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Expression of HIV-1 pathogenesis factor NEF in
CD4 T cells impairs antigen-specific B-cell function
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Abstract

Failures to produce neutralizing antibodies upon HIV-1 infection
result in part from B-cell dysfunction due to unspecific B-cell activa-
tion. How HIV-1 affects antigen-specific B-cell functions remains
elusive. Using an adoptive transfer mouse model and ex vivo HIV
infection of human tonsil tissue, we found that expression of the HIV-
1 pathogenesis factor NEF in CD4 T cells undermines their helper
function and impairs cognate B-cell functions including mounting of
efficient specific IgG responses. NEF interfered with T-cell helper
function via a specific protein interaction motif that prevents polar-
ized cytokine secretion at the T-cell–B-cell immune synapse. This
interference reduced B-cell activation and proliferation and thus
disrupted germinal center formation and affinity maturation. These
results identify NEF as a key component for HIV-mediated dysfunc-
tion of antigen-specific B cells. Therapeutic targeting of the identified
molecular surface in NEF will facilitate host control of HIV infection.
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Introduction

Untreated infection with human immunodeficiency virus (HIV)

causes a complex pathology that ultimately results in the develop-

ment of AIDS. In addition to hallmarks of HIV pathogenesis such as

progressing depletion of CD4 T cells and chronic immune activation,

B-cell dysfunction is increasingly recognized as a central pathological

determinant in HIV-1 patients (Moir & Fauci, 2009; Moir & Fauci,

2013). Perturbations of B-cell function in HIV infection prevent the

efficient mounting of high-affinity antibody responses against HIV

but also other pathogens or vaccines (Malaspina et al, 2005; Titanji

et al, 2006; Frit et al, 2010; Pallikkuth et al, 2012; Kerneis et al,

2014). The lack of efficient broadly neutralizing antibody responses

in most HIV-1-infected individuals reflects on the one hand that the

architecture of the viral glycoprotein Env and the cell entry receptor

complex it targets are optimized to reduce accessibility to antibody

binding (Mouquet, 2014). On the other hand, the fast dynamics of

conformational changes that reveal molecular surfaces susceptible to

antibody neutralization as well as the use of cell-associated modes of

virus transmission limit the possibility of antibody neutralization of

HIV infection (Malbec et al, 2013; Chen, 2019). In addition to these

difficulties to access target structures for antibody neutralization, B-

cell function is generally disturbed in HIV-infected patients. This B-

cell dysfunction is characterized by a significant enrichment of aner-

gic and exhausted memory B cells paralleled by marked hypergam-

maglobulinemia (Moir et al, 2008; Moir & Fauci, 2013; Kardava et al,

2014). Such polyclonal, antigen (Ag)-unspecific exhaustion has been

extensively described for Ag-experienced B cells (Malaspina et al,

2005; Titanji et al, 2006; Fritz et al, 2010; Pallikkuth et al, 2012;

Kerneis et al, 2014) and was recently also identified to occur in Ag-

naı̈ve B cells (Liechti et al, 2019).

Whether HIV infection also impacts the functionality of HIV-

specific B cells is much less studied. T follicular helper (TFH) cells,

a specialized subset of CD4 T cells that promote B-cell immune glob-

ulin class switching, affinity maturation, and differentiation into

plasma cells and long-lived memory B cells in B-cell follicles, are

preferential targets during chronic HIV-1 infection (Perreau et al,

2013). Since B-cell dysfunction is induced in HIV patients despite a

significant increase in TFH-cell numbers in early and mid-stages of

disease, preferential infection of TFH cells by HIV may interfere with

their helper function (Wendel et al, 2018). Moreover, altered expres-

sion of cytokines and stimulatory receptors have been suggested to

result from HIV infection of TFH cells (Graff-Dubois et al, 2016), but

relevance and mechanism of such virus-induced modification have

not been explored.
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The viral protein NEF constitutes a major determinant for HIV

pathogenesis that drives virus replication (Kestler et al, 1991;

Deacon et al, 1995; Kirchhoff et al, 1995) and facilitates evasion of

infected cells from CD8 T-cell recognition and innate immune

restriction in the infected host (Schwartz et al, 1996; Rosa et al,

2015; Usami et al, 2015). Acting as a protein interaction adaptor,

expression of NEF allows HIV to hijack central host cell vesicular

transport and signaling pathways (Geyer et al, 2001; Abraham &

Fackler, 2012; Pereira & daSilva, 2016). One result of these activities

is the establishment of the activation status of CD4 T cells that

supports HIV replication at reduced levels of activation-induced cell

death and thus increases the life span of infected cells (Haller et al,

2006; Schindler et al, 2006; Thoulouze et al, 2006; Arhel et al, 2009;

Abraham & Fackler, 2012; Pan et al, 2012). These effects of NEF on

T-cell activation reflect how these cells engage in Ag-specific cell–

cell communication across the immunological synapse (IS). Altered

cell surface exposure of receptors and interference with activation-

induced actin polymerization affect the response of infected CD4 T

cells to respond to stimulation by antigen presenting cells (APCs).

However, these studies relied on the use of superantigen and inves-

tigated effects on activation and permissivity for HIV infection in the

CD4 T cell. Since superantigen-mediated T-cell activation does not

trigger Ag-specific signaling at the APC side of an IS (Fig EV1A and

B), these studies did not provide insight into putative effects of HIV-

1 infection in CD4 T cells on APC function.

Based on the ability to affect CD4 T-cell activation, we hypothe-

sized that HIV-1 NEF may not only modulate the ability of CD4 T

cells to respond to Ag-specific stimulation but also alter their helper

function. Using an Ag-driven adoptive transfer mouse model and

infection of human tonsil tissue cultures, we define that NEF

potently suppresses T-cell help to B cells and establish that NEF

prevents germinal center (GC) formation by impairing early steps in

B-cell signaling. These findings define NEF as a key viral factor and

suitable therapeutic target in HIV-1 induced dysfunction of HIV-

specific B cells.

Results

CD4 T cells expressing HIV-1 NEF fail to provide T-cell help in vivo
and are impaired in inducing early B-cell signaling

Previous studies demonstrated that HIV-1 NEF affects T-cell antigen

receptor (TCR) signaling events triggered in the context of a T cell—

APC IS (Haller et al, 2006; Thoulouze et al, 2006; Arhel et al, 2009).

These experiments were unable to assess potential consequences on

B-cell function due to the use of unidirectionally stimulating SEB

superantigen that potently stimulates the TCR without providing

sufficient stimulus to the B cell. We therefore sought to test whether

expression of HIV-1 NEF in CD4 T cells affects the ability of these

cells to provide help to B cells. To this end, we employed an adop-

tive transfer mouse model in which CD4+ T cells from OT-II mice

(CD4OT-II), transgenic for ovalbumin (OVA) peptide (OVA323–339)-

specific TCR, and B cells of SWHEL mice (BHEL), transgenic for hen

egg lysozyme (HEL) B-cell antigen receptor (BCR), are adoptively

transferred into recipient SMARTA mice that carry a TCR specific

for an unrelated CD4 T-cell peptide and therefore lack an endoge-

nous T-cell response toward the exogenous OVA-HEL antigen (Figs

1A and EV1C). Use of BHEL cells allowed us to study class switch

recombination and somatic hypermutation upon immunization in

the presence of HIV-1 NEF which is not possible in most other B-cell

transgenic mice currently available. Immunization with crosslinked

HEL-OVA Ag results in uptake, activation, and processing of HEL-

OVA by BHEL cells and presentation of OVA peptides on their MHC

class II molecules to CD4OT-II cells. This TCR engagement triggers

downstream signaling in CD4OT-II cells inducing their activation and

differentiation into T helper cells (Phan et al, 2006; Brink et al,

2015; Tsopoulidis et al, 2019). Vice versa, this interaction provides

T-cell help enabling B cells to undergo proliferation and germinal

center reaction (GCR) cycles, eventually resulting in the production

of IgM and later class-switched (IgG) anti-HEL Abs (De Silva &

Klein, 2015; Figs 1A and EV1C). To probe for the effect of HIV-1

NEF, CD4OT-II cells were activated in vitro using OVA peptide to

facilitate the transduction with a bicistronic retroviral vector

expressing HIV-1SF2 NEF (NEF WT) or an empty vector (Control)

together with a truncated version of nerve growth factor receptor

(NGFR/CD271) that allows identification and sorting of transduced

cells (Fig EV2A; Stolp et al, 2012). At day 7, after 5 days in culture

in the absence of TCR stimuli, cells almost returned to basal activa-

tion states (Fig EV2B) and were used to enrich NGFR+ cells

(Fig EV2C) for subsequent adoptive transfer. Using this transduction

approach in mouse CD4 T cells, NEF is expressed to levels equiva-

lent to those observed in HIV-1 infection of primary human CD4 T

cells (Stolp et al, 2012), does not affect basal cell activation state

and viability (Fig EV2D and E), and is biologically active as, e.g.,

illustrated by the ability to efficiently reduce CD4 cell surface levels

(Fig EV2F–H). Analyzing anti-HEL IgG levels at different time points

post-immunization revealed robust production of HEL-specific Abs

using control transduced CD4OT-II cells for adoptive transfer, which

were significantly above the baseline Ab production observed in

animals that were immunized following transfer of BHEL cells with-

out CD4OT-II cells (no T-cell control) (Fig 1B). Strikingly, anti-HEL

IgG levels produced in animals that received NEF-expressing CD4OT-

II cells were almost as low as in no T-cell control animals. Similar

suppression of anti-HEL IgG production was observed for the

primary NEF variants C122 and CB76. Since these NEF variants

were derived from clade A HIV-1 strains with sequences that diverge

from clade B HIV-1SF2, disruption of humoral immunity seems to be

largely conserved among HIV-1 NEF proteins (Fig 1C). NEF WT also

impaired the production of early response anti-HEL IgM over time

(Fig EV2I). HIV-1 NEF therefore strongly suppressed the helper

function of transferred CD4OT-II cells in this model system. Together

these results reveal that expression of HIV-1 NEF potently blocks T-

cell help to drive the production of Ag-specific Abs.

HIV-1 NEF expression in CD4 T cells impairs induction of early
B-cell signaling

To investigate the underlying mechanism of NEF-mediated suppres-

sion of humoral immunity, we assessed the organization and func-

tion of ISs formed between HEL-OVA pulsed BHEL cells with CD4OT-

II cells ex vivo (Fig 2A). Expectedly, BHEL cells and CD4OT-II cells effi-

ciently formed cell conjugates when cultured together independently

of prior pulsing with HEL-OVA peptide and expression of Nef in

CD4OT-II cells did not impact on the frequency of cell conjugation

(Fig 2B and C). However, pulsing of BHEL cells with HEL-OVA
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induced the enrichment of polymerized actin (F-actin) (Fig 2B and

D) and phosphorylated tyrosine (p-Tyr) (Fig 2E and F) at T–BHEL

contacts, a hallmark of potent IS formation and signaling. Previous

reports on superantigen-induced ISs established that expression of

Nef in CD4 T cells impairs actin polymerization at the T-cell side of

the IS (Haller et al, 2006; Arhel et al, 2009; Rudolph et al, 2009).

Consistently, Nef expression in CD4OT-II potently disrupted this

enrichment of F-actin (Fig 2B and D) and phosphorylated tyrosine

(p-Tyr) (Fig 2E and F) at T–BHEL contacts. The use of specific anti-

gen rather than superantigen allowed us to study actin dynamics

also at the B-cell sides of the IS; however, these stainings did not

discriminate between BHEL and CD4OT-II F-actin at the IS. To address

whether NEF acts exclusively on actin polymerization and signaling

in the CD4 T cells or also impacts on related events in B cells, we

loaded BHEL cells with silicon rhodamine (SiR)-actin, a cell perme-

able fluorescent dye that visualizes actin polymerization, and incu-

bated them with CD4OT-II cells labeled with a CellTrackerTM dye

(Fig 2G and H). When conjugated to control CD4OT-II cells, BHEL

cells rapidly responded by polymerizing actin at cell–cell contacts,

eventually resulting in marked actin polymerization at the entire cell

periphery (Fig 2G, upper panel, Movie EV1), an established hall-

mark of early BCR signaling (Harwood & Batista, 2010). Expression

of NEF in CD4OT-II cells engaged by BHEL cells potently abrogated B-

cell actin polymerization (Fig 2G, lower panel, see Fig 2H for
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Figure 1. NEF expression in CD4 T cells blocks their T helper function resulting in a lack of antibody production.

A Outline of the experimental setup to assess the immunomodulatory effects of HIV-1 NEF on the generation of humoral immune responses. Antigen-specific
interactions are established using HEL-OVA as model antigen with HEL-specific SWHEL B cells (BHEL) and OVA-specific OT-II CD4 T cells (CD4OT-II).

B, C Levels of anti-HEL IgG in serum as measured by ELISA at the indicated days post-immunization with HEL-OVA/CFA following adoptive transfer of BHEL cells without
CD4OT-II cells (no T-cell control) or with control CD4OT-II cells or NEF-expressing CD4OT-II cells. (B) NEF WT of HIV-1SF2 (C) patient-derived NEF variants. Shown are
relative levels of HEL IgG production with the mean of IgG levels in mice receiving control cells between days 12–14 post-immunization arbitrarily set to 1. Each
dot represents one animal. Bars represent mean values with SD from 2 to 10 mice analyzed from 3 (B) and 2 (C) independent experiments. Statistical significance
was assessed by Mann–Whitney U-test. ***P ≤ 0.001, *P ≤ 0.05.
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Figure 2. NEF expression in CD4 T cells impairs early B-cell signaling and proliferation.

A Schematic experimental flow of the analysis of IS formation and function between NEF-expressing CD4OT-II cells and antigen-specific BHEL cells. BHEL cells were
stimulated with LPS in the presence (+Ag) or absence (�Ag) of HEL-OVA antigen. B cells and T cells were labeled with different CellTrackerTM dyes before seeding on
PLL-coated cover glasses and analyzed by microscopy.

B Representative confocal micrographs of F-actin (gray signal) polarization at B–T-cell contacts after 1–2 h of co-culture. Cell conjugates were stained with
Phalloidin to visualize F-actin. Scale bar, 5 µm.

C, D Quantification of the frequency of B–T conjugate formation (C) and F-actin accumulation at the B–T interface (D). Shown are mean values with SD from three
independent experiments with at least 50 conjugates analyzed per experiment.

E Representative confocal micrographs of p-tyrosine (p-Tyr) polarization at B–T-cell contacts after 1–2 h of co-culture. Cell conjugates were stained with anti-p-Tyr
antibody. Scale bar, 5 µm. The top panels display only the p-Tyr signal in gray, the bottom panel depicts p-Tyr (red), BHEL cells (blue), and CD4OT-II cells (green).

F Quantification of p-Tyr accumulation at the B–T interface as shown in E. Shown are mean values with SD from three independent experiments with at least 50
conjugates analyzed per experiment.

G NEF prevents induction of F-actin remodeling in BHEL during IS. BHEL cells (blue) and CD4OT-II cells (green) were placed on PLL-coated slides and subjected to live-
cell time-lapse imaging. Shown are representative still images from the indicated time points post-contact formation (see Movies EV1 and EV2). Red signals
indicate actin polymerization specifically in BHEL cells. Scale bars, 5 µm. Filled and empty arrowheads indicate examples of accumulation of polarized actin or p-Tyr
signal at B–T interface during IS formation or lack thereof, respectively. Asterisks mark pairs of interacting T and B cells.

H Quantification of B-cell actin polymerization as shown in G with the frequency of actin polymerization in B cells co-cultured with control T cells arbitrarily set to
100%. Shown are mean values with SD from three independent experiments with at least 50 conjugates counted per experiment.

I Volcano plot of NEF-induced changes to BHEL cell transcription. NEF-expressing or control CD4OT-II cells were co-cultured with BHEL cells in the presence of HEL-
OVA for 4 h before isolation of BHEL cells and transcriptome analysis by microarray. Shown are mRNAs with log2fold change against �log10 P-value. Out of around
20,000 genes investigated, 564 genes were induced and 977 genes were suppressed by NEF (see Dataset EV1), with 187 genes induced and 407 suppressed by NEF
in a statistically significant manner.

J Pathways involved in cell proliferation were negatively modulated by NEF, while lipid metabolism pathways were induced by NEF. 1,541 genes (see Dataset EV1)
were included for pathway analysis.

K Ex vivo BHEL proliferation after 3 days of co-culture with control or NEF-expressing CD4OT-II cells. BHEL cells were labeled with the cell proliferation dye eFluor670
and co-cultured with NGFR-enriched CD4OT-II cells expressing NEF in the presence or absence of HEL-OVA Ag. T cell-dependent B-cell proliferation was assessed by
quantification of the dilution of eFluor670 using flow cytometry.

L Relative B-cell proliferation (quantified by gating on the last 3–4 generations) is plotted as mean values with SD from four independent experiments. Control T
cells + Ag were arbitrarily set to 1.

Data information: Statistical significance was assessed by Student’s t-test. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
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quantification) or resulted in small and short-lived F-actin puncta in

the periphery instead of a strong accumulation of F-actin at cell–cell

contacts (Fig 2G, lower panel, Movie EV2). Together, these results

revealed that HIV-1 NEF, when expressed in CD4OT-II cells, impairs

their ability to provide sufficient stimulation to B cells. This results

in a lack of Ag-specific antibody production by altering proximal

steps of B-cell signaling triggered by IS engagement.

As this result indicated that NEF expression in T cells impaired

early signaling events on the B-cell side of the IS, we next tested

whether this effect of NEF had immediate impact on B-cell function.

Since B-cell activation driven by T-cell help is known to induce

specific gene expression programs (Bhattacharya et al, 2007), we

assessed how expression of the viral protein in the T cell affected

the transcriptional changes induced in the B cell after co-culture in

the presence of cognate Ag. To this end, we analyzed the transcrip-

tome of sorted BHEL cells that were pulsed with HEL-OVA and co-

cultured with CD4OT-II cells. This microarray analysis investigated

approximately 20,000 genes, of which 4,535 were induced and

3,110 repressed when control CD4OT-II cells were co-cultured with

BHEL cells as compared to naı̈ve BHEL cells. When NEF was

expressed in CD4OT-II cells, 187 genes were induced and 407

repressed in BHEL cells compared to the Control (Fig 2I, Dataset

EV1). Gene ontology analysis revealed that NEF expression in

CD4OT-II cells negatively affected expression of genes involved in B-

cell division (e.g., snai, ccna1, tubb4, mzt2) and B-cell differentia-

tion (e.g., bambi, batf3). B-cell genes induced by NEF expression in

CD4OT-II included pathways involved in B-cell metabolism (e.g.,

bmp1, smpd1, gng4, nnt, mlycd, nudt7) (Fig 2J). These results

suggest that B cells are unable to initiate clonal expansion and dif-

ferentiation when stimulated by NEF-expressing CD4OT-II T cells.

Consistently, T cell-dependent proliferation of BHEL cells was

potently reduced upon interaction with NEF-expressing CD4OT-II
cells ex vivo (Fig 2K and L). NEF expression in CD4 T cells thus

results in suboptimal stimulation of cognate B cells which limits B-

cell proliferation and differentiation.

HIV-1 NEF interferes with cytokine polarization at the T–B-cell IS
via an N-terminal protein interaction motif

To gain insight into the molecular mechanism by which NEF

impairs CD4 T-cell help, we analyzed the activity of a series of

mutant NEF proteins in the adoptive transfer model (Fig 3A). This

included NEF F195A which lacks the ability to associate with the

cellular p21-activated kinase 2 (PAK2) to negatively modulate host

cell actin dynamics and motility (O’Neill et al, 2006; Stolp et al,

2009; Stolp et al, 2012), a NEF variant with disrupted di-leucine

motif (NEF LLAA) that lacks the ability to internalize cell surface

receptors such as CD4 (Craig et al, 1998; Greenberg et al, 1998),

NEF AxxA in which an SH3 domain-binding PxxP motif is disrupted

and fails, e.g., to relocalize the TCR proximal kinase Lck from the

plasma membrane to intracellular compartments (Saksela et al,

1995; Pan et al, 2012), as well as NEF variants carrying a deletion of

an N-terminal protein interaction platform (NEF Δ12-39) or a muta-

tion in an interaction motif within residues 12-39 (NEF A32-39)

required for CD4 downregulation and SERINC5 antagonism (Ananth

et al, 2019). Among these NEF mutants, only deletion/mutation of

the motifs in the NEF N-terminus impaired the ability of the viral

protein to disrupt HEL-specific antibody production (Fig 3B,

Appendix Fig S1A). Consistently, NEF D12-39 was also almost

entirely defective in preventing actin polymerization in BHEL cells

upon IS engagement (Fig 3C and D). Moreover, comparing BHEL cell

transcriptomes following interaction with control CD4OT-II cells or

CD4OT-II cells expressing NEF WT or NEFD12-39 also revealed an

involvement of the N-terminal interaction platform in deregulating

BHEL cell gene expression: NEF WT expression affected BHEL cell

gene regulation upon interaction with CD4OT-II for genes that were

highly (Fig 3E) or moderately (Fig 3F) induced, or repressed

(Fig 3G) by Ag stimulation in control cells. While many genes were

similarly affected by expression of NEF and its mutants, for a subset

of genes, this NEF-mediated gene deregulation was strictly depen-

dent on the integrity of the N-terminal interaction platform. This

NEF-specific deregulation of BHEL cell gene expression associated

with disruption of humoral immunity preferentially targeted genes

involved in immune activation (Appendix Fig S1B and C), cell

survival (Appendix Fig S1D), and cell metabolism

(Appendix Fig S1E) and included factors such as Blimp1 (Shaffer

et al, 2002), Ezh2 (Guo et al, 2018), and Batf (Ise et al, 2011;

Appendix Fig S1C) that are known to be critical for plasma cell

generation or GC formation, respectively. Together, these results

suggest the deregulation of B-cell gene expression as an active prin-

ciple of NEF-mediated impairment of B-cell effector functions.

Since supernatants of NEF-expressing CD4 T cells failed to

impact early B-cell signaling (unpublished observation S. Kaw and

O.T. Fackler), we hypothesized that NEF affects B-cell function by

targeting essential processes at the T-B IS and analyzed the impact

of NEF on IS organization at the molecular level. Communication

across the IS involves an array of cell surface receptors that engage

with their specific ligand on the target cell, which can elicit signal

transduction processes (Tangye et al, 2013). Since NEF is known to

modulate cell surface exposure of a large array of cell surface recep-

tors (Haller et al, 2014; Matheson et al, 2015), we first screened a

series of mouse T-cell surface receptors known to be involved at the

T-B IS for their cell surface expression in the presence of NEF. While

some receptors such as CD45 and CD54 remained unaffected by

expression of WT or mutant NEFs, reduced cell surface levels on

NEF-expressing T cells were observed for, e.g., CD4, CD28, OX40,

and ICOS (Fig 3H, see Appendix Fig S2A–F for primary data). Cell

surface downregulation was in the range of twofold for most recep-

tors but more pronounced for CD4. However, downregulation of cell

surface CD4, CD28, OX40, and ICOS by NEF required the di-leucine

motif in NEF, which was dispensable for disruption of IgG produc-

tion. Moreover, the NEF variant C122 that potently suppressed anti-

HEL Ab production in vivo (Fig 1C) lacked classical NEF activities

such as downregulation of cell surface CD4, MHC-I, inhibition of T-

cell chemotaxis, and interference with CD4 T-cell actin dynamics

(Fig EV3A–E). These activities including receptor downregulation

events were thus dispensable for the impairment of humoral immu-

nity by the HIV pathogenesis factor. In search of additional NEF

effects that could explain the disruption of humoral immunity, we

next assessed whether the viral protein affects the distribution of

the essential T helper cytokine IL-4. In line with a previous report

(Kupfer et al, 1994), IL-4 was markedly polarized toward the IS in

conjugates between control CD4OT-II and BHEL cells (Fig 3I and J,

51 � 6% of cells with IL-4 enrichment at the IS). In contrast,

expression of NEF WT in CD4OT-II cells significantly reduced the

fraction of cells in which such polarization of IL-4 toward the IS was
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observed (28 � 12% of cells with IL-4 enrichment at the IS). Similar

to disruption of humoral immunity, this effect of NEF was strictly

dependent on its N-terminal interaction motif (see Δ12–39 and A32–

39 mutants) but not the di-leucine motif of NEF. Importantly,

although the diffuse cytoplasmic distribution of IL-4 in cells without

IL-4 polarization toward the IS was difficult to appreciate by micro-

scopy, flow cytometry revealed that the overall cellular levels of

IL-4 were unaffected by NEF expression (Fig EV3F). Moreover,
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Figure 3. HIV-1 NEF interferes with B-cell effector functions via an N-terminal protein interaction motif.

A Linear representation of HIV-1SF2 NEF. To identify a motif of NEF critical for suppression of the humoral immune response, highlighted regions were either deleted
or mutated.

B Production of anti-HEL IgG at the indicated day post-immunization with HEL-OVA/CFA following adoptive transfer of BHEL and CD4OT-II cells expressing NEF or
various NEF mutants. Shown are relative levels of HEL IgG production with the median of IgG levels in mice receiving control cells on day 14 post-immunization
arbitrarily set to 1. Each dot represents one animal. Shown are mean values with SD from 5 to 12 mice from 4 experiments.

C HEL-OVA pulsed- BHEL cells (blue) and CD4OT-II cells (green) were placed on PLL-coated cover glasses and subjected to live-cell time-lapse imaging. Shown are
representative still images. BHEL cells were loaded with SiRAct to visualize actin polymerization in B cells (F-actin displayed in red). Filled and empty arrowheads
indicate the presence or absence of F-actin accumulation at the IS, respectively. Scale bars, 5 µm.

D Quantification of B-cell actin polymerization as shown in C with frequency of actin polymerization in B cells co-cultured with control T cells arbitrarily set to
100%. Shown are mean values with SD from three independent experiments with at least 30 conjugates evaluated per condition.

E–G Effects of NEF expression in CD4OT-II cells on gene expression in BHEL cells. After 24 h of B–T co-culture, BHEL cells were separated from CD4OT-II using magnetic
beads before RNA isolation for microarray analysis. The top 235 deregulated genes (see Dataset EV2) were grouped into genes that were highly induced (E),
moderately induced (F), or repressed (G) by Ag stimulation in control cells and the effects of NEF WT or NEF D12–39 displayed as heat maps. Heat map values are
plotted as average Log2 FC (n = 3 biological repeats) relative to unstimulated BHEL. Red and green represent higher and lower expression, respectively.

H Relative surface expression of CD4, CD28, OX40, ICOS, CD45, and CD54 on T cells expressing NEF WT or the indicated NEF mutants. Analysis of surface expression
was performed using flow cytometry 3–7 days post-transduction of T cells. Depicted are mean values with SD from 3 to 6 independent experiments, with control T
cells arbitrarily set to 100% as indicated by the dashed line.

I Representative confocal images of the subcellular distribution of IL-4 in CD4OT-II cells expressing the indicated proteins engaged in an IS with BHEL cells. B cells and
T cells were placed on PLL-coated cover glasses for 60–90 min, fixed, and stained for intracellular IL-4. Filled and empty arrowheads indicate presence or absence
of IL-4 accumulation at the IS, respectively. Scale bars, 5 µm.

J Quantification of IL-4 accumulation at the IS as depicted in I. Shown are mean values with SD from 3 independent experiments relative to control cells set to 100%.

Data information: Statistical significance of bar graphs was assessed by a Kruskal–Wallis test with Dunn’s multiple comparison test. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
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levels of IL-4 and other cytokines in the supernatant of T-B co-

cultures were not significantly altered by NEF expression

(Appendix Fig S2G–J), which may reflect that NEF specifically

affects cytokine polarization but not release or that the amount of

NEF-expressing ISs in these cultures is too low to appreciate effects

on overall cytokine production. These results reveal that NEF affects

intracellular polarization but not synthesis of IL-4 and suggest that

the viral protein, via its N-terminal interaction motif, dampens

humoral immune responses by impairing polarized secretion of IL-4

at the T-B IS.

HIV-1 NEF-mediated impairment of T-cell help prevents B-cell
proliferation and GC formation

The above finding that HIV-1 NEF interferes with Ag-specific T-B

communication via its N-terminal interaction motif allowed us to

more specifically assess which step in mounting of humoral immu-

nity was affected by expression of the viral protein in CD4 T cells.

To this end, lymph nodes (LNs) of adoptively transferred, immu-

nized mice were analyzed for abundance and organization of GCs

as areas where constant B–T interaction mediate affinity maturation

and antibody class switching. Overall, the size of LNs (Fig EV4A)

and B-cell follicles (Fig EV4B) was not affected by expression of

NEF in CD4 T cells. In contrast, the number of GCs as assessed by

the number of area that were stained with the GC marker GL-7 was

significantly reduced in mice receiving NEF-expressing CD4 T cells

compared to LNs from control mice (Figs 4A and B, and EV4C) and

the GCs formed in these animals were significantly smaller (Fig 4C).

Consistently, the quantification of absolute number of BHEL cells

and CD4OT-II cells in draining lymph nodes by flow cytometry

revealed that NEF expression compromised B-cell expansion (Fig 4D

and E). The few BHEL cells present in mice receiving NEF WT-

expressing CD4OT-II cells, however, were phenotypically only mildly

altered as judged by their surface expression of PDL-1, GL7, and

CD95 (Fig EV4D–I). Notably, expansion of CD4OT-II cells, expression

of T-cell activation markers (ICOS and OX40), and expression of the

B-cell follicle localization marker CXCR5 in LNs were also unaf-

fected by expression of NEF (Figs 4F and G, and EV4J–O).

We next performed intravital imaging of draining popliteal lymph

nodes to assess the impact of NEF WT expression on the in vivo

interaction of membrane Tomato (mT) CD4OT-II cells with cognate

BHEL cells at two different time points post-immunization (Fig 5).

Twenty-four hours post-immunization, early cognate interactions

prior to T-cell and B-cell differentiation into TFH and GC B cells,

respectively, mainly occur at the T–B border (Cyster & Allen, 2019).

We observed abundant control CD4OT-II cells in this anatomical side

which underwent frequent, repeated, and often prolonged (yellow

arrows) interactions with BHEL cells (Fig 5A, upper panel, B, Movie
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Figure 4. HIV-1 NEF prevents GC formation upon immunization.

NEF impairs GC formation in immunized mice via the 12–39 region.
A Representative cross-sections of draining LNs (dLNs) from mice 7 days post-immunization with HEL-OVA/CFA following adoptive transfer of BHEL and transduced

CD4OT-II cells. dLN were cryosectioned and stained with fluorophore-conjugated antibodies against GL-7 to reveal GCs (green), CD21/35 to stain for follicular
dendritic cells (FDC, red), and Hoechst to stain for cell nuclei (blue). Scale bar, 250 µm.

B, C Quantification of the number of GCs relative to B-cell follicles (B) and size of GC (C) on confocal micrographs as shown in A. Shown are mean values with SD from
dLNs from three mice in two independent experiments. Each dot represents one LN (3 LNs/mouse) in B and one GC in C.

D–G Flow cytometry dot plots of cells in dLNs from mice 7 days post-immunization that received the indicated transduced CD4OT-II and BHEL cells. Adoptively
transferred cells were identified and distinguished from endogenous cells of recipient SMARTA mice (CD45.1+) by staining for CD45.2. For quantification of absolute
cells numbers, precision beads were used and cells double positive for B220 and CD45.2 (D, BHEL cells) or CD3 and CD45.2 (F, CD4OT-II cells) analyzed. (E, G)
Quantification of absolute BHEL cells (E) as shown in D and CD4OT-II cells (G) as shown in F. Shown are mean values with SD of 6 mice from 3 independent
experiments. Each dot represents one animal.

Data information: Statistical significance was assessed by one-way ANOVA test with Holm–Sidak’s multiple comparison test. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
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EV3). In contrast, only few NEF-expressing CD4OT-II cells could be

found at the T–B border that mostly underwent transient interac-

tions with BHEL cells (orange arrows, Fig 5A, lower panel, B, Movie

EV4). Most NEF-expressing cells were found in the deep T-cell area,

which was devoid of BHEL cells, suggesting that the recruitment of

these cells to the T–B border was impaired (unpublished observa-

tion B. Stolp and O.T. Fackler). At 6–8 days post-immunization,

GCs have been induced and prolonged cognate interactions of

control CD4OT-II cells with BHEL cells could be observed in these

structures (highlighted by subcutaneous injection of a follicular

dendritic cell (FDC) marker) (Fig 5C, white). Ag-specificity of this

T–B interaction was demonstrated by immunization with CFA only

in the absence of antigen which did not trigger CD4OT-II cells and

BHEL cells to migrate within the same lymph node areas and to
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Figure 5. NEF restricts T–B cell interactions upon immunization.

NEF impairs duration of Ag-induced interaction of CD4OT-II cells with BHEL cells in vivo.
A Still images of the Movie EV3 (Control, upper panel) and Movie EV4 (NEF, lower panel), obtained by intravital time-lapse 2PM imaging of draining popliteal LNs 24 h

post-immunization with HEL-OVA/CFA, following adoptive transfer of GFP BHEL cells (green) and mTomato CD4OT-II cells (red) expressing empty vector (Control; upper
panel) or NEF WT (lower panel), respectively. High endothelial venules (HEVs) (white) were labeled by intravenous injection of Alexa660-labeled Meca-79 antibody
and collagen (blue) is visualized by second harmonic generation (SHG). Yellow and orange arrows indicate stable and transient ISs, respectively. Numbering of ISs
corresponds to that in the respective Supplemental movies. Scale bar 20 µm.

B Quantification of the duration of interactions as indicated by the arrows in A. Touching T and B cells were manually quantification using virtual reality (InViewR,
Arivis). Each dot represents one T-B interaction pair. Red bar shows median. Data are derived from 5 to 6 movies, acquired from 4 mice in 2 independent experiments.
Percentages on top indicate frequency of interactions that lasted 20 min or longer.

C Still images of the Movie EV5 (Control, upper panel) and Movie EV6 (NEF, lower panel), obtained by intravital time-lapse 2PM imaging of draining popliteal LNs
8 days post-immunization with HEL-OVA/CFA, following adoptive transfer of GFP BHEL cells (green) and mTomato CD4OT-II cells (red) expressing empty vector (Control;
upper panel) or NEF WT (lower panel). Follicular dendritic cells (FDCs) (white) were labeled by subcutaneous injection of Alexa647-labeled anti-CD21/CD35 antibody
and collagen (blue) is visualized by SHG. Yellow and orange arrows indicate stable and transient ISs, respectively. Numbering of ISs corresponds to that in the
respective Supplemental movies. Scale bar 20 µm.

D Quantification of the duration of interactions as indicated by the arrows in C. Touching T and B cells were manually quantification using virtual reality (InViewR,
Arivis). Each dot represents one T-B interaction pair. Red bar shows median. Shown is one representative dataset out of two, derived from 5 to 8 movies, acquired
from 4 mice. Percentages on top indicate frequency of interactions that lasted 20 min or longer.
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undergo prolonged interactions (maximum interaction observed

was less than 4 min, while cells were passing each other)

(Appendix Fig S3, Movie EV7). Upon immunization with HEL-OVA,

control CD4OT-II cells underwent frequent, prolonged interactions

with BHEL cells inside GCs (Fig 5C, upper panel, yellow arrows, D,

Movie EV5). In contrast, BHEL cells could only be detected in a

subset of mice that received NEF-expressing CD4OT-II cells (five out

of nine mice). In case sufficient BHEL cells were induced be NEF-

expressing CD4OT-II cells to allow interaction analyses, they only

underwent brief, transient interactions (Fig 5C, lower panel, orange

arrows, D, Movie EV6). Notably, tracking of migration speeds 4–

8 days post-CFA only immunization revealed the expected drop in

migration speed and meandering index of NEF-expressing CD4OT-II
cells (Murooka et al, 2012; Stolp et al, 2012), illustrating that func-

tional NEF expression was maintained in vivo at this late time point

post-adoptive transfer (Appendix Fig S3 and Movie EV7). Together,

these results reveal that NEF expression in CD4OT-II cells restricts

Ag-specific interactions with B cells in vivo.

Since affinity maturation of antibodies relies on iterative cycles

of GC reactions governing tightly regulated B-cell proliferation (Vic-

tora & Nussenzweig, 2012), we tested if the observed reduction of

GC formation in the presence of NEF-expressing T cells was associ-

ated with an impairment of the ability of B cells to undergo somatic

hypermutation. For this, we used HEL3X-OVA containing three

amino acid substitutions in HEL, against which BHEL cells have a

10,000-fold lower affinity than to HEL-OVA (Paus et al, 2006). While

BCR-Ag matching supports the induction of IgG production in mice

that received BHEL cells in response to HEL-OVA immunization with-

out the need for somatic hypermutation, HEL3X-OVA exerts anti-

genic selection pressure for B cells that acquire high-affinity BCRs

during somatic hypermutation (Fig EV5A). When HEL3X-OVA was

used for immunization following adoptive transfer, NEF moderately

but significantly reduced the proportion of B cells expressing high-

affinity BCR for HEL3X to the level comparable with mice that did

not receive cognate T cells (Fig EV5B and C). This result indicated

that BHEL cells that were in contact with CD4 T cells expressing NEF

do not undergo somatic BCR hypermutation. In line with this

scenario, adoptive transfer of NEF-expressing CD4OT-II cells mark-

edly reduced the production of HEL3X-specific antibodies

(Fig EV5D). Together, these results suggest that the impairment of

early B-cell activation by NEF expression in CD4 T cells translates

into reduced GC formation, B-cell expansion, and somatic hypermu-

tation contributing to disruption of efficient antibody generation.

HIV-1 NEF disrupts antibody production in HIV-1 infected human
tonsil explant cultures

Finally, we sought to test whether the ability of NEF to impair B-cell

function, observed in ex vivo and in vivo mouse models, is also

exerted in the context of HIV-1 infection in human cells. As current

humanized mouse models fail to effectively mount humoral

immune responses and were thus unsuitable for such analyses (Vil-

laudy et al, 2014), we employed ex vivo cultures of human tonsil

tissue. This model system is readily permissive to HIV-1 infection

and the inhibition of production of antibodies against recall Ags like

tetanus toxin (TT) by some but not all HIV-1 strains has been

reported (Grivel & Margolis, 2009) (Glushakova et al, 1995). Blocks

of tonsil tissue obtained from routine tonsillectomy from HIV-

negative donors were cultured, infected with equal infectious units

of HIV-1 WT, DNEF, or HIV-1 encoding for the NEF mutant D12–39
and subsequently challenged with TT (Fig 6A). The normalization

to infectious units overrode the effect of NEF on virion infectivity

which provides a replication advantage in ex vivo tonsil cultures

(Glushakova et al, 1999; Glushakova et al, 2001; Homann et al,

2009). Under these conditions, NEF did thus not markedly affect

HIV replication kinetics as determined by the release of virus parti-

cles (determined by measuring reverse transcriptase activity in the

cell culture supernatant) (Fig 6B), thus allowing the comparison

between similar numbers of infected cells in cultures inoculated

with the different HIV-1 variants. Responsiveness to addition of TT

by robust production of anti-TT IgG was observed in tonsils from

half of the donors tested and, in these cases, infection with HIV-1

WT reduced anti-TT IgG production almost to background levels

observed in the absence of TT (Fig 6C). Of note, lack of NEF expres-

sion or deletion of NEF’s N-terminal interaction motif abrogated this

impairment of antibody production. HIV-1 infection thus disrupts

the mounting of humoral immune responses in organotypic cultures

of human tonsil tissue via the N-terminal interaction motif of the

pathogenesis factor NEF.

Discussion

The clinical outcome of untreated virus infection reflects the relative

efficacies of host immune responses and viral evasion strategies. In

the case of HIV-1, humoral immune responses are of particularly

low efficacy that only rarely lead to potent neutralizing antibody

responses (Burton & Hangartner, 2016; Subbaraman et al, 2018).

Broadly neutralizing antibodies as produced by elite neutralizer

patients have thus proven to be valuable additions to current ther-

apy and prevention measures (Balazs et al, 2011; Caskey et al,

2015; Gautam et al, 2016; Niessl et al, 2020; Schommers et al,

2020). In addition to the specific topological challenges toward

neutralizing the fusion activity of the HIV-1 glycoprotein Env, the

immune system of HIV patients is generally impaired in mounting

humoral immune responses. Studies on the mechanisms underlying

this B-cell dysfunction thus far mostly focused on polyclonal B-cell

exhaustion in the context of generalized immune activation. We

report here that HIV-1 infection of CD4 T cells results in a potent

impairment of their helper function and thus disruption of Ag-speci-

fic humoral immunity. Expression of the viral factor NEF, known to

optimize virus replication and accelerate disease progression in HIV

patients, was necessary and sufficient for this impairment of T-cell

help, which was observed in an adoptive transfer mouse model as

well as upon experimental infection of human tonsil tissue. These

results define (i) an additional mechanism by which HIV-1 undermi-

nes humoral immune responses of its host and (ii) a previously

unrecognized activity of NEF that likely contributes to its cardinal

role in AIDS pathogenesis.

A key finding of this study was that expression of NEF in CD4 T

cells disrupts functional communication with cognate B cells in the

context of an IS, which in turn results in a substantial reduction of

GC formation (Fig 4B). The previous observations that NEF trans-

genic mice in which lymphoid architecture is compromised display

fewer GCs (Poudrier et al, 2001) thus likely reflect this suppression

of B-cell function by NEF-expressing CD4 T cells. Our further
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characterization revealed that NEF prevents GC formation and

somatic BCR hypermutation (Fig EV5), which is critical for the

subsequent generation of high-affinity Abs. By blocking these steps,

HIV-1 prevents efficient mounting of humoral immune responses

and thus provides the virus with the possibility to escape antibody

neutralization. Since in our murine assays, NEF is only expressed in

CD4 cells, we were able to distinguish NEF’s effect on Ag-specific B-

cell activation from polyclonal B-cell activation, which is largely

induced by sustained systemic inflammation (Moir & Fauci, 2009).

This novel mechanism of NEF-mediated disruption of humoral

immune responses by suppression of T-cell help during T–B interac-

tions was also observed for patient-derived NEF variants and NEF

was critical for HIV-1 mediated reduction of antibody production in

tonsillar histocultures. While disruption of antibody production by

NEF in mice was observed in all animals analyzed, NEF did not

exert this inhibitory effect in HIV-1 infection of tonsil tissue from all

donors. This indicates that, e.g., the genetic constitution or basal

immune activation state of the host may determine how efficiently

NEF can exert this activity. These effects of NEF in CD4 T cells likely

synergize with effects of the viral protein in infected macrophages

(Swingler et al, 2008; Xu et al, 2009), suggesting NEF as the central

viral determinant of B-cell dysfunction in HIV-1 infection. HIV-1

preferentially replicates in HIV-specific CD4 cells (Douek et al,

2002). Our results suggest that beyond these cells representing good

substrates for virus replication, virus replication in HIV-specific CD4

cells also ensures specific delivery of the cardinal viral immunosup-

pressant to the cells that are most needed to support mounting of

HIV-specific B-cell responses. NEF-mediated disruption of T-cell

help thus likely contributes to, e.g., the reduced generation of high-

affinity antibodies in HIV patients (Cubas et al, 2013) and their poor

response to vaccination (Pallikkuth et al, 2012). In this scenario, the

effect of NEF would be similar to the reduction of humoral immune

memory induced by infection with Measles virus (Mina et al, 2019;

Petrova et al, 2019). These parallel studies suggest that direct

suppression of T-cell help by T cell-tropic viruses is of high benefit

for virus pathogenesis and spread.

Our results also provided insight into the molecular mechanism

by which HIV-1 NEF disrupts T-B communication to prevent T-cell

helper function (Fig 7). While NEF had no impact on the frequency

of interactions of BHEL cells with CD4OT-II cells ex vivo, NEF-express-

ing cells were not efficiently recruited to the T–B border and cells

reaching this anatomical site engaged in fewer, less stable and

mainly transient interactions with cognate B cells in vivo. Consis-

tently, marked qualitative differences in signal transmission across

the T–B IS were observed as NEF impaired B-cell actin remodeling

and deregulated the induction of B-cell gene expression. Since the

NEF-induced deregulation preferentially affected genes involved in

B-cell activation/differentiation, metabolism, and survival, it is

conceivable that the sum of these alterations explains the functional

deficits of these B cells in vivo. B-cell actin remodeling is required

for coordinated B-cell activation including induction of the respec-

tive gene expression programs (Song et al, 2014). The inability of

NEF+ CD4OT-II cells to induce B-cell actin dynamics thus likely repre-

sents a key event in the disruption of T-cell help by the viral protein.

Surprisingly, the analysis of Nef mutants and alleles revealed that

functions known to be exerted by NEF in CD4 T cells such as reduc-

tion of cell surface receptor densities or impairment of actin remod-

eling were dispensable for this effect. Instead, we identified

prevention of CD4OT-II cell IL-4 polarization toward the IS as a novel

NEF activity mediated by the N-terminal interaction surface required

to disrupt humoral immunity. Since (i) engagement of the IL-4

receptor triggers coupling to RAC1 and PAK-dependent actin remod-

eling (Kurgonaite et al, 2015) and may thus drive the observed actin

dynamics and (ii) IL-4R signaling acts as master switch for survival
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and differentiation of activated B cells (Reiter & Pfeffer, 2002;

Wurster et al, 2002), we propose prevention of polarized IL-4 secre-

tion as an active principle of NEF for the disruption of T-B commu-

nication. Since in preliminary experiments, we observed that NEF

can also alter the recruitment of cell surface receptors to the IS,

effects of the viral protein may be pleiotropic and include activities

in addition to alteration of IL-4 secretion. Very limited information

is available on the biosynthetic transport pathways of IL-4. Future

studies will thus focus on using the viral protein as tool to dissect

mechanism and regulation of polarized IL-4 transport, on defining

the molecular interactions that NEF employs to interfere with this

process and on assessing the relative contribution of interference

with IL-4 polarization to the disruption of T-cell help. The low

frequency of HIV-1-infected cells (2–3%) and TT-specific B cells (be-

low 1%) prevented us from analyzing the effects of NEF on IL-4

polarization in infected tonsil cultures. A future focus will therefore

be to develop experimental approaches that allow to study these

events in the context of HIV-1 infection of human cells.

Together, these results define disruption of T-cell help and

thus impairment of B-cell function by the HIV-1 pathogenesis

factor NEF as a previously unrecognized viral evasion mechanism

from humoral immune responses of the host. The N-terminal

molecular interaction surface in NEF required for this activity and

its ligands represent attractive targets for future therapeutic inter-

vention strategies aimed at boosting humoral immunity in HIV

patients.

Materials and Methods

Mice

All mice used in the study were of C57BL/6N genetic background.

OT-II.2 (transgenic TCR that recognizes chicken ovalbumin323-339
peptide in the context of MHC class II I-Ab), SWHEL –HL (transgenic

for HEL-specific BCR light chain, knock-in for HEL-specific BCR

heavy chain), SMARTA/CD45.1 (transgenic TCR that recognizes
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LCMV GP61–80 in the context of MHC class II I-Ab, used as recipients

in adoptive transfer studies, being unreactive to OVA peptide),

CAG-eCFP, mT/mG, and UBC-GFP mice were kind gifts from Jens

Stein (Bern, Switzerland), Robert Brink (Sydney, Australia), and

Inka Zörnig/Anette Oxenius (Zürich, Switzerland), Anette Oxenius,

Marc Freichel, and Stephan Herzig, respectively. All mice, despite

the SMARTA line, are bred on a CD45.2 background, to be able to

distinguish adoptively transferred cells by flow cytometry. OT-II.2

mice were backcrossed to CAG-eCFP and mT/mG mouse lines to

generate ubiquitously eCFP and membrane Tomato expressing mice

as OT-II T-cell donors, respectively. SWHEL –HL mice were back-

crossed to UBC-GFP mice to generate ubiquitously GFP-expressing

mice as donors for SWHEL –HL B cells. Six- to 10-week-old male

mice were used for in vivo experiments, as the OT-II TCR transgene

is encoded on the Y chromosome. All experiments with mice were

carried out in accordance with the standards approved by central

animal facility of the University of Heidelberg (G252/14, G300/19,

T45/14, T30/17, and T39/19).

Preparation of HEL-OVA323-339 chemical conjugates

OVA323-339 was maleimide-activated with 25-fold molar excess of

succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(SMCC; Thermo Fisher) for 30 min at RT. Desalting columns

(SpinOUT GT-100, G Biosciences) equilibrated with conjugation

buffer were used to remove excess cross-linker. HEL protein

(SIGMA) was incubated with a 10-fold molar excess of N-succin-

imidyl S-acetylthioacetate (SATA; Thermo Fisher) for 30 min,

and HEL-conjugated SATA was deacetylated using 0.5 M hydrox-

ylamine (25 mM EDTA in PBS) for 2 h at RT. Unreacted

reagents were removed by using equilibrated desalting columns

(Thermo Fisher Scientific). Eluted fractions were selected by

measuring the absorbance at 280 nm. Maleimide-activated

OVA323–339 peptides were then conjugated with a fourfold molar

excess of sulfhydrylated-HEL for 30 min at RT. New batches of

prepared HEL-OVA were titrated in an immunization assay with

three conditions, i.e., Control, Nef WT, and negative (No T cell)

control. The dose of HEL-OVA at which appreciable difference in

IgG level was observed between Control and Nef WT with mini-

mum background from negative control was selected to be used

for all the assays.

Expression plasmids

The expression plasmids for pSTITCH-GFP, pHit60, pHit123, and

MLV-A were kindly provided by Reno Debets (Department of

Medical Oncology, Erasmus MC, Rotterdam, The Netherlands).

The cloning strategy to insert NEFSF2 and various mutants in

pSTITCH has been described (Stolp et al, 2012; Lamas-Murua

et al, 2018). The coding sequences for NEFSF2A32-39,

NEFSF2LLAA, or patient-derived nef genes C122 and CB76 were

cloned into pSTITCH using the restriction sites AgeI and PacI in

a multiple-cloning site that was previously subcloned along with

IRESΔNGFR from pQCXIX backbone. The proviral constructs

used are based on HIV-1NL4-3 and either lack NEF expression

(HIV-1 ΔNEF), or encode for wild-type NEF from HIV-1SF2 (HIV-

1 WT) or specific NEF mutants (Fackler et al, 2006; Ananth

et al, 2019).

Preparation of CD4OT-II cells

Single-cell suspensions were obtained from spleen, peripheral (axil-

lary, brachial, inguinal, cervical), and mesenteric lymph nodes of

OT-II mice by mechanical disruption (70 µm cell strainer, Falcon),

and erythrocyte depletion using ammonium-chloride-potassium

lysis buffer. Isolated cells were cultured for 2 days in RPMI-1640

supplemented with 10% FCS, 100 U/ml penicillin, 100 µg/ml strep-

tomycin, 2 mM Glutamine, 50 µM 2-mercaptoethanol, 0.1 mM non-

essential amino acids, and 0.1 mM sodium pyruvate (all from

GIBCO) in the presence of 1 µg/ml OVA323-339 peptide (InvivoGen).

Transduction of murine CD4+ T lymphocytes was carried out as

described below.

MLV-based transduction of murine CD4OT-II cells

HEK 293T or PlatE cells were used as producer cells and were main-

tained in DMEM with high glucose, supplemented with 10% FCS,

100 U/ml penicillin, and 100 µg/ml streptomycin. Twenty-four

hours before transfection, 5 × 106 cells were seeded in T-175 culture

flasks. Transfection was performed using JetPEI transfection reagent

(Peqlab) according to manufacturer’s instructions using: 20 µg of a

pSTITCH vector, 20 µg pHit60 (expressing Gag and Pol), 5 µg

pHit123 (expressing ecotrophic Env), and 5 µg MLV-A (expressing

amphotropic Env) in case of HEK 293T cells, or 20 µg of a pSTITCH

vector and 5 µg MLV-A in case of PlatE cells. Viral supernatant was

collected after 48 h, filtered (0.45 µm pore-size filter; Roth), and

used immediately for transduction of CD4OT-II. For transduction,

CD4OT-II were spin-infected 48 h post-activation with virus super-

natant for 90 min at 1,150 g, 32°C in 24-well plates coated with

16 µg/ml Retronectin (TaKaRa BioTech). Following transduction,

cells were cultured with the viral supernatant for 3–5 h followed by

a medium change. Transduced cells were transferred to T-25 culture

flasks after 16 h and kept in culture for 4–5 days. During this time,

cells return to a resting state and regained responsiveness to activa-

tion by OVA presenting B-cell interactions (Fig EV2B). Transduced

cells (NGFR positive) were enriched by magnetic sorting (EasySepTM

Human CD271 Positive Selection Kit II; STEMCELL Technologies)

and used for ex vivo or in vivo assays.

Cell tracker dyes used for imaging and proliferation assays

B cells or CD4OT-II were labeled with either CellTraceTM CFSE (5 µM),

CellTracker Green CMFDA (2.5 µM), CellTracker Blue CMAC

(10 µM), CellTraceTM Violet Cell proliferation dye (5 µM) (all from

Thermo Fisher Scientific), or Cell proliferation Dye eFluorTM670

(eBiosciences), according to manufacturer’s instructions. Briefly,

cells were resuspended in 1× PBS at the cell density of 8–10 × 106

cells/ml and labeled at 37°C for 15–20 min. Unbound dye was

washed away using complete medium in the centrifugation step, and

labeled cells were immediately analyzed or used for experiments.

Immune synapse

NGFR-enriched CD4OT-II (0.25 × 106 cells) were either not labeled or

labeled with CFSE (Thermo Fisher Scientific). The cells were then

mixed with CMAC-labeled B cells (0.5 × 106 cells) and incubated on

PLL (0.1%, Sigma-Aldrich)-coated cover glasses in each well of a
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24-well plate for 1–2 h. Before incubation, the plate was spun at

218 g for 60 s to reduce the cell settling time. Sample was fixed

using 1–3% PFA in PBS and incubated for another 10 min at RT.

Cells were then permeabilized with 0.1% Triton X-100 for 2–3 min

and blocked in 1% BSA in PBS (v/v) for 30 min at RT. Following

washing with 1× PBS, TRITC-conjugated Phalloidin (Thermo

Fisher), mouse anti-p-Tyr 100 (Cell Signaling Technology), and rat

anti-mouse IL-4 (R&D Systems) was used for staining. Cover glasses

were washed three times with 1× PBS and incubation with

secondary anti-mouse Alexa-568 or anti-Rat Alexa-568 (1:2,000, in

1× PBS with 1% BSA, Invitrogen) was added and incubated for 1 h

at RT. After washing with 1× PBS, cover glasses were mounted

using Mowiol (Calbiochem), dried over night at RT protected from

light and stored at 4°C until analyzed by epifluorescence (IX81

Olympus), confocal (TCS SP5), and spinning disc confocal (Nikon

Ti PerkinElmer UltraVIEW) microscopy. Images were processed

using ImageJ.

Visualization of B-cell F-actin polymerization during IS

Magnetically sorted BHEL cells (B-cell enrichment kit (untouched);

STEM CELL TECHNOLIGIES) were cultured in the presence of

LPS (Sigma) and HEL-OVA (both; 3 µg/ml) for 16–20 h. Activated

B cells were labeled with CMAC in 1× PBS and then with 0.5 µM

of SirAct (Spirochrome) in complete medium for 20 min at 37°C.

After washing away excess dye, cells were immediately used for

imaging. B cells (4 × 104) were added in PLL-coated wells of µ-

Slide Angiogenesis (iBidi), 2–3 min later labeled CD4OT-II were

added slowly from the side of the well and imaging was started

within 2–3 min. Live microscopy of IS was performed using spin-

ning disc confocal microscope (Nikon Ti PerkinElmer UltraVIEW),

with a 60× oil objective and an environmental control chamber

(37°C, 5% CO2). Time-lapse images were taken for 30–60 min

with 10 Z planes, each stack spacing 0.5 µm, and laser power

between 3 and 6%.

Ex vivo T cell-dependent B-cell proliferation

For analyzing the effect of NEF on T cell-dependent B-cell prolif-

eration, 2 × 105 labeled CD4OT-II cells were co-cultured with

labeled 6 × 105 BHEL with titrating amounts of HEL-OVA (3, 1,

0.3, 0.1, and 0 µg/ml). Three days later, B-cell proliferation was

estimated by assessing dye dilution of B cells using flow cytome-

try. For analysis, the proportion of B cells in the last 3–4 gener-

ations (highly dividing cells) in control (+Ag) was arbitrarily set

as 1 and relative proportions were calculated for other samples.

Peak B-cell proliferation was observed with different doses of

HEL-OVA in different experiments. Thus, to minimize the vari-

ability the dose of HEL-OVA showing the highest proliferation

was included in the analysis. Different Cell Tracker dye combi-

nations were used to assess B-cell proliferation in different

experiments to rule out the effect of cell labeling on the prolifer-

ation quantification. To assess effects of NEF on cytokine

production, cell culture supernatants were collected 3 days after

T–B-cell co-culture and cytokines quantified using a Mouse Cyto-

kine/Chemokine Array 31-Plex (Eve Technologies, Calgary,

Canada).

Antibody production in mice following adoptive transfer
and immunization

To study the effect of NEF on antibody production, 2 × 104 trans-

duced CD4OT-II cells and 6 × 104 BHEL cells (B-cell enrichment kit

(untouched); STEM CELL TECHNOLIGIES) were adoptively trans-

ferred into SMARTA mice. After 24 h, mice were immunized

subcutaneously with 10–40 µg of HEL-OVA323–339 emulsified in

Freund’s complete adjuvant (CFA; Santa Cruz) at five positions

(cranial, axillary left and right, inguinal left and right). Blood was

collected from mice before and after immunization via facial vein

puncture and production of IgM and IgG antibodies was tested by

ELISA. Briefly, 96-well plates were coated with 1–2 µg/ml of HEL

(SIGMA) overnight. Next day, the plates were washed with PBS

(with 0.1% Tween 20). Extracted serum was then added, and

plates were incubated for 2 h. Plates were then washed and incu-

bated with biotinylated anti-IgM and anti-IgG antibodies (Bio-Rad)

followed by HRP-conjugated SA (Thermo Fisher Scientific). OPD

substrate (Thermo Fisher Scientific or SIGMA) was used to

develop the reaction which was then stopped using 3 M H2SO4.

To detect antibodies generated against HEL3X, plates were coated

with 4 µg/ml of HEL3X protein generated in the laboratory (see

below).

Generation of recombinant HEL3X protein to study
somatic hypermutation

Mutant protein with a COOH-terminal His(6) tag was cloned

(MWG Eurofins) in yeast expression vector pPIC9K (Invitrogen).

Transformation of 1.2 OD competent yeast (Pichia pastoris) was

done by electroporation (Bio-Rad Gene Pulser, 25 lF, 200 ohm,

200 V) in the presence 15 µg of linearized DNA. Cells were

immediately mixed with 1 ml of cold 1 M sorbitol and spread on

Regenerative Dextrose Medium (RDB) agar plates and kept at

30°C for 4 days. Around 1,000 colonies were picked and mixed

with Yeast Extract Peptone Dextrose (YPD) medium in 96-well

plate (around 10 plates) and incubated for 5 days at 30°C. Clones

were grown to similar density by successive inoculation to ensure

that equivalent number of cells are spotted on Geneticin (GIBCO)

plate. Yeast culture (10 µl) was spotted on Geneticin (0, 0.25,

0.5, 0.75, 1, 1.5, 1.75, 1, 3, and 4 mg/ml) containing YPD plates

in 96-well format and incubated for 4 days at 30°C. For protein

induction, PCR-confirmed positive colonies were grown in

buffered glycerol-complex medium and scaled up in buffered

methanol-complex medium at absorbance of 1OD and were

further grown for 48 h at 30°C at 250 rpm. After every 24 h,

100% methanol was added to a final concentration of 0.25%. For

protein purification, filtered supernatant was incubated with Ni-

NTA agarose beads, spun at 770 g for 5 min (3× washing

150 mM NaCl; 30 mM Tris pH 6.8). The bound protein was

eluted using 200 mM Imidazole. The purified protein was concen-

trated using VIVASPIN 3000 centricons (Satorius) at 3,900 g.

Concentrated HEL3X protein was coupled with OVA peptide as

mentioned above and used for immunization assay (10–20 µg).

To analyze the proportion of B cells with rearranged high-affinity

BCR for HEL3X by flow cytometry, HEL3X was coupled with

AlexaFluor-488 using protein labeling kit (Invitrogen).
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Microarray analysis

BHEL were co-cultured with CD4OT-II cells expressing NEF WT or

NEF Δ12-39 for 4 and 24 h. BHEL were separated using magnetic

isolation (B-cell enrichment kit; STEM CELL TECHNOLIGIES) and

used for RNA isolation (NucleoSpin�; Macherey-Nagel). RNA

samples were sent to DKFZ microarray facility and the transcrip-

tome determined by the ClariomTM S Pico assay. For volcano plots,

expression of genes was compared between BHEL cells co-cultured

with either control or Nef-expressing CD4OT-II cells for 4 h. Data

from two independent experiments were used for the analysis. For

the generation of heat maps, gene expression in each sample was

compared to naı̈ve BHEL cells and data from three independent

experiment were used for the analysis. For pathways analysis,

WEB-based GEne SeT AnaLysis Toolkit and Gene Ontology enRIch-

ment anaLysis and visuaLizAtion tool was used.

Immunohistology

For immunohistology, draining lymph nodes were harvested

7 days after immunization, immediately frozen, and stored at

�80°C. LNs were embedded into FSC 22 clear frozen section

medium (Leica Biosystems), sectioned to slices of 6–10 µm thick-

ness using a cryostat (Leica CM1950), and fixed using 1% PFA for

20 min. Subsequently, sections were treated with blocking buffer

(5% skimmed milk powder, 0.6% Triton X-100, 0.06% sodium

azide) in the presence of 1 µg/ml of Fc-blocker (anti-mouse CD16/

CD32, BioLegend) for 20 min at RT. After 3× washing, sections

were incubated with anti-mouse IgD-Biotin (11–26c.2a), anti-

mouse GL7-Alexa488 (GL7), and anti-mouse CD21/35-Alexa647

(7E9; all from BioLegend) for 1 h. Streptavidin-Alexa568 (Thermo

Fisher Scientific) was used for second step staining. Sections were

washed 3× and staining with 1:100,000 Hoechst 33342 (Thermo

Fisher Scientific) for 3–4 min. Fluoromount-G� (Thermo Fisher

Scientific) was used as mounting solution. Leica TCS SP8 confocal

microscope was used for imaging of LN sections with a 20× oil

objective using mosaic scanning.

2-photon intravital imaging of popliteal lymph nodes

For visualization of early and late cognate B cell–T cell interac-

tions, 3–4 × 106 or 104 NGFR-sorted, transduced CD4OT-II -eCFP

or CD4OT-II -mT cells and 4 × 106 or 3 × 104 BHEL GFP, respec-

tively, were adoptively transferred into WT mice. After 24 h, mice

were immunized subcutaneously into the hock with 10 µg of

HEL-OVA323-339 emulsified in Freund’s complete adjuvant (CFA;

Santa Cruz) or CFA only for the no antigen control movies. 2PM

intravital imaging of the popliteal lymph node was performed

after 16–24 h (early) or 6–8 days (late) post-immunization, as

described previously (Stolp et al, 2012). In brief, mice were anes-

thetized with isoflurane (5% for induction and 1-1.5% for mainte-

nance), under Buprenorphine (0.05–0.1 mg/kg) analgesia. The

right popliteal lymph node was surgically exposed. One day prior

to imaging, 5 µg Alexa 647-conjugated anti-mouse CD21/35 anti-

body (Biolegend) was injected s.c. into the footpad to label the

follicular dendritic cells (FDCs). 2PM was performed with a Nikon

Eclipse FN-1 upright microscope equipped with a 25× Nikon CFI-

Apo (NA 1.1) objective and a TrimScope II 2PM system

controlled by ImSpector software (LaVision BioTec) combined

with an automated system for real-time correction of tissue drift

(Vladymyrov et al, 2016). For 2-photon excitation, a Ti:sapphire

laser with an optical parametric oscillator (OPO, Coherent MPX

Package) were tuned to 840 and 1,100 nm, respectively. For 4-

dimensional analysis of cell migration, 16 x–y sections with z-

spacing of 4 µm (60 µm depth) were acquired every 20 s for 30–

40 min; the field of view was 300 × 300 µm. Emitted light and

second harmonic signals were detected through 447/60-nm, 525/

50-nm, 595/50-nm, and 690/50-nm bandpass filters using non-

descanned detectors. Time-lapse movies were reconstructed and

analyzed using Arivis Vision 4D software (Arivis AG). Cell inter-

actions were manually tracked and quantified using InViewR

(ArivisAG), and cells were tracked using Imaris (Bitplane).

Characterization of nef alleles

Patient-derived nef alleles were isolated from plasma samples

obtained from the New York HIV Study 2010 cohort as described

previously with minor modifications (Salazar-Gonzalez et al,

2008). From a starting volume of at least 500 µl of plasma, RNA

was extracted using QIAamp Viral RNA Mini Kit (Qiagen) accord-

ing to manufacturer’s instructions. This was followed by cDNA

synthesis using an oligo dT primer and Superscript III Reverse

Transcriptase (Invitrogen). Full length nef gene was amplified

from bulk plasma-derived viral cDNA using two-step nested PCR

with primers that overlap env and 3ʹLTR regions. Bulk PCR prod-

ucts were then cloned into pGEM�-T TA vector backbone

(Promega), and a minimum of 10 nef sequences with intact open

reading frame was analyzed per patient. A predominant sequence

that resembles the bulk population was then cloned into pEGFP-

N1 vector as Nef.GFP fusion protein (Galaski et al, 2016) or

pSTITCH.IRES.ΔNGFR vector (Stolp et al, 2012) for further

in vitro or in vivo characterization, respectively. These patient-

derived Nefs were assessed for downregulation of cell surface

CD4 and MHC-I, inhibition of chemotaxis toward stromal cell-

derived factor-1 alpha (SDF-1a), and inhibition of anti-CD3

induced peripheral F-actin ring formation as described in detail

previously (Stolp et al, 2009; Imle et al, 2015; Ananth et al,

2019). The isolated nef sequences are deposited in GenBank

(NCBI, NIH) under the following accession numbers: MT223941

and MT223942.

Expansion of adoptively transferred B cell and T cells

For comparing the expansion of B cells and T cells after immuniza-

tion with HEL-OVA/CFA, draining LNs (dLNs) were harvested from

d7-immunized mice and single-cell suspensions stained with anti-

body combinations. Antibodies (Abs) and reagents used were as

follows: anti-mouse CD45.2-PE (104), anti-mouse B220-BV650

(RA3-6B2), anti-mouse GL7-AlexaFluor-488 (GL7), anti-mouse PD-

L1-PE/Cy7 (10F.9G2), anti-mouse CXCR5-Bio (L138D7), anti-mouse

ICOS-BV420 (C398.4A), anti-mouse OX40-FITC (Ber-ACT-35), Strep-

tavidin-PerCP (all BioLegend), anti-mouse CD95-Biotin (Jo2), and

anti-mouse CD3-BV711 (500A2), (all from BD Biosciences). Preci-

sion count beads (BioLegend) were added in the samples to estimate

the absolute number of BHEL and CD4OT-II recovered from the dLNs

using flow cytometry.
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HIV-1 production

Six million 293T cells were seeded on a 15 cm culture dish and 1 day

later cells were transfected (PEI) with various proviral HIV-1 plasmid

DNA (25 µg). Virus supernatant was harvested 48 and 72 h after

transfection and filtered using 0.45 µm pore size. Virus was concen-

trated using 20% sucrose cushion (rmin 43,000 g rmax 98,000 g; SW 32

Ti Rotor at 24,000 rpm; 1.5 h), titers were determined by SYBR Green

I-based PERT (SG-PERT) or p24 ELISA, and infectivity was evaluated

by infection of Tzm-bl reporter cells (Ananth et al, 2019).

Sybr Green-based Product Enhanced Reverse Transcriptase
(SG-PERT) assay

For determination of HIV-1 titers, supernatant was collected every

2–3 days and analyzed by SG-PERT as described (Ananth et al,

2019). Five µl of supernatant were lysed with 5 µl of 2× Lysis

buffer containing 40 U/µl Ribolock for 10 min at RT. Samples

were diluted by adding 90 µl of PCR buffer. A serial dilution of

the standard ranging from around 109–103 pUnits RT/µl was

generated by log dilution with PCR buffer, lysed. Ten µl of this

diluted sample and lysed standard was mixed with 10 µl of 2×

Reaction buffer containing 5 U/µl Go Taq Hotstart polymerase.

Probes were analyzed with Bio-Rad CFX96.

Preparation and infection of tonsillar histocultures

Tonsillar histocultures were conducted essentially as described

(Homann et al, 2009) using RPMI1640 GlutaMAXTM supplemented

with 15% (v/v) heat inactivated FBS, 1% (v/v) Sodium pyruvate,

non-essential amino acid 1% (v/v), Gentamycin 1% (v/v), Fungi-

zone 1% (v/v), and 100 µg/ml ampicillin. Surgically removed

tonsils (during standard tonsillectomy of anonymous donors with

informed consent in accordance with the ethics vote S-123/2014

from the Heidelberg University Hospital ethics committee) obtained

from Heidelberg University hospital were processed by removing

burnt areas (black and dark brown colored) and connective tissues

(yellow colored). Small tissue blocks of 2–3 mm thickness were

generated using scalpel and fine scissors (Introini et al, 2014). Each

Gelfoam� (Pfizer) was cut in four parts, and one part was placed in

one well on a 12-well plate. Four to six blocks were placed sepa-

rately on medium-soaked Gelfoam�, and 1 ml of medium was

added in each well. For infection, 6–10 µl of medium containing 2–

3 × 105 infectious units as titered on Tzm-bl reporter cell was added

on top of each block. The virus was washed off after 24 h (three

washes with fresh medium) followed by addition of 0.3 mg/ml

Tetanus toxoid (Calbiochem) for 24 h. Toxoid was removed by 4–5

times washing 24 h later.

For determination of HIV replication, supernatant was collected

every 3–4 days for SG-PERT assay. For determination of antibodies

generated against Tetanus toxoid, ELISA kit (Siemens;

TETG5043DB) was used. Production of anti-tetanus IgG in infected

blocks was calculated relative to Mock-infected blocks stimulated

with Tetanus toxoid antigen. Out of 19 donors used in the assay,

only nine donors showed IgG production in mock-stimulated group.

Out of these nine donors, three donors did not show inhibition in

antibody production in the presence of HIV WT. Thus, only six

remaining donors were included in the assay.

Statistical analysis

Statistical analysis of datasets was carried out using Prism version

5.0 (GraphPad). Statistical significance was calculated using the

tests indicated in the respective figure legends. n.s., not significant;

*P < 0.05; **P < 0.01; ***P < 0.001.

Data availability

The microarray data from this publication have been deposited to

NCBI Gene Expression Omnibus (GEO) database (https://www.ncb

i.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156100) and assigned the

identifier GSE156100.

Expanded View for this article is available online.
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