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Abstract

The HIV-1 accessory protein Vpu exhibits high inter- and intra- subtype genetic diversity that may
influence Vpu function and possibly contribute to HIV-1 pathogenesis. However, scalable methods
to evaluate genotype/phenotype relationships in natural Vpu sequences are limited, particularly
those expressing the protein in CD4+ T-cells, the natural target of HIV-1 infection. A major
impediment to assay scalability is the extensive genetic diversity within, and immediately
upstream of, Vpu's initial 5' coding region, which has necessitated the design of oligonucleotide
primers specific for each individual HIV-1 isolate (or subtype). To address this, we developed two
universal forward primers, located in relatively conserved regions 38 and 90 bases upstream of
Vpu, and a single universal reverse primer downstream of Vpu, which are predicted to cover the
vast majority of global HIV-1 group M sequence diversity. We show that inclusion of up to 90
upstream bases of HIV-1 genomic sequence does not significantly influence /in vitro Vpu
expression or function when a Rev/Rev Response Element (RRE)-dependent expression system is
used. We further assess the function of four diverse HIV-1 Vpu sequences, revealing reproducible
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and significant differences between them. Our approach represents a scalable option to measure
the Jn vitro function of genetically diverse natural Vpu isolates in a CD4+ T-cell line.

Keywords
HIV-1 Vpu; sequence diversity; CD4; BST2/tetherin; downregulation; Rev/RRE

1. Introduction

Human Immunodeficiency Virus type 1 (HIV-1) isolates belonging to the Main (M) group
are responsible for the pandemic currently infecting 36.7 million individuals worldwide
(Faria et al., 2014; Hemelaar, 2012; UNAIDS, 2016). HIV-1 group M sequences exhibit
extensive diversity both within and between hosts. Globally, HIV-1 group M strains are
presently classified phylogenetically into nine subtypes and 79 circulating recombinant
forms that differ by up to 30% in their envelope amino acid sequence (Hemelaar, 2012).
Given this diversity, it is not surprising that natural (patient-derived) HIV-1 sequences also
exhibit differences in their /in vitro function, which may in turn influence viral pathogenesis.
For example, it has been hypothesized that HIV-1 subtype C isolates, which comprise more
than >50% of infections worldwide (Hemelaar, 2012), may be inherently more transmissible
- possibly because of subtype-specific motifs within Env-gp120 that modulate interactions
with host cell entry receptors (Walter et al., 2009) - though this remains controversial (Kahle
et al., 2014). Subtype-specific differences in HIV-1 entry efficiency (Marozsan et al., 2005),
replication capacity (Aralaguppe et al., 2016; Konings et al., 2006), and the function of viral
accessory proteins Vif (Binka et al., 2012; Iwabu et al., 2010) and Nef (Mann et al., 2013)
have also been described. Methods to assess the function of other HIV-1 proteins encoded by
natural sequences are thus warranted.

The HIV-1 accessory protein Vpu is a multifunctional ~16kDa transmembrane protein that
enhances viral replication. Vpu's most well-characterized functions are downregulation of
the HIV entry receptor CD4 (Lama, Mangasarian, and Trono, 1999; Levesque, Zhao, and
Cohen, 2003; Willey et al., 1992) and the antiviral protein tetherin (also known as BST2 or
CD317) (Dube et al., 2010; Neil, Zang, and Bieniasz, 2008; Sauter et al., 2009; Van Damme
et al., 2008), which enhance viral egress (Douglas et al., 2010) and promote viral evasion of
innate (Galao et al., 2012) and adaptive (Pham et al., 2014; Veillette et al., 2014) immune
responses. Vpu-mediated downregulation of HLA-C (Apps et al., 2016), as well as innate
immunomodulatory receptors, including NTB-A (Shah et al., 2010), CD1d (Moll et al.,
2010) and PVR (CD155) (Matusali et al., 2012), has also been described. The high global
sequence diversity of the vpu gene region however has limited the development of scalable
methods to clone and express Vpu from natural sequences, and thus the functional range of
this protein remains incompletely characterized.

Vpu is expressed late in the HIV-1 life cycle from a partially spliced bicistronic mMRNA
encoding both vpuand env. In vivo, HIV-1 protein expression from partially- (and un-)
spliced viral mMRNA transcripts is dependent on the HIV-1 regulatory protein Rev, which
facilitates the nuclear export of these transcripts by binding to a ~350 base RNA sequence
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within envtermed the Rev response element (RRE). Though autonomous (7.¢. non-Rev/
RRE-dependent) /n7 vitro Vpu expression can be achieved by cloning the vpu open reading
frame directly at the start codon (Chen et al., 2015; Douglas et al., 2013; Galaski et al.,
2016; Mwimanzi et al., 2016; Verma et al., 2013), protein expression is generally not robust.
Moreover, the extensive genetic diversity in and upstream of vpu/s 5' coding sequence
necessitates the design of primers specific for each HIV-1 isolate (Chen et al., 2015; Douglas
et al., 2013; Galaski et al., 2016), or panels of primers specific for each HIV-1 subtype
(Verma et al., 2013), which limits scalability. Robust autonomous Vpu expression can be
achieved by codon optimizing the vpu sequence to maximize expression in mammalian cells
(Anson and Dunning, 2005; Nguyen et al., 2004), but this negates the purpose of assessing
vpu sequences in their natural form.

For these reasons, /in vitro expression of natural VVpu sequences is generally achieved using
Rev/RRE-dependent systems. Nevertheless, some studies employing Rev/RRE-dependent
systems to assess natural vpu sequences have still cloned the genedirectly at the start site
using isolate-specific primers (Jafari, Guatelli, and Lewinski, 2014). Alternatively, the Rev/
RRE-dependent expression plasmid pCRV1AVpu, which employs a forward primer located
in a conserved upstream region, has been used to assess the function of larger numbers of
natural vpu sequences, but only in epithelial cell lines that are not the natural targets of
HIV-1 infection (Apps et al., 2016; Pickering et al., 2014). Here, we describe a Rev/RRE-
dependent method for robust expression and functional assessment of natural HIV-1 group
M vpu sequences in a CD4+ T-cell line. The method's main innovation is the use of
universal (pan-HIV-1 group M) primers for vpu amplification and cloning, thus removing
the need for isolate-specific primer design.

2. Methods

2.1 Plasmids, cell lines and HIV-1 sequences

The following reagents were obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: A plasmid encoding the entire genome of the HIV-1 subtype B
reference strain NL4.3 (pNL4.3) Cat #114 from Dr. M. Martin (Adachi et al., 1986); a
plasmid encoding the entire genome of the HIV-1 subtype C infectious molecular clone MJ4
(pMJ4), Cat#6439 from Drs. T. Ndung'u, B. Renjifo and M. Essex (Ndung'u et al., 2000); an
expression plasmid encoding a codon-optimized version of the NL4.3 vpu gene (pcDNA-
Vphu), Cat#110079 from Dr. S. Bour and Dr. K. Strebel (Nguyen et al., 2004), and the
clonal Human T4-lymphoblastoid cell line CEM-SS, Cat #776 from Dr. P. Nara (Nara and
Fischinger, 1988). The plasmids pCRV1AVpu and pCRV1AVpu-NL4.3 Vpu were provided
by Dr. R. Apps with permission from Dr. P. Bieniasz and Dr. S.Neil (Apps et al., 2016;
Jouvenet et al., 2009; Pickering et al., 2014). The GFP expressing plasmid pMAX-GFP was
purchased from Amaxa.

The pSELECT-GFPzeo dual expression vector (InvivoGen; hereafter referred to as “pSel-
GFP” or simply “pSel”), which contains one transcription unit that expresses the gene of
interest and another that expresses a gfp:zeocin resistance gene fusion, was modified as
follows to create pSelgre-GFP, which incorporates the HIV-1 RRE at the 3' end of gene-of-
interest transcripts. First, pSel-GFP's multiple cloning site was expanded to include
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additional restriction sites including Ascl and Sacll, and the RRE from the HIV-1 subtype B
reference strain NL4.3 was cloned into the Sac Il and existing downstream Nhe | site using
the forward primer 5’-AGAGCCGCGGAGTAGCACCCACCAAGGCAAA-3’ and reverse
primer 5’-GCCTGCTAGCACTAGCATTCCAAGGCACAGC-3’ (restriction sites
underlined). pSel-RevAGFP, a plasmid expressing the HIV-1 Rev protein without
concomitant GFP was engineered by eliminating GFP from pSel-GFP by PCR-mediated
deletion then cloning the Rev gene from the HIV-1 subtype B strain SF2 (synthesized as a
gBlock; IDT DNA technologies, Coralville USA) into its BamHI and Nhe I sites.

2.2 Universal Vpu primer design and amplification

Two forward primers containing degenerate bases capturing HIV-1 group M sequence
diversity were designed 90 and 38 bases upstream of the vpu start site (Figure 1), with
sequences 5° -~-AGAGCACCGGCGCGCCGGCAGGAAGAAGCGRRGACASMGA - 3’
(“—90 primer”; Sgrl and Ascl sites underlined; bold bases span nucleotides 5972 to 5995 of
the HIV-1 subtype B genomic reference strain HXB2; GenBank Acc# K03455) and 5’-
AGAGGGCGCGCCATCAARHTYCTVTAYCAAAGCAGTAAGTA-3’ (“~38 primer”;
Asc | site underlined; bold bases span HIV-1 nucleotides 6024 to 6052). A single universal
reverse primer (5'-
GCCTCCGCGGATCGATGGTACCCCATARTAGACHGTRACCCA-3' (Sacll and Clal
sites underlined; bold bases span HIV-1 nucleotides 6352 to 6327) was used to amplify all
control and natural vpu sequences. Forward primers containing Sgrl and Ascl sites were also
designed to amplify the control HIV-1 NL4.3 and codon-optimized vpu sequences at their
respective start codons.

Using these primers, HIV-1 NL4.3 vpu sequences containing 0, 38 and 90 upstream bases
were PCR amplified from pNL4.3 for cloning into pSel-GFP and pSelrre-GFP. The codon-
optimized vpu sequence was amplified from pcDNA-Vphu and sub-cloned into pSel-GFP
only. The “-38” forward and universal reverse primers were also used to amplify one HIV-1
sequence each from subtypes A, B, C and a subtype A/D recombinant for cloning into
pSelrre-GFP. The subtype B sequence was isolated from a participant of the Research in
Access to Care Among the Homeless (REACH) Study (Robertson et al., 2004); the subtype
A and A/D recombinant were isolated from participants of the Uganda AIDS Rural
Treatment Outcomes (UARTO) study (Hunt et al., 2011). Participants provided written
informed consent and approval was obtained from the relevant institutional review boards.
Briefly, total nucleic acids were extracted from blood plasma and subjected to nested RT-
PCR using HIV-1 subtype-optimized primers in the first round and the above primers in the
second round. The subtype C vpu sequence was PCR amplified from the infectious
molecular clone MJ4 (Ndung'u et al., 2000) using the above primers.

2.3 Cloning and Vpu sequence verification

Vpu amplicons were verified by gel electrophoresis, gel extracted (GeneJET; ThermoFisher
Scientific), digested with Ascl and Sacll (New England Biolabs) and ligated at a 3:1 molar
ratio with linearized pSel-GFP and pSelgrgre-GFP vectors. Ligations were transformed into
E. cloni competent cells (Lucigen), plated on zeocin-containing LB agar and grown
overnight at 37°C. Single colonies were grown in liquid LB containing zeocin for ~16 hours
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at 37°C, plasmid DNA was purified using the E.Z.N.A. Plasmid Mini Kit (Omega Bio-tek)
and the presence of inserts was verified by Ascl/Sacll digestion. Plasmids were sequenced
on an ABI 3130xI Genetic Analyzer using the BigDye Terminator3.1 Cycle Sequencing Kit
(Applied Biosystems) and analyzed using Sequencher 5.0.1 (Genecodes). DNA from
sequence-validated colonies was maxiprepped (Qiagen). Sequence alignments were
performed using MUSCLE (Edgar, 2004); maximum-likelihood phylogenies were inferred
using phyML (Guindon et al., 2009) and trees were visualized using FigTree v.1.4.2 (http://
tree.bio.ed.ac.uk/software/figtree/).

2.4 Assessment of Vpu-mediated CD4 and Tetherin downregulation

2.5 Western

Assessment of Vpu-mediated CD4 and tetherin downregulation in CEM T-cells were
performed using a range of DNA and cell concentrations; for conciseness we describe one
protocol then briefly discuss modifications. A total of 5 ug Vpu DNA (in pSel-GFP or
pSelrre-GFP) with or without 7 pg of pSel-Rev-AGFP were transfected into 2.5 million
CEM T-cells in a final volume of 150 plI using the GenePulser MXCell™ (Bio-Rad) in 96-
well plate format (square wave protocol, 250 V, 2000 uF, infinite Q, 25 millisecond single
pulse). Transfected cells were resuspended in 350p1 of R10+ media (RPMI-1640
supplemented with 2mM L-glutamine, 1000 U/ml Penicillin and 1 mg/ml Streptomycin, all
from Sigma-Aldrich, Co.) plus 10% fetal bovine serum (Life Technologies) and incubated
for ~20 hours at 37°C at 5% CO». Following this, 500,000 cells were stained with
Allophycocyanin (APC)-labeled anti-human CD4 and Phycoerythrin (PE)-labeled anti-
human CD317 (/.e. tetherin) antibodies (BD Biosciences) for 30 minutes at 4°C. Cell surface
CD4 and tetherin expression, along with intracellular GFP were measured by flow cytometry
(EasyCyte 8HT Flow Cytometer; Millipore) and analyzed using the software FlowJo. We
further optimized this protocol to require co-transfection of only 1.5 pg of Vpu (in pSelrgg-
GFP) and 2 pug pSel-Rev-AGFP into 500,000 CEM cells, with the same electroporation,
resuspension and flow cytometric conditions as above. The ability of each Vpu clone to
downregulate CD4 and Tetherin on CEM cells was expressed as the Median Fluorescence
Intensity (MFI) of receptor expression in GFPN9" versus GFPMed gates. This value was then
normalized to that obtained for the first experimental replicate of a designated control Vpu
such that values of <100, 100 and >100% indicate inferior, equal and superior receptor
downregulation function compared to the control, respectively.

Blot

A total of 5 ug Vpu-containing plasmid DNA (pSel-GFP or pSelrre-GFP) with or without 7
ug of pSel-Rev-AGFP was transfected into 2.5 million CEM T-cells in a total volume of 150
UL and recovered for 20 hours at 37°C with 5% CO2. Cells were pelleted then lysed with
150 pL Radioimmunoprecipitation assay (RIPA) buffer containing 10% protease inhibitor
cocktail P8340 (both from Sigma-Aldrich) on ice for 1 hour, vortexing every 15 minutes. A
total of 50 pL of lysate was mixed with 50 pl 2X Laemmli buffer containing 5% beta-
mercaptoethanol, incubated at 99°C for 5 minutes and subjected to SDS-PAGE using Mini-
Protean TGX 4%-20% polyacrylamide gels (Bio-Rad); proteins were then transferred onto a
Polyvinylidene Diflouride (PVVDF) membrane. The membrane was blocked in Tris buffered
saline solution containing Tween (TBST) containing 5% bovine serum albumin (BSA) for
30 minutes, stained with the primary antibody (rabbit anti-VPU, Fab-Gennix VPU-101AP;
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1:500 dilution) in 5% BSA-TBST overnight at 4°C, washed 3 times with TBST and stained
for 30 minutes with secondary donkey anti-rabbit HRP (GE Healthcare) (1:30,000) in 5%
BSA-TBST at room temperature. Proteins were detected using Clarity western ECL
substrate (Bio-Rad) and visualized on an ImageQuant LAS 4000 luminescent imager (GE
healthcare).

We sought to develop a universal method for amplification of diverse natural HIV-1 group M
vpu sequences, and functional assessment of their encoded Vpu proteins, in a CD4+ T-cell
line. Substantial genetic variation (in terms of insertions/deletions and single nucleotide
polymorphisms) immediately upstream of vpu made it impossible to design a universal
forward primer here; however, we identified relatively conserved regions at 38 and 90 bases
upstream of vpu that were amenable to primer design (Figure 1). The latter location
represents the most distal upstream position to locate a forward primer due to the presence
of the revstart codon 2 bases further upstream. A single universal reverse primer was
located in the first relatively conserved downstream position (3' end of primer is 17 bases
downstream of vpu). The primers incorporated 3-5 degenerate bases to enhance coverage of
HIV-1 group M sequence diversity and restriction sites were introduced at their 5' ends to
allow directional cloning into pSel-GFP and its derivatives. Analysis of 2843 HIV-1 full
genomes (www.hiv.lanl.gov; accessed Sep 14, 2016) indicated that >78% of HIV-1 isolates
contained one or fewer base mismatches to these primers (each region analyzed separately).

Both universal forward primers and the single reverse primer were used to amplify vpu from
the HIV-1 subtype B reference strain NL4.3 for cloning into pSel-GFP, yielding pSel-
NL4.3-38y/py and pSel-NL4.3-90y/py. NL4.3 vpu was also cloned directly at its start codon,
yielding pSel-NL4.3y/py. An NL4.3 vpu sequence that was codon optimized for expression
in mammalian cells (pSel-COyyp,) and empty vector (pSel-GFP) served as positive and
negative controls respectively.

As expected, transfection of up to 5 pg of plasmid DNA into 2.5 million CEM CD4+ T-cells
consistently yielded robust Vpu-mediated CD4 downregulation by pSel-COyp, (é.g. nearly
8-fold reduction in CD4 median fluorescence intensity [MFI] between GFPN9N and GFP"ed
gates in the representative experiment shown in Figure 2A), and no receptor downregulation
by empty vector. In line with studies that have assessed Vpu function by cloning the gene
directly at the start codon (Chen et al., 2015; Galaski et al., 2016; Mwimanzi et al., 2016),
pSel-NL4.3y/p, displayed modest (e.g. less than two-fold) CD4 downregulation function
(Figure 2A). In contrast, vpu sequences cloned with 38 or 90 upstream bases consistently
displayed no or limited CD4 downregulation ability, respectively (Figure 2A). These
observations remained consistent when Vpu-mediated tetherin downregulation was assessed
(Figure 2B). Moreover, while codon-optimized Vpu was detected by western blot, Vpu was
not detected for any of the natural (unmodified) NL4.3 constructs (Figure 2D). These results
indicate that natural Vpu was poorly expressed and that the presence of upstream bases
further inhibited expression.
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The pCRV1AVpu plasmid is a Vpu expression system that is amenable to universal primer
design (Apps et al., 2016; Jouvenet et al., 2009; Pickering et al., 2014). This plasmid
features a partial HIV-1 5' LTR that preserves the universal 5' donor splice site, followed by
a multiple cloning site, intact HIV-1 fatand rev coding regions and intervening RRE (but
where Vpu and other viral proteins have been inactivated, truncated or deleted). Vpu
sequences are cloned into this plasmid using a forward primer in the same conserved region
as our “=90” primer, in order to capture cis-acting elements required for plasmid-encoded zat
and revexpression. However, while this plasmid has been used to express Vpu in epithelial
(HeLa) cell lines (Apps et al., 2016; Pickering et al., 2014), it caused substantial cytotoxicity
in CEM T-cells, where fewer than 5% viable cells (as assessed by forward and side scatter
profiles) would routinely remain following electroporation with as little as 1 pg of plasmid
(not shown). Moreover, among remaining live cells, Vpu-mediated CD4 and tetherin
downregulation was consistently weak, even when up to 6 pg plasmid was delivered (e.g.
20% and 10% reductions in receptor MFI respectively; Figure 2C). Though Vpu was weakly
detectable by western blot when expressed in pCRV1AVpu (Figure 2D), high toxicity
precluded further investigation of this plasmid in our T cell line.

Robust Vpu expression of from natural sequences has been achieved using Rev/RRE-
dependent systems (Jafari et al., 2014), but to our knowledge no studies have evaluated
whether expression is affected by the presence or quantity of upstream bases. We thus
inserted the RRE sequence from HIV-1 NL4.3 downstream of the vpu cloning site in pSel-
GFP, so that resulting transcript would contain the RRE at its 3' end. We then cloned vpu
with 0, 38 and 90 upstream bases into this modified plasmid, yielding pSelrrg-NL4.3y/py,
pSelrre-NL4.3-38\/py and pSelrre-NL4.3-90ypy. Consistent with previous observations,
pSelrre-NL4.3y/py displayed modest ability to downregulate CD4 and tetherin when
expressed alone in CEM T-cells (~25% and ~50% reductions in receptor MFI, respectively,
when 5 g plasmid was transfected into 2.5 million cells) whereas pSelrrg-NL4.3-38v/py
and pSelrrg-NL4.3-90yp, displayed limited or no function (Figure 3A, 3B).

In contrast, when 5 ug of pSelrre-NL4.3y/py, PSelrre-NL4.3-38y/py Or pSelrre-
NL4.3-90y/p, were co-transfected with 7 pg of a Rev expression vector (pSel-RevAGFP),
robust CD4 and tetherin downregulation (~6 and ~7-fold, respectively) was observed for all
three constructs (Figures 3A and 3B). Similarly, Vpu protein was readily detectable in the
presence of Rev, but not when expressed alone (Figure 3C). Together, these observations
indicate that vpu sequences containing up to 90 upstream bases can be robustly expressed
using a Rev/RRE-dependent system.

The experiments shown in Figure 3 were undertaken with up to 12 ug total DNA and 2.5
million cells, which is quite resource intensive. We thus optimized the assay to require less
DNA and only 500,000 cells. To do this, we tested a range of Vpu_RRE and Rev input
plasmid ratios and concentrations up to a maximum of 6 pg total DNA. Broadly, higher Vpu
function was observed with increasing amounts of total DNA, but this was associated with
higher cytotoxicity (not shown). Balancing these two considerations, we found that 1.5 ug
Vpu_RRE and 2 g Rev yielded consistent Vpu protein expression and function without
major toxicity. Using this optimized protocol, we consistently observed robust Vpu-
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mediated CD4 and tetherin downregulation by all three vpu constructs (e.g. ~4-fold and ~6
fold respectively in the representative experiment shown in Figures 4A and 4B).

To further examine the impact of upstream bases on Vpu function, we performed 4
independent experiments each containing a minimum of 2 replicates using the optimized
protocol. To combine results across experiments, the downregulation ability of each vpu
construct was normalized to that of the first experimental replicate of pSelrrg_NL4.3v/py
such that values of <100, 100% and >100% indicate inferior, equal and superior receptor
downregulation function to the control, respectively. Application of one-way ANOVA to the
resulting data confirmed that the function of pSelrre_NL4.3y/py, PSelrre_NL4.3-38y/py OF
pSelrre_NL4.3-90\p, gig Not differ significantly when co-delivered with Rev (p=0.14 for
CD4 downregulation, p=0.11 for tetherin downregulation; Figures 4C, 4D). This indicates
that the presence and quantity of upstream bases included in a given vpu sequence does not
significantly alter its protein function in this assay.

Finally, we applied our optimized assay to assess the receptor downregulation capacities of
Vpu proteins encoded by four natural vpu sequences, representing subtypes A, B and C and
a recombinant A/D isolate (Figure 5A). Their functions varied quite widely. In one
representative experiment, CD4 downregulation ranged from 42% (/.e. less than two-fold)
for the recombinant A/D Vpu to 72% (/.e. more than three-fold) for the subtype C Vpu
(Figure 5B), while tetherin downregulation ranged from 62% for the subtype B Vpu to 78%
for the subtype C Vpu (Figure 5C). Importantly, their relative functional hierarchy was
reproducible across three independent experiments, each featuring a minimum of two
replicates. For these experiments, we normalized all results to the first experimental replicate
of the subtype B isolate. One-way ANOVA confirmed that the observed functional
differences between Vpu proteins were statistically significant (p<0.0001 for both CD4 and
tetherin downregulation; Figures 5D, 5E). Specifically, for CD4 downregulation, the subtype
B and recombinant A/D Vpus displayed lower function while the subtype A and C Vpus
displayed higher function. For tetherin downregulation, the functional hierarchy from lowest
to highest was subtype A = B < A/D recombinant < C. These data indicate that our assay is
capable of discerning functional differences between Vpu proteins encoded by diverse
natural sequences.

4. Discussion

While inclusion of upstream sequence information severely affected autonomous /n vitro
Vpu expression, we show that vpu sequences containing up to 90 upstream bases can be
robustly expressed using a Rev/RRE-dependent system with no significant alteration to
Vpu's CD4 or tetherin downregulation functions. Our method, which features a choice of
two universal (pan-HIV-1 group M) forward primers, thus represents a more rapid and
scalable approach since it alleviates the need to design isolate-specific primers within the
genetically diverse region immediately upstream of vpu. As such, our method should
facilitate larger-scale genotype/phenotype assessments of diverse vpu sequences.

Application of our assay to a small yet diverse panel of natural vpu sequences revealed
functional differences between isolates, supporting the notion that the dynamic range of Vpu
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function may be substantial. It is intriguing that the subtype C Vpu (MJ4 strain) exhibited
the highest CD4 and tetherin downregulation function overall. Whether this observation is
specific to this isolate or whether it is a general feature of the subtype will require
assessment of large numbers of natural vpu sequences, which is now feasible using this
assay.

To our knowledge, the only other /n vitro Vpu expression system amenable to universal
priming is the Rev/RRE-dependent plasmid pCRV1AVpu (Apps et al., 2016; Jouvenet et al.,
2009; Pickering et al., 2014). In this system, the vpu sequence of interest is cloned with 90
upstream bases, and the plasmid produces a long mRNA transcript (encoding vpu, followed
by zatand revexon 1, the RRE, and fatand revexon 2) which is subsequently spliced to
generate these three viral proteins. Due to high cytotoxicity however, we were not able to
employ this expression system in our CEM T-cell line. Another potential limitation of
pCRV1AVpu for the assessment of diverse HIV-1 sequences is that, since cis-acting
elements in the upstream bases regulates splicing of the resulting mRNA transcript, it is
possible that cloning non-subtype B sequences into this plasmid could introduce genetic
incompatibilities between these elements and the subtype B plasmid backbone. Granted, this
concern is theoretical, and pCRV1AVpu has been used successfully to evaluate subtype C
vpu sequences (Apps et al., 2016). Nevertheless, the protocol presented here should not
yield subtype incompatibilities despite employing HIV-1 subtype B Rev and RRE, because
the sole function of these elements is to facilitate nuclear export of the mRNA transcript.
Indeed, our system could theoretically be used to produce other difficult-to-express proteins
in CEM T-cells.

A limitation of the present study is that only Vpu's two best characterized functions, CD4
and tetherin downregulation, were assessed; further work would be required to adapt the
protocol to assess other VVpu functions. Primer coverage of HIV-1 group M diversity was
estimated /n silico only; nevertheless our observations suggest that these primers should
amplify a diverse range of HIV-1 isolates, and that the resulting Vpu constructs be
comparable in function. Our observations also suggest that, if necessary, minor
optimizations to primers (in terms of position or degenerate base composition) should not
significantly affect Vpu function. It also worth noting that, in contrast to the Rev/RRE-
dependent assay developed by Jafari et al (Jafari et al., 2014) where GFP is expressed from
the Rev expression vector, GFP in our system is expressed from the Vpu expression vector.
Though this should not affect assay performance, it does allow the user to gate on Vpu-
expressing cells.

5. Conclusion

Our method represents a universal and thus scalable option for /n vitro \/pu expression from
genetically diverse HIV-1 group M sequences - whether these be individual unique variants
isolated from within a single infected host, or variants isolated from different hosts - in a
CDA4+ T-cell line. This system should enhance our ability to measure the breadth and range
of Vpu-mediated functions in natural isolates both within and between hosts and to assess
the potential impact of vpu diversity on HIV-1 pathogenesis.
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Highlights

- Robust, scalable method for in vitro expression of natural HIV-1 vpu
sequences

- Utilizes universal primers covering the majority of global HIV-1 group M
diversity

- Allows more rapid assessment of VVpu-mediated CD4 and tetherin
downregulation
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HIV Feature
Primer name
Primer seq
B.NL4.3
Al.DQ676872
Al.AB253421
A2.GU201516
A2.AF286237
B.HXB2-K03455
B.AY423387
B.AY173951
B.AY331295
C.U52953
C.U46016
C.AF067155
C.AY772699
D.K03454
D.AY371157
D.AY253311
D.U8B824
F1.AF077336
F1.AF075703
F2.AJ249237
F2.AF377956
G.AF084936
G.AF061641
G.UB8B826
H.AF190127
H.AF005496
H.FJ711703
J.EF614151
J.GU237072
J.AF082394
K.AJ249235
K.AJ249239
HIV base no
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Rev start
“a90” “-38"
ATCAARETYCTVTAYCAAAGCAGTAAGTA

««A.A...A.T
«G..A.A...A..
.G....A..GAC.
.G..A.A..GAC.

GCA.GTTTG..AGA..
GCAGGTTTG..AGA.A

Figure 1. Location of universal forward primers for Vpu amplification

Alignment of HIV-1 group M reference sequences (www.hiv.lanl.gov) spanning HIV-1
genomic nucleotides 5970-6095 (HIV-1 HXB2 genomic reference numbering convention)
illustrates the extensive genetic diversity within and upstream of Vpu's initial 5'
transmembrane domain. NL4.3 is used as the alignment reference; others are identified by
their subtype and Genbank Accession number. At each position in the alignment, “.”
indicates an identical base to the reference, letters identify bases that differ from it, and “-”
indicates a deleted base. The sequences of universal forward primers located 90 and 38 bases
upstream of Vpu, and a forward primer matching the first 25 bases of NL43 Vpu (“0”) are
indicated above the alignment. Universal primer sequences contain degenerate bases
designated by IUPAC ambiguity codes. Locations of the HIV-1 Rev and Vpu start codons

are also shown.
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Figure 2. The presence of upstream bases severely impairs autonomous Vpu function/expression;
cytotoxicity of pCRV1 in our T-cell line

Panel A: Representative flow cytometry plots of Vpu-mediated CD4 downregulation by
empty pSel-GFP and Vpu sequences cloned into this plasmid (COyp = codon optimized
Vpu; NL43y/py, NL43-38y/py and NL43-90yp, = NL43 Vpu cloned with 0, 38 and 90
upstream bases, respectively). Numbers represent the median fluorescence intensity [MFI]
of CD4 staining in the shaded gate. Experiments were performed by transfecting 5 g
plasmid DNA into 2.5 million CEM T-cells. Panel B. same as A, except for Tetherin
downregulation. Panel C.: Representative flow cytometry plots of Vpu-mediated CD4 (top)
and tetherin (bottom) downregulation by empty pCRV1AVpu (left) and pCRV1-NLA43y/py,
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each cotransfected with 1ug of a GFP-expressing plasmid. Numbers represent the median
fluorescence intensity [MFI] of CD4 staining in the shaded gate. Pane/ D: Detection of Vpu
levels from these constructs by western blot, with actin as the housekeeping control.
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Figure 3. Robust Vpu function/expression, regardless of the presence of upstream bases, using a
Rev/RRE-dependent system

Panel A: Representative flow cytometry plots of Vpu-mediated CD4 downregulation by
control (left column) and NL43 Vpu sequences cloned into pSelrre-GFP, cotransfected
without (middle column) and with (right column) a plasmid encoding HIV-1 Rev. Controls
PSELRRe-GFP and pSel_RevAGFP are shown separately to demonstrate GFP expression
from the former but not the latter. Numbers on flow plots represent the MFI of CD4 staining
in shaded gate. Experiments were performed by transfecting 5 ug Vpu with 7 ug Rev DNA
into 2.5 million cells. Panel B: same as A, except for tetherin downregulation. Panel/ C:
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Detection of Vpu levels from pSELrre-GFP constructs, with or without Rev, by western
blot, with actin as the housekeeping control.
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Figure 4. Robust and reproducible Vpu function in an optimized assay
Panel A: Representative flow cytometry plots showing CD4 downregulation when 1.5 pg of

PSELRRe-GFP plasmid containing Vpu with 0 (pSelrreNL43y/py) 38 (pSelrre-38-
NL43y/py) or 90 (pSelrre-90-NL43y/py) upstream bases is cotransfected with 2 g of
pSel_RevAGFP into 500,000 CEM T-cells. Numbers on flow plots represent the MFI of
CDA4 staining in shaded GFPM and GFPN gates. Pane/ B: same as A, except for tetherin.
Panel C: Normalized CD4 downregulation function of NL43 Vpu constructs containing 0,
38 or 90 upstream bases averaged over four experiments. Histograms and error bars denote
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means and 95% confidence intervals, respectively. Applying one-way ANOVA vyields
p=0.14, indicating that the presence and quantity of upstream bases does not significantly
alter VVpu function. Panel D: same as C, except for tetherin downregulation.
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Figure 5. Optimized assay functionally differentiates VVpu proteins from diverse HIV-1 subtypes
Panel A: Unrooted maximum-likelihood phylogeny inferred from an alignment of our

subtype A, B, C and A/D recombinant VVpu sequences (denoted “A_isolate”, “B_isolate”,
“C_isolate” and “AD.Recomb_isolate”) with published HIV-1 subtype A, B C and D
reference sequences (identified by the subtype followed by the Genbank Accession number).
Panel B. Representative flow cytometry plots showing CD4 downregulation when 1.5 pg of

pSELRrRre-GFP plasmid containing the subtype-specific Vpu sequence cloned with 38
upstream bases is cotransfected with 2 ug of pSel_RevAGFP into 500,000 cells. Numbers
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represent the MFI of CD4 staining in shaded GFP"e9 and GFPN gates. Pane/ C: same as A,
except for tetherin downregulation. Pane/ D. Normalized CD4 downregulation function of
each Vpu clone averaged over three independent experiments. Histograms and error bars
denote means and 95% confidence intervals respectively. One-way ANOVA p-value was
<0.0001, indicating significant differences in Vpu function between isolates. Tukey's test
was used to compare all pairs of isolates; asterisks indicate significance levels (** = p<0.01;
*** = p<0.001). Panel E: Same as D, except for tetherin downregulation.
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