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HIV-1

The human immunodeficiency virus (HIV) was first identified in 1983 as the virus 
causing a collection of symptoms which are now known as Acquired Immunodeficiency 
Syndrome (AIDS) (1,2). The first cases were reported in 1981 (3,4), but subsequent 
testing of archived samples showed HIV positive samples as early as 1959 (5). Analysis 
of genome variation among HIV-1 strains and mathematical modeling suggested that 
the first infection of humans may have occurred as early as 1884 (6). There have been 
multiple zoonotic transmissions of a chimpanzee virus into humans (7,8). 

The latest data from 2008 indicate that around 33 million people were living with 
an HIV infection worldwide, 2.7 million people were newly infected in that year and 2 
million people died from AIDS related illnesses (UNAIDS/WHO, AIDS epidemic update 
2009). These numbers illustrates the urgent need for a vaccine. 

HIV subtypes

There are two variant types of HIV, HIV type 1 (HIV-1) and HIV type 2 (HIV-2). The 
HIV cluster consists of three groups: M (major), O (outlier), N (non-M, non-O) and the 
recently discovered “P” group (9). As the name suggests, most HIV-1 strains circulating 
in the human population are part of group M. Group M can be further subdivided 
into subtypes A, B, C, D, E, F, G, H, J, K as well as 48 known Circulating Recombinant 
Forms (CRFs) (10). Subtype B is the major subtype in Europe, North America and South 
America, whereas subtype C is more prevalent in Africa and Asia. Like HIV-1 groups N, 
O and P, the geographic distribution of HIV-2 is very restricted. This enormous genetic 
variation among HIV-1 strains may hamper the development of a general vaccine against 
HIV-1. 

HIV virion 

HIV is part of the genus of lentiviruses within the family of retroviridae (11). HIV 
particles contain two copies of the single-stranded RNA genome. It performs reverse 
transcription of its RNA genome into double-stranded DNA. The RNA genome is 
around 10kb long and encodes 9 proteins from differentially spliced mRNAs, some with 
overlapping reading frames. Three main precursor proteins encode structural proteins 
(group-specific antigen; Gag), enzymes (polymerase; Pol) and the envelope glycoprotein 
complex (Env) (12-14).

The functional Env glycoprotein complex is a class 1 fusion protein consisting of three 
gp120 and three gp41 subunits, cleaved by intracellular proteases such as furin (15,16). 
The Env complex facilitates entry of the virion into the host cell. This is achieved by 
binding of Env to its primary receptor, CD4, after which conformational changes occur 
that enable binding to a coreceptor, usually CCR5 or CXCR4 (17,18). This induces further 
conformational changes within the Env complex and insertion of the gp41 fusion peptide 



9

General Introduction

1

into the target membrane of the host cell. The fusion peptide subsequently adopts the very 
stable 6-helix bundle structure, triggering fusion of the viral and target cell membrane 
and entry of the HIV-1 genome (19-24). Since Env is the only viral protein expressed on 
the outside of the virus particle, it is the relevant target for vaccines that elicit a humoral 
immune response. 

Treatment options

The first HIV-1 treatment was approved in 1987 and consisted of the newly identified drug 
AZT/Zidovudine (25,26). Monotherapy managed to induce a low viral load and to keep 
symptoms and viral load largely at bay, but because of the high viral mutation rate, drug-
resistant HIV-1 variants were eventually selected and the therapy failed. Highly Active 
Antiretroviral Therapy (HAART) was introduced in 1996, which combines multiple 
antiretroviral drugs that target several steps of the viral replication cycle. HAART can 
lead to durable virus inhibition, but no viral clearance (27).

Current drugs can be classified into several classes: nucleoside analogue reverse 
transcriptase inhibitors such as AZT/Zidovudine, non-nucleoside reverse transcriptase 
inhibitors such as Efavirenz and protease inhibitors such as Saquinavir. Because several 
drugs are taken simultaneously, the virus is inhibited profoundly and the threshold 
(number of mutations) towards resistance development is too high. If the drugs are taken 
regularly, drug resistance is far less likely to occur than with monotherapy (28). 

More recently, a new class of drugs was developed targeting the viral Env protein; 
fusion inhibitors such as T20/Fuzeon. As the name suggests these drugs target the 
virion particle during the cell entry process, thus preventing infection of the cell (29). 
It is unfortunate that these highly effective drugs need to be administered intravenously, 
which presents a significant loss of the quality of life for the patient (29). 

HAART is costly and may cause severe side-effects after prolonged treatment. HAART 
does not succeed at complete eradication of the virus from the infected individual. This 
means that the danger of drug-resistance and therapy failure will persist. 

HIV-1 immunity

An alternative to stemming the HIV epidemic by medication would be a vaccine that 
harnesses the human immune system to counter incoming virus. Several immune cells 
are thought to play a role in the anti-HIV immune response, which controls the initial 
infection but does not manage to clear the virus. Dendritic cells are part of the first line 
of defense against pathogens such as HIV-1. These cells are present in the skin and in 
mucosal tissue where they capture pathogens, migrate to a local lymph node and present 
part of the pathogen to other immune cells such as CD4+ T-helper (Th) cells, which 
subsequently activate other cells such as CD8+ T cells and B cells (30). CD8+ T cells, 
also known as cytotoxic T lymphocytes (CTLs), recognize intracellular pathogens by 
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detecting pathogen-derived peptides presented by Major Histocompatibility Complex 
class I proteins on the surface of infected cells. 

B cells play a major role in the defense against HIV-1 by secreting antibodies that 
bind the virion particles. Ideally these antibodies bind to the HIV-1 virion in such a way 
that it blocks the cell entry function, thus neutralizing the virus (31). The major type of 
antibody in the body is immunoglobulin G (IgG), but there are several other types of 
immunoglobulin such as IgM, mainly involved in the initial response to the pathogen, 
and IgE, involved in allergic responses and the defense against parasites. The most 
relevant antibody class targeting HIV-1 besides IgG is IgA. This latter class of antibodies 
is especially involved in the mucosal defense against pathogens. IgA is constitutively 
secreted into the mucosa, inactivating pathogens at the portal of entry into the human 
body. Since HIV-1 is usually spread via mucosal tissues, it is thought that raising effective 
IgA responses against HIV-1 is a requirement for an effective vaccine. This should stop 
the virus before entry into the body, thus providing sterilizing immunity (32). 

Vaccines

The first successful vaccination in the western world was performed by Edward Jenner 
in 1796. Pus from a milkmaid infected with the cowpox virus was used to inoculate an 8 
year old boy, which protected the boy against subsequent infection with smallpox (33,34). 
Most first generation vaccines represent live-attenuated virus strains. The cowpox 
represented a live but attenuated pox variant that induced protective immunity, but does 
not cause disease in humans. Other methods of virus attenuation are passaging through 
(non-human) tissue, cells or cell lines for several rounds, leading to mutations that 
reduce the fitness of the virus in the human host (35,36). More recently, one can design 
attenuated viruses by specific gene deletions that are introduced with molecular biology 
techniques (35,36). Live-attenuated viruses have several advantages for use in a vaccine. It 
has been suggested that the presence of all viral components, including double-stranded 
RNA that will work as a natural adjuvant, while boosting the response against the virus. 
Another advantage is that live-attenuated viruses replicate to some extent, such that the 
immune system will encounter the virus in its normal environment, which may help 
to skew the response in the relevant environment (37-39). Also, virus replication may 
cause local tissue damage and thereby inflammation, which helps to boost the immune 
response. This enables the immune system to mount an immune response that protects 
against new infections. Another advantage of using a live-attenuated strain is that it will 
usually generate both a T cell and B cell (humoral) response.

A number of live-attenuated HIV-1 vaccines have been actively explored as this type of 
vaccine usually works well (40-42) (Table 1). Despite their success, yielding protection in 
the macaque model, none of these vaccine candidates have been approved by regulatory 
authorities due to safety concerns. Live-attenuated HIV-1 will cause a low-grade, but 
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persistent infection, which means that the virus might be able to evolve and to restore 
the wild-type replication capacity and possibly pathogenicity. This is known to happen 
with other vaccines such as the oral poliovirus vaccine (43), but the poliovirus is cleared 
whereas an attenuated HIV-1 vaccine would cause a chronic infection. 

Another option is vaccination with inactivated virus preparations. Though this 
approach is generally safe and is known to work well for some viruses such as influenza 
(44) (Table 1), it does not seem to work for HIV-1. The cause of this is not exactly known, 
but is thought to be related to viral properties such as the low immunogenicity of the 
virion particle itself, which means that it needs further stimulation to induce a good 
immune response. Adding adjuvants to killed or inactivated HIV-1 particles does not 
render them immunogenic enough to provide protection. Other reasons for vaccine 
failure lie in the structure of the Env complex, which protects important epitopes (the 
subject of this thesis). 

A vaccine strategy that is becoming more popular is the subunit-based vaccine. This 
approach uses purified and/or recombinantly expressed proteins, which for instance can 
be used directly or mounted onto virus like particles, and has been successfully used for 
vaccines against human papilloma virus and hepatitis B virus (45,46) (Table 1). Subunit 
vaccines focus the immune response on certain parts of the virus, usually spike/envelope 
proteins located on the outside of the virus particle since these are the most relevant 
antigen for the induction of antibodies that an neutralize the virus. In case of HIV-1, the 
candidate protein is the Env complex. The first major candidate HIV-1 vaccine used the 
gp120 subunit, which was found to be ineffective in the VaxGen VAX003 and VAX004 
phase III trials in 2003 (47,48).

The focus of the research community then shifted towards the development of a T 
cell (CTL) inducing HIV-1 vaccine, typically based on viral vectors expressing HIV-1 
proteins or peptides in infected cells. An example of this is the MRKAd5 HIV-1 gag/
pol/nef vaccine developed by Merck. Although promising results were obtained in non-
human primate models, no vaccine effect was observed in the major phase IIb STEP trial, 
which was prematurely halted because in fact some vaccine-mediated enhancement of 
HIV-1 infection was scored (49). 

Studies have suggested that a humoral response could possibly be sufficient to induce 
protection. For example, it has been shown that hu-SCID-PBL mice can be protected 
against HIV-1 infection by a passive immunization with neutralizing antibodies (50). 
Also, monkeys can be protected from infection by an infusion of NAbs against HIV-1 (51-
54). Mucosal protection can also be induced using intravaginal infusion of neutralizing 
antibodies (55). In some cases vaccine induced antibodies can protect monkeys (56-59). 
As a matter of fact, the immune system can mount an effective neutralizing response to 
the infecting virus, but by the time these antibodies are secreted in sufficient quantities, 
the virus already has escaped (60-66).
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The current consensus in the research community is that an effective HIV-1 vaccine 
should raise both cellular (CTL) and humoral (antibody) immunity. This means that 
the vaccine needs to consist of at least two components, a viral vector inducing T cell 
immunity and subunits (Env) to induce humoral immunity. Recently, it was reported 
that this approach may work as some protection was reported in a trial using ALVAC, a 
canarypox vector expressing gag, pro and env, in combination with AIDSVAX B/E based 
on the gp120 protein (67,68).

Table 1. Human vaccines against pathogenic viruses

Disease Virus Vaccine
small pox vaccinia live-attenuated

rabies rabies virus inactivated

live-attenuated

yellow fever yellow fever virus live-attenuated

poliomyelitis poliovirus inactivated (Salk)

live-attenuated (Sabin)

measles measles virus inactivated

live-attenuated

mumps mumps virus live-attenuated

influenza influenza virus inactivated

live-attenuated

respiratory disease adenovirus live-attenuated

german measles rubella virus live-attenuated

hepatitis hepatitis B subunit

hepatitis hepatitis A inactivated

cervix carcinoma human papilloma virus subunit

The use of the Env protein in subunit vaccines is challenged by the many tactics 
HIV-1 has developed to escape from the host immune system. One major hurdle is the 
inherent instability of the Env complex, even on the virus particles itself. This leads to 
release of gp120 monomers, exposing immunodominant domains of Env that induce 
non-neutralizing antibodies because these domains are not accessible on the functional 
trimeric Env complex. Another challenge is the inefficiency of cleavage of gp41 from 
gp120 by furin. This leads to trimers with a more open structure and the exposure of 
non-neutralizing epitopes. The Env protein also contains some variable domains that are 
immunodominant, but can easily be mutated without loss of Env function. Furthermore, 
conserved Env regions are effectively shielded by glycans that are generally not recognized 
as foreign by the immune system (66,69). 



13

General Introduction

1

Some research groups, including ours, have tried to solve the stability problem by 
stabilizing the Env complex. We have introduced a disulfide bond between gp41 and 
gp120 with the SOS mutations A501C and T605C (70), the I559P substitution that 
stabilizes the trimeric structure (71) and a hexa-arginine (R6) motif to replace the native 
furin recognition site in order to enhance protein cleavage (72). Although the resulting 
stabilized Env trimer is slightly more immunogenic compared to soluble gp120, it still has 
many of HIV’s natural defenses to limit the induction of neutralizing antibodies. 

Scope of the thesis

The research described in this thesis probed various ways to improve the properties of the 
HIV-1 Env complex for vaccination purposes. The characteristics of b12, the only broadly 
neutralizing antibody that targets the CD4 binding site of Env, are reviewed in chapter 
2. The b12 antibody, an important template for vaccine design is shown to bind Env in a 
substantially different manner than other antibodies that recognize the CD4 binding site 
of Env (73,74). Chapter 3, 4 and 5 describe our successful attempts to create improved 
Env variants with enhanced exposure of neutralizing epitopes. Chapter 3 describes 
the production of the Env protein or the complete HIV-1 particle in a cell line lacking 
N-acetylglucosaminyltransferase I (GnTI), an enzyme necessary for the conversion of 
oligomannose N-glycans to complex N-glycans. We report the production of functional 
Env proteins with a significantly reduced glycan shield (75). Another strategy to enhance 
antigenicity tested by us is the removal of the variable regions 1 and 2 (V1V2), which 
is described in chapters 4 and 5. Chapter 4 shows that V1V2-deleted Env mutants are 
functional if compensatory mutations are introduced. This enables the correct folding 
and efficient expression of the Env complex. Chapter 5 focuses on characterization of the 
immune response against these V1V2-deleted Env constructs. 

After demonstrating how to improve the antigenic make-up of Env, our research 
focused on improving its immunogenicity by addition of adjuvant molecules in cis. The 
removal of the V1V2 region enabled us to insert an immunostimulatory molecule into this 
region of the Env protein. One such molecule, granulocyte macrophage colony stimulating 
factor (GM-CSF) is described in chapter 6 to improve the Env immunogenicity in a 
mouse model. Env immunogenicity can also be improved by addition of a co-stimulatory 
molecule at the C-terminus of Env as shown in chapters 7 and 8. A fusion protein of 
Env and CD40 ligand (CD40L) can be expressed efficiently in human cells and is able to 
enhance the activation of human dendritic cells as described in chapter 7. This CD40L cis-
adjuvant approach was subsequently tested in a rabbit immunization experiment along 
with Env fusion proteins with domains of two other members of the tumor necrosis factor 
superfamily (TNFSF): B-cell activating factor (BAFF/TNFSF13b) and a proliferation 
inducing ligand (APRIL/TNFSF13), as described in chapter 8. In contrast to Env-CD40L 
which targets dendritic cells, Env-BAFF and Env-APRIL target B cells. The Env-APRIL 
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fusion protein exhibited the greatest enhancement of Env immunogenicity. Thus, the 
work described in this thesis indicates that the antigenic structure and immunogenicity 
of the HIV-1 Env protein can be significantly improved. Further optimization of these 
molecules or their derivatives may facilitate the development of an effective vaccine 
against HIV-1.
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Abstract
HIV-1 evades antibody-mediated neutralization in many cunning ways. The recent 
structural characterization of a conserved neutralization epitope on the envelope 
glycoprotein complex (Env) provides clues to the vulnerabilities of the virus. We discuss 
these observations and explain their relevance for HIV-1 vaccine design.
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Introduction
HIV-1-neutralizing antibodies

The HIV-1 envelope glycoprotein complex (Env) is the focus of antibody-based vaccines 
simply because it is the only viral protein on the exterior of the virus particle and, 
hence, the only protein that can elicit neutralizing antibodies. Neutralizing antibodies 
are generated against HIV-1 in infected individuals but many are strain-specific because 
they bind to variable domains, making viral escape easy (1,2). Highly immunogenic non-
functional forms of Env serve as decoys and elicit antibodies that do not neutralize at all 
because they do not recognize the functional Env trimer (3). Furthermore, the elicitation 
of broadly neutralizing antibodies is limited by a protective “glycan shield” (2). Only a 
few antibodies have been identified that can neutralize diverse virus isolates, and these 
antibodies reveal viral vulnerabilities. Of these, two (2F5 and 4E10) are directed to the 
membrane-proximal region of the transmembrane subunit gp41, whereas two others 
(2G12 and b12) bind to the surface subunit gp120.

Two properties are important for an antibody to be broadly neutralizing. First, to 
neutralize, an antibody needs to bind to the functional trimer. Second, to be broadly 
reactive, it needs to bind to a conserved region on the functional trimer that is present 

Glossary
Bridging sheet: a four-stranded antiparallel 
β-sheet that bridges the inner and outer 
domains and is formed after CD4 binding 
(Figure 1a). The bridging sheet contributes to 
the co-receptor-binding surface and to several 
antibody epitopes that are induced by CD4 
binding (CD4i antibodies).
Enthalpy: The measure of the energy content 
of a system. A negative change in enthalpy 
(ΔH) is favourable for protein–protein binding 
and indicates many bonding interactions 
(e.g. hydrogen bonds and van der Waals 
interactions).
Entropy: the measure of disorder in a system 
or molecule – greater entropy means more 
disorder. Entropy tends to increase (positive 
ΔS) as disorder is favoured over structure and 
organization. During the formation of protein–
protein interactions involving more structural 
organization, a favourable ΔH can compensate 
for the negative ΔS.

Glycan shield: protective camouflage consisting 
of N-linked carbohydrates. These carbohydrates 
are usually non-immunogenic because they 
are produced by the host-cell glycosylation 
machinery and are, therefore, recognized as self 
by the host immune system. The glycan shield 
is mostly attached to the outer domain (silent 
face) and variable domains (Figure 1b).
Inner domain: part of gp120 that forms the 
interior of the trimeric spike. The inner domain 
is highly conserved, does not contain much 
glycosylation and interacts with gp41. The inner 
domain is largely inaccessible to antibodies 
in the trimer and overlaps with the non-
neutralizing face because antibodies elicited 
to this region cannot recognize functional Env 
(Figure 1a).
Outer domain: part of gp120 that forms the 
exterior of the trimeric spike. The outer domain 
is heavily glycosylated and overlaps with the 
silent face, although parts of the outer domain 
contribute to the CD4BS and the neutralizing 
face.
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and accessible on diverse primary virus isolates; monoclonal antibody b12 is one of the 
few antibodies that fulfil both these requirements. b12 recognizes the CD4-binding 
site (CD4BS) and can block the interaction between CD4 and gp120. This property is 
probably not important per se because any antibody that can bind to the functional 
trimer is thought to neutralize solely through the presence of the bulky immunoglobulin 
G (IgG) molecule (4-6). However, because virtually all viruses need CD4 for entry, the 
CD4BS is one of a few sites on the Env trimer that is conserved on different HIV-1 strains. 
Therefore, it is crucial for the virus to devise ways to limit the elicitation of neutralizing 
CD4BS antibodies such as b12.

Recent work by van Montfort et al. (7) underlines the importance of b12 in vaccine 
design, but also provides a somewhat worrying account on how dendritic cells (DCs) 
can efficiently take up neutralized virus by C-type lectins and/or Fc receptors then 
“deneutralize“ the virus and present a fully infectious form to T cells. A notable exception 
is the b12 antibody, which clings onto the virus during passage through DCs and still 
inhibits the subsequent infection of T cells. The authors propose that a higher affinity 
binding of b12 enables the antibody to survive the travel through low pH endocytic 
compartments where other neutralizing antibodies such as 2G12, 2F5 and 4E10 
dissociate from Env. The role of DC-mediated protection and dissemination of virus is 
clearly underappreciated in standard neutralization assays. Nevertheless, these results 
emphasize the importance of attempting to elicit b12-like antibodies.

The recent study by Zhou et al. (8) reveals Env properties that limit the elicitation of 
neutralizing CD4BS antibodies. The study also provides useful information on how b12 
circumvents the viral defences. Here, we explain how this information can be exploited 
for HIV-1 vaccine design.

Conformational camouflage

gp120 is intrinsically flexible, but the binding of CD4 stabilizes gp120 by pulling together 
the outer and inner domains and driving the formation of the bridging sheet (see 
Glossary) (9-11) (Figure 1a). CD4 binding is associated with unusually large changes 
in enthalpy and entropy, which indicates large conformational changes, the formation 
of many binding interactions (e.g. van der Waals interactions and hydrogen bonds), 
a high degree of molecular ordering, and/or burial of a large surface area (9,11). The 
unfavourable large change in entropy is thought to be compensated by an increase in 
avidity by binding of multiple CD4 molecules on the target cell to an Env trimer. Similar 
to CD4, non-neutralizing CD4BS antibodies induce large enthalpy and entropy changes 
upon binding to gp120 but, unlike CD4, non-neutralizing CD4BS antibodies do not bind 
multivalently and the unfavourable conformational changes impede potent neutralization 
by these antibodies (10-12). By contrast, b12 binding to gp120 does not require large 
conformational changes, explaining in part why this antibody is so potent. Furthermore, 
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Figure 1. Binding of monoclonal antibody b12 to the glycosylated Env trimer. (a) Structure of gp120 in 
the b12-bound state. The inner and outer domains are indicated in grey and red, respectively. Protein 
components that form the bridging sheet upon CD4 binding are indicated in dark blue. Carbohydrates 
are shown in cyan. (b)  Model of a b12 IgG in complex with a gp120 trimer. The previously constructed 
trimer model based on quantifiable parameters (18) was used as a template and the CD4-bound gp120 
structures were replaced by the b12-bound structures. The complete b12 IgG was modelled using the 
structure in Ref 19 (19). The figure represents a view from the target cell, slightly tilted to provide a better 
view on the CD4BS. The protein-associated solvent-accessible surface of gp120 is in red with the CD4BS 
in yellow. The carbohydrates on gp120 are represented in cyan and the b12 IgG is shown as a carbon-α 
trace in dark blue.

Mark
Typewritten Text
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b12 seems to recognize a majority of different Env conformations that correlate with 
the small entropic change, whereas other CD4BS antibodies only bind a minority of 
conformations (12) (Figure 2a). Competing interactions of, for example, CD4, can then 
limit the potency of these antibodies. Thus, the architecture of the CD4BS and the nature 
of the CD4-binding interaction reduce the elicitation of effective antiviral antibodies to 
this site.

Clues from structure

Based on the structure of gp120 in complex with CD4, Zhou et al. (8) designed amino-acid 
substitutions to stabilize gp120 in a conformation similar to the CD4-bound state (13). 
Despite substantial residual flexibility in gp120, the introduction of inter-domain disulfide 
bridges and CD4BS cavity-filling substitutions stabilized the molecule considerably. The 
stabilized gp120 molecule enabled the crystallization of gp120 in complex with the Fab 
fragment of b12 (8). Binding of b12 shares some characteristics with CD4 binding. First, 
both b12 and CD4 use an aromatic residue (Tyr53 and Phe43, respectively) to bind to 
the same initial contact site: the Phe43 cavity between the inner domain, outer domain 
and the bridging sheet (Figure 1a). Second, b12 and CD4 have a similar, although not 
identical, angle of attachment, suggesting that this is the only angle in which effective 
binding can be achieved in the context of the functional trimer (Figure 1b). This differs 
from the supposed binding angle of many non-neutralizing CD4BS antibodies, which is 
not compatible with binding to the functional trimer (14).

Although CD4 and b12 have the same the initial contact site, their interactions are 
quite different. The initial interaction of CD4 is not strong, as exemplified by the poor 
neutralization of primary viruses by soluble CD4, but the initial binding of CD4 to the 
CD4 binding loop is stabilized by enhanced avidity due to the interaction of multiple 
CD4 receptors on the cell surface with an Env trimer. Conformational changes that 
involve formation of the bridging sheet follow and ensure tight CD4 binding. In contrast 
to CD4 (and non-neutralizing antibodies), b12 can bind tightly to the CD4-binding loop 
without the requirement for additional conformational changes.

Despite the many ways to limit the elicitation of b12-like antibodies, the exposure of 
the CD4-binding loop indicates that antibodies can be elicited to this target. So why are 
b12-like antibodies not reported more often? In fact, it is suspected that a considerable 
amount of activity in neutralizing sera is b12-like and there is currently a hunt for 
new broadly neutralizing antibodies that are similar to b12 (15). Importantly, these 
observations show that the initial CD4 contact site is accessible to antibodies and can be 
exploited for vaccine design.
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Trimeric camouflage

Most of the biochemical and structural studies on the binding of neutralizing antibodies 
to Env have been performed with core gp120 (gp120 from which the N and C termini 
and variable loops 1–3 have been deleted), gp120 or unprocessed gp140 trimers. The 
conformational constraints can become manifest differently on the processed, functional 
Env trimer, for example, gp120 might be more conformationally restricted. It is known 
that the antigenicity of processed and unprocessed Env is dramatically different (16). 
Several additional constraints are present on the functional trimer (Figure 2b): (i) the 
angle of approach is limited (14) (Figure 1b); (ii) protection by the variable loops is 
increased because of restriction of movement of these loops by the presence of the other 
protomers; and (iii) the carbohydrates of the glycan shield are likely to be more densely 
packed around the CD4BS (Figure 1). For example, although Asn386 and the attached 
carbohydrate make contacts with b12 in the current structure (7), mutation of Asn386 to 
either Ala or Asp, with the elimination of the attached carbohydrate as a result, improves 
binding of b12 to the functional trimer as monitored by neutralization (R.W. Sanders et 
al. unpublished, and R. Pantophlet and D. Burton personal communications). Located on 
the edge of the carbohydrate-decorated silent face and the CD4BS, Asn386 and its sugar 
seem to restrict access to the b12 epitope in the context of the functional trimer. Thus, 
trimeric constraints also limit the elicitation of neutralizing antibodies to the CD4BS, and 
b12 overcomes these constraints.

Relevance for vaccine design

How do we translate new knowledge on neutralizing antibodies such as b12 into the 
design of immunogens that elicit similar antibodies? In theory, the most straightforward 
strategy is to extract and, if necessary, stabilize the epitope and present it to the immune 
system, either directly or on a molecular scaffold. Considering the complexity of the 
b12 epitope, this is not straightforward and previous attempts have been unsuccessful. 
However, the current structure can assist new attempts because it clearly defines the key 
residues important for the gp120–b12 interaction. For example, it might be possible to 
extract the CD4-binding loop, graft it onto a carrier protein and present it in the proper 
orientation.

Zhou and colleagues have taken an approach that entails the introduction of cavity-
filling residues and the addition of disulfide bonds to reduce the flexibility between inner 
and outer domain and to stabilize gp120 in the CD4-bound conformation (8,13) (Figure 
2c). The current structure can assist in further stabilization and modification to create 
a gp120 variant that fits b12 like a glove. A practical problem is the low expression level 
of gp120 variants containing two or more added disulfide bonds. The design of disulfide 
bridges based on proximity in the final folded protein does not take into account the 
intricate oxidative folding of gp120, and the understanding of this process is insufficient 
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to make radical changes in the disulfide-bonded architecture of the protein without 
penalty on expression levels. Nevertheless, this strategy is interesting and the current 
structure will assist in making designed improvements.

A problem with many vaccine strategies is that antibodies can be generated to 
artificial immunogens that cannot recognize the correct target: the functional trimeric 
spike. Therefore, it is preferable to present the b12 epitope in the context of the trimer. 
This preserves the epitope in the proper conformation and limits the elicitation of 
antibodies that are incompatible with binding to the trimer (Figure 2d). Trimeric Env 
immunogens are moderately better at inducing neutralizing antibodies compared with 
monomeric gp120 (17). However, as mentioned, trimeric Env immunogens share much 
of the camouflage present on the functional trimer on virions, such as variable loops 

Figure 2. Conformational and trimeric constraints that limit the elicitation of neutralizing CD4BS 
antibodies. (a) b12 (blue) can recognize different conformations of gp120, whereas non-neutralizing 
CD4BS antibodies (green) recognize only one or a few gp120 conformations. (b) Some non-neutralizing 
CD4BS antibodies (light green) can recognize the relevant conformation of gp120, but they cannot do so 
on the functional trimer, for example, because the angle of binding is incompatible with trimer binding 
or because essential components of their epitope are occluded in the trimer (e.g. the inner domain side of 
the CD4BS). Note that the number of conformations in the functional trimer might be more limited than 
depicted here. In this scenario, some non-neutralizing CD4BS antibodies might not neutralize because 
the gp120 conformation they bind to is unavailable in the trimer. High entropy of binding measured with 
monomeric gp120 is a symptom of their lack of neutralization activity, not the cause. (c) Stabilization of 
gp120 reduces and/or eliminates the binding of non-neutralizing CD4BS antibodies (dark green) that do 
not recognize the stabilized conformation. (d)  Stabilization of gp120 in the context of the Env trimer 
can further reduce the interaction with and elicitation of non-neutralizing antibodies because only the 
relevant domains (e.g. outer domain components of the CD4BS including the CD4-binding loop) are 
exposed in the proper orientation.
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and carbohydrate, which limit the access to neutralizing epitopes. Despite these issues, 
it will be worthwhile to investigate whether an optimized and stabilized b12 epitope in 
the context of a trimeric molecule will improve the elicitation of neutralizing CD4BS 
antibodies.

Concluding remarks and future perspectives

The study by Zhou et al. (8) provides a detailed understanding of how one broadly 
neutralizing antibody can bind to gp120 and neutralize the virus. The challenge now is 
to design immunogens that elicit such antibodies. One major obstacle in HIV-1 vaccine 
design aimed at inducing neutralizing antibodies remains the lack of structural data on 
the trimeric gp120–gp41 complex. It is anticipated that the structure of the functional 
trimer, when solved, will advance novel Env immunogen design.

Acknowledgements
We are grateful to Jonathan Stuckey, Leo Kong, Tongqing Zhou and Peter Kwong for 
supplying the atomic models in Figure 1. We thank Ben Berkhout and Bill Paxton for 
critical reading of the manuscript, and Ralph Pantophlet and Dennis Burton for sharing 
unpublished observations. D.E. is sponsored by the Dutch AIDS fund (#2005021 to Ben 
Berkhout). R.W.S. is a recipient of an Anton Meelmeijer fellowship and a VENI fellowship 
from the Netherlands Organization for Scientific Research (NWO) – Chemical Sciences.

References
 1.  Richman, D. D., Wrin, T., Little, S. J., and Petropoulos, C. J. (2003) Proc. Natl. Acad. Sci. U. S. 

A 100, 4144-4149
 2.  Wei, X., Decker, J. M., Wang, S., Hui, H., Kappes, J. C., Wu, X., Salazar-Gonzalez, J. F., Salazar, 

M. G., Kilby, J. M., Saag, M. S., Komarova, N. L., Nowak, M. A., Hahn, B. H., Kwong, P. D., 
and Shaw, G. M. (2003) Nature 422, 307-312

 3.  Parren, P. W., Burton, D. R., and Sattentau, Q. J. (1997) Nat. Med 3, 366-367
 4.  Yang, X., Kurteva, S., Lee, S., and Sodroski, J. (2005) J Virol 79, 3500-3508
 5.  Ren, X., Sodroski, J., and Yang, X. (2005) J Virol 79, 5616-5624
 6.  Yang, X., Lipchina, I., Cocklin, S., Chaiken, I., and Sodroski, J. (2006) J Virol 80, 11404-11408
 7.  van, M. T., Nabatov, A. A., Geijtenbeek, T. B., Pollakis, G., and Paxton, W. A. (2007) J. 

Immunol. 178, 3177-3185
 8.  Zhou, T., Xu, L., Dey, B., Hessell, A. J., Van Ryk, D., Xiang, S. H., Yang, X., Zhang, M. Y., 

Zwick, M. B., Arthos, J., Burton, D. R., Dimitrov, D. S., Sodroski, J., Wyatt, R., Nabel, G. J., 
and Kwong, P. D. (2007) Nature 445, 732-737

 9.  Kwong, P. D., Wyatt, R., Robinson, J., Sweet, R. W., Sodroski, J., and Hendrickson, W. A. 
(1998) Nature 393, 648-659

 10.  Kwong, P. D., Doyle, M. L., Casper, D. J., Cicala, C., Leavitt, S. A., Majeed, S., Steenbeke, T. 
D., Venturi, M., Chaiken, I., Fung, M., Katinger, H., Parren, P. W., Robinson, J., Van Ryk, D., 
Wang, L., Burton, D. R., Freire, E., Wyatt, R., Sodroski, J., Hendrickson, W. A., and Arthos, J. 
(2002) Nature 420, 678-682

 11.  Myszka, D. G., Sweet, R. W., Hensley, P., Brigham-Burke, M., Kwong, P. D., Hendrickson, W. 
A., Wyatt, R., Sodroski, J., and Doyle, M. L. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 9026-



28

Chapter 2

2

9031
 12.  Yuan, W., Bazick, J., and Sodroski, J. (2006) J Virol 80, 6725-6737
 13.  Xiang, S. H., Kwong, P. D., Gupta, R., Rizzuto, C. D., Casper, D. J., Wyatt, R., Wang, L., 

Hendrickson, W. A., Doyle, M. L., and Sodroski, J. (2002) J Virol 76, 9888-9899
 14.  Pantophlet, R., Ollmann, S. E., Poignard, P., Parren, P. W., Wilson, I. A., and Burton, D. R. 

(2003) J Virol 77, 642-658
 15.  Dhillon, A. K., Donners, H., Pantophlet, R., Johnson, W. E., Decker, J. M., Shaw, G. M., Lee, 

F. H., Richman, D. D., Doms, R. W., Vanham, G., and Burton, D. R. (2007) J. Virol. 81, 6548-
6562

 16.  Binley, J. M., Sanders, R. W., Clas, B., Schuelke, N., Master, A., Guo, Y., Kajumo, F., Anselma, 
D. J., Maddon, P. J., Olson, W. C., and Moore, J. P. (2000) J. Virol. 74, 627-643

 17.  Beddows, S., Franti, M., Dey, A. K., Kirschner, M., Iyer, S. P., Fisch, D. C., Ketas, T., Yuste, E., 
Desrosiers, R. C., Klasse, P. J., Maddon, P. J., Olson, W. C., and Moore, J. P. (2006) Virol.



29

Antibodies to HIV-1: aiming at the right target

2





Lack of complex N-glycans on HIV-
1 envelope glycoproteins preserves 

protein conformation and entry 
function

Dirk Eggink, Mark Melchers, Manfred Wuhrer, Thijs van Montfort, Antu K. 
Dey, Benno A. Naaijkens, Kathryn B. David, Valentin Le Douce, André M. 

Deelder, Kenneth Kang, William C. Olson, Ben Berkhout, Cornelis H. Hokke, 
John P. Moore, Rogier W. Sanders 

Chapter 3

Virol. 2010; 401, 236-247



32

Chapter 3

3

Abstract
The HIV-1 envelope glycoprotein complex (Env) is the focus of vaccine development 
aimed at eliciting humoral immunity. Env’s extensive and heterogeneous N-linked 
glycosylation affects folding, binding to lectin receptors, antigenicity and immunogenicity. 
We characterized recombinant Env proteins and virus particles produced in mammalian 
cells that lack N-acetylglucosaminyltransferase I (GnTI), an enzyme necessary for the 
conversion of oligomannose N-glycans to complex N-glycans. Carbohydrate analyses 
revealed that trimeric Env produced in GnTI-/- cells contained exclusively oligomannose 
N-glycans, with incompletely trimmed oligomannose glycans predominating. The 
folding and conformation of Env proteins was little affected by the manipulation of 
the glycosylation. Viruses produced in GnTI-/- cells were infectious, indicating that the 
conversion to complex glycans is not necessary for Env entry function, although virus 
binding to the C-type lectin DC-SIGN was enhanced. Manipulating Env’s N-glycosylation 
may be useful for structural and functional studies and for vaccine design.
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Introduction
The entry of human immunodeficiency virus type 1 (HIV-1) into target cells is mediated 
by the envelope glycoprotein (Env) complex, which consists of three gp120/gp41 
heterodimers. The Env complex is located on the virion surface and is the target for virus-
neutralizing antibodies (NAbs) that are generated by infected individuals. The protein 
components of the Env complex are, therefore, the focus of all HIV-1 vaccine strategies 
intended to induce NAbs. Such approaches most commonly involve the use of individual 
gp120 surface glycoproteins or gp41 transmembrane glycoproteins, fragments of these 
proteins, or mimetics of the Env complex created by expressing gp140 trimers containing 
both gp120 and the gp41 ectodomain.

Half the molecular mass of gp120 is comprised of N-linked glycans that overlie the 
protein backbone, and the gp41 ectodomain is also glycosylated, although to a lesser 
extent. Env glycosylation is important at several stages in the viral life cycle. First, 
N-glycans play an essential role in the oxidative folding of gp120 in the endoplasmic 
reticulum (ER); inhibiting glycosylation impairs the production of functional Env 
proteins (1). Second, N-glycans form the binding sites for ancillary receptors such as 
DC-SIGN and langerin that are involved in the binding of HIV-1 to, e.g., dendritic cells 
(DC), and that facilitate or impede its subsequent transmission to T cells (2-5). Third, 
the poorly immunogenic N-glycans play a critical role in HIV-1 immune evasion, by 
shielding underlying NAb epitopes on the gp120 and gp41 protein backbones (6). The 
mannose moieties on gp120 N-glycans can also induce immunosuppressive cytokine 
responses under certain conditions (7,8). Although mannose moieties on N-linked 
glycans constitute the epitope for 2G12, one of the very few relatively broadly active NAbs 
(9-13), the extensive glycosylation of gp120 is a hindrance to the use of Env proteins as 
vaccine antigens.

The extent, heterogeneity and flexibility of Env glycosylation also interfere with 
the formation of protein crystals, which seriously compromises attempts to determine 
molecular structures. Indeed, the structures of gp120 core fragments could not be 
obtained without enzymatic deglycosylation of the proteins to facilitate crystallization 
(14-17). A better understanding of Env glycosylation is therefore likely to help both 
vaccine and structural studies, particularly ones involving recombinant Env trimers.

We have been studying and refining a recombinant trimer construct, SOSIP gp140, 
that is stabilized by an intermolecular disulfide bond between gp120 and gp41 and a 
point substitution in gp41 (18,19). The SOSIP gp140 trimers are proteolytically cleaved at 
the gp120-gp41 junction, a process that alters their antigenicity and immunogenicity and 
that may make them better mimics of the native Env complex, compared with uncleaved 
trimers (18,20-22). We now wish to be able to modify the glycan content of SOSIP 
gp140 trimers for the reasons outlined above. As a first step, we have assessed whether 
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Env monomers and trimers can be produced in a cell line (293S GnTI-/-) that has been 
engineered to prevent the production of complex type N-glycans, leaving oligomannose 
glycans as the only Env glycan component (23).

Results
Expression of recombinant HIV-1 Env glycoproteins in 
mammalian cells lacking N-acetylglucosaminyltransferase I

The various Env proteins used in this study are depicted schematically in Fig. 1A. Our 
strategy to reduce the extent and heterogeneity of Env glycosylation involved expressing 
monomeric gp120 and trimeric gp140 proteins in 293S GnTI-/- cells that do not express 
UDP-N-acetylglucosamine:α-d-mannoside-β1,2-N-acetylglucosaminyltransferase I 
(GlcNAc transferase I; GnTI) . The absence of this enzyme prevents the attachment of 
GlcNAc to Man5GlcNAc2 glycans in the medial-Golgi; as a result, complex carbohydrate 
chains of variable composition are not formed. Hence, glycoproteins produced in 293S 
GnTI-/- cells are expected to contain predominantly oligomannosidic N-glycans with 5 
mannose residues (Fig. 1B) (23,24).

We first expressed three different monomeric gp120 proteins in 293S GnTI-/- cells 
and, for comparison, in wild type 293T cells that do express GnTI. The gp120s were 
derived from isolates LAI, JR-FL (both subtype B) and KNH1144 (subtype A). The 
KNH1144 gp120 had a minor modification from the original sequence; the C5 domain 
epitope for Ab D7324 was optimized to facilitate analyses by antigen-capture ELISA (Fig. 
1A). All three gp120s were expressed efficiently in the 293S GnTI-/- cells (Fig. 2A). The 
293S GnTI-/- cell-derived gp120s migrated more rapidly in SDS-PAGE gels than the 
corresponding proteins from 293T cells; their lower apparent molecular weight (~ 110 
kDa compared to ~ 120 kDa) is consistent with a decrease in glycan size as a result of 
the blocked conversion of Man5GlcNAc2 moieties to complex glycans. We note that 
sialylation of complex N-glycans produced in 293T cells may influence their migration 
in SDS-PAGE and the ~ 10 kDa size difference may be a slight underestimation of the 
absolute size difference.

We next investigated whether different forms of gp140 trimers based on the JR-FL or 
KNH1144 sequences could be expressed efficiently in 293S GnTI-/- cells. The JR-FL SOSIP.
R6-IZ-D7324 gp140 construct contains several modifications, including a heterologous 
trimerization domain based on GCN4 at its C-terminus (25-27) and a D7324-epitope tag 
(Fig. 1A). The addition of the GCN4 domain increases SOSIP gp140 trimer formation 
and/or stability, but interferes with cleavage at the gp120-gp41 juncture. From here on, 
we will refer to this construct as uncleaved JR-FL gp140. When this protein was expressed 
in either 293T or 293S GnTI-/- cells, it formed trimers efficiently, although they were not 
cleaved (Fig. 2B, and data not shown).



35

Lack of complex N-glycans on HIV-1 envelope glycoproteins 
preserves protein conformation and entry function

3

Figure 1. Study design. (A) Schematic of the gp120 and gp140 proteins used in this study. Constructs 
based on the sequences from LAI, JR-FL and KNH1144 are indicated in orange, green and blue, 
respectively. KNH1144 gp120 was modified to reconstitute the epitope for D7324 in the C5 domain 
(substitutions: R500K, R502K and G507Q). JR-FL SOSIP.R6-IZ-D7324 gp140 and KNH1144 SOSIP.R6 
MPER gp140 contain several modifications that have mostly been described elsewhere, including the 
A501C and T605C substitutions to create the SOS disulfide bond (18); the I559P substitution to promote 
trimerization (19); the GCN4-based isoleucine zipper (IZ) introduction to promote trimerization (25-
27) followed by an D7324 epitope tag; the hexa-arginine (R6) cleavage site to enhance cleavage (61); 
and the MPER substitutions, A662E, G664D, N668S and T671N (indicated in red) to introduce the 2F5 
and 4E10 epitopes into KNH1144 SOSIP.R6 gp140 (20). The N-linked glycan sites on gp120 and gp140 
proteins produced in wild type mammalian cells are designated as oligomannose or complex, based on 
experimental determinations using IIIB gp120 (62). It is assumed that the glycans present at analogous 
sites are processed similarly on the other gp120s, but we note that the N-glycan type (oligomannose vs. 
complex) present at some sites depends on the study and isolate used (42,43,62). Furthermore, some sites 
can be occupied in only a subset of molecules, or be occupied by both complex and oligomannose sugars 
(42,43). Sites that are present on LAI, JR-FL or KNH1144 gp120, but not on IIIB gp120, are designated as 
being of unknown glycan composition. The glycans on gp41 have not been characterized. (B) Schematic 
of the mammalian N-linked glycosylation pathway with the blocks in 293S GnTI-/- cells and in 293T cells 
treated with kifunensine indicated. The cellular sites at which processing occur are also indicated.
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Fig 6.1. Study design. (A) Schematic of the gp120 and gp140 proteins used in this study. Constructs based
on the sequences from LAI, JR-FL and KNH1144 are indicated in orange, green and blue, respectively.
KNH1144 gp120 was modified to reconstitute the epitope for D7324 in the C5 domain (substitutions:
R500K, R502K and G507Q). JR-FL SOSIP.R6-IZ-D7324 gp140 and KNH1144 SOSIP.R6 MPER gp140 contain
several modifications that have mostly been described elsewhere, including the A501C and T605C
substitutions to create the SOS disulfide bond (6); the I559P substitution to promote trimerization (49);
the GCN4-based isoleucine zipper (IZ) introduction to promote trimerization (25, 68, 69) followed by an
D7324 epitope tag; the hexa-arginine (R6) cleavage site to enhance cleavage (7); and the MPER
substitutions, A662E, G664D, N668S and T671N (indicated in red) to introduce the 2F5 and 4E10
epitopes into KNH1144 SOSIP.R6 gp140 (14). The N-linked glycan sites on gp120 and gp140 proteins
produced in wild type mammalian cells are designated as oligomannose or complex, based on
experimental determinations using IIIB gp120 (33). It is assumed that the glycans present at analogous
sites are processed similarly on the other gp120s, but we note that the N-glycan type (oligomannose vs
complex) present at some sites depends on the study and isolate used (12, 33, 71). Furthermore, some
sites can be unoccupied in a only subset of molecules, or be occupied by both complex and
oligomannose sugars (12, 71). Sites that are present on LAI, JR-FL or KNH1144 gp120, but not on IIIB
gp120, are designated as being of unknown glycan composition. The glycans on gp41 have not been
characterized. (B) Schematic of the mammalian N-linked glycosylation pathway with the blocks in 293S
GnTI-/- cells and in 293T cells treated with kifunensine indicated. The cellular sites at which processing
occurs are also indicated.
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Trimeric SOSIP gp140 proteins (without C-terminal additions) are substantially (> 
90%) cleaved when produced in mammalian cells in the presence of co-transfected furin 
(19). KNH1144 SOSIP gp140s are particularly useful for structural studies because they 
form trimers more efficiently than the corresponding proteins derived from various other 
strains such as JR-FL (28). Because KNH1144 Env proteins do not bind MAbs 2F5 and 
4E10 due to sequence variation, we introduced these epitopes by mutagenesis, to create 
KNH1144 SOSIP.R6 MPER gp140 (Fig. 1A) (20). From here on, we refer to this construct 
as cleaved KNH1144 gp140. When this protein was expressed in 293S GnTI-/- cells in the 
presence of furin, it formed trimers efficiently (Fig. 2C). Moreover, these trimers were 
fully cleaved, as judged by their conversion to monomeric gp120s on reducing SDS-
PAGE gels (Fig. 2C and data not shown). As observed when monomeric gp120 proteins 
were produced in 293S GnTI-/- cells (Fig. 2A), the gp120 component of the gp140 trimers 

Figure 2. Expression of gp120 and gp140 in 293T cells and in 293S cells lacking the GnTI enzyme. (A) 
SDS-PAGE analysis of LAI, JR-FL and KNH1144 gp120s expressed transiently in 293T or 293S GnTI-/- 
cells. (B) SDS-PAGE and BN-PAGE analysis of uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140, expressed 
in both cell types. (C) SDS-PAGE and BN-PAGE analysis of cleaved KNH1144 SOSIP.R6 MPER gp140 
expressed in the presence of furin, in either 293T cells with or without kifunensine, or in 293S GnTI-/- cells. 
(D) Size exclusion chromatography analysis of uncleaved JR-FL SOSIP.R6-IZ gp140 trimers produced in 
293T or 293S GnTI-/- cells and fractionated using a Superose-6 column. The fractions (indicated on top) 
were analyzed by SDS-PAGE and western blot. The peak fractions of the standard protein thyroglobulin 
(669 kDa), ferritin (440 kDa) and BSA (67 kDa) are indicated.
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Fig. 6.2 Expression of gp120 and gp140 in 293T cells and in 293S cells lacking the GnTI enzyme. (A) SDS-
PAGE analysis of LAI, JR-FL and KNH1144 gp120s expressed transiently in 293T or 293S GnTI-/- cells. (B)
SDS-PAGE and BN-PAGE analysis of uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140, expressed in both cell
types. (C) SDS-PAGE and BN-PAGE analysis of cleaved KNH1144 SOSIP.R6 MPER gp140 expressed in the
presence of furin, in either 293T cells with or without kifunensine, or in 293S GnTI-/- cells. (D) Size
exclusion chromatography analysis of uncleaved JR-FL SOSIP.R6-IZ gp140 trimers produced in 293T or
293S GnTI-/- cells and fractionated using a Superose-6 column. The fractions (indicated on top) were
analyzed by SDS-PAGE and western blot. The peak fractions of the standard protein thyroglobulin (669
kD), ferritin (440 kD) and BSA (67 kD) are indicated.
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migrated with an apparent molecular weight of ~ 110 kDa, slightly less than the ~ 120 
kDa proteins expressed in 293T cells (Fig. 2C).

To further characterize the oligomeric states of gp140 trimers produced in 293T 
and 293S GnTI-/- cells, we performed analytical size exclusion chromatography using a 
Superose-6 column. Concentrated supernatant from the Env-transfected cell cultures 
were column-fractionated and then analyzed by SDS-PAGE and western blot. The 
uncleaved JR-FL gp140 and the cleaved KNH1144 gp140 proteins, whether produced 
in 293T or 293S GnTI-/- cells, were eluted in fractions between the peaks for ferritin (440 
kDa) and thyroglobulin (669 kDa) (Fig. 2D and data not shown). These observations are 
consistent with our earlier findings (19), and imply that Env proteins produced in 293S 
GnTI-/- cells form trimers efficiently.

Expression of SOSIP gp140 trimers in the presence of 
kifunensine

Kifunensine is a mannose analog that inhibits both type I mannosidases in the 
endoplasmic reticulum and α-mannosidases in the Golgi, resulting in the production 
of glycoproteins that contain predominantly Man9GlcNAc2 carbohydrates (29). Thus, 
by preventing the trimming of these moieties to Man5GlcNAc2, kifunensine inhibits an 
earlier step in the carbohydrate-processing pathway than the one blocked in GnTI-/- cells 
(Fig. 1B). Because monomeric gp120 can be successfully expressed in 293T cells in the 
presence of kifunensine (30), this approach may be a useful alternative way to reduce 
glycan heterogeneity on gp140 trimers. We therefore produced cleaved KNH1144 gp140 
trimers in 293T cells in the presence and absence of kifunensine, and in the presence of 
furin, then compared them with trimers produced in 293S GnTI-/- cells (Fig. 2C). The 
efficiency of trimer production was independent of kifunensine use. Furthermore, the 
size of the gp120 components of the trimers was unaffected by kifunensine, whereas the 
gp120 moieties produced in 293S GnTI-/- cells were, as noted above, ~ 10 kDa smaller 
(Fig. 2C). The presence of only oligomannose glycans was confirmed by EndoH digestion 
(data not shown).

Env trimers from 293S GnTI-/- cells contain exclusively 
oligomannosidic N-glycan species

To establish which N-glycans are present on cleaved KNH1144 trimers produced in 
293S GnTI-/- , we first released all N-glycans by PNGase F treatment. Subsequently, the 
free, reducing end N-acetylglucosamine residues were reacted with 2-AA to introduce a 
fluorescent label. The released, labeled glycan pool was analyzed by HILIC HPLC with 
fluorescence detection, and by MALDI-TOF mass spectrometry. The HILIC HPLC 
analysis showed that a relatively simple mixture of N-glycans was present, separated into 
five major fractions (Fig. 3A). The MALDI-TOF mass spectrum (Fig. 3B) also indicated 
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that five major glycan species were present. The major LC fractions (3, 5, 7, 8, and 9) were 
each collected and analyzed by MALDI-TOF MS (Fig. 3, panels C-G, respectively). The 
observed m/z values show that a single glycan species with the composition HexnNAc2-
AA was present in each of these fractions, with n = 5 for the glycan in panel C, n = 6 
in panel D, n = 7 in E, n = 8 in F and n = 9 in G. These data imply that Man5GlcNAc2 
to Man9GlcNAc2 oligomannosidic glycans are present on KNH1144 gp140 trimers, with 
Man5GlcNAc2 (26.9%), Man8GlcNAc2 (24.9%) and Man9GlcNAc2 (28.6%) being the 
major species (see Fig. 3A). Thus, N-glycans on trimeric Env are substantially resistant to 
mannosidase trimming, which stands in contrast to reports that other proteins expressed 
in 293S GnTI-/- cells bear homogenous Man5GlcNAc2 glycans (23,24), but is consistent 
with the presence of oligomannose glycans on Env produced under natural glycosylation 
conditions.

Env proteins produced in 293T and 293S GnTI-/- cells are 
antigenically similar

To assess whether the antigenic structures of gp120 and gp140 proteins were affected 
by eliminating complex carbohydrates, we measured their reactivity with a panel of 
MAbs against conformational epitopes. We first used the D7324-capture ELISA to study 
LAI, JR-FL and KNH1144 gp120s. The 293T and 293S GnTI-/- cell-derived JR-FL and 
LAI gp120s bound a CD4 mimetic (CD4-IgG2) and MAb b12 to the CD4 binding site, 
to similar extents. GnTI-/- cell-derived gp120s showed enhanced reactivity with pooled 
Ig from HIV-positive individuals (HIVIg), suggesting that some unidentified antibody 
epitopes become more accessible when complex N-glycans are absent. This effect was 
subtle and was not reproduced with a different lot of HIVIg (not shown). Conformational 
changes in all the gp120s were induced by soluble CD4 (sCD4), as indicated by the 
increased binding of MAb 17b to a CD4-induced (CD4i) epitope (Fig. 4A). The binding 
of 17b to LAI gp120 from 293S GnTI-/- cells was, however, slightly decreased compared 
to its counterpart from 293T cells. KNH1144 gp120 interacted efficiently with HIVIg, 
CD4-IgG2 and 17b, but not with b12, consistent with sequence variation in critical b12 
contact residues (P369L, V372T, M373T, P417Q, and E462K) (17,31). Again, there was 
little effect of the producer cell line on the reactivity of the gp120, except for the subtly 
enhanced HIVIg binding. Thus, it appears that monomeric gp120 folds normally in 293S 
GnTI-/- cells despite the manipulation of its glycan structures.

We next evaluated the uncleaved JR-FL gp140 trimers using the D7324-capture 
ELISA. There were no marked differences in how CD4-IgG2 or MAbs b12 and 2F5 
(to gp41) bound to trimers from 293S GnTI-/- and 293T cells (Fig. 4B). The binding 
of HIVIg was enhanced upon expression in GnTI-/- cells, but the effect was more 
subtle than observed with gp120 monomers, suggesting that the (unknown) epitopes 
that become more exposed when complex N-glycans are absent, are affected by 
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trimerization. MAb 17b bound slightly less efficiently to the trimers from the 293S   
GNTI-/- cells, but its epitope was strongly induced by sCD4 irrespective of the producer 
cell type (Fig. 4B). Most of the gp120-directed MAbs and CD4-based reagents bound 
similarly to monomeric and uncleaved, trimeric JR-FL Env with the exception of 17b, 
which interacted less efficiently with trimeric gp140 (compare Fig. 4A middle panels with 
Fig. 4B).

The D3724-capture ELISA method cannot be used to analyze cleaved SOSIP gp140 
trimers; the internal D7324 epitope is mutated and occluded, while the epitope tag added 
to the C-terminus of the gp41 moiety interferes with gp140 cleavage. We therefore used 
less quantitative immunoprecipitation assays to study MAb binding to cleaved KNH1144 
gp140 trimers that had been produced in 293T cells in the presence or absence of 
kifunensine, or in 293S GnTI-/- cells (Fig. 4C). Irrespective of how they were produced, 
the trimers reacted efficiently with CD4-IgG2 and MAbs 17b and 2F5. As was seen with 
the corresponding gp120, b12 bound poorly to the KNH1144 gp140 trimers.

Figure 3. Glycosylation analysis of gp140 trimers produced in the absence of GnTI. (A) HILIC 
chromatogram and (B) MALDI-TOF MS spectrum of enzymatically released, 2-AA labeled N-glycans 
of KNH1144 trimers from 293S GnTI-/- cells. (C-G) MALDI-TOF MS spectra of RP-LC fractions 3,5,7,8 
and 9, respectively.
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Fig 6.3 Glycosylation analysis of gp140 trimers produced in the absence of GnTI. (A) HILIC chromatogram
and (B) MALDI-TOF MS spectrum of enzymatically released, 2-AA-labeled N-glycans of KNH1144 trimers
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We tested the reactivity of three V3 MAbs with JR-FL gp120 (Fig. 4D) and trimers (not 
shown) expressed in 293T or 293S GnTI-/- cells (PA1 (32)), 39F (33), and 19b (33); Fig. 
4D), but we did not observe significant differences in V3 MAb binding to recombinant 
monomers and (uncleaved) trimers. These results are in contrast with findings on complete 
virus, which becomes more sensitive to neutralization by V3 MAbs when produced in 
GnTI-/- cells (James Binley and RWS, unpublished observations). In addition, the V3 can 
become more accessible and more sensitive to proteolytic cleavage upon desialylation 
(34). Combined these and our observations confirm that differences exist between virus-
associated Env and recombinant Env monomers and uncleaved trimers.

Reactivity of 2G12 and DC-SIGN with glycan-modified Env 
proteins

MAb 2G12 binds to gp120 via the terminal α1-2-linked mannoses on the outer branches 
of a cluster of oligomannose carbohydrates (Fig. 5A) (9-13). We therefore studied 2G12 
reactivity with gp120 proteins expressed under the various conditions described above. 
MAb 2G12 bound efficiently to 293T cell-derived LAI and JR-FL gp120s but poorly to 
KNH1144 gp120, which lacks the glycan at residue 295 that is an important element of 
the 2G12 epitope (Fig. 5B) (11-13). MAb 2G12 bound equally well to the LAI and JR-FL 
gp120s produced in 293S GnTI-/- cells (Fig. 5B). Thus, production of gp120 in GnTI-/- cells 
preserves the 2G12 epitope. It is therefore likely that the untrimmed and/or incompletely 
trimmed Man6-9GlcNAc2 glycans that retain α1-2-linked mannoses (Fig. 3) include the 
ones involved in 2G12 binding.

DC-SIGN also binds to gp120 via a cluster of exposed mannose moieties (Fig. 5A) 
(5,8,35). The specificity of DC-SIGN binding is less well defined than that of 2G12, but 
there appears to be some overlap between the two binding sites (35,36). DC-SIGN bound 
strongly to 293T cell-expressed LAI and JR-FL gp120s, but reacted poorly with KNH1144 
gp120 (Fig. 6A). All three gp120s from 293S GnTI-/- cells interacted more strongly with 
DC-SIGN than the same proteins produced in 293T cells (Fig. 5B).

We next compared how 2G12 and DC-SIGN bound to JR-FL gp120 monomers and 
uncleaved JR-FL gp140 trimers in the D7324-capture ELISA. The reactivity patterns were 
similar for the two types of Env protein. Thus, as was seen with JR-FL gp120 monomers, 
2G12 bound with similar apparent affinity to gp140 trimers produced in 293T and 293S 
GnTI-/- cells, whereas DC-SIGN reacted better with the trimers from 293S GnTI-/- cells 
(Fig. 5C). Mannan and EGTA were able to block the binding of DC-SIGN to gp120 and 
trimeric gp140 proteins from both cell types (Fig. 5D).

We used immunoprecipitation methods to study 2G12 and DC-SIGN binding to 
cleaved KNH1144 gp140 trimers. CD4 bound similarly to trimers produced in 293T cells 
(+/- kifunensine) and in 293S GnTI-/- cells, again showing that the trimers were properly 
folded (Fig. 5E). As was observed using the corresponding gp120 in ELISA, DC-SIGN 
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bound poorly to cleaved KNH1144 gp140 trimers, irrespective of the producer cells (Figs. 
5B and E). Even though 2G12 bound only weakly to KNH1144 gp140 (which lacks a 
relevant glycan at position 295), the binding was moderately increased when the trimers 
were produced in the presence of kifunensine (Fig. 5B). As previously proposed the 
explanation may be that additional binding sites for 2G12 are created (30).

Figure 4. Antigenic properties of gp120 and gp140 proteins that lack complex N-glycans. ELISA analysis 
of the binding of HIVIg, b12, 17b (in the absence of sCD4: gray lines and symbols; in the presence of 
sCD4: black lines and symbols) and CD4-IgG2 to: (A) LAI, JR-FL or KNH1144 gp120 proteins expressed 
in 293T cells or in 293S GnTI-/- cells; (B) uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140 expressed in the 
same two cell types. (C) Immunoprecipitation analysis of cleaved KNH1144 SOSIP.R6 MPER gp140 
expressed in 293T cells with furin and with or without kifunensine, or in 293S GnTI-/- cells. The Env 
proteins were precipitated with CD4-IgG2, b12 or 2F5, and then analyzed by SDS-PAGE and western 
blot. (D) ELISA analysis of the binding of the V3 MAbs 39F, 19b, and PA1 with JR-FL gp120 expressed 
in 293T or GnTI-/- cells. 
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Fig 6.4 Antigenic properties of gp120 and gp140 proteins that lack complex N-glycans. ELISA analysis of
the binding of HIV-Ig, b12, 17b (in the absence of sCD4: grey lines and symbols; in the presence of sCD4:
black lines and symbols) and CD4-IgG2 to: (A) LAI, JR-FL or KNH1144 gp120 proteins expressed in 293T
cells or in 293S GnTI-/- cells; (B) uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140 expressed in the same two cell
types. (C) Immunoprecipitation analysis of cleaved KNH1144 SOSIP.R6 MPER gp140 expressed in 293T
cells with furin and with or without kifunensine, or in 293S GnTI-/- cells. The Env proteins were
precipitated with CD4-IgG2, b12 or 2F5, then analyzed by SDS-PAGE and western blotting. (D) ELISA
analysis of the binding of the V3 MAbs 39F, 19b, and PA1 with JR-FL gp120 expressed in 293T or GnTI-/-

cells.
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HIV-1 produced in 293S GnTI-/- cells is infectious and efficiently 
captured by DC-SIGN expressing cells

As a more rigorous test of whether the presence of only oligomannose glycans affected 
Env function, we produced HIV-1 LAI and JR-CSF viruses in 293S GnTI-/- cells and in 
293T cells, by transfection under comparable conditions. For both viruses, the type of 
producer cell did not have an influence on infectivity in a reporter cell assay (Fig. 6A). 
These results confirm that the absence of complex carbohydrates has no adverse effects 
on Env entry function (37).

Figure 5. Interactions of gp120 and gp140 proteins lacking complex N-glycans with 2G12 and DC-SIGN. 
(A) Chemical structures of Man5GlcNAc2 (left) and Man9GlcNAc2 (right) N-glycans commonly found 
on proteins expressed in 293S GnTI-/- cells, and in kifunensine-treated 293T cells, respectively (23,29). 
The individual mannoses that are involved in 2G12 binding (blue) and DC-SIGN binding (core binding 
site: red; additional contacts: burgundy and blue) are indicated (9,10,12,47-50). (B) Binding of 2G12 and 
DC-SIGN to three different gp120s produced in 293T or 293S GnTI-/- cells. (C) Binding of 2G12 and 
DC-SIGN to uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140 trimers. (D) Inhibition of DC-SIGN binding to 
LAI, JR-FL and KNH1144 gp120 and JR-FL SOSIP.R6-IZ-D7324 gp140 by mannan or EGTA. (E) Binding 
of cleaved KNH1144 SOSIP.R6 MPER gp140 to 2G12 and DC-SIGN, analyzed by immunoprecipitation. 
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Fig 6.5 Interactions with 2G12 and DC-SIGN of gp120 and gp140 proteins lacking complex N-glycans. (A)
Chemical structures of Man5GlcNAc2 (left) and Man9GlcNAc2 (right) N-glycans commonly found on
proteins expressed in 293S GnTI-/- cells, and in kifunensine-treated 293T cells, respectively (17, 44). The
individual mannoses that are involved in 2G12 binding (blue) and DC-SIGN binding (core binding site:
red; additional contacts: burgundy and blue) are indicated (9, 10, 19, 20, 24, 50, 61). The sugar linkages
are also shown. (B) Binding of 2G12 and DC-SIGN to three different gp120s produced in 293T or 293S
GnTI-/- cells. (C) Binding of 2G12 and DC-SIGN to uncleaved JR-FL SOSIP.R6-IZ-D7324 gp140 trimers. (D)
Inhibition of DC-SIGN binding to LAI, JR-FL and KNH1144 gp120 and JR-FL SOSIP.R6-IZ-D7324 gp140 by
mannan or EGTA. (E) Binding of cleaved KNH1144 SOSIP.R6 MPER gp140 to 2G12 and DC-SIGN, analyzed
by immunoprecipitation.
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Because we observed an increase in DC-SIGN binding to Env proteins derived from 
293S GnTI-/- cells, we investigated whether viruses from these cells would be captured 
more efficiently by DC-SIGN-expressing cells. HIV-1 LAI and JR-FL viruses derived 
from 293T cells and 293S GnTI-/- cells were therefore incubated with Raji control cells 
or Raji-DC-SIGN cells, and virus capture was quantified by p24 antigen ELISA. HIV-1 
did not bind detectably to Raji cells, whereas Raji-DC-SIGN cells captured viruses very 
efficiently (Fig. 6B). Moreover, viruses produced in 293S GnTI-/- cells were captured to 
a greater extent than ones from 293T cells. Immature monocyte-derived dendritic cells 
(iMDDC) also captured HIV-1 efficiently in a mannan-sensitive manner, confirming 
the involvement of C-type lectins such as DC-SIGN (Fig. 6D). Again, viruses from 293S 
GnTI-/- cells were more reactive with iMDDC than their counterparts from 293T cells. 
One exception was the binding of HIV-1 LAI to iMDDC. Thus, HIV-1 LAI produced in 
293S GnTI-/- cells consistently interacted less efficiently with iMDDC compared to the 
same virus derived from 293T cells (Fig. 6D). It is therefore possible that other receptors 
than DC-SIGN, possibly ones with affinity for complex glycans, contribute to the binding 
of HIV-1 LAI, but not HIV-1 JR-CSF, to iMDDC.

We next measured the transmission of DC-SIGN-bound HIV-1 to TZM-bl target 
cells. Although LAI and JR-CSF viruses from 293S GnTI-/- cells bound more efficiently to 
Raji-DC-SIGN, they were less able to infect TZM-bl cells in co-culture systems than their 
counterparts from 293T cells (Figs. 6B and C). A similar trend was observed for capture 
and transmission of JR-CSF by iMDDCs. LAI virus produced in GnTI-/- cells, however, 
did not bind more efficiently to iMDDCs, suggesting that other C-type lectin receptors 
than DC-SIGN play a role in capture of LAI virus by iMDDCs. Nevertheless, the data 
suggest that the altered glycosylation profile that promotes the binding of virions to cell 
surface DC-SIGN impairs their subsequent transmission to target cells.

Discussion
Reducing the size and heterogeneity of the N-linked glycans that shield the underlying 
peptide epitopes on the HIV-1 Env glycoproteins could be beneficial for the use of 
these proteins in structural and immunogenicity studies. Here, we have studied the 
properties of various monomeric gp120 and trimeric gp140 proteins that were produced 
in 293S GnTI-/- cells, variants of 293T cells that lack the GnTI enzyme and hence cannot 
synthesize complex N-glycans (Fig. 1B). As an alternative approach, we expressed the 
same Env glycoproteins in 293T cells, but in the presence of an inhibitor, kifunensine, that 
interferes with an earlier stage in the glycan-processing pathway (Fig. 1B). Importantly, 
the elimination of complex N-glycans did not compromise Env conformation and/or 
entry function, in agreement with previous studies using the mannosidase inhibitors 
1-deoxynojirimycin and swainsonine (38,39).
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Glycoproteins produced when kifunensine is present have been reported to contain 
predominantly Man9GlcNAc2 N-glycans (24,29), while those produced in 293S GnTI-/- 

cells bearmostly Man5GlcNAc2 N-glycans, the substrates for the knocked-out GnTI gene 
(23,24). In contrast to the findings obtained with other proteins (23,24), we observed 
considerable amounts of incompletely trimmed Man6-9GlcNAc2 glycans on GnTI-/- 

produced Env trimers. A number of Env N-glycans must be resistant to mannosidase 
activity in the ER and/or Golgi. This is of course consistent with the presence of both 
oligomannose and complex N-glycans on Env proteins produced under normal conditions 
(e.g., in wild type cells or the absence of an inhibitor). Nevertheless, Env trimers with 
smaller and more homogenous N-glycans can be produced in 293S GnTI-/- cells. Of note 
is that GnTI knock-out variants of Chinese hamster ovary (CHO) cells have also been 
described (Lec1 and Lec3.2.8.1) (37,40). Such lines may also be suitable for producing 
recombinant Env trimers with homogeneous oligomannose glycans.

An alternative way to generate Env trimers containing only oligomannose glycans 
would be to express them in insect cells, which cannot generate complex glycans. Indeed, 
all the gp120s for which X-ray crystallography structures have been obtained from such 
cells (14-17). We have attempted to express SOSIP gp140 trimers in insect cells using the 

Figure 6. Virus produced in 293S GnTI-/- cells is infectious and can be captured efficiently by DC-SIGN 
expressing cells. (A) Infectivity of LAI and JR-CSF virus produced in 293T and 293S GnTI-/- cells. Equal 
amounts of the various virus stocks (1 ng of CA-p24 antigen) were used to infect TZM-bl reporter cells. 
(B) Capture of LAI and JR-CSF viruses produced in 293T and 293S GnTI-/- cells by Raji-DC-SIGN cells. 
(C) Transmission of GnTI-/- produced virus from Raji-DC-SIGN cells. (D) Capture of LAI and JR-CSF 
viruses produced in 293T and 293S GnTI-/- cells by DC. (E) Transmission of GnTI-/- produced virus from 
DC to TZM-bl reporter cells. * represents P < 0.05; ** P < 0.005 and *** P < 0.0005. 
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Fig 6.6 Virus produced in 293S GnTI-/- cells is infectious and can be captured efficiently by DC-SIGN
expressing cells. (A) Infectivity of LAI and JR-CSF virus produced in 293T and 293S GnTI-/- cells. Equal
amounts of the various virus stocks (1 ng of CA-p24 antigen) were used to infect TZM-bl reporter cells.
(B) Capture of LAI and JR-CSF viruses produced in 293T and 293S GnTI-/- cells by Raji-DC-SIGN cells. (C)
Transmission of GnTI-/- produced virus from Raji-DC-SIGN cells. (D) Capture of LAI and JR-CSF viruses
produced in 293T and 293S GnTI-/- cells by DC. (E) Transmission of GnTI-/- produced virus from DC to
TZM-bl reporter cells. * represents P < 0,05; ** P < 0,005 and *** P < 0,0005.
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baculovirus system, but gp120-gp41 cleavage is very inefficient even when human furin 
is co-delivered (RWS, Giel Bosman, Wim de Grip, unpublished results).

Both gp120 monomers and gp140 trimers from three different HIV-1 strains (JR-FL, 
LAI and KNH1144) were expressed efficiently in 293S GnTI-/- cells, and in kifunensine-
treated 293T cells; under both circumstances, trimerization and cleavage of the gp140s, 
when appropriate, occurred normally. The glycan-modified Env proteins all interacted 
efficiently with HIVIg, CD4-IgG2 and various MAbs to conformational epitopes on 
gp120 and gp41. Hence the absence of complex glycans did not detectably affect the 
correct folding of these Env glycoproteins. Moreover, viruses produced in GnTI-/- cells 
were infectious, confirming that Env entry function was not affected.

Kifunensine did not affect the size of Env proteins, in contrast to observations that 
others have made about other proteins, where kifunensine reduces both the size and 
heterogeneity of glycans (30). Hence, the average size of the complex carbohydrates on 
Env is no larger than the Man9GlcNAc2 structure, which is consistent with the observation 
that relatively simple diantennary complex glycans predominate on gp120 (MW, DE, 
RWS and CHH, unpublished observations and (41-43). In contrast, Env proteins from 
293S GnTI-/- cells were slightly smaller, which is consistent with mannosidase trimming 
of most of the Man9GlcNAc2 structures. The complete trimming of ~ 24 glycans to 
Man5GlcNAc2 would reduce the gp120 m.wt. by ~ 17 kDa (i.e., 4 mannose residues of 
~ 0.18 kDa removed from ~ 24 glycans). The observed size difference (~ 10 kDa; Fig. 2) 
therefore already implied that mannose trimming was incomplete. A more direct analysis 
then confirmed that a large proportion of Env glycans was indeed of the Man6-9GlcNAc2 
forms (Fig. 3). Thus, expressing Env in 293S GnTI-/- cells effectively results in the 
conversion of complex carbohydrates to Man5GlcNAc2 moieties, but does not change the 
composition of any oligomannose carbohydrates that are resistant to mannose trimming; 
those glycans remain as Man6-9GlcNAc2 structures.

We analyzed the interaction of Env proteins with two carbohydrate-binding proteins 
that bind to oligomannose glycans: MAb 2G12 and the C-type lectin receptor DC-SIGN. 
These ligands are known to have different but overlapping specificities and requirements for 
oligomannose glycans. The 2G12 MAb binds to a cluster of oligomannose carbohydrates 
containing α1-2-linked terminal mannoses (9-12) (Fig. 5A). Env proteins from 293S 
GnTI-/- cells interacted efficiently with 2G12, which suggests that carbohydrates involved 
in 2G12 binding (e.g. those attached to residues 295, 332 and 392, and possibly 386 and 
448) are resistant to mannosidase activity in the ER and/or Golgi, and hence retain their 
α1-2-linked terminal mannoses.

DC-SIGN bound strongly to 293T cell-expressed LAI and JR-FL gp120s, but not to 
KNH1144 gp120. This observation is consistent with our finding that KNH1144 gp120 
could not induce IL-10 from DC via an interaction with mannose C-type lectin receptors, 
whereas LAI and JR-FL gp120s could do so (8). The limited binding of DC-SIGN to 



46

Chapter 3

3

KNH1144 gp120 may, as for 2G12, be attributable to the absence of the glycan at residue 
295 that is involved in the binding of both ligands (11,12,35,44). Alternatively, or as well, 
the carbohydrate at position 160, which is present on gp120s from LAI and JR-FL but not 
KNH1144, may be responsible, as this site has also been implicated in DC-SIGN binding 
(45,46).

We found that Env proteins and viruses from 293S GnTI-/- cells consistently bound 
DC-SIGN more strongly than their counterparts from 293T cells. DC-SIGN interacts 
with the outer tri-mannose core on Man5-9GlcNAc2 sugars, but α1-2-linked mannose 
moieties that are absent from Man5GlcNAc2 structures provide additional contacts 
(47-50). We suggest that the natural DC-SIGN binding site(s) on oligomannose Man6-

9GlcNAc2 sugars is unaltered on gp120 moieties produced in 293S GnTI-/- cells, but that 
the replacement of complex glycans by Man5GlcNAc2 carbohydrates creates additional 
binding sites for DC-SIGN. These extra sites would probably be of lower affinity because 
they lack α1-2-linked mannoses.

Of note is that enhancing HIV-1 binding to DC-SIGN actually decreased its 
subsequent transmission from DCs to target cells (Fig. 6). An explanation is that too 
strong an interaction with DC-SIGN may prevent the virus from dissociating at a time 
and place necessary for the captured virion to reroute to virological synapses that form 
upon encounter of a DC with a target T cell, instead of being targeted for degradation. 
Thus, there may be a delicate balance between the requirements for association of virus 
with DC-SIGN and subsequent steps in the transmission process.

In summary, we have produced well-folded gp120 monomers and both uncleaved 
and cleaved gp140 trimers bearing glycan structures that are smaller and more 
homogeneous than is normally the case. These glycan-modified proteins may be useful 
for immunogenicity and structural studies.

Materials and methods
Plasmids

The pPPI4 vector system for expressing gp120 and gp140 proteins has been described 
elsewhere (18). Single amino acid substitutions were made using the Quickchange 
mutagenesis kit (Stratagene, La Jolla, CA). The various Env proteins described below are 
all summarized in Fig. 1A.

We modified the C5 region of KNH1144 gp120 to introduce the epitope for the 
polyclonal sheep anti-gp120 antibody (Ab) D7324 and thereby facilitate analysis 
of ligand binding to gp120 in a D7324-capture ELISA; the KNH1144 sequence 
APTRARRRVVGREKR was altered to APTKAKRRVVQREKR. We modified the JR-FL 
SOSIP.R6 gp140 construct to include a C-terminal GCN4-based trimerization domain 
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(isoleucine zipper; IZ) and the above D7324 epitope tag, linked by flexible spacers, to 
create the JR-FL SOSIP.R6-IZ-D7324 gp140 protein. Note that the internal D7324 epitope 
in the C5 domain of SOSIP constructs is mutated by the introduction of the cysteine 
at residue 501 that forms the intramolecular disulfide bond with gp41, and it is also 
occluded by the proximity of the gp41 subunit; hence unmodified SOSIP gp140s do not 
react efficiently with Ab D7324 (18,19). Because of the addition of C-terminal sequences 
to SOSIP gp140, SOSIP.R6-IZ-D7324 trimers are uncleaved. A more detailed description 
of the SOSIP.R6-IZ-tag and related constructs will be published elsewhere.

The KNH1144 SOSIP.R6 MPER gp140 construct containing engineered epitopes for 
MAbs 2F5 and 4E10 has been described previously (20). Note that the gp140 used here 
does not contain the S295N change that enhances binding by 2G12 (20).

Reagents

DC-SIGN-Fc was purchased from R&D Systems (Minneapolis, MN). HIVIg was obtained 
through the AIDS Research and Reference Reagent Program (ARRRP), Division of AIDS, 
NIAID, NIH. MAbs 2G12 and 2F5 were obtained from Hermann Katinger through the 
ARRRP. MAb b12 was donated by Dennis Burton (The Scripps Research Institute, La 
Jolla, CA). MAbs 17b and 39F were gifts from James Robinson (Tulane University, New 
Orleans, LA). The CD4-IgG2 and sCD4 proteins have been described elsewhere (51).

D7324 monomer and trimer ELISA

Enzyme-linked immunosorbent assays (ELISA) were performed as described previously 
(8), with minor modifications. Microlon 96-well plates (Greiner Bio-One, Alphen aan 
den Rijn, The Netherlands) were coated overnight with Ab D7324 (Aalto Bioreagents, 
Dublin, Ireland) at 10 µg/ml in 0.1 M NaHCO3, pH 8.6 (100 µl/well). Subsequently, 
gp120 or SOSIP.R6-IZ-D7324 gp140 (diluted in TBS/10% fetal bovine serum (FBS)) 
was captured by the coated D7324 for 2 h before addition of TSM/5% BSA to block 
protein-binding sites on the well surface (TSM; 20 mM Tris, 150 mM NaCl, 1.0 mM 
CaCl2, 2.0 mM MgCl2). Serially diluted HIVIg, MAbs, DC-SIGN-Fc or CD4-IgG2 in 
TSM/5% BSA was then added for 2 h followed by 3 washes with TSM/0.05% Tween-20. 
Horseradish peroxidase (HRP)-labeled goat-anti-human immunoglobulin G (IgG) 
(Jackson Immunoresearch, Suffolk, England) was added for 30 min at a 1:5000 dilution 
(final concentration 0.2 µg/ml) in TSM/5% BSA, followed by 5 washes with TSM/0.05% 
Tween-20. DC-SIGN blocking experiments were performed using 1 µg/ml DC-SIGN 
in the presence of 300 µg/ml mannan or 10 mM EGTA. Colorimetric detection was 
performed using a solution containing 1% 3,3’,5,5’-tetramethylbenzidine (TMB, Sigma-
Aldrich, Zwijndrecht, The Netherlands), 0.01% H2O2 in 0.1 M sodium acetate, and 0.1 M 
citric acid. The colorimetric reaction was stopped using 0.8 M H2SO4 when appropriate, 
and absorption was measured at 450 nm.
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SDS-PAGE, Blue Native PAGE and western blotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were 
performed according to established protocols using the anti-gp120 V3 loop MAb PA-1 
(1:5,000 dilution to a final concentration of 0.2 µg/ml) (32) and HRP-labeled goat-anti-
mouse IgG (1:5000 dilution). Luminometric detection of envelope glycoproteins was 
performed using the Western Lightning ECL system (PerkinElmer, Groningen, The 
Netherlands). Blue Native (BN)-PAGE was carried out using minor modifications to the 
published method (52-54). Thus, purified protein samples or cell culture supernatants 
were diluted with an equal volume of a buffer containing 100 mM 4-(N-morpholino) 
propane sulfonic acid (MOPS), 100 mM Tris-HCl, pH 7.7, 40% glycerol, and 0.1% 
Coomassie blue, immediately prior to loading onto a 4 to 12% Bis-Tris NuPAGE gel 
(Invitrogen). Typically, gel electrophoresis was performed for 2 h at 150 V (~ 0.07A) 
using 50 mM MOPS, 50 mM Tris, pH 7.7 as running buffer.

Immunoprecipitation assays

Twenty-fold concentrated supernatants from transiently Env-transfected 293T or 293S 
GnTI-/- cells were incubated overnight at 4 °C with MAbs or CD4-IgG2 in a 500 µl volume 
that contained 100 µl of 5-fold concentrated RIPA buffer (250 mM Tris-HCl, pH 7.0 
containing 750 mM NaCl and 5 mM EDTA). Next, 50 µl of protein G-coated agarose 
beads (Pierce Inc./Thermo Fisher Scientific, Etten-Leur, The Netherlands) was added, 
with rotation-mixing, for 2 h at 4 °C. The beads were then washed extensively with ice-
cold RIPA buffer containing 0.01% Tween-20. Proteins were eluted by heating the beads 
at 100 °C for 5 min in 50 µl of SDS-PAGE loading buffer supplemented with 100 mM 
dithiothreitol (DTT). The immunoprecipitates were analyzed on 8% SDS-PAGE gels (125 
V for 2 h).

Analytical size exclusion chromatography

Twenty-fold concentrated, Env-containing supernatants (200 µl) from 293T or 293S  
GnT-/- cell cultures were fractionated using a Superose-6 10/300 GL column (GE 
Healthcare, Diegem, The Netherlands), equilibrated with phosphate buffered saline, 
using an Äkta FPLC system (GE Healthcare, Diegem, The Netherlands). Fractions were 
analyzed by SDS-PAGE and western blot.

Carbohydrate analysis

Purified KNH1144 gp140 trimers (620 ng in 10 µl) produced in 293S GnTI-/- cells were 
denatured by addition of 20 µl of 2% SDS and heating at 60 °C for 10 min. Subsequently, 
10 µl of 4% NP-40 and 10 µl of PNGase F (0.5 mU) in 5× PBS were added to the samples 
(final: 0.1 mU PNGase F in 0.8% NP-40, 0.4% SDS, 1× PBS), which were then incubated 
overnight at 37 °C to allow N-glycan release. The released N-glycans were subsequently 
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labeled with the fluorophore 2-aminobenzoic acid (2-AA), and the 2-AA labeled glycans 
were purified by solid-phase extraction as described elsewhere (55).

An aliquot of 2-AA labeled N-glycans was fractionated by hydrophilic interaction 
liquid chromatography (HILIC HPLC), using an Ultimate LC system (Dionex, Sunnyvale, 
CA) controlled by Chromeleon software and equipped with a 2.0 mm × 150 mm TSK 
gel-Amide 80 column (3 µm; Tosoh Biosciences, Stuttgart, Germany). The 2-AA labeled 
N-glycans were separated using a linear gradient from 80% acetonitrile (0 min) to 53% 
acetonitrile (40 min) in 50 mM ammonium formate (pH 4.4) at a flow rate of 0.3 ml/min. 
To identify the 2-AA labeled N-glycans, a fluorescence detector (FP-2020 plus; Jasco, 
Easton, MD) was used, set to a 360 nm excitation wavelength and a 420 nm emission 
wavelength. Peak fractions were collected, dried by vacuum centrifugation, and dissolved 
in 50 µl of water.

MALDI-TOF-MS was carried out on an Ultraflex II MALDI-TOF/TOF mass 
spectrometer (Bruker Daltonics), equipped with a Smartbeam laser. A 2 µl aliquot of 
2,5-dihydroxybenzoic acid (DHB) matrix (20 mg/ml in ACN:water (30:70 v/v)) and 1 µl 
of the test sample were applied to a polished steel target plate and left to dry. The Ultraflex 
was operated in reflector-negative mode, and calibration was performed on a peptide 
calibration standard (Bruker Daltonics). Mass spectra from 500 to 2000 laser shots were 
accumulated per sample.

Cell culture and transient transfection

The TZM-bl reporter cell line stably expresses high levels of CD4 and the CCR5 and 
CXCR4 coreceptors, and contains the luciferase and β-galactosidase genes under the 
control of the HIV-1 LTR promoter (56). These cells were obtained through the ARRRP 
(donated by Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc., Durham, NC). One 
day prior to infection, the cells were plated on a 96-well plate in DMEM containing 10% 
FBS, MEM nonessential amino acids and penicillin/streptomycin (both at 100 U/ml).

The 293T and 293S GnTI-/- cells were transiently transfected with env genes using linear 
polyethylenimine (PEI, MW 25,000) as described before (57). Briefly, DNA encoding 
Env protein was diluted in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, 
Breda, The Netherlands), to 1/10 of the final culture volume and mixed with PEI (0.15 
mg/ml final concentration). After incubation for 20 min, the DNA-PEI mix was added 
to the cells for 4 h before replacement with normal culture medium containing 10% FBS 
(HyClone, Perbio, Etten-Leur, The Netherlands), penicillin, streptomycin and MEM 
nonessential amino acids (0.1 mM, Invitrogen, Breda, The Netherlands). Supernatants 
were harvested 48 h after transfection. When appropriate, 100 µM kifunensine was added 
1 h before transfection, and the culture medium was replaced 4 h post transfection with 
medium containing 100 µM kifunensine.
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The Raji control cell line and Raji cells expressing DC-SIGN (Raji-DC-SIGN) were 
cultured in RPMI 1640 medium containing 10% FBS. DC-SIGN expression by Raji-DC-
SIGN cells was positively selected for using neomycin (2 µg/ml), and routinely monitored 
by FACS analysis with a PE-labeled DC-SIGN MAb. Human immature monocyte-
derived dendritic cells (iMDDCs) were prepared as previously described (58-60) Briefly, 
peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats (Central 
Laboratory Blood Bank, Amsterdam) by use of a Ficoll gradient and positive CD14 
selection using a MACS system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). 
Purified monocytes were differentiated into iMDDCs by adding 45 ng/ml of interleukin-4 
(IL-4) and 500 U/ml of granulocyte-macrophage colony-stimulating factor on days 1 and 
4 (Schering-Plough, Brussels, Belgium). The resulting iMMDCs were used on day 6. The 
phenotype of iMDDCs was confirmed by staining for MHC class II, CD1a, CD14, CD83 
and CD86, followed by flow cytometry. Low levels of CD83, CD86 and MHC class II 
proteins were present on the cell surface, indicative of an immature phenotype.

Virus infectivity

HIV-1 stocks were prepared by transfecting either 293T or 293S GnTI-/- cells as for 
recombinant protein production (see above). A fixed amount of virus (equivalent to 1.0 
ng p24 antigen) was added to TZM-bl cells (at 70-80% confluency in a 96-well plate) 
in the presence of 400 nM saquinavir (Roche, Basel, Switzerland) to prevent multiple 
rounds of infection, and 40 µg/ml DEAE-dextran (Sigma) to enhance infection, in a 
total volume of 200 µl. The medium was removed 2 days post-infection and the cells 
were washed once with PBS before lysis with Reporter Lysis Buffer (Promega, Madison, 
WI). Luciferase activity was measured using the Luciferase Assay kit (Promega) and a 
Glomax luminometer, according to the manufacturer’s instructions (Turner BioSystems, 
Sunnyvale, CA). All infections were performed in duplicate and luciferase measurements 
were also performed in duplicate. Background luciferase activity was determined using 
uninfected cells and used as a correction factor.

Virus capture and transmission

Either 1.0 × 106 Raji or Raji-DC-SIGN cells, or 3.0 × 105 iMDDCs treated with or without 
mannan (30 µg/ml) for 30 min, were incubated for 2 h with HIV-1 (15 ng/ml of p24 
antigen) that had been produced in either 293T or 293S GnTI-/- cells. The cells were washed 
3 times with PBS to remove unbound virus, and then lysed in 1% empigen detergent 
for 1 h at 56 °C. Cell-debris was removed by centrifugation and the p24 capsid antigen 
content of the supernatant was determined by ELISA. For transmission experiments, 1.0 
× 105 Raji or Raji-DC-SIGN cells, or iMDDCs (with or without mannan treatment), were 
incubated for 2 h with HIV-1 (3 ng/ml of p24 antigen) derived from either 293T or 293S 
GnTI-/- cells. Unbound virus was removed by washing the cells three times with RPMI 
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1640 medium supplemented with 10% heat-inactivated FBS. The cells were co-cultured 
with TZM-bl reporter cells for 48 h in presence of 400 nM saquinavir. HIV-1 transfer to 
the reporter cells was quantified by measuring luciferase activity.

Statistical analysis

All statistical comparisons were performed using the unpaired t test (two tailed) and 
indicated in figures with asterisks: * P < 0.05; ** P < 0.005; *** P < 0.0005.
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Abstract
The envelope glycoproteins (Env) are the focus of HIV-1 vaccine development strategies 
based on the induction of humoral immunity, but the mechanisms the virus has 
evolved to limit the induction and binding of neutralizing antibodies (NAbs) constitute 
substantial obstacles. Conserved neutralization epitopes are shielded by variable 
regions and carbohydrates, so one strategy to increase their exposure and, hopefully, 
their immunogenicity is to delete the overlying variable loops. However, deleting the 
variable regions from Env trimers can be problematic, for example because hydrophobic 
patches that are normally solvent inaccessible now become exposed, causing protein 
misfolding or aggregation. Here, we describe the construction and characterization 
of recombinant gp140 trimers lacking variable domains 1 and 2 (∆V1V2). The design 
of the trimers was guided by HIV-1 evolution studies that identified compensatory 
changes in V1V2-deleted, but functional Env proteins (1). We now show that specific 
compensatory changes improved the function of ∆V1V2 Env proteins, and hence HIV-1 
replication. The changes acted by reducing the exposure of a hydrophobic surface, either 
by replacing a hydrophobic residue with a hydrophilic one, or by covering the surface 
with a glycan. The compensatory changes allowed the efficient expression of well-folded, 
soluble gp140 trimers derived from various HIV-1 isolates. The evolved ∆V1V2 Env 
viruses were extremely sensitive to NAbs, indicating that neutralization epitopes are well 
exposed, which was confirmed by studies of NAb binding to the soluble ∆V1V2 gp140 
trimers. These evolved ∆V1V2 trimers could be useful reagents for immunogenicity and 
structural studies.
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Introduction
HIV-1 entry into target cells is mediated by the envelope glycoprotein complex (Env). 
Env is the only external viral protein component and hence the only protein relevant 
for the induction of neutralizing antibodies (NAbs). Strategies to elicit an antiviral, 
Env-specific humoral response are a central element of HIV-1 vaccine research. The 
identification of an increasing number of broadly reactive NAbs from HIV-infected 
individuals proves that Env can elicit such antibodies in humans (2-7). Unfortunately, 
raising NAbs of comparable specificity and potency with Env vaccination of animals or 
humans has proven challenging (reviewed in (8)). Thus the design of Env-based vaccines 
requires improvement.

The functional HIV-1 Env complex consists of three gp120/gp41 heterodimers. The 
first stage of viral entry into target cells involves the binding of gp120 subunits to the CD4 
receptor. Conformational changes that involve the rearrangement of the first, second and 
third variable loops (V1, V2 and V3) then create and expose an additional binding site, 
one that interacts with the CCR5 or CXCR4 coreceptor (9-14). Further conformational 
changes in the trimeric complex lead to exposure of the hydrophobic fusion peptides 
of the gp41 subunits, which are inserted into the target membrane to link the cellular 
membranes prior to their fusion (15,16).

The individual Env subunits, gp120 and gp41, have not been successful as vaccine 
antigens, probably because they mimic the native Env spike inadequately. Hence gp120 
and gp41 immunogens tend to induce antibodies that are non-reactive with the functional 
Env complex and hence devoid of neutralizing activity against relevant HIV-1 strains. The 
current generation of soluble Env trimers offer modest improvements over monomeric 
gp120 in respect of NAb induction, but not to an extent that solves the problem (17-20). 
Considerable effort is therefore being applied to improve the design of such proteins. 
However, progress in this area has been hampered by the lack of atomic level structural 
data on the Env trimer. 

We have previously developed a prototype recombinant trimer construct, SOSIP 
gp140, which is stabilized by an intermolecular disulfide bond between gp120 and gp41 
and a substitution, I559P, in gp41 (21,22). A unique feature of SOSIP gp140 trimers is that 
they are cleaved, which may make them better antigenic mimics of the native, cleaved 
spike than uncleaved trimers (21,23-26). Single particle cryo-electron microscopy 
tomography studies show that SOSIP gp140 is indeed a reasonable mimic of the virion-
associated Env spike, and that it undergoes similar conformational changes upon 
CD4 and antibody binding to those occurring within the native spike under the same 
conditions (27). Hence, SOSIP gp140 is a useful lead molecule for vaccine development 
and structural studies. 
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HIV-1 has evolved many strategies to limit the induction and binding of NAbs, 
including the shielding of conserved and potentially vulnerable Env domains by both 
carbohydrates and flexible and sequence-variable loops (8,28,29). Thus, the sequences 
of variable domains can alter under NAb-selection pressure without compromising 
Env function, while glycan residues are generally seen as self by the immune system 
and so only very rarely elicit NAbs (3,6,29-31). The variable domains are particularly 
heavily glycosylated, so these two defense mechanisms are interlinked. Deletion of the 
V1V2 domain from monomeric gp120 generally improves the exposure of underlying 
neutralization epitopes, particularly those around the CD4-binding site (CD4bs), and 
can increase immunogenicity to a some extent (32-37). V1V2 deletion also facilitated the 
crystallization of gp120 monomers for atomic structure determination (14,38). Indeed, 
there is still no gp120 structure that contains the V1V2 regions. However, deleting 
V1V2 from soluble trimers, with the same goals, has proven less straightforward. One 
particular problem with the loop-deleted trimers is that they can become misfolded and/
or aggregated ((1,39-41) and our unpublished results). A possible explanation is that 
hydrophobic regions of Env that are normally occluded become solvent accessible once 
the V1V2 loops are no longer present (1). 

To address the adverse effects of V1V2 deletion, we conducted evolution experiments 
with ∆V1V2 mutants of HIV-1 LAI. Similar gain-of-function studies using evolution have 
previously been performed with V3-deleted Env (42). The goal was to allow the virus to 
find a way to accommodate the loss of its V1V2 loops, by evolving compensatory changes 
that increase trimer function and hence virus replication (1). We identified several such 
compensatory changes, and proposed that they could be useful for designing improved 
Env trimer variants for immunogenicity and structural studies. However, the evolution 
experiments were, of necessity, conducted using an Env that lacked the SOS disulfide 
bond and the I559P substitutions we use to make stable, cleaved gp140 trimers, because 
these modifications are incompatible with virus replication (43,44). Here, we have we 
addressed whether we can use the evolutionary changes that arose in ∆V1V2 HIV-1 
LAI to improve the design of soluble Env trimers of heterologous sequences. We found 
that the forced evolution of ∆V1V2 LAI reduces the exposure of a hydrophobic protein 
surface, either via substitution of nonpolar amino acids by polar ones, or by masking it 
with an added glycan. Moreover, these strategies can be used for expressing well-folded, 
recombinant soluble ∆V1V2 Env trimers. 

Results
Evolution-based design of ∆V1V2 viruses

Our aim was to identify amino acid substitutions that could be useful for improving the 
design of recombinant, soluble ∆V1V2 Env proteins. In previous studies, we selected 
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several evolved HIV-1 LAI variants that replicated more efficiently than the input 
∆V1V2 viruses. As the evolved viruses retained the V1V2 deletion, it seemed likely that 
compensatory sequence changes had helped overcome the adverse impact the loss of the 
V1V2 loops has on the structure and function of the native Env complex (1). Sequence 
analyses revealed several substitutions that could possibly account for the increase in 
HIV-1 replication, based on their frequency and the biochemical properties of the altered 
amino acids. However, because the evolution studies were carried out using a non-
clonal virus (i.e., with quasispecies), the relevance of the observed changes needed to be 
investigated. We therefore introduced the most plausible changes into a molecular clone 
of HIV-1 LAI that also contained a V1V2 deletion, to allow us to directly assess the effect 
of specific compensatory changes on replication (Fig.1).

We studied three sets of viruses from which the V1V2 loops were deleted in slightly 
different ways, as well as their evolved mutants (Fig.1). The first set included the designed 
mutant viruses ∆V1V2.2 and ∆V1V2.AGA. We did not analyze any evolved variants of 
∆V1V2.2 since this particular mutant was already quite infectious and evolution yielded 
no improvement (1). The ∆V1V2.AGA virus is a new mutant that has not been subjected 
to evolution experiments. Both the ∆V1V2.2 and ∆V1V2.AGA viruses differ from 
traditional ∆V1V2 designs in that they lack the disulfide bond between residues 126-
196; instead, residues 126-197 are replaced by an Ala-Ala-Asn or an Ala-Gly-Ala linker, 
to create a continuous protein backbone (Fig.1). The ∆V1V2.2 sequence contains the 
N-linked glycosylation site at position 197, while ∆V1V2.AGA does not.

In contrast, the second and third sets of viruses retained the above disulfide bond, 
with residues C126 and C196 connected by a small loop (Fig.1). The second set included 
the original ∆V1V2.4 mutant in which residues 127-195 are replaced by Gly-Ala-Gly, as 
well as its evolved variants (1,39) (Fig.1). A D197N substitution was found in all four of 
the evolved viruses, suggesting that the N-linked glycan at position 197 is advantageous 
for replication of a ∆V1V2 virus. The ∆V1V2.4.DN variant was constructed to test this 
hypothesis directly. An additional E429K substitution arose during prolonged passage of 
∆V1V2.4.DN, and a G127S substitution was identified in a subset of the evolved clones. 
The E429K change, a common polymorphism in LAI clones(72), is located in the bridging 
sheet immediately adjacent to the V1V2 stem, while G127S alters the linker region from 
Gly-Ala-Gly to Ser-Ala-Gly. Viruses containing both these individual changes were 
reconstructed (∆V1V2.4.DNEK and ∆V1V2.4.DNGS), as well as one containing all three 
changes (∆V1V2.4.DNGSEK) (Fig.1).

The third set of mutants was based on the ∆V1V2 designs used in the first gp120 
crystal structures (38,73), and included viruses ∆V1V2.8, ∆V1V2.9 and ∆V1V2.11 
(Fig.1). In ∆V1V2.8, a Gly-Ala-Gly linker replaces residues 128-194. The ∆V1V2.9 design 
was based on a previous evolution experiment and contained an amino acid change in 
the linker (G128D: Gly-Ala-Gly to Asp-Ala-Gly; (74)), while the ∆V1V2.11 variant has 
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Figure 1. Schematic of ∆V1V2 Env proteins. Constructs based on the sequences from LAI, JR-FL and 
KNH1144 are indicated in orange, green and blue, respectively. Three sets of ∆V1V2 Env proteins were 
used, including designed mutants (indicated in black) and variants derived from evolution studies (blue). 
A semi-quantitative assessment of Env function (see Fig.2) is indicated in brackets. Note that the E429K 
substitution (EK) is located far from the site of the V1V2 deletion. The three variants chosen for follow-
up analyses are indicated in bold. The KNH1144 SOSIP.R6 gp140 and JR-FL SOSIP.R6-IZ-His gp140s 
contain several modifications that have been described elsewhere, including the A501C and T605C 
substitutions to create the SOS disulfide bond (21), the I559P substitution to promote trimerization 
(22) and the hexa-arginine (R6) cleavage site to enhance cleavage (47). The SOSIP.R6-IZ-His gp140 also 
contains the GCN4-based isoleucine zipper (IZ) to promote trimerization (48) and a polyhistidine (His) 
tag. The N-linked glycan sites on Env are designated as oligomannose or complex, based on experimental 
determinations using IIIB gp120 (70). It is assumed that the glycans present at analogous sites are 
processed similarly in Env proteins from other isolates, but note that the carbohydrate composition at 
some sites has been reported to vary (68-70). Sites that are present on LAI, JR-FL or KNH1144 gp120, but 
not on IIIB gp120, or sites that have not been characterized, are designated as being of unknown glycan 
composition.

a different linker sequence that introduces an additional potential glycosylation site 
within the V1V2 stump (Asp-Asn-Gly). Two evolved variants of ∆V1V2.9 were included 
that contain either a V120E or a V120K substitution (∆V1V2.9.VE and ∆V1V2.9.VK). 
Both variants emerged in evolution cultures of the ∆V1V2.9 virus ((1), and unpublished 
results).

Figure 1
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Compensatory changes improve the replication and infectivity 
of ∆V1V2 viruses

First, we tested the abilities of the various viruses to replicate in SupT1 T cells in a multi-
cycle assay, and to infect TZM-bl reporter cells in a single-cycle entry assay. The ∆V1V2.2 
virus replicated efficiently in SupT1 cells, albeit with slightly delayed kinetics compared 
to the wild type (WT) virus (Fig.2A). Furthermore, ∆V1V2.2 could infect TZM-bl cells, 
although less well than WT (Fig.2B). In contrast, ∆V1V2.AGA could neither replicate 
in SupT1 cells nor infect TZM-bl cells (Fig.2A,B). The sequence differences between the 
∆V1V2.2 and ∆V1V2.AGA viruses are only minor, but the latter lacks a glycosylation site 
at position 197 (Fig.1). 

The ∆V1V2.4 virus was defective in replication and the evolved ∆V1V2.4.DN and 
∆V1V2.4.DNGS variants were also severely replication impaired, with substantial delays 
in the production of virus in the SupT1 cell cultures (Fig.2C). In contrast, the evolved 
variants ∆V1V2.4.DNEK and ∆V1V2.4.DNGSEK, which contain the E429K change, 
were both more replication competent, although they were still delayed compared to 
WT (Fig.2C). The ∆V1V2.4 virus was also inefficient at entering the TZM-bl reporter 
cells. In this assay, the D197N substitution improved infectivity but the G127S and 
E429K changes did not (Fig.2D). The replication and infectivity data were therefore not 
always concordant for this set of mutants. The varying outcomes may be explained by 
differing constraints on Env function that arise between single-cycle infection assays 
and multi-cycle replication assays. For example, cell free virus enters the TZM-bl cells, 
while spreading infections in T cell cultures are dominated by cell-to-cell virus transfer. 
Furthermore, any effects the various mutations have on Env synthesis will affect the 
single- and multi-cycle assays differently. 

The ∆V1V2.8 was severely impaired in replication and the ∆V1V2.9 and 
∆V1V2.11 viruses were quite delayed compared to WT, but the evolved variants 
∆V1V2.9.VE and ∆V1V2.9.VK replicated efficiently in SupT1 cells (Fig.2E). These 
results were corroborated in the single-cycle assay. Thus, ∆V1V2.8 infected TZM-bl 
cells very inefficiently and ∆V1V2.9 and ∆V1V2.11 with intermediate efficiency, while 
the ∆V1V2.9.VE and ∆V1V2.9.VK variants were almost as infectious as the WT virus 
(Fig.2F). Hence the V120E/K substitutions improve the function of ∆V1V2 Env. 

Overall, we conclude that the reversions identified in evolution experiments 
(V120E, V120K, G127S, G128D, D197N and E429K) do all help restore the function of 
Env proteins that lack the V1V2 loops.
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Virus evolution counters the adverse effects of a hydrophobic 
patch on trimeric ∆V1V2 Env

We were interested in how the substitutions identified in the evolution experiments 
acted to improve ∆V1V2 Env function. When the outer layers of a protein are deleted, 
hydrophobic domains that are normally hidden in the interior can become solvent 
exposed, which could compromise protein folding, structure or function. We had noted 
that some evolution substitutions in ∆V1V2 gp120 might act to counter this adverse effect 
(1). Two possible mechanisms are that the exposed hydrophobic residues can be deleted 
or replaced by hydrophilic ones, or they can be buried under a new, more hydrophilic 
surface. 

We first used an Env trimer model to inspect the various original and evolved 
∆V1V2 gp120 core variants. A ribbon diagram is shown for ∆V1V2.2, on which a red 
box highlights the V1V2 stem (Fig.3A). We next computed and plotted the electrostatic 
surface potential of each variant. The surface of the original ∆V1V2 mutants all contain a 
relatively large, nonpolar patch located in the V1V2 stem that faces the target membrane, 
to which several hydrophobic residues contribute (Fig.3B, shown for variant ∆V1V2.9). 
We anticipate that this patch would not exist on full-length gp120 because it would be 
occluded by the V1V2 loop and its associated N-glycans, although no structure exists 
to confirm this supposition. When we compared the electrostatic surface potentials 
of ∆V1V2.9 and ∆V1V2.9.VE, the V120E substitution clearly increases the polarity of 
the exposed patch (Fig.3C). The acidic nature of the V120E substitution is probably 
not important per se since a V120K substitution also enhanced the surface polarity 
and improved ∆V1V2 Env function (Fig.2E,F). More likely is that any change from a 
nonpolar residue (Val) to any polar one (e.g., Glu or Lys) has a restorative effect. The 
G127S and G128D substitutions also directly increase the polarity of the ∆V1V2 trimer 
surface and are likely to improve Env folding and/or function via a similar mechanism 
(data not shown). 

The D197N substitution does not increase the number of surface associated polar 
amino acids, so this mechanism cannot explain why it improves ∆V1V2 Env function. 
However, the change creates a canonical site at position 197 that is N-glycosylated (see 
below; Fig. 5A). To assess the potential role of this N-glycan in shielding the hydrophobic 
surface, we generated models of mutant and revertant ∆V1V2 trimers containing all 
the N-glycans that are expected to be present at each canonical site, based on gp120 
carbohydrate analyses (68-70). These glycans were built onto the gp120 subunits and 
aligned in the trimer (see Experimental Procedures). First, we added the glycans to the 
∆V1V2.2 variant (cyan and green in Fig.3D). As expected, much of the Env trimer protein 
surface is occluded by glycans (29,65). However, a gap in the glycan shield of the ∆V1V2.4 
trimer exposes the nonpolar surface patch associated with the V1V2 stem (Fig.3E). 
Inspection of the glycosylated trimer model for the evolved variant ∆V1V2.4.DN shows 
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that the D197N substitution introduces an N-glycan that partly occludes this nonpolar 
patch (Fig.3F). We drew similar conclusions from the comparison of the trimer models 
based on the ∆V1V2.2 and ∆V1V2.AGA variants (data not shown). Thus the ∆V1V2.
AGA virus, which lacks the N-glycan at position 197, is nonfunctional while ∆V1V2.2, 
which contains it, is infectious (Fig.2A,B).

Hence HIV-1 uses at least two strategies to counter the adverse effect of a 
surface exposed nonpolar patch on the ∆V1V2 Env trimer. One involves an amino acid 
substitution that introduces a polar residue within the patch, the second is the addition 
of a glycan that masks it.

Figure 2. Compensatory mutations improve ∆V1V2 virus replication and/or infectivity. (A,C,E). 4 x 105 
SupT1 cells were infected with 100 pg of HIV-1, and replication was monitored for 21 days by CA-p24 
ELISA. The curves are representative for at least 2 independent experiments. (B,D,F) TZM-bl reporter 
cells were infected with 1.0 ng of HIV-1 in the presence of SQV, and luciferase activity was measured 
after 48 h.
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∆V1V2 viruses are extremely neutralization sensitive 

Deletion of the V1V2 domain is known to create neutralization-sensitive viruses on which 
important epitopes have become more exposed (1,10,75,76). To study the accessibility of 
neutralization epitopes on the evolved ∆V1V2 viruses, we assessed the sensitivity of the 
most infectious members of each class (∆V1V2.2; ∆V1V2.4.DNGSEK and ∆V1V2.9.VK) 
to polyclonal Ig from infected individuals (HIVIg), MAbs to various epitopes and a CD4-
mimetic protein, CD4-IgG2 (Fig.4 and Table 1). 

Figure 3. Compensatory mutations affect a hydrophobic surface patch on ∆V1V2 Env trimers. (A) 
Ribbon diagram of a ∆V1V2.2 trimer model, depicted from the perspective of the target cell. The gp120 
protomers are indicated in white, and the V1V2-stem, part of the bridging sheet, is highlighted by 
the red box. The two outer domains of CD4 are in yellow. (B,C) Rendering of the electrostatic surface 
potentials of the protein-associated, solvent-accessible surfaces of the ∆V1V2.9 and ∆V1V2.9.VE trimers, 
respectively. Acidic surfaces are in red, basic surfaces in blue, neutral surfaces in white. The white arrows 
in (B) indicate a nonpolar surface patch, associated with hydrophobic residues, that is located at the stem 
of the V1V2 loop structure. The red arrows in (C) show the negative charge associated with the V120E 
substitution. (D) Ribbon diagram of a glycosylated ∆V1V2.2 trimer. The protein is depicted as in (A), 
but with the addition of N-glycans, which are represented as sticks in cyan except the one at position 
197, which is in green. (E,F) Rendering of the electrostatic surface potentials of the protein-associated, 
solvent-accessible surfaces of the ∆V1V2.4 and ∆V1V2.4.DN trimers, respectively. The surface coloration 
is as in (B,C), with the glycans represented as in (D). The white arrows in (E) indicate a neutral surface 
similar to that shown in (B). The N-glycan at residue 197, which partially covers the nonpolar protein-
associated surface, is highlighted in green (F).
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Compared to WT virus, all three ∆V1V2 variants were much more sensitive to 
HIVIg, CD4-IgG2 and MAbs b6 and b12 against the CD4 binding site (CD4bs). MAbs 
48d and 17b, which bind to a CD4-induced epitope that is formed when the V1V2-
domain is rearranged, also neutralized the ∆V1V2 viruses more efficiently than WT. 
The ∆V1V2.9.VK virus was an exception, but for the trivial reason that it contains an 
inactivating V120K mutation in the epitopes for both 48d and 17b (38,77). The glycan-
dependent 2G12 MAb and the V3 MAb 447-52D also neutralized the ∆V1V2 variants 
more efficiently. Overall, the ∆V1V2 variants were 18-13600 fold more sensitive to all 
the reagents directed against gp120, except when an amino acid substitution directly 
affected a MAb epitope. The variants were also more sensitive to MAb 2F5 against the 
gp41 MPER, but to a lesser extent (3-18 fold) than for the anti-gp120 MAbs. Overall, our 
∆V1V2 variants have neutralization sensitivities that are consistent with previous reports 
on broadly comparable viruses (1,10,75,76).

Compensatory changes facilitate the expression of soluble, 
cleaved ∆V1V2 Env trimers

The goal of the ∆V1V2 virus evolution studies was to identify whether compensatory 
changes, selected in the context of the native trimer, could be useful for improving the 
design of soluble, cleaved trimeric ∆V1V2 Env proteins. We therefore generated ∆V1V2 
variants of SOSIP.R6 gp140, based on the KNH1144 genotype (Fig.1). These subtype A 
trimers are relatively stable and are the basis of our collaborative efforts to determine 
an X-ray crystallography structure (46). Using a heterologous Env also allowed us to 
assess whether compensatory substitutions selected in one virus (LAI) might act more 
broadly. Thus, we first introduced the V1V2 deletions described above into KNH1144 
SOSIP.R6 gp140, and then added various compensatory substitutions (Fig.1). The natural 
KNH1144 sequence contains an arginine at position 429; hence the E429K substitution 
that arose in LAI translates to an R429K change in KNH1144 Env. 

The various ∆V1V2 gp140 constructs were transiently expressed in 293T cells in 
the presence of furin to improve cleavage at the gp120-gp41 juncture (47). A full-length 
gp140 produced in the absence of furin, and hence ~60% uncleaved, was included for 
comparison (Fig.5A). There was considerable variation in the expression levels of the 
different ∆V1V2 gp140 constructs, but all the variants were cleaved efficiently (Fig.5A). 
The original mutants ∆V1V2.2, ∆V1V2.AGA, ∆V1V2.4, ∆V1V2.8 and ∆V1V2.11, as 
well as the evolved variants ∆V1V2.4.DN, ∆V1V2.4.DNGS and ∆V1V2.9.VE, were all 
expressed to similar extents. However, the ∆V1V2.4.DNRK and ∆V1V2.4.DNGSRK 
proteins were produced at higher levels, indicating that the G127S and R429K substitutions 
have beneficial effects on gp140 folding and/or secretion. The ∆V1V2.9 and ∆V1V2.9.VK 
gp140s were also expressed more efficiently, suggesting that the G128D substitution in the 
linker also improves production. The expression differences are unlikely to be attributable 
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to differences in mRNA levels, because they match the improved functional data (Fig. 2), 
which were obtained using different expression cassettes. A native PAGE analysis showed 
that gp140 trimer formation was not affected by deletion of the V1V2 loops or the various 
compensatory changes (Fig.5B, and data not shown). 

SDS-PAGE analyses revealed small size differences between the gp120 subunits 
of several ∆V1V2 gp140 variants. Since only a few amino acids differ among these variants, 
the size differences are likely to be attributable to changes in N-linked glycosylation. The 
∆V1V2.AGA and ∆V1V2.4 proteins that lack the glycosylation site at position 197 were 
slightly smaller than the others, as expected. In contrast, the ∆V1V2.11 protein was 
indistinguishable in size from all bar the ∆V1V2.AGA and ∆V1V2.4 proteins, suggesting 

Figure 4. ∆V1V2 viruses are extremely 
neutralization sensitive. The various HIV-1 
viruses (1.0 ng) were incubated with the indicated 
amount of MAb for 30 min at room temperature 
prior to addition to TZM-bl cells. Luciferase 
activity in the absence of antibody was defined as 
100%. 

that although its V1V2 stump contains 
two consensus N-linked glycosylation 
sites, only one of them is actually used. 

The ∆V1V2 KNH1144 
SOSIP.R6 gp140 proteins could 
also be produced in cells lacking 
N-acetylglucosaminyltransferase I (GnTI) 
(Fig.5C). This procedure prevents the 
formation of complex N-glycans on Env, 
which reduces the size and heterogeneity 
of glycans (48,78). Hence Env proteins 
produced in GnTI-negative cells might be 
useful for structural studies. 

Soluble, cleaved ∆V1V2 
trimers expose neutralization 
epitopes 

We next investigated the exposure of 
selected antibody epitopes on the best 
expressing ∆V1V2 trimer variant from 
each group. Both full length and ∆V1V2 
gp140 proteins interacted efficiently with 
CD4-IgG2, showing that their CD4bs 
were intact (Fig.6). MAb b12 bound a little 
less well to the ∆V1V2 trimers than the 
full-length proteins, which is consistent 
with reports that components of the V1V2 
stem contribute to the b12 epitope (Fig.6) 
(79). A particular property of KNH1144 
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SOSIP.R6 gp140 is that it constitutively exposes CD4i epitopes and therefore binds MAb 
17b both in the absence and presence of soluble CD4 (Fig.6). The ∆V1V2 variants also 
interacted efficiently with 17b, with the exception of ∆V1V2.9.VK that contains the 
epitope-inactivating V120K change. Similar results were obtained with the CD4i MAbs 
48d and 412d (data not shown). One concern with deleting that V1V2 loops from Env 
proteins is increased exposure of the immunodominant V3 domain, which may promote 
the induction of V3-directed antibodies with limited breadth of activity. However, we 
found that the V3-directed MAb 19b bound similarly to full-length and ∆V1V2 SOSIP.
R6 gp140s (Fig.6).

Generation of soluble, uncleaved ∆V1V2 trimers

Uncleaved Env trimers are not faithful mimics of the functional spike and expose a 
number of non-neutralizing antibody epitopes that are not accessible on cleaved trimers 
(21,23-26). However, uncleaved trimers can be easier to produce. Moreover, it is possible 
to add protein domains such as stabilizing motifs, epitope and/or purification tags or 
immunostimulatory sequences to their C-termini (48,80). Such C-terminal extensions 
are problematic with cleaved gp140 trimers, as they interfere with the gp120/gp41 
cleavage process (48,80), although we currently studying the reasons for this interference 
and ways to overcome it. 

As a template for studying the effect of the ∆V1V2 compensatory changes 
on uncleaved trimers, we used the SOSIP.R6-IZ-His construct based on the subtype B 
JR-FL sequence. This protein contains a GCN4-based trimerization domain (IZ) and a 
polyhistidine (His) tag at its C-terminus (Fig.1) (48,80). The three ∆V1V2 variants of 
this construct were well expressed in 293T cells and formed trimers as efficiently as the 
corresponding full-length protein, as judged by both Native PAGE and size exclusion 
chromatography (Fig.7A,B,C). The ∆V1V2.9.VK gp140s were eluted from the size 
exclusion column slightly earlier than their full-length counterparts (Fig.7C), suggesting 
that the average ∆V1V2 gp140 protein component is larger than for full-length gp140. 
This difference is consistent with earlier findings that V1V2 deletion can improve 
trimerization at the expense of dimer formation (40). 

Uncleaved ∆V1V2 trimers expose neutralization epitopes

To study the exposure of neutralization epitopes on the uncleaved ∆V1V2 JR-FL gp140 
constructs, we used an ELISA, in which trimers are captured onto a Ni-NTA-coated solid 
phase via a C-terminal His tag (Fig.8, Table 2). CD4-IgG2 bound slightly better to the 
three ∆V1V2 variant trimers than to the full-length trimer, but this was not the case with 
MAb b12 (Fig.8, Table 2). Several other CD4bs MAbs (b6, 15e, F91, F105) did, however, 
bind better to the three ∆V1V2 trimers (Fig.8, Table 2). An exception was that F91 did 
not bind the ∆V1V2.9.VK trimers, which is probably attributable to the V120K change. 
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Different MAbs to the CD4i epitope cluster varied in their reactivity with the 
uncleaved ∆V1V2 trimers (Fig.8, Table 2). MAbs 48d and X5 each bound inefficiently to 
the full-length proteins and the ∆V1V2.2 and ∆V1V2.4.DNGSEK variants in the absence 
of sCD4, but much more strongly when sCD4 was added. In contrast, the ∆V1V2.2 and 
∆V1V2.4.DNGSEK variants, but not the full-length trimers, bound MAb 17b efficiently 
even when sCD4 was absent. Intermediate results were seen with a fourth CD4i-epitope 
MAb, 412d. Thus, without sCD4, the ∆V1V2.2 and ∆V1V2.4.DNGSEK trimers bound 
412d more efficiently than the full-length trimers, but there was still an increase in 
reactivity when sCD4 was added. The variant ∆V1V2.9.VK trimers bound poorly to 
all the CD4i antibodies, which again probably relates to the epitope-impairing effect 
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Figure 5. Compensatory mutations can facilitate the expression of soluble cleaved ∆V1V2 trimers. (A) 
SDS-PAGE analysis of KNH1144 SOSIP.R6 gp140 variants expressed transiently in 293T cells, with co-
transfection of furin to increase cleavage. Cleaved, full length KNH1144 SOSIP.R6 and partially cleaved 
KNH1144 SOSIP.R6 (produced in the absence of furin) gp140s were included for comparison, as was 
purified KNH1144 gp120 (50 ng). (B) BN-PAGE analysis of wt and ∆V1V2 KNH1144 SOSIP.R6 gp140 
variants expressed in 293T cells. (C) SDS-PAGE analysis of WT and ∆V1V2 KNH1144 SOSIP.R6 gp140s 
expressed in 293S GnTI-/- cells.
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of the V120K substitution. Among the variants, ∆V1V2.2 was the one that bound all 
the CD4i antibodies most efficiently. Hence, the small disulfide-bonded V1V2 stump in 
∆V1V2.4.DNGSEK and ∆V1V2.9.VK may interfere with the formation of CD4i epitopes. 

DC-SIGN bound similarly to the ∆V1V2 variants and the full-length trimers, as 
expected because the oligomannose N-glycans on gp120 to which DC-SIGN binds 
are not located in the V1V2 domain (Fig.8, Table 2). In contrast, the ∆V1V2 variant 
trimers bound MAb 2G12 more efficiently than the full-length proteins (Fig.8, Table 2). 
The ∆V1V2 variants also interacted more efficiently with V3 MAbs 39F and 19b (Fig.8, 
Table 2), which differs slightly from observations made using cleaved KNH1144 trimers 
in immunoprecipitation assays (Fig. 6; see Discussion). Finally, MAbs directed to the 
MPER-region and neighboring cluster II epitopes in gp41 (2F5, 4E10, Z13e1, D50) all 
interacted more efficiently with the ∆V1V2 variants than the full-length trimers, although 
the differences were minor (Fig.8, Table 2). 

In summary, the global conformation of the various V1V2 loop-deleted trimers 
is comparable to that of the corresponding full-length proteins. However, deletion of the 
V1V2 domain increases the exposure of several antibody epitopes, to various extents.

Discussion
Deleting the V1V2 loops from soluble monomeric HIV-1 Env proteins can be 
advantageous for both immunogenicity and structural studies (14,32-38). However, the 
deletion interferes with the biosynthesis and integrity of soluble Env trimers, complicating 
the use of these proteins (1,39-41) and our unpublished results). The principal defect 
caused by removing the variable loops may involve the exposure of hydrophobic regions 

Figure 6

w
t

ΔV
1V

2.
2 

ΔV
1V

2.
4.

D
N

G
SR

K
ΔV

1V
2.

9.
VK

 

w
t

ΔV
1V

2.
2 

ΔV
1V

2.
4.

D
N

G
SR

K 
ΔV

1V
2.

9.
VK

 

w
t

ΔV
1V

2.
2 

ΔV
1V

2.
4.

D
N

G
SR

K
ΔV

1V
2.

9.
VK

 

w
t

ΔV
1V

2.
2 

ΔV
1V

2.
4.

D
N

G
SR

K 
ΔV

1V
2.

9.
VK

 

CD4-IgG2 b12 17b 17b/sCD4

KNH1144 SOSIP.R6

w
t

ΔV
1V

2.
2 

ΔV
1V

2.
4.

D
N

G
SR

K
ΔV

1V
2.

9.
VK

 

19b

gp120

Figure 6. Soluble, cleaved ∆V1V2 trimers expose neutralization epitopes. Immunoprecipitation analysis 
of cleaved KNH1144 SOSIP.R6 MPER gp140 expressed in 293T cells with furin. The Env proteins were 
precipitated with CD4-IgG2, b12 or 17b, and analyzed by SDS-PAGE and western blotting.



70

Chapter 4

4

of the protein that are normally occluded, leading to aggregation or misfolding (1). Our 
goal in this study was to devise ways to overcome these problems and thereby improve 
the design of soluble ∆V1V2 trimers. To achieve this, we applied lessons learnt from 
analyzing the sequences of evolved ∆V1V2 viruses (1). The substitutions that compensate 
for the loss of the V1V2 loops, and thereby improve replication kinetics, involve changes 
from hydrophobic to hydrophilic amino acids, or the addition of a glycan site. They 
appear to act by reducing the extent to which a hydrophobic region of gp120, normally 
occluded by the V1V2 loops, is solvent exposed. Our detailed findings are summarized 
as follows.
(i) The frequently used replacement of V1V2 sequences by a Gly-Ala-Gly linker is not 
optimal. Replacing the first glycine with aspartic acid improves HIV-1 LAI replication 
and/or infectivity (Fig.2E,F: compare ∆V1V2.9 with ∆V1V2.8). The G128D substitution 
also improves the expression of soluble trimers based on the subtype A virus, KNH1144 
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(Fig.5A: compare ∆V1V2.9 with ∆V1V2.8). The serine substitution of the first glycine 
had an ambiguous effect on the function of LAI Env (Fig.2C,D: ∆V1V2.4.DNGS and 
∆V1V2.4.DNGSEK), but it did improve the expression of soluble KNH1144 trimers 
(Fig.5A: compare ∆V1V2.4.DNGS with ∆V1V2.4.DN, and ∆V1V2.4.DNGSEK with 
∆V1V2.4.DNEK).
(ii) Preserving the 126-196 disulfide bond is not necessary. Replacing the natural disulfide-
bounded loop by an Ala-Ala linker (variant ∆V1V2.2) yielded a functional Env, and we 
could also generate soluble trimers based on this design. This strategy might be useful 
when designing trimers that contain new disulfide bonds, by reducing the potential for 
their forming aberrant bonds with existing cysteine residues (RWS, Ineke Braakman and 
Peter Kwong, unpublished observations).
(iii) Having an N-linked glycosylation site at position 197 is desirable. The ∆V1V2.4.DN 
variant was more infectious than ∆V1V2.4, confirming what we suspected from our 
earlier evolution experiments (1). Furthermore, ∆V1V2.2 was more infectious than 
∆V1V2.AGA, and the principal difference is its possession of the N197 glycan. The 
beneficial effect of this glycan is not necessarily linked to the presence of the neighboring 
126-196 disulfide bond, despite the association between N-glycosylation and disulfide 
bond formation, particularly when the sites are proximal (81,82). More likely is that the 
197 glycan covers a hydrophobic patch that would otherwise cause aggregation and/or 
protein misfolding (Fig.3F). 
(iv) The hydrophobic surface at the V1V2-stem and base should be reduced by substitutions 
in the V1V2-stem and bridging sheet. We confirmed that replacement of valine-120 
with glutamic acid (V120E) or lysine (V120K) substantially improved LAI infectivity 
and replication. Because either a positively or a negatively charged amino acid has this 
effect, the polar nature of the change, and not the charge per se, is important. The V120K 
substitution was particularly beneficial for enhancing the expression of soluble, V1V2 
loop-deleted gp140 trimers (Fig.5A). 
(v) Some distant site changes may be helpful. The E429K substitution improved the 
replication of ∆V1V2 LAI (Fig. 2C). Strikingly, we also found that the more subtle 
substitution R429K improved the expression of KNH1144 ∆V1V2 trimers (compare 
∆V1V2.4.DNRK with ∆V1V2.4.DN, and ∆V1V2.4.DNGSRK with ∆V1V2.4.DNGS in 
Fig. 5A).

The V1V2-deleted viruses were more sensitive to neutralization by the 
mannose-specific 2G12 MAb (Fig.4), implying that the oligomannose N-glycans that 
constitute the 2G12 epitope, are more accessible to 2G12 when the V1V2 domain is 
deleted. Paradoxically, V1V2-deletion apparently does not increase the exposure of the 
same N-glycans to the class I mannosidases in ER and/or Golgi that are responsible for 
trimming oligomannose N-glycans during their conversion to complex N-glycans (if this 
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process did, in fact, occur, these N-glycans would be in complex form and hence 2G12 
binding and neutralization would be lost). The explanation may lay in the different ways 
that 2G12 and mannosidases recognize oligomannose N-glycans. Thus, 2G12 interacts 
with the outer mannose moieties (30,31,83,84), while class I mannosidases recognize 
the complete N-glycan, including components at the stem (85,86). V1V2-deletion must 
therefore improve the accessibility of the outer carboydrate residues but not the stems of 
the N-glycans that form the 2G12 epitope. 

Figure 8. Soluble uncleaved ∆V1V2 trimers expose neutralization epitopes. ELISA analysis of the 
binding of various MAbs and CD4-IgG2 to uncleaved JR-FL SOSIP.R6-IZ-His gp140. See Table 2 for half 
maximal binding values and statistical analyses.

Figure 826
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In our analyses of trimer antigenicity, we observed that V1V2 deletion affected 
the binding of MAbs to different (but similar) CD4i epitopes to varying extents. Thus, 17b 
interacted efficiently with ∆V1V2 Env in the absence of soluble CD4 while 48d and X5 
did not. 48d and X5 binding to ∆V1V2 Env was enhanced very efficiently by soluble CD4, 
but less so for 17b because the binding of this CD4i MAb was already close to optimal 
in the absence of soluble CD4. The various CD4i epitopes may therefore be shielded to 
slightly different extents by the V1V2 domain. CD4 binding drives two conformational 
changes that contribute to the formation and exposure of these epitopes. First, the two 
2-stranded β-sheets, β2-β3 and β20-β21, become united into the 4-stranded bridging 
sheet that is a critical element of all CD4i epitopes (14). Second, there is a repositioning of 
the V1V2 domain itself (9-14). An explanation for our observations may be that creating 
the 17b epitope is more dependent on the repositioning of V1V2, while creating the 48d 
and X5 epitopes is more dependent on the formation of the bridging sheet. 

Will ∆V1V2 trimers be good immunogens? Variable loops have long been considered 
poor targets for broadly neutralizing antibodies, because their very variability plays 
into the problem of HIV-1 sequence diversity. Furthermore, because they shield more 
conserved neutralization epitopes on the underlying protein domains, their removal 
can be beneficial. However, the recent isolation of the potent neutralizing antibodies 
PG9 and PG16 provides a counter-perspective. These MAbs appear to target conserved 
elements within the variable domains that may be important for immunogen design (6). 
Another argument against deleting the variable loops is that undesirable, neo-epitopes, 
neutralization-irrelevant epitopes, or strain-restricted neutralization epitopes (for example 
in V3), may become more exposed, perhaps compromising the induction of broadly 
neutralizing antibodies. Along these lines, we observed that V1V2 deletion modestly 
increased Env binding and virus neutralization by some V3 MAbs and some weakly 
or non-neutralizing CD4bs MAbs. However, our understanding of the determinants of 
Env immunogenicity is incomplete. There may be a trade-off between sacrificing certain 
potential neutralization epitopes in favor of the optimal presentation of others, which 
could only be investigated by immunization studies. Moreover, an optimal Env-based 
vaccine might include more than one protein component with different properties, for 
example a protein that retains the V1V2 loops (and hence the PG9/PG16 epitopes) mixed 
with a loop-deleted protein that better exposes neutralization-relevant CD4bs epitopes.

Will ∆V1V2 trimers assist in structural analyses? The crystallization process is 
rarely predictable, but structural heterogeneity and flexibility are two major obstacles 
to obtaining Env trimer crystals. All the available gp120 structures lack the V1V2 
domain and in most cases also V3, C1 and part of C5 (14,38,77,87,88). Furthermore, 
all the gp120s were deglycosylated. Trimeric gp140s are much more problematic for 
crystallography, even compared to gp120. The same techniques, and more, may therefore 
need to be used in trimer crystallization strategies. Hence removal of the V1V2 domains 
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and reduction or elimination of glycan may be necessary, if perhaps not sufficient, steps 
on the road to a trimer crystal structure. We have shown that glycan heterogeneity can be 
reduced dramatically by expressing Env proteins in a cell line lacking the GnTI enzyme 
(48,78). We have since explored whether trimers expressed in GnTI knockout cells 
can be deglycosylated, with encouraging results (RWS, Rob Pejchal, Ian Wilson, JPM, 
unpublished results). We now show that ∆V1V2 trimers can also be produced efficiently 
in these cells (Fig.5C), opening up the possibility of combining V1V2 deletion and 
deglycosylation strategies.

In conclusion, we have shown that virus evolution can guide the design of 
soluble, V1V2-deleted variant gp140 trimers with improved properties that might be 
valuable for immunogenicity and crystallography studies. 

Materials and Methods
Plasmids

The full-length molecular clone of HIV-1 LAI (pLAI) was the source of wt and mutant 
viruses (45). The pRS1 plasmid was used to introduce mutations into env, as described 
previously (43). Mutant env genes were generated in pRS1 and cloned into pLAI as SalI-
BamHI fragments. To facilitate subcloning of V1V2 deletion variants, we introduced two 
unique restriction sites into pRS1 that had silent mutations, HindIII and BmgBI, at the 
N- and C-terminal ends of V1V2, respectively. Mutations, deletions and insertions were 
generated using the Quickchange mutagenesis kit (Stratagene, La Jolla, CA), and the 
integrity of all plasmids was verified by sequencing. The pPPI4 vector for expressing gp140 
proteins has been described elsewhere (21), as has the KNH1144 SOSIP.R6 construct 
(46). We have also previously described modifications to JR-FL SOSIP.R6 gp140 that 
include the addition of a GCN4-based trimerization domain (isoleucine zipper; IZ) and 
a C-terminal 8x histidine (H8) tag (21,22,47,48). The HindIII and BmgBI sites were also 
introduced into the pPPI4 plasmids used for expressing KNH1144 SOSIP.R6 gp140 and 
JR-FL SOSIP.R6-IZ-His gp140. The V1V2 deletion variants were cloned into pPPI4 from 
pRS1 using HindIII and BmgBI. Amino acid numbering is based on the HXB2 isolate.

Reagents

Monoclonal antibodies (MAbs) were obtained as follows: 2G12 (3), 4E10 (5) and 2F5 
(7) from Hermann Katinger through the NIH AIDS Research and Reference Reagent 
Program (ARRRP); Z13e1 (49), b6 and b12 (50) from Dennis Burton (The Scripps 
Research Institute, La Jolla, CA); 15e, 17b, 48d, 39F and 19b (51) from James Robinson 
(Tulane University, New Orleans, LA); 447-52D (52) from Susan Zolla-Pazner through 
the ARRRP; D50 (53) from Patricia Earl through the ARRRP; 412d (54), X5 (55), F105 
(56) and F91 (51) from Peter Kwong (Vaccine Research Center, Washington DC). MAb 
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PA-1 (12), recombinant gp120, soluble CD4 (sCD4) and CD4-IgG2 (57) were all gifts 
from William Olson (Progenics Pharmaceuticals Inc., Tarrytown, NY). HIVIg was 
acquired from Luis Barbosa through the ARRRP. DC-SIGN-Fc was purchased from R&D 
Systems (Minneapolis, MN). 

Cells and transfections

SupT1 T cells, 293T cells and 293S GnTI-/- were maintained in RPMI 1640 medium and 
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Breda, The Netherlands), 
respectively, each supplemented with 10% fetal calf serum (FCS), penicillin (100 U/
ml) and streptomycin (100 μg/ml) as previously described (58). TZM-bl cells were 
maintained in DMEM containing 10% FCS, MEM nonessential amino acids and 
penicillin/streptomycin. SupT1 cells were transfected by electroporation as described 
elsewhere (59). 293T cells were transiently transfected with env genes using linear 
polyethylenimine (PEI, MW 25,000) as described previously (48,60). Briefly, Env-
encoding DNA was diluted in DMEM to 1/10 of the final culture volume and mixed with 
PEI (0.15 mg/ml final concentration). After incubation for 20 min, the DNA-PEI mix 
was added to the cells for 4h before replacement with normal culture medium containing 
0.01% BSA (Sigma), penicillin, streptomycin and MEM non-essential amino acids (0.1 
mM, Invitrogen). Supernatants were harvested 48h after transfection. 

Viruses and infections

Virus produced in SupT1 cells and virus from SupT1 evolution cultures was stored at 
-80C. The virus concentration was quantified by measuring its CA-p24 antigen content 
by ELISA, essentially as described previously (61). These values were used to normalize 
the amount of virus used in subsequent infection experiments, which were performed 
by adding 500 pg of CA-p24 to 4 x 105 SupT1 cells in each well of a 96-well plate. Virus 
production after 21 days was measured using the CA-p24 ELISA. 

Single cycle infection and neutralization

The TZM-bl reporter cell line stably expresses high levels of CD4 and HIV-1 co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under control 
of the HIV-1 LTR promoter(62). The line was obtained through the NIH ARRRP from 
Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc., Durham, NC. One day prior to 
infection, TZM-bl cells (17 x 103 cells) were added to a 96-well plate in DMEM containing 
10% FCS, MEM nonessential amino acids and penicillin/streptomycin (both at 100 U/
ml), and incubated at 37°C in an atmosphere containing 5% CO2. A fixed amount of 
virus (1.0 ng of CA-p24) was incubated for 30 min at room temperature with various 
concentrations of MAbs. The MAb-virus mixture was then added to the TZM-bl cells 
(70-80% confluency) in the presence of 400 nM saquinavir (Roche, Basel, Switzerland) 
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and 40 µg/ml DEAE, in a total volume of 200 µl. Two days post-infection the medium 
was removed, then the cells were washed once with PBS and lysed in Reporter Lysis buffer 
(Promega, Madison, WI). Luciferase activity was measured using the Luciferase Assay 
kit (Promega) and a Glomax luminometer according to the manufacturer’s instructions 
(Turner BioSystems, Sunnyvale, CA). All infections were performed in duplicate and 
luciferase measurements were also made in duplicate. Uninfected cells were used to 
correct for background luciferase activity. The infectivity of each mutant without inhibitor 
was defined as 100%. Non-linear regression curves were determined and IC50 values were 
calculated using Prism software version 5.0c. 

SDS-PAGE, Blue Native PAGE and Western blotting 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting with the 
anti-gp120 V3 loop MAb PA-1 (1:20,000 dilution to a final concentration of 0.2 µg/ml) 
and HRP-labeled goat-anti-mouse IgG (1:5,000 dilution) were performed by following 
established protocols. Luminometric detection of envelope glycoproteins was performed 
using the Western Lightning ECL system (PerkinElmer, Groningen, The Netherlands). 
Blue Native (BN)-PAGE was carried out as described (22,40). In short, purified protein 
samples or cell culture supernatants were diluted with an equal volume of a buffer 
containing 100 mM 4-(N-morpholino) propane sulfonic acid (MOPS), 100 mM Tris-
HCl, pH 7.7, 40% glycerol, 0.1% Coomassie blue, immediately prior to loading onto a 4 to 
12% Bis-Tris NuPAGE gel (Invitrogen). Typically, gel electrophoresis was performed for 
2h at 125V (~0.07A) using 50 mM MOPS, 50 mM Tris, pH 7.7 as running buffer. 

Immunoprecipitation assays

Twenty-fold concentrated supernatants from transiently Env-transfected 293T cells were 
incubated overnight at 4°C with MAbs or CD4-IgG2 (each at 150 ng/ml) in a 500 µl 
volume that included 100 µl of 5-fold concentrated RIPA buffer (250 mM Tris-HCl, pH 
7.0 containing 750 mM NaCl and 5 mM EDTA). When appropriate, sCD4 (10 µg/ml) was 
also included to induce the exposure of CD4i epitopes. Next, 50 µl of protein G-coated 
agarose beads (Pierce Inc./Thermo Fisher Scientific, Etten-Leur, The Netherlands) were 
added, with rotation-mixing, for 2h at 4°C. The beads were then washed extensively with 
ice-cold RIPA buffer containing 0.01% Tween-20. Proteins were eluted by heating the 
beads at 100°C for 5 min in 50 µl of SDS-PAGE loading buffer supplemented with 100 
mM dithiothreitol (DTT). The immunoprecipitated proteins were analyzed on 8% SDS-
PAGE gels (125 V for 2h).
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Analytical size exclusion chromatography

Twenty-fold concentrated, Env-containing supernatants (200 µl) from 293T cell cultures 
were fractionated using a Superose-6 10/300 GL column (GE Healthcare, Diegem, The 
Netherlands), equilibrated with phosphate buffered saline, using an Äkta FPLC system 
(GE Healthcare, Diegem, The Netherlands). Fractions were analyzed by SDS-PAGE and 
western blot. 

Ni-NTA trimer ELISA

Supernatants from HEK 293T cells transiently transfected with His-tagged Env proteins 
were diluted 1:3 in TBS/10% FCS and added for 2h to pre-blocked Ni-NTA Hissorb 96-
well plates (Qiagen). After 3 washes using TSM (20 mM Tris, 150 mM NaCl, 1 mM CaCl2, 
2 mM MgCl2), HIVIg, a MAb or CD4-IgG2 in TSM/5% BSA was then added at a defined 
concentration for 2h, followed by 3 washes with TSM/0.05% Tween-20. When appropriate, 
Env proteins were incubated with sCD4 for 30 min. prior to addition of a MAb. HRP-
labeled goat-anti-human immunoglobulin G (IgG) (Jackson Immunoresearch, Suffolk, 
England) was then added for 30 min at a 1:5000 dilution (final concentration 0.2 µg/
ml) in TSM/5% BSA, followed by 5 washes with TSM/0.05% Tween-20. Colorimetric 
detection was performed using a solution containing 1% 3,3’,5,5’-tetramethylbenzidine 
(TMB, Sigma-Aldrich, Zwijndrecht, The Netherlands) and 0.01% H2O2 in a 100 mM 
sodium acetate, 100 mM citric acid buffer. The colorimetric reaction was stopped using 
0.8 M H2SO4 when appropriate, and absorption was measured at 450 nm. 

Molecular models

The various mutant and evolved ∆V1V2 gp120 core variants were modeled using SWISS-
MODEL (63) based on the coordinates of the gp120 core in complex with CD4 and 17b 
(PDB accession code 1G9M)(64). Three gp120 molecules were aligned using a trimer 
model that was previously generated based on quantifiable parameters (65,66). Glycans 
were modeled using GlyProt (67). Based on site-specific glycan profiling of gp120 (68-
70), the most commonly found glycans were built onto gp120: Man6GlcNAc2 at position 
241; Man7GlcNAc2 at positions 234, 262, 289, 356 and 448; Man8GlcNAc2 at position 
230; Man9GlcNAc2 at positions 295, 332, 339, 386, and 392; the sialylated diantennary 
complex NeuAc2Gal2GlcNAc2Man3GlcNAc2Fuc at positions 197, 276 and 464; the 
sialylated tetraantennary complex NeuAc4Gal4GlcNAc4Man3GlcNAc2Fuc at position 
88. We realize that this assignment of N-glycans is imperfect and incomplete. Thus, the 
glycan composition can be heterogeneous at each gp120 site, it depends on the producer 
cell type and it can vary between virus isolates. Furthermore, experimental determinations 
of the glycans on monomeric gp120 probably do not fully predict how a complete Env 
trimer is glycosylated (48).
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Glycans were built onto gp120 using the default rotation angles computed by GlyProt. 
The resulting structures were inspected for clashes with neighboring glycans, other 
gp120 protomers within the trimer, and CD4. Except for the 197 glycan, no clashes were 
observed using the default parameters. The 197 glycan clashed with the other gp120 
protomers at the trimer interface, so its conformation was adjusted to prevent both such 
clashes and ones with CD4. Electrostatic surface potentials were computed using Pymol 
and figures were prepared in Pymol (71).
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Abstract
Despite more than 25 years of research, no effective vaccine has yet been developed 
against HIV-1. Recent evidence suggests that such a vaccine would need to induce both 
an effective T cell and antibody response. For the vaccine component focused on inducing 
humoral immunity, the HIV-1 envelope (Env) glycoprotein complex seems essential as it is 
the only viral protein on the outside of the virion. HIV-1 has evolved several mechanisms 
to evade the mounting of a successful immune response. One such a mechanism consists 
of the variable loop domains, which are highly flexible structures that shield conserved 
epitopes. We therefore hypothesized that removal of such loops would increase the 
exposure and immunogenicity of these conserved epitopes. Env variable loop deletion 
however often leads to protein misfolding and aggregation due to hydrophobic patches 
becoming solvent accessible. We therefore previously used virus evolution to acquire a 
functional Env protein with V1V2 loop deletion. Three mutants were found to perform 
optimally in terms of protein expression level, stability, trimerization and folding. In 
this study we characterize the immunological responses to these antigens. To this end 
a dermal DNA immunization experiment was performed in rabbits. The V1V2 deletion 
mutant ΔV1V2.9.VK was found to induce a prominent response to epitopes that are not 
fully available on the other Env proteins tested but mediated binding and neutralization 
of ΔV1V2 Env. This variant also induced more efficient neutralization of the tier 1 virus 
SF162. This advantage was lost after booster immunization with full-length Env protein. 
This result suggests that deletion of variable domains can indeed refocus the immune 
response, but despite the successful refocusing of the antibody response V1V2 deletion 
from Env trimers did not result in neutralization of more neutralization-resistant virus 
isolates. 
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Introduction 
In 2008, 2.7 million people were newly infected with the human immunodeficiency virus 
type 1 (HIV-1) and 2.0 million died of AIDS-related illnesses (1). An effective vaccine 
could prevent new infections and future deaths, but no such vaccine has been developed 
yet. Recently a vaccine candidate was claimed to induce some protection in phase III 
trials (2), although the degree and mode of protection is still under debate and it is 
questionable whether the use of a vaccine with only 31% efficacy would have a significant 
effect on the epidemic (3). Thus, there is a need for the design of improved vaccines.

Traditional antiviral vaccines typically consist of live-attenuated or inactivated 
virus as these are usually effective in achieving protection against subsequent infection. 
Although live-attenuated HIV-1 was shown to induce protection against infection, it is 
not considered safe for public use because of the risk of reversion of the vaccine strain 
to a pathogenic variant (4-8). Inactivated HIV-1 is safe, but was found to be ineffective 
in raising a sufficiently neutralizing antibody response (9). Effective subunit protein 
vaccines have been developed for hepatitis B virus (HBV) and human papillomavirus 
(HPV) (10,11), but HIV-1 protein subunit vaccines have not been effective so far (12,13). 

A vaccine aimed at generating a humoral response against HIV-1 would have to 
include at least some component of the envelope glycoprotein complex (Env), because it 
is the only viral protein accessible for antibodies on the intact virus particle and therefore 
the only component able to induce neutralizing antibodies (NAbs). The functional 
HIV-1 Env complex is a heterotrimer consisting of 6 subunits; three gp120 and three 
gp41 molecules. Collectively, the gp120 and gp41 molecules mediate entry of HIV-
1 into CD4+ T cells. Since the surface subunit gp120 is a relatively large component of 
the Env complex compared to the transmembrane subunit gp41 and the complex is not 
stable as a whole, initially Env subunit vaccines were tested containing only the gp120 
Env component. However, these were not able to induce protective immune responses 
including neutralizing antibody responses (14,15), emphasizing the need for more 
sophisticated Env immunogens.

Env has evolved several defense mechanisms in order to limit the induction and 
binding of neutralizing antibodies. One such mechanism is the abundant exposure 
of “decoy” epitopes on non-functional forms of Env which induce non-neutralizing 
antibodies that do not bind the functional Env trimer (16). Non-functional Env forms 
derive from various sources, including the functional Env complex, which exposes gp120 
after gp41 shedding. As a consequence, the antibody response is dominated by non-
neutralizing specificities that are ineffective, both in naturally infected individuals as well 
as individuals vaccinated with gp120 subunits. 

Another defense mechanism developed by HIV-1 is the presence of several highly 
variable domains that cover the more conserved protein components of gp120 from 
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recognition by antibodies. These variable loops generally are immunodominant and 
antibody binding to these loops can lead to virus neutralization, but in most cases the 
virus can easily escape from such antibodies by mutation of the loop without jeopardizing 
Env function (17,18). The more conserved parts of the V1V2 domain can be targeted 
by broadly neutralizing antibodies as demonstrated for the newly identified broadly 
neutralizing PG9 and PG16 antibodies (19-21). 

A third protection mechanism is the use of a “glycan shield” that decorates the 
outside of the functional Env trimer complex (22-24). The Env amino acid sequence 
harbors approximately 24 consensus sites for N-linked glycan attachment depending on 
the virus isolate, of which most are used (25). Approximately half of gp120’s molecular 
weight consists of glycans, and gp41 is also glycosylated. Because the N-glycans on Env 
are synthesized by the host cell protein glycosylation machinery, these are usually not 
considered foreign by the immune system. By hiding its critical epitopes underneath 
N-glycans, HIV-1 effectively prevents the induction of a neutralizing antibody response 
to these antibodies. Furthermore, some studies suggest that the oligomannose residues 
of the glycan shield play a role in interfering with dendritic cell (DC) function (26-28), 
which may contribute to the inefficient initiation of an antibody response against gp120 
and may explain why antibody levels wane quickly. As many N-glycans are anchored to 
the variable loops, these two protection mechanisms are interlinked. 

To solve the instability of the Env complex and to prevent the exposure of 
nonneutralizing decoy epitopes on nonfunctional Env forms we and others have 
engineered recombinant versions of the native, trimeric complex. Our approach has 
been to stabilize the gp120-gp41 (SOS gp140; (29) and gp41-gp41 (SOSIP gp140; (30)) 
interactions, while ensuring precursor cleavage. 

Stabilized, soluble Env trimers still contain the variable loop and glycan shield defenses, 
which could be one reason why they are only slightly better at inducing neutralizing 
antibodies than monomeric gp120. Deletion of the V1V2 loops can be a means of 
improving the exposure of neutralizing epitopes and enhancing the immunogenicity of 
gp120 (31-36). We have also attempted to develop Env variants with a reduced number of 
variable loops, but deletion of variable loops proved problematic in the context of soluble 
Env trimers because of misfolding, aggregation and other problems associated with the 
aberrant exposure of hydrophobic domains ((37-40) and unpublished results). Virus 
evolution experiments with ΔV1V2 gp160 in the context of live virus proved successful 
at largely overcoming these obstacles, leading to ΔV1V2 variants with greatly improved 
function due to the selection of compensatory mutations near the ΔV1V2 stump. Three 
mutants seemed to perform best in terms of stability and expression levels; ΔV1V2.2, 
ΔV1V2.4.DNGSEK and ΔV1V2.9.VK (40,41).

The efficient expression of soluble ΔV1V2 Env trimers allowed us to test their 
immunogenicity in rabbits. Here we characterize the immune response to these three 
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V1V2 deletion mutants compared to wild-type Env. All variants induced antibodies 
against gp120 and trimeric Env. Env ΔV1V2.9.VK seemed to induce the highest antibody 
titers to neo-epitopes, but also induced stronger neutralization of the SF162 strain than 
wild-type Env at early time points. This suggests that refocusing of the immune response 
to other epitopes on Env is feasible by means of deletion of the V1V2 region, although it 
did not result in neutralization of more neutralization-resistant virus isolates.

Results
Design and construction of evolved ΔV1V2 Env trimers

In order to refocus the antibody response from variable domains towards more conserved 
epitopes of the HIV-1 Env protein, variable domains were removed. Several studies have 
investigated removal of the V3 or V4 region, but this resulted in a total loss of Env function 
and virus infectivity (40,42-45). Deletion of the V1V2 variable domain also results in a 
loss of Env function, but we previously selected improved virus variants with restored Env 
function due to compensatory amino acid substitutions. Three ΔV1V2 trimer constructs 
behaved best in terms of Env function, trimer expression and protein stability (40,41). 
The ΔV1V2.2 construct was originally designed such that the disulfide bond between 
residues C126 and C196 was replaced by two alanines to create a continuous protein 
backbone between these two residues. The other two variants, ΔV1V2.4.DNGSEK and 
ΔV1V2.9.VK, retained cysteines C126 and C196 and a few amino acids in between, but 
they contain compensatory changes that neutralize a hydrophobic patch at the V1V2 stem 
that becomes exposed upon V1V2 deletion (40,41). The G127S substitution in variant 
ΔV1V2.4.DNGSEK and the G128D and V120K substitutions in variant ΔV1V2.9.VK 
reduce the hydrophobic patch by substituting a hydrophobic amino acid for a hydrophilic 
one. The D197N substitution in ΔV1V2.4.DNGSEK generates a glycosylation site and the 
attached N-glycan contributes to covering of the hydrophobic patch.

 These three variants were generated in a stabilized gp140 construct based on the 
CCR5-using clade B isolate JR-FL. The various modifications to stabilize gp140 trimers 
have all been described in detail (29,30,46) and are indicated in Fig. 1A-B. In order 
to target the ΔV1V2 gp140 trimers to dendritic cells and B cells to enhance immune 
responses (47), we added the sequences of CD40 ligand (CD40L) to the C-terminus of 
gp140. However in concurrent studies, we found that antibody responses were more 
efficiently enhanced by fusion of Env to the B cell activating molecule A PRoliferation-
Inducing Ligand (APRIL) (Chapter 8/ (48)).

To investigate the expression level and stability of the ΔV1V2 fusion proteins, the 
proteins were transiently expressed in HEK 293T cells and analyzed by SDS-PAGE and 
Blue Native PAGE (BN-PAGE). All constructs were secreted efficiently from HEK 293T 
cells, although the expression of the ΔV1V2 variants seemed slightly reduced compared 
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to the control construct containing a full-length V1V2 domain (Fig. 1C, upper panel). 
The ΔV1V2 constructs migrated faster through the gel, consistent with the reduction in 
molecular weight of approximately 20 kDa (140 kDa vs 120 kDa) (Fig. 1C, upper panel). 
Note that the fusion constructs are not cleaved since adding protein domains to the 
C-terminus of SOSIP.R6 gp140 trimers renders them uncleavable (47). BN-PAGE analysis 
showed that all fusion proteins were predominantly trimeric although considerable 
amounts of dimer and trace amounts of monomer were also visible (Fig. 1C, lower panel). 

Evolved ΔV1V2 trimers induce Env specific antibody responses 

 To test whether V1V2 deletion resulted in the improved induction of neutralizing 
antibody responses we set out to compare the antibody responses induced by the different 
constructs in a rabbit immunization experiment. We used rabbits because the mouse 
model is generally a poor choice for studying neutralization responses to HIV-1 Env (17). 
Four groups consisting of four rabbits were immunized with plasmid DNA encoding 
one of the three ΔV1V2 constructs or with the V1V2-containing control. Immunizations 
were performed using dermal gene gun technology at wk 0, 2, 4 and 8 (Fig. 2A), whilst 
at week 16 all rabbits were boosted with the same protein immunogen; cleaved JR-FL 
SOSIP.R6 gp140 (“P-Env”) in Quil A adjuvant. The rationale for this choice of boosting 
protein was two-fold. First, we hypothesized that boosting with a full-length Env might 
boost antibody specificities generated by ΔV1V2 Env that recognize the full-length 
trimer. Second, we envisioned that boosting with a cleaved protein might selectively 
boost responses that recognize the cleaved Env protein.

The generated sera were tested for their capacity to bind V1V2-containing gp120 
in ELISA. The anti-gp120 binding IgG titers induced by the three ΔV1V2 constructs 
appeared slightly lower than those induced by full-length Env (Fig. 2B-C). Although this 
difference was not significant it may reflect the slightly reduced expression levels (Fig. 
1C, upper panel), but alternatively could be explained by the lack of antibody responses 
against the V1V2 domain. After boost immunization with P-Env, titers rose to comparable 
levels in all groups (Fig. 2B-C). 

Next, we investigated the presence of trimeric Env-binding antibodies. For this, we 
used a full-length stabilized trimeric JR-FL SOSIP.R6 gp140 with a C-terminal D7324 
epitope that allows efficient capture in ELISA (“Env-D7324”) (46,48). All four constructs 
induced anti-trimer IgG responses. Again the responses induced by the ΔV1V2 Env 
variants were slightly lower than those triggered by full-length Env, but the difference 
was not significant (Fig. 2D). We also determined the total IgG level in the sera, which 
were  found to be very similar (data not shown). 
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Figure 1: Env ΔV1V2 mutants are expressed and trimeric. (A) Linear representation of Env and the 
mutants Env ΔV1V2.2, ΔV1V2.4.DNGSEK and ΔV1V2.9.VK. The clade B JR-FL gp140 (amino acids 31-
681) contains several modifications which have been indicated in the schematic (M&M). (B) Schematic 
of the ΔV1V2 constructs used. (C) Reducing SDS-PAGE (upper panel) and Blue Native-PAGE (lower 
panel) analysis of Env ΔV1V2.2, ΔV1V2.4.DNGSEK and ΔV1V2.9.VK secreted from transiently 
transfected HEK 293T cells.
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Evolved ΔV1V2 trimers do not induce broadly neutralizing 
antibody responses

We next studied the sera for virus-neutralizing capacity against various tier 1 and tier 2 
HIV-1 strains. We first tested the ability of the rabbit sera to neutralize the SF162 strain 
in a single cycle infection assay based on TZM-bl reporter cells (Table 1). SF162 is a 
highly neutralization sensitive strain that is classified as tier 1 (49,50). For instance, SF162 
is relatively sensitive to V3-directed antibodies. Because of this ultra-sensitivity, SF162 
neutralization can be a useful tool to detect early responses or subtle differences. As 
expected, neutralization by the pre-bleed control samples was low and the neutralization 
titers gradually increased at weeks 6 and 12. The ΔV1V2.9.VK-induced sera neutralized 
SF162 more efficiently than the three other immunization groups at weeks 6 and 12. 
Most sera were able to efficiently neutralize SF162 at week 18 after P-Env boost, and no 
differences were apparent anymore among the sera. 
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Figure 2: Env and ΔV1V2 mutants induce similar 
antibody titers (A) Immunization scheme used in 
this study (B) Midpoint IgG anti gp120 binding 
titers of the rabbit sera as determined by ELISA 
for all measured time points. (C) Midpoint 
IgG gp120-binding titers of the rabbit sera as 
determined by ELISA for week 0, 12 and 18. (D) 
Midpoint IgG anti full-length trimeric gp140 
binding titers of the rabbit sera as determined by 
ELISA for week 0, 12 and 18.

Next, we tested the more neutralization-
resistant tier 2 JR-FL strain (49,50), which is 
homologous to the immunogen (Table 2). 
JR-FL neutralization titers were low at week 
12, but somewhat increased at week 18. Env 
ΔV1V2.9.VK did not induce significant 
neutralization of JR-FL, even at week 18. 
Env ΔV1V2.2 and Env ΔV1V2.4.DNGSEK 
induced titers >25 in 2/3 and 2/4 rabbits per 
group, respectively. At week 18 full-length 
Env primed rabbits seemed to perform 
best at neutralizing JR-FL with 2/4 rabbits 
neutralizing at titers >25 and another 
rabbit serum neutralizing at a titer of 86. 
Neutralization of the tier 2 LAI strain was 
also analyzed for several reasons. Besides 
being a tier 2 virus (49,50), LAI is a CXCR4-
using virus, which might respond differently 
to the induced antibodies than the CCR5-
using JR-FL strain. Furthermore, LAI is the 
strain in which the original ΔV1V2 mutants 
were created. Neutralization of LAI was 
only sporadically observed. At both week 
12 and 18 there was one serum that was able 
to neutralize at titers >25, but these were 
from two different animals. Both animals 
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belonged to the full-length Env immunization group. The mildly better neutralization 
by the full-length Env immunized animals was significant (p<0.05) for the week 12 sera. 

These results were largely corroborated by independent analysis of the week 18 serum 
samples at the Duke Central Immunology Laboratory for AIDS Vaccine Research and 
Development (Table 3). Although the neutralization titers obtained were generally higher 
than with our in-house assay, the trends observed for the SF162.LS and BaL.26 virus strains 
were similar, with Env inducing most efficient neutralization of these two strains at weeks 
12 and 18. Three out of four sera from rabbits treated with full-length Env neutralized 
SF162.LS at titers >250, whereas one out of four Env ΔV1V2.2 and ΔV1V2.9.VK sera were 
able to do so. None of three ΔV1V2.4.DNGSEK sera neutralized SF162.LS at titers >250. 
The Env immunization group was also able to neutralize the BaL.26 strain most efficiently 
with 2/4 sera having titers >100. Env ΔV1V2.2, ΔV1V2.4.DNGSEK and ΔV1V2.9.VK 
showed a reduced BaL.26 neutralizing capacity with 1/3, 1/4 and 0/3 sera, respectively, 
having titers >50. The pattern seemed to be somewhat different for the tier 1 MN strain, 
which was neutralized most efficiently by ΔV1V2.4.DNGSEK-induced sera with 3/4 sera 
having titers >250. The other immunogens performed less well, showing neutralization 
with 1/4, 1/3 and 0/3 sera for Env, Env ΔV1V2.9.VK and Env ΔV1V2.2, respectively. 

Other serum factors can influence the apparent neutralization capacity, such as 
IFNγ or factors influencing cell viability. In order to rule out such effects, sera samples 
from rabbits E307 (Env ΔV1V2.2), F312 (Env ΔV1V2.4.DNGSEK) and G314 (Env 
ΔV1V2.9.VK) were IgG-depleted using protein G-coupled agarose beads. This depleted 
serum containing less than 5% of original IgG level (data not shown) was tested for 
standard SF162 neutralization and compared with the (semi-purified)  IgG eluted from 
the beads (75% recovery) (data not shown) and the original, untreated serum. The 
depleted sera were unable to neutralize SF162 to a significant level (data not shown) 

Table 1: Midpoint neutralizing titers of SF162 at week 0, 6, 12 and 18 

Animal # Wk 0 Wk 6 Wk 12 Wk 18
Env D301 10 11 10 23

D302 10 10 10 51
D303 11 14 12 90
D304 11 73 123 393

Env ΔV1V2.2 E305 20 10 11 11
E306 20 23 10 22
E307 17 33 34 113
E308 18 11 10 ND

Env ΔV1V2.4.DNGSEK F309 19 23 10 35
F310 11 22 10 137
F311 18 30 20 64
F312 40 42 27 200

Env ΔV1V2.9.VK G313 10 71 37 75
G314 33 42 74 345
G315 13 23 66 ND
G316 10 28 16 58

SF162

ND=Not Determined (rabbit died during study)
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whereas the purified IgG and control original sera were able to do so (Fig. 3). In contrast, 
the purified IgG was at least as active as the original sera when compensating for the 
different volumes after purification.

Evidence for neo-specificities induced by ΔV1V2.9.VK but not 
ΔV1V2.2

There were no significant differences between the immunization groups in antibody 
binding to gp120 and trimeric Env and neutralization of various virus strains. We 
therefore set out to investigate whether the antibody specificities induced by the ΔV1V2 
mutants were qualitatively different from those induced by full-length Env. In particular, 
we were interested to know whether the heavily modified deletion variants induced 
antibodies against neo-epitopes. The induction of neo-specificities is a concern with any 
modified (Env) immunogen, although it is also a property that is rarely looked at. One 

Table 2: Midpoint neutralizing titers of LAI and JR-FL virus at week 12 and 18 

Animal # Wk 12 Wk 18 Wk 12 Wk 18
Env D301 10 23 16 10

D302 10 15 20 10
D303 10 86 14 29
D304 10 36 28 11

Env ΔV1V2.2 E305 10 31 10 10
E306 10 12 10 10
E307 25 39 10 16
E308 13 ND 10 ND

Env ΔV1V2.4.DNGSEK F309 21 30 10 10
F310 10 27 10 10
F311 11 18 10 10
F312 10 17 10 13

Env ΔV1V2.9.VK G313 11 10 10 13
G314 11 12 10 19
G315 19 ND 10 ND
G316 10 10 10 12

JR-FL LAI

ND=Not Determined (rabbit died during study)

Table 3: Midpoint neutralizing titers of LAI ΔV1V2.2, LAI ΔV1V2.4.DNGSEK and LAI 
ΔV1V2.9.VK virus at week 12 and 18

Animal # MN SF162.LS BaL.26
Env D301 68 2136 170

D302 122 281 23
D303 20 76 20
D304 1438 2076 109

Env ΔV1V2.2 E305 23 23 20
E306 149 48 20
E307 58 268 78
E308 ND ND ND

Env ΔV1V2.4.DNGSEK F309 20 20 20
F310 325 120 20
F311 357 197 20
F312 975 171 88

Env ΔV1V2.9.VK G313 47 57 20
G314 280 353 20
G315 ND ND ND
G316 20 25 20

ND=Not Determined (rabbit died during study)
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could expect that removal of the V1V2 loop creates new epitopes, for example around 
the V1V2 stump. The creation of such neo-epitopes may be apparent for individual or 
all ΔV1V2 variants. In the former scenario, each particular variant will induce antibody 
specificities that preferentially recognized the homologous deletion variant in ELISA. In 
the latter scenario, the ΔV1V2 variants will induce specificities recognizing all ΔV1V2 
variants more efficiently than full-length Env. 

All sera were shown to interact similarly with trimeric Env in ELISA (Fig. 2D). To test 
whether significant neo-specificities were induced by the ΔV1V2 immunogens, we tested 
each serum for binding to trimeric ΔV1V2.2, ΔV1V2.4.DNGSEK and ΔV1V2.9.VK in 
this ELISA format. In general, the binding patterns were similar to the anti-gp120 and 
anti-trimeric Env titers determined earlier (Fig. 2C-D). Full-length Env induced slightly 
higher binding titers against the ΔV1V2.2, ΔV1V2.4.DNGSEK and ΔV1V2.9.VK variants 
compared to the ΔV1V2 immunogens themselves, but the differences were not significant 
(data not shown). To qualitatively asses the specificities against ΔV1V2 versus full-length 
Env trimers, the ratio of the midpoint binding titers to ΔV1V2 Env and full-length Env was 
calculated for each serum (Fig. 4). This ratio can be influenced by several factors. Certain 
epitopes will be exposed more significantly on ΔV1V2 versus full-length Env, but we 
controlled for this by also testing sera that were induced by full-length Env. Furthermore, 
a lack of V1V2-directed specificities may lower the ratio. Conversely, abundance of 
neo-specificities against ΔV1V2 Env should increase the ratio. For sera from animals 
immunized with full-length gp140, this ratio was ~ 0.5-0.7 at both week 12 and week 
18. Similar results were observed for the ΔV1V2.2 Env sera. In contrast, ΔV1V2.9.VK 
Env induced antibodies that recognized ΔV1V2 Env more efficiently, yielding ratios of 
~ 0.8-1.2 at week 12. This difference was statistically significant at week 12 for binding 
to ΔV1V2.2 Env by ΔV1V2.9.VK induced sera versus full-length Env induced sera 
(p<0.05). The sera from ΔV1V2.4.DNGSEK immunized animals also appeared to have 
a more ΔV1V2 biased response (ratios of ~0.6-0.9), although the increase compared to 
animals immunized with full-length Env was not statistically significant.

Interestingly, after boosting with full-length Env protein at week 16, the ΔV1V2/
Env binding ratio in the sera from animals primed with the full-length, ΔV1V2.2 or 
ΔV1V2.4.DNGSEK Env were not significantly changed. In contrast, the ratio in the 
ΔV1V2.9.VK primed rabbits decreased to levels comparable to those in the other groups 
(0.5-0.9), indicating that full-length Env is recognized better than ΔV1V2 Env compared 
to before the boost. Thus, in the ΔV1V2.9.VK primed rabbits, the booster immunization 
with full-length Env protein selectively boosted specificities or induced specificities de 
novo, other than or at the expense of the neo-specificities induced during the priming 
phase (Fig. 4).
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Neo-specificities induced by ΔV1V2.9.VK mediate neutralization 
of ΔV1V2 virus

We wondered whether the neo-specificities induced by ΔV1V2.9.VK Env resulted in 
enhanced neutralization of the ΔV1V2 virus. In order to measure this we tested these 
sera against a panel of LAI viruses with the exact ΔV1V2 deletions as present in the 
immunogens. These viruses are described in detail elsewhere (41). Note that these viruses 
are homologous to the immunogens in terms of the V1V2 deletions, but heterologous 
in terms of the Env backbone. The immunogens are based on the CCR5-using JR-FL 
isolate and the viruses are based on the CXCR4-using LAI isolate. The advantage of this 
mismatch is that we can exclude type-specific neutralizing responses against for example 
the V3 domain. 

V1V2 deletion renders the LAI virus dramatically more sensitive to neutralization by 
monoclonal Abs (41). Indeed, we also observed a dramatically enhanced sensitivity to 
neutralization by the rabbit sera of the ΔV1V2 virus compared to the parental LAI strain 
(Table 4). Consistent with the binding data (Fig. 2C-D) and the presence of ΔV1V2-
directed neo-specificities, the ΔV1V2.9.VK sera from week 12 were most efficient at 
neutralizing the ΔV1V2 viruses. At week 12 before the full-length protein boost, 3 out 
of 4 sera of the ΔV1V2.9.VK group neutralized ΔV1V2.2 and ΔV1V2.9.VK virus at 
titers >50, compared to 1/4 sera from the full-length Env and ΔV1V2.4.DNGSEK Env 
immunized groups and 0/4 of the ΔV1V2.2 Env immunized group. None of the week 
12 sera neutralized ΔV1V2.4.DNGSEK virus efficiently, except for sera from rabbit 
F311, which was immunized with the 
“homologous” ΔV1V2.4.DNGSEK Env 
protein. This difference was statistically 
significant (p<0.05). At week 18 after the 
P-Env boost, most sera neutralized the 
ΔV1V2.2 and LAI ΔV1V2.9.VK viruses 
efficiently and about half of the sera 
neutralized the ΔV1V2.4.DNGSEK virus 
at titers >50, but no significant differences 
were observed between the groups primed 
with full-length Env or any of the ΔV1V2 
variants, consistent with the binding data 
(Fig. 2C-D), confirming that the refocusing 
of the Ab response by ΔV1V2.9.VK Env 
was reversed by protein boosting with full 
length Env.
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Figure 3: Neutralization is mediated by IgG. 
For 4 rabbits, one from each group, IgG levels 
were depleted to less than 5% of original serum 
levels using protein G-coupled agarose beads, 
after which the midpoint neutralizing titers 
were determined for the untreated serum, IgG 
depleted serum and IgG eluted from the protein 
G-coupled beads. Depleted sera showed very little 
neutralization (data not shown).
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Discussion
In this study we have investigated the immunogenicity of three ΔV1V2 deleted variants 
of the HIV-1 Env protein. These modified Env proteins were based on previous 
evolutionary, functional and biochemistry studies in which they performed optimally in 
terms of protein folding, expression level and Env function compared to other mutants. 
We studied the immunogenicity of the three selected ΔV1V2 variants and full-length Env 
in rabbits that were primed by DNA gene gun immunization and boosted with stabilized 
gp140 trimers containing the complete V1V2 domain. The rationale for investigating the 
immunogenicity of ΔV1V2 mutants was improve the exposure of conserved neutralization 
epitopes that are (partially) shielded by the V1V2 loops (31,51,52). Thus, we hypothesized 
that ΔV1V2 Env variants might induce a more broadly neutralizing response compared 
to full-length Env. The ΔV1V2.9.VK Env variant did indeed induce antibody responses 
that led to enhanced neutralization of ΔV1V2 virus and the neutralization sensitive tier 
1 virus SF162, but the effect was reversed after boosting with full- length protein. No 
significant neutralization of tier 2 viruses such as JR-FL or LAI was observed for any of 
the ΔV1V2-induced sera. 

 We found that antibody titers induced by ΔV1V2 Env against gp120 and trimeric 
full-length gp140 were slightly lower compared to the titers induced by full-length Env, 
although the results were not statistically significant (Fig. 2). These results may relate to 
the absence of anti-V1V2 responses. Alternatively, the slightly reduced expression level 
of the V1V2 variants may be the cause (Fig. 1C). It is possible that a significant fraction 
of antibodies is directed against neo-epitopes on and/or around the V1V2 stump that are 
not present or exposed on full length Env. 

To explore this further for each serum we determined the ratio of antibody titers 
against each ΔV1V2 Env variant versus the wild-type, full-length Env (Fig. 4). We found 
that full-length Env induced a significant portion of antibodies that was able to bind full-
length Env, but not the ΔV1V2 Env mutants, as indicated by a low ΔV1V2/Env ratio. 
This may suggest that a significant portion of these antibodies target the V1V2 loops, 
as this is the main difference between the two immunogens. Rabbits immunized with 
ΔV1V2.2 Env developed antibodies that produced a similar pattern to that induced by 
full length Env. Why these sera would recognize full-length Env better than the exact 
ΔV1V2.2 Env variant that was used for immunization is not clear. Thus, there was no 
preferential recognition of the ΔV1V2 Env mutant used for the immunization. This 
suggests that few antibodies induced by the ΔV1V2 Env variants target neo-epitopes on 
the homologous ΔV1V2 stumps. ΔV1V2.9.VK induced the highest ΔV1V2/Env ratio’s, 
suggesting that ΔV1V2.9.VK did induce neospecificities, but not ones that depend on the 
exact sequence or structure of the ΔV1V2.9.VK V1V2 stump because the ΔV1V2.2 and 
ΔV1V2.4.DNGSEK were also more efficiently recognized. 
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ΔV1V2 viruses and SF162 compared to the other immunization groups was also lost. 
Our rationale for boosting with a full length was to boost ΔV1V2 responses that would 
nevertheless recognize full length Env. Knowing the outcome of the experiment, we might 
have chosen a ΔV1V2.9.VK Env as the boosting protein, although there is certainly no 
guarantee that this would have resulted in neutralization tier 2 viruses. 

We can only guess as to why ΔV1V2.9.VK Env induced a different response than the 
other two ΔV1V2 Env mutants. The SF162 virus and ΔV1V2.2 and ΔV1V2.9.VK LAI 
variants are more efficiently neutralized by ΔV1V2.9.VK induced sera. This suggests that 
the response is directed at (a) region(s) that are exposed on nonneutralization sensitive 
viruses, but not on neutralization resistant viruses. A previous study from our group 
indicated that ΔV1V2.9.VK is slightly more sensitive to antibodies that target the CD4 
binding site (CD4BS). It could be that the CD4BS is better exposed on ΔV1V2.9.VK, 
leading to increased induction of CD4BS-targeting antibodies. Alternatively, the V3 may 
be targeted more efficiently. It is known that SF162 is more sensitive to V3 neutralization 
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Figure 4: Env ΔV1V2.9.VK induces he highest 
ratio of ΔV1V2 to full-length Env titers. Each 
of the panels indicates the ratio of midpoint 
binding titers against Env ΔV1V2.2 (A), Env 
ΔV1V2.4.DNGSEK (B) or Env ΔV1V2.9.VK (C) 
versus the midpoint titer against full-length Env. 
The legend indicates the immunogen the rabbits 
were immunized with. 

Neutralization of LAI-based ΔV1V2 
virus strains was consistent with the 
ΔV1V2/Env antibody binding ratio’s. 
ΔV1V2.9.VK induced sera with a high 
ΔV1V2/Env ratio also induced a more 
efficient neutralization of ΔV1V2.2 and 
ΔV1V2.9.VK viruses at week 12. The 
enhanced neutralization of ΔV1V2 LAI 
translated to enhanced neutralization 
of SF162, indicating that responses are 
induced to regions normally shielded by 
the V1V2 domain, except on extremely 
neutralization sensitive viruses such as 
SF162. 

Consistent with the lack of ΔV1V2-
specific responses induced by the ΔV1V2.2 
and ΔV1V2.4.DNGSEK immunogens, the 
ΔV1V2/Env ratio’s did not change once 
the rabbits were boosted with full length 
Env at week 16. In contrast, we observed 
a decrease in the ΔV1V2/Env ratio’s for 
the ΔV1V2.9.VK sera upon boosting 
with full length Env, indicating that the 
ΔV1V2-focused response was lost. As 
a result the improved neutralization of 
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than than tier 2 viruses such as JR-FL V1V2 deletion can be accompanied by enhanced 
exposure of the V3 (51,52), although some studies have shown the opposite (31). Another 
possibility is that the induced antibodies do not target neo-epitopes, but cryptic non-
neutralizing epitopes. Thus, ΔV1V2.9.VK may redirect the responses to underlying 
cryptic epitopes that are available on neutralization sensitive viruses, but not on tier 2 
viruses. 

In summary, we succeeded in refocusing the antibody response to Env by deletion 
of the V1V2 domain, but this did not result in efficient neutralization of tier 2 viruses. 
It is possible that optimizing the immunization protocol, for example by priming with 
ΔV1V2 Env and boosting with ΔV1V2 Env, or priming with full length Env and boosting 
with ΔV1V2 Env, will result in responses that are able to neutralize tier 2 viruses more 
efficiently. 

Materials and methods
Plasmids 

We have previously described modifications that improve the stability of soluble, cleaved 
gp140 trimers based on the R5 subtype B isolate JR-FL (29). The amino-acid sequence of 
gp120 and the gp41 ectodomain was modified as follows (Fig. 1A). We introduced: (i) a 
disulfide bond between residues 501 in gp120 and 605 in gp41 (A501C, T605C; (29)); (ii) 
a trimer-stabilizing substitution in gp41 (I559P; (30)); (iii) a sequence-enhanced site for 
furin cleavage (RRRRRR; (53)). We further modified the JR-FL SOSIP.R6 gp140 construct 
to include a C-terminal GCN4-based trimerization domain (isoleucine zipper; IZ) 
(46,47). We have shown that this domain further improves trimer stability. A C-terminal 

Table 4: Midpoint neutralizing titers of MN, SF162.LS and Bal.26 generated by the Duke Central 
Immunology Laboratory for AIDS Vaccine Research and Development

Animal # Wk 12 Wk 18 Wk 12 Wk 18 Wk 12 Wk 18
Env D301 10 26 10 15 10 37

D302 90 128 10 81 97 174
D303 30 576 10 371 25 775
D304 10 10 10 10 17 10

Env ΔV1V2.2 E305 10 25 10 10 10 31
E306 18 114 10 190 30 192
E307 27 342 10 78 82 135
E308 10 ND 10 ND 10 ND

Env ΔV1V2.4.DNGSEK F309 10 18 18 18 51 24
F310 10 156 10 371 14 262
F311 187 330 97 546 162 314
F312 26 108 17 16 46 163

Env ΔV1V2.9.VK G313 187 630 10 267 186 641
G314 112 317 16 212 178 261
G315 67 ND 10 ND 111 ND
G316 10 43 10 23 37 89

ND=Not Determined (rabbit died during study)

LAI ΔV1V2.2 LAI ΔV1V2.4.DNGSEK LAI ΔV1V2.9.VK
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octa-Histidine tag (HHHHHHHHH; H8) was also added. Neither the gene sequence 
nor the mRNA sequence of rabbit CD40L was known before the start of this study. We 
therefore determined it ourselves, as explained in more detail in a previous study (48). 
The ΔV1V2 mutants of Env-CD40L were created by taking the previously created JR-FL 
SOSIP.R6-IZ-His construct with the desired ΔV1V2 mutation and inserting the codon-
optimized active domain of rabbit CD40L downstream of isocleucine zipper (IZ) using 
the restriction sites for Asp718I and SfuI (Fig. 1A). To enable the fair comparison of 
gp120 and trimeric Env, both proteins need to be capture the same way. To that end 
we replaced the C-terminal His tag of SOSIP.R6-IZ-His by the amino acid sequence 
APTKAKRRVVQREKR, the epitope for the capture antibody D7324, creating Env-
D7324, as described previously (46,48).

Cell culture and transient transfection 

HEK 293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM), 
supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), and streptomycin 
(100 µg/ml) as previously described (54). HEK 293T cells were transfected using 
polyethyleneimine (PEI), as described elsewhere (47,55). Briefly, DNA encoding Env 
protein was diluted in DMEM (Invitrogen, Breda, The Netherlands), to 1/10 of the final 
culture volume and mixed with PEI (0.12 mg/ml final concentration). After incubation for 
20 min, the DNA–PEI mix was added to the cells for 4h before replacement with normal 
culture medium containing 10% FCS (HyClone, Perbio, Etten-Leur, The Netherlands) 
MEM nonessential amino acids (0.1 mM, Invitrogen). Culture supernatants were 
harvested 48h after transfection.

SDS-PAGE, Blue Native PAGE and Western blotting 

SDS-PAGE, blue native (BN)-PAGE, and Western blot analysis as described before 
(30,46,47,56,57), using the JR-FL V3-specific mouse MAb PA-1 (58) (a gift from William 
Olson, Progenics Pharmaceuticals).

Gene gun DNA and protein immunizations 

Plasmid DNA was amplified using DH5α cells and isolated using the EndoFree Plasmid 
Giga Kit (Qiagen, Venlo, The Netherlands). The immunizations were carried out at 
Genovac (Freiburg, Germany), under contract. The facilities at Genovac comply with 
the European Community guidelines for animal housing and in vivo experiments. New 
Zealand white rabbits were immunized on weeks 0, 2, 4 and 8 with 125 µg of endotoxin-
free DNA at the abdominal dermis using gene gun technology. On week 16, all rabbits 
were injected with 1 ml PBS containing 30 µg JR-FL SOSIP.R6 gp140 protein without IZ 
(“P-Env”) (29,30,53,59) and 60 µg Quil A. The injections were performed as follows: 300 
µl intradermally (50 µl in each of 6 sites), 400 µl intramuscularly (200 µl into each hind 
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leg) and 300 µl subcutaneously (neck region). Blood samples were obtained on weeks 0, 
2, 4, 6, 8, 12, 16, 18 and the final bleed at week 20. Some animals did not survive until the 
end of the experiment. Note that the control arm Env (group A) containing the V1V2 
domain, was an experimental arm in a study that was performed concurrently on the use 
of co-stimulatory molecules (48).

Env-specific and total immunoglobulin ELISA

Anti-gp120 antibody titers were measured by ELISA essentially as described previously 
(46). Anti trimeric gp140 titers were measured using the Env-D7324 construct (46,48). 
For measuring total serum immunoglobulin levels goat anti-mouse IgG (Jackson 
ImmunoResearch, Newmarket, UK) was coated overnight (10 µg/ml) in 0.1 M 
NaHCO3, pH 8.6 (100 µl/well). After blocking, serially diluted serum was applied for 
approximately 2h. Bound rabbit IgG was detected with HRP-labeled goat anti-Rabbit IgG 
(Jackson Immunoresearch, Suffolk, England; used at 1:5000 (0.2 µg/ml)), followed by 
luminometric detection. Midpoint titers were calculated using Graphpad Prism version 
5.03 by determining the dilution of the serum at which the optical density was 50% of 
maximum.

ΔV1V2 Env ELISA

The C-terminal His tag on SOSIP.R6-IZ-His (“C-Env”) and the C-Env ΔV1V2 mutants was 
used to specifically capture these molecules from transiently transfected cell supernatant 
onto Ni-NTA coated Hissorb 96-well plates (Qiagen, Venlo, The Netherlands). After 2 
hour capture, the wells were washed 3x using TSM (20 mM Tris, 150 mM NaCl, 1 mM 
CaCl2, 2 mM MgCl2), followed by a 2 hr incubation with the rabbit sera, serially diluted 
in SS/ milk (TBS/ 20% sheep serum/ 1.6 % milk). After washing 5x with TSM 0.05% 
Tween 20, the wells were incubated for 1 hour with 1:5000 diluted HRP-labeled Goat-
anti-Rabbit IgG (Jackson) in TSM 5% BSA. The wells were then washed with TSM/ 0.05% 
Tween 20 and developed and stopped as described above. 

Neutralization assays

The TZM-bl reporter cell line stably expresses high levels of CD4 and HIV-1 co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under the 
control of the HIV-1 long-terminal-repeat promoter. The TZM-bl cell line was obtained 
through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, 
NIAID, National Institutes of Health (John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. 
(Durham, NC)). Single-cycle infection experiments and inhibition experiments using 
TZM-bl cells were performed as described (46). Midpoint neutralizing titers of the sera 
were determined by determining at which serum dilution there was 50% of the luciferase 
activity compared to no serum. The percentage of neutralization was determined by 
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measuring how much of the luciferase signal was lost compared to no serum. The viruses 
tested at the Duke Central Immunology Laboratory for AIDS Vaccine Research and 
Development were the tier 1 strains MN, SF162.LS and BaL.26 and the tier 2 strains JR-
FL, 6535.3, QH0692.42, PVO.4 and RHPA4259.7. The sera were heat inactivated (30 min 
56°C) before use.

IgG depletion

120 µl of serum was mixed with 200 µl 50% slurry of Pierce protein G plus agarose 
(Pierce/ Thermo Fischer, Etten-Leur, The Netherlands) and 780 µl phosphate buffered 
saline pH 7.4. This was mixed overnight at 4 °C after which thorough washing using 
1X RIPA buffer. Rabbit IgG was eluted from the beads using 550 µl IgG elution buffer 
(Pierce) and immediate neutralization with 50 µl 1 M Tris-HCl pH 9.5. 

Statistical analyses

All statistical analyses were performed using GraphPad Prism 5.03. Kurskal-Wallis tests 
were performed to compare multiple groups, followed by Dunn’s multiple comparison 
test if the medians were found to be significantly different. 
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Abstract
An effective HIV-1 vaccine should induce strong humoral and cellular immune responses 
that provide sterile immunity against HIV-1 infection over a prolonged period of time. 
Current HIV-1 vaccines have failed to induce these responses. The HIV-1 envelope 
glycoprotein complex (Env) is the target for neutralizing antibody responses, but a 
number of Env properties limit the elicitation of an antibody response that is of good 
quantity and quality. We hypothesized that the immunogenicity of Env could be improved 
by embedding a costimulatory cytokine protein domain within the Env sequence. A 
stabilized Env trimer was engineered harboring the granulocyte-macrophage colony-
stimulating factor (GM-CSF) within the V1V2 domain of gp120. Antibody probing 
with neutralizing antibodies revealed that both the Env and GM-CSF components of the 
chimeric EnvGM-CSF protein were folded correctly. Furthermore, the GM-CSF cytokine as 
part of the chimeric Env molecule was functional in vitro. Mice immunization studies 
demonstrated that the embedded GM-CSF enhanced the Env-specific antibody and T 
cell responses. Collectively, these results show that targeting and activation of immune 
cells using embedded cytokine domains can improve the immunogenicity of subunit 
vaccines.
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Introduction
The HIV-1 epidemic continues to spread worldwide. Control of the pandemic with a 
protective vaccine would be desirable, but despite massive effort over the past 20 years 
such a vaccine remains elusive. Only live-attenuated HIV-1 vaccines provided protection 
against viral challenge in animal models, but live-attenuated vaccines are considered 
unsafe (1-3). Moreover, the immune responses that correlate with protection induced by 
live-attenuated vaccines are incompletely characterized, hampering the design of safer 
vaccines (4).

Preferably an HIV-1 vaccine should induce strong humoral and cellular immune 
responses that are protective against the variety of circulating HIV-1 strains. T-cell based 
vaccines can partially control viral replication and reduce the viral set-point in animal 
models (5), but thus far could not protect humans against infection in clinical trials (6,7). 
HIV-1 envelope glycoprotein gp120 subunit vaccines induced antibody (Ab)-responses 
in monkeys that could inhibit neutralization-sensitive lab strains but not circulating 
primary viruses (8,9). As a result monomeric gp120 failed to induce protective antibody 
responses in clinical phase III trials in humans (10,11). More recently a large HIV-1 
vaccine trial was conducted in Thailand using a recombinant canarypox virus expressing 
HIV-1 proteins followed by a gp120 protein boost that showed a modest reduction in 
HIV-1 acquisition (12). 

Evidence that sterile protection against HIV-1 can be achieved with nAbs was obtained 
in passive immunization studies in monkeys. Infusion of the nAb b12 that binds the CD4 
binding site of the Env, blocked vaginal infection with SHIV in a dose-dependent manner 
(13,14). Other passive immunization studies using broad nAbs, such as F105, 2F5 or 
2G12, also demonstrated that macaques could be protected against SHIV challenge (15-
18). The time window for infused nAb is limited however, since b12 administration 2-18 
h after viral challenge could not provide sterile protection (19). Thus, nAbs can provide 
sterilizing protection, but we currently lack the vaccines to induce them.

The formulation of vaccines in adjuvants can improve their immunogenicity. 
Commonly used adjuvants are toll-like receptors (TLR) and pattern receptor recognition 
agonists, that stimulate immune activation, but also inorganic molecules, emulsion 
surfactants or other carrier delivery methods that have adjuvant immune stimulating 
properties (20). A more delicate strategy to improve vaccine immunogenicity is usage of 
co-stimulatory host derived proteins that specifically activate immune cells as adjuvant. 
Covalently linking adjuvants to antigens appears to improve immune activation more 
vigorously than when administered separately in mixtures (21,22). A few attempts have 
been made to conjugate HIV-1 Env immunogens to co-stimulatory proteins, but the 
improvement of the antibody response was limited (23-25).
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One immune molecule that can serve as an adjuvant in vaccines is the granulocyte-
macrophage colony-stimulating factor (GM-CSF). GM-CSF is produced by fibroblasts, 
activated T lymphocytes, macrophages, tumor cells, endothelial, mesothelial and 
epithelial cells, and functions as a hematopoietic growth factor. This cytokine is secreted 
during various types of inflammation to stimulate proliferation and to prevent apoptosis 
of immune activated cells (26), such as antigen presenting cells (APCs) (27). GM-CSF 
activity is mediated by binding the GM-CSF receptor (GMR) that includes the βc subunit 
that is shared with the interleukin-3 (IL-3) and IL-5 receptor, and a α GMR domain. GM-
CSF signaling is mediated by formation of a hexameric complex consisting of two GM-
CSF molecules and four GMR subunits. Two hexameric GM-CSF-GMR complexes can 
dimerize to form a dodecameric complex. Depending on the concentration of GMCSF 
and the formed ligand-receptor complex, GM-CSF can induce different downstream 
signaling cascades. GM-CSF induces cell survival at low picomolar concentrations, 
whereas at higher concentrations GM-CSF also induced cell proliferation. 

GM-CSF has been used as an adjuvant in HIV-1 vaccine studies with different results. 
Co-delivery of GM-CSF in peptide-based vaccines either as recombinant protein or 
plasmid DNA showed variable results in augmenting HIV-1-specific T cell responses 
(28,29). Co-delivery of GM-CSF with Gag, Pol, and Env DNA boosted with MVA resulted 
in higher avidity of the anti-Env Abs elicited in rhesus macaques (30). Mice immunized 
with a bicistronic plasmid encoding gp120 and GM-CSF from the same promoter 
augmented gp120-specific CD4+ T cell responses (31), whereas delivery of gp120 and 
GM-CSF on two separate plasmids did not enhance the CD4+ T cell immune responses, 
indicating that the delivery method of GM-CSF is important. 

The effect of GM-CSF on immune responses is also dependent on the timing of 
vaccine delivery. In one study, delivery of a GM-CSF plasmid prior to vaccination with a 
plasmid encoding the antigen induced a Th2 response, whereas GM-CSF delivered after 
the vaccination with antigen induced a Th1 response. Simultaneous administration of 
GM-CSF and vaccine induced both Th1 and Th2 immunity (32). The use of GM-CSF in 
humans is safe. Although GM-CSF can induce anti-GM-CSF antibody responses, these 
are not associated with adverse hematologic events (28).

Here we investigated whether GM-CSF embedded within the Env protein complex 
could augment Env-specific immune responses. The rationale was that by embedding 
GM-CSF within the Env protein, immune cells that are targeted by the antigen 
are simultaneously activated by the adjuvant, resulting in a selective and exclusive 
augmentation of the antigen-specific immune response. We replaced the first and second 
variable loop domain (V1V2) of Env by the sequence of GM-CSF. The resulting chimeric 
EnvGM-CSF was folded properly and showed GM-CSF activity in vitro. Moreover, mice 
immunized with the chimeric EnvGM-CSF showed enhanced Env-specific Ab and T 
cell responses compared to mice immunized with the control Env. Embedding cytokine 
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domains in within HIV-1 Env may prove useful for enhancing the immunogenicity 
of Env-based vaccines. Our technology of creating chimeric immunogens could be 
beneficial to provide an HIV-1 vaccine with protective immunity.

Results
Design of an HIV-1 Env trimer with an embedded GM-CSF 
domain

To generate an HIV-1 Env immunogen that is targeted to immune cells and simultaneously 
activates these cells, we deleted the V1V2 domain of Env and replaced it with the complete 
GM-CSF cytokine. The stabilized SOSIP.R6-IZ gp140 protein backbone, hereafter called 
Env, was used in this study (33-37). The sequences of mouse or human GM-CSF (mGM-
CSF or hGM-CSF) were inserted after the second cysteine bridge in the V1V2 stem 
between amino acids 127 and 195 of gp120. To facilitate flexibility at the junctions of 
GM-CSF with Env, linkers encoding the Gly-Ser-Gly sequence were added to the N- and 
C-terminus of the GM-CSF sequence (Fig. 1A and B). In total, 120 and 116 amino acids 
including the linker sequence were introduced for hGM-CSF and mGM-CSF, respectively, 
at the expense of 65 amino acids of the V1V2 domain.

Chimeric EnvhGM-CSF is expressed efficiently and forms trimers 

To determine whether chimeric EnvhGM-CSF protein could be produced and folded correctly, 
we transiently transfected 293T cells with gp140 (Envwt), gp140 lacking the V1V2 domain 
(Env∆V1V2) (38) and EnvhGM-CSF and measured the expression by SDS page and western 
blot analyses (Fig. 2, top panel). All constructs were efficiently expressed and the protein 
molecular weights (MW) were consistent with the expected sizes. EnvhGM-CSF had an 
apparent MW of 150 kDa, followed by Envwt (apparent MW of 140 kDa) and Env∆V1V2 

(apparent MW of 120 kDa). The oligomerization of the three Env protein variants was 
analyzed by blue native PAGE (Fig. 2, bottom panel). Envwt, Env∆V1V2 and EnvhGM-CSF were 
all predominantly expressed as trimers, illustrating that replacing the V1V2 domain with 
hGM-CSF did not affect oligomerization efficiency.

Chimeric EnvhGM-CSF is recognized by neutralizing antibodies 

To determine whether EnvhGM-CSF maintained a similar antigenic structure compared to 
wt Env we performed probing studies with a panel of nAbs and receptor mimics using 
a trimer ELISA (36,39). Binding of polyclonal Ig from pooled HIV-positive patient sera 
(HIV-Ig) to Envwt, EnvhGM-CSF and Env∆V1V2 was comparable (Fig. 3A). We next measured 
the binding of the 2F5 nAb that recognizes an epitope in gp41, distal from the GM-
CSF insertion. 2F5 binding was identical for Envwt, EnvhGM-CSF and Env∆V1V2 (Fig. 3A). The 
human DC-SIGN-Fc protein and 2G12 nAb that both recognize oligomannose N-glycans 
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Figure 1: Design of chimeric EnvGM-CSF. (A) Linear representation of Envwt, EnvΔV1V2 and EnvGM-CSF. The 
clade B JR-FL gp140 (amino acids 31-681) contains several modifications (see materials and methods). 
The amino acid sequences of the Env-GM-CSF junctions are shown. The linker residues are indicated 
in italics and GM-CSF residues in bold type. A site for N-linked glycosylation site is underlined. (B) 
Schematic of EnvGM-CSF compared to Envwt and EnvΔV1V2. The V1V2 loop as present in Envwt was replaced 
by human GM-CSF (amino acids 26-139). 
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on Env also showed no difference in binding to the three Env constructs, revealing that 
the processing and exposure of these N-glycans is unaltered (Fig. 3B). 

We then looked at the binding of Abs with epitopes located near the GM-CSF insertion: 
the V3 loop, the CD4 binding site (CD4BS) and the CD4-induced (CD4i) epitopes. 39F 
directed against the V3 loop recognized the three Env constructs equally well (Fig. 3A) as 
did CD4-IgG2, a receptor mimic for CD4 (Fig. 3C). Binding of the VRC01 nAb, directed 
against the CD4BS, closely resembles the binding of CD4 and was slightly reduced for 
EnvhGM-CSF compared to Envwt and Env∆V1V2 (Fig. 3C). The b12 nAb also directed against 
the CD4BS bound slightly less efficiently to EnvhGM-CSF compared to Envwt or Env∆V1V2 (Fig. 
3C). Thus, the CD4BS on EnvhGM-CSF is intact, but the accessibility and/or conformation of 
the VRC01 and b12 epitope is subtly altered due to the replacement of the V1V2 domain 
by GM-CSF.

Binding of CD4 to Env induces conformational changes that involves rearrangement 
of the V1V2 domain, which exposes the coreceptor binding site and CD4i overlapping 
epitopes. In the absence of CD4 the CD4i MAbs 17b, 48d and 412d bound poorly to 
Envwt

 and EnvhGM-CSF, but binding to Env∆V1V2 was very efficient as published previously 
(Fig. 3D) (38)(chapter 4). Addition of soluble CD4 (sCD4) dramatically increased the 
binding of these mAbs to Env∆V1V2 and particularly to Envwt, but binding to EnvhGM-CSF 
was improved only modestly (Fig. 3E). These results demonstrate that the presence of  
GM-CSF in the V1V2 region limits the accessibility of the CD4i epitopes, or that it blocks 
the conformational changes to expose these epitopes. 

Collectively, these results illustrate that the overall antigenic structure of EnvhGM-CSF 
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Figure 2: EnvGM-CSF is expressed as a trimer. 
Reducing SDS-PAGE (top panel) and Blue Native-
PAGE (bottom panel) analysis of Envwt, EnvΔV1V2 
and EnvGM-CSF proteins secreted from transiently 
transfected 293T cells. Recombinant purified JR-
FL gp120 (50 ng) was included for comparison.

is similar to that of Envwt, but that some 
epitopes located close to the insertion are 
affected by the presence of GM-CSF. 

The GM-CSF domain of 
chimeric EnvhGM-CSF is 
functional

To determine whether the GM-CSF 
domain was folded correctly we performed 
an ELISA assay with a conformation-
dependent and neutralizing anti-GM-CSF 
mAb (Fig. 4A). The EnvhGM-CSF protein was 
efficiently recognized by the mAb, while 
Envwt and Env∆V1V2 were not, indicating 
that the GM-CSF domain within the Env 
backbone is folded properly. 
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The activity of the GM-CSF domain in EnvhGM-CSF protein was tested on TF-1 cells. 
These cells require receptor signaling mediated by GM-CSF to prevent apoptosis and to 
induce cell proliferation. The GM-CSF activity was measured by determining the number 
of living TF-1 cells by FACS flow cytometry after a 5-day culture with 293T supernatant 
containing EnvhGM-CSF, Envwt or EnvV1V2 proteins. Supernatant of untransfected 293T cells 
was used as mock control and recombinant GM-CSF protein diluted in medium (rhGM-
CSF) served as a positive control. The number of living TF-1 cells treated with the mock 
medium (~15.000 events) was used as background and was subtracted from all values. 

EnvhGM-CSF stimulated TF-1 cells proliferated in a dose dependent manner as did the 
cells stimulated with control rhGM-CSF (Fig. 4B). In contrast, apoptosis was observed 
in TF-1 cell cultures inoculated with Envwt, EnvΔV1v2 or mock supernatant. Half maximal 
TF-1 stimulation was achieved at a 1 in 3 dilution of the EnvhGM-CSF containing supernatant. 
The half maximal TF-1 stimulating activity of rhGM-CSF was at a 40-fold dilution 
with an input concentration of 75 U/ml. Based on the comparison of half maximum 
stimulation of rhGMCSF at 1.9 U/ml and EnvhGM-CSF, we estimated that our EnvhGM-CSF 
supernatant had an activity of approximately 5.7 U/ml. The maximal activity of EnvhGM-CSF 
was calculated at 32.000 events, whereas the maximal activity plateau of rhGM-CSF was 
at 41.000 events. This result suggests that the hGM-CSF domain incorporated into Env 
backbone is slightly less potent than free rhGM-CSF.

Modeling an EnvhGM-CSF trimer

Based on the atomic structures of gp120 (40), a gp120 trimer model (41) and GM-CSF 
(42) in addition to criteria provided by the Ab-binding data and functional experiments 
(Fig. 3-4), we generated a structural model of the EnvhGM-CSF trimer. The sequences 
of hGM-CSF were grafted onto the V1V2 stem and the flexible linkers permit GM-CSF 
protrusion to multiple orientations from the gp120 core. Three symmetric EnvhGM-
CSF trimers are shown in figure 5, but we note that the orientation of GM-CSF may not 
be symmetrical for all three gp120-hGM-CSF subunit. All models are compatible with 
VRC01, b12 and CD4 binding. The model with hGM-CSF in the upper position may be 
representative, since the accessibility of the CD4i epitope is restricted by GMCSF in that 
orientation, consistent with our Ab-binding data (Fig. 3).

EnvmGM-CSF induce enhanced Env-specific Ab responses in mice

GM-CSF can be used as adjuvant for vaccines. To test whether incorporation of the GM-
CSF protein within Env would improve Env-specific immune responses, we immunized 
mice with plasmid expressing Env with or without embedded murine GM-CSF by gene 
gun immunization. The mice received immunizations on day 0, 14, 28 and 42 and the 
gp120-specific IgG response over time was measured by ELISA. Sera were serially diluted 
and the Ab-dilution titer that exceeded three times the background level was determined 
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Figure 3: Chimeric EnvhGM-CSF is recognized by neutralizing antibodies. ELISA analysis of the binding of 
various mAbs, HIV-Ig, DC-SIGN-Fc and CD4-IgG2 to EnvhGM-CSF. Supernatant of mock transfected 293T 
cells was used as negative control.
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as the end-point titer (EP) (Fig. 6). Abs directed against Env were detected after the first 
boost on day 14, but at low levels. After the second boost on day 28 Ab titers significantly 
increased. The Ab titer of mice immunized with the EnvmGM-CSF construct was 
3-fold higher than in matched Env control group (471 versus 174, p = 0.03). At day 42 a 
maximal difference was observed between Envwt and EnvmGM-CSF (1357 versus 4918, 
p = 0.0002). The Ab levels dropped from day 42 to day 56, but the difference between 
Envwt and EnvmGM-CSF immunized mice was still apparent, although not statistically 
significant (863 versus 1732, p = 0.08). These results demonstrate that incorporating GM-
CSF as adjuvant within the Env immunogen significantly increased the Ab response to 
the Env component of the chimeric protein.

EnvmGM-CSF induces enhanced Env-specific Th responses 

Since GM-CSF does not act on B cells directly, it was likely that the enhanced antibody 
response was mediated through other cell types. We therefore investigated the Env-specific 
T cell response in spleen cells from the mice immunized with Envwt or EnvmGM-CSF, 
focusing in particular on the induction of cytokines that are important for mediating 
B cell responses. The spleens were harvested on day 56 and their cytokine production 
profile was measured by re-stimulating the splenocytes with recombinant gp120 protein, 
anti-CD3 Ab or mock medium. The cytokine secretion in the splenocyte supernatants 
from each individual mouse was measured with ELISA. 

IL-4 production by the splenic T cells of EnvmGM-CSF group was increased by 6-fold 
compared to the Envwt group (41 pg/ml versus 7 pg/ml, p = 0.0001; Fig. 7A), and IL-4 
secretion induced by the anti-CD3 Ab was also higher in the EnvGM-CSF group (147 pg/
ml versus 75 pg/ml, p = 0.02; Fig. 7B). The Env-specific IL-5 production was similarly 
increased in the EnvmGM-CSF group compared to the control group (45 pg/ml versus 14 pg/
ml, p = 0.02), whereas IL-5 secretion in response to the anti-CD3 Ab was comparable. We 
could not detect Env-specific IL-21 production, but IL-21 production in response to anti-

Figure 4: The GM-CSF domain of chimeric EnvhGM-CSF is functional. (A) ELISA analysis of the binding 
of a neutralizing conformation-dependent anti-hGM-CSF antibody (B) Proliferation of TF1 cells in 
response to rhGM-CSF and supernatant containing EnvGM-CSF or Envwt. Mock supernatant was tested as 
a negative control. 
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CD3 MAb was significantly increased for EnvGM-CSF immunized mice compared to the 
Envwt group (63 pg/ml versus 23 pg/ml, p = 0.003). The gp120-induced IL-2 secretion was 
37 pg/ml for Envwt immunized mice and 54 pg/ml for EnvmGM-CSF mice, but the difference 
was not significant (p = 0.06). The IL-2 secretion in response to anti-CD3 Ab could not be 
detected. No differences in IFN-γ or IL-10 production were observed between the Envwt 

and EnvmGM-CSF immunized mice in response to either gp120 or anti-CD3 MAb.
Collectively, these results indicate that EnvmGM-CSF is better at the induction of Env-

specific Th responses compared to Envwt. Both Env-specific IL-4 and IL-5 responses 
were enhanced in the EnvmGM-CSF immunized mice. Interestingly, IL-21 secretion was 
also enhanced in the EnvmGM-CSF mice, but the secretion could only be triggered by CD3 
ligation, not by gp120, suggesting that EnvmGM-CSF induces an antigen non-specific IL-21 
response. These cytokine data correlate with the enhanced Ab responses.

Figure 5: EnvhGM-CSF trimer models in three different symmetric positions. GM-CSF is shown in up (top 
panels), side (middle panels) or down (lower panels) positions.
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EnvmGM-CSF induces enhanced neutralizing Ab responses

Mice are usually inadequate for measuring Abs that can neutralize HIV infection because 
mice cannot make long Ab CDR3 domains that are usually found in broadly neutralizing 
HIV-1 Abs (43). Furthermore, the immunization protocol use here (DNA only), is not 
optimal for obtaining high titer responses that allow for measuring neutralizing responses. 
We nevertheless tested whether EnvmGM-CSF elicited nAbs. Day 42 sera from 5 mice of 
the Envwt and 5 mice of the EnvmGM-CSF group were pooled and the ability to neutralize 
HIV-1 was tested in a single cycle neutralization assay using TZM-bl reporter cells. As 
expected, the pooled sera could not neutralize the relatively neutralization-resistant tier 
2 isolate JR-FL (data not shown). We next tested the neutralization activity against the 
highly neutralization sensitive tier 1 isolate SF162 (Fig. 8A). Although neutralization of 
SF162 may not have much relevance for vaccines, it provides a first low bar measure 
of the antiviral activity of immune sera. Sera from Envwt and EnvGM-CSF immunized 
mice both yielded neutralizing activity against SF162. The 50% neutralization titer of 
the pooled EnvmGM-CSF sera was significantly higher than that of the pooled Envwt 
sera (368 versus 110, p<0.0001). These results confirm that the replacement of the V1V2 
domain with GM-CSF improves the induction of antiviral Ab responses.

A considerable proportion of nAbs induced by Env can be directed to the V3 region. In 
addition, SF162 neutralization is frequently mediated by V3-specific Abs in immune sera, 
because its V3 is unusually exposed compared to more neutralization resistant isolates 
such as JR-FL. We wanted to determine to what extent the observed SF162 neutralization 
was mediated by V3-specific Abs. In addition, we were interested in whether replacement 
of V1V2 with GM-CSF altered the induction of V3-specific antibodies. To test whether 
the pooled Envwt and EnvmGM-CSF sera contained V3-specificities we performed a HIV-1 

Figure 6: EnvmGM-CSF induces enhanced 
Env-specific Ab responses in mice. (A) Mouse 
immunization scheme. (B) Endpoint anti-gp120 
IgG titers over the course of the immunization 
experiment as determined by ELISA. The 
individual endpoint titers of each mouse is given. 
Note that each group contains 15 mice. 5 mice 
in each group were immunized with constructs 
also containing the C-terminal cis-adjuvant 
CD40L and 5 had a C-terminal BAFF (chapters 
7 and 8). Since these C-terminal molecules did 
not improve the immune response in this mouse 
immunization experiment and the groups with 
and without CD40L or BAFF were combined 
for the analyses. The mean endpoint titers of 15 
mice per group are shown ± standard error of the 
mean. Significance was determined by one-tailed 
Mann-Whitney test and indicated with stars (* p < 0.05, *** p < 0.001).
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neutralization assay in the presence of a pool of three overlapping V3 peptides (Fig. 8B). 
The capacity of Envwt sera to neutralize SF162 was completely negated in the presence 
of competing V3 peptides, while an unrelated control peptide had no effect, illustrating 
that SF162 neutralization by the pooled Envwt sera was mediated exclusively by Abs 
targeting the V3. In contrast, SF162 neutralization by EnvmGM-CSF sera was only partially 
blocked by the addition of V3 peptides, indicating that at least part of the neutralization 
was mediated by specificities other than V3. SF162 neutralization by the b12 nAb that 
targets the CD4 binding site was not affected by addition of V3 peptides, illustrating that 
the V3 peptide effect is specific. Combined, the results suggest that replacement of the 
V1V2 domain with GM-CSF may divert the Ab response from the V3 and result in the 
induction of other neutralizing specificities.

Discussion
To stop the HIV-1 pandemic there is an urgent need for a vaccine that provides protective 
immunity against HIV-1. Passive infusion of HIV-1 anti-Env nAb can protect against 
HIV-1 infection, but induction of immune responses based on current Env vaccines is 
too weak to elicit such nAbs. Here we constructed a chimeric protein where the V1V2 
region of Env was replaced by the GM-CSF cytokine. We selected GM-CSF because of its 
known adjuvant activity and because it has been shown to be safe for usage in humans. 
Env containing the intrinsic GM-CSF adjuvant proved to be more immunogenic compare 
to control Env in mice, with respect to both Env-specific Ab responses and Env-specific 
Th responses. 

Coupling antigens to adjuvants have proven to be superior in inducing immune 
responses against antigens compared to simply administering the antigen and adjuvant as 
a mixture. For example, conjugating oligodeoxynucleotides (CpG ODN) to Gag protein 
enhanced the magnitude and quality of the Gag-specific T cell responses (44). The few 
attempts to couple HIV-1 Env immunogens directly to co-stimulatory molecules such as 
C3d that improves the immune response by activating the complement receptor, however 
had limited success (45-47). These data demonstrate that generating fusion proteins by 
linking co-stimulatory molecules to antigens is not always straightforward. Chimeric 
adjuvant-fusion proteins however can be easily produced from DNA in contrast to 
antigens that are chemically linked to adjuvants. Therefore we designed a chimeric Env-
GMCSF protein.

As location for insertion of the adjuvant molecule, we selected the V1V2 loop region, 
because this loop can be deleted from Env without dramatic effects on protein structure 
and function. Flexible linkers were added at the Env-GM-CSF junctions to preserve the 
GM-CSF function and to prevent steric hindrance between both molecules. The chimeric 
EnvGM-CSF protein was expressed efficiently by 293T cells and secreted as a trimer. Binding 
of Abs to most Env antigenic epitopes was unaffected upon replacement of V1V2 with 
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Figure 7: EnvmGM-CSF induces enhanced Env-specific Th responses. The cytokines in the supernatant of 
splenocytes were measured after stimulation with gp120 (A) or anti-CD3 (B). Cytokine responses from 
splenocytes treated with media were determined as background and were subtracted from the shown 
values. Significance was determined by two-tailed Mann-Whitney test and indicated with stars (* p < 
0.05, ** p < 0.01, *** p < 0.001)
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Figure 8: EnvmGM-CSF induces enhanced neutralizing Ab responses that are partially dependent on V3. 
(A) The percentage of SF162 infectivity in the absence or presence of serial dilutions of pooled sera from 
the Envwt or EnvmGM-CSF mice was measured in a single cycle infectivity assay using TZM-bl cells. (B) 
The percentage SF162 infectivity in the presence of pooled sera, 20 times diluted, was measured in the 
absence or presence of a mixture of three overlapping V3 peptides, or a unrelated peptide. To control for 
any a-specific effects of the V3 peptides we also tested neutralization by b12 in the absence of presence 
of the V3 peptide pool. 

the GM-CSF molecule, with the exception of the b12 and CD4i epitopes that are close to 
the GM-CSF insertion site. 

The Env-embedded GM-CSF did not reach the same maximal activity in the TF-1 cell 
proliferation assay as that of recombinant GM-CSF (Fig. 4). It is possible that despite the 
use of flexible linkers at the Env-GM-CSF junctions, the binding of GM-CSF to the GMR 
is partially blocked by Env. Alternatively, it may be that binding of one GM-CSF molecule 
can occur normally, but formation of a ternary dodecameric complex is obstructed by 
the presence of GM-CSF in the trimeric Env complex. Lack of dodecameric complex 
formation could result in a reduced autophosphorylation of Ser585 on the GMR, thus 
blocking the downstream 14-3-3 and PI-3 kinase signaling cascades (48-50). A third 
explanation for the reduced activity of GM-CSF embedded in Env may be that binding of 
Env to the CD4 receptor of TF-1 cells directly inhibits the proliferative activity of GMCSF 
as shown in a previous report (51). We tested whether addition of Envwt affected the 
TF-1 activation of rhGM-CSF, but did not observe any inhibitory effects of Env (data not 
shown). 

The serum half-life of recombinant GM-CSF is short and varies between 0.9 to 2.5 hr 
(52,53). This can negatively impact the effect of GM-CSF during vaccination, especially 
when the immunogen and GM-CSF are simply mixed or transcribed from separate 
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plasmids. By inserting GM-CSF in the immunogen itself, the immune cells that encounter 
the antigen are specifically and simultaneously stimulated. Moreover the half-life of GM-
CSF incorporated in Env may be prolonged although this requires further study. 

We have provided proof-of-concept that embedding a cytokine within a protein, more 
specifically within the V1V2 region of HIV-1 Env, can augment the immunogenicity 
of that protein. Although our initial choice of cytokine was GM-CSF, other molecules 
could also be tested to increase the immunogenicity of Env. However, a few restrictions 
apply to the replacement of GM-CSF by other cytokines. One probable restriction is 
that the length and molecular weight should be similar to the replaced V1V2 region, 
which is approximately 80-100 amino acids with 6 to 8 N-linked glycans, amounting 
to approximately 20 kDa. Moreover, the N- and C-terminus of the cytokine should 
preferably be close together to be able to graft the cytokine on the V1V2 stem. Another 
restriction is the oligomeric state of a cytokine. Dimeric cytokines, such as IL-10 or IL-12 
(54,55), are unlikely to be embedded as a single functional unit within the trimeric Env 
complex. 

In conclusion, we have shown that a chimeric molecule with a cytokine embedded 
within an HIV-1 Env trimer shows improved immunogenicity compared to Env alone. 
This work may assist in the development at an HIV-1 vaccine aimed at inducing protective 
humeral immunity.

Materials and methods
Plasmids construction

The pPPI4 plasmid (Progenics Pharmaceuticals Inc., Tarrytown, NY) containing a 
codon-optimized stabilized gp140 gene that is based on of the subtype B, R5 isolate JR-
FL has been described elsewhere (SOSIP.R6-IZ gp140) (56-59). The amino-acid sequence 
of gp120 and the gp41 ectodomain was modified as follows (Fig.1A). We introduced: 
(i) a disulfide bond between residues 501 in gp120 and 605 in gp41 (A501C, T605C; 
(33)); (ii) a trimer-stabilizing substitution in gp41 (I559P) (57); (iii) a sequence-enhanced 
site for furin cleavage (RRRRRR) (58). We further modified the JR-FL SOSIP.R6 gp140 
construct to include a C-terminal GCN4-based trimerization domain (isoleucine 
zipper; IZ) followed by an octa-Histidine tag (HHHHHHHHH; H8) (59). We also used 
constructs that contained the functional domains of B-cell Activating Factor (BAFF/
BLyS/TNFSF13b) and CD40 ligand (CD40L/TNFSF5/CD154) at the C-terminus of Env 
by replacing the H8 encoding sequence by codon-optimized sequence encoding mouse 
CD40L or BAFF, as described elsewhere (37,39). To facilitate the exchange of the V1V2 
domain with GM-CSF sequences, we introduced a HindIII site and a BmgBI site at the 
N- and C-terminal side of the V1V2 domain, respectively as described previously (38). 
Codon-optimized DNA sequences encoding human or mouse GM-CSF were synthesized 
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(Mr. Gene Regensburg, Germany). The GM-CSF protein with flanking sequence was 
cloned into the pPPI4 plasmid at the HindIII and BmgBI site. The Env construct with 
human GM-CSF was used for antibody probing and in GM-CSF activity assays, while the 
Env construct with mouse GM-CSF was used for mouse immunizations.

Reagents

DC-SIGN-Fc was purchased from R&D Systems (Minneapolis, MN). HIV-Ig was 
obtained through the AIDS Research and Reference Reagent Program (ARRRP), 
Division of AIDS, NIAID, NIH. MAbs 2F5 and 2G12 were obtained from Hermann 
Katinger through the ARRRP. CD4-IgG2, sCD4 and anti-V3 gp120 MAb PA1 were gifts 
from Bill Olson (Progenics Pharmaceutical, Tarrytown, NY). MAb b12 was donated by 
Dennis Burton (The Scripps Research Institute, La Jolla, CA). MAbs 17b, 48d, 412d and 
39F were gifts from James Robinson (Tulane University, New Orleans, LA). VRC-01 was 
a gift from Peter Kwong and John Mascola (Vaccine Research Center, Washington). Anti-
GM-CSF Ab was purchased from Abcam (Cambridge, UK). Recombinant granulocyte 
macrophage colony-stimulating factor (GM-CSF) was obtained from Schering-Plough 
(Brussels, Belgium)

Cells

293T and TZM-bl cells were cultured and maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Invitrogen, Breda, The Netherlands) supplemented with 10% heat 
inactivated fetal calf serum (FCS; HyClone, Perbio, Etten-Leur, The Netherlands), MEM 
nonessential amino acids (0.1 mM; Invitrogen, Breda, The Netherlands) and penicillin/
streptomycin (both at 100 U/ml). TF-1 cells, a kind gift of Paul Coffer, were cultured in 
RPMI 1640 (Invitrogen) with 10% FCS, supplemented with 50U GM-CSF (Schering-
Plough, Brussels, Belgium) per ml.

Env production

293T cells were transiently transfected with plasmids expressing recombinant Env using 
linear polyethylenimine (PEI, MW 25,000; Polysciences Europe GmbH, Eppelheim, 
Germany) as described before (60). Briefly, plasmid DNA was diluted in 1/10 of the 
final culture volume of DMEM and mixed with PEI (0.15 mg/ml final concentration). 
After incubation for 20 min, the DNA-PEI mix was added to the cells for 4 h before 
replacement with normal culture medium. Env supernatants were harvested 48 h after 
transfection and were frozen in aliquots. 

Trimer ELISA

Microlon 96-well plates (Greiner Bio-One, Alphen aan den Rijn, The Netherlands) were 
coated with 100 μl anti-gp120 Ab D7324 (10 μg/ml; Aalto Bioreagents, Dublin, Ireland), 
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in 0.1 M NaHCO3, pH 8.6 (100 µl/well). Plates were washed twice with Tris-buffered 
saline (TBS) and wells were blocked with 1% bovine serum albumin (BSA) in TBS for 1 
h. Env supernatant was diluted three times in TBS containing 10% FCS and 100 μl per 
well was used to bind Env to D7324 for 2 h at RT. Protein-binding sites were blocked 
with 20 mM Tris, 150 mM NaCl, 1.0 mM CaCl2, 2.0 mM MgCl2 (TSM) containing 5% 
BSA. Serially diluted HIV-Ig, 2F5, 2G12, 39F, b12, VRC-01, 17b, 48d, 412d MAbs, DC-
SIGN-Fc or CD4-IgG2 in TSM/5% BSA was added for 2 h with or without 1 μg/ml sCD4, 
followed by 3 washes with TSM, supplemented with 0.05% Tween-20. Horseradish 
peroxidase (HRP)-labeled goat-anti-human immunoglobulin G (0.2 µg/ml, Jackson 
Immunoresearch) was added for 30 min in TSM/5% BSA, followed by 5 washes with 
TSM/0.05% Tween-20. Colorimetric detection was performed using a solution containing 
1% 3,3’,5,5’-tetramethylbenzidine (TMB, Sigma-Aldrich, Zwijndrecht, The Netherlands), 
0.01% H2O2 in 0.1 M sodium acetate, 0.1 M citric acid. The colorimetric reaction was 
stopped using 0.8 M H2SO4 and absorption was measured at 450 nm.

Env-specific and total immunoglobulin ELISA

Anti-gp120 antibody titers were measured by ELISA essentially as described previously 
(36). For measuring total serum immunoglobulin levels goat anti-mouse IgG (Jackson 
ImmunoResearch, Newmarket, UK) was coated overnight (10 µg/ml) in 0.1 M 
NaHCO3, pH 8.6 (100 µl/well). After blocking, serially diluted serum was applied for 
approximately 2h. Bound rabbit IgG was detected with HRP-labeled goat anti-Rabbit IgG 
(Jackson Immunoresearch, Suffolk, England; used at 1:5000 (0.2 µg/ml)), followed by 
luminometric detection. Midpoint titers were calculated using Graphpad Prism version 
5.03 by determining the dilution of the serum at which the optical density was 50% of 
maximum. End-point titers were determined as the sera dilution where Env binding Abs 
was detected with a threshold of three times the back-ground level of sera from mice 
before immunization.

SDS-PAGE, Blue Native PAGE and western blotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were 
performed as previously described (59). Primary PA-1 MAb (0.2 µg/ml) and secondary 
HRP-labeled goat-anti-mouse IgG (1:5,000 dilution) were used to detect the Env with 
Western Lightning ECL solution (PerkinElmer, Groningen, The Netherlands). Blue 
Native (BN)-PAGE was carried out as previously reported (59). In short, purified protein 
samples or cell culture supernatants were diluted with an equal volume of a buffer 
containing 100 mM 4- (N-morpholino) propane sulfonic acid (MOPS), 100 mM Tris–
HCl, pH 7.7, 40% glycerol, and 0.1% Coomassie blue, immediately prior to loading onto a 
4 to 12% Bis-Tris NuPAGE gel (Invitrogen). Typically, gel electrophoresis was performed 
for 2 h at 150 V (~ 0.07A) using 50 mM MOPS, 50 mM Tris, pH 7.7 as running buffer. 
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HIV-1 neutralization

HIV-1 SF162 or JRFL was neutralized with serially diluted sera pooled from five Envwt or 
EnvGM-CSF immunized mice for 1 hr. TZM-bl cells, cultured to 70-80% confluency in a 96-
well plate, were used to measure viral infectivity. Cells were washed once with phosphate-
buffered saline (PBS) and HIV-1 (5 ng/ml CA-p24) inoculated with sera was added in the 
presence of 400 nM saquinavir (Roche, Basel, Switzerland), and 40 µg/ml DEAE-dextran 
(Sigma), in a total volume of 200 µl. The medium was removed 2 days post-infection 
and cells were washed once with PBS before lysis with Reporter Lysis Buffer (Promega, 
Madison, WI). Luciferase activity was measured using the Luciferase Assay kit (Promega) 
and a Glomax luminometer, according to the manufacturer’s instructions (Turner 
BioSystems, Sunnyvale, CA). All infections were performed in duplicate. Background 
luciferase activity was determined using uninfected cells and was substracted from 
experimental samples.

V3 peptide competition assay

Pooled sera from five Envwt or EnvmGM-CSF immunized mice was incubated with a mix of 
three peptides (30 μg/ml each) overlapping the V3 sequence of HIV-1 JRFL or 90 μg/
ml unspecific HIV-1 peptide, for 1 hr at RT. To control for unspecific inhibition by the 
peptides we performed neutralization in parallel with the b12 MAb (6 μg/ml), in the 
presence or absence of the three overlapping V3-peptides (30 μg/ml each). The pretreated 
sera were used as input in the HIV-1 neutralization assay.  

Table 1: Peptide sequences

Peptide name Sequence
Env V3-1 NNNTRKSIHIGPGRA

Env V3-2 SIHIGPGRAFYTTGE

Env V3-3 GRAFYTTGEIIGDIR

Unspecific QAPKPRKQ

GM-CSF activity assay

5.0 x 104 TF-1 cells in 50 μl were seeded in a 96-wells plate. Serial diluted supernatants 
from Envwt, EnvhGM-CSF, or mock transfected 293T cells or rhGM-CSF (75 U/ml) in with 
TF-1 medium was added in quadruplicate. Cells were harvested on day five and numbers 
of intact cells were measured by FACS flow cytometry in a fixed time period of 30 seconds.

Animals and immunizations

Plasmid DNA amplified in DH5a bacteria cells was isolated using the EndoFree Plasmid 
Giga Kit (Qiagen, Venlo, The Netherlands). The immunizations were carried out at 
Genovac (Freiburg, Germany). The facilities at Genovac comply with the European 
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Community guidelines for animal housing and in vivo experiments. Outbred NMRI 
mice were immunized on days 0, 12, 28 and 42 with 20 µg DNA at the abdominal dermis, 
using gene gun technology. Blood samples were obtained on days 0, 12, 28, 42 and 56 
(terminal bleed). 

T cells responses

The numbers of T-cells in spleens of immunized mice were determined using standard 
cell surface staining protocols and an LSR-II flow cytometer (BD Biosciences). The 
resulting data were analyzed using FlowJo software. All antibodies were purchased from 
BD Biosciences. Surface staining was carried out in buffer (PBS + 10% FBS) for 20 min, 
followed by 2 washes with the same buffer. Prior to staining for specific cell surface 
markers, Fc receptors were blocked with an anti-mouse CD16/CD32 antibody (clone 
2.4G2). The following labeled antibodies specific for mouse T cell markers were used: 
TCRβ-APC (clone H57-597), CD3 APC (clone 145-2C11), CD4 PCP (clone RM4-5), 
CD8 PE (clone 53-6.7). 

In vitro re-stimulation of T cells (CD4+ and CD8+ combined) in unfractionated 
splenocyte cultures were carried out by culturing 5 x 105 cells / well with JR-FL gp120 
(10 µg/ml) in a final volume of 200 µl / well (RPMI 1640 supplemented with 10% FBS, 
HEPES, glutamine, sodium pyruvate, penicillin, streptomycin, non-essential amino acids 
and 2-mercaptoethanol). Positive control wells received an anti-CD3e antibody (2 µg/
ml, BD Biosciences, Clone 145-2C11, Cat 553057), negative control wells received media. 
Supernatants were collected after a 96 h culture at 37ºC in 5% CO2 and stored at -80ºC till 
further use. Concentrations of IL-2, IL-4, IL-5, IL-10, IL-21 and IFNγ in the supernatants 
were measured by a sandwich ELISA, according to the manufacturer’s instructions 
(OptEIA mouse ELISA kits, BD Biosciences), with the use of a TMB substrate kit (BD 
Biosciences) to provide a colorimetric endpoint at 405 nm. The assay sensitivity limits 
were approximately 3 pg / ml for IL-2, 8 pg/ml for IL-4, 16 pg/ml for IL-5 and 30 pg/ml 
for IL-10 and IFNγ. 

Statistical Analyses

All statistical analyses were performed using GraphPad Prism 5.03. Mann-Whitney U 
tests were carried out to analyze the immunogenicity experiments. Extra sum-of-squares 
F test was performed to compare non-linear regression curves. 
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Abstract
One reason why subunit protein and DNA vaccines are often less immunogenic than 
live-attenuated and whole-inactivated virus vaccines is that they lack the co-stimulatory 
signals provided by various components of the more complex vaccines. The HIV-1 
envelope glycoprotein complex (Env) is no exception to this rule. Other factors that limit 
the induction of neutralizing antibodies against HIV-1 lie in the structure and instability 
of Env. We have previously stabilized soluble trimeric mimics of Env by introducing a 
disulfide bond between gp120 and gp41, and adding a trimer stabilizing mutation in 
gp41 (SOSIP.R6 gp140). We further stabilized the SOSIP.R6 gp140 using a GCN4-based 
isoleucine zipper motif, creating SOSIP.R6-IZ gp140. In order to target SOSIP.R6-IZ to 
immune cells, including dendritic cells, while at the same time activating these cells, we 
fused SOSIP.R6-IZ to the active domain of CD40 ligand (CD40L), which may serve as a 
“cis-adjuvant”. The Env component of the SOSIP.R6-IZ-CD40L fusion construct bound 
to CD4 and neutralizing antibodies, while the CD40L moiety interacted with CD40. 
Furthermore, the chimeric molecule was able to signal efficiently through CD40 and 
induce maturation of human dendritic cells. Dendritic cells secreted IL-6, IL-10 and IL-
12 in response to stimulation by SOSIP.R6-IZ-CD40L and were able to activate naïve 
T cells. Targeting and activating immune cells using CD40L or other “cis-adjuvants” 
may improve subunit protein vaccine immunogenicity for HIV-1 and other infectious 
diseases.
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Introduction
A vaccine against HIV-1 infection remains elusive. Live-attenuated SIV/HIV vaccines 
have consistently elicited protective immune responses in monkey models, but this 
approach is generally considered to be unsafe for human use (1). Despite recent setbacks, 
recombinant viral vectors such as adenovirus that express HIV-1 proteins continue to be 
evaluated, but they do not elicit neutralizing antibody (NAb) responses efficiently (2). 
Mucosal immunity against HIV-1 has also proven hard to elicit by any vaccine approach, 
a substantial problem considering that the virus is sexually transmitted (3).

Inducing high titers of broadly active NAbs is a major goal of many HIV-1 vaccine 
approaches that has not yet been achieved. The most common approaches are based 
around protein subunit immunogens that mimic the native viral envelope glycoprotein 
complex (Env), which is the only target for NAbs. Unfortunately, most anti-Env antibodies 
are unable to neutralize primary HIV-1 isolates. Vaccines based on monomeric gp120 
proteins failed to confer protection in efficacy trials (4,5). The difficulty in inducing NAbs 
is in part rooted in the structure of the Env complex, which has evolved multiple defenses 
that limit the induction and binding of such antibodies. Thus, various structural devices 
shield otherwise vulnerable conserved neutralization epitopes such as the receptor 
binding sites (6-8), and highly immunogenic but non-neutralizing epitopes exposed 
on non-functional forms of Env serve as immune decoys (9). Env sequence variation is 
another major obstacle for vaccine development that has not been solved (10).

In common with the approaches of other research groups, we have engineered 
recombinant versions of the native, trimeric HIV-1 Env complex to try to overcome some 
of these problems. Our approach has been to stabilize the gp120-gp41 (SOS gp140; (11)) 
and the gp41-gp41 (SOSIP gp140; (12)) interactions, so as to maintain the complex in a 
trimeric configuration after cleavage of the gp120-gp41 linkage. In general, Env trimers 
of various designs, including SOSIP gp140s, are superior to gp120 monomers for NAb 
induction (13-15). Unfortunately, none of the improvements has yet been sufficient to 
solve the “neutralizing antibody problem”. 

One general limitation to subunit protein vaccines and DNA plasmid vaccines 
that encode such proteins is their poor immunogenicity compared to live-attenuated 
or inactivated viral vaccines. Moreover, the HIV-1 Env proteins are particularly 
poor immunogens. Thus, the anti-Env titers in vaccinated individuals are relatively 
low compared to those raised against other protein antigens, and they decay with an 
unusually short half-life of 30-60 days (16). It was recently shown that Env proteins 
predominantly induce short-lived memory B cell-dependent plasma Abs in the settings 
of HIV-1 envelope vaccination and HIV-1 infection (17). Other factors such as the 
magnitude and duration of the antibody response, affinity maturation and the induction 
of B cell memory are also relevant to the design of an effective B-cell vaccine against 
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HIV-1. The poor performance of Env-based vaccines in these areas is rooted in the 
structure of the Env complex and its interaction with the immune system. By providing 
additional stimulatory signals to B cells it seems possible not only to increase the extent 
and duration of antibody production, but also improve their quality, probably because the 
increase in B cell stimulation promotes antibody affinity maturation (18). For example, 
B cell stimulation through Toll-like receptors (TLRs) improves both the affinity and the 
neutralizing activity of antibodies against respiratory syncytial virus (RSV) (18).

The addition of co-stimulatory molecules is one way to enhance or tune the immune 
response to antigens. Covalently linking of adjuvants or co-stimulatory molecules to the 
antigen appears to be significantly superior to simply administering them as a mixture 
(19,20). A few attempts to conjugate HIV-1 Env immunogens to co-stimulatory molecules 
to improve antibody responses have been made, but with limited success (21-23). 
Another approach to the problem, using model antigens, showed that antigen targeting 
to dendritic cells (DC) via lectins such as DC-SIGN, DEC205, DCIR2 or Clec12A can 
augment antigen-specific immune responses (24-27). This kind of strategy has not yet 
been tested using HIV-1 Env. 

The intent of this study was to target trimeric HIV-1 Env proteins directly to DC while 
simultaneously supplying a powerful stimulatory signal to these cells (28). To do this, we 
fused the Env proteins to CD40L, a TNF-superfamily member that is normally expressed 
on T helper cells. By binding to CD40 on DC and B cells, CD40L provides stimulatory 
signals that are a key element in T cell help. CD40L promotes the antigen-presenting 
function and migratory capacities of antigen-presenting cells (APCs), enhances the 
production of pro-inflammatory cytokines such as IL-12 and TNFα, and helps induce 
memory T cells (29-31). Furthermore, CD40L activates humoral immunity by promoting 
the proliferation of B cells, their differentiation to antibody-secreting plasma cells and 
memory B cells, their selection in germinal centers, and Ig class-switching (31,32). CD40L 
and agonistic anti-CD40 antibodies have been used successfully as adjuvants in various 
immunization models (33-40), as well as in HIV-1 virus-like particle based approaches 
(41-43). Finally, its use in humans appears to be safe (44). Here, we describe the design 
and construction of a soluble trimeric gp140-CD40L fusion protein that binds CD4, anti-
Env NAbs and CD40, induces signaling through CD40 and activates DC in vitro. 

Results
Enhancing SOSIP.R6 gp140 trimer formation

We have previously described modifications that improve the stability of soluble, cleaved 
gp140 trimers based on the R5 subtype B isolate JR-FL (11). The amino-acid sequence of 
gp120 and the gp41 ectodomain was modified as follows (Fig.1A). We introduced: (i) a 
disulfide bond between residues 501 in gp120 and 605 in gp41 (A501C, T605C; (11)); (ii) 
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a trimer-stabilizing substitution in gp41 (I559P; (12)); (iii) a sequence-enhanced site for 
furin cleavage (RRRRRR; (45)). Despite these modifications, the resulting JR-FL SOSIP.
R6 gp140 protein (hereafter called SOSIP.R6) is expressed as heterogeneous oligomers, 
with monomers, dimers and tetramers present as well as the desired trimers (Fig. 1B). 

In previous studies the addition of heterologous trimerization motifs has been 
shown to improve gp140 trimer formation (52). We therefore introduced a GCN4-based 

A

gp120 gp41tPA IZ

R6

SS
A501C T605C

I559P

STOP

JR-FL SOSIP.R6

SOSIP.R6-IZ

His

trimer
dimer
monomer

gp
12

0 

SO
SI

P.
R

6

denatured &
reduced

native

B

C

gp
12

0

67 kD 440 kD 669 kD 

8  10 12  14 16 18 20 22  24 22 24 26 28 30 32  34 36  38

SO
SI

P.
R

6-
IZ

SOSIP.R6

SOSIP.R6-IZ

Melchers et al  Figure 1
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Figure 1. Improved trimerization of JRFL-
SOSIP.R6 gp140 by addition of an heterologous 
trimerization domain. (A) Schematic of the SOSIP.
R6.IZ design. The clade B JR-FL gp140 (amino 
acids 31-681) contains several modifications that 
have been previously described (see Materials and 
Methods). Trimer formation was further enhanced 
by insertion of a GCN4-based isoleucine zipper 
(IZ) to the C-terminus of SOSIP.R6. (B) Reducing 
SDS-PAGE and Blue Native-PAGE analysis of 
SOSIP.R6 and SOSIP.R6-IZ proteins secreted from 
transiently transfected 293T cells. (C) Gel filtration 
analysis of SOSIP.R6 and SOSIP.R6-IZ proteins. 
Concentrated culture supernatants, derived from 
transiently transfected 293T cells, containing 
the SOSIP.R6 or SOSIP.R6-IZ proteins were 
fractionated on a Superose-6 column, followed 
by analysis by SDS-PAGE and western blot. The 
elution of standard proteins is indicated.

isoleucine zipper (IZ) sequence (46) at 
the C-terminus of SOSIP.R6 (Fig.1A). In 
addition, we added an octahistidine (His) 
motif immediately C-terminal to the IZ 
trimerization domain, with flexible 11 
and 6 amino acid linkers placed between 
SOSIP.R6-IZ and IZ-His tag, respectively 
(Fig.1A). The optimal linker length was 
determined in concurrent studies (see 
below). The resulting SOSIP.R6-IZ and 
unmodified SOSIP.R6 proteins were 
expressed transiently in 293T cells and then 
analyzed by SDS-PAGE and Blue Native 
(BN)-PAGE. Both SOSIP.R6 proteins were 
efficiently expressed (Fig.1B, top panel). 
As expected, the unmodified SOSIP.R6 
was secreted as a mixture in which dimers 
and trimers predominated (each at ~50% 
prevalence). The proportion of trimers 
was markedly greater, however, for the 
SOSIP.R6-IZ protein (~90%), presumably 
because of the impact of the heterologous 
trimerization motif (Fig.1B, bottom panel).

We next studied the SOSIP.R6 and 
SOSIP.R6-IZ proteins using analytical size 
exclusion chromatography on a Superose-6 
column, compared to standard proteins of 
defined molecular weight (Fig.1C). Analysis 
of the eluted Env-protein components by 
SDS-PAGE and western blotting confirmed 
that multiple oligomeric gp140 forms were 
present (12). We previously reported that 
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SOSIP.R6 gp140 monomers, dimers and trimers were eluted from a Superdex-200 size 
exclusion column at positions corresponding to apparent molecular weights of 240, 410 
and 520 kDa, respectively. Here, using Superose-6 columns that allow greater resolution 
at the higher end of the molecular weight range of interest, we observed that most of the 
SOSIP.R6 protein forms were eluted in volumes corresponding to apparent molecular 
weights in the range 150-550 kDa, which is consistent with the presence of monomers, 
dimers and trimers. In contrast, the SOSIP.R6-IZ protein forms were more homogeneous, 
with a predominant elution peak of ~600 kDa that is consistent with the enrichment of 
trimers. Hence, the gel filtration analysis confirms the SDS-PAGE and BN-PAGE studies 
and shows that the addition of the IZ motif enhances SOSIP.R6 trimer formation and/or 
stability. 

When SOSIP.R6 proteins are expressed in 293T cells they are incompletely cleaved 
at the juncture between gp120 and the gp41 ectodomain, but the efficiency of cleavage 
is increased to ~95% by the co-transfection of a plasmid expressing furin (11,45). 
In contrast, even in the presence of exogenous furin, the SOSIP.R6-IZ proteins were 
only partially cleaved (<50% processing), and processing was minimal (<10%) when 
furin was not co-transfected (data not shown). The addition of sequence motifs to the 
C-terminus of the gp41 ectodomain appears to interfere with cleavage at a site several 
hundred residues upstream. We are now studying the underlying reasons to try to find 
a solution to this problem because uncleaved Env is antigenically different from cleaved 
Env (11,15,53,54). In the absence of a solution to the cleavage problem, we elected to not 
co-transfect furin when expressing the various Env proteins outlined below, which are 
therefore all predominantly uncleaved.

Construction of a trimeric SOSIP.R6-IZ-CD40L fusion protein 

We hypothesized that we could increase the immunogenicity of Env trimers by targeting 
the protein to DC and at the same time providing a strong activation signal to these DC. We 
therefore fused the extracellular domain of human codon-optimized CD40L, consisting of 
amino acids 120 to 261 and including the CD40 binding site, to the C-terminus of SOSIP.
R6 (Fig.2A). To allow the SOSIP.R6 and the CD40L components to fold independently 
and the fusion protein to be secreted efficiently, we added flexible glycine-rich linkers 
between the two elements. Since the optimal linker length could only be established 
empirically, we compared linkers of 0, 4, 7, 13 and 18 residues (constructs L1-L5; Fig.2A). 
The different SOSIP.R6-L-CD40L fusion proteins were expressed transiently in 293T 
cells and the supernatants analyzed by SDS-PAGE and western blotting (Fig.2B). Linkers 
L2-L4 (4-13 residues) allowed the most efficient secretion of SOSIP.R6-CD40L; having 
no linker or a longer linker resulted in lower expression levels (Fig.2B). Based on these 
results, and also cloning considerations, subsequent constructs contained an 11-residue 
linker between the gp140 and C-terminal components. 



135

HIV-1 Env trimers fused to CD40L

7

CD40L needs to be trimeric to be active. When soluble CD40L is expressed, it is 
however mostly in the monomeric and therefore inactive state (55-57). Since the IZ 
trimerization domain enhanced the trimerization of SOSIP.R6 gp140, an IZ motif was 
inserted between SOSIP.R6 and CD40L (Fig.2C). SDS-PAGE and BN-PAGE analyses 
showed that SOSIP.R6-IZ-CD40L was secreted efficiently from transiently transfected 
293T cells and predominantly in the trimeric form (Fig.2D).

Analytical size exclusion chromatography confirmed these promising results 
(Fig.2E). The SOSIP.R6-L3-CD40L protein was eluted in volumes corresponding to 
molecular weights between 150 and 550 kDa, which is consistent with it being mostly 
monomers, dimers and trimers. The elution profile was similar to that of unmodified 
SOSIP.R6 (Fig.1C), but with a small shift to higher sizes caused by the presence of the 
CD40L moiety. The peak elution volume of the chimeric SOSIP.R6-IZ-CD40L protein 
was consistent with it being a trimer of ~600 kDa (Fig.2E), confirming that the IZ motif 
enhanced trimerization. Compared to what was expected from the BN-PAGE analysis, 
a significant proportion of the proteins eluted from the gel filtration column were 
monomers and dimers, possibly because some trimers dissociate during elution from the 
columns.

Figure 2. JRFL-SOSIP.R6-IZ-CD40L design and construction. (A) Schematic of the SOSIP.R6.L-CD40L 
design and its various linkers. (B) Optimization of the linker between SOSIP.R6 and CD40L using 
reducing SDS-PAGE analysis of transiently expressed SOSIP.R6-L-CD40L with the different linkers. 
(C) Schematic of the constructs mainly used in this study. (D) Reducing SDS-PAGE and Blue Native-
PAGE analysis of SOSIP.R6-L3-CD40L and SOSIP.R6-IZ-CD40L proteins secreted from transiently 
transfected 293T cells. (E) Gel filtration analysis of SOSIP.R6-L3-CD40L and SOSIP.R6-IZ-CD40LHis 
proteins. Concentrated culture supernatants, derived from transiently transfected 293T cells, containing 
the SOSIP.R6-L3-CD40L or SOSIP.R6-IZ-CD40LHis proteins were fractionated on a Superose-6 column, 
followed by analysis by SDS-PAGE and western blot. The elution of standard proteins is indicated.
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Similar to the parental SOSIP.R6-IZ construct, the SOSIP.R6-IZ-CD40L fusion 
construct was not cleaved at the gp120-gp41 junction, which may affect its antigenic 
structure and perhaps its ability to induce NAbs. However, since our immediate goal 
was to investigate co-stimulation by the CD40L component, we continued to use the 
uncleaved fusion construct.

SOSIP.R6-IZ-CD40L binds to CD4, CD40 and neutralizing 
antibodies

To investigate whether the SOSIP.R6 and CD40L components of the chimeric construct 
were properly folded and functional, we measured the binding to specific ligands. The 
SOSIP.R6-IZ-CD40L protein was immunoprecipitated efficiently from concentrated 
supernatant by pooled Ig from HIV-infected individuals (HIVIg) and by NAbs against 
several gp120 or gp41 epitopes, specifically b12 to the CD4 binding site, 17b to a CD4-
induced epitope and 2F5 to the MPER region (Fig.3 and data not shown). Furthermore, 
the fusion protein bound to the viral receptors CD4 (Fig.3) and DC-SIGN (data not 
shown). We next performed immunoprecipitations with a neutralizing antibody to 
CD40L and a CD40-Fc construct (Fig.3). The antibody recognized the CD40L domain of 
the fusion protein, which was also able to interact with CD40. Thus, the chimeric SOSIP.
R6-IZ-CD40L molecule is capable of interacting with relevant receptors and NAbs.

SOSIP.R6-IZ-CD40L activates NF-κB through CD40 

To determine whether SOSIP.R6-IZ-CD40L was biologically active, we used a HEK 
293-derived CD40 reporter cell line that overexpresses CD40 and produces secreted 
embryonic alkaline phosphatase (SEAP) when CD40 ligation activates NF-κB (58). We 
therefore transiently expressed SOSIP.R6-IZ, trimeric CD40L without SOSIP.R6 (IZ-
CD40L) and SOSIP.R6-IZ-CD40L in 293T cells with mock transfected supernatant 
serving as a negative control. The positive control, concentrated supernatant containing 
IZ-CD40L proteins, activated NF-κB, as measured by SEAP release (Fig.4A). The 
concentrated supernatant containing SOSIP.R6-IZ-CD40L fusion protein, but not SOSIP.
R6-IZ and mock supernatant, also induced SEAP activity, indicating that the CD40L 
component was capable of CD40 ligation and signaling through CD40L consistent with 
the protein being trimeric (Fig.4). 
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SOSIP.R6-IZ-CD40L induces DC maturation

CD40L is an important co-stimulatory molecule for DC during DC-T cell interactions. 
We therefore investigated whether SOSIP.R6-IZ-CD40L was able to activate DC, using 
expression of CD83, a well-characterized DC maturation marker, as an endpoint. iDC 
were treated for 48h with concentrated 293T supernatant containing SOSIP.R6-IZ-
CD40L and, for comparison, with a standard maturation cocktail (TNF-α/IL-1β/LPS, 
positive control) or concentrated supernatant containing IZ-CD40L, SOSIP.R6-IZ or 
monomeric gp120. CD83 expression on unstimulated iDC served as a baseline (Fig.5A). 
An additional DC culture was exposed to supernatants from mock-transfected 293T cells 
to control for the presence of factors released from these cells (Fig.5A). 

Purified, monomeric gp120 did not induce DC maturation (4.9% CD83+ cells, 
compared to 7.0% on untreated iDC), as reported previously (Fig.5A) (59). A low level 
of CD83 up-regulation (19.8% CD83+) occurred when DC were treated with supernatant 
from mock-transfected 293T cells, which is probably attributable to contaminant cytokines 
or other immunomodulatory proteins. CD83 expression was similar (24.9% CD83+) on 
cells treated with the SOSIP.R6-IZ negative control protein. In contrast, exposure of DC to 
IZ-CD40L or SOSIP.R6-IZ-CD40L caused almost all the cells to upregulate CD83 (94.8% 
and 95.5% CD83+ respectively), an outcome comparable to treatment with the TNF-α/ 
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293T-CD40 cells were incubated 
for 18h with mock supernatant 
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IZ-CD40L after which SEAP 
activity in the supernatant  was 
measured. Bars indicated are 
mean of two experiments + SEM.

IL-1β/ LPS maturation cocktail (89.5% CD83+). 
Similar results were obtained using CD80 expression 
as an alternative marker for DC maturation, while a 
converse trend was apparent for expression of DC-
SIGN (CD209) and the mannose receptor (CD206), 
two cell surface proteins that are down-regulated 
when DC mature (data not shown).

We also assessed whether SOSIP.R6-IZ-CD40L 
and the various control proteins could augment 
DC maturation induced by TNF-α/ IL-1β (Fig.5B). 
Stimulation by TNF-α/ IL-1β induced CD83 
expression on 75.6% of the DC (Fig.5B). Adding the 
mock or SOSIP.R6-IZ supernatants to the TNF-α/ IL-
1β cocktail had a marginal effect (80.0% and 84.8% 
CD83+, respectively). However, combining SOSIP.
R6-IZ-CD40L or IZ-CD40L with TNF-α/ IL-1β 
increased the number of CD83+ cells to 94.8% and 
93.6%, respectively. Thus, SOSIP.R6-IZ-CD40L is able 
to activate DC to at least the same extent as a trimeric 
CD40L protein.
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SOSIP.R6-IZ-CD40L induces secretion of IL-6, IL-10, IL-12 and 
TNF-α

Since the particular combination of cytokines secreted by activated DC is central in 
defining the subsequent immune responses, we wished to identify whether SOSIP.
R6-IZ-CD40L-treated cells released IL-6, IL-10, IL-12 and TNF-α. Exposure of DC to 
gp120, mock supernatant or SOSIP.R6-IZ did not trigger the secretion of meaningful 
amounts of any of these cytokines (Fig.6A-D, white bars). In contrast, all these cytokines 
were produced abundantly by DC treated with SOSIP.R6-IZ-CD40L (763, 375, 191 and 
523 pg/ml, respectively) or IZ-CD40L (675, 123, 50 and 215 pg/ml, respectively). As 
expected, the TNF-α/ IL-1β/ LPS maturation cocktail also induced IL-6, IL-10 and IL-
12 secretion, albeit with some qualitative differences compared to SOSIP.R6-IZ-CD40L. 
TNF-α induction could not be analyzed because it was already present in the maturation 
cocktail. DC stimulated with TNF-α/ IL-1β secreted moderate amounts of IL-6 and low 
levels of IL-10 and IL-12, and the addition of mock or SOSIP.R6-IZ supernatant had no 
further effect (Fig.6A-D, black bars). However, the addition of SOSIP.R6-IZ-CD40L or 
IZ-CD40L to the TNF-α/IL-1β cocktail substantially increased the secretion of all three 
cytokines.

SOSIP.R6-IZ-CD40L-exposed DC prime naïve CD4+ T-cells

After stimulation with the various stimuli outlined above, DC were co-cultured for 5 days 
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Figure 5. SOSIP.R6-IZ-CD40L induces DC maturation. (A) Monocyte-derived iDC were cultured for 
48h in the presence of SOSIP.R6-IZ, SOSIP.R6-IZ-CD40L or control stimuli. The expression of the 
maturation marker CD83 was monitored by FACS. (B) CD83 was measured on DC stimulated for 48h 
with a combination of TNF-α/IL-1β and SOSIP.R6-IZ, SOSIP.R6-IZ-CD40L or control stimuli. Gray 
lines represent the isotype-matched control. Cells were double-stained for CD11c and CD83 and CD83 
Histograms of cells gated on CD11c are shown (>25,000 events). 
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with allogeneic naïve CD4+ T cells in a mixed lymphocyte reaction to investigate their 
TH-priming capacity. Expression of the late activation marker HLA-DR (MHC class II) 
on the CD4+ T cells was then analyzed (Fig.7A). DC exposed to the mock supernatant 
or SOSIP.R6-IZ stimulated CD4+ T-cells only poorly (8.6% and 11.4% HLA-DR+ T cells, 
respectively, compared to 2.6% for unstimulated T cells and 4.5% for T cells co-cultured 
with iDC). In contrast, DC that had been matured with SOSIP.R6-IZ-CD40L or IZ-CD40L 
induced HLA-DR upregulation on 31.6% and 46.7% of the CD4+ T cells, respectively. 
This degree of HLA-DR up-regulation was higher than on T cells co-cultured with TNF-
α/IL-1β/LPS-matured DC (24.4% HLA-DR+). 

Unstimulated CD4+ T cells or cells co-cultured with iDC, mock-treated DC or SOSIP.
R6-IZ-treated DC did not secrete detectable levels of IFN-γ (Fig.7B). However, DC 
exposed to SOSIP.R6-IZ-CD40L or IZ-CD40L induced the release of significant amounts 
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Figure 6. SOSIP.R6-IZ-CD40L induces cytokine secretion by DC. IL-6 (A), IL-10 (B), IL-12 (C) and 
TNF-α (D) levels in the supernatant of DC stimulated for 48h with SOSIP.R6-IZ, SOSIP.R6-IZ-CD40L 
or control stimuli (white bars), or a combination of TNF-α/IL-1β and gp140-IZ, gp140-IZ-CD40L or 
control stimuli (black bars) were measured by ELISA. Data are representative for three independent 
experiments. Bars indicated are mean + SD. 
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of IFN-γ from CD4+ T-cells (26 and 29 pg/ml, respectively), as did TNF-α/IL-1β/LPS-
matured DC (31 pg/ml). We also measured IL-2 and IL-4 secretion in DC–T cell co-
cultures, but found that SOSIP.R6-IZ-CD40L-treated DC behaved no differently from 
cells exposed to SOSIP.R6-IZ (data not shown). In summary, DC exposed to SOSIP.R6-
IZ-CD40L can prime naïve CD4+ T-cells in vitro and induce them to secrete IFN-γ. 

Discussion
To counter the poor immunogenicity of HIV-1 Env proteins, we fused stabilized SOSIP.
R6 trimers directly to a costimulatory molecule, CD40L, the latter acting as a “cis-
adjuvant” to activate DC. We show here that the chimeric SOSIP.R6-IZ-CD40L molecule 
is folded correctly, can engage CD40 and signal through CD40 to activate human DC. 
These promising results in vitro results warrant the in vivo testing of this construct.

We intend to use SOSIP.R6-IZ-CD40L trimers for subsequent immunogenicity 
studies. The cis-adjuvant strategy described here differs from approaches using lectin 
receptors to target DC and enhance antigen presentation (24-27). First, CD40L not only 
targets the antigen to DC, but also activates these cells. Second, CD40L also activates cell 
types other than DC, notably B cells. The covalent linkage of an adjuvant and antigen has 
been shown to be a more effective way to enhance antigen-specific immune responses 
than a simple mixture of adjuvant and antigen. For example, immunization with HIV 
Gag, chemically linked to a TLR7/8 agonist, induced substantially better humoral and 
cellular responses than Gag that was merely mixed with the same adjuvant (19). As 
another example, a GFP-CD40L fusion protein was superior to GFP or CD40L alone and 
the GFP + CD40L mixture for inducing GFP-specific antibody responses in mice (60). 
Similarly, CD40L fusion enhanced the immunogenicity of a self (tumor) antigen in mice, 
bovine herpesvirus-1 glycoprotein D in cattle, and duck hepatitis B virus core antigen 
in ducks (61-64). The likely explanation for the benefit incurred by covalently linking 

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

       

Melchers et al  Figure 7

2.6% 4.5% 8.6% 11.4% 46.7%31.6% 24.4%

CD3

H
L

A
-D

R
A

moc
k

Naïv
e C

D4+  T ce
lls

iD
C

SOSIP.
R6-I

Z

SOSIP.
R6-

    
 IZ

-C
D40

L

IZ
-C

D40
L

TNFα + IL
-1β

+ LPS

B

0

10

20

30

40

IF
N

-γ
 (p

g/m
l)

 

SOSIP.
R6-I

Z

SOSIP.
R6-I

Z-C
D40

L

IZ
-C

D40
L

TNF-α &
 IL

-1β
 &

 LPS

im
matu

re 
DC

moc
k

naïv
e T

 ce
lls

Figure 7. SOSIP.R6-IZ-CD40L-exposed DC prime naïve CD4+ T-cells. (A) HLA-DR expression on 
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are displayed within each graph. (B) IFN-γ levels in the supernatant of DC-T cell co-cultures at day 5 
measured by ELISA. Data are representative for three independent experiments.
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antigen to the adjuvant is that the very cells encountering the antigen are simultaneously 
activated by the adjuvant. 

Incorporation of CD40L in canarypox vectors expressing HIV antigens has also been 
shown to benefit immune responses (43). Furthermore, recent studies have shown that 
CD40L can be effectively incorporated into HIV virus-like particles (VLPs) (41,42). 
Such VLPs were shown to stimulate DC and were able to induce improved humoral and 
cellular responses in mice compared to VLPs that did not contain CD40L. 

A good humoral response to an antigen should involve antibodies of high titer, affinity 
and avidity, and should have a long half-life with the creation of B cell memory (and 
preferably also T cell memory). These various outcomes may be facilitated by the use of 
CD40L and/ or other cis-adjuvants. Stimulation of the immune system by adjuvants or 
“cis-adjuvants” increases the overall level of antibodies to the administered antigen, but 
only a subset of these antibodies is neutralizing. This can be beneficial, by analogy to the 
aphorism that “a rising tide lifts all boats”. However, providing additional stimulatory 
signals to B cells may also improve the quality of the antibodies that are elicited, perhaps 
because B cell stimulation helps the affinity maturation process (18). Thus, a recent study 
on RSV demonstrates that B cell stimulation through TLRs improves both the affinity and 
neutralizing potency of anti-RSV antibodies (18).

In conclusion, we have characterized a trimeric gp140-CD40L fusion protein that is 
able to activate human DC whereas unconjugated gp140 is not able to do so. Overall, the 
use of “cis-adjuvants” may have wider applicability in subunit vaccine development. The 
wealth of natural candidate molecules and the increasing understanding of their roles in 
immunology provide an opportunity for customized immunogen design in which the 
antigen is coupled to a molecule to enhance a specific and desired type of response. 

Materials and Methods
Plasmid construction

The pPPI4 plasmid (Progenics Pharmaceuticals Inc., Tarrytown, NY) containing a 
codon-optimized stabilized gp140 gene that is based on of the subtype B, R5 isolate JR-
FL has been described elsewhere (SOSIP.R6 gp140; (11,12,45). To facilitate subsequent 
cloning steps, we first introduced a BamH1 site at the C-terminus of SOSIP.R6 gp140. 
This modification changed the most C-terminal amino acid of the natural gp140 protein 
(Y681I), and added one more amino acid (682L). These changes did not adversely affect 
the folding and secretion of SOSIP.R6 gp140 proteins (data not shown). 

The gene plasmids encoding the functional domain (amino acids 118 to 
261) of murine CD40L was amplified from the mouse fibroblast cell line J558 
(American Type Culture Collection, Rockville, MD), using the Expand PCR system 
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according to the manufacturer’s instructions (Roche, Mannheim, Germany). 
The PCR was performed with sense and antisense primers (5’mCD40L1BamHI 
[5’-CTCATACTCATAGGATCCTCGATCCTCAAATTGCAGC-3’] and 
3’mCD40LSfuI [5’-CTCATACTCATATTCGAATTAGAGTTTGAGTAAGCC-3’]). 
The PCR product was cloned downstream of the SOSIP.R6 ORF in pPPI4-SOSIP.
R6 using BamHI and SfuI, creating pPPI4-SOSIP.R6-L1-CD40L. The plasmids 
pPPI4-SOSIP.R6-L2-CD40L and pPPI4-SOSIP.R6-L3-CD40L were created by 
PCR amplification using pPPI4-SOSIP.R6-L1-CD40L as the template and the 
following 5’ primers and, in both cases, 3’mCD40LSfuI: 5’mCD40L2BamHI: 
[ 5 ’ - C T C ATA C T C ATA G G AT C C T C G G T G G A G G TA G C G AT C C T C A A 
ATTGCAGC-3’]; 5’mCD40L3BamHI: 
[ 5 ’ - C T C ATA C T C ATA G G AT C C T C G G T G G A G G TA G C G G T G G A G G 
TGATCCTCAAATTGCAGC-3’]. The resulting BamH1-Sfu1 fragments containing the 
linker sequences and amino acids 118-261 from CD40L were then cloned behind the 
SOSIP.R6 gp140 sequences. 

The pPPI4-SOSIP.R6-L4-CD40L plasmid was generated by PCR 
amplification, with pPPI4-SOSIP.R6-L3-CD40L as the template and primers 
5’mCD40L4BamHI: [5’-CTCATACT-CATAGGATCCTCGGCGGTGGCGGT
AGCGGTGGTGGAGGTAGC-3’] and 3’mCD40LSfu1. Plasmid pPPI4-SOSIP.
R6-L5-CD40L was generated by PCR amplification using pPPI4-SOSIP.R6-L4-
CD40L as a template and primers 5’mCD40L5BamHI: [5’-CTCATACTCATAGG 
ATCCTCGGTGGAGGTGGAAGCGGCGGTGGCGGT-3’] and 3’mCD40LSfuI. These 
steps created the following spacers between SOSIP.R6 and mCD40L: L1: No spacer; L2: 
GGGS; L3: GGGSGGG; L4: GGGGSGGGGSGGG; L5 GGGGSGGGGSGGGGSGGG.

To facilitate subsequent cloning steps, the linker region of pPPI4-SOSIP.R6-L5-
CD40L between Env and CD40L was further modified to introduce the restriction sites 
for Asp718I, AgeI, NotI and BstEII (pPPI4-SOSIP.R6-L5MCS-CD40L), creating the 18 
amino acid linker sequence GGGGTGGGGTGGGGRGGG (non-silent changes are 
underlined). The resulting sequence modifications did not adversely affect the secretion 
of the SOSIP.R6-L5-CD40L fusion protein (data not shown). 

A DNA fragment encoding a codon-optimized isoleucine 
zipper motif (IZ) based on GCN4 (AGAATGAAGCAGATCGA
G G A C A A G A T C G A G G A G A T C C T G A G C A A G A T - C T A C C A C A 
TCGAGAACGAGATCGCCAGAATCAA-GAAGCTGATCGGCGAGAGA, which 
encodes the peptide sequence RMKQIEDKIEEILSKIYHIENEIARIKKLIGER 
(46)), was annealed using two 5’-sense oligonucleotides, 5’IZ1AgeIBglII: 
5’CCGGTAGAATGAAGCAGATCGAGGA CAAGATCGAGGAGATCCTGAGCAA-3’ 
and 5’IZ2BglIINotI: 5’-GATCTACCACATCGAGAAC 
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G A G A T C G C C A G A A T C A A G A A G C T G A T C G G C G A G A G A G G C - 3 ’ 
and the two antisense oligonucleotides 3’IZ1Age1Bgl2: 
5’-GATCTTGCTCAGGATCTCCTCGATCTTGTCCTCGATCT GCTTCATTCTA-3’ 
and 3’IZ2BglIINotI: 5’-GGCCGCCTCTCTCGCCGATCAGCTTCTTGATTC 
TGGCGATCTCGTTCTCGATGTGGTA-3’, leading to a double stranded DNA fragment 
with a 5’AgeI site (single underline), a BglII site (double underlined) and a 3’ NotI site 
(dotted underline). This fragment was cloned into pPPI4-SOSIP.R6-L5MCS-CD40L 
using AgeI and NotI, leaving a linker of 11 amino acids (GGGGTGGGGTG) between the 
SOSIP.R6 gp140 and IZ moieties, and a 6-amino acid linker (GGRGGG) between IZ and 
CD40L. Finally, we added a C-terminal oligo-Histidine tag (HHHHHHHHH) using the 
Quickchange mutagenesis kit (Stratagene, La Jolla, CA).

We also created a similar plasmid without the sequences encoding CD40L (pPPI4-
SOSIP.R6-IZ), by replacing the NotI-SfuI fragment (CD40L) by one containing only the 
oligo-Histidine tag (47). Codon-optimized genes encoding the extracellular domain of 
the human and mouse versions of CD40L (amino acids 120 to 261) were synthesized (Mr. 
gene, Regensburg, Germany) and cloned behind SOSIP.R6-IZ using Not1 and Sfu1. The 
pPPI4-IZ-CD40L plasmid encoding trimeric CD40L without gp140 was constructed by 
cutting out the Env-encoding sequences from pPPI4-SOSIP.R6-IZ-hCD40L using Nar1 
and Age1, followed by Klenow blunting and self-ligation. 

The sequence integrity of all clones was confirmed prior to use. The amino acid 
numbering of SOSIP.R6 gp140 is based on HXB2 Env.

Cell culture and transient transfection. 

293T cells were transiently transfected with Env using linear polyethylenimine as 
described previously (48). Briefly, Env-encoding plasmids (or plasmid DNA for mock 
transfections) was diluted to 0.1 x the culture volume and mixed with Dulbecco’s Modified 
Eagle’s Medium (Invitrogen, Breda, The Netherlands). A volume of 0.15 x the culture 
volume of a 1 mg/ml solution of linear Polyethylenimine (PEI, MW 25,000, Polysciences 
Europe GmbH, Eppenheim, Germany) was then added and mixed. After incubation 
for 20 min, the DNA-PEI mix was added to the cells for 4h before replacement with 
the same culture medium supplemented with 10% fetal bovine serum (FBS) (HyClone, 
Perbio, Etten-Leur, The Netherlands), penicillin, streptomycin, and MEM non-essential 
amino acids (0.1 mM, Invitrogen). Env-containing supernatants were harvested 48h after 
transfection. All supernatants used for functional assays were concentrated 60x. 

Concentrating the proteins

Cell supernatants from transient transfections were concentrated using Amicon Ultra-15 
Centrifugal Filter Units with 100 kD MWCO filter (Millipore, Amsterdam Zuidoost, 
The Netherlands), except for IZ-CD40L for which a 30 kD MWCO filter was used 
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due to its lower molecular weight. The concentration was performed according to the 
manufacturer’s instructions.

SDS-PAGE, Blue Native PAGE and Western blotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were 
performed according to established protocols using the anti-gp120 V3 loop MAb PA-1 
(1:20,000; final concentration, 50 ng/ml; Progenics) (49) and horseradish peroxidase-
labeled goat-anti-mouse IgG (1:5,000, Jackson Immunoresearch, Suffolk, UK). 
Luminometric detection of envelope glycoproteins was performed using the western 
lightning ECL system (PerkinElmer, Groningen, The Netherlands). Blue Native (BN)-
PAGE was carried out with minor modifications to the published method (12,50,51). 
Thus, purified protein samples or cell culture supernatants were diluted with an equal 
volume of a buffer containing 100 mM 4-(N-morpholino) propane sulfonic acid (MOPS), 
100 mM Tris-HCl, pH 7.7, 40% glycerol, 0.1% Coomassie blue, just prior to loading onto a 
4 to 12% Bis-Tris NuPAGE gel (Invitrogen). Typically, gel electrophoresis was performed 
for 3 hrs at 125 V using 50 mM MOPS, 50 mM Tris, pH 7.7 as running buffer. 

Gel filtration analysis

Concentrated culture supernatants, derived from transiently transfected 293T cells were 
fractionated on a Superose-6 column in PBS using an AKTA FPLC, (GE Healthcare 
Lifesciences, Diegem, Belgium), followed by analysis by standard SDS-PAGE and western 
blot using MAb PA-1 (Progenics).

Immunoprecipitation assays

Supernatants were concentrated 25-fold from 293T cells transiently transfected with the 
SOSIP.R6-IZ-CD40L construct and incubated overnight at 4°C with MAbs, CD4-IgG2 
or mouse CD40-Fc in a 500 µl volume containing 100 µl of a 5-fold concentrated RIPA 
buffer (250 mM Tris-HCl, pH 7.4, 750mM NaCl, 5% NP-40, 12.5 mM Na-deoxycholate, 
Complete Protease Inhibitor Cocktail (Roche, Mannheim, Germany)). Next, 50 µl of 
protein G-coated agarose beads (Pierce Inc./Thermo Fisher Scientific, Etten-Leur, The 
Netherlands) was added and rotation-mixed for 2 hrs at 4°C. The beads were washed 
extensively with ice-cold 1x RIPA buffer containing 0.01% Tween 20. Proteins were 
eluted by heating the beads at 100°C for 5 min in 50 µl of SDS-PAGE loading buffer 
supplemented with 100 mM dithiothreitol (DTT). The immunoprecipitated proteins 
were fractionated on 8% SDS-PAGE gels (Invitrogen) at 125 V for 2h.  

CD40 reporter assays

CD40-293-SEAP cells were seeded in 96-well plates (2 x 104 cells per well) in Optimem 
(Invitrogen, Breda, The Netherlands). Concentrated supernatant containing the various 
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Env-CD40L variants were serially diluted in Optimem and added to the cells. The cells 
were stimulated for 24 hours at 37°C/ 5% CO2. The same dilution of mock-transfected 
supernatant served as a negative control. The positive control was a similar dilution of 
IZ-CD40L containing concentrated supernatant. The production of secreted embryonic 
alkaline phosphatase (SEAP) was measured according to the manufacturer’s protocol 
(Quanti-blue, InvivoGen, San Diego, CA, USA). In short, 5 µl of cell-free culture 
supernatant was transferred after 24h to a new 96-well plate, mixed with 200 µl Quanti-
Blue (QB) (37°C) and incubated for 18 h at 37°C in the dark. Colorimetric detection of 
SEAP activity was performed by measuring the optical density at 630 nm using a model 
550 reader (Bio-Rad, Veenendaal, The Netherlands). 

DC propagation

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats (New York 
Blood Center) by Ficoll density gradient centrifugation. Monocytes were isolated from 
PBMC by positive magnetic cell selection with CD14 microbeads (Miltenyi Biotech, 
Auburn, CA, USA) according to the manufacturer’s recommendations. The sorted 
monocytes were >98% pure with contaminating T-cell populations representing <1% of 
the cells. Monocytes were subsequently resuspended at 1 x 106 cells /ml in RPMI 1640 
(Cellgro, Manassas, VA, USA) containing 5% human AB serum (Sigma-Aldrich, St. 
Louis, MO, USA), 100 U/ml penicillin and 100 µg/ml Streptomycin (Hyclone), 2 mM 
L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 25 mM HEPES 
(Gibco/ Invitrogen), plus 1,000 U/ml GM-CSF (Leukine, Sargramostim) and 1,000 U/
ml of recombinant human IL-4 (R & D Systems). The monocytes were seeded into 6-well 
plates (3 x 106 cells/well) in a final volume of 3 ml, and cultured at 37°C in an atmosphere 
containing 5% CO2. Immature DC were fed every 2 days with 300 µl of fresh media 
containing 3,000 U of both GM-CSF and IL-4 to maintain the concentration of cytokines 
at 1,000 U/ml. The phenotype of the immature DC (iDC) was evaluated on day 5 or 6, 
when >90% of cells were CD11c+ HLA-DR+ CD206++ CD209++ and CD14- CD80- CD83-.

Dendritic cell stimulation

The iDC were gently removed from the 6-well plates, centrifuged at 300 g for 5 min 
at room temperature and resuspended at 1 x 106 cells/ml in residual tissue culture 
supernatant. A total of 5 x 105 iDC were seeded into 48-well plates in a final volume of 
1 ml, and then exposed to the following stimuli for 48h: 300 µl of 25-fold concentrated 
supernatants from transfected 293T cells containing approximately 3 µg/ml of SOSIP.R6-
IZ or SOSIP.R6-IZ-CD40L protein (mock transfected supernatants were included in all 
experiments); 3 µg/ml of purified recombinant JR-FL gp120; 10 ng/ml TNF-α and 10 ng/
ml IL-1β (R & D Systems); 100 ng/ml LPS derived from Salmonella typhimurium (Sigma-
Aldrich); or combinations thereof. An aliquot (105) of the cells was left unstimulated in 
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every experiment, to ascertain the baseline levels of phenotypic markers and cytokine 
production.

Immunophenotypic analysis of DC

Before and after in vitro stimulation, the DC were immunophenotyped using 
fluorochrome-labeled MAbs to CD11c (clone B-ly6), CD14 (clone mφp9), CD40 (clone 
5C3), CD80 (clone L307.4), CD83 (clone HB15e), CD86 (clone IT2.2), CD206 (clone 
19.2), CD209 (clone DCN46) and HLA-DR (clone L243) (BD Biosciences, San Jose, 
CA, USA). The iDC were transferred into 96-well U-bottomed plates prior to staining, 
and washed in ice-cold FACS buffer (PBS containing 5% human AB serum), with 
centrifugation at 300 g and 4°C. 105 DC were stained for each MAb combination. Non-
specific binding of MAbs to cell surface FcRs was prevented by blocking these receptors 
with 10% human AB serum for 30 min on ice. MAb cocktails (50 µl) containing pre-
titrated antibodies were added to DC for an additional 30 min on ice. Isotype-matched 
control MAbs were included in every assay. After staining, the DC were washed twice and 
fixed in 1% paraformaldehyde. Four-color analysis was performed using an LSR II flow 
cytometer and the data were analyzed with FlowJo software (Version 7.2, TreeStar Inc. 
Ashland, OR). DC were identified by high forward scatter and side scatter and by their 
uniform expression of CD11c. Signals from at least 50,000 DC were acquired from each 
sample. 

Cell-free supernatants from DC cultures were collected post-stimulation and 
immediately frozen at -80°C until analysis. Their contents of IL-6, IL-10, IL-12p70 and 
TNF-α were determined using commercially available ELISA kits (BD Pharmingen, San 
Jose, CA, USA) according to the manufacturer’s instructions. Absorbance was measured 
using an Emax precision microplate reader (Molecular Devices, Sunnyvale, CA, USA). 
The assay detection sensitivity was 2 pg/ml for IL-6 and 4 pg/ml for IL-10, IL-12p70 and 
TNF-α.

Activation of naïve CD4+ T-cells

Allogeneic naïve CD4+ T-cells were isolated from frozen PBMC derived from a healthy 
donor (New York Blood Center) by negative selection using the naïve CD4+ T cell 
isolation kit II (Miltenyi Biotech). The purity of isolated naïve CD4+ T-cells was assessed 
following surface staining with the following MAbs (BD Pharmingen): CD3-APC (clone 
HIT3a), CD4-PERCP (clone SK3), CD45RO-PE (UCHL1) and CD27-FITC (M-T271). 
Naïve CD4+ T-cells were defined as CD3+ CD4+ CD45RO- CD27+ and purities exceeded 
98%. 

Naïve CD4+ T-cells were co-cultured at a ratio of 1 DC: 10 CD4+ T-cells (105 DC + 106 

T-cells) in 1 ml final volume in a 48 well plate in the absence or presence of differentially 
stimulated DC. On day 5, CD4+ T-cells were stained with anti-CD3-APC/ CD4-PERCP 
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(as above) and HLA-DR-FITC (clone L243). IFN-γ levels were measured using a 
commercially available ELISA kit (BD Pharmingen).

Reagents

The recombinant human CD40/TNFRSF5/Fc chimera and anti-mouse CD40L 
monoclonal antibody (cross-reactive with human) were purchased from R&D Systems. 
MAb 2F5 was obtained from Hermann Katinger through the NIH AIDS Research and 
Reference Reagent Program (ARRRRP); HIVIg was obtained through the ARRRP from 
NABI and NHLBI. MAb b12 was donated by Dennis Burton (The Scripps Research 
Institute, La Jolla, CA, USA); CD4-IgG2, PA-1 and recombinant JR-FL gp120 (expressed 
in Chinese hamster ovary cells, endotoxin content <3 EU/ml) were a gift from William 
Olson (Progenics Pharmaceuticals Inc., Tarrytown, NY, USA).
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Abstract
Despite many years of research, no effective vaccine against HIV-1 has been developed. 
A vaccine aimed at inducing neutralizing antibodies would have to include the HIV-1 
Env glycoprotein complex (Env), but the use of Env in vaccines is hampered by several 
factors that limit the quantity and quality of the antibodies raised against it. To address 
this issue we previously created a fusion construct consisting of Env and CD40 ligand 
(CD40L), the rationale being that the CD40L component would target Env to dendritic 
cells while at the same time activating these cells to initiate a potent anti-Env immune 
response. However, dendritic cells process antigens for antigen presentation while a 
potent neutralizing antibody response requires an interaction of intact antigen with 
B cells. In the current study we fused trimeric Env to two proteins that can target and 
activate B cells: B-cell Activating Factor (BAFF/BLyS/TNFSF13b) and A PRoliferation-
Inducing Ligand (APRIL/TNFSF13). The resulting fusion constructs were expressed 
efficiently and well-folded. When tested in a rabbit immunization experiment, the Env-
APRIL fusion protein induced the highest anti-gp120 and anti-trimeric gp140 antibody 
titers. Env-APRIL also induced the most efficient neutralizing responses against various 
HIV-1 strains in an IgG dependent matter. No upregulation of total antibody levels was 
observed, indicating that the APRIL activation effect was specific for Env. Env targeting 
and activation to B cells by fusion to APRIL or other cis-adjuvants may help to improve 
subunit vaccines against HIV-1.
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Introduction 
Despite over 25 years of extensive research, no effective vaccine against HIV-1, the 
causative agent of AIDS, has yet been developed. One important obstacle is the remarkable 
capacity of HIV-1 to first limit the induction of effective immune responses, and then 
to mutate and escape from those that are generated. So far, neither vaccines aimed at 
inducing neutralizing antibodies (NAbs) nor those intended to stimulate cell-mediated 
responses have been sufficiently successful (1-5). Both strategies continue to be pursued, 
both individually and as immunogen combinations (6-8). 

The trimeric envelope glycoprotein complex (Env) that is responsible for HIV-1 entry 
into target cells is the only relevant target for the induction of NAbs. Multiple immune 
evasive properties hamper the design of engineered Env proteins for NAb induction. 
These defense mechanisms include surface loops that can vary in sequence in response 
to NAb selection pressure, without major effects on Env function (9-12). The more 
conserved regions of Env involved in receptor binding are shielded by these loops and 
by glycans that are generally not recognized as foreign by the immune system (13-15). 
Furthermore, both native and soluble recombinant Env trimers are unstable, exposing 
highly immunogenic, non-neutralizing decoy epitopes when they dissociate into their 
component subunits, gp120 and gp41 (16). As a result, most anti-Env antibodies induced 
during HIV-1 infection or by Env vaccination are non-neutralizing. Broadly neutralizing 
antibodies can sometimes be found in infected humans, but are generally not elicited in 
animals or humans vaccinated with Env proteins of various designs (1-5,10,17). 

Various attempts have been made to overcome Env instability and create better mimics 
of the native complex, as soluble gp140 constructs. We have generated a soluble trimer, 
SOSIP gp140, that contains specific amino acid substitutions to stabilize the gp120-gp41 
and gp41-gp41 interactions (18,19). The SOSIP gp140 trimer is a reasonably good, but still 
imperfect, mimic of the native Env complex (Binley 2000, Sanders 2002). Single particle 
cryo EM studies show that SOSIP gp140 and the native complex have similar structures 
and undergo comparable CD4-induced conformational rearrangements. SOSIP gp140 is 
slightly better than the corresponding gp120 monomer at inducing NAbs (20,21). 

A general constraint of subunit protein and DNA plasmid vaccines is their poor 
immunogenicity compared to live-attenuated or inactivated viral vaccines, which is 
in part explained by their lack of components such as Toll like receptor activators that 
provide costimulatory signals. However, HIV-1 Env-based subunit vaccines appear to 
be particularly poor immunogens, even when compared to other subunit vaccines such 
as influenza A virus hemagglutinin (HA) (22). Thus, several high doses of gp120 or 
gp140 proteins are generally needed to induce reasonable antibody titers, and these titers 
wane quickly with a short half-life of 30-60 days (2). One among several contributory 
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explanations may be interference with dendritic cell function via the oligomannose 
N-glycans present on gp120 (23-25). 

We have previously shown that we could activate dendritic cells (DCs) by fusing 
Env to the active domain of CD40 ligand (CD40L), which acts as a “cis-adjuvant” 
(26). CD40L (TNFSF5/CD154), a TNF superfamily (TNFSF) member, is an important 
immunostimulatory molecule that is mainly expressed by activated T helper cells. It 
stimulates DCs to increase their capacity to present antigens, secrete pro-inflammatory 
cytokines and prime naïve T cells (27-30). CD40L also induces naive B cells to mature to 
memory or plasma cells, and promotes antibody affinity maturation and IgG or IgA class 
switching (28-30). 

 Targeting an antigen to DC can promote its uptake and processing, thereby 
facilitating a T helper cell response and indirectly aiding the development of a B cell 
response (27). However, for the induction of NAbs against HIV-1, the Env antigen must be 
conformationally intact so that complex epitopes can be presented. We therefore wondered 
whether it would be possible to both target Env to B cells and activate them directly. 
B-cell Activating Factor (BAFF/BLyS/TNFSF13b) and A PRoliferation-Inducing Ligand 
(APRIL/TNFSF13) resemble CD40L in being homotrimeric type II transmembrane 
proteins with immunostimulatory functions, in this case for B cells (31-33). The principal 
sources of BAFF and APRIL are innate immune cells such as neutrophils, macrophages, 
monocytes, DCs and follicular DCs (FDCs) (33-39). The two proteins have similar effects 
on B cells because they share two receptors (BCMA/TNFRSF17 and TACI/TNFRSF13b), 
although they have different affinities and bind under different circumstances (33,40-
42). Like CD40L, BAFF and APRIL stimulate B cells to mature into memory cells or 
antibody secreting plasma cells, in a T-cell independent manner, as well as activating B 
cell receptor affinity maturation and class switching to IgG or IgA (33,43,44). BAFF has 
also been suggested to counteract the tolerogenic effects of certain antigens such as gp120 
(32). These properties of BAFF and APRIL seem particularly advantageous for HIV-
1 Env vaccines because the production of broadly active NAbs may require extensive 
affinity maturation (45,46). Furthermore, the promotion of IgA class switching by BAFF 
and APRIL could help the development of mucosal immune responses that intervene 
against HIV-1 sexual transmission (47). IgA responses to HIV-1 infection and vaccines 
are notoriously poor (48,49). 

In this study we investigated whether targeting trimeric HIV-1 Env proteins to B 
cells via fusion to APRIL, BAFF or CD40L would improve antibody responses. We found 
that the Env-APRIL construct did indeed induce improved NAb responses in rabbits 
compared to the unconjugated Env protein. 
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Results
Design and construction of chimeric Env-APRIL/BAFF/CD40L 
fusion proteins

To target Env to immune cells, we fused stabilized soluble trimeric gp140 proteins to 
the globular domains of APRIL, BAFF or CD40L. We used the rabbit version of these 
molecules to facilitate immunogenicity studies in this species. As the amino acid sequence 
of rabbit CD40L was not previously known, we sequenced the gene by amplifying cDNA 
from New Zealand White rabbit PBMCs (supplemental material and Suppl. Fig. 1). We 
subsequently generated codon-optimized versions of the three fusion partners. 

The SOSIP.R6-IZ gp140 protein we used was based on the R5-using subtype B primary 
isolate JR-FL, which was modified to increase its stability (18,19,50,51) (Fig. 1A). A SOSIP.
R6-IZ-CD40L fusion protein (termed Env-CD40L hereafter for simplicity), based on the 
human CD40L sequence and described elsewhere (26), served as the template for the new 
proteins. Thus, the rabbit versions of the Env-APRIL, Env-BAFF, Env-CD40L constructs 
were generated by exchanging the human CD40L moiety by the active domains of rabbit 
APRIL, BAFF and CD40L. 

When SOSIP.R6 gp140 is expressed in 293T cells, proteolytic cleavage between gp120 
and gp41 is incomplete, but near complete (>95%) cleavage can be achieved by co-
transfection of a plasmid expressing the furin protease (18,50). As described in a previous 
study (26), adding C-terminal modifications such as an isoleucine zipper (IZ) domain to 
the gp41 ectodomain seems to have negative effects on the cleavage efficiency. Even in the 
presence of exogenous furin, the cleavage efficiency does not rise above 50%. For some 
reason C-terminal modifications influence proteolytic cleavage several hundred residues 
away. Because uncleaved Env trimers are known to be antigenically different from fully 
processed Env (18,21,52,53), we are actively studying the possible underlying causes. For 
this study we decided to not co-express furin and therefore all trimers can be considered 
uncleaved except when mentioned otherwise. 

Chimeric Env-APRIL/BAFF/CD40L proteins are expressed 
efficiently

To determine whether the Env-APRIL, Env-BAFF and Env-CD40L proteins could be 
expressed efficiently, we transiently transfected HEK 293T cells. The secreted fusion 
proteins secreted into the supernatants were analyzed using reducing SDS-PAGE and 
western blotting. The fusion proteins and the unconjugated reference gp140 were all 
expressed at comparable levels (Fig. 1B). The slower migration of the fusion proteins is 
consistent with the extra mass (~ 17 kDa) associated with the domains of APRIL, BAFF 
or CD40L. 
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We performed a Blue Native PAGE (BN-PAGE) analysis to assess whether the presence 
of the APRIL, BAFF or CD40L domains affected gp140 trimerization. The unconjugated 
reference gp140 was expressed predominantly as trimers, as described previously (Fig. 
1C) (26,51). The chimeric proteins did also form trimers, although significant amounts 
of monomers and dimers were also present (Fig. 1C). The APRIL, BAFF and CD40L 
moieties therefore affect trimer formation and stability, to at least some degree.

Env fusion proteins bind CD4 and NAbs

We next studied whether the fusion proteins were folded correctly by immunoprecipitating 
them from the supernatants using a CD4 mimetic protein (CD4-IgG2) and various Abs 
and NAbs to conformational epitopes (Fig. 1D), followed by western blot detection. 
Purified Ig from HIV-1 infected individuals (HIVIg), CD4-IgG2 and NAb b12 to the CD4 
binding site on gp120 all recognized Env-BAFF efficiently. NAb 2F5 against the membrane 
proximal external region (MPER) of gp41, which is located adjacent to the trimerization 
domain and the BAFF sequence, also precipitated the Env-BAFF fusion protein. NAb 
17b directed to a CD4-induced epitope overlapping with the coreceptor-binding site on 
gp120 bound constitutively to Env-BAFF, but did so more strongly in the presence of 
soluble CD4, indicating that the fusion protein can undergo conformational changes 
upon CD4 binding (Fig. 1D). Similar results were obtained when the same analyses were 
performed on the Env-APRIL and Env-CD40L proteins (data not shown). Overall, these 
studies show that the Env components of the Env-APRIL/BAFF/CD40L fusion proteins 
are properly folded and are able to present relevant neutralization epitopes. 

In previous studies we have shown that human CD40L is functional when fused to 
Env, as it can be bound by CD40 and a NAb to CD40L and the fusion protein induced 
immunostimulatory effects. Because APRIL and BAFF are known to have a structure 
similar to CD40L, we assume that APRIL and BAFF are also functional, but this was not 
tested in this study. 

Env-APRIL/BAFF/CD40L induce stronger antibody responses 
than unmodified Env

We assessed whether targeting Env to B cells via APRIL, BAFF or CD40L could improve 
antibody responses in vivo. Since the mouse model is generally a poor choice for studying 
neutralization responses to HIV-1 Env, we used rabbits. Groups of 4 animals were primed 
with DNA plasmids encoding unconjugated Env (group A), Env-APRIL (group B), Env-
BAFF (group C), Env-CD40L (group D) via gene gun immunization, or received gp120 
protein in Alum adjuvant (group E). We chose this experimental design because the DNA 
plasmids are taken up by dermal DCs, which then mature and migrate to draining lymph 
nodes, where the fusion protein can be expressed in an environment rich in B cells. This 
provides the opportunity for the B cells to be stimulated both by the Env component 
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through the B cell receptor (BCR) and via the costimulatory component (APRIL, BAFF, 
or CD40L). The gp120 protein arm (group E) allows a comparison with an immunization 
regimen that has been more widely used in both animals and humans (1,17,54).

All the rabbits received the same boosting agent, the cleaved JR-FL SOSIP.R6 
gp140 protein in Quil A, a saponin-based adjuvant. The rationale for this choice was 
that, as noted above, the gp140 fusion proteins expressed from the DNA plasmids in 
vitro, and presumably in vivo, are largely uncleaved. By boosting with cleaved trimers, 
we hoped to promote responses that recognize fully processed Env and hence might 
have neutralization activity. Since the boosting agent was the same for all groups, any 
differences in boosting efficiency can be attributed to the memory response induced by 
the priming agents, which allows a comparison of the three different immunostimulatory 
moieties. Priming immunizations were performed at weeks 0, 2, 4, 8, the single protein 
boost at week 16, and the animals were bled for serological analyses at weeks 0, 2, 4, 6, 8, 
12, 16, 18 and 20 (Fig. 2A). 

We measured anti-gp120 IgG midpoint titers by ELISA as our initial assessment of 
the antibody responses to the different immunogens. The Env-APRIL, Env-BAFF and 
Env-CD40L proteins all induced higher titers than unconjugated Env (Figs. 2B,C). The 
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differences were significant (p<0.05) at weeks 6, 18 and 20 for Env-APRIL compared 
to Env (4-, 4- and 3- fold, respectively) and at weeks 4, 6, 18 and 20 for Env-APRIL 
compared to gp120 (8-, 4-, 11- and 13-fold, respectively) when using the Mann-Whitney 
test. When using the more stringent Kurskal-Wallis test with Dunn’s post test Env-APRIL 
significantly enhanced gp120-binding titers than gp120 at weeks 18 and 20 (p<0.05). A 
similar trend was observed for Env-BAFF and Env-CD40L, but this was not significant. 
To verify whether the cis-adjuvants specifically enhance the antibody levels for Env only, 
we also measured total IgG levels (Fig. 2D). At each time point IgG levels were found to 
be equal for all sera, indicating that the observed enhancement is specific for the anti-Env 
responses.

Measuring the changes in anti-gp120 titer after week 16, when all the animals 
received the same booster immunization with trimeric SOSIP.R6 gp140 protein, allows a 
comparison of the memory responses that had been induced in the priming phase by the 
different plasmids. The anti-gp120 IgG titers increased by 48-fold between weeks 16 and 
18 in the Env-APRIL primed rabbits, while the corresponding increases in the Env, Env-
BAFF and Env-CD40L groups were 25-, 23-, and 23-fold, respectively (Fig. 2E). In the 
animals primed with gp120 protein, the titer increase during the same 2-week period was 
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Figure 2: Env-APRIL induces higher antibody titers than Env. (A) Rabbit immunization scheme. (B) 
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only 6-fold. The differences between Env-BAFF and gp120 and between Env-APRIL and 
gp120 were significant (p<0.05) (Fig. 2E). Overall, the data sugges that the Env-APRIL 
construct induced the best memory response.

Env-APRIL improves neutralization responses

Since Env-based immunogens induce mostly non-neutralizing antibodies, anti-gp120 
binding antibody titers rarely correlate with virus neutralization titers. We therefore 
measured the ability of the sera to neutralize HIV-1 SF162 and JR-FL Env-pseudotyped 
viruses in a single cycle assay using TZM-bl cells. SF162 is a highly neutralization 
sensitive virus classified as tier 1 (55,56); JR-FL, which is homologous to the used Env 
immunogens, is relatively resistant and is in tier 2 (55,56). Although the relevance of 
tier 1 neutralization for vaccines is questionable, it provides a first low bar measure of 
a functional antibody response. The pre-bleed sera were inactive against SF162 (50% 
neutralization titers <10), but post-immunization samples from most animals were able 
to neutralize this virus ( 1). The most consistent response at week 18, after the gp140 
protein boost, was seen in the group primed with Env-APRIL. Sera from all 4 animals in 
this group neutralized SF162 with 50% titers >50, compared to 1/4 in the Env group, 2/3 
in the Env-BAFF group, 3/4 in the Env-CD40L group and 2/4 in the gp120-primed group. 
At the earlier time points (week 6 and 12) SF162 was also more frequently neutralized by 
Env-APRIL sera. 

Neutralization of tier 2 strain JR-FL by 50% was only observed sporadically (Table 
1). Only 5 animals had titers >30: #B294 (Env-APRIL), #C297 and #C299 (Env-BAFF), 
#D303 and #D304 (Env-CD40L). No neutralization was observed in the Env or gp120-
primed groups. Neutralization of SF162 and JR-FL did not correlate, indicating that 
different NAb specificities are responsible. 

The Duke Central Immunology Laboratory for AIDS Vaccine Research and 
Development performed an independent neutralization analysis using the three tier 1 
viruses SF162.LS, MN and BaL.26, and several tier 2 viruses. Although several of the sera 
were active against the tier 1 viruses, none of them neutralized any of the tier 2 viruses 
by 50% at dilutions of more than 20-fold (Table 2 and data not shown). The titers against 
SF162 derived in the reference laboratory were generally considerably higher than those 
we had generated, but the overall neutralization pattern was similar. The most consistent 
and strongest response was observed in the Env-APRIL group. A similar pattern was seen 
when MN was used. Although still a tier 1 virus, BaL.26 is generally more neutralization 
resistant than SF162.LS and MN (57). Accordingly, the rabbit sera neutralized BaL.26 
at lower titers and less consistently. Nonetheless, the best responses were again seen in 
the Env-APRIL group, where 3/4 rabbits neutralized BaL.26 at titers >100, while the 
responses in the other DNA-primed groups were less consistent. None of the sera from 
animals primed and boosted with gp120 protein could neutralize BaL.26. 
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Neutralization is mediated by IgG

To assess whether anything other than antibody, such as interferons, chemokines or factors 
influencing cell viability, might be affecting the outcome of the neutralization assays, we 
further analyzed selected sera with particularly potent activity. IgG antibodies from the 
sera of rabbits #B296 (Env-APRIL), #C297 (Env-BAFF), and #D304 (Env-CD40L) were 
depleted to <5% of the original level using protein G-coupled agarose beads. The depleted 
sera as well as the purified IgG recovered from the columns and the unfractionated sera 
were then tested against SF162 using our in-house assay. IgG was recovered for ~75% on 
average as determined by quantitative IgG ELISA (data not shown). Depletion of IgG 
almost completely eliminated the neutralizing activity of the sera (data not shown). In 
contrast, the purified IgG was at least as active as the original sera when compensating for 
the different volumes after purification (Fig. 3). 

Table 1: Env-APRIL induces enhanced neutralizing 
responses as shown by in-house assay

JR-FL
Animal # Wk 0 Wk 6 Wk 12 Wk 18 Wk 18

Env A289 10 120 87 702 26
A290 10 23 13 32 24
A323 10 53 19 48 17
A292 10 10 10 19 21

Env-APRIL B293 10 13 17 75 18
B294 10 64 60 82 48
B295 34 48 82 492 18
B296 10 132 255 485 17

Env-BAFF C297 10 125 79 488 37
C298 10 10 10
C299 10 28 10 73 69
C300 16 14 10 47 10

Env-CD40L D301 10 11 10 23 23
D302 10 10 10 51 15
D303 11 14 12 90 86
D304 11 73 123 393 36

gp120 H317 16 98 51 59 21
H318 11 20 16 16 10
H319 11 50 166 109 21
H320 17 49 29 26 11

ND: Not determined. Rabbit died during experiment

SF162
Animal # MN SF162 BaL

Env A289 2348 2298 177
A290 111 207 <20
A323 519 54 <20
A292 65 33 <20

Env-APRIL B293 421 2003 117
B294 112 176 57
B295 3647 2170 164
B296 4195 3118 191

Env-BAFF C297 6764 1589 347
C298 ND ND ND
C299 241 <20 <20
C300 53 817 <20

Env-CD40L D301 68 2136 170
D302 122 281 23
D303 <20 76 <20
D304 1438 2076 109

gp120 E317 29 50 <20
E318 <20 66 <20
E319 64 250 <20
E320 23 <20 <20

Virus test strain

ND: Not determined. Rabbit died during experiment

Table 2: Enhanced neutralization 
induced by Env-APRIL is confirmed 
by NIH reference lab
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Figure 3: Neutralization is mediated by IgG. Sera 
from 3 rabbits were treated with protein G-coupled 
agarose beads to deplete IgG to less than 5% of the 
original levels. The midpoint neutralizing titers 
were then determined for the untreated sera, the 
IgG-depleted sera and the IgG that was eluted from 
the beads. The depleted sera lacked detectable 
neutralization activity (data not shown). Curves 
represent relative luciferase activity ± SEM.
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The neutralizing antibody response matures over time

During natural infection, the initial Env-specific response is dominated by nonneutralizing 
antibodies; NAbs appear only later in the course of infection (13). Here, we have studied 
whether the response to our Env immunogens also matures over time by measuring 
neutralization of SF162 at weeks 0, 6, 12 and 18 post-immunization. As expected, there 
was no neutralization at week 0, but the average titer increased over time, particularly in 
the Env-APRIL arm (Fig. 4A). To assess whether this titer increase reflected an increase 
in the quantity or quality of neutralizing antibodies, we divided the midpoint SF162 
neutralization titers by the midpoint gp120 binding antibody titers (Fig. 4B). The resulting 
ratios increased over time, with median values of 0.013, 0.042 and 0.067 at weeks 6, 12 
and 18 respectively. Hence, the increase in SF162 neutralization over time is attributable 
to more than just an increase in the quantity of anti-gp120 antibodies produced; there 
is also a qualitative increase, perhaps due to antibody affinity maturation or changes in 
antibody specificity over time. When the neutralization/binding ratios were compared 
for the various experimental groups, there was no statistically significant difference 
among them. 

Env-APRIL induces improved anti-trimer responses that 
correlate with neutralization

Neutralizing antibodies should be able to recognize the functional, trimeric Env spike. 
We determined whether antibodies in the rabbit sera could bind recombinant gp140 
trimers in an ELISA that we have described elsewhere (26,51,58). This ELISA makes use 
of a construct that is similar to the Env used for the control immunization group, SOSIP.
R6-IZ-His, in which the His-tag was replaced by a D7324 epitope tag. All week 12 and 
18 sera contained trimer-reactive antibodies (Fig. 5A). The highest titers were found in 
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Figure 4: The neutralizing antibody response matures over time. (A) Mean SF162 mid-point (50%) 
neutralization titers are shown for each group of four rabbits. (B) The ratios of the SF162 mid-point 
neutralization titers to the anti-gp120 midpoint binding antibody titers at weeks 6, 12 and 18 are plotted 
for each rabbit. ** and *** indicate p<0.01 and p<0.001, respectively as determined by one-tailed Mann-
Whitney test.
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the Env-APRIL group, while the lowest titers of anti-trimer antibodies were found in the 
group of animals primed with gp120, which was significant on week 18. A similar but 
non-significant trend was observed for Env-BAFF. Moreover, unlike the other groups, the 
anti-trimer titers in the gp120-primed rabbits did not increase after gp140 trimer booster 
immunization at week 16 (Fig. 5A). 

To investigate whether the anti-trimer antibodies correlated with neutralization, we 
plotted the midpoint neutralization titers for SF162 and JR-FL against either the anti-
gp120 or the anti-trimer binding antibody titers (Fig. 5B-E). There was a strong and 
significant correlation between the SF162 neutralization titers and both the anti-gp120 
(Spearman coefficient r=0.51; p=0.0008) and anti-trimer (r=0.52; p=0.0007) titers. For 
JR-FL neutralization, the correlation was poor and not significant (r=0.19; p=0.25 and 
r=0.26; p=0.10). 

Figure 5: The neutralizing antibody response correlates with anti-trimer binding antibody levels (A) 
Mean midpoint IgG trimer-binding titers ± SEM of the rabbit sera as determined by ELISA at weeks 
0, 12 and 18. (B-E) The mid-point SF162 neutralization titers are plotted for each individual rabbit at 
week 12 (grey symbols) and week 18 (black symbols) against (B) the mid-point anti-gp120 binding 
antibody titer and (C) the mid-point anti-trimer binding antibody titer. (D,E) as (B,C) but with JR-FL 
neutralization titers. (F) Ratio of the anti-trimer/anti-gp120 binding antibody titers at weeks 0, 12, 18. 
** indicates p<0.01 as determined by one-tailed Mann-Whitney test. (G-I) Mid-point neutralization 
titers for MN (G), SF162.LS (H) and BaL.26 (I), as determined by the Duke Central Immunology 
Laboratory for AIDS Vaccine Research and Development, are plotted against the ratio of the anti-trimer/
anti-gp120 binding antibody titers. The Spearman r-values and two-tailed p-values are shown. Where 
possible, the appropriate immunization group is indicated by the relevant symbol as explained in (B).  
* indicates p<0.05.
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We also calculated the ratios of the anti-trimer and anti-gp120 binding antibody 
titers, to gauge what proportion of the latter antibodies could also recognize trimers. 
There were no significant differences in this ratio between the Env, Env-APRIL, Env-
BAFF and Env-CD40L groups (data not shown), which is consistent with the use of the 
same Env moiety in all these groups. Thus, conjugation of Env to, e.g., APRIL increases 
the antibody responses to both monomeric gp120 and trimeric gp140, but it does not 
change the relative proportion of the two categories of Env-reactive antibodies. In 
contrast, sera from the gp120-primed rabbits contained a significantly lower proportion 
of trimer-reactive antibodies (Fig. 5E). Thus, the anti-trimer to anti-gp120 ratio in this 
group was 0.26 at week 12, while the average ratio across the gp140-primed rabbits (i.e., 
the Env, Env-CD40L, Env-BAFF and Env-APRIL groups combined) was 0.71 (p<0.01). 
The anti-trimer to anti-gp120 ratio was ~2-fold higher in all the groups after the gp140 
trimer protein boost at week 16, but the differential between the gp140-primed and 
gp120-primed animals remained (1.27 vs 0.51, p<0.01). Thus, gp140 trimers are more 
effective than gp120 monomers at priming the production of antibodies that can bind to 
a trimeric Env protein in an ELISA.

To assess whether the trimer/monomer binding antibody ratio correlated with 
neutralization activity, we plotted the neutralizing titer against this binding ratio for each 
serum (Fig. 5G-I). There was a strong correlation between the trimer/monomer binding 
antibody ratio and neutralization of MN, SF162.LS or BaL.26 (Spearman correlation 
coefficients (r) of 0.58, 0.53 and 0.80) at statistical significant levels (p=0.002, p=0.006 
and p=0.002 respectively). Thus, sera that contain a high proportion of trimer-reactive 
antibodies are better able to neutralize HIV-1 infection, compared to sera that contain 
lower levels of such antibodies.

Discussion
To try to improve the immunogenicity of Env-based vaccines, we fused a trimeric gp140 
protein to protein domains (“cis-adjuvants”) that can target and activate B cells. Most 
previous immunotargeting strategies have focused on DCs, since these cells play a critical 
role in the induction of immunity, particularly T cell responses. Targeting antigens to 
DCs via lectins such as DEC205 and Clec9A has proven to be useful in this regard (59-
62), although the addition of costimulatory signals such as CD40L may be necessary to 
overcome tolerance (62). Although antigen targeting to DC followed by antigen processing 
and presentation is beneficial for T cell responses, neutralizing B cell responses require 
interaction of intact antigen with B cells. We considered that targeting Env directly to 
B cells could be a useful alternative way to increase the performance of protein-based 
vaccines intended to induce NAbs. We used the TNFSF members CD40L, APRIL and 
BAFF to both target the Env antigen to immune cells and to provide an activation signal 
for the same cells. 
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The chimeric fusion proteins Env-APRIL, Env-BAFF and Env-CD40L could be 
produced efficiently, with their Env components folded correctly and presenting 
appropriate NAb epitopes. When these fusion proteins were tested in rabbits, the Env-
APRIL construct performed best at inducing Env-binding and virus-neutralizing 
antibodies. The Env-APRIL immunized rabbits performed best at neutralizing the tier 
1 virus SF162, MN and BaL, but tier 2 viruses were infrequently neutralized. This may 
be related to the immunization protocol, since the rabbits received only one protein 
immunization. 

Importantly, no aspecific immune activation could be detected. Total IgG levels were 
comparable among the immunization groups during the length of the immunization 
study. This shows that the cis-adjuvants specifically improve anti-Env responses and do 
not cause general immune activation. 

We assume that the stronger antibody responses induced by Env-APRIL arise because 
B cells are activated by the APRIL component of the chimeric construct, although we 
cannot exclude the possibility that stimulation of other cell types, such as T cells or DCs, 
also plays a role. Some DC subsets reportedly express TNFRSF13b/ transmembrane 
activator and CAML interactor (TACI), which should make them sensitive to BAFF and 
APRIL, although detailed information is presently lacking (33,63). However, if DCs were 
the prime targets, a more pronounced effect of CD40L might have been expected given 
how potently it activates these cells. Various antigens, including Env, fused to CD40L can 
activate DCs in a way that improves immunogenicity (26,64-71). 

Here, we observed only moderate effects of CD40L on the humoral response to Env. 
One possible explanation could be that previous studies used mice and our previous study 
was performed with human cells, whereas this study was performed in rabbits (26,64-71). 
It is very well possible that the rabbit immune system responds differently to CD40L 
stimulation than the mouse or human immune system does. 

The inferiority of CD40L as cis-adjuvant compared to APRIL might also be related 
to the immunization route that was used. The cells targeted by gene gun immunization 
include keratinocytes, Langerhans cells (LC) and dermal DC (72), which should not be 
activated by APRIL. However, LC and DC can migrate to draining lymph nodes, where 
produced Env-APRIL protein could activate B cells. We therefore speculate that de novo 
Env synthesis and secretion inside the lymph node is crucial in inducing the Env-specific 
antibody response in this immunization protocol. APRIL seems to be superior as cis-
adjuvant in this step. 

The gp140-encoding DNA constructs were better than monomeric gp120 at inducing 
antibodies able to recognize trimeric Env, as demonstrated by the higher trimer/monomer 
binding antibody ratio at week 12 (0.71 and 0.26). The good correlation between trimer/
monomer binding ratios and the SF162 neutralization titers is consistent with the need 
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for Env vaccines to induce trimer-binding antibodies that are also capable of interacting 
with functional Env complexes on virions. 

The denominator in the trimer/monomer binding antibody ratio (i.e., the anti-
gp120 monomer titer) includes antibodies that recognize only gp120 as well as ones 
that recognize both monomeric gp120 and the gp120 component of trimers. In the 
former category are antibodies to gp120 epitopes that are occluded within the trimer. 
The numerator (i.e., the anti-trimer titer) again involves antibodies that recognize both 
monomeric gp120 and the gp120 component of trimers, but also includes antibodies 
that bind only to trimeric gp140 and not to gp120. The latter would include antibodies 
directed against quaternary epitopes bridging two or three protomers, epitopes involving 
components from both gp120 and gp41, and epitopes contained exclusively within gp41. 
Neutralizing antibodies in the first and third of these categories have been identified, 
although most anti-gp41 antibodies are not neutralizing (73). No antibodies to epitopes 
spanning gp120 and gp41 have yet been described. A better understanding of how to 
induce trimer-reactive antibodies, and the specificities involved, would be useful to 
further guide the design of vaccines intended to induce NAbs. 

The concept of targeting vaccine antigens to B cells using cis-adjuvants such as APRIL 
could prove useful for Env-based subunit vaccines as well as other vaccines based on 
proteins. Because TNFSF members can target a variety of cell types, and the type of 
response can be adjusted by selecting different members of the superfamily, this approach 
might be a useful addition, or alternative, to antigen targeting strategies based on lectins 
such as DEC205 and Clec9A. 

Materials and methods
Plasmids 

We have previously described modifications that improve the stability of soluble, cleaved 
gp140 trimers based on the R5 subtype B isolate JR-FL (18). The amino-acid sequence 
of gp120 and the gp41 ectodomain was modified as follows (Fig. 1A). We introduced: (i) 
a disulfide bond between residues 501 in gp120 and 605 in gp41 (A501C, T605C; (18)); 
(ii) a trimer-stabilizing substitution in gp41 (I559P; (19)); (iii) a sequence-enhanced 
site for furin cleavage (RRRRRR; (50)). We further modified the JR-FL SOSIP.R6 gp140 
construct to include a C-terminal GCN4-based trimerization domain (isoleucine 
zipper; IZ) (26,51). We have shown that this domain further improves trimer stability. 
A C-terminal octa-Histidine tag (HHHHHHHHH; H8) was also added. The SOSIP.R6-
IZ-H8 construct is abbreviated here as “Env”.

To compare trimeric Env with monomeric gp120, we used a variant of SOSIP.
R6-IZ-H8 in which the H8-tag was replaced by the epitope for the D7324 antibody 
(APTKAKRRVVQREKR), generating SOSIP.R6-IZ-D7324. Note that the internal D7324 
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epitope in the C5 domain of SOSIP constructs is mutated by the introduction of the 
cysteine at residue 501 that forms the intramolecular disulfide bond with gp41, and it 
is also occluded by the proximity of the gp41 subunit; hence unmodified SOSIP gp140s 
do not react efficiently with Ab D7324 (18,19). Because of the addition of C-terminal 
sequences to SOSIP gp140, SOSIP.R6-IZ-D7324 trimers are poorly cleaved (26). 

Codon-optimized rabbit sequences of APRIL, BAFF and CD40L were synthesized 
(Mr. Gene, Regensburg, Germany) containing the restriction sites for Asp718I and SfuI. 
The APRIL, BAFF and CD40L sequences (corresponding to amino acids 115-250, 149-
290, and 119-261, respectively) were then cloned C-terminally to SOSIP.R6-IZ, using 
Asp718I and SfuI.

The sequence integrity of all clones was confirmed prior to use. The amino acid 
numbering of SOSIP.R6 gp140 is based on HXB2 Env.

Cell culture and transient transfection 

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM), 
supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), and streptomycin 
(100 µg/ml) as previously described (74). HEK293T cells were transfected using 
polyethyleneimine (PEI), as described elsewhere (75). Briefly, DNA encoding Env protein 
was diluted in DMEM (Invitrogen, Breda, The Netherlands), to 1/10 of the final culture 
volume and mixed with PEI (0.12 mg/ml final concentration). After incubation for 20 
min, the DNA–PEI mix was added to the cells for 4h before replacement with normal 
culture medium containing 10% FCS (HyClone, Perbio, Etten-Leur, The Netherlands), 
penicillin, streptomycin and MEM nonessential amino acids (0.1 mM, Invitrogen). 
Culture supernatants were harvested 48h after transfection.

SDS-PAGE, BN-PAGE and western blotting 

SDS-PAGE, blue native (BN)-PAGE, and western blot analysis were performed as 
described elsewhere (19,26,76,77), using the JR-FL V3-specific mouse MAb PA-1 as an 
Env probe (78) (Progenics Pharmaceuticals).

Immunoprecipitation assays 

100 µl of 20X concentrated 293T cell supernatant was incubated overnight at 4°C, with 
rotation, with MAbs or related reagents (HIVIg, b12, CD4-IgG2, 2F5 at 4 µg/ml, 17b at 
1.5 µg/ml), and when appropriate sCD4 (10 µg/ml), in 500 µl of RIPA buffer (50 mM Tris-
HCl (pH 7.2), 150 mM NaCl, 1% Nonidet P-40, 0.25 % sodium deoxycholate, and protease 
inhibitors (Complete protease inhibitor tablets, Roche, Almere, The Netherlands). Next, 
Protein G-coated agarose beads (Pierce/Thermo Fischer, Etten-Leur, The Netherlands) 
were added and incubated for 2h at 4°C with rotation. The beads were then washed six 
times with RIPA buffer (supplemented with 0.01% Tween 20), after which the bound 
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proteins were eluted by heating at 100°C for 5 min in 50 µl of 2X SDS-loading buffer 
containing 100 mM dithiothreitol (DTT). The immunoprecipitates were fractionated by 
SDS-PAGE (8% polyacrylamide) at 125 V for 1.5 h. Env detection was performed using 
MAb PA-1 and standard Western blot techniques.

Gene gun DNA and protein immunizations 

The pPPI4 plasmid encoding fusion proteins was amplified using DH5α cells and 
isolated using the EndoFree Plasmid Giga Kit (Qiagen, Venlo, The Netherlands). The 
immunizations were carried out at Genovac (Freiburg, Germany), under contract. 
The facilities at Genovac comply with the European Community guidelines for animal 
housing and in vivo experiments. New Zealand white rabbits (4 rabbits per group) were 
immunized at weeks 0, 2, 4 and 8 with 125 µg of endotoxin-free DNA, via the abdominal 
dermis, using gene gun technology. One group was immunized at weeks 0, 2, 4 and 8 
with 30 µg JR-FL gp120 in Imject Alum (40 mg/ml aluminum hydroxide and 40 mg/ml 
magnesium hydroxide. The injection mixture was made according to the manufacturer’s 
instructions (Pierce) and delivered subcutaneously at six sites: two each in the shoulder, 
abdomen, and hind limb. At week 16, all rabbits were injected with 1 ml PBS containing 
30 µg of JR-FL SOSIP.R6 gp140 protein (18,19,50) mixed with 60 µg of Quil A (Brenntag, 
Frederikssund, Denmark). The injections were performed as follows: 300 µl intradermally 
(50 µl into each of the above 6 sites), 400 µl intramuscularly (200 µl into each hind leg) 
and 300 µl subcutaneously (into the neck region). Blood samples were obtained at weeks 
0, 2, 4, 6, 8, 12, 16, 18, the final bleed at week 20. 

Env-specific and total immunoglobulin ELISAs

Anti-gp120 antibody titers were measured by D7324-capture ELISA, essentially as 
described previously (51). Anti-trimeric gp140 titers were determined using SOSIP.R6-
IZ-D7324, which was engineered to contain the D7324 epitope at its C-terminus (26,51). 

For measuring total serum immunoglobulin levels, goat anti-rabbit IgG (Jackson 
ImmunoResearch, Newmarket, UK) was coated overnight (10 µg/ml) in 0.1 M NaHCO3, 
pH 8.6 (100 µl/well) onto microplate wells. After blocking, serially diluted serum was 
added for ~2h. Bound mouse IgG was detected with HRP-labeled goat anti-rabbit IgG 
(Jackson Immunoresearch, Suffolk, England; used at 1:5000 (0.2 µg/ml)), followed by 
quantification in a luminometer. Midpoint titers were calculated using Graphpad Prism 
(version 5.03) by determining the dilution of the serum at which the optical density was 
50% of the maximum value. For quantification a standard curve using known amounts of 
purified rabbit IgG (Jackson) was used.
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Neutralization assays

The TZM-bl reporter cell line stably expresses high levels of CD4 and HIV-1 co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under the 
control of the HIV-1 long-terminal-repeat promoter. The line was obtained through the 
NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National 
Institutes of Health (John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. (Durham, NC)). 
Single-cycle infection and inhibition experiments using TZM-bl cells were performed as 
described (79,80). The percentage of neutralization was determined by measuring how 
much of the luciferase signal was reduced by each serum dilution, compared to when 
serum was absent (defined as 100%). The 50% (midpoint) neutralization titers were 
determined. The viruses tested at the Duke Central Immunology Laboratory for AIDS 
Vaccine Research and Development were the tier 1 strains MN, SF162.LS and BaL.26 and 
the tier 2 strains JR-FL, 6535.3, QH0692.42, PVO.4 and RHPA4259.7. The sera were heat 
inactivated (30 min 56°C) before use.

IgG depletion

Serum (120 µl) was mixed with 200 µl of a 50% (vol/vol) slurry of Protein G plus agarose 
(Pierce) and 780 µl of phosphate buffered saline, pH 7.4. The mixture was incubated 
overnight at 4°C, and the beads were then washed thoroughly with 1X RIPA buffer 
containing 0.05% Tween 20, as for the immunoprecipitation assay. Rabbit IgG was 
eluted from the beads using 550 µl of IgG elution buffer (Pierce) and the solution was 
immediately neutralized with 50 µl of 1 M Tris-HCl, pH 9.5.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 5.03. One-tailed Mann-
Whitney U tests were carried out to analyze the immunogenicity experiments. Kurskal-
Wallis tests were also performed to compare the same groups, followed by Dunn’s multiple 
comparison test if the medians were found to be significantly different, unless indicated 
otherwise. Nonparametric Spearman tests (two-tailed) were performed to determine 
correlations.
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Supplemental Data
Peripheral blood mononuclear cells (PBMCs) were isolated from New Zealand White 
rabbit blood using Ficoll Paque (GE Healthcare, Diegem, Belgium) as described (81). 
Briefly, the blood was diluted 3X in Hanks Balanced Salt Solution (HBSS, Invitrogen) 
after which Ficoll Paque was added, followed by centrifugation for 30 min at 2200 rpm 
without braking. The serum was then removed and the cells were separated from the 
gradient. The cells were washed 3 times using HBSS, with homologous serum added after 
the first wash. The cells were then cultured in RPMI 1640 (Invitrogen) supplemented with 
2 mM L-glutamine (Invitrogen), 40 IU/ml IL-2 (Chiron, Arnhem, The Netherlands), 
10% FCS, 10% homologous rabbit serum and 2 µg/ml PHA (Oxoid, Badhoevedorp, The 
Netherlands) at 37°C. After three days, RNA was isolated from the cells using the RNeasy 
Mini Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s instructions. 

Initially, first strand synthesis was performed using the Thermoscript RT-
PCR System (Invitrogen) and a 3’ primer based on mouse CD40L (primer1: 
5’-TCAGAGTTTGAGTAAGC-3’ ). The same primer and a mouse-based 5’ primer (primer2: 
5’-ATGATAGAAACATACAGCCAACCTTCC-3’) were then used for amplification, with 
an Expand High Fidelity PCR system (Roche, Almere, The Netherlands). The resulting 
PCR product was cloned into a TOPO vector using the TOPO TA Cloning Kit (Invitrogen). 
Subsequently, a PCR reaction was performed using primers again based on the mouse 
sequence of CD40L mRNA (primer 3: 5’-GACCCTCAAATTGCAGCACACGT-3’ 
and primer 4: 5’-TCAGAGTTTGAGTAAGCCAAAAGATG-3’). These primers were 
designed to recognize an inner sequence relative to the first two. This PCR product was 
cloned into a TOPO vector after which sequencing revealed the inner part of rabbit 
CD40L mRNA. 

In order to confirm that we indeed identified rabbit sequence as opposed to a 
contaminating sequence, we designed a 3’ primer based on the identified rabbit sequence 
(primer 5: 5’-CAAACACCGAAGCATCCGCTTGC-3’) to perform first strand synthesis 
and subsequently amplified it using primer 5 and primer 2. Cloning of this PCR product 
into a TOPO vector and subsequent sequence analysis revealed the same sequence as was 
originally found, confirming that the sequence was correct. 

Analysis of a protein BLAST using the Blastp algorithm showed the closest known 
sequence to the amplified rabbit sequence to be a sequence that was 89% homologous to 
human CD40L; there was no closer match to any known nucleotide sequence. Blasting 
both the identified rabbit cDNA and corresponding amino acid in the database with all 
rabbit sequences showed there was no significant similarity to any previously identified 
sequence from this species (at the time, the rabbit genome identification project had not 
been completed). 
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The rabbit CD40L sequence was, however, incomplete at its 5’ and 3’ ends. We 
therefore determined the location and size of the exons in the mouse CD40L mRNA 
coding sequence and blasted the corresponding putative rabbit sequence, exon by exon, 
into the database with rabbit genome shotgun sequences. Each individual exon could be 
found within the shotgun rabbit sequences and was an exact match with the sequence 
we had identified. The rabbit exons were located in four pieces of the whole genome 
shotgun sequence (AAGW01417529 for exons 1 and 2, AAGW02046866 for exon 3, 
AAGW01715933 for exon 4, AAGW01620827 for exon 5). The spread and distribution 
of the exons over the genomic DNA was similar to what is in the mouse and human 
genomes. This confirmed that the sequence we found was of rabbit origin. Furthermore, 
it allowed us to determine the outer 5’ and 3’ end of the rabbit CD40L mRNA coding 
sequence. These ends had high homology with the corresponding mouse sequence. An 
alignment of rabbit, mouse and human CD40L sequences is shown in Supplemental 
Figs. 1 and 2. The rabbit CD40L sequence has been deposited in Genbank. A Thorbecke 
inbred rabbit derived sequence has since been deposited in the NCBI protein database 
as reference sequence XM_002720328 after automated annotation of rabbit genomic 
sequence NW_003159324. This sequence is 100% identical with the one we identified.

Supplemental figure 1A: Rabbit CD40L is closely related to its human and mouse homologue 
10        20        30        40        50        60        70        80        90       100

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
CD40L human mRNA CATGCTGCCTCTGCCACCTTCTCTGCCAGAAGATACCATTTCAACTTTAACACAGCATGATCGAAACATACAACCAAACTTCTCCCCGATCTGCGGCCAC  
CD40L mouse mRNA --------------------------------------------CTTTCAGTCAGCATGATAGAAACATACAGCCAACCTTCCCCCAGATCCGTGGCAAC  
CD40L macaca mulata ----------------------CTGCCAGAAGATACCATTTCAACTTTAACACAGCATGATCGAAACATACAACCAACCTTCTCCCCGATCTGCGGCCAC  
CD40L Rabbit --------------------------------------------------------ATGATCGAAACGTACAGCCAACCTACTCCTCGTTCTGTGGCCAC  

110       120       130       140       150       160       170       180       190       200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA TGGACTGCCCATCAGCATGAAAATTTTTATGTATTTACTTACTGTTTTTCTTATCACCCAGATGATTGGGTCAGCACTTTTTGCTGTGTATCTTCATAGA  
CD40L mouse mRNA TGGACTTCCAGCGAGCATGAAGATTTTTATGTATTTACTTACTGTTTTCCTTATCACCCAAATGATTGGATCTGTGCTTTTTGCTGTGTATCTTCATAGA  
CD40L macaca mulata TGGACTGCCCGTCAGAATGAAAATTTTTATGTATTTACTTACTATTTTTCTTATCACCCAGATGATTGGGTCAGCACTTTTTGCTGTGTATCTTCATAGA  
CD40L Rabbit TGGACCATCTGTTAGCATGAAAATTTTTATGTATTTACTTACTGTTTTTCTTATTACCCAGATGATAGGGTCAGCGCTTTTTGCTGTATATCTTCATAGA  

210       220       230       240       250       260       270       280       290       300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA AGGCTGGACAAGATAGAAGATGAAAGGAATCTTCATGAAGATTTTGTATTCATGAAAACGATACAGAGATGCAACACAGGAGAAAGATCCTTATCCTTAC  
CD40L mouse mRNA AGATTGGATAAGGTCGAAGAGGAAGTAAACCTTCATGAAGATTTTGTATTCATAAAAAAGCTAAAGAGATGCAACAAAGGAGAAGGATCTTTATCCTTGC  
CD40L macaca mulata AGGTTGGACAAGATAGAAGATGAAAGGAATCTTCATGAAGATTTTGTATTCATGAAAACGATACAGAGATGCAACACAGGAGAAAGATCCTTATCCTTAC  
CD40L Rabbit AGGTTGGACAAGATAGAAGATGAAAGGAATCTTCATGAGGATTTTGTATTCATGAAAACGATACAGAGATGCAACAAAGGAGAAGGGTCCTTATCCCTAC  

310       320       330       340       350       360       370       380       390       400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA TGAACTGTGAGGAGATTAAAAGCCAGTTTGAAGGCTTTGTGAAGGATATAATGTTAAACAAAGAGGAGACGAAGAAAGAAAACAGCTTTGAAATGCAAAA  
CD40L mouse mRNA TGAACTGTGAGGAGATGAGAAGGCAATTTGAAGACCTTGTCAAGGATATAACGTTAAACAAAGAAGAG---AAAAAAGAAAACAGCTTTGAAATGCAAAG  
CD40L macaca mulata TGAACTGTGAGGAGATTAAAAGCCAGTTTGAAGGCTTCGTGAAGGATATAATGCTAAACAAAGAGGAGAAGAAGAAAGAAAACAGCTTTGAAATGCAAAA  
CD40L Rabbit TGAACTGTAAGGAAATTAGAAGCCAGTTTGAAGGCTTCGTCAAGGATATAATGCTAAACAAAGAGGAGCCGAAGAAAGAAATAAATTTTGAAATGCAAAA  

410       420       430       440       450       460       470       480       490       500
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA AGGTGATCAGAATCCTCAAATTGCGGCACATGTCATAAGTGAGGCCAGCAGTAAAACAACATCTGTGTTACAGTGGGCTGAAAAAGGATACTACACCATG  
CD40L mouse mRNA AGGTGATGAGGATCCTCAAATTGCAGCACACGTTGTAAGCGAAGCCAACAGTAATGCAGCATCCGTTCTACAGTGGGCCAAGAAAGGATATTATACCATG  
CD40L macaca mulata AGGTGATCAGAATCCTCAAATTGCGGCACATGTCATAAGTGAGGCCAGTAGTAAAACAACATCTGTACTACAGTGGGCTGAAAAAGGATACTACACCATG  
CD40L Rabbit AGGTGATCAGGATCCTCAAATTGCAGCACATCTCATAAGTGAGGCCAGTAGTAAATCATCATCTGTTCTACAGTGGGCTAAAAAAGGATATTACACCATG  

510       520       530       540       550       560       570       580       590       600
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA AGCAACAACTTGGTAACCCTGGAAAATGGGAAACAGCTGACCGTTAAAAGACAAGGACTCTATTATATCTATGCCCAAGTCACCTTCTGTTCCAATCGGG  
CD40L mouse mRNA AAAAGCAACTTGGTAATGCTTGAAAATGGGAAACAGCTGACGGTTAAAAGAGAAGGACTCTATTATGTCTACACTCAAGTCACCTTCTGCTCTAATCGGG  
CD40L macaca mulata AGCAACAACTTGGTAACCCTGGAAAATGGGAAACAGCTGACCGTTAAAAGACAAGGACTCTATTATATCTATGCCCAAGTCACCTTCTGTTCCAATCGGG  
CD40L Rabbit AGCAACACTTTGGTAACTCTTGAAAATGGAAAACAGCTGAAAGTGAAAAGACAAGGATTCTATTATATCTATGCCCAAGTCACCTTCTGTTCCAATCAGG  

610       620       630       640       650       660       670       680       690       700
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA AAGCTTCGAGTCAAGCTCCATTTATAGCCAGCCTCTGCCTAAAGTCCCCCGGTAGATTCGAGAGAATCTTACTCAGAGCTGCAAATACCCACAGTTCCGC  
CD40L mouse mRNA AGCCTTCGAGTCAACGCCCATTCATCGTCGGCCTCTGGCTGAAGCCCAGCAGTGGATCTGAGAGAATCTTACTCAAGGCGGCAAATACCCACAGTTCCTC  
CD40L macaca mulata AAGCTTCGAGTCAAGCTCCATTTATAGCCAGCCTCTGCCTAAAGTCCCCCGGTAGATTCGAGAGAATCTTACTCAGAGCTGCAAATACCCACAGTTCCGC  
CD40L Rabbit AACCTTCAAGTCAAGCTCCATTTATAGCCAGCTTATGCCTGAAGTCTTCTGGTGGATCAGAACGAATCCTACTCAGAGCAGCAAATGCCCGCAGTTCCTC  
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Supplemental figure 1: Alignment of the rabbit CD40L mRNA sequence with its human and mouse 
homologues.

710       720       730       740       750       760       770       780       790       800
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA CAAACCTTGCGGGCAACAATCCATTCACTTGGGAGGAGTATTTGAATTGCAACCAGGTGCTTCGGTGTTTGTCAATGTGACTGATCCAAGCCAAGTGAGC  
CD40L mouse mRNA CCAGCTTTGCGAGCAGCAGTCTGTTCACTTGGGCGGAGTGTTTGAATTACAAGCTGGTGCTTCTGTGTTTGTCAACGTGACTGAAGCAAGCCAAGTGATC  
CD40L macaca mulata CAAACCTTGCGGGCAACAATCCATTCACTTGGGAGGAGTATTTGAATTGCAACCAGGTGCTTCGGTGTTTGTCAATGTGACTGATCCAAGCCAAGTGAGC  
CD40L Rabbit CAAAACTTGTGAGCAGCAATCCATCCACTTGGGAGGAGTATTTGAATTGCAAGCGGATGCTTCGGTGTTTGTGAATGTGACTGATGCAAGCCAAGTGAAC  
  

810       820       830       840       850       860       870       880       890       900
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA CATGGCACTGGCTTCACGTCCTTTGGCTTACTCAAACTCTGAACAGTGTCACCTTGCAGGCTGTGGTGGACGTGACGCTGGGAGTCTTCATAATACAGCA  
CD40L mouse mRNA CACAGAGTTGGCTTCTCATCTTTTGGCTTACTCAAACTCTGAACAGTGCGCTGTCCTAGGCTGCAGCAGGGCTGATGCTGGCAGTCTTCCCTATACAGCA  
CD40L macaca mulata CATGGCACTGGCTTCACGTCCTTTGGCTTACTCAAACTCTGAACAGTGTCACCTTGCAGGCTGTGGTGGAGCTGACGCTGGCAGTCTTCATAATACAGCA  
CD40L Rabbit CACGGGACCGGTTTCACATCATTTGGCTTACTCAAACTCTGA----------------------------------------------------------  

910       920       930       940       950       960       970       980       990       1000
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA CAGCGGTTAAG-CCCACCCCCTGTT-AACTGCCTATTTATAACCCTAGGATCCTCCTTATGGAGAACTATTTATTATACACTCC-AAGGCATGTAGAACT  
CD40L mouse mRNA AGTCAGTTAGGACCTGCCCTGTGTTGAACTGCCTATTTATAACCCTAGGATCCTCCTCATGGAGAACTATTTATTATGTACCCCCAAGGCACATAGAGCT  
CD40L macaca mulata CAGCAGTTAAG-CCCACCCCCTGTT-AACTGCCTATTTATAACCCTAGGATCCTCCTTATGGAGAGCTATTTATTATACACTCC-AAGGCATGTAGAACT  
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1010      1020      1030      1040      1050      1060      1070      1080      1090      1100
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA GTAATAAGTGAATTACAGGTCACATGAAA-CCAAAACGGGCCCTGCTCCATAAGAGCTTATATATCTGAAGCAGCAACCCCACTGATGCAGACATCCAGA  
CD40L mouse mRNA GGAATAAGAGAATTACAGGGCAGGCAAAAATCCCAAGGGACCCTGCTCCCTAAGAACTTACA-ATCTGAAACAGCAACCCCACTGATTCAGACAACCAGA  
CD40L macaca mulata GTAATAAGTGAATTACAGGTCACATGAAA-CCAAAACGGGCCCTGCTCCATAAGAGCTTATATATCTGAAGCAGCAACCCCACT----------------  
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA GAGTCCTATGAAAAGACAAGGCCATTATGCACAGGTTGAATTCTGAGTAAACAGCAGATAACTTGCCAAGTTCAGTTTTGTTTCTTTGCGTGCAGTGTCT  
CD40L mouse mRNA AAAGACAAAGCCATAATACACAGATGACA--------GAGCTCTGATGAAACAACAGATAACTAAT-GAGCACAGTTTTGTTGTTTTATGGGT-GTGTCG  
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1210      1220      1230      1240      1250      1260      1270      1280      1290      1300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA TTCCATGGATAATGCATTTGATTTATCAGTGAAGATGCAGAAGGGAAATGGGGAGCCTCAGCTCACATTCAGTTATGGTTGACTCTGGGTTCCTATGGCC  
CD40L mouse mRNA TTCAATGGACAGTGTACTTGACTTACCAGGGAAGATGCAGAAGGGCAACTGTGAGCCTCAGCTCACAATCTGTTATGGTTGACCTGGGCTCCCTGCGGCC  
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1310      1320      1330      1340      1350      1360      1370      1380      1390      1400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA TTGTTGGAGGGGGCCAGGCTCTAGAACGTCTAACACAGTGGAGAACCGAAACCCCCCCCCCCCCCGCCACCCTCTCGGACAGTTATTCATTCTCTTTCAA  
CD40L mouse mRNA CTAGTAGG--------------------------------------------------------------------------------------------  
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1410      1420      1430      1440      1450      1460      1470      1480      1490      1500
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA TCTCTCTCTCTCCATCTCTCTCTTTCAGTCTCTCTCTCTCAACCTCTTTCTTCCAATCTCTCTTTCTCAATCTCTCTGTTTCCCTTTGTCAGTCTCTTCC  
CD40L mouse mRNA ----------------------------------------------------------------------------------------------------
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1510      1520      1530      1540      1550      1560      1570      1580      1590      1600
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA CTCCCCCAGTCTCTCTTCTCAATCCCCCTTTCTAACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACAGAGTC  
CD40L mouse mRNA ----------------------------------------------------------------------------------------------------
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1610      1620      1630      1640      1650      1660      1670      1680      1690      1700
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA AGGCCGTTGCTAGTCAGTTCTCTTCTTTCCACCCTGTCCCTATCTCTACCACTATAGATGAGGGTGAGGAGTAGGGAGTGCAGCCCTGAGCCTGCCCACT  
CD40L mouse mRNA ----------------------------------------------------------------------------------------------------
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1710      1720      1730      1740      1750      1760      1770      1780      1790      1800
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CD40L human mRNA CCTCATTACGAAATGACTGTATTTAAAGGAAATCTATTGTATCTACCTGCAGTCTCCATTGTTTCCAGAGTGAACTTGTAATTATCTTGTTATTTATTTT  
CD40L mouse mRNA ----------------------------------------------------------------------------------------------------
CD40L macaca mulata ----------------------------------------------------------------------------------------------------
CD40L Rabbit ----------------------------------------------------------------------------------------------------

1810      1820
....|....|....|....|....|.

CD40L human mRNA TTGAATAATAAAGACCTCTTAACATT  
CD40L mouse mRNA --------------------------  
CD40L macaca mulata --------------------------  
CD40L Rabbit --------------------------  
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In this thesis we have described several strategies that improve the immunogenicity of 
the HIV-1 Env complex. These improvements can be divided into two main lines of 
research. The research described in chapters 2, 3, 4 and 5 concerns the improvement of 
the Env antigenic structure, whereas chapters 6, 7 and 8 deal with improving the overall 
immunogenicity of Env using immunotargeting. 

Antigenic structure modification

HIV-1 Env employs a multitude of tactics to evade the elicitation of an effective immune 
response. One such tactic is the presence of highly variable domains that cover conserved 
domains of Env and are highly immunodominant (1,2). Binding of antibodies could lead 
to neutralization, but the amino acid sequence of these domains can be easily mutated 
without jeopardizing Env function, leading to effective escape (1,2). Paradoxically two 
new monoclonal antibodies were recently discovered that were found to bind at least 
partially to more conserved parts of the V1V2 region, suggesting that a response to 
variable domains could lead to neutralization with a wide breadth (3-5).

Another tactic deployed by HIV-1 is the glycan shield which covers almost the entire 
surface of the functional Env trimer complex and make up half the molecular weight of 
Env (6). Around 24 putative N-linked glycosylation sites are present on Env, all of which 
can be used. Due to the extensive glycosylation, most epitopes beneath the glycans are 
not reachable for antibodies, whilst the glycans themselves are usually not recognized 
by the immune system as they are the product of the host glycosylation system and 
therefore not considered “foreign” (7). Some studies suggest that the glycans do not just 
camouflage underlying Env epitopes, but play a role in interfering with dendritic cell 
(DC) function as well by signaling through lectins such as dendritic cell-specific ICAM-
3-grabbing non-integrin (DC-SIGN, CD209) (8,9). In addition, mannose glycan residues 
on Env may promote fast clearance through hepatic lectins such as the mannose receptor 
(10). Because there are N-glycans on the variable loops both tactics mentioned above are 
combined at some places. 

A third major factor leading to a poor immune response to Env and HIV-1 in general 
is the inherent instability of the Env complex, even on the virion (11). This leads to 
exposure of non-functional forms of Env on virions and infected host cells, such as single 
gp120 monomers which have detached from the complex and gp41 trimers without 
gp120s (12-17). In addition, uncleaved gp160 trimers are also present. These Env forms 
expose highly immunogenic epitopes which are not present on the functional complex 
and serve as a decoy to prevent the elicitation of antibodies to neutralization epitopes.

The glycan shield, variable loop domains and the instability of the Env complex are 
thought to be important causes why merely immunizing with unmodified Env or one of 
its components (e.g. gp120) does not induce any form of protection. This suggests that the 
Env antigenic structure needs to be improved in order to induce an antibody response of 
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sufficient quality. This can be achieved in many different ways, which are not necessarily 
mutually exclusive. 

Structural stabilization

Several approaches have been developed to improve the stability of Env. Some groups use 
Envs derived from primary isolates as these tend to be more stable (18). Other groups 
remove the proteolytic cleavage site to prevent detachment of gp120 from gp41 (19,20). 
Although this approach does indeed prevent the release of gp120 from gp41, it has been 
shown that uncleaved Env is antigenically different compared to cleaved Env (21-24). 
This may lead to less efficient induction of neutralizing antibodies and more efficient 
induction of non-neutralizing antibodies. 

Another approach to improve the stability of Env is the introduction of extra disulfide 
bonds between residues that are opposite each other on the functional Env. By mutating 
these residues to a cysteine, their close proximity should induce formation of a strong 
disulfide bond and force Env to stay in that conformation. This leads to a more stable 
Env variant that conformationally mimics the functional (but instable Env). Since Env is 
a very flexible molecule, stabilization of Env using one or more disulfide bonds usually 
leads to stabilization of Env in a certain conformation. One research group introduced 
disulfide bonds inside the gp41 region (19,25). As commented on in chapter 2, Zhou et 
al stabilized Env in a CD4-bound state using multiple disulfide bonds (26). Inserting 
disulfide bonds between other residues could stabilize Env in another state. Because 
this tactic can create homogenous preparations of more stable Env variants, this is an 
often applied method in Env crystallization and cryo-EM studies, but could also be used 
to create stable variants for a vaccine. These variants no longer have the flexibility of 
unmodified Env, but could instead help to focus the immune response on certain domains 
of Env, which would normally not be available. For example when the CD4-bound state 
is stabilized, the co-receptor binding site is exposed. During natural infection, this site is 
only available for a short period of time, but could be targeted by pre-existing antibodies. 
If such antibodies could be induced using an Env vaccine immunogen stabilized in 
the CD4-bound state, these could neutralize HIV-1 during an actual infection. Recent 
studies suggest that stabilization of Env in the CD4-bound conformation can induce 
higher levels of CD4 binding site antibodies as well (27,28). Although seeming somewhat 
counterintuitive, this can be explained by the fairly large conformational changes Env 
undergoes when bound by CD4, accompanied by large energy needs. The antibodies 
initially induced by Env or HIV-1 infection will not have the necessary affinity for the 
CD4-bound state to overcome these energy needs. When Env in the CD4-bound state is 
used as an immunogen, antibody affinity maturation could lead to increased affinity for 
this state compared to initially formed antibodies, resulting in b12-like antibodies with 
high affinity for the CD4-binding site and therefore high neutralizing capacity. 
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Some groups improve stability of Env using a C-terminal trimerization motif to 
enhance trimerization. Examples of such motifs include the GCN4-based isoleucine 
zipper motif (29) and the T4 bacteriophage fibiritin “foldon” motif (30). These motifs 
generally manage to stabilize the trimeric state well. 

The work described in this thesis is performed mostly on a modified gp140 protein 
in which an extra disulfide bond was introduced by mutating A501 in the C5 region 
and T605 on gp41 to a cysteine residue (21). This so-called SOS mutation stabilizes 
the normally weak interaction between gp120 and gp41. Trimeric stability was further 
improved by introduction of an I559P mutation in gp41 (31). Cleavage efficiency was 
also improved by replacing the natural cleavage motif by a hexa-arginine (R6) motif 
(32). This SOSIP.R6 gp140 construct formed fairly stable trimers that could be cleaved 
relatively easily. In chapter 3 we first described the introduction of a C-terminal GCN4-
based isoleucine zipper motif in our construct (29). This motif manages to stabilize the 
trimeric state even more than the SOSIP mutations alone, but unfortunately led to a 
decreased proteolytic cleavage efficiency. The exact mechanism of how a trimerization 
motif manages to influence cleavage efficiency of a site more than a hundred residues 
away is currently under investigation. 

Reducing the size of the glycan shield

The extensive glycosylation of Env interferes with the induction of an effective immune 
response. As all glycans on Env are believed to be N-glycans and the glycosylation signal 
is known for this type of glycans, theoretically all glycosylation signals could be removed, 
leading to a totally unglycosylated Env. Other means of acquiring unglycosylated Env 
include a chemical agent such as castanospermine or enzymatic removal of the glycans. 
These methods lead to non-functional Env proteins, but do seem to have an increased 
immunogenicity compared to untreated Env (6,8). Because of the misfolding this method 
of total glycan removal is unsuitable for vaccine purposes. 

Several research groups have attempted to remove various individual N-glycans. 
McCaffrey et al removed various glycans on Env and found that neutralization sensitivity 
was higher for viruses carrying Envs with glycans removed (33). Reitter et al. showed 
that some glycans in and around the V1 and V2 can be removed and can improve the 
availability and immunogenicity of underlying epitopes (7,34). Usually, the removal of 
more than one residue from a single Env rendered the virus unable to replicate, likely 
due to misfolding (7,33,34). Thus, individual N-glycans can be removed but could lead to 
loss of function. Since loss of function is likely due to some form of misfolding, this is not 
desirable for vaccine purposes. Evolution studies could possibly solve problems caused 
by removal of glycans and result in functional Env variants with a reduced number of 
glycan structures. 
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Instead of removing the complete glycans, we have shown in chapter 3 that the size 
of the N-glycan structures themselves can also be reduced. For this we used the fact that 
N-glycans are added and modified in several steps. By producing Env in a cell-line that 
lacks N-acetylglucosaminyltransferase I (GnTI), Env glycan processing is halted at the 
Man5GlcNAc2 stage, thereby preventing the formation of complex N-glycans. This was 
shown to reduce the size of the glycan shield even though the number of glycan structures 
was not changed. Reduction of the glycan shield size using this method did not lead to 
significant misfolding or aggregation and still led to functional virus (chapter 3). This 
indicates that production of Env in a GnTI-/- cell line could be a successful tactic for 
generating Envs with a reduced glycan shield (35,36). This approach could possibly be 
combined with the actual removal of several N-linked glycosylation signals, leading to 
less glycan structures with a reduced size. 

A possible side-effect of producing Env in a GnTI-/- cell line is that the Man5GlcNAc2 
glycans bind with high affinity to lectins such as DC-SIGN (37). This receptor provides 
signaling depending on the type and strength of glycan binding. This means that if the 
glycan profile of Env is changed, it might change the processing and signaling caused by 
Env. Preliminary data from our group suggests that production of influenza hemagglutinin 
(HA) in a GnTI-/- cell line leads to higher affinity binding to DC-SIGN and lower anti-HA 
antibody titers compared to when HA was produced in unmodified 293T cells. This has 
been shown to occur for Env as well (8). 

Insertion of extra N-Glycans

An interesting and somewhat counterintuitive approach to improve the antigenic 
structure of Env, is the refocusing of the antibody response by addition of glycans. Using 
this approach it was shown that shielding of variable domains can be achieved (38-40). For 
example Garrity et al. showed that the response to the V3 domain can be dampened by the 
addition of one or more N-linked glycosylation signals in the V3 region and by reduction 
of the positive charge (38). The loss of immunodominance of the V3 region could lead 
to better focusing of the immune response to epitopes that lead to broad neutralization 
when targeted. This approach could also be applied to other immunodominant regions 
which only elicit strain-specific neutralizing antibodies, such as the V1V2 region. One 
downside of this approach is that this might induce more glycan-mediated immune 
dampening as more glycans will likely induce a higher immunosuppressive response. 

Removal of variable domains

Another tactic applied to create structurally enhanced Env variants is the removal of 
one or more variable loop. This should refocus the antibody response from the variable 
domains to more conserved and neutralization relevant epitopes. Several research 
groups, including us, have investigated removal of the V3 or V4 region, but in most 
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cases this resulted in a total loss of Env function (41-45). A possible explanation could 
be that these loops play an important role and cannot be deleted without severe negative 
consequences. The observed loss of function after V3 or V4 deletion could also be caused 
by hydrophobic patches becoming exposed to water after deletion of these loops. 

The V1 and closely located V2 loop seem to be more permissive to deletion as 
shown by studies performed by several research groups. In some cases an improved 
neutralization was observed (46-51). Our research group also investigated the effects on 
immunogenicity of V1V2-deleted Env variants (chapters 4 and 5). The ΔV1V2.9.VK 
Env variant showed improved neutralization of the SF162 strain despite having increased 
responses to neo-epitopes. It is possible that, unlike more difficult to neutralize strains, 
SF162 Env exposes epitopes that are not fully visible on full-length JR-FL Env, but become 
exposed upon removal of the V1V2 loop. An example of this could be epitopes on the V3. 
Due to the variable nature of the V3 loop, antibodies to this region can only neutralize 
a small range of virus strains. Thus, even though refocusing the immune response by 
removing the V1V2 seems to be possible, the response should be refocused to a more 
conserved epitope than the V3 region. 

Some groups have observed an improved neutralizing response after V1V2 deletion 
whilst others did not. This could be caused by differences in the extent of the deletion. 
Larger deletions could expose underlying more conserved epitopes better than smaller 
deletions, but will also cause larger hydrophobic patched to be exposed, leading to 
misfolding. This means that there could be a delicate balance between the extent of new 
exposure of more conserved epitopes and the size of the resulting hydrophobic patch, 
leading to misfolding and less neutralizing antibodies. 

We have tried to solve this and other issues by performing HIV-1 evolution studies 
after Env V1V2 deletion. Some deletions were incompatible with Env function, but some 
virus variants did replicate to some extent and regained function after prolonged culture. 
The fact that these Env mutants regained function probably means that the structure and 
folding was also at least partly restored. Since our ΔV1V2 mutants result from prolonged 
evolution studies and seem to be functional, this could be why we see some enhanced 
neutralization. It must be said however that the neutralization we observed was modest 
and of a neutralization sensitive strain. 

Interestingly, many tactics that are deployed for crystallization/structural studies 
are also applicable for vaccine purposes, because both fields involve the development of 
stable and non-flexible Env variants. As of yet we do not have sufficient understanding of 
the correlates of the Env antigenicity and Env immunogenicity to guide the choice of a 
stabilized conformation to present in a vaccine. 
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Immunotargeting

An important factor hampering the development of an effective Env vaccine is the 
inherent low immunogenicity of HIV-1 Env compared to other immunogens (52). This is 
demonstrated by the fact that a relatively high concentration of gp120 is necessary to get 
merely binding antibodies in human volunteers (53-56) and the raised antibodies have 
a short half-life, necessitating repeat boosting (53). Moreover, significant numbers of 
vaccinees never even responds to the vaccine (53,55). Another factor that plays a role in 
the insufficient immune response is the unusually high Th2 bias of the response (57,58).

In an attempt to overcome these hurdles we have developed new ways of enhancing the 
immunogenicity of Env. We replaced the V1V2 domains of Env with the active domain 
of granulocyte macrophage colony stimulating factor (GM-CSF, chapter 6) which led 
to enhanced immunogenicity when tested in a mouse model. There have been studies 
which have demonstrated enhanced immunogenicity by attaching immunostimulatory 
molecules to the immunogen. Such molecules could be antibodies which target the 
immunogen to a certain receptor and/or cell. Other studies have shown that TLR 
adjuvants can be attached to increase immunogenicity in a similar fashion, but as far 
as we know this is the first time an immunostimulatory molecule or adjuvant has been 
inserted inside Env itself. 

Some have made fusion proteins of various antigens and Tumor Necrosis Factor 
Superfamily (TNFSF) members such as CD40 ligand. CD40L and agonistic anti-CD40 
antibodies have been used successfully to target immunogens to CD40-expressing cells 
such as DCs in various immunization models (59-66). CD40L has also been used in HIV-
1 virus-like particle based approaches (67-69). Our approach (chapter 7) differs from 
others in that we are the first to demonstrate the direct fusion of CD40L and HIV-1 Env. 
CD40L is well-suited for fusion to Env because both proteins need to be trimeric to be 
functional and like Env, CD40L is rather unstable as a trimer in solution. By inserting 
a trimerization motif we stabilized both domains in a trimeric conformation. CD40L 
cannot just be easily fused to Env, but could also serve as a potent adjuvant by stimulating 
various immune processes by providing stimulatory signals that are a key element in T 
cell help. CD40 is expressed by various APCs such as DCs and B cells. Fusion of CD40L 
to Env should therefore help improve the immunogenicity of Env by primarily targeting 
DCs and B cells. 

DCs are generally considered the desired target cells when induction of an immune 
response is required, but when induction of a mainly humoral response is sufficient, the 
effector cells are B cells. We therefore investigated whether direct targeting of Env to B 
cells would improve the effectiveness and efficiency of the response to HIV-1 Env. For that 
we used two cis-adjuvants that are members of the TNF superfamily, BAFF and APRIL 
(chapter 8). In the rabbit model used Env-APRIL performed best in terms of inducing 
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anti-Env titers and HIV-1 neutralization. This demonstrates that direct targeting to B 
cells could elicit more efficient anti-Env neutralizing responses than targeting to DCs. 
This is somewhat paradoxical as there are very few B cells located at the site used for the 
gene gun immunizations, the dermis. It is therefore likely that DCs are transfected in the 
dermis with the DNA from the gene gun. These DCs then become activated, travel to the 
lymph node and express Env-BAFF and Env-APRIL, activating local B cells. Even though 
this is an indirect approach, at least in rabbits this seems to be more effective than direct 
targeting to DCs.  

The constructs and setup described in chapters 7 and 8 can be applied to other 
“difficult” antigens as well. Depending on their “difficulties” the TNFSF member, or 
possibly another cis-adjuvant, could be picked and used to stimulate the immunological 
processes lacking during immunization without the cis-adjuvant. For example when an 
antigen tends to induce too little of a B cell (humoral) response, a cis-adjuvant can be 
picked which helps induce a good B cell response to the antigen.

With the use of cis-adjuvants as described in chapters 5, 6, 7 and 8 come a few 
concerns that require further investigation before they could be used in the clinic. The 
first concern is that by fusion to an antigen, the cis-adjuvant is processed along with the 
foreign protein. This might lead to activation of anergic B and T cells and the raising of 
an immune response to the adjuvant. Because these adjuvants have an important role 
in normal processes, targeting of these cells by the immune system could lead to the 
destruction of cells expressing these proteins. This would result in side effects and possibly 
auto-immunity. Using ELISA it can be determined whether or not immune responses are 
raised against the cis-adjuvants. 

Even if no immune response is mounted against the cis-adjuvant itself because it is a 
self-antigen, there are still epitopes which would be considered foreign by the immune 
system, but have an overlap with the cis-adjuvant. It is not likely that this would result 
in side effects as these epitopes are not found on the adjuvant without the antigen, but 
could distract the immune response away from more relevant epitopes on Env. To which 
extent these processes interfere with the elicitation of a sufficiently neutralizing response 
requires further investigation.

It might prove wise to focus initially on widely-tested molecules in further studies. 
CD40L and GM-CSF would be good choices for this as they have been used in the clinic 
without significant side-effects, albeit not as part of a fusion protein. APRIL has not been 
tested in humans yet. 

Further obstacles and challenges for the development of an  
HIV-1 vaccine

Some would argue that NAbs alone could never totally protect an individual against HIV-
1 infection, but it has been shown that antibodies play an important role in vaccine-
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induced immunity against HIV-1, as discussed in chapter 1. 
The fact that the human immune system can in fact mount an effective neutralizing 

response to HIV-1, as exemplified by the increasing number of broadly neutralizing 
antibodies isolated from infected individuals suggests that it should be possible to 
achieve this response by a vaccination. If a sufficient quantity of neutralizing antibodies 
of sufficient breadth is present, the incoming virus, usually only one or a few virions, 
should be neutralized (70). The high variation occurring between HIV-1 strains presents 
vaccine developers with extra challenges. It necessitates the tailoring of the vaccine to 
the geographic region the vaccinee is living in, but due to the high variation even within 
relatively small geographic regions, the vaccine would need to focus antibody responses 
to epitopes shared by nearly all variants circulating within each geographic region.

Some studies have suggested that antibodies to HIV-1 are not necessarily beneficial. 
Antibodies binding to HIV-1 particles can actually enhance infection by binding virions 
to Fc receptors on antigen presenting cells such as DC. DCs then take up the virion-
antibody complex and present it to a CD4+ T helper cell in an immunological synapse 
where these cells are also activated. If the affinity of the antibody to the virion is not 
high enough, processing of the complex by the DC will lead to release of the antibody 
from the virus and presentation of functional “de-neutralized” virus to activated T 
cells, the optimal target for HIV-1 (71). This way, binding antibodies will lead to a more 
efficient infection of activated CD4+ T helper cells in a process named vaccine-induced 
enhancement. This process has been shown to be possible by several studies (72-76) and 
is not a phenomenon unique to HIV-1 since it has been observed for other viruses such 
as dengue and respiratory syncytial virus as well (77-79). A likely mechanism for vaccine-
induced enhancement of HIV-1 is the increased capture of virus bound by antibodies due 
to Fc receptors present on APC membranes. Antibodies with insufficient affinity will then 
be stripped off during DC processing, leading to presentation of intact HIV-1 virions to 
activated T cells. It is therefore desirable to induce antibodies with sufficient affinity that 
will not be stripped off during DC processing.

In conclusion we have described a number of strategies that improve the 
immunogenicity of Env. Each requires further study and will probably not be sufficient to 
induce broadly NAbs on its own, but a combination of several strategies to improve Env 
may induce significantly improved broadly NAb levels. Such an optimal Env immunogen, 
optimal in antigenic structure, and targeted to the right immune cells should then be 
combined with an optimal T cell focused vaccine. 
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Summary
The latest data from 2008 indicate that around 33 million people were infected with HIV-
1, 2.7 million people were newly infected and around 2 million people died that year 
due to AIDS-related illnesses. The only possible treatment at the moment is a life-long 
regimen of a cocktail of antiretroviral drugs that can be accompanied by severe side-
effects over time. This scenario illustrates the urgent need for a vaccine. 

Despite more than 25 years of research, there is still no effective vaccine that protects 
against infection by HIV-1. Only very recently the first small success was reported in a 
vaccine trial in humans, although the significance of these findings and the exact mode 
of protection are still under debate. The extent of protection provided by the vaccine was 
in fact very low, but nonetheless these results may cautiously suggest that it is possible to 
develop a truly effective HIV-1 vaccine by further improvement. 

HIV-1 is transmitted to a new individual by contact with virus-containing bodily 
fluids or cells. The HIV-1 virions infect T lymphocytes using the glycoprotein trimer 
complex (Env), which binds the primary receptor CD4 and subsequently the CCR5 or 
CXCR4 co-receptor. The current consensus is that an effective HIV-1 vaccine should at 
least contain an antibody-inducing component that can neutralize Env-containing virus 
particles. Thus, a vaccine component should be some form of the Env protein because 
this is the only viral protein present on the outside of the virion. 

Chapter 2 outlines some of the key features of the Env protein using the crystal 
structure of the gp120 subunit bound by b12, one of a few antibodies that are able to 
neutralize a wide array of HIV-1 variants, a so-called broadly neutralizing antibody. The 
analysis helps to explain how this remarkable b12 antibody binds to the CD4 binding site 
of Env. The insight gained could aid in the development of novel Env immunogens aimed 
at eliciting b12-like antibodies with potent and broad neutralizing activity. 

The challenge of developing an effective antibody-inducing HIV-1 vaccine derives 
from several causes. First, the Env protein is covered by a “glycan shield”, consisting of 
large amounts of sugars (glycans) that prevent the elicitation of antibodies to underlying 
protein epitopes. These (N-linked) glycans cover almost the entire surface of Env, and 
the immune system does not usually recognize them as foreign because these sugars 
are natural products of the host cell biosynthetic machinery. These glycans may also 
suppress antibody responses in general by interfering with DC function. In chapter 3 
we try to address this issue by reducing the size of the glycan structures. We achieved 
this this by expressing the Env protein and Env-containing virus in a cell-line lacking 
N-acetylglucosaminyltransferase I (GnTI). Protein glycosylation and modification of 
the glycans takes place in several steps, each requiring a different enzyme. Knockout 
of GnTI blocks glycan processing beyond the Man5GlcNAc2 stage. This leads to smaller 
and much more homogeneous glycans than present on the normal Env protein, which 
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may potentially result in improved exposure of underlying epitopes. We did not observe 
any negative effects of this glycan-reduction on the folding of the Env protein and its 
function in cell entry on the virus particle. This method of reducing the complexity of the 
Env glycan shield could prove useful for future studies on the protein structure and the 
immunogenicity properties. 

A second immune evasive tactic deployed by HIV-1 consists of its variable domains 
that are structurally flexible and able to cover important conserved Env epitopes. In order 
to uncover and expose such important epitopes we tried to remove the variable V1V2 
domain without modifying the remainder of the Env protein structure (chapters 4 and 
5). As the residues exposed by the V1V2 deletion are normally not solvent-accessible, 
the newly exposed surface is quite hydrophobic, which is likely to lead to misfolding and 
loss of function of the Env trimer. In order to maintain the original Env structure and 
function, we decided to use the evolutionary capability of HIV-1 as an aid in creating 
ΔV1V2 mutants with proper Env function. To do so, we introduced various V1V2 
loop deletions into the CXCR4-using LAI isolate. As expected several mutants did not 
replicate, but some mutants were not totally replication-impaired and these viruses 
evolved over time by incorporation of compensatory mutations that largely restore Env 
function. In fact, all of these mutations seem to reduce the hydrophobicity of the newly 
exposed surface, which was achieved by reducing the number of hydrophobic residues 
and increasing the number of hydrophilic residues. Also N-linked glycosylation sites 
were introduced during virus evolution as glycans are hydrophilic in nature. The evolved 
ΔV1V2 Env mutant proteins were shown to be extremely sensitive to antibody-mediated 
neutralization, indicating that the neutralization epitopes were indeed well exposed. 

 In order to test whether better exposure of neutralization epitopes by ΔV1V2 Env 
mutants leads to enhanced induction of antibodies that recognize these epitopes, we 
tested the immunogenicity of three of these evolved ΔV1V2 mutants (chapter 5). We 
performed dermal immunization by means of a DNA gene gun in rabbits with the three 
ΔV1V2 mutants and a full-length Env control and boosted all rabbits with the same 
full-length Env protein. The ΔV1V2 mutant (ΔV1V2.9.VK) induced higher binding 
and neutralization titers of ΔV1V2 virus compared to the full-length Env control. This 
translated to an apparent improvement of neutralization of the neutralization sensitive 
SF162 virus containing an intact V1V2 domain, but not of the more neutralization 
resistant virus strains (such as LAI and JR-FL). Furthermore this difference was negated 
upon immunization with the full-length protein Env. This result indicates that removal of 
variable domains could indeed be an effective strategy for inducing higher neutralizing 
titers, but that the boosting agent should be carefully chosen.

The HIV-1 Env protein does not only prevent the elicitation and binding of 
neutralizing antibodies by various structural features, its general immunogenicity is 
also extremely low compared to other viral surface proteins. We tried to increase the 
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overall immunogenicity in several ways. In the first attempt described in chapter 6, the 
functional domain of GM-CSF was inserted into the space created by the V1V2 deletion 
(chapter 4 and 5). When we tested this fusion protein, folding of Env did not seem to be 
affected as indicated by binding of various monoclonal antibodies and receptor molecules 
to diverse domains (V1V2, V3, CD4 binding site, glycans, gp41 and the co-receptor 
binding site). Treatment of GM-CSF-susceptible TF1 cells with the fusion protein led to 
cell stimulation, whilst Env alone was inactive. This result was corroborated by a mouse 
dermal DNA immunization experiment using Env with or without GM-CSF, which 
showed enhanced anti-Env antibody titers and T-cell responses for the fusion protein. 
This socalled “cis-adjuvant approach” seems an attractive way to design future Env-based 
vaccine candidates. 

We also tried a different method of enhancing the immunogenicity of Env. In chapter 
7 we present the development of an Env fusion protein with CD40 ligand (tumor necrosis 
factor superfamily (TNFSF) member 5/CD154). The fusion of Env and CD40L was 
facilitated by insertion of an isoleucine zipper (IZ) motif, a strong inducer of trimerization. 
The Env-CD40L fusion was able to bind CD4, Env-neutralizing antibodies, CD40, a 
neutralizing CD40L antibody, and stimulated CD40-expressing cells. Env-CD40L was 
also able to stimulate dendritic cells, which in turn were able to activate naïve T-cells. 

In chapter 8 we tested whether Env with a cis-adjuvant is more immunogenic than Env 
without cis-adjuvant. We therefore created fusion constructs of Env with three different 
TNFSF members; CD40L, B-cell activating factor (BAFF/TNFSF13b) and a proliferation 
inducing ligand (APRIL/TNFSF13). The Env-CD40L construct was designed to target 
mainly DCs, whereas Env-BAFF and Env-APRIL target B cells. These constructs were 
found to express the Env fusion proteins, which also appeared to be folded correctly. 
When tested in a rabbit dermal DNA immunization experiment according to the same 
protocol as described in chapter 5, we found that Env-APRIL induced higher binding 
and neutralizing titers in a IgG-dependent manner, without inducing aspecific immune 
activation. This concept could be used to enhance the immunogenicity of HIV-1 Env and 
possibly other “difficult” antigens. 

Taken together, we have developed several strategies to improve the antigenicity and 
immunogenicity of the HIV-1 Env protein. We have reduced the size of the glycan shield, 
removed variable domains, inserted immunostimulatory domains in place of the variable 
domains, and improved the overall immunogenicity of Env by attachment of cis-adjuvant 
domains to the C-terminus. The lessons learnt could instruct the further development 
of an effective Env-containing vaccine that induces antibody-based protection against 
HIV-1 transmission. Some of the approaches described here may also improve vaccines 
for other pathogens than HIV-1. 
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Nederlandse Samenvatting
Al sinds de ontdekking van het humaan immuundeficiëntievirus type 1 (HIV-1) in 
1984 wordt er onderzoek gedaan naar een vaccin dat beschermt tegen besmetting met 
dit virus. Dat is hard nodig, want elk jaar komen er zo’n 2,8 miljoen nieuwe infecties 
bij en overlijden er 2 miljoen mensen aan AIDS, een verzameling symptomen die het 
gevolg is van onderdrukking van het immuun systeem door de HIV-1 infectie. Er bestaan 
wel medicijnen die HIV-1 een lange tijd kunnen onderdrukken, maar uiteindelijk 
kan het virus resistent worden tegen de medicijnen of moet de behandeling gestopt 
worden vanwege de ernstige bijwerkingen die na langdurig gebruik kunnen optreden. 
Tevens kunnen veel mensen in ontwikkelingslanden waar HIV-1 voorkomt de juiste 
medicijnen niet betalen. Een goed werkend vaccin tegen HIV-1 moet ervoor zorgen dat 
alle virusdeeltjes tegengehouden en gedood worden door het immuunsysteem. Hierdoor 
raakt de gevaccineerde persoon nooit geïnfecteerd en kan de besmetting ook niet 
doorgegeven worden. Een vaccin is dus een goede manier om de verspreiding van HIV-1 
tegen te gaan. Eind 2009 werd de uitslag bekend van een groot onderzoek in Thailand. 
Daaruit bleek dat het experimentele vaccin dat op vrijwilligers werd getest ongeveer 30% 
van de infecties kon voorkomen. Dat is niet veel, maar biedt wel hoop dat uiteindelijk een 
vaccin ontwikkeld kan worden dat bij een groot gedeelte van de mensen aanslaat. 

In dit proefschrift bespreek ik mijn promotieonderzoek dat er op gericht is 
een vaccin te ontwerpen dat werkt tegen HIV-1 via het opwekken van antistoffen. 
Antistoffen zijn eiwitten die door B-cellen geproduceerd worden als antwoord op het 
binnendringen van lichaamsvreemde stoffen. Soms zijn lichaamsvreemde stoffen niet zo 
gevaarlijk, bijvoorbeeld pollen, maar het kunnen bijvoorbeeld ook salmonellabacteriën 
of griepvirussen zijn. Als deze antistoffen op de juiste plek aan de bacterie of het virus 
binden, dan blokkeren die de normale werking van de ziekteverwekkers, alsof je een stok 
tussen de spaken van een fietswiel steekt. Op deze manier kunnen antistoffen voorkomen 
dat je ziek wordt. Een vaccin kan antistoffen opwekken die bescherming bieden omdat 
het een onderdeel van de ziekteverwekker bevat. Bij een vaccinatie tegen hepatitis B 
virus spuit men bijvoorbeeld een eiwit in dat ook op de buitenkant van dat virus zit. Het 
afweersysteem herkent het eiwit als lichaamsvreemd en gaat antistoffen aanmaken die 
ook het echte virus herkennen en inactiveren. Deze antistoffen blijven tot tientallen jaren 
na vaccinatie aanwezig in je bloed. Als het echte virus in het lichaam binnendringt zijn 
direct antistoffen aanwezig die het virus onmiddellijk uitschakelen, zodat je er niet ziek 
van kan worden. 

Helaas is een vaccin voor HIV-1 niet zo makkelijk als voor hepatitis B virus. Voor 
HIV-1 is het envelop-eiwit het enige onderdeel dat aan de buitenkant (de envelop) van 
het virusdeeltje zit. Het envelop-eiwit is verantwoordelijk voor het binnendringen van het 
virus in de gastheercellen zodat het zich daar kan vermenigvuldigen. HIV-1 dringt de cel 
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binnen doordat het envelop-eiwit zich hecht aan CD4, een receptor aan de buitenkant van 
de gastheercel. Dit virus eiwit kent meerdere trucjes om het menselijk immuunsysteem 
om de tuin te leiden. Eén van de trucjes is de enorme variatie die optreedt in het envelop-
eiwit van verschillende HIV-1 stammen. Omdat er veel virus varianten zijn en van 
tevoren niet bekend is met welke HIV-1 stam de infectie plaats zal vinden, moet een 
vaccin antistoffen opwekken tegen stukjes van het envelop-eiwit die voor elke virus stam 
hetzelfde zijn. 

In dit proefschrift beschrijf ik hoe ik geprobeerd heb de vele trucjes van het envelop-
eiwit te omzeilen. In hoofdstuk 2 bespreek ik de resultaten van een belangrijk onderzoek 
uitgevoerd door Zhou en collega’s. De structuur van een groot gedeelte van het envelop-
eiwit was namelijk bepaald terwijl het gebonden was aan een belangrijk antilichaam, b12. 
Dit is een van de weinige antistoffen waarvan bekend is dat het meerdere HIV-1 varianten 
herkent en kan uitschakelen (“neutraliseren”) en wordt daarom een breed neutraliserend 
antilichaam genoemd. b12 is zo bijzonder omdat het in staat is het envelop-eiwit te binden 
op de plek waar de CD4 receptor normaalgesproken bindt, zodat het virus dus de cel niet 
meer kan binnenkomen. Het virus is dan effectief geneutraliseerd. We zouden dan ook 
graag b12-achtige antistoffen willen opwekken met een vaccin. Hoe dat zou kunnen leren 
we aan de hand van de structuur die bepaald is door Zhou en collega’s. 

Suikers

Tijdens een natuurlijke infectie met HIV-1, maar ook na vaccinatie met het envelop eiwit, 
wordt het envelop-eiwit niet als echt lichaamsvreemd opgemerkt. De reden hiervan is dat 
het envelop-eiwit een soort camouflagelaag van suikers bezit. In het menselijk lichaam 
komen veel type suikers voor en die zitten ook op allerlei eiwitten. Het envelop-eiwit 
van HIV-1 wordt door een geïnfecteerde menselijke cel ook ruimschoots bedekt met 
deze menselijke suikers. Omdat onze afweercellen exact dezelfde suikers ook continu 
tegenkomen op menselijke eiwitten, merken ze nauwelijks dat zich daaronder een 
lichaamsvreemd HIV-1 eiwit zit. In hoofdstuk 3 beschrijven we een manier om deze 
dikke suikerlaag iets dunner te maken. Tijdens en na de synthese van het envelop-eiwit 
worden de suikers er in vele stappen opgezet en aangepast. Wij hebben het envelop-eiwit 
geproduceerd in cellen waarin één van de versuikeringsstappen niet werkt, waardoor 
het versuikeringsproces op een bepaalde stap geblokkeerd wordt, Hierdoor worden de 
eiwitten voorzien van een minder dichte suikerlaag, waardoor het onderliggende eiwit 
zich beter kan tonen aan het immuunsysteem. Een mogelijk probleem is dat de dunnere 
suikerlaag gevolgen heeft voor de vouwing en functie van het HIV-1 eiwit. Dit is uitvoerig 
onderzocht, maar er bleken geen nadelige consequenties. Deze ontsuikerings tactiek zou 
dus ingezet kunnen worden in de ontwikkeling van een toekomstig vaccin. 
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Variabele lussen

Naast de afschermende suikers en de grote genetische variatie tussen verschillende 
virusstammen, gebruikt HIV-1 nog een manier om te ontsnappen aan het immuunsysteem. 
Eiwitten, en dus ook het HIV-1 envelop-eiwit, worden in de cel gemaakt als een lange 
draad, die zich uiteindelijk opvouwt waardoor er een vrij starre structuur ontstaat. Het 
HIV-1 envelop-eiwit heeft echter domeinen die vrij flexibel zijn (“lussen”) en gemakkelijk 
herkend worden door het immuunsysteem. Het zijn echter niet de meest belangrijke 
onderdelen van het eiwit, zodat HIV-1 nauwelijks last heeft als antistoffen aan die lussen 
binden. Het virus wordt dus niet geneutraliseerd. Maar terwijl het immuunsysteem 
afgeleid wordt door deze relatief onbelangrijke lussen, kan het niet tegelijkertijd de 
belangrijke onderdelen van het envelop-eiwit aanvallen. Dit is te vergelijken met een 
stierenvechter die een rode doek gebruikt om de stier af te leiden, zodat er geen schade 
ontstaat, althans voor de stierenvechter. Het envelop-eiwit is dus niet alleen te variabel 
en door suikers gecamoufleerd, de weinige antistoffen die worden gemaakt zijn veelal 
gericht tegen onbelangrijke lussen zodat het virus niet geneutraliseerd wordt. 

In hoofdstuk 4 en 5 onderzoeken we daarom of een grote variabele lus weggehaald 
kan worden uit het envelop-eiwit. Hierdoor moeten onderdelen van het envelop-eiwit 
aan het oppervlak die normaal gesproken verborgen zijn. Die gedeeltes kunnen er meestal 
niet goed tegen om op het oppervlak bloot gesteld te worden aan water. Daardoor gaan 
deze onderdelen elkaar opzoeken (associëren), waardoor de natuurlijke vouwing van het 
eiwit en zijn functie verstoord kan worden. Zo’n verkeerd gevouwen envelop-eiwit zou 
niet werkzaam zijn als vaccin omdat het antistoffen opwekt tegen een eiwit dat niet lijkt 
op hetgeen op het virus aanwezig is. 

Om zulke problemen op te lossen hebben wij virus evolutie bedreven. Hierbij kweek 
je het virus met de bewuste veranderingen voor langere tijd. Door het ontbreken van een 
variabele lus en misvouwing van het envelop-eiwit kan HIV-1 zich in eerste instantie 
niet of nauwelijks vermenigvuldigen. Echter, HIV-1 zal zich snel kunnen aanpassen, 
waarbij het zelf oplossingen zoekt voor de door ons geïntroduceerde problemen. In 
hoofdstuk 4 tonen we aan dat het virus de onderdelen van het envelop-eiwit aanpast die 
zijn blootgesteld aan water. Deze aanpassingen maken die onderdelen minder “water-
vrezend”, waardoor het envelop-eiwit beter kan vouwen en functioneren. In hoofdstuk 5 
testen we de afweerreactie tegen drie gemuteerde en aangepaste envelop-eiwit varianten, 
hetgeen wordt vergeleken met een normaal envelop-eiwit. Variant 9 lijkt inderdaad 
kwalitatief betere antistoffen te induceren. Dit laat zien dat het mogelijk is om een 
variabele lus zonder verlies van functie te verwijderen, wat leidt tot kwalitatief verbeterde 
antistoffen. 
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Aanzwengelen van het immuunsysteem

Waar hoofdstukken 2-5 gaan over de verbetering van de structuur van het envelop-eiwit 
zodat het kwalitatief verbeterde antistoffen opwekt, gaan hoofdstukken 6-8 over hoe de 
kwantiteit van de antistoffen tegen het envelop-eiwit verbeterd kan worden. Eén van de 
tactieken die we toegepast hebben wordt beschreven in hoofdstuk 6, waar we de ruimte 
die is vrij gekomen door de verwijdering van de variabele lus (hoofdstukken 4 en 5) te 
gebruiken voor het invoegen van een geheel nieuw eiwitdomein. In dit geval is gekozen 
voor GM-CSF, een eiwit dat de afweerreactie stimuleert. Uit onderzoek naar het envelop-
GMCSF fusie-eiwit bleek dat GM-CSF goed kon worden ingebed in het envelop eiwit. 
Bij immunisatie-experimenten in muizen bleek dat de afweerreactie tegen het fusie-eiwit 
verbeterd was in vergelijking met envelop-eiwit zonder GM-CSF. Het is dus mogelijk om 
het immuunsysteem aan te zwengelen door GM-CSF in het envelop-eiwit te voegen.

Als alternatief voor een inbouw van zo’n extra eiwitdomein is in hoofdstuk 7 en 8 
geprobeerd een fusie-eiwit te maken door een extra eiwitdomein aan te bouwen. In 
hoofdstuk 7 beschrijven we het fusie-eiwit van de HIV-1 envelop met CD40 ligand 
(CD40L), een krachtige activator van immuunreacties. We hebben eerst het envelop-
CD40L fusie-eiwit getest op correcte vouwing en expressie. Vervolgens hebben we 
aangetoond dat het CD40L onderdeel de juiste cellen (met de receptor voor CD40L) kan 
activeren. Daarna is aangetoond dat dit fusie-eiwit ook menselijke dendritische cellen 
kan activeren, een celsoort dat een belangrijke rol speelt in de eerste stadia van een HIV-1 
besmetting en in vaccinaties.  

Omdat het Env-CD40L fusie-eiwit inderdaad beter in staat leek te zijn om het 
immuunsysteem te activeren dan het envelop-eiwit alleen, zijn we een konijnen 
immunisatie-experiment gestart (hoofdstuk 8). Daarvoor gebruikten we Env-CD40L 
en envelop fusie-eiwitten met twee andere immuun-activatoren; BAFF of APRIL. Deze 
eiwitten werken niet op dendritische cellen zoals CD40L, maar op B-cellen en hebben 
daardoor waarschijnlijk ook een ander effect. Als controle gebruikten we het envelop-
eiwit zonder extra domeinen. Vooral de door Env-APRIL opgewekte antistoffen waren  
beter in staat om diverse HIV-1 stammen te neutraliseren. Kortom, immuun-activatie 
door extra eiwitdomeinen lijkt nuttig, en wellicht is activatie van B-cellen beter dan het 
aanzwengelen van dendritische cellen. 

Mijn onderzoek had tot doel een bijdrage te leveren aan de ontwikkeling van een 
HIV-1 vaccin. Dat heb ik samen met mijn collega’s gedaan door het envelop-eiwit van 
het virus op verschillende manieren aan te passen zodat het hopelijk beter herkend gaat 
worden door het menselijk immuunsysteem. Wellicht het belangrijkste resultaat is dat we 
hebben kunnen aantonen dat de immuunreactie verbeterd kan worden door immuun-
stimulerende eiwitten vast te maken aan het envelop-eiwit. Deze resultaten kunnen een 
bijdrage leveren aan de verdere ontwikkeling van een vaccin dat beschermt tegen HIV-1. 
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