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Discussion

We have applied a simple mathematical model to quan-
titatively characterize the in vitro kinetics of SHIV-
KKS661 virus infection in HSC-F cell cultures, leveraging
experimental data for total and infectious viral load,
along with target and infected cell dynamics, to fully
parameterize the system. Specifically, we determined
values for the rate of loss of infectivity and the RNA
degradation rate of SHIV-KS661, the target and infected
HSC-F cell half-life, the rate constant for infection of
target cells and the infectious and total viral production
rates of infected cells. From these fundamental quanti-
ties, we also estimated a number of important derived
quantities, including the burst size of an infected cell
and the basic reproductive number. Additionally, by
measuring both the total and infectious viral load within
the context of a mathematical model we were able to
provide a lower bound for the proportion of infectious
virions produced by infected cells.

We estimated the half-life of SHIV-infected HSC-F
cells to be 14.1 h. In clinical studies of patients or ani-
mals, it is extremely difficult to continuously measure
the number of infected cells during infection. This is
because the amount of infected cells in peripheral blood
(PB) is very small. For example, in HIV-1 infected
patients, there are only about 10” infected cells per 10°
peripheral blood mononuclear cells at their set point
[14]. Thus, measuring the number of infected cells in
PB during the early phase of infection is technically dif-
ficult. In HIV-1 humanized mice, infected cells in PB
are not detectable even during the acute phase when
80-90% of target cells in the spleen and lymph nodes
are infected (K. Sato and S. Iwami, unpublished data).
For this reason, the death rate of infected cells in vivo
has primarily been estimated from the viral load decay
(or the decay of infectious virus) after the peak of an
acute infection [11,16,17,20,27] or after antiviral drug
administration [10,14,15,22]. The maximum half-lives of
HIV-1 and SIV-infected cells were both initially esti-
mated - by analysis of in vivo viral decay under antiviral
therapy - to be ~24 h [14,27], but drug combinations
with higher efficacy have reduced the estimates to ~17
and ~11 h, respectively [12,22,44]. Our in vitro estimate
of the half-life, based on direct observations of Nef-posi-
tive cell decay, agrees well with these indirect in vivo
measures, despite the absence of immune effects.

We determined an SHIV-KS661 viral burst size of
2.21 x 10* RNA or 0.19 TCIDs, for HSC-F cells. Cur-
rent estimates of viral burst size in the literature rely on
inhibiting multiple rounds of infection by antiviral
drugs, washouts of infected cells, serial dilutions of
infected cells, or infection by single-cycle virus
[11,20,21,45,46]. The inhibition of the multiple rounds

Page 7 of 12

of infection, however, can introduce additional con-
founding factors on the viral burst size as discussed in
[20]. Here, we have calculated the burst size of SHIV-
KS661 in HSC-F cells indirectly by estimating the viral
production rate and the average lifespan of infected cells
over the course of a typical infection. Our estimate is
quite close to the ~5 x 10" RNA value determined in
recent SIV single-cycle virion experiments in vivo [20],
which, notably, was 10-100 times higher than most pre-
viously measured values. We also calculated a basic
reproductive number for SHIV-KS661 in HSC-F cell
cultures as approximately 62.8 for the initial stages of
the infection and approximately 7.01 for the entire
course, when the effects of manual removal of virus and
cells are included. The latter value implies that reducing
viral growth by about 85.7% for the entire course with
antiviral intervention, for example, would prevent viral
spread in vitro given the daily sampling.

It is widely believed that retroviruses are predomi-
nantly defective, with less than 0.1% of virions in plasma
or culture media being infectious [47-49]. On the other
hand, it has recently been suggested that HIV-1 virions,
for example, are inherently highly infectious, but that
slow viral diffusion in liquid media and rapid dissocia-
tion of virions from cells severely limit infections in cul-
tures (i.e., in assays measuring infectivity) [50,51]. On
both sides of this debate, however, studies have often
relied on measurements of the proportion of infectious
virus in stock samples, or on measurements of the infec-
tious/non-infectious ratio over the course of an in vitro
experiment. These direct measurements of the infectiv-
ity ratio in a virus sample are necessarily confounded by
a continuous loss of infectious virus, driven by thermal
deactivation and RNA degradation and, as such, these
analyses cannot address the question of what fraction of
virus are infectious at the time of production. Here, we
have estimated the production rates of both infectious
and non-infectious virus, allowing for a novel quantita-
tive specification of the fraction of newly generated
virus that is infectious. This fundamental quantity is
important in understanding the role and influence of
defective virus particles [48-50,52]; and, to our knowl-
edge, this has not been measured before for any virus
strain. We determined the theoretical minimum value
for the proportion of infectious virions among newly
produced virus, p, to be 8.62 x 107, by calculating the
ratio of the infectious to total viral production rates kso/
k. The ratio of the production rates, however, is actually
p multiplied by o, where o is the conversion factor
from RNA count of infectious virions to TCIDj, (i.e.,
roughly the fraction of infectious virions that are actu-
ally measured in a TCIDs, titration assay). Therefore,
since ¢ is likely much less than one, the proportion of
infectious virus is likely much higher. In fact, using the
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measured basic reproductive number, we estimate that
the minimum value of p is approximately 2.84 x 107,
meaning that at least 1 of every 350 virions produced is
infectious. Determining this quantity is particularly
important in determining the true efficiency of infec-
tious virus replication. In previous publications [53,54],
it was reported that vif-deficient HIV-1 showed
decreased production of infectious virus due to the inhi-
bition of the viral replication process by host factors
such as APOBEC3 protein. Our method suggests a
novel and more reliable way to determine the effect of
the host-viral protein interaction on infectious viral
replication.

In another aspect of viral infectivity, we found that the
SHIV-KS661 virion infectious half-life at 37°C was 17.9
h. While this quantity is vital for understanding viral
dynamics in vitro, and represents an important, strain-
specific physical property of the virion, it is unlikely to
strongly influence in vivo dynamics, due to the extre-
mely high physical clearance rate in the blood (virion
half-lives are on the order of minutes) [23].

Conclusions

To conclude, by using a simple mathematical model for
SHIV-KS661 infection on HSC-F cells and an abundant,
diverse experimental dataset, we have been able to reli-
ably estimate the parameters characterizing cell-virus
interactions in vitro. Based on these estimated para-
meters, we have provided a quantitative description of
SHIV-KS661 kinetics in HSC-F cell cultures which is
consistent with previous studies of lentiviruses and pro-
vides a number of novel quantities. Most notably, our
analysis provides an estimate of the minimum fraction
of infectious virus produced by an infected cell. Our
improved method for quantifying viral kinetics in vitro -
which depends crucially on detailed time-course infor-
mation about the infection of cells in addition to that of
virus (both total particle count and infectious titer) -
could be applied to other viral infections. The method
could likely improve the understanding of the differ-
ences in replication across different strains [25,55] or
between complete and protein-deficient viruses [53,54];
the differences in viral pathogenesis [6]; and the effects
of anti-viral therapies [9,13]. Quantifying the in vitro
viral kinetics for viruses such as HCV [56,57], for which
a convenient animal experimental model has not been
established, is of particular interest. Since the method
presented here allows for the complete resolution of all
viral kinetic parameters, it also enables the identification
of the mechanisms of action for new antiviral com-
pounds. Indeed, repeating the experimental infection
under various antiviral concentrations would distinctly
reveal which parameters (e.g., half-life of infected cells,
infectious viral burst size) are affected by the antiviral
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and to what extent. Furthermore, the inhibitory concen-
tration of the compound could be independently deter-
mined for each parameter. Thus, our synergistic
approach, combining experiments and mathematical
models, has broad potential applications in virology.

Methods

Virus and cell culture

The virus stock of SHIV-KS661 [5] was prepared in a
CD4" human T lymphoid cell line, M8166 (a subclone
of C8166) [58]. The stock was stored in liquid nitrogen
until use. Establishment of the HSC-F cell line has been
previously described [59]. This is a cynomolgous mon-
key CD4" T-cell line from fetal splenocytes that were
immortalized by infection with Herpesvirus saimiri sub-
type C. The cells were cultured in RPMI-1640 medium
supplemented with 10% fetal calf serum at 37°C and 5%
CO, in humidified condition.

In vitro experiment

Each experiment was performed using 2 wells of a 24-
well plate with a total suspension volume of 2 ml (1 ml
per well) and an initial cell concentration of 6.46 x 10°
cells/ml in each well. Because the initial cell concentra-
tion is close to the carrying capacity of 24-well plates
and the doubling time of HSC-F cells is not short, the
population of target cells, in the absence of SHIV-KS661
infection, changes very little on the timescale of our
experiment. We therefore neglected the effects of poten-
tial regeneration of HSC-F cells when constructing the
mathematical model.

Cultures of HSC-F cells were inoculated at different
MOIs (2.0 x 10% 2.0 x 10, 2.0 x 10°%, 2.0 x 10, MOI
= TCID50/cell) of SHIV-KS661 and incubated for 4 h at
37°C. After inoculation, cells were washed three times to
remove the infection medium and placed in fresh media.
Subsequently, the culture supernatant was harvested
daily for 9 d, along with a small fraction of the cells
(5.5%) for counting of viable and infected cells. The
remaining cells were then gently washed three times
and placed in a fresh, virus-free, medium. Separate
experiments (not shown) determined that free virus was
not completely removed, but that virus concentration in
the supernatant dropped to 0.066% of its value prior to
this sampling and washing procedure. Harvested culture
supernatants were frozen and stored at -80°C until they
were assayed via RT-PCR and TCIDg, titration, as
described below.

Count of viable and infected cells

Virus infection of the HSC-F cells was measured by
FACS analysis using markers for intracellular SIV Nef
antigen expression. The counts of total and viable cells
were first determined using a cell counting chamber
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(Burker-turk, Erma, Tokyo, Japan) with trypan blue
staining. Viable HSC-F cells (gated by forward- and
side-scatter results) were examined by flow cytometry to
measure the intracellular SIV Nef antigen expression
(see Figure 4). Cells were permeabilized with detergent-
containing buffer (Permeabilizing Solution 2, BD Bios-
ciences, San Jose, CA). The permeabilized cells were
stained with anti-SIV Nef monoclonal antibody (04-001,
Santa Cruz Biotechnology, Santa Cruz, CA) labeled by
Zenon Alexa Fluor 488 (Invitrogen, Carlsbad, CA), and
analyzed on FACSCalibur (BD Biosciences, San Jose,
CA).

Total and infectious viral load quantification

We followed the kinetics of both the total and infectious
SHIV-KS661 viral load. The total viral load was mea-
sured with a real-time PCR quantification assay, as
described previously [5], with minor modifications.
Briefly, total RNA was isolated from the culture super-
natants (140 pl) of virus-infected HSC-F cells with a
QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Ger-
many). RT reactions and PCR were performed by a
QuantiTect probe RT-PCR Kit (QIAGEN, Hilden, Ger-
many) using the following primers for the gag region;
SIV2-696F (5-GGA AAT TAC CCA GTA CAA CAA
ATAGG-3") and SIV2-784R (5°-TCT ATC AAT TTT
ACC CAGGCA TTT A-3’). A labeled probe, SIV2-731T
(5'-Fam-TGTCCA CCT GCC ATT AAG CCC G-
Tamra-3’), was used for detection of the PCR products.
These reactions were performed with a Prism 7500
Sequence Detector (Applied Biosystems, Foster City,
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Figure 4 Flow cytometry analysis of HSC-F cells stained with
Nef antigen. Representative data at 1 day (i and i) and 5 days (iii
and iv) post-inoculation with SHIV-KS661 at an MOI of 2 x 10 are
shown. The viable cell population, gated by the data of forward
(FSC) and side scatter (SSC) (region surrounded with a solid line in
(i) and (iii), respectively), was fractionated by Alexa-488-labeled Nef
staining in (i) and (iv). The counts within the M1 regions and the
remaining parts of the total counts are defined as the fraction of
Nef- positive (infected) and Nef-negative (target) cells, respectively.
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CA) and analyzed using the manufacturer’s software.
For each run, a standard curve was generated from dilu-
tions whose copy numbers were known, and the RNA
in the culture supernatant samples was quantified based
on the standard curve. The infectious viral load was
measured by TCIDs, assay in HFC-S cell cultures using
96-well flat bottom plates at cell concentrations of 1.0 x
10° cells/ml. The titer of the virus was determined as
described by Reed and Muench [60].

Rate of RNA degradation and loss of infectivity for SHIV-
KS661 in the culture condition

The RNA degradation and thermal deactivation of
SHIV-KS661 was measured by incubating 4 ml of stock
virus, without cells, in a 35 mm Petri dish under the
same conditions as the infection experiments (in RPMI-
1640 medium supplemented with 10% fetal calf serum
at 37°C and 5% CO, in humidified condition). Aliquots
of the stock (500 ) were sampled every day from day 0
to day 5 and stored at -80°C (see Figure 2). The RNA
copy number and 50% tissue culture infectious dose of
the samples were measured as described above.

Mathematical model and fitting

We simultaneously fit Eqs.(5)~(8) to the concentration of
Nef-negative and Nef-positive HSC-F cells and the
infectious and total viral loads at four different MOIs
(Figure 3) using nonlinear least-squares regression
(FindMinimum package of Mathematica?7.0) which
minimizes the following objective function:

4T 9
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2
+y {logvkr\m,‘(ti) - lOgVRN/\]’U([i)} *

9 9
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2
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where x(t;), yi(t), vrnai(t), and vsg(ty) are the model-
predicted values for Nef-negative cells, Nef-positive
cells, total RNA viral load and infectious (TCIDs) viral
load, given by the solution of Egs.(5)-(8) at measure-
ment time £; (t; = 0, 1, 2, ..., 8 d). Index j is a label for
the MOI of the four experiments (i.e., for MOIL: 2.0 x
10%,2.0 x 10 2.0 x 10°, and 2.0 x 10°). The variables
with superscript “e“ are the corresponding experimental
measurements of those quantities. Note that the HSC-F
cells were inoculated with SHIV-KS661 24 h before ¢ =
0. Experimental measurements below the detection limit
(marked “d.l.” in Table 1) were excluded when comput-
ing the SSR. Alternative fits with various weights on the
infectious viral load to account for larger errors in the
TCIDsq value [61], were also performed, but these did
not significantly alter the extracted parameter values
(Additional files 4, 5, 6, 7, 8, 9). To derive the 95% con-
fidence interval for each parameter, we employed the
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bootstrap method [62,63], estimating parameter values
using 256 replicates of the four data sets and calculating

the 2.5 and 97.5 percentiles.

Additional material

Additional file 1: Fit of a mathematical model which includes an
eclipse phase of infection to experimental data of SHIV-KS661 in
vitro. Testing a variant of the model which incorporates an “eclipse”
phase of infection to represent the cell's period of latency prior to virus
production (see Additional file 2 for more detailed information).

Additional file 2: Additional documentation for Additional files 1.
Detailed explanation of mathematical models used in Additional files 1.

Additional file 3: Table for estimated parameters in Additional files
1. Parameters values, initial values and derived quantities for the in vitro
experiment with eclipse model.

Additional file 4: Fit of the mathematical model with SSRW (W =
0.00017) to experimental data of SHIV-KS661 in vitro (a). Fitting with
weight of W = 0.0007 on the infectious viral load to account for larger
errors in the TCIDs, value (see Additional file 8 for more detailed
information).

Additional file 5: Fit of the mathematical model with SSRW (W =
0.7) to experimental data of SHIV-KS661 in vitro (b). Fitting with

in the TCIDs, value (see Additional file 8 for more detailed information).

W = 10 on the infectious viral load to account for larger errors in the
TCIDs, value (see Additional file 8 for more detailed information).

Additional file 7: Fit of the mathematical model with SSRW (W =
10000) to experimental data of SHIV-KS661 in vitro (d). Fitting with
weight of W = 10000 on the infectious viral load to account for larger
errors in the TCIDsq value (see Additional file 8 for more detailed
information).

Additional file 8: Additional documentation for Additional files 4, 5,
6, 7. Detailed explanation of mathematical models used in Additional
files 4,5, 6, 7.

Additional file 9: Table for estimated parameters in Additional files
4,5, 6, 7. Parameters values and derived quantities for the in vitro
experiment with various SSRs.

weight of W = 0.7 on the infectious viral load to account for larger errors

Additional file 6: Fit of the mathematical model with SSRW (W = 10)
to experimental data of SHIV-KS661 in vitro (c). Fitting with weight of

List of abbreviations

SHIV: simian/human immunodeficiency virus; HIV-1: human
immunodeficiency virus type-1; MDCK: Madin Darby canine kidney; HF:
hollow-fiber; ICsq: 50% inhibitory concentration; HCV: hepatitis C virus; HA:
hemagglutination assay; TCIDsq: 50% tissue culture infection dose; PFU:
plaque forming units; MOL: multiplicities of infection; PB: peripheral blood.
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Host HLA class T (HLA-I) allele-associated immune responses are major forces driving the evolution of
HIV-1 proteins such as Gag and Nef. The viral protein U (Vpu) is an HIV-1 accessory protein responsible
for CD4 degradation and enhancement of virion release by antagonizing tetherin/CD317. Although Vpu
represents one of the most variable proteins in the HIV-1 proteome, it is still not clear to what extent

Keywords: HLA-1 influence its evolution. To examine this issue, we enrolled 240 HLA-I-typed, treatment naive,
HIV/AIDS chronically HIV-infected subjects in Japan, and analyzed plasma HIV RNA nucleotide sequences of the
xlz: class | vpu region. Using a phylogenetically-informed method incorporating corrections for HIV codon covaria-

tion and linkage disequilibrium among HLA alleles, we investigated HLA-associated amino acid muta-
tions in the Vpu protein as well as in the translational products encoded by alternative reading frames.
Despite substantial amino acid variability in Vpu, we identified only 4 HLA-associations in all possible
translational products encoded in this region, suggesting that HLA-associated immune responses had
minor effects on Vpu variability in this cohort. Rather, despite its size (81 amino acids), Vpu showed
103 codon-codon covariation associations, suggesting that Vpu conformation and function are preserved
through many possible combinations of primary and secondary polymorphisms. Taken together, our
study suggests that Vpu has been comparably less influenced by HLA-I-associated immune-driven evo-

Viral evolution

lution at the population level compared to other highly variable HIV-1 accessory proteins.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Immune-mediated adaptation occurs during an HIV-1 infection.
The HLA class 1 (HLA-I)-restricted CD8* cytotoxic T lymphocyte
(CTL) response is one of the major forces driving HIV evolution,
resulting in the selection of CTL escape mutants [1,2]. Despite the
extensive genetic diversity of both HIV-1 and HLA-I alleles, escape
pathways are reproducible and broadly predictable based on host
HLA-I alleles [3~6]. Moreover, analysis of linked HLA-I and HIV
datasets from large cohorts of HIV-infected subjects has facilitated
our ability to map the landscape of immune escape mutations
across HIV-1, identify immunogenic regions, and identify novel
CTL epitopes [3,7].

Viral protein U (Vpu) is an accessory protein that is unique to
HIV-1 and a subset of related simian immunodeficiency viruses.

* Corresponding author. Address: Center for AIDS Research, Kumamoto Univer-
sity, 2-2-1 Honjo, Kumamoto 860-0811, Japan. Fax: +81 96 373 6825.
E-mail address: uenotaka@kumamoto-u.ac.jp (T. Ueno).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.04.002

The HIV-1 Vpu protein has two major functions: degradation of
newly synthesized CD4 molecules in the endoplasmic reticulum
and enhancement of the release of progeny virions from infected
cells by antagonizing tetherin/CD317, a host restriction factor that
directly binds and retains viral particles on the surface of infected
cells (reviewed in [8,9]). As such, Vpu is thought to play a role in
virus spread and pathogenesis in vivo. Interestingly, Vpu is the
most variable protein among all HIV proteins as evidenced by a
cross-sectional comparison of HIV-1 sequences isolated from
HIV-infected individuals [10], raising the possibility that Vpu
undergoes adaptation in response to host immune responses.
However, Vpu has been shown to be a minor target for CTLs as re-
vealed by [FN-y Elispot assays with overlapping peptides based on
the subtype B consensus sequence [11]. Considering the highly var-
iable nature of Vpu, it is possible to miss responses if the autolo-
gous virus sequence is markedly different from the peptide
sequence when using this Elispot assay system [12].

In the present study, we sought to identify HLA-associated poly-
morphisms in Vpu and alternate reading frames and examine to
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what extent they are involved in Vpu amino acid variability at the
population level. We utilize a published phylogenetic dependency
network model [13], a comprehensive evolutionary model that
considers all important confounding effects such as HIV phylogeny,
HIV codon covariation, and linkage disequilibrium of HLA alleles.

2. Materials and methods
2.1. Patient samples

A total of 240 chronically HIV-1-infected, treatment-naive sub-
jects (CD4, median 237; IQR, 160-397; viral load, median 33,200;
IQR, 222,000-55,400) followed at the AIDS Clinical Center, Interna-
tional Medical Center of Japan were enrolled in this study. All par-
ticipants provided written informed consent. HLA-I typing was
performed as previously described [14]. The most frequently ob-
served HLA-A, B, and C alleles in this cohort were HLA-A*24:02,
HLA-B*52:01, and HLA-C*01:02, respectively, consistent with HLA
class I allelic frequencies of the Japanese people [14].

2.2. Sequence analysis of vpu

HIV-1 particles were precipitated by ultracentrifugation
(50,000 rpm, 15 min) of patients’ plasma, after which the viral
RNA was extracted using standard methods. Following reverse
transcription, DNA fragments encoding Vpu proteins were ampli-
fied by nested PCR, and gel purified as previously described
[15,16]. The primers used were as follows: the primers for the first
round of amplification were VVVa-F (5-TTAAAAGAAAAGGGGG
GATTGGGGG-3') and VVVb-R (5-ATTCCATGTGTACATT GTACTGT-
3'); and those for the second round, VVVc-F (5'-AGATAATAGTGAC
ATAAAAGTAGTGCCAAGAAG-3') and VVVd-R (5-CCATAATAGACT
GTGACCCACAA-3’). The vpu sequence was then directly analyzed
with an automated sequencer (Applied Biosystems 3500xL) and
aligned to the vpu sequence of the HIV-1 subtype B reference strain
HXB2 (Accession No. K03455). More than 90% of the subjects were
infected with subtype B, as determined by phylogenetic analysis of
concatenated sequences of vif, vpr, and vpu reading frames.

2.3. Analysis of amino acid sequence variability

A Shannon entropy score for each position in the Vpu protein
was calculated and used to analyze amino-acid sequence variabil-
ity, as described previously [10]. Entropy is a measure of the amino
acid variability at a given position that takes into account both the
number of possible amino acid residues allowed and their
frequency.

2.4. Analysis of association between Vpu sequence polymorphisms
and host HLA class I alleles

To identify HIV-HLA polymorphism associations, we employed
a phylogenetically dependency network model [13], which com-
prehensively includes all confounding effects of the analysis, such
as HIV founder effects, HIV codon co-variation, and linkage dis-
equilibrium of HLA-I alleles. Multiple comparisons are addressed
using g-values (refer the detailed methods given in refs.
[4,5,13]); in the present study, a cutoff of g < 0.2 was used to de-
note statistically significant associations. HLA-associated polymor-
phisms were classified into two categories. “Nonadapted” amino
acids are enriched in the absence of the restricting HLA of interest.
Usually, “nonadapted” forms represent the consensus amino acid
at that position, and they can be thought of as the “wild-type” or
“susceptible” form particular to that allele. Conversely, “adapted”
amino acids are those enriched in the presence of the HLA allele;

these can be thought of as the escape variant particular to that
allele.

3. Results and discussion
3.1. Genetic variability of the vpu gene

We successfully amplified DNAs encompassing the vpu region
from 216 of 240 samples (90%). Firstly, we analyzed the amino acid
variability at each codon of Vpu by determining its Shannon entro-
py score. Two amino acid residues, Trp23 and Arg49, showed
highly conserved (>98%) among individual sequences. Instead,
most codons displayed substantial variability, with the average of
the entropy score reaching 0.58 (Fig. 1A), confirming the findings
by Yusim et al., which showed that Vpu is a highly variable protein
[10]. Also, the amino acid variability of each codon in the present
study coirelated strongly with that of published subtype B se-
quence data from the Los Alamos database (Fig. 1B), suggesting
that our observed pattern of amino acid variation in Vpu was gen-
erally representative of the variation observed in HIV-1 subtype B.
In fact, the consensus amino acid sequences of subtype B and the
present dataset were identical except for 3 amino-acid residues:
positions 3, 5, and 24 (Fig. 1C). These amino acid residues were
highly variable (Fig. 1A) and not directly associated with known
Vpu functions (Fig. 1C).

3.2. HLA-associated polymorphisms in Vpu

As HLA-I-mediated selective contributes to HIV-1 sequence var-
iability, especially the accessory protein Nef [4], we sought to
examine whether HLA-I-mediated selective pressure substantially
influenced the evolution of Vpu, another accessory protein. We ap-
plied a phylogenetic dependency network model [13], which ad-
justs for the confounding effects of HIV phylogeny, HIV codon co-
variation and linkage disequilibrium of HLA-I alleles.

In our dataset of 216 individuals, we identified only three HIV-
HLA associations in Vpu: a nonadapted association between C*03
and Glu-5, a nonadapted association between A*33:03 and Arg-
37, and an adapted association between A*33:03 and Lys-37. The
presence of both nonadapted and adapted A*33:03-associated
polymorphisms at Vpu codon 37 is consistent with an Arginine-
to-Lysine escape mutation occurring at the C-terminus of the
immunodominant HLA-A*33:03-restricted epitope in Vpu, >°EYR-
KILRQR®? [11]. However, there was no HLA-restricted T cell epi-
topes around Vpu position 5 have been reported. Although we
might have missed some polymorphisms due to the limited sample
size in this study, these data suggest that HLA-I-mediated selective
pressure toward Vpu does not substantially drive Vpu variability at
the population level in this cohort.

3.3. HLA-associated polymorphisms in alternating reading frames

CTLs can recognize epitopes encoded by alternate reading
frames including the antisense-strand sequences of HIV-1 gag,
pol, and nef [17,18]. Therefore, we also investigated HIV-HLA poly-
morphism associations in peptide sequences encoded by alterna-
tive reading frames of the vpu gene. We observed no statistically
significant HLA-associated polymorphisms in alternate or anti-
sense reading frames, except for a single HLA-B*40:01 associated
“adapted” lysine polymorphism at codon 2 of the overlapping
Envelope reading frame which is initiated in the middle of the
vpu gene {ORF + 2; Table 1, Fig. 2). Although this association was
between Lys-2 of Env and HLA-B*40:01, no CTL epitopes have been
reported in the context of HLA-B*40:01 in this region. Using bioin-
formatic prediction programs Epipred [19] and BIMAS [20] we
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Fig. 1. Variability of the amino acid residues of HIV-1 Vpu. The amino acid sequence of Vpu was analyzed based on the cross-sectional studies on 216 HIV-infected subjects.
The amino acid variability at each position of Vpu was analyzed by determining its Shannon entropy score (panel A). The Vpu sequence (subtype B, n = 1139) was retrieved
from the Los Alamos HIV sequence database, analyzed for its amino acid variability, and compared with subtype B obtained from this study using Spearman Rank Order
Correlation (panel B). The consensus sequences of Vpu obtained from Los Alamos database and this study were aligned with reference strain HXB2 and regions responsible for

some key Vpu functions highlighted (panel C).

Table 1
Summary of HIV-HLA assaciations in the Vpu-encoded region.
RF Protein Pos HXB2 aa HLA Association p-Value q-Value Known epitope
Sequence Reference
+1 Vpu 5 E C'03 Nonadapted 213 x 107 1.52 x 107! none -
37 R A22:03 Nonadapted 3.40 x 107 5.50 x 1072 29EYRKILRQR®? [11]
37 K A"33:03 Adapted 2.80 x 107° 152 x 107! 29EYRKILRQR?? (1]
+2 Env 2 K B*40:01 Adapted 1.63 x 107° 1.67 x 107} none -

RF, reading frame; Pos HXB2, amino acid position when aligned to HXB2 sequence.

Vpu protein
e e E C03
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atgcaatctttacaaatattagcaatagtagcattagtagtagcagcaataatagcaatagttgtgtggtccatagtattcatagaatataggaaaatattaagacaaagaaaaatagac

R L I D RIURIEU®RAEDSGNUESEGDQETETLSA ATILVYVEMMSGUHUHEAZPWDV VDD L *

aggttaattgatagaataagagaaagagcagaagacagtggcaatgagagtgaaggggatcaggaagaattatcageacttgtggagatggggeaceatgetecttgggatgttgatgatetgtag
m—bMRVKGIRKNYQHLWRWGTMLLGMLMIC

Env protein aaa

K B4001

Fig. 2. The Vpu and a part of Env proteins and their associations with host HLA class | alleles. The nucleotide sequence and its deduced amino acid sequence of Vpu and of an
overlapping part of Env with reference to the subtype B consensus sequence of Los Alamos database is shown. The amino acid residues associated with the indicated HLA class
I alleles (p < 0.05, g < 0.2) are shown with adapted (red) and nonadapted (blue) residues. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

attempted to predict B*40:01-restricted CTL epitopes, but found
none (data not shown). This failure is most likely due to the
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presence of several basic amino acids, such as Arg and Lys, in this
region of Env (Fig. 2), as it has been shown that HLA-B*40:01
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Fig. 3. Amino acid codon-codon covariation in Vpu. The circular map, generated by
the PhyloDv software [13], shows Vpu codon-codon covariation associations as
inner arcs connecting the association sites, with the HLA associations as tags
pointing to their corresponding sites. Q values of individual codon pairs are
represented as a heat map shown at the right.

preferentially binds peptides with acidic residues at their anchors
[21]. This issue needs to be clarified in further studies using immu-
nologic assays. Taken together, our results suggest that HLA-I-
mediated selective pressure do not contribute to a large extent to
population-level sequence variation in HIV-1 Vpu.

3.4. Codon-codon covariation of Vpu

Given that Vpu is functionally important in viral replication
in vivo, the highly variable nature of Vpu amino acid sequences
could be explained by complex networks of codon-codon

covariation and/or secondary/compensatory mutation pathways.
We therefore examined the codon-codon covariation of Vpu by
using the phylogenetic dependency network model. Although
Vpu consists of only 81 amino acids, we identified 103 covarying
codon pairs in Vpu, displayed in Fig. 3. The covariation network
in Vpu showed an uneven distribution, with a large number of
codon~-codon covariation networks at the N-terminal membrane-
spanning region, a region responsible for BST-2 interaction [22].
Interestingly, the 3 HIV-HLA associations (Table 1, Fig. 2) were
not significantly linked to any other amino acid residues. These
data suggest that the conformation and function of Vpu may be
preserved through many possible combinations of primary and
secondary polymorphisms and that the HLA-I-associated im-
mune-mediated selective pressure may have only a minor effect
on such Vpu polymorphisms.

3.5. Association between Vpu polymorphisms and clinical parameters

Finally, we explored associations between Vpu polymorphisms
and clinical parameters of HIV-infected patients (i.e., CD4 counts
and plasma viral load). We observed no significant associations be-
tween Vpu polymorphisms and CD4 counts. However we identified
a statistically significant association between amino acid residues
at position 5 and viral load (Fig. 4). The patients harboring Val at
Vpu-5 had significantly higher viral loads compared to those with
amino acid residues other than Val at this position. Thus, amino
acid residues at position 5 of Vpu showed several interesting fea-
tures, i.e., the highest variability of all Vpu amino acids (Fig. 1A),
nonadapted association of Glu-5 with HLA-Cw*03, and association
of Val-5 with the increased viral load. Considering that the amino
acid residue at this position is located in close proximity to the
membrane-spanning region and that this region is functionally
important for BST-2 binding, it would be interesting to examine
functional effects of amino acid polymorphisms at position 5,
whether they are mediated by host immune responses or
otherwise.

In summary, we report here comparably fewer HLA-associated
mutations in Vpu in this cohort although host HLA class I allele-
associated immune responses are major forces driving the evolution
of HIV-1 accessory proteins, such as Nef. Taken together, we con-
clude that the influence of immune selection on evolution of Vpu
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Fig. 4. Association between plasma viral load and amino acid polymorphism at position 5 of Vpu. HIV plasma viral loads, stratified by amino acid expression at Vpu codon 5,
are shown. Vpu codon 5 exhibited 11 different amino acids positioning in our dataset; only those observed in >10 patients are shown here. Horizontal bars indicate medians.
Statistical analysis was performed using the Mann-Whitney U-test.
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at the population level may be reduced compared to other highly
variable HIV-1 proteins, providing us with additional insight into
differential evolutional pathways among viral accessory proteins.
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Abstract: HIV-1 causes a chronic infection in humans that is characterized by high plasma
viremia, progressive loss of CD4+ T lymphocytes, and severe immunodeficiency resulting
in opportunistic disease and AIDS. Viral persistence is mediated in part by the ability of
the Nef protein to down-regulate HLA molecules on the infected cell surface, thereby
allowing HIV-1 to evade recognition by antiviral CD8+ T lymphocytes. Extensive research
has been conducted on Nef to determine protein domains that are required for its immune
evasion activities and to identify critical cellular co-factors, and our mechanistic
understanding of this process is becoming more complete. This review highlights our
current knowledge of Nef-mediated HLA class I down-regulation and places this work in
the context of naturally occurring sequence variation in this protein. We argue that efforts
to fully understand the critical role of Nef for HIV-1 pathogenesis will require greater
analysis of patient-derived sequences to elucidate subtle differences in immune evasion
activity that may alter clinical outcome.
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1. Introduction

This review discusses our current knowledge of the Human immunodeficiency virus type 1 (HIV-1)
Negative Factor (Nef) protein and its ability to mediate immune evasion through down-regulation of
Human Leukocyte Antigen class I (HLA-I) molecules on the surface of virus-infected cells.
We highlight recent evidence based on cellular, molecular, and structural biology studies that extends
our mechanistic understanding of this important Nef activity. Furthermore, the relevance of naturally
occurring Nef sequence variation and it potential impact on protein function and clinical outcome is
presented. We emphasize the critical need to examine Nef function using patient-derived viral
sequences in order to fully understand the role that Net plays in HIV-1 pathogenesis.

1.1. HIV-1 Infection and Therapy

HIV-1 causes a life-long infection that is characterized by the rapid destruction of gut lymphoid
compartments [1-3] followed by the progressive loss of peripheral blood CD4+ T lymphocytes [4].
The ultimate outcome of infection is a severe decline of the host immune system that is observed
clinically as the inability to control opportunistic pathogen infections—a condition that is commonly
referred to as acquired immunodeficiency syndrome (AIDS) [4]. Over the past 30 years, a large
number of antiviral drugs have been developed that target essential stages in the HIV-1 replication
cycle, including enzymatic processes (e.g., reverse transcriptase, protease, and integrase inhibitors) and
critical viral:host protein interactions (e.g., CCRS co-receptor antagonists) [5]. Advances in highly
active antiretroviral therapy (HAART) have significantly reduced the burden of HIV/AIDS in regions
of the world where these potent drug combinations are available, and HAART is currently our best
option to control the spread of HIV [6,7]; however, establishment of latent viral reservoirs and
ongoing low-level viremia in treated individuals require that therapy be continued for life. An
improved understanding of the mechanisms that allow HIV-1 to persist and cause disease in its human
host may uncover new opportunities for clinical or therapeutic intervention [8].

1.2. The Nef Protein

The HIV-1 accessory protein Nef is necessary for viral pathogenesis and progression to AIDS.
Its in vivo role was first illustrated in the rhesus macaque model system where a nef-deleted strain of
simian immunodeficiency virus (SIV) exhibited reduced viral replication, lower plasma viremia, and
attenuated pathogenicity [9]. Nef gene deletion has also been associated with non-progressive HIV-1
infection [10,11]. Several reports have attempted to correlate Nef sequence polymorphisms with
clinical outcome [12,13], with mixed results; however, relatively few studies have assessed potential
functional impairment of Nef in the context of progressive or non-progressive HIV-1 infection
using patient-derived sequences [14—-17], and each of these reports examined only a small number of
individuals.
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HIV-1 Nef is a ~27kd protein that is expressed abundantly during the early stages of viral
replication [18]. Nef displays diverse in vifro functions, including the ability to modulate a number of
cell surface proteins [19], augment viral infectivity, and enhance viral replication capacity [20,21].
Down-regulation of host cell CD4 [22,23] and HLA-I [24,25] surface molecules are the most
extensively studied of Nef’s activities, although some of its functions may share overlapping
mechanisms. For example, Nef CD4 down-regulation activity correlates with its ability to enhance
viral pathogenesis [26,27]; and lower CD4 expression on virus-infected cells may directly increase
viral infectivity [28], virion release [29], viral replication [30], or prevent superinfection [31-33].
Although Nef’s contributions to HIV-1 pathogenesis remain incompletely understood, it has been
proposed that progressive disease may require a combination of Nef-mediated functions acting at
different times during the infection course [34,35].

1.3. HIV-1 Immune Evasion Strategies

HIV-1 evades host cellular immune responses through Nef-dependent and Nef-independent
mechanisms. Nef-mediated down-regulation of HLA-I protects virus-infected cells from recognition
by CD8+ T lymphocytes [36], but modulation of other host cell proteins, including CD4, CD8B,
CD28, CD74 (invariant chain), and HLA class I, may also contribute to Nef-dependent immune
evasion [19,37,38]. Nef-independent immune evasion relies on the generation of viral sequence
polymorphisms (“escape mutations”) within or near targeted epitopes, resulting in directional evolution
of the virus away from immune selection pressure [39,40]. Despite these evasion strategies, CTL may
retain antiviral activity, particularly if they recognized viral epitopes that can be presented prior to
Nef-induced HLA-I down-regulation [41]. Nef selectively modulates HLA-A and HLA-B alleles
through a shared sequence (Y320SQAASSsy6) located in their cytoplasmic tail [42,43], leaving
HLA-C allele expression unchanged on the cell surface presumably to counter the innate Natural Killer
cell response against HLA-devoid cells [44]. Recent data, however, suggests that Nef-mediated
down-regulation of HLA-B is less robust than that of HLA-A [45], which may in part explain the
observation that HLA-B alleles tend to be more protective against HIV-1 disease progression
invivo [46].

2. HLA Class I-Mediated Control of HIV-1
2.1. Role of HLA-I in Viral Infection

During the course of viral infection, the cellular proteasome complex degrades viral proteins to
produce immunogenic peptide antigens. These cytosolic peptides are transported into the endoplasmic
reticulum (ER), captured by HLA-I proteins, and traffic to the cell surface for presentation to
circulating antiviral CD8+ cytotoxic T lymphocytes (CTL) (Figure 1). Antigen-specific T cell
receptors (TCR) allow a subset of CTL to recognize these “non-self” peptides bound to HLA on the
infected cell surface. Following TCR engagement with its HLA/peptide ligand, the CTL forms an
“immunological synapse” with the target cell and releases antiviral cytokines and cytotoxic molecules,
including perforin and granzymes, to eliminate the infected cell [47].
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Figure 1. Presentation of viral peptide antigens by Human Leukocyte Antigen (HLA) class 1.
Human immunodeficiency virus type 1 (HIV-1) proviral gene expression, including RNA
transcription (a) and protein translation (b); generates functional viral proteins (¢) as well as
truncated or mis-folded proteins that are degraded by the cellular proteasome complex to
form short antigenic peptides (d); These peptides are transported from the cytoplasm into the
endoplasmic reticulum (ER) (e) where they can be loaded onto HLA-I molecules.
Peptide/HLA complexes traffic from the ER through the Golgi and secretory vesicle (SV)
network to the plasma cell membrane, where the peptide antigens are presented to circulating
cytotoxic T lymphocytes (CTL) (f); The viral Nef protein shuttles HLA molecules located at
the cell surface or within the frans-Golgi network into lysosomal compartments (g); where they
are degraded. In the absence of Nef-mediated HLA down-regulation, antigen-specific CTL
respond to stimulation by releasing cytotoxic molecules, including perforin and granzymes,
resulting in elimination of the virus-infected cell (h).
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The critical role of HLA-I in control of infection is illustrated by the variety of strategies that
viruses have independently developed in order to evade HLA-dependent immune
responses [40,48-50]. In the case of HIV-1, Nef down-regulates HLA-A and B alleles on the cell
surface and thereby reduces viral peptide presentation to CTL [19,49]. HIV-1 sequences also undergo
mutational escape in an HLA-restricted manner, yielding epitope variants that are incompletely or
improperly processed, presented and/or recognized by CTL [39,40].

2.2. HLA Class I as a Major Determinant of HIV-1 Pathogenesis

Rates of clinical disease progression during natural HIV-1 infection vary widely, and this has been
attributed mainly to differences in HLA-restricted CTL responses [40,51,52]. The association of CTL
responses with initial control of plasma viremia during primary HIV-1 infection [53,54], delayed
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disease progression [55] and the observation that rhesus macaques depleted of CD8+ cells prior to SIV
infection exhibited an inability to control viremia [56] strongly support a critical role for CTL in
control of HIV-1 at early times following infection. Over the course of infection, CTL selection
pressure results in the generation of viral escape variants [53], and HLA-restricted CTL responses are
a major selective force driving viral evolution in an infected host [39]. As a result of immune escape
and immune dysfunction, CTL ultimately fail to control infection and the vast majority of individuals’
progress to AIDS in the absence of HAART.

HIV-1 long-term non-progressors (LTNP) and spontaneous controllers have been carefully
examined in order to elucidate mechanisms of viral pathogenesis and to identify novel correlates of
immune-mediated protection. It has been observed that “protective” HLA-I alleles, most notably B*27
and B*57, are consistently associated with enhanced control of HIV [57]. More recently, genome-
wide association studies (GWAS) have identified single-nucleotide polymorphisms (SNPs) in the HLA
region on human chromosome 6 as major determinants of lower plasma viral load set point [58,59] as
well as the HIV elite controller phenotype [60-62]. Understanding potential differences in the ability
of Nef to modulate CTL responses in the context of different HLA alleles or viral peptides is an area of
research that merits further attention [45,63].

3. Nef-Dependent Immune Evasion: In Vive and in Vitro Observations

In vivo observations have clearly suggested that Nef plays a critical role for maintenance of high
plasma viremia and for progression to AIDS [9-11]; however, evidence to directly link Nef-mediated
HLA-I down-regulation to clinical outcome is more limited. Studies using the SIV-infected macaque
model system have observed that Nef mutations that impaired HLA down-regulation activity were
restored during the course of infection [64,65], and it was recently shown that high plasma viremia
following SIV infection correlated with a high level of in vivo HLA-I down-regulation [66].
Similarly, it has been reported that patient-derived Nef sequences collected during early or chronic
HIV-1 infection retained significant ability to down-regulate HLA-I and to evade CTL
killing [16,67]; however, other data indicate that this function may be dispensable during very late
stage disease [34]. Altogether, these results indicate that HLA down-regulation is a very important
in vivo Nef function that is maintained presumably in order to evade ongoing CTL immune pressure
on the virus.

In vitro studies from a number of research groups have observed substantial variation in the
susceptibility of HIV-infected cells to recognition and killing by CTL using standard co-culture
assays [36,68—70]. This result is likely due to the use of different target cells, different CTL clones,
and viral strains that may encode Nef variants with differential levels of expression or subtle
differences in HLA down-regulation function. In cases where CTL-mediated recognition or killing has
been compared directly between HIV strains that encode the nef gene versus variants harboring
deletions or non-functional alleles, Nef expression has clearly been shown to confer a protective effect
in both cell lines and in primary T cell assays [36,63,70-72]. Notably, even though Nef effectively
reduces CTL-mediated killing of virus-infected cells, it may not fully abrogate the ability of
responding CTL to produce antiviral chemokines or cytokines [63]. While such incomplete evasion of
CTL permits non-cytolytic immune mechanisms to participate in control of chronic infection [73], it
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nevertheless allows HIV-1 to establish a persistent infection in the face of robust antiviral
host immunity.

4. Nef Structure and HLA Class I Down-Regulation Function
4.1. General Features of Nef and its Domain Structure

Nef serves as an adaptor protein and its various functions appear to utilize non-canonical motifs and
interactions to form higher-order complexes with cellular proteins [74]. Despite its small size, Nef
engages with multiple and diverse host cell proteins, thereby altering their normal function to favor
viral replication. Biochemical characterization of these protein complexes remains difficult, likely due
to the small size of Nef, the heterogeneous nature of the complexes that are formed, and the
localization of these complexes within lipid membranes.

The protein structure of Nef can be broadly divided into three domains: an N-terminal anchor and
flexible loop, a central structured core, and a C-terminal flexible loop [75,76]; and two amino acid
positions have been shown to be particularly critical for Nef function. The N-terminal anchor domain
of Nef is required for membrane association and localization into detergent-insoluble
“lipid rafts” [77], while the central core encodes numerous protein interaction and intracellular
trafficking motifs that contribute differentially to diverse Nef functions [78]. The central core domain
of Nef adopts a stable tertiary fold, permitting its early characterization using both NMR and X-ray
crystallographic
methods [79,80]. Our understanding of Nef-mediated HLA down-regulation has been significantly
enhanced by the recently reported crystal structure of Nef protein in complex with the MHC-I
cytoplasmic domain and the pl subunit of the clatherin AP1 complex [76].

4.2. Functional Motifs and Host Proteins Interactions

Myristoylation at glycine residue 2 (Gy) allows the Nef protein to localize to lipid membranes,
including the inner leaflet of the plasma membranes [81] and aspartic acid residue 123 (Diy3) is
reported to be necessary for protein oligomerization [82]. Recent data also suggest that electrostatic
interactions at Dip3 may be essential for Nef stability [76]. Site-directed mutations at either residue G,
or Djy; have been shown to impair nearly all known Nef activities [82,83], however most other
mutations indicate that the functional motifs required to down-regulate HLA-I are genetically
separable from those required to modulate CD4. Notably, sequences in the central core domain that
bind to the clatherin adaptor protein complex AP-2 [84,85], the coatomer protein B-COP [86,87], and
the vacuolar membrane ATPase VIH [88,89] are necessary for down-regulation and degradation of
CD4 [90], but not HLA-IL. :

The ability of Nef to down-regulate HLA-I surface expression [24,91,92] has been mapped to three
distinct regions of the protein. First, an N-terminal alpha helix (R;7ER1oM20RRAEPA ) that contains
methionine residue 20 (Myg) serves an important as a membrane anchor [90,93], and more recently
arginine residues 17 and 19 have been shown to form a second 3-COP binding motif [87]. This latter
observation indicates that the final stages of Nef-mediated CD4 and HLA down-regulation may need
to engage the same cellular machinery and lysosomal compartments. Second, an acidic cluster
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(Es:EEEgs) that binds to the PACS-1 and PACS-2 proteins may enhance Nef localization to the
trans-Golgi network (TGN) and/or regulate signaling events that increase the rate of cellular
endocytosis [94,95]. Finally, a polyproline (PxxP); repeat that includes proline residues 72, 75, and 78
forms an SH3-binding motif that has been shown to interact with Lyn and Hck cellular kinases [90].

4.3. Proposed Mechanisms of HLA Class I Down-Regulation

Two models to explain Nef-mediated HLA-I down-regulation are currently favored, including
(1) altered HLA trafficking and (2) enhanced HLA internalization/turnover. These proposed mechanisms
are not mutually exclusive, and indeed the two may function collaboratively within the virus-infected
cell to ensure robust immune evasion.

In the ‘altered trafficking’ model, interaction between Nef and newly synthesized HLA-I occurs
within the secretory pathway, disrupting normal HLA-I transport to the cell surface and redirecting it
to endosome/lysosome compartments for degradation. There is strong evidence to support this model,
such as the observation that Nef and HLA-I co-localize within the trans-Golgi network rather than at
the cell membrane [95]. In addition, direct binding has been demonstrated between Nef and a number
of cellular complexes, including AP-1 [96] and B-COP [86]. These complexes are necessary for
normal protein transport between the trans-Golgi and endosomes, and mutations in Nef that disrupt
these domains dramatically impair HLA-I down-regulation function. Further support comes from
biochemical data indicating that the p1 subunit of AP-1 forms a stable interaction with Nef only in the
presence of the HLA-I cytoplasmic tail [97-99]. The interaction between Nef and the AP-1 complex is
thought to allow the p subunit of AP-1 (which typically recognizes Yxx@ motifs; where @ is a bulky
hydrophobic residue and x is any amino acid) to associate with a non-conventional sequence
(Y320SQA353) in the cytoplasmic tail of HLA-I [42,99,100]. This hypothesis has been validated
recently by structural determination of the Nef/pu1/HLA tripartite complex at less than 3-angstrom
resolution [76], which captured this complicated interaction ‘in action’. Notably, this new structure
demonstrates that a highly cooperative interaction between Nef and p1 creates a novel binding pocket
on pl that can accommodate a YxxA motif in HLA-I cytoplasmic tail. More specifically, Nef’s acidic
cluster, E©;EEE¢s, provides critical electrostatic interactions with pl that stabilize the complex and
Nef’s polyproline-rich motif, PxxP, acts as a clamp to secure binding of HLA-I to p1. These results
confirm previous models based largely on biochemical data and provide clear rationale for the role of
these Nef sequences in its HLA-I down-regulation activity. Furthermore, the structure by Jia et
al. [76] highlights an important role for hydrophobic residues located in Nef’s N-terminal and
C-terminal domains. While not participating directly in HLA-I or pul binding, Nef residues W;3 and
My anchor the protein core to the plasma membrane and presumably help to position Nef
appropriately for optimal interactions with its binding partners. Likewise, residues Yo, and Fy3 appear
to stabilize the HLA-I tail interaction.

In the ‘enhanced turnover’ model, Nef is thought to act through a series of interactions and
signaling events to induce clatherin-independent internalization of HLA-I at the plasma cell membrane
that requires small GTPases known as ADP-ribosylation factors (ARFs). It is proposed that Nef’s
EsEEEqs motif binds to the phosphofurin acidic cluster sorting protein PACS-2 and localizes Nef
within the frans-Golgi network (TGN) [94,95]. This allows Nef to bind to Src-family protein kinases
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in the TGN (in particular Hek) [101], triggering a signaling pathway that includes activation of the
tyrosine kinase protein ZAP70 and PI-3-kinase, induction of phosphotidylinositol-3-phosphate
(PIP;) on the inner leaflet of the plasma membrane, and PIPs;-mediated recruitment of
ARNO [102], that culminates in activation of ARF-6 that results in endocytosis of HLA-I [103].
Several aspects of this model remain controversial, and more recent studies have shown only modest
effect of specific ARF-6 inhibitors [104] or a dominant-negative ARF6 mutant [105] on Nef-
mediated HLA-I down-regulation.

The unusual functional flexibility of Nef is demonstrated by the fact that both of these
HLA-I down-regulation models differ significantly from the mechanism that Nef uses to modulate
CD4 expression, reviewed in [74,106]. In that case, direct interactions between Nef, the cytoplasmic
tail of CD4, and the AP-2 complex at the plasma membrane [107] results in clatherin-mediated
endocytosis of CD4 and its eventual degradation in lysosomes.

5. Natural Variation in Nef Sequence and Implications for Immune Evasion
5.1. Sequence Variability within Described HLA-I Down-Regulation Motifs

Nef is one of the most highly variable HIV-1 proteins; however, the impact of naturally occurring
mutations on clinical outcome has rarely been explored in detail [12,108]. This is due, in part, to the
fact that many of the motifs associated with its HLA-I down-regulation function are very well
conserved in patient-derived sequences [12,109]. Analysis of a panel of 242 HIV-1 subtype B Nef
sequence clones obtained from unique individuals by our laboratory (68 from acute infection, 122 in
chronic infection, and 52 spontaneous controllers with plasma viral load <50 copies RNA/mL;
unpublished data) confirms these previous observations (Table 1). The frequency of the consensus
amino acid as well as the Shannon entropy value for each critical residue was determined using
web-based tools available at the Los Alamos National Laboratory HIV Sequence Database [110].
Notably, we observed that the Nef residues required for HLA-I down-regulation function—including
myristoylation (G, and S¢) and putative stability (W3), proline residues P, P7s, and Pgin the (PxxP)s;
domain, and the aspartic acid residue D,3—were essentially unchanged in all patient-derived sequences
(all frequencies >99%). While other critical Nef residues displayed less conservation, only glutamic
acid residues E¢; and Egy were observed to occur in less than 90% of sequences in this cohort of
individuals with broad clinical outcome. These changes were mainly conservative substitutions to
aspartic acid that are expected to have modest effect on Nef function based on previous studies [111],
indicating that population-level variation in the acidic domain may also be limited.

Nef sequences adjacent to known motifs tend to be more variable, but their role in Nef function
remains largely unexplored. In addition to P7,, P75, and P7g, mutations at residues Q73, V74, L6, and Ry7
in the (PxxP); motif have been shown to alter Nef function [112-114]; however, each of these
residues is highly conserved in our patient-derived sequences (Table 1). Greater diversity is observed
in the N-terminal motif of Nef, with consensus residues Rs, S, V19, and V;; displaying less than 70%
identity in our cohort (all entropy scores >1.0; data not shown). Similarly, we observed substantial
variability in the C-terminal loop, where Yap, and Y3 displayed frequencies of ~90%. Finally, a
number of Nef codons were shown recently by Lewis et al. [115] to be subject to strong purifying
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selection pressure by CTL and to impair Nef’s HLA down-regulation function, including novel
polymorphisms N52A, A84D, Y135F, G140R, S169], and V180E that displayed a range of diversity in
our patient sequences. More detailed studies of these regions are warranted to fully explore the
possibility that common changes in Nef sequence may affect clinical outcome.

Table 1. Sequence conservation in HIV-1 negative factor (Nef) motifs required for HLA-I

down-regulation.

Nef Domain * Role AA Frequency ° Entropy " References
MGxxxSg Myristoylation G, 100 % 0 [116]
Se 99.2 % 0.05 [116]
Wis Stability (?) Wis 100 % 0 [76]
RixRyg B3-Cop Ry7 97.5% 0.15 [87}
Egg 96.7% 0.18 [115]
Ry 90.5 % 0.35 [87]
My Stability (?) My 90.5 % 0.37 [93]
? Unknown N5y 98.8% 0.08 [115]
EsEEE;s PACS-1/2 Es 92.1 % 0.31 [95,115]
Es; 752 % 0.72 [95]
E¢s 88.8 % 0.48 [95]
Egs 91.7 % 0.35 [95]
P1xxPxRy; SH3 binding, Pn 100 % 0 [76,81,117]
and (PxxP), HLA-I “clamp” Qs 99.6 % 0.03 [76,81,117]
Vi 99.4 % 0.05 [76,81,115,117]
Pys 100 % 0 [76,81,1171
Ly 96.7 % 0.16 [76,81,117]
Rz 100 % 0 [76,81,117]
P 99.6 % 0.03 [76,81,117]
Gg;s 56.2% 0.73 [90,115]
? Unknown Agy 99.2% 0.05 [115]
Dias Oligomerization and Stability (?) Dy 100 % 0 [74,76,82,115]
Unknown Y35 75.2% 0.64 [115]
Unknown Gigo 100% 0 [76,115]
? Unknown S160 89.7% 0.47 [76,115]
Dy75 Trafficking D5 99.6% 0.03 [76,88,115,118]
? Unknown Viso 99.2% 0.05 [76,115]
Yooz Stability (?) Yoo 87.6 % 0.39 [76]
Fap3° Stability (7) Fags 95 % 0.31 [76]
Y03 90.5 % 0.31 [76]
Dy Oligomerization and Stability (?) Dia3 100 % 0 [74,76,82,115]
? Unknown Yiss 75.2% 0.64 [115]
? Unknown G0 100% 0 [76,115]
? Unknown S169 89.7% 0.47 [76,115]
Dy75 Trafficking D5 99.6% 0.03 [76,88,115,118]

% Protein locations based on HXB2 numbering [110]; °: Frequency of consensus residue and Shannon entropy score

calculated using 242 clonal Nef sequences collected from unique HIV-1 subtype B-infected individuals from North
America (68 acute, 122 chronic, and 52 controllers) and the Entropy-One tool (HIV Sequence Database; [110]);
“ Nefused by Jia et al. [76] encoded phenylalanine-203, but tyrosine-203 is prevalent in most sequences.
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