right). Original magnification,

�20 (left), �60 (middle) and �40 (right).

Images represent one of five HIV-1– and ten

HIV-1+ samples yielding similar results.

NATURE IMMUNOLOGY VOLUME 7 NUMBER 3 MARCH 2006 303

A R T I C L E S
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

ei
m

m
un

ol
og

y



internalization was associated with a punctuate membrane pattern
similar to that in IgD+ B cells from HIV-1-infected follicles and
occurred in the presence of as little as 1 ng/ml of Nef and as early as
5 min after exposure of IgD+ B cells to Nef (Supplementary Fig. 2
online). These studies provide an in vitro model for ‘dissecting’ the
function of B cell–associated Nef in T cell–dependent class switching
and antibody production.

Nef inhibits initiation of CSR by CD40 ligand and IL-4

B cells from HIV-1-infected patients respond poorly to CD4+ T cell
help8. As Nef accumulates in the germinal center, where CD4+ T cells
signal CSR to B cells, we hypothesized that Nef interferes with T cell–
dependent immunoglobulin class switching. CSR from Cm to Cg3, Cg1,
Ca1, Cg2, Cg4, Ca2 and Ce genes is guided by switch (S) regions 5¢ of
each CH gene and 3¢ of an intronic (IH) exon5. CSR is preceded by
germline IH-S-CH transcription, a key event that requires activation of
the IH promoter flanking each IH exon5. In addition to yielding ‘sterile’
IH-CH transcripts3, germline IgH gene transcription enables recruit-
ment of the CSR machinery, including the B cell–specific enzyme
activation-induced cytidine deaminase (AID), to the targeted S region6.

To confirm that exogenous Nef prevents T cell–dependent stimuli
from initiating germline IgH gene transcription, we primed IgD+

B cells for 3 h with recombinant myristoylated Nef. Nef inhibited
the induction of germline Ig3-Cg3 transcripts by CD154 and/or IL-4,
but did not affect germline Im-Cm transcripts (Fig. 2b,c), which are
constitutively expressed by IgD+ B cells. Unlike the viral control p24
protein, Nef impaired the CD154- and IL-4-induced transcriptional
activation of the Ig3 promoter in IgD+ human 2E2 B cells (Fig. 2d), a
subclone of the CL-01 cell line33. Consistent with published studies
indicating that myristoylation is associated with Nef signaling23,34,35,
nonmyristoylated Nef had a smaller inhibitory effect than did
myristoylated Nef. Similarly, overexpression of wild-type Nef inhi-
bited CD154- and IL-4-induced Ig3 activation more than overexpres-
sion of a mutated Nef with no myristoylation signal sequence
(Fig. 2e). Notably, both exogenous recombinant and endogenous

plasmid-encoded Nef proteins also inhibited Ig1, Ia and Ie activation
by CD154 and cytokines (data not shown). Thus, Nef inhibited a key
pre-CSR event in IgD+ B cells exposed to T cell–dependent stimuli.

Nef inhibits induction of CSR by CD154 and IL-4

Immunoglobulin CSR generates an extrachromosomal reciprocal
switch DNA recombination product known as the ‘switch circle’,
which includes the IH promoter 5¢ of the targeted CH gene, the
DNA segment between Sm and the targeted S region, and Cm

3. Under
the influence of the IH promoter, the switch circle transcribes a
chimeric IH-Cm product referred to as the ‘switch circle transcript’36.
Together with germline IH-CH transcripts and AID-encoding AICDA
transcripts, switch circle transcripts constitute molecular markers of
ongoing immunoglobulin CSR36. To further confirm that exogenous
Nef inhibits T cell–dependent immunoglobulin CSR, we assessed the
presence of AICDA transcripts and switch circle transcripts in IgD+ B
cells stimulated by CD154 and IL-4 in the presence or absence of Nef.
Because of the high sequence homology of Ig1 and Ig2 regions and Ia1
and Ia2 regions, we amplified Ig1-Cm and Ig2-Cm circle transcripts as
well as Ia1-Cm and Ia2-Cm circle transcripts using common Ig1/2 and
Ia1/2 primers, respectively36. Recombinant myristoylated Nef attenu-
ated the induction of AICDA transcripts and Ig1/2-Cm, Ig3-Cm, Ig4-Cm,
Ia1/2-Cm and Ie-Cm switch circle transcripts in IgD+ B cells exposed to
CD154 and/or IL-4 (Fig. 2f,g). Nef did not affect the expression of
germline Im-Cm transcripts, which were constitutively expressed by
IgD+ B cells. Notably, as little as 1 ng/ml of Nef was sufficient to
inhibit the induction of AICDA and switch circle transcripts by CD154
and IL-4 (Supplementary Fig. 2 online). Thus, exogenous Nef
inhibited CSR in IgD+ B cells exposed to T cell–dependent stimuli.

Nef inhibits induction of IgG, IgA and IgE by IL-10

Together with CD154 and IL-4, IL-10 drives the differentiation of
human B cells into antibody-producing cells. Recombinant myristoy-
lated Nef considerably reduced IgG and IgA production and nearly
completely abrogated IgE production in IgD+ B cells exposed to

Figure 2 Nef penetrates in B cells in vitro and

inhibits induction of CSR by CD154 and IL-4.

(a) Confocal microscopy of peripheral blood IgD+

B cells incubated for 30 min with BSA (control)

or Nef and then stained for IgD (green) and Nef

(red). Original magnification, �60. (b) RT-PCR

amplification of Ig3-Cg3 and Im-Cm transcripts

from peripheral blood IgD+ B cells exposed for
4 d to CD154, IL-4 and/or Nef and hybridized to

a radiolabeled Cm oligonucleotide probe. Control,

no Nef. (c) Real-time RT-PCR of Ig3-Cg3 mRNA

from peripheral blood IgD+ B cells cultured as

described in b. Ig3-Cg3 mRNA is normalized to

ACTB mRNA. (d) Luciferase activity of IgD+ 2E2

B cells transfected with Ig3-Luc and cultured

for 48 h with or without CD154 and IL-4 in the

presence of PBS (Control), Nef, nonmyristoylated

Nef (Nef Myr–) or p24. RLU, relative light units.

(e) Luciferase activity of IgD+ 2E2 B cells

transfected with Ig3-Luc plus empty pcDNA3.1

(Control), wild-type Nef-pcDNA3.1 (Nef) or

mutant NefD1–19-pcDNA3.1 (NefD1–19) and

cultured with or without CD154 and IL-4.

(f) Real-time RT-PCR of AICDA mRNA from

peripheral blood IgD+ B cells cultured as

described in b. AICDA mRNA is normalized to ACTB mRNA. (g) RT-PCR amplification of AICDA, ACTB, Ig1/2-Cm, Ig3-Cm, Ig4-Cm, Ia1/2-Cm, Ie-Cm and Im-Cm

transcripts from peripheral blood IgD+ B cells cultured as described in b. Circle transcripts were hybridized with a radiolabeled Cm oligonucleotide probe.
Error bars indicate s.d.; *, P o 0.005. Data represent one of three experiments yielding similar results (a,b,g) or a summary of four experiments (c–f).
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CD154, IL-4 and IL-10 (Fig. 3a). In contrast, nonmyristoylated Nef or
viral control p24 and envelope gp120 proteins did not substantially
decrease IgG production (Fig. 3b). As little as 1 ng/ml of Nef was
sufficient to attenuate IgG and IgA production by IgD+ B cells that
had been purified by either positive or negative selection (Fig. 3c and
Supplementary Fig. 2 online). Optimal inhibition of IgG production
required priming of IgD+ B cells with Nef for 3–24 h (Fig. 3d),
suggesting that Nef-mediated impairment of T cell–dependent immu-
noglobulin class switching requires first synthesis of intracellular CSR-
inhibiting factors. Thus, exogenous Nef inhibits production of IgG,
IgA and IgE in IgD+ B cells exposed to T cell–dependent stimuli.

Nef does not affect CD40, IL-4 and IL-10 receptors

Given that endogenous Nef downregulates expression of CD4, MHC
class I and class II, CD80 and CD86 on infected cells18,19,37,38, we
hypothesized that exogenous Nef inhibits T cell–dependent CSR by
decreasing CD40 and cytokine receptor expression on IgD+ B cells.
Recombinant myristoylated Nef downregulated expression of MHC
class I and class II on IgD+ B cells as well as expression of CD4, MHC
class I and class II and, to a lesser extent, CD80 and CD86 on

macrophages (Fig. 4a), a cell type that efficiently internalizes exoge-
nous Nef in vitro26,28. In contrast, Nef did not modulate CD19, CD40,
IL-4 receptor and IL-10 receptor on IgD+ B cells and CD14 on
macrophages. As endogenous Nef can trigger apoptosis14,23, we tested
whether exogenous Nef affects IgD+ B cell survival. Recombinant
myristoylated Nef did not affect the proliferation and survival of IgD+

B cells exposed to CD154 and/or IL-4 plus IL-10 (Fig. 4b,c). Thus, the
CSR-inhibiting activity of exogenous Nef was not due to the down-
regulation of CD40 and cytokine receptors on IgD+ B cells or to the
decreased proliferation and survival of IgD+ B cells.

Nef inhibits CD154 signaling through NF-jB

CD154 induces CSR through NF-kB3,5. In resting B cells, the cyto-
plasmic p65-p50, p50-p50 and p50-c-Rel NF-kB dimers are kept in an
inactive form by IkBa39. CD40 engagement by CD154 elicits phos-
phorylation of an IkB kinase (IKK) complex comprising two a- and
b-catalytic subunits and one g-regulatory subunit (also called
NEMO). Phosphorylation of IkBa by IKK is followed by degradation
of IkBa and nuclear translocation of NF-kB40, which initiates CSR by
binding to kB sites on IH promoters3,5. Given its ability to inhibit
NF-kB activation in drosophila41, we hypothesized Nef would inhibit
NF-kB activation in human IgD+ B cells as well. Recombinant
myristoylated Nef attenuated the phosphorylation of cytoplasmic
IKKb, IKKg and IkBa as well as the degradation of cytoplasmic
IkBa in IgD+ B cells exposed to CD154 (Fig. 5a–d). These effects were
specific, as Nef did not inhibit but instead enhanced the phosphoryla-
tion of cytoplasmic p38 (Fig. 5e), a mitogen-activated protein kinase
linked to many B cell functions3. Nef inhibited the upregulation of
nuclear p50, p65 and c-Rel in IgD+ B cells stimulated with CD154
(Fig. 5f–h). In contrast, Nef enhanced CD154-induced upregulation
of nuclear B cell–specific activator protein (BSAP; Fig. 5i), a key
transcriptional regulator of many B cell genes3. In addition, Nef did
not affect the constitutive expression of nuclear Octamer 1 (Oct1),
another important regulator of B cell gene expression3. As little as
1 ng/ml of Nef attenuated CD154-induced binding of nuclear p50, p65
and c-Rel to a kB site on the Ig3 promoter (Fig. 5j and Supplemen-
tary Fig. 3 online). In contrast, Nef augmented CD154-induced
binding of nuclear BSAP to an homonymous site on the Ig3 promoter
(Fig. 5j and Supplementary Fig. 3 online). Unlike Nef, viral p24 and
gp120 proteins did not impair CD154-induced signaling through
NF-kB (Supplementary Fig. 3 online). Thus, exogenous Nef inhibited
CD40 signaling through the IKK–NF-kB pathway in IgD+ B cells.
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Figure 3 Nef inhibits the production of IgG, IgA and IgE in B cells exposed

to CD154 and IL-4. (a) Enzyme-linked immunosorbent assay of IgG, IgA and

IgE in the supernatant of peripheral blood IgD+ B cells cultured for 8 d in
the presence or absence of CD154, IL-4 and IL-10 and with or without Nef.

IgG and IgA are less than 0.05 mg/ml and IgE is less than 0.5 ng/ml in

IgD+ B cells incubated with medium alone or Nef alone. Control, no Nef.

Error bars indicate s.d. of four experiments; *, P o 0.005. (b) IgG secretion

by peripheral blood IgD+ B cells exposed for 7 d to CD154, IL-4 and IL-10,

plus PBS (Control), Nef, nonmyristoylated Nef (Myr–), p24 or envelope

protein gp120. (c) IgG secretion by peripheral blood IgD+ B cells exposed

for 7 d to CD154, IL-4 and IL-10, plus 0, 1, 10, 100 or 1,000 ng/ml of

Nef. (d) IgG secretion by peripheral blood IgD+ B cells cultured as described

in c. B cells were preincubated with Nef for 10 min, 3 h or 24 h before the

addition of CD154, IL-4 and IL-10. Nil, no viral protein (b) or no Nef (c,d).

Data represent one of four experiments yielding similar results (b–d).

Figure 4 Nef does not downregulate CD40, IL-4 and IL-10 receptors on

B cells. (a) Flow cytometry of CD19, CD40, IL-4 receptor a-chain (IL-4Ra),

IL-10 receptor a-chain (IL-10Ra), HLA-ABC (MHC-I), HLA-DR (MHC-II),

CD14, CD4, CD80 and CD86 on peripheral blood IgD+ B cells or monocyte-
derived macrophages incubated for 48 h with Nef (open histograms) or

without Nef (filled histograms). Data represent one of four experiments

yielding similar results. (b) [3H]thymidine incorporation in peripheral blood

IgD+ B cells cultured for 4 d in the presence or absence of CD154, IL-4 and

IL-10, with or without Nef. Control, no Nef. (c) Viability of peripheral blood

IgD+ B cells cultured as described in b. Data represent a summary of three

experiments (b,c); error bars indicate s.d.
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Nef inhibits IL-4 and IL-10 signaling via STATs

IL-4 induces CSR via STAT6 (refs. 3,5). IL-4 receptor–induced phos-
phorylation of Janus kinase 1 (Jak1) and Jak3 is followed by phos-
phorylation, dimerization and nuclear translocation of STAT6 (ref. 42).
Once in the nucleus, STAT6 initiates germline transcription of IgH
constant-region genes by binding to an interferon-g-activated sequence
(GAS) on IH promoters3,5. Similarly, IL-10 stimulates immunoglobulin
production by activating STAT1 and STAT3 via Jak1 (ref. 43). Given
its ability to inhibit CD154 signaling via NF-kB, Nef was hypothesized
to inhibit IL-4 and IL-10 signaling via STATs as well. Recombinant
myristoylated Nef attenuated IL-4-induced phosphorylation of
Jak1, Jak3 and STAT6 (Fig. 6a–c). In addition, as little as 1 ng/ml of
Nef attenuated IL-4-induced binding of STAT6 to the GAS site
of the Ig3 promoter (Fig. 6d and Supplementary Fig. 3 online).
These effects were specific, as Nef did not inhibit but instead aug-
mented IL-4-induced phosphorylation of p38 as well as the expression
and Ig3-binding activity of BSAP (Fig. 5e,i,j). Unlike Nef, p24 and
gp120 did not affect IL-4-induced binding of STAT6 to Ig3
(Supplementary Fig. 3 online). Finally, Nef decreased IL-10-induced

phosphorylation of Jak1, STAT1 and STAT3 (Fig. 6e–g). Thus,
exogenous Nef attenuates IL-4 and IL-10 signaling via the Jak-STAT
pathway in IgD+ B cells.

Nef induces IjBa and SOCS feedback inhibitors

After exposure to CD154 and cytokines, immune cells synthesize
IkBa and SOCS proteins40,44. By turning off NF-kB and Jak-STAT
signaling, IkBa and SOCS provide negative feedback that limits
cellular responses to CD154 and cytokines40,44. Hence, exogenous
Nef was hypothesized to impair T cell–dependent CSR by inducing
IkBa and SOCS. Peripheral blood IgD+ B cells upregulated NFKBIA
transcripts (encoding IkBa) and SOCS1 transcripts 5–10 min
after exposure to recombinant myristoylated Nef but not after
exposure to control viral p24 (Fig. 7a,b). NFKBIA and SOCS1
transcripts peaked after 60 and 30 min, respectively, and although
they progressively decreased, they did not return to the baseline
throughout the subsequent 24 h. Expression of IkBa and SOCS1
proteins increased 5–10 min after exposure of IgD+ B cells to Nef
and peaked after 3 h and 30 min, respectively (Fig. 7c,d). Expression
of IkBa and SOCS1 proteins remained above baseline throughout
the subsequent 24 h. IgD+ B cells upregulated SOCS3 transcript
and SOCS3 protein as early as 5 min after exposure to Nef. This
expression progressively decreased in the subsequent 6 h, but increased
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Figure 5 Nef inhibits CD154 signaling through NF-kB in B cells.

(a–e) Immunoblots of relevant cytoplasmic proteins from tonsillar IgD+

B cells cultured with CD154 and/or IL-4 and in the presence or absence

of Nef for 5 min (IKKs and p38) or for 2 h (IkBa). Phosphorylated bands

(p-IKK-b, p-IKKg, IkBa, p-IkBa and p-p38) were quantified (below lanes)

after normalization to the IKKb, IKKg, actin and p38 loading controls. The

value corresponding to IgD+ B cells incubated with medium alone (far left

lane in each) was arbitrarily set as 1. (f–i) Immunoblots of relevant nuclear
proteins from tonsillar IgD+ B cells cultured for 2 h as described in a.

The p50, p65, c-Rel and BSAP bands were quantified (below lanes)

after normalization to Oct1, a constitutively expressed nuclear protein

used as a loading control. (j) EMSA of nuclear NF-kB–Ig3 DNA, BSAP–Ig3

DNA and Oct1–DNA complexes from tonsillar IgD+ B cells cultured for 2 h

as described in a. Supplementary Fig. 3 online presents supershift assays

identifying these complexes. Control, no Nef. Data (a–j) represent one of

three experiments yielding similar results.

Figure 6 Nef inhibits cytokine signaling through the Jak-STAT pathway in

B cells. (a–c) Immunoblots of relevant cytoplasmic proteins from tonsillar

IgD+ B cells cultured for 5 min with CD154, IL-4 and/or Nef. Phosphorylated

bands (p-Jak1, p-Jak3 and p-STAT6) were quantified (below lanes) after

normalization to the Jak1, Jak3 and STAT6 loading controls. The value

corresponding to IgD+ B cells incubated with medium alone (far left lane

in each) was arbitrarily set as 1. Control, no Nef. (d) EMSA of nuclear

STAT6–Ig3 DNA and Oct1-DNA complexes from tonsillar IgD+ B cells

cultured for 2 h as described in a–c (Supplementary Fig. 3 online

presents a supershift assay identifying the STAT6–Ig3 DNA complex).

(e–g) Immunoblots of relevant cytoplasmic proteins from tonsillar IgD+

B cells cultured with IL-10 for 0, 5, 15 or 60 min in the presence or

absence of Nef. Phosphorylated bands (p-Jak1, p-STAT1 and p-STAT3) were

quantified (below lanes) after normalization to the Jak1, STAT1 and STAT3

loading controls. Data (a–g) represent one of three experiments yielding

similar results.
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again after 12 and 24 h. Thus, exogenous Nef rapidly induced
expression of the IkBa, SOCS1 and SOCS3 negative feedback proteins
in IgD+ B cells.

IjBa and SOCS inhibit CD154- and IL-4-induced CSR

As CD154 and cytokines activate NFKBIA and SOCS genes via NF-kB
and STAT40,44, we sought to determine whether exogenous Nef
activated NF-kB and STAT proteins in IgD+ B cells. Myristoylated
recombinant Nef activated NF-kB, STAT1 and STAT3 proteins in IgD+

B cells, although this activation was less efficient than that induced by
CD154 and cytokines (Figs. 5a–h and 6e–g). In addition, as little as
1–10 ng/ml of Nef induced NF-kB-dependent gene transcription and
STAT3 activation in IgD+ 2E2 B cells, (Fig. 7e). These findings
suggested that Nef upregulates feedback inhibitors of CD154 and
cytokine signaling, such as IkBa and SOCS proteins, through NF-kB
and STAT signals. Consistent with that possibility, IgD+ 2E2 B cells
incubated with Nef underwent CD154-induced NF-kB-dependent
gene transcription less efficiently than did IgD+ 2E2 B cells incubated
with medium alone or control viral p24. Next, we assessed whether
IkBa and SOCS proteins attenuate CSR. Overexpression of Nef,
NFKBIA, SOCS1 or SOCS3 inhibited Ig3 activation in IgD+ 2E2
B cells exposed for 2 d to CD154 and IL-4 (Fig. 7f). Notably, the
amount of IkBa, SOCS1 and SOCS3 protein in Nef-transfected IgD+

2E2 B cells was similar to that in IgD+ 2E2 B cells transfected with
NFKBIA, SOCS1 and SOCS3. Thus, exogenous Nef delivered relatively
weak NF-kB and STAT signals that induced expression of negative
feedback proteins with CSR-inhibiting activity in IgD+ B cells
(Supplementary Fig. 4 online).

DISCUSSION

HIV-1 infection profoundly impairs IgG and IgA responses to T cell–
dependent antigens. We have reported here that HIV-1 Nef penetrates
B cells both in vivo and in vitro. Nef inhibited switching to IgG, IgA
and IgE by inducing IkBa and SOCS negative feedback proteins,
which blocked CD154 and cytokine signaling through NF-kB and
STAT. Thus, Nef may suppress protective T cell–dependent antibody
responses by a mechanism of ‘molecular piracy’ involving induction of
physiological signal inhibitors in bystander B cells.

Antibodies are essential for protective immunity against viruses. In
contrast to IgM, class-switched IgG and IgA are endowed with new
effector functions that enhance the neutralization and clearance of
viruses by the immune system45. This is exemplified by IgA, which can
be released at key portals of entry, such as the respiratory, intestinal
and genital mucosal surfaces, because of its ability to bind a polymeric
immunoglobulin receptor on the side of epithelial cells away from the
lumen46. Thus, it is not unexpected that viruses such as measles virus

a c

e

b

d
f

NFKBIA

N
F
K
B
IA

Iκ
B

α

IκBα

I γ3
-L

uc
(R

LU
)

S
O

C
S

1

SOCS1

S
O

C
S

3

SOCS3

S
O
C
S
1

S
O
C
S
3

SOCS1

SOCS3

ACTB

SOCS1

SOCS3

Actin

Actin

DNA
(µg/ml)

5 10 5 10 5 10 5 10 5 10 5 10

IκBα

Time (min)

Nef

Nef

Nef

CD154 + IL-4

Em
pt

y

Em
pt

y
Nef

IκB
α

SOCS1

SOCS3

p24

0 5 10 30 60 18
0

36
0

72
0
1,

44
0

Time (min) 0 5 10 30 60 18
0

36
0

72
0
1,

44
0

Time (min) 0 5 10 30 60 18
0

36
0

72
0
1,

44
0

Time (min)

Nef

Nef

Con
tro

l 1 10 10
0
1,

00
0

0 10 10
0 0 10 10

0

Nil
Nef

p2
4

N
F

-κ
B

-L
uc

(1
03  

R
LU

)

0 5 10 30 60 18
0

36
0

72
0
1,

44
0

4.0
3.2
2.4
1.6
0.8

Nef (ng/ml)

p-STAT3 STAT3

Nef (ng/ml) Nef (ng/ml)

CD154

0

5
4
3
2
1
0

10
8
6
4
2
0

15
12

9
6
3
010

8
6
4
2
0

10
8
6
4
2
0

5
4
3
2
1
0

1.5
1.2
0.9
0.6
0.3

0

Figure 7 Nef induces IkBa, SOCS1 and SOCS3 in B cells. (a) RT-PCR of NFKBIA, SOCS1, SOCS3 and ACTB transcripts from tonsillar IgD+ B cells cultured

with Nef for various times. (b) Real-time RT-PCR of NFKBIA, SOCS1, SOCS3 mRNA from tonsillar IgD+ B cells cultured with Nef or p24. Values are

normalized to ACTB mRNA. (c,d) Immunoblots (c) and quantification (d) of Nef, IkBa, SOCS1, SOCS3 and actin protein from tonsillar IgD+ B cells cultured

as described in a. Relevant bands were quantified after normalization to actin. The control value (far left lane in each) was arbitrarily set as 1. (e) Top,

luciferase activity of IgD+ 2E2 B cells transfected with kB(2)-Luc and cultured for 48 h with Nef (1, 10, 100 or 1,000 ng/ml), CD154 and/or p24. Control,

IgD+ B cells cultured with medium alone. Bottom, immunoblots of STAT3 and phosphorylated STAT3 (p-STAT3) in IgD+ 2E2 B cells exposed for 5 min to

Nef (10 or 100 ng/ml). Nil, no viral protein. (f) Top, luciferase activity of IgD+ 2E2 B cells transfected with Ig3-Luc plus 5 or 10 mg empty pcDNA3.1, Nef-
pcDNA3.1, IkBa-pcDNA3.1, SOCS1-pcDNA3.1 or SOCS3-pcDNA3.1 and then cultured for 48 h with or without CD154 and IL-4. Bottom, immunoblots of

IkBa, SOCS1, SOCS3 and actin proteins from cotransfected IgD+ 2E2 B cells. Data (a–f) represent one of three experiments yielding similar results.
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have developed effective strategies to evade class switching. By
producing a soluble nucleocapsid protein, measles virus engages a
powerful inhibitory FcgIIB receptor on bystander B cells, thereby
suppressing IgG and IgA production in response to CD154 and
cytokines11.

Nef shares sequence homology with the immunosuppressive retro-
viral protein p15E and has been linked to the development of
AIDS14,35. We found abundant Nef in the germinal centers of infected
lymphoid follicles, where protective IgG and IgA responses usually
take place. Follicular B cells proximal to HIV-1-trapping follicular
dendritic cells or HIV-1-infected cells contained Nef, but lacked p17,
p24 and, as shown before10, viral RNA. Thus, B cells might accumulate
Nef not as a result of endogenous synthesis but instead as a result of
internalization from the extracellular environment. Consistent with
that, Nef accumulates in the serum of infected patients in vivo13 and,
as shown here, penetrates in B cells in vitro. Infected cells would release
Nef through a nonclassical secretory pathway or after lysis12,13. Then,
bystander cells could internalize Nef via endocytosis, pinocytosis or
other unknown mechanisms13,26–30. In addition to Nef, B cells capture
Tat32, another early HIV-1 protein released by infected cells31. Given
its ability to deliver suppressive signals14,31, Tat may cooperate with
Nef to alter B cell effector functions in the germinal center.

Endogenous Nef downregulates surface CD4, MHC class I and class
II, CD80 and CD86 through a mechanism that involves anchoring
of Nef to the membrane of infected cells via its myristoylated
domain17–19,35,37,38. By showing that myristoylated recombinant Nef
targeted the membranes of B cells and downregulated MHC class I
and class II, our findings have extended published reports indicating
that once it is internalized, exogenous Nef partially recapitulates
the functions of endogenous Nef25–30. Exogenous Nef would sup-
press CD40-dependent IgG, IgA and IgE class switching in bystander
B cells, thereby enabling HIV-1 to escape potentially protective T cell–
dependent antibody responses. This immune evasion strategy could be
particularly important at an early stage of HIV-1 infection, when
CD4+ T cells are relatively conserved2.

Nef penetrated B cells and inhibited class switching at concentra-
tions comparable to those found in the blood of HIV-1-infected
patients13. Much higher concentrations of Nef may be present in
germinal centers, which constitute the main site of HIV-1 deposi-
tion, replication and propagation7. In the germinal center, bystander
B cells might internalize soluble Nef actively or passively released in
the extracellular environment by infected cells12,13. Alternatively,
HIV-1-infected cells might transfer Nef to bystander B cells while
interacting with them through immune synapses and, perhaps,
tunneling nanotubules47.

Nef would turn off B cell responses independently of its positive
effect in enhancing viral replication, as Nef-transgenic mice have
severely disrupted germinal centers as well as impaired IgG and IgA
responses to T cell–dependent antigens in the absence of active viral
replication48. Notably, activated CD4+ T cells from Nef-transgenic
mice express less CD154 (ref. 48), suggesting that CD40 is key to Nef-
induced immune defects. Consistent with that, we found that Nef
blocked CSR and subsequent production of IgG, IgA and IgE by
delivering CD40-inhibitory signals to B cells. Thus, Nef may impair
T cell–dependent antibody production not only by downregulating
CD154 on infected CD4+ T cells but also by perturbing CD40
signaling in bystander B cells. In this way Nef would contribute to
rendering B cells less responsive to CD4+ T cell help8.

Nef impaired CSR because of its ability to interfere with CD40
signaling through NF-kB. By attenuating CD40-mediated IkBa degra-
dation and increasing IkBa synthesis, Nef inhibited the translocation

of cytoplasmic NF-kB dimers to the nucleus, thereby impairing the
binding of NF-kB to IH promoters. Notably, Nef impairs protective
immune responses in drosophila by interfering with the activation of
Relish, an NF-kB family member41. Thus, Nef may weaken immune
protection by targeting highly conserved NF-kB pathways in effector
cells. Nef further inhibited CSR by dampening IL-4 signaling through
STAT6. In particular, Nef attenuated IL-4 receptor–mediated Jak1 and
Jak3 activation, thereby impairing phosphorylation, nuclear translo-
cation and binding of STAT6 to IH promoters. Finally, Nef inhibited
IL-10 signaling through Jak1, STAT1 and STAT3, thereby preventing
the differentiation of class-switched B cells into antibody-secreting
cells. Notably, Nef did not inhibit but instead augmented CD154 and
IL-4 signaling through p38 and BSAP, two key molecules in B cells3;
this might explain why Nef dampens CSR and antibody production
without affecting B cell proliferation and survival.

Nef inhibits T cell–dependent CSR through a specific mechanism,
as p24 and gp120, two viral proteins abundant in infected follicles7,24,
do not affect CD40-dependent CSR. Like endogenous Nef in infected
cells35, exogenous Nef had to be myristoylated to effectively inhibit
CSR in B cells. Although targeting the B cell membrane, Nef neither
perturbed B cell proliferation and survival nor downregulated surface
B cell CD40, IL-4 and IL-10 receptors. Instead, Nef upregulated
feedback inhibitors of CD40, IL-4 and IL-10 receptor signaling,
including IkBa, SOCS1 and SOCS3. In agreement with published
studies40,44, IkBa would block CD40 signaling by retaining NF-kB in
the cytoplasm, whereas SOCS1 and SOCS3 would inhibit IL-4 and
IL-10 receptor signaling by interfering with STAT activation via Jak.
SOCS could also interfere with the activation of IKK49 and therefore
might cooperate with IkBa to inhibit CD40 signaling through NF-kB
in Nef-containing B cells.

CD40 and cytokine receptors limit their own signaling activity by
turning on genes encoding IkBa, SOCS1 and SOCS3 via NF-kB and
STAT transcription factors40,44. Like myeloid cells26,28, B cells activated
NF-kB, STAT1 and STAT3 after Nef internalization. Subsequent IkBa
and SOCS upregulation would render Nef-containing B cells less
responsive to CD4+ T cell help as provided by CD40 ligand, IL-4
and IL-10. Thus, HIV-1 may evade T cell–dependent class switching
by ‘pirating’ negative feedback pathways in bystander B cells via Nef.
Should this be the case, Nef-blocking agents might improve protective
IgG and IgA responses to pathogens and vaccines in at least two ways:
by attenuating the spread of HIV-1 to CD4+ T helper cells20–22 and by
increasing the responsiveness of B cells to CD4+ T cell help.

METHODS
Cells. Human B cells were negatively selected from peripheral blood and

tonsillar mononuclear cells with a commercially available kit (Miltenyi Biotec).

Buffy coats from healthy donors were purchased at the New York Blood Center

and were used to isolate peripheral blood mononuclear cells. Tonsillar mono-

nuclear cells were obtained from tissue specimens of patients undergoing

tonsillectomy. The Institutional Review Board of Weill Medical College of

Cornell University (New York, New York) approved the study and patients

provided informed consent. IgD+ B cells were magnetically sorted by incuba-

tion of total B cells with a biotinylated monoclonal antibody (mAb) to IgD

(Southern Biotechnologies) and streptavidin MicroBeads (Miltenyi Biotec),

which are specifically designed to avoid substantial receptor cross-linking. All

sorting procedures were done on ice. In some experiments, B cells were

negatively selected with a commercially available kit (Miltenyi Biotec). Posi-

tively and negatively selected IgD+ B cells had comparable size, CD69 expres-

sion, phosphorylated phospatidylinositol-3-kinase content (data not shown)

and CD40-dependent immunoglobulin secretion (Supplementary Fig. 2

online). Monocytes were magnetically sorted with biotinylated mAb MCA596B

to CD14 (Serotec) and streptavidin MicroBeads. Macrophages were obtained
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by incubation of monocytes for 7 d with RPMI medium supplemented with

10% FBS and 20 ng/ml of macrophage colony-stimulating factor (R&D

Systems). 2E2 is a subclone of CL-01, a human IgD+IgM+ B cell line that

initiates germline immunoglobulin gene transcription after exposure to appro-

priate stimuli33.

Cultures and reagents. B cells were cultured in RPMI medium plus 10% FBS

with or without 200 U/ml of IL-4, 200 ng/ml of IL-10 (Schering-Plough) and

0.5 mg/ml of soluble trimeric CD154 (Immunex). Recombinant myristoylated

HIV-1 Nef from strain SF2 (Jena Bioscience) was generated as reported50 and

was used at a concentration of 100 ng/ml unless stated otherwise. Nef was

incubated with B cells for at least 3 h before the addition of CD154 and

cytokines. Recombinant nonmyristoylated Nef (National Institutes of Health

AIDS Research & Reference Reagent Program, Bethesda, Maryland) was

expressed in BL21 Escherichia coli with a pT7-7 plasmid encompassing a

consensus Nef gene. Recombinant p24 from HIV-1 strain IIIB (Immuno

Diagnostics) and recombinant glycosylated gp120 from HIV-1 strain BaL

(National Institutes of Health AIDS Research & Reference Reagent Program)

were used at a concentration of 100 ng/ml. All HIV-1 proteins were free of

endotoxin (less than 0.03 U/ml), as determined by a Limulus assay, and did not

contain cytotoxic contaminants, as determined by survival assays.

Flow cytometry. B cells and macrophages were stained with the following

mAbs, conjugated to phycoerythrin or fluorescein isothiocyanate: Q4120, to

CD4; UCHM1, to CD14; SJ25-c1, to CD19 (Sigma Aldrich); L307.4, to CD80;

IT2.2, to CD86; L243, to HLA-DR (BD PharMingen); BE-1, to CD40; and

3F10, to HLA-ABC (Ancell). Biotin-conjugated polyclonal antibody BAF230

to IL-4 receptor a-chain (R&D Systems) and mAb 3F9 to IL-10 receptor

a-chain (Serotec) were labeled with phycoerythrin-conjugated streptavidin

(BD PharMingen). At least 1 � 104 viable cells were acquired with a

FACScalibur analyzer (BD PharMingen). Histogram shifts were analyzed

with the Kolmogorov-Smirnov test included in the CellQuest software

(BD PharMingen) and were considered statistically significant at a p value of

less than 0.001.

Enzyme-linked immunosorbent assay, survival assay and proliferation assay.

IgG, IgA and IgE were detected as reported36. B cell survival was evaluated with

the Trypan blue exclusion test. For measurement of B cell proliferation, 1 � 104

cells/200 ml were seeded in 96-well plates and were pulsed with 1 mCi

[3H]thymidine on day 4 of culture. After 18 h, cells were collected for

measurement of [3H]thymidine uptake.

Immunohistochemistry. Tonsil and lymph node tissue specimens were

obtained from five healthy donors and ten symptomatic HIV-1 patients,

respectively. The Institutional Review Board of Weill Medical College of Cornell

University approved the study, and patients provided informed consent.

Paraformaldehyde-fixed frozen tissue sections 5 mm in thickness were stained

with fluorescein isothiocyanate–conjugated mouse mAb IA6-2 to IgD (BD

PharMingen), unconjugated goat polyclonal antibody vA-19 to Nef (Santa

Cruz), unconjugated mouse mAb 191 to p17 (Biodesign International),

unconjugated mouse mAb Kal-1 to p24 (Dako) and/or unconjugated mouse

mAb 1F8 to CD21 (BD PharMingen). Then, slides were incubated with

secondary indodicarbocyanine-conjugated antibody to mouse (anti-mouse;

Jackson ImmunoResearch Laboratories) and Alexa Fluor 456–conjugated

anti-goat (Molecular Probes). Nuclei were visualized with 4¢,6-diamidine-2¢-
phenylindole dihydrochloride (Boehringer Mannheim). Slides were analyzed

with a Zeiss Axioplan 2 microscope (Atto Instruments).

Confocal microscopy. B cells were adhered to polylysine-coated glass slides,

fixed and washed as described36. Mouse mAb IA6-2 to IgD (BD PharMingen)

and goat polyclonal antibody vA-19 to Nef (Santa Cruz) were labeled with

secondary Alexa Fluor 488–conjugated anti-mouse and Alexa Fluro 456–

conjugated anti-goat, respectively. Coverslips were applied with Slow Fade

reagent (Molecular Probes). Cells were visualized with a Zeiss LSM510 laser-

scanning microscope (Carl Zeiss).

RT-PCR and Southern blot. cDNA was synthesized from total RNA as

described36. Germline Ig3-Cg3 and Im-Cm transcripts, Ig1/2-Cm, Ig3-Cm,

Ig4-Cm, Ia1/2-Cm and Ie-Cm circle transcripts, AICDA transcripts and ACTB

transcripts (encoding b-actin) were amplified by RT-PCR for 25 cycles as

reported36. Ig3-Cg3 transcripts were hybridized to a radiolabeled oligonucleo-

tide probe encompassing a consensus Cg sequence, whereas Im-Cm transcripts

and circle transcripts were hybridized to a radiolabeled probe recognizing Cm
(ref. 33). NFKBIA transcripts as well as SOCS1 and SOCS3 transcripts were

amplified by RT-PCR for 25 cycles with the following forward and reverse

primer pairs: NFKBIA forward, 5¢-CTACACCTTGCCTGTGAGCAGGGCT-3¢,
and reverse, 5¢-GCTCGTCCTCTGTGAACTCC GTGAA-3¢; SOCS1 forward,

5¢-CCTTCCCCTTCCAGATTTGACC-3¢, and reverse, 5¢-AAGAGGT AGGAGG

TGCGAGTTCAG-3¢; and SOCS3 forward, 5¢-CTTCTCTCTGCAGAGCGATC-

3¢, and reverse, 5¢-TGGTCCAGGAACTCCCGAAT-3¢. The RT-PCR conditions

have been described33,36.

Quantitative real-time RT-PCR. Quantitative real-time PCR was done in

triplicate with the iCycler iQ thermal cycler and detection system (BioRad)

and the PCR Core Reagents kit (Applied Biosystems) with 500 nM primers; the

final Mg2+ concentration was adjusted to 4 mM. Fourfold serial dilutions of

cDNA were used to generate curves of log input amount versus threshold cycle,

and comparable slopes for a given primer set were obtained for the group

of cDNAs being tested, indicating comparable efficiencies of amplification.

The amount of mRNA was normalized relative to the amount of ACTB mRNA.

The generation of amplification products of only the correct size was con-

firmed by agarose gel electrophoresis. The following primer pairs were used:

Ig3-Cg3 forward, 5¢-GCCATGGGGTGATGC CAGGATGGGCAT-3¢, and

reverse, 5¢-GAAGACCGATGGGCCCTTGGTGGA-3¢; AICDA forward, 5¢-
CCTCCTAATGAGAGTATCTGGGTGAT-3¢, and reverse, 5¢-TTAAAACATAC

AGC GCATGATTGG-3¢; NFKBIA forward, 5¢-TGCCTACACTTAGCCTC

TATC-3¢, and reverse, 5¢-AGGTCCACTGCGAGGTGAAG-3¢; SOCS1 forward,

5¢-TTGGAGGGAGCGGATGGGTGTAG-3¢, and reverse, 5¢-AGAGGTAGGAGG

TGCGAGTTCAGGTC-3¢; SOCS3 forward, 5¢-CACTCTTCAG CATCTC

TGTCGGAAG-3¢, and reverse, 5¢-CATAGGAGTCCAGGTGGCCGTTGAC-3¢;
and ACTB forward, 5¢-GGATGCAGAAGGAGATCACT-3¢, and reverse,

5¢-CGATCCACACGGAGTACTTG-3¢.

Luciferase reporter assay. The 2E2 B cells (20 � 106 cells/ml) were transfected

by electroporation with 40 ml plasmid DNA–Tris–EDTA solution, pH 8.0,

containing 10 mg Ig3-Luc or kB(2)-Luc reporter plasmid, expressing firefly

luciferase, and 200 ng control pRL-TK reporter plasmid, expressing renilla

luciferase under control of the thymidine kinase promoter (Promega). Firefly

and renilla activity was measured after 48 h with the Dual-Luciferase Assay

System (Promega). Luciferase activity is expressed as relative light units

normalized to the pRL-TK control plasmid. The 2E2 B cells were also

transfected with various amounts of pcDNA3.1 expression plasmids. Expres-

sion plasmids for consensus Nef and mutant Nef with deletion of the

myristoylation signal sequence (Nef amino acids 1–19 (NefD1–19)) were from

M. Robert-Guroff (National Cancer Institute, Frederick, Maryland); expression

plasmids for SOCS1 and SOCS3 were from D. Hilton (The Walter and Eliza

Hall Institute of Medical Research, Parkville, Australia). An expression plasmid

for IkBa with mutant Ser 32 and Ser 36 was from E. Cesarman (Weill Medical

College of Cornell University).

Immunoblots. Equal amounts of cytoplasmic or nuclear proteins were

separated by 10% SDS-PAGE and were transferred to nylon membranes

(BioRad). After being blocked, membranes were probed with primary poly-

clonal or monoclonal antibodies to p50 (C-19), p65 (C-20), c-Rel (B-6), IkBa
(C-21), p38 (C-20), BSAP (C-20), Jak1 tryosine-phosphorylated at residues

1022 and 1023, Jak3 (C-21), Jak3 tryosine-phosphorylated at residue 980

(Tyr980), STAT1 (C-136), STAT3 (F-2), STAT6 (S-20), Oct1 (12F11), SOCS1

(C-20), SOCS3 (M-20), actin (I-19) and Nef (vC-19; Santa Cruz Biotechno-

logies). Membranes were also probed with primary polyclonal antibodies to

Jak1; IKKb; IKKb-IKKa phosphorylated at serine residue 181; IKKg; and IKKg
phosphorylated at serine residue 376; or with primary mAb 5A5, to IkBa
phosphorylated at serine residues 26 and 36; 28B10, to p38 tryosine-phos-

phorylated at residues 180 and 182; 9H2, to STAT1 tryosine-phosphorylated at

residue 701; 3E2, to STAT3 tryosine-phosphorylated at residue 705; or 5A4, to

STAT6 tryosine-phosphorylated at residue 641 (Cell Signaling Technology).
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Membranes were then washed and were incubated with the appropriate

secondary antibody (Santa Cruz). Proteins were detected with an enhanced

chemiluminescence detection system (Amersham). Signal intensity was quan-

tified by Quant1 software (Bio-Rad).

Electrophoretic mobility-shift assay (EMSA) and supershift assay. Oligonu-

cleotides encompassing kB3, BSAP and GAS sites from the Ig3 promoter and a

control oligonucleotide encompassing an Oct1-binding site were end-labeled

with [g-P32]ATP by T4 kinase and were used at approximately 30,000 c.p.m. in

each EMSA33,36. Reaction samples were prepared as described33,36 and were

separated by 6% nondenaturing PAGE. The composition of DNA-bound

protein complexes was determined by incubation of the reaction mixture with

polyclonal antibody to p65 (C-20), c-Rel (B-6), Rel-B (C-19), p50 (C-19),

BSAP (C-20) or STAT6 (S-20) (Santa Cruz) or with mAb to p52 (Upstate

Biotechnologies) before the addition of radiolabeled probe33,36.

Statistical analysis. For immunoglobulin secretion, proliferation, survival and

reporter assays, values were calculated as mean ± standard deviation for at least

three separate experiments done in triplicate. The significance of differences

between experimental variables was determined with the paired Student’s t-test.

Note: Supplementary information is available on the Nature Immunology website.

ACKNOWLEDGMENTS
We thank J.P. Moore and K.A. Smith (Weill Medical College of Cornell
University, New York) for discussions. Supported by the National Institutes
of Health (AI057530 and AI057653 to A.C.).

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Published online at http://www.nature.com/natureimmunology/

Reprints and permissions information is available online at http://npg.nature.com/

reprintsandpermissions/

1. Pantaleo, G. & Fauci, A.S. New concepts in the immunopathogenesis of HIV infection.
Annu. Rev. Immunol. 13, 487–512 (1995).

2. Lane, H.C. et al. Abnormalities of B-cell activation and immunoregulation in patients
with the acquired immunodeficiency syndrome. N. Engl. J. Med. 309, 453–458
(1983).

3. Stavnezer, J. Antibody class switching. Adv. Immunol. 61, 79–146 (1996).
4. MacLennan, I.C. Germinal centers. Annu. Rev. Immunol. 12, 117–139 (1994).
5. Manis, J.P., Tian, M. & Alt, F.W. Mechanism and control of class-switch recombination.

Trends Immunol. 23, 31–39 (2002).
6. Honjo, T., Kinoshita, K. & Muramatsu, M. Molecular mechanism of class switch

recombination: linkage with somatic hypermutation. Annu. Rev. Immunol. 20,
165–196 (2002).

7. Pantaleo, G. et al. Lymphoid organs function as major reservoirs for human immuno-
deficiency virus. Proc. Natl. Acad. Sci. USA 88, 9838–9842 (1991).

8. Moir, S. et al. Perturbations in B cell responsiveness to CD4+ T cell help in HIV-infected
individuals. Proc. Natl. Acad. Sci. USA 100, 6057–6062 (2003).

9. Morris, L. et al. HIV-1 antigen-specific and -nonspecific B cell responses are sensitive to
combination antiretroviral therapy. J. Exp. Med. 188, 233–245 (1998).

10. Moir, S. et al. B cells of HIV-1-infected patients bind virions through CD21-comple-
ment interactions and transmit infectious virus to activated T cells. J. Exp. Med. 192,
637–646 (2000).

11. Ravanel, K. et al. Measles virus nucleocapsid protein binds to FcgRII and inhibits
human B cell antibody production. J. Exp. Med. 186, 269–278 (1997).

12. Guy, B. et al. HIV F/3¢ ORF encodes a phosphorylated GTP-binding protein resembling
an oncogene product. Nature 330, 266–269 (1987).

13. Fujii, Y., Otake, K., Tashiro, M. & Adachi, A. Soluble Nef antigen of HIV-1 is cytotoxic
for human CD4+ T cells. FEBS Lett. 393, 93–96 (1996).

14. Cullen, B.R. HIV-1 auxiliary proteins: making connections in a dying cell. Cell
93, 685–692 (1998).

15. Kestler, H.W., III et al. Importance of the nef gene for maintenance of high virus loads
and for development of AIDS. Cell 65, 651–662 (1991).

16. Deacon, N.J. et al. Genomic structure of an attenuated quasi species of HIV-1 from a
blood transfusion donor and recipients. Science 270, 988–991 (1995).

17. Blagoveshchenskaya, A.D., Thomas, L., Feliciangeli, S.F., Hung, C.H. & Thomas, G.
HIV-1 Nef downregulates MHC-I by a PACS-1- and PI3K-regulated ARF6 endocytic
pathway. Cell 111, 853–866 (2002).

18. Collins, K.L., Chen, B.K., Kalams, S.A., Walker, B.D. & Baltimore, D. HIV-1 Nef protein
protects infected primary cells against killing by cytotoxic T lymphocytes. Nature
391, 397–401 (1998).

19. Garcia, J.V. & Miller, A.D. Serine phosphorylation-independent downregulation of
cell-surface CD4 by nef. Nature 350, 508–511 (1991).

20. Pope, M. et al. Conjugates of dendritic cells and memory T lymphocytes from skin
facilitate productive infection with HIV-1. Cell 78, 389–398 (1994).

21. Swingler, S. et al. HIV-1 Nef mediates lymphocyte chemotaxis and activation by
infected macrophages. Nat. Med. 5, 997–1003 (1999).

22. Swingler, S. et al. HIV-1 Nef intersects the macrophage CD154 signalling pathway to
promote resting-cell infection. Nature 424, 213–219 (2003).

23. Baur, A.S. et al. HIV-1 Nef leads to inhibition or activation of T cells depending on its
intracellular localization. Immunity 1, 373–384 (1994).

24. Kuster, H. et al. Treatment-induced decline of human immunodeficiency virus-1 p24
and HIV-1 RNA in lymphoid tissue of patients with early human immunodeficiency
virus-1 infection. Am. J. Pathol. 156, 1973–1986 (2000).

25. Brigino, E. et al. Interleukin 10 is induced by recombinant HIV-1 Nef protein involving
the calcium/calmodulin-dependent phosphodiesterase signal transduction pathway.
Proc. Natl. Acad. Sci. USA 94, 3178–3182 (1997).

26. Federico, M. et al. HIV-1 Nef activates STAT1 in human monocytes/macrophages
through the release of soluble factors. Blood 98, 2752–2761 (2001).

27. Quaranta, M.G., Tritarelli, E., Giordani, L. & Viora, M. HIV-1 Nef induces dendritic cell
differentiation: a possible mechanism of uninfected CD4+ T cell activation. Exp. Cell
Res. 275, 243–254 (2002).

28. Olivetta, E. et al. HIV-1 Nef induces the release of inflammatory factors from human
monocyte/macrophages: involvement of Nef endocytotic signals and NF-kB activation.
J. Immunol. 170, 1716–1727 (2003).

29. Varin, A. et al. Exogenous Nef protein activates NF-kB, AP-1, and c-Jun N-terminal
kinase and stimulates HIV transcription in promonocytic cells. Role in AIDS pathogen-
esis. J. Biol. Chem. 278, 2219–2227 (2003).

30. James, C.O. et al. Extracellular Nef protein targets CD4+ T cells for apoptosis by
interacting with CXCR4 surface receptors. J. Virol. 78, 3099–3109 (2004).

31. Rubartelli, A., Poggi, A., Sitia, R. & Zocchi, M.R. HIV-I Tat: a polypeptide for all
seasons. Immunol. Today 19, 543–545 (1998).

32. Lefevre, E.A., Krzysiek, R., Loret, E.P., Galanaud, P. & Richard, Y. Cutting edge: HIV-1
Tat protein differentially modulates the B cell response of naive, memory, and germinal
center B cells. J. Immunol. 163, 1119–1122 (1999).

33. He, B., Qiao, X. & Cerutti, A. CpG DNA induces IgG class switch DNA recombination by
activating human B cells through an innate pathway that requires TLR9 and cooperates
with IL-10. J. Immunol. 173, 4479–4491 (2004).

34. Peng, B. & Robert-Guroff, M. Deletion of N-terminal myristoylation site of HIV Nef
abrogates both MHC-1 and CD4 down-regulation. Immunol. Lett. 78, 195–200
(2001).

35. Geyer, M., Fackler, O.T. & Peterlin, B.M. Structure–function relationships in HIV-1 Nef.
EMBO Rep. 2, 580–585 (2001).

36. Litinskiy, M.B. et al. DCs induce CD40-independent immunoglobulin class switching
through BLyS and APRIL. Nat. Immunol. 3, 822–829 (2002).

37. Stumptner-Cuvelette, P. et al. HIV-1 Nef impairs MHC class II antigen presentation and
surface expression. Proc. Natl. Acad. Sci. USA 98, 12144–12149 (2001).

38. Chaudhry, A. et al. The Nef protein of HIV-1 induces loss of cell surface costimulatory
molecules CD80 and CD86 in APCs. J. Immunol. 175, 4566–4574 (2005).

39. Ghosh, S. & Karin, M. Missing pieces in the NF-kB puzzle. Cell 109, S81–S96
(2002).

40. Karin, M. & Ben-Neriah, Y. Phosphorylation meets ubiquitination: the control of NF-kB
activity. Annu. Rev. Immunol. 18, 621–663 (2000).

41. Lee, S.B., Park, J., Jung, J.U. & Chung, J. Nef induces apoptosis by activating JNK
signaling pathway and inhibits NF-kB-dependent immune responses in Drosophila.
J. Cell Sci. 118, 1851–1859 (2005).

42. Geha, R.S., Jabara, H.H. & Brodeur, S.R. The regulation of immunoglobulin E class-
switch recombination. Nat. Rev. Immunol. 3, 721–732 (2003).

43. Leonard, W.J. & O’Shea, J.J. Jaks and STATs: biological implications. Annu. Rev.
Immunol. 16, 293–322 (1998).

44. Alexander, W.S. & Hilton, D.J. The role of suppressors of cytokine signaling (SOCS)
proteins in regulation of the immune response. Annu. Rev. Immunol. 22, 503–529
(2004).

45. Burton, D.R. Antibodies, viruses and vaccines. Nat. Rev. Immunol. 2, 706–713
(2002).

46. Fagarasan, S. & Honjo, T. Intestinal IgA synthesis: regulation of front-line body
defences. Nat. Rev. Immunol. 3, 63–72 (2003).

47. Watkins, S.C. & Salter, R.D. Functional connectivity between immune cells mediated
by tunneling nanotubules. Immunity 23, 309–318 (2005).

48. Poudrier, J. et al. The AIDS disease of CD4C/HIV transgenic mice shows impaired
germinal centers and autoantibodies and develops in the absence of IFN-g and IL-6.
Immunity 15, 173–185 (2001).

49. Hanada, T. et al. Suppressor of cytokine signaling-1 is essential for suppressing
dendritic cell activation and systemic autoimmunity. Immunity 19, 437–450 (2003).

50. Geyer, M. & Peterlin, B.M. Domain assembly, surface accessibility and sequence
conservation in full length HIV-1 Nef. FEBS Lett. 496, 91–95 (2001).

310 VOLUME 7 NUMBER 3 MARCH 2006 NATURE IMMUNOLOGY

A R T I C L E S
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

ei
m

m
un

ol
og

y


