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Abstract

Viral variants that predominate during early infection may exhibit constrained diversity compared with those found
during chronic infection and could contain amino acid signature patterns that may enhance transmission, establish
productive infection, and influence early events that modulate the infection course. We compared amino acid distri-
butions in 17 patients recently infected with HIV-1C with patients with chronic infection. We found significantly lower
entropy in inferred transmitted/founder (t/f) compared with chronic viruses and identified signature patterns in Vif and
Vpr from inferred t/f viruses. We investigated sequence evolution longitudinally up to 500 days postseroconversion and
compared the impact of selected substitutions on predicted human leukocyte antigen (HLA) binding affinities of
published and predicted cytotoxic T-lymphocyte epitopes. Polymorphisms in Vif and Vpr during early infection
occurred more frequently at epitope-HLA anchor residues and significantly decreased predicted epitope-HLA binding.
Transmission-associated sequence signatures may have implications for novel strategies to prevent HIV-1 transmission.
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Introduction

The severe genetic bottleneck during heterosexual
HIV acquisition frequently leads to the establishment of

productive infection by a single transmitted/founder (t/f)
virus.1–5 Consistent amino acid patterns or signatures present
in t/f viruses and their descendants during early infection
support the existence of viral genetic characteristics associ-
ated with increased transmission fitness,6,7 including in-
creased transmissibility across genital mucosa, enhanced
infectivity of target cells, or increased replication in newly
infected cells, to allow the preferential establishment by that
variant.6 Although the establishment of infection may be
stochastic to some extent,8 the existence of transmission
signatures has been demonstrated, for example, in gp120/
gp41 where reduced N-linked glycosylation and variable
region lengths are more frequently observed in viral variants
found in early compared with chronic infection.2,9 Isolates

from acutely infected HIV-1 subjects are also more resis-
tant to interferon alpha suppression than isolates found during
chronic infection.10

Following transmission, within-host immune selection
pressures drive HIV-1 evolution. The t/f virus initially rap-
idly diversifies in a characteristic star-like phylogenetic
shape. Following this, cytotoxic T lymphocytes (CTLs) play
a critical role in the control of HIV infection and mediate
another bottleneck event from which escape variants
emerge.11 Human leukocyte antigen (HLA) class I-mediated
CTL responses are important predictors of disease progres-
sion12 that drive virus escape mutations that are highly
adapted to the host environment.4,13–18 Recent studies em-
ploying ultradeep sequencing3,19 confirmed dramatic shifts in
the frequencies of epitope variants during the first weeks of
HIV infection.

HIV-1 accessory proteins, Vif, Vpr, and Vpu, modify the
host cell environment and disable innate antiretroviral
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defenses. As such, the transmission bottleneck may select for
variants that more readily establish productive infection.
However, limited data exist on amino acid signature patterns
within viral proteins, particularly in HIV-1 subtype C t/f
viruses.20 Moreover, limited data exist on the timing of es-
cape mutations in HIV-1 subtype C accessory genes.16,18 In
this study, we reconstructed the t/f viruses derived from the
earliest available sequences from 17 individuals with acute/
early HIV-1C infection. To determine if, and to what extent,
Vif, Vpr, and Vpu signature patterns are present in HIV-1C,
we compared these t/f viruses to an independent dataset of
chronic HIV-1C infection sequences. We also examined
longitudinal sequence changes within published and predicted
HLA-restricted CTL epitopes in Vif, Vpr, and Vpu among 17
early infected patients up to 500 days postseroconversion (p/s)
to investigate early immune escape events.

Materials and Methods

Study population

Patients were enrolled in an HIV-1C primary infection
cohort in Botswana,21,22 and a subset of 17 subjects was se-
lected based on the stage of HIV infection: six acutely in-
fected individuals (patient code A to H) and 11 randomly
selected early infections (patient code OC to QR) (Table 1).
Acutely infected individuals were identified before sero-
conversion by a positive HIV-1 reverse transcription poly-
merase chain reaction test accompanied by negative HIV-1
serology (Fiebig stage II).23,24 Seroconverters were identified
within early stage of HIV-1 infection (Fiebig stages IV–V).
The time of seroconversion (Day 0) was estimated as the
midpoint between the last seronegative test and the first se-
ropositive test for the acutely infected subjects and by mid-
point of the corresponding Fiebig stage for the recently in-
fected subjects.21 Written informed consent was obtained
from all study participants, and ethics approval for this re-
search was obtained from the Human Research Development
Committee of the Botswana Ministry of Health and the Office
of Human Research Administration at the Harvard School of
Public Health.

Viral RNA extraction and single-genome amplification

Viral RNA extraction from plasma was carried out using
the QIAamp viral RNA Mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions, followed by
single-genome amplification as described previously.25 Briefly,
reverse transcription of viral RNA was performed using
SuperScript III (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The single-genome amplifica-
tion was based on the method of limiting dilutions with minor
modifications.26

Most recent common ancestor reconstruction
and phylogenetic relationship of vif, vpr,
and vpu sequences

A consensus sequence was determined from the earliest
available sample point p/s for each patient to approximate the
most recent common ancestor (MRCA). Both DIVEIN27

(earliest time point sequences using Group M outgroup) and
earliest consensus MRCA comparisons were made. To assess
intrapatient sequence diversity, maximum likelihood (ML)
phylogenetic trees were constructed using PhyML28 and the
HKY85 nucleotide substitution model. The tree was visual-
ized in FigTree v1.1.2 (http://tree.bio.ed.ac.uk/software/
figtree/) and Mega 5.29

Chronic Los Alamos National Laboratory
sequences used for comparisons

Single-patient HIV-1 subtype C sequences available in the
Los Alamos National Laboratory (LANL) HIV-1 database
(www.hiv.lanl.gov/) were used for chronic infection com-
parisons. Chronic HIV-1 subtype C infection sequence se-
lection criteria included (1) HIV-1 infection at the time of
sampling >1,000 days postinfection/seroconversion; (2)
nonrecombinant HIV-1 subtype C; and (3) full-length vif,
vpr, and vpu. This included 187 nonrecombinant HIV-1
subtype C vif and vpr sequences and 197 vpu sequences re-
trieved from the LANL HIV Database (August 26, 2013). All
available subtype C sequences fitting these criteria were in-
cluded in our analysis. The majority of sequences included

Table 1. Characteristics of N = 17 Acute/Early Study Subjects Over

the First 500 Days Postseroconversion

Acute (N = 6)
(patients A to H)

Early (N = 11)
(patients OC to QU) p

Median (range) viral load; log10 RNA copies/ml 4.95 (4.00–5.52) 4.40 (3.84–4.75) .11
Median (range) CD4 count; cells/ll 337 (258–426) 374 (258–490) .72
Median (range) age; years 31.50 (26.75–34.25) 25.50 (24.75–27.00) .11
Proportion of females (%) 5/6 (83) 8/11 (73) 1.00
Median Fiebig stage (range) 2 (2–2) 5 (5–6) <.01
Median number of time points sequenced (range)

Vif 4.50 (3.00–5.00) 2.00 (2.00–2.00)
Vpr 4.50 (3.00–5.00) 2.00 (1.00–2.00)
Vpu 4.00 (3.00–5.00) 2.00 (2.00–2.00)

Median (range) of follow-up; days 362 (203–381) 279 (179–374) .59
Median (range) total number of sequences analyzed

Vif 46 (32–71) 22 (16–27)
Vpr 45 (33–70) 21 (10–27)
Vpu 40 (30–63) 21 (14–27)
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South Africa (*50%), followed by Botswana (*25%) and
others (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/aid). A maximum
likelihood phylogeny inferred from our combined early and
chronic HIV-1 vif sequences was created to confirm that the
acute/early sequences are generally interspersed among the
chronic ones (Supplementary Fig. S1).

Measurement of amino acid variability:
Shannon entropy

Shannon entropy is a simple measure of local variation in
DNA and protein sequence alignments that reflects in a single
value both the number of variants and their distribution.30

To calculate the comparative Shannon entropy between the
MRCA for Vif, Vpr, and Vpu for each of the 17 patients in
our primary infection cohort, and those with chronic HIV-1C
infection, we utilized the online tool at the LANL HIV
Sequence Database: www.hiv.lanl.gov/content/sequence/
ENTROPY/entropy_two.html

Determination of amino acid frequency

Amino acid frequencies for each codon position of Vif,
Vpr, and Vpu were calculated using the Viral Epidemiology
Signature Pattern Analysis (VESPA) program from the
LANL HIV Sequence Database (www.hiv.lanl.gov/content/
sequence/VESPA/vespa.html).

Amino acid frequencies in the t/f viruses of our early in-
fection cohort were compared with those in chronically in-
fected HIV-1C patients to identify codons where the consensus
(most common) amino acid differed between the early and
chronic datasets. In cases where the most common amino acid
was the same for both groups, we used an exact binomial test to
compare those that differed in frequency by ‡1 standard devi-
ation of the mean frequency for the dominant amino acids
across the whole protein. To correct for multiple hypothesis
testing, we used the Benjamini–Hochberg procedure31 to
compute false discovery rate-adjusted p-values (q-values) and
included all sites with a common major variant across the two
groups for purposes of multiplicity adjustment. Sites with un-
adjusted p-value £.05 and differing in frequency by ‡1 standard
deviation of the mean frequency for the dominant amino acids
were considered possible signatures of transmitted versus
chronic infection. These tests were confirmed using R.32

HLA typing of major histocompatibility complex class I

High-resolution HLA typing was performed for all study
subjects as described previously.33 Briefly, the AlleleSEQR
HLA Sequencing-Based Typing kit (Celera, Alameda,
CA) was used according to the manufacturer’s instructions.
Contig assembly and assignment of HLA alleles were im-
plemented by Assign SBT ver. 3.5.1.42 (Conexio Genomics,
Applecross, Australia). Ambiguous positions were resolved
by resequencing; if this was not possible, ambiguous types
were imputed to high-level resolution using a published
statistical method (http://atom.research.microsoft.com/HLA
Completion/).34

Analysis of known CTL epitopes

Known HLA class I-restricted epitopes within subtype
C Vif, Vpr, and Vpu were retrieved from the LANL Im-

munology Database (www.hiv.lanl.gov/content/immunology/
ctl_search). Longitudinal analyses of the sequences of these
epitopes were undertaken in early infected individuals carrying
the known restricting HLA allele.

Prediction of epitope binding affinity

NetMHCpan2.8 was used to predict binding affinities of
autologous Vif, Vpr, and Vpu peptides to the corresponding
patient’s HLA class I molecules (www.cbs.dtu.dk/services/
NetMHCpan). We focused on HLA-A and HLA-B for which
NetMHCpan2.8 has been shown to outperform alternative
methods; HLA-C epitope binding predictions were not con-
sidered due to reduced reliability of these results and limited
information available.35 Anchor residues for HLA-A and HLA-
B were defined according to the LANL Immunology Database
(www.hiv.lanl.gov/content/immunology/motif_ scan/motif.html).

Briefly, autologous Vif, Vpr, and Vpu sequences were
cleaved into all possible peptide combinations of nine amino
acids (9-mers) due to the preference of HLA class I molecules
for epitopes of this length. For each patient, recurring epitope
sequences were excluded to yield only unique peptides. The
consensus sequences for Vif, Vpr, and Vpu derived from
chronically infected HIV-1C patients were processed in the
same manner. The epitope:HLA binding affinity is given as an
IC50, the predicted half-maximal concentration of peptide re-
quired to bind a given HLA. As such, a low IC50 is indicative of
high binding affinity. NetMHCpan defines an IC50 of 500 nM
threshold for weak peptide-HLA interactions, which we used as
the cutoff to define a putative epitope for a given HLA allele.

GenBank accession numbers

Sequences from our cohort have been assigned GenBank
accession numbers JQ895561–JQ896230.

Results

Clinical characteristics and interpatient viral
quasispecies diversity over 500 days p/s

Sequences of HIV quasispecies were obtained from 17
individuals with acute/early HIV-1C infection (herein early
infection) (Table 1) by single-genome amplification and se-
quencing. ML phylogenetic trees were constructed to visu-
alize vif, vpr, and vpu intra- and interpatient diversity up to
500 days p/s. Patients harbored phylogenetically distinct
HIV-1C sequences, with the exception of individuals, OK
and OI, who represented a transmission pair (or chain) as
described previously (Fig. 1).25 The interpatient vpu diversity
exceeded that of vif and vpr, which was consistent with
previous observations in primary infection.25,36

Vif and Vpr, but not Vpu, have low entropy in t/f viruses

To investigate HIV-1C Vif, Vpr, and Vpr amino acid di-
versity, we reconstructed each patient’s t/f virus, using the
consensus sequence from the earliest time point postinfec-
tion, and computed Shannon entropy scores across Vif, Vpr,
and Vpu t/f alignments. The median number of sequences per
patient used for reconstruction was 10 [interquartile range
[(IQR): 5–24]. The reconstructed t/f viruses exhibited rela-
tively low interpatient amino acid entropy in Vif (median
0.00; IQR: 0.00–0.22) and Vpr (median 0.00; IQR: 0.00–
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0.22) (Fig. 2), suggesting that sequence conservation for
these proteins might be important during the establishment of
productive HIV-1 infection. In contrast, t/f viruses exhibited
higher Vpu entropy (median 0.25; IQR: 0.00–0.65), con-
firming previous reports of substantial Vpu genetic vari-
ability.37–39

As HIV-1C structural proteins generally exhibit lower
entropy in early compared with chronic infection,18 we hy-
pothesized that accessory proteins of t/f viruses would also
demonstrate reduced interpatient variability compared with
HIV-1C chronically infected patients. As our cohort was only
followed up to 500 days p/s, we used HIV-1C sequences from
the LANL HIV database (Vif and Vpr n = 187; Vpu n = 197),
the majority from Southern African countries (Supplemen-
tary Table S1), to represent accessory protein diversity in
chronic infection, defined as >1,000 days postinfection/se-
roconversion. When comparing t/f and chronic Vif amino
acid sequences, significantly lower entropy was observed
during early infection (0.00 [IQR: 0.00–0.22]) compared with
chronic infection (0.07 [IQR: 0.00–0.37]; p < .001, Mann–
Whitney test) (Fig. 2). Similarly, entropy of chronic Vpr was
higher (median 0.07 [IQR: 0.03–0.22]) compared with t/f

viruses (median 0.00 [IQR: 0.00–0.22]; p < .001). Although
both t/f and chronic Vpu sequences exhibited substantial
variability, there was a trend toward higher entropy in chronic
infection (median 0.33 [IQR: 0.11–0.69]) compared with
early infection (median 0.25 [IQR: 0.00–0.65]; p = .065).

In t/f viruses, 117/192 (61%) of Vif codons and 62/96
(65%) Vpr codons were completely conserved compared
with only 36/82 (44%) of Vpu codons. Regardless of the
length of infection (early or chronic), conserved amino acids
comprised 41% (78/192) of Vif and 43% (41/96) of Vpr, yet
only 20% (17/86) of sites in Vpu. The locations of these
conserved residues are highlighted in the context of accessory
protein functional domains (Fig. 3).

Vif, Vpr, and Vpu display distinct amino acid signature
patterns in t/f viruses

The significantly lower interpatient amino acid variability
in t/f viruses led us to hypothesize that specific genetic
transmission signatures might be present within Vif and Vpr,
and possibly Vpu. Using the Viral Epidemiology Signature
Pattern Analysis (VESPA) program from the LANL HIV
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FIG. 1. Phylogenetic rela-
tionships of vif, vpr, and vpu
sequences from 17 individ-
uals during primary infec-
tion up to 500 days p/s.
Clusters of patient quasis-
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tient IDs. Phylogenies drawn
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highlight interpatient diver-
sity during early HIV-1C
infection and greater in-
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Sequence Database, amino acid frequencies in the t/f viruses
of our early infection cohort were compared with those in
chronically infected HIV-1C patients to identify codons
where the consensus (most common) amino acid differed
between the early and chronic datasets.40 In cases where the
most common amino acid was the same for both groups, we
used an exact binomial test to compare those that differed in
frequency by ‡1 standard deviation of the mean frequency for
the dominant amino acid across the whole protein (Supple-
mentary Table S2).

Signature patterns are highlighted in Figure 3. In Vif, six
codons exhibited a different dominant amino acid in t/f
compared with chronic viruses, of which two codons had
significantly lower expression of the amino acid most com-
monly found in chronic infection: I31V ( p = .029; q = 0.26)
and R34K ( p = .004; q = 0.24) (Table 2). We identified an
additional 18 codons in Vif whereby the dominant amino acid
was the same in the t/f viruses as that in chronic infection, yet
differed in frequency by ‡1 standard deviation from the
dominant amino acid frequency mean across Vif in chronic
infection (Table 3).

In Vpr of the t/f viruses, the frequency of proline at codon 4
was reduced by almost 25% compared with those in chronic
infection, although this was not significant ( p = .050;
q = 0.52). This was the only residue that expressed a different
dominant amino acid in t/f compared with chronic viruses

p = 0.065p < 0.001p < 0.001
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Vif Vpr Vpu

FIG. 2. A comparison of Shannon entropy between acces-
sory proteins in t/f viruses compared with chronic infection.
Shannon entropy was assessed for full-length protein Vif, Vpr,
and Vpu sequences from the t/f viruses of our early infection
cohort (n = 17), and HIV-1C chronically infected patients from
LANL HIV database (Vif and Vpr n = 187; Vpu n = 197), de-
fined as >1,000 days postinfection/seroconversion. The box-
and-whisker plot shows the difference in median entropy with
25%–75%-ile (box) with median (line), 10%–90%-ile (caps),
and outliers (black points). t/f, transmitted/founder; LANL,
Los Alamos National Laboratory.

FIG. 3. Location of aminoacid signature patterns and conservation of functional domain residues in accessory proteins. The HIV-
1 subtype C consensus sequence was derived from www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html and was used as a
reference. Conservation of a residue (.) indicates no variability at that position and the presence of the consensus amino acid; (_)
indicates a site where one or more sequences in the dataset exhibited polymorphism. Signature patterns, whereby the dominant
residue differed between the t/f viruses and those in chronic infection, are given as the single-letter amino acid code in bold.
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Table 2. Amino Acid Frequency of Signature Pattern Residues in Vif

Codon Infection stage Residue frequency Signature residues p q

17 Chronic K0.51, R0.48, E0.01 K .81 1.00
t/f K0.47, R0.53 R

31 Chronic I0.51, V0.43, T0.032, M0.016 A<0.01 R<0.01 S<0.01 I .029 0.26
t/f V0.47, I0.24, T0.18, G0.059, M0.059 V

34 Chronic K0.25, R0.74 Q<0.01 S<0.01 R .004 0.24
t/f K0.59, R0.41 K

36 Chronic S0.40, N0.26, K0.20, A0.02, D0.02, G0.02, Q0.02,
H0.01, R0.01 E<0.01 M<0.01 T<0.01

S .081 0.54

t/f K0.29, N0.18, S0.18, G0.12, H0.12, Q0.06, R0.06 K

61 Chronic E0.55, D0.41, K0.02, G0.02 A<0.01 N<0.01 E .33 0.92
t/f D0.59, E0.41 D

176 Chronic N0.49, K0.44, D0.03, E0.02 S<0.01 I<0.01 V<0.01 N .049 0.41
t/f K0.65, N0.24, M0.06, T0.06 K

t/f, transmitted/founder.
The bold values highlight residues that can more likely be explored as possible transmission signatures that have a p-value < 0.05 and a

q-value threshold < 0.3 to correct for multiple hypothesis testing, for which we used the Benjamini-Hochberg procedure to compute false
discovery rate-adjusted p-values (q-values).

Table 3. Residues in Vif That Differed in Frequency of the Dominant Amino Acid

Codon Infection stage Residue frequency Signature residue p q

7 Chronic V0.83, A0.07, G0.09, R0.01 V .34 0.92
t/f V0.94, G0.06

19 Chronic R0.94 K0.06 R .075 0.86
t/f R0.82 K0.12

50 Chronic K0.88 R0.12 K .013 0.24
t/f K0.65 R0.35

73 Chronic Q0.82 H0.14 L0.02 N0.02 R0.01 Q .22 0.86
t/f Q0.71 H0.18 L0.06 N0.06

80 Chronic H0.97 Q0.03 L0.01 H .016 0.24
t/f H0.82 Q0.12 Y0.06

93 Chronic R0.69 K0.2 G0.04 S0.04 E0.02 N0.01 R .018 0.24
t/f R0.41 K0.35 S0.12 E0.06 G0.06

117 Chronic D0.82 E0.16 G0.02 D .22 0.86
t/f D0.71 E0.29

130 Chronic I0.65 S0.2 T0.06 F0.05 N0.02 V0.01 Y0.01 I .13 0.86
t/f I0.82 A0.06 F0.06 Y0.06

134 Chronic D0.84 E0.13 N0.03 V0.01 D .012 0.24
t/f D0.59 E0.41

136 Chronic Q0.82 P0.18 S0.01 Q .34 0.92
t/f Q0.94 P0.06

154 Chronic I0.93 V0.04 L0.03 I .027 0.26
t/f I0.76 V0.18 L0.06

159 Chronic R0.54 I0.42 A0.01 P0.01 T0.01 V0.01 R .026 0.26
t/f R0.82 I0.12 K0.06

160 Chronic K0.99 R0.01 T0.01 K .014 0.24
t/f K0.88 R0.12

167 Chronic R0.72 K0.11 Q0.07 S0.07 G0.01 N0.01 T0.01 W0.01 R .055 0.42
t/f R0.94 K0.06

181 Chronic R0.93, K0.07 R .13 0.64
t/f R0.82, K0.18

183 Chronic R0.88 H0.12 C0.01 R .013 0.24
t/f R0.65 H0.29 C0.06

186 Chronic N0.91 S0.08 C0.01 D0.01 N .062 0.44
t/f N0.76 S0.24

190 Chronic N0.94 S0.06 T0.01 N .092 0.56
t/f N0.82 S0.12 P0.06

The bold values highlight residues that can more likely be explored as possible transmission signatures that have a p-value < 0.05 and a
q-value threshold < 0.3 to correct for multiple hypothesis testing, for which we used the Benjamini-Hochberg procedure to compute false
discovery rate-adjusted p-values (q-values).
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(Table 4). Of the t/f residues that differed by ‡1 standard
deviation from the frequency of the dominant amino acid
in chronic sequences, L22 was significantly enriched in the
t/f viruses ( p = .007; q = 0.14) compared with chronic se-
quences, whereas I70 ( p = .023; q = 0.28) and A93 ( p = .005;
q = 0.14) were significantly underrepresented compared with
chronic sequences (Table 5). The only residue in Vpu that
differed in the dominant amino acid was S70A, although this
was not significant ( p = .21; q = 1.00) (Table 6), while no Vpu
residue differed significantly in the dominant amino acid
between t/f and chronic sequences (Table 7).

Association of Vif, Vpr, and Vpu mutations during early
infection with known HLA epitopes

Given the reduced amino acid diversity of Vif, Vpr, and to
a lesser degree Vpu in t/f viruses from our early infection
cohort, we determined whether intrahost amino acid substi-
tutions that arose in sequences collected up to 500 days p/s
were associated with possible CTL responses in known HIV-
1C-specific epitopes.41 Four of the 17 patients exhibited
amino acid substitutions within a previously described Vif
CTL epitope restricted by their respective class I HLA during
the follow-up period (Table 8). By 199 days p/s, a Vif-V98I
substitution arose in patient B_2865 in a B*18:01 epitope.
Furthermore, patient B_2865 harbored an E88Q substitution
in the t/f virus, which persisted during the follow-up period.
This substitution was not present in any of the 187 sequences
analyzed from chronically infected patients, suggesting that

B*18:01-mediated immune selection may have been respon-
sible for the persistence of this variant. In patient E_3430, an
A35T substitution within a known B*15:03 epitope arose in
all Vif sequences by day 150 and persisted at least as far as
day 372 p/s, at which K33E and F39S substitutions also
predominated. Furthermore, the transmitted R34K and S36K
variants, which we previously described as being more
prevalent in HIV-1C t/f viruses, were maintained throughout
the follow-up period in this individual, possibly due to HLA
B*15:03 selection pressure.

Toward the end of the follow-up period, patient G_3603
developed E54A and K63I substitutions within a known
A*68:01-restricted epitope, which occurred in cis as revealed
by single-genome sequencing. Both of these amino acids
were extremely rare in sequences from chronic infection,
with 54A occurring in 1/187 sequences and 63I absent from
the chronic dataset altogether. Patient QU_6029 also had a
transmitted Vif variant, H56Y, which was extremely rare
in chronic infection (1/187 sequences), yet persisted as the
dominant variant within a B*15:10-restricted epitope at least
as far as 174 days p/s. At that stage, a V51I variant emerged
within the same B*15:10 epitope in 20% of the virus population.

Amino acid substitutions arising in early infection
significantly reduce Vif and Vpr predicted epitope
binding affinity

Due to the limited characterization of HLA-restricted CTL
epitopes in HIV-1C accessory proteins, we used NetMHCpan

Table 4. Amino Acid Frequency of Signature Pattern Residues in Vpr

Codon Infection stage Residue frequency Signature residues p q

4 Chronic P0.49, A0.41, S0.03, T0.03, V0.02, F0.01, I0.01, L0.01 P .050 0.52
t/f A0.65, P0.24, T0.12 A

Table 5. Residues in Vpr That Differed in Frequency of the Dominant Amino Acid

Codon Infection stage Residue frequency Signature residue p q

19 Chronic A0.27, I0.01, T0.72 A .180 0.70
t/f T0.88, A0.12

22 Chronic L0.49, I0.45, V0.05, M0.01 L .007 0.14
t/f L0.82, I0.18

41 Chronic S0.5, G0.24, N0.2 D0.04, A0.01, H0.01, I0.01 S .332 0.80
t/f S0.65, G0.35

55 Chronic T0.79, A0.13, M0.04, L0.01, P0.01, R0.01, S0.01, I0.01 T .143 0.70
t/f T0.65, A0.12, V0.12, E0.06, I0.06

60 Chronic I0.58, L0.39, M0.02, V0.01 I .147 0.70
t/f I0.76, L0.18, M0.06

61 Chronic I0.83, L0.08, M0.03, T0.05, V0.01 I .193 0.70
t/f I0.71, L0.18, T0.06, V0.06

70 Chronic I0.82, V0.11, T0.06, M0.01 I .023 0.28
t/f I0.59, V0.29, T0.12

84 Chronic L0.63, I0.11, M0.11, V0.07, W0.04, T0.02, G0.01, S0.01 L .209 0.70
t/f L0.47, I0.12, M0.12, V0.12, A0.06, S0.06, T0.06

93 Chronic A0.9, S0.06, T0.03, D0.01, P0.01 A .005 0.14
t/f A0.65, S0.18, P0.12, N0.06

The bold values highlight residues that can more likely be explored as possible transmission signatures that have a p-value < 0.05 and a
q-value threshold < 0.3 to correct for multiple hypothesis testing, for which we used the Benjamini-Hochberg procedure to compute false
discovery rate-adjusted p-values (q-values).
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Table 7. Residues in Vpu That Differed in Frequency of the Dominant Amino Acid

Codon Infection stage Residue frequency Signature residue p q

5 Chronic A0.06, E0.01, F0.01, I0.18, K0.01, L0.55, T0.11, S0.02 L .220 1.00
t/f A0.12, I0.12, L0.65, Q0.06, T0.06

8 Chronic A0.01, E0.01, I0.12, V0.87 V .056 1.00
t/f V1.00

38 Chronic I0.02, L0.92, V0.05, W0.01 L .038 1.00
t/f G0.06, L0.76, V0.12, W0.06

46 Chronic C0.05, E0.01, K0.03, N0.01, Q0.04, R0.23, W0.66 W .210 1.00
t/f C0.18, R0.35, W0.47

66 Chronic A0.01, H0.03, I0.11, K0.01, L0.01, M0.01, N0.02, Q0.04, T0.75, V0.04 T .011 0.73
t/f H0.06, I0.35, M0.06, N0.06, Q0.06, T0.41

84 Chronic A0.03, D0.02, H0.05, I0.07, N0.81, T0.01, V0.01, Y0.02 N .055 1.00
t/f M0.08, N0.92

Table 6. Amino Acid Frequency of Signature Pattern Residues in Vpu

Codon Infection stage Residue frequency Signature residues p q

70 Chronic A0.45, C0.01, D0.01, E0.04, G0.01, S0.50 S .21 1.00
t/f A0.69, S0.31 A

Table 8. HIV-1C Accessory Protein Mutations During Primary Infection

in Relation to Known HLA Epitopes

Patient
Accessory

protein
Days

postseroconversion Sequence
Epitope

frequency
Patient

HLA
Known HLA
restriction

B_2865 Vif Published
CTL epitope

85VSIEWRLRRYSTQVDPGL102

t/f 85...Q...G......102 A*23:01 B*18
010 85...Q...G......102 1.00 A*80:01
039 85...Q...G......102 1.00 B*18:01 Kiepiela et al.,41

103 85...Q...G......102 1.00 B*53:01
199 85...Q...G......102 0.88 Cw*02:02

85...Q...G...I..102 0.12 Cw*06:02
223* 85...Q...G......102 1.00

E_3430 Vif Published
CTL epitope

32SKRASGWF[Y/F]40

t/f 32..K.K... Y 40 A*29:02 B*15:03
-30 32..K.K... Y 40 1.00 A*74:01
150 32..KTK... Y 40 1.00 B*13:02 Rousseau et al.16

372 32.EKTK..S Y 40 1.00 B*15:03
Cw*02:10
Cw*06:02

G_3603 Vif Published
CTL epitope

54EVHIPLGEAR63

t/f 54.....K63 A*30:01 A*68:01
004 54.....K63 1.00 A*68:01
032 54.....K63 1.00 B*14:02 Kiepiela et al.41

108 54.....K63 1.00 B*15:03
227 54.....K63 1.00 Cw*02:10
438 54.....K63 0.71 Cw*08:02

54A....I63 0.29

QU_6029 Vif Published
CTL epitope

41RHHYESRHPKVSSEVHI57

t/f 41.........Y.57 A*02:01 B*15:10
114 41.........Y.57 1.00 A*43:01
174 41.........Y.57 0.80 B*15:10 Kiepiela et al.41

41......I..Y.57 0.20 B*45:01
Cw*04:01

Cw*16:0

CTL, cytotoxic T lymphocyte; HLA, human leukocyte antigen.
The bolded patient HLA represents the one associated with the CTL epitope.
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2.8 to predict autologous epitopes in Vif, Vpr, and Vpu
and their binding affinities for each of the 17 patients.
NetMHCpan, based on an artificial neural network, is re-
ported to be the most accurate prediction currently available
for MHC class I epitope binding. The output provides the
predicted binding affinity of each putative epitope sequence
to the restricting HLA allele. An IC50 value threshold of
<500 nM was used to identify putative autologous epitopes.

We used the t/f virus from each patient to represent Vif,
Vpr, and Vpu peptides in their putative immunologically
susceptible (i.e., non-HLA adapted) form and each unique
variant observed during the follow-up period as a putative
escape (i.e., HLA-adapted) form. Considering each patient’s
HLA-A and HLA-B alleles and focusing on putative 9-mer
epitopes, we evaluated any change in epitope binding affinity
arising from a given amino acid substitution at each position
within the epitope. We employed a sliding window approach
whereby the query epitope was shifted by a single residue to
avoid introducing bias by selecting only the epitopes with the
strongest impact on HLA binding.

On average, amino acid substitutions seen in Vif during
early infection increased the predicted median IC50 of puta-
tive epitopes from 151 [IQR 54–299] nM in the t/f viruses to
221 (IQR: 76–585) nM in the escaped form ( p < .001, Wil-
coxon matched-pairs signed rank test) (Fig. 4), suggesting
that the escape form would exhibit lower affinity for the re-
stricting HLA allele. All Vif substitutions that were predicted
to alter MHC class I epitope binding affinity were plotted
onto patient-specific maps; examples for two patients are il-
lustrated in Figure 5, while maps for all other patients are
included as Supplementary Figure S2. Overall, similar

t/f virus
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ffi
ni

ty
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50
 (

nM
)

102

101

100

10-1

103

104

105

Vif Vpr Vpu

Early t/f virus Early t/f virus Early

p = 0.002 p = 0.048 p = 0.65

FIG. 4. Predicted epitope binding affinity in putative HLA
class I epitopes in t/f viruses and variants arising in early
infection. NetMHCpan 2.8 was used to predict the binding
affinities of all possible Vif, Vpr, and Vpu 9-mer epitopes
for each of the 17 patients against their corresponding MHC
class I HLA alleles. Affinities are given as the IC50 (nM),
which is the peptide concentration at which half of the HLA
molecules are occupied. As such, a lower IC50 for a peptide
is indicative of a stronger binding affinity for the HLA in
question. We used an IC50 cutoff of <500 nM to classify a
putative peptide as being presented by HLA (Vif n = 58; Vpr
n = 48; Vpu n = 69). Differences in binding affinity between
putative epitopes in the t/f viruses were compared with the
equivalent peptide found in early infection using the Wil-
coxon matched-pairs signed rank test. HLA, human leuko-
cyte antigen; MHC, major histocompatibility complex.

FIG. 5. Predicted binding affinities of putative Vif epitopes during early infection. Two patient transmitted/founder
(MRCA) and subsequent putative predicted epitope binding fold change illustrated for patients C and F. MRCA, most
recent common ancestor.
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changes in predicted median IC50 of putative epitopes were
observed for Vpr variants that arose during early infection
(IC50 243 [IQR: 99–601 nM]) compared with those encoded
in t/f viruses (192 [IQR 171–318] nM; p = .048) (Fig. 4).
However, there was no significant difference in the binding
affinity of putative Vpu epitopes found in the t/f viruses (214
[IQR: 94–564] nM) and those observed in early infection
(240 [IQR: 84–452] nM; p = .65) (Fig. 4).

We hypothesized that mutations were more likely to occur
in anchor residues of 9-mer epitopes, defined by known HLA
subtype-specific anchor motifs (www.hiv.lanl.gov/content/
immunology/motif_ scan/motif.html). We presumed that
mutations at anchor residues would reduce binding affinity to
a greater degree than mutations in nonanchor residues. In-
deed, amino acid substitutions at anchor residues resulted in a
significant decrease in predicted epitope binding affinity
compared with the respective epitope in the t/f virus for Vif
(69 vs. 331 nM; p < .001, Wilcoxon matched-pairs signed rank
test) and Vpr (192 vs. 283 nM; p = .023), although not Vpu
(318 vs. 278 nM; p = .413) (Fig. 6). Amino acid substitutions at
nonanchor residues did not significantly alter predicted epitope
binding for any of the three accessory proteins (Fig. 6).

Discussion

We assessed amino acid signature patterns in HIV-1C
accessory genes over the first 500 days p/s and addressed the
potential role of MHC class I HLA restriction in virus evo-
lution during early HIV-1C infection. Unsurprisingly, most
of the critical functional domains in Vif, Vpr, and Vpu were
completely conserved in early HIV infection. Vif tryptophan
residues 5, 11, 21, and 38, involved in APOBEC3G antago-
nism, were completely conserved among transmitted viruses,
nor was there any variation in the 144-SLQYLA-149 motif,
supporting Vif anti-APOBEC3G function as critical during
early infection.42–49 Despite previous reports of low sequence
variability,36 Vif amino acid residues 63–70, required for the
formation of b-strand structures and critical in maintaining
normal vif expression levels,50 showed slight variations in the
t/f viruses to a similar degree as those published in the ex-
tended subtype C consensus51 and the chronic infection
subtype C analysis in this study. Residues Glu88 and Trp89 of
the central hydrophilic region, which enhance steady-state
expression of Vif, were conserved in the transmitted virus,
although Gln88, previously uncharacterized in subtype C, was
present in one patient instead of Glu88 (Val88 was the only
alternative amino acid during chronic infection at 0.5%). A
previous study, however, indicates that the hydrophilicity and
charge of the central region are dispensable for the function
of Vif50; therefore, the presence of the weak basic amino acid
Gln in place of acidic Glu may not affect steady-state ex-
pression. The 90-RLRR-93 motif was not conserved in the
transmitted viruses similar to previously reported subtype C
analyses.36,52 The residues, Ser95 and Thr96, which are CKII
and p44/42 mitogen-activated protein kinase phosphorylation
sites, respectively, were relatively conserved in the transmitted
viruses with variation present in one patient. As expected, the
important His108, Cys114, Cys133, and His139 (HCCH) zinc-
binding motif was completely conserved in the transmitted
viruses from all 17 patients, as identified in previous subtype
B and C analyses,36,53,54 suggesting an important role for the
HCCH-stabilized Vif–Cullin 5 interaction early in infection.

FIG. 6. Difference in binding affinity for HLA class I
epitope substitutions that occur in anchored compared with
nonanchored position. Amino acid substitutions were char-
acterized as occurring in anchor or nonanchor residues using
HLA subtype-specific anchor motifs: Vif anchor n = 19,
nonanchor n = 39; Vpr anchor n = 19, nonanchor n = 29; Vpu
anchor n = 27, nonanchor n = 42. Predicated peptide binding
affinities were compared using the Wilcoxon matched-pairs
signed rank test.
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The HIV-1 subtype B Vif phosphorylation site Thr155 is a
highly conserved Lys155 in subtype C, which is 100% con-
served in the transmitted viruses in this study, with variation
observed in 2.7% of chronic infection sequences. Substitu-
tions at this site could have an effect on phosphorylation and
activity of Vif during HIV infection. The Vif oligomerization
site 161-PPLP-164 was conserved throughout, confirming its
central role in Vif function and viral infectivity during all
stages of infection. At the phosphorylation site position 170,
our findings are similar to previously published HIV-1 sub-
type C studies36,52 where Val is the major amino acid in the
transmitted viruses, although Ile is present in one patient.

Vpr t/f virus sequences were more conserved than those
observed during chronic infection. The tertiary structure of
Vpr comprises three a-helices folded around a hydrophobic
core made up of leucine, isoleucine, valine, and aromatic
residues.55 The first a-helix (aa17-33) plays an essential role
in nuclear localization and virion packaging, while the sec-
ond (aa 38–50) is associated with oligomerization of Vpr and
translocation of the preintegration complex to the perinuclear
region. The third a-helix (aa 56–77) is associated with di-
merization. Unlike previous findings in subtype C,36,56 we
found reduced conservation of Pro10 and Pro37 in the trans-
mitted subtype C viruses. Try54 and His71, previously de-
scribed as aromatic amino acids involved in stabilizing the
Vpr dimer and UNG2 binding,36,56 were completely con-
served in the t/f viruses. Mutations such as R77A/G, observed
in the early HIV-1C infection cohort in this study, are known
to reduce the proapoptotic activity of Vpr.57,58 This variation
is in line with the suggestion that proapoptotic activity of
HIV-1 subtype C Vpr is different from HIV-1 subtype B.36

R80A was not observed in any of 17 patients in this study and
all transmitted viruses had arginine (R) at that position in
Vpr. Therefore, it is plausible that in HIV-1 subtype C in-
fection, two conserved arginine residues at positions 73 and
80 are sufficient for adenine nucleoside translocator inter-
action.36 Other well-known substitutions, such as E21P,
E24P, and A59P, which prevent the incorporation of Vpr into
virus-like particles, as well as Q65R, which is correlated with
impairment of Vpr docking at the nuclear envelope,59 were
not observed in this study. Neither were other known sub-
stitutions, underlying the integrity of Vpr during early HIV-
1C infection.60–63

All 17 t/f viruses had a five-residue N-terminal insertion in
Vpu compared with HIV-1 subtype B sequences. The trans-
membrane (TM) domain aa 12–29 and the hinge region
residues 34–42 in the transmitted viruses were conserved, as
previously described.36 Differences in Gly38 and Ile41 po-
sitions were observed in the transmitted viruses in this study.
Thr29 is predicted to act as a channel anchor and the presence
of isoleucine in the transmitted viruses from five patients, a
similar frequency as seen in chronic infection, could support
the suggestion that the 100% conserved Tyr32 is an alter-
native channel anchor in subtype C.36 The predicted regions
thought to be associated with subtype C channel linking
showed slight variations in Ile22 (one patient) and Ile23 (two
patients), whereas Ile25 was 100% conserved as described
previously.36 Gly13 is thought to be involved in interacting
with the membrane carbonyl oxygen groups to stabilize
closed states and was present in the majority of transmitted
viruses in our study, with alternative residue alanine present
in three patients. Similar to findings by Bell et al.,36 no serine

residues were observed in the TM domain, and the 7-
RVDYR-11 was highly conserved, as previously described,
excluding variation observed in Arg7, although the second-
most prevalent amino acid at that position, Lys7, is also a
highly charged positive amino acid, supporting the prediction
that in HIV-1 subtype C, this is the region that maintains Vpu
channel selectivity.36 Vpu protein acts as an adaptor for CD4
proteasomal degradation by recruiting CD4 and b-transducin
repeat-containing protein (bTrCP), the receptor component
of the multisubunit SCF-bTrCP E3 ubiquitin ligase complex.
The recognition signal for these cellular ligands by bTrCP is
the phosphorylation of one or two serine residues present in a
conserved Vpu motif, 57-DSGNES-62.64 Vpu proteins in all
transmitted viruses are predicted to bind bTrCP through
Ser58 and Ser62, which were highly conserved in the trans-
mitted Vpu. However, it is worth noting that overall, Vpu
function is highly preserved despite sequence variation,
which argues against the idea of a genetic signature for Vpu,
which is suggested by our study. Additionally relevant, a
recent study testing alleles from transmitted and chronic
viruses by Mlcochova et al.65 suggests that immune evasion
activities of accessory proteins, Vpu and Vif, are conserved in
acute and chronic HIV-1 infection. Note that at the q-value
threshold of 0.3 used in the present study, it is expected that
no >30% of identified associations would represent false pos-
itives; as such, further work is needed to confirm these putative
transmitted versus chronic subtype C infection signatures.

Immune escape pathways are broadly predictable based on
host HLA class I profile.14 Nonconsensus variants (amino
acid residues that differ from the HIV-1C consensus se-
quence) within known CTL-restricted epitopes in t/f virus
sequences that were maintained over the first 500 days p/s
cannot be conclusively associated with immune escape as
these were presumably acquired at transmission. In contrast,
variants that emerged within known or predicted CTL epi-
topes during follow-up are suggestive of immune escape66

and are consistent with rapid initial accumulation of CTL
escape mutations during the first weeks of infection.18 The
observation that many of these emerging variants are pre-
dicted to reduce peptide-HLA binding affinity further sup-
ports these as CTL escape mutations;16,41,67 experimental
validation of predicted epitopes and their selected variants
will be addressed in future studies. It is also important to note
that while we have used the terminology transmitted/founder
viruses to describe the reconstructed MRCA HIV-1 sequence
for each patient, we have not experimentally verified that
these sequences are capable of being transmitted to multiple
recipients, nor that the immunological pressures leading to
changes in Vif, Vpr, and Vpu may have reduced the trans-
missibility of these viruses. Furthermore, to our knowledge,
ours is the first study to investigate the impact of within-host
evolution on the predicted binding affinities of putative
novel epitopes in Vif, Vpr, and Vpu; as such, the general-
izability of results to subtypes other than HIV-1C remains to
be determined.

Our study was further constrained by the limited charac-
terization of CTL epitopes in HIV-1 subtype C, particularly
in accessory proteins. To partially address this limitation, we
employed an artificial neural network-based prediction of
epitope:HLA binding to identify putative epitopes. By com-
paring the affinity of predicted epitopes within the transmit-
ted Vif, Vpr, and Vpu sequences to variants that arose within
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the patient quasispecies over 500 days p/s, we determined
that polymorphisms in Vif and Vpr were more likely to sig-
nificantly decrease epitope binding when the mutation oc-
curred in an anchor residue. These results highlight the need
for further quantitative work on the impact of CTL escape
mutations in HIV-1C accessory proteins.

In summary, our results highlight (1) highly conserved
regions in accessory genes during both primary and chronic
HIV-1 subtype C infection, (2) putative transmission signa-
ture residues in Vif and Vpr, but not Vpu, (3) the suggestion
of possible escape mutations that are HLA-associated early p/
s, and (4) that primary infection polymorphisms in Vif and
Vpr accessory genes were more likely to decrease epitope
binding when the mutation occurred at an anchor residue.
These data contribute to the knowledge about primary HIV-1
subtype C infection and could be helpful toward HIV vaccine
strategies that incorporate accessory genes as components.
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