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Abstract
Introduction: The membrane proximal external region (MPER) of HIV-1 envelope glycoprotein-41 (gp41) is targeted by several broadly 
neutralizing antibodies whose conserved linear epitopes are promising targets for vaccine design. However, a formidable challenge has remained 
the difficulty to design and deliver MPER based immunogens for the efficient induction of such broadly neutralizing HIV-1 specific antibodies 
(bnAb). This is mainly because the linear bnAb MPER epitopes are poorly accessible to the immune system. The overall objective of this study 
therefore was the development of a novel  RNA Qβ phage display system not only for monitoring anti-MPER specific antibody responses  but 
equally as potential immunogens in future HIV-1 vaccine designs.

Method: To overcome the challenge of effective presentation of MPER to the immune system we have selectively engineered the surface of the RNA 
coliphage Qβ to expose all MPER bnAb epitopes. Briefly, DNA representing a 50 amino acids consensus region within the HIV-1 gp41 MPER was 
fused in frame with the minor coat protein A1of the Qβ phage. Three variant MPER expression cassettes were obtained with the MPER cDNA in frame 
with the minor coat protein A1 gene, including pQβMPER, pQβMPERHis and pQβMPERN. The expression cassettes were used for the production of 
QβMPER recombinant phages after transformation of E. coli HB101 strain. Antigencity of the phages was assessed with plasma from long standing 
anti-retroviral naïve HIV-1 infected people from the CIRCB AFRODEC cohort while immunogenicity studies were done in female Balb/c mice.

Results: The initial titers of all recombinant phages including QβMPER, QβMPERHis and QβMPERN were 104plaque forming units/ml (pfu/ml).  
This was significantly lower (P<0.001) relative to the 108pfu/ml of wild type phage, but was scaled up to 1014pfu/ml. The fusion of MPER and Qβ 
genes was confirmed by RT-PCR followed by gel electrophoresis and sequencing. Specific recognition of some reported bnAb epitopes within MPER   
were confirmed in ELISA using the three  recombinant QβMPER phages together with an MPER restrictive peptide as antigens and the bnAb 4E10, 
Z13e1, 2F5 and 10E8 as antibodies.  Next the prevalence of MPER-specific antibodies was determined in plasma from long standing antiretroviral 
naïve HIV-1 infected participants of the CIRCB AFRODEC cohort. The greater majority (84%) of participants’ plasma showed MPER peptide specific 
reactivity with anti-MPER specific IgG antibody titers ranging from 200 to 409600 comparative to background IgG antibody titer with the Qβ phage 
alone as antigen or plasma from seronegative participants. In immunogenicity studies in Balb/c mice the recombinant phages QβMPERN and 
QβMPERHis induced significantly high Anti-MPER-specific IgG antibody responses (P<0.04) in at least 60 % of mice following three inoculations 
of each recombinant phage.

Conclusion: Thus, these novel recombinantQβMPER phages can be used to monitor MPER-specific immune responses in HIV-1 exposed or infected 
people. In addition the recombinant QβMPER phages could be used as immunogens either alone as demonstrated here in mice or in combination with 
other strategies for the induction of MPER specific immunity against HIV-1.
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Author Summary
The membrane proximal external region (MPER) of HIV-1 envelope 
gp41 subunit is a highly conserved region which is vital for both 
viral infectivity and fusion. In addition it also bears several linear 
contiguous epitopes targeted by anti-HIV-1 broadly neutralizing 
antibodies. This makes MPER an attractive candidate for the 
development of a vaccine against HIV-1 infection. Unfortunately 
several attempt to exploit MPER as a potential HIV-1 vaccine 
immunogen has yielded limited success. This is mainly due to poor 
delivery of MPER derived immunogen to the immune system in 
their native conformation. Here we have engineered the surface 
of a 25 nm sized coliphage Qβ to display 12 molecules of MPER 
per virus like particle. This allows efficient recognition by broadly 
neutralizing antibodies 2F5, 4E10, Z13e1 and 10E8 which target 
conserved epitopes within MPER. The recombinant coliphages 
could also detect MPER-specific antibodies in polyclonal plasma 
from well 84% of long standing anti-retroviral naïve HIV-1 infected 
people. In addition the recombinant QβMPER phages were also 
immunogenic in at least 60% of mice inoculated thrice with the 
phage particles. Thus, our recombinant QβMPER phages could be 
used either in monitoring MPER specific antibody responses or as 
a component of future vaccines against HIV-1 infection. 

Introduction
The human immunodeficiency virus type 1 (HIV-1) envelope 
glycoprotein (Env) consists of trimers of gp120 which are exposed 
on the surface and a gp41 subunit which anchors the protein into 
the membrane [1, 2]. This makes HIV-1 Env the only target for 
anti-HIV neutralizing antibodies because of its exposure on the 
surface of the virus [3]. Some HIV-1 infected people produce Env 
targeted monoclonal antibodies with a strong ability to neutralize a 
broad spectrum of HIV-1variants [4-8]. These broadly neutralizing 
antibodies (bnAb) target epitopes which are conserved in both gp120 
and gp41 across several strains of HIV and as such represent promising 
targets for an anti-HIV antibody based vaccine development [8, 9]. 
Unfortunately several attempts to exploit these conserved targets to 
generate Env based immunogens for the induction of bnAb against 
HIV has yielded limited success [10-15]. Here, we have applied recent 
innovations [16, 17] in our group to generate novel immunogens 
targeting conserved bnAb epitopes in the HIV-1 gp41 membrane 
proximal external region (MPER). This is mainly because the HIV-1 
gp41 MPER is one of the most conserved regions of Env playing 
vital roles in viral infectivity and fusion.

In addition to being highly conserved the MPER region is also 
targeted by several bnAb including 2F5, 4E10, Z13e1, m66, m66.6, 
10E8 and CAP206-CH12 [10-15, 18, 19]. Some of these bnAb like the 
10E8 are amongst the broadest and most potent bnAb reported thus 
far [9]. These MPER-specific neutralizing antibodies hold promise 
for vaccine development because they were isolated from HIV-1 
infected people and have also been shown to be highly protective 
in animal challenge experiments [20-22].
   
However, a number of barriers have hampered the exploitation of 
MPER as a suitable immunogen for the induction of HIV neutralizing 
antibodies [20, 21, 23-25]. First, the linear MPER bnAb epitopes 
are only transiently exposed to the immune system and are located 
within hydrophobic domains which are strongly influenced by lipid 

membranes, making it less immunogenic. Secondly, the presence 
of several immunodominant non-neutralizing regions upstream of 
MPER within HIV gp41 focuses B cell responses away from MPER 
[21, 23, 24, 26]. Thirdly, some MPER specific bnAb like 2F5 and 
4E10 are autoreactivec [27-31], which poses a challenge for inducing 
such antibodies to combat HIV infection. We hypothesize based on 
the linear contiguous epitopes within MPER, that; selective focusing 
of these conserved epitopes upon the surface of a recombinant 
coli phage Qβ could allow efficient MPER recognition by anti-
MPER specific antibodies and consequent enhanced antigenicity 
and immunogenicity. Thus, to overcome the challenge of effective 
presentation of MPER to the immune system, we have selectively 
engineered the surface of a coliphage Qβ to expose all reported linear 
MPER based bnAb epitopes. Here, the surface of each recombinant 
QβMPER phage was engineered to display 12 molecules of MPER 
per phage particle. 

Qβ phages are small positive stranded RNA viruses found throughout 
the world in bacteria associated with sewage and animal feaces 
[32, 33]. The infectious Qβ virion is about 25 nm in diameter with 
just four genes in a genome size of 4220 nucleotides [34]. The 
genes encodes the subunit II (β) a replicase, a major coat protein, 
a maturation protein (A2) and the read through minor coat protein 
(A1) [35-42]. Phage Qβ genome is surrounded by an icosahedral 
shell of 180 coat protein molecules, termed capsomers, that comprise 
132 residues of amino acids each. A capsomer is made up of five-
stranded antiparallel β-sheet “core” and a hairpin and 2 contiguous 
α-helices on the outside [43, 44, 45]. These capsomers are linked 
together by disulfide bonds in covalent pentamers and hexamers with 
a stoichiometric ratio of 12:20 and a well-known crystal structure 
[40]. The minor coat protein A1 protein shares the same initial codon 
with the coat protein and is produced during the translation when the 
coat protein stop codon UGA triplet (about 400 nucleotides from the 
initiation) is suppressed by low level of ribosome mis-incorporation 
of tryptophan at the coat protein termination signal [46-49]. The life 
cycle of Qβ phage starts by the adsorption of the phage on the F+ 

of bacteria via the A2 protein followed by the injection of the RNA 
into the cytosol [37]. Once in the host, ribosomes bind to the start 
region of the coat protein gene, forming a complex which frees the 
replicase start gene for translation [50]. The replicase produced, 
would replicate more negative sense viral RNA that would serve 
as template for viral RNAs [51, 52] progeny production. The viral 
RNA would then be translated into other viral proteins. Finally, the 
coat proteins initiate the virus assembly [53]. 

The RNA coliphage Qβ display system was recently optimized by 
our group to facilitate mapping of B cell epitopes and the selection 
of neutralizing epitopes for immunotherapeutic strategies. Several 
attractive features of Qβ phage renders it suitable for optimization for 
an HIV-1vaccine immunogens including: short replication time and 
high mutation rate 10-4/nucleotide [54-60]. This in effect provides 
an innovative platform for rapid evolution of immunogens through 
rapidbiopanning, with their respective bnAb, to achieve efficient 
epitope display. Various immunogens from our group have previously 
been successfully cloned into the minor coat protein A1 region of 
the Qβ cDNA and were expressed to produce hybrid phages without 
compromising the infectivity of the phage Qβ [17, 43].

In this study, a 50 amino acids consensus HIV-1 gp41 MPER peptide 
sequence derived from an alignment of two clade C and one clade B 
MPER sequences, was engineered in frame with the minor coat protein 
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of Qβ. Three types of QβMPER recombinantphages bearing the 
MPER peptide were obtained after biopanning with MPER targeted 
antibodies. This consisted of recombinant QβMPER, QβMPERHis 
with an additional C-terminal hexa-histidine tag and QβMPERN with 
a C-terminal not1 site respectively. Surface expression of MPER upon 
the recombinant phage particle was determinedby bytransmission 
electron microscopy. Specific recognition of four linear MPER based 
bnAb epitopes was demonstrated in ELISA assay using the three 
recombinant QβMPER phages together with an MPER restrictive 
peptide as antigens and the bnAb 2F5, Z13e1, 4E10 and 10E8. The 
bnAb Z13e1 and 4E10 showed superior recognition of all three 
recombinant phages comparative to 2F5 and 8E10 in ELISA assays. 
This was in contrast to binding to an MPER restrictive peptide 
where 2F5, Z13e1 and 4E10 showed strong recognition. The 10E8 
bnAb on the contrary showed the least reactivity with the MPER 
peptide in ELISA assay. The recombinant phage QβMPERN in 
addition to strong reactivity with Z13e1 and 4E10 also showed the 
strongest reactivity with 10E8 far better than binding to the MPER 
restrictive peptide and as such was selected for subsequent studies. 
Next, using plasma from long standing antiretroviral naïve HIV-1 
infected people (6-15 years post HIV-1 infection) from the CIRCB 
AFRODEC cohort we could demonstrate the presence of polyclonal 
antibodies recognizing MPER on the surface of the recombinant 
QβMPER phages.

Using the MPER restrictive peptide in ELISA assays together with 
plasma from long standing antiretroviral naïve HIV-1 infected 
people we selected three sets of MPER reactive plasma to assess 
the antigenicity of the recombinant phages. This included two sets 
with low and high titers of anti-MPER specific IgG antibodies and 
a set completely devoid of MPER reactive antibodies In contrast to 
Qβ with no binding all three recombinant QβMPER phages showed 
specific reactivity in all anti-MPER IgG positive samples. The 
recombinant phage QβMPERN proved superior in its antigenicity in 
samples positive for anti-MPER specific IgG antibodies and therefore 
was selected for subsequent analysis. Thus using plasma from long 
standing antiretroviral naïve HIV-1 infected people (6-15 years post 
HIV-1 infection) from the CIRCB AFRODEC cohort we could 
demonstrate the presence of polyclonal antibodies recognizing MPER 
on the surface of the recombinant phage QβMPERN in 84 % of the 
participants. However there was neither correlation with plasmatic 
viral nor with helper CD4+ T cell count and anti-MPER specific IgG 
antibody titers. In a comparative analysis of the immunogenicity 
of both QβMPERN and QβMPERHis in Balb/c mice anti-MPER 
specific antibody responses were detectable in 60 % (6/10) of the 
vaccinated mice for both recombinant phages.

Previous nonclinical studies had attempted to present MPER upon 
the surface of liposomes and viruses to the immune system [23, 
61-65]. Our strategy differs from previous approaches in that we 
deliberately concentrate MPER on the surface of a small RNA 
phage in its native form rendering it more likely to be recognized 
by the immune system. Efficient tools for monitoring HIV-1 gp41 
MPER specific antibodies should be of great importance especially 
when such antibodies have been implicated in the prevention of the 
transmission of HIV-1 especially from mother to child [78-83]. Thus, 
our recombinant QβMPER phages could be used either alone or in 
combination with other strategies for the induction and monitoring 
of HIV-1 gp41 MPER-specific immune responses.

Methods
Reagents
Media used for bacteria culture and phages were purchased from 
Fisher Scientific (Pittsburgh, PA). Restriction enzymes and T4 
ligase were purchased from New England BioLabs (Ipswich, MA). 
RbCl and CaCl2 including other major reagents were purchased 
from Sigma-Aldrich (St. Louis, MO). DNA preparation for clones 
screening and PCR clean up kit was purchased from QIAGEN 
(Valencia, CA).

Microorganisms
E. coli MC1016 (Invitrogen, Grand Island, NY) was used to grow and 
maintain the plasmids. E. coli HB101 was used to grow and maintain 
pQβ8Not and pQβ8ΔA1and their recombinant products. E. coli ATCC 
23725 (K12) was used for phage production and titration. Control 
plasmids with histidine tag were also maintained and amplified with 
the same cell: pQβHis, pQβΔA1His and pQβΔAhVAPHis.

Design and 3D structural modelling of the recombinant QβMPER 
phages
A 50 amino acid consensus sequence was obtained after aligning 
the conserved membrane proximal external region of three envelope 
genes including one clade B and two clade C sequences. Sequences 
were based on the codon optimized plasmids pconCgp160-opt (631) 
[66, 67], p96ZM651gp160-opt(657) [68] and pConBgp160-opt (646) 
[66, 67] and representative MPER sequences from data previously 
published by our group [69] and others [70]. The expression cassettes 
were analyzed using the sequence analysis software DNA strider 
while taking into consideration the secondary structure of the RNA 
of the recombinant phage. The designed MPER region included 
an SSGGG linker together with the restriction sites NotI, AflII 
and NsiI for cloning. The first PCR was done by the annealing 
and extending with primers ABW1 and ABW2 (150 bp). Using 
partially complementary primers design the product of the first PCR, 
was used as a template for the second PCR (150 bp). A forward 
primer ABW3, was used to amplify the MPER introducing anAflII 
restriction sitetogether with a reverse primer ABW4 bringing in an 
NsiI restriction site and 6 His-tag (272 bp). Similarly the MPER 
insert was again amplified with the primers ABW5 (forward) and 
ABW6 (reverse) introducing a NotI restriction site at both ends 
(245 bp). All restriction enzyme sites are bold and underlined. 
These primers were designed to maintain the reading frame and the 
important secondary structure of hybrid phage RNA. 

The sequences for the minor coat protein A1 and engineered proteins 
were modelled using the template based modelling using RaptorX 
web server (doi: 10.1038/nprot.2012.085). The models were then 
transformed to view the protein backbone and highlight the secondary 
structures using MolGro molecular viewer. The structures were next 
aligned to understand the differences among the protein models. 

Cloning
For restriction digestion, the vector plasmids pQβ8ΔA1 and 
pQβ8Not were incubated with AflII/NsiI and NotI restriction enzymes 
respectively, at 37oC for 2 hrs. The digested plasmids were run 
on a low-melting 0.8% agarose gel. The band of ~ 3470bp in 
size was isolated and purified. The purified linearized vector was 
dephosphorylated using alkaline phosphatase. The PCR fragments 
(total three) were separately digested and also purified using the 

Volume 2 | Issue 1 | 3 of 15



J Clin Exp Immunol, 2017

above protocol and digested with the corresponding restriction 
enzymes accordingly. The dephosphorylated plasmids pQβ8ΔA1 
and pQβ8Not were used to ligate the various MPER fragments 
accordingly. The various purified MPER inserts (from the second 
PCR products) flanked with AflII/NsiI or NotI restriction sites were 
incubated with the corresponding vector for ligation for 18 hrs at 
16oC (or overnight).

Clones screening/verification
The total product of ligation was used to transform E.coli HB101 in 
each case. For each construction 5 to 10 clones were used to prepare 
DNA for screening. DNA obtained from clones was selected and 
screened using NotI and BglII restriction enzyme. The confirmed 
plasmid was sequenced to validate fusion and ensure that the insert 
was in frame at the end of the minor coat protein A1.The positive 
clones were used to retransform E. coli HB 101 for phage productivity 
and plasmid amplification. 

Phage production and purification
Two clones from retransformation were selected separately and 
inoculated into a nutrient media (2YT), and allowed to grow at 37oC 
for 4 hrs while shaking (150 rpm). Eachculture was then transferred 
to one liter of 2YT and allowed to grow at 37oC for 18 hrs while 
shaking (150 rpm). The phage was precipitated using 29g of NaCl 
and 80g of polyethyleneglycol (PEG8000). The precipitated phage 
was amplified using an indicator bacteria cell, E. coli (K12). One 
percent of the fresh overnight culture of K12 on nutrient media 
(TGY) was amplified at 37oC while shaking (180 rpm) for 3-5 
hrs to reach an OD600 of 0.6-0.8. The phage was inoculated to the 
culture at a multiplicity of two and incubated at 37oC for 18 hrs on 
a racking platform (150 rpm). Following incubation, the phage titer 
was checked and used to determine the scale of amplification. After 
amplification, the phage was precipitated, and measurements were 
done to determine titer and morphology. 

Determination of recombinant phage yield and plaque quality
Indicator bacteria K12 was grown to log phase (OD600 of 0.6-0.8). 
A volume of 100μl of the culture, 100μl of phage was added to 3.5 
ml of TGY-Top agar (with 0.6% agar) and the mixture was poured 
on the surface of agar plate. The plates were left standing for few 
minutes to solidify, then incubated at 37oC for 16 hrs and examined 
for lysis of the E. coli. The plaque count was done according to 
Pace and Spiegelman. The intensity of the variability of plaque 
size was observed to predict the nature of Qβ and recombinant as 
a quasi-species.

Reverse transcription (RT) PCR from purified phages
To extract RNA from the purified phage, 185μl of phage, 5μl of 
β-Mercaptoethanol and 10µL of SDS (20%), incubated at 37oC for 
1 hr and centrifuged at room temperature at 10,000 rpm for 10 mins 
followed by ethanol precipitation. Overall, 2 μg of RNA with 1µl 
of reverse primer and 1µl of dNTP (10 mM) in a total volume of 
13µl (filled with RNase-free water) were incubated at 65OC for 5 
mins. This was followed by incubation on ice to allow annealing of 
primers to the template. Of 5x, 4µl of RT-buffer, 1µl of DTT (0.01x) 
and 2µl of enzyme superscript III were added to the mixture. The 
mixture was incubated at 25oC for 5 mins to activate the superscript 
III enzyme, 55oC for 45 mins for nucleotide insertion followed by 
enzyme inactivation at 70oC for 15 mins. Of the RT-PCR product, 

1µl was used to amplify the cDNA using 0.5µl phusion (HF) enzyme.

Western blot analysis for MPER region expression by the 
recombinant QβMPER phages
The purified phage was prepared using 92.5µl phage, 2.5µl 
β-Mercaptoethanol and 5µl SDS (20%), and incubated for 1 hr at 
37oC. Of the Laemmli SDS buffer (2x), 100µl were then added and 
further incubated for 30 mins at 100oC. The prepared phage sample 
was loaded in a 15% polyacrylamide gel and allowed to run for 1 
hr intervals at 30, 50 and 70 volts. The separated proteins were then 
transferred unto a nitrocellulose membrane, blocked with 1x roti 
block and probed with the MPER specific monoclonal antibodies 
4E10, Z13e1 and 10E8 respectively. Specific recognition of MPER 
bound 4E10, Z13e1 and 10E8 antibodies was probed with Horse 
radish peroxidase-conjugated mouse anti-human IgG1 (Southern 
Biotech) diluted 1:4000 in 0.1x roti block. Bound conjugate was 
detected using 1-step ultra TMB blotting solution (Thermoscientific) 
and the HRP reaction stopped by washing with by molecular grade 
pure water. 

Tracking the surface localization of the MPER peptide 
using Ni-NTA-Nanogold®

Ni-NTA-Nanogold® is a gold nanoparticle with a nickel complex 
with the ability to bind to hexa-histidine tagged proteins. In order to 
track the exact location of the MPER peptide upon the hybrid phage 
we developed the unique hybrid phage QβMPERHis where a hexa-
histidine tag was engineered in frame with the MPER petide. Here 
the Ni-NTA is expected to bind specifically to the hexa-histidine 
tagged protein. Thus the Ni-NTA-Nanogold was employed to track 
the exact location of the inserted MPER region in the phage particle. 
Here the 5nm nanogold from Nanoprobes (Nanoprobes,Yaphank, 
NY, USA) was used for this analysis. The purified phage and Ni-
NTA-Nanogold® (1%) was added together before adding to the grid. 
After a manual mixture, 3µl was added to the grid and 3µl of uranyl 
acetate was used to stain the grid.

Binding and infectivity
Microtiter plates were coated with recombinant phages at 107pfu/
well and incubated overnight at 4oC while shaking. The plate was 
washed 3 times with PBS at different time points. 100µl of the 
indicator bacteria K12,was added to each well, and allowed to shake 
for 1hr at 37°C. The culture was then removed and used in plaque 
assay to determine the amount of plaques formed.

Ethics statement
All human samples in the AFRODEC Cohort were collected with 
written informed consent under clinical protocols approved by the 
Republic of Cameroon National Ethics Committee (protocol number 
2014/10/499/CE/CNERSH/SP) the CIRCB institutional review 
board (protocol number 14-11 ) and the Cameroon government 
administrative authorization (authorization number 631-1112 ). The 
AFRODEC cohort consist of adult HIV-1 infected participants aged 
21 to 65 years who were naïve to antiretroviral therapy.  

Plasma sample collection and Processing
This was a cross-sectional study, conducted between November 
2012 to November 2016, which enrolled anti-retroviral naïve HIV-1 
infected people who were 21 years or older. Blood was collected 
into 4-ml plastic Vacuum blood spray-coated K2EDTA tubes called 
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Vacutest (Vacutestkirma, Italy). All samples were stored at room 
temperature and processed within 4 hrs of collection. To obtain 
plasma, samples were centrifuged at 2,000 rpm for 10 min at 4oC. 
The plasma fraction was harvested sterile under the hood, aliquoted in 
small, single-use volumes and stored at -20°C until use. The plasma 
obtained from anti-retroviral naive HIV-1 infected participants was 
heat inactivated for 30 minutes at 56oC prior to ELISA assay.

Characterization of the recombinant QβMPER phage byenzyme-
linked immunosorbent assay(ELISA)
QβMPER ,QβMPERHis, QβMPERNand Qβ were diluted in PBS 
and 100 µl containing 107 phage particles/well were added to high 
binding 96-well flat bottom microsorp (Thermo Fisher Scientific) 
ELISA plates and incubated overnight at 4oC.As a positive control the 
MPER restrictive peptide (LELDKWASLWNWFDITNWLWYIK, 
(NIH AIDS Research and Reference Reagent Program, Germantown, 
USA) was also coated at 100ng/well in PBS and similarly treated 
like the recombinant phages. The following day, plates were washed 
3x with PBST (PBS with 0.05 % Tween-20) and blocked either with 
3% BSA or 1x Roti block (Carl ROTH, Karlsruhe, Germany) for one 
hour at 37oC. Some reported MPER targeted broadly neutralizing 
HIV-1 antibodies including 2F5, Z13e1, 4E10 and 10E8 (NIH AIDS 
Research and Reference Reagent Program, Germantown, USA) were 
diluted in 2% BSA at concentrations of 10, 1, 0.1, 0.01 and 0.001 
µg/ml, then 100 µl of the diluted antibodies were added per well 
of the blocked ELISA plates and incubated for two hours at 37oC. 
Unbound antibody was removed by washing the plates 5x (198 µl/
well) with PBST. The recombinant QβMPER phages bound 2F5, 
Z13e1, 4E10 and 10E8 antibodies was probed with Horse radish 
peroxidase-conjugated mouse anti-human IgG1 (Southern Biotech) 
diluted 1:4000 in 0.1x roti block. Bound conjugate was detected 
using ABTS substrate and the HRP reaction stopped by adding 50 µl 
a stop solution according to the manufacturer’s protocol (Southern 
Biotech). The colorimetric signal was measured at 405 nm using a 
multiscan FC microplate reader (Thermo Fisher Scientific, USA). 

Recombinant QβMPER phage Enzyme-linked immunosorbent 
assay (ELISA)
Similarly ELISA plates (Thermos Fisher Scientific, USA) were coated 
overnight with 107pfu/well of the recombinant phage QβMPERN. 
Plates were washed 4x with PBST (PBS containing 0.05% Tween 
20) and blocked for one hour with 3% BSA in PBST at 37oC.  
Heat inactivated plasma from anti-retroviral naïve HIV-1 infected 
participants (members of the CIRCB AFRODEC cohort from 2012 
to 2016) was diluted 1:1000 in PBS then added in each well (100 
µl) of the antigen coated plates and incubated for two hours at 37oC.  
The plates were washed 5x (198 µl/well) with PBST after which the 
bound antibody was probed with a peroxidase-conjugated mouse 
anti-human IgG (Southern Biotech) diluted 1:2000 in PBS. Bound 
conjugate was detected using ABTS substrate and stop solution 
according to the manufacturer’s protocol (southern biotech,). The 
colorimetric signal was measured at 405 nm using a multiscan FC 
microplate reader (Thermo Fisher Scientific, USA).

Immunogenicity of the recombinant QβMPER phages in balb/c 
mice
6-8 weeks old female Qβ seronegative Balb/c mice were inoculated 
each twice subcutaneously in the paws with 107 pfu of Qβ, 
QβMPERHis and QβMPERN at three weeks interval. Three weeks 
later the mice were anesthetized with Hallothane BP (Piramal 

Healthcare, Andra Pradesh; india) and boosted intranasally with 
the same treatment. 14 days post boost blood was collected through 
ocular vein and sera harvested for subsequent analysis. Starting 
with a dilution of 1:200 serial two fold dilutions were tested for Qβ 
specific antibodies after coating ELISA plates with Qβ, QβMPERHis 
and QβMPERN. To determined anti-MPER specific antibodies high 
binding ELISA plates were coated with MPER restrictive peptide 
(as described above. ELISA titer was expressed as arbitrary units 
(AU) based on five human samples with high anti-MPER specific 
IgG antibodies.

Results
Design and generation of pQβMPER plasmid vector variants 
We previously demonstrated that up to 300 bp of foreign sequences 
could be inserted into the minor coat protein gene A1 of Qβ phage, 
without affecting its functionality. In addition, our group has also 
reported the production of phages with the plasmid harboring/
containing A1 deletions. As such, the plasmids pQβ8 and pQβΔA1 
were used to generate recombinants containing a 50 amino acid 
MPER region with and without various linkers (Fig 1A). A consensus 
50 amino acid MPER region was obtained after alignment of HIV-1 
envelope sequences from three different HIV-1 strains including two 
clade C and one clade B (Fig1B). The MPER region was amplified 
with the primers indicated in Table 1 with reference sequences 
previously published by our group [69] and others [70, 71]. The 
secondary structure of all recombinant phage RNA was analyzed 
to ensure that all major features necessary for recombinant phage 
infection were conserved (Fig 2C to D). 

     Figure 1  

Figure 1: Consensus MPER amino acid sequence, schema of the 
recombinant QβMPER phages and presentation of the MPER region.

(A) Alignment of three HIV-1 envelope sequences to generate the 50 
amino acid MPER region. In (B) schema of Qβ indicating the deletion in 
the C-terminal end of the minor coat protein A1 where the MPER region 
was inserted. The consensus sequence of HIV-1 gp41 MPER designed and 
constructed is fused with the minor coat protein A1 gene end. In (C) amino 
acid sequence of the recombinant phage QβMPER with an N-terminal 
SSGGG linker together with the epitope recognized by Z13e1. In (D) 
amino acid sequences of the recombinant phage QβMPERhis together 
with the epitope recognized by the antibodies 2F5, 4E10, 10E8, and a 
C-terminal hexa-histidine tag.
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3D modelling to determine the localization of the inserted MPER 
region within the minor coat protein A1 
In order to ascertain the exact location of the MPER region upon 
the surface of the hybrid phages its amino acid sequence were used 
for three-dimensional (3D) modeling together with the minor coat 
protein A1, it derivatives A1Not, ΔA1 and ΔA1MPER (Fig2). 

The 3D structural modelling indicated that the MPER region is 
displayed on the C-terminal end of the minor coat protein A1 
as revealed by corresponding changes in its conformation when 
compared to the wild type minor coat protein A1. This was in 
contrast to the N terminus of the minor coat protein A1 protein,which 
apparently was not significantly changed thus conserving itsα-
helixes and β-sheets numerically in all models (compare Fig 2A 
and 2D). Nevertheless, the modification in the C- terminal of the 

modified minor coat protein A1 seemed to have impacted upon 
the rotation of its N-terminus (Fig 2D). The effect of amino acids 
deletion in the minor coat protein A1 was a reduction inβ-sheets of 
the C-terminus (Fig 2B). Similarly, the addition of an SSGGG linker 
together with the Not restriction site in place of the deletion in the 
minor coat protein resulted to a protein with GGR extension that is 
prominently displayed at the C-terminus (Fig 2C). Finally, conserved 
MPER consensus region consisting of 50 amino acids sequence was 
predicted to be inserted into all forms of the minor coat proteins A1 
including A1, ΔA1 and ΔA1NotI proteins in C-terminus (Fig 2D). 
The MPER was confirmed to be exposed at the C-terminus around 
the β-sheets and between the N-terminal domains. Thus modeling of 
the C-terminus of the recombinant minor coat protein A1; situated 
it to the outer surface of the capsid as shown in the ball and stick 
depiction (Fig 2D).
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Figure 2: Three dimensional structures predicted for the wild type and engineered Qβ minor coat protein A1. 

(A) A1 wild type (B) ΔA1 (C) A1Not (D) ΔA1MPER (MPER highlighted in ball and stick rendering at the C terminus region of the protein). (N 
indicates the N terminus of the minor coat protein A1; red and blue colored structures indicate α-helix and β-sheets, respectively).
Genetic construction and characterization of HIV-1 MPER vector
In all designs, the two natural stop codons of the minor coat 
protein A1 were conserved as well as the intermediate region 
between the minor coat protein A1 and the replicase gene of Qβ. 
The oligonucleotides ABW1 to ABW4 were analyzed to eliminate 
features that could prevent the fusion PCR. Briefly, to obtain the 
MPER region the oligonucleotides ABW1 (forward) and ABW2 
(reverse) shown in Table 1 were annealed and extended by 
PCR. The resultant PCR product was further extended with the 
primers ABW3 (forward) and ABW4 (reverse) which introduced 
a linker and restriction enzyme cloning sites at the ends of MPER 
region (Table 1). In the design, the ABW3 primer was flanked 
with AflII while ABW4 had NsiI and NotI. The Not1 restriction 
enzyme (bold and underlined) sequence enabled the cloning 
of the MPER into the variant pQβ8 resulting to the plasmid 
pQβMPERN (with a c-terminal Not1 restriction site) while the 
restriction sites AflII and NsiI (bold and underlined) were used 
to obtained the plasmid pQβMPER (S1A). The same gene was 
obtained with ABW5(forward) and ABW6 (reverse) primers 

that generate the linker NotI restriction enzyme at both ends 
(245 bp). These primers were designed to maintain the reading 
frame and the important secondary structure of the recombinant 
phage RNA. The pQβMPERHis was obtained by amplifying the 
previous insert with a reverse primer which incorporates a hexa-
histidine tag at the C-terminal of the MPER region (S1B). The 
resultant expression plasmids were analyzed and all found to 
contain the MPER region. The positive recombinant plasmids 
after restriction analysis were further amplified and sequenced. 
The plasmids containing the inserted MPER region in the right 
frame was used to transform E. coli HB101 for phage production 
and characterization. Recombinant minor coat protein A1 fused 
with MPER was expressed after transformation of E. coli with 
recombinant plasmids harboring MPER gene. As a consequence of 
the surface engineering of the recombinant phages the plaques sizes 
were predominantly (80%) of small size representing recombinant 
phages containing the MPER insertion (S2). This difference in 
plaque size has previously been reported to be a reflection of the 
quasi species nature of RNA phages [72].



Recombinant Phage production strategy and genetic 
characterization
Previously, phages were produced just by transforming E. coli HB101 
with various expression cassettesresulting to phage titers between 
108 to 109pfu/ml after production was scaled up to 1L of media for 
12 hours. However, there was a significant reduction (P<0.0001) in 
the titer of the hybrid QβMPER virus like particles (Table 2 compare 
titer of Qβ with QβMPER, QβMPERHis) and QβMPERNharboring 
MPER. This significant reduction in recombinant phage titer 
necessitated the adoption of novel production strategy to enhanced 
hybrid phage yield. In this light the recombinantphages obtained 
after the first round of amplification in one liter, were precipitated 
prior tosuspension in 10 ml of media followed by 3 more rounds 
of amplification each with an inoculating multiplicity of infection 
(MOI) of 3. In order to improve yield E coli Q13 the natural host 
of the phage Qβ was used instead of E. coli HB101. This resulted 
into a significant increase in the yield of the resultant recombinant 
phages(1014pfu/ml) which were then used for subsequent analysis. 

Table 2: Phage viability assay: the affinity, infectivity and viability 
of phages are shown by an increase in titer after 45 min incubation 
with E coli K12 determined at log phase (OD600~ 0.7)

Phage Initial Titer 
 (pfu/mL)

Plated (pfu/mL) Final Titer (pfu/
mL)

QβMPERN 107 105 107

QβMPER 107 105 107

QβMPERHis 107 105 107

Qβ 108 106 108

Viability of the recombinant QβMPER phages
The viability of all recombinant QβMPERphages was analyzed in 
a binding and amplification assay. RecombinantQβMPER phages 
while bound to the ELISA plates still infected the host E. coli Q13 
increasing in titer by 2 digits within 30 minutes of incubation. This 
demonstrates not only viability but equally an ability to infect thehost 
E. coli Q13 and grow while binding to ELISA plates (Table 2). The 
viable recombinant QβMPERphages were then analyzed by RT-PCR 
and found to contain recombinant insertions equivalent in length to 
the 50 amino acid MPER insert. The fusion between MPER RNA 

and the phage genome was confirmed by sequencing of the amplified 
product of the RT-PCR. The sequences obtained for QβMPER, 
QβMPERHis and QβMPERN hybrid phages matched recombinant 
inserts cloned into the plasmids pQβMPER, pQβMPERHis and 
pQβMPERN respectively. Thus, the insertion of the MPER region 
into the minor coat protein A1 of coliphage permits efficient display 
of the MPER peptide without affecting viability and infectivity.

Western blot anlysis of Recombinant QβMPER phage expression 
of MPER peptide andLocalization of MPER region upon the 
recombinant QβMPERHis phage using Nickel gold NTA particles
To characterize thisrecombinantQβMPER phages, protein from 
partially purified phages were denatured, separated in an SDS-
polyacrylamide gel and transferred onto a proteins-absorbing 
membrane. The membrane was incubated with the MPER targeted 
broadly neutralizing antibody 4E10. Specific recognition of the 
MPER region resulted to aclear band in intensity close to the 35kDa 
A1MPER fusion protein. Various proteins fused to the minor coat 
protein A1 have previously been used to validate the presence of the 
insert (Fig 3A). Similar results were obtained when the membrane 
was incubated with Z13e1 (Fig 3B). In addition recombinant 
QβMPERN expression as shown in Fig 3C could also be detected 
with , 8E10 in western blot [15, 71]. Thus, confirming the existence 
of the MPER region within the recombinantQβMPER phage particles. 
In order to track the exact location of the MPER region upon the 
recombinant phage we developed the unique recombinant phage 
QβMPERHis where a hexa-histidine tag was engineered in frame 
with the inserted MPER region. Here the Ni-NTA is expected to bind 
specifically to the hexa-histidine tagged protein. Thus the presence 
of the MPERHisregion and its surface display was confirmed by 
transmission electron microscopy usingNickel gold particles (Ni-
NTA-Nanogold) that specifically bind to hexa-histidine tag (Fig 3D 
to G). Therefore, the density of the nanogold particles following 
specific recognition of the hexa-histidine tag in the recombinant 
QβMPERHis phages was comparatively very high relative to the 
wild type Qβ and QβMPERphage without the hexa-histidine tag. In 
Fig 3D to G, EM images clearly show the association of the nanogold 
with the virus like particles containing the hexa-histidine tag. This 
association of nanogold with the tag at the end of the inserted MPER 
region suggests its expression and exposition on the external surface 
of the recombinant phage particles. Taking into consideration the 

Table 1: Sequences of oligonucleotides designed for MPER PCR construction
ABW1 of 100 bases (5’ to 3’)
CAGCAGGAAAAAAACGAAAAAGATCTGCTGGCGCTGGATAGCTGGGCGAACCTGTGGAACTGGTTTGAT
ABW2 of 100 bases (5’ to 3’)
CACCGCAAAAATAATGCGCAGGCCAATCAGGCCGCCCACAATCATAATAAAAATTTTAATATACCACAG
ABW3 of 64 bases (5’ to 3’)MPER Afl2
TTCGGTAAACATCGAACAATTCATCTATCTTAAGCAGCAGGAAAAAACGAAAAAGATCTGCTGG
ABW4 of 60 bases (5’ to 3’)Nsi&Not
TTAGACATGCATTTCATCCTTAGCGGCCGCTTACTACACCGCAAAAATAATGCGCAGGCC
ABW 5 of 33 bases(5’ to 3’) MPER Not
5’TTAATTCATCTATCTTAAGTCGAGCGGCCGCgg
MPER Not His Rev
5’ ggTGCTGTCTTAGACATgcatttcatccttagg
ABW6: MPER Not Rev
5’ AATAATGCGGCCGCTTACTACACCGCAAAAATAATGCGCAGGCCAATCAGGCC
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image and the scale, the diameter of the recombinant phage particle 
was not significantly modified after the MPER peptide insertion.
                                       

Figure 3: Western blot analysis, antigenicity and electron micrograph 
of hybrid QβMPER phages 

In (A) specific recognition of MPER region by 4E10.Lane 1 isQβ alone, 
lane 2 is recombinant QβMPERHis, lane 3 is recombinant QβMPERN 
and lane 4 is the protein marker. In (B) specific recognition of MPER 
region by Z13e1.Lane 1 is Qβ,lane 2 is recombinant QβMPERHis ,lane 
3 is recombinant QβMPERN , lane 4 is the protein marker and lane 5 is 
recombinant QβMPER .In (C) specific recognition of MPER region by 
8E10 in the recombinant QβMPER phage. Electron Microscope (EM) of 
phage with Nickeled Gold (NTA); in (D) Qβ wild type. (E) Recombinant 
QβMPERHis with histidine tag; (F) RecombinantQβMPERHis with 
histidine tag; (G) Recombinant QβMPERHis with histidine tag diluted. 

Antigenicity of MPER restrictiv e peptide, QβMPER, 
QβMPERHisand QβMPERN with MPER targeting broadly 
neutralizing antibodies
The recombinant QβMPER, QβMPERHis and QβMPERN phages 
displaying the MPER peptide and an MPER restrictive peptide 
were used to assess reactivitytoMPER targeting bnAbsincluding 
2F5, Z13e1, 4E10 and 10E8. Briefly ELISA plates were coated 
with 107pfu/well of with QβMPER, QβMPERHis, QβMPERN and 
MPER restrictive peptides as described in materials and methods 
then probed with graded doses of the MPER specific antibodies. As 
expected the MPER targetingmAb 4E10, Z13e1 and 2F5 showed 
strong reactivity with the MPER restrictive peptide (Fig 4A, B&C). 
In contrast 8E10 MPER restrictive peptide reactivity was poor almost 
next to background level following several repeat experiments 

(Fig 3D). Binding of the recombinant phages QβMPERHis and 
QβMPERN to 4E10 and Z13e1 were similar to that of the MPER 
restrictive peptide (compare Fig 4A &B)
                                        

Figure 4: Antigenicity of MPER restrictive peptide, QβMPER, 
QβMPERHisand QβMPERN with MPER targeting broadly 
neutralizing antibodies

In (A) (B) , (C) & (D) binding of MPER targeting bnAbs4E10, ZI3e1 ,2F5, 
and 10E8 to MPER restrictive peptide (blue line), QβMPER (red line), 
QβMPERHis (green) and QβMPERN (purple line) recombinant phages. 
ELISA plates are coated with 107pfu/well of QβMPER, QβMPERHis 
or QβMPERNthen probed with graded doses of the MPER specific 
antibodies. In (A) reactivity of graded doses of 4E10 with the MPER 
restrictive peptide as well as the three recombinant phages. In (B), (C) 
and D same as in (A) but here binding is assessed with graded doses of 
Z13e1, 2F5 and 10E8 respectively. 

Study Population Characteristics
A total of 154 ARV naïve HIV-1 infected participants were included 
in this study. Most (64%) were females with median age 39 (32 – 47) 
and the rest males with median age 38.5 (28.75 -46.25). Median CD4 
counts were significantly (p<0.01)lower in female participants than 
in their males counterparts:499 cells/mm3 (463-983 – 587.5) Vs. 561 
cells/mm3 (404-860) respectively. Whereas the majority of ARV naive 
HIV+ participants (57%) showed no significant immune suppression 
(CD4>500 cells/mm3), 25% had mild immunosuppression (350-499 
cells/mm3), 10% had advanced immunosuppression (200-349 cells/
mm3) and 8% had severe immunosuppression(1-199 cells/mm3). 
Well over 92% of participants were in WHO clinical stage 1 and the 
rest in WHO clinical stage 2. Females showed significantly higher 
(p<0.05) plasmatic viral load than males (Table 3). There were 
relatively more females participants than males in this study. The 
female domination of our participants is a reflection of the global 
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prevalence of HIV-1 infection within our sub region (UNAIDS, 
2015).

Table 3: Study population characteristics
Variable HIV-1-infected participants (n=154)
Gender Male Female
Participants (%) 55 (36) 99 (64)
Median age (IQR) 38.5 (28.75-46.25) 39 (32-47)
Median CD4 count 
(cells/mm3)

561 (404-860) ** 499 (463-983)

CD4>500 cells /mm3 
(n/%)

27 (49) 61 (62)

350-499 cells /mm3 
(n/%)

17 (31) 21 (21)

200-349 cells /mm3 
(n/%)

5 (9) 10 (10)

1-199 cells /mm3 
(n/%)

6 (11) 7 (7)

Median viral load 
(copies/mL)

8579 (489-41237) 19760 (1090- 141839)*

OD Values 0.1 to 0.3 
(n/%)

19 (19) 6 (11)

OD values 0.4 to 0.9 
(n/%)

71 (72) 41 (75)

0%D values 1 to 2.4 
(n/%)

9 (9) 8 (8)

* P<0.05; **P<0.01; IQR= interquartile range, n=number of 
participants.

Comparative analysis of the antigenicity of the recombinant 
phages QβMPER, QβMPERHis and QβMPERN for reactivity 
with polyclonal antibodies in plasma from ARV naïve HIV-1 
infected individuals
Since the three recombinant phages QβMPER, QβMPERHis and 
QβMPERNwere slightly differentin their design, we tested if there 
will have the same reactivity with polyclonal antibodies in plasma 
from ARV naïve HIV-1 infected individuals. Here the antigenicity 
of the three recombinant phages was tested using plasma samples 
calibrated with the MPER restrictive peptide by ELISA.Using 
the MPER restrictive peptide in ELISA assay reactive plasma 
samples were grouped as either low (titers <12800) or high (titers 
>12800) anti-MPER specific IgG antibodies before being used for 
the comparative analysis of three recombinant phages.In fig.5A data 
is shown comparing the antigenicity of QβMPER, QβMPERHis, 
and QβMPERHis with low tittered anti-MPER specific IgG 
antibodies. Here the recombinant phages QβMPERHis (p<0.001), 
and QβMPERN (p<0.001) showed superior reactivity with plasma 
containing low anti-MPER specific IgG antibodies than QβMPER. 
In addition the recombinant phage QβMPERN was also superior to 
QβMPERHis (p<0.0016) in its antigenicity.When the antigenicity 
of the three recombinant phages (fig. 5B)was compared in plasma 
samples containing high anti-MPER specific IgG antibodies both 
QβMPERHis and QβMPERN proved superior to QβMPER (p<0.0011 
and p<0.0005 respectively) in their reactivity with the MPER peptide 
within the recombinant phages. However there was no significant 
difference (p<0.2427) in the reactivity of both QβMPERHis and 
QβMPERN with plasma containing high titer anti-MPER specific 

IgG antibodies.When binding of all three recombinant phages was 
compared in the 154 plasma samples described abovethe majority 
of the participants’ plasma showed strong reactivity to all three 
recombinant QβMPER phages, only 20 to 30% showed low reactivity 
to the recombinant QβMPER phages (S3). These low reactive 
plasma samples are considered MPER-specific antibodies negative 
because their OD values were similar to values obtained with plates 
coated with Qβ.On the other hand, around 10% of participants’ 
plasma demonstrated very strong reactivity to all hybrid phages 
with OD values ranging from 1 to 2.4. Taken together, this data 
indicate that the MPER peptide is displayed in efficiently upon 
all the recombinant QβMPER phages thereby yielding similar 
antigenicity with polyclonal plasma from ARV naïve HIV infected 
participants. Thus, a great majority of ARV naïve HIV-1 infected 
people expressing MPER specific antibodies could be detected by 
any of our three novel recombinant QβMPER phages.
                                                

Figure 5: Antigenicity of recombinant phages QβMPER, 
QβMPERHis and QβMPERN in plasma from ARV naïve HIV-1 
infected individuals.

Selected plasma of ARV naïve HIV-1 infected participants was 
testedfor binding against different recombinant phages including 
QβMPER, QβMPERHis and QβMPERN. In (A) data is shown 
for the reactivity ofQβMPER,QβMPERHis and QβMPERN with 
plasma containing low titer anti-MPER specific IgG antibodies..
Here QβMPERNwas significantly more antigen (P<0.016) than 
QβMPER, and QβMPERHis. In (B)the three recombinant phages 
were compared with each for reactivitivity with participants plasma 
containing high titer anti-MPER specific IgG antibodies.. With plasma 
containing high anti-MPER specific IgG antibodies QβMPERHIS, 
and QβMPERN were similar in reactivity but both significantly 
higher than QβMPER (P<0.0011 and P<0.0005 respectively).The 
endpoint titers were considered as the highest plasma dilution with a 
reading above Qβ alone coated wells plus three standard deviations.

Analysis of HIV-1 gp41 MPER specific IgG antibody in plasma 
from ARV naïve HIV-1 infected people using QβMPERN
Since the recombinant QβMPERN phage displaying the MPER 
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peptide with a c-terminal Not1 restriction site proved superior to all 
the recombinant phages in it reactivity with plasma containing low 
and high titers of MPER specific antibodies we next assess its binding 
to Plasma collected from 154 ARV naïve HIV infected members of 
the CIRCB AFRODEC cohort. These plasma samples were collected 
consecutively from 2012 to 2016. As shown in Fig 6A, 84% (129/154) 
ofthe participants’ plasma showed specific reactivity to the recombinant 
QβMPERNphage over a wide range of OD values (0.4 to 2.4). In 
contrast, the highest mean OD value for plates coated with Qβ (no 
MPER peptide present) was 0.3 and as such all participants with OD 
values ranging from 0.1 to 0.3 were considered as negative for MPER 
reactive antibodies (Fig 6A cutoff line indicated).This suggests that a 
greater majority of our study participants expressed MPER-specific 
antibodies based upon their reactivity with the QβMPERN recombinant 
phage.In Fig 6B a comparative analysis is made between anti-MPER 
specific IgG antibody titers and the different ELISA OD ranges. 
However, when the different OD ranges were analyzed with respect 
to their median helper CD4+ T cell count as shown FigB,C&D no 
apparent correlation was observed between the abundance of MPER-
specific antibodies and helper CD4+ T cell count. In this regard, 16% 
(25/154) of participants were negative for MPER-specific antibodies 
(Fig 6B). On the other hand, 73% (112/154) of participants showed 
strong reactivity tothe recombinantQβMPER phages with OD values 
ranging from 0.4 to 0.9 (Fig 6C). This was in addition to 11% (17/154) 
of participants showing very strong reactivity (OD values 1 to 2.4) to 
the recombinant QβMPER phages (Fig6D). Next, when plasmatic viral 
load was analyzed with respect to the abundance of MPER-specific 
antibodies there was no correlationwith IgG antibody titers (compare 
Fig 6E, F&G).Thus the novel optimized recombinant QβMPERNphage 
detects MPER reactive antibodies in a greater majority of ARV naïve 
HIV-1 infected individuals.
                                             

Figure 6: HIV-1 gp41 MPER specific IgG antibody in plasma from 
ARV naïve HIV infected people. 

As shown in fig.6A the majority of plasma from ARV naïve HIV-1 infected 

people have MPER specific IgG antibodies. In (A) ELISA plates coated 
with 107pfu/well of either QβMPER or Qβ are probed with plasma from 
ARV naïve HIV-1 infected individuals. Dotted lines indicate maximal OD 
values for Qβ alone (no MPER region=background). There are a broad 
range of MPER-specific antibody levels in plasma from ARV naïve HIV-1 
infected people. In (B), (C) and (D)spearman´s correlation analysis for 
the relationship between the abundance of MPER specific antibodies and 
helper CD4+ T cell count. In (D), € and (F) data is shown for spearman‘s 
correlation analysis forthe relationship between plasmatic viral load and 
ELISA IgG antibody titers. Correlation coefficient (r) and p values (p) 
are shown in the figures.

Immunogenicity of the recombinant QβMPER phages in balb/c 
mice
To determine the immunogenicity of the parental phage Qβ, ELISA 
plates were coated with Qβ as described above. In Fig 7A data is 
shown for the induction of Qβ specific antibody responses in the 
vaccine treated group. Qβ specific IgG antibodies were detectable 
in well over 70% of all the mice that were treated with the phage. 
This clearly suggests a strong immunogenicity of phage itself. To 
measure anti-MPER specific IgG antibodies high binding plates were 
coated with 100 ng/well of MPER restrictive peptide to eliminate 
cross reactivity with Qβ specific antibodies.A strong recombinant 
QβMPER specific IgG antibody response was detected in serum of 
both groups of Balb/c mice vaccinated either with QβMPERHis or 
QβMPERN (Fig 7A). This IgG antibody response was considered 
MPER specific because serum from mice receiving Qβ alone 
showed little or no reactivity with the MPER restrictive peptide. 
Following three inoculations of the recombinant phages 60% of 
mice vaccinated with either QβMPERHisor QβMPERN showed 
detectable anti-MPER specific IgG antibodies. The anti-MPER 
specific IgG responses following QβMPERHisvaccinationwere 
similar toresponses following inoculation with the recombinant 
QβMPERN phage.Thus these preliminary results demonstrate the 
immunogenicity of the recombinant QβMPER phages in Balb/c mice.
                                              

Figure 7: Immunogenicity of recombinant QβMPERHis and 
QβMPERN in mice

In (A) immunogenicityof Qβ in balb/C mice. Both recombinant QβMPER 
phages showed similar immunogenicity with the wild type Qβ vector. 
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In (B) when plates are coated with the MPER restrictive peptide only 
the recombinant phages could induce MPER specific antibodies. There 
was no different between the recombinant QβMPER phages in their 
immunogenicity in mice. Never the less only QβMPERN induced 
significantly higher (p<0.020) MPER specific antibodies than Qβ.

Discussion
The highly conserved gp41 MPER, in addition to being rich in 
bnAb epitopes, also plays key roles not only in viral infectivity, but 
also in membrane fusion and as such is a promising target for an 
anti-HIV antibody vaccine development [21, 71]. However, MPER 
is weakly immunogenic due to the fact that it’s inaccessible to the 
immune system being masked in the unmodified HIV-1 envelope 
glycoprotein [73]. A number of strategies aimed at improving the 
accessibility of MPER and the consequent induction of neutralizing 
antibodies targeting the MPER bnAb epitopes have met with limited 
success. In this study, we have engineered the surface of the RNA 
coliphage Qβ to display all reported contiguous linear MPER epitopes 
corresponding to the bnAb 2F5, 4E10, Z13e1 and 10E8 through 
linking to the minor coat protein A1 of Qβ. This resulted to the surface 
display of 12 molecules of MPER per 25 nm hybrid phage particle 
thereby concentrating and improving the availability of the MPER 
based broadly neutralizing determinants for antibody recognition. 
Thus the recombinant QβMPER phages reacted specifically with 
their respective bnAbs in ELISA assay and surface-localization of 
the MPER insert was also confirmed by three dimensional structural 
modelling and transmission electron microscopy. Similarly, ELISA 
assays with plasma from long standing ARV naïve HIV infected 
people revealed selective recognition of the recombinant QβMPER 
phages by well over 84% of the participants. In addition, three 
variants of Qβ surface displayed MPER chimeric phages including 
QβMPER, QβMPERHis, and QβMPERN (S3 and Fig 5A&B) 
showed strong reactivity with MPER specific polyclonal antibodies 
in plasma from a greater majority of long standing ARV naïve HIV-1 
infected participants. This probably indicates that the conserved bnAb 
epitopes within MPER are exposed efficiently upon the recombinant 
phage particles. This would imply that through surface engineering 
of the RNA coliphage Qβ we have optimized an MPER phage 
display platform that allows antibody recognition to be focused to 
its conserved epitopes. 

When we analyzed the responses against MPER in plasma from long 
standing ARV naïve HIV-1 infected people using all therecombinant 
QβMPER phages, well over 75 % showed strong reactivity. This 
is in contrast to previous reports which showed MPER-specific 
responses in all HIV infected participants [70]. Unlike the previous 
study which included only 35 participants our work involved 154 
ARV naïve HIV infected participants. Here plasma from close to 30% 
of ARV naïve HIV-1 infected individuals did not show any specific 
reactivity with the recombinant QβMPER phages. This suggests 
that the induction of MPER-specific antibodies in ARV naïve HIV-1 
infected individuals might not be universal. One widely recognized 
hindrance for the induction of bnAb targeting MPER based broadly 
neutralizing determinants is masking by the gp120 subunit [74], rev. 
in [21, 71, 75] which makes them poorly assessable to the immune 
system. Secondly, adjacent immunodominant epitopes upstream 
of MPER can also focus B cell responses away from its conserved 
bnAb epitopes [21, 23, 24, 26, 76]. Thirdly, the MPER is highly 
hydrophobic and partially embedded in viral and cell membrane 
making it less available to the immune system. To address this 
challenge and minimize diversity, we have constructed an MPER 

consensus sequence [67, 77] by choosing the most common amino 
acids in an alignment of three envelope glycoproteins consisting 
of two clade C sequences and one clade B sequence [66–68]. Here 
the engineered sequences contained all the reported MPER based 
bnAb epitopes with additional gp41 derived conserved sequences 
upstream and downstream of the MPER yielding a 50 amino acid 
peptide insert. This strategy, while eliminating the gp41 based non-
neutralizing immunodominant epitopes, ensures that all MPER bnAb 
epitopes are efficiently exposed upon the surface of the recombinant 
QβMPER phage particles. Additional amino acids upstream of the 
2F5 epitopes have been suggested to be necessary for efficient 
recognition of the epitope after display upon the cell surface [70]. 
Transmission electron microscopic analysis of the recombinant 
QβMPERH is phage stained with Ni-NTA-Nanogold demonstrated 
the MPERHispeptide to be presented on the surface of QβMPERHis 
virus like particle. This surface exposure of MPER is expected to 
focus B cell responses to the conserved bnAb epitopes within MPER.

In summary, results from this study show that all the reported epitopes 
within MPER were easily recognized by their respective bnAbs and 
the hybrid phages could be used to assess the antigenicity of MPER 
specific antibodies in plasma of HIV-1 infected people. 

The QβMPERNrecombinant phage was superior in antigenicity 
than the other two recombinant phages reported in this study. 
However in preliminary immunogenicity studies in Balb/c mice 
both QβMPERHis and QβMPERN induced detectable ant-MPER 
specific antibodies in 60% of the immunized clearly suggesting the 
potency of the recombinant phages in inducing anti-HIV-1 antibodies. 
Work is ongoing in rabbits to assess the neutralizing efficacy of such 
antibodies in Tier II HIV-1 strains.

Conclusion
The recombinant QβMPER phages presented here were antigenic for 
4E10, 10E8, Z13el, 2F5 and polyclonal antibody from long standing 
HIV-1 infected people. However, not all HIV-1 infected persons 
showed reactivity with the recombinant phages clearly indicating 
that the induction of MPER reactive antibodies was not universal in 
all HIV infected people. However, there was no correlation between 
the abundance of MPER specific antibody responses and participants’ 
viral load or helper CD4 T cell counts. Nonetheless, the success of 
this QβMPER display paves the way for future immunogenicity 
studies using the recombinant phages either alone as demonstrated 
here or in combination with other vaccine strategy for the induction 
of efficient humoral immunity against HIV-1. Additional studies are 
necessary to assess the ability of the recombinant QβMPER phages 
in the induction of bnAb and to optimize strategies to use the novel 
phages for monitoring or predicting HIV-specific immunity.
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S1 Genetic construction and characterization of HIV-1 MPER 
vector and phages
In (A & B) TAE 1.2% agarose gel; Restriction analysis of recombinant 
plasmid pQβMPER and variants; (A) Product of the recombinant 
pQβMPER restriction digestion with NotI (lane 2). (B) Product of 
the retransformed recombinant pQβMPER restricted with BglII 
(lane 2). Plasmids and gene fragments have the correct size (Lane 
2).Negative clones of pQβMPERN/pQβMPER do not show one of 
its band down or up (lane 3).

S2 Themorphology of plaques formed on lawn of E coli K12. 
In (C): Qβ; (D): QβMPER; (E): QβMPERN; (F): QβMPERHis.

S3  Antigenicity of recombinant phages QβMPERHis and 
QβMPERN in plasma from ARV naïve HIV-1 infected individuals

S3 shows data for the reactivity of the recombinant phages 
QβMPERHis and QβMPERN with polyclonal antibodies in plasma 
from ARV naïve HIV-1 infected participants. Dotted lines indicate 
cutoff as determined with maximal OD values of Qβ alone. Both 
recombinant phages were reactive with a greater majority of 
participants’ plasma over a wide range of OD.
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